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DNA Binding Properties of Two Arabidopsis MADS Domain
Proteins: Binding Consensus and Dimer Formation
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MADS domain proteins are members of a hi'g"hly conserved family found in all eukaryotes. Genetic studies clearly indicate
that many plant MADS domain proteins have different regulatory functions in flower development, yet they share a highly
conserved DNA binding domain and can bind to very similar sequences. How, then, can these MADS box genes confer
their specific functions? Here, we describe results from DNA binding studies of AGL1 and AGL2 (for AGAMOUS-like),
two Arabidopsis MADS domain proteins that are preferentially expressed in flowers. We demonstrate that both proteins
are sequence-specific DNA binding proteins and show that each binding consensus has distinct features, suggesting
a mechanism for specificity. In addition, we show that the proteins with more similar amino acid sequences have more
similar binding sequences. We also found that AGL2 binds to DNA in vitro as a dimer and determined the region of AGL2
that is sufficient for DNA binding and dimerization. Finally, we show that several plant MADS domain proteins can bind
to DNA either as homodimers or as heterodimers, suggesting that the number of different regulators could be much

greater than the number of MADS box genes.

INTRODUCTION

Transcriptional regulation is a universal ‘mechanism that
controls development and differentiation. In animals, many de-
velopmental regulatory genes have been found to encode
well-known transcription factors, such as homeodomain pro-
teins, basic leucine zipper proteins, and helix-loop-helix
proteins (for review, see Gehring, 1987; Biggins and Tjian, 1989;
Scott et al., 1989; Struhl, 1989). The MADS box gene family
is also a widely conserved group of genes that includes genes
encoding transcription factors from humans (serum response
factor [SRF]) and yeast (MCM1) (Norman et al., 1988; Passmore
et al., 1988) and the floral homeotic genes AGAMOUS (AG)
from Arabidopsis and DEFICIENS (DEF) from Antirrhinum
(Sommer et al., 1990; Yanofsky et al., 1990). Hence, the con-
served region was named MADS box, for MCM1, AG, DEF,
and SRF (Schwarz-Sommer et al., 1990). In recent years, many
MADS box genes have been isolated from a variety of plants,
including both dicots and monocots (Ma, 1994; Yanofsky, 1995).

Many of the plant MADS box genes are expressed in the
flower, and several have been shown to be important regula-
tors of flower development by genetic and molecular studies
(Ma, 1994). In Arabidopsis and Antirrhinum, genetic analysis
has revealed that different MADS box genes have distinct roles,
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from controlling meristem transition to specifying various flo-
ral organ identities (Bowman et al., 1989; Irish and Sussex,
1990; Sommer et al., 1990; Yanofsky et al., 1990; Huijser et
al., 1992; Jack et al., 1992; Mandel et al., 1992; Trébner et al.,
1992; Bradley et al., 1993; Goto and Meyerowitz, 1994). Many
additional MADS box genes are expressed in the flower with
distinct patterns and may play different roles in regulating flower
development (Ma et al., 1991; Yanofsky, 1995). How do these
genes carry out their distinct functions? It has been shown
that AG and DEF/GLOBOSA (GLO) bind to DNA in vitro (Mueller
and Nordheim, 1991; Schwarz-Sommer et al., 1992; Trébner
et al., 1992; Huang et al., 1993; Shiraishi et al., 1993), sug-
gesting that they are indeed transcription factors; therefore,
one obvious answer is that different MADS domain factors regu-
late different sets of target genes. The question then becomes
how each MADS domain protein recognizes its own set of tar-
get genes. DNA binding is essential for sequence-specific
transcription factors to function; the transcription factors SRF
and MCM1 are known to bind to sequences with a consensus
called the CArG box (CC[A/T]sGG) (Pollock and Treisman,
1990; Wynne and Treisman, 1992), and AG can also bind to
similar sequences (Huang et al., 1993; Shiraishi et al., 1993).
Do other plant MADS domain proteins also bind to sequences
with a CArG box? To address this question, we characterized
the DNA binding properties of two Arabidopsis MADS domain
proteins: AGL1 and AGL2 (for AG-like).

AG, AGL1, and AGL2 are all preferentially expressed in the
flower, but they have quite different expression patterns within
the flower (Yanofsky et al., 1990; Bowman et al., 1991; Drews
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etal., 1991; Ma et al., 1991; Flanagan and Ma, 1994). The wild-
type Arabidopsis flower has four types of organs arranged in
concentric rings or whorls—sepals, petals, stamens, and
carpels—and its development has been divided into 12 stages
up to anthesis (Smyth et al., 1990). Among these three genes,
AGL2 expression appears first, at stage 2 throughout the spher-
ical floral meristem; it continues in all four types of floral organ
primordia and diminishes as organs mature. AG expression
begins slightly later than AGL2 in the central region of the flo-
ral meristem at stage 3, when sepal primordia appear; AG
expression continues in the reproductive organ primordia and
later becomes localized in specific cells. AGLT expression
comes on last, beginning at approximately stage 8, and is con-
fined to the carpel wall and to developing ovules. The degrees
of amino acid sequence similarity are also different among
AG, AGL1, and AGL2. AGL1 is very similar to AG, with 95 and
52% identity within and outside the MADS domain, respec-
tively. Although AGL1 and AGL2 are 82% identical in the MADS
domain, they have only ~19% identity outside the MADS do-
main (Ma et al., 1991). Therefore, both expression patterns and
amino acid sequences suggest that AGL1 and AGL2 are likely
to have different regulatory functions.

Here, we describe results from in vitro DNA binding studies
of AGL1 and AGL2. We found that they both bind to DNA in
a sequence-dependent fashion, and we determined their bind-
ing consensus sequences. We note that the similarity between
the binding consensus of the plant MADS domain proteins
correlates with the amino acid sequence similarity of the DNA
binding domains. We also found that MADS domain proteins
have different affinities for different sequences. In addition,
we demonstrate that AGL2 binds to DNA as a dimer, and we
describe the regions involved in DNA binding and subunit in-
teraction. Finally, we show that several plant MADS domain
proteins can bind to DNA as homodimers and heterodimers.
These results suggest mechanisms by which a limited set of
individual MADS domain proteins can specifically regulate a
diverse group of target genes.

RESULTS

AGL1 and AGL2 Bind to Specific Sequences

To understand the AGL1 and AGL2 proteins as transcription
factors, we characterized these proteins in vitro using DNA
binding assays. They were expressed in Escherichia coli cells,
using the T7 expression systems (Studier et al., 1990), and
E. coli cell extracts containing the proteins were used through-
out this study. First, we tested DNA binding with a known
sequence (oligo(A), containing a CArG box, CCATTAATGG)
that was shown to bind AG (Huang et al., 1993). Our results,
as shown in Figure 1, indicate that both AGL1 (Figure 1A) and
AGL2 (Figure 1B) bind to oligo(A) (lane 6) but not to a mutant
oligonucleotide (lane 5; oligo(B), with CArG mutated to GGATG-
CATCC; Huang et al., 1993) and that the binding of the labeled
probe was reduced by excess nonradioactive oligo(A) but not
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Figure 1. AGL1 and AGL2 Bind to a Specific Sequence.

(A) AGL1 gel mobility shift experiment.

(B) AGL2 gel mobility shift experiment.

The following probes were used: A, oligo(A); B, oligo(B). No protein
was added to lanes 1 and 2, and extracts from cells with vector only
(V) were added to lanes 3 and 4. Excess nonradioactive oligo(A) (xA,
lane 7) or oligo(B) (xB, lane 8) was used as the competitor. More than
one band was observed for AGL1- and AGL2-DNA complexes, most
likely due to partial degradation of the proteins because gel shifts with
truncated proteins had only one band (see Figure 6).

by oligo(B). This indicates that AGL1 and AGL2 are both
sequence-specific DNA binding proteins.

To determine the spectrum of AGL1 and AGL2 binding se-
quences, we selected oligonucleotides from a pool of random
sequences. DNA bound to the protein was purified, amplified
by polymerase chain reaction (PCR), and used for the next
round of selection. We found that the sequences capable of
binding to AGL1 or AGL2 were being enriched through suc-
cessive selections (Figures 2A and 2B). After four rounds of
selection and PCR, we cloned the oligonucleotides and ana-
lyzed their sequences. Based on the isolated binding
sequences, we derived the AGL1 and AGL2 binding consensus
sequences (Table 1). These consensus sequences resemble



those of SRF, MCM1, and AG. Nevertheless, the AGL2 bind-
ing sequences show some differences from those of AG and
AGLT; in particular, the CArG box of many AGL2 binding se-
quences allows an A residue instead of a G residue at position
9 and, to a lesser degree, a T instead of a C residue at posi-
tion 2 (Table 1). In addition, AGL2 is much less tolerant of G
or C residues at positions 7 and 8 than are AG and AGL1.

As an additional test for AGL2 binding to the consensus re-
gion of the selected sequences, we performed DNase |
protection assays of four high-affinity oligonucleotides with
AGL2; the results are shown in Figure 3. In each case, AGL2
protects a region of the oligonucleotide that includes both the
consensus region and some flanking sequences. In addition,
hypersensitive sites were detected in the presence of the pro-
tein, suggesting DNA conformational changes due to the
binding of AGL2.

Because the AGL1 binding consensus is quite similar to that
of AG but the AGL2 consensus is slightly different from those
of AG and AGL1, we investigated this difference further by test-
ing AGL2 or AG binding to a number of different sequences.
Figure 4 shows the results from gel mobility shift experiments
with AGL2 (Figure 4A) or AG (Figure 4B). Because the pre-
cise amount of active protein could not be determined, the
amount of protein-DNA complex reflects only the relative af-
finity of a particular sequence for that protein. Two aspects
of relative binding affinity are revealed by these experiments.
First, for the same protein, different sequences may have differ-
ent affinities. Here, we compare sequences in three pairs
(Figure 4C): (1) oligo(A) is compared with oligonucleotide 31,
(2) oligonucleotide 74 with oligonucleotide 115; and (3) oligo-
nucleotide 125 with oligonucleotide 147. Oligo(A) has a standard
CArG box with C and G residues at positions 2 and 9, respec-
tively, but oligonucleotide 31 has a CArG box with T and A
residues at these positions; the oligonucleotide 31 CArG box
fits the AGL2 consensus but not the AG or AGL1 consensus.
Accordingly, we found that AGL2 binds well to both sequences
(Figure 4A), but AG binds well only to oligo(A) (Figure 4B). For
the other two pairs, the CArG boxes are similar between the
two within a pair; the only important difference is a substitu-
tion of a C or G for a T normally found in the internal positions
(7 and 8, respectively). The results show that AGL2 binds much
less well to the sequences with an internal C or G residue than
it does to sequences with an internal T (Figure 4A, lane 4 versus
5, and lane 6 versus 7). On the other hand, AG binds equally
well to both sequences of a pair (Figure 4B, lanes 4 versus
5, and lane 6 versus 7). These results further support the idea
that AGL2 favors A and T residues at the central six positions
of the CArG box and allows CT and AG at the ends. However,
AG binds equally well to sequences with G/C or A/T at positions
7 and 8 and prefers C and G at positions 2 and 9, respectively.
This is consistent with the AG binding sequence consensus.

These results also reveal another aspect of relative affinity.
AGL2 and AG may have different affinities for the same se-
quence relative to the same standard. For example, using
oligo(A) as a reference, oligonucleotide 147 binds more strongly
than oligo(A) to AGL2 but more weakly than oligo(A) to AG.
In addition, oligonucleotide 31 binds to AGL2 nearly as well
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as oligo(A), but it has a much lower affinity for AG than oligo(A).
On the other hand, oligonucleotide 125 binds AGL2 extremely
weakly, yet it binds AG more strongly. The relative affinities
of these sequences suggest that both AG and AGL2 have differ-
ent affinities for different nucleotide sequences and that the
binding selections were able to recover sequences with a wide
range of affinities.

DNA Binding Domain of AGL2

In AGL2, as in most plant MADS domain proteins, sequence
comparisons define four structural domains, as shown in Fig-
ure 5: the MADS domain, which is the most conserved region;
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Figure 2. Selection of AGL1 and AGL2 Binding Sequences.

(A) Binding sequence selection with AGL1.

(B) Binding sequence selection with AGL2.

AGL1 or AGL2 was used in all lanes except for the rightmost lane. This
lane contains the control extract from the vector-only cells (V). The
numbers above the lanes indicate the number of cycles of the AGL1
or AGL2 binding reaction and gel purification that the probes had un-
dergone. For AGL1, the top two bands represent AGL1-DNA complexes;
DNA was purified from the top band. The lower bands (I and Il) proba-
bly represent nonspecific binding because they are also present in
the vector lane. For AGL2, all three bands represent AGL2-DNA com-
plexes, but the top band was not reproducibly observed. Therefore,
the DNA was purified from the middle band.
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Table 1. AGL1 and AGL2 Binding Sequence Consensus?

-4 -3 -2 -1 1 2 3 4 5 6 7 8 9 10 1 12 13 14
AGL1
Consensus
(n = 99)
A 25 19 8 29 0 1 45 47 67 37 2t 23 18 7 42 71 60 21
G 26 13 10 27 0 1 9 9 1 3 13 14 79 89 7 8 11 33
(o} 26 9 1 g 99 97 8 10 2 5 25 10 0 0 6 14 14 3
T 22 58 80 34 0 0 37 33 29 54 40 22 2 3 44 6 14 14
N T T -C C C AT AT At TIA N N G G T/IA A A N
AGL1
Consensus
(n = 65, totally random®)
A 21 12 4 21 0 1 30 31 42 26 14 15 7 4 26 48 39 18
G 15 9 9 22 0 1 7 8 1 2 9 28 56 56 5 4 8 19
(o} 11 6 1 5 65 63 6 4 1 3 14 8 0 0 6 10 9 15
T 18 38 51 17 0 0 22 22 21 34 28 14 2 5 28 3 9 13
N T T -C C C AT AT At TIA N N G G TIA A A N
AGL2
Consensus

(n = 92, all except twin sites)

A 19 21 28 34 0 0 71 34 67 49 58 8 45 0 42 62 49 15
G 29 23 6 14 0 0 4 6 0 0 7 7 47 92 9 2 14 3
(o} 27 12 5 10 92 86 7 2 0 0 7 12 0 0 12 6 15 22
T 17 36 53 29 0 6 10 50 25 43 20 65 0 0 29 22 14 24
N N T/a N C C A TIA At AT Alt T G/A G AT At A N
AGL2
Consensus
(n = 51, totally random®)
A 14 14 1" 19 0 0 39 20 37 25 28 4 26 0 23 40 33 6
G 7 10 6 9 0 0 1 4 0 0 4 3 25 51 3 0 5 17
C 15 6 4 7 51 46 5 2 0 0 4 6 0 0 11 3 5 8
T 15 21 30 16 o} 5 6 25 14 26 15 38 0 0 14 8 8 20
N N T/a N C (o] A TA At T/A AIT T AG G Alt A A N
AG
Consensus®
(n = 66, totally random)
A 21 9 10 29 0 0 31 47 52 25 17 19 7 2 22 45 40 15
G 6 3 1 8 0 (0] 6 o] 1 1 11 20 57 54 5 5 9 16
C 20 3 0 8 66 65 3 2 0 0 15 8 0 0 17 4 6 10
T 19 51 55 21 0 1 26 17 13 40 23 19 2 10 22 12 1 25
N T T AT C Cc AT Alt At TIA N N G G -G A A N
AGL3
Consensus®
(n = 42, totally random)
A 18 8 5 14 2 0 34 18 28 19 28 3 29 0 12 25 23 ]
G 6 8 3 6 0 0 0 3 0 0 1 0 i 40 2 6 7 10
C 1 5 5 9 40 36 1 2 0 0 1 3 0 0 9 2 6 8
T 7 21 29 13 0 6 7 19 14 23 12 36 2 2 19 9 6 15

N T T N C C A TIA AT TA At T Ajg G -G At A N

aThe consensus sequences are derived from selected binding sequences, which will be provided upon request, according to the following
rules based on percentage of occurrence: (1) If A (for example, same for each base) is >50% and none of the others is >20%, then A is used;
(2) if (A + T)is >70% and A is >T is >30%, then A/T is used; (3) if (A + T) is >70% and A is > (2 x T) is >20%, then A/t is used; (4) if C
is <10% and each of the others is >20%, then —C is used; (5) if none is >50%, no two combined are >70%, and each is >10%, then N is
used. When the situation is between two of those described above, then the one closest is used. The CArG boxes contain residues 1 to 10.
b These are the sequences with no overlap between the constant ends of the oligonucleotide and the region from positions —3 to 13.

¢ From Huang et al. (1993).

d From Huang et al. (1995).
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Figure 3. DNase | Protection Footprinting of AGL2.

(A) Footprint with oligo(A).

(B) Footprint with oligonucleotide 31.
(C) Footprint with oligonucleotide 76.
(D) Footprint with oligonucleotide 111.
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Solid bars adjacent to the autoradiographs indicate the protected regions, and arrowheads point to hypersensitive sites. The sequences with
thin lines are the protected sequences, the dashed lines highlight the core region of the consensus, and asterisks are adjacent to the hypersensi-
tive nucleotides. Top, top strand (the sequences used for derivation of consensus); Bottom, bottom strand. Lanes: A+G, chemical sequencing
reaction; N, no protein; AGL2(+), extract from cells carrying the AGL2 construct; AGL2(-), extract from cells carrying the vector.

the K domain, a region of moderately conserved sequence
and structural similarity with keratins; a divergent | domain
between the two conserved domains; and a C-terminal non-
conserved domain. To determine the domains required for
AGL2 DNA binding, we generated several truncated AGL2 pro-
teins: AGL2A158 lacks only the C-terminal nonconserved
domain; AGL2A98 is missing the C-terminal nonconserved
domain and most of the K domain; AGL2A77 has the MADS
domain and a little over half of the | domain; and AGL2A70
has only the MADS domain and less than half of the | domain
(Figure 5). These truncated AGL2 proteins were expressed in
E. coli (data not shown) and tested for DNA binding, using gel
mobility shift assays. We found that all of the truncated AGL2
proteins can bind to DNA (Figure 5 and Figure 6A, lanes 1
to 4), although the smallest one, AGL2A70, binds much more
weakly than expected for the amount of protein added (Figure
6A, lane 1; also, data not shown). When the AGL2A70 protein
was present at a lower level, no band shift was detected (data
not shown). As controls, none of the extracts binds to oligo(B)
(data not shown). The weak binding of AGL2A70 indicates that

the last seven amino acid residues of AGL2A77 are important
for DNA binding albeit not absolutely required.

Our results indicate that the K and C-terminal domains are
not required for DNA binding, and neither is the C-terminal
portion of the | domain. The MADS domain and the first 21
residues of the | domain are sufficient for DNA binding, and
removal of the last seven of these residues considerably
weakens the binding. The AGL2 DNA binding domain of 77
residues is the smallest among the characterized MADS do-
main proteins: SRF has an N-terminal extension, and both SRF
and MCM1 DNA binding domains have longer C-terminal ex-
tensions (Norman et al., 1988; Nurrish and Treisman, 1995).

AGL2 Binds to DNA as a Dimer

It is known that SRF and MCM1 bind to DNA as homodimers
(Norman et al., 1988; Passmore et al., 1989; Mueller and
Nordheim, 1991). To test whether AGL2 also binds DNA as a
dimer, we performed DNA binding experiments with mixtures
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Figure 4. AGL2 Binds Different Sequences with Different Affinities.

(A) DNA binding by AGL2.

(B) DNA binding by AG.

(C) Sequences of the probes used in (A) and (B). The G/C to A/T
changes are boxed.

For controls, oligo(A) and oligo(B) (lanes 1 and 2) were used. The AGL2
oligonucleotide numbers are the clone numbers. The extract from cells
with vector only was used as a negative control, and none of the
oligonucleotides had any shifted bands (data not shown). The oligo-
nucleotides were labeled with a radioactive primer using PCR, so they
have the same specific activity; the same amount of radioactivity was
used in each lane.

of different truncated AGL2 proteins. If each truncated AGL2
protein binds to DNA as a homodimer, then a heterodimer of
the two differently sized truncated proteins will result in a gel
mobility shift intermediate between those of the two truncated
proteins alone. As shown in Figure 6A, for the three pairs of
truncated proteins (AGL2A77/AGL2A98 [lane 6], AGL2A77/
AGL2A158 [lane 8], and AGL2A98/AGL2A158 [lane 9]), there
is an intermediate band in addition to the two bands represent-
ing binding of the individual truncated proteins (compare lane
6 with lanes 2 and 3, lane 8 with lanes 2 and 4, and lane 9
with lanes 3 and 4). This indicates that heterodimers were

formed between any two of AGL2A77, AGL2A98, and
AGL2A158 and that the heterodimers can bind to DNA (Fig-
ure 5). This result and the fact that AGL2A77 can bind to DNA
as a homodimer (lane 2) indicate that AGL2A77 contains suf-
ficient residues to form dimers in vitro. In addition, in the
presence of longer proteins, the shortest one, AGL2A70, binds
to DNA as a heterodimer with AGL2A98 (lane 5) and AGL2A158
(lane 7) much more readily than as a homodimer, even when
AGL2A70 was present at a lower level (data not shown).
These results suggest that the interaction between two
AGL2A70 subunits is weaker than those between AGL2A70
and longer proteins or those between any longer ones; this
weak dimerization resulted in lower amounts of shifted probes
even when AGL2A70 was alone and at a high concentration.
AGL2A70/AGL2A77 heterodimer formation could not be tested
because the mobilities of the dimers were not resolvable in
our gel mobility shift assays. These results indicate that
AGL2A77 contains amino acid residues sufficient for AGL2
dimerization and that AGL2A70 lacks several residues that are
important, but not essential, for the dimerization.

DNA Binding by Heterodimers between MADS Domain
Proteins

Several MADS box genes are known to be expressed in the
flower, and many of these have overlapping expression pat-
terns. For example, at stage 3, AG is expressed at the center
of the floral meristem, and AGL2 is expressed throughout the
same meristem (Yanofsky et al., 1990; Drews et al., 1991;
Flanagan and Ma, 1994); therefore, both AG and AGL2 are
expressed at the center. This coexpression provides an op-
portunity for the formation of heterodimers between different
MADS domain proteins. We sought to test for formation of such
heterodimers in vitro and for DNA binding by the heterodimers.
As shown in Figure 6B, all three AGL2 truncated proteins, when
mixed with a truncated AG protein lacking the C-terminal non-
conserved domain (34M-I-K; see Methods), resulted in a band
(lanes 5 to 7) intermediate between the bands from individual
proteins (compare with lanes 1 to 4). We have also tested het-
erodimer formation of AGL2A77 or AGL2A70 with a truncated
AG protein lacking both the K and C-terminal domains (34M-[;
see Methods) and found that both of the truncated AGL2 pro-
teins can form dimers with the shorter AG protein (data not
shown). These results indicate that AGL2 can form heterodi-
mers with AG in vitro and that AGL2A70 interacts with AG amino
acid residues N-terminal to the AG K domain.

Two other Arabidopsis MADS box genes, AGLT and AGL3,
are also expressed in flowers (Ma et al., 1991; Huang et al.,
1995). AGL1 is expressed during late stages of flower devel-
opment in the carpel wall and ovules. Because AG and AGL2
are both expressed in the ovules late in flower development,
any pair of two proteins from among AG, AGL1, and AGL2 may
be expressed in the same cells. Because AGL2 is expressed
in all floral organs and AGL3 is expressed in flowers, it is likely
that AGL3 expression overlaps with that of AGL2 and possibly



with expression of other MADS box genes. Therefore, we tested
for heterodimer formation and DNA binding, using all possi-
ble pairings between these four proteins. The resuits shown
in Figure 6C indicate that all of the pairs of these four proteins
can bind to DNA as a heterodimer. For example, AGL1 can
bind to DNA as a homodimer (Figure 6C, lane 1) or as a het-
erodimer with AGL2 (lane 2). Therefore, each of AG, AGL1,
AGL2, and AGL3 can bind to DNA as a homodimer or as a
heterodimer with one of the remaining three.

DISCUSSION

AGL1 and AGL2 Have Ditferent DNA Binding
Consensus Sequences

We show here that AGL1 and AGL2 are sequence-specific DNA
binding proteins and that they bind to many related, yet dis-
tinct, sequences. In addition, AGL2 has different affinities for
different binding sequences, as do AG and AGLS3, and the rel-
ative binding affinities for different sequences correlate with
the degree of similarity of the particular sequence to the AGL2
binding consensus. When two AGL2 binding sequences were
compared, the one that deviates from the consensus sequence
binds to AGL2 much less well than the other. There are ex-
ceptions, however, because oligonucleotide 147 has a C residue
at position 8, which does not fit the consensus, yet it binds
to AGL2 better than oligo(A) does. We also noted that AGL2
exhibits preferences for certain nucleotides at positions flanking
the CArG box.

The sequences that we recovered have a range of binding
affinities; thus, they probably represent a broad spectrum of
AGL1 and AGL2 binding sequences. Similar sequences are

Domains MADS I K
1 57 92 158

AGL2 N
AGL2A158

7398
AGL2A98 NN

77
AGL2477
acL2ao Y
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found in upstream regions of cloned Arabidopsis genes (Huang
etal., 1993, 1995); therefore, they could serve as binding sites
in target genes of the MADS domain proteins. Furthermore,
the fact that the binding affinity of a protein for different se-
quences varies in vitrc suggests that such affinity may also
vary in vivo. Because each MADS domain protein may regu-
late a number of target genes, binding affinity provides a
mechanism for differential regulation of individual target genes
by the same protein. This suggests that changes in the level
of a MADS domain protein may affect some of its functions
more than others, as supported by studies with antisense AG
RNA in transgenic plants (Mizukami and Ma, 1995).

Arabidopsis has many MADS domain proteins with differ-
ent functions, and some have overlapping regions of expression
(Drews et al., 1991; Ma et al., 1991; Jack et al., 1992; Mandel
et al., 1992; Flanagan and Ma, 1994; Goto and Meyerowitz,
1994; Kempin et al., 1995; Savidge et al., 1995). Therefore,
a particular MADS domain protein must be able to distinguish
its target genes from those of other MADS domain proteins.
Our results with AG and AGL3 (Huang et al., 1993, 1995) and
with AGL1 and AGL2 indicate that different MADS domain pro-
teins can bind to distinct sequences with different affinities
in vitro. This suggests that distinct binding sequences and
different binding affinities may be important for binding site
selection in vivo, contributing to the functional specificities of
MADS domain proteins.

Correlation between the Amino Acid Sequences and
DNA Binding Consensus Sequences of MADS Domain
Proteins

We noted that among the four proteins AG, AGL1, AGL2, and
AGLS, the proteins that have more similar DNA binding domains

DNA- Heterodimerization
Binding &  h _ with Other
dimerization AGL2 MADS-Domain
248 Proteins
RS55 I NT NT
++4+ +++ NT
+++ +++ +++
+++ +4+ +++
+ +++ +++

Figure 5. DNA Binding and Dimerization Properties of Truncated AGL2 Proteins.

Shown are schematic representations of the AGL2 domains —MADS, | domain (1), K domain (K), and the C-terminal domain (C)—as well as four
truncated AGL2 proteins. The numbers indicate the amino acid number at the boundary of domains. The DNA binding and dimerization properties
of the truncated proteins are indicated to the right. +++ and +, strong and weak bands, respectively, in gel mobility shift experiments; see
Figure 6. NT, not tested.
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(A) Heterodimers between truncated AGL2 proteins. Complexes of the AGL2A70 homodimer with DNA were observed in lanes 5 and 7 after
a longer exposure (not shown). The amount of AGL2A70 used was at least four times as much as the others.

(B) Heterodimers between truncated AGL2 proteins and AG (34M-I-K). The faint bands in lanes 8 to 10 are nonspecific.

(C) Heterodimers among AG (M-1), AGL1 (lacking the C domain), AGL2 (A77), and AGLS3 (full length). The odd-numbered lanes contain individual
proteins (the left one being first in the order given below), and the even-numbered lanes contain both of the proteins: AGL1 + AGL2A77; AGL3 +
AGL2A77; AGL1 + AG (M-1); AG (M-) + AGL3; AGL1 and AGL3. The probes were A, oligo(A), and B, oligo(B); bars indicate that the same probe

was used.

(MADS and | domains) also bind to more similar DNA se-
quences (Figures 7A and 7B). We compared the amino acid
sequences of the DNA binding domains of these four plant
MADS domain proteins in the context of the recent structure
of the SRF-DNA cocrystal (Pellegrini et al., 1995). One way
amino acid differences could contribute to binding sequence
specificity is through the interaction between individual diver-
gent amino acids and specific nucleotide bases. However, two
SRF residues (Arg-143 and Lys-163) important for contacting
the bases of the binding sequence (Pellegrini et al., 1995) are
invariant in the four plant proteins (Figure 7C); therefore, most
of the amino acids divergent between AG/AGL1 and AGL2/
AGLS3 are not responsible for differences in direct recognition
of bases.

Nevertheless, there is one feature in the plant MADS do-
main protein sequences that could contribute to binding
sequence specificity. In mammals, two SRF-related proteins,
RSRFC4 and RSRFR2, have the methionine initiation residue
just upstream of the MADS domain and bind to a CArG box
(CTA[A/T]4TAG; Pollock and Treisman, 1991) that is different
from that of SRF (CC[A/T]¢GG). Pellegrini et al. (1995) pro-
posed that the methionine residue just before the MADS
domain of RSRFR proteins could contribute to binding se-
quence specificity. AG and AGL1, both with an N-terminal
extension before the MADS domain, bind to sequences with
a G residue at position 9 (similar to SRF), whereas the pro-
teins AGL2 and AGLS3, both predicted to begin with the MADS
domain, bind to sequences with either a G or A residue at this



position (similar to RSRF). Therefore, the presence or absence
of a methionine could explain the binding sequence specific-
ity between AGL2/AGL3 and AG/AGLI1.

Because most of the amino acid-base interactions are con-
served in all of the plant MADS domain proteins, other factors

A AGL1 AGL2 AGL3
MADS I MADS 1 MADS I

AG 95 71 82 14 80 14

AGL1 82 11 82 14
AGL2 95 42
B SaM23456780100 0%,
AG (1 = 66) NTTACC%%}&;NNGG tAAN
AGL1 (n=65)  NIT gcc‘T\Q.Au{NNGGTAAN
AGL2 (n=51)  nNLNccajRIArRelaan

AGL3 (n=42) NTTNCCA,'{".I‘:{%Tgct AN

MCM1 (n = 23) NngcccmANNGGTAAN
SRF (n = 33) arceccRraralecInne
C
b b b b

AG 50SGRGKIEIKRIENTTNRQVTFCKRRNGLLKKAYELSVLCDAEVALIVFSSRGRLYEY
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AGL2 1MGRGRVELKRIENKINRQVTFAKRRNGLLKKAYELSVLCDAEVALIIFSNRGKLYEF
AGL3 1IMGRGKVELKRIENKINRQVTFAKRRNGLLKKAYELSVLCDAEIALLIFSNRGKLYEF
dd d

SRF 14lRGRVKIKMEFIDNKLRRYTTFSKRKTGIMKKAYELSTLTGTQVLLLVASETGHVYTF
DNA contact GRV I KR TT SKRK G KK

Dimerization I MFI R TF RK I A EL LT TQVLLLVA E
AG 108SNN--~5VKGTIERYKKAISDNSNTGSVAEINAQYYQ
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Figure 7. Amino Acid Sequences of MADS Domain Proteins and Their
Binding Consensus Sequences.

(A) Comparison of MADS and | domain amino acid sequences. Num-
bers indicate percentage of identity.

(B) DNA consensus binding sequences: those of SRF (Pollock and
Treisman, 1990) and MCM1 (Wynne and Treisman, 1992) are also
shown. Uppercase and lowercase letters reflect relative frequencies;
see Table 1 for explanations. N, any of the four nucleotides.

(C) MADS domain (top) and | domain (bottom) sequences. The MADS
domain residues that are divergent between AG/AGL1 and AGL2/AGL3
and that correspond to those of SRF contacting the DNA are indicated
with the letter (b) above the AG sequence; those that are divergent
and correspond to the SRF residues involved in dimerization are indi-
cated with the letter (d) below the AGL3 sequence. The asterisk indicates
the methionine residue present in AGL2 and AGL3. The SRF residues
involved in DNA interaction or dimerization are shown below the SRF
sequence, and the two highly conserved base-contacting residues,
Arg-143 and Lys-163, are indicated with a colon. The | domain residues
that are divergent between subfamilies are indicated with either a plus
sign for those that are identical within either pair of sequences or a
minus sign for those that are identical in one of the pairs and similar
in the other.
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must influence their binding sequence specificities. Pellegrini
et al. (1995) concluded that the intrinsic and induced DNA con-
formation is the principal DNA feature recognized by SRF. First,
the CArG box DNA sequence contains an AT-rich center that
is similar to sequences known to bend (Haran et al., 1994),
and the binding of SRF causes further bending (Gustafson
et al., 1989). We have shown that AG, AGL2, or AGL3 binding
to DNA caused DNase | hypersensitive sites (Huang et al.,
1993, 1995), suggesting that binding by these proteins also
induces further DNA bending. Second, most of the SRF
residues contacting DNA interact with-the phosphate or deox-
yribose; therefore, although these interactions do not contribute
to base recognition directly, they may recognize different
degrees of intrinsic DNA bending resulting from different CArG
sequences. As shown in Figure 7C, several of the residues
that differ between AG/AGL1 and AGL2/AGL3 correspond to
those in SRF that are involved in contacting the DNA back-
bone; therefore, AG and AGL1 could have different interactions
with DNA than those of AGL2 and AGL3.

Another consequence of different amino acid sequences
is differing protein conformation. In particular, the compact-
ness of the dimer of MADS domain proteins is related to the
strength of the interactions between the two subunits. Among
the MADS domain residues that are conserved between AG
and AGL1 and between AGL2 and AGL3, but not between
AG/AGL1 and AGL2/AGL3, a few correspond to residues of SRF
identified as being important for dimerization (Figure 7C). Fur-
thermore, the | domain, which is required for dimerization,
contains many residues that are conserved within each of the
AG/AGL1 and AGL2/AGL3 pairs but divergent between the pairs
(Figure 7C). Therefore, the dimeric conformations of AG and
AGL1 may be different from those of AGL2 and AGLS, result-
ing in preferential binding to one type of DNA sequences (with
a characteristic intrinsic conformation) instead of another. Be-
cause replacing AT with GC residues at positions 7 and 8 of
the CArG box can alter the degree of bending of the DNA and
AG and AGL1 can tolerate both AT and GC at these positions,
itis possible that the conformations of AG and AGL?1 allow the
binding of sequences with a wider range of bending than those
of AGL2 and AGL3. In short, the differences in both DNA back-
bone contacts and protein conformation may contribute to the
different DNA binding sequence preferences for AG/AGL1
versus AGL2/AGLS3. It is worth pointing out that because the
| domain is required for dimerization, which may indirectly af-
fect binding sequence specificity, differences in the | domain,
in addition to those in the MADS domain, could contribute to
target gene selection.

AGL2 Dimerization Involves More than One Region
of Interaction

We show here that the dimeric AGL2 DNA binding domain in-
cludes both the MADS domain and a part of the adjacent
C-terminal region (I domain), as do the DNA binding domains
of SRF and MCM1 (Norman et al., 1988; Passmore et al., 1989;
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Figure 8. | Domain of MADS Domain Proteins.

Sequences of the | domains and the N termini of the K domains are presented. Shown are AG (Yanofsky et al., 1990); AGL1 and AGL2 (Ma
et al., 1991); AGL3 (Huang et al., 1995); AP1 (Mandel et al., 1992); AP3 (Jack et al., 1992); and PI (Goto and Meyerowitz, 1994). For comparison,
the coil and a helix of SRF (Peliegrini et al., 1995) are also shown. The charged residues are highlighted by the plus or minus signs above the
sequences, and hydrophilic residues are underlined. The C termini of the AGL2A70 and AGL2A77 proteins are shown, with the (-) sign indicating

the carboxy! group.

Mueller and Nordheim, 1991). Therefore, although the primary
sequence of the AGL2 | domain is not similar to the correspond-
ing regions in SRF and MCM1, they are all needed for DNA
binding. In addition, the fact that the AGL2 K domain is not
required for dimer formation in vitro suggests that it may have
other functions, possibly interacting with other proteins.
We found that if two truncated AGL2 proteins were mixed
under nondenaturing conditions and then used in gel mobil-
ity shift assays, the DNA complexes with the two homodimers,
but not that with the heterodimer, couid be detected (data not
shown), indicating that subunit exchange did not occur when
proteins were not denatured. The heterodimers formed only
when denatured proteins were mixed and then renatured. The
heterodimers between different plant MADS domain proteins
were also observed after similar treatment. This is similar to
the formation of DEF/GLO and SRF/MCM1 heterodimers
(Muelier and Nordheim, 1991; Schwarz-Sommer et al., 1992).
These observations suggest that MADS domain proteins exist
as stable dimers separable only by denaturation. The three-
dimensional structure of SRF indicates that there are two a
helices and two B strands that are involved in dimerization
(Pellegrini et al., 1995). The MADS domain contains the first
long a helix and the two p strands, and these structures of
both SRF subunits form an antiparallel coiled coil and a four-
stranded antiparallel  sheet, respectively (Pellegrini et al.,

1995). Both the coiled coil and the p sheet have many hydro-
phobic interactions, providing forces for dimerization that is
stable in solution.

We also found that an AGL2 truncated protein containing
only the first 70 amino acid residues (AGL2A70) can bind to
DNA as a homodimer in vitro only at a high protein concentra-
tion. Based on the SRF crystal structure, the region C-terminal
to the MADS domain is involved only in dimerization (Pellegrini
et al., 1995). Therefore, the reduced amount of DNA binding
by AGL2A70 suggests that the active AGL2A70 homodimer
is less stable, or at a lower level, than those of longer proteins.
On the other hand, heterodimers of AGL2A70 with the longer
proteins AGL2A98 or AGL2A158 can be readily detected, sug-
gesting that the extra sequences in the longer proteins allow
the formation of more stable, or a higher tevel of, dimers with
AGL2A70. The SRF crystal structure indicates that the region
C-terminal to the MADS domain contains a second a helix that
is oriented antiparallel to that of the other subunit (Pellegrini
et al., 1995). Even though the AGL2 | domain has little se-
quence similarity with this region of SRF, the two sequences
both have many hydrophilic residues (Figure 8). It is possible
that the AGL2 | domain also has a second helix at a position
similar to that in SRF; this would mean that AGL2A70 con-
tains only the N terminus of the presumptive helix (Figure 8).
Therefore, the residues still present in AGL2A70 would have



to interact with the C-terminal half of the helix in the other, longer
subunit, explaining why AGL2A70 formed weaker homodimers
than heterodimers with longer AGL2 proteins. It is significant
that this dimeric interaction seems to be conserved between
AG and AGL2, because AGL2A70 can form heterodimers with
truncated AG proteins.

MADS Domain Protein Heterodimers Could Potentially
Increase the Repertoire of Regulators

Heterodimers between similar proteins are important compo-
nents of the eukaryotic transcriptional regulatory machinery.
Because many plant MADS box genes have overlapping
regions of expression, there are opportunities for heterodimer
formation. The plant MADS box genes have been grouped into
four subfamilies, represented by AG, APETALA1 (AP?),
APETALA3 (AP3), and PISTILLATA (P!), with a few additional
genes that do not belong to any of these subfamilies
(Purugganan et al., 1995). Of the four proteins tested here,
AG and AGL1 are in one subfamily and AGL2 and AGL3 are
in the AP1 subfamily; members of these two subfamilies con-
stitute the majority of plant MADS domain proteins. We found
that these four MADS domain proteins can bind to DNA in vitro
as either homodimers or heterodimers. This indicates that het-
erodimers can form when the subunits are either from the same
subfamily or from different subfamilies. The Antirrhinum MADS
domain proteins DEF and GLO can bind to DNA as a hetero-
dimer but not as homodimers (Schwarz-Sommer et al., 1992).
AP3 and PI, the Arabidopsis orthologs of DEF and GLO,
respectively, behave in similar ways (J.L. Riechmann, B.A.
Krizek, and E.M. Meyerowitz, personal communication). it is
worth noting that DEF (AP3) and GLO (P)) are divergent enough
to be placed in separate subfamilies, although they are more
similar to each other than to members of other subfamilies
(Purugganan et al., 1995).

The ability of many MADS domain proteins to form both
homodimers and heterodimers, as well as that of AP3/P] and
DEF/GLO to form heterodimers but not homodimers, could be
explained at least in part by the characteristics of the | domains
of the MADS domain proteins (Figure 8). The | domains of plant
MADS domain proteins have many hydrophilic residues, in-
cluding charged ones, as in SRF (Figure 8). In particular, the
| domains of members of AG and AP1 subfamilies have at least
four positive and three negative residues; some of these are
within the region of each of these proteins corresponding to
the SRF coil and the second a helix. The spacing of the
charged residues is such that these proteins would be able
to form ionic interactions between subunits of either a homo-
dimer or a heterodimer (Figure 8). Because the | domains of
the AG and AP1 subfamily members are of similar lengths,
they may all be able to form heterodimers, as supported by
results here. If the MADS domain proteins behave similarly
in vivo, then, depending on the number of genes expressed
in the same cells, the potential number of different MADS do-
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main dimers could be significantly more than that of subunit
genes expressed, dramatically increasing the complexity of
the transcriptional machinery encoded by MADS box genes.

The AP3 and PI | domains are quite different from those
of AG and AP1 subfamily members (Figure 8). AP3 has only
two positive residues at positions far apart, with five negative
residues in between; although the N-terminal two-thirds of the
Pt1 domain do contain three positive and two negative residues,
the same-charged residues are clustered. Therefore, ionic in-
teractions can be easily formed between AP3 and Pl but not
between two of the same protein. It is noteworthy that the
N-terminal end of the K domain of both AP3 (DEF) and PI (GLO)
has several charged residues (Sommer et al., 1990; Jack et
al., 1992; Trébner et al., 1992; Goto and Meyerowitz, 1994),
allowing possible additional interactions. This may explain why
a point mutation in DEF that deletes a lysine at the N-terminal
end of the K domain results in the inability of the mutant DEF
protein to bind DNA with GLO (Schwarz-Sommer et al., 1992).
The fact that both AP3 and PI have shorter | domains than
the other plant MADS domain proteins may explain why AP3
and PI can bind to DNA as a heterodimer with each other but
not with AG or AP1 (J.L. Riechmann, B.A. Krizek, and E.M.
Meyerowitz, personal communication).

Arabidopsis and other plants have a large number of MADS
box genes, many of which are preferentially expressed in
flowers, with overlapping expression patterns. Therefore, plants
use MADS domain proteins extensively to control development,
particularly flower development. The fact that functionally differ-
ent MADS domain proteins can exist in the same cells raises
questions about the mechanisms for functional specificity and
about potential interactions between MADS domain proteins.
We have shown here that individual MADS domain proteins
can bind in vitro to distinct DNA sequences with different af-
finities, providing a means for regulating distinct sets of target
genes by different proteins. In addition, we found that several
MADS domain proteins can form heterodimers as well as
homodimers, suggesting that potentially a large number of
MADS domain regulators could be encoded by a much smalier
number of genes. The combination of the binding sequence
specificity and heterodimer formation, with modulation by levels
of expression, covalent modifications, and interaction with ac-
cessory factors, would allow differential regulation by MADS
domain proteins of many target genes that are necessary to
control complex processes such as flower development.

METHODS

Plasmid Constructs

All of the proteins used here were produced in BL21 (DE3) Escherichia
coli cells (Studier et al., 1990). To express AGL1 (for AGAMOUS-like)
protein, two constructs were made. A construct for a truncated AGL1
was first generated as follows. A polymerase chain reaction (PCR)



92 The Plant Cell

product encoding AGL1 from the N terminus to the C-terminal end
of the K domain was generated using primers with Xhol sites. The
primers are as follows: oMC048 (N terminus), 5-GACTCGAGAAGG-
TGGGAGTAGTCAC-3’; and oMC049 (C-terminal end of K domain),
5-CGCTCGAGTTTCCCTCTTCTGCATA-3' (Xhol sites are underlined;
the AGL? sequence is in boldface). The PCR product was digested
with Xhol and ligated with Xhol-cut pGEM7Zf(+) (from Promega) to
yield pMC772; the AGL1 insert was verified by sequence analysis. To
allow in-frame fusion of AGL1 with an epitope tag present in the ex-
pression vector, pMC772 was modified by filling in the Xhol site near
the AGL1 N terminus, producing pMC776; the AGL7 cDNA was then
released from pMC776 by cutting at flanking Xbal and BamH| sites
in the pGEM7Zf(+) polylinker and ligated to the Xbal- and BamHI-
digested expression vector pMC804, which was modified from pETN-
Npou-mc (provided by M. Tanaka, Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY) by filling in an upstream Xbal site. The resulting
AGL1 expression construct (PMC805) carried an epitope tag at the
N terminus of AGL1, with the following fusion junction: TCTAGACTC-
GATCGAGAAGGTGGGAGT (AGL1? sequence in boldface). To obtain
an expression construct for fuil-length AGL1, the C-terminal half of the
AGL? cDNA was excised from pMC935 (Y. Mizukami and H. Ma, un-
published data) with Scal (internal) and Xhol (in the polylinker
downstream of AGL7 cDNA) and ligated with Scal- and Xhol-cut
pMCB805, producing pMC812, which restores the AGL1 reading frame.
The full-length AGL1 protein was used for all DNA binding experiments,
with the exception of the heterodimer experiments, in which the trun-
cated form was used.

To generate an expression construct of the full-length AGL2 pro-
tein, we started with the plasmid pMC414 (Y. Mizukami and H. Ma,
unpublished data), which had an artificial Ncol site at the AGL2 initia-
tion ATG codon. The AGL2 sequence was released from pMC414 with
digests by Ncol and BamH|!, which cut in the downstream polylinker,
and ligated with the Ncol- and BamHI-digested vector pET9d (Studier
et al., 1990) to yield pMC811.

Several constructs were generated to express truncated AGL2 pro-
teins (see Figure 5 for their designations). For AGL2A 158, we used
a previously generated PCR product from the beginning of the AGL2
MADS domain to the end of the K domain. The primers used in the
PCR are as follows: oMC050, 5-GACTCGAGGAAGAGGAAGAG-
TAGAG-3'; and oMCO051, 5-CGCTCGAGGCTCT TTATTTTGAAGATC-3'
(the Xhol sites are underlined; the AGL7 sequence is in boldface). This
PCR fragment was inserted into the Xhol site in pGEM7Zf(+), resuit-
ing in pMC447, which has an Xbal site just upstream of the Xhol site
and AGL2 sequence. The initiation codon with an Ncol site was intro-
duced into the construct by replacing an Xbal-BamH] (internal) fragment
of pMC447 with the Xbal-BamH| fragment from pMC414 (see the previ-
ous paragraph). The resulting plasmid was (1) digested with Xhol, (2)
treated with mung bean nuclease to create blunt ends, and (3) further
digested with Ncol. The resulting AGL2 cDNA was ligated with pET9d
that had been (1) digested with Nhel, (2) blunt-ended with the Klenow
fragment of DNA polymerase |, and (3) digested with Ncol. The final
construct (pMC1254) has a C-terminal junction sequence of AAA-
GAG:CCCTAG (AGL2 in boldface): the AGL2 protein expressed from
pMC1254 begins at the initiation ATG codon and ends after the last
residue (glutamate) of the K domain with an additional proline. For
the other AGL-2 constructs, the AGL2 cDNA was released from pMC414
by digesting with an enzyme (see below) that cuts within the AGL2
coding region, filling in with Klenow fragment or treating with mung
bean nuclease (for AGL2A70), and digesting with Ncol; the AGL2 cDNA
was inserted into pET9d as was done for pMC1254. The restriction
enzymes used for the deletions, the AGL2 sequences near the corre-
sponding sites (underlined), and the final junction sequences (AGL2

in boldface) are as follows: for AGL2A98 (pMC1253), Hindlill
(CTGAAGCT T) and CTGAAGCTCTAG; for AGL2A77 (pMC1252), BamH|
(TATGGATCC) and TATGGACTAGCATGA; and for AGL2A70 (pMC1251),
Kpnl (CTTGATCGGTACC) and CTTGATCGAGCATGA.

For comparison of relative DNA binding affinity with AGL2, a previ-
ously described AG protein was used (Huang et al., 1993). For
heterodimer experiments, truncated AG proteins, as briefly described
below, and the full-length AGL3 protein (pPMC810, which is pET9d with
the AGL3 coding region; Huang et al., 1995) were used. For the inter-
action between AG and AGL2, truncated AG proteins 34M-I and 34M-I-K
from residue 34 in the N-terminal region to the ends of the | and K
domains, respectively (pMC1003 and pMC1004; Y. Mizukami, H. Huang,
M. Tudor, and H. Ma, unpublished data) were used; for interactions
with the other proteins, a truncated AG protein (M-1) with only the MADS
domain and the | region (pMC1037; Y. Mizukami, H. Huang, M. Tudor,
and H. Ma, unpublished data) was used.

Protein Extraction, DNA Binding, and Other Analyses

E. coli BL21 (DE3) cells carrying either vector or one of the expression
constructs were grown to mid-to-late exponential phase (ODggq from
05 to 1.0) and induced for 3 hr by the addition of isopropyl B-D-
thiogalactoside to a final concentration of 0.5 mM. Cells were harvested
and resuspended in one-tenth volume of buffer B (10 mM Tris-HCI,
pH 7.8, 50 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsutfonyl fluo-
ride, and 20% glycerol; Huang et al., 1993, 1995), aliquoted, and
centrifuged; the cell pellets were stored at —70°C. Cell lysates were
prepared by lysing cells in buffer A (same as buffer B except that 20%
glycerol was replaced with 6 M urea), followed by centrifugation to re-
move cell debris; the lysates were then diluted with buffer B as
described previously (Huang et al., 1995). For heterodimer experiments,
the cells from two strains, each for a different protein, were mixed first;
then the extracts were obtained by lysis in buffer A, centrifugation,
and diluting with buffer B. The diluted cell lysates were used in DNA
binding experiments (Huang et al., 1995). Gel shift experiments, binding
sequence selections, and DNase | protection footprinting experiments
were performed with radiolabeled probes as described previously
(Huang et al., 1993, 1995).
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