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Nebulin is a family of ginnt sarcomere matrix proteing of 600-900 kDa in most vertebrate skeletal museles, Reeent sequence analysis suggesis that

human nebulin is mainly composed of # Jarge number (> 200) of conserved repeats of ~ 15 residues. Two cloned nebulin fragments, consisting

of 6 und 8 of the repeats, huve been expressed in B, eolf using the pET3d vector. Both Fauctin cosedimentution and solid-phuse binding assuys

demonstrated a specific binding of these nebulin frugments to actin, This finding suggests that nebulin is a ginnt protein which binds netin at multiple

sites in o template-manner. The presence of an actin-binding template protein in the skeletul muscle sarcomere may huve signifieant implications
in the axsembly and function of the eontractile upparatus.

Nebulin; Actin-binding protein: Muscle thin filament; cDNA expression in £. cali; ELISA

1. INTRODUCTION

Nebulin, a family of giant sarcomere matrix proteins
of 600-900 kDa in most vertebrate skeletal muscles
[1—4], has been proposed to constitute a set of inexten-
sive longitudinal filaments wliich are attached to the Z
line and are coextensive with the actin filaments [2].
The potential role of nebulin as a template protein
which interacts with actin and regulates thin filament
length, has gained some experimental support [2—~6].
Molecular cloning and sequencing studies [7-10] on
human nebulin ¢cDNA have revealed unigue repeating
motifs in the protein sequence at two levels: a very well
conserved ~35-residue module repeated at least 200
times throughout most of the molecule and a higher
order repeat of ~240 residues consisting of seven
~35-residue modules [7]. We hypothesize that the long
chain of these ~35-residue modules may form a struc-
tural scaffold or template which matches the three
dimensional contour and charge profiles of actin in thin
filament and that the ~240-residue repeats may corres-
pond to the dimension of the seven-actin thin filament
periodicity. To evaluate this hypothesis, we have ex-
pressed several cloned human nebulin fragments each
containing 6~-8 of the ~35-residue moduies in E. coli
and demonstrated their specific binding to muscle
actin.
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2. EXPERIMENTAL

2.4, Engineering of the expressian plasmids

Two contiguous Neol restriction fragments, HINd4nBS (674 bp)
and HNd4nA1 (809 bp), were prepared from a 4.5 kb ¢DNA clone
(HNd4) encoding human skeletal muscle nebulin {7-9]. The wo
¢DNA fragments code for protein fragments NIBS (224 residues) and
NAZ (269 residues), and both . proteins would start and end with
methionine residues corresponding to the Neol-cutting sequences, In
order to express non-fusion human nebulin fragments by the pET3d
translational  expression  plasinid  vector [!1), a synthetic
Neol-BamHE adaptor- which contains translation termination
codons in all three reading frames [12] was. introduced at: the
downstream-end of the cDNA insert, The Neol-cul ¢DNA fragmenits
were first ligated to the Neol—~BamHI-cut vector DNA by their com-
mon Neol generated ends and then the translation termination adap-
tor was added to join the remaining free Neol-cut end of cDNA insert
to the BamHi-cut end of vector DNA. After transformation of com-
petent JM109 E., coli cells, ampicillin resistant colonles were screened
for the insert-bearing recombinant plasmids with corresponding size
shifts., The expression plasmid constructs were further examined by
restriction mapping and DNA sequencing to select the correct insert
orientation and verify the translation reading frame and termination
site,

2.2, Expression of human nebulin fragmenis in E, coli

After transformation of the two expression plasmid constructs
(PHNd4nB5 and pHNd4nA3) into BL21(DE3)pLysS E. coli sirain
[11] for protein expression, ampicillin—chioramphenicol resistant col-
onies were selected and cultured in LB media. The culture was induc-
ed with 0.4 mM IPTG (isopropylthiogalactoside) when:ODggo o of
the culture reached 0.6-0.8 and was shaken vigorously at 37°C for
an additional 3—4 h, The bacterially made nebulin fragments were
then prepared from the bacterial cells harvested [12],

2.3, Immunological verification of the cloned nebulin fragments

The purified NBS5 nebulin fragment which contains 6 of the
~35-residue modules was used to generate specific antibodies in
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Balbse mive, High vee specific anti-NBS amtberam wax ablained
after an inival immunization and & vingle boost, Wedern blonting uss
ing. the ant-NBS anidbody and knewn  ambadtive  sebolin
monoclonal anibodies was performed 1o verily the awthenticily of
the ¢loned nebalin Cragments expressed i bagieriy,

24, Actin biading analysis

Twor types of getin binding assays were performicd depending on
the solubility behavior of the expressed nebulin fragments in amaviin
binding bulfer (0,1°M KCI, 10 mM MpCly, 10 mM Tris.HCL, pH
®.0), For the more soluble NAY, an Faactin cosedimentation tssay
[13) was performed, The Coamussie bluestained gel putierns were
digitized and quantitated en & videodensitometer developed m the
Clayion Foundation Bichemical Institute (Austing, TX). Far the less
soluble NBS, u more sensitive antibody-medimed solid-phave weiin
binding assay was used.

3. RESULTS AND DISCUSSION

3.1, Expression of human nebulin fragments in E. coli

SDS-polyacrylamide  gel electrophoresis  (SDS-
PAGE) analysis of the pelleted bacterial cells contain-
ing the expression plasmids (Fig. 1) showed that a very
high level of expression (30-32% of the total bacterial
protein) of the two cloned human nebulin fragments
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Fig. 1. Expression of human nebulin fragments in £, coli, The host
bacteria transformed with the vector (pET3d) or the engineered
expression plasmids bearing human nebulin ¢DNA - fragments
(pHNd4nBS and pHNd4nA3) were cultured without (lanes marked
with —’s) or with IPTG (lanes marked with +'s) induction and the
total bacterial proteins were analyzed by 12,5% SDS-PAGE {13]. The
results showed a very high-level expression of the two cloned humain
nebulin fragments NBS and NA3 (bands labeled with * in the IPTG
induced samples),
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(NB35 and NA3) was obtained upon IPTG induction,
The apparent moleeular masses of NBS (30 kDa) and
NAY (36 kDa) ax ealeulated from gel mobility agreed
weéll with those values derived from predicted amine
aciel sequences (25936 for NBS and 31419 for NAJ),
The expressed nebulin fragments, presented in the form
of inclusion bodies, were readily purified in large quan-
tities. Additional characterization, including amino
acid analysis and N-terminal peptide sequeneing, ¢on-
firmed that both NB3 and NA3 were coded by the clon-
ed human nebulin ¢eDNA fragments [12].

3.2, Authenticity of the cloned nebidin fragments
Western immunoblots on total proteins of human
adult and fetal skeletal muscles, as well as several rabbit
skeletal museles (Fig. 2) showed that the anti-NBS an-
tibody specifically recognized only the nebulin band in
all tissues tested. Immunoclectron microscopic localiza-
tion of NBJ in skeletal muscle [12) revealed that anti-
NB3 antibody recognized ncbulin in the sarcomere.
These results are significant in that they have not only
provided a definitive proof that the cloned ¢cDNA with
a highly repetitive sequence indeed codes for nebulin
but also indicated that the expressed NBS fragment re-

—.

Fig. 3. Binding of the ¢loned human nebulin fragments to actin: (A)
Feactin co-sedimentation -assay. Purifiecd NA3 nebulin fragment
(6 ) and rabbiv skeletal musele Feactin (50 #g or 25 4g) were
incubated together or separately-in 100 %1 of an actin-binding buffer
(0.1 M RCL 10 mM MgCly, 10 mM TrissHCL, pH 8.0) at room
temperature for 1 h, After centrifugation at 120000 % g for 30 min
in a Beekman airfuge, the supernatants (lanes S) and petlets (lanes P)
were separated and analyzed by 12,5% SDS-PAGE {13}, The results
showed that NA3 co-sedimented with F-actin under conditions where
NAI alone was not pelleted, (A+N) and (A+N)a are assays
containing actin at 50 #g/100 4l and 25 £2g/100 #l, respectively. The
gel loading for (A + N), was half of that for (A + N)a. (B) Solid-phase
actin binding assay. Rabbit skeletal musele Feactin: (100 zg/ml),
tropomyosin~troponin complex (Tm-Tn, 100 zg/ml, a kind gift-of
Dr G.N. Phillips, Rice University), bovine scrum albumin (BSA,
10 mg/ml), or skim-milk, each in the actin-binding buffer, was
attached to a microtiter plate (Linbro/Titertek, FlowLab., (nc.,
Meclean, VA) by incubating 100 xl/well at 4°C overnight. The plate
was blocked with 0,1% BSA in the same buffer (150 g/ well) at room
temperature for 4 h and washed. Purified human nebulin fragment
NBS (100 zi/well, serially diluted from 5 x 107":M to 7.8 x 10°* M
in the actin-binding ‘buffer) was added ‘and incubated at room
temperature for 2 h followed by two washes, The amount of NBS
bound to the coated actin was determined by a standard ELISA
procedure using the mouse anti-NBS antiscrum and peroxidase-
conjugated rabbit anti-mouse sccond antibody (both are diluted in
the Dblocking  buffer), and @ H,O0:;-ABTS (2,2'-azino-bis-
(3-cthylbenzthiazoline-6-sulfonic acid)) substrate: [13]. Washings
were done with the same actin-binding buffer at room temperature
except for the final three ~washes - following second antibody
incubation, which was done at 4°C with PBS containing 0.05%
Tween-20, The assay was performed in-tetrad wells and titration
curves  were constructed by the average Assan vs NB5 molar
concentrations, The result demonstrated a saturable specific binding
of NB5 to actin, with no evidence of binding to tropomyosin—
troponin complexes, BSA or the milk protein mixture,
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Fig. 2. Immunoblot verification of the authenticity of the cloned human nebulin fragments, Mouse antiserum generated with purified NBS

fragment was used (o stain nitrocellulose blots of several human and rabbit skeletal muscles {2), India ink was used (o stain side stripes of each .

blot'to reveal the position of the major sarcomere proteins. [n all Gusirs tested, the anti-NB3 antibody (1 : 2000 dilution) specifically recognized

the nebulin band which was identified on the same blot by a mixture of anti-nebulin monoclonal antibodies [5]. As shown by the negative contrals,
no staining was observed when the preimmune serum was tested or either primary or secondary antibody was deleted.

tains the antigenic structures of native nebulin. Fur-
thermore, the presence of this cross-reacting structure
in various muscle tissues suggests that NBS fragment
contains common structural elements that are shared
among members of this family of giant proteins.
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Fig. 34 and B (legend on p. 94).

3.3. Actin-binding of the cloned nebulin fragments
Having established that the cloned nebulin fragments
are authentic, we examined their actin-binding ¢apaci-
ty. Since both nebulin fragments are practically insolu-
ble at neutral pH, a pH 8.0 buffer was used to improve
solubility, This actin-binding buffer also coniained
10 mM MgCl; to lower the critical concentration of ac-
tin polymerization. For the more soluble fragment
NA3, it was feasible to carry out F-actin co-
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sedimentation assays. The data in Fig. IA indieated
that NAJ co-sedimented with F-actin under conditions
where very little NA alone was pelleted. Attempts (o
determine binding stoichiometry by titration were com-
plicated by the low salubility of NAJ and the need to
maintain F-actin above itg eritieal concentration. As
estimated by quantitative gel densitometry, the pellets
in assays with two different actin ¢on¢entrations
(0.06 mg/ml  NA3  mixed with 0.5 mg/ml or
- 0.28 mg/ml F-actin) contained roughly one NA3 to 17
and 20 actin subunity, respectively, For the less soluble
fragment NBS, a more sensitive solid-phase actin bin-
ding assay was used instead. The titration curves
(Fig. 3B) of NB3 on microtiter plate-coated actin,
tropomyosin~troponin : (Tm:Tn), bovine = serum
albumin (BSA), or milk proteins:indicated that NBS
bounid only to actin in a saturable manner. Although
the stoichiometry: and binding constant . of the
nebulin—actin interaction remain to be quantitated, itis
clear from the steep titration curve (Fig. 3B) that the
binding affinity must be high under this assay con-
dition.

In conclusion, we have demonstrated for -the first
time that nebulin is an actin-binding protein. The fact
that whole nebulin molecule contains the repeating-
module sequence of at least 30 times the length of either
NA3J or NBS, strongly suggests that nebulin contains a
large number of actin binding sites along its length. It
is thus conceivable that the skeletal muscle thin fila-
ment may require nebulin either as:a tempiate for
assembly or as a scaffold for stability. Studies of cloned
nebulin fragments consisting of defined numbers and
types of the ~33 residue modules are in progress to pro-
vide further insights into the nature of its binding sites
for actin, a-actinin (6], calmodulin [14], as well as the
proposed functions of this protein which constitutes a
fourth filament of skeletal muscle sarcomere.
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