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Altered DNA Recognition and Bending by
Insertions in the 2 Tail of the Yeast a1/a2
Homeodomain Heterodimer

Yisheng Jin, Janet Mead, Thomas Li, Cynthia Wolberger,
Andrew K. Vershon*

The yeast MAT«2 and MATa1 homeodomain proteins bind cooperatively as a heterodimer
to sites upstream of haploid-specific genes, repressing their transcription. In the crystal
structure of «2 and a1 bound to DNA, each homeodomain makes independent base-
specific contacts with the DNA and the two proteins contact each other through an
extended tail region of a2 that tethers the two homeodomains to one another. Because
this extended region may be flexible, the ability of the heterodimer to discriminate among
DNA sites with altered spacing between a2 and a1 binding sites was examined. Spacing
between the half sites was critical for specific DNA binding and transcriptional repression
by the complex. However, amino acid insertions in the tail region of a2 suppressed the
effect of altering an a1/a2 site by increasing the spacing between the half sites. Insertions
in the tail also decreased DNA bending by a1/a2. Thus tethering the two homeodomains
contributes to DNA bending by a1/a2, but the precise nature of the resulting bend is not

essential for repression.

Homeodomain proteins are found in a wide
range of eukaryotic organisms and form a
large family of transcription factors that
function in many different cellular pro-
cesses (I). Although many homeodomain
proteins bind DNA with relatively low se-
quence specificity in vitro, they often confer
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very specific regulatory activities in vivo (2).
One mechanism that homeodomain pro-
teins use to achieve their biological specific-
ity is through interactions with additional
protein factors (3). Such protein-protein in-
teractions increase DNA binding affinity
and specificity to the target sites. For exam-
ple, in the yeast Saccharomyces cerevisiae, the
a2 homeodomain protein interacts with two
other proteins to regulate cell-type specific
gene expression (4). In haploid a cells, the
a2 protein acts in combination with
MCMI, a MADS box protein, to bind DNA
as a heterotetramer to repress a-specific
genes (asg) (5). In aja diploid cells, the a2
protein also interacts with al, another ho-
meodomain protein, to bind DNA as a het-
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erodimer and repress haploid-specific genes
(hsg) (6). Therefore, MCM1 and al contrib-
ute to the target site selection of a2.

In asg repression, the MCMI1 protein
contributes to the sequence specific binding
of a2 in two different ways. First, the coop-
erative interactions between the two pro-
teins increases the apparent DNA binding
affinity of the complex (5, 7). Second, in-
teractions with MCM1 dictate the spacing
and orientation of the a2 binding sites,
which increases the DNA binding specific-
ity of the complex (8).

In hsg repression, the al protein appears
to play a similar role in helping @2 bind
selectively to the al/a2 target sites. It has
been shown that protein-protein interac-
tions between a2 and al contribute to the
DNA binding affinity (9). However, we
wondered whether these protein-protein in-
teractions also dictate the spacing and ori-
entation of the homeodomain DNA bind-
ing sites and therefore contribute to the
DNA binding specificity of the complex.
The crystal structure of the al/a2/DNA
ternary complex shows that although there
are no direct contacts between the a2 and
al homeodomains, the two proteins inter-
act through a region immediately following
the a2 homeodomain that forms a short a
helix and makes a set of mainly hydropho-
bic contacts with al (10). This helix is
tethered to the end of the third helix in the
a2 homeodomain by an extended linker
region (residues 59 to 63 in the crystal
structure, residues 189 to 193 of the intact
protein) which does not appear to be mak-
ing contacts with either protein or DNA.
Because both NMR and x-ray studies sug-
gest that the linker is extended, it is possible
that the linker is somewhat flexible (10,
11). The al protein may therefore not de-
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termine the spacing between the DNA
binding sites in the same manner as MCM1.
We wanted to test whether the protein-
protein interactions between al and a2 are
rigidly fixed and whether this interaction
determines the spacing of the homeodo-
main binding sites.

In order to test repression by al/a2 sites
with altered spacing, oligonucleotides with
a consensus hsg site, similar to the one used
in the crystallographic study, as well as sites
with a one base insertion or deletion in the
center of the site, were cloned between the
UAS and TATA sequences of a CYCI-lacZ
fusion promoter. These constructs were co-
transformed into yeast with wild-type a2
and assayed for lacZ expression by determin-
ing B-galactosidase activity (Fig. 1A) (12).
The first column in Fig. 1 shows the repres-
sion data for wild-type a2 protein with the
wild-type hsg consensus site and with hsg
sites having altered spacing between the
half sites. An insertion or deletion of a
single base pair between the two half sites,
at a position that is not contacted by either
protein, causes a large reduction in repres-
sion. In order to correlate repression in vivo
with DNA binding in vitro, we assayed the
binding affinities with purified al and a2
proteins in electrophoretic mobility shift
assays (13). The binding affinity of the
wild-type protein to the altered DNA site
with a 1-base pair (bp) insertion is at least
100-fold weaker than to the wild-type site
(Fig. 1, B and C). Deletion of base pair 11
in the operator resulted in a similar loss of
DNA binding activity (14). This result
shows that al/a2 repression and DNA
binding is dependent on the spacing of the
two half sites and that the relative position
of the sites is rigidly fixed. The failure of
al/a2 sites with altered spacing to repress
transcription suggests a reason why all
known wild-type operators have 6-bp spac-
ing between the a2 and al half sites. In
contrast, the natural a2/MCMI1 binding
sites have either a 4- or 5-bp spacing be-
tween the a2 and MCM1 half sites, suggest-
ing that the spacing requirements between
these proteins is more flexible than for al
and a2.

Because the linker region between the
a2 homeodomain and the helix that con-
tacts al is extended, we reasoned that in-
sertion of residues within this linker might
be able to suppress the decrease in DNA
binding that occurs when the al and a2
sites are moved apart. On the basis of the
crystal structure of the al/a2-DNA com-
plex (10), we inserted either one, two, or
three glycines between residues 59 and 60
of the linker region and tested how these
insertions affect repression from wild-type
and altered spacing sites. All of these inser-
tions in the a2 tail were able to repress
transcription from a wild-type site at ap-

proximately wild-type levels (Fig. 1A). The
affinity of these mutant proteins for the
wild-type DNA site is also within threefold
of wild-type binding affinity (Fig. 1B).
These results show that the position of the
short helix in the a2 tail in relation to the
a2 homeodomain is not critical for protein-
protein interactions, cooperative DNA
binding, and repression. It also suggests that
the extended region is somewhat flexible,
because it can adopt an altered conforma-
tion that accommodates the inserted gly-
cine residues, while maintaining proper
spacing between the al and a2 homeodo-
mains binding to the wild-type consensus
hsg site.

We next tested whether insertions in the
a2 tail would suppress the defects of the hsg
site with a single base insertion (Fig. 1A).
We found that increasing the number of
residues in the extended region results in
greater repression from the hsg site with a
single base insertion. An a2 protein with
three glycines inserted into the extended

Fig. 1. Glycine insertions in the a2 A
tail restore the repression and

region, a2+3Gly, restores repression to
near wild-type levels. This result shows that
insertions in the tail can at least partially
suppress the effect of altering the spacing of
an hsq site. These in vivo results predict
that a2 proteins with insertions in the tail
should bind to the altered site with higher
affinity than the wild-type protein. We
found that the a2+3Gly mutant bound to
the hsg+A site with more than 25-fold
higher affinity than the wild-type protein
(Fig. 1C). Although this level of binding
was still down fivefold from the binding
affinity to the wild-type site, it shows that
increasing the length of the extended re-
gion in the tail can restore binding to the
altered site. These results also demonstrate
that the conserved spacing observed in the
wild-type sites is restricted by the length of
the extended region between the a2 ho-
meodomain and the short helix that con-
tacts al.

Biochemical and structural studies have
shown that the al/a2 complex produces a

g al/o2 site Repression ratio
DNA binding of an hsg operator
with altered spacing. (A) A CYC1-
lacZ promoter reporter vector @0 @ oo (@em D (@ennr
containing a consensus wild-type
(pYJ103) and altered spacing hsg hsg-wT 30 38 23 25
sites (pYJ148, pYJ182) were co-
transformed intc a MATa strain hsg +AfZZ] A sl 2 6 13 18
with plasmids that express either
no a2 (pAV114), wild-type o2 hsg-T11 0.5 ND ND ND
(PIM130), or mutant a2 proteins A%
with either one, two, or three gly- B
cines inserted into the tail a2-WT 02+1Gly 02+2Gly 02+3Gly
(pYJ201, pYJ202, and pYJ203) [t
and assayed for B-galactosidase al

activity (72). Values shown repre-
sent the repression ratio calculat-
ed by comparing the B-galactosi-
dase activity in the presence and
absence of a2. In the absence of
a2, a CYCl-lacZ construct that
contains a wild-type consensus
hsg site (pYJ103) expresses an
average of 335 £ 15 units of
B-galactosidase activity. A strain C
that contains the wild-type a2

12 3 456 7 8 91011121314 151617 18 19 20 21

o2-WT

e

hsg-WT

o2+1Gly o2+2Gly 02+3Gly

[_\\l—‘\\

protein (pJM130) expresses 11 +

1 units of B-galactosidase activity
from the same CYC1-lacZ report-
er plasmid (pYJ103) thereby
showing ~30-fold repression of
the promoter. (B) a2 proteins with
glycine insertions in the tail bind to
the wild-type hsg site with wild- .
type affinity. A labeled fragment
containing the wild-type consen-
sus hsg site was assayed for

22 2324 2526 27 2829 30 31 32 33 34 35 36 37 38 39 40 41 42

hsg+A

binding in the presence of a constant amount of a1 and dilutions of wild-type and mutant a2 proteins ranging
by fivefold from 3 X 10~°M (lanes 2, 7, 12, and 17) to 4.8 X 10~ "2 M (lanes 6, 11, 16, and 21). (C) Insertion
in the «2 tail restores the binding of a2 to an hsg site with altered spacing. A labeled fragment containing the
hsg+A site was assayed for binding in the presence of a constant amount of a1 and dilutions of a2 proteins
ranging by fivefold from 1.5 x 10~° M (lanes 23, 28, 33, and 38) to 2.4 x 10~ '2 M (lanes 27, 32, 37, and 42).
Protein concentrations were normalized by Bradford assay and Coomassie-strained SDS gels.
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smooth bend in the DNA that is localized
in the al half site and the center region
between the al and a2 sites (10, 15). This
bending may be required for the al protein
to make optimal contacts with the DNA. It
may also be the result in part to tethering
the two DNA binding domains together at
a fixed distance such that the only way both
proteins can simultaneously recognize their
sites is to bend the DNA. A natural ques-
tion that arises from our experiments is
whether insertions in the tail reduce the
DNA bending by al/a2. In performing gel
shift experiments of the a2 glycine inser-
tion mutants on the wild-type hsg site, we
noticed that the al/a2 mutant complexes
migrated slightly faster than the complex of
the wild-type protein (Fig. 1B). This faster
mobility could be the result of a decrease in
DNA bending by the al/a2 mutant com-
plex. In order to test this model, we assayed
the ability of these proteins to bend a wild-
type hsg site in circular permutation exper-
iments (Fig. 2) (16). As was observed in
previous experiments (15), the wild-type a2
protein produces a bend of 100° when it
binds with al to the al/a2 site. The single
glycine insertion a2 mutant reduces the
bend by 13°, and the triple glycine insertion
reduces the bend angle by 25°. These results
demonstrate that a large component of the
DNA bending by al/a2 is the result of
tethering the two homeodomains and that
increasing the tether length reduces the
bending. The al/a2+3Gly complex still
produces a bend in the DNA. This DNA
bending may be required for al to make
optimal contacts with its DNA site (10), or
there still may be some distance constraints
in tethering the two proteins together. It
might be expected that the insertion mu-
tants would bind with higher affinity since
they do not require the same energy to bend
the DNA as much as wild-type protein.
However, we observe that the insertions
and wild-type protein have the same appar-
ent affinity for the wild-type DNA site. It is
possible that the energy gained in reduced
DNA bending by the mutant proteins may
be lost through sub-optimal protein-protein
or protein-DNA contacts. We conclude
however, that since the a2+3Gly mutant
binds the hsg site with wild-type affinity and
represses transcription at nearly wild-type
levels, the DNA bending that results from
tethering the two proteins together is not
absolutely required for DNA binding or re-
pression by the al/a2 complex. These re-
sults show that a portion of the bend is
produced by protein-protein as well as pro-
tein-DNA contacts and that in the case of
al/a2, the two contributions can be partial-
ly separated. ,
Our results show that spacing between
DNA binding domains contributes to the
specificity of a complex of transcriptional

202

A
Bam HI Bam HI
1
Nhe | Nhe |
L — ]

Hind 1l H]indll!
Eco RI Eco RI
% I
B o2-WT o2 + Gly a2 + (Gly),

al

123 4567 8 910111213141516

Bending 100° 87° 75°
angles:

Fig. 2. Insertions in the a2 tail reduce the DNA
bending caused by a1/a2 DNA binding. (A) A dia-
gram indicates the position of the a1/a2 site in the
430-bp fragments used as probes in the position
permutation assay (77). (B) The electrophoretic
mobility shift assay shows the DNA bending by a1
and wild-type a2 (lanes 5 to 8), a2 with one glycine
insertion in the tail (lanes 9 to 12), a2 with three
glycine insertions in the tail (lanes 13 to 16). Free
probes are shown in lanes 1 to 4 and indicate there
is no intrinsic bending of the site in the absence of
protein. Lanes 1, 5, 9, and 13 contain the Bam Hl
fragment. Lanes 2, 6, 10, and 14 contain the Nhe |
fragment. Lanes 3, 7, 11, and 15 contain the Hind
Il fragment. Lanes 4, 8, 12, and 16 contain the Eco
Rl fragment; a2 proteins were added to a final con-
centration of 6 X 10~"" M.

regulatory proteins. Specific spacing and
orientation of the DNA binding sites is also
required for cooperative interactions be-
tween a2 and MCM1, as well as in other
regulatory systems (8, 18). Spacing and ori-
entation of the sites within a complex of
DNA binding proteins may therefore be a
general component of target site selection.

Altering the spacing between the DNA
binding domain and the protein-protein in-
teraction domain allows the al/a2 complex
to recognize different target sites. It is pos-
sible that differences in sequence specificity
may occur naturally, through altering the
spacing between the DNA binding domains
of proteins in a complex. It is interesting to
note that the Drosophila homeodomain pro-
tein UBX, which interacts cooperatively
with the EXD homeodomain protein, has
several naturally occuring isoforms that
have different spacing between the DNA
binding domain and the YPWM protein-
protein interaction motif (19). It is possible
that in combination with EXD, these UBX
isoforms may bind different target sites as a
result of different spacing between the ho-
meodomains. As other DNA binding cofac-
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tors are identified, it may become more
apparent whether differences in spacing be-
tween DNA binding domains in a complex
is a general mechanism used to alter target
site selection.
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Titins: Giant Proteins in Charge of
Muscle Ultrastructure and Elasticity

Siegfried Labeit and Bernhard Kolmerer

In addition to thick and thin filaments, vertebrate striated muscle contains a third filament
system formed by the giant protein titin. Single titin molecules extend from Z discs to M
lines and are longer than 1 micrometer. The titin filament contributes to muscle assembly
and resting tension, but more details are not known because of the large size of the
protein. The complete complementary DNA sequence of human cardiac titin was deter-
mined. The 82-kilobase complementary DNA predicts a 3-megadalton protein composed
of 244 copies of immunoglobulin and fibronectin type Il (FN3) domains. The architecture
of sequences in the A band region of titin suggests why thick filament structure is
conserved among vertebrates. In the | band region, comparison of titin sequences from
muscles of different passive tension identifies two elements that correlate with tissue
stiffness. This suggests that titin may act as two springs in series. The differential ex-
pression of the springs provides a molecular explanation for the diversity of sarcomere

length and resting tension in vertebrate striated muscles.

During the past decade, additional fila-
ment systems formed by two giant proteins,
titin and nebulin, had to be incorporated
into the established view of vertebrate stri-
ated muscle as a two-filament sliding system
[for reviews see (1)]. Progress on the molec-
ular characterization of the titin and nebu-
lin filaments initially was limited to histo-
chemical approaches and electron micros-
copy because of the unusual sizes of these
molecules, with molecular weights in the
megadalton range. Native molecules of titin
(2), also referred to as connectin (3), are
filaments >1 pwm long (4) that in situ ex-
tend from Z discs to M lines (5) (Fig. 1).
The portion of titin that spans the A band
(the region within the thick filament, re-
ferred to here as A band titin) is composed
of regular arrangements of domains (5) that
bind to other proteins of the thick filament
(6, 7). This suggests that titin is involved in
the regulation of the A band ultrastructure.
In the I band (the region of titin that spans
the thin filament), titin filaments are ex-
tensible, as revealed by immunoelectron
microscopy (5, 8). This is likely to account
for the intrinsic elasticity of vertebrate stri-
ated muscle myofibrils (9), because degra-
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dation of titin by radiation or proteases or
its removal by extraction results in a loss of
passive tension (10). The critical role of the
titin filament for muscle structure and func-
tion cannot be unraveled without knowl-
edge of its primary structure. Here, we de-
termined the complete complementary
DNA (cDNA) sequence of human titin.
We suggest that titin specifies a sarcomeric
building plan, into which tissue-specific
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features such as different passive tensions
are provided by differential splicing.

We have previously isolated five partial
titin cDNA clones from a human heart
cDNA library (6). The partial titin cDNAs
have been extended systematically into
both the 5’ and the 3’ direction by an-
chored polymerase chain reaction (PCR)
techniques. A total of 49 extensions were
found to link the partial cDNAs into one
82-kb sequence contig. This contig repre-
sents the full-length coding sequence of
titin expressed in the human heart, as indi-
cated by the presence of untranslated re-
gions at the 5" and 3’ ends. The 81-kb open
reading frame predicts a 26,926-residue pro-
tein with a molecular mass of 2993 kD.
Ninety percent of the mass is contained in
a repetitive structure composed of 244 cop-
ies of 100-residue repeats (Fig. 2). These
repeats encode 112 immunoglobulin (Ig)-
like and 132 FN3-like domains. The pool of
54 partial cardiac titin cDNAs identified 60
\ phage clones in a human genomic DNA
library to which the partial cDNAs were
assigned in a co-linear order. A subset of 16
phage clones was sufficient to span the 54
cardiac titin cDNAs and covered a contig-
uous span of 300 kb of genomic DNA. This
argues against the presence of cloning arti-
facts and also suggests that the portion of
the titin gene harboring the coding se-

Z disc | band A band M line
209 kD 674 to 1400 kD 1900 kD 210 kD
-—> - > < »
N2line PEVK D zone C zone P zone
titin -

titin

CT12 epitope

MIR epitope

Titin T
kinase

Fig. 1. Model for titin in the sarcomere. The titin filament is shown in black, the thin filament (actin) in
yellow, and the thick filament (myosin) in red. The epitopes of the titin antibodies T12 and antibodies to the
MIR have been mapped in the sarcomere by immunoelectron microscopy (5, 26); the positions of their
epitopes in the titin sequence are known (27). Antibodies to the titin kinase domain react with the
periphery of the M line (12). Therefore, it can be estimated which sections of the titin sequence are in the
Z disc, | band, A band, and the M line. For the | band, the range of variation as predicted by the observed
splice variants is indicated. The presumed extensible element of the | band, the PEVK element, is located
between the N2 line titin and the second tandem Ig block (zig-zag pattern). Within the thick filament in the
central C zone (green stripes), titin binds to both the C protein and myosin (7, 8) and is likely to specify the
presence of 11 copies of the 430 A thick filament repeat in vertebrate striated muscles. Phosphorylation
of tandemly arranged Ser-Pro repeats in the Z disc and the M line titin (red P) may control integration of
the titin filament into Z discs and M lines during myogenesis (73).
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