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ABSTRACT

Intermediate filaments form a fibrillar network which makes up a major
component of the cytoskeleton in all eukaryotic cells. Despite extensive biochemical and
molecular characterization of their subunit proteins, no function has been directly
demonstrated for this network. The isolation of the genes encoding these proteins will al-
low further studies aimed at understanding the function of this large and diverse class of
cytoskeletal elements.

We have isolated a cDNA from chicken brain which appears to contain the
entire coding region for a middle molecular weight neurofilament protein (NF-M). A
lambda-gtll expression library was prepared from 10 day embryonic chicken brains and
screened with a polyclonal antiserum to the dephosphorylated form of chicken NF-M
(Bennett et al., 1988). A cDNA of 29 kb was isolated and characterized. This cDNA
hybridizes to a major transcript of approximately 3.5 kb expressed predominantly in the
nervous system, Restriction mapping, DNA sequencing, and genomic southern blotting ex-
periments all indicate that this is a longer version of a previously reported partial cDNA
encoding part of the central rod domain and the carboxy terminal domain of the chicken
NF-M protein (Zopf et. al., 1987). DNA sequence data and the putative trapslation product
indicate that the cDNA reported here encodes the entire NF-M protein of 852 amino acids
with a molecular weight of 93 kD. This protein exhibits considerable divergence from the
mammalian protein.

In addition to expression in the nervous system, we have found transient ex-
pression of this gene in a number of non-neuronal tissues in the developing embryo. During
embryonic days 3 to 10, expression was found in the developing heart (e3 to e8), in the
developing limbs (e3 to el0), and in the liver (¢9 and el0). These findings raise questions

concerning both the function and tissue specificity of NF-M.



I INTRODUCTION

The bulk of the cytoskeleton in eukaryotic cells is composed of three classes
of proteins: actin which forms microfilaments, tubulin which forms microtubules, and in-
termediate filament proteins (IFPs) which form intermediate filaments (IFs). Each of the
three classes of proteins is encoded by a family of closely related but divergent genes
(Engal et al., 1982; Cowan et al, 1985; Steinart and Parry, 1985). Both the actin and the
microtubule networks are known to be quite dynamic and are involved in a number of cel-
lular functions and responses such as cell division and movement. In contrast, the IF net-
work is essentially inert under physiological conditions and no function has been directly
demonstrated. Of the three classes, the IF genes show the most variation, but at the same
time all IFPs retain a common structural motif (reviewed by Steinart and Parry, 1985). The
tight regulation of the IF gene family results in each major cell type producing its own dis-
tinct form of IF (Table 1). With the exception of vimentin, the tissue specificity of the dif-
ferent classes of IFs has been found to 56 absolute.

A diagram of the basic structural motif of the intermediate filament proteins
is shown in figure 1A. This consists of a central alpha-helical rod dom?in flanked by
globular carboxy and amino terminal domains. The central rod domain is the most con-
served feature of IF proteins. The levels of amino acid sequence identity in this region
range from 50% between different IF types to above 90% between the same IF in different
species. This domain has a molecular weight of approximately 40 kD for all IF proteins.
The end domains are less conserved among different IF types, but do show high levels of
conservation (ie: in the 90% range) when the same IFPs are compared from different
species. The molecular weights of these domains range from around 5 kD up to 75 kD, and

so account for the large variation in molecular weight of the different IF subunits. Since



these regions show the most variation among IF classes, it is assumed that they confer most
of the tissue specific characteristics of a given IF type.

The basic subunit of the intermediate filaments (reviewed by Steinart and Parry,
1985) is thought to be a tetramer composed of a pair of dimers (see figure 1B). The dimer is
composed of either two identical subunits (ie, for vimentin, desmin, GFAP) or in the case
of the keratins, two different subunits (one of the type I and one of the type II keratins).
The dimers have been proposed to form via coiled-coil interactions between the alpha-
helical rod domains. Two dimers then form the tetramer, which polymerizes into a filament
also with an alpha helical arrangement.

There are three pieces of evidence to suggest that the amino terminal domain is im-
portant in filament formation. Although the rod domain appears to be required for
dimerization, this region cannot form filaments alone. This has been shown by producing a
proteolytic fragment of desmin which lacks the end domains (Geisler et al., 1982). This

fragment will not form filaments in vitro as will the intact molecule, but instead forms

only short protofilaments. The notion that the end domains are important in filament for-
mation is supported by additional studies in which the amino terminal end of vimentin was
altered either by proteolytic digestion or chemical modification of arginine residues (Traub

and Vorgias, 1983, 1984). Both modifications block polymerization in vitro. Finally, a

monoclonal antibody which binds to the amino terminal domain of desmi~n will block in
vitro polymerization completely when used at high concentrations and also causes the for-
mation of unraveled and capped filaments at lower concentrations (Ip, 1984). The distribu-
tion of this antibody over the disrupted filaments indicates that the amino terminal
domain is buried within the filament as polymerization takes place. These experiments all
suggest that the amino terminal domains are important in filament formation.

As noted above, the function of intermediate filaments is not clear. The majority of
the information regarding IFs has been gathered through microscopic analysis, such as

studies examining the arrangement of filaments within the cytoplasm, the structures which



IFs associate with, and when the different types appear during development (Lazarides,
1980; Tapscott et al., 1981; Bennett et al.,, 1978). These types of observations as well as the
extreme insolubility of IFs have led to models which suggest a role in determining ¢ytoplas-
mic structure and cell morphology (Lazarides, 1980; Steinart and Parry, 1985). However,
studies to date which have addressed IF function directly by disrupting the IF network
have produced negative results. In these experiments there were no apparent changes in the
shape or other propertics of cells which had been injected with anti-IF antibodies to col-
lapse the IF network, thus giving no indication of the role IFs play in the cell
(Klymkowsky et al., 1981, 1983; Lin and Feramisco, 1981). This apparent lack of function
and requirement for tissue specific diversity is unexplained, and is in contrast to the
simple structural roles which are often proposed (e.g. cell shape). The precise biological
function of IFs and the reason for generation of this diverse but conserved gene family is
therefore unclear at this point.

Neurofilaments (NFs) are the intermediate filaments found specifically in
neurons and have a number of characteristics which distinguish them from the other IF
classes. In vertebrates these filaments are composed of three major subunits having
molecular weights of approximately 76 kD (NF-L), 150 kD (NF-M), and 200 kD (NF-H)
(Liem et. al,, 1978). The genes or cDNASs for these proteins have been isolated and charac-
terized for a number of species (Napolatino et al., 1987; Mack et al., 1988; Levy et al, 1987).
From these studies it is apparent that the true molecular weights for these proteins are con-
siderably less than those determined from migration on SDS-PAGE. The NF-M proteins are
predicted to have a molecular weight in the range of 95 kD. The characterization of the
mouse NF genes has indicated that this class of genes is distinct from the other classes of
IFs at the level of intron placement and number (Levy et al., 1987; Lewis and Cowan, 1986).
This unique gene structure has led Levy et al. to propose that the NF genes arose from the
other IF genes by a retroviral transposition as a relatively recent event. On the protein

level a uniquely high level of acidic residues has been reported for the carboxy terminal



domain of all three NF subunits for a number of species (Napolatino et al., 1987; Mack et
al,, 1988; Levy et al.,, 1987; Zopf et al., 1987; Geisler, et al., 1984). In ecach case this region
has been reported to be composed of more than 50% acidic residues, the majority of which
are glutamic acid. This region is not found in the other IF proteins and no function has
been proposed for this distribution. As with the other IF components, the NF components
seem to be regulated on a number of levels including tissue specificity, developmental
stage, and extent of phosphorylation (Pachter and Liem, 1984: Carden et al,, 1987; Shaw
and Weber, 1982).

Immunoelectron microscopy has shown the arrangement of the subunits
within neurofilaments to be such that NF-L forms the core of the filament. NF-M is found
more randomly distributed surrounding the core, and NF-H appears between filaments,
possibly as a crosslinker (Hirokawa et al.,, 1984). In contrast, desmin, vimentin, and glial
filaments are all composed of a single major subunit, while the keratins absolutely require
two distinct subunit types for polymerization (Hatzfeld and Franke, 1985).

In the chicken, immunocytochemical studies indicate that NF-M displays a
distinctive pattern of expression when compared with the other NF proteins (Bennett and
Dilullo, 1985). In the developing embryd NF-H is expressed only as neurons terminally dif-
ferentiate, and although NF-L is expressed somewhat earlier, it has a similiar pattern of
expression. In contrast, NF-M is expressed in a distinctive pattern in the‘ CNS a full 48
hours before any neurons become postmitotic. In this same work NF-M expression was
reported in a number of non-neuronal tissues. This pattern of expression contrasts with the
structural and morphological roles which have been proposed (Hoffman et al., 1984). The
polymerization studies mentioned above have led some to consider NF-M and NF-H as in-
termediate filament associated proteins (Pachter and Liem, 1984), since they are not re-
quired to form filaments. It has been demonstrated that the NF triplet, and NF-M in par-
ticular, will interact with microtubules via microtubule associated proteins (HMW MAPs)

(Leterrier et al.,, 1981, 1982). This has led to the proposal that NF-M may be a point of in-



teraction between the NFs and other organelles. However, no such function has been
directly demonstrated.

As noted above the DNA sequences for a number of mammalian NF proteins
have been reported. By isolating the homologous gene for the chicken we will gain two ad-
vantages. First, from a developmental point of view the chicken embryo has been par-
ticularly well characterized and can be manipulated with greater ease than the mammalian
systems. This is true in general, but even more so during the very early stages of develop-
ment. Therefore, the developmental role and function of these proteins should be much
more amenable to study in the chicken. Second, this will allow comparative studies of
structure and function. In other words, if there are differences between the chicken and
mammalian proteins one may be able to correlate structural and functional changes and so
gain indications of structure/function relationships for various domains of this class of
proteins. In the present work we have isolated a cDNA encoding a middle molecular weight
NF protein. By studying its expression in the developing embryo we hope to gain further
insight into the regulation and function of this large and diverse component of the

eukaryotic cytoskeleton.
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TABLE I: Intermediate Filament Classification - Intermediate filaments are grouped
based on their primary sequence similarity (reveiwed by Steinart and Parry, 1985) The
nuclear lamins have recently been found to share high levels of sequence homology with
the IF genes and therefore have been proposed as a new class of intermediate filament

proteins (Mckeon et. al., 1986; Krohne et.al,, 1987).
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TABLE I : INTERMEDIATE FILAMENT CLASSIFICATION

Class

11

I1x

v

Filament Type

Keratins

Keratins

Yimentin

Desmin

Glial Fibrillary

Acidic Protein

Neurofilaments

Nuclear Lamins

Cell Type

Epithelial
Epithelial
Mesenchymal, Embryonic,
Many cell types in culture

Muscle

Glia

Neurons



FIGURE 1: Structural Domains and Polymerization of Intermediate Filament
Proteins - A schematic of the basic secondary structural domains is shown in (A). The cross
hatched areas represent the non-alpha-helical hinge regions between the coil domains. Fila-
ment formation is shown in (B). Dimerization is thought to occur via interaction of the rod
domains of the two subunits, which forms a higher order alpha-helical structure. The
dimers then form a tetramer which polymerizes to form the filament. The orientation of
the monomers in the dimer is thought to be such that the carboxy and amino terminal

domains of one subunit interact with the same of the other (reveiwed by Steinart and

Parry, 1985).
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II MANUSCRIPT

ABSTRACT: We have isolated a cDNA from chicken brain which appears to contain the
entire coding region for a middle molecular weight neurofilament protein (NF-M). A
lambda-gtll expression library was prepared from 10 day embryonic chicken brains and
screened with a polyclonal antiserum to the dephosphorylated form of chicken NF-M
(Bennett et al., 1988). A ¢cDNA of 2.9 kb was isolated and characterized. This ¢cDNA
hybridizes to a major transcript of approximately 3.5 kb that is expressed predominantly in
the nervous system. Restriction mapping, DNA sequencing, and genomic southern blotting
experiments all indicate that this is a longer version of a previously reported partial cDNA
encoding part of the central rod domain and the carboxy terminal domain of the chicken
NF-M protein (Zopf et al., 1987). DNA sequence data and the putative translation product
indicate that the cDNA reported here encodes the entire NF-M protein of 852 amino acids
with a molecular weight of 93 kd. This protein exhibits considerable divergence from the
mammalian protein.

In addition to expression in the nervous system, we have found transient ex-
pression of this gene in a number of non-neuronal tissues in the developing embryo. During
embryonic days 3 to 10, expression was found in the developing heart (€3 to €8), in the
developing limbs (e3 to ¢10), and in the liver (9 and ¢10). These findingi raise questions

concerning both the function and tissue specificity of NF-M.

INTRODUCTION: Intermediate filaments (IFs) make up a major portion of the cytos-
keleton in eukaryotic cells. The subunits which make up these filaments are encoded by a
multigene family which is regulated to produce a distinct form of IF in cach major cell
type (reviewed by Steinart and Parry, 1985). At the same time these genes are conserved to
maintain a common structural motif in all IFPs, which consists of a 40 kD alpha-helical

rod domain flanked by variable amino and carboxy terminal domains.
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Neurofilaments represent a distinct class of intermediate filaments and in
mammals are composed of three subunits designated NF-L , NF-M, and NF-H based on
their respective molecular weights of 70, 150 and 200 kD as estimated by SDS-PAGE (Liem
et al,, 1978; Hoffman and Lasek, 1975). However, these values have proven to be
anomalously high and the true molecular weight of mammalian NF-Ms has been reported to
be in the range of 95 kd (Napolitano et al.,, 1987; Levy ¢t al,, 1987). Immunocytochemical
studies show that NF-L forms the core of the filament with NF-H possibly functioning to
cross-link filaments, and NF-M is found randomly distributed along the NF-L core
(Hirokawa et al,, 1984). The role of NF-M in filament formation, if any, is not known.
There is some evidence that NF-M may function as a link to other organelles such as
microtubules (Leterrier, et al., 1981; 1982). The complete amino acid sequences for NF-Ms
from a number of species have been determined and found to be quite highly conserved
(Napolitano et al.,, 1987; Levy et al., 1987; Geisler and Weber, 1984). In all cases the expres-
sion of these genes is specifically localized to the nervous system. We have isolated a cDNA
clone which appears to encode the entire chicken NF-M protein of 852 amino acids and 93
kD molecular weight. All data reported here are in agreement with a previously published
report of a ¢cDNA encoding the carboiy terminal half of the chicken NF-M protein (Zopf
et al.,, 1987). In addition, we have found expression of this gene in a number of non-
neuronal tissues in the developing embryo. Our results are in agreement w(ith the work of
Bennett and Dilullo (1985) in which they have reported NF-M immunoreactivity in the
embryonic limb and heart of the developing chicken. These results raise questions as to the

function and regulation of this protein and of the IF genes in general.

MATERIALS and METHODS:
Animals: Fertile chicken eggs (Gallus domesticus, White Leghorn variety) were pur-

chased from the Poultry Sciences Dept., Oregon State University, Corvallis, OR. Eggs were

15



. o . E : . ) .
incubated at 38 C for the specified times. Zero time of incubation is when the eggs were
placed in the incubator. Embryos were staged according to Hamburger and Hamilton

(1951).

¢cDNA Library - Preparation and screening: Total RNA was isolated from 10 day

embryonic chicken brain using the guanidinium-CsCl method and the poly A+ fraction was
collected by oligo dT cellulose chromatography, as described by Maniatis et al. (1982). The
poly A+ RNA was used to construct a ¢cDNA library using a commercially available kit
(Amersham corp.) following published methods (Davi‘s et al, 1986). The resulting cDNAs
were ligated to EcoRI linkers then packaged into lambda gt-11 using a commercially avail-
able kit (Stratagene).

The library was screened by first plating the bacteriophage on E. coli strain Y1090
at 42°C and incubating for 3 hours. The plates were then overlaid with an isophenyl-
thiogalactoside (IPTG) soaked nitrocellulose filter (10mm IPTG in water followed by
drying) and incubated at 37°C for an additional 3 hours. The filters were rinsed in TBST
buffer (10mm Tris pH 8, 150mM NaCli, 0.05% Tween 20), and the dried filters were in-
cubated in TBST with a rabbit polyclohél antiserum to dephosphorylated chicken NF-M (a
gift from G. Bennett (1988)) followed by an alkaline phosphatase conjugated goat anti-
rabbit IgG (Promega Inc.). The filters were then incubated in’ developing bpffer (NBT and
BCIP, 2:1 (v/v), (Promega)) until color appeared. Approximately 100,000 plaques were
screened resulting in the isolation of four positive clones having inserts of 1.2, 2.0, 2.5, and
2.9 kb. The largest insert was selected for further characterization and ligated into the

plasmid vector pBR322. This construct was designated pI9NFM.

Northern and Southern blotting: For northern blotting, tissues were dissected from

developing chick embryos and total RNA was isolated using the LiCl precipitation method

(Auffray and Rougen, 1980). Samples of 10 to 20 ug were subjected to electrophoresis in

16



denaturing agarose gels (1.2% formaldehyde) and transferred to nylon membranes by capil-
lary action. Blots were probed with the radiolabeled pl9NFM insert, which had been
labeled to specific activities of approximately 108cpm/ug by nick translation. Hybridiza-
tion was carried out at 42°C in 5xSSC, 50% formamide, 1% SDS, 1X Denhardt’s (see
Maniatis et al, 1982), and 200ug/ml salmon sperm DNA. The final activity during
hybridization was lO‘cpm/ml. Washes were at a final stringency of 55°C in 0.1X SSC. For
Southern blots genomic DNA was isolated from 15 day embryonic chicken liver according
to Maniatis et al. (1982). Samples of 20ug were digested with restriction enzymes, subjected
to electrophoresis in 1% agarose gels, and transferred to nylon membranes by capillary ac-
tion. The blots were probed with the radiolabeled pl19NFM insert essentially as described

for northern blotting above.

DNA Sequencing: Subfragments of the pl9NFM insert were subcloned into M13 vec-

tors and sequenced using the dideoxy chain termination method of Sanger et al. (1977).

RESULTS:

The restriction map of tﬁe pI9NFM insert (designated c19NFM) is shown in
figure 1B. As indicated this map aligns with the map of a partial chicken NF-M ¢cDNA pub-
lished by Zopf et.al. (1987) shown in figure 1A, but cI9NFM extends an gdditional 1,034
bases pairs in the 5° direction. The DNA sequencing strategy is also given in figure 1B. The
regions sequenced in the present work which overlap with the published sequence are also
shown. Within these regions, there is complete agreement between ¢cl9NFM and the pub-
lished sequence.

Figure 2 shows a composite of the entire coding region for the chicken NF-M
protein (ie: the sequence published by Zopf et al. (1987) and the additional sequence data
reported here) and the putative translation product of 852 amino acids. The resulting

protein is compared in figure 3 with the sequence reported for the entire rat NF-M protein
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(Napolitano et al., 1987). The alignment of the protein with the rat sequence, the total
molecular weight of 93 kd, and a comparison of the nucleotide sequence surrounding the
proposed initiator methionine codon with the consensus sequence for this region published
by Kozak (1986), all suggest that c19NF-M encodes the entire chicken protein.

An alignment of the chicken and rat sequences at the DNA level (not shown)
indicates 68% identity for the entire gene. The coding region within the conserved rod
domain exhibits a value of 74% when analyzed separately. The sequences align quite well
within the coding regions for the amino-terminal and rod domains with very few gaps
resulting. However, the alignment within the carboxy-terminal domains is much less com-
plete with large and frequent gaps. When the putative chicken protein is aligned with the
rat protein, the level of identity is considerably lower and a suprising amount of diver-
gence is evident. Comparison of the chicken and rat alpha-helical rod subdomains yields
values from 36% to 76% identity. For the protein overall, 52% of the amino acids are iden-
tical in the alignment. These data are summarized in table I. There are two inconsistencies
here. First, the homology at the nucleotide level would not be expected to be higher than at
the amino acid level for a highly conserved protein. Second, the rod domains would be ex-
pected to have a higher level of homo‘logy than the protein as a whole. The most obvious
explanation for these results is that the gene encoding cl9NFM has diverged to a con-
siderable extent from the common ancestral gene of mammals and birds. Ihis means that
either avian NF-M is quite different from the mammalian version or that birds have
developed a second distinct version of this gene which encodes a novel neurofilament
protein.

The tissue specificity and message size arc demonstrated in figure 4. This
cDNA hybridizes to a message of approximately 3.5 kb expressed predominately in the
nervous system in the 10 day embryonic chicken. As a further characterization genomic
Southern blotting was carried out. The result is shown in figure 5 and is in agreement with

the previously reported NF-M ¢cDNA (Zopf et al, 1987). In data not shown we have seen
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expression of this message in both the neural tube and developing heart of 2 day embryos,
while no expession is seen in the somites. To investigate the non-neuronal expression of
¢lI9NFM we have carried out a time course on the heart and various other tissues ranging
from embryonic day 3 to embryonic day 10 of incubation. The results shown in figure 6 are
suprising in that not only is c19NFM expressed in the developing heart from e3 to e8
(stages 19 to 34 of Hamburger and Hamilton) but also in the developing limbs from e4 to
¢10 (stages 24 to 36 of Hamburger and Hamilton), and in the liver on ¢9 and el0 (stages 35
and 36 of Hamburger and Hamilton). There also appears to be additional high molecular
weight bands present in all positive lanes. However, these bands may represent unprocessed

transcripts because all blots shown here were prepared with total RNA.

DISCUSSION: We report here the isolation and characterization of what we believe to be a
full length cDNA encoding a chicken NF-M protein. Our results indicate we have cloned a
longer version of the ¢cDNA reported by Zopf et al. (1987). These workers have concluded
that this is a NF-M clone based on the specific expression in the nervous system of the
newly hatched chicken, the high levél of acidic amino acids in the carboxy terminal
domain characteristic of the NF proteins (Levy et al., 1987; Napolitano et al., 1987; Mack et
al., 1988; Geisler et al., 1982), and the estimated molecular weight which is too low for NF-
H and too high for NF-L. Additional evidence that this is the chicken NF-M gene is
reported here in that the nucleotide sequence aligns with that of the rat gene and exhibits
a high level of homology (alignment not shown), the putative translation product has a
molecular weight in the expected range for NF-M (93kD), and the putative protein aligns
overall (je: the amino and carboxy terminal ends begin and end in alignment) with the rat
protein. This cDNA appears to encode the entire protein based on the overall alignment (as
defined above) with the rat sequence and by comparison of the nucleotide sequence sur-

rounding the initiator methionine with that of the consensus sequence reported by Kozak
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et al. (1986). This comparison gives a match in all positions except the G residue at position
+4,

In contrast to the above results the alignment of the chick and rat proteins
yields unexpectedly low levels of identity. These lie in the range of 50%. This value is what
would be expected for a comparison of different classes of IFs. There are three possible
explanations for this result. Either the avian and mammalian proteins have diverged con-
siderably, or the gene from which the cDNA characterized here and by Zopf et al. (1987) is
a novel form of NF-M which has arisen separately or diverged from the original chicken
NF-M gene. Any of these possibilities is consistent with the unexpected expression of this
gene in non-neuronal tissues discussed below, because this appears to be a divergent form
of NF-M (when compared with the mammalian version) and would be expected to have dis-
tinct properties.

In addition to the nervous system we have found this gene to be expressed in
the developing heart on days e2 to €8, the limbs on days e4 to ¢10, and the liver on days €9
and e¢l0. Zopf et al. reported that this gene was expressed only in the nervous system of the
post hatching (day PI) and adult chicken, meaning that the non-neuronal expression
reported here can be considered transiént and embryonic. For a number of reasons the ex-
pression of c19NF-M in these regions does not appear to be in ncuronal cells. All of the ele-
ments of the peripheral nervous system are derived from the neural crest (see LeDouarin,
1982). This group of cells migrates from the developing neural tube to specific locations
and differentiates to form a number of cell types. The expression of this gene in both the
heart and the limb buds occurs before any of the neural crest cells will have migrated to
these regions and differentiated. For example crest cells would not be expected to be in the
vicinity if the heart until around the middle of day 2 of incubation (stage 12 of Ham-
burger and Hamilton) and would still be undifferentiated at this point. Therefore, at these
early time points the cells expressing c19NF-M cannot be derived from the neural ectoderm.

This conclusion is supported by the work of Bennett and Dilullo (1985) in which they

20



demonstrated NF-M immunoreactivity in both of these locations and were able to confirm
the non-neuronal nature of NF-M-positive cells in the developing heart. Even at the later
time points when the peripheral nervous system has formed none of these locations would
be expected to contain enough neuronal cell bodies to account for the results.

If these cells are not from a neuronal lineage, then the expression of a
neuronal marker could indicate that there are populations of cells in these areas which ex-
hibit some sort of neuronal character. In the heart an obvious candidate is the conduction
system, In support of this there has been a report of expression of neuronal markers ( in-
cluding NF-M ) in the purkinje fibers of the rabbit heart (Gorza et al.,, 1988). However,
there are no obvious candidates in the liver and limb, arguing against this explanation (see
Patten, B., 1971).

One characteristic that these tissues do share is that the expression of this
gene is restricted to the embryo. From this point of view the function of this gene could be
one associated with the less differentiated state (as with the expression of vimentin by
embryonic tissues) rather than a neuronal character. Other explanations are that the
chicken NF-M gene simply is not as tissue specific as the mammalian version, or that IF
genes in general are not regulated as tightly as has been believed. From any point of view
these results raise interesting questions concerning the function and regulation of avian

NF-M in particular, and of IFPs in general.
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FIGURE 1: Restriction Map and Sequencing Strategy - A map of the cDNA reported
by Zopf et. al. (1987) is shown in (A). The Map of cIINFM showing the fragments and
direction sequenced (arrows) is shown in (B). c1I9NFM contains an additional 1,034 bp at
the 5’ end and lacks 200bp of the 3’ untranslated region when compared with the sequence
reported in (A). Rcétriction enzymes are: Mspl (M), Pstl (Ps), Pvull (PV), EcoRV (R), Sstl

(Ss), and Stul (St).
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FIGURE 2: Complete Nucleotide and Amino Acid Sequence for the Chicken NF-M
Protein - Shown is a composite of the sequence reported by Zopf et. al. (1987) with the ad-
ditional sequence data reported here. The published sequence begins with amino acid 344
and is marked by the arrow. There are only 5 bp of 5’ untranslated sequence and 400 bp of
the 3' untranslated sequence in cl9NFM. Also shown here is the additional 200 bp of 3’ un-

translated sequence previously published.
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FIGURE 3: Alignment of Rat and Chicken Amino Acid Sequences - The chicken se-
quence is shown on top (C) with the rat sequence below (R) (Napalitano et. al., 1987).
Shown is a computer generated aligment of the complete amino acid sequences for both
proteins with mismatches or gaps designated by an asterisk. The three rod domains are
designated (underlined in rat sequence) as reported for the rat and porcine sequences
(Geisler and Weber, 1984). The arrow marks the begining of the sequence published by

Zopf et.al., (1987).
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TABLE I: Comparison of Rat and Chicken Structural domains - Levels of identity
are given for individual subdomains, domains, and the whole protein on both the amino
acid and nucleotide levels. For the protein, the values are given with (w IF) and without

(w/o IF) considering isofunctional changes.
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TABLE I : LEVELS OF IDENTITY BETWEEN CHICKEN AND RAT STRUCTURAL

DOMAINS

Domain Amino Acids %Identity
Included Protein DNA
w/o IF w IF
Amino Terminal 1-100 45 52 71
Carboxy Terminal 401-852 58 61 64
thal Rod 101-400 57 62 74
Coil 1A 101-137 50 50 88
Coil 1B 150-235 36 44 78
Coil 2 257-400 76 78 87
Entire Protein 1-852 52 597 68




FIGURE 4: Northern Analysis of 10 Day Embryonic Chick Tissues - Total RNA
from 10 day embryonic chick brain (B), liver (L), skeletal muscle (M), heart (H), and gut
(G) was blotted and hybridized with radiolabeled c19NFM as described in materials and

methods. Positions of the ribosomal RNA bands are shown as molecular weight markers.

Exposure time was 51 hours.
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FIGURE 5: Southern Analysis - Genomic DNA (20ug) was digested with either Sstl
(S) or EcoRI (R) and probed with cI9NFM as described in materials and methods.
Molecular weight markers were visualized by ethidium bromide staining prior to blotting.

Exposure time was 24 hours.
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FIGURE 6: Time Course of Expression of ¢c19NFM - Samples of 10ug of total RNA
from Head (Hd), Heart (Ht), Limb (Lb), and Liver (Li) of 3 to 10 day embryos were blotted
and probed as described in materials and methods. The positions of the ribosomal RNA

bands are shown as molecular weight markers. Exposure time was seven days.
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111 CONCLUSIONS and DISCUSSION

(A) Conclusions:

From our results the following conclusions can be drawn:

(1) We have isolated and characterized a cDNA (c19NFM) from 10 day embryonic
chicken brain which appears to be a longer version of a ¢cDNA previously reported by
Zopf, et al. (1987) to encode the carboxy terminal 509 amino acids of a chicken middle
molecular weight neurofilament protein.

(2) c19NFM appears to contain the entire coding region of this gene. Alignment of
both the predicted protein and the DNA sequence (see Appendix ILfigure 1) with the se-
quences published for the rat NF-M protein (Napolitano et al., 1987), the predicted
molecular weight, and a comparison of the DNA sequence surrounding the putative in-
itiator methionine codon with the consensus sequence reported for this region by Kozak
(1986) (see Appendix, figure 2), all indicate our c¢DNA contains the entire coding region for
this protein.

(3) The alignment of the predicted chicken amino acid sequence with that of the rat
exhibits a level of identity of 52% indicating both conservation and divergence.

(4) The alignment of the chicken and rat DNA sequences exhibits a considerably
higher level of identity of 68%, indicating a selective divergence between this protein and
the mammalian counterpart.

(5) In addition to the nervous system we have found this gene to be expressed in the
developing heart, limbs, and liver. Zopf et al. (1987) reported that this gene was expressed
only in the nervous system in the post hatching chicken, meaning that the non-neuronal ex-

pression described here can be considered transient and embryonic. In addition there are a
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number of strong indications that the cells expressing this gene outside the nervous system .
are not neuronal or neuronal-like cells. Therefore the function of this protein is not neces-
sarily associated with a neuronal phenotype.

(6) Our results can be explained using models which involve either one or two genes
which encode NF-M or NF-M-like proteins in the chicken. Although the published report
indicates that there is a single NF-M gene in the chicken genome, multiple copies of a

single gene or closely related copies of similar genes can not be eliminated.

(B) Discussion:

Intermediate filaments represent a large and diverse class of conserved cytos-
keletal elements. Although they have been extensively studied there is no solid evidence of
their function.

Both the expression pattern and the putative translation product of c19NFM indi-
cate a divergence of function from the mammalian NF-M protein. In mammals NF-M is not
thought to be involved in filament formation but may play a role in the interactions of IFs
with organelles such as microtubules (Leterrier et.al., 1981; Leterrrier et.al., 1982). If this is
the case, a possible model that would eiplain our results is one in which a divergent form
of NF-M evolved which retains the properties which allow interactions with organelles (the
"NFE-M like" character), but is altered so that it can interact with intermediate filament
types in other cells (the divergent character). At the same time new regulatory mechanisms
would have to evolve which would result in the expression of this gene in other cell types.
The final result would be a new NF-M like gene which is expressed during development in
distinct populations of cells which require a specific interaction of their IF network
(probably vimentin) with another organelle; in other words this gene wolud be an
embryonic variant of NF-M. This type of a model is directly supported by the results of
Bennett and Dilullo (1985), and although the work of Zopf et al. (1987) does not directly

support this possibility it does not dispute our results on any point.
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Bennett and Dilullo (1985) carried out studies similiar to ours by characterizing the
expression of NF-M immunoreactivity in the developing chicken embryo. Their report in-
cludes two main points not addressed by our results. First, they studied the expression and
localization of the protein rather than thre transcript. This point allows us to eliminate the
possibility that in our results the non-neuronal RNA expression we have seen is an abortive
transcript that is not translated. At the same time our results confirm their studies by
reducing the possibility of cross reactivity and background problems associated with an
immunological approach. Because of the high level of conservation of the IFPs, the use of
a polyclonal antiserum (as was used by Bennett and Dilullo) could exhibit cross reactivity
with other IFPs. But, our results demonstrate a transcript size, in the same tissues in which
they reported NF-M immunoreactivity, which has a molecular weight that is inconsistent
with this possibility. The other possible point of confusion with an immunological ap-
proach is that in non-neuronal regions, neuronal projections begin to appear as some of
these structures develop (for example the heart). These projections contain neurofilaments
and so raise background levels. In our work we are studying the transcript, which has not
been reported to be found in the axons ( Zopf et al, 1987), eliminating this possibility.
Second, Bennett and Dilullo were able to study NF-M immunoreactivity as early as the first
day of incubation (stage 9 , Hamburger and Hamilton, 1951). The results of this part of
their study shows immunoreactivity in a distinctive pattern in the early CNS, in cells
which will eventually give rise to a number of cell types other than neurons. This result
supports the possibility of an embryonic variant of NF-M. The only disagreement between
our results and that of Bennett and Dilullo is in the time course of expression in the heart.
In our case we see expression from day 2 of incubation (stage 12 of Hamburger and Hamil-
ton) out to day 8 (stage 34 of Hamburger and Hamilton), but in their results the im-
munoreactivity is gone by the end of day 5 (stage 28 of Hamburger and Hamilton).
However, this slight difference could be due to difference in the detection limits, and our

overall results agree quite well with each other and form a convincing argument for tran-
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sient embryonic expression of NF-M in the chicken embryo.

The report by Zopf et al. (1987) indicates this cDNA encodes a typical neurofila-
ment protein. However, in their report they have concentrated on a later developmental
stage than our studies and those of Bennett and Dilullo. Their cDNA was isolated from a
library which had been enriched for transcripts derived from the optic lobe of post hatch-
ing day 1 (P1) chickens.

There are three aspects addressed by Zopf et al. which were not addressed by our
work. These include the expression of this gene in later stages of development as well as
the adult, analysis by in situ hybridization of the Pl chicken CNS, and northern analysis of
poly A+ RNA samples rather than total RNA. The analysis of later stages and adult tissues
has shown the expression of this gene to be specific to neurons, which we have concluded
indicates that the non-ncuronal expression we have seen is restricted to the embryo. Their
in situ studies have demonstrated specific hybridization to cells in a number of regions in
the CNS, all of which appeared to exhibit long projections or ¢xtensive arborization. These
results also indicated that the message was located in the cell body and not in the axons.
These results aid in eliminating the possibility that the RNA is transported down the
axons, which would cause an apparent background expression in non-neuronal tissues as
mentioned in the discussion of the work of Bennett and Dilullo above.

One point that might be interpreted as a disagreement between our work and that of
Zopf et al. is the presence of high molecular weight (HMW) bands in our northern blots.
There was no mention of such bands in their report. However, the only northern blot
reported which includes both total RNA and developmental time points which we have
studied cannot be directly compared with our results for two reasons. First, this blot was
exposed for a relatively short time period (8 hours), and second it contained RNA isolated
specifically from the optic lobe. Therefore, it is still possible that these HMW bands are
unprocessed transcripts that would be eliminated by using poly A+ RNA in our experi-

ments. But, if this is the case then these additional bands would be exhibiting the same

35



developmental regulation as the 3.5 kb transcript.

Other than the points mentioned, our results are in complete agreement with those
of Zopf et al. (1987) (ie: DNA sequencing, message siie, and genomic southern analysis),
and indicate that we have both isolated the same cDNA. In addition to the confirmation of
their results we have been able to describe the expression of this gene in the carly embryo,
and the pattern of embryonic expression appears to be quite different than in the adult
chicken. Finally, our cDNA appears to contain the entire coding region for this protein.
Therefore, the results of all three groups are in agreement, and extend the description of

how this gene (or genes) is expressed from the first day of incubation to the adult chicken.

(C) Prospectus:

The ¢cDNA which we have isolated allows us two advantages over other workers in
the field. Our cDNA appears to encode the entire protein, and it is derived from the
chicken, which is particularly well characterized and amenable to the study of develop-
ment of the early embryo.

The first point which should be addressed in the further study of this cDNA, is
whether or not it is derived from a geﬂc which exists as a single unique copy, or as either
multiple copies of the same gene or as one of a pair of closely related gcnes. A rapid
method of gaining insight into this problem would be to analyze the rerpaining cDNAs
which were isolated with cl9NFM. These cDNAs all appear to hybridize to the same
transcript (data not shown), and therefore any differences found in the restriction maps as
compared with cI9NFM would indicate two closely related genes. If this approach is un-
productive the cDNA library could be screened again and this process repeated for any
positive clones. The same approach could be used with a genomic library. A different
method would be to use subfragments of cI9NFM in more detailed southern and northern
analysis which would involve variations in stringency, in order to determine if the

presence of multiple bands in both northern and southern blots is due to multiple
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transcripts or genes. If therc appears to be a single copy of the gene this can be confirmed
by direct quantification of the bands in a genomic southern blot by comparison with
hybridization signal of a known single copy gene.

A number of further studies aimed at understanding the function and regulation of
this gene (or genes) can be carried out using the full length cDNA. To study the function
of this protein the cDNA can be used to produce overexpression, underexpression, ectopic
expression, and expression of mutated forms of the protein. All of these could be ac-
complished in tissue culture by transient transfection of cells with a plasmid construct con-
taining the cDNA under control of a regulated promoter. This would allow expression of
this protein in a number of cell types which can be cultured from the chicken embryo
(such as neural crest, heart, liver, and fibroblasts). Therefore the protein could be overex-
pressed in both neuronal and non-neuronal cells, and by producing an antisense transcript,
underexpression could be produced in neuronal cells. Finally, specific domains could be al-
tered by site specific mutation or truncation, and these mutated forms could be expressed
in a similiar fashion and their effect on the cytoskeleton studied. In addition these same

questions could be addressed in vivo by using a retroviral expression vector to produce ex-

pression of this cDNA in different cell ‘typcs during development.

The first step in studying the regulation of this gene could be to use the 5 region of
the cDNA to screen a genomic library and isolate the corresponding region of the genomic
sequence in order to isolate the promoter regions. These regions would be sequenced and
analyzed for known promoter clements. Any promoter regions isolated could then be placed
in a plasmid construct in front of a reporter gene and transfected into cells of different
tissues (as listed above) derived from the chicken embryo, in order to determine if dif-
ferent tissues use different cis-regulatory elements. In addition these cells could be grown
in the presence or absence of various growth factors to begin to determine which factors
regulate this gene in a given tissue.

Finally, these studies could be extended to include experiments aimed at defining
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the proteins which bind to and regulate this gene. This would begin with band shift or
protection studies of the promoter region using protein extracts from different tissues and
developmental stages. In these studies restriction digests of a promoter region are incubated
with protein extracts, and in the case of band shift experiments are then subjected to
electrophoresis. Any fragment bound by a protein will exhibit a decrease in electrophoretic
mobility. In protection studies the fragments are incubated with extracts then treated with
DNAse before electrophoresis, so that unprotected fragments are degraded. From these
types of experiments one can begin to determine what regulatory proteins are present in a
specific stage or tissu¢, what specific sequences it is binding to, and what factors effect
this binding.

By following these approaches, and using this ¢DNA as a tool, one can begin to
study much more directly the function and regulation of this gene, the results of which
would not only be useful in understanding the function and regulation of NF-M and the
NFs, but also in understanding the same aspects of the intermediate filaments and their

subunit proteins in general.
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APPENDIX:

FIGURE 1: Alignment of Rat and Chicken Nucleotide Sequences - A computer gen-
erated alignment for the entire coding region of the rat NF-M gene (Napolitano et.al., 1987)
and chicken c19NFM is shown. The the sequence published by Zopf et.al. (1987) begins at
nucleotide 1034. The initiation and termination codons are underlined for both sequences.

The 3’ untranslated region is not shown. Mismatches are designated by an asterisk.
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TCAGACCAGG
1632

khkkkkkkkdk *

810
CCGCGCTCAG
* *

CCGCTCCCAG
833

820
CTEGAGTGSC
CTCGAGTGTC

843

889
C%GAGGCGGC
CCGAGGCGGC

913

879
GCCAAGCTEA
GCCAAGCTCA

903

959
AGCTGCAGTC
AGCTGCAGTC

983

949
ASCCGGCGEC
AACCGGCGCC

973

1018 1028
GGCAGCTEAG CGACATCGAG
GGCAGCTCAG CGACATCGAG

1048 1058

1098
CTCAGAGGAA

*&k %
CTTCGGGGAA
1128

1088
GGAAAATGAG

GGAAAATGAG
1118

1158
GTCAAGATGG

GTCAAGATGG
1188

1168
CSCTGGAEAT

CTCTGGACAT
1198
1238
C$GGAAGCAT
CAGGAAGCAT
1268

1228
AGTGCCTTCT
*k * *
AGCACATTTT

1258
1308
GAA%ACCAAA
GAAGACCAAA
1338

1298
CTAAAATACA
* * *

GTAAGATTCA
1328

1368
TGA%GAGACE

TGAGGAGACT
1398

1378
AAAGT%GAEG

AAAGTGGAAG
1408

1448

1438
CTCAGGAGGA

GCAGCAARAGG
*kkdkkk
GCAG...... CTC....TGC
1462 1468

1515
GAAGECT%CA

GAAGTCTCCC
1526

1505
CTGTTTCTGA

.II'C..-GT
1506

1571 1581

GAAGAAGCTG CAAAATCAGA
* ¥k kk  kkk*k

GAAGAAGAGG. ..AAGGCCA
1579 1587

1621 1624
e...AGAG.. .......GAA
hkkk *k kkkkkkk K
CAGAAGAGGG AGGATCTGAG

1642 1652

830
AETCCGACCA

ACTCCGACCA
853
899
gGAGCAGAAC
CGAGCAGAAC
923

969
CAAGAGCATS
CAAGAGCATT

993
1038
GAGCGECACA
GAGCGCCACA
1068
1108
CgAAGTGGGA
CAAAGTGGGA
1138
1178
CGAAATTGCT
* K %
CGAGATCGCC
1208
1248
CACTGG%CCS
CACTGGGCCT
1278
1318
ATCGAGCCAC
* * %
GTCGAGGCCC
1348
1388
ATGAGAAGTC
ATGAGAAGTC
1418
1458
AGAASAGGAG

kkkkk % %%

CAAAGAGGAG
1478

1525
GAACAGGCAG
* k% *

GTGAAGTCTC
1536

1591
CGCTGCAGAA
* kk X
AGAGGAAGAA

1597

AAGGAAGGCT
1662

840
EAACATGCAC
GAACATGCAC

863

909
AAGGAGGCCA
AAGGAGGCCA

233

979
GAGCTEGAGT
GAGCTCGAGT

1003
1048
AC%ACGACCT
ACCACGACCT
1078
1118
gATGGCﬁCGT

AATGGCTCGT
1148

1188
GCATASAGGA

GCATATAGGA
1218
1258
ATATTCACAC
* % %
CTGTACACAC
1288
1328
C%AAGCTEAA

CCAAGCTCAA
1358

1398
EGAAATGGAA

AGAAATGGAA
1428

849
CAGGCC;AEG
CAGGCCGAAG

873

919
TCCEETCCGC
TCCGCTCCGC

943

288
C;GTGCGEGG
CGGTGCGAGG

1013

1058
CACCACCTAT
* * *
CAGCAGCTAC
1088

1128
CATTTG%G%G
CATTTGCGAG
1158

1198
AECT&CTGGA
AACTACTGGA

1228

1268
AC%GACA%CC

ACCGACAGCC
1298

1338
GGTCCAECAC

GGTCCAACAC
1368
1408
GAEGCCCTCE
GACGCCCTCA
1438

1468 1478
EAEGAAQAGGC AGAAGAAGA
A

AAAGAAGAGGC AGAAGAA
1488 14

CTGAGGCTAAG.
1546

1601
GAAGGAGGCT

G. AGGAGG...
1604

1636
.« s« «GAAAG
khkkkk

CGAGTGAAAA
1672

533
CTGAGG..AAGA AGAGAA

49
154
G

* kk%k *
.. .GAA.
155
161

7
1
G
G
0
1l

CTAAAAAGGA

..AAGATGA
1612

1646
GGAGGAGGCT

GGATGAAGGT
1682

859
AGTGGTTCAA
AGTGGTTCAA

883

929
CAAGGAGGAG
* * *
TAAAGAAGAG

953

298
CACSAAGGAG
CACTAAGGAG

1023
1068
CAGGACACEA
CAGGACACCA
1098
1138
AETACCAGGA

AATACCAGGA
1168

1208
GGGTGAEGA

GGGTGAAGA
1238

1278
%TCEGTCACA

CTCAGTCACA
1308

1348
AAATTTGT%G

AAATTTGTGG
1378

1418
CAGSCATTGC

CAGTCATTGC
1448

1488
AGCTGTAGAG

*k %
AG. .GARAGAG
1495

1551
GGGA%GAAG%

AGGAGGAAGG
1560

1616
AG.....AAA
hkkkk ok

AGGTGTCAAG
1622

1653
G...AAGAAG

* k%
GAGCAAGAAG
1692



1659 1667 1677 1687 1697 1707 1717
AAGAAG. ... ..CTGAAGCC AAGGGCAAAG TGAAGAGGC AGGTGCAAAG GTAGAAAAAG TGAAATCACC
kkkk k% * % * %k * % * % * % % *k % * * %k
AAGAAGGGGA AACTGAGGCA GAAGGTGAAG GAGAGGAAGC AGAAGCTAAG GAGGAAAA.. .GAAAACA..
1702 1712 1722 1732 1742 1750 1757
1727 1737 1747 1757 1767 1787 1797
TCCTGCAAAG TCACCCCCTA AATCCCCCCC TAAATCCCCT GTAACAGAGC AAGCCAAGGC CGTCCAGAAA
kkkk * kkkdhkhkhhkhkhk hhkkhhkhdhkdk hhkhkhhhkhkdk hkkk *kk%k * * % * * %
.CAGGGARAG .cccecoscs ssscsesnsss sssssassas GT...CGAGG AA...ATGGC TATCAAGGAG
1765 1772 -1769 1779
1807 1817 1827 1837 1847 1857 1867
GCAGCAGCAG AGGTAGGARA GGATCAGAAA GCAGAGAAAG CTGCTGAGAA GGCAGCCAAG GAGGAGAAGG
* %% * %% Kk * %k * %k %% kkkkk * dk*k % % *
GAA..ATCA. AGGTCGAGAA GCCCCAGAAA GCCAAGTCCC CTGTGCCAAA ATCACCGGTG GA. .AGAAGT
1785 1795 1805 1815 1825 1835 1833
1877 1885 1895 1905 1915 1824 1933
CAGCATCCCC A..GAGAAGC CGGCGACACC AAAGGTGACC TCCCCGGAGA AACCAGCGA. CTCCGGAGA.
* k% * k% *kk % k% * % * kkkk% *%k % % % *
AA..AGCCAA AACCAGAAGC CAAAGCCGGA AAGGATGAGC AGAAGGAGG AA GAGAAAG TTGAGGAGAA
1841 ‘ 1851 1861 1871 1880 1889 18599
1942 1952 1962 1972 1982 1988 1985
AACCACCAA CCCCAGAGAA AGCGATCACC CCGGAGAAGG TCCGTTCCCC A....GAAAA ACCAACA...
*k kkk %* kk*k * * *%k%k hkk kk hkhkkkkk * k%% * kkk
AAGGAGGTA GCC. .AAGGA ATCACCCAAG GAAGAGAAGG T.GGAGAAAA AGGAGGAGAA GCCAAAAGAT
1909 1917 1927 1937 1946 1956 1966
2003 2011 2019 2029 2038 2049 2057
.ACCCCG.GA AAAAG..TGG TGAG..CCCA GAGAAACCAG CAAGCCCAGA GAAGCCCCGA ACCCCA..GA
%* % * %% k% % * % * k% % * * % * khkkk * % Kk k*k
GTCCCAGATA AAAAGAAGGC TGAGTCCCCA GTGAAAGAA. .AARGGCCGTA GAGGAAATGA TCACCATTAC
1976 1986 1996 2005 2014 2024 2034
2067 2071 2081 2091 2101 2111 2121
GAAACCAGCA . v....AGCC CCGAAAAACC GGCAACACCA GAGAAGCCCC GCACTCCTGA AAAGCCAGCG
k% % * hkkkk%k %* % * kk k¥ * *k **k*x khk hhkhkhkhkhkdkhkh khhkkkkhkkkk
TAAGTCGGTA AAGGTGAGCC TGGAGAAAGA CACCAAAGAG GAGAAGCCT. .coccssese sasees.CAG
2044 2054 2064 2074 2083 2086
2131 2141 2151 2161 2171 2181 2191
ACGCCGGAGA AGCCCCGTTC TCCAGAGAAG CCATCCTCCC CGCTCAAAGA TGAAAAGGCT GTGGTGGAGG
kk  k kdkk % ¥ & khkkk hkkkkdkkhkhk khkkhkkk * k% *%k %k * * *
CAGCAGGAGA AG....GTGA AGGAGAAGGC A.veeccsss osseeessGA GGAGGAGG.. GGGGTAGTGA
2096 2102 2112 2113 2115 2123 2133
2201 2211 2221 2231 2241 2251 2261
AGAGCATCAC TGTCACAAAG GTAACAAAAG TCACTGCAGA GGTGGAGGTG TCGAAGGAAG CCAGGAAAGA
sk kdkkkk * kkkkhhkkk hhkhhkhkidk * * % * * *
GGAGGA..AG TGeosasoseel GTGACAAAAG CCuivevocse sassesssesse «CGCAAGAAT CCAAGAAGGA
2141 2144 2154 2156 2165 2175
2271 2281 2290 2300 2310 2317 2323
AGACATTGCG GTGAATGGTG AAGTGG.AGG AGAAGAAGGA TGAGGCGAAG GAGA...AGG A....GGCTG
* k k % * * * * * * % * hkk ddek ok
AGACATAGCT ATCAATGGGG AGGTGGAAGG AAAAG.AGGA GGAGGAGCAG GAAACTCAGG AGAAGGGCAG
2185 2195 2205 214 2224 2234 2244
2329 2339 2349 2359 2369 2379 2381
.....AGGAGGC AAGAGAAGGG CGTTGTCACC AATGGCTCGA TGTGAGCCCC GTCGATGAGA AGiesenene
kkkkk * * * * * * kkk khkkkkhkk *dk k% kkkkkkkk
TGGGCAAGAGG AGGAGAAAGG GGTGGTCACT AATGGCTTAG ATGTGAGCCC TGCGGAGGAA AAGAAAGGG
2254 2264 2274 2284 2294 2304 2314
2391 2401 2411 12421 2431 2441
veeueue... GGTGAGAAAG TTGTAGTAAC CAAAAAAGCA GAGAAAATCA CAAGTGAAGG AGGGGACAG
kkkkkkhkkkk ki % *x * % * k% * * * % *  kk
AGGATAGAAGT GATGACAAAG TGGTGGTGAC CAAGAAGGTA GAAAAARATCA CCAGCGAGGG AGGCGATGG
2324 2334 2344 2354 2364 2374 2384
2451 2461 2471 2481 2491 2501 2511
TACTACCAEET ACATCACEAA gTCEGTgACS GTCACTCAEA SGGTEGA&GA %CACGAAGAG AGCTTTGAG
* k& *
TGCTACCAAAT ACATCACCAA ATCTGTTACT GTCACTCAAA AGGTTGAAGA GCATGAGGAG ACCTTTGAG
2394 2404 2414 2424 2434 2444 2454



2581

252 2531 2541 2551 2561 2571
GAGAAATTGGT GTCCACTAAG AAAGTGGAGA AAGTTACTTC ACATGCTGTA GTAAAAGAGA TEA..AAGA
hkk

GAGAAGCTGGT GTCAACTAAA AAGGTAGAAA AGGTCACTTC ACATGCCATA GTCAAGGAAG TCACCCAGG |
64 24 2494 2504 2514 2524

2585

AT
T kkkkkkkkkkhkhkkkkhkkkkk

GTGAATTAAA CTCAATTATA GCTAA
2534 2544 2549



APPENDIX:

FIGURE 2: Comparison of Kozak Sequences - A comparison of the nucleotide sequence sur-
rounding the initiator methionine codon of rat NF-M (Napolitano et.al, 1987) and c19NF-M
with the consensus sequence reported by Kozak (1986) is shown. In the Kozak sequence
position -3 can be either an A or a G residue, although A is reported to give the strongest
initiator. The G at position +1 is also reported to be very important in determination of in-
itiator strength. The base at position -6 in the chicken sequence was not present in the

cDNA. Divergence from the consensus scquence is denoted by a ().

RAT: TCCAAGATGA
A AN A
C19NFM ?CCGCCATGA
A
A
Kozak GCC/CCATGG
G

41





