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Cooperative Interactions Between the
Caenorhabditis elegans Homeoproteins
UNC-86 and MEC-3

Ding Xue, Yuan Tu,‘ Martin Chalfie*

The POU-type homeodomain protein UNC-86 and the LIM-type homeodomain protein
MEC-3, which specify neuronal cell fate in the nematode Caenorhabditis elegans, bind
cooperatively as a heterodimer to the mec-3 promoter. Heterodimer formation increases
DNA binding stability and, therefore, increases DNA binding specificity. The in vivo sig-
nificance of this heterodimer formation in neuronal differentiation is suggested by (i) a
loss-of-function mec-3 mutation whose product in vitro binds DNA well but forms het-
erodimers with UNC-86 poorly and (ii) a mec-3 mutation with wild-type function whose
product binds DNA poorly but forms heterodimers well.

The differentiation of six touch receptor
neurons in the nematode C. elegans requires
two homeobox genes, unc-86 and mec-3.
The unc-86 gene encodes a POU-type ho-
meoprotein required in touch cell precur-
sors to generate the touch receptor neurons
(1, 2). The mec-3 gene, which encodes a
LIM-type homeoprotein, is needed to spec-
ify the touch cell fate once the cells have
been produced (3-5). The presence of unc-
86 protein (UNC-86) in the touch cells
(2), the binding of UNC-86 to the mec-3
promoter, and the requirement for some of
the UNC-86 binding sites in vivo for mec-3
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expression *(6) suggest that unc-86 directly
initiates mec-3 expression. Furthermore,’
mutation of one UNC-86 binding site in
the mec-3 promoter reveals that unc-86 is
also required to maintain mec-3 expression
(6), a role consistent with the finding that
UNC-86 is present in the touch cells
throughout the life of the animals (2).
The mec-3 gene is required for proper
expression of genes such as mec-4 and mec-7
(3, 7, 8) that are needed for touch receptor
function (4, 9), and it is required for the
maintenance of its own expression (5, 6,
10). Because mec-3 protein (MEC-3) binds
to its own promoter and mutations in some
MEC-3 binding sites affect the maintained
expression of mec-3lacZ fusions, such auto-
regulation is likely to be direct (6).
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The proteins UNC-86 and MEC-3 bind
to overlapping regions in the mec-3 promot-
er (Fig. 1A), two of which (CS2 and CS3)
are needed for mec-3 expression (6). We
examined the binding of UNC-86 and
MEC-3 to oligonucleotides of these regions
in gel mobility—shift assays (11). UNC-86
bound differently to the two oligonucleo-
tides, yielding one retarded band with CS2
and two retarded bands with CS3 (Fig. 1B).
The two CS3 bands represent the binding
of UNC-86 as a monomer and a dimer (12).
Homodimer formation has been observed
with three other POU-type homeoproteins,
Pit-1, Oct-2, and Cfl-a (13, 14).

As for MEC-3, it bound to both oligo-
nucleotides and resulted in a single retarded
species (Fig. 1B), although the binding of
MEC-3 to CS2 was weak. When both
MEC-3 and UNC-86 were added to each of
the oligonucleotides, the MEC-3 band was
reduced and a more intense band (the UM
complex) appeared at a position near the
UNC-86 monomer band. The UM com-
plex contains both MEC-3 and UNC-86
because it can be supershifted by either an
antibody to MEC-3 (anti-MEC-3) or an
antibody to an influenza virus epitope tag
added to UNC-86. In the UM complex,
MEC-3 bound at least 24 times as much
oligonucleotide (CS2 or CS3) as it did
without UNC-86. The binding of oligonu-
cleotide by UNC-86 in the UM complex
increased at least sixfold over the binding of
DNA to UNC-86 alone. These data suggest
that the binding of both proteins to DNA,
especially the binding of MEC-3 to DNA,
is greatly increased by a cooperative protein
interaction. Although the UM complex is
observed in gel shifts with both oligonucle-
otides, most of the following experiments
were done with the CS3 oligonucleotide.

Interactions between UNC-86. and
MEC-3 were also detected by chemical cross-
linking (15) (Fig. 2A), which showed that a
heterodimer is formed, and by immunoprecip-
itation (16) (Fig. 2B), which showed that the
proteins can interact without DNA.

Truncated UNC-86 and MEC-3 allow
for visualization of the heterodimers in gel
shifts and help define the domains needed
for these interactions (Fig.”3). The POU
domain of UNC-86 [UNC-86(POU)] is
sufficient for both DNA binding and het-
erodimer. formation. For MEC-3, a region
of only 76 amino acids (amino acids 217 to
293) containing the homeodomain and the
adjacent COOH-terminal 16 amino acids
was sufficient for DNA binding and het-
erodimer formation, whereas the MEC-3
homeodomain (amino acids 217 to 277)
alone bound DNA but formed heterodimers
with UNC-86 on DNA very poorly. The
LIM domains, which neither bind DNA
nor form heterodimers, appear to inhibit
DNA binding. The extrahomeodomain re-



gion of MEC-3 required for heterodimer
formation differs in two respects from the
recently identified region at the amino end
of the homeodomain of the yeast a2 protein
that has a similar function (17): it differs in
sequence from the region of a2 and it does
not convey heterodimer-forming ability to
an engrailed homeodomain (18). Analysis of
deletion mutations and hybrid homeopro-
teins in Drosophila has suggested that the
target specificity of these proteins resides in
the homeodomain and regions close to it
(19). Perhaps these extrahomeodomain re-
gions are also needed for protein interac-
tions.

The increase of DNA binding affinity
when both UNC-86 and MEC-3 are present
could result from an increase in the associa-
tion of these proteins with DNA or a decrease
in their dissociation from it. Because the
association of these proteins with DNA is
rapid (even at low temperature), we have
been unable to measure differences in associ-
ation rates (18). Competition experiments,
however, suggest that a significant proportion
of the change in affinity can be explained by a
decrease in the dissociation rate of the het-
erodimer from DNA. When a 200-fold excess
of unlabeled CS3 oligonucleotide was added
to equilibrated complexes with MEC-3 and
UNC-86(POU) (to distinguish the different
complexes), the MEC-3:DNA and [UNC-
86(POU)],:DNA complexes dissociated im-
mediately (Fig. 4A). The UNC-86(POU)
and the MEC-3:UNC-86(POU):DNA com-
plexes, however, were much more stable:
some complexes remained 15 min after the
addition of unlabeled oligonucleotide. Similar
results were observed when full-length UNC-
86 was used (18).

When the COOH-terminal acidic do-
main was bound by anti-MEC-3 (Fig. 4B)
or was deleted (20), we observed an even
larger increase in the binding stability of
the heterodimer. This result suggests that
the binding stability of UNC-86 to DNA is
also increased by heterodimer formation.

We used several mutants to examine the
in vivo importance of DNA binding and
heterodimer formation for mec-3 function.
The 499 mutation produces a loss-of-func-
tion phenotype (9) and causes a cysteine to
be replaced by a tyrosine within the 16—
amino acid extrahomeodomain region that
is required for heterodimer formation (21).
The predicted protein, MEC-3(C279Y),
made in Escherichia coli, bound to CS3 as
well as wild-type MEC-3, but formed het-
erodimers with UNC-86(POU) less well (a
sixfold reduction) (Fig. 5). This defect is
DNA-dependent because MEC-3(C279Y)
coprecipitated UNC-86 as well as wild-type
MEC-3 (Fig. 3). Thus, the decreased ability
of MEC-3(C279Y) to interact with UNC-
86 on DNA may underlie the loss of mec-3
activity produced by this mutation (the
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third helix of the homeodomain was re-
placed by cysteine. Amino acids at this
position have been shown in various ho-

touch-insensitive phenotype).
In the mutant protein MEC-3(Q266C),
the glutamine at the ninth amino acid in the
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UNC-86 or UNC-86HA; M, MEC-3; Ab, MEC-3 antibody; 12CA5, anti-influenza virus hemagglutinin,
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Fig. 2. Chemical cross-linking and co-immunoprecipitation of UNC-86 and MEC-3. (A) Western blot
demonstrating the chemical cross-linking of UNC-86 and MEC-3. We incubated 60 ng of UNC-86
either alone or with 100 ng of MEC-3(214-321) or with 100 ng of bacterial protein control (C) in the
absence (—) or presence (+) of CS3 (5 ng). Bands of UNC-86 monomer (U), homodimer (U,), and
UNC-86:MEC-3(214-321) heterodimer (UM) were detected with an antibody to UNC-86 (2).
Bis-maleimidohexane (BMH) cross-linked UNC-86:MEC-3(214-321) heterodimers much better than
ethylene glycolbis(succinimidylsuccinate) (EGS) did, but it also produced a higher background of
nonspecific bands. (B) Co-immunoprecipitation of UNC-86 and MEC-3. UNC-86 (*U) or a control
lysate (*C, translated with control mMRNA) was labeled in vitro with 35S-methionine and incubated
either alone, with 150 ng of bacterial control protein (B), with 150 ng of MEC-3 (M) purified from
bacteria extracts, or with 150 ng of MEC-3(C279Y) [M(C—Y)]. MEC-3 antibody (MEC-3Ab), MEC-7
antibody (MEC-7ADb), or preimmune serum (PreS) was added later. In the last lane, ethidium
bromide (EtBr) (200 ng/pl) was included.

SCIENCE ¢ VOL. 261 ¢ 3 SEPTEMBER 1993 1325



meoproteins to be critical for the specificity
of DNA binding (22). The DNA binding of
MEC-3(Q266C) was reduced about 10-fold,
yet this mutant protein formed heterodimers
more readily with UNC-86(POU) than
MEC-3 did, showing a twofold increase in
heterodimer formation (Fig. 5). Transforma-
tion of a mec-3 mutant strain with genomic
DNA carrying the mec-3(QQ266C) mutation
fully rescued the mutant phenotype, indicat-
ing that MEC-3(Q266C) functions in vivo
(Table 1) (23).

These experiments suggest that het-
erodimer formation is important for mec-3
function in vivo. Although the cellular con-
centration of MEC-3 is unknown, our results
suggest that cells can better tolerate a reduc-
tion in the ability of MEC-3 to bind DNA
than a reduction in the ability of MEC-3 to
form heterodimers. Heterodimer formation,
however, requires the binding of both UNC-
86 and MEC-3 to DNA, at least at CS2,
because either a mutation in this site that
eliminates MEC-3 binding but not UNC-86
binding, or a mutation that greatly reduces
UNC-86 binding but not MEC-3 binding,
prevents heterodimer formation (Fig. 6). Be-
cause the maintenance of mec-3lacZ expres-
sion in vivo is abolished by these CS2 muta-
tions (6), the binding of both proteins at CS2
appears to be needed, perhaps because het-

specificity of MEC-3 by sequestering it to
regions that bind UNC-86. Such sequestra-
tion appears to have occurred in our deoxy-
ribonuclease I (DNase I) footprinting of the
mec-3 promoter with MEC-3 and UNC-86
(6). At least at CS2 (where we can separate
UNC-86 and MEC-3 binding), the interac-
tions of MEC-3 with DNA and with UNC-
86 are required for heterodimer formation.
Thus, specificity could be increased by the
presence of a larger binding surface provid-
ed by both UNC-86 and DNA.

The increased specificity resulting from
the interaction with UNC-86 may be par-
ticularly important for the function of
MEC-3 in vivo. Like other POU-type ho-
meoproteins (24) and in contrast with
MEC-3 and most other homeoproteins
(25), UNC-86 shows considerable DNA
binding specificity (6). This binding speci-
ficity and the expression of UNC-86 during

Table 1. Transformation of mec-3 DNAs. The
indicated mec-3 DNAs and dpy-20(+) DNA were
microinjected into mec-3(e1338) dpy-20(e1282),
these nematodes are dumpy (Dpy) and touch-
insensitive (Mec) at 25°C. Normal-length germ
line transformants were then scored for touch
sensitivity. Only one of the TU1671 animals was
touch insensitive at both the head and tail.

erodimer formation is required, for the main- ) Fraction
tenance of mec-3 expression. Because we can- Aryl;not touch
not independently mutate UNC-86 and DNA sg;itign Strain sensitive
MEC-3 binding at CS3 (6), we do not know 266 )
whether the binding of both proteins is re- Head Tail
quired at this site. pTU23 G TU670 15/16 15/16
The interaction of MEC-3 and UNC-86 (wild TU1671 12119 18/19
increases both the DNA binding affinity type)
and the stability of binding, especially for  Ty#ss Cys TU1689 2525 25/25
MEC-3. With limiting amounts of MEC-3, (Q266C) TU1690 28/29 28/29
these changes should increase the binding
Fig. 3. DNA binding and A 1 .. DNA  Heterodimer
DrotCein interactions  of e LIM1_ LM2 s dir{gﬁm b”‘f‘”g """f“““
MEC-3 deletion mutants. i
(A) Diagram of the mec-3 ;::i: 4 I
protein deletions. DNA 1-299 T +
binding was scored as wild 27-277 ++ 2
type (+), absent (=), or 1-153 - -
increased (++ or +++). ST +++ ¥
Heterodimer formationwas ~ 2172%° ++ +
scored as wild type (+), s b/ =
absent (=), or greatly re-
duced (+/-). (B) Mobility- B + UNC-86(POU) + UNC-86(POU)
shift assays of UNC- T S L R S TR, =rg' sr':sl
85POU) with diflerent  §IL§FE FILENE
MEC-3 deletions. Incuba- S s s, NAN NA&N
tions included 0.5 ng of & 3
UNC-86(POU) and 100 ng
of MEC-3 proteins [except Y.
that 5 ng of MEC-3(214— - -

312) was used]. The MEC-
3(217-301), MEC-3(217-
293), and MEC-3(217-
277) peptides used in
these experiments (at 5

ng) were made by cleavage of purified GST-fusion proteins (34).
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development before MEC-3 (2, 5) may
allow UNC-86 to act like a coupling pro-
tein, recruiting MEC-3 to regions where it
has already bound. Because many homeo-
domain proteins have similar DNA binding
properties in vitro, the suggestion has been
made that other factors are needed to in-
crease DNA binding specificity so that
these widespread proteins can specify cell
fate (25). Our results provide direct support
for this hypothesis.

Protein-protein interactions involving ho-
meoproteins have been reported but, except
for the homeodomain-like proteins al and a2
of yeast (26), not between two very different
homeoproteins like UNC-86 and MEC-3.
Interactions between POU-type homeopro-
teins (10, 27, 28) and between homeopro-
teins and nonhomeoproteins (29-31) have

A
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Fig. 4. Dissociation of MEC-3:DNA, UNC-
86:DNA, and MEC-3:UNC-86:DNA complexes.
(A) Heterodimer formation stabilizes MEC-3
binding to DNA. A 200-fold excess of unlabeled
CS3 was added to 350 ng of MEC-3 alone or to
350 ng of MEC-3 and 20 ng of UNC-86(POU)
that had been preincubated with labeled CS3.
Aliquots were loaded at the indicated times
(min) onto a continuously running 5% nondena-
turing polyacrylamide gel. (B) An antibody that
binds the acidic tail of MEC-3 also increases
the DNA binding stability of the UNC-86:MEC-3
heterodimer but not of MEC-3. Because the
complex MEC-3:Ab bound more DNA than
MEC-3 alone (Fig. 1B), the antibody appears to
increase MEC-3 DNA binding affinity but not its
binding stability. A 400-fold excess of unla-
beled CS3 was added to 350 ng of MEC-3, 14
ng UNC-86, or 350 ng of MEC-3 and 14 ng
UNC-86 that had been preincubated with
MEC-3 antibodies and labeled CS3.



been described, and some of these interac-
tions alter DNA binding specificity (26, 30).

In vivo, UNC-86 and MEC-3 are likely
to be only part of a larger DNA binding
complex. The LIM repeats and the acidic
COOH-terminus of MEC-3, which do not
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Fig. 5. Effects of mec-3 mutations. (A) Diagram
of mutations in mec-3 and their effects on DNA
binding, heterodimer formation on DNA, and in
vivo phenotype. DNA binding and heterodimer
formation were either at wild-type (+), reduced
(+/-), or increased (++) amounts. For the in
vivo phenotype, the nematodes were either
touch-sensitive (+) or -insensitive (—). (B) Mo-
bility-shift assays with wild-type and mutant
MEC-3. We used 100 ng of MEC-3 and 0.5 ng
of UNC-86(POU).

A

cs2 TTCATAAGAAATGCATCTATTATCGTCAC

u2(-) T G

m2(-) GC G

B cs2 m2( u2{)
MEC-3 4+ = + 4 = 4+ + - +

UNC-B6(POU) = 4 + = <+ + = 4 +

Fig. 6. Binding of MEC-3 and UNC-86 to CS2,
m2(-), and u2(-). (A) Diagram of the mu-
tations in CS2. Only the changed nucleo-
tides are indicated. (B) Mobility-shift assays
using 300 ng of MEC-3 and 0.5 ng of UNC-
86(POU).

appear to be required for DNA binding or
heterodimer formation, may bind to other
factors. LIM repeats, which in MEC-3 ap-
pear to inhibit DNA binding, permit pro-
tein-protein interactions (32), and acidic
domains often promote transcriptional acti-
vation by interacting with cellular proteins
(33). One consequence of the latter inter-
action suggested by our stability studies is
that the masking of the negative charge of
the MEC-3 COOH-terminus could further
stabilize the binding of the protein complex.

Our results extend the model for touch
cell differentiation derived from the analysis
of touch mutants (9). Instead of being re-
quired solely for the expression of mec-3 in
these cells, unc-86 also appears to be needed
to maintain this expression. Because UNC-
86 is found immunologically throughout the
life of the cells (2) and unc-86 is required for
the expression of mec-7 (7), UNC-86, per-
haps as part of a heterodimer with MEC-3,
could be involved in more downstream tran-
scriptional events.
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Prevention of Collagen-Induced Arthritis with an
Antibody to gp39, the Ligand for CD40

Fiona H. Durie, Roy A. Fava, Teresa M. Foy, Alejandro Aruffo,
Jeffrey A. Ledbetter, Randolph J. Noelle*

The ligand for the CD40 antigen is a 39-kilodalton protein, gp39, expressed on the surface
of activated CD4* T cells and is essential for thymus-dependent humoral immunity. The
role of gp39-CDA40 interactions in autoimmune disease was investigated in vivo with the
use of an antibody that blocks their interactions (anti-gp39). Arthritis induced in mice by
immunization with type Il collagen was inhibited by anti-gp39. Anti-gp39 blocked the
development of joint inflammation, serum antibody titers to collagen, the infiltration of
inflammatory cells into the subsynovial tissue, and the erosion of cartilage and bone. Thus,
interference with gp39-CD40 interactions may have therapeutic potential in the treatment

of autoimmune disease.

Experimental evidence has established
that the CD40 ligand, gp39, is essential in
the development of thymus-dependent im-
munity (I). The expression of gp39 is large-
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ly restricted to activated CD4™ T cells
(2—4), and its receptor, CD40, is a mitogen-
ic receptor expressed on mature B cells (5).
It has been postulated that expression of
gp39 during cognate T cell-B cell interac-
tions is an essential signal in the develop-
ment of thymus-dependent (TD) immunity.
This postulate has been proven with the
recognition that X-linked hyper immuno-
globulin M (IgM) syndrome (HIM), which
results in the severe reduction of thymus-
dependent responses and Ig isotype switch-
ing, results from point mutations in the gp39
gene (6-9). Mutant gp39 proteins from HIM
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patients cannot trigger B cell activation or
bind to CD40 (6). Although TD humoral
immune responses in HIM patients are im-
paired, cell-mediated immune responses are
intact, suggesting that gp39 is only essential
in antibody-mediated immunity. A mono-
clonal antibody (mAb) specific to murine
gp39, MR1, blocks the binding of gp39 to
CD40 and also blocks T helper (Ty) cell-
dependent B cell activation in vitro (10).
Experiments were designed to test whether a
mADb specific to gp39 could be used thera-
peutically to control the course of humoral
immune responses in normal and disease
states. The administration of anti-gp39 in-
terferes with the development of primary
and secondary humoral immune responses
(11), apparently by blocking the binding of
gp39 to CD40.

The effects of anti-gp39 administration on
a murine model of human autoimmune dis-
ease, theumatoid arthritis, are presented here-
in to determine the role of interactions be-
tween gp39 and CD40 in the development of
autoimmune disease. Collagen type II-in-
duced arthritis (CIA) is induced in susceptible
strains of mice by intradermal injections of
heterologous native type II collagen (CII)
(12, 13). Because the transfer to naive ani-
mals of antibodies to CII leads to a condition
histopathologically different from CIA and
results in only transient synovitis (14), the
role of humoral immunity in the development
of CIA is not completely understood. In
contrast, the transfer of both antibodies to CII
and CD4™" T cells from mice immunized with
denatured CII completely reconstitutes the
symptoms of classical arthritis (I15). There-
fore, synergy between the cellular and hu-
moral arms of the immune response appears to
be essential in the development of arthritis.

The kinetics of disease progression that
result from the immunization of DBA/1]
(H-29) mice with CII are depicted in Fig. 1.
Mice were immunized with chick CII in
complete Freund’s adjuvant (CFA) and
then challenged 3 weeks later with soluble
CII. After this challenge, a dramatic rise in
the rate of disease progression was observed.
To quantitate the course of disease progres-
sion, we assigned scores to mige depending
on the severity of inflammation of the fore-
and hindlimbs. Three groups of mice (eight
per group) were immunized with CII in
CFA, and 1 week later each group received
either no mAb, anti-gp39, or irrelevant
hamster Ig (HIg) (Fig. 1). Mice were sub-
sequently administered antibody (250 ng
per mouse) every 4 days until the end of the
experiment. This antibody treatment re-
gime was used because previous titrations
showed that this regime of mAb adminis-
tration inhibited more than 90% of the
primary (IgM) anti-sheep red blood cell
response (I1). Antibody half-life is estimat-
ed to be 12 days, so that injections every 4





