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Opitz syndrome (OS) is a multiple congenital anomaly manifested by abnormal closure of midline structures.
The gene responsible for the X-linked form of this disease, MID1, encodes a protein (midin) that contains a
RING, two B-boxes, a coiled-coil (the so-called tripartite motif) and an RFP-like domain. The tripartite motif is
characteristic of a family of proteins, named the B-box family, involved in cell proliferation and development.
Since the subcellular compartmentalization and the ability to form multiprotein structures both appear to be
crucial for the function of this family of proteins, we have studied these properties on the wild-type and
mutated forms of midin. We found that endogenous midin is associated with microtubules throughout the cell
cycle, co-localizing with cytoplasmic fibres in interphase and with the mitotic spindle and midbodies during
mitosis and cytokinesis. Immunoprecipitation experiments demonstrated the ability of the tripartite motif to
mediate midin homodimerization, consistent with the evidence, obtained by gel filtration analysis, that midin
exists in the form of large protein complexes. Functional characterization of altered forms of midin, resulting
from mutations found in OS patients, revealed that association with microtubules is compromised, while the
ability to homodimerize and form multiprotein complexes is retained. We suggest that midin is involved in the
formation of multiprotein structures acting as anchor points to microtubules and that impaired association
with these cytoskeletal structures causes OS developmental defects.

INTRODUCTION

Opitz G/BBB syndrome (OS; MIM 145410 and 300000) is a mul-
tiple congenital anomaly primarily affecting midline structures
(1–3). OS is characterized by several clinical features, including
hypertelorism, clefts of lip and palate, laryngotracheo-oesopha-
geal abnormalities, hypospadias, imperforate anus and develop-
mental delay. The phenotype is more complex and more severe in
males than in females. OS is a heterogeneous disease with both an
X-linked (Xp22.3) and an autosomal locus (22q11.2) (4). The two
forms of the disease cannot be differentiated on the basis of the
clinical phenotype (5).

Recently, we clonedMID1, the gene responsible for the X-
linked form of OS (6).MID1 maps to the OS critical region in
Xp22.3 and is altered in several OS pedigrees as well as in spo-
radic cases (6,7). The cloning of theMID1 murine homologue
allowed us to study its expression during development (8–10).
AlthoughMid1 appears to be transcribed in most tissues during
early development, high levels of expression were found at
later stages in the central nervous system, in the mucosa of the
oropharynx, oesophagus, trachea and larynx, in the stomach, in
the gut and in the urogenital system (8). Patterning of these tis-

sues is abnormal in OS patients. In fact, abnormal closure
the facial and pharyngeal processes underlies the lab
palatoschisis and the abnormalities of the trachea/oesopha
while defective fusion of urethral folds results in hypospadi
The phenomena of apoptosis, cell migration and epithelia
mesenchymal transformation have been reported to be imp
tant in the process of oral cavity and foregut development a
particularly during palatal fusion (11–13). However, little i
known about the molecular mechanisms which govern the
processes during normal development and about the stag
when the presence ofMID1 is required.

MID1 encodes a putative 667 amino acid protein, midi
containing a RING finger motif, followed by two B-boxes, a
coiled-coil and a C-terminal RFP-like domain (6). The tripa
tite motif (RING, B-boxes and coiled-coil domains) characte
izes a subfamily of zinc finger proteins, called the B-bo
family (14,15). The C-terminal RFP-like domain is found in
subset of these proteins and is also present in proteins lack
the tripartite motif (16,17). These domains are found in diffe
ent combinations; however, their order from the N- to the C
terminus is conserved in all cases, suggesting an integra
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rather than a modular function. These genes have been impli-
cated in a variety of processes, such as regulation of develop-
ment and oncogenesis. Among them,PML, RFP and Tif1
acquire oncogenic activity when fused to retinoic acid recep-
tor-α, RET and the B-raf proto-oncogenes, respectively (18–
20). Recently, an additional B-box gene involved in human
disease was identified, theMARENOSTRIN/PYRINgene,
which is mutated in familial Mediterranean fever (21,22).
Although several members of the B-box family have been
identified, very little is known about the molecular mecha-
nisms mediating their function, limiting inference about
midin’s role.

None of the mutations found in theMID1 gene of OS
patients alters the structure of either the RING or B-box
domains. All the mutations found to date affect the C-terminal
part of the protein including the RFP-like domain. Both mis-
sense and insertion/deletion mutations have been found, some
of them leading to premature truncation of the protein within
the C-terminal portion (6,7).

Here, we report that endogenous midin co-localizes with
microtubules. This is in agreement with a recent report describ-
ing that overexpressedMID1 gene product is associated with
microtubules, possibly protecting them from disassembling
(23). We demonstrated that this association persists throughout
the entire cell cycle. Furthermore, we report that midin is able
to homo-interact through its tripartite motif and to form large
protein complexes within the cell. Finally, we demonstrate that
forms of midin reproducing OS mutations are impaired in
microtubule binding but retain the ability to homodimerize.

RESULTS

Endogenous midin is associated to microtubules
throughout the cell cycle

To investigate the biochemical and cellular properties
midin, we raised rabbit polyclonal antibodies against the
terminal part of the protein (including the RING and a portio
of the B-box1 domain; see Materials and Methods). The an
bodies were able to recognize exogenous tagged and n
tagged midin, after transient transfection in Cos7 cells. Indire
immunofluorescence experiments allowed the detection
overexpressed midin in association with cytoskeletal structu
(data not shown). Since midin shares a high degree of hom
ogy with Mid2 (24), we tested whether the anti-midin ant
serum could recognize transiently transfected Mid2 prote
thus impairing endogenous midin analysis. Our antibody w
not able to detect Mid2, even when we achieved efficient Mid
expression, as revealed by the anti-tag antibody (data
shown).

The anti-midin antibody was affinity purified in order to detec
the endogenous protein. A cytoskeleton-associated signal
detected in human fibroblasts and in Cos7 cells (Fig. 1A). T
signal corresponds to the endogenous midin protein as dem
strated by competition with the GST-fused antigen used to imm
nize rabbits, and with GST alone as a control (Fig. 1B). We we
also able to detect endogenous midin in both rat and mur
fibroblasts (data not shown). Mouse midin is, in fact, 97% iden
cal to its human counterpart (8). Previous reports indicated t
another member of the tripartite family of proteins, ATDC, wa
localized to cytoplasmic filamentous structures (25). In particul
ATDC co-localizes with vimentin intermediate filaments. In orde
to assess with which filaments midin is associated, we used m
oclonal antibodies againstβ-tubulin and vimentin to perform co-
localization experiments. We found that midin co-localizes wi
microtubules, consistent with what was reported recently (2
and only partially overlaps with intermediate filaments, which
Cos7 cells are composed of vimentin (Fig. 2A and B). This pa
tially overlapping distribution is explained by the fact that micro
tubules and intermediate filaments are often interconnected wi
cells. The midin signal, as expected, is not coincident with th
shown by the actin filaments (data not shown). To confirm t
association of midin with microtubules, we treated Cos7 cells w
drugs known to disrupt their regular architecture. After treatme
with vinblastine, a drug that induces the formation of paracryst
line aggregates of tubulin leading to microtubule depolymeriz
tion, midin failed to show its filamentous aspect and the sign
was found both dispersed in the cytoplasm and associated with
tubulin paracrystals. A superimposable signal is observed with
anti-β-tubulin antibody (Fig. 2C). The second drug we used, no
odazole, inhibits the addition of tubulin molecules to microtubul
with the net effect of microtubule depolymerization. The dispe
sion of midin, as well as that of the tubulin monomers, is observ
within the cytoplasm (Fig. 2D).

Midin is present in association with microtubular structures du
ing all cell-cycle phases. This was demonstrated by immun
fluorescence analysis on subconfluent, actively dividing Co
cells, where midin is associated with the mitotic spindle durin
mitosis (Fig. 2E, upper and lower left panels). The midin sign
during cytokinesis is observed in the midbodies, presumably

Figure 1. Subcellular localization of endogenous midin. Immunofluorescence
was performed using the affinity purified anti-midin antibody followed by
FITC-conjugated anti-rabbit antibody. (A) A primary fibroblast cell (left
panel) and a Cos7 cell (right panel) showing a filamentous signal. (B) Cos7
cells treated as above after pre-incubation of the specific antibody with a GST–
midin fusion (left panel) and GST (right panel), confirming the specificity of
the signal.
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association with the remains of the polar spindle microtubules
constricted by the contractile ring in the cleavage furrow (Fig. 2E,

right panel). Double staining with phalloidin showed that midin
excluded from the region where actin and myosin, which form t
contractile ring, are present (data not shown).

OS mutants have a decreased affinity for microtubules

By site-directed mutagenesis we have reproduced six of
mutations found in OS patients (6,7; B. Franco and R. Wint
personal communication) (Fig. 3). The cloning of thes
mutants in appropriate expression vectors allowed us to a
lyse their distribution within the cells after transient transfe
tion. Although some of the mutants, especially those produc
truncated proteins, have a low level of expression, all of the
(including missense and truncations) show a cytoplasmic sp
ted distribution and only partially, and to a variable exten
retain a filamentous distribution. For example, the typic
dense pattern of spots obtained with the C266R mutant
shown in Figure 4A. One way to interpret these data is that
mutants diminish their affinity for microtubules. However, th
dissociation of the mutant midin molecules from the cytoske
eton has no visible effect on microtubule distribution. In fact,
normal filamentous pattern is observed after double stain
with the anti-tubulin antibody (Fig. 4B). When vinblastine wa
administered to Cos7 cells transiently transfected with t
mutant constructs, the specific midin signal was seen to
localize partially with the tubulin crystal structures, and pa
tially with the spots observed in the untreated cells (Fig. 4C
This behaviour is consistent with the view that the mutants a
still able to bind microtubules but presumably with a reduce
affinity with respect to the wild-type protein. To exclude th
possibility that the filamentous signal we observed was due
the endogenous protein, we used a non-affinity-purified an
body that is not able to detect endogenous midin. Furthermo
the same distribution of the mutants was confirmed using
anti-tag antibody (data not shown).

Figure 2. Co-localization of endogenous midin with microtubules in Cos7
cells. (A–D) The left panels show the endogenous midin signal after immuno-
fluorescence with the affinity-purified anti-midin antibody followed by
TRITC-conjugated anti-rabbit antibody (red signal). In (A), (C) and (D), the
right panels show the double staining with the anti-β-tubulin antibody fol-
lowed by FITC-coupled anti-mouse antibody (green signal), whereas in (B) the
double staining was performed with the anti-vimentin antibody. (A) Double
staining with anti-tubulin of untreated cells. (B) Double staining with anti-
vimentin of untreated cells. (C) Double staining with anti-tubulin after vinblas-
tine treatment. (D) Double staining with anti-tubulin after nocodazole treat-
ment. (E) Actively dividing Cos7 cells decorated with the affinity-purified
anti-midin antibody followed by FITC-conjugated anti-rabbit antibody show-
ing staining of the the mitotic spindle (upper and lower left panel) and the mid-
bodies (right panel).

Figure 3. OS mutations reproduced in expression vectors. (A) Schematic rep-
resentation of midin protein structure. The grey squares represent the R
finger domain (R), the two B-box motifs (B1 and B2), the coiled-coil (CC) an
the RFP-like domains (RFP-like), respectively. The positions of the OS mu
tions we recreatedin vitro are indicated. (B) Effects of the point deletion
(1135delG) and insertions (1515insA and 1745insG) on the protein struct
The thick lines indicate the length of the putative truncated protein with resp
to the above midin structure. The dashed lines correspond to the unrel
amino acid stretch resulting from the out-of-frame mutation event. Five of t
mutations were reported elsewhere (6,7); 1515insA is a novel mutation fo
in OS patients (B. Franco and R. Winter, personal communication).
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To identify a putative microtubule-binding domain, we gen-
erated tagged expression constructs consisting of several com-
binations of the midin domains. A schematic representation of
these constructs and a summary of the immunofluorescence
data are shown in Table 1. The absence of any of the midin
domains (RING, B-boxes, coiled-coil and RFP-like) leads to
mislocalization of the protein. Nuclear and/or cytoplasmic dif-
fused as well as speckled patterns are observed. Surprisingly,
complementary constructs containing non-overlapping por-
tions of midin (i.e. constructs I and M in Table 1) are still able
to show a filamentous pattern, although less efficiently than the
full-length protein. Taken together, the data on the naturally
occurring OS mutants and the artificially mutated constructs
do not reveal a specific region responsible for microtubule
binding, rather the various domains appear to act together to
allow microtubule binding.

Midin homodimerizes

The domains present in midin (RING, B-boxes, coiled-coil and
RFP-like) are all thought to be protein–protein interaction
interfaces (26–28). For some of the proteins belonging to the

tripartite motif family, PML and Xnf7, homo-interaction has
been demonstrated (29–31). To test whether midin is able
behave in the same way, two differently taggedMID1 expres-
sion vectors were generated; one bearing a haemagglut
(HA) tag fused to the N-terminus of midin and the other a My
tag fused to the C-terminus of the protein (see Materials a
Methods). Western blot and immunoprecipitation analyses
transiently transfected Cos7 cell extracts show a band of
expected size (~75 kDa) using the HA-MID1 and theMID1-
Myc constructs (lysate lanes of Fig. 5). An additional band
smaller size (marked with an asterisk in Fig. 5) was observ
when theMID1-Myc construct was used. All these bands we
confirmed to correspond to midin by reprobing the same blo
with the specific antibody (data not shown). We currently a
investigating whether the second band observed with the M
tagged construct, proved to be related to midin, is an artefac
transfection or, alternatively, represents a naturally occurri
midin modification.

To test for midin–midin interaction, simultaneous transfe
tion of the two tagged constructs in Cos7 cells was perform
followed by immunoprecipitation using either the anti-HA o
the anti-Myc antibodies. The HA-midin fusion protein wa
recovered after immunoprecipitation with the anti-Myc ant
body and vice versa (Fig. 5A). Since the HA and Myc tags a
not responsibleper sefor the interaction (Fig. 5C), the recov-
ery of the two tagged fusion proteins is due to interactio
between two molecules of midin.

We next investigated whether the mutant proteins were a
to retain this same property. An analogous scheme w
applied, using co-transfection in Cos7 cells of two tagged v
sions of the mutant proteins. The two missense mutatio
C266R and I536T, and two 1 bp insertions leading to prem
ture truncation, 1515insA and 1745insG (Fig. 3), maintain
the ability to homo-interact. Figure 5B shows the co-immun
precipitation of the HA-1745insG and Myc/GFP-1745insG,
an example. It is interesting to note that the 1745insG muta
protein, which retains only one-third of the RFP-like domai
and the 1515insA protein, which completely lacks it, are st
able to homodimerize, indicating that this domain is not nece
sary for midin–midin interaction.

Due to the high homology shared byMID1 andMID2 (24), we
tested whether or not the two proteins products were also abl
interact. HA-MID2 and MID1-Myc constructs have been co
transfected and immunoprecipitations with the anti-HA and t
anti-Myc antibodies, respectively, have been performed. Midin
not able to interact with Mid2, as demonstrated in Figure 5C.
exclude that this lack of interaction was due to steric interferen
caused by the tag system, we verified the results by using M
GFP-MID2 and HA-MID1 constructs (data not shown). Thes
data confirm that midin homodimerization is not due to me
stickiness of the tripartite motif.

Midin exists in large protein complexes within the cell

In an effort to further evaluate the importance of interactions
midin with itself and possibly with other proteins, we used g
filtration analysis to assess its relative size within the cell. W
fractionated aMID1-Myc-transfected Cos7 cell S100 superna
tant on a Superose 6 column and subsequently performed w
ern blot analysis. As expected, given the ability of midin t
interact with itself, we obtained a pattern consistent with el

Figure 4. Spotted cytoplasmic signal shown by the C266R OS mutant. (A)
C266R mutant (Fig. 3) signal after transfection in Cos7 cells and immunostain-
ing with the non-purified anti-midin antiserum followed by FITC-coupled
anti-rabbit IgG. (B) Double staining with the same antibody as in (A) followed
by a TRITC-conjugated anti-rabbit antibody (left panel), and with the anti-
tubulin antibody followed by FITC-coupled anti-mouse IgG (right panel). (C)
The same as in (B) after vinblastine treatment of Cos7 cells.
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tion of midin at a molecular weight which is higher than tha
predicted by its deduced amino acid composition. In particul
midin was spread throughout the 232 and 450 kDa range, w
the signal also dispersed towards lower molecular weights
appears that midin may exist as monomers and dimers, but
abundance of midin in the fractions from 27 to 29 indicates
tendency to be contained in larger complexes (Fig. 6, w.
When the C266R mutant was analysed using the same met
we observed elution in an overlapping but wider range of fra
tions with respect to the wild-type. In particular, the immuno
reactivity was spread towards the larger sizes (Fig. 6, C266
and even detected in the exclusion volume corresponding
molecular size >5000 kDa (data not shown).

Therefore, midin is present in the cell in the form of hig
molecular weight complexes. At this stage, we cannot rule o
the presence of proteins other than midin in these complex
Moreover, the C266R mutated protein maintained the ability
form complexes, consistent with the fact that it retains hom
interaction properties, and elution even in fractions corr
sponding to molecular sizes greater than that of the wild-ty
could reflect an augmented efficacy to interact with itself
with other proteins. It is possible that an increased tendency
form protein aggregates, combined with a diminished assoc
tion with microtubules, may lead to the formation of the larg
cytoplasmic structures manifested as spots in immunofluor
cence experiments.

DISCUSSION

Based on the expression data and on the anatomical def
present in OS patients, we envisage a possible role forMID1 in
the regulation of cell proliferation, programmed cell death, ce
migration or epithelial–mesenchymal transformation. Midin
a member of a family of proteins, the B-box family, sharing th
presence of protein–protein interaction domains. Althou
several proteins belonging to this family are known to b
involved in the regulation of cell proliferation and develop
ment (19,32–34), very little is known about the cellular an
biochemical mechanisms mediating their function. To ga
insight into the pathogenetic mechanisms underlying OS,
have undertaken functional studies on the wild-type a
mutated forms of midin.

By performing immunofluorescence experiments usin
affinity-purified antibodies, we were able to detect endogeno
midin in several cell lines of human, monkey, rat and mou
origin. In particular, we detected midin in all the human ce
types tested, including fibroblasts, kidney epithelial and He
cells, consistent with the abundant and widespread distribut
of MID1 mRNA expression observed previously (6,8–10).

The midin signal we observed is compatible with that report
recently (23) onMID1 transiently transfected cells. Here, we dem
onstrate that midin shows a cytoplasmic filamentous pattern ind
tinguishable from that of microtubules. Disruption of th
endogenous midin signal using microtubule-depolymerizi
agents confirms the association with this cytoskeletal structu
Notably, the physiological expression of midin neither affec
microtubule distribution nor protects from drug-induced microt
bule depolymerization. Schweigeret al. (23) reported that overex-
pression of midin leads to modification of the microtubu
distribution and also protects from colcemid-induced depolyme
zation. Using a different drug, vinblastine, we found that overe

Figure 5. Co-immunoprecipitation experiments showing midin–midin interaction.
(A) Western blot (WB) analysis using anti-HA and anti-Myc antibodies after
immunoprecipitation. The antibodies utilized for the immunoprecipitations are indi-
cated on the top (IP); L, lysate prior to the immunoprecipitation; Ig, immunoglobu-
lins; the asterisk indicates the additional band observed when theMID1-Myc
construct is transfected; the arrows indicate the bands corresponding to the HA-midin
and the midin-Myc proteins. The molecular weights are indicated. (B) The same as
(A) using the HA-1745insG and Myc/GFP-1745insG mutant fusions instead of the
wild-type. (C) The same as (A) using the HA-MID2 and theMID1-Myc constructs.
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pression of Mid1 does not prevent disassembly of microtubules
(unpublished data). It is possible that this discrepancy might be
due to differences in the mechanisms of action of the distinct
depolymerizing drugs (35).

When six of the mutations found in OS patients were ana-
lysed, we found a reduced ability to bind microtubules and the
tendency to form aggregates. This effect was variable for the
different mutations and between individual cells transfected
with the same mutated construct. In general, no correlation was
evident when missense mutations, rather than truncated pro-
teins, were tested. One of the mutations we analysed (∆M438)
was also reported by Schweigeret al. (23). In agreement with
that study, we showed that this mutant, as well as the others we
tested, forms clumps within the cytoplasm. However, we also
observed a residual microtubule distribution associated with
both missense and truncation mutations. In fact, none of the
Mid1 domains appears to be sufficient and/or necessary to pro-

duce a filamentous distribution as revealed by the artificia
deleted mutants. This is consistent with the fact that a cle
microtubule-binding domain in the correct secondary structu
has not been found within theMID1 sequence. Taken together
these data point towards an indirect mode of binding to micr
tubules. A possible model for midin association with th
microtubular apparatus could involve interaction, through t
use of multiple midin domains, with an additional protein (o
perhaps more than one) directly bound to the cytoskelet
Such a model would be consistent with the behaviour of t
naturally and artificially occurring mutants, as it does n
require the existence of a single domain responsible for mic
tubule binding.

Preliminary results suggested that the expression ofMID1 is
not cell-cycle regulated (unpublished data). Consistently,
have now demonstrated that association of midin with micro
bules persists during all cell-cycle phases. In addition to the

Figure 6. Identification of multiprotein complexes involving the wild-type and C266RMID1 gene products. Immunoblot analysis, using the anti-c-Myc antibod
of the fractions obtained after gel filtration ofMID1-Myc-transfected cell lysates. For wild-type midin, immunoreactivity was seen in fractions 26–49 with a
in fractions 27–29, while for C266R, immunoreactivity was seen in fractions 17–37 with a wider peak in fractions 27–36. The calculated exclusion volume for the
columns was at fraction 14. The peaks of elution for various proteins of known molecular weight (Da) are indicated by arrows (900 000 Da correspondserritin
dimer; 450 000 Da to ferritin monomer; 232 000 Da to catalase; 67 000 Da to BSA and 17 500 Da to myoglobin).

Table 1.Structure/subcellular localization correlation of variousMID1 constructs

The black bar represents the HA epitope.
*The subcellular localization data have been obtained from immunofluorescence experiments using the anti-HA antibody after transfection of the constructs in
Cos7 cells.
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amentous interphase pattern of midin distribution, the specific
anti-midin antibody decorates spindle fibres during mitosis and
also the remains of these fibres forming the midbodies during
cytokinesis. It is interesting to note that some of the tripartite
motif proteins, such as PML and Tif, displaying a subcellular
localization different from that of midin, have been found to be
potent growth suppressors (36,37). We do not know yet if
midin localization during mitosis has any implications in the
regulation of cell proliferation. We found that overexpression
of MID1 is not associated with an inhibition of growth (unpub-
lished data), although we cannot exclude that cells devoid of
midin, or containing only a mutated form of midin, might be
impaired in their ability to control cell proliferation. Alterna-
tively, the potential ability of midin to control cell growth
might be triggered by an as yet unknown stimulus present in
midline structures during development. In this respect, a
human or a mouse fibroblast cell line harbouring only the
mutated gene will be useful to study the effect of the OS muta-
tions on cytoskeleton dynamics and on the control of cell pro-
liferation, without the confounding effect of the endogenous
wild-type protein.

There is growing evidence that the RING, B-box and coiled-
coil domains are involved in mediating protein–protein inter-
actions which are essential in the formation of multimeric pro-
tein complexes (26,27,38). This process appears to be essential
for the correct subcellular localization of these proteins (39).
Several members of the B-box family, such as Xnf7 and PML,
form homodimers and may exist within cells in the form of
multiprotein complexes (29–31). Midin appears to behave in a
similar way since it is able to interact with itself and is present
within cells in the form of large complexes. As these com-
plexes are larger than the predicted size of a midin homodimer,
it is possible that they also contain midin multimers and/or het-
erocomplexes with other as yet unidentified proteins. It is
unlikely that Mid2 forms part of the midin-containing com-
plexes as we have demonstrated that the two proteins do not
co-immunoprecipitate. Although it is possible that specific
modifications are necessary to provoke an interaction between
these two closely related proteins, the inability to interact is
consistent with the fact thatMID2 has not been found to be
mutated in patients with OS (24). It is possible that, consider-
ing the high homology and the coincident subcellular localiza-
tion, Mid2 might act in different tissues or participate in
different pathways using the same basic mechanism as midin.

As reported previously for other members of the B-box fam-
ily, we have found that the tripartite motif is sufficient for
midin homo-interaction. Consistently, this property is not
affected in the OS mutants that do not involve the RING, B-
box and coiled-coil domains. The only possible exception is
the C266R mutation that actually falls within the predicted
coiled-coil region. A more detailed sequence analysis revealed
that the putative coiled-coil sequence is divided into two dif-
ferent regions, the first with a high probability of forming a
coiled-coil structure and the second with a considerably lower
probability. The amino acid substitution lies exactly between
the two regions. It is therefore possible that only the first half
of the predicted coiled-coil region adopts a coiled-coil struc-
ture, forming the functional tripartite motif together with the
RING and the two B-box domains. A similar conclusion was
derived for the Rfp protein belonging to this family (P.
Freemont, personal communication). If this is indeed the case,

the C266R substitution, as with all other mutations identifie
to date, would fall within the C-terminal functional half o
midin.

Midin subcellular localization and mutations are reminisce
of theGLI3 gene situation.GLI3 codes for a zinc finger protein
that has been found to be involved in three different sy
dromes, Greig cephalopolysyndactily (40,41), Pallister–H
(42) and post-axial polydactyly type A (43). There is a perfe
correlation between the position of the truncations genera
by the frameshift mutations and the syndromes to which th
give rise (44). This correlation is also consistent biochem
cally. In fact, the position of truncation mutations matches pe
fectly the different subcellular localizations and the differe
residual transcriptional activities retained by the mutants (4
Notably, theDrosophila GLIhomologue,cubitus interruptus
(ci), which is a molecule known to be involved in regulation o
development, is also associated with microtubules by indir
anchorage through the costal2 and fused proteins (46,47).

In conclusion, these data support the view that midin is co
posed of two distinct functional domains, namely the N-termin
half, including the tripartite motif, sufficient to mediate
homodimerization, and the C-terminal portion, mainly involved
microtubule association. By forming multiprotein aggregate
midin could create a microtubule-anchored environment to all
the occurrence of protein modifications or to regulate protein sh
tling between different cellular compartments. It is possible th
mutations in the tripartite motif might either lead to a phenoty
different from OS or be lethal. As all mutations found to date
OS patients fall in the C-terminal part of theMID1 gene, it appears
that microtubule association is crucial for midline fusion pro
esses that are compromised in OS.

MATERIALS AND METHODS

Plasmids

MID1 full-length cDNA (6) was cloned into pBS-SK(–) and into
several expression vectors. HA-MID1 was constructed by placing
MID1 cDNA 3' in-frame with the HA epitope into plasmid
pCDNA3 (Invitrogen, Leek, The Netherlands); Myc-MID1 by
placingMID1 cDNA 5' in-frame with the c-Myc epitope into a
modified pMT21 vector (48); and c-MYC/GFP-MID1 by placing
MID1 cDNA 3' in-frame with the c-Myc/GFP tag into plasmid
pCDNA3. The artificially deletedMID1 cDNA constructs pre-
sented in Table 1 were created using PCR fragments cloned 3
frame with the HA epitope into plasmid pCDNA3. The oligonu
cleotides used for the PCR assay were: 5'-CAGAATTCA
GGAAACACTGGAGTCA (Rf) and 5'-CACTCGAGCTGGA-
ACCTGTCGATGAT (Rr) for construct B; 5'-CAGAATTCCT-
CAAGCGCAACGTCACC (B1f) and 5'-CACTCGAGGTCAT-
AGCGCTCACTCAA (B2r) for construct C; 5'-CAGAATTC-
CAGTGCATTGAGCGGTCA (tdnf) and 5'-CACTCGAGAG-
GCTCACTGCTGCGGCT (tdnr) for construct E; 5'-CAGAAT-
TCATGGTCAAGGCCATCAAC (RFPf) and 5'-
CACTCGAGCGGCAGCTGCTCTGTGCA (RFPr) for con-
struct F; the oligonucleotide Rf and the 5'-CACTCGAGGAT
GAGTGATGCTGACCG (CCr) for construct H; the oligonucle
otides Rf and B2r for construct I; 5'-CAGAATTCGATCAT-
CAGGTGGCAGCT (CCf) and the oligonucleotide RFPr for con
struct M; and the oligonucleotides B1f and RFPr for construct N
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PCR site-directed mutagenesis

Site-directed mutagenesis was performed using the commercially
available QuickChange Site-Directed Mutagenesis Kit (Strata-
gene, La Jolla, CA), in accordance with the manufacturer’s
instructions. To introduce the C266R, 1134delG,∆M438,
1745insG, 1516insA and I536T mutations into wild-typeMID1
cDNA, the following oligonucleotides were used: 5'-GAAGAT-
CACGCTCCTCTGTC-3' and 5'-GACAGAGGAGCGTGA-
TCTTC-3' (nucleotides 972–992 ofMID1 cDNA) for the C266R
mutation; 5'-GATCATTCTCCTTCAGAGAGTGTTC(–)GCT-
TGGGAG-3' and 5'-CTCCCAAGCG(–)AACACTCTCGAAG-
GAGAATGATC-3' (nucleotides 1125–1160 ofMID1 cDNA) for
the 1134delG mutation; 5'-GTTGGGTACTAT(–)CCAGCTAT-
CAG-3' and 5'-CTGATAGCTGG(–)ATAGTACCCAAC-3'
(nucleotides 1487–1513 ofMID1 cDNA) for the ∆M438 muta-
tion; 5'-GTGAAGCGTTCCAGgTGTGTG-3' and 5'-CACA-
CAcCTGGAACGCTTCAC-3' (nucleotides 1735–1755 ofMID1
cDNA) for the 1745insG mutation; 5'-GTGGTTCTGCTtTGAT-
GTTGGGTAC-3' and 5'-GTACCCAACATCAaAGCAGAAC-
CAC-3' (nucleotides 1504–1528 ofMID1 cDNA) for the
1516insA mutation; and 5'-GCCACTATCAGTAAACACAT-
TTC-3' and 5'-GAAATGTGTTTACTGATAGTGGC-3' (nucleo-
tides 1781–1804 ofMID1 cDNA) for the I536T mutation. In the
preceding list, the nucleotide substitutions are underlined, the
nucleotide insertions are in lower case and deletions of one or
more nucleotides are indicated with the symbol (–). The DNA
sequence of each mutant construct was confirmed by sequence
analysis. The mutantMID1 expression vectors were constructed
by cloning the mutatedMID1 coding region into plasmids HA-
pCDNA3, pMT21 and c-Myc/GFP-pCDNA3, as described
above.

Antibodies

The region of amino acids 1–124 of theMID1 gene product
was fused to the GST tag in the bacterial expression vector
pGEX2T (Pharmacia Biotech, Uppsala, Sweden) and was pro-
duced inEscherichia coli, after induction with isopropyl-β-D-
thiogalactoside (IPTG). The GST fusion protein was purified
on a glutathione–Sepharose 4B column (Pharmacia Biotech)
and was used to immunize rabbits. Midin antiserum was first
precipitated with ammonium sulfate, then the immunoglobu-
lins were purified on a protein A–Sepharose column (Pharma-
cia Biotech). Subsequently, the specific anti-midin antibodies
were affinity purified using an Aminolink column (Pierce,
Rockford, Il) coupled with 10 mg of the GST–midin fusion
protein. The following antibodies were also used: anti-β-
tubulin monoclonal antibody (clone KMX-1; Boehringer
Mannheim, Mannheim, Germany); anti-vimentin (clone V9;
Santa Cruz Biotechnology, Santa Cruz, CA); anti-HA mono-
clonal antibody (clone 12CA5; Boehringer Mannheim); and
anti-c-Myc Mab 9E10 antibody (49).

Cell culture and transfection

Cos7 cells and human primary cultured fibroblasts were grown
in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum, 100 g/ml penicillin and 100 g/ml strepto-
mycin at 37°C in a 5% CO2 atmosphere.

Transfections were performed by the calcium phosphate
method (50). Ten centimeter diameter dishes were transfected

with 10µg cDNA expression vectors for the immunoprecipita
tion experiments. Chamber slides (8 wells) transfected with 0
µg DNA/well were used for the immunofluorescence assays

Immunofluorescence

Cells were grown on glass coverslips to 50% confluence, inc
bated with vinblastine (10 mg/ml; Sigma, Munich, German
for 2 h, or with nocodazole (10 mM; Sigma) for 1 h or were le
untreated. They were rinsed with phosphate-buffered sal
(PBS) and fixed with 4% paraformaldehyde for 15 min. Th
cells were then permeabilized with 0.2% Triton X-100 for 3
min, blocked with porcine serum for 1 h and incubated for 3
with the antibody. Staining was obtained after incubation f
1 h with fluorescein isothiocyanate (FITC)-conjugated an
rabbit antibodies alone or with both tetramethylrhodamine is
thiocyanate (TRITC)-conjugated anti-rabbit and FITC
conjugated anti-mouse antibodies in the double immunoflu
rescence experiments. The following antibodies were us
midin antiserum purified on a protein A–Sepharose colum
(1:500 dilution); affinity-purified anti-midin (1:25 dilution);
anti-β-tubulin (0.8 µg/ml final concentration); anti-vimentin
(2 µg/ml final concentration); and anti-HA (0.8µg/ml final
concentration). Competition was performed by pre-incubati
the primary antibody with 30µg of either the GST–Mid1
fusion used to generate the antibody, or 30µg of GST alone as
control.

Co-immunoprecipitation

For co-immunoprecipitation experiments, 1× 107 Cos7 cells
transfected either with wild-type or mutant HA-MID1, MID1-
Myc or Myc/GFP-MID1 constructs were lysed in PBS contain
ing 1% NP-40 and 1× protease inhibitors, sonicated and clar
fied by centrifugation at 10 000g to remove cell debris. The
supernatant was immunoprecipitated with 6µg anti-HA anti-
body or 500µl anti-c-Myc supernatant for 4 h at 4°C and the
immunocomplexes collected with protein G–Sepharose bea
The complexes were subjected to 7.5% SDS–PAGE separa
and immunoblotting performed as described below.

Immunoblot

Proteins were boiled for 5 min in sample buffer, separated
7.5% SDS–PAGE and electroblotted on PVDF membran
(Hybond-P; Amersham, Little Chalfont, UK). The membran
was rinsed in methanol and blocked in TTBS, 5% dry mi
(TTBS: 20 mM Tris–HCl pH 7, 50 mM NaCl and 0.1%
Tween-20). Incubation with the primary antibodies was pe
formed using anti-c-Myc monoclonal antibody supernata
(1:5 diluition) or anti-HA monoclonal antibody (final concen
tration 0.8µg/ml) in TTBS, 5% dry milk. Antibody binding
was detected with a secondary anti-mouse IgG coupled w
horseradish peroxidase, followed by visualization with th
Enhanced Chemiluminescence kit (Amersham).

Gel filtration chromatography

After transfection with either wild-type or C266RMID1-Myc
constructs, confluent Cos7 cells were washed twice in PB
The cells were then lysed in PBS containing 0.1% NP-40 a
1× protease inhibitors, sonicated and centrifuged at 10 000g at
4°C for 10 min. The supernatant was centrifuged at 100 000g
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at 4°C for 30 min. The samples were loaded onto a Superose 6
gel filtration column, on a Pharmacia FPLC system, which was
equilibrated with lysis buffer. Column runs were monitored by
a UV spectrophotometer at OD280 and 0.5 ml fractions were
collected. A 15µl aliquot of each fraction was separated by
7.5% SDS–PAGE and subjected to immunoblot. Four protein
standards were used to calibrate the column: ferritin (mono-
mer: 450 kDa; dimer: 900 kDa), catalase (232 kDa), bovine
serum albumin (67 kDa) and myoglobin (17.5 kDa).
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