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The POU homeodomain protein UNC-86 and the LIM homeodomain protein MEC-3 are essential for the
differentiation of the six mechanoreceptor neurons in the nematode Caenorhabditis elegans. Previous studies
have indicated that UNC-86 and MEC-3 bind cooperatively to at least three sites in the mec-3 promoter and
synergistically activate transcription. However, the molecular details of the interactions of UNC-86 with
MEC-3 and DNA have not been investigated so far. Here we used a yeast system to identify the functional
domains in UNC-86 required for transcriptional activation and to characterize the interaction of UNC-86 with
MEC-3 in vivo. Our results suggest that transcriptional activation is mediated by the amino terminus of
UNC-86, whereas amino acids in the POU domain mediate DNA binding and interaction with MEC-3. By
random mutagenesis, we identified mutations that only affect the DNA binding properties of UNC-86, as well
as mutations that prevent coactivation by MEC-3. We demonstrated that both the POU-specific domain and
the homeodomain of UNC-86, as well as DNA bases adjacent to the proposed UNC-86 binding site, are involved
in the formation of a transcriptionally active complex with MEC-3. These data suggest that some residues
involved in the contact of UNC-86 with MEC-3 also contribute to the interaction of the functionally nonrelated

POU protein Oct-1 with Oca-B, whereas other positions have different roles.

POU domain transcription factors are characterized by their
bipartite DNA binding domain, consisting of a helix-turn-helix
POU-specific domain (POUg) and an adjacent POU home-
odomain (POUy,,) (for reviews, see references 15 and 28).
Both protein domains contact DNA and are necessary for
high-affinity DNA binding (15). POU class IV is comprised of
the mammalian Brn-3-encoding genes, the Drosophila I-POU/
acj6 gene, and the Caenorhabditis elegans unc-86 gene (28).
These are all expressed exclusively in the nervous system, but
their expression is not limited to one specific neuronal cell
type. In vitro studies have shown that POU class IV proteins
bind very similar DNA sequences (12, 24). Therefore, it has
been proposed that any differences in target gene activation
are due to modulatory protein interactions (28). Most of the
data for determination of the promoter specificity of POU
proteins are derived from the nonrelated human POU class III
protein Oct-1 (13, 41).

POU homeobox gene unc-86 is expressed in 57 neurons in
adult C. elegans. These neurons comprise one-fifth of the an-
imal’s nervous system and represent 27 different functional
classes (10). Consequently, null alleles of unc-86 result in sev-
eral behavioral defects affecting mechanosensation, egg laying,
chemosensation, and thermosensation and cause an uncoordi-
nated phenotype (5, 10, 18, 26, 37). The diversity of neuron
types that require UNC-86 raises the possibility that in differ-
ent cell types, UNC-86 targets the promoters of different
genes. This is supported by the fact that in at least two unc-86
mutants, only a subset of the unc-86-mediated behaviors is
affected (S. Rohrig and R. Baumeister, unpublished observa-
tions). How UNC-86 exerts these selective effects on gene
regulation in several distinct neural cell types remains un-

* Corresponding author. Mailing address: Genzentrum, Ludwig-
Maximilians-Universitdt, Feodor-Lynen-Str. 25, D-81377 Munich,
Germany. Phone: 49 (89) 2180 69-38. Fax: 49 (89) 2180 69-46. E-mail:
bmeister@Ilmb.uni-muenchen.de.

4806

known. Interactions with various other proteins are one way to
achieve selectivity. For UNC-86, the only binding partner
known so far is the LIM homeodomain protein MEC-3 (39).

During the development of the nervous system, UNC-86
functions in 10 neuroblasts to determine their correct cell
lineage and subsequently in the development and differentia-
tion of the six mechanoreceptor cells involved in body touch
sensing (9). In these cells, UNC-86 binds to at least three
regulatory sequences, CS1, CS2, and CS3, in the mec-3 pro-
moter (35, 40, 42). A minimal mec-3 promoter that contains
311 bp including CS1, CS2, and CS3 is sufficient to direct
reporter gene expression in the six mechanoreceptor cells. The
LIM protein MEC-3 then cooperates with UNC-86 to main-
tain its own expression in a manner that is dependent on the
presence of CS1-3 (38). Both proteins together regulate the
expression of additional downstream genes (5, 8) that encode
functionally crucial components of the mechanosensory neu-
rons (39).

In order to investigate the DNA binding of UNC-86 and the
protein interaction of UNC-86 with MEC-3, we developed an
in vivo assay with the yeast Saccharomyces cerevisiae. For this
purpose, we coexpressed unc-86 and mec-3 in the presence of
a bona fide UNC-86 target site. We show here that upon
binding to a mec-3 promoter site, UNC-86 activates transcrip-
tion in yeast. We localized the activation domain (AD) and
showed that upon MEC-3 interaction, transcriptional activa-
tion is strongly enhanced. By mutational mapping of the con-
tact surface, we identified amino acid residues in UNC-86 that
specifically interfere with the synergistic coactivation by
MEC-3. These results are discussed with respect to data about
other POU complexes.

MATERIALS AND METHODS

Yeast media and methods. All S. cerevisiae strains were propagated by stan-
dard techniques. Yeast strains were grown at 30°C in liquid or on solid SC
medium (synthetic medium) (30). For X-Gal (5-bromo-4-chloro-3-indolyl-B-p-
galactopyranoside)-containing plates, SC plates were supplemented with X-Gal



VoL. 20, 2000

at 400 wg/ml and buffered with 10X BU salt (0.26 M Na,HPO,, 0.25 M
NaH,PO,). Transformants (11) were allowed to grow on SC media lacking the
amino acids required for plasmid selection before further analysis. Plasmid
isolation from S. cerevisiae was performed as previously described (36). Liquid
B-galactosidase assays using chlorophenolred-B-p-galactopyranoside (Roche) as
a substrate were performed as previously described (7).

AD mapping. UNC-86-LexA fusions were generated by inserting the partial or
full-length ¢cDNA of unc-86 (3) into plasmid pBTM116 (2). Full-length unc-86
(nucleotides [nt] 1 to 1059) was inserted to generate plasmid pBY436, unc-86 (nt
425 to 1059) was inserted to generate plasmid pBY166 (UNC-86 amino acids [aa]
135 to 342), unc-86 (nt 130 to 1050) was inserted to generate plasmid pBY165
(UNC-86 aa 37 to 342), and unc-86 (nt 1 to 333) was inserted to create plasmid
pBY135 (UNC-86 aa 1 to 104). All fusions were analyzed in yeast strain 140
(MAT« his3A200 trp1-901 leu2-3,112 ade LYS::(lexA,,)4-HIS3 URA::(lexA,,)s-
lacZ GAL4 gal80) (19).

Construction of S. cerevisiae strains RB101 and RB102. Plasmid pBY180 was
generated by inserting three tandem copies of 5'-GCATTCGAAATGCATTG
CCCATAATG-3' into plasmid pLacZi (Clontech), which contains a lacZ re-
porter gene under the control of the Pryc; minimal promoter. Chromosomal
integration of linearized pBY180 reconstitutes the ura3 locus of yeast strain
RH1533 (Mat-o lys2-801 leu2-3,112 suc2-A9 ura3-52 MCL his3-A200 trp1-A901)
(14) and was selected for by plating of the transformants on SC medium without
uracil. The resulting strain, RH1533 URA::pBY180, was named RB101. Strain
RB102 was constructed analogously using 5'-AATTGCATTCGAAATGAGCT
GCCCATAATG-3'".

Plasmid constructions. In order to generate unc-86 yeast expression vector
pBY175, unc-86 ¢cDNA was inserted into a modified pGBT9 vector (2) from
which the GAL4 DNA binding domain was deleted. A partial unc-86 cDNA (nt
425 to 1059) was inserted into the modified pGBT9 vector described above in
order to generate plasmid pBY4:40 encoding UNC-86AN (aa 135 to 342). unc-86
alanine substitution mutants were constructed by site-directed PCR mutagenesis
(17). mec-3 AD yeast expression vector pBY117 was constructed by inserting the
mec-3 cDNA derived from plasmid pTU47 (43) into plasmid pGAD10 (2).
Plasmid pBY1107 was constructed by subcloning a partial mec-3 cDNA that lacks
the regions coding for the LIM domains and the acidic domain into the pET-32a
vector (Invitrogen).

PCR mutagenesis. Mutations introduced into the unc-86 cDNA were named
by the following scheme: the one-letter abbreviation of the amino acid, followed
by its position in the protein, followed by the abbreviation of the amino acid
substitution. POUg and POUyy, of unc-86 were mutagenized using the following
PCR conditions. A mixture of 2 mM each dATP, dTTP, and dCTP; 10 mM
dGTP; 500 mM primers; 200 ng of pBY531 (identical to pBY175 but containing
a BamHI restriction site introduced by silent mutagenesis at position 428) tem-
plate DNA; 10 mM Tris-HCI; 50 mM KCI; 0.8% Nonidet P-40; and 2.5 mM
MgCl, was subjected to 2 min at 92°C, followed by 35 cycles of 30 s at 92°C, 30 s
at 45°C, and 1 min at 72°C and a final elongation for 5 min at 72°C.

Introduction of unc-86 mutants into yeast via homologous recombination.
Gel-purified, mutagenized PCR products (500 ng) were transformed, together
with 200 ng of linearized vector pBY531, into yeast strain RB101 expressing
mec-3-GAL4 AD (GAD). Homologous recombination (27) between the PCR
fragment and pBY531 was selected for on plates without leucine.

In vitro translation. For in vitro translation of mutant, truncated, or wild-type
unc-86, pCITE-4a (Novagen)-based constructs were used. In vitro transcription
and translation were performed in rabbit reticulocyte lysate with the TNT T7
Expression System (Promega) and [**S]methionine in accordance with the man-
ufacturer’s instructions. The amount of protein was normalized by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis, followed by autoradiography
and PhosphorImager quantification.

Purification of recombinant MEC-3 protein. E. coli was transformed with
plasmid pBY1107 encoding a MEC-3 protein lacking the LIM domains and the
acidic tail fused with six His tags to thioredoxin. After induction with 1 mM IPTG
at 37°C for 4 h, recombinant MEC-3 was purified from the soluble fraction using
Ni* nitrilotriacetic acid-agarose (Qiagen) in accordance with the instructions of
the manufacturer.

Gel retardation assay. One hundred nanograms of oligonucleotide RB135
(5'-GCATTCGAAATGCATTGCCCATAATG-3") was labeled with 30 pCi of
[v-**PJATP (3,000 Ci/mmol; Amersham)-2 pl of 10X polynucleotide kinase
buffer-1 ul (5 U) of polynucleotide kinase (MBI Fermentas) in 20 pl and
incubated at 37°C for 60 min. The reaction was inactivated by heating at 65°C for
20 min, and excess [y->>P]JATP was removed by passing the reaction over a G-25
column (Roche). The volume activity was determined in a scintillation counter;
subsequent hybridization of complementary oligonucleotide RB136 was per-
formed in a 10-fold excess by heating the reaction mixture to 95°C for 2 min and
then cooling it to room temperature. Gel retardation experiments were per-
formed for 30 min at room temperature as previously described (43). Equal
amounts of mutant, truncated, and wild-type in vitro-translated UNC-86 protein
were included in the reaction mixtures. After incubation, reaction mixtures were
loaded onto a 6% polyarylamide acid gel in 0.5X TBE (45 mM Tris-borate, 0.5
mM EDTA) and subjected to electrophoresis at 150 V for 3 h at room temper-
ature.
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FIG. 1. UNC-86 and MEC-3-GAD (here shown as MEC-3AD) interact in a
yeast in vivo system. (A) Schematic representation of the yeast system. UNC-86
and MEC-3-GAD interact in the presence of appropriate DNA binding sites.
(B) Four transformants of RB101, each expressing either UNC-86 (row 1) or
MEC-3-GAD (row 2) alone or both proteins (row 3) were dotted on X-Gal
plates, and color development was scored after 3 days at 30°C.

RESULTS

UNC-86 DNA and protein interactions can be analyzed in
yeast in vivo. In order to facilitate the analysis of DNA binding
and protein contacts of UNC-86, we developed an in vivo
system to characterize UNC-86 mutants in S. cerevisiae. For
this purpose, we constructed yeast strain RB101, which con-
tains a lacZ reporter with a yeast minimal promoter under the
control of three copies of the first 26 bp of mec-3 promoter
element CS1 (5'-GCATTCGAAATGCATTGCCCATAATG-
3") (Fig. 1A; Table 1). It has been shown previously that this
segment is sufficient for both UNC-86 binding and UNC-86-
dependent binding of MEC-3 (25). The resulting S. cerevisiae
strain, RB101, did not activate the lacZ reporter per se, as
colonies on minimal plates did not turn blue even after 10 days
of incubation in the presence of X-Gal (data not shown). In
contrast, constitutive expression of unc-86 in RB101 resulted in
light-blue colonies after a minimum of 3 days, indicating mod-
erate lacZ reporter gene expression (Fig. 1B, row 1; Table 1).
This expression was strongly enhanced (32-fold) by coexpres-
sion of the C. elegans mec-3 cDNA (Table 1). An even stronger
level of activation was obtained (49-fold) when mec-3 was
fused to a heterologous GAL4 AD (mec-3-GAD) (Fig. 1B,
row 3; Table 1). In order to obtain maximum lacZ reporter
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TABLE 1. Interaction of UNC-86 and MEC-3 in an in vivo yeast system

Yeast strain and

Relative activity

Relative activity (%) with: Fold increase

UNC-86 variant (%) MEC-3-GAD MEC-3 MEC-3-GAD” MEC-3¢
RB101

None 22*14 21x1

Wild type 100 + 14 4,860 = 230 3,250 * 360 49 32

UNC-86AN 11.9 = 0.7 557 = 83 32.0=*=21 47 3
RB102

Wild type 82+ 1.6 85+ 1.9 1

UNC-86AN 170 = 13 430 *= 160 3

¢ Activity is shown as the mean = the standard error relative to the activity of wild-type UNC-86, which was set at 100%.
® Values represent the ratio of the mean relative activity with MEC-3-GAD and the mean relative activity of the respective UNC-86 variant alone.
¢ Values represent the ratio of the mean relative activity with MEC-3-GAD and the mean relative activity of the respective UNC-86 variant alone.

gene expression, we performed all consecutive experiments
with this mec-3—-GAD variant. Activation is dependent on the
presence of UNC-86 protein, since yeast colonies expressing
only mec-3—-GAD showed no lacZ expression (white colonies;
Fig. 1B, row 2; Table 1). This indicates that UNC-86 can
function as a transcriptional activator and that association with
MEC-3 on DNA further increases transcriptional activation.

It has been proposed that UNC-86 binds to a spaced recog-
nition site, CATtcgAAAT, in CS1 (35). In order to evaluate
the contribution of bases flanking this motif to ternary complex
formation, we constructed yeast strain RB102. This strain is
genetically identical to RB101, except that we mutated the
GCAT bases immediately 3’ of the proposed UNC-86 binding
site to GAGC (CS1 ,g¢) (35). These nucleotide exchanges did
not affect lacZ reporter gene activation in the presence of
UNC-86 alone. However, activation with UNC-86 and the
MEC-3 AD together was only 3-fold, compared to 49-fold in
RB101 (Table 1). By electrophoretic mobility shift assay
(EMSA), we confirmed that the mutation does not affect the
DNA binding of UNC-86 but severely impairs the interaction
of MEC-3 with UNC-86 and/or CS1 DNA (Fig. 2A).

Next, we determined the domains of UNC-86 required for
DNA binding and activation. For this purpose, we deleted the
amino-terminal third of the UNC-86 protein (UNC-86AN) and
performed EMSAs with CS1 DNA and MEC-3 protein. Nei-
ther binding to DNA nor the interaction of UNC-86 with
MEC-3 was impaired by this amino-terminal deletion (Fig.
2B). In contrast, expression of UNC-86AN resulted in approx-
imately eightfold lower activation of lacZ reporter gene ex-
pression in vivo (12% of wild-type activation; Table 1); how-
ever, the fold increase in activation obtained with MEC-3-
GAD was similar to that obtained with wild-type UNC-86
(47-fold compared to 49-fold; Table 1). This strongly suggests
that the amino-terminal deletion in UNC-86 eliminates a po-
tential AD but does not compromise UNC-86 interaction with
either MEC-3 or DNA. Interestingly, the synergistic activation
by UNC-86AN and MEC-3 is strongly reduced (from 32-fold to
3-fold) when mec-3 is expressed without the Galdp AD (Table
1).
UNC-86 contains an amino-terminal transactivation do-
main. Our in vivo results obtained so far indicated that the
ability of UNC-86 to activate transcription in yeast is depen-
dent on the integrity of both the DNA binding domain and the
amino terminus of the protein. In order to map the AD inde-
pendently of DNA binding, we fused different fragments of the
unc-86 cDNA to a portion of the lex4A gene encoding the LexA
DNA binding domain (aa 1 to 202) (Fig. 3A). lacZ reporter
gene activation was determined quantitatively in S. cerevisiae
strain L40, which contains a lacZ reporter gene controlled by a

minimal promoter with multiple lex4 operator sites (19). In
this strain, the transcriptional activation of UNC-86 does not
depend on its intrinsic DNA binding properties. The expres-
sion of a full-length unc-86-lexA fusion resulted in strong lacZ
reporter gene activation, as determined by B-galactosidase as-
says (Fig. 3B). Removal of the 35 aa from the amino-terminal
end of UNC-86 reduced lacZ reporter gene activation approx-
imately 10-fold. Deletion of all of the amino acids amino ter-
minal to the POU domain (UNC-86AN) resulted in complete
loss of lacZ reporter gene expression. In contrast, a fusion
containing only the first 104 aa of UNC-86 activated reporter
expression 13-fold more strongly than did full-length UNC-86.
From these data, we conclude that the amino terminus of
UNC-86, but not the POU domain, is able to activate Polll-
dependent transcription in yeast. In contrast, the POU domain
is both necessary and sufficient for DNA binding and MEC-3-
GAD interaction in our yeast model, as was suggested previ-
ously by in vitro studies (43).

Both POUg and POUy,, are involved in interactions with
MEC-3. The molecular nature of the UNC-86-MEC-3 inter-

A B

CS1  _CSle  yUNcs +-+ - -
UNC-86 + - + + - + UNC-86AN - - - ++
MEC3 - - + - - + MEC-3 - ++ - +

UM ' : UM ‘
U . . . U » UANM
UAN

FIG. 2. UNC-86 and MEC-3 interaction in vitro. U and UAN designate the
positions of the binary UNC-86 and UNC-86AN DNA complexes, whereas U/M
and UAN/M designate the ternary complex of the UNC-86 variant, MEC-3, and
DNA. (A) Equal amounts of in vitro-translated UNC-86 wild-type protein were
incubated with and without approximately 50 ng of recombinant MEC-3 protein
and 25,000 cpm of the CS1 fragment and the CS1, ¢ fragment, respectively. (B)
Equal amounts of in vitro-translated full-length UNC-86 and UNC-86AN pro-

teins were incubated with and without approximately 50 ng of recombinant
MEC-3 protein and the 26-bp fragment from CS1.
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FIG. 3. Mapping of the UNC-86 AD. (A) Schematic representation of UNC-86 regions linked to the LexA DNA binding domain (aa 1 to 202). The amino acids
from UNC-86 are as indicated (3). (B) Fusion constructs were transformed into yeast strain L40, and LacZ activity was quantified as described in Materials and
Methods. The results of one representative experiment are shown along with the mean =+ the standard error of triplicate determinations.

action had not been analyzed previously in detail. Therefore,
we conducted a screen to identify mutations in UNC-86 that
interfere with the formation of the ternary complex. For this
purpose, random PCR mutagenesis of POUg and POU, of
unc-86 was performed (see Materials and Methods).

Transformants from a screen for POUg and POUy, mu-
tants were randomly selected and streaked on plates contain-
ing X-Gal. The transformants were assigned to three different
groups by distinguishing among white, light blue, and dark blue
colonies. From a number of light blue and white colonies, we
isolated the unc-86-encoding plasmids, retransformed them
into yeast with and without the mec-3-GAD plasmid, and
sequenced the respective unc-86 genes. The B-galactosidase
activities obtained with unc-86 mutants containing single-site
missense mutations in the presence or absence of the MEC-
3-GAD were determined in a quantitative assay (Table 2). The
differences in B-galactosidase activity were not due to protein
levels, as determined by Western blot analyses (data not
shown). The positions of the substituted amino acids in the
respective mutants are depicted in Fig. 4. The UNC-86 mu-
tants that result in light blue yeast colonies can be divided into
two classes based on this analysis. The first (class I) is com-
prised of mutants L197A, M202L, and K206E, with amino acid
substitutions in the fourth helix of POUg; mutant R242G, with
a mutation at the amino terminus of POUy,,; and F297S, with
an amino acid substitution in the carboxy-terminal amino acid
of POUy,, (Fig. 4). All five mutants activated lacZ to an extent
similar to that of wild-type UNC-86. Since these results sug-
gested that these mutations do not influence the DNA binding
of the respective mutants significantly, we next tested them in
an EMSA with CS1 DNA (Fig. 5A and 6A). L197A, M202L,
K206E, and F297S each formed a detectable DNA complex
with CS1 with an intensity similar to that seen with wild-type
UNC-86. No DNA complex was obtained with R242G.

All five mutations strongly affected the enhancement of lacZ
reporter gene expression in the presence of the MEC-3-GAD
(Table 2). The MEC-3-GAD-dependent lacZ activation of the
respective mutants (4- to 17-fold activation) was greatly re-
duced compared to the 49-fold activation seen with wild-type
UNC-86 (Table 2). In EMSAs, the L197A and M202L mutants
did not form ternary complexes with MEC-3 and DNA (Fig.
6A) and the K206E mutant resulted in ternary complexes with
MEC-3 and DNA represented by weaker bands than that ob-

served with wild-type UNC-86. The complex formed with the
mutant F297S was indistinguishable from the wild type. The
mutant R242G behaved differently. Even though no DNA
complex was obtained for this UNC-86 variant alone, a ternary
complex with MEC-3 was formed. The data suggest that the
residues at positions 197, 202, 206, and 297 are involved in the
interaction and/or activation of UNC-86 with MEC-3 in the

TABLE 2. Effects of amino acid substitutions in UNC-86 on lacZ
reporter gene activation in yeast strain RB101

. Relative activit; Relative activity with Fold
UNC-86 variant (%)° Y MEC-3—GADY(%)“ increase”
Wild type 100 = 14 4,860 = 225 49
E149A° 47.6 £ 9.5 1,950 £ 333 40
D296A° 90.5 429 4,670 = 670 52
Class 1
R146A° 571 9.5 885 = 124 15
L197A 659 £5.5 247 = 44 4
M202L 139 = 15 474 = 90 3
K206E 57.8 6.8 517 =97 9
R242G 58.8 £ 4.1 983 = 94 17
F297S 194 + 14 603 = 49 3
Class 11
1189V 5.0x0.6 538 = 62 108
K250D 22+0.3 92 + 37 42
L253P 6.2 £ 0.6 233 = 24 38
Q255p 146 = 1.6 578 =43 40
F257L 82+19 605 = 63 74
Q259pP 102 =04 279 = 67 27
Class 111
K156E 7413 7.7 1.5 1
Q166R 43+04 4.8 + 0.6 1
T188A 8423 11.6 =22 1
R295A° 18.1 = 11.9 3.8+ 1.0 0
1189T R242G 0.01 £ 0.01 0.01 £ 0.01 1

¢ Activity is shown as the mean = the standard error relative to the activity of
wild-type UNC-86, which was set at 100%.

® Values represent the ratio of the mean relative activity with MEC-3-GAD
and the mean relative activity of the respective UNC-86 variant alone.

¢ Analyzed in an alanine substitution screen.
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FIG. 4. Amino acid substitutions that affect UNC-86 ternary complex formation in yeast. The amino acid sequences of POUg and POUy, of UNC-86 (3), Oct-1
(32), and Pit-1 (20) are shown, with labeled boxes below the sequences depicting the « helices in the corresponding POU domain. Symbols: %, mutation that interferes
only with MEC-3-GAD coactivation (class I); (], mutation that influences transcriptional activation by UNC-86 (class IT); @, mutation that interferes with DNA binding
and MEC-3-GAD coactivation (class IIT); m, mutation that does not affect UNC-86 function.

ternary complex but do not contribute to the DNA binding of
UNC-86.

The second class of UNC-86 mutants (class II) that dis-
played reduced lacZ reporter gene expression includes 1189V,
with an amino acid substitution in the third « helix of POUy,
and K250D, L253P, Q255P, F257L, and Q259P, with substitu-
tions in the first o helix of POUy,, (Fig. 4). When we expressed
these variants without a mec-3—-GAD gene in yeast, only very
weak lacZ reporter gene expression was observed (Table 2).
This suggests that these amino acid substitutions reduce the
affinity of the respective UNC-86 proteins for the CS1 DNA
element. In contrast, the increase in lacZ reporter activation
after additional expression of mec-3-GAD was in the same
range as that seen with wild-type UNC-86 (27- to 108-fold)
(Table 2). In vitro DNA binding assays confirmed that these
mutants have reduced DNA binding capacities (Fig. 5B and
6B). Although they were not able to bind CS1 alone, all but
one of these mutants formed a detectable ternary complex with
MEC-3 on CS1. We conclude that although the overall DNA
binding affinity of these UNC-86 mutants is reduced, their
ability to mediate MEC-3—-GAD-dependent activation of tran-

scription is not significantly diminished. We therefore suggest
that these mutations do not interfere with binding of MEC-3-
GAD to UNC-86.

From the white transformants, three members of a third
class of mutants harboring single amino acid substitutions
(class IIT) were identified: K1S6E, Q166R, and T188A with
mutations in POUg (Fig. 4). These mutants showed a de-
creased ability to activate lacZ reporter gene expression com-
pared to the wild-type UNC-86 protein (Table 2). In vitro
DNA binding assays confirmed that these mutants display a
decreased affinity for CS1 DNA (Fig. 5C). But in contrast to
class II mutants, no increase in lacZ reporter gene expression
upon addition of MEC-3-GAD was observed (Table 2). As
these effects are not due to variations in protein levels (data
not shown), these mutations may induce severe structural al-
terations in the protein, thereby rendering it nonfunctional.
Alternatively, these mutations could also influence the ability
of the protein to interact both with DNA and with MEC-3-
GAD protein. The latter can be assumed for the I189R R242G
double mutant that we isolated from this screen as a white
transformant. As shown above, the single-site mutation R242G
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FIG. 5. Effects of amino acid substitutions in UNC-86 on DNA binding. Results of EMSAs of in vitro-translated wild-type UNC-86 (wt) and UNC-86 variants with
the 26-bp fragment from CS1 are shown. (A and B) UNC-86 L197A mutant protein (class I) binds the 26-bp fragment to approximately the same extent as the wild-type
protein, whereas UNC-86 K250D (class II) does not bind DNA. Titration experiments were performed using increasing amounts of unlabeled CS1 oligonucleotide as
indicated. Lanes RCL contain labeled CS1 probe including reticulocyte lysate without translated UNC-86 protein. Equal amounts of protein were used in all reaction
mixtures. (C) No or very weak binding of class II and III UNC-86 mutants to the CS1 oligonucleotide could be detected at the protein concentrations used.
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FIG. 6. Ternary complex formation by UNC-86 mutant proteins in vitro. (A)
Equal amounts of in vitro-translated UNC-86 wild-type (wt) and UNC-86 class
I mutant proteins were incubated with and without approximately 50 ng of
recombinant MEC-3 protein and the 26-bp fragment from CS1. (B) Equal
amounts of in vitro-translated UNC-86 wild-type (wt) and UNC-86 class II
mutant proteins were incubated with and without approximately 50 ng of recom-
binant MEC-3 protein in the presence of 3?P-labeled CS1 DNA. U represents the
position of the binary complex of the UNC-86 variant bound to DNA, whereas
U/M represents the ternary complex of the UNC-86 variant, MEC-3, and DNA.

did not have a strong effect on transcriptional activation but
eliminated MEC-3-GAD coactivation whereas the I189R mu-
tation probably affects the reporter gene activation of UNC-86
itself (as does 1189V) but not MEC-3-GAD interaction. We
therefore conclude that the double mutant is defective for both
functions.

UNC-86 and Oct-1 use similar residues to interact with
their respective protein partners. Our yeast screen has identi-
fied several residues in UNC-86 that may contact MEC-3 di-
rectly. In the POU protein Oct-1, two of these residues, L344
(corresponding to L197) and M349 (corresponding to M202),
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are part of the extended surface that interacts with the Oct-1
cofactor Oca-B. In order to further test the conservation of the
contact interfaces, we substituted four additional residues in
UNC-86 with alanine at positions that, in Oct-1, are involved in
protein interactions (1, 21). We tested the ability of each mu-
tant to activate transcription either alone or in conjunction
with MEC-3-GAD in yeast strain RB101 (Table 2). The ala-
nine substitution at position R295 resulted in a nonfunctional
UNC-86 protein (class III) that did not activate the lacZ re-
porter gene, either alone or with MEC-3-GAD. Mutants
E149A and D296A behaved similarly to wild-type UNC-86
both in the presence and in the absence of the MEC-3 AD. The
R146A mutation, however, only reduced lacZ reporter gene
activation of UNC-86 weakly but reduced coactivation by the
MEC-3 AD from 49-fold to 15-fold. Consistent with a role of
this position in the MEC-3 contact interface, the R146A mu-
tant bound in an EMSA to CS1 element-like wild type UNC-86
but revealed reduced affinity for MEC-3 and DNA in the
ternary complex, as indicated by a band weaker than that
observed with wild-type UNC-86 (Fig. 6A).

DISCUSSION

The interaction of UNC-86 with MEC-3 on DNA can be
monitored in yeast. We wanted to understand how the tran-
scriptional activation properties of UNC-86 are modulated by
protein interactions. We therefore developed an in vivo system
with S. cerevisiae. In contrast to mammalian cells, S. cerevisiae
does not contain genes encoding POU proteins which would
compete for artificially introduced DNA binding sites (33).
Therefore, yeast provides an ideal system for studying POU
protein interactions. It allows us to analyze ternary complex
formation involving UNC-86, its interacting partner MEC-3,
and single DNA binding motifs of the mec-3 promoter in vivo.

We have found that UNC-86, in contrast to the human POU
protein Oct-1 (14), activates transcription in yeast. The data
from the LexA-UNC-86 fusion constructs (Fig. 3) suggest that
activation is mediated by the amino terminus of UNC-86. This
region contains a 29-aa region termed the POU IV box, which
is the only sequence element outside the POU domain that is
conserved between UNC-86 and the homologous Brn-3 pro-
teins (34). The POU IV box has already been implicated in
transcriptional activation by the Brn-3 proteins (4, 31). We
found no evidence of the presence of a strong activator region
in the UNC-86 POU domain, as has been suggested for Brn-3a
4).
MEC-3 incorporation into the ternary complex is dependent
on the DNA context. In order to contribute to lacZ reporter
gene activation, MEC-3 has to be recruited to DNA by the
UNC-86 POU domain. UNC-86 binding to CS1 is a prerequi-
site of MEC-3 activation, since MEC-3-GAD could not acti-
vate lacZ expression on its own.

The first 26 bp of the CS1 mec-3 promoter element used
in our study contain both a CATnnnAAAT motif and an
overlapping octameric consensus motif (AAATGCAT) for
UNC-86 binding (35, 40, 42). Both motifs are repeated in
promoter element CS2, which, together with CS1, has been
shown to be required both for UNC-86-dependent establish-
ment and UNC-86- and MEC-3-dependent maintenance of
mec-3 expression in C. elegans (35, 40, 42). Here we show that
UNC-86 can still activate transcription in vivo on the CS1,,,
element in which the nucleotides CAT in the octamer motif
are changed to AGC. We suggest that the nucleotides CAT are
not a prerequisite for UNC-86 binding to CS1, either in vivo or
in vitro (our results and reference 35). Therefore, UNC-86
most likely interacts with the CATtcgAAAT motif, as sug-
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gested previously (39, 46). We show here that the CAT bases
3’ adjacent to this motif are crucial for MEC-3-dependent
activation in yeast and for the incorporation of MEC-3 into the
UNC-86-DNA complex. A similar requirement for DNA tar-
get site-dependent recruitment has also been suggested for the
formation of the Oct-1-Oca-B complex (6, 23). Whether
MEC-3 interacts directly with DNA or induces a conforma-
tional change in UNC-86 that results in an extension or shift of
its DNA binding surface has to be the subject of future studies.
The importance of the octamer motif in CS1 and CS2 is further
supported by the evolutionary conservation of this sequence
among C. elegans, C. briggsae, and C. remanei (40, 42).

MEC-3 enhances the DNA binding of UNC-86. We identi-
fied several mutations that strongly reduced the affinity of
UNC-86 for DNA in vitro (Fig. 6B), resulting in very weak
transcriptional activation in vivo (Table 2). However, coexpres-
sion of mec-3-GAD along with these unc-86 variants in the
yeast system was still found to cooperatively increase lacZ
reporter gene activation by a factor similar to that obtained
with the wild type (Table 2). All but one of the mutant proteins
were able to form a ternary complex with the MEC-3 protein
in vitro (Fig. 6B).

None of the positions affected by these mutations have pre-
viously been reported to directly contact DNA in other POU
proteins. The K250D mutation alters the charge of a solvent-
exposed residue, while three of the other mutations that cluster
in the first « helix of POUy,, introduce prolines (Fig. 4), which
may result in a kink in this helix. A slightly altered structure of
POUy, could impair the DNA binding of these mutants. In-
terestingly, mutations that affect DNA binding but not ternary
complex formation have not been identified in previous muta-
tional analyses of POU proteins (1, 29). From these data, we
conclude that MEC-3 interaction may enhance the binding
affinity of UNC-86, either by inducing a conformational change
in the protein or because MEC-3 itself contributes to DNA
binding.

Amino acids in both POU subdomains of UNC-86 influence
the interaction with MEC-3. Five amino acid substitutions in
POUg and POUy, of UNC-86 (Fig. 4) result in mutants that
bind DNA in vitro like wild-type UNC-86 and also activate
transcription in vivo to a similar extent. However, when coex-
pressed with mec-3—-GAD, these mutants did not display an
increase in lacZ reporter gene activation as seen with wild-type
UNC-86 (Table 2). This suggests that we have identified amino
acids in both POUg and POUy,, of UNC-86 that are required
for the interaction with MEC-3 or for the synergistic activation
of the UNC-86-MEC-3 heterodimer.

The structures of the POU domains of Oct-1 and Pit-1 are
strikingly similar, even though they display only 52% amino
acid identity (16). No structural data are available for UNC-86,
but from the 45 and 44% sequence identity of the UNC-86
POU domain with those of Oct-1 and Pit-1, respectively, one
could assume that it folds very similarly to the POU domains of
these proteins (16). Based on these similarities, we compared
the locations of mutations in UNC-86 with their respective
positions in Oct-1 and Pit-1 (21, 22).

The residues corresponding to R146, L197, and M202 in
Oct-1 and F297 in Pit-1 (compare Fig. 4) have been implicated
in direct protein contacts (1, 13, 21, 29). Alanine substitutions
at E286, 1.344, and M349 in Oct-1 result in loss of interaction
with Oca-B (1, 13, 21), and K60 (F297) is involved in protein
contacts in the Pit-1 crystal structure (21). Consistent with a
similar function, L197A and M202L did not form ternary com-
plexes in an EMSA and the ternary complex formation of
R146A appeared weaker than that of wild-type UNC-86. As
both the leucine (position 197) and methionine (position 202)
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are conserved in the functionally nonrelated UNC-86, Pit-1,
and Oct-1 proteins (Fig. 4) (16), one might hypothesize that
they are part of a general protein docking surface conserved
among POU proteins. K206E may also be part of this docking
surface, since this residue is located close to positions 202 and
197 in the structure of the POU domain, and ternary complex
formation of the K206E mutant was weaker than with the wild
type. There are no data available from Oct-1 or Pit-1 POU
complexes that link this position to protein interactions.

F297S, on the other hand, did not affect DNA and MEC-3
binding of UNC-86 in an EMSA, but in vivo coactivation with
MEC-3-GAD was reduced from 49-fold to 3-fold. This sug-
gests that F297S is an important discriminator of protein in-
teractions and coactivation. It is consistent with such a role that
this position is distinct in the different POU proteins and is
located in the vicinity of other residues that, in both Oct-1 and
Pit-1, affect DNA or protein interactions. In contrast, E289A
and I437A in Oct-1 prevented the interaction with Oca-B (1),
whereas the equivalent substitutions in UNC-86 (E149A and
D296A) affected neither DNA binding nor MEC-3 interac-
tions. We conclude that Oct-1 and UNC-86 share some of the
residues of their surface for protein interactions, but other
positions are obviously functionally distinct.

An unexpected result was obtained for position 242. In the
cocrystal structures of Pit-1 and Oct-1, this conserved arginine
is involved in minor-groove base contacts (21, 22). Consistent
with a similar role in UNC-86, R242G did not bind to DNA in
vitro, although in vivo, this mutant only showed twofold re-
duced transcriptional activation. Even more strikingly, R242G
was capable of ternary complex formation like the wild type
whereas our in vivo data suggest fivefold reduced coactivation
with MEC-3-GAD. We have no explanation for this discrep-
ancy. We cannot exclude the possibility that the DNA binding
of UNC-86 R242G is enhanced by intrinsic yeast proteins.
Alternatively, the R242G mutation could have a negative effect
on the DNA binding of UNC-86 and at the same time lead to
strong enhancement of the amino-terminal transactivation do-
main of UNC-86. The latter case would suggest a novel role for
the POU domain in transcriptional regulation. While the POU
domain does not possess activating properties, it may partici-
pate in the regulation of the amino-terminal AD of UNC-86.

Synergistic activation between UNC-86 and MEC-3 may re-
quire an extensive interaction surface. The cooperative bind-
ing of MEC-3 and UNC-86 strongly enhanced transcriptional
activation in yeast, corroborating the previously reported re-
sults of in vitro transcription assays (25). However, a compar-
ison of our in vivo and in vitro data clearly demonstrates that
the affinity of UNC-86 and MEC-3 in the ternary complex with
DNA in vitro does not always correlate with the transcriptional
activity of the complex in vivo. For example, binding of
UNC-86 to MEC-3 is not significantly affected by deletion of
the amino-terminal half of UNC-86. This led us (this study)
and others (43) to propose that UNC-86 binding to MEC-3 is
mediated by the POU domain only. However, we found that
the UNC-86AN protein, which lacks all residues N terminal to
the POU domain, has almost lost its capability for synergistic
transcriptional activation with MEC-3 in vivo whereas, strik-
ingly, this synergism with the MEC-3 AD is not affected. This
suggests that under in vivo conditions, UNC-86 and MEC-3 are
involved in more complex interactions than previously thought.
These require binding of MEC-3 to the UNC-86 POU domain
but obviously also involve additional interactions between the
UNC-86 amino terminus and an as yet unidentified domain of
MEC-3. The latter interaction can be replaced in our yeast
system by providing a heterologous AD (Gal4p) with the
MEC-3-GAD fusion. The nature of the synergistic activation
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of UNC-86-MEC-3 is unknown and has to be the subject of
future studies.
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