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THE MOLECULAR BASIS OF DNA-BINDING SPECIFICITY OF THE YEAST
HOMEODOMAIN PROTEINS al AND o2

Martha R. Stark

ABSTRACT

Differential gene expression is the basis for many developmental processes, such as
cell-type determination. One example of this, mating-type control in Saccharomyces
cerevisiae, is regulated by al and o2, members of a family of proteins containing the
homeodomain DNA-binding motif. This thesis describes the molecular details of the
interactions that allow al and o2 to specifically recognize and bind their target DNA
sequences. The mechanism of interaction between al and o2 may serve as a general model
for other homeodomain protein-protein interactions, and thus provide some insight into
how other homeodomain proteins achieve specificity.

Each chapter investigates a feature of the al/02 interaction that contributes to DNA-
binding specificity. Chapter 1 demonstrates that the C-terminal tail of 02 is critical for
heterodimer formation and even functions with al when attached to a heterologous
homeodomain. The experiments in chapter 2 suggest that a conformational change is
induced in al upon binding of the o2 tail, and chapter 3 describes an attempt to genetically
isolate mutations in al that cause the conformational change in the absence of 02. Chapter
4 shows that the NH2-terminal arm of al is not necessary for specific DNA binding in the
context of the al/o2 heterodimer. And chapter S provides evidence for the generality of the
interactions seen in al and 02 by demonstrating that the a2 C-terminal tail can be replaced
by heterologous sequences and still interact with al. The ability of these 02 chimeras to

substitute functionally in the al/02 heterodimer emphasizes the modular nature of

homeodomain interactions. ﬁ@\( [
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INTRODUCTION



Gene regulation is a fundamental level at which a cell can respond to environmental
changes and influence its fate. Gene regulatory proteins bind to specific target sites in the
DNA and regulate transcription either positively or negatively. A key question is how these
DNA binding proteins recognize their target sequences amongst the vast excess of non-
target DNA in the nucleus. One family of gene regulatory proteins, those containing the
homeodomain DNA binding motif, appear to solve this problem by interacting with
cofactors that increase DNA binding specificity. The experiments described in this thesis
examine the molecular basis of this phenomenon for the Saccharomyces cerevisiae
homeodomain proteins al and o2.

The life cycle of S. cerevisiae involves three specialized cell types; two haploid cell
types, a and o, and a diploid cell type, a/o, generated by the mating of an a and an o cell
(Herskowitz, 1988). In each of these cell types, different genes are expressed. The a and
o cells express many genes whose products facilitate mating. In the a cell, a-specific
genes are repressed, and in the a cell, a-specific genes are not expressed because of the
absence of a specific activator. The a/a cell does not mate, but rather is specialized to
undergo meiosis and sporulation, giving rise to a and o haploid spores. The a/c. cell
therefore expresses a different set of genes, as well as repressing the genes required for
mating (the haploid-specific genes).

There are four DNA binding proteins that play a role in determining cell-type
(Herskowitz, 1988; Johnson, 1992). These include al and o2, as well as o.l and MCM |
(a member of the MADS family of DNA binding proteins). al, o2 and al are cell-type
specific proteins, while MCM 1 is present in all three cell types. al is only transcribed in a
and a/a cells, o2 is only transcribed in o and a/c cells, and a1 is expressed only in o
cells. Thus, al and o2 are only present together in the diploid cell, and it is here that they
function cooperatively to repress the haploid-specific genes. a2 and MCM 1 also interact
and bind DNA cooperatively in the o cell type, where they repress the a-specific genes.

The repression of entire sets of genes provides an organism with a powerful means of



developmental control. This relatively simple regulatory network has been studied as a
model for the more complex developmental circuits of higher organisms.

al and o2 are of special interest because they are members of the homeodomain
family of DNA binding proteins (Gehring et al., 1994; Laughon, 1991). The
homeodomain is a 60 amino acid motif containing four highly conserved residues and a
conserved secondary structure consisting of a helix-loop-helix-turn-helix motif (Burglin,
1994; Kappen et al., 1993; Scott et al., 1989). The helix-turn-helix portion of this
structure is similar to that seen in many bacterial activator and repressor proteins and
suggested initially that the homeodomain proteins also act as gene regulators.
Homeodomain proteins have been found in all eukaryotic organisms investigated, including
angiosperms, fungi, and metazoa. At the start of the work for this thesis about 300
homeodomain proteins had been identified. Now, less than six years later, this family of
proteins contains almost 2000 members (Bharathan et al., 1997).

The majority of studies on the DNA-binding specificity of homeodomains have
focused on elucidating the nature of the homeodomain-DNA complex interface. NMR and
crystallographic structural studies have shown that most of the many molecular contacts
between the homeodomain protein and its target site are with groups on the sugar-
phosphate backbone of the DNA (Hirsch and Aggarwal, 1995; Kissinger et al., 1990;
Klemm et al., 1994; Li et al., 1995; Otting et al., 1990; Philips et al., 1991; Qian et al.,
1989; Wilson et al., 1995; Wolberger et al., 1991). These nonspecific interactions are
important for providing an architectural framework that orients specificity-determining
residues and their target base pairs. Bases in both the major and minor grooves of the
DNA are contacted by a few residues which are displayed on the surface of the
homeodomain. Based on experiments in several systems, much of the specificity of
homeodomain binding is thought to arise from contacts between the flexible NH2-terminal
arm and the minor groove of the DNA (Chan and Mann, 1996; Furukubo-Tokunaga et al.,
1993; Lu and Kamps, 1997; Phelan and Featherstone, 1997; Phelan et al., 1994; Zeng et



al., 1993). Bases in the major groove, however, are recognized by residues in helix three
of the homeodomain. Some of these residues also seem to contribute to target specificity.
For some homeodomain proteins changes of a single amino acid in the recognition helix
can change the target site binding specificity (Treisman et al., 1989). Binding of the
homeodomain to the DNA may also distort the DNA to increase the number of binding
interactions (Li et al., 1995). Since the deformability of DNA is also highly sequence-
specific, distortion provides an alternative way for the protein to detect DNA sequence
information. Although these mechanisms for binding to specific targets are clearly
important, in many cases they do not appear to be sufficient to achieve the tight and specific
binding necessary for developmental control.

The abundance of DNA-binding features in homeodomains might suggest tight
binding, but in fact, monomeric homeodomain proteins bind DNA with relatively modest
affinity and specificity (Affolter et al., 1990; Goutte and Johnson, 1993; Hoey and Levine,
1988). For example, the 02 protein has an affinity for specific DNA of only 106 M and
binds to specific DNA only 10-fold better than to nonspecific DNA (Goutte and Johnson,
1993). In contrast, the prokaryotic A repressor binds to specific operator sequences with
affinities as high as 10-13 M and binds to specific DNA 500,000-fold better than to
nonspecific DNA (Sauer et al., 1990). It is possible for interactions to be very specific
even if the affinity is low, and it is probably specificity, rather than affinity, that is the key
ingredient for assembling functional gene regulatory complexes. So where does the
increased specificity in homeodomain-DNA interactions come from?

Despite the fact that homeodomain proteins can bind DNA as monomers, it is now
thought that, in most cases, the monomeric form is not the biologically functional unit.
Cofactors have been shown to exist that enhance the DNA binding specificity of these
proteins (Goutte and Johnson, 1988; Keleher et al., 1988; Mann and Chan, 1996; Xue et
al., 1993). Cooperative, multiple interactions between the proteins and DNA can ensure

that the overall specificity of the gene regulatory complex is high, even if some individual



interactions are of low specificity. Extremely tight or specific interactions might interfere
with the combinatorial use of factors by many promoters. Larger, cooperatively interacting
complexes lead to increased flexibility, and individual interactions with only modest
specificity seem to be inherent to these designs. Homeodomain protein specificity appears
to depend on cooperative protein-protein and protein-DNA interactions, and only when the
entire complex is assembled is the true specificity achieved.

The best-studied example of the cooperative binding of homeodomain proteins
involves the al and o2 proteins. al and a2 greatly increase their ability to recognize
specific target sites in the DNA by forming a heterodimeric complex (Goutte and Johnson,
1993). The two proteins can interact in solution and then bind to the DNA, with the
homeodomains of both proteins making contact with the DNA (Li et al., 1995; Philips et
al., 1994). As described in this thesis, the al homeodomain and the a2 homeodomain plus
a short region immediately C-terminal to it (the tail) are sufficient for cooperative DNA
binding. The region of 02 involved in heterodimerization with al lies immediately C-
terminal to the 2 homeodomain, and is referred to as the a2 tail. Hydrophobic residues in
the o2 tail contact the exposed surface of the al homeodomain, made up of residues in
helices one and two and the loop between them. Several of these residues form a
hydrophobic patch with which the tail of o2 interacts. Conformational changes take place
in both 02 and al upon heterodimer formation. The previously unstructured tail of o2
forms an a-helix when it contacts al. The homeodomain of al undergoes an as yet
undefined reciprocal conformational change upon interaction with the o2 tail, rendering it
competent to bind DNA, whereas it was previously unable to do so.

Although the interaction with cofactors has been invoked as a means for gaining
specificity for many other homeodomain proteins, specific cofactors have been identified,
either genetically or biochemically, for only about ten of them. These include other mating
type proteins: o2 and MCM1 from §. cerevisiae (Keleher et al., 1988), bE and bW from

the plant pathogenic fungus Ustilago maydis (Kamper et al., 1995), and HD1 and HD2



from the mushroom Coprinus cinereus (Asante-Owusu et al., 1996). Interactions between
developmental regulatory proteins in higher organisms include (1) the Drosophila
melanogaster HOM class of proteins with the cofactor Exd, and their mammalian
homologues, the HOX class of proteins with the cofactor Pbx (Mann and Chan, 1996), (2)
Fiz and Ftz-F1 from Drosophila (Guichet et al., 1997; Yu et al., 1997), (3) Mec-3 and
Unc-86 from Caenorhabditis elegans (Xue et al., 1993), and (4) the mammalian Oct-1 and
viral protein VP16 (Herr and Cleary, 1995). The molecular details of a few of these
interactions have been recently elucidated and some patterns of homeodomain-cofactor
interactions are emerging, the most general of which is that homeodomain proteins are
made up of modular structural units that permit the combinatorial use of several, or many,
different factors.

The protein-protein interactions between Exd/Pbx (PBC) and the HOM/HOX
(HOX) class of proteins contain some similarities to the al/o2 heterodimer interaction. As
is the case for 0.2 and al, HOX and PBC proteins bind only very weakly or not at all,
respectively, to the DNA (Phelan et al., 1995). Like al, the Pbx homeodomain is
sufficient for interaction with some Hox proteins (Chan et al., 1994; Lu and Kamps, 1997,
Popperl et al., 1995). However, interaction with other members of the HOX class require
an additional 15 amino acids C-terminal to the Pbx homeodomain (Chang et al., 1995; Lu
and Kamps, 1997). Residues in the Pbx homeodomain that correspond to the residues in
the al homeodomain that mediate interaction with 02 are also required for cooperative
DNA binding involving Pbx and Hox (Lu and Kamps, 1997).

In contrast to 02, in which only the C-terminal tail is required for
heterodimerization with al, three regions of the Hox proteins appear to be important for
heterodimerization with Pbx. These include the homeodomain itself (Chan et al., 1994; Lu
and Kamps, 1997), a region N-terminal to the homeodomain (Chang et al., 1995; Johnson
et al., 1995; Knoepfler and Kamps, 1995; Neuteboom et al., 1995; Phelan et al., 1995),

and a region C-terminal to the homeodomain (Chan et al., 1994). The N-terminal domain



contains a short stretch of conserved amimo acids known as the hexapeptide motif
(YPWM). This motif is not essential for the Exd/Ubx interaction, but it does enhance it
(Chan et al., 1994; Johnson et al., 1995). Several residues in the Ubx homeodomain are
required for interaction with Exd, and two of these lie on the exposed surface of the
homeodomain, in the loop between helices one and two (Chan et al., 1994). The C-
terminal tail of Ubx also does not seem to be essential, but enhances heterodimer
formation. Neither the C-terminal tail of Pbx nor Hox contains sequence similarity to the
02 C-terminal tail, indicating that the hydrophobic interaction that is the basis of the al/o2
interaction is probably not conserved in these heterodimers. It is possible that these tails
interact in a different manner with the exposed surface of the partner protein. It has been
suggested that heterodimerization of PBC/HOX results in conformational changes in both
proteins (Chan and Mann, 1996). The identification of the PBC/HOX heterodimerization
domains emphasizes the modular nature of homeodomain proteins, and, as is the case for
o2, shows how different extensions of the homeodomain are used to make different
protein-protein contacts.

The interaction between the mammalian Oct-1 homeodomain and the herpes simplex
virus trans-activator protein VP16 has also been well characterized biochemically, and,
surprisingly, shows similarities to the al/02 interaction (Chapter 5 and Appendix B).
Complex formation is dependent on specific amino acids in the the Oct-1 homeodomain
which are in positions analogous to those that form the hydrophobic patch of the al
homeodomain (Lai et al., 1992; Pomerantz et al., 1992). Residues in this region of Oct-1
appear to form a hydrophobic patch with which hydrophobic residues from VP16 could
interact. Intriguingly, the region of VP16 that has been mapped by mutagenesis studies to
interact with Oct-1 contains some sequence similarity to the tail of o2, and is predicted to
form an amphipathic helix (Baxter et al., 1994; Hayes and O’Hare, 1993; Lai and Herr,
1997; Li et al., 1995)



At the outset of the work described in this thesis, the idea that cofactors might play
arole in enhancing the specificity of most homeodomain-DNA complexes was emerging.
We knew that al and o2 formed a heterodimer which bound cooperatively to the DNA, and
that the o2 C-terminal tail was necessary for heterodimerization. My goal was to
understand how the interaction of these two proteins with low DNA binding affinity and
specificity leads to a complex that binds DNA extremely tightly and specifically.
Concurrent with this work, other studies identified the PBC cofactors and began to dissect
the interactions between them and their partners. This work, and the work on Oct-1 and
VP16, have demonstrated that the results presented in this thesis are generally relevant to
other homeodomain proteins. At the culmination of this work it has become doubtful that
homeodomain proteins function as monomers, and it has become clear that their interaction
with other proteins largely determine their specificity.

The work in this thesis has been divided into five chapters. Chapters 1-3 (along
with Appendices A and B) describe the molecular details of the interaction between the al
homeodomain and the C-terminal tail of a2. These details give some insight into the
mechanism of cooperative binding and the specificity of the protein-protein interaction.
Chapter 4 describes the role of the NH2-terminal arm of the al homeodomain in
determining DNA binding specificity. Unlike the NH2-terminal arms of other
homeodomain proteins, the arm of al does not appear to bind in the minor groove of the
DNA and does not contribute to the DNA binding specificity of the al/a2 complex. These
results suggest that the current dogma regarding homeodomain specificity determinants
may need to be modified. The work described in Chapter S suggests that a mammalian
homeodomain protein, Oct-1, and its cofactor VP16, interact in a manner similar to that of
al and o2. This result provides evidence that the al/02 mode of interaction has been
conserved throughout evolution, and is applicable to other homeodomain protein/cofactor

pairs.
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Interaction Between Two Homeodomain Proteins is Specified by a Short C-Terminal Tail
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Two yeast homeodomain proteins, al and a2, interact and cooper-
atively bind the haploid-specific gene (Asg) operator, resulting in
the repression of a set of genes involved in the determination of
cell type'™. The cooperative binding of al and a2 to DNA can be
reconstituted in vitro using purified fragments of al and a2. Only
the homeodomain is needed for al, but for a2 a C-terminal 22-
amino-acid tail is required as well**®, As most of the specificity
of DNA binding appears to derive from al, we proposed* that a2
functions in the al/a2 heterodimer to contact al with its tail.
By construction and analysis of several chimaeric proteins, we
investigate how two DNA-binding proteins, one with low intrinsic
specificity (a2) and one with no apparent intrinsic DNA-binding
ability (al), can together create a highly specific DNA-binding
activity”. We show that the 22-amino-acid region of a2 immedi-
ately C-terminal to the homeodomain, when grafted onto the al
homeodomain, converts al to a strong DNA-binding protein. This
a2 tail can also be attached to the Drosophila engrailed homeo-
domain, and the chimaeric protein now binds cooperatively to DNA
with al, showing how a simple change can create a new homeo-
domain combination that specifically recognizes a new DNA
operator.

To test whether fusion of the @2 C-terminal 22-amino-acid
tail onto the al homeodomain (al::a2) can convert the al
homeodomain into a form that binds DNA tightly and specifi-
cally in the absence of a2, we investigated the binding of the
al::a2 chimaeric protein to a synthetic al/al operator (Figs |
and 2a) and to an Asg operator (not shown). We found that the
chimaera bound both operators efficiently. On the basis of the
migration of the al::a2/DNA complex in gel mobility shift
experiments® and DNase [ footprinting results (Fig. 2b), we con-
clude that the al: :a2 chimaera binds to DNA as a homodimer.

18

The simplest explanation of these results is that in each homo-
dimer one molecule behaves as if it were al without an a2 tail
attached, and the other molecule interacts with the first in the
same way that @2 normally interacts with al. To rule out the
possibility that attachment of this tail to the end of the al
homeodomain nonspecifically stabilizes the folding of the
homeodomain and thereby allows al to bind to DNA, we con-
structed a similar chimaeric protein comprising the al homeodo-
main and an a2 tail that contains a single amino-acid
substitution (leucine to serinc at residue 196) known to abolish
al/a2 repression in vivo’. In contrast to the wild-type tail con-
struct, this mutant construct bound only very weakly to the
DNA (Fig. 2a), indicating that the interaction between the a2
tail and the al homeodomain is dependent on the amino-acid
constitution of the tail, and that the results obtained with the
chimacric protein mirror the situation in vivo.

These results suggest that a novel combination of homeo-
domains could be constructed simply by grafting the tail of a2
onto a new homeodomain which should now bind DNA cooper-
atively with al. To test this idea, the tail of a2 was grafted onto
the Drosophila engrailed (en) homeodomain and the chimaera
(En::a2) was tested for its ability to bind DNA cooperatively
with the al homeodomain (Fig. 3). Under our conditions neither
protein alone efficiently occupied a synthetic operator containing
one binding site for al and one site for engrailed product (En).
However, En::a2 and al together show strong cooperative
binding, again suggesting that contacts between the tail of a2
and the homeodomain of al are all that are necessary for cooper-
ative interaction. To rule out the possibility that the En homeo-
domain was responsible for the interaction with al, we also
tested for cooperative binding between al and the En homeo-
domain (not shown), and between al and the En homeodomain
with its 40-amino-acid tail (Fig. 3). At high concentrations, both
of these En proteins occupied the al/en operator by themselves,
indicating that the proteins are active, but neither of them
showed any cooperative binding with al. From these results we
conclude that the 22-amino-acid tail of a2 constitutes a domain
that is sufficient for cooperative interaction with al. This domain
is functional when attached to al itself or to a heterologous
homeodomain, conferring on the chimaeric protein the ability
to interact with al.

These experiments suggest that a large component of the
DNA-binding specificity is contributed by the al protein, which,
under our set of biochemical conditions, does not bind DNA on
its own. For example, the complex composed of al and En: : a2,
in addition to binding the a//en operator, also recognizes the



hsg operator, but with reduced affinity (not shown). Similarly,
the al/a2 complex can efficiently bind to the a//en operator
(not shown) and to the a//al operator'®, despite the fact that
the preferred binding site for the En or a2 homeodomains is not
present in these operators. Binding 1s improved when the correct
recognition site for the homeodomain is present, indicating that
some En and @2 homeodomain; DNA contacts do contribute to
DNA-binding affinity.

It remains unclear how interaction with the a2 tail induces
DNA-binding activity in al, but recent NMR data’ show that
the a2 tail undergoes a conformational change upon interaction
with al. The C-terminal tail of @2 1s unstructured when a2 is
in solution or when a2 is bound alone to the DNA'"'*. But when
al and @2 come into contact, the tail of a2 becomes structured,
forming an u-helix”. It is plausible that al undergoes a reciprocal
conformational change upon interaction with the a2 tail. This
change would take place in the al homeodomain, which contains
the receptor for the a2 tail as well as the DNA-binding domain,
and would convert al to a form competent to bind DNA. The
amino acids in the turn between helices two and three of the
al homeodomain may be potential targets for a2 interaction.
Mutations in two of these amuno acids (108 and 110) lower the
cooperative binding of al a2 by 10-100-fold, whereas mutations
in residues 80 and 87 of helix one and residues 98, 101 and 105

FIG. 1 Proteins (a) and
operators (b) used in
expenments. hsg (al/a2).
TCGACTATGATGTACTTTT-
CTACATTGGGAAGC; al/en:
TCGACGACTATGATGTACT-
TTTTAATTACCGGAAGC;
a1/a1: TCGATGATGTAATT-

a2 C-terminal

(ragment
m-m[

ll9~210[

full-length al
165 [
wm[

453-512[

513.552[

of helix two have no observable effect on the cooperative binding
of al and a2 to DNA (Fig. 4). All of these residues are predicted,
on the basis of the X-ray structure of a2 complexed to DNA'?,
to be solvent-exposed and away from the DNA-binding surface,
although we cannot rule out the possibility that a change in
residues 108 or 110 produces a structural change in al that
diminishes its interaction with DNA.

In addition to its interaction with al, a2 binds DNA cooper-
atively with a second DNA-binding protein, MCM1 (ref. 13).
The a2/MCMI interaction is similar in several respects to that
between a2 and al. In both, a short flexible region of a2 (for
MCMI this reFion is located immediately N-terminal to the a2
homeodomain') interacts with the DNA-binding domain of
MCMI or al. The C-terminal tail is not required for the a2/
MCMI1 interaction®; likewise, the flexible region N-terminal to
the a2 homeodomain is not required for interaction with al*,
Thus we can think of the a2 homeodomain as having two flexible
extenders, one specifying interaction with al, the other specifying
interaction with MCM1 (Fig. l¢).

The cooperative interaction of UNC-86 and MEC-3, two C.
elegans homeodomain proteins, bears many similarities to the
al/a2 interaction'®. The POU homeodomain of UNC-86 is
sufficient for both DNA binding and heterodimerization,
whereas for MEC-3 a region containing the homeodomain plus

en C-terminal
{ragment b

hsg operator [

[—] T )
al -]

al/en operator | [—=1 T ]

AATTACATCA.  Binding
sites are underlined and
amranged with dyad sym-
metry. The recognition
sequences for the three
proteins are: al,
TGATGTA; a2, ATGTA; en,
TAATT. The hsg operator i1s
that from upstream of the
MATal  gene®. The
sequence of the en
binding site was that used
for the crystallization of
the En homeodomain on
DNA'®. ¢, Functional
modules of a2. The short
fiexible region immedi-
ately N-terminal to the
homeodomain (the hinge,
residues 110-128) inter-
acts with the core of
MCM1', the homeo-
domain binds to the DNA operator'®, and the C-terminal tail interacts
with the a1 homeodomain. In the absence of MCM1 and al the hinge
and tail regions of a2 are unstructured®!**#?°_It has been shown that
upon interaction with a1 the tail of a2 assumes an a-helical structure®.
Although we have no experimental evidence, we assume that upon
interaction with MCM1 the hinge of a2 also becomes structured.

METHODS. All truncated and chimaeric versions of the proteins were
generated by PCR mutagenesis®’, using the full-length genes as tem-
plates. An Ndel site was introduced at the desired N terminus, providing
the ATG necessary for translation. The al::a2 chimaeras were made
by ligating the homeodomain and a2 tail products from two separate
PCR reactions, using a naturally occurring Bglil site at the C terminus
of al. The En::a2 chimaera was generated as follows. Two PCR products
encoding the en homeodomain and the a2 tail were made to partially
overiap in sequence at the desired junction between homeodomain and
tail. These overlapping, primary products were denatured and allowed
to reanneal, producing a heteroduplex product which was extended by
Taq DNA polymerase to produce a fragment that is the sum of the two

O e

al:a2
a1::02 1965

al homeodmthmm_n 10A
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al/al operator [ I—rl [=—1] ]
a

overlapping products. This fragment was then amplified using outside
primers?2. The al homeodomain with mutations G108A and T110A
was generated in the same manner, using partially overlapping primers
containing the two mutations. The a2 C-terminal fragment was a gift
from A. Vershon. All other proteins were overexpressed and purified
from E. coli strain BL21(DE3) or BL21(DE3)pLysS containing the reievant
gene under the control of the T7 promoter in the plasmid pHB40P (ref.
23). Proteins expressed In BL21(DE3)pLysS were induced with 0.4 mM
IPTG at Agoo =0.5 and grown for 5 h; those proteins expressed in BL21
(DE3) were grown without induction. All proteins were purified from
cell lysates by adhesion to a cation-exchange resin (Sephadex SP-C50,
Pharmacia) followed by elution with a NaCl gradient. The proteins were
>90% pure by Coomassie staining following electrophoresis through
SDS gels. All operators were designed based on the spacing and orien-
tation of the binding sites in a bona fide hsg operator®. Complementary
oligonucleotides were generated for each operator and then annealed
to form duplexes with TCGA 5'-overhangs at each end. The oligonucleo-
tides for the hsg and the al/al operators were gifts from C. Goutte.
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FIG. 2 The a1l homeodomain:: a2 tail chimaera (al::a2) binds a synthetic al/al
operator. a, Electrophoretic mobility shift. A *?P-labelled 80-bp DNA fragment
containing two al binding sites (Fig. 1b) was incubated with purified protein.
DNA concentration was approximately 107*° M. Lanes: 1-3, successive 3-fold
increases of al homeodomain protein beginning with a concentration of 30 nM;
4-8, successive 3-fold increases of al:: a2 protein beginning with a concentration
of 30 nM; 7-9, successive 3-fold increases of al: a2 ,ges protein beginning with
a concentration of 30 nM; 10, labelled DNA alone. The size of the al::a2 shift is
the same as the shift when both half-sites of the hsg operator are filled by two
molecules of the a2 C-terminal fragment?*. b, Protection against DNase |. Labelled
al/al operator was incubated with the proteins as indicated above the lanes of
the gel, followed by treatment with DNase |. The two al binding sites of the a1/al1
operator are indicated to the left of the figure. Lanes: 1-3, successive 2-fold
increases of al::a2 protein beginning with a concentration of 300 nM; 4, no
protein; 5, 300 nM al::a2 protein with 100 nM a2 C-terminal fragment; 6,
300 mM al homeodomain protein with 100 nM a2 C-terminal fragment; 7,
300 nM full-length a1l protein with 100 nM full-length a2 protein. The DNAse |
footprint of full-length a1 and a 2 proteins has been shown to represent the binding
of a heterodimer to the DNA operator®. The fact that the al:: a2 chimaera footprint
is nearly identical to the al/a2 footprint indicates that there are two molecules
of the al::a2 protein binding to the operator. In addition, the protection seen
with al:: @2 and the a2 C-terminal fragment together resembles that with a1 and
a2, indicating that the tail of a2 which is attached to the a1l homeodomain does
not interfere with the normal interaction between al and a2.

METHODS. The al/al operator duplex was cloned into the Sall site of pUC18,
excised as an 80-bp fragment, and *?P-end-labelled using Klenow fragment. The
DNA-binding experiments were performed as previously described*?°. Protein and
DNA were incubated together at room temperature for 45 min in gel shift buffer
(5% glycerol, 10 mM Tris-HCI, pH 8, 10 mg mI™* BSA, 0.1, EDTA, 10 ug ml™* non-
specific DNA, 5 mM McCl;, 0.1% N-P40, 100 mM NaCl). E. coli genomic DNA
digested with Haelll was used as nonspecific DNA. Samples were electrophoresed
through a 5% native Tris-borate-EDTA (TBE) polyacrylamide gel for 1 h at 200 V.
The DNase | protection experiment was performed as described®®, except the
buffer used contained 10 mM Tris-HCI, pH 7.0, 5 mM MgCl,, 10 mM CaCl,,
0.5mM EDTA, 50 ygmi~* BSA, and 2.5mgmi™* calf thymus DNA. Reactions
were incubated at 20 "C for 1 h before cleavage for 10 min with 1.5 ug DNase |
(Worthington). Reactions were stopped and precipitated with 1.6 M ammonium
acetate. Samples were electrophoresed through a 10% denaturing TBE gel.

F1G. 3 Cooperative binding of the a1 homeodomain and the En homeodomain: :a2
tail chimaera (En::a2) to a synthetic al/en operator. A *’P-labelled 92-bp DNA
fragment containing the al/en operator (Fig. 1b) was used in the electrophoretic
mobility shift experiment. DNA concentration was ~107'° M, and all proteins were
>90% pure. Lanes: 1, labelled DNA alone; 2, 100 nM a1l homeodomain protein;
3-9, successive 3-fold increases of En::a2 chimaeric protein beginning with a
concentration of 1 nM in lane 3, and ending with 1 uM in lane 9; 10-16, same
titration of En:: a2 as in lanes 3-9, but also containing 100 nM a1 homeodomain
protein; 17, 300 nM En C-terminal fragment; 18, 300 nM En C-terminal fragment
with 100 nM a1l homeodomain protein. The complex equilibrium dissociation con-
stant describing the interaction of En::a2 and the al homeodomain with the
al/en operator is very similar to that observed for the cooperative bmdlng o!
the C-terminal fragment of 2 and the a1l homeodomain to the hsg operator®®
~10 '® M? as estimated from gel shift experiments.

METHODS. The synthetic a1/en operator duplex was cloned into pUC18 and was
excised and radioactively labelled as a 92-bp fragment. DNA binding was assayed
as for Fig. 2, except that proteins were incubated together at room temperature
for 30 min in gel shift buffer containing 5 ug mi~* nonspecific DNA before addition
of the labelled DNA. Protein and DNA were incubated another 45 min at room
temperature before being electrophoresed.
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FIG. 4 Specific residues that comprise the turn between helix 2 and
helix 3 of the a1l homeodomain are required for cooperative binding
with a2. A *?P-Iabelled 80-bp fragment containing the hsg operator (Fig.
1b) was incubated with puntied proteins in the electrophoretic mobility
shift expenment. Lanes: 1, 3nM a2 C-terminal fragment; 2-5, 3 nM
a2 Cterminal fragment with successive 3-fold increases of al homeo-
domain proten starting at 10 nM; 6-9, 3 nM a2 C-terminal fragment
with successive 3-fold increases of the al homeodomain protein con-
taining the two point mutations, G108A and T110A, beginning at 10 nM.
The two forms of the al homeodomain, wild-type and mutant, were
expressed at approximately the same levels, and their purification pro-
file was identical. We therefore assume that these changes do not
significantly destabilize the al homeodomain structure. The DNA-
binding expenment is described in Fig. 2 legend.

the adjacent C-terminal 16 amino acids is required for these
activities. Some HOM-C proteins from Drosophila, for example
Antp, Ubx, and Dfd, may also use their C-terminal tails to alter
target gene specificity by interacting with other proteins'®'". It
is therefore plausible that the C-terminal tails of many homeodo-
main proteins could prove to be important protein interaction
domains which determine protein partners and, as a result, the
specific sets of genes to be regulated.
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CHAPTER 2

A Conformational Change in a Homeodomain Protein Induced by a Peptide Ligand
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Abstract

It has often been difficult to reconcile the highly selective biological activity of
homeodomain proteins with their modest individual DNA binding specificities.
Through the use of chimeric proteins and synthetic peptides we provide
evidence that upon heterodimerization, one homeodomain protein (a.2)
contributes a ligand that induces a conformational change in a second
homeodomain protein (a1) which enhances its DNA binding. This idea
explains, in part, how high DNA-binding specificity is achieved only when the

two homeodomains conjoin.
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Introduction

In eucaryotes, proteins that regulate transcription typically act in
combinations. A simple example of this principle is found in the specification of
cell-types in the yeast Saccharomyces cerevisiae. In the a/a. cell type two
homeodomain proteins, al and a2, form a heterodimer that binds with high
affinity and specificity to a DNA sequence called the haploid-specific gene (hsg)
operator (Dranginis, 1990; Goutte and Johnson, 1988; Goutte and Johnson,
1994; Goutte and Johnson, 1993; Strathern et al., 1981) This operator is
located upstream of many genes (collectively called the haploid-specific
genes), and the binding of a1 and a2 to it recruits the SSN6/TUP1 repressor,
which represses transcription of each haploid-specific gene (Keleher et al.,
1992; Komachi et al., 1994; Mukai et al., 1991) These genes encode proteins
required for a and a cells to mate as well as regulators of a/a. cell-specific
functions (Herskowitz et al., 1992; Johnson, 1995).

Although the a1/02 heterodimer has been well studied, it has been
difficult to rationalize the high DNA-binding specificity of the heterodimer in
terms of the individual properties of its constituent proteins. Under
experimental conditions in which the heterodimer specificity was determined to
be at least 3,000-fold greater for the hsg operator than for non-specific DNA, o2
exhibited a DNA-binding specificity of approximately 10-fold and a1 showed no
reproducible specific binding (Goutte and Johnson, 1993; Philips et al., 1994).

How is the DNA-binding specificity of the a1/a2 heterodimer generated?
In this paper we test the hypothesis that, upon contact with a2 during
heterodimer formation, a1 undergoes a conformational change which increases
its affinity for the hsg operator. According to this hypothesis, the key protein-

protein contact occurs between a short region of a2 (called the tail) immediately
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C-terminal to its homeodomain and the homeodomain of a1. The o2 tail is
unstructured in the o2 monomer (Philips et al., 1991; Wolberger et al., 1991) but
folds into a short a helix upon contact with the a1 homeodomain (Li et al., 1995;
Philips et al., 1991) We propose that the 0.2 tail acts as a small ligand to induce
a conformational change in at.

To test this hypothesis, we constructed three new chimeric molecules
consisting of the homeodomain of a1 linked covalently to the tail of a2. These
two elements were joined by linkers designed to be of sufficient length and
flexibility to permit intramolecular interactions between a1 and the o2 tail. A
prediction of the model described above is that such chimeric molecules should
bind tightly and specifically to DNA as monomers, because they include both

the ligand and its receptor, linked by a flexible tether. We show here that these

al::a2 chimeras containing flexible linkers are capable of binding DNA
specifically as monomers. We further show that an a2 tail peptide supplied in

trans can induce the a1 homeodomain to bind to DNA with increased affinity.

We conclude that the a2 tail induces a conformational change in the

homeodomain of a1 which is necessary for efficient DNA binding.
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Results
Construction of the a1::a2 chimeric proteins

The design of the chimeric molecules (and in particular the length of the
linkers) was based on inspection of the x-ray crystal structure of the a1/o2
heterodimer bound to DNA (Li et al., 1995). In two of the chimeric molecules,
the o2 tail was attached via a linker to the C-terminus of the a1 homeodomain.
In the x-ray structure the distance between the C-terminus of a1 and the N-
terminus of the a2 tail is 32 Angstroms. A linker of 11 amino acids (present in
the a1::11::02 chimera, Figure 1A) 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 (a1::16::a02) was also constructed to accommodate some degree of
structure in the linker (Figure 1A). The linkers were composed of Glycine and
Serine to provide both flexibility and solubility. A third chimeric molecule was
constructed in which the o2 tail was attached via a linker to the N-terminus of
the a1 homeodomain. The distance between the C-terminus of a2 and the N-
terminus of the a1 homeodomain in the x-ray structure is only 13 Angstroms,
and a Glycine/Serine linker of 6 amino acids was employed to span this

distance (Figure 1A).

al::o2 chimeric proteins bind as monomers to a modified hsg operator

The three chimeric proteins summarized in Fig. 1A were expressed in E.
coli, purified to greater than 90% homogeneity, and tested for their binding to a
synthetic operator composed of two a1 half-sites (a1/a1 in Fig. 1C). In contrast
to the a1 homeodomain alone (Fig. 2 lanes 5-7), all three chimeras exhibited
efficient DNA binding in the 30-100 nM range (lanes 11-13, 17-19, 23-25).
Based on the electrophoretic migration of the chimera/DNA complexes (Goutte

and Johnson, 1993; Smith and Johnson, 1992) it seemed likely that all three
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Figure 2.1. Proteins (A), peptides (B) and operator (C) used in the experiments
described in this paper. (A) The top two diagrams depict the portion of the wild-
type a1 and o2 proteins sufficient for heterodimer formation and DNA binding.
The additonal proteins are chimeras in which the tail of a2 has been fused to
the homeodomain of a1. The linkers between the tail and the homeodomain
are composed of alternating (Glycine)2 and (Serine)2, and are depicted as a
string of filled black circles. (B) 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 of a2 and ending at
residue 207. a2 ends with residue 210 and residues 208-210 are not required
for a1/a2 heterodimer formation (Herskowitz, 1989). (C) The al/a1 operator
has the same spacing and binding site orientation as a naturally occurring hsg
operator (which contains an a1 and a2 binding site), except the a2 binding site
of the hsg operator has been replaced by a second a1 binding site (Keleher et
al., 1992). The two a1 binding sites are separated by six base pairs and, for the

experiments of Figs. 2.2-4, are contained within an 80-bp DNA fragment.
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Figure 2.2. Binding of the a1::02 chimeras to the a1/a1 operator. The 32P-
labeled DNA fragment (80 nucleotide pairs) containing the ai/a1 operator was
incubated with the indicated purified protein for 30 min at room temperature and

electrophoresed through a 5% native Tris-borate-EDTA polyacrylamide gel .

Lane 1 contains labeled DNA alone. Lanes 2-4 contain 3 nM o2 hd + tail
(2128-210) in addition to a1 hd. The a1 hd alone (lanes 5-7) and the a1::a2
chimera homodimer (lanes 8-10) were included along with the a1/a2
heterodimer in order to demonstrate the different mobility shifts expected for
monomers and dimers bound to the DNA. ai::11:a2 (lanes 11-13) and
a1::16::a2 (lanes 17-19) both give two shifts, consistent with monomeric and
dimeric DNA binding, whereas a2::6::a1 (lanes 23-25) gives only one shift
consistent with monomeric DNA binding. All three chimeras containing the o2
tail mutation have reduced DNA binding (lanes: 14-16, a1::11::021.196S; 20-22,
a1::16::02 196S; 26-28, 02| 196S::6::a1). The a1 homeodomain and chimera

concentrations for each set of three reactions were 30 nM, 100 nM, and 300 nM.
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Figure 2.2
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chimeric proteins were capable of binding DNA as monomers. DNase |
footprinting of the chimeric proteins on an a1/02 operator demonstrated that all
three of the chimeric proteins with linkers bind only to the a1 half of the operator,
whereas the a1::a2 chimera without a linker binds to both the a1 and a2 sites of
the operator (Fig. 3). This result indicates that the linkers permit the a2 tail to
interact with the a1 molecule to which it was attached and that this interaction
stimulates DNA binding. This situation contrasts to that of the a1::a2 chimera
that lacks a linker (see Fig. 1A) which can only bind DNA as a dimer (Fig. 2
lanes 8-10) (Stark and Johnson, 1994). ai::11::02 and a1::16::02 are capable
of forming dimers on the DNA in addition to monomers, but the binding of
02::6::a1 appears solely monomeric. The simplest explanation for this
difference is that the placement of the linker on the N-terminus of a1 in 02::6::a1
sterically blocks the binding of a second molecule to the inverted a1 half sites,

while the C-terminal placements do not preclude this possibility.

Mutation of the tail reduces DNA binding by the a1::a2 chimeras

To rule out the possibility that the enhancement of DNA binding observed
for the chimeric proteins was due to non-specific contributions of the linker,
chimeras with mutant tails were constructed and tested for DNA binding.
Residue 196 in the a2 tail of each chimera was changed from Leucine to
Serine, a mutation known to disrupt a1/a2 function in vivo and in vitro (Stark
and Johnson, 1994; Strathem et al., 1988) In the x-ray structure of the a1/a2
heterodimer, the Leucine at this position contacts the a1 homeodomain (Li et
al., 1995) In all three mutants, al::11::021.196S (Figure 2 lanes 14-16),
al:16::a2[ 196S (lanes 20-22), and 02| 196S::6::a1 (lanes 26-28), DNA

binding is significantly reduced, indicating that the leucine in this position of the
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Figure 2.3. Monomeric DNA binding of the a1::a2 chimeras with linkers to an
al/a2 operator. DNase | protection of a ninety nucleotide pair 32P-labeled
fragment containing the hsg operator. Lanes: 1) 3uM a1 hd plus 100nM
02128-210 2) 50uM al::a2 3) no protein 4) 50 uM 0.2::6::a1 5) 100pM
a1:16::02 6) 50uM at::11::02.

32

- W T Gr—em T



‘at

1 T
_012;

Figure 2.3

o

oy

8

Q] D s & T
Sa B "
2P 5¢er T

o &
T o 2 3® ®

- DG -~

-— - D Gl >

LS 3 ad

- . L e o e Gead Gl

33



o2 tail is necessary for the maximal enhancement of a1 binding. Efficient DNA
binding by the a1 homeodomain chimeras therefore specifically requires the a2

tail.

The a2::6::a1 chimeric protein binds the synthetic al/a1 operator specifically
We verified that the DNA binding of one chimera, 02::6::a1, was specific,
by comparing its affinity to two different DNA fragments, one with the synthetic
al/a1 binding site and the identical fragment that lacked these sites (Fig. 4).
Both a2::6::a1 (lanes 9-11) and the a1/a2 heterodimer (lanes 3-5), used as a
control, bind well to the a1/a1 operator but not to the operator that lacks a1 sites
(lanes 6-8 and 12-14). These results indicate that the 02::6::a1 chimera shows

a marked preference for known a1 binding sites over other DNA.

An o2 tail peptide is sufficient to induce the a1l homeodomain to bind DNA

It seemed plausible, based on the above results, that the tail of o2 could
induce the a1 homeodomain to bind tightly to DNA even if it were not covalently
attached to it. To test this idea, a wild-type and two mutant a2 tail peptides were
synthesized. All three peptides are 19 amino acids in length and end at residue
207 of 02. One mutant contains a Serine at position 196 and the other an
Alanine, changes known to disrupt the interaction of the tail with a1 in the a1/a2
heterodimer (Li et al., 1995) The experiment of Figure 5 shows that the affinity
of the a1 homeodomain for DNA increases as the concentration of wild-type
peptide is raised (lanes 2-6), with half-maximal stimulation reached at a peptide
concentration of approximately 0.3 mM, a value in excellent agreement with the
KD of 0.2-0.3 mM for the interaction of the o2 tail with the a1 homeodomain as
measured by NMR spectroscopy (Baxter et al., 1994; Philips et al., 1994) The

two mutant peptides also stimulate a1 binding (lanes 7-11 and 12-16), but to a
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significantly lesser extent. In other experiments, the difference between the
wild-type and mutant peptides was less accentuated, suggesting that the

al/peptide complex is highly sensitive to the conditions used.
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Figure 2.4. DNA binding specificity of the «2::6::a1 chimera. For this
electrophoretic mobility shift experiment an 80 nucleotide pair 32P-labeled
fragment containing the al/al operator and an identical labeled fragment with
the operator deleted (consisting of 51 nucleotide pairs) were utilized. Lanes 1,
3-5 and 9-11 contain the ai/a1 fragment while 2, 6-8 and 12-14 contain the
fragment that lacks specific a1-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

2.2.
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Figure 2.5. A 19 amino acid a2 tail peptide, supplied in trans, induces a1 to
bind the al/a1 operator. Each lane contains 30 nM a1 hd, which does not bind
DNA on its own (lane 1). In addition to a1 hd, lanes 2-6 contain successive 2-
fold increases of the wild-type o2 tail 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 a1 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°, as was the

electrophoresis.

38



Figure 2.5
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Discussion

a1l and o2 are homeodomain proteins that regulate cell identity in the
budding yeast S. cerevisiae. These two proteins interact in solution and then
bind to hsg operators, turing off the haploid-specific genes. Neither protein
alone binds the DNA with the necessary affinity or specificity to efficiently select
its target genes. A key protein-protein interaction interface in the heterodimer is
comprised of the homeodomain of a1 and a 22 amino acid region of a2 C-
terminal to the homeodomain. This a2 tail undergoes a conformational change
upon interaction with a1, and in this paper we have now provided evidence
(summarized in Fig. 6) that the homeodomain of a1 undergoes a reciprocal
conformational change upon interaction with a2. We propose that this
conformational change in a1 is required for tight and specific DNA binding by
the heterodimer.

Upon a1/a2 heterodimerization, the tail of a2, which is unstructured in the
monomer, assumes a distorted o helix upon interaction with ai (Li et al., 1995;
Philips et al., 1994) Since the tail is distant from the DNA in the bound
heterodimer, this change in a2 has no consequence on the DNA-binding
properties of a2 (Mak and Johnson, 1993) What could be the reciprocal
change in a1 that increases its DNA-binding affinity? Baxter et al. (Baxter et al.,
1994) showed, using 15N labeled a1 and 14N o2 and applying isotope-edited
NMR spectroscopy, that the resonances of many positions of the a1
homeodomain changed upon addition of a2. Some of these changes can be
accounted for by direct contact by the a2 tail; however, others lie in positions
more distant from the sites of direct contact. A cluster of a2-induced changes
lies in the loop between helix 1 and helix 2 of the a1l homeodomain. Since this

loop makes contact with both the DNA (via a water molecule) and with the o2
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Figure 2.6. Cartoon depicting interaction of the o2 tail with the a1 hd. a1l is
shown in gray and o2 is shown in black. The filled black circles refer to the
Glycine/Serine linkers (See Fig. 1). (A) The al/02 heterodimer as visualized in
the x-ray structure of the heterodimer (Sauer et al., 1988). (B) Inferred structure
of the two chimeras (a1::11::02 and a1::16::02) in which the o2 tail and linker
were fused to the C-terminus of a1. (C) Inferred structure of the o2::6::a1
chimera, in which the a2 tail and linker were fused to the N-terminus of the a1
homeodomain. (D) Inferred structure of the a1l hd bound by wild-type a2 tail
peptide. For each case, we have provided evidence that the interaction of the
o2 tail with the homeodomain of a1 induces a conformational change which
stimulates the binding of the a1 homeodomain to haploid-specific operator
DNA. The contacts between a1 and DNA occur principally through helix 3 and
the loop between helices 1 and 2 (Sauer et al., 1988). As described in the text,

it has been proposed that the conformational change in a1 occurs in this loop.
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Figure 2.6
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tail in the heterodimer/DNA structure, it is plausible that contact with the o2 tail
repositions the entire loop to maximize a1 binding (Li et al., 1995). A network of
protein-DNA contacts involving the backbone of this loop is observed in the x-
ray structure, and even a subtle change in the conformation of this loop (caused
by dissociation of a2) could disrupt this network of contacts and significantly
weaken the affinity of a1 for DNA.

We showed previously that an a1::a2 chimera containing the tail of a2
linked covalently to the C-terminal end of the a1 homeodomain binds DNA only
as a dimer (Stark and Johnson, 1994). According to the a1/02/DNA x-ray
structure, this chimera is not capable of undergoing an intramolecular
interaction to bring the o2 tail in contact with the proper surface of the a1
homeodomain because the linker is of insufficient length. Thus the only way for
this chimera to efficiently bind the operator was through the interaction of the tail
of one molecule with the homeodomain of a second. We believe this is the
explanation for the dimer requirement of this chimera. In contrast, the chimeras
described in this paper were capable of monomeric DNA binding, and therefore
of intramolecular interactions between the a2 tail and the a1 homeodomain.

Other homeodomain proteins also appear to undergo partner-induced
conformational changes which increase their DNA-binding affinities. The
affinity of the mammalian homeodomain protein Pbx1 for DNA is enhanced by
YPWM-containing peptides derived from several of the Hox proteins which are
partners of Pbx1 (Knoepfler and Kamps, 1995; Peltenburg and Murre, 1996).
Chan et al., (1996) have proposed that the homeodomain of the fly /abial
protein is masked by a domain located N-terminal to the homeodomain and that
contact by a partner protein, extradenticle, relieves this inhibition and allows
Jabial to bind DNA. Finally, the idea that a2 provides a ligand that increases the

affinity of a1 for DNA is similar in principle to the many cases of small molecules
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that activate the binding of proteins to DNA. Examples include such ligands as
cAMP for E. coli CAP (Beckwith, 1987; Ebright, 1993; Reznikoff, 1992) and
tryptophan for the E. coli trp repressor (Somerville, 1992; Yanofsky and
Crawford, 1987). In the case of a1 and o2, the signal to bind DNA and to
thereby turn off transcription of the haploid-specific genes is the presence of
both proteins in the same cell. A ligand-induced conformational change seems
an efficient way of ensuring that a1 is inactive in cells that lack o2 (a cells), but
becomes activated only when o2 is also present, the combination that

determines the a/a cell-type.
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Materials and Methods

Construction of a1::a2 chimeras

The DNA encoding the Glycine/Serine linkers was synthesized as
complimentary oligonucleotides, annealed, and ligated between DNA encoding
the a1 hd and DNA encoding the tail of a2. The linkers are composed of
altemating (Glycine)2 and (Serine)2. The oligonucleotides that made up the
linkers in the a1::02 chimeras are as follows: a1::11::02 -
GATCTAAAGGTGGTTCTTCTGGCGGCTCCTCCG; a1::16::02 -
GATCTAAAGGTGGTTCTTCTGGCGGCTCCTCCGGTGGCTCTTCCGGCG;
02::6::a1 - GGTGGTTCTTCTGGT. The first two oligonucleotides have an
overhanging GATC at the 5’ end of each oligonucleotide of the pair, and were
cloned into the Bgl Il site at the junction of the a1 homeodomain and the a2 tail
in the a1::a2 chimera with no linker (Stark and Johnson, 1994). The third linker
oligonucleotide was part of a larger oligonucleotide which contains the a2 tail
sequence (aa 189-210) immediately upstream of the linker. This
oligonucleotide pair has an overhanging TA at each 5’ end and was cloned into

the Nde | site at the 5’ end of the al homeodomain (Philips et al., 1994).

Peptides

o2 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 of a2 and ending at residue 207. The amino
acid sequence of the wild-type a2 tail peptide is TITIAPELADLLSGEPLAK.
Residue 196 is shown in bold. a2 ends with residue 210 and residues 208-210

are not required for al/a2 repression (Mak and Johnson, 1993). Peptides were
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HPLC-purified, resuspended in H20, and concentrations were determined by

the quantitative Ninhydrin assay (Sarin et al., 1981).

Operators

The a1/a1 operator has the same spacing and binding site orientation as a
naturally occurring hsg operator (which contains an a1 and a2 binding site),
except the a2 binding site of the hsg operator has been replaced by a second
a1 binding site (Goutte and Johnson, 1994). The two a1 binding sites are
separated by six base pairs and, for the experiments of Figs. 2-5, are contained
within an 80-bp DNA fragment. A second DNA fragment, identical in sequence
to the a1/al operator-containing fragment except that it contains no specific a1-
binding sites, was used in the experiment of Figure 4. The removal of the a1-

binding sites results in a 51 nucleotide pair DNA fragment.

Protein purification
The a1 hd protein and all a1::02 chimeric proteins were overexpressed in E.
coli strain BL21(DE3)pLysS. Protein purification from cell lysates was by

adhesion to a cation-exchange resin (Sephadex SP-C50, Pharmacia) followed
by elution with a NaCl gradient (Philips et al., 1994). The a2 hd + tail fragment

was a gift from A. Vershon.

DNA-binding assays

For the electrophoretic mobility shifts purified proteins were incubated with a
32p.jabeled DNA fragment for 30 min at room temperature and
electrophoresed through a 5% native Tris-borate-EDTA polyacrylamide gel as

described in (Stark and Johnson, 1994). The binding conditions for the o2 tail

peptides and labeled al/al operator were the same as in the other experiments
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except that the incubations of DNA and protein were carried out at 4°C, as was
the electrophoresis. The DNase | protection experiment was carried out under
the same conditions as the mobility shift assay except that 10-50 times more
DNA was used, and the binding buffer contained no glycerol or E. coli genomic
DNA, but was supplemented with 10mM CaCl2 and 2.5pg mi-1 calf thymus
DNA. Reactions were cleaved for 10 min at room temperature with 1.5 ug
DNase | (Worthington) and then stopped and precipitated with 1.6 M ammonium

acetate. Samples were electrophoresed through a 10% denaturing TBE gel.
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CHAPTER 3 "

Isolation and Characterization of Mutations in the al Homeodomain that Enable DNA :

Binding in the Absence of 02

53



Abstract

The yeast homeodomain proteins al and 02 interact to form a heterodimer that binds DNA
with high affinity and specificity. Neither protein alone is able to bind DNA with high
affinity, but upon heterodimerization both proteins appear to undergo conformational
changes, allowing tight and specific binding to the DNA. The details of the conformational
change in 02 have been determined by direct NMR experiments as well as by comparison
of the crystal structures of o2 by itself with that of the al/o2 complex. However, the
crystal structure of al by itself has not yet been determined, so the details of the
conformational change in al, which are proposed to increase its DNA-binding affinity, are
unknown. We have isolated mutations in the al homeodomain that allow al to bind to the
DNA in the absence of a2. Some of these mutants may assume, at least in part, the al
conformation normally evoked by contact with the a2 protein. These mutants may provide

insight into the sites responsible for, and the nature of, the changes in al conformation

provoked by a2.
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Introduction

In the yeast Saccharomyces cerevisiae, the al and o2 proteins, in conjunction with

the global repressor proteins, Tupl and Ssn6, modulate the transcription of a number of
cell-type specific genes (Johnson, 1992). al and a2 both contact DNA through a region
known as a homeodomain - a highly conserved, compact three-helix structure. al and 02

act together to recognize a set of genes known as the haploid-specific genes (hsg), the

repression of which is essential for the a/a. diploid cell type (Dranginis, 1990; Goutte and 1a
Johnson, 1988; Goutte and Johnson, 1994). al and o2 interact in solution and bind to an "
hsg operator as a heterodimer. un

Neither the al nor the 02 protein binds the DNA with the necessary affinity or
specificity to form a stable complex by itself (Goutte and Johnson, 1993). al on its own
binds an hsg operator in vitro very poorly, if at all. 02 is able to bind to the hsg operator;
however, this binding is only moderately specific, with a dissociation constant only 10-fold s
lower than that for random DNA. In contrast, the al/02 heterodimer binds the same DNA
with a dissociation constant 3,000-fold lower than that for random DNA.

The primary al/o2 protein-protein interaction interface is comprised of the
homeodomain of al and a 22 amino acid region of 02 C-terminal to the homeodomain (the
02 C-terminal tail) (Mak and Johnson, 1993; Stark and Johnson, 1994). Solution NMR
and Xray crystallographic studies have shown that the tail of 02, which is unstructured
when 02 is free in solution or bound to DNA without al, forms a fourth helix upon
interaction with al (Li et al., 1995; Philips et al., 1994). The o2 tail contacts only the al
homeodomain, making no DNA contacts, and the homeodomain of o2 is not involved in
the interaction with al (Li et al., 1995; Mak and Johnson, 1993; Stark and Johnson, 1994).

These studies also delineated the surface of al that is contacted by the o2 tail. The al
interface is comprised of residues in helix one and helix two, as well as in the loop that

connects the two, that face away from the DNA and are therefore accessible (Li et al.,
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1995). Three of these residues form a hydrophobic patch on the surface of al, (Vall9,
Leu26, and Val34), on which the tail of o2 sits. In addition to these hydrophobic
interactions, the heterodimer is stabilized by several hydrogen bonds.

The al/02 heterodimer forms an extensive set of contacts with the DNA. Both al
and o2 contact DNA bases and the sugar-phosphate backbone of the DNA by means of
direct side chain contacts and water-mediated hydrogen bonds (Li et al., 1995). The two
proteins are positioned on the DNA in a very similar manner, although the exact bases
contacted differ.

It is surprising, given the extensive set of contacts formed by the al hd with DNA,
and given the data suggesting that al provides most of the DNA-binding specificity of the
al/o2 heterodimer, that al binds DNA detectably only in the presence of a2 (Goutte, 1992;
Goutte and Johnson, 1993; Li et al., 1995; Stark and Johnson, 1994; Vershon et al.,
1995). Dimerization of al and 02 is clearly important for the generation of the highly
specific al/o2 repressor activity, as is a large conformational change in the C-terminal tail
of a2 (Goutte and Johnson, 1993; Li et al., 1995; Philips et al., 1994). We have
suggested that in the absence of 02, the al protein folds into a conformation that does not
favor DNA binding (Stark and Johnson, 1994). According to this proposal, the o2 tail,
upon contact with al, induces a small conformational change in the al homeodomain,
increasing its overall DNA-binding affinity and rendering it competent to bind to the DNA.
The following lines of evidence, described in Chapter 2 and Appendices A and B (Li et al.,
1995; Philips et al., 1994), support this model. First, a peptide corresponding to the tail of
02, either supplied in trans or covalently attached to the al homeodomain via a short
Glycine-Serine linker, can induce the al homeodomain to bind to the DNA as a monomer
(Chapter 2). Second, solution NMR studies show that residues in the al homeodomain
that lie in portions of helices one and two and in the loop connecting them are perturbed

upon addition of a2 (Philips et al., 1994). And, third, the crystal structure shows a

complex set of interactions between helix three, the DNA backbone, a bound water
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molecule, and the backbone of al in the loop between helices one and two (Li et al., 1995).

Changes in the al loop or surrounding helices could easily affect this network of contacts,
diminishing or increasing, the affinity of al for DNA depending on whether or not o2
contacted al.

To address the question of how the conformational change in the al homeodomain
is brought about by the tail of a2, we designed a screen to isolate mutations in the al
homeodomain that would allow it to bind to DNA in the absence of a2. Three types of
mutations could lead to the desired phenotype: 1) mutations that alter the conformation of
al, making it more like that of al in the presence of 02; 2) mutations that solely act to
increase the DNA binding affinity of al through the formation of additional DNA contacts,
not involving any changes in the overall conformation of the al protein, and; 3) mutations
that create an interaction interface for a DNA-binding protein other than 02 (see
Discussion). The first class of mutations could provide a means to define the sites
responsible for, and the nature of, the change(s) in al conformation induced by 2.

Mutations that fall into all three classes appear to have been isolated from this screen.
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Results

In order to detect mutants of al capable of binding DNA in the absence of 02, the
strong activation domain of Gal4 was attached to the amino-terminus of the al
homeodomain (al hd). This allows the use of a reporter system which is not activated
unless the Gal4::al fusion binds upstream of the reporter gene. The plasmid containing
this Gal4::al fusion was transformed into a matA strain containing an integrated CYCI-
LacZ reporter with four al binding sites located upstream of the CYC1 TATA (yMS1), in
place of all the endogenous CYC1 upstream activating sequences (see Fig. 3.1). The
default state of this reporter is OFF, meaning that it requires an activator in order for LacZ
to be transcribed. Therefore, LacZ will only be produced if the al hd binds to the sites in
the reporter, bringing the Gal4 activation domain to the DNA. When al does not bind the
reporter construct, the colonies will be white, whereas mutants of al which can bind to the
reporter construct will result in blue colonies in a B-Galactosidase filter assay.

The al hd was mutagenized by PCR, and the mutagenized fragment was
transformed into yMS1 along with a high copy plasmid containing the Gal4 activation
domain under the control of the ADH1 promoter (pGAD424) that had been linearized with
two restriction enzymes that cut in the polylinker immediately downstream of the activation
domain (Fig. 3.1). The al hd PCR product was designed to contain a region homologous
to the COOH-terminus of the Gal4 activation domain on its 5’ end and a region
homologous to pGAD424 vector sequences on the 3’ end, so that upon cotransformation
with the gapped pGAD424 plasmid, the plasmid and the PCR product will recombine in
vivo, fusing the mutagenized al hd to the Gal4 activation domain.

Approximately 25,000 colonies were screened using a B-Galactosidase filter assay.
Thirty five colonies out of the 25,000 were pale blue on the filters, and 12 of these
remained blue upon retesting. The plasmids containing the al hd mutants were rescued

from these 12 isolates and sequenced (Fig. 3.1). Nine out of 12 of the mutants contain a
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Figure 3.1. al homeodomain mutations isolated from screen.

The schematic at the top of the figure illustrates the components involved in the screen for
al hd mutants capable of binding DNA in the absence of a2. The PCR-mutagenized al hd
was cotransformed into a matA strain containing a UASless CYC1-LacZ reporter with four
al binding sites upstream of the CYCI1 transcriptional start site along with a gapped
plasmid containing the Gal4 activation domain. In vivo recombination of these two DNAs
results in the Gal4::al* fusions. Only cells in which the Gal4::al1* fusion binds to the
reporter will be blue in a B-Galactosidase filter assay. The list below the schematic shows
the positive mutations isolated from the screen by original mutant number and by the
corresponding amino acid mutations in each. The numbering of amino acids is in accord
with the numbering of the al hd in the crystal structure of the al/o2 ternary complex. K-
3E corresponds to a mutation 3 amino acids upstream of the NH2-terminal end of the

homeodomain (the PCR-mutagenized al hd fragment contains 4 amino acids upstream of

the homeodomain proper).

59



Gal4 AD

2 um EcoRI

BamHI
y —

7.7 —
athd*

Figure 3.1

( ii matA\
Gal4 AD
—>
alhd *
r 4
vy [ITTT1 e —
4xat 170 + CYC1-LacZ
\_ Y,
Blue
hd aming acid .

10-1 Q24R, N27D, K31E, R55G

12-1 K31E

72-1 K3IR

74-1 S7L, K31E

76-2 K52R

79-1 K31E

89-1 K31E

115-1 VI9A

134-1 R22K

146-1 K31E

146-2 K-3E,K31Q

162-1 K31E, E32G

60

Nr FE FEv Y §1



mutation in Lys31 of helix two in the al hd. Seven of these mutations have the lysine
changed to a glutamate, one has a lysine -> glutamine change, and one a lysine -> arginine
change. Some of these contain the single Lys31 mutation, while others contain additional
mutations. Of the three remaining mutants, one contains a mutation in helix one of the hd
(valine 19 -> alanine), one contains a change in the loop between helices one and two
(arginine 22 -> lysine). and one contains a change in a residue in helix three (lysine 52 ->
arginine) (Fig. 3.2).

Five mutations were chosen for further characterization: V19A, K31R, K31E,
K52R, and the double mutation K-3E, K31Q. These mutations were transferred into an E.
coli expression plasmid using PCR, and the mutant proteins were overexpressed and
purified from E. coli. The purified proteins were analyzed by gel mobility shift assay for
their ability to bind DNA in the absence of a2 (Fig. 3.3). Mutant K31R binds to a
synthetic operator with two al binding sites at least 10-fold more tightly than the wild-type
al hd. Two other mutants, V19A and K52R, are capable of binding to the DNA in the
absence of 02, but the strength of these interactions is questionable, and in subsequent gel
shift assays the affinity of these mutants for DNA looked similar to that of wild-type al.
Mutants K31E and K-3E, K31Q show no detectable binding to the DNA in the absence of
o2. All of the al hd mutants except K31E bind to an al/a2 operator cooperatively with the
C-terminal fragment of 02 (aa 128-210) with a binding affinity equal to or better than that
of wild-type al hd (data not shown).
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Figure 3.2. Positions of mutations on the al homeodomain.

The four panels show a stick model of the al hd bound to DNA based on the crystal
structure coordinates (Li et al., 1995). The NH2-terminus of helix one is highlighted in
yellow. The side chains of the residues in which mutations were isolated are highlighted in
green. The green side chains correspond to those of the original residues, not the mutated

ones. (A) Vall9. (B) Arg22. (C) Lys52. (D) Lys31.
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Figure 3.3. DNA binding analysis of al homeodomain mutants by gel shift assay.

The 32P-labelled DNA fragment containing the al/al operator was incubated with the
indicated purified protein for 30 min on ice and electrophoresed through a 5% native Tris-
borate-EDTA polyacrylamide gel at 40C. Lanes 1-2 contain 30nM and 100nM wild-type
al hd, respectively. Lanes 3-4 contain 30 nM and 100nM al hd mutant K100R,
respectively. Lanes 5-8 contain 100nM of the al hd mutant indicated.
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Discussion

The al protein is transcribed and translated in both a and a/o cells in the yeast
Saccharomyces cerevisiae (Herskowitz, 1989). In the a/a. diploid cell, al interacts with o2

to repress the haploid specific genes, but in the a cell al has no known function (Kassir

and Simchen, 1976). This appears to be due to the fact that al is unable to bind to DNA in :» -
the absence of 02. Work presented in this thesis strongly supports a model in which the ::‘ “
interaction with the tail of a2 induces a conformational change in the al hd, increasing its :'.':. _‘
overall DNA-binding energy and allowing it to bind the DNA tightly and specifically as a E: :
heterodimer with 2. _::‘
The interaction between the short tail of 02 and the homeodomain of al is J
reminiscent of the interaction between the prokaryotic helix-turn-helix cyclic AMP (cAMP) / : :M
receptor protein, CRP, and its ligand cAMP. cAMP acts as a small effector molecule, -_:E*
inducing a conformational change in CRP, and changing CRP’s weak nonspecific binding ::::

activity into a tighter affinity for specific sites (Crothers and Steitz, 1992). Mutations have
been isolated in CRP (CRP*) that enable CRP to bind to DNA and activate transcription
without cAMP (Aiba et al., 1985; Garges and Adhya, 1985). These mutant proteins appear
to have a conformation similar to cAMP-bound CRP. Some of the CRP* mutations map to
a region outside of the cAMP-binding domain, analogous to the region of al shown by
NMR and Xray crystallography to be involved in the interaction with o2.

The screen for al hd mutants capable of binding DNA in the absence of a2 was
designed with the hope of isolating mutations in the al hd which alter the conformation of
al to a form similar to that achieved in the presence of a2. Twelve mutations in the al hd
were isolated from this screen. Two of these mutations encode residues in the region of al
contacted by the o2 tail. These residues face away from the DNA, and are therefore
incapable of making any DNA contacts. Theoretically, these two residues, Val19 and

Arg22, are the best candidates for involvement in the al conformational change to come out
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of the screen, as they are not likely to be simply increasing the DNA binding energy of the
al hd. Val19 forms part of the hydrophobic patch on the surface of the al hd that interacts
with the tail of 02. Arg22 is located in this same area, although it does not seem to be
involved in the interaction with the o2 tail (see Appendix B, Fig.4A).

Several attempts were made to quantitate the levels of activation of the reporter

wr T

construct in the mutant strains. Although there is a clear difference in color between the :i: -
wild-type Gal4::al hd fusion control and the mutant Gal4::al hd fusions by the - .':: ,, |
Galactosidase filter assay used to identify the mutants in the screen, the difference is small :; N
enough that it is unquantifiable by the available liquid B-Galactosidase quantitative assays. ;:m :
In addition to the relatively small differences in activation in vivo between wild-type and _::
mutant al, in vitro gel shift analysis on the V19A mutant shows some variability in its J
DNA binding affinity - in some instances it binds DNA more tightly than wild-type al, and ,‘::j
in other instances binding affinity of wild-type and mutant appear to be similar. No __“EE
biochemical analysis was performed on the R22K mutant. :,::

A mutation containing a change in helix three of the al hd, K52A, also came
through the screen. The protein containing this mutation, like that containing the V19A
mutation, shows some variablity in its DNA binding affinity; it sometimes binds DNA
slightly more tightly than wild-type al, and other times displays an equal binding affinity.
Lys52 faces away from the DNA, and does not make any DNA contacts. It is therefore
also a candidate for a mutation that induces a conformational change in al. This lysine
appears to pack up against residues in the end of helix one near the loop, in the region
contacted by a2. The change from lysine to the slightly bulkier arginine may push helix
three away from helices one and two, and into the major groove of the DNA.

The mutant showing the strongest binding to DNA in vitro in the absence of 02
contains the K31R mutation. The bacterially-produced mutant protein binds DNA at least
10-fold more tightly than does the wild-type al hd (Fig. 3.3). In the wild-type protein

Lys31 indirectly contacts a phosphate in the DNA backbone through a water molecule. The
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K31R mutant could be binding the DNA more tightly either because the mutation changes
the conformation of the al hd into a more favorable DNA binding form, or because the
mutation simply increases the overall DNA binding affinity of the al hd by forming an
additional hydrogen bond with the water molecule through which it contacts the DNA. The

available data are consistent with both models.

T

The most common mutation isolated was in Lys31 in helix 1 of the homeodomain. 'h:»
Seven mutations changed lysine 31 -> glutamate, and surprisingly, upon testing a gy “ |
bacterially-produced al hd protein containing this single mutation, I found that this mutant :: .
is unable to bind to DNA under the conditions used in the gel shift assay. In addition, this E:i ~
mutant does not bind the DNA cooperatively with o2. In the context of the full-length al _: :
protein, however, it does interact with o2, inhibiting repression of an hsg reporter in an l
a/a. cell where repression of this reporter is normally strong (data not shown). The i;:‘
simplest explanation for why this mutant came out of a screen designed to isolate al hd __i:'g
mutants capable of binding DNA in the absence of 02 is that the K31E mutation creates a :'::

new interaction interface for another yeast DNA binding protein, (a homeodomain protein
such as Pho2?), and that this new heterodimer (or heteromultimer) binds to the reporter
construct.

The al hd mutant containing K31Q behaves similarly to the K31E mutant, in that it
is unable to bind alone to the DNA in a gel shift assay. However, this mutant is capable of
binding DNA cooperatively with o2 in the same assay. The creation of a new interaction
interface for another DNA-binding protein remains a plausible explanation for why this
mutant came through the screen.

Of the twelve mutations isolated from the screen, four appear to be worthy of
further analysis, V19A, R22K, K52R, and K31R. NMR and/or crystallographic
structures comparing the wild-type al hd alone to the al/02 complex, and to the various
mutant al hds would provide the most information regarding the al conformational change.

In the meantime, some information about the different conformations of al could come
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from protease accessibility studies on al alone compared with al plus the o2 tail peptide

and the four al hd mutants mentioned above.
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Methods

Plasmids and strains

The synthetic reporter gene containing four al binding sites (4x al) upstream of a UASless
CYC1 promoter fused to the LacZ gene (pMS98) was constructed by inserting an
oligonucleotide duplex containing four al binding sites (5’-
TCGAGIGATGTAACTAATTACATCAGTTAAGTGATGTAATTAATTACATCAG -3°),
each separated by six nucleotide pairs, into the Xhol site of a version of pLGASS (Johnson
and Herskowitz, 1985) from which the 2um sequences have been removed. pMS98 was
linearized with Stul and integrated at the URA3 locus of KT230ux8 (matA trpl leu2 ura3
his4) (Siliciano and Tatchell, 1984; Tatchell et al., 1981). The resulting strain, yMS1, was
the strain used in the screen. The high copy plasmid containing the Gal4 activation domain
under the control of the ADH1 promoter is pPGAD424 (Clontech). pGAD424 was cut with
EcoRI and BamHI, and the wild-type al hd was cloned in frame into these sites to generate
the Gal4::al fusion used as a negative control in the screen (pMS94). pGAD424 was cut
with the same restriction enzymes before contransformation into yMS1 with the PCR-
mutagenized al hd, to generate the Gal4::al* fusions via in vivo recombination.

Several representative al hd mutations isolated from the screen were transferred by
PCR into the bacterial expression vector pHB40P (Studier and Moffatt, 1986), cut with
Nde I and Xba I, for expression in E. coli strain BL21 (DE3). The original mutant
numbers corresponding to the bacterial expression plasmids are: 72-1 (pMS 157), 76-2
(pMS152), 89-1 (pMS153), 115-1 (pMS155), 146-2 (pMS156).

The synthetic al/al operator fragment used in the gel shift assays was cut out of
pCG46 with HindIII and EcoRlI, resulting in an ~80 bp fragment (Goutte, 1992). The two
al sites are separated by 6 bp and lie approximately in the middle of the fragment. Purified
02 C-terminal fragment protein (02128-210)was a gift of Andrew Vershon (Waksman

Institute, Rutgers, Piscataway, NJ).
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PCR mutagenesis

The al hd in pMS94 was mutagenized by PCR (Muhlrad et al., 1992). PCR primers for
the mutagenic reaction corresponded to regions of pMS94 approximately 200 bp
immediately upstream and downstream of the al hd gene. The upstream primer binds in
the GALA4 gene (MRS113, 5’- CATGAATAATGAAATCACGGC) and the downstream
primer binds to vector sequences (MRS114, 5’-AGATGGGCATTAATTCTAGTC). The
primers were designed in this manner to provide suitable homology to allow homologous
in vivo recombination with pGAD424 (same as pMS94 except contains only the GAL4
activation domain, and not the al hd) cut in the polylinker with EcoRI and BamH]I, thus
generating the library of Gal4::al* fusions.

The mutagenic PCR reaction contained 10 ng pMS94 linearized with EcoRYV in 25
ul, with 100 mM Tris-HCI, pH 8.3, 500 mM KCl, 0.1% (w/v) gelatin, 1 mM dGTP,
dCTP, and dTTP, 200 uM dATP, 25 pmoles MRS113, 25 pmoles MRS 114, 3mM
MgCl2, 0.6 mM MnCl2, and 2.5 U Taq polymerase (Boehringer Mannheim). Each
reaction was preheated to 94°C for an initial denaturation step followed by 30 cycles:
940C 30 sec, 53°C 30 sec, 76°C 30 sec.

The frequency of point mutations is approximately 2% based on DNA sequence

analysis of a small number of randomly picked clones.

Isolation of mutants

Yeast transformations were performed by the LiOAc method (Ito et al., 1983). LiOAc-
treated yeast (yMS1) were added directly to a tube containing carrier DNA, 100 ng gel-
purified gapped plasmid (pGAD424 cut with EcoRI and BamHI) and 100 ng mutagenized

PCR fragment (0.5 pl of the PCR reaction). These conditions generate between 500 and
2000 recombinants, depending on the transformation efficiency. The transformed yeast

were plated at a density of 50 -200 colonies per plate on plates lacking uracil and leucine (-
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Ura-Leu plates). Transformants were replica plated onto Whatman 3MM filters on -Ura-
Leu plates containing galactose as the sole carbon source, and grown for 24 hr at 30°C.
(The presence of galactose ensures the activity of the Gal4 activation domain.) The

colonies were scored for B-Galactosidase production by immersing the filter in liquid

nitrogen for 10 sec, placing the filter on a disc of Whatman 3MM paper in a petri dish

containing 2 ml of 0.3 pg/ml 5-bromo-4-chloroindoyl-B-D-galactopyranoside (Xgal) in Z :k, -
buffer (Miller, 1972), and incubating the filter for 2-5 hr. :: ‘. _
Potential positives were picked from the original transformation plate, streaked for :’fi o
single colonies, and retested for blueness by the filter assay. Mutant plasmids were ;;i
isolated from positive colonies (Schena et al., 1989), retransformed into the original yMS|1 .,_: k
strain, and retested for blueness. Mutant plasmids passing these tests were transformed j
into E. coli strain BL21 (DE3) by the CaClp method. ’_; =
Protein purification :::

All al hd mutant proteins were overexpressed and purified without induction from E. coli
strain BL21 (DE3) containing the relevant gene under the control of the T7 promoter in the
plasmid pHB40P (Studier and Moffatt, 1986). Proteins were purified form cell lysates by
adhesion to a cation-exchange resin (Sephadex SP-C50, Pharmacia) followed by elution
with a NaCl gradient. The wild-type al hd was purified in the same manner, except that it
was overexpressed in strain BL21 (DE3) pLysS with IPTG induction as described
previously (Philips et al., 1994).

Gel shift assay
Purified proteins were quantitated by electrophoresis through an SDS gel, followed by
Coomassie staining. Proteins were incubated with an 80 nucleotide pair 32P-labelled DNA

fragment containing two al binding sites (Goutte, 1992) for 30 min on ice in a buffer

containing 5% glycerol, 10mM Tris-HCI, pH 8, 10 mg mil-1 BSA, 0.1 mM EDTA, 5 mM
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MgCl2, 0.1% N-P40, 100 mM NaCl, and 3 pg ml-! nonspecific DNA (E. coli genomic
DNA digested with Hae III). Samples were electrophoresed at 49C through a 5% native
Tris-borate-EDTA polyacrylamide gel for 70 min at 150 V.
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CHAPTER 4

The NH2-Terminal Arm of the al Homeodomain is not Required for DNA Binding

Specificity
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Abstract

Homeodomain proteins regulate a wide variety of developmental pathways in eukaryote
organisms ranging from yeast to man. In order to achieve tight developmental control,
these proteins must bind with high specificity to target sites in the DNA. The determinants
involved in DNA binding specificity of these proteins are not well understood in general,
although several specific models have been suggested. One model suggests that interaction
with cofactors raises the binding specificity of the homeodomain protein. Another model
predicts that interaction of the highly variable and flexible NH2-terminal arm of the
homeodomain with bases in the minor groove of the DNA largely determines the DNA-
binding specificity of some homedomain proteins. We show here, through deletion and
mutational analysis, that the NH2-terminal arm of at least one homeodomain protein (the
yeast al protein) does not contribute to the DNA binding specificity and biological function

of the al protein as measured both in vivo and in vitro.
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Introduction

The assembly on DNA of specific combinations of proteins is a fundamental aspect
of the regulation of gene expression. A class of gene regulatory proteins that contains a
conserved sequence element known as the homeodomain specifies cell type in yeast, and
also regulates cell fate, body plan, and development in multicellular organisms (Gehring et
al., 1994; Laughon, 1991; Scott et al., 1989). The homeodomain is a DNA binding motif,
consisting of a flexible NH2-terminal arm followed by three a-helices. How do these
homeodomain proteins, which generally have only modest specificity for their target sites,
find these sites amongst the vast amount of DNA that makes up the genome?

al and 02 are homeodomain proteins from the yeast Saccharomyces cerevisiae that
regulate cell identity (Herskowitz, 1989; Johnson, 1992). These two proteins act together
to turn off a set of genes known as the haploid-specific genes (hsg), the repression of
which is essential for the a/o diploid cell type. Neither protein alone binds the DNA with
the necessary affinity or specificity to form a stable complex, but by heterodimerizing they
boost their DNA binding specificity, increasing their ability to recognize specific target
DNA over random DNA by a factor of at least 300 (Goutte and Johnson, 1993).

The interactions between the al and &2 homeodomain proteins have provided some
insight into the problem of DNA binding specificity in higher organisms. Flies, for
example, contain many homeodomain proteins that are responsible for highly specific
effects during development (Gehring et al., 1994; Scott et al., 1989). However, in vitro,
these same homeodomain proteins bind to similar or identical DNA sequences (Desplan et
al., 1988; Ekker et al., 1994; Hoey and Levine, 1988; Kalionis and O’Farrell, 1993).
While this apparent discrepancy was confusing at first, it is now thought that many
homeodomain proteins typically interact with other proteins in order to achieve high DNA

binding specificity which is necessary for tight and specific developmental control.
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It has been proposed for many Drosophila homeodomain proteins that key DNA-
binding specificity determinants of the protein lie in the NH2-terminal arm of the
homeodomain , a span of eight amino acids immediately upstream of the first helix of the
homeodomain (Gehring et al., 1994). For example, mutations in NH2-terminal arm
residues known to make DNA contacts in the minor groove have been shown to change the
specificity of a homeodomain from one DNA binding site to another, and deletion of the
arm can result in severe loss of binding affinity (Furukubo-Tokunaga et al., 1993; Lin and
McGinnis, 1992; Zeng et al., 1993).

For the yeast 02 protein, structural, biochemical, and genetic experiments all point
to the importance of the NH2-terminal arm and its interaction with the minor groove
(Philips et al., 1991; Vershon et al., 1995; Wolberger et al., 1991). However, the situation
for al appears quite different. Structural data from the al/02/DNA complex shows no
electron density for the NH2-terminal arm of al (Li et al., 1995). This observation was
surprising given the structural and biochemical data from other homeodomain proteins
(including 02) and given the chemical modification experiments that suggested the binding
of the arm of al in the minor groove (Goutte and Johnson, 1994; Hirsch and Aggarwal,
1995; Kissinger et al., 1990; Klemm et al., 1994; Wilson et al., 1995; Wolberger et al.,
1991) . One possibility is that the lack of structure in the al NH2-terminal arm is an
artifact of crystal packing forces (Li et al., 1995). The DNA oligonucleotide duplex in the
al/02/DNA ternary complex is bent by 609, causing the DNA to stack end-to-end in the
crystal, forming a pseudocontinuous helix with Watson-Crick base pairing between the
overhanging 5’ nucleotide at the end of one complex and the complementary unpaired bases
at the end of the adjacent complex (see Appendix B, Fig. 3B). A 5' phosphate is missing
at the junction of each pair of oligos, and it is possible that this missing phosphate causes
the al arm to be displaced from the minor groove. An alternative possibility is that the al
NH2-terminal arm is unstructured because it does not acually lie in the minor groove of the

DNA, and does not make any DNA contacts.
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In order to investigate the role of the NH2-terminal arm of al in DNA binding
affinity and specificity, we isolated mutations (including deletions) in the arm of al and
examined the ability of the mutated proteins to bind DNA in conjunction with o2, both in
vitro and in vivo. The results show that complete removal of the NH2-terminal arm does
not affect the DNA binding specificity of the al/a2 heterodimer, and only slightly reduces
its DNA binding affinity. Of the three charged residues in the al arm that contact the DNA,
mutation of two of them does not affect the ability of al to cooperate with 02 to repress a
synthetic target gene. We conclude that the NH2-terminal arm of al makes no significant

DNA contacts in the minor groove and does not significantly contribute to the DNA binding

specificity of the al/a2 complex.
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Results

To determine whether the NH2-terminal arm (amino acids 0-7 using the standard
homeodomain numbering, see Appendix B, Fig. 2A) of the al homeodomain (al hd) is
important for DNA binding specificity and/or affinity, we deleted this region from the al hd
(al hdg-57) and examined the ability of this “armless” mutant to bind DNA with 02. In
order to compare the specificity of the wild-type al hd with that of the armless al hd, a
series of DNA competition experiments were performed in the presence of the C-terminal
fragment of 02. The al hd used in these experiments is contained within a bacterial extract
while the o2 protein fragment was purified from a bacterial extract. The ability of two
different unlabeled DNA fragments to compete with a labeled hsg operator for the binding
activity of either wild-type al hd/o2 or armless al hd/o2 was compared. One of the
unlabeled DNA sequences is that of the hsg operator (80 bp) and the other corresponds to
the same fragment of DNA with the hsg operator removed from it (51 bp).

Figure 4.1A shows the results of the wild-type al hd/a2 competition. The lane
marked O contains no competitor DNA and represents the starting amount of al/o2 activity
bound to the labeled hsg operator. Increasing amounts of either the unlabeled specific (hsg
- lanes to the left) or the nonspecific (no hsg - lanes to the right) competitor DNA were
added to the reactions before addition of the proteins. Figure 4.1B shows the results of the
same experiment carried out with the armless al mutant. For both the mutant and wild-type
proteins a 100-fold molar excess of specific competitor DNA over labeled DNA fragment
shows detectable competition. In contrast, a 30,000-fold molar excess of nonspecific
competitor DNA is required before an approximately equivalent level of competition with
the labeled DNA fragment is detected (phosphorimager quantitative data not shown).
Therefore, both the wild-type al hd/a2 complex and the armless al hd/a2 complex prefer
the hsg operator over random DNA by a factor of 300. The heterodimer composed of both
full-length al and o2 proteins displays similar specificity under these
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Figure 4.1. Specificity of the al hd and al NH2-terminal arm mutants complexed with 02.
Unlabeled competitor DNA was incubated with 10nM al hd and 10 nM o2 C-terminal
fragment (panel A), or with 15 nM al hdg_57 and 10 nM 02 C-terminal fragment (panel
B), or with 10 nM al hdK3A, K5A and 10 nM o2 C-terminal fragment (panel C) in a 20
pl reaction. All al hd proteins were present in a bacterial extract and the o2 C-terminal
fragment was purified. After 30 min on ice, approximately 10-10 M 32p-Jabeled hsg
operator was added to each reaction, followed by another 30 min incubation on ice. The
concentration of competitor DNA used in each reaction is indicated as the fold excess over
the labeled DNA fragment. The first five lanes in each panel received a competitor DNA
containing the hsg operator itself, and the last 10 lanes received a competitor DNA
containing no al/o2 binding sites. The lane marked O in each panel contains no competitor

DNA.
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conditions (data not shown), suggesting that all of the components that determine DNA
binding specificity are present in the truncated homeodomain-containing fragments.

The DNA binding affinity of the armless al hd/a2 complex appears to be only
slightly lower than that of the wild-type al hd/a2 complex (data not shown, but compare
the lanes marked 0 in Fig.4.1, panels A and B). This 2-3-fold difference may be due to a
small difference in activity between the two protein extracts, to reduced folding of the
mutant, or to a slightly lower affinity of the mutant al for either 02 or the DNA.

We next tested the effects of muations in the NH2-terminal arm of al in vivo. It
seemed unlikely that the full-length al protein would fold properly with the 9 amino acids
of the NH2-terminal arm of the homeodomain removed from the middle of the protein. We
therefore mutated two lysines in the NH2-terminal arm of the al hd, in the context of the
full-length protein, to alanines (K3A, K5A). The NH2-terminal arms of all homeodomains
are highly positively charged, and in the crystal structures that have been solved, the
arginines and lysines which contain these positive charges have been shown to be
responsible for making most of the base pair contacts in the minor groove of the DNA.

A high copy plasmid contanining either a wild-type copy of al or the al NH2-
terminal arm mutant, alK3A, K5A, was transformed into a MATa strain containing an
integrated reporter gene with a single hsg operator inserted in the promoter of the reporter.
The al mutant was then assayed for its ability to repress transcription of the reporter gene
in conjunction with a2 (Fig. 4.2). alK3A, K5A represses with a2 at least as well as, and
in this case, better than, wild-type al/o2, suggesting that these two lysines do not contact
DNA in the al/02/DNA ternary complex. Western blot analysis shows that the two strains
contained roughly equivalent amounts of al protein (data not shown), ruling out the
possiblity that the mutant represses 02 equally well due to its overexpression.

These two mutations also had no significant effect on the binding in vitro of the al
hd and a2. When these same lysines are mutated to alanine in the context of the al hd (al

hdK3A, K5A), this mutant, like the armless al hd mutant and the wild-type al hd protein
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complexed with 02, distinguished between the hsg operator and random DNA by a factor

of 300 in a competition assay (Fig. 4.1C).
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Figure 4.2. An al NH)2-terminal arm mutant can repress transcription of an hsg reporter
gene with 02 in yeast.

The B—Galactosidase assay was used to quantitate the ability of wild-type al and the al
NH2-terminal arm mutant, alK3A, K5A, to repress a test promoter whose expression is
controlled by a single hsg operator. A high copy plasmid containing either no al, wild-
type al, or mutant al, was transformed into a MATa cell containing the integrated reporter.
Three independent transformants from each were selected and assayed in triplicate for -

Galactosidase enzyme activity.
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Discussion

Gene regulatory proteins must bind with high affinity and specificity to the proper
site on the DNA, while at the same time discriminating against closely related DNA sites.
The structures of a number of homeodomain protein-DNA complexes have now been
solved, providing a detailed molecular view of the interactions with the DNA bases and
sugar-phosphate backbone that stabilize the correct protein-DNA complex (Gehring et al.,
1994; Wolberger, 1996). In these complexes, the majority of interactions with the DNA
bases are localized to the major groove and the phosphate backbone. However,
interactions with bases in the minor groove have been suggested to play a large role in
determining DNA-binding specificity.

The homeodomain-DNA cocrystal structures of engrailed (Kissinger et al., 1990),
o2 (Wolberger et al., 1991), Oct-1 (Klemm et al., 1994), even-skipped (Hirsch and
Aggarwal, 1995), and paired (Wilson et al., 1995), all show the flexible, NH2-terminal
arm of the homeodomain lying in the minor groove of the DNA and making specific base-
pair contacts, as well as sugar-phosphate backbone contacts. The crystal structure of the

al/a2/DNA complex (Li et al., 1995) shows the NH2-terminal arm of o2 in the minor
groove of the DNA, as in the structure of a2 bound alone to the DNA (Wolberger et al.,
1991), but the arm of al is unstructured in the ternary complex, and there is no electron
density in the minor groove where one might have expected the NH2-terminal arm. We
have used biochemical and genetic techniques to address the lack of structure and DNA
minor groove contacts of the NH2-terminal arm of al in the al/02/DNA complex, and its
importance to DNA binding affinity and specificity.

We have shown that complete removal of the NH2-terminal arm of the al hd has no
effect on the DNA binding specificity of the al/a2 heterodimer, as determined in vitro, and
only a slight effect on affinity. Furthermore, mutation of two out of the three charged

residues in the al arm, which were predicted to make minor groove contacts based on
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comparison with other homeodomain structures, has no affect on the ability of al to repress
a reporter by an hsg operator construct in conjunction with 2. These results suggest that
the NH2-terminal arm of al is relatively unimportant for determining DNA binding
specificity of the al/02 complex, and that in all likelihood, the al arm does not contact the
minor groove of the DNA.

Based on the handful of homeodomain structures mentioned above, it was assumed
that all homeodomain proteins would interact in similar ways with their target DNA sites.
The lack of NH2-terminal arm binding in the minor groove of the DNA by al may prove to
be an exception to the rule, or it may be the case that other homeodomain proteins fall into
this class. With the exception of the paired homodimer bound to DNA, all other structural
data come from monomeric homeodomain proteins bound to DNA. It is now thought that
most homeodomain proteins must interact with cofactors in order to attain the specificity
necessary for developmental control. It is possible that in some of these more biologically
relevant complexes the NH2-terminal arms of the homeodomains may not be required for
tight and specific binding. We suggest that although the helical core of different
homeodomain proteins folds and interacts with DNA in a similar manner, there may be
major variations in the positioning of the flexible NH2-terminal arm.

The NH2-terminal arm does appear to play a role in determining specificity for
some fly homeodomain complexes, as suggested by genetic data. Functional studies of the
Drosophila Antennapedia (Antp) and Sex combs reduced (Scr) homeodomain proteins
suggest that residues in the NH2-terminal arm of the homeodomains contribute to DNA
binding specificity (Furukubo-Tokunaga et al., 1993; Zeng et al., 1993). The
homeodomains of these two proteins differ at only five amino acids, four of which lie in
the NH2-terminal arm. Mutation of four of these specific residues in the arm of Scr to
those of the Antp protein, changes the specificity of the Scr protein to that of the Antp
protein in vivo. The mammalian homeodomain protein that is most closely related to the

yeast al and a2 proteins, Pbx1, has been shown to modulate the DNA binding specificity
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of a large subset of Hox proteins (Mann and Chan, 1996). Structural models suggest that
the specificity of the Hox protein is altered by a conformational change involving residues
in the NH2-terminal arm of the Hox homeodomain, and mutational analysis supports the
hypothesis that unique sequences in the Hox arm are at least partially responsible for
mediating this specificity (Chan and Mann, 1996; Chan et al., 1996; Lu and Kamps, 1997;
Phelan and Featherstone, 1997; Phelan et al., 1994).

Many different components appear to play roles in determining the biological
specificity of homeodomain proteins. In the case of al and 02, it is well established that
these proteins interact to bind cooperatively to DNA and that neither protein alone contains
the necessary determinants for tight and specific DNA binding (Goutte and Johnson, ,
1993). o2 can also interact with another gene regulatory protein, MCM1, to bind a distinct
DNA sequence (Keleher et al., 1988); two arginines in the NH2-terminal arm of a2 have |
been suggested to play a crucial role in determining specificity for this heterotetramer
(Vershon et al., 1995). Although mutation of these residues dramatically reduces
02/MCM 1 affinity for their DNA site, the mutations have little effect on the ability of o2 to
repress with al. These results suggest that even though the arm of a2 contacts bases in the
minor groove of the DNA, these contacts are not important for the specificity of the al/o2
complex. Mutation of three residues in the recognition helix of 02 that contact bases in the
major groove of the DNA display the same phenotype -- repression with MCM 1 is greatly
reduced but repression with al is only slightly affected (Vershon et al., 1995).

These results have been interpreted to mean that most of the DNA binding
specificity of the al/a2 heterodimer arises from the al protein. It is therefore even more
surprising that the NH2-terminal arm of the al homeodomain does not appear to contribute
to specificity, suggesting that base pair contacts made by the al recognition helix and
contacts with the DNA backbone must be supplying a large part of the specificity to the
complex. This network of contacts can only be achieved once al interacts with o2,

presumably through a conformational change in al, which then allows it to bind to the
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DNA. The conformational changes that are induced in al and 02 upon interaction with
each other must act to greatly increase the overall binding energy of the complex, and at the
same time increase the specificity. Although al and o2 can interact in solution, they do not
bind tightly to the DNA unless the binding sites for the two proteins are appropriately
spaced and the sequence is inherently bendable, both in the al binding site, and in the
"spacer" between the al and o2 binding sites (Jin et al., 1995). The DNA must bend 600
in order for the interacting regions of the proteins to be in register, and if the two half-sites
are too far apart the heterodimer cannot span them (Jin et al., 1995; Li et al., 1995). Thus,
the bendability and configuration of the DNA also plays an important role in conferring
specificity.

An understanding of how the al/02 heterodimer binds to its target sequences
should aid in our understanding of how specificity is achieved by the multitude of known
homeodomains from other organisms. Many of these homeodomain proteins are
comprised of almost identical amino acid sequences, yet they regulate diverse
developmental pathways. The available data suggests that specificity may arise from a
combination of sources, including the NH2-terminal arm of the homeodomain, the
recognition helix of the homeodomain, the configuration of the DNA, the interaction with

cofactors, and conformational changes in the homeodomain and/or the DNA.
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Methods

Plasmids

The al NH2-terminal arm deletion was generated by PCR, using a 5’ primer that contained
an Ndel site immediately upstream of codon 9 of the al hd (MRS96 5’-
GGGAAAATCACATATGTCACCCCAAG), and a 3’ primer that bound to the
complementary strand of the vector, immediately downstream of the 3’ end of the al hd
(011918 5’-GAAACTAAAAGAAAATCTAGACTATGC) . Wild-type al hd in the
bacterial expression vector, pHB40P (pMS83), was used as a template for the PCR
reaction. The PCR fragments were cut with Ndel and Xbal, ligated into these sites in the
pHB40P vector (pMS71), and confirmed by DNA sequencing. The al NH2-terminal arm
double mutation, K3A and KSA (pMS68), was generated in the al hd by PCR using the
same template and 3’ primer as above, and a 5’ primer containing the double mutation
(MRS91 5°-
GAAATATACCACCATATGAAAAAAGAGAAGAGCCCAGCGGGAGCATCATCAAT
ATCACCC). The same mutations were generated in the full-length al gene using the
Quickchange Mutagenesis Kit (Stratagene). The wild-type al gene contained within a 4 Kb
HindII fragment (Astell et al., 1981) in pGEM (Promega), was used as the template
(pMS11), and the mutagenic primers were: 5’ -
GAGAAGAGCCCAGCGGGAGCATCATCAATATCACCCCAAGC - 3’, and its
complement. Positive clones were confirmed by sequence analysis (pMS149). pMS159
was constructed for expressing the full-length double al arm mutant in yeast. The yeast
2um plasmid, CV13 (Broach et al., 1979), was cut with HindIII and the HindII fragment
from pMS 149 was ligated into it. The corresponding wild-type al yeast expression
plasmid is pAJ83.
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Bacterial extracts
Bacterial extracts were made from the protease deficient E. coli strain CAG597D
overexpressing plasmids pMS83, pMS71, and pMS68. Cells were grown overnight to
saturation at 30°C, harvested, resuspended in S ml/g lysis buffer (100mM Tris-HCI, pH
8.0, 1 mM EDTA, 10 mM B—mercaptoethanol, 500 mM NaCl, and 0,1 mM AEBSF),
sonicated to lyse the cells, and centrifuged at 30,000 g for 40 min. The supernatant was
used in the gel shift assays after quantitating the amount of al protein in each extract by
SDS gel followed by Coomassie staining.

The C-terminal fragment of 02 (012128-210), a gift of Andrew Vershon, was
overexpressed and purified from E. coli cells containing the plasmid pAV105 (Vershon and
Johnson, 1993).

Gel shift competition

Competition experiments were performed as described previously (Goutte and Johnson,
1993), except that 3 fm - 300 pm of unlabeled competitor DNA was added to each reaction
mix before 1 fm of the 32P-labeled DNA was added. All incubations were carried out on
ice. The labelled DNA was the hsg operator, contained in an 80 bp fragment, cut out of
pCG25 with HindII and EcoRI (Goutte and Johnson, 1988). The same DNA fragment,
unlabeled, was used as the specific competitor in the assay. The nonspecific competitor
was the same HindIII-EcoRI DNA fragment with the hsg operator removed, resulting in a

51 bp fragment.

P—Galactosidase assays

B—Galactosidase assays were performed as described by (Miller, 1972), except that the
yeast cells were permeabilized by snap-freezing in liquid N2, and then thawing at 370C for
1 min. To avoid a derepression of the CYC1 promoter due to glucose deprivation, glucose

was added to 2% to each culture 1 hr before it was assayed.
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CHAPTER 5

A Heterologous “Tail” Can Function as a Ligand for al When Attached to the 02

Homeodomain
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Abstract

Current models suggest that homeodomain proteins regulate their target genes in a
combinatorial fashion, with different heterodimers forming depending on the stage of
development, place in the cell cycle, or mating type. Different heterodimers would
therefore have different DNA-binding specificities and regulate different sets of genes. One
prediction of this model is that the homeodomain interactions will be modular in the sense
that the interacting regions (the “ligand” and “receptor” portions of the proteins) are
conserved among the various homeodomains. Previous work examining the
heterodimerization interface of two yeast homeodomain proteins, al and a2, has indicated
that a short region C-terminal to the 02 homeodomain (the tail) is the “ligand” while a
hydrophobic patch on the surface of the al homeodomain constitutes the “receptor.” In this
paper we test the modularity of this interaction by substituting two other tails, from the
Kluyveromyces lactis o2 protein, and a region from the viral VP16 protein, in place of the
Saccharomyces cerevisiae a2 tail. Our results indicate that these heterologous tails bind al
in an analogous manner to the o2 tail and result in cooperative binding to specific DNA
sequences. This provides strong evidence for the generality of the homeodomain ligand-

receptor interaction.
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Introduction

Homeodomain proteins, gene regulatory proteins found in all eukaryotes, contain
four highly conserved residues, and a conserved secondary structure consisting of a helix-
loop-helix-turn-helix motif (Burglin, 1994). Approximately 1,850 proteins currently meet
these criteria and they occur in angiosperms, fungi, and metazoa (Bharathan et al., 1997).
Homeodomain proteins bind to specific target sites in the DNA, and play a vital role in the
regulation of a wide range of biological phenomena, including mating-type regulation in
fungi and morphological development in many multicellular organisms. These proteins
bind DNA with relatively low specificity, and it is now widely thought that many
homeodomain proteins must interact with cofactors in order to achieve their high biological
specificity.

The best-studied example of homeodomain heterodimeric proteins involves the al
and o2 proteins from Saccharomyces cerevisiae. The DNA binding properties of the al/o2
heterodimer are distinct from those of al and a2 alone (Goutte and Johnson, 1993). These
two homeodomain proteins greatly increase their ability to recognize specific target sites by
forming a heterodimeric complex (Dranginis, 1990; Goutte and Johnson, 1988). The o2
protein contacts the al hd through a region that lies immediately C-terminal to its hd, the o2
C-terminal tail (Mak and Johnson, 1993; Stark and Johnson, 1994). The previously
unstructured o2 tail forms an o-helix upon interaction with the hydrophobic face of the al
hd, which is composed of helices one and two, and with the loop connecting them (Li et
al., 1995; Philips et al., 1994). Interaction with the tail of o2 also induces a
conformational change in the al hd (Chapter 2). These reciprocal conformational changes,
along with specific DNA base contacts made by residues in both homeodomain proteins
and the conformability of the target DNA, are predicted to provide DNA binding specificity

to the heterodimeric complex.
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We have examined the specificity of the interactions between the residues in the o2
tail and those on the surface of the al hd to learn more about the-specificity of the

interaction between these proteins. To this end, we generated several chimeric proteins

containing the 02 hd fused to an altered C-terminal tail. The altered tail was taken from an
o2 homologue or from a region of a heterologous viral protein (VP16) that contains some
sequence similiarity to 02. We show that both of these chimeric proteins can bind DNA

cooperatively with al in vitro. Based on these results, we propose that the mechanism of

interaction that has been described for al and 02 is conserved in other homeodomain-

protein interactions.
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Results

In an effort to understand the interaction between specific residues of the al hd and
the C-terminal tail of 02, we generated several chimeric proteins containing the hd of o2
and the “tails” derived from two other proteins. As a starting point we put the C-terminal
tail of the o2 protein from the related yeast, Kluyveromyces lactis, onto the S. cerevisiae
02 hd (02 hd::K.L tail). The K. lactis o2 tail is shorter than that of S. cerevisiae (Fig.
5.1), but the last nine residues of the S. cerevisiae o2 tail are known to be dispensable for
its function. The hydrophobic residues that form the basis of the interaction between the S.
cerevisiae 02 tail and the al hd are hydrophobic in the K. lactis 02 tail, but only one out of
the four residues, Leu69, is identical.

We asked whether or not the a2 hd::K.1. tail protein was capable of interacting and
binding DNA cooperatively with the S. cerevisiae al hd protein. Figure 5.2A shows that
the chimeric protein is able to interact cooperatively with the al hd in an in vitro DNA
binding assay. Lanes 2-5 show that the al hd does not bind detectably on its own at the
concentrations used in this assay, but when the o2 hd::K.1. tail chimeric protein is added at
high enough concentrations, a cooperative shift is seen. Approximately ten-fold more
o2::K.I. tail/al hd protein than S. cerevisiae 02 hd/al hd protein is required to bind an
equivalent amount of DNA (data not shown), indicating that the affinity of the interaction
between the K. lactis o2 tail and the al hd is not as favorable as that between the two S.
cerevisiae proteins.

To determine whether the K. lactis 02 tail was interacting with the al hd in a
manner analogous to that of the S. cerevisiae 02 tail, we mutated one of the hydrophobic
residues in the tail, isoleucine 65 -> serine, that we and others have previously shown to
disrupt the interaction between al and o2 (Stark and Johnson, 1994; Strathern et al.,
1988). This mutation in the chimeric protein, a2 hd::K.L tail]g5S, also disrupts the

interaction with the al hd (Fig. 5.2A). We conclude from these results that the C-terminal
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Figure 5.1. Sequence allignment of the “tails” used in these experiments.
Amino acid sequence of the S. cerevisiae (S.c.) and K. lactis (K.l.) 02 C-terminal tails are
numbered according to the conventional homeodomain numbering system. The VP16

sequence numbers correspond to residues 371-389 in the full-length VP16 protein (1-490).

The residues shown in bold in the S.c. 02 tail are those that have been shown to 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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Figure 5.1

——O tail )——

S.c.02: ITIAPELADLLSGEPLAKEKEKESstop

K.1l.02: TAVSSDIRNTILN stop

VPl6: NNYGSTIEGLLDLPDDDATP
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Figure 5.2. The o2 chimeric proteins bind to an al/o2 operator cooperatively with the al
hd protein.

A 32p-Jabelled DNA fragment containing an al/02 operator was incubated with the
indicated proteins for 45 min on ice before being electrophoresed through a 5% native Tris-
borate-EDTA polyacrylamide gel. The al hd protein was purified, and the o2 chimeric
proteins were all present in bacterial extracts. (A) Lane 1 contains no protein. All lanes
marked with the al hd contain three-fold increases of protein, beginning with 30nM and
ending with 1uM. The a2 hd::K.L tail and the o2 hd::K.L tail]5S proteins are present in
the lanes indicated at a concentration of approximately 2nM. (B) The lanes marked with the
al hd protein contain three-fold increases of protein, beginning with 30nM and ending with

300nM. The o2 hd::VP16 and o2 hd::VP161377S proteins are present in the lanes

indicated at a concentration of approximately 80nM.
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Figure 5.2
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tail of an 02 homologue from another yeast can be substituted for the S. cerevisiae 02 tail.
The interaction with al is maintained even though the two tails are identical at only a single
position.

To further test the generality of the al hd/ a2 tail interaction domain, we grafted a
region of the heterologous herpes virus activator protein, VP16, that contains some
sequence similarity to the o2 tail (Baxter et al., 1994; Li et al., 1995), onto the o2 hd, in
place of 02’s own tail (02 hd::VP16). This region of VP16 is predicted to form an
amphipathic helix and to interact with the exposed surface of the Oct-1 homeodomain
protein (Hayes and O’Hare, 1993; Lai and Herr, 1997). In the VP16 “tail” there are four
hydrophobic residues that correspond to the hydrophobic residues in the o2 tail that form
the basis of the interaction with the al hd. Two out of four of these residues are identical in
the VP16 “tail”, one is conserved, and one is dissimilar (Fig. 5.1).

The gel shift in Figure 5.2B shows that this o2 hd:: VP16 chimera is also capable of
interacting with the al hd and cooperatively binding to the DNA, but the binding is
approximately 50-fold weaker than with the wild-type o2 protein. The residue at position
61 in the o2 tail, isoleucine, is different from the corresponding residue in VP16, tyrosine
372, and this may account for the greater reduction in affinity seen with this chimera
compared to the o2 hd::K.L tail chimera. Although the 02 hd :: VP16 chimera can bind
DNA cooperatively with the al hd in vitro, when the VP16 “tail” is fused to an o2 protein
containing all of its N-terminal sequence (not just the hd), this interaction is apparently not
strong enough to generate detectable repression with full-length al of a test promoter
regulated by an al/02 operator (data not shown).

When the residue in VP16 that corresponds to Leu65 in the o2 tail is mutated to
serine (I377S), the interaction of the mutant chimeric protein with the al hd is reduced by
more than a factor of 10 (Fig. 5.2B), indicating that this residue plays a crucial role in the

interaction with al, and that the VP16 “tail” is interacting with the al hd in a manner similar

to that of the o2 tail.
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Discussion

The Saccharomyces cerevisiae al and 02 proteins constitute the first homeodomain
heterodimer to be characterized, and it is now thought that many homeodomain proteins
interact with other proteins in order to achieve the high DNA binding specificity necessary
for tight and specific developmental control. Our work on al and o2 shows how the
interaction between two homeodomain proteins can be mediated by a flexible tail that
becomes ordered upon complex formation (Li et al., 1995; Philips et al., 1994; Stark and
Johnson, 1994). The tail of 02 behaves like a ligand for al, binding to the exposed
surface of al and inducing a conformational change in al which renders al competent to
bind DNA. The crystal structure provided the details of the al/o2 interaction interface (Li
et al., 1995). We have used this information to design chimeric 0.2 proteins with altered C-
terminal tails, that are capable of forming cooperative heterodimers with the al hd.

Both “tails” used in this study, that of the K. lactis o2 protein and the short region
of VP16 that interacts with Oct-1, contain some similarities with the S. cerevisiae o2 tail,
and both are predicted to form amphipathic helices. The VP16 region contains two
residues identical to those involved in the 02 tail interaction with al, and the K. lactis tail
contains only a single identical residue. However, the overall conservation of residue type
across the entire tail region is much higher in the K. lactis tail than in VP16, and this
difference may explain the noted difference in affinities for the al hd protein of the two
chimeras. Nevertheless, this short region of VP16 is able to interact with the al hd when
attached to the o2 hd, presumably in a manner similar to that of the o2 tail. al is induced
to bind DNA in the presence of both chimeras, indicating that both tails induce the
necessary conformational change in the al hd.

The K. lactis homologue of the al protein has not yet been identified, but we
presume it exists based on the presence of other mating type genes in this yeast. Our data

lead us to predict that the surface of the K. lactis al hd, encompassed by helices one and
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two and the loop connecting them, will contain compensatory amino acid changes, relative
to the S. cerevisiae al hd, that accomodate the changes in the K. lactis 02 tail residues.

The asymmetric nature of the al/02 interaction raises the possibility that a similar
type of interaction could also occur between a homeodomain protein and a non-
homeodomain protein containing a peptide similar to the tail of a2. The fact that the VP16
“tail” can interact with the al hd, suggests that this region of VP16 may interact with the
Oct-1 hd in a similar manner. Mutations in this region of VP16 disrupt cooperative
binding to the DNA with Oct-1, without affecting the ability of VP16 to interact with
another factor, HCF (Lai and Herr, 1997; Shaw et al., 1995; Stern and Herr, 1991; Walker
et al., 1994; Werstuck and Capone, 1989; Werstuck and Capone, 1989). Peptides
corresponding to this region of VP16 can alter the DNA binding specificity of the Oct-1 hd,
as does the intact VP16 protein (Stern and Herr, 1991). Similar peptides can inhibit
formation of the Oct-1/VP16 complex, presumably by binding to the same surface of Oct-1
normally bound by the full-length VP16 protein (Haigh et al., 1990; Hayes and O’Hare,
1993; Wu et al., 1994).

The Oct-1/VP16 interaction domain has been mapped via mutagenesis studies to the
exposed surface of the Oct-1 hd, which corresponds to the same region of the al hd
contacted by o2 (Lai et al., 1992; Pomerantz et al., 1992). This interaction domain
contains one important residue unique to the Oct-1 hd (residue 22) when compared to the
Oct -2 hd. VP16 binds to the Oct-1 hd, which contains a glutamate at this position, but not
the highly related Oct-2 hd, which contains an alanine at position 22 (Lai et al., 1992).
Surprisingly, mutation of the corresponding arginine residue in the al hd to glutamate
(R22E) did not increase the binding affinity of the o2 hd:: VP16 chimera for the al hd (data
not shown). However, despite the sequence identity between Oct-1 and Oct-2 , several of
these residues have also been shown to be important for the interaction of Oct-1 with VP16

(Lai et al., 1992; Pomerantz et al., 1992).
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The observations presented in this paper support the hypothesis that the principles
underlying the al/02 interaction are conserved among other homeodomain proteins. There
are now numerous examples of cooperative interactions involving homeodomain proteins
from other organisms, some of which might be mediated by these same types of
interactions. These include Exd/Ubx from flies, and the vertebrate homologues Pbx/Hox
(Chan et al., 1994; Peifer and Wieschaus, 1990; van Dijk and Murre, 1994), and Mec-
3/Unc-86 from worms (Xue et al., 1993). For Pbx/Exd and Mec-3 it has been shown that
a region C-terminal to the homeodomain is necessary for interaction with the Hox/Ubx or
Unc-86 homeodomains, respectively (Chang et al., 1995; Lu and Kamps, 1997; Xue et al.,
1993). In addition, mutations in several residues in the Pbx hd that correspond to residues
in the al hd that form the hydrophobic interaction interface with 02 severely affect the
ability of Pbx to cooperatively interact with the Hox proteins (Peltenburg and Murre,
1997). The sequence similarity between al, Pbx, and Exd (Rauskolb et al., 1993) also
implies the existence of a common mechanism used by these proteins to recognize their
homeodomain partners. Only a limited number of solvent exposed residues are available
for interaction with other proteins on the homeodomain proper, so it is reasonable that the
interaction domain that we have defined for al and o2 may have been conserved during the
evolution and diversification of homeodomain proteins. We believe that details of the
al/02 interaction should therefore serve as a general model.

If other homeodomain protein pairs prove to contain these interaction motifs, it may
be possible to determine amino acid preferences at each of the important positions, and, in
effect, come up with an amino acid recognition code for homeodomain protein-protein
interactions. This type of analysis has been described for coiled-coil interactions (Hu et al.,
1990). A code of this type might allow one to make predictions about as yet undiscovered
protein partners strictly from amino acid sequence information. As the majority of
homeodomain proteins have no known partners, and yet are predicted to need to interact

with other factors in order to achieve the necessary specificity for developmental control,
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Methods

Expression constructs and bacterial extracts
All o2 chimeric constructs were made by replacing the wild-type o2 tail with an oligo
duplex consisting of either the K. lactis o2 tail (nucleotides corresponding to residues 212-
223, or 59-70 using the homeodomain numbering scheme, MRS124 5°-
TCGACGAAAAGAAAAAACAACTGCCGTTTCGTCAGATATAAGAAACATTCTTAA
TTAAG, MRS125 5’-
GATCCTTAATTAAGAATGTTTCTTATATCTGACGAAACGGCAGTTGTTTTTTCTTT
TCG), a mutant K. lactic o2 tail, 165S (MRS126 5°-
TCGACGAAAAGAAAAAACAACTGCCGTTTCGTCAGATTCGTCAGATTCTAGAAA
CATTCTTAATTAAG, MRS127 5°-
GATCCTTAATTAAGAATGTTTCTAGAATCTGACGAAACGGCAGTTGTTTTTTCTT
TTCG), the VP16 “tail” (nucleotides corresponding to residues 371-389, MRS100 5°-
TCGACGAAAAGAAAAAACAAACAATTACGGGTCTACCATCGAGGGCCTGCTCG
AGGGCCTGCTCGATCTCCCGGACGACGACGCCCCCTAAG, MRS101 5°-
GATCCTTAGGGGGCGTCGTCGTCCGGGAGATCGAGCAGGCCCTCGAGCAGGC
CCTCGATGGTAGACCCGTAATTGTTTGTTTTTTCTTTTCG), or a mutant VP6 “tail”,
I377S (MRS118 5’-
TCGACGAAAAGAAAAAACAAACAATTACGGGTCTACCTCTGAGGGCCTGCTCG
AGGGCCTGCTCGATCTCCCGGACGACGACGCCCCCTAAG, MRS119 5°-
GATCCTTAGGGGGCGTCGTCGTCCGGGAGATCGAGCAGGCCCTCGAGCAGGC
CCTCAGAGGTAGACCCGTAATTGTTTGTTTTTTCTTTTCG). The tail oligo duplexes
contain a Sall overhang on the 5’ end and a BamHI overhang on the 3’ end, with the first
19 nucleotides corresponding to 0.2 sequence upstream of the tail.

A Sall site was introduced into 02 19 bp upstream of the tail by site directed

mutagenesis (pMS20). The Sall site was removed from the yeast CEN ARS vector
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pAV115 containing the MATa locus (pMS21). pMS21 was cut with BglIl and BamHI to
remove the majority of the 02 gene. This was replaced with the corresponding BglII-
BamHI fragment from pMS20 that contains o2 with the Sall site upstream of the o2 tail
(pMS22). The Sall-BamHI fragment containing the o2 tail was removed from pMS22 and
replaced with either the wild-type or mutant K. lactis o2 tail or VP16 “tail” (pMS104,
pMS 105, pMS8S5, pMS103, respectively). The a2 hd versions of these chimeras were
generated by PCR using pMS104,105, 85, and 103 as templates. The 5’ primer for all of
these PCR reactions introduces an Ndel site at the beginning of the a2 hd (014039 5’-
GATAAACAAACATATGAAACCTTACAGAG). The 3’ primers contain a BamHI site
and are specific for each tail: K. lactis o2 tail - MRS128 5°-
GCCGGATCCTTAATTAAGAATGTTTC; VP16 “tail” - MRS106 5°-
GCCGGATCCTTAGGGGGCGTC. The resulting PCR fragments were cut with Ndel
and BamHI and cloned into these sites in the bacterial expression vector, pHB40P, under
the control of the T7 promoter (Studier and Moffatt, 1986), resulting in pMS109 - o2
hd::K.L tail, pMS110 - o2 hd::K.1. tailfg5S, pMS89 - a2 hd:: VP16, pMS108 - o2
hd::VP161377S.

Bacterial extracts were made from the protease deficient E. coli strain CAGS97D
overexpressing plasmids pMS109, pMS110, pMS89 and pMS108. Cells were grown
overnight to saturation at 300C, harvested, resuspended in 7 ml/g lysis buffer (100mM
Tris-HCI, pH 8.0, 1 mM EDTA, 10 mM B—mercaptoethanol, 500 mM NaCl, and 0.1 mM
AEBSF), sonicated to lyse the cells, and centrifuged at 30,000 g for 40 min. The
supernatant was used in the gel shift assays after quantitating the amount of 02 hd chimeric
protein in each extract by SDS gel followed by Coomassie staining.

The al hd protein was purified from pMS3 overexpressed in BL21 (DE3) pLysS,
as described previously (Philips et al., 1994).
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Gel shift assay

o2 hd chimeric proteins were incubated with an 80 nucleotide pair 32p.jabelled DNA
fragment containing an hsg operator (Goutte and Johnson, 1988), either in the presence or
absence of purified al hd protein, for 45 min on ice in a buffer containing 5% glycerol,
10mM Tris-HCI, pH 8, 10 mg ml-1 BSA, 0.1 mM EDTA, 5 mM MgCl2, 0.1% N-P40,
100 mM NaCl, and 3 pg ml-1 nonspecific DNA (E. coli genomic DNA digested with Hae
III). Samples were electrophoresed through a 5% native Tris-borate-EDTA
polyacrylamide gel for 50 min at 150 V.
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The work presented in this thesis reveals many of the molecular mechanisms of
DNA-binding specificity determination of the yeast homeodomain proteins al and o2. The
combination of structural techniques along with biochemical and genetic approaches has
been a powerful means of elucidating the details of the protein-protein and protein-DNA
interactions involved in ternary complex formation.

The main question regarding the details of the al/o2 interaction which remains
unanswered by this work has to do with the proposed conformational change in the al
homeodomain upon interaction with the tail of 02. The experiments in Chapter 2 indicate
that the tail of 02 is sufficient to induce al to bind to the DNA as a monomer. Since the o2
tail does not contact the DNA, the simplest explanation of this result is that the tail of o2
induces a conformational change in the al homeodomain that stabilizes the DNA-binding
form of the protein. NMR data reveal small changes in al homeodomain helices one and
two and in the loop connecting them upon addition of a2 (Appendix A). In addition, I
have isolated several mutations in the homeodomain of al that allow al to bind to DNA in
the absence of a2 (Chapter 3). Some of these mutations are in positions that face away
from the DNA, and thus are unlikely to affect the DNA-binding ability of al through direct
DNA contacts. We have suggested that these mutations are in residues involved in the al
conformational change.

The determination of the three dimensional structure of the al homeodomain alone,
either by NMR or Xray crystallography, is necessary to definitively conclude that al
undergoes a conformational change upon interaction with 02. The details of the change(s)
may shed some light on the mutations in the al homeodomain which allow it to bind DNA
on its own. If these mutations do indeed lie in regions affected by the conformational
change, then structural studies on the mutants would also be informative.

The experiments of Chapter 4 challenge the homeodomain dogma that the NH2-
terminal arm of the homeodomain plays a key role in determining DNA-binding specificity.

The observation that the NH2-terminal arm of al does not contribute to the DNA-binding
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specificity of the al/a2 complex may be unique to this system, or may be true of some
subset of homeodomain proteins, the specificity determinants of which have not yet been
determined. Given the generality of the al/02 interaction (see below), it seems unlikely
that this phenomenon singularly applies to al/o2. It is possible that the discrepancy lies at
least partly in the fact that DNA-binding specificity of homeodomains has been examined
mostly in the context of the monomeric proteins. Now that several homeodomain cofactors
have been identified, the role of the NH2-terminal arms of these complexes in determining
specificity should be re-examined.

The larger question raised by the work in this thesis pertains to the conservation of
the mode of interaction between homeodomain proteins and their cofactors. I have shown
in Chapter 5 that the region of the cofactor known to interact with the mammalian

homeodomain-containing protein, Oct-1, can also interact with the al homeodomain when

attached to 02, in place of 02’s own tail. This rather surprising result suggests that Oct-1
and its cofactor, VP16, interact in a similar manner to al and 02, and raises the possibility
that other homeodomain proteins also make use of this interaction interface. We believe
that the details of the al/02 interaction will serve as a general model for homeodomain
protein-protein interactions, and that if several more homeodomain partners are shown to
use this mode of interaction it may become possible to predict other homeodomain protein

partners based on sequence analysis.
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APPENDIX A

Heterodimerization of the Yeast Homeodomain Transcriptional Regulators o2 and al
Induces an Interfacial Helix in a2
Cynthia Phillips, Martha R. Stark, Alexander D. Johnson, and F. W. Dahlquist
(published in Biochemistry 33: 9294-9302, 1994)
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Heterodimerization of the Yeast Homeodomain Transcriptional Regulators a2 and

al Induces an Interfacial Helix in a2t
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Institute of Molecular Biology, University of Oregon, Eugene, Oregon 97403, and Department of Microbiology and Immunology,
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ABSTRACT: The homeodomain proteins al and a2 act cooperatively to regulate cell type specific genes in
yeast. The basis of the cooperativity is a weak interaction between the two proteins which forms heterodimers
that bind DNA tightly and specifically. In this paper, we examine the mechanism of heterodimerization.
We show that two relatively small fragments of al and a2 are capable of heterodimerization and tight DNA
binding. The a2 fragment contains the homeodomain followed by the natural 22 C-terminal amino acids
of the protein; these 22 amino acids are unstructured in the a2 fragment. The al fragment contains only
the homeodomain, indicating that the al homeodomain mediates both DNA binding and protein—protein
interactions with a2. We used isotope-edited NMR spectroscopy to study the interaction in solution of these
two fragments. Samples in which only the a2 fragment was uniformly labeled with !N allowed us to
visualize changes in the NMR spectra of the a2 fragment produced by heterodimerization. We found that
the al homeodomain perturbs the resonances of only the C-terminal tail of a2; moreover, contact with al
converts a portion of this tail (residues 193-203) from its unstructured state to an a-helix, as determined
by J coupling and NOE measurements. Thus the heterodimerization of two homeodomain proteins involves
the specific interaction between a tail of one protein and the homeodomain of the other. This interaction

is accompanied by the acquisition of secondary structure in the tail.

Transcriptional regulators often act in combination to
increase their range of regulatory activity. Combinatorial
control of mating-type gene expression in the yeast Saccha-
romyces cerevisiae involves the cell type specific transcriptional
regulators al and a2 [for reviews, see Herskowitz (1989),
Dolan and Fields (1991), Sprague (1990), and Johnson
(1992)]. The DNA-bindingspecificity of a2 depends on which
other transcriptional regulators are present in the cell. In
both a and a/a diploid cells, an a2 homodimer acts in
combination with the cell type nonspecific protein MCM|, to
bind DNA target sequences upstream of a-specific genes,
resulting in repression of these genes. The a2 protein has a
second regulatory activity in the a/a cell, in which both a2
and al are present. In this case, a2 acts in combination with
al, forming a heterodimer that binds DNA target sequences
upstream of haploid-specific genes, resulting in repression of
these genes (see above reviews).

Structurally, al and a2 are related, as they both contain
the homeodomain DNA-binding motif. This is a 61 amino
acid segment found in many eukaryotic transcriptional
regulators [for reviews, see Scott et al. (1989) and Qian et al.
(1989)]. On the basis of crystallographic and NMR spec-
troscopic studies, the homeodomains from several transcription
factors have been shown to adopt a common structure, despite
great variation in their amino acid sequences (Qian et al.,
1989; Kissinger et al., 1990; Phillips et al., 1991; Wolberger
et al.,, 1991). A hydrophobic core is surrounded by three
helices, one of which binds in the major groove of the target
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DNA. An N-terminal arm, unstructured in the free homeo-
domain, binds in the minor groove of target DNA.

Primarily on the basis of protease sensitivity (Sauer et al.,
1988), deletion mapping (Hall & Johnson, 1987; Mak &
Johnson, 1993), and an analysis of point mutations (Porter
& Smith, 1986; Harashima etal., 1989; Strathernetal., 1988),
a2 appears to have at least four regions, each associated with
different functions. The homeodomain, located near the
C-terminus, has the DNA-binding function. The region
N-terminal to the homeodomain is believed to contain the
homodimerization contact region, responsible for the a2 dimers
that bind with MCM 1 to a-specific gene target sites, as well
as part of the al contact region (Goutte & Johnson, 1988,
1992; Harashima et al., 1989). The hinge that links the
N-terminal domain to the homeodomain interacts with MCM 1
(Vershon & Johnson, 1992). It is the tail of a2, C-terminal
to the homeodomain, that is thought to contain the major al
contact region required for stabilization of the al /a2 complex
with the haploid-specific gene target site (A. Mak and A. D.
Johnson, submitted).

The al and «2 proteins heterodimerize in the absence of
DNA (Mak & Johnson, 1993). The al/a2 complex subse-
quently binds target DNA to coregulate haploid-specific genes
(Goutte & Johnson, 1993; Dranginis, 1990). The work
described in this paper provides a structural explanation for
theal /a2 interaction. Tostudytheal/a2complex by NMR
spectroscopy, we used the smallest available fragments of al
and a2 that were capable of both heterodimerization and
specific binding to haploid-specific gene operators. Intactal
is 126 residues,and intact a2 is 210 residues. The a2 fragment
(a2428-210) contains the C-terminal 83 amino acid residues
and has been previously well characterized both structurally
and functionally (Sauer et al., 1988; Phillips et al., 1991;
Wolberger et al., 1991). This C-terminal region includes the
homeodomain (residues 128-189) and the adjacent 22 residues
that comprise the C-terminal tail of the protein. NMR
experiments on the a2 fragment free in solution have shown
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that the tail is unstructured (Phillips et al., 1991). In the
cocrystal with DNA, the tail of the a2 fragment cannot be
seen, presumably because it is disordered (Wolberger et al.,
1991). Furthermore, the tail of a2 is protease sensitive, while
the adjacent homeodomain is relatively resistant to protease
attack (Mak & Johnson, 1993). The al fragment (algs-126)
used in these NMR experiments contains only the homeo-
domain. These two fragments, when mixed, are adequate for
subsequent specific binding to haploid-specific gene operators
(see Results). Todate, no structural studies of the al protein
have been reported.

In this paper we focus on the effects of heterodimerization
on the @223 310 fragment. We have taken advantage of the
previously established resonance assignments for the same a2
fragment (Phillips et al., 1991). We have also used !'’N-
edited experiments to simplify otherwise exceedingly complex
spectra. In this case, the a2;25-210 Was uniformly 'N-labeled,
whereas the ales 126 remained unlabeled. The !'*N-labeled
protein was studied with SN-edited NMR experiments
designed to filter out most signals from the unlabeled al. By
comparing the spectra of a2 in the absence and presence of
al, we determined how the structure of a2 changed due to
heterodimer formation. The binding of ales-126 t0 @2128-210
does not occur with pseudo-2-fold symmetry via complemen-
tary homeodomain contacts between al and «2. Rather, the
homeodomain proper of @2,24-210 is unaffected by the binding
of the al homeodomain, but dramatic structural changes are
seen in the C-terminal tail of the a2 fragment. These changes
in the tail are most probably a result of direct contact with
theal homeodomain. These data also show that heterodimer
formation induces an interfacial helix in the previously
unstructured C-terminal tail of a2;25_210.

EXPERIMENTAL PROCEDURES

Plasmids. The algg126 protein was purified from Es-
cherichia coli cells containing the plasmid pCW /K66. This
plasmid encodes residues 66126 of al, under the control of
tandem P, promoters. The original ales 126 plasmid was
under the control of the T7 promoter in the T7 expression
system of Studier and Moffat (1986) and is described in the
Electrophoretic Mobility Shift Assay section below. To
achieve higher levels of protein expression, the al fragment
was subsequently cloned into the Ndel and Xbal sites of
pCWori+ (Muchmoreetal., 1989; Gegner & Dahlquist, 1991)
and subsequently transformed into E. coli TB1 cells. The
construction of the resulting plasmid was confirmed by
restriction digestion and DNA sequencing. The a2y23-210
plasmid was constructed as previously described (Phillips et
al., 1991).

Protein Purification. The alge_126 protein was purified to
>95% homogeneity from E. coli TB1 cells as follows. Each
liter of LB media with 100 mg/L ampicillin was inoculated
to an initial density of 1 X 107 cells/mL. These were grown
at 37 °C to a density of 5 X 108 cells/mL, at which time the
cells were induced to a concentration of 0.4 mM IPTG. The
cells were harvested 6 h after induction and resuspended in
500 mM NaCl, 25 mM sodium phosphate, pH 6.5, | mM
EDTA, 10 mM B-mercaptoethanol, 0.01% NaNj, and | mM
phenylmethanesulfonyl fluoride (PMSF) using 25 mL of lysis
buffer per liter of harvested media. The cells were sonicated
and spun at 20000g for 20 min. Thesupernatant was dialyzed
overnight against 25 mM sodium phosphate, pH 6.5, 10 mM
NaCl, | mM EDTA, | mM g-mercaptoethanol, 0.2 mM
PMSF, and 0.01% NaN, and loaded on a column of CM
Sepharose CL 6B (Sigma). The ales-126 protein was eluted

with a gradient from 10 to 600 mM NaCl and found to be
>95% pure as judged by SDS-PAGE. The algs 126 protein
was concentrated to approximately 0.1 mM using an Amicon
concentrator with a 3000 molecular weight cutoff filter and
further concentrated to 1-5 mM using 3000 molecular weight
cutoff concentrators from Filtron. The molecular mass of
algs-126 i 7229 Da, and we used the calculated exs of 5700
cm~' M-! to determine the protein concentration. The yield
of algs-126 was approximately 7 mg/L.

The a2)3-210 protein was purified to >95% homogeneity
and concentrated as described previously (Phillipsetal., 1991).
Uniform !5N labeling of the a2)53 310 was carried out as
previously described (Phillips et al., 1991). Prior to use, both
the algs-126 and a2)z8 210 proteins were dialyzed against 25
mM potassium phosphate buffer, pH 4.5, with 100 mM KCl,
0.01% NaN;, and D,0 added to 5% for the spectrometer lock.

Electrophoretic Mobility Shift Assay. DNA binding assays
were performed using purified algg-126 and a225-210 proteins
as previously described for full-length al and a2 (Goutte &
Johnson, 1993). A DNA fragment coding for residues 66—
126 of al was generated by polymerase chain reaction using
oligonucleotides that introduced an Ndel site at the 5’ end
and an Xhol site at the 3’ end of the fragment. pMSK66 was
constructed by cloning the Ndel-Xhol fragment into pHB40P,
a derivative of pET-3a, under the control of the T7 promoter
(Studier & Moffat, 1986). The alge-;26 protein was over-
expressed and purified from BL21(DE3)-pLysS E. coli cells
containing the plasmid pMSK66. Cells were grown to an
ODygo of 0.5 and induced with a final concentration of 0.4
mM IPTG. The cells were harvested after S h, frozen in
liquid nitrogen, and then resuspended in cold 100 mM Tris-
HCI, pH 8.0, 1 mM EDTA, 10 mM B-mercaptoethanol, 500
mM NaCl, and 1 mM PMSF. The cells were sonicated on
ice and spun at 30000g for 40 min. The supernatant was
dialyzed overnight at 4 °C against 50 mM Tris-HCI, pH 8.0,
1 mM EDTA, 0.28 mM g-mercaptoethanol, and 100 mM
NacCl, and then dialyzed for another 3 h against the same
buffer but with 50 mM NaCl instead of 100 mM NaCl. The
supernatant was cleared by spinning at 30000g for 20 min
and then loaded onto an SP-C50 Sephadex column (Phar-
macia) at 4 °C. A salt gradient from 0.5 to 1.0 M NaCl was
used to elute the protein from the column. algs ;26 came off
the column between 325 and 425 mM NaCl and was >90%
pure.

a2)23-210,a gift of Andrew Vershon, was overexpressed and
purified from E. coli cells containing the plasmid pAV105
(Vershon & Johnson, 1992).

NMR Spectroscopy. All spectra were acquired at 25 °C
ona General ElectricOmega 500-MHz spectrometer operating
at 11.9 T. The chemical shifts were set relative to an external
proton reference of sodium 2,2-dimethyl-2-silapentane-5-
sulfonate at 0.0 ppm and an external nitrogen standard of
ISNH,CI at 24.93 ppm relative to NH; (Levy & Lichter,
1979). The spectra were recorded with a spectral width of
6410 Hz in the 'H dimensions and 3333 Hz in the N
dimensions (except for the 3D-HSMQC-NOESY, where it
was 1300 Hz). Therecycle times, including acquisition, were
usually 1's. In the SN experiments a delay of 4.8 instead of
5.4 ms was used as the nominal (2/ny)~! time period to reduce
the loss of signal due to relaxation. Spectra were analyzed
using FELIX software from Hare Research.

To observe line width and chemical shift changes during a
titration of 'SN-labeled a2)38-310 With algs-126, single-bond
'H-'5N correlation spectra were measured by heteronuclear
single-multiple quantum coherence (HSMQC) (Zuiderweg
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1990). Spectra were collected as described by McIntosh et
al. (1990) with minor differences. The experiments were taken
with 1024 complex data points in the t; domain and 128-256
complex increments in ¢;, and they typically required 2-6 h
to acquire. Spectra were processed with a 60° shifted sine-
bell apodization and zero-filled to 2048 and 1024 data points
in the 'H and 'SN dimensions, respectively. Spectra of dilute
protein where the H,O signal was not well suppressed were
processed with a baseline correction (Burg smoothing of the
FID or a polynomial baseline correction) as well. 'N-w;-
edited two-dimensional COSY and NOESY spectra of the
algs-126/a2i23-210 complex were recorded and processed as
described for T4 lysozyme by Mclntoshetal. (1990). NOESY
spectra were collected with 100- and 150-ms mixing times.

The 3D-HSMQC-NOESY experiment is a variation of the
3D-HMQC-NOESY experiment (Kay et al., 1989b; Zuider-
weg & Fesik, 1989), in which an HSMQC 'H-'*N pulse
sequence is used to generate 'H-'SN coherence. The mixing
time was 150 ms. The spectral widths used were 6410 ('H,
wy), 1300 (*N, ), and 6410 Hz ('H, w3). The 3D data
matrix contained 256 (real) X 64 (real) X 512 (complex)
points. Quadrature in the w, and w; dimensions was obtained
using time-proportional phase incrementation (TPPI). Sixteen
scans were collected for each increment. The recycle time
was 750 ms not including the acquisition time. The spectrum
was processed with a 60° shifted sine-bell apodization in w;
and w; and a 70° shifted sine-bell apodization in w;. A
polynomial baseline correction was applied in the direct
dimension. The matrix was zero-filled to 1024 X 512 X 128
real points.

The 3JuN-Ha coupling constants of the ales 26/ 2128-210
complex were measured as described previously (Phillips et
al., 1991) using an HMQC-J experiment (Kay et al., 1989a;
Forman-Kay et al., 1990; Kay & Bax, 1990). The measured
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3JHN-Ha coupling constants have errors of up to approximately
0.5 Hz, based on the ratio Jmeasured/Jactual calculated by Kay
and Bax (1990) for a typical resonance with an 11-Hz line
width in both the free and bound forms of a2;23210.

The semiselective and nonselective T)’s for the amide
resonances of the complexed a2,,3-310 were measured using
variations on the HSMQC experiment, using an inversion
recovery sequence in which the final read pulse was replaced
by the 2D-HSMQC sequence (Fraenkel et al., 1990; Valensin
et al., 1982).

RESULTS

Cooperative DNA Binding by al and «2 Homeodomain
Fragments. Full-length al and 2 bind the haploid-specific
gene (hsg) operator in a strongly cooperative fashion. The
two proteins form a heterodimer in solution with a K4 of
approximately 10 M (A.Mak and A. D. Johnson, submitted).
This dimer then binds the hsg operator with a Ky of
approximately 10-'© M with both homeodomains making
contact with the DNA (Goutte & Johnson, 1993). The protein
a2, in the absence of al, binds weakly to the hsg operator (K4
~ 106 M), whileal alone shows no detectable specific binding
under the same conditions (Goutte & Johnson, 1993).

We found that the cooperative binding of al and a2 to the
hsg operator could be reconstituted in vitro using short
fragments of both proteins. For al, the homeodomain alone
(residues 66—126 of the full-length protein) was sufficient for
this cooperative binding. For a2, both the homeodomain and
the 20 amino acid C-terminal tail (residues 128-210) were
required. For example, deletion of the C-terminal tail
destroyed the cooperative binding of the protein fragments to
DNA [not shown; see also Mak and Johnson (1993)].

Theexperimentin Figure 1 illustrates the cooperative DNA
binding by these minimal fragments. Lanes 13-18 and lanes

w W

4 15 16 17 18 19 20 21 220 23 U

————— Yleei2e

ﬂllzs-m—;]

a2)28.210 92128210

FIGURE 1: Cooperative binding of ales126 and a22s-210 to the hsg operator. A 37-bp oligonucleotide duplex containing an hsg operator was
used in the electrophoretic mobility shift experiment. Lane 1: labeled operator alone. Lanes 2 and 3: 3 X 10 M and 3 X 10®* M a22-210
protein, respectively. Lanes 4-12: successive 3-fold increases of ales-126 protein beginning with a concentration of 10~ M in lane 4. Lanes 13-24
show titrations of ales 26 protein with a constant concentration of a225-210 protein. Lanes 13-18: 3 X 10-* M @2,24-310 With successive 3-fold
increases of algs26 beginning with a concentration of 10-* M. Lanes 19-24: 3 X 10-8 M a2,33-310 with the same a2 titration as in previous

lanes 13-18.
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19-24 show the effect on DNA binding of increasing
concentrations of the al homeodomain in a constant con-
centration of the a2 fragment. Both titrations show efficient
operator binding at concentrations at which neither fragment
alone binds to DNA (lanes 2-12). As can be seen in lanes
14-18, there is significant formation of a slower migrating
form of the DNA as a result of increasing concentrations of
alge126 at a constant concentration of @223 2109 (3 X 10-° M).
Ata 3-fold higher concentration of @23 710, formation of the
complex is observed at a corespondingly lower concentration
of algs 126 (lanes 19-24). From these data we estimate the
overall K4 for the reaction

alg 126 + @228 310 + hsg operator — al/a2/operator

to be approximately 10-'#10-' M2 This value is ap-
proximately 10—-100-fold weaker than that observed for the
cooperative DNA binding of full-lengthal and a2 [see Goutte
and Johnson (1993)]. Weattribute this difference to protein—
protein interactions made between al and the amino terminus
of a2, which has been deleted in these experiments (Goutte
& Johnson, 1988).

We conclude from these results that the al homeodomain
is sufficient to bind the hsg operator cooperatively with a2.
We know that the al homeodomain contacts the operator in
theal/a2/operator complex (Goutte & Johnson, 1993); these
results suggest that the al homeodomain is also contacted by
a2. For a2, both the homeodomain and the C-terminal 20
residue tail are required for cooperative DNA binding. Since
this tail does not appear to contact DNA (Mak & Johnson,
1993), the simplest model is one where the tail makes direct
contact with theal homeodomain. Inorder to test these ideas
experimentally, we examined the behavior of the two homeo-
domain fragments in solution by NMR methods.

Theal Homeodomain, al ss_;:5, Forms a Heterodimer with
a2)29-210in Solution. Figure 2 shows a region of the '*N-'H
correlated spectrum (HSMQC) of 0.5 mM uniformly 'SN-
labeled @223_710as it is titrated with unlabeled algg_;26. Since
only the 225510 fragment is '*N labeled, we observe only the
a2)23-210 resonances and how they are affected by addition of
algs126. Over the course of the titration, some 228210
resonances shift to new positions and experience line broaden-
ing, while others do not. For example, resonances arising
from Asn 178, Thr 159, and Ser 181 in the homeodomain
remain in the same position. Other resonances, such as those
arising from Asp 198 and Ser 201 (shaded in the figure), shift
steadily across the spectrum froma “free” position toa “bound”
position. On the basis of the chemical shift and line shape
differences between the spectrum of the free protein and those
observed in the presence of various amounts of algs 126, We
can estimate the exchange lifetimes for the protein—protein
association. Line shapes and resonance positions were
simulated using well-known relationships for a two-site
exchange process (Sandstrom, 1982), suggesting that a5 510
interconverts between the free and the bound forms ap-
proximately 300 times per second.

From the resonances that do shift during the algs 26
titration, we can calculate a binding constant for algs 26
complexing with @225 5,0. Figure 3 shows the chemical shift
change of the representative resonance Asp 198 as a function
of the concentration of ales 126 added to a constant concen-
tration of @228-210. The smooth line drawn through the data
points is a theoretical curve based on a least-squares fit of the
data to a single binding site with a dissociation constant (Ky)
of 2 X 10* M and a total shift of 196 Hz (0.39 ppm) ina 1:1
complex. Similar least-squares analysis of other resonances
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FIGURE 2: A small region of the HSMQC spectra during titration
of @228-210 by algs126. The a2;25-210 concentration was held constant
at 0.5 mM. The resonance positions of Asp 198 and Ser 201 (shown
shaded) are labeled as they shift during ales-12¢ addition. The spectra
were taken in H;O, at 25 °C, in 25 mM deuterated sodium acetate,
pH 4.50, 100 mM KCl, and 0.01% NaN,, with 5% D,O for the lock.
The spectra were apodized identically and are drawn at the same
contour level. (a) al“_m/aZm_m =0(0mM algs126)- (b) Il“_u‘/
a2m_m =0.25 (0 125 mM alwug). (C) al“_|u/cl2|u_z|o =1.0 (05
mM algsi26). (d) ales126/@2128-210 = 4.0 (2 mM algsy26).

observed to shift through the titration gave the same binding
constant and 1:1 stoichiometry. Subsequent experiments on
the structure of the bound form of a2,,3-210 were performed
at an ales126 concentration of 5 mM and an a2)3-310
concentration of 3 mM, conditions where approximately 95%
of the @2)23-210 is bound to ales26.

The spectral changes that occur when algg126 is added to
«233-210 appear to be due to interaction between algsj26 and
a particular region of a223-310. Some of the resonances are
perturbed, while most are not, indicating that only a small
region of the protein is affected by ales-126 binding. Also, the
total number of @2j23-210 amide resonances is conserved
through the titration, reflecting a fast exchange average of
the free and bound forms of a2,28-210. The moderate 0.2 mM
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FiGure 3: Chemical shift difference (Hz) between the bound and
free forms of a2, 20 for the representative resonance Asp 198, as
a function of the concentration of added al ¢ 126. The concentration
of a2yn-210 was held constant at 0.5 mM. The smooth line drawn
through the data points is a theoretical curve based on a least-squares
fit of the data to a single binding site of Ky = 2 X 10~ M and a total
shift of 196 Hz (0.39 ppm).

K4 for heterodimer dissociation suggests that interactions
distinct from simple electrostatics are important for het-
erodimer formation, especially since the two proteins are both
highly positively charged. Thealgs126 protein hasa netcharge
of +13, and a2,2-i0 has a net charge of +9, at neutral pH.

The spectra of a2;33-710 alone do not change over a
concentration range of 0.2-6 mM (Phillipset al., 1991). Thus

Ol a1g6-126 CAN ONIY DE ALLIIDULEG TO LNC PrESENCE VL & 166-126
and are not a nonspecific effect of increasing total protein
concentration. Finally, the HSMQC spectrum of 0.5 mM
a2,,3-210 with 5 mM algg 126 and the HSMQC spectrum of 3
mM a2,25 210and 5 mM algs 26 arevirtually indistinguishable
in spite of the differing protein ratios (compare Figures 2d
and 4). If a complex between 223210 and algs126 Were
formed with more than a single algs126 per a2;25-210, this
behavior would not be observed. This observation reinforces
our conclusion above, based on least-squares fitting of the
chemical shift data (see Figure 3), that algs-12¢ and a2;28-210
bind in a specific 1:1 complex.

Bindingofalgs-12610 a2)28-210 Affects Only the C- Terminal
Region of a2;,3_310. With specific binding of the al¢s126 and
a2,28-210 fragments established, we turned to analyzing which
a2)28-210 backbone resonances were affected by heterodimer
formation. The 17-kDa algs26/ 2128210 complex is large
for NMR characterization. Also, both algs126 and a228-210
have limited chemical shift dispersion in their HN and He
protons, worsening the problem of spectral overlap (data for
algs-126 not shown). Use of the added !*N dimension in 2D-
HSMQC spectra affords an advantage in dispersion over H!-
only spectra. In addition, the use of !’N-edited experiments
to observe only the uniformly '*N-labeled a2;28-20 in the
presence of unlabeled a 166126 further decreases the complexity
of the algs-126/ @2128-210 heterodimer spectra. This ability to
filter out signal from algs12¢ in the ales126/ a2)28-210 complex
was crucial to the assignment of the bound a2,23.210 backbone

the changes we observe in the a2;25-310 Spectra upon addition resonances.
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FiGURE 4: Amide region of the HSMQC of uniformly !SN-labeled free a2,25-210 at 4 mM. Each cross peak arises from a proton directly bonded
toa !SN. In the lower right corner of the spectrum, each pair of side-chain *NH,'s is connected by a line. The assigned cross peaks are labeled.
The spectrum was taken in H;O, at 25 °C, in 25 mM deuterated sodium acetate, pH 4.50, 100 mM KCl, and 0.01% NaNj, with 5% D,0O

for the lock.
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FIGURE 5: Amide region of the HSMQC of uniformly !SN-labeled a2,35-210 bound to algs126. The a2;28-210 is 3 mM, and the algg 26 is S mM.
Greater than 95% of the a2, is in the bound form. In the lower right corner of the spectrum, each pair of side-chain *NH,'s is connected
by a line. The assigned cross peaks are labeled. The assignments for K208 and K209 are ambiguous and may be reversed. The spectrum was
taken in H;0, at 25 °C, in 25 mM deuterated sodium acetate, pH 4.50, 100 mM KCI, and 0.01% NaN,, with 5% D,O for the lock. The
resonances are broader in this figure than those in Figure 4 primarily because the contour levels shown are lower.
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FIGURE 6: a223-310 amino acid sequence with sequential and intermediate-range NOE connectivities. Below the sequence, lines of varying
widths indicate NOE connectivities. The uppermost two sets of broader lines indicate the dyn and d.~ sequential connectivities. Below, the

narrower sets of lines indicate the dun(i, i+2) and the d,n(i, i+3) connectivities. All NOE connectivities were observed in 3D-HSMQC-
NOESY.

Figures 4 and 5show the full amide regions of the HSMQC
spectra for the free and bound forms, respectively, of a2)23-210.
The labeled resonances in Figure 5 were assigned by taking
advantage of the previously determined assignments of free
a2)3-210 (Figure 4). Due to spectral overlap, we were unable

to simply track and reassign all of the shifting resonances in
the bound form of a2)23-510 over the course of the titration.
3D-HSMQC-NOESY (not shown) of the 81“_126/0!2123_110
complex, in which a2;25_510 (but not algs-126) was uniformly
15N labeled, helped resolve resonances and allowed assignment
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FIGURE 7: Amide 'H chemical shift difference between bound and
the free ay-210 2s a function of residue position. Large chemical
shift perturbations are seen in the C-terminal tail. Data is from the
HSMQC spectra.

of the spectrum. Sequential amide resonances were traced
using HN~HN., (dnn) connectivities in the 3D-HSMQC-
NOESY spectrum. Most of these dun sequential connec-
tivities were corroborated with sequential HN-H® (d.n)
connectivities of the (i, i+1) and (i, i+3) types. A 'N-edited
2D-DQF-COSY experiment of the algs-26/2128-210 cOmplex
was used to identify the shifted HN-H® cross peaks in the
3D-HSMQC-NOESY. The backbone NOE connectivities
are summarized in Figure 6. All of the amide and most of
the H7 resonances (not shown) in the bound form of @22s-210
were assigned by this procedure (Figure 5).

Remarkably, the amide resonances from residues 132-189
that comprise the homeodomain of a2)5-510 remain virtually
unperturbed by the binding of algs-126. In contrast, most of
the resonances in the C-terminal tail region, following the
homeodomain of a2;25-310, are affected by ales26 binding.
Figure 7is a plot of the change in a2)3_310 'HN chemical shift
as a function of residue position. The greatest chemical shift
changes are seen for amide resonances belonging to residues
193-206. Residues 189-192, immediately following the
C-terminal end of the homeodomain, show less dramatic
perturbations. Amide chemical shift is extremely sensitive to
environment and secondary structure. We conclude that the
secondary structure of the a23-210 homeodomain proper is
not affected by algs— 126 binding. Absence of chemical shift
change in the homeodomain argues strongly that the alge-126
homeodomain does not contact the a2 homeodomain. Con-
versely, algs-126 probably contacts the C-terminal tail of
a2y24-710, causing the large chemical shift changes.

In the HSMQC spectrum of the free a2,3-310 (Figure 4),
the C-terminal tail amide resonances are clustered in the center,
where they are sharp and have chemical shifts consistent with
a random coil structure. NOE connectivities and hydrogen
exchange and 3JyN_H, coupling constant data on the free
a2,3-210 also indicate that this region is essentially unstruc-
tured (Phillips et al, 1991). In contrast, the HSMQC
spectrum of the bound a2;5-310 (Figure 5) shows that the
C-terminal tail amide resonances are considerably more
disperse, and the resonances from amides 193 and 195 become
the most extreme downfield shifted amide resonances in the
spectrum. Such downfield chemical shifts in the proton
dimension are very likely due to amide hydrogen bond
formation.

In spite of a near doubling of molecular weight in the
ales-126/a2128-210 complex, the apparent line widths of the
unperturbed resonances remain basically unchanged (see
Figure 2, in which each spectrum in the titration is apodized
identically and isdrawn at the same contour level). Theamide
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FIGURE 8: 3Jyn_a coupling constants (Hz) as a function of residue
position for free a2, 210 (asterisks) and a5 26-bound a2,25-210 (filled
circles). No splittings could be measured for the 3Jyn_u, coupling
constants shown as 4 Hz. These *Jyn_u, couplings are smaller than
the 5.5-6.0-Hz minimum for detection and were given the value of
4 Hz for presentation purposes. *Jun-ua. coupling constants for
overlapping or unassigned resonances are not shown.

resonance line widths do not appear to be greatly influenced
by the increase in correlation time upon complex formation.
This may reflect relatively independent motion of the two
monomers in the heterodimer. However, resonances arising
from the contact region are somewhat broader than those
arising from free a2,23-210. This broadening of the resonances
in the contact region is probably due to chemical exchange
with algg-126.

Structure of the a2 3210 C- Terminal Tail in the al s5-;26/
a2;28-210 Complex. (A) 3Jyn_ya Coupling Constants. The
scalar coupling constant, 3JyN-Ha i dependent on the
Ramachandran dihedral angle ¢ of the protein backbone
(Pardi et al., 1983; Wiithrich, 1986), and thus is sensitive to
secondary structure. Figure 8 shows the 3Jyn-na coupling
constants for the free and bound forms of @2,23-2;0 28 a function
of residue number. These couplings were obtained using an
HMQC-J experiment (Kay & Bax, 1990). Due to nonlinear
effects of line width (10-11 Hz for most of the amide
resonances) in this experiment, observed 3Jyn_Ho coupling
constants may be larger or smaller by about 0.5 Hz than the
actual values (Kay & Bax, 1990).

A contiguous series of residues with 3Jyn_He coupling
constants of less than 6.5 Hz is strongly indicative of helical
structure (Pardi et al., 1983; Wilthrich, 1986). No other
regular secondary structure features such a series of low
3JHN-Ha coupling constants. The amides of the three helices
of the homeodomain in both the free and bound a2;23 210
feature these low 3Jyn_po coupling constants. This further
confirms that the helical structure of the a2;33-210 homeo-
domain is unperturbed by algs 26 binding. Differences in
the 3JyN-Ha coupling constants between the free and bound
forms of a2)23-210 only become apparent in the tail region of
a2)28-210- The 3Jyn_na couplings were greater than 6.5 Hz
for all of the C-terminal tail in the free a225-210- The 3JHuN-Ha
coupling constants of residues 193-203 of the bound form of
a2)2s-210decrease to values consistent with a helical structure.

(B) Short-Range NOE Connectivities. In helices, the
sequential dnn connectivites are very strong, while in §-sheets
and other extended structures, where sequential amide protons
are not as close in space, the connectivities are weaker
(Wiithrich, 1986). We wanted to compare the strength of
the sequential dyn NOEs in the tail region of bound a2,33-210
with the NOEs of the amide protons in helices in the
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FiIGUREY: Ratio of the dun(i, i+1) and -(i, i-1) NOE volume to the
diagonal peak volume as a function of residue position in a2;-210
bound to ale 2. The (i, i+1) fractional NOE volumes are shown
as negative. The (i, i+1) NOE values are shown as filled diamonds;
the (i, i-1) NOE values are shown as open circles. All data was from
the 3D-HSMQC-NOESY. The positions of the helices are marked
by filled bars at the top of the graph.

homeodomain that we observed to be unperturbed by algs126
binding. Figure9shows the relative volumes of the sequential
dnn NOE cross peaks for the 3D-HSMQC-NOESY spectrum
of bound a2 0. Each dnn volume was divided by the
volume of its own resolved “diagonal” peak for normalization.
To ensure that we were measuring comparable NOEs at the
NOESY mixing time of 150 ms, we measured the nonselective
T\’s for the amides to be uniformly 900 £ 100 msec, and the
semi-selective T)'s for the amides (also fairly uniform
throughout the bound 235,10 form) at 250 £ 50 ms (see
Experimental Procedures for a description of these experi-
ments). Resonances 194-200 in the tail region of bound
a23-210 have strong sequential dyny NOEs, just as in the
three homeodomain helices. The sequential dyy NOEs of
the N-terminal arm region and of the turns between the helices
remain weak, as they are in free a225-210 (Phillips et al.,
1991). Therefore, spin diffusion is not a complicating factor
in this experiment on the larger complex, even at the 150-ms
mixing time. These NOE cross peak volume data suggest
that residues 194-200 are helical.

(C) Medium- Range NOE Connectivities. Very weak dnn
NOEs between an amide and its neighbor two amides away
in the sequence are also commonly observed in helical
structures [(i, i+2) connectivities]. Figure 6 shows that these
dnn(i, i+2) connectivities are present in part of the tail of
a2)23-210 When it is bound to alge126, as well as in the three
helical regions of the homeodomain. The positions of these
dnn(i, i+2) connectivities in the tail of bound 2,28 210 coincide
with the position of the other helical types of NOE and the
helical 3Jyn-na coupling constants.

An NOE connectivity between an amide proton and the H*
three or four N-terminal to it in the sequence [deN(i, i+4) and
-(i, i+3)] is also a marker for helical structure. These are
observed in the three homeodomain helices [Figure 6; (i, i+4)
connectivities not shown]. Unfortunately, even with the
increased dispersion of the 3D-HSMQC-NOESY, these
connectivities are degenerate for most of the tail of bound
a2;28-210- There are NOE cross peaks consistent with d (i,
i+3) and -(i, i+4) connectivities, but they are degenerate with
(i, i+1) or other types of connectivities in this region of this
experiment. We cannot be certain that the dnn(i, i+3) and

-(f, i+4) connectivities are present. However, the 3Jun_ja
coupling and the sequential dnny and dn (7, {+2) connectivities
strongly suggest that a2,y 0 residues 194-206 of the
C-terminal tail are helical in the presence of algs124.

DISCUSSION

The a2 protein binds to two different classes of DNA target
sites. In the case of a-specific gene target sites, a2 binds
cooperatively with the cell type nonspecific MCM1 (Keleher
etal., 1988; Passmore et al., 1989; Ammerer, 1990). To bind
with high specificity to haploid-specific gene target sites, a2
protein heterodimerizes with the al protein. We have shown
that, upon heterodimer formation with al, a helix forms in
the C-terminal tail of a228-210. At the al/a2 interface, this
helix may directly or indirectly create a new surface that is
complementary to the DNA target site recognized by the
heterodimer.

DNA-binding experiments and residue-specific chemical
shift changes in a2;25-210 during titration with alge 126 sShow
that the specific heterodimerization function is preserved in
the al and a2 fragments studied in this work. Since the al
fragment contains only the homeodomain, the homeodomain
itself must serve as a protein interaction surface as well as a
DNA-binding domain. We determined a moderate Ky of 2
X 104 M and a ratio of 1:1 for heterodimer dissociation.
Sincetheal and a2 fragments retain this ability to specifically
dimerize at a ratio of 1:1, and since the algs 126/ a2128-210
complex can bind target DNA with an affinity similar to that
of intact al /a2 (see Results), the algs-126/ a2125-210 cOmplex
retains the essential features of the intact al/a2 complex.
Given the supporting genetic evidence, the interactions we
observe between the al and a2 fragments are also likely to
exist between the intact al and a2.

Dividing our estimate of the overall dissociation constant
of the ternary alge 126/ @2128-210 /operator complex of 10714
10-!5 M2 by the dissociation constant of the heterodimer of
the al and a2 fragments of 2 X 10# M gives an estimate of
the dissociation constant of the heterodimer and the hsg
operator. This value of ~10-!! M agrees well with estimates
of the affinity of the heterodimer formed from intact al and
a2 (Goutte & Johnson, 1993) and suggests that most if not
all of the energetically important interactions for specific DNA
binding are retained in the heterodimer formed by the
fragments.

Specific Binding of algs.;26 to a2;38-210 Induces an
Interfacial Helix in a2;3._30. We assigned nearly all of the
backbone !*N, HN, and He resonances of a2;23 2;0 bound to
ales-126 and compared them with the resonances of uncom-
plexed a23s-310. Only a few resonances are perturbed upon
complex formation; these belong exclusively to the C-terminal
tail of @2,28-210- This result suggests both that the C-terminal
tail is the only region affected by als-)26 binding and that the
homeodomain region of a2;23-3)0 is neither environmentally
nor structurally perturbed by algs ;26 binding.

Secondary structure determination of the bound a2;2-210
confirms this conclusion. We identified the sequential and
intermediate-range NOE connectivities involving the HN and
He protons, roughly defining the secondary structure of the
al-bound form of a2;25_210 (Phillips et al., 1991). Inaddition,
3JHN-Ha coupling constants of less than 6.5 Hz helped to define
the boundaries of the helices. The three helices of the
homeodomain remain of the same length and position as in
the free a2;2s-210. Helix 1 spans residues 138-150, helix 2
spans residues 159-169, and helix 3 spans residues 173-187.
The region C-terminal to the homeodomain was lareelv
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unstructured in the free a2,,3 210, whereas when bound toal,
this tail adopts a helical structure that extends from residue
193 to at least 200. This region shows comparable helical-
type sequential dnn NOE volumes and dyn(i, i+2) connec-
tivities also seen in the homeodomain helices. Helical-type
NOE connectivities are not observed beyond residue 200, but
the 3JyNn-Ha coupling constants are less than 6.5 Hz through
residue 203, suggesting that the helix may extend this far.
Absence of chemical shift change elsewhere in a2,5_3;0during
the titration with ales ;2 argues strongly that direct contact
with the al homeodomain induces formation of this fourth
helix.

Recently, Spolar and Record (1994) have pointed out that
there is often ordering of protein residues as a result of the
specific binding of the protein to its DNA target. Our
observations suggest that protein—protein interactions may
also serve to initiate this ordering process. Thus heterodimer
formation may “prepay™ some of the entropy cost associated
with the ordering of the proteins in their DNA complex.
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Crystal Structure of the
MATa1/MATa2 Homeodomain
Heterodimer Bound to DNA

Thomas Li, Martha R. Stark, Alexander D. Johnson,
Cynthia Wolberger*

The Saccharomyces cerevisiae MATa1 and MATa2 homeodomain proteins, which play
a role in determining yeast cell type, form a heterodimer that binds DNA and represses
transcription in a cell type-specific manner. Whereas the «2 and a1 proteins on their own
have only modest affinity for DNA, the a1/a2 heterodimer binds DNA with high specificity
and affinity. The three-dimensional crystal structure of the a1/a2 homeodomain het-
erodimer bound to DNA was determined at a resolution of 2.5 A. The a1 and «2 homeo-
domains bind in a head-to-tail orientation, with heterodimer contacts mediated by a
16-residue tail located carboxyl-terminal to the «2 homeodomain. This tail becomes
ordered in the presence of a1, part of it forming a short amphipathic helix that packs
against the a1 homeodomain between helices 1 and 2. A pronounced 60° bend is
induced in the DNA, which makes possible protein-protein and protein-DNA contacts
that could not take place in a straight DNA fragment. Complex formation mediated by
flexible protein-recognition peptides attached to stably folded DNA binding domains
may prove to be a general feature of the architecture of other classes of eukaryotic
transcriptional regulators.

Homeodomain Proteins CONStiture a super-
tamily of DNA binding proteins that play
critical roles in gene regulation and devel-
opment in many eukaryotic species. These
proteins have in common a conserved 60

amino acid DNA binding domain that has
been well characterized structurally, bio-
chemically, and genetically (1, 2), whereas
other portions of the proteins are quite
divergent. The fold adopred by the homeo-
domain, as uncovered in structural studies
of Drosophila (3-5), yeast (6, 7), and human
(8) homeodomains, consists of three a he-
ll\”“[l"
domains bind DNA by inserting the third of
these three a helices into the major groove
of the DNA, while the NH,-terminal arm
bases in the

lices and an NH,-terminal arm

contacts adjacent  minor

groove. Biochemical studies have shown
that isolated homeodomains, which typical-
ly bind DNA as monomers, otten exhibit
only a relatively modest degree of DNA
sequence selectivity (9=11). In the case of
the yeast a2 homeodomain protein, we
know that the specificity and affinity with
which a2 binds DNA is augmented by its
association with either of rwo partner pro-

teins: the product of the MATa locus, al, or
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the non—cell type=specific protein MCMI
The al/a2 and a2/MCMI complexes each
hind to a distinct set of DNA sites in the
yeast genome, causing repression of the ad-
jacent genes. Combinatorial control by al
and a2 provides a means to achieve cell
type—specific regulation of a large set of

genes since al and o2 are expressed togeth-
er in only the afe diploid yeast cell type

(12)

One of the partner proteins of a2, al, is
also a member of the homeodomain super-
family (13). In the diploid a/a cell type,
these two homeodomain proteins form a
heterodimer (hA( binds to sites upstream of
haploid-specific genes (hsg) (14-16). In
the absence of a2, the al protein exhibits
no detectable specific binding to DNA
(11). However, the presence of al in solu-
tion dramatically raises the affinity of a2 for
hsg operators. The cooperative binding of
a2 with al depends on the 21-residue
COOH-terminal tail of a2, which is located
immediately COOH-terminal to its homeo-
domain (17, 18). Deletion of the COOH-
terminal tail renders @2 incapable of coop-
erative hinding with al in vitro and of
repressing the haploid-specific genes in vivo
(18). This tail is required for interaction
with the al partner protein only, as irs
absence does not affect the cooperative in-
teraction of a2 with MCM1 (I8). The in-
teraction of the tail of a2 with the al
protein is quite specific; for L‘\.lmpf«'. the
tail fails to interact with a2 itself, a ho-
(7).
Splicing this peptide onto the Drosophila

meodomain  closely related to al

engrailed homeodomain renders engrailed
capable of cooperative interaction with al
(17). Additional interactions between al
and a2 are mediated by the NH,-terminal
domains of the respective proteins, which
have been proposed to contact one another
by way of a coiled-coil interaction (19).
Deletion analysis of al and a2 has shown
that their cooperative binding to the hsg
operator requires only the homeodomain of
al and the homeodomain plus the tail of a2
(20). These fragments, which were used for

Fig. 1. Structure of the a1/a2-DNA ternary complex. (A}
Overall model! of the complex. The a2 protein is shown in
red and a1l is shown in biue. Sequence numbers for the
a’l and a2 proteins foliow the same color scheme. The
white ine ndicates the local DNA axas. This figure, as well
as Figs. 38,4, Aand C, 6, Bto D, and 7 were generaled

with the program SETOR (59). (B) Simulated annealing omit map showing the COOH-terminal tail of «2
bound to a1. Residues 59 to 74 of a2 were deleted and the model was subjecled lo imiled simulated
annealing refinement in order to remove phase bias. The electron density map shown was caiculated with

2F, ~ F
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the structurad stadies deseribed here, bind
DNA wirth 10-told reduced attunty as com-
pared with the tull-length protems (1, 20).
We reter to the complex tormed by these
tragments as the at/al heteradimer. The
equilibrium constant for dissociation of this
alfa? heterodimer mto monomers is 2 X
1M (20)

We previously described the x-ray crystal
structure of the a homendomann bound 10
DNA (6). In the absence of ity partner
proteins, the a2 homendomaim binds as a
monamer to nearly stanght B-torm DNA.
Although the frapment of a2 crstallized
contuned the COOH-terminal rail that me-

structure of the a2-DNA complex. Solution
nuclear magnence resonance (NMR) studies
show thar the COOH-terminal tul is un-
structured in solution as well, becoming or-
dered only upon heterodimenization with al,
when part of it forms a short a helix (7, 20).

I order to uncover how a tlexible pep-
tide tul mediates specific heterodimer for-
mation between two homeodomains, we de-
termined the three-dimensional structure of
a ternary complex containing an al/a het-
erodimer bound to DNA. This crystal struc-
ture, determined at a resolution of 2.5 A,
shows that the al and a2 homeodomains
bind in tandem to a 2l-base pair (bp)

duares heterodmenzanon with al, che 21
residues of che tad were disordered in the

DNA fragment. [n the ternary complex, 16
residues of the COOH-ternunal tul of a2

Table 1. Crystallograptxc analysis. The purification and crystallization of the a1/a2-DNA complex and
the method of tlash-freezing the crystals have been described (51). The complex crystallizes in space
group PH, with utwt celf drmensionsa = b = 132.8 Aandc = 45.71 A. The crystals form with one complex
Der asymmelnc unit and contain 68 percent solvent. Diffraction from these crystals extends to a maxi-
mum resolution of 2.4 A with diffraction along the ¢ axis faling off in intensity beyond 2.7 A. Heavy atom
denvatives were prepared by substituting 5-iodouracil for thymine at base 1, 11, or 22 of the DNA (idU",
WU, and IdU-7). X-ray diffraction data collection, processing, and multiple isomorphorous replacement
{MiR) phase calculation and refinemaent were as described (52). The MIR phases were used 10 calculate
an etectron density map at 2 8 A resolution. which was improved by one round of solvent flatiening (53).
A nearty complete model of the complex was fit to this map by means of the O graphics program (54). A
stausncally random selection of 10 percent of the total retlection data was excluded from the retinement
and used to caiculate the free R factor (R, ) as a monitor of model bias (55). The model was subjected
to several rounds of positional and simulated-anneaiing refinement with X-PLOR (56). Several missing
side chains and residues were added following nspecton of 2F, — F and F, = F_imaps and a
phase-combined map calculated with SIGMAA (57). The analysis was continued with 120 cycles of
positional and constrained temperature factor refinement, yielding an R factor at 2.8 A resolution of 22 4
percent and an R, , ot 29.2 percent. The model was then further retined at 2.5 A resolution against the
denvative data set, IdU'". In the resolution range from 2.8 to 2 5 A, the IdU'" data set contained 94
percent of the expected data; of those reflections recorded. 81 percent of the intensities were greater
than 2u. After ngid body. positional, and simulated annealing refinement, an additional five residues in the
COOH-terminaltail of a2 were it1o 2F  — F and F | - F_maps. Simulated annealing omit maps (58) were
caiculated at many stages of the refinement to venfy the placement of residues in the electron density
map. Water molecules were included at the final stage of refinement, based on the presence of peaks in
difference electron density maps of at least 3o in significance. All water molecules have 8 factors of less
than 50 A” and participate in at least one hydrogen-bonding interaction. The model of the complex
presented here contans 1851 atoms and 58 water molecules. The average atomic 8 factor for the
protens, excluding water molecules and the COOH-terminal tail of «2, i1s 39.1 A“; the average B factor of
all atoms in the COOH-terminal tail of a2 1s 60.4 A”.

Native oy’ Igu?” du'’
Resolution (A) 274 240 2.65 2.40
Measured reflections 74,037 83,570 35.860 76.841
Unique reflections 12,014 16.357 10,715 18,106
Completeness (%) 928 904 800 940
Overall //i5(l) 9.01 1.7 10.5 147
Riorir (%) 131 7.4 6.8 5.5
R, (%1 1.6 82 8.3
s 0.57 065 060
Phasing power§ 1.86 0.92 182
Mean overall figure of 0.54
ment (20-2 8A}|
Refinement statistics
Resolution range 6-28 6-25A
R factor (%)9 224 225
R,... factor (%)= 292 29.8
Refined geometry Overall Protein DNA
rmsd bond lenqth (A) 0.018 0016 0019
rmsd bond angle (°) 1.93 183 2.02

e = S 121781 1 observed intensity, </~ average intensity of multiple obsarvations of symmetry-related
reflections. iR, = XlFwi = F,lIiNF,, F and F,, are the observad denvatve and native structure factor
amplitude R, = NI, Fol - Ff.,.,ml/E‘FI,. - F.,l sPhasing power = (X1F w7 F gl —
oo PV AF il = Fou | is the lack-of-closure error [Mean tigure of ment = < [ XP)e*/XPia)l », w
phase. Pla). phase probability distribution AR = XIF, - Ful/SF, . =Rfactor for a subset ot 10 percent of the
reflection data that were not included i the crystallographic refinement.

140

undergo a conformational change, becom-
ing ordered and contacting the al homeo-
domain at a surface that does not partici-
pate in DNA binding. The heterodimer
induces a pronounced DNA bend that is
required for contacts between the two pro-
tems. The manner in which al and a2
heterodimerize represents a possible mech-
anism by which other transcriptional repu-
lators can associate with one another on the
DNA.

Overview of the ternary complex. The
al/a2-DNA complex (Fig. 1A) contains
the al and a2 proteins bound to a 21-bp
fragment of bent duplex DNA. The struc-
ture of the complex was determined as de-
scribed (Table 1); a representative view
showing the fit of the model to the electron
density map is shown in Fig. 1B. The se-
quence of the DNA site was derived from
the sequences of 14 in vivo alfa2 binding
sites (Fig. 2C) and differs in the four central
hase pairs from the consensus sequence. Of
a number of different DNA sequences and
oligonucleoride  lengths, this DNA  site
yiclded the bese crystals. The sequences of
the proteins and the DNA, and the num-
bering scheme used to describe chem, are
shown in Fig. 2. The al and a2 homeodo-
mains bind in a tandem orientation to one
face of the DNA, burying 2300 A? of pro-
tein and DNA surface area. The tandem
binding of the two homeodomains, which
had been predicted on the basis of chemical
protection experiments (16), is in agree-
ment with the observed pattern of DNA
protection from hydroxyl radical areack and
methylation in the presence of bound al /a2
(Fig. 2D).

The a2 protein contacts the al homeo-
domain with a peptide tail located COOH-
terminal to the a2 homeodomam. As com-
pared with the structure of a2 alone bound
to DNA, an additional 16 residues are or-
dered in the ternary complex. This COOH-
terminal tail, consisting of residues 39 to 74,
extends trom the end of helix 3 of the a2
homeodomain (Fig. 1A). Residues 59 to 62
contain a short stretch of extended chain,
followed by two turns of an amphipathic
helix (residues 63 to 69), which contacts
the al homeodomain on the face opposite
to that which binds DNA. The helix in the
tail of a2 packs between helices 1 and 2 of
al, with the axes of all three helices roughly
parallel. The a2 il helix is somewhat dis-
torted, with deviations from ideal hydrogen
bondmg geometry at residues 64 and 65. As
predicted in biochemical and NMR studies
(20), all contacts with the al homeodomain
are mediated by the COOH-terminal ex-
tension of a2; the homeodomain of @2
(residues 0 to 59) forms no direct contacts
with the al protein.

The model of the ternary complex con-
tains residues 0 ro 74 of a2, including the



1o 7), helice
(residues 28 ro 37),

NH ,-terminal arm (residues 0

I (reswdues 10 o 23), 2

ind 3 (residues 42 1o 58), and the COOH

rerminal tad {59 to 74). An addinonal tive

COOH-rerminal restdues, which are disor-

the structure, are not required for

dered in

A

2 abce

al/a2 repression (18). Of the al protein,
residues 8 to 56 are included in the model
The first 12 amino acids in the protein,
including the NH,-terminal arm, are disor-
dered, as ts the COOH-terminal residue of
The al and a2 |

helix 3, Lys’ homeodo-

w2 f—~F) helix 3 )

30 40 50

a2 NFAKNIENPYLDT! NLMKNTSLSRIQIKNWVSNRRRKEKT
al: 5 EEVAKKCGITPLQVRVWF INKRMRSKstop
en: RRRQQLSSELGLNEAQIKIWFQNKRAKIKK
Anlp: HFN---RYLTRRRRIEIAHALCLTERQIKIWFQNRRMKWKK
Octl EN---QKPTS IADQLNMEKEVIRVWFCNRRQKEKR
B c
MATG ! CAATGTAGAAAAGTACATCA
o2 AME(1) AGATQTCACAGATTACATCA
VP16 STES(1) GCTTGTTAATTTACACATCA
STES(2) TCATGTACTTTTCTGOCATGCA
HO(1) GCGTTTAGAACGCTTCATCA
Fig. 2. (A) Sequence and secondary stnx HO(2) TEATATOC ACATTAACATOA
e e D Al o SHe. Anfar HO(3) TCATGTTATTATTTACATCA
SNEOVITD (e, A, SOOI, AV HAINI HO(4) TCGTATATTTAGTTACATCA
ecka (Antp), and Oct-1 homeodomans HO(5) ACATGTCTTCAACTGCATCA
60). The ressdues of the homeodoman HO(6) TCATGQTATTCATTCACATCA
have been renumbered from 0 80 n HO(7) TAGAGTGAAAAAGCACATCG
sccordance with the convention estab- HO(8) GCCTGCGATGAGATACATCA
Ehad i PreacUs RUidios: of HoMendo HO(9) TTATGTTAAAAGTTACATCC
VIPYSVRRRL SNJONER, O THOTNRK HO(10) CCGCATTAAAACCTACATCA
mams (3, 4, 6). In this numbenng scheme,
residues 128 to 151 of «2 comrespond to consensus TCATGTAAAAATTTACATCA
neodoman residues 0 to 23 and resi
es 155 to 190 of a2 correspond to ho D vvy vyYyvvvvy vvy
neodomanm residues 24 1o 59. Residues gy qa ST AGA '?4",7 g -t e
152 to 154 of « a three-amino acid in GTACATTAAATAATGTAQTAT.S
o ki - QUEINUVNBNIRNREBDINEBSNAR
sertion relative to other homeodomains ALAAAR r & &
are labeled a, b, and ¢c. The a1 idues 69
to 126 have been renumbered 0 to 57. (B) Alignment of the COOH-terminal tail of «2 with a segment of
the herpes virus activator protein, VP16, which interacts with the Oct-1 homeodomain. The COOH

terminal tail of «2
VP16 are
of al/a2
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mains, which are 21 percent identical in
sequence, are similar in structure and super-
pose with a 1.0 A root-mean-square differ-
ence in Ca positions (residues 8 to 57)
DNA structure and crystal packing.
The DNA in the al/a2-DNA complex
contains a marked overall bend of 60° (Figs.
1A and 3). In contrast is the nearly straight
DNA in the complex of a2 alone bound to
DNA as discussed below, which contains a
bend of 8.8° within a single homeodomain
binding site and an overall bend of 7°. Our
observations are in agreement with solution
studies that have shown that the al/a2
heterodimer introduces a bend in the DNA
estimated at 100°, while a2 alone does not
(21). The bend in the al/a2 binding site
occurs without dramatic local distortion or
kinking of the B-DNA helix. Rather, the
DNA helix s smoothly bent, most notice-
ably at the center of the DNA fragment and
in the al half of the binding site. The bend
is largely the result of a variation in base
roll, which adopts negative values near the
center of the DNA site and positive values
in flanking base pairs (Fig. 3A). A conse-
quence of the bend is a narrowing of the
minor groove at the center of the DNA
fragment, between the al and a2 proteins
(Fig. 3A). The continued bending of the
DNA in the al half of the site leads to a
widening of the minor groove and a nar-
rowing of the major groove. The DNA in
the ternary complex bends toward the al/
a2 heterodimer, facilitating interactions be-
tween the two proteins. The COOH-termi-
nal tail of a2 spans the gap between the al
and a2 homeodomains at the point where
the minor groove of the DNA helix is at its
narrowest. Without the observed bend in
the DNA, the tail of a2 could not reach its
binding site on the back of the al homeo-
domain. The protein-protein interactions at
the heterodimer interface, as well as the




contacts between al and a2 and their re
«crive DNA subsites (both described be-

low), probably play a role in stabihizing the
bend. In addition, we ohserved a spine of
hydracion m the minor groove of the DNA,
where it narrows and base roll angles are
negatve, and m the major groove ot the
DNA, where bending results in a minimum
1N Major groove \\“Ail!\ ”\\l 4 maaximum
l‘ll\l[.\\' \':llll\' of !‘yl\\ '!\4“[ “7“ “lf'.,'i('\ KZ—IVJ
JA). This hydration nay contnbute o the
stability of the bent DNA contormation, in
addiiion to participating i water-mediated
hydrogen bonds between the proteins and
the DNA bases

The D

usual packing of complexes in the crystal.

A hending gives nise to an un

'\\ l\J,\ “‘\:UI\ u[‘\«'l’\’u‘l mn -‘r;\k’l ;I\"-Lll) of
protein-DNA complexes (4, 6, 22-20), the
DNA stacks end-to-end in the crystal,
h\”'\]ll\{_" a4 I‘\C(l\'\\l\(l\‘\]lll“l\ ‘”L“\\ \\'!l’h
Warson-Crick  base painng  between  the
overhanging 5 -ApT at the end of one com-
plex and the complementary unpatred bases
at the end of rhe adjacent complex. In the
al/a2-DNA crystals, each successive com-
plex bends in the same direction, resuluing
in a superhelical spiral of complexes that
obeys the 6, screw symmetry of the space
group (Figz. 3IB). As measured from the pro-
jection shown in Fig. 3B, the radius of
curvature of thu DNA in the ternary com-
plex 15 63 A, There are crystal contacts
between the a2 homeodomain in one com-
plex and the al protem in the neighboring
complex that may limit the degree ot bend-
ing that can occur at the ends of the DNA.
The observed 60° bend may therefore rep-
resent an underestumate of the bend in-
duced by al/a2 in a single binding site
embedded o longer fragment of DNA.
Heterodimer interface. The COOH-rer-
minal tail of a2 1s unfolded in the mono-
mer, even when bound to DNA. On inter-
action with the al protein, the il of a2

folds to form a complementary surface to its
binding site on the al homeodomain. The
heterodimer is stabilized primarily by hydro-
phobic interactions, in addition to the pres-
ence of several hydrogen bonds (Fig. 4, A
nd B). A hydrophobic patch on the al
homeodomain is formed by Val'” of helix 1,
Val* of helix 2, and Leu®® in the strand
that connects helices 1 and 2. These three
side chains are partly exposed and lie at the
Hloor of a depression in the surface of the al
homeodomain (Fig. 4, A and C). This de-
pression is flanked at one end hy a salt
bridge between Lys?' and Glu', and at the
other by Phe's.

In the tail of a2, residues 63 to 69 adopt
a helical conformation with three leucine
side chains (Leu®®, Leu®™, and Leu®”) pro-
jecting from one face of the helix (Fig. 4A)
[n addition, 1e® packs against Leu® and
Leu® and helps to stabilize the short helix.

The amplupathic helix binds to the al ho-
meadomarn, mserting the three leucine res-
wdues mto the hydrophobic patch between
helices | and 2 ot al (Fig. 4, A and C). The
alja2 heterodimer s turcher stabilized by
hydrogen bonds with the al homeodomain
that are mediated by main chain atoms in

A

the COOH-terminal tail of a2 flanking the
amphipathic helix (Fig. 4B). The two anti-
parallel helices of al and the helix contrib-
uted by the tail of a2 form a three-helix
bundle, with the helix in a2 parallel to
helix 2 of al. The total buried surface area

is 754 A%

Fig. 4. (A) Stereo view of the a1/«2 heterodimer
interface. The a1l protein is shown in blue and
the «2 protein is shown in red; helix 3 of the at
homeodomain has been deleted for clanty. In
the a1 homeodomain, residues Phe's, Val'?,
Leu“®, and Val** form a hydrophobic patch be-
tween helices 1 and 2. Residues 63 to 69 in the
lail of a2 form a distorted amphipathic helx with
residues Leu®®, Leu®®, and Leu" exposed on
one face. lle"', located NH,,-terminal to the am-
phipathic helix, packs against Leu"™® and Leu®®
The hydrophobic face of the «2 tail forms favor-
able van der Waals contact with the hydropho
bic patch between helices 1 and 2 of the al
homeodomain, as well as with the salt bridge
formed by Lys®* and Glu™. (Additional contacts,
not shown, are formed with the aliphatic side
chain of Arg““.) (B) Stereo view of the hydrogen-

bonding interactions between a1 and a2. The main chain NH of Ala’ in a2 donates a hydrogen bond to
the Oe of Glu™ in a1, and the second Ok accepts a hydrogen bond from the peptide NH of Asn?” of a1

The side chain of Asn”’ in al forms a bndging contact, donating a hydrogen bond to the peptide N of
Thr®? in «2 and capping helix 2 of a1 by accepting a hydrogen bond from the peptide N of Lys**. The side

chain of Lys“” donates a hydrogen bond to the carbonyl of lle”*

COOH-terminal to the amphipathic helix

In the «2 tail, the carbonyl of Glu“? hydrogen bonds with the N of Lys*’ in a1, while the amide N of Glu’”?
forms a hydrogen bond with the carbonyl O of Lys*’. (C) Depiction of the molecular surface of the a1
homeodomain, with a stick model of the COOH-terminal tail of «2. The a1 surface is color-coded such
that the most convex part of the surtace i1s green, the most concave parl is gray, and planar surfaces are
white [the figure was made with the program GRASP (62)]
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The resuldts of mutagenesis studies of the
al protem venty the unportance ot the
heteradimer contacts we observed. Poine
mutations that change a4 wild-type residue
to alanine were intraduced ar varous post-
tons i the a2 sl and assaved tor their
ettect on the ability of the mract a2 and al
PIOICINS (O TCPIOS ERADSCAPHION 10 yeast

(Fig. 3). The strongest ettect of alanme
substitution: was observed ae et Len®,

Land Lea™, the tour hadrophobie res-
whoes that mediate kev interucrions i the
al/al complex. Subwtitunon of ade chams
m the al tul that are not involved
hereradimer contaces have a negliable of-
tect on repression (Fig. 3 In prior seadies
substintion of Leu”® with Ser was found to
disrupt the ablity of alfa to repress hap-
lowd-spectfic eenes movivo (27) and the
athiuty of mtace alfa tor DNA in virro
was 200 times fower (28).

Protein-DNA interactions. The al/a?
heteradimer torms an exrensive set of con-
racrs with a DNA buiading site that spans 18
bp (Fig. 6A). Each homeodomam contacts
hoth the ases and the sugar-phosphate

Lea™

hackbone by means of 1 combmation of

direet side chain contaets and water-medi-
ated h\\lr«u,cn honds. Common features of
al and al inding include a conserved set
ot phosphate contacts and one hase conract
thitt serve to stabihize the homeadoniin on
its binding sitee A key residue s Asn®l
mvartant among all homeodomams (2),
which torms a bidentate conract with an
adenime base (Fie. 6, A, B, and D) that has
been observed i the engraded, Oce-1, and
al-DNA complexes (4, 0, 8). Flanking this
base, al and a2 contact four phosphates
the same way (Fig, 6A). These contacts are
mediated by tour residues that are wentieal
in hoth protems——Leu™®, Gln*, Trp*™, and
Arg™ ' —and by the main chain NH of resi-
due 8. DNA sequence recognition presum-
ably arises from contacts with the DNA
bases chat are mediated by side chains thae
ditter berween the two homeodomanns.,
The a2 protem contaces a total of 7 bp
in cither the major or minor groove. Four
base pairs in the major groove are contacted
by three side chains i helix 3 ‘\sn”
A and Ser™ (Fig. 6B). Of these, Ser™
\vlud\ contributes to DNA hinding .~|\Lu-
ticity  differences among homeodomains
(29-31), torms water-mediated  hydrogen
bonds with 2 bp, and Arg™ donates hydro-
ven honds tn a base (Gua®) and to a sule
chamn, Asn’! which contacts Ade™. The
Arg® contact accounts tor the ul\scr\'.\tmn
that Gua® is the sole guanime in the a2 site
that s protected trom methylation by al/a2
binding. In the mmor groove, 5 bp are
contacted by three residues in the NH,-
terminal arm ot «2—Are?, Gly?, and Aru'
(Fig. 6C2). Two of the base pairs contacted
m the mmor groove are also contacted by

side chains in the major groove, thereby
accounting for the high DNA  sequence
conservation at these positions (Fig. 2C). In
addwion to contacting 2 bp, Arg’ hydrogen
bonds g water molecule that 1s part of the
sptoe of hydration observed where the mi-
nor vroove narrows. Further stabihization of
the a2 homeodomain on its binding sire is
provided by aset of hydrogen bonds, sale
bridges, and van der Waals inreractions
with the sugar-phosphate backbone of the
DNA that are diagrammed i Fig. 6A. Most
of rhese anise from side chains in hehx 3
that form contacts with the DNA hackbone
Nanking helix 3.

The al homeodomain is positioned on
the DNA in o manner similar to that of the
a2 protem, contactig bases - the major
groove with five residues in helix 3—Val¥7,
Ie™, Asn®, Met™, and Arg® (Fig. (3[))
With the exception of the invariant Asn®
the identities of DNA-contacting rmldum
47, 50, 54, and 59 Jiffer from those in a2
and hunu mediate different base contacts.
The le™ and Met™ residues are in van der
Waals contact with, rupunw.ly Thy'*and
Cyt'". Also, /-\r;, forms two  hydrogen
bonds with Gua®®, thereby accounting tor
the protection of this base from methyl-
ation when al/a2 binds o DNA; Arg™®
donates an additional hydrogen bond to
Thy', which is hase-paired with the ade-
nine (Ade™) that is contacted by the in-

1\
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Fig. 5. Effects of point mutations in the COOH-
terminal tail of a2 on al/a2-mediated repression
n vivo. Alanine was substituted for the wild-type
residue at various positions in the COOH-terminal
tail of «2. Low copy (CEN) plasmids containing the
MAT locus with specific site-cirected mutations
in the MAT«2 gene (2" 1N the figure) were trans-

variant Asn®'. The Val¥7 residue forms ad-
ditonal  van der Waals  contacts with
Ade**. Furthermore, 10 residues participate
in contacts with the DNA backbone (Fig.
6A). The observed major groove contacts
are consistent with the sequence conserva-
tion in the al subsite (Fig. 2C): All tour
invariant DNA positions are contacted in
the major groove and two of the base pairs
(Thy'Ade*® and Cyr*™ Gua®®) are con-
tacted by more than one side chain.

In addition to direct side chain-DNA
contacts, we see a network of five water
molecules immobilized in the major groove
at the meerface between helix 3 and rhe
DNA (Fig. 61). These water molecules par-
ticipate in hydrogen bond mteractions with
a total of 4 bp, and are stabilized by a
hydrogen bond formed by one of the water
molecules with the guanidinium of Arg?®,
which also forms a salt bridge wich a phos-
phate. Formation of this network of water-
medinted contacts requires the observed lo-
cal DNA curvature. An extensively hydrat-
ed interface between helix 3 and the DNA
has also been observed by solution NMR in
the Antennapedia-DNA complex (32).

Unlike that of the a2 homeodomain,
the NH,-terminal arm of al is disordered in
the erystal. This result was unanticipated, as
our present structure of the «2 homeodo-
main and carlier structural studies of ho-
meadomams (-6, 8) show that the NH,-

Pheromone Mating
Production Behavior

a-factor a-lactor 83w a

vector only -+ - + -
MAT a2 5.4 + - + -
TSSA 6.5 + - PO
159A 70 + - + .
T6OA 6.3 + - + -
161A 27 + -+ + +
PO3IA 74 + - + -
F64A 78 + - + -
LOSA 4400 + e+ + +
Do7A 6.1 + - + -
LOSA 19.5 + R and + +
LOYA 324 + +++ + +
E72A 59 + - + -

formed into a MATa strain and repression by a1/«2 was monitored: (i) by expression of a test promoter
whose expression is controlled by a single hsg operator, (i) by the ability of transformants to produce
mating pheromones, and (i) by the ability of the transtormants to mate. The mutations in the COOH-
terminal tail of ««2 are shown in the first column on the left. The second column shows the expression of
a CYC-LacZ reporter construct that contans an hsg operator. In a cell carrying a wild-type MATa2 gene
on aplasmid, the (3-galactosidase reporter gene is expressed at approximately one-ninth the level of a cell
containing the plasmid vector only [this level of repression is not complete, probably because of plasmid
loss—see (28)] Four of the a2 tail mutants fail to repress efficiently the test promoter, with Leu"*—Ala
having the strongest effect. The third and fourth columns show the production of mating pheromones by
the transtormants. For all of the mutants, nroduction of a factor is repressed as compared to the vector
control, Indicating that the a2 mutant proteins are synthesized in the cell and can stil function with MCM1
to repress the a-specific genes (18). The fourth column indicates that the four mutants that show
significant derepression of the test promoter fail to repress STE 12, a haploid-specific gene required for
«-factor production. The fith and sixth columns show the mating behavior of the transtormants. The
phenotype of the four mutants that enable the yeast to mate as « cells are consistent with a detect in

al/«2-mediated repression.
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termuinal arm of the homeodomam binds in

the mmor groove of the DNA. Chemical

madification

experiments thar probe the
protection of the DNA

hackbone from hy-
droxyl radical attack in the presence of the
al/a? heterodimer are consistent with the
l‘u\.\m;_ o the NH,-terminal arm of al n
the minor groove {(16)
the NH
placed trom the minor groove in the al/a2-
DNA «

of al would be expecred ro bind near the

It is possible that

tenmninal arm of al has been dis-
rystal, where the NH,-termimal arm

junction between two double-stranded syn-

thenc oligonucicotdes, The 5" phosphate

= o A |5 F8
|
KSS y |
e [MldED
o7 |

i RIS

group that would be present at that junc-
tion in a continuous DNA strand could be
ot importance in stabilizing binding of the
NH,-terminal arm of al to DNA. If there
are indeed further DNA contacts formed
with bases in the minor groove, some may
contribute further to the observed DNA

sequence preference of the al protein,
Because of the extensive set of contacts
formed by the al homeodomain with DNA,
it 1s surprising that al does not bind DNA
detectably on its own. There are several
possible explanations for this phenomenon.
One is that DNA bending is required for

the protein-DNA contacts we observe. The
energy to induce and stabilize this bend
might be too great for al alone, but may be
tacilitated by the presence of a2 on the
DNA and the interaction between the «2
tail and the al homeodomain. Another ex-
planation may be that the binding of the
tail of a2 ro al induces a small conforma-
tional change in the al homeodomain that
increases its overall DNA binding energy
Solution NMR studies of the al homeodo-
main have shown that, on heterodimeriza-
tion with a2, the resonances in al that are
most perturbed on complex formation cor-

Fig. 6. Protein-DNA interactions. (A) Schematic diagram summarnzing con
tacts formed by both a1 and «2 with the DNA. The «2-mediated contacts

shown 1n red; al-mediated 1 blue. Residues encircled

are

ntacts are shown

with ovals form base conle
by arrows; van der V
Bond criteria are as folk

aration of a donor-acceptor pair

es are indicated
ictions are indicated by lines that end in circles
for hydirc

ydrogen bonds and salt bricic

aals In'

an bonds, le than or equal to 3.3 A
n der Waals interactions, less than 4.0

A distance between contacting groups. Residues involved 1

base contacts
are encircled with ovals. The shaded phosphate groups and adenine bases
are contacted in a conserved manner by both al and «2. The complex

equilibrium constant for dissociation of the ternary complex into free al, «2,

and DNA.s 10 ' M for Ihe al and «?2 fragments used in this study and
10 '“ M- for the intact proteins (11, 20). (B) Contacts formed between helix 3
ofa2 and es In the major groove 1! contacts Ade*®, with the Od of the

side chain accepting a hydrogen bond from the N6 of the base and whose N3
s in contact with the N7 ( hydrogen bonds to the N7 and
6 of Gua® with its NH1, while its NH2 group forms a bridging hydrogen bond
to the O® of Asn®'. Ser™" forms water-mediated hydrogen bonds with the N7
of Ade" and the O4 of Thy

3.4 A). Arg™*

(C) Stereo view of contacts between the NH.,-
terminal arm of «2 and bases in the minor groove of the DNA. A total of five

bases are contacted by three side chains in the NH,,-terminal arm of a2. Arg*
contacts 2 bp directly and a third via water-mediated hydrogen bonds. The Ne
of Arg* is within hydrogen bonding distance of the N3 of Ade® and the N3 of
Ade*3, whereas the NH, contacts the Gu Syt* base pair via water-medi-
ated hydrogen bonds. The peptide NH of Gly® donates a hydrogen bond to
the O2 of Thy*/, while the guanidinium group of Arg” donates hydrogen bonds
to the N3 of Ade*® and the O2 of Thy'". In addition, the NH., of Arg’ helps to
stabilize the spine of hydration in the minor groove. (D) Contacts between the
al homeodomain and bases in the major groove. lle®" is in van der Waals
contact with the methyl of Thy'?, while Asn®' forms two hydrogen bonds with
Ade?®, whose Ob& accepts a hydrogen bond from the N6 of the base and
whose N& donates a hydrogen bond to the N7. The Cy of Met®* is in van der
Waals contact with the C6 of the Cyt'” pynmidine, while the Ce is in van der
aals contact with the adjoining subdeoxyribose. The Arg® side chain forms
> cts with two base parrs, its NH1 donating a hydrogen bond to the N7 of
Gua“® and its NH2 donating hydrogen bonds to the O6 of Gua“® and the O4
of Thy'?. In addition, there is a network of five bound water molecules in the
maijor groove that hydrogen bond to the guanidinium of Arg*®, as well as 3 bp
Not shown in this depiction is Val*/, whose Cy is in van der Waals contact with
the C8 of Ade“®
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1('\‘\1\1)\1 o lr‘ml«hm\ that lie in portons of
hehees | and 2 and in the loop connecting
them (33). A likely set of contacts that
fected by a

could  be conformational
change in the loop are those mediated by
the invariant homeodomain residue Arg’*
which parucipares in an extensive set of
contacts with the sugar-phosphate back-
bone, a bound warter ad the
backbune of al i the loop between helices
I and 2 (Fig. 6A) (34). Very small changes
in the loop conformation could easily dis-
rupt this nerwork of conrtacts, thereby di-
munishing the affinity of al for DNA in the
absence of al.

maolecule,

Since Arg’’ s invanant
among all homeodomains and mediates a
conserved set of contaces in al, a2, and
other homeodomains, it s likely t be cru-
cial for formation of favorable interactions
between al and 1s DNA binding site.

In previous studies, the homeodomain
was found to be positioned on the DNA in
1 highly conserved manner by DNA con-
taces that are mediated by conserved resi-
dues (4-6, 8). A pertinent question is
whether the orientation of the homeodo-
main on the DNA and the contacts it forms
e perturbed as a result of heterodimeriza-
tnon. We find that, despite the additional
protein-protein interactions and the con-
comitant distortion in the DNA, the o2
homeodomain in the heterodimer binds
DNA in a manner essentially identical to
that found in the structure of a2 alone
bound to DNA (Fig. 7). This similarity
extends to the side chain contacts formed
by a2 with its binding site and the local
structure of the DNA. The few differences
between the two structures are most likely
the result of differences in the resolution of
the structure determinations (35). Because
of the similarity in the way o2 is positioned
on the DNA in the presence and absence of
al, it is very surprising that a mutant a2
protein with  Ala substituted for Ser®™,
Asn’, and Arg’' exhibits no significant
difference in the affinity of the al/a2 het-
erodimer for DNA while greatly reducing
the affinity of a2 alone for DNA (28). It is
possible, however, that this triple mutation
reduces the DNA sequence discrimination
of the al/a2 heterodimer without impairing
its atfinity for the DNA

The structure of the al/a2-DNA com-
plex shows how the binding specificity of a
homeodomain can be raised by complex
formation with a second protein. The het-
erodimenzation of the a2 and al homeodo-
mains, cach with only modest affinity and
specificity for DNA, results in a het-
erodimer that binds DNA in a highly spe-
cific manner, preferring its own binding site
over random DNA by a ratio of at least 10
(11). The specificity of this interaction de-
rives from at least three sources: the speci-
ficity of the

interactions  between the

COOH-terminal tail of a2 and the al ho-
meodomain, summation of the DNA se-
quence preferences of the individual pro-
teins, and the precise binding site spacing
imposed by the nature of the heterodimer
interface. It 15 clear from the al/a2-DNA
structure that insertion or deletion of base
pairs between the al and a2 binding sites
would disrupt heterodimer contacts, and
this observation is supported by studies of
al/a2 binding to altered DNA sites (16,
35a). A final contributing factor to ternary
complex stability may be the relative de-
formability of a given sequence of DNA in
that DNA bending is required for formation
of the complex that we observe. Thus the
sequence at even noncontacted bases may
contribute to overall complex stability. The
net result of all these considerations is a
larger set of criteria that must be met for a
stable al/a2-DNA complex to form, and
hence a much higher specificity of binding
than is observed tor the monomeric a2 or
al proteins.

Multi-protein complex formation in
transcription. The work presented above
shows how the interaction between two

Fig. 7. Interaction of a2 with DNA in the a1/a2-
DNA ternary complex as compared with the struc-
ture of a2 alone bound to DNA. The two struc-
tures were aligned by performing a least-squares
superposition of the a2 homeodomain in the a1/
a2-DNA complex with one of the «2 homeodo-
mains in the structure of a2 alone bound to DNA
(6). Since the latter structure contains two a2 ho-
meodomain monomers bound to a 21-bp DNA
fragment, the homeodomain chosen for the align-
ment 1s the one bound to the identical 9-bp se-
quence to which a2 1s bound in the ternary com-
plex. The second a2 homeodomain contained in
the a2-DNA structure, which does not contact the
other a2 monomer, has been omitted for clarity
The conformation of the a2 homeodomains, the
local structure of the DNA, and the protein-DNA
contacts are nearly identical in the two complex-
es. There are pronounced difteren outside the
a2 binding sites due to the overall 60° bend in the
DNA induced by the a1/a2 heterodimer.
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homeodomain proteins can be mediated by
a flexible tail that becomes ordered on com-
plex formation. There are now numerous
examples of cooperative interactions in-
volving homeodomain proteins, some of
which might be mediated by the same types
of interactions observed in the al/a2 het-
erodimer. The Caenorhabditis elegans ho-
meodomain protein MEC-3 heterodimer-
izes with the UNC-86 POU domain pro-
tein, which also contains a homeodomain
(36). This interaction is reminiscent of al/
a2 heterodimer formation in that it is de-
pendent upon the 16 amino acids COOH-
terminal to the MEC-3 homeodomain. Co-
operative interactions have been observed
between the Drosophila extradenticle (exd)
homeodomain protein and the Ultrabitho-
rax (Ubx), engrailed, and abdominal-A ho-
meodomain proteins (37-38). These inter-
actions require either NH,- or COOH-ter-
minal extensions to the homeodomain, one
as short as 15 residues (37). Pbx1, a human
homeodomain protein closely related to exd
(39), similarly has been observed to bind
DNA cooperatively with several Hox ho-
meodomain proteins (40). The Pbx-Hox
interactions are dependent on a short NH,-
terminal peptide in the Hox proteins and a
COOH-terminal tail in Phx. The homeodo-
main most closely related to both Pbx and
exd is al, with which they share 40 percent
sequence identity (41); in contrast, al and
a2 share only 21 percent sequence identity.
The sequence similarity between al, Pbx,
and exd may imply the existence of a com-
mon mechanism used by these proteins to
recognize their homeodomain partners.
The asymmetric nature of al/al het-
erodimer formation raises the possibility
that a similar type of interaction could oc-
cur between a homeodomain protein and a
nonhomeodomain  protein  containing a
peptide similar to the tail of a2. An exam-
ple of this may be the mammalian Oct-1
POU homeodomain protein, which binds
DNA cooperatively with the herpes virus
VP16 transcriptional activator (42). Point
mutations in Oct-1 that disrupt the Oct-1-
VP16 complex are located in helices | and
of the Oct-1 homeodomain. As shown
above and noted in the NMR study of
al/a2 (33), the location of the Oct-1 mu-
tations is analogous to the region on the al
homeodomain that is contacted by the tail
of a2 (43, 44). If Oct-1 is acting as the
analog of al, what part of VP16 may play a
role similar to the COOH-terminal tail of
a2? The results of deletion and mutagenesis
studies have identified a 12-residue region
of VP16 responsible for interaction with the
Oct-1 homeodomain (45, 46). This region
(residues 376 to 387), which has been pro-
posed to form an amphipathic helix, con-
rains sequence similarity to the helix in the
a2 rail that contacts al (Fig. 2B). Model-



huilding studies show that this peptude trom
VP10, when tolded in the contormation of
the @l tul, could pack hetween helices |
and 2ot Ocr-1in a manner simakar to that
observed mothe al/ee heterabimer.

It i hikely that there are transeniption
factors from other structural classes that are
also hound m protem-protem complexes by
A flexible pepide that adopes 2 distinctive
contormation only upon complex forma-
tion. There are strong parallels between the
manner in which a2 witenicts wich al and
the wav in which ut fonns 2 complex with
the MADS box protem (47), MCMI (43,
49). A short region NH-terounal 1o the a2
homeadomian that s unstructured in the
free protein s cogquired  tor cooperative
bunding with MCMI (50). Thas NH,-ter-
mnal peptide specities complex tormation
with MCMI, as splicing it ta the engrailed
homeadomain confers on engrailed  the
ability w0 hind DNA - cooperatively with
MCML (50). Thus a2 has evolved as a
DNA hinding protem capable of meerac-
tion with two strucrurally distince partners
by acquiring pepride extensions both NH,-
and COOH-tenminal to s DNA binding
domain that specity complex formarion
with ditferent partners. The presence of
flexible protem-recognition peptides that
extend from stably folded DNA hinding
domains may prove to be a general feature
of the architecture of other classes of cu-
karyotic rranscriptional regulators.
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It has been propoesed that eukaryotic repressors of transcription can act by organizing chromatin, thereby
preventing the accessibility of nearby DNA to activator proteins required for transcription initiation. In this
study, we test this idea for the yeast a2 repressor using a simple, artificial promoter that contains a single
binding site for the activator protein Gald and a single binding site for the repressor a2. When both the
repressor and the activator are expressed in the same cell, the artificial promoter is efficiently repressed. In
vivo footprinting experiments demonstrate that Gald can occupy its binding site even when the promoter is
repressed. This result indicates that a2-directed repression must result from interference with some stage in
transcription initiation other than activator binding to DNA.

Negative regulation of transcription in cukaryotes occurs by
a variety of mechanisms. Some repressors act by preventing the
DNA binding of activators, some bind DNA and interact with
ncarby activators, “*quenching™ their activation surtace, and
some communicate directly with the general transcription ma-
chinery, blocking its function or assembly (for reviews, see
references 14, 16, 18, and 26). Still other repressors appear to
organize repressive forms of chromatin that block the accessi-
bility of proteins to DNA (for reviews, scc refercnces 31, 33,
and 45). For some repressors, more than one ot these mech-
anisms is thought to function simultaneously, resulting in a
very low level of gene expression under repressing conditions.

One case in which two mechanisms of repression have been
proposed is that of the ycast a2 protein. This protein is re-
sponsible for repressing the expression of two sets of cell-type-
specific genes, a-specific genes and haploid-specific genes (for
reviews, sec references 7, 15, and 17). To repress a-specific
genes, a2 binds cooperatively with the Mcml protein to a
34-bp DNA sequence called the a-specific gene operator. a2/
Mcml binds a second protein complex composed of the Tupl
and Ssno6 protceins. Tupl and Ssn6 are required for the repres-
sion of al least five sets of yeast genes and have been proposed
to function as a general repression machine in Saccharomyces
cerevisiae, recruited to DNA by a variety of sequence-specific
DNA-binding proteins (21, 24, 41, 42).

The a-specific gene operator will bring about repression
when placed in many positions upstrcam of a target gene, and
models for repression by a2/Mcm1/Ssn6/Tup! (referred to as
the 2 repression complex) must account for this action at a
distance (20, 32). One model proposcs that the a2 repression
complex interacts directly with the general transcription ma-
chinery at the promoter, blocking its assembly or maturation
(13, 20). A second model proposes that the a2 repression
complex  positions nuclcosomes over promoter elements,
blocking the accessibility of ncarby DNA to proteins (23, 34,
35, 37). In this work, we wished to determine whether an
a2-repressed promoter is accessible to Gald, a yeast activator
protein that binds DNA.

(‘orrcspnnding author. Phone: (415) 476-8783. Fax: (415) 476-
0939,

MATERI.;\LS AND METHODS

Plasmids. The a-specific gene operator used in this study is derived from S7TE6
(20). The Gald-binding site is the consensus site (CGGAGGACTGTCCTCCGT
GCA) (44). The Gald-binding site and the $TE6 operator were ligated into the
Psil site and the Sall site, respectively, of the Bluescript polylinker and were
subsequently subcloned into the blunted Sall site of pASS (19) in cither orien-
tation to produce pASG,, and pGAL,,,. Promoter regions were then sequenced.
Integrating plismids were constructed by removing the 2um sequences, resulting
in pASG,,, and pGAL,,,.

Yeast strains and -galactosidase assays. All four yeast strains used in this
study are derivatives of EG123 (MATa 1pl leu2 wra3 hus4). mard is KT23ax8,
created by deletion of MoATa from 246-1-1 (MATo tpl lew ura3 his4) (36, 39).
Plasmid pSI4LEU was used to make a deletion insertion of LEU2 at the GAL4
gene (10). Plasmids pASG,,, and pGAL,, were integrated into the wm3-52
allele. Integrations were contirmed by Southern analysis (38). B-Galactosidase
assays were performed as described by Goutte and Johnson (12). Cells were
grown initially on synthetic medium minus uracil plus 2% glucose and then
translerred to synthetic medium minus uracil plus 2% galactose, 27 ethanol, and
3% glycerol for several cell doublings.

Competitive PCR for quantitation of mRNA. The levels of repression of an
a-specific gene, STE2, were compared at the RNA level between MetTa and
mard cells. Quantitative PCR (9) was used to detect the very low Jevels of
asspecific gene mRNA present in a cells. Briefly, RNA was isolated from cells.
reverse transcribed (Superseript [ BRL) by using a STFE2-specific primer, and
added to PCR mixtures containing known amounts of a competitor DNA that
was amplificd with the same S7£2 primers as the ¢cDNA but that resulted in a
smaller PCR product due to an internal deletion in the STE2 gene. The relative
amounts of target cDNA versus competitor can be measured by direct scanning
of ethidium-stained gels (1-D Mualti- Lane Scan, 1S-1000 Digital Imaging System).,
and these amounts can be compared between MATa and mard cells to determine
the level of repression of an a-specific gene.

Genomic footprinting. In vivo footprinting was puformcd as previously de-
scribed, with modifications (1). Yeast strains were grown in 100 ml of synthetic
medium minus uracil plus 2% galactose, 3% glycerol. and 2% cthanol to a
density of 107 cells per ml. The cells were pelieted and resuspended in ice-cold
medium to a final volume of 1 ml. A S-al volume of dimethyl sulfate was added
with vigorous muxing. The cells were incubated at 20°C tor § min, after which the
reaction was quenched with 30 ml of ice-cold 10 mM Tris (pH 7.5)-1 mM EDTA.
The cells were pelleted and resuspended in 900wl of lysis bulfer (50 mM
marpholinepropanesultonic acid [pHl 7.0f, 200 mM NaCl, 5 mM EDTA, 0.5%
Triton X-100). The cells were lvsed with glass beads (0.5-mm diameter) for 45 8
in a bead beater (Biospee Products). The lysate was removed from the glass
beads and diluted in 3.5 ml of additional lysis buffer. The lysate was treated with
RNase A (250 pyg/mil) and proteinase K (100 pg/ml) for | hat 37°C. The cellular
debris was pelicted (12.000 X g for 20 nin). and genomic DNA was prepared by
loadimg the supernatant onto a Otagen column (Oiagen Inc., Studio City, Calif.).
DNA was then digested with Hae 11, phenol chloroform extracted, cthanol pre-
cipitated. and resuspended in 100 pl of Tris-IEDTA. Finally, the DNA was
dialyzed against water (12,000- 1o 14.000-Da exclusion fimit) for 2 h.

Mecthylated bases were detected by multiple rounds of primer extension with
Taq polvmerase. A 0.5-pg amount of DNA from cells with 2um plasmids or 10
g trom cells with single-copy reporters, | pmol of end-labeled primer, | U of
Tag polymerase, 200 uM cach deovynucleoside triphosphate, and 1X Tag buller
(40 mM NaCl, 10 mM Tris [pH 89]. 5 mM MgCls, 0.01% gelatin [30]) were
combined in i total volume of 50 wl. Mineral oil was layered over the samples.
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FIG. 1. a2 represses test constructs sctivated by Gald. The test constructs are diagrammed at the top of the figure. Each construct consists of a single Gald-binding
site and a single a-speaific gene (asg) operator upstream of a CYC/ lucZ promoter fusion. The distances in base pairs between the promoter clements are indicated.
At the bottom of the figure are the results of B-galactosidase activity assays performed with four dulferent strains, Values are the averages of assays performed in

duplwate on three independent transformants

which were then subpected to 10 1o 20 rounds of thermal cycles (1 min at 94°C,
2 oun at 35 10 63°C, and | min at 72°C). The muncral oil was extracted with
chloroform, and the samples were ethanol preapitated. The pellets were washed
with 70 cthanol. dricd bricfly. and resuspended in 4 pl of tormamide loading
buffer. The primer extension products were then electrophoresed through a 6%
polvacrylamide sequencing gel The gels were dried and exposed to Kodak
NAR-S film for 12 to 24 h. Note that many methylated guanines appear as
doublets by Tag polymerase primer extension because of the vanable addiion of
an cxtra nucleotide. This does not affect the interpretation of these results.

Plasmid DNA wis methylated in vitro as described by Maxam and Gilbert
(28), and 10 ng was used tor primer extension as deseribed above. Neither the
methylated plasmid DNA nor the genomic DNA was treated with piperidine,
since this step is unnceessary (4).

Fhe primers used in this study were as lollows. For plasmid pASG,,,. the
bottom-strand primer (8-ATCCACGCTATATACACGCCTGGC-3') anncals
to top-strand sequences in the CYC/ promoter from positions =236 10 =212 with
respect to the tirst codon. The pGAL,,, primer (3-CTAAAGTTGCCTGGCCA
TCCACGC-3") anncals o the top strand ot the CYC/ promoter from positions
=220 10 =196 with respect 1o the first codon. The primers used tor the coding
and noncoding strands of plasnnd pGAL,,, were 3-AACTGTATTATAAGTAA
ATGCATG-3 and S'-TGCCATATGATCATGTGTCGTCGC-3', respectively.
For the ntegrating constructs, primers were designed that hybridized o se-
quences i both the CYCT promoter (pASG,,,) and the URA3 gene (pGAL,,,).
as well as in the STE6 operator, in order to avoid background from the native
veast gences. For pASG,,,,. the pnimer used was 5-CGGATCTGCTCGACGA
GCGTGTAA-3'. The primer used tor pASG,,, vielded the same results. For
PGAL,,,. the primer used was S-TCAGTTATTACCCTCGACCTCGTCG-Y'.

Isalation and analysis of chromatin. Chromatin was isolated from tour strains
(MA T, mard, MA T gal4:LEU2, and maiA gal4::1.EU2) contamming promoter
constructs pGAL,,,, pGAL,,, 01 pASG .. according to the Nomdet P-40-per-
meabilized spheroplast methad (22). Brielly, the cells were grown in the medium
used tor the B-galactosidase assays 1o an optical density () of 0.8, washed
with 1 M sorbitol, and digested with 0.5 mg of Zymolyase T100 (ICN) per ml.
Nuclei were washed and resuspended in bufler containing | M sorbitol, 30 mM
NaCL 10 mM Tris-HCH (pH 7.4), S mM MgCl,, | mM CaCly, | mM B-mercap-
tocthanol, and 0,075 Nonidet P-40. The nucler were digested tor S nmnat 37°C
with micrococcal nuclease (MNase) (Worthington Biochemical Corp ) concen-
trations ranging from 0 to 25 U/ml. DNA was purificd by phenol extraction after
digestion with proteinase K and RNase A, Naked DNA was prepared in this
manner betore MNase digestion with 7.5, 15, or 30 U/ml tor | min w 37°C.
Indhrect end label analysis was used 1o determine the positons of nuclease-
sensitive regions according o the method described by Thoma ct al. (40). Chro-
matin and naked DNA were cut with a vaniety of restriction enzymes that cut
cither i the faeZ gene orin the URA3 gene. The enzymes used that cut in /acZ
(with the distance from the start of the a-speafic gene operator in pGAL
constructs or from the start of the Gald-binding site in pASG constructs indi-
cated in parentheses) were Hpal (853 bp). Ddel (534 bp). and Fipl (451 bp). The
cnzymes used that cut in URAZ were Stul (441 bp) and Ddel (160 bp). Probes
were generated by PCR and varied in length from 50 to 238 bp.

RESULTS

a2 represses Gald-activated promoters. The chromatin re-
organization model for renression nredicts that DNA ncear the
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opcrator should be less accessible to proteins than is naked
DNA. To determine whether an a2-repressed promoter is ac-
cessible to Gald, hybrid promoters containing a single Gal4-
binding sitc and a single a-specific gene operator upstream of
a CYC! B-galactosidase promoter fusion were constructed
(Fig. 1). The Gal4-binding site was placed either upstream
(pASG) or downstream (pGAL) of the a-specific gene opera-
tor with respect to the CYC! promoter. The plasmid names
reflect the DNA element, either the Gal4-binding site or the
a-specific gene operator, that lies adjacent to the CYC! pro-
moter. Promoter constructs either were placed on multicopy
2pm yeast plasmids (pPASG.,, and pGAL,,,) or were integrated
into the chromosome at the URA3 locus (pASG;, and
pGAL,, ). To assess whether these test promoters were acti-
vated by Gal4 and whether activated transcription could be
repressed by a2, the constructs were transformed into the
following four different cell types: cells containing both a2 and
Gald (MATa GAL4), cells containing only Gald (matA GAL4)
or only a2 (MATa gal4::LEU2), and cells lacking both proteins
(matA gal4::LEU?). In the presence of galactose, the promot-
ers are activated 10- to 130-fold by Gal4 (Fig. 1; compare
values from matA GAL4 cells with those from marA
gal4::LEU2 cells). Furthermore, a2 represscs transcription ap-
proximately 800-fold relative to the activated level when the
operator is positioned between the Gal4 site and the CYC/
promoter (pASG,, and pASG;,,) and about 30-fold when the
opcrator is positioned upstream of the Gald-binding site
(pGAL,, and pGAL,,; comparc expression from MATa
GAL4 cclls with that from matA GAL4 cells). These results
indicate that a2 is capable of efficiently repressing activated
transcription from these constructs. The fact that the repres-
sion is greater when the operator is between the Gal4-binding
sitec and the promoter than when the operator is upstream of
the Gal4-binding site is consistent with the behavior of the
operator in other test constructs (19). The expression of the
constructs in matd gal4:LEU2 strains is presumably due to
activation by the MCMI1 protein bound to the a-specific gene
operator (2, 20).

The level of repression of an a-specific gene correlates with
the repression of the hybrid reporters. We wished to know
whether the strong repression (20- to 800-fold) of the test
promolers is comparable to that of a bona fide a-specific gene.
To determine the magnitude of a2 repression of the a-specific
gene STE2. we emploved auantitative RNA PCR analvsis (9).
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FIG. 2. Gald can occupy its site when the test constructs are repressed. Each
pancl shows the primer extensions from in vivo methylated DNA of the indicated
test promoters in four different cell types: MATa, matA, MATa gal4::LEU2, and
matd gal4::LEU2. The Gald-binding site is indicated. The strong bands that
bracket the Gald-binding site are sequence-specific stops for Tag polymerase.
The Gald [ootprint is clearly detected in GAL4 ' strains and is indicated by an
arrow. The constructs are diagrammed over the appropriate panels. (A) Primer
extension of the noncoding strand of promoter construct pASG,,,. Lane I,
extension products from in vitro-methylated plasmid DNA. Coding strand
primer extension yields similar results (not shown). (B) Primer extension of the
coding strand ol promoter construct pASG integrated at URA3. (C) Primer
extension of the coding strand (lanes 1 to 4) and the noncoding strand (lanes 5
to 8) of promoter construct pGAL, ,; (the a2 footprint is indicated by an arrow).
(D) Primer extension of the noncoding strand of promoter construct pGAL
integrated at URA3, asg, a-specific gene.

The results indicate that STE2 transcription is repressed 200-
fold in « cells relative to a cells (which lack «2), a result that is
comparable to that observed in the test promoters, in which the
a2 operator is located between the Gal4-binding site and the
promoter (data not shown). This result indicates that the test
promoters used in this study provide a legitimate model system
in which to analyze a2 repression.

Gald can occupy its site when the test constructs are re-
pressed. In principle, a2 repression of the test promoters could
result either from interference with Gal4 DNA binding or from
interference with a subsequent step in transcription initiation.
In order to determine whether «2 interferes with Gald DNA
binding in vivo, we performed dimethyl sulfate footprinting
experiments on growing yeast cells. When bound to DNA,
Gal4 protects a single guanine on each strand of its binding site
from methylation by dimethyl sulfate (11). This protection can
be seen in Fig. 2A by comparing the results from DNA isolated
from strains that contain Gal4 (lanes 3 and 5) with those that
lack it (lanes 2 and 4). In the case of constructs pASG,, and
pGAL,,,, a Gal4 footprint can be detected both in the activated
state (marA GAL4 cells) and in the repressed state (MAT«
GAL4 cells) (compare lanes 3 and 5 in Fig. 2A and lanes 1 and
3 in Fig. 2D). For construct pGAL,,,, a clear Gal4 footprint is
visible when the construct is active, and a weaker footprint is
visible under repressed conditions (Fig. 2C; compare lanes 5
and 6). In the case of construct pASG,,,, a Gal4 footprint is
seen in matA cells but cannot be detected in « cells (Fig. 2B;
compare lanes 1 and 3). In three of four of the test promoters
(including the most strongly repressed), Gal4 occupies its bind-
ing site under conditions in which transcription is tightly re-
pressed (MATa GAL4 cells). These results indicate that a2
must repress transcription by some means other than prevent-
ing the DNA binding of activator proteins. We do not know the
reason why Gal4 fails to occupy one of the repressed tem-
plates; however, the results obtained with the other three tem-
plates prove that repression can occur even though Gal4 is
bound. We also note that the a2 footprint can be seen in these
experiments (Fig. 2C, lanes 1, 3, 5, and 7, as indicated).

Nucleosomes are not positioned over test promoters. It has
been observed that a2 bound to DNA positions nucleosomes
adjacent to it, and it has been proposed that this positioning
can contribute to transcriptional repression. In contrast to the
behavior of a2, DNA-bound Gal4 is able to disrupt binding of
the core histone particle both in vitro and in vivo (29, 46). To
assess the role of nucleosome positioning in transcriptional
repression of the test constructs used in this study, we mapped
the distribution of nucleosomes over these constructs in both
active and repressed states. Chromatin was isolated and di-
gested with MNase, and the relevant regions of the DNA were
displayed by indirect end labeling (40). Digestion patterns
across the test promoter pGAL,, resembled those of the na-
ked DNA controls (Fig. 3), indicating a lack of positioned
nucleosomes even when Gal4 is absent (MATa gal4::LEU2).
Moreover, the digestion patterns across test construct pGAL,,,
were not observably different in the presence or absence of a2,
even though a2 had a dramatic effect on the expression of this
construct. In the same chromatin preparations, positioned nu-
cleosomes were seen across the URA3 gene (in accordance
with reference 3), which is located immediately upstream of
the test promoter (Fig. 3; note the patterns of enhanced and
protected bands in the chromatin preparations which are in-
dicative of positioned nucleosomes [lanes 1 to 4] compared
with naked DNA [lane 5]). This last observation indicates that
the experiments shown in Fig. 3 are of sufficient resolution to
detect positioned nucleosomes. Moreover, we detected posi-
tioned nucleosomes across the promoter of the a-specific gene
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FIG. 3. MNase mapping of the pGAL,,, promoter region. The indirect-end-
labehing method was used to display the results of MNase digestion of chromatin
isolated from four strains. Chromatin and naked DNA were cut with Hpal atter
digestion with MNase. /pal cuts in the lacZ gene, 853 bp downstream of the
beginning of the a-specific gene (asg) operator. The labeled primer used for
indirect end labeling 1s 238 bp long, extending (rom the Hpal site in lacZ toward
the a-speaitic gene operator. Lanes | to 4, chromaun isolated from the MATa
stram and digested with decreasing amounts of MNase (6, 3, 1.5, and 0.75 U/ml),
lancs 6 10 9, chromaun isolated from the matd strain and digested with the same
but increasing amounts of MNase; lanes 10 to 12, chromatin isolated from the
MATagal$:LEU2 stram and digested with decreasmg amounts of MNase (6, 1.5,
and 0.75 U/ml); lanes 14 1o 16, chromatin isolated from the matA gal4:LEEU2
strain and digested with increasing amounts of MNase (0.75, 1.5, and 3 U/ml). N,
naked DNA digested with 15 U of MNasc (lane 5) or 30 U of MNase (lane 13)
per ml. Size markers in base pairs are indicated on the left, along with a diagram
indicating the positions of the a-specific gene operator and the Gald-binding site,
as well as the lacZ and URAJ genes.

STE2 (in accordance with the results described by Ganter et al.
[8]), again suggesting that the failure to observe positioned
nucleosomes across the artificial promoters is not due to a
problem in detecting nucleosomes (data not shown). We re-
peated nucleosome mapping with the additional promoters
(pGAL,,, and pASG,,,) and, in agreement with the results of
Fig. 3, observed no evidence of positioned nucleosomes over
any of the hybrid promoters in any of the four strains used in
this work (data not shown).

DISCUSSION

This study demonstrates that a2 can efficiently repress tran-
scription of a simple, artificial test promoter while still allowing
access of the activator protein GAL4 to its binding site on the
DNA. Thus, the a2 repressor must block transcription at a stcp
subscquent to activator binding. On the surface, the presence
of GAL4 on the DNA of the repressed promoters seems at
odds with the proposal that a2 represses transcription by po-
sitioning nucleosomes around its binding site. On the basis of
experiments performed in vivo and in vitro (29, 46), DNA-
bound GAL4 appears to disrupt nucleosomes. One might have
predicted that GAL4 would prevent the nucleosome position-
ing on the constructs described in this article. This idea was
tested experimentally, and the results indicate a lack of specif-
ically positioned nucleosomes regardless of whether GAL4 is
present on the DNA.

The failure to detect positioned nucleosomes in the absence

of Gal4 was initially surprising in light of the strong nucleo-
some positioning produced by a2 on native a-specific genes.
However, the test promoter differs from those of a-specific
genes in several ways. The TATA boxes and the transcription
start site of the hybrid promoters are derived from the CYC!
promoter. One feature of the CYC! promoter that might ex-
plain the absence of positioned nucleosomes is the constitutive
binding of TBP to the TATA box of this promoter as proposed
by Chen et al. (6). These investigators found that a derivative
of the CYC! lacZ promoter lacking upstream repressor or
activator sites was free of positioned nucleosomes. Further-
more, in vivo footprinting indicated that TBP was bound to the
TATA elements of this silent CYC! lacZ promoter (also see
reference 5). Our results could be explained by the model that
TBP is bound to the TATA elements and prevents the CYC!
promoter from being packaged in nucleosomes. With respect
to TBP binding, the CYC! promoter may differ from other
yeast promoters, including those of some a-specific genes. De-
spite this fact, the CYC!I promoters used in this study were very
strongly activated by Gal4 and were strongly repressed by a2,
suggesting that the differences in initial TBP binding among
promoters is relatively unimportant for regulation by these
proteins. Finally, if TBP bound to the CYCI TATA elements
does prevent nucleosomes from forming over this promoter,
one might have predicted that a repressor that acts solely by
nucleosome positioning would be unable to repress the CYC/
promoter. As shown here and elsewhere (19, 21), a2 can tightly
repress this promoter and the level of repression can be even
higher than that of a bona fide a-specific gene.

If «2 does not repress transcription by controlling access of
activator proteins to DNA, how does it work? Since a2 can
repress basal transcription in vitro (13), it has been proposed
that the a2 repression complex may act directly on the basal
transcription machinery, interfering with a step in transcription
initiation. In further support of this model is the discovery that
components of the RNA polymerase Il holoenzyme are re-
quired for cfficient a2 repression (25, 27, 43). Direct interfer-
ence with the basal transcription machinery seems an apt
mechanism for a repressor such as a2 that must efficiently
repress a large number of genes that utilize a variety of acti-
vator proteins.
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