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The structure of a human neurofilament gene (NF-L): a unique exon-intron
organization in the intermediate filament gene family
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We have cloned and determined the nucleotide sequence of the human gene for the neurofilament subunit
NF-L. The cloned DNA contains the entire transcriptional unit and generates two mRNAs of approx. 2.6
and 4.3 kb after transfection into mouse L-cells. The NF-L gene has an unexpected intron-exon organization
in that it entirely lacks introns at positions found in other members of the intermediate filament gene family.
It contains only three introns that do not define protein domains. We discuss possible evolutionary schemes

that could explain these results.

Introduction

Cytoplasmic intermediate filaments have been
divided into five subclasses based on their bio-
chemical properties, immunological specificity and
tissue distribution: keratin filaments in epithehal
cells. vimentin filaments in cells of mesenchymal
origin, desmin in muscle cells, glial filaments in
astrocytes and neurofilaments in neurons (for re-
view see Refs. 1, 2). The different types of inter-
mediate filament protein share common structural
features; sequence data indicate that they contain
a homologous a-helical domain of conserved
length capable of forming coiled-coils, which 1s
flanked by amino- and carboxy-terminal domains
of variable size and composition [3-10].

Mammalian neurofilaments are composed of
three neuron-specific proteins with apparent
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molecular weights of 68000 (NF-L), 145000 (NF-
M) and 200000 (NF-H) on SDS-gel electrophore-
sis [11,12]. Neurofilament proteins share homolo-
gous a-helical domains with other types of 1nter-
mediate filament protein, but contain a long ex-
tension at their COOH-terminus which varies 1n
size between the three subunits [13,14]. In each of
the neurofilament proteins this so-called tail do-
main contains high levels of charged amino-acid
residues [4,13,15,16] as well as multiple phos-
phorylation sites in NF-M and NF-H [17-20].

Non-neuronal intermediate filament genes that
have been analyzed to date reveal a remarkable
conservation of intron positions. The vimentin,
desmin and glial fibrillary acidic protein genes
each contains eight introns at identical positions,
six of the introns being located within the regions
encoding a-helical sequences [9,10,21]. A majority
of the introns in the less closely related keratin
genes occur at similar or identical positions
[22-27].

It was therefore concluded that introns must
have been present in an ancestral intermediate
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filament gene prior to duplication and subsequent
divergence of the intermediate filament gene
family. The preferential conservation of introns
within the a-helical domain reflects the evolution-
ary stability of this region [25].

We report here the isolation of the genomic
copy of the human NF-L gene using an NF-L
cDNA probe. After transfection into mouse L-cells
the cloned gene was appropriately transcribed into
two mRNAs. The human NF-L gene was fully

sequenced and 1ts structure determined. The gene -

contains only three introns which are located at
sites found 1n the corresponding murine gene [28].
To explain the unique exon-intron organization of
the NF-L gene, Lewis and Cowan proposed a
mechanism by which the reverse transcription of
an ancestral intermediate filament mRNA was
followed by integration into the genome [28]. An
equally plausible explanation which 1s also dis-
cussed here proposes that the primordial neuro-
filament gene diverged before the rest of the inter-
mediate filament gene family.

Materials and Methods

Isolation and sequencing of the human gene encod-
ing the NF-L protein

Screening of a cosmid library constructed from
a partial Mbol digest of human DNA ligated to
the vector pTCF [29] was carried out using a 580
bp Bgl/ll / Xhol fragment of rat NF-L cDNA [15].
The probe was **P-labeled by means of the Klenow
fragment used in conjunction with hexanucleotide
primers [30]. One positive clone, designated
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pHNFL, was isolated and mapped by standard
double restriction enzyme digestion.

Sequencing of the NF-L gene was initially car-
ried out by the M13-dideoxy chain termination
procedure [31] in conjunction with the shot-gun
cloning of 300-500 bp DNA fragments that were
generated by sonication of the circularized 6.5 kb
EcoRI fragment of pHNFL.

DNA transfection

The cosmid DNA containing the NF-L gene
(pPHNFL) was introduced into mouse L-cells by
calcium phosphate coprecipitation [32]. Following
transfection with pHNFL, the cells were harvested
after 2 days in culture and analyzed for the pres-
ence of human NF-L mRNA by Northern blot
analysis.

DNA and RNA blot analysis

Human DNA was digested with various restric-
tion endonucleases and fractionated on 0.7%
agarose gels. The DNA was transferred to nitro-
cellulose [33] and the blots were hybridized as
described previously [15]. Isolation of total RNA
from cells in culture and from the mouse brain
was carried out by the guanidinium / CsCl method
[34]. RNA samples were fractionated by electro-
phoresis on 1.0% agarose gels in the presence of
formaldehyde, blotted and hybridized as described
previously [15].

Results

Isolation and sequencing of the human NF-L gene
To 1solate the human NF-L gene we used a
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Fig. 1. Restriction cleavage map and intron /exon organization of the human NF-L gene. Abbreviations of restriction enzyme names
are: B, BamHI; Bg, Bglll; C, Clal; E, EcoRI; P, Poull; Sm, Smal; S, Sall; X, Xhol. The lowest line is a schematic representation

of the NF-L gene. Exons are depicted as boxes, introns as lines.
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Bglll/Xhol cDNA probe of rat NF-L [15] to
screen a cosmud library constructed from a partial
Mbol digest of human DNA ligated to the vector
pTCF [29]. Approximately 7-10° recombinants
were screened and one clone was isolated that
hybridized strongly to the cDNA probe.. This
clone, designated pHNFL, contains a 34 kb insert
that generates all of the NF-L hybridization bands
in total human DNA (not shown).

A 21.5 kb Sal/l fragment from the genomic
insert was partially mapped, as shown in Fig. 1.
Hybrnidization with EcoRI1/Bg/1l fragments corre-
sponding to the 5" and 3" segments of the mouse
NFEF-L cDNA [35] suggested that all or most of the
human NF-L gene was located on the single 6.5
kb EcoRI fragment shown in Fig. 1, which corre-
sponds to the EcoRI hybridization band in total
human DNA (data not shown). A detailed restric-
tton map of this EcoRI fragments is also pre-
sented 1n Fig. 1.

To elucidate the structure and the coding in-
formation of the human NF-L gene, the 6.5 kb
EcoRI fragment was sequenced by the dideoxy
chain termination method (Fig. 2). The coding
sequences of the NF-L gene are highly conserved,
thereby allowing us to deduce the exon-intron
organization of the human gene by comparing the
sequence with the corresponding full length cDNA
sequence of mouse NF-L [36]. The 541 amino-acid
residues predict a molecular weight of approx.
61 000 for the human NF-L protein.

In comparison to other intermediate filament
genes, the NF-L gene 1s relatively small, and this
1s reflected by the high ratio of exon/intron se-
quences. The NF-L gene has only three introns of
1.1, 0.4 and 0.5 kb, at positions that do not
correspond to any obvious structural domains (Fig.
3). The first exon spans the N-terminal domain as
well as the three a-helical segments of the protein.
Two introns are located within the last a-helical
segment of the protein, interrupting a highly con-
served intermediate filament consensus sequence.
The third intron also does not delineate obvious

13

NH, T pEmeee— ey COOH

i |

|
VIMENTIN ,GFAP,DESMIN ‘ ‘

KERATIN I

WEEII s

SOaa

Fig. 3. Relationship between the intron positions of inter-
mediate filament genes and the major structural regions of the
proteins. Like all intermediate filament proteins, the NF-L
protein 1s composed of a central a-helical domain flanked by
non-a-helical NH,- and COOH-terminal domains. The a-heli-
cal regions are boxed. Arrows indicate the intron positions of
each gene within the corresponding sequence of the NF-L
protein.

subdomains of the carboxy terminal domain of
the protein.

S1 nuclease protection experiments indicate that
the cap site 1s located 100 nucleotides upstream of
the ATG 1nitiation codon (Fig. 4A). The human
NF-L gene promoter contains a typical TATAA
sequence 30 nucleotides upstream from the cap
site. Other upstream elements such as the CAAT
box or Spl transcription fractor binding sites [37]
can be found 1n sequences which share only a
partial homology with the consensus sequence.
The sequence GATCGATC, which 1s homologous
to the complementary CAAT box consensus se-
quence GATTGACC matching six out of eight
base-pairs, 1s located 35 bp upstream from the
TATA box. The sequence ACCCCGCCTT, which
matches the complementary consensus Spl bind-
ing site GTTCCGCCCC 1n eight out of ten
nucleotides, 1s located 110 bp uptream from the
TATA box. Perhaps more interestingly there is a
CG-rich sequence spanning the promoter region
and 1.2 kb of the first exon. This 1s typical of
CG-rich methylation-free 1slands, which have now
been found at the 5" end of a growing number of
genes and might actually be characteristic of the
majority of mammalian genes [38].

Fig. 2. Nucleotide sequence of the human NF-L gene. The deduced amino-acid sequence of the NF-L gene is shown above the
nucleotide sequence. Introns are delineated by brackets. 97% of the nucleotide sequence was sequenced several times. The arrows
indicate the intron positions in the corresponding sequence of vimentin [9] desmin [10] and glial fibrillary acidic protein [21] genes.
The Spl binding site ACCCCGCCTT and the sequence GATCGATC which 1s homologous to complementary CAAT box sequence
GATTGACC are located 110 bp and 35 bp upstream from the TATAA box, respectively.
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Fig. 4. (A) Mapping the site of transcription initiation by Sl
nuclease analysis. Total RNA from human brain (35 pg, lane
1) and HeLa cells (35 pg, lane 2) was annealed to a 5’-end-
labelled probe and subjected to S1 nuclease analysis (65]. The
identical fragment was subjected to G and A degradation
reactions [66] (lane 3). Lanes 4-6 pBR322X Hinfl marker
fragments. The diagram shows the Smal end-labelled probe
used for S1 nuclease analysis. The exons of the NF-L gene are
represented by filled-in boxes enzymes used: B. BamHI; S,
Smal. (B) Blot hybridization of RNA from mouse [ -cells
transfected with DNA containing the human gene for NF-L.
Total RNA was extracted from mouse L-cells two days after
transfection with DNA from pHNFL. About 5 pg of total
RNA was resolved on a denaturing 1% agarose /formaldehyde
gel (lane 1) alongside a sample containing 5 pg of total mouse
brain RNA (lane 2). Size markers in kb are shown on the right.

Chromosomal localization of the human NF-L gene

A 43 kb 5’ Xmal-EcoRI-3" probe correspond-
ing to the NF-L gene (see below) was used as a
probe in Southern blot hybridizations to DNA
isolated from a human-hamster hybrid cell panel
(39]. A positive 6.5 kb EcoRI hybridization signal
was obtained whenever human chromosome & was
present in the hybrid cells (Table I). In addition,
all the cells showed a 3.6 kb EcoRI signal for the
hamster neurofilament gene. We conclude that a

single human NF-L gene 1s located on chro-
mosome &. :

Expression of the human NF-L gene in mouse L-cells

The single copy NF-L gene has been shown to
produce two mRNA species of approx. 2. and 3.5
kb in both mouse [28] and rat brain [15]. This
situation is analogous to that for the single copy
chicken vimentin gene which gives rise to two
mRNA species because of occasional read through
the first of two sets of tandem polyadenylation
sites [40,41).

Our initial assessment of whether the cosmid
pHNFL contained the entire functional NF-L gene
was carried out by DNA-mediated gene transfer.
Mouse L-cells were transfected with the cosmid
pHNFL and RNA extracted 2 days later was
subjected to Northern blot analysis. Fig. 4B shows
that transfected mouse L-cells, which do not ex-
press the murine NF-L gene, contained two hu-
man NF-L transcripts of about 2.6 and 4.3 kb,
indicating that the pHNFL clone contains the
entire transcriptional unit of the human NF-L
gene. The small mRNA species are of identical
size in both human and mouse, while the other
transcript is larger in humans than in mice. North-
ern blot analysis of a small amount of human
brain RNA indeed showed two human NF-L
mRNA species of 2.6 and 4.3 kb, despite the
obvious difficulty in obtaining high quality human
brain mRNA (not shown). These results indicate
that the introduced human NF-L gene 1s tran-
scribed from its own promoter and processed cor-
rectly in L-cells.

Discussion

We report here the cloning of the human gene
encoding the NF-L protein. The dot-matrix com-
parison in Fig. SA reveals extensive sequence ho-
mology between the human and the recently de-
scribed mouse NF-L genes [28]. In both species
the exons and the 5’ untranslated sequences are
highly conserved (90% homology). The sizes and
positions of introns have been maintained but the
intron sequences evolved with considerable drift.
Fig. SB shows a dot-matrix comparison between

the nucleotide sequences of the human NF-L and
NF-M (Myers, M.W., Lazzarini, R.A., Lee, V.M -
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representations of the human and mouse NF-L genes are shown on the horizontal and vertical axes, rejspef';twel_y. Exons are deplcltatd
as boxes: introns as lines. Nucleotide 2170 of the human NF-L corresponds to the first nucleotide in Fig. 2. (B) Dot-matnx
comparison between the human NF-L and NF-M genes (Meyers, M.W., Lazzarini, R.A., Lee, V.M.—Y., Scﬁh]aepfer‘ W.W. and Nelson,
D.L., unpublished data). The NF-L sequences are on the horizontal axis. The analysis does not include intron sequences.




Y., Schlaepfer, W.W. and Nelson, D.L., unpub-
lished data). The analysis does not include the
intron sequences. The highest degree of homology
1s observed at the two ends of the «-helical-rich
regions (nucleotides 2700-2850 and 3500-3600 in
the NF-L gene), which represent consensus se-
quences among intermediate filament proteins [13].
The two neurofilament genes contain in their, cor-
responding carboxy-terminal domains GAG re-
peats that encode glutamic acid. This 1s illustrated
by the clustering of dots between nucleotides
3600-4000 1n the NF-L gene (Fig. 5B).

[t 1s rather surprising that the NF-L gene com-
pletely lacks the introns present in other types of
the intermediate filament gene. This anomalous
exon /intron pattern appears to occur also in other
members of the neurofilament gene family. A
preliminary analysis of the NF-H gene shows at
least two 1ntron positions in the conserved a-heli-
cal region of intermediate filaments i1dentical to
the NF-L gene [36]. The NF-M gene also contains
two Introns at positions equivalent to introns I
and II of the NF-L gene (Myers et al., unpub-
lished data).

Most of the introns in intermediate filament
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genes are located at identical positions or at equiv-
alent positions within a few nucleotides of each
other. The eight introns in the vimentin, desmin
and ghal fibnillary acidic protein genes are at
identical sites [9,10,21] and at least five or six of
these positions have been conserved in the more
distantly related keratin genes [22-27]. In con-
trast, the NF-L gene 1s interrupted by only three
introns that do not delineate protein domains and
that occur at positions not found in other inter-
mediate filament genes (Fig. 3). Intron sliding, a
phenomenon that occurred in several genes, in-
cluding fibrinogen [42], keratin [25,26], dihydro-
folate reductase and serine proteinase genes [43],
could not account for the present location of the
three introns 1in the NF-L gene, since introns I, II
and III are in totally different positions and too
far away from the nearest neighboring intron in
other intermediate filament genes (Fig. 3). Such
large shifts would have provoked major disrup-
tions in the coding sequence.

In several gene families where the genes were
derived by duplication, such as the genes encoding
the globins [44], the vitellogenins [45], albumin-a-
fetoprotein [46], ovalbumin [47], ACTH-proen-

B

M H I I GFAP DESMIN
NF KERATIN

VIMENTIN

Fig. 6. Possible evolutionary models of the intermediate filament family. In panel A the branch points are calculated on the basis of
the amino-acid sequence divergence in the a-helical domains of intermediate filament prpotiens, assuming a simple gene duplication
event at each branch point. This model proposed by Lewis and Cowan [28] suppose an RNA-mediated transposition event at the
branch point of the neurofilament gene family. In panel B the primordial neurofilament gene which could have been intronless
diverged before the rest of the intermediate filament gene family. This implies that the keratin genes evolved at a higher rate than the
remainder intermediate filament genes due to a looser evolutionary constraint.
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kephalin [48] and the apolipoproteins (49], the
intron positions are well conserved and variations
in intron-exon patterns are generally explained by
intron loss from an ancestral gene. The evolution-
ary tree drawn in Fig. 6A assumes that the keratin
genes split off first. This model 1s based on
amino-acid sequence divergence in the a-helical
domains of intermediate filament proteins. As-
suming a simple gene duplication event at each
branch point would imply that the primordial
neurofilament gene contained similar introns and
that the missing introns in the neurofilament gene
were lost during evolution. However, this avenue
poses some problems considering the large num-
bers of introns that had to be lost. The elimination
of a particular nonfunctional piece of DNA may
be a very slow process [50]. In addition, random
loss of each intron could not account for the
uniqueness of the NF-L gene unless selective pres-
sure has been responsible for the maintenance of
introns in other intermediate filament genes. For
example, certain introns might contain sequences
that are essential for the functioning of the genes.
Selective loss of introns has been proposed to
explain the varying positions of introns between
members of multigene families such as the rat
insulin genes [51,52], actin genes [53], the low-den-
sity lipoprotein receptor gene [54] and fibrinogen
genes [42]. However, it is believed that the major-
ity of introns within the genes of higher eukaryotes
are nonfunctional [55]. This is presumably also the
case for intermediate filament genes; so far, only
the second intron of the vimentin gene has been
reported to contain a putative functional se-
quence, a Z-DNA control element [9].

To explain the intron loss in the NF-L gene,
Lewis and Cowan [28] recently proposed that the
primordial neurofilament gene originated by a re-
verse transcription event in which a mature inter-
mediate filament consensus mRNA was copied
into cDNA and inserted back into the genome.
The gene could then have evolved with the subse-
quent gain of three introns. Processed pseudo-
genes and human A/u sequences are thought to
have arisen by reverse transcription and direct
integration into the genome [56—59]. Although this
hypothesis represents a reasonable explanation, it
poses some problems: first, the gene is not flanked
by short direct repeats that are usually generated

during integration of pseudogenes or repetitive
elements: second, the gene lacks a poly(A) tract
typical of mRNA-derived pseudogenes shortly
downstream from the AATAAA polyadenylation
signal; and third, unlike pseudogenes, the NF-L
gene contains a functional promoter.

Another plausible evolutionary model 1s also
shown in Fig. 6B. In this case the primordial
neurofilament gene diverged before the keratin
genes split from the rest of the intermediate fila-
ment gene family. The presence of intermediate
filaments in neuronal and non-neuronal cell types
of several invertebrates [60—-62] suggests the emer-
gence of a neurofilament gene 1n the earliest
metazoa. about 700 million years ago. The primor-
dial intermediate filament gene could have been
intronless before the neurofilament branch
evolved. Members of the family would have gained
introns at different positions, before they each
duplicated and diverged to give rise to all the
different genes. Alternatively, it is possible that
introns present in the primordial intermediate fila-
ment gene were lost during neurofilament gene
evolution. Protein sequence divergence between
the rod domains of different intermediate fila-
ments shows that the four non-epithelial inter-
mediate filament proteins, vimentin, desmin, the
glial fibrillary acidic and neurofilament proteins.
form a closely related subgroup with 55-70% se-
quence identity in their a-helical rod domain
(15,63]. Type I and type II keratins are more
distantly related, showing approx. 30% sequence
homology both with each other and with other
non-epithelial intermediate filament proteins [6].
Thus the phylogenetic tree in Fig. 6B would imply
that the keratin genes evolved at a higher rate than
the rest of the family due to a looser evolutionary
constraint. It is likely that the large number of
keratin genes in the genome could have generated
more diversity in this intermediate filament gene
family through recombination events. This 1s re-
flected by the strong divergence between type I
and type Il keratins.

The presence in the NF-H [36] genes of at least
two intron sequences that occur at positions
equivalent to the NF-L gene provides evidence
that neurofilament genes evolved by duplication
of a common ancestral neurofilament gene. Com-
parison of the neurofilament subunit compositions



of several vertebrates suggested that these duplica-
tion events occurred between 200 and 400 million
years ago [64]. Determination of the complete
structure of the NF-H gene 1s now 1n progress and
will help to further clarify the evolution of this
multigene family.
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