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SUMMARY

The neuronal cytoplasmic intermediate filament (IF)
protein HENF70 of the gastropod Helix aspersa isidentified
by sequence analysis of the corresponding 4,600 bp cDNA
isolated from a cerebral ganglion cDNA library. HENF70
shares 60% sequence identity with the neuronal LoNF70
protein of the cephalopod Loligo pealei and only 36%
identity with the Helix non-neuronal IF-A protein. All
three molluscan IF proteins display the lamin-type
extended coil 1b subdomain harbouring six additional
heptads and all have long C-terminal sequences with sub-
stantial homology to the tail domains of nuclear lamins.
The lamin-like tail domains of the two neurofilament
proteins share a unique motif comprising 13 residues,
which is absent from Helix IF-A and all other known non-
neuronal |F proteins. HeNF70 is encoded by a 9.5 kb RNA

transcript. The very long 7.2 kb 3'-untransated sequence
contains a unique 26 nucleotide repeat extending over 0.5
kb inits5'-region. The HeNF70 mRNA is expressed at low
abundancy in cerebral ganglia but not in any of the 13 non-
neuronal tissues tested. In contrast, all tissues express at
fairly high levelsthe same 4.6 and 4.2 kb mRNAs encoding
the Helix non-neuronal 1F-A/B proteins. Blot hybridisation
studies on genomic DNA and ganglion mRNA with
subprobes from the cloned HeENF70 cDNA, as well as
sequence analysis of an RT-PCR generated partial cDNA
encoding a putative HeNF60 protein, indicate at least two
different neuronal IF genesin Hélix.
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INTRODUCTION

Intermediate filament (IF) proteins show a typical tripartite
structural organisation. A central a-helical rod domain capable
of forming double-stranded coiled-coils is flanked by non
helical terminal regions, the head and tail domains (for reviews
see Fuchs and Weber, 1994; Steinert and Roop, 1988). The
neurofilament triplet proteins NF-L, NF-M and NF-H are the
adult neuron specific |F proteins of vertebrates. Together with
a-internexin, which occurs in embryonic neurons (Fliegner et
al., 1990), they form the type IV vertebrate IF proteins.
Molecular knowledge of neurofilament proteins from inverte-
bratesis restricted to those from the cephalopod Loligo peal&i.
The three squid polypeptides NF60, NF70 and NF220 share
common head and rod domains but have different tail domains,
which are generated from a single gene by aternative RNA
processing and splicing (Szaro et a., 1991; Way et a., 1992).
In contrast, individual vertebrate neurofilament proteins are
encoded by separate genes (for review see Eagles et a ., 1990).

Like all protostomic non-neuronal |F proteins characterised
to date, the Loligo neurofilament proteins contain 42 extra
residues within the coil 1b region of their rod domains (Boven-

schulte et a., 1995; Dodemont et al., 1990, 1994; Riemer et
al., 1991; Szaro et al., 1991; Tomarev et a., 1993; Way et al.,
1992; Weber et al., 1988, 1989). These additional six heptads,
first identified in nuclear lamins (Fisher et a., 1986; McKeon
et a., 1986), are absent from all vertebrate cytoplasmic IF
proteins (Fuchs and Weber, 1994; Steinert and Roop, 1988).
In spite of the differences between vertebrate and squid neu-
rofilament proteins, there are common properties which dis-
tinguish neuronal from non-neuronal IF proteins. One shared
feature of squid NF220 and mammalian NF-H is their ability
to be phosphorylated at repeated KSP (Lys-Ser-Pro) residues
within thetail domains. Mammalian NF-H contains 43-52 such
motifs while in squid NF220, 21 of these occur together with
two additional repeated motifs RSP (Arg-Ser-Pro) and SEK
(Ser-Glu-Lys) represented 11 and 32 times, respectively
(Julien et al., 1988; Lees et al., 1988; Way et a., 1992). Phos-
phorylation of mammalian NF-H in the C-terminal tail domain
has been implicated in the regulation of axona calibre and the
interactions of neurofilamentswith microtubules (Carden et al.,
1987).

Here, we describe the full-length and partial cDNA sequence
for the neurofilament proteins NF70 and NF60 of the gastropod
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Helix aspersa, which arise from | F genes distinct from the gene
encoding the major non-neuronal I proteins (Dodemont et al.,
1990).

MATERIALS AND METHODS

Nucleic acid preparation

The following tissues were dissected from Helix aspersa: cerebral
ganglion, oesophagus, digestive gland, albumen gland, mucus gland,
foot sole epidermis, heart, lung, kidney, oviduct, dart sac, receptacu-
lum seminis, vas deferens and penis. From each of these, poly(A)-
containing polysomal RNA was isolated as described (Dodemont et
al., 1990). Genomic DNA was extracted from digestive gland starting
with crude nuclel preparations and purified by standard procedures
(Sambrook et al., 1989).

Construction and screening of the plasmid cerebral
ganglion cDNA library

A large plasmid library (400,000 primary transformants) represent-
ing total cerebral ganglion mMRNA was established using the
Escherichia coli XL-1 Blue/pUC18 host/vector system as described
(Dodemont et al., 1990, 1994). Colony hybridisation was performed
at reduced stringency (Dodemont et al., 1994) with a cocktail of five
32p-|abeled, nick-translated DNA fragments, each at a concentration
of 1 ng/ml. Probes were a 174 bp Pvull-Accl fragment comprising
the coil 1aregion from the Helix non-neuronal IF gene (Dodemont
et a., 1990) and the corresponding fragments derived from four
cloned full-length Ascaris lumbricoides IF cDNAs (Dodemont et a.,
1994). Following hybridisation, filters were initially washed twice
for 15 minutes in 5x SSC/0.1% SDS at 55°C and autoradiographed
to Kodak X-Omat AR film using intensifying screens. Filters were
then washed to high stringency by two consecutive washes for 15
minutes each in 0.5x SSC/0.1% SDS at 55°C and 0.1x SSC/0.1%
SDS at 60°C and re-exposed. Colonies for which the initial hybridi-
sation did not persist through the last washes were selected for
rescreening at high density. This yielded only a single novel IF
cDNA candidate which was purified by one additional round of
screening. Isolation and restriction enzyme analysis of plasmid DNA
followed established protocols (Sambrook et al., 1989). Both strands
of the cDNA insert were completely sequenced (Dodemont et al.,
1994). This led to the identification of the HENF70 cDNA encoding
a neurofilament protein.

Northern analysis

Poly(A)-containing polysomal RNA (2 pg) from oesophagus and
cerebral ganglion was treated with glyoxal, electrophoresed in a 1.5%
agarose gel and transferred to a nitrocellulose membrane. RNA size
standards were rat 18 S and 28 S rRNA (1.9 and 4.7 kb) mixed with
E. coli 16 Sand 23 SrRNA (1.6 and 2.9 kb) and the Gibco-BRL RNA
ladder (9.5, 7.5, 4.4, 24 and 1.4 kb). The RNA blot filter was
subjected to four consecutive hybridisations under conditions of high
stringency (Dodemont et al., 1994). Fina washes were in 0.1x
SSC/0.1% SDS at 60°C for 15 minutes and autoradiography was as
above. Prior to rehybridisation, previously annealed DNA probes
were effectively removed at 42°C for 30 minutes in a 10 mM boric
acid/1 mM disodium tetraborate buffer, pH 8.2, containing 10 mM
methylmercury hydroxide. This was followed by a wash in 10 mM
Tris base/0.5 M ammonium acetate for 15 minutes at 42°C. DNA
probes were prepared from the fragments listed bel ow; nucleotide (nt)
designations refer to the HENF70 cDNA sequence presented in Fig.
1. Probe 1: 1,719 bp Xbal-Pstl fragment (nt 1-1,706, preceded by the
13 nt Xbal-Smal polylinker region from the pUC18 vector) covering
the entire 5'-part of the cDNA up to the C-termina end of the rod
domain; probe 2: 96 bp Ddel-Fokl fragment (nt 1,793-1,888) repre-
senting the N-terminal part of the tail domain; probe 3: 327 bp Pstl-

Rsal fragment (nt 2,103-2,429) spanning the C-terminal half of the
tail domain and 89 nt of the 3'-untranslated sequence; probe 4: 174
bp Pwull-Accl fragment comprising the coil 1aregion from the Helix
non-neuronal |F gene (see above) which corresponds to nt 682-855
of the HeNF70 cDNA. Probe 1 was also used on a second RNA blot
filter containing MRNA (2 ug) of all 14 tissues.

Genomic DNA analysis

Genomic Southern blots (Sambrook et al., 1989) were hybridised
under conditions of high or low stringency (Dodemont et ., 1994).
Probes were derived from restriction fragments of the cloned HeENF70
cDNA (see above) or from a subcloned 215 bp PCR fragment
generated with the cDNA template and the following primers: (sense,
nt 1,567-1,591) 5-GCCCAGTTGGAGAAACAGTACCAAG-3 and
(antisense, nt 1,781-1,758) 5-GTTTCCTCTCCCTCCAGCAGCTTC-
3'. The 5'-part of the NF70 gene was isolated as two non-overlapping
fragments (see main text) cloned from size fractionated subgenomic
libraries (Dodemont et al., 1990).

PCR-based isolation of a HeNF60 cDNA

Cerebral ganglion mRNA was converted to cDNA (Dodemont et al.,
1990) except that random hexamers were used at a concentration of
50 pg/ml to prime first strand synthesis. The final blunt-end double-
stranded cDNA (average size 2,500 bp) was ligated into the Smal site
of pUC18. An aliquot of the ligation mixture corresponding to 50 ng
of input cDNA template was subjected to the polymerase chain
reaction, PCR (Saiki et a., 1988), using conditions given elsewhere
(Dodemont et al., 1994). The sense primer covered nt 1,707-1,726 of
the HeNF70 cDNA sequence: 5'-GATACTGATGGATGCCAAGC-
3'. The antisense primer matched the sequence directly adjacent to the
anchored cDNA inserts, comprising the Pstl-BamHI region of the
pUC18 multiple cloning site: 5-CTGCAGGTCGACTCTAGAG-
GATCC-3'. Amplified DNAs were processed for subcloning in
pUC18 (Dodemont et al., 1994) to generate a new plasmid cDNA
library. For subsequent screening, the same strategy was followed as
outlined above for the library representing total mRNA. The hybridi-
sation probe was prepared from a 396 bp Pstl fragment (nt 1,707-
2,102 of the HeENF70 cDNA sequence) covering the C-terminal end
of the rod domain and most of the tail domain. Clones for which
hybridisation signals strongly decreased or were lost compl etely upon
the last wash steps at high stringency were purified. Sequence analysis
identified the novel HENF60 cDNA.

RESULTS

Isolation of a putative neuronal IF cDNA

A large plasmid cDNA library representing total poly(A)-con-
taining polysomal RNA from Helix aspersa cerebral ganglion
tissue was established. Screening was performed by hybridis-
ation at reduced stringency employing the cloned coil 1aregion
of the Helix non-neuronal IF gene (Dodemont et al., 1990) and
the corresponding sequences of four distinct IF cDNAs of the
nematode Ascaris lumbricoides (Dodemont et al., 1994).
Hybridisation of 400,000 clones followed by an initial low
stringency wash yielded nearly 200 signals emerging at
different intensities above arelatively high background of non
specific hybridisation. About 98% of the detected clones
showed no obvious loss of hybridisation after the last high
stringency wash. Indeed, analysis of several of these clones
reveal ed that they all harboured cDNA inserts derived from the
previously characterised non-neuronal |F mRNASs (Dodemont
et al., 1990) which are expressed in the glial cells that consti-
tute the vast majority of cells in cerebral ganglia. Hence, the



initially hybridising clones, the signals of which did not persist
through the final stages, were considered as putative candidates
containing IF cDNA inserts of neuronal origin. Subsequent
high density rescreening of these recovered only a single
candidate that displayed similar hybridisation properties to
those seen during the first round of screening. This was further
assessed by Southern blot hybridisation on the EcoRI/Hindll|
digest of the still heterogeneous plasmid DNA preparation. A
4.2 kb DNA fragment hybridised at low stringency with the
probe cocktail described above but not with the Helix coil 1a
seguence alone at high stringency. Final purification of the
candidate Helix neurona IF cDNA clone revealed that the 4.2
kb fragment originated from a 4.6 kb cDNA insert containing
an internal EcoRl site.

Sequence characteristics: identification of the novel
Helix neuronal IF protein HeNF70

The 4,600 bp cDNA sequence shows a single large open
reading frame of 1,938 bp flanked by 5'- and 3'-non-trandlated
regions of 402 and 2,260 bp, respectively (Fig. 1). Eight in-
frame stop codons occur upstream of the presumptive start
codon, which resides within a sequence context that largely
fulfils the criteria for efficient translational initiation as origi-
nally assessed for vertebrate mRNASs (Kozak, 1991). The 3'-
untranslated sequence displays several salient features, some
of which have been documented for other molluscan IF specific
MRNASs (Dodemont et a., 1990; Riemer et al., 1991; Tomarev
et a., 1993). These include a high overall A/T content of 68%
(versus 58% and 49% for the 5'-untranslated and coding
seguences), the presence of large TA repeat regions and a high
number (50 copies) of TATT/ATTT(T)n sequence motifs rep-
resenting putative mRNA instability determinants (Jackson,
1993; Shaw and Kamen, 1986; Wilson and Treisman, 1988).
Additional features of the 3'-untrandated sequence are the
unprecedented repeat region extending over 507 bp in the 5'-
part and the presence of three canonical AATAAA polyadeny-
lation signals (Birnstiel et al., 1985). Obviously none of these
are recruited upon transcription termination since the corre-
sponding transcripts were not detected in the poly (A)-con-
taining RNA population by northern analysis (see below).
The open reading frame trandates into a polypeptide com-
prising 646 residues corresponding to a calculated molecular
mass of 73,907 and a theoretical isoelectric point of 5.79. The
predicted protein sequence fully complies with the IF specific
tripartite structural organisation based on a central a-helical
rod domain with coiled-coil forming ability and the flanking
non-helical head and tail domains (Fig. 2; for reviews see
Fuchs and Weber, 1994; Steinert and Roop, 1988). Since the
tail domain does not contain the hallmark nuclear localisation
signal and C-terminal CaaX box of nuclear lamins (Fisher et
al., 1986; McKeon et a., 1986), the sequence represents a true
cytoplasmic IF protein. The rod domain shows the character-
istic segmentation into coils 1a, 1b and 2, separated by short
non-helical linkers. The coil 1b subdomain harbours six addi-
tional heptads (42 residues), first identified in nuclear lamins
(Fisher et al., 1986; McKeon et al., 1986), which are also found
in al protostomic cytoplasmic IF proteins known to date (for
references see Introduction). The novel Helix IF sequence
clearly does not represent the gastropod counterpart of the
squid neurofilament-like protein LOSNLK, which has a coil 1b
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subdomain that seems to be extended by only two additional
heptads (Adjaye et al., 1993).

Sequence comparisons were made for the rod and tail
domains of the novel IF protein and the corresponding regions
from a wide variety of both neuronal and non-neuronal IF
proteins including all known invertebrate cytoplasmic IF
sequences. Table 1 documents that by far the highest sequence
identity is shared with the medium molecular mass neurofila-
ment NF70 protein from the squid Loligo pealei (Szaro et al.,
1991). The scores of 65 and 52% for their rod and tail domains
represent a sharp rise from the values of only 38 and 32%
identity between the novel Helix IF specific sequence and the
non-neuronal IF-A protein from the same source. Thus the
newly characterised gastropod | F sequence has been identified
as a neurofilament protein which, by analogy to its cephal opod
counterpart, was designated HeNF70 athough its molecular
massisdightly higher (HeNF70: ~74 kDa; LONF70: ~71 kDa).

Comparison of HeNF70, LoONF70 and HelF-A:
documentation of molluscan NF70-specific motifs in
the head and the lamin-like tail domains

The alignmentsin Fig. 2 highlight the far better sequence con-
servation among the two NF70 proteins derived from different
mollusc classes than the homology shared by the neuronal and
non-neuronal |F proteins from the same mollusc species. The
close relation of HENF70 and LoNF70 is particularly well
displayed in their identicaly sized rod domains comprising
361 residues. It is most obvious for the entire coil 1a and
second spacer region where sequence homology approaches
100%. The first linker, the N-terminal part of the coil 1b
subdomain and the entire coil 2 subdomain represent additional
regions contributing to the enhanced sequence identities of
both neurofilament proteins.

Beyond the rod regions the NF70 proteins again show better
overall sequence conservation for their respective non-helica
domains. For the head domains, sequence identity between
HeNF70 and LoNF70 is 54% but only 40% for HeNF70 and
HelF-A. Although quite distinct in size and sequence all three
head domains are basic and show an equally large preponder-
ance (~35%) of serine and threonine residues. The head
domains of both NF70 proteins display several characteristic
sequence motifs which constitute putative phosphorylation
sitesfor different serine and threonine protein kinases. Asthese
elements are less prominently present in the head domain of
HelF-A, this may indicate functional differences between IF
proteins of neuronal and non-neuronal origin. All but one of
the possible phosphorylation sitesin the HeNF70 head domain
are contained within a centrally located cluster adjacent to the
four consecutive aspartic acid residues. This sequence
SPMYYRSS IT'PRQTS ITRTSLPTS'P (residues 45-69,
asterisks mark possible phosphoacceptor residues) contains
three recognition sites (SP, TP, SP) for proline dependent
protein kinase, two sites (RSS, RTS) for cAMP dependent
protein kinase and one site (RQTS) for the multifunctional
calmodulin dependent protein kinase 1. The RQTS sequence
is part of the larger motif RQTSITR which represents a
possible target sequence for protein kinase C (for review see
Kemp and Pearson, 1990). An additional site (RSS) for cCAMP
dependent protein kinase occurs outside the cluster within the
N-terminal part of the HENF70 head domain. The distribution
and nature of putative phosphorylation sequence motifs (RPSS,
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RTS, RSS, SP, RSS) in the head domain of LONF70 aresimilar  site and that clustering in the central region is less tight. In
to HeNF70, except that there is no obvious protein kinase C ~ contrast, the head domain of the non-neuronal Hel F-A protein

1 CTAAGCGGTCTGTCACATCCAGAAAAGTGTAGGCAATAATTCTCTGTTCTTTGAAGGT TGTGAAGGAATTTGGTAACTGTTAATTCTTCAGATCTCACTTAAACTAGCACGAACTCTGAA 12¢
121 CCGAGCGTGGCAGACGGCATCGTCAGTCGTTCATATTGGATTAACTATTAAATAACGTGTCGGTTTCCTTTTGGAGT TTCCAAATCGAGAACAATTATTCCCAGTTARCGCGTGTTTCTG 2490
241 CATTGTTGTAAAAACTTGTTGAGGGAACTGATTGTACTTCAACGTACTTTGTTTTCCTGACACTTGGCCTAGCTGTTGAATGCTAGCCAACCAAACATAATTTCATACCGCCAGAACAGT 360

M S Q S F V R S S T s I P A NT S VT EI KU RTV I T
361 CGTAATATAGTTCGGGTAAAGGATCCGGAAACTCCCGCCACCATGTCGCAATCTTTTGTTCGCTCCAGCACCAGTATTCCCGCCAACACCTCTGTCACCGAGAAGAGAACCGTCATCACA 48C

T $ S GL S SsS GF G GAGVDDUDDSU®PMYJYURSSTITZPRAOQTSTIITRTSLP
481 ACATCCAGCGGCCTGAGCAGCGGTTTTGGAGGCGCGGGTGTCGACGATGATGACTCTCCCATGTACTACAGATCCAGCATTACACCGAGACAGACGTCCATCACGCGGACCTCACTGECG 600

T S P LRTMRTVETISSATFUPSULHMPULSGSA ATV VAR ATSGV VI S F K S NR
601 ACTTCCCCATTACGCACCATGCGTACTGTGGAGATTTCTTCTGCGTTTCCCTCCTTGCACATGCCTCTCGGTAGCGCCACTGTTGCAGCCACTGGGGTCATCAGCTTCAAGAGCAACCGC 720

E K E XK K DMRDULNERTFANYZYTIEI KV VR RV FILEA AU QNI KI KU LA ASZETLESQUL R s
721 GAGAAAGAGAAGAAGGACATGCGGGACCTTAATGAAAGATTCGCTAACTACATCGAGAAGGTTCGCTTTCTGGAGGCCCAGAACAAGAAACTGGCCTCCGAGCTGGAGCAGCTGAGGTCT 840

H W G K E T N K I K L MY ETETULTEARIEKILTIDUDTNI KEIKSIRILGQTULIRV G Q
841 CACTGGGGCAAGGAAACGAATAAGATTAAGCTGATGTATGAGACAGAACTCACGGAAGCCCGCAAGTTGATTGATGACACCAACAAGGAGAAATCCAGGCTCCAGCTTCGTGTTGGGCAG 960

L EEQLDUDVMPRIGQLDEUA AIKT KU WRSOQEDA RETTINI KILNQOQAQVSETULTETGEV
961 CTGGAGGAGCAGCTAGATGATGTCATGAGGCAATTGGACGAAGCCAAGAAATGGAGATCCCAGGACCGCGAGACCATCAACAAGCTCAACCAACAAGTGTCCGAGCTGGAGGGAGAGGTC 1080

R M L RRTNDSLDTEU RU QU RDI KA ATTINI RILIUGQETETLTEIZ KT LRTIDILSNTET I
1€81 CGCATGCTGAGACGCACCAACGACTCCCTGGACACAGAGAGGCAACGAGACAAGGCCACGATCAACAGACTCCAAGAGGAACTGGAAAAGCTCAGAATTGACCTCAGCAACGAGACCATT 1200

A R L DAENZIKYQTULULETEMETFTULIKSVHESZ QETLIKTEULSA ATLA AYR RT DTT A
1201 GCCAGATTGGATGCTGAAAACAAATACCAGACACTGTTGGAGGAGATGGAGT TCTTGAAGAGTGTTCACGAACAGGAACTGAAGGAGTTGTCTGCCTTGGCCTACAGGGACACCACTGCT —132C

E NREF W KNEUL s @ A I RDTIOQQEYDMMIEKVDOQTIIRGEMETFPFYNTILKV
1321 GAAAACCGTGAGTTCTGGAAGAATGAGT TGTCCCAGGCTATTCGGGACATCCAGCAGGAGTATGACATGAAGGTGGATCAGATTAGAGGAGAAATGGAAACCTTCTATAATCTCAAGGTC 1440

Q EF RTGATIK G QNMEUVTHARTETETI K KT LHI K Q@LSGDTULHZ RTIRNSTDTLE A
1441 CAAGAATTTAGAACCGGGGCCACCAAACAGAATATGGAGGTCACCCATGCCAGGGAGGAAACTAAGAAACTTCACAAACAACTGGGAGATCTCCGTACTCGAAACTCTGACCTGGAGGCT 1560

R NA QL E K Q Y Q DMLRUEMEIUGQI KD HEUHVMETINSTLI KETEMNIEKTULRAE
1561 AGGAATGCCCAGTTGGAGAAACAGTACCAAGACATGCTCAGAGAAATGGAGCAGAAAGATCATGAGCATGTGATGGAGATCAACTCACTCAAGGAGGAGATGAATAAACTCCGAGCTGAG 1680

LEAMULTIETLUGQTITULMDATIKTLSTLETLTETIA AAYT RIKTILTLTETGETETI RUVSGTLTR S
1681 CTGGAGGCCATGCTCATTGAACTGCAGATACTGATGGATGCCAAGCTGTCCTTGGAGCTGGAGATTGCTGCT TACAGGAAGCTGCTGGAGGGAGAGGAAACAAGGGTTGGTCTGAGATCA 1800

VVEQTULGVRQSGGTARTILADTITINV VA AETGU QTZ YHDSATES S I HSSOQTEG
1801 GTAGTGGAGCAGACACTAGGGGTCAGACAAAGTGGAACCGCTCGCTTGGCGGACATAATAAACGT TGCCGAAGGACAGACATATGATTCGGCCGAGAGTAGCATCCATTCCCAAGAAGGG 1920

DS QL S M KMMRGEVSAIKTTYOQRTA ANSGZPVSTITAEA ANTPTETGTZ KT FTITL
1921 GACTCCCAGTTGTCTATGAAAATGATGAGAGGTGAAGTGTCGGCTAAAACTACTTACCAGAGAACAGCAAATGGCCCGGTCAGCATTGCTGAAGCCAACCCTGAGGGAAAGTTCATTTTA 2040

I E NN S S GGV RIKEVNILDTGU WI KTLOQQRTIUVDNNVIKI KT PYVYTTFTI RNTFV
2041 ATAGAGAATAACTCATCTGGGGGAGTCAGGAAGGAGGTGAACTTAGATGGCTGGAAGCTGCAGCGTATTGTGGACAACAACGTCAAGAAACCTTATGTATACACGTTTAGAAATTTTGTG 2160

L KPS KNV K I FARJSTLASAOQAGTPNDTULVT FRUDA ADTWGA ATGA ATEU VUV YVTT
2161 CTGAAGCCAAGCAAGAATGTCAAGATCTTTGCAAGATCACTGGCATCCCAGGCCGGGCCCAATGATCTGGTTTTCCGTGATGCCGACACTTGGGGTGCTGGTGCAGAAGTCGTAACCACC 2280

L I N E K G EUZEKA AS HTI Q K TNZY s Q *
2281 CTCATCAATGAAA&;GGAGAGGAGAAAGCCAGCCACATTCAGAAGACCAACTACAGCCAG!IIGGCGACTGTTGCCTTTAACCCAGGCTAGGTCTTCAGCAGCATCAGCAGTCACCAGCA 2400
v v v v

2401 ACATAACTTTTCCGGCACAAGAAAATAGTACCAGAAGATAGCACAGGAAAATAGTACCAGAAGATAGCACAAGAAAATAGTACCAGAAGATAGCACAGAAAAATATTACCAGAAGATAGC 2520
v v v v

2521 ACAAGAAAATAGTACCAGAAGATAGCACAGGAAAATATTACCAGAAGATAGCACAAGAAAATAGTACCAGAAGATAGCACAAGAAAATATTACCAGAAGATAGCACAGGAAAATATTACC 2640
v v v v v
2641 AGAAGQ;AGCACAGGAAAATATTACIAGAAG%EAGCACAGGAAAATATTACIAGAAGATAGCACAGGAAAATAGTACCAGAAGATAGCACAAGAAAATAGAACRAGAAAATAGTACCAGA 2760
v v v

2761 AGATAGCACAGGAA&:TAGIACIAGAAGATAGCACAGGAAAATAGAACIAGAAGATAGCACAAGAAAATAGTACIAGAAGATAGCACAAGAAAATATGACAAGAAGATAGCACAAAACAT 2880

2881 TAMCACAAGAATATAGCACAARAGGATTCAACAAGTCATTGAGTCTCTATTGAAACAATCAACATATAACAAGGAGCAGATCACTCTTGTCCAGTATTAAACACTTACCAGCGACACAAT 3000
3001 GATTAGAGCTAATTAACTCTTACAGGATGAAAGGCTAGTTTAAGGCAGTTGTTTCCAGGATGTCGGCCAGTATTTGTGGCTGGTAACCATTATTAAACTATTTCATATTTCTCTGGTTGT 3120
3121 CTTGTAGATATTTTCTTACTATCCACTCAATAGCATTGTTATAGTCTTGAGAAGAACCAGGAAACTGTTGACTCTTTCACTTTAAGAT TAAATAAAAATTAACAGAGAAAAAACTCCTGE 3240
3241  ATCAAACATTGAAAARATGAGCATTTTCTTTAAGGGTTAATTCCTGGGGTTTTATTGATATTCAGAAATTGAAAAAGTAATTAAAGGGAAATAAGTAGAGAGGTGACATAAGGAGAATTAT 3360
3361 TACCCCTTCTCAAAGCTGACAAAATATTGAGGTCTTCCTTACCAATAAAAACTACACARACTCAGATGAAACTGTTCACAAATTATCACTAACAATAACAATATATTGAACAGATTCTGA 3480
3481  TTAACACACTGCCTCTAGARAAACAAATTTAATGCTTAAAATACCTATGTATACACAAATTATGGCTTCCCTGTACACAATACTATATGGCTTTGTTTCCTATAGATGCAAATGAGTTCC 3600
3601 TCAAGGGTTTCCCAGTGTTCTACATTTATTCATGTAGAGCTTTTTAACTTTTTGTGACGCTGGT TCCTGAGATCTGCTGCGGCTCTATGCCCATAAGTTATATAAATCATTGCTATCACA 3720
3721  TTCCATTTATTTTCCARACCTAGGATTCATCTGTATGCTTTGTGTAATCTATGCATATTTTTAATATTTAGTATCATCTATTAAAATTACAACCATTAATTTTTCCATGGTGGCTATATA 3840
3841 IATATATATATATATATATATATATATATATATTTGTTGTTATCGATCCAGCGGCGCTTGACGT TTCGCCCTTAGGCTCATATATATATATATATATATATATATATATATATATATATA 3960
3961 IATATATATATATATATATAAGATAACTATACACAGATTTTCACTTAATAATTAGATGTTGTTTAAATTATTTTAATATATGGCACATAATGATGGTTACCAGCTTTACATTAGAAACCA 4080
4081 ACATGAAAATCTGCATCTAACTGATTAAATGACACATGATAACTGATTAAATGACACATGATAGTTTTTGACAATTTTCCTTTTACAAGGATTACTTTGGAAACGTGTGTATGGAATTCA 4200
42C1  AGAAATTAATTTACTTGCAGTTACATTCCATTATACCATTTCCCCTACACCATTCAACCTTGGAAGATAAGTTGTATTAGGGCCCATTATCTTGGTCAGATTAATAGTCATGTGACCGAG 4320
4321 TCAGCCATAAACAGGGTATTAATTTGAAGGTAATTGTTGTCCAAGGAGGGTAAATCCAGTCACATGAT TGTGGTTAACATCCTCAGAGTARAAATAAATCTCTTACAATAGGGTAAGARA 4440

4441 ACTGACTATTGTAATAGTAGAGAAGATGCCAGTTACTTCATGGCACTTGATAGTGATGAATGCATTTCATATTGCAATAGATACTATATGTATGGTAGAATGTATGTTTTACATACACTA 4560
4561 AGTATATTACTTACTGTTGAAAGTACGAGAACTACACAAA 4600

Fig. 1. Nucleotide sequence and conceptual trandation of the HeNF70 cDNA.. Predicted amino acid residues are given in the single letter code
above the first nucleotide of each codon. The translational initiation and termination codons as well as the eight in-frame stop codons within the
5'-untranslated region are shown in bold. The only other ATG triplet within the leader sequence and the nearby in-phase TAA triplet are
underlined. Arrowheadsin the 3'-non coding region mark the starts of a 26 bp sequence repeated 19 timesin full (filled arrowheads) and once
as half acopy comprising the 3' 13 bp (open arrowhead). Nucleotides depicted here in bold differ from those at the corresponding positionsin
the first repeat. The three canonical AATAAA polyadenylation signals and the two 19- and 30-fold TA repeat stretches are underlined.



contains only two types of sequence motifs (three copies of an
RQS sequence and one TP motif), none of which are located
within the central region.

As reported for LONF70 (Szaro et a., 1991), the tail domain
of HeNF70 is entirdly distinct from the corresponding
sequences of mammalian NF proteins. The C-termind
sequences of both mollusc NF70 proteins lack a high content
of glutamic acid and lysine, and are completely devoid of short
stretches solely consisting of acidic residues. They also lack the
repeated Lys-Ser-Pro motifs which are hallmark phosphoryla-
tion target sites of vertebrate NF proteins (for review see Eagles
et al., 1990). Instead, the last ~120 residues of their tail domains
display substantial homology to the corresponding sequences of
nuclear lamins. Lamin-like tail domains have also been docu-
mented for most invertebrate | F proteins of non-neuronal origin
(for references see Introduction). However, Table 2 shows that
the tail domains of the Helix and Loligo NF70 proteins reveal
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acloser relation to nuclear lamins than their non-neuronal coun-
terparts from either the same or other molluscan species.

Over the lamin-homology regions of their tail domains,
HeNF70 and LoNF70 share 54% sequence identity against
only 28% between HeNF70 and HelF-A. Sequence identity
over the entire tail domains of the latter two IF proteins rises
to 32% due to enhanced homology among their N-terminal tail
sequences. Curiously these regions cover the only extended
area relative to the whole polypeptides where sequence con-
servation between HeNF70 and HelF-A is significantly higher
than between HeNF70 and LoNF70. Located between this area
and the onset of the long lamin-homology segment, the snail
and squid NF70 proteins share at 100% similarity a 13 amino
acid sequence with only asingle conservative substitution (Fig.
2). This sequence is not present in either Hel F-A or in al other
invertebrate non-neuronal |IF proteins known to date and
therefore may be a molluscan NF70 protein specific insert.

Lo NF70 head MSVTQKKTEISTTTTYEGESRPSSGMS -GF - ------——--- SYSAKIHPR-TSGYINRSS--QSPFRSSMGSNAAYT-R- SYDF--SYGATA
(I AR N R R A AR A | [ | 1t B
He NF70 MSQSFVRSSTSIPANTSVTEKRTVITT---------- SSGLSSGFGGAGVDDDDSPMYYRSSITPRQTS--ITRTSLPTSPLR-~---~---~ TMR- TVEISSAFPSLH
o (R N N It VEE T et HE I
He IF-A MTSK---ISTT--YEEEGR------------~------—=-= QSKIQPRAFV--ITR-SGPSS------- KSSSFSARQSY-ASSRQSI--
rod - coil 1la coil 1b —
Lo NF70 MPGRYANISSTGVNHVKANREREKQDMRDLNERFANYIEKVRFLEAQNKKLAGELEELKSKWGKETSAIKEMYETELEEARKLIDATNKEKITLDVRVTELIDQLERQQKDLE
i [ N N R N N N AR RN N AN RN RN NN AN NN R R NN R R N R RN B A AR N B RO N S A O R N
He NF70 MPLGSATVAATGVISFKSNREKEKKDMRDLNERFANYIEKVRFLEAQNKKLASELEQLRSWIGKETNKIKLMYETELTEARKLIDDTNKEKSRLQLRVGQLEEQLDDVMRQLD
| - T R N T T T T I T I I T A Y HE I N I R RN R } I
He IF-A TPGVYQQLSSSGITDFRGTREKEKREMQNLNERLASYIEKVHFLDAQVKKLEAENEALRNRKSESLQPIRDAYENELAQARKVIDELSSTKGVSEAKVAGLQDEIASLRELIV
1 -
Lo NF70 ESRTYHQIDQEQIARQNQQLADLEGEISMLRRSIESLEKEKMRQSNILAKMNDEMEKMRMDLNNETINHLDAENRRQTLEEELEFQKDVHAQELKELAALAYRDTTAENREFW
[ T N B R IS N N C N B B A A B : SPalbbe b BURD st bbb bbbt b e reeeerererrern
He NF70 EAKKWRSQDRETINKLNQQVSELEGEVRMLRRTNDSLDTERQRDKATINRLQEELEKLRIDLSNETIARLDAENKYQTLLEEMEFLKSVHEQELKELSALAYRDTTAENREFW
[ A B N I RN R B [ I 8 I T I I T T I B I [ I T B N B | HE R
He IF-A TYENQSKDYRKKIESLGNQIGEYEGELHTLRIRCGSLEDENAKVRELLDKIQEQNRRLRADLDTETAAHIEADCLAQTKTEEAEFYKDLLDQ LELLKPEPIQIKGMDYAEFW
- coil2
Lo NF70 RNELAQAIRDIQQEYDAKCDQMRGDIEAYYNLKVQEFRTGATKQNMEVTRNKEENTKLKSNMTEIRNRLADLEARNAQLERTNQDLLRDLEEKDRQNELESCQYKEEITKLRG
RN N A N A e NN RN RN NN RN AN RN A R S N R RN RN RN R R FR NS RN H e bl
He NF70 KNELSQAIRDIQQEYDMKVDQIRGEMETFYNLKVQEFRTGATKQNMEVTHAREETKKLHKQLGDLRTRNSDLEARNAQLEKQYQDMLREMEQKDHEHVMEINSLKEEMNKLRA
[N T T I 1 T N I O I O AN I AN [ - IS I Y I B LI I I IO a1 |
He IF-A KSELSKCVREIQSAYDEKIDMIQQDTEAKYSAQLNSLRSGNVKDGMQLQHVQhEVKKLRTQAGEKNAMYAELAAKFASLQAERDSIGRQCSELERELEELRIKYNQDIGDLSN
tail }——ao—e———— lam hom
Lo NF70 EMESILKELQDLMDIKLSLELEIAAYRKLLEGEESRVGMKQIVEQWGARPNEAEVLSTILTRSEGG -YEAT-------- GDSQI SMKMMRGELAAKTTYQRTSKGSVSIKEA
Febocb FEE 0re TERREr e ez b bes o0t 210 [ e CEREzrreebete terreeer 11l
He NF70 ELEAMLIELQILMDAKLSLELEIAAYRKLLEGEETRVGLRSWEQTLGVRQSGTARLADIINVAEGQTYDSAESSIHSQEGDSQLSMKmRGEVSAKTTYQRTANGPVSIAEA
I R R R AN RN R RN R R R RN N RN RN e e | I T O N PO
He IF-A ELSAVLAQLQILTDAKITMELETACYRKLLEGEESRVGLRSLVEQATGVQGRGTASLKDTIQQST------~==--==--m-mmmmmm oo SSGSMTIQRSSKGPIAFNSV
—_—
Lo NF70  DSQGCFIALE------ TKKEENLTGWKTVRKVDDN- -KVYTYE IPNLVLKTGTVVKIWSKNHQAQARGDDLVSRENDTWGTGSNVVTILQNEKGEDKANYTQNTVYQ 615
oo L U T Y 0 R I I I B M B I [N R A N R A RN N AR [
He NF70 NPEGKFILIENNSSGGVRKEVNLDGWKLQRIVDNNVKKPYVYTFRNFVLKPSKNVKIFARSLASQAGPNDLVFRDADTWGAGAEWTTLINEKGEEKASHIQKTNYSQ 646
E R S I e R I B [ SRR [HK | | I I B R
He IF-A DQSGSNIVIENTTSGARAKTQSLRGWRIDKTVAGRV-—AASIQLKDYEIPPNTKYTIWAKGAKDRATADNEQIADIFSLGVGSCTW TIVDEAGNEKATLIAKFSG 576

Fig. 2. Sequence comparison of molluscan neuronal and non-neuronal IF proteins. The predicted sequence for the neurofilament NF70 protein
of the snail Helix aspersa (middle lines; see Fig. 1) is aligned with the sequences of the corresponding NF70 protein of the squid Loligo pealei
(top lines; Szaro et al., 1991) and the Helix non-neuronal I1F-A protein (bottom lines; Dodemont et al., 1990). Dashes mark positions where
gaps were introduced for optimal alignment. The three structural domains (head, rod, tail) are indicated and the boundaries of the a-helical
subdomains (coils 1a, 1b and 2) of the rods are delineated by arrowheads. The bar above the central part of the coil 1b subdomain sequence
spans the additional 42 residues (six heptads) present in all nuclear laminsand in al currently known cytoplasmic |F proteins of invertebrates.
Lam hom marks the onset of the large region (~ 120 residues) within all three tail domains with pronounced homology to the corresponding
sequences of nuclear lamins (Dodemont et al., 1990; Weber et al., 1989). Tota residue numbers are given at the ends of the sequences.
Identical residues are marked by vertical lines whereas homologous amino acid substitutions are indicated by colons. Note that interspecies
sequence conservation for both neurofilament proteinsis considerably higher than the intraspecies homology between the neurona and non-
neuronal IF proteins. The mollusc NF70 proteins share a unique 13 amino acid sequence (bracketed) which occurs neither in Helix IF-A nor in

any other known metazoan non-neuronal or neuronal |F protein.
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Table 1. Comparison of HeENF70 with other cytoplasmic IF proteins

Sequence identity

Source IF protein designation Reference Rod Tail
Squid Loligo pealel Neurona IF: Lo NF70 a 65 52
Squid Loligo forbesi Neuronal IF-like: Lo SNLK b 12 NA
Squid Ommastrephes sloanei Non-neuronal IF: Om nnlF-1 c 40 28
Octopus Octopus dofleini Non-neuronal IF: Oc nnlF-1 c 41 30
Snail Helix aspersa Non-neurona IF: He nnIF-A d 38 32
Snail Aplysia californica Non-neuronal IF: Ap nnIF-A e 37 30
Nematode Ascaris lumbricoides Non-neuronal IF: Asc IF-A1 f 47 40
Nematode Ascaris lumbricoides Non-neuronal IF: Asc IF-B1 f 43 44
Nematode Caenorhabditis elegans IF: Cel IFa1toay g 41-49 39-43
Nematode Caenorhabditis elegans IF: Cel IF by and bz g 30-42 26-43
Nematode Caenorhabditis elegans IF: Cel IF c1and ¢z g 23 NA

Sequence identity values (%) are given for the entire rod and tail domains of the neuronal NF70 protein from Helix aspersa versus the corresponding regions
of other invertebrate cytoplasmic | F proteins designated by name and origin. Because of their entirely different sequences the tail domains of the LoOSNLK and
Cel IF c1,c2 proteins have not been considered (NA, not applicable). Referencesato g are: Szaro et a., 1991 (a); Adjaye et a., 1993 (b); Tomarev et al., 1993
(c); Dodemont et al., 1990 (d); Riemer et al., 1991 (e); Weber et al., 1989, H. Dodemont, D. Riemer, N. Ledger, K. Weber, unpublished (f); and Dodemont et al.,

1994 (g).

Co-expression of neuronal and non-neuronal IF
MRNAs in cerebral ganglia: multiple rare NF-
specific transcripts and two abundant non neuronal
species

Neuronal and non-neuronal IF mMRNAS in cerebral ganglion
tissue differ in size, abundance and type specific isoform com-
plexity. On northern blots of cerebral ganglion mRNA, DNA
probes derived from non-overlapping regions of the cloned
HeNF70 cDNA (probes 1-3, see Materids and Methods)
together detect multiple RNA transcripts of which three appear
as the main bands corresponding to mRNAs of 9.5, 8 and 7 kb
(Fig. 3, panels 1-3, lanes g). Severa lines of evidence strongly
support the identification of these transcripts as authentic
neuronal |F mRNAS. First, their expression is strictly limited to
cerebral ganglion tissue. Significant hybridisation with probes 1-
3 was observed neither in oesophagus epithelium mRNA (panels
1-3, lanes 0) nor in mMRNA preparations from 12 other non-
neuronal tissues (not shown, see Materiadls and Methods).
Second, under the high stringency conditions applied, these
probes do not cross-hybridise (compare panels 1-3 with panel 4)
to the previously characterised non-neurona IF mRNASs which
are expressed at high levelsin the glia cells of cerebral ganglia
(Dodemont et al., 1990). Furthermore, since for the northern
analyses polysomal RNA was used instead of total celular
RNA, detection of unspliced precursor RNAs is precluded and
thus al hybridising transcripts represent genuine mRNAs.

The neuronal IF mRNASs occur at very low expression levels
inferred from the rather long exposure times required for their
detection. Thisis consistent with the finding that only a single
NF70 specific cDNA was retrieved from as many as 400,000
primary clones (see above). Of all neurona IF transcripts
detected, only the 9.5 kb mRNA hybridisesto each of the three
probes tested and thus represents the NF70 mRNA from which
the 4.6 kb cDNA originates. Obviously the 2,260 bp 3'-trailer
sequenceinthe cDNA (Fig. 1) coversonly the 5'-part of avery
long 3'-non-trandated region of some 7.2 kb including the
poly(A) tail. Strikingly al other hybridising transcripts,
including the 8 and 7 kb mRNAs, specifically anneal to either
probe 2 or 3 but not to probe 1. The hybridisation data imply
the presence of at least two subpopulations of Helix neuronal

IF mRNAs which diverge substantially over their entire 5'-
sequences (covered by prabe 1) up to the C-terminal ends of
the rod domains, while discrete regions of tail domain
sequences (covered by probes 2 and 3) are either shared or
highly conserved among different transcripts.

The Helix neurona IF mRNA characteristics contrast
sharply with the features documented for Helix non-neuronal
IF mRNAs which have identical 5'-sequences but distinct 3'-
ends (Dodemont et al., 1990). Of the two abundant transcripts
detected in cerebral ganglion mMRNA by the non-neuronal IF
specific DNA probe 4 (see Materials and Methods), the less
prominent 4.6 kb mRNA encodes Hel F-A which has a unique
tail domain extension versus the C-terminally truncated but
otherwise identical Hel F-B protein defined by the major 4.2 kb
MRNA (panel 4, lane g). The same non-neuronal |F transcripts
are also present in oesophagus epithelium (panel 4, lane 0) and
in al other tissues of non-neuronal origin tested (not shown).

Helix neuronal IF proteins are encoded by more than
one gene: divergence of HeNF60 and HeNF70

The non-neuronal IF mRNAs of Helix arise from asingle gene
through different splicing pathways due to aternative utilisa-

Table 2. Sequence identity between the tail domains of
molluscan cytoplasmic I F proteins and various nuclear
lamins

Vertebrate lamins

IF protein  Invertebrate lamins TypeA TypeB
HeNF70 22-30 29-30 27-33
Lo NF70 18-26 26-28 26-32
HennlF-A 14-16 17-19 19-23
Ap nnlF-A 17-18 20-21 21-25
Om nnlF-1 17-20 22-26 23-28
Oc nnlF-1 17-21 22-23 19-25

The tail domains of all neuronal and non neuronal | F proteins from molluscs
(gastropods and cephalopods) known to have lamin-like sequences, have been
compared with the corresponding regions of nuclear lamins. For the lamins
considered here see Stick (1995) and references cited therein. Sequence
identity values (%) are restricted to the lamin-like homology region covering
the ~120 C-terminal residues. For |F protein designations see Table 1.
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Fig. 3. Northern analysis of Helix IF mRNAs. Glyoxylated poly(A)-
containing polysomal RNA (2 ug) from oesophagus (o) and cerebral
ganglion (g) was electrophoresed in a 1.5% agarose gel and blotted
onto a nitrocellulose membrane. The RNA blot filter was challenged in
four successive rounds of hybridisation at high stringency, stripping
and reprobing with the | F specific DNA probes designated 1 to 4 (see
Materials and Methods). In each case the final wash wasin 0.1x
SSC/0.1% SDS at 60 °C. Autoradiography was five days for probes 1
to 3 but only five hours for probe 4. Bars mark the positions of RNA
size standards; 9.5, 7.5, 4.7, 4.4 and 2.9 kb. Arrowheads denote the
three NF specific RNA transcripts detected by probes 1 to 3.

tion of two distinct polyadenylation sites upon transcription
termination (Dodemont et al., 1990). In contrast, both the mul-
tiplicity and the complex hybridisation characteristics of the
Helix neuronal IF mRNAs seem difficult to reconcile with the
possibility that all of these represent different RNA splicing
variants generated from a unique Helix neurofilament gene.
The 5'-end of the gene corresponding to the HeENF70 cDNA
has been cloned. An 8 kb BamHI-Hindlll and a 10 kb HindIlI
fragment, detected by cDNA probe 1 (see above) on Southern
blots, were isolated from size fractionated genomic DNA
libraries (not shown). The two non-overlapping DNA
fragments span the cDNA sequence from nucleotides 382 to
1,784 (Fig. 1) and thus encompass the coding sequences of the
head and the entire rod domain. The cloned portion of the gene
contains six introns which occupy precisely the same positions
as the first six introns of the Helix non-neuronal IF gene and
the Loligo neuronal IF gene (Dodemont et a., 1990; Way et
al., 1992).

To assess whether additional neuronal |F genes besides the
NF70 gene occur in Helix, Southern analysis was performed
with a 215 bp hybridisation probe that covers the sixth exon of
the gene and defines the C-terminal sequences of the NF70 rod
domain. These sequences seem sufficiently conserved among
different IF genes (e.g. see Fig. 2; for reviews see Fuchs and
Weber, 1994; Steinert and Roop, 1988) to allow for cross-
hybridisation at reduced stringency. Despite the fact that the
probe sequences are entirely contained within a single exon
and are not cut by the restriction enzymes used for the genomic
DNA digests, acomplex multiband pattern is obtained (Fig. 4).
At least seven BamHI and three EcoRI fragments are detected,
that cannot be attributed to the Helix NF70 gene. One of these
isa 2.5 kb EcoRI fragment which originates from the single
non neuronal IF gene (Dodemont et al., 1990) and contains the
sixth exon that shares 52% overall sequence identity with the
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Fig. 4. Genomic representation of putative NF specific sequencesin
Helix. Genomic DNA digests (5 1g) generated with various
restriction endonucl eases, were electrophoresed in an 0.8% agarose
gel and transferred onto a nitrocellulose membrane. DNA fragments
were hydridised at low stringency to a 215 bp PCR fragment
covering the C-terminal part of the rod domain of the HeNF70
cDNA sequence (see Materials and Methods). After a preliminary
wash in 2x SSC/0.1% SDS at 50°C, the Southern blot was
overexposed (five days of autoradiography) to enable detection of
weskly cross-hybridising fragments. As many as eight bands can be
discerned in the BamHI (B) digest, while at |east four bands are
revealed in the EcoRI (E) digest. Note the faintly hybridised 2.5 kb
EcoRI fragment (open arrowhead) derived from the Helix single non-
neuronal IF gene (cf. Fig. 4B in Dodemont et al., 1990). The
corresponding BamHI fragment (>50 kb) is eclipsed by the large and
prominent hybridisation bands, which originate from other genes.
Filled arrowheads denote hybridising bands which persist through to
the final high stringency wash. Positions of DNA size standards
(MHindlll and ®X174/Haelll digests): 23.1, 9.4, 6.6, 4.4, 2.3, 2.0,
1.4 and 1.1 kb are indicated.

HeNF70 hybridisation probe. While all weak bands including
the 2.5 kb EcoRI band are no longer visible after washing at
moderate stringency (0.5x SSC, 55°C), two to three strong
bands in each digest still persist through to the final wash at
high stringency (0.1x SSC, 60°C) (not shown). Since only one
band can be ascribed to the Helix NF70 gene, the additional
one or two hybridising fragments represent closely related
sequences probably derived from neurofilament specific genes.

To test whether these genes are actually expressed, 3'-
anchored RT-PCR was performed on cerebral ganglion mRNA
using a sense primer nested within the 3'-end of the 215 bp
probe used for the Southern analysis (see Materiads and
Methods). PCR-generated cDNAs were subcloned and the
resulting plasmid library was screened by colony hybridisation
at reduced stringency with a probe covering most of the tail
domain sequences of the HeNF70 cDNA. Clones of which the
hybridisation signals substantially diminished under conditions
of increasing stringency, were selected for further characteri-
sation. Thus, the strategies followed for the PCR and the sub-
sequent screening were aimed at the amplification and isolation
of cDNAswith similar if not identical 3' rod domain sequences
as the HeNFF70 cDNA but containing putatively different tail
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LONF60 DLMDIKLSLELEIAAYRKLLEGEESRVGMKQIVEQVVGARPNEAEVLSTILTRSEGG-YEAT GGITTTTTTSSQERRSMSEEKKSMGSSD
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lam hom

HeIF-B ILTDAKITMELEIACYRKLLEGEESRVGLRSLVEQAIGVQGRGTASLKDTIQQSS

Fig. 5. Sequence divergence of the gastropod HeENF60 and HeNF70 neurofilament proteins. The amino acid sequence covering the C-terminal
end of the rod and the entire tail domain of the newly identified neurofilament NF60 protein from Helix aspersa (HENF60) is aligned with the
corresponding sequences of the neurofilament proteins NF70 from Helix (HeNF70; Figs 1, 2) and NF60 from Loligo pealel (LoONF60; Szaro et
al., 1991). The HENF60 sequence was deduced from partial cDNA clones which were isolated by RT-PCR; thefirst six amino acid residues,
ILMDAK, are defined by the sense primer that was originally derived from the HeNF70 cDNA sequence (see Materials and Methods).
Identical and homologous residues are marked asin Fig. 2. The start of the tail domainsisindicated. Complete tail sequences comprising 47
and 62 residues, respectively, are shown for HeNF60 and LoNF60; the tail sequence of HeNF70 (184 residues) continues beyond the horizontal
arrow (see Figs 1, 2). Note that HENF60 (and also LoNF60, see Fig. 2) is devoid of the NF70 specific lamin-like tail extension and its
preceding 13 residue sequence motif. The vertical arrow denotes the position where the LoNF60/70 sequences diverge (see aso Fig. 2); the C-
terminal 27 residues of LoNF60 are encoded by an aternatively spliced exon (Way et al., 1992). Below the three molluscan neurofilament
protein sequences, the complete C-terminal region is shown of the Helix non-neuronal |F-B protein (HelF-B) which isthe C-terminally
truncated version of HelF-A (Dodemont et a., 1990; see Fig. 2). Bold residues in the Hel F-B sequence mark differences with respect to
HeNF60. The HENF60 and Hel F-B sequences shown share 60% identity which is substantially lower than the 76% between the displayed

HeNF60 and HeENF70 sequences. Note that HENF60 and HENF70 have highly similar rod domains with only one amino acid exchange but
gradually diverge over their tail domains, and thus arise from separate genes.

domain sequences. This led to the identification of several
cDNAs that represented a single novel IF sequence, HeNF60,
which is the Helix homologue of the Loligo small neurofila-
ment protein NF60 (Szaro et a., 1991). Sequences encoding a
putative HeNF220 protein as the counterpart of the large neu-
rofilament protein from Loligo (Way et al., 1992) have not yet
been found.

The longest HENF60 cDNA sequence comprises 298 bp (not
shown) of which the 5'-end coincides with nuclectide 1,707 of
the HeENF70 cDNA sequence (Fig. 1). This marks the onset of
an open reading frame of 223 bp which predicts the 27 C-
terminal amino acid residues of the rod domain and a tail
domain of only 47 residues (Fig. 5). Thus, like LoNF60,
HeNF60 neither contains the lamin-like tail extension nor the
immediately preceding 13 amino acid sequence motif, both
present in the larger NF70 protein counterparts (Figs 2, 5). The
partial HENF60 protein sequence shows 76% overal identity
with the corresponding region of HeNF70. For their rod and tail
domain sequences taken separately, these values are 96 and
64%, respectively. Fig. 5 shows that sequence divergence of the
HeNF60/70 proteins proceeds gradually from the rod domains
through their taill domains. The number of amino acid
exchanges increases from one (Thr vs Lys) among the last 27
residues of therod domainsto 17 substitutionsin the 47 residues
tail domain of HeENF60 versus the corresponding region of
HeNF70. At the nucleotide level these regions show 11 and 53
substitutions, respectively, while the HENF60 coding sequence
is flanked by a 75 nucleotide 3-untranslated region which
totally diverges from the HeNF70 sequence. These data
document that the differences between the HeNF60 and
HeNF70 sequences are not confined to delimited regions due to
alternatively spliced exons as is the case for the LONF60/70
proteins (Szaro et d., 1991; see Figs 2, 5). Thusthe HENF60/70
sequences characterised here are encoded by separate genes, in
contrast to the Loligo triplet NF proteins which arise from a
single gene (Szaro et al., 1991; Way et al., 1992).

DISCUSSION

The major aim of this study was to make comparisons of both
neuronal and non-neuronal |F proteins from the same mollusc
and to determine whether these proteins arise from the same
or different genes. Screening of a large cDNA library con-
structed with cerebral ganglion mRNA from the gastropod
Helix aspersa yielded a single cDNA clone of 4,600 bp, which
encodes a novel neurona |F protein referred to as HeNF70.
Northern blots show that HeNF70 is encoded by a 9.5 kb tran-
script (Fig. 3). No signal was found in the 13 non neuronal
tissues tested. These express the previously characterised 4.6
and 4.2 kb mRNAs encoding the Helix non-neuronal 1F-A and
IF-B proteins, respectively (Dodemont et al., 1990). The low
abundance of the HeNF70 transcript in cerebral ganglionisin
line with the assumption that it is neuron specific as these
ganglions contain primarily glial cells. Direct support for this
view comes from the high sequence identity between HeNF70
and the established neurofilament protein LoNF70 from the
cephalopod Loligo pealei. The two proteins derived from
different mollusc classes share over their rod and tail domains
65 and 52% seguence identity. These values are strikingly
higher than the 38 and 32% sequence identities shown by the
corresponding regions of HeENF70 and the non-neuronal Hel F-
A protein from the same mollusc species (Table 1, Fig. 2). The
close relation between HeNF70 and LoNF70 is also empha
sised by the unique motif of 13 amino acid residues,
GDSQI(L)SMKMMRGE, which precedes the lamin homology
segment of thetail domainsin both proteins (Fig. 2). This motif
is absent from all other invertebrate IF sequences currently
known and thus could be a distinctive neurofilament specific
sequence in molluscs. Although formal proof of the neuronal
nature of HENF70 by immunocytochemistry or in situ hybridi-
sation is not yet available, the combined data argue strongly
that HeNF70 is the snail homologue of the squid LoNF70
protein.



In situ hybridisation on squid stellate ganglion showed
location of the NF220 probe throughout the cytoplasm, while
the NF70 probe hybridised most strongly to the axon hillock
region. This raises the question whether the long 3'-untrans-
lated region of the sguid NF70 mRNA, which was not
sequenced, influences cellular location and might contain a
targeting signal (Way et al. 1992). Interestingly, the 9.5 kb
NF70 mRNA of Helix aspersa shows in its early 3'-untrans-
lated region a unique 26 nucl eotide sequence which is repeated
19 times (Fig. 1 and Results). Future experiments using
cultured gastropod neurons (see for instance Davis et al., 1992)
can explore in transfection experiments with suitable cDNA
derivatives whether the repeat sequences or another sequence
in the 3'-untrandated region of the NF70 mRNA contain
putative targeting signals. Cultured neurons may also be a
suitable system to ascertain the finding on frozen squid tissue
sections that MRNA encoding NF220 and NF70 can be found
in the axons (Way et al. 1992). Such cultures should aso help
to identify other neuronal IF proteins and their mRNAs and
allow some insight into neurofilament assembly.

Non-neuronal cytoplasmic |IF proteins of molluscs,
nematodes and annelids have the extended coil 1b typical of
nuclear lamins, while all vertebrate IF proteins display a coil
1b subdomain shortened by 6 heptads i.e. 42 residues. Many
but not all of these protostomic I F proteins also share with the
lamins a long lamin homology segment covering a major part
of the tail domain (Bovenschulte et al., 1995; Dodemont et al.,
1990, 1994; Weber et a., 1989). Thus it is thought that the
archetypa |IF protein arose from a mutated nuclear lamin by
the loss of two topogenic sequences related to lamin function-
ality, the nuclear localisation signal and the C-terminal CaaX
box (Dodemont et al., 1990; Ddring and Stick, 1990). Since
the long coil 1b version is also found in the neurofilament
proteins of molluscs (Szaro et al., 1991; Way et a., 1992; this
study) we specul ate that because of evolutionary parsimony the
(protostomic) neurofilament gene arose from a duplicated
ancestral non-neuronal IF gene. Of the currently known
molluscan neurofilament proteins only HeNF70 and LoNF70
have retained the lamin homology segment in the tail domain
while LONF220 has acquired an entirely different tail domain
(Way et a., 1992). This situation is not without precedent.
Three of the 12 IF proteins of the nematode Caenorhabditis
elegans have also lost the lamin tail homology segment and
acquired entirely different sequences (Dodemont et al., 1994).

It now seems well established that both neuronal and non-
neuronal | F proteins of molluscs, annelids and nematodes carry
particular lamin-like features absent from chordate | F proteins.
Are these sequence features just evolutionary remnants of the
postulated lamin progenitor (see above), or do they have direct
structural and functional significance? A possible direct
influence on IF structure can be analysed. Thus, the regular
beading pattern of metal shadowed filaments changes from 22
nm in the case of vertebrate IF to 26 nm for the lamins so far
tested. Current |F models attribute this change to the six extra
heptads (see Fuchs and Weber, 1994; Heins and Aebi, 1994).
It should be possible to verify this view with those protostomic
IF proteins which are known to provide in vitro self assembly
into IF (Weber et al., 1988, 1989). Since these filaments show
control of the diameter a 10 nm, while nuclear lamins
assemble in vitro beyond filaments in the form of bundles and
paracrystaline arrays (Heins and Aebi, 1994), the sequence
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differences between lamins and protostomic |F proteins may
lead to a future understanding of their different self assembly
properties. It seems firmly established that the tail domains
protrude from the filament wall. This raises the question of
whether the lamin-like tail domains, when present, provide
different contacts from other tail domains in interactions with
neighbouring cellular components. Alternatively, IF binding
proteins recognised by the tail domains may show compensat-
ing sequence changes. This problem, however, can only be
approached once the field of IF binding proteins is better
defined.

The pioneering work on sguid neurofilaments described
three cDNAs encoding LoNF60, LoNF70 and LoNF220, and
indicated that the corresponding mRNAs arise from a single
not yet fully characterised gene via different splicing pathways
(Way et al., 1992). We have now shown, that in the gastropod
Helix aspersa non-neuronal and neurona IF proteins are
encoded by distinct genes. The gene encoding the non-
neuronal IF proteins has been previousy documented
(Dodemont et ., 1990). Of the Helix neurofilament proteins,
we have so far characterised a complete cDNA for HeNF70
and a partial cDNA for HeNF60. Their sequence differences
argue against a derivation from a single neurofilament genein
the way suggested for the squid. This view is supported by
Southern and northern analyses, which indicate that HENF60
and HeNF70 are encoded by different genes. A clearer appre-
ciation of the differences in neurofilament gene number and
organisation in the two molluscs will require the full charac-
terisation of the corresponding genes in both Helix and squid.

We thank Tomma Eisbein for skilful technical assistance, Irene
Gajewski for photography and Gillian Paterson for typing the manu-
script. J. A. was supported by a postdoctoral fellowship from the Max
Planck Society. The sequences reported above are available from the
EMBL/GenBank under accession numbers X86347 (HeNF70) and
X 86348 (HeNF60).
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