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added with SDS-sample buffer, heated at 95°C for 5 min, and applied to SDS-PAGE,

followed by fluorography.
Results
BOR type mutations abolish the interaction between Dach1 and Eyal

Interactions bet\yeen Dachshund and Eyes absent proteins in Drosophila were
identified by yeast two-hybrid assays and GST-pulldown analyses (Chen et al. 1997).
The interaction is mediated through the Eya domain and Dachshund domain 2 (DD2),
both of which are conserved among various species (Chen et al. 1997; Xu et al. 1997,
Caubit et al. 1999). We assessed the interaction between mouse Dachl and mouse
Eyal by mammalian two-hybrid assay. A plasmid expressing Eyal or Eyal mutations
fused with GAL4 DNA binding domain (pMEyal and its mutation derivatives) was
used as a bait (Table 1). FLAG-tagged Dachl expressing plasmid, pfDachl, as a préy
and a luciferase reporter plasmid consisting of five Gal4 DNA binding sites upstream
of the synthetic core promoter, pGL-MRG5 (Ikeda et al. in presvs), were co-transfected
into 293 cells. FLAG-tagged Dachl was used because Dachl itself shows a potent
transactivation activity and that its activity is reduced in the context of Dach1-VP16
fusion protein (Kawakami, K., unpublished observation). As shown in Fig. 1,
pfDachl stimulated the transcription of the reporter 12- to 36-fold in the presence of
pMEyal in a dose dependent manner, indicating that Dachl interacts with the wild

type Eyal.
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We tested three BOR type mutations, pMEyalR307X, pMEyalS486P and
pMEyallL504R, as well as ocular type of mutations, pMEyalE362K and
pMEyalR546G, as baits. The former three BOR type mutations marginally activated
the transcription of the reporter gene (< 3-fold), whereas the latter two ocular type
mutations enhanced the transcription (11- to 37-fold), similar to the wild type.
Interestingly, a complex type mutation pMEyal1G425S, which had been described in a
paﬁent with both BOR syndrome and cataract (Azuma et al. 2000), also enhanced the
transcription (9- to 26-fold) similar to the wild type. These results indicate that the
three BOR type mutations abolished the interaction with Dach1, while the ocular and

complex type mutations retained the interaction with Dachl.
BOR type mutations abolish the interaction between G proteins and Eyal

Human EYA2, another member of the EYA family gene products, was found capable
of binding to constitutively active forms of a subset of Got proteins, Goz and Goi2,
through EYA domain, suggesting that EYAZ2 is one of the effector molecules of these
G proteins (Fan et al. 2000). This prompted us to assess the interaction between Eyal
and these Go proteins. In the following studies, we used the constitutive active
mutations of rat GozQ205L and Gai2Q205L, which mimic the phosphorylated form
of each G protein (Fan et al. 2000). Mammalian two-hybrid assays were performed
using pMEyal as a bait and plasmids expressing VP16-Gou fusion proteins,
pVP16Goz, pVP16GozQ205L, pVP16Gai2 or pVP16Gai2Q205L as a prey (Fig. 2a).

pVP16Goz and pVP16Gai2 showed no activation of the reporter pGL-MRGS,
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whereas each constitutive active mutation, pYP16GazQ205L and pVP16Gxi2Q205L
activated the transcription of the reporter from 33- to 79- and from 42- to 132-fold in
a dose dependent manner, respectively. These results indicate that GazQ205L and
Gai2Q205L interact with Eyal.

Next, we examined the effect of Eyal mutations on the interaction between
Eyal and G0izQ205L or Gai2Q205L (Figs. 2b, c). Three BOR type mutations
pMEyalR307X, pMEyalS486P and pMEyallL.504R showed no activation of the
reporter. On the other hand, an ocular type mutation pMEyalE362K enhanced the
transcription of the reporter 52- to 103-fold (pVP16GazQ205L) or 69- to 116-fold
(pVP16Gi2Q2051). This enhancement was slightly higher than that of the wild type
pMEyal (23- to 52-fold for pVP16GozQ205L and 62- to 8&9-fold for
pVP16G0i2Q205L). The other ocular type mutation pMEyalR546G enhanced 39- to
77-fold (pVP16GozQ205L) or 56- to 75-fold (pVP16G0i2Q205L), similar to wild
type pMEyal. The complex type mutation pMEya1G425S showed a comparable level
of activation (57- to 58-fold for pVP16GozQ205L and 57- to 96-fold for
pVP16Gai2Q205L) of the reporter gene transcription to the pMEyal. The results
indicate that three BOR type mutations, R307X, S486P and L504R failed to interact
with the constitutive active mutations of Goiz and Goi2, and that other Eyal

mutations retained their abilities to interact with these G proteins.

BOR type mutations weaken the interaction between Six and Eyal
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The functional synergy between Six2, Six4 or Six5, and Eyal has been reported with
regard to transcription from their target gene (myogenin) promoter (Ohto et al. 1999).
To examine whether the above Eyal mutations influence the interaction with various
Six, we berformed mammalian two-hybrid assays (Fig. 3). A plasmid pVP16Six1,
pVP16Six2, pVP16Six4 or pVP16Six5 expressing VP16-Six1, -Six2, -Six4 or -Six5
fusion proteins, respectively, was used as a prey. These Six proteins are expected to
be involved in BOR syndrome based on their expression in branchial arch, otic vesicle
and/or nephrogenic cord during embryogenesis. pMEyal and its mutation derivatives
were used as a bait (Table 1). Various combinations of bait-prey were co-transfected
into 293 cells with the reporter plasmid pGL-MRGS5.

For pVP16Six1, wild type pMEyal showed 14~ to 15-fold activation of the
reporter. pMEyalE362K (19- to 30-fold), pMEyalG425S (16- to 19-fold),
pMEyalR546G (18- to 28-fold) and pMEyalS486P (13- to 15—fold) showed
comparable or even higher activation of the reporter, relative to pMEyal. In confrast,
pMEyalR307X and pMEyalL504R showed little activation up to 1- and 3-fold,
respectively (Fig. 3a).

For pVP16Six2, wild type pMEyal showed 4.6- to 4.9-fold activation of the
reporter. pMEyalE362K (4.4- io 5.9-fold), pMEyalG425S (5.3-fold), pMEyalR546G
(4.8- to 5.6-fold) and pMEyalS486P (4.7- to 5.1-fold) showed comparable or a
slightly higher activation of the reporter, relative to pMEyal. In contrast,
pMEyalR307X showed little activation (< 1.5-fold) and pMEyalL.504R up to 2.3- to

2.7-fold activation (Fig. 3b).
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For pVP16Six4, wild type pMEyal showed 6.7- to 11-fold activation of the
reporter. pMEyalE362K (4.7- to 10-fold), pMEyalG425S (5.2- to 10-fold) and
pMEyalR546G (5.5- to 13-fold) showed comparable activation of the reporter,
relative t;) pMEyal. In contrast, pMEyalR307X showed little activation (< 1.1-fold)
and S486P and L504R showed 5.5- to 7.7- and 2.3- to 3.3-fold activation, respectively
(Fig. 3c).

In case of pVP16Six5, wild type pMEyal showed 13- to 24-fold activation of
the reporter. pMEyalE362K (13- to 35-fold), pMEyalG425S (22- to 30-fold) and
pMEyalR546G (28- to 42-fold) showed comparable or higher activation of the
reporter than pMEyal. In contrast, pMEyalR307X showed little activation (< 1.1-
fold), while S486P and L.504R showed 10- to 11- and 3.2- to 4.2-fold activation,
respectively (Fig. 3d).

These results indicate that the ocular type and the complex type mutations
E362K, G425S and R546G showed comparable or stronger interaction with any Six
compared with wild type Eyal, but that R307X abolishes the interaction with either
Six. In contrast, S486P exhibits comparable or slightly weaker interaction with Six1,
Six2 and Sixd4, but significantly weaker interaction with Six5, and L504R shows
marginal interactions with Six1 and Six5, although it retains significant interactions
with Six2 and Six4 (summarized in Table 1).

To address whether the defects in interactions observed in mammalian two-
hybrid assays are due to lack of the direct interaction between Eyal and Six proteins,
GST-pulldown assays were performed (Fig. 4). In vitro translated *°S-labeled Eyal or

its mutation proteins were incubated with Glutathione Sepharose beads bound to
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GST-Six fusion proteins. Bound and unbound fractions (denoted as B and S,
respectively in Fig. 4) were analyzed by SDS-PAGE, followed ‘by fluorography.
Wild-type Eyal (WT) was observed in the bound fraction of any GST-Six fusion
proteins, but not in the bound fraction of GST alone, and observed in smaller quantity
in unbound fraction of any GST-Six fusion proteins than in unbound fraction of GST
alone. Likewise, E362K, G425S and R546G were observed in larger quantities in the
bound fraction of any GST-Six fusion proteins than in the bound fraction of GST
alone. In contrast, R307X, S486P and L504R were mostly observed in unbound
fraction of all GST-Six and GST alone, and little or no amount of these proteins were
observed in bound fraction of any GST-Six. These results indicate that the wild type
Eyal efficiently bound to all of the GST-Six fusion proteins, and that E362K, G425S
and R546G interact with any GST-Six fusion proteins at significant, but varying
levels. In contrast, BOR type mutations, R307X, S486P and L504R did not show

significant binding to any GST-Six proteins.

BOR type mutations perturb the transcription from myogenin promoter

As a coactivator, Eyal synergistically actiyates myogenin gene transcription with Six2,
Six4 and Six5 that bind to its promoter region (Ohto et al. 1999). We checked whether
mutation versions of Eyal could activate the myogenin gene transcription with Six5 as
well as wild type Eyal. Wild-type pHMG6Eyal activated the transcription from
myogenin promoter with Six5 about 4.6-fold. In contrast, pHM6EyalS486P and

pHMO6EyalLL504R showed little or no activation of 1.0- and 0.6-fold, respectively.
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When we used mutations of pHM6EyalE362K and pHM6EyalG425S, comparable
levels of activation (5.4~ and 5.0-fold) were observed respectively. pHM6EyalR546G
showed slightly lower level of around 3.2-fold activation (Fig. 5). | These
transactiv‘ation of the myogenin promoter by wild type and mutations of Eyal
exhibited a good correlation with the two-hybrid interactions depicted in Fig. 3. This
indicates that the defective coactivator function of Eyal could be attributed to the
reduced physical interactions between Eyal and Six in transactivation of the

myogenin promoter.
BOR type mutations alter sensitivity to V8 protease and trypsin digestion

The fact that two BOR type substitution mutations, S486P and L.504R, simultaneously
lost the interaction with Dachl and G proteins, strongly suggesis a gross
conformational change in these mutations. To address this possibility, we performed
V8 protease mapping. In the case of S486P, we did not observe any difference in
sensitivity and in digestion pattern compared with those of the wild type (Fig. 6a,
lanes 1-6 and 7-12). In contrast, we detected an alteration of digestion pattern by V8
protease in L504R (Fig. 6a, lanes 13-18). Two- to 3-fold higher amount of the
undigested polypeptide (denoted as A) remained in L504R than that of wild type
when we added 200 ng to 2 pug of V8 protease (compare lanes 16-18 with lanes 4-6),
while the patterns of fragments D, E and F in L504R digestion did not change,
relative to that in wild type digestion (compare lanes 15-18 with lanes 3-6). Fragment

C was detected at higher levels in L504R than the wild type with the addition of 650

—366—



Ozaki et al., Page 17

ng and 2 pg of V8 protease (lanes 17 and 18, compare with lanes 5 and 6).
Furthermore, fragment B was hardly detected and fragments with slightly different
mobility from that of fragment B appeared (Fig. 6a, lanes 14-18). In addition,
fragment B’ was present at higher level at 2 pg of V8 protease in L504R than in wild
type (discerned by short exposure, data not shown). These results indicate that L504R
is more resistant to V8 protease digestion and the digestion pattern is distinct from
those of wild type and S486P, suggesting a different conformation of L504R.

We also performed protease mapping using trypsin and detected alterations of
digestion patiern in S486P and L504R (Fig. 6b). Far more amount of undigested
polypeptide (denoted as A) remained in both mutations than in wild type when we
added 12 ng of trypsin (compare lanes 11 and 17 with lane 5). Fragment B was hardly
detected at 4 ng of trypsin (Fig. 6b, lanes 10 and 16). Fragments D, E, and H were
missing or detected only at lower levels in these mutations than in the wild type with
the addition of 40 ng of trypsin, while fragment I was detected at higher levels (lanes
12 and 18, compare with lane 6). The patterns of the other proteolytic fragments, C, F,
G and I in S486P and L504R digestion were unchanged to those in the wild type
digestion (Fig. 6b, compare lanes 12 and 18 with lane 6). These results indicate that
S486P and L.504R are more resistant to trypsin digestion and the digestion patterns of
these mutations are distinct from that of the wild type, suggesting the altere(i

conformation of S486P and L504R.

Discussion
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In this study, we found that two BOR type Eyal substitution mutations, S486FP and
L504R, and a truncation mutation R307X were defective in protein-protein interaction
mediated by EYA domain. Our results also suggest the possible involvement of Six,
Dach1, and G proteins in the pathogenicity of BOR syndrome.

S486P and L.504R mutations are located in the ceniral region of Eya domain
corresponding to the subregion of Eya domain of Drosophila Eyes absent (EF2),
which is required for the association with Drosophila Dachshund (Bui et al. 2000).
Dachshund and Eyes absent form a complex and synergistically induce compound eye
formation in Drosophila (Chen ¢t al. 1997). Likewise in chicken, Dach2 and Eya2
physically interact and synergistically induce myogenic gene expression (Heanue et al.
1999). Thus, it is possible that the interaction between DACHI1 and EYAIL is
necessary for the development of certain organs. Actually, both Eyal and Dachl are
expressed in otic vesicles and branchial arches in mouse (Xu et al. 1997; Caubit et al.
1999). The abrogation of such interaction by these BOR type mutations may perturb
the normal organogenesis, leading to BOR syndrome.

We also found that Eyal interacted with the active form of the two types of G
proteins, Goz and Gai2 (Fig. 2a). These G proteins have been reported to bind to
EYA2 and negatively regulate its coactivator function by inhibiting the nuclear
translocation of EYA?2 mediated by Six1 and Six4 (Fan et al. 2000). We propose that
the G proteins also modulate the distribution of Eyal proteins and regulate the Eyal
functions in organogenesis, and that impaired interaction of Eyal mutations with
these G proteins may result in their aberrant subcellular distribution, which might be

involved in the onset of BOR syndrome.
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Mostly consistent results were noted in the mammalian two-hybrid and GST-
pulldown assays as for the interaction of Eyal mutations with four types of Six
proteins (Figs. 3 and 4). The BOR type truncation mutation, R307X, and substitution
mutations, S486P and L504R, showed little interaction with Six1, Six2, Six4 or Six5
by GST-pulldown assays (Fig. 4). R307X showed little or no interactions with any
Six by mammalian two-hybrid assays, whereas L504R showed weak but significant
two-hybrid interaction with any Six and S486P reduced two-hybrid interaction only
with Six4 and Six5 (Fig. 3). The difference between the results of the two assays may
be due to their different sensitivity or may be explained by the involvement of a third
factor(s) in the living cells, which bridge or stabilize the interaction between Eyal and
Six proteins. Impaired interaction of Six4 and Six5 with all three BOR type Eyal
mutations suggests the involvement of these Six proteins in the pathogenicity of BOR
syndrome. In fact, Six4 as well as Six1 is expressed in branchial archés, otic vesicles
and nephrogenic tissues (Oliver et al. 1995; Ohto et al. 1998; Ozaki et al. 2001), and
Six5 as well as Six2 are expressed in branchial arches and nephrogenic tissues (Oliver
et al. 1995; Ohto et al. 1998; Klesert et al. 2000). Thus it is possible that BOR type
mutations reduce the interaction with these Six proteins to perturb the expression of
the Six-responsive genes, leading to BOR syndrome.

Contrary to the BOR type mutations, the ocular and complex type mutations
E362K, G425S and R546G did not show any defects in two-hybrid, GST-pulldown
and transactivation assays. This finding suggests that unidentified factors other than
Six, Dach or G proteins, are probably involved in cascades that lead to ocular defects.

Alternatively, a possible impairment of transactivation of these Eyal mutations might
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not be the main pathway to cause ocular defects. However, the fact that Six5-deficient
mice developed cataract (Klesert et al. 2000; Sarkar et al. 2000) suggests the
involvement of Six5 in ocular developmental defects. Furthermore, Six5 and Eyal
showed ﬁigh synergistic activation (Fig. 5). In this context, it is plausible that defects
of transactivation of these mutations of Eyal are detected if we use the promoter of
the relevant target genes of Six5 which operate in the lens.

The BOR type substitution mutations, S486P and L.504R, were associated with
the disappearance or weakening the interaction with structurally unrelated groups of
proieins (Figs. 1-4). In Drosophila Eyes absent, the regions that interact with So and
Dachshund is reported to be distinct (EF1 and EF2 subdomain of Eya domain,
respectively) (Bui et al. 2000). S486F and L504R are located within the region
corresponding to EF2, not to EF1. Nevertheless these two mutations were not only
associated with the loss of inferaction with Dachl, but also weakening of the
interaction with Six5. Considering that serine to proline substitution in S436FP changes
the structure of the backbone and that leucine to arginine substitution in L504R
changes the charge and the size of the amino acid side chains, these results suggest a
gross conformational change in these mutations. In fact, S486P and L.504R showed a
low sensitivity to and distinct pattern of trypsin digestion from those of wild type
Eyal (Fig. 6b). L504R also showed a low sensitivity to and distinct pattern of V8
protease digestion (Fig. 6a). These results suggest that S486P and L504R mutations
cause the conformational changes which disturb the protein-protein interactions

mediated by EY A domain.
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Contrary to our expectation, the complex type mutation G425S which had been
identified in a patient with combined BOR syndrome and ocular defects (Azuma et al.
2000) interacted with Dach, the two G proteins and the four Six proteins and held the
transactivation activity at levels similar to wild type Eyal. Patients carrying this
mutation may need further evaluation including search for additional mutation(s)
outside the exons of EYAI loci, for example in its promoter region. However, the
possibility is not excluded that G425S mutation, as well as S486P and L504R, may
disturb the interaction of Eyal with unidentified cofactor(s), which is essential for
normal organogenesis.

Structural studies including determination of the three dimensional structure of
EYA1, combined with biochemical analyses including the search for other factors
binding to EYA1l and the target genes of SIX, should further enhance our
understanding of the function of EYA1 and the pathogenic mechanisms of BOR

syndrome.
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Figure legends

Fig. 1. Interaction between Eyal and Dachl in 293 cells. Increasing amounts (0.25 or
0.50 ;,Lg)l of pMEyal wild type (WT) or the indicated Eyal mutations were
cotransfected with 0.3 pg of pfDachl. 0.5 pug of pGL-MRGS5 was cotransfected as a
reporter gene. Luciferase activity in the cell lysate was normalized with [3-
galactosidase activity of pEFBOSB-gal as an intérnal control. The activity of each
datum point is relative to that obtained by the control vector pM (-). Each experiment
was performed in triplicates and the mean foId activation is shown with the standard

deviation. Similar results were obtained at least three independent experiments

Fig. 2. Interaction between Eyal and G proteins in 293 cells. a Increasing amounts
(005 and 0.1 pg) of pVPI6Goz, pVP16GazQ205L, pVP16Goi2 or
pVP16Gai2Q205L were cotransfected with 0.5 pg of pMEyal. b,c Increasing
amounts (0.25 and 0.5 pg) of pMEyal (WT) or the indicated mutations were
cotransfected with 0.05 pg of pVP16G0izQ205L (b) or pVP16G0i2Q205L (c). 0.5 pg
of pGL-MRGS5 was cotransfected as a reporter gene. Luciferase activity in the cell
lysate was normalized with B-galactosidase activity of pEFBOS[-gal as an internal
conirol. The activity of each datum point is relative to that obtained by the control
vector pM (-). Each experiment was performed in triplicates and the mean fold
activation is shown with the standard deviation. Similar results were obtained at least

three independent experiments
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Fig. 3. Interaction between Eyal mutations and Six proteins in 293 cells. 0.5 pug of
pVP16Six1 (a), pVP16Six2 (b), pVPIGSix4 (c) or pVP168Six5 (d) was cotransfected
with increasing amounts (0.25 or 0.5 pg) of pMEyal (WT) or the indicated mutations.
0.5 pg of pGL-MRGS5 was cotransfected as a reporter gene. Luciferase activity in the
cell lysate was normalized with [-galactosidase activity of pEFBOSf-gal as an
internal control. The activity of each datum point is relative to that obtained by the
control vector pM (-). Each experiment was performed in triplicates and the mean fold
activation is shown with the standard deviation. Similar results were obtained at least

two independent experiments

Fig. 4, Direct interaction between Eyal and Six proteins in vitro. One microgram of
GST-Six1, 0.5 pg of GST-Six2, 1 pg of GST-Six4 or 5 pg of GST-Six5 fusion protein
bound to Glutathione Sepharose beads was incubated with in vitro translated, *S-
Jabeled Eyal (WT) or the indicated mutations at 4°C for 2 h. Ten percent of input, a
half of bound (B) and 17% of supernatant (S) were electrophoresed on a 12%

polyacrylamide SDS gel followed by fluorography

Fig. 5. Effects of Eyal mutations on myogenin promoter transcription in NIH 313
cells. One hundred nanogram of pfSix5 was cotrancfected with 300 ng of pHM6Eyal
or its mutations. Two microgram of pGL3MG-1.7 was cotransfected as a reporter
gene. Luciferase activity in the cell lysate was normalized with [-galactosidase
activity of pEFBOSf-gal as an internal control. The activity of each datum point is

relative to that obtained by the control vector pHM6 (-). Each experiment was
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performed in triplicates and the mean fold induction is shown with the standard

deviation. Similar results were obtained at least two independent experiments

Fig. 6. Pr’otease digestion profiles of Eyal wild type and its mutations by V8 protease
(a) and trypsin (b). **S-labeled Eyal wild type or its mutations translated in vitro in
rabbit reticulocyte lysate was digested without (panel a, lanes 1, 7 and 13) or with 20
ng (panel a, lanes 2, 8 and 14), 65 ng (panel a, lanes 3, 9 and 15), 200 ng (panel a,
lanes 4, 10 and 16), 650 ng (panel a, lanes 5, 11 and 17) and 2 pig (panel a, lanes 6, 12
and 18) of V8 protease or without (panel b, lanes 1, 7 and 13) or with 0.4 ng (panel b,
lanes 2, 8 and 14), 1.2 ng (panel b, lanes 3, 9 and 15), 4 ng (panel b, lanes 4, 10 and
16), 12 ng (panei b, lanes 5, 11 and 17) and 40 ng (panel b, lanes 6, 12 and 18) of
trypsin for 30 min at 4 °C and analyzed by SDS-PAGE followed by fluorography.
Undigested full-length polypeptides are denoted as A. The major proteolytic
fragments are designated B to F (panel a) and B to H (panel b) according to their

electrophoretic mobilities
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