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The origin of introns and their role (if any) in gene expression, in the evolution of the genome, and in the
generation of new expressed sequences are issues that are understood poorly, if at all. Multigene families
provide a favorable opportunity for examining the evolutionary history of introns because it is possible to
identify changes in intron placement and content since the divergence of family members from a common
ancestral sequence. Here we report the complete sequence of the gene encoding the 68-kilodalton (kDa)
neurofilament protein, the gene is a member of the intermediate filament multigene family that diverged over
600 million years ago. Five other members of this family (desmin, vimentin, glial fibrillary acidic protein, and
type I and type H keratins) are encoded by genes with six or more introns at homologous positions. To our
surprise, the number and placement of introns in the 68-kDa neurofilament protein gene were completely
anomalous, with only three introns, none of which corresponded in position to introns in any characterized
intermediate filament gene. This finding was all the more unexpected because comparative amino acid sequence
data suggest a closer relationship of the 68-kDa neurofilament protein to desmin, vimentin, and glial fibrillary
acidic protein than between any of these three proteins and the keratins. It appears likely that an
mRNA-mediated transposition event was involved in the evolution of the 68-kDa neurofilament protein gene
and that subsequent events led to the acquisition of at least two of the three introns present in the contemporary
sequence.

Multigene families encoding groups of structurally or
functionally related polypeptides are widespread in the
genomes of eucaryotes. This is true both for proteins that are
expressed in most if not all cell types (e.g., histones, actins,
and tubulins) and proteins that show restricted patterns of
tissue-specific expression (e.g., globins and immunoglob-
ulins). In all cases, structural homologies evident at either
the protein or DNA level (or both) point to the divergence of
members of a given multigene family from a single primor-
dial sequence. The extent of divergence depends upon
selective constraints. Where function has remained similar
(if not identical) over evolutionary time, the extent of
divergence has been small (e.g., actins and tubulins [3, 6]),
with only relatively minor differences distinguishing one
expressed member of the multigene family from another.
Where functional demand has required diversity (e.g., im-
munoglobulin C regions), the extent of divergence has been
greater (29).
The role of introns (if any) in the vast majority of ex-

pressed eucaryotic genes is uncertain, although their exist-
ence points to considerable reorganizational events that
have occurred throughout evolutionary history. In particu-
lar, the placement of intervening sequences in individual
members of multigene families must be explained either by
their introduction since the time of initial divergence or by
their maintenance or loss (or both) over time after duplica-
tion of an ancestral sequence that already contained one or
more intervening sequences. The diversity of intron place-
ment among various members of the actin multigene family
is testimony to the complex nature of the events that seem to
have transpired since divergence from a presumptive com-
mon ancestor (7, 9, 34). Although there is evidence that in
some cases the DNA contained in exons encodes a clearly
delineated functional domain (e.g., globin [4, 5]) and immu-
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noglobulin [2]), this concept (15) does not seem to apply in
other cases, where introns exist but do not appear to
delineate functional regions (7, 9, 17, 21, 25, 34). In short,
the nature of the events leading to either intron location or
intron excision are only poorly understood.
The intermediate filament multigene family is a particu-

larly favorable model for the study of this problem because
of the extensive amino acid sequence diversity among its
members and accumulating structural data regarding the
sequence and organization of the genes (1, 10-14, 24-26, 33).
Data on the genes encoding vimentin (25), desmin (26), and
glial fibrillary acidic protein (GFAP) (1) show the presence of
eight introns at identical positions, whereas a type I and a
type II keratin gene have seven and six homologously placed
introns, respectively, and one additional intron at a unique
location (24, 33). Here we report the complete sequence of
the gene encoding the 68-kilodalton (kDa) mouse neurofila-
ment polypeptide. Surprisingly, only three introns are pre-
sent, all of which occur at positions different from those of
the introns in all other members of the intermediate filament
multigene family. The evolutionary implications of this ob-
servation are discussed.

MATERIALS AND METHODS

Isolation of a 2.4-kb cDNA clone encoding the mouse 68-kDa
neurofilament protein. The 1.2-kilobase (kb) cDNA probe,
NF68, encoding the mouse 68-kDa neurofilament protein was
used to screen a mouse brain library (constructed in
bacteriophage Agtll [22]) in a search for longer cloned cDNA
copies. Approximately 40 positively hybridizing plaques
were picked as a 5-mm plug and eluted into 1 ml of buffer (0.1
M NaCl, 10mM Tris hydrochloride [pH 8.0], 10mM MgSO4),
and a portion (30 Pd) of the bacteriophage was amplified in a
small (1 ml) culture without further purification. Bacterioph-
age DNA was prepared from these cultures as follows. Debris
was removed from each culture by centrifugation at 15,000 x
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GAAVAGCTGGGAGTGGGGTGGGGTGGGGTGGGGTGAAGGTGTC TTTGTGACATTGGATGTTAAAAGTTGATGTGTCAGTAGGGATCGCGAACCTTTTTATTTGGAACATTTAAGAGT

CCTAGTGATGTGGGCTTTAGGTATTAAGAGGCAGGATGGGACGGGGGAGTAGGAAAGGAAAAGAATAAGCAGGGAAGTTATGGGGGTCTCAGAGAAAGTAGGGGTCCTCATAGAAAAGC

GGCCAGGCTGGAGCCGCAGCTCGCTAGCCTCCTGTCGTTCGCCCCCGCCTTTGCTTTTGCGCAGAATCCTCCCCTTGGCTGCAGCAACGCGCTGCCCCCTACTGGCCTGGCCACGGCGA
GTCGATCACAGTCTGCGTCAGAGTCCCGGCGTATAAATAGAGGTGGCAGGACCCGCCGAGCCGCACACAGCCGATCCATCCTCCCCTTTCCCTCTTCTCCCCCGTTCCTCTCTCTA,GGT

1 10
met ser ser phe ala ser asp pro ile phe ser thr ser tyr lys arg arg tyr val

CCCCCATCTCCCCCCGGGCCTGAGGGGCGCACCGGGCGGCACC ATG AGT TCG TTC GGC TCG GAT CCG ATC TTT TCG ACC TCC TAC AAG CGG CGC TAT GTG

20
glu thr pro arg val his ile ser ser val
IGAG ACG CCC CGG GTG CAC ATC TCC AGC GTG

50
ser leu ser val arg arg ser tyr ser ser
TCG CTG TCC GTG CGC CGC AGC TAC TCG TCC
80
ser asn asp leu lys ser ile arg Hle gln
AGC MC GAC CTC AAG TCT ATC CGC ACA CAA
110
glu leu glu gin gin asn lys val leu glu
GAG CTG GAG CAG CAG AAC AAG GTC CTG GAA

140
glu gin glu ile arg asp leu arg leu ala
GAG CAG GAG ATC CGC GAT CTG CGG CTG GCA

170
thr leu arg asn leu gln ala arg tyr glu
ACT CTG CGC AAC CTG CAG GGT CGC TAT GAG

200
asp glu ala ala leu ala arg ala glu leu
GAT GAG GCC GCG CTC GCC CGC GCC GAG CTG
230
glu le ala glu leu gin ala gin Hle gln
GAG ATC GCC GAG CTG CAG GCT CAG ATC CAG

30
arg ser gly tyr ser
CGC AGC GGC TAC AGC

60
ser ser gly ser leu
AGC TCC GGC TCG TTG

90
glu lys ala gin leu
GAG AAG GCA CAG CTG

120
ala gly leu leu val
GCC GAG CTG TTG GTG

150
ala glu asp ala thr
GCG GAA GAC GCC ACT

180
glu glu val leu ser
GAA GAA GTG CTG AGC
210
glu lys arg ile asp
GAG AAG CGC ATC GAC

240
lie ala gin ile ser
ATT GCT CAG ATC TCC

40
thr ala arg ser ala tyr ser ser tyr ser
ACG GCC CGC TCC GCG TAC TCC AGC TAC TCC

lys pro ser leu glu
AAG CCC AGC CTG GAG

gin asp leu asn asp
CAG GAC CTC AAC CAT

leu arg gin lys his
CTG CGC CAG AAM CAC

asn glu lys gin ala
AAC GAG MAG CAG GCG

arg glu asp ala glu
CGC GAG GAC GCC GAG

ser leu met asp glu
AGC CTG ATG GAC GAG

val glu met asp val
GTG GAG ATG GAC GTG

ala
GCG

70
asn leu asp val ser gin
AAT CTC GAT GTC AGC CAG

100
arg phe ala ser phe ile
CGC TTC GCC AGC TTC ATC
130
ser gly pro ser arg phe
TCT GAG CCT TCC CGC TTC

160
leu glu gly glu arg glu
CTG CAG GGG GAG CGC GAG

190
gly arg leu met glu ala
GGC CGG CTG ATG GAA GCG

220
ile ala phe leu lys lys
ATA GCT TTC CTG AAG AAG

250
ser ser lys pro asp leu
TCC TCC AAG CCC GAT CTC

pro val ser ser
CCG GTC TCC TCC

val ala ala ile
GTA GCC GCC ATC

glu arg val his
GAG CGC GTG CAC

arg ala leu tyr
CGC GCC CTG TAC

gly leu glu glu
GGG CTG GAG GAG

arg lvs gly ala
CGC AAA GGT GCC

val his glu qlu
GTG CAC GAG GAA

ser ala ala leu
TCC GCC GCT CTC

260 270 280
lys asp ile arg ala gin tyr glu lys leu ala ala lys asn met gin asn ala glu glu trp phe lys ser arg phe thr val leu thr
MG GAC ATC CGC GCT CAG TAC GAG AAG CTG GCC GCC AAG MC ATG CAG AAC GCC GAA GAG TGG TTC AAG AGC CGC TTC ACC GTG CTA ACC

290 300 310
glu ser ala ala lys asn thr asp ala val arg ala ala lys asp glu val ser glu ser arg arg leu leu lys ala lys thr leu glu
GAG AGC GCC GCC AAG AAC ACC GAC GCT GTG CGC GCT GCC AMG GAC GAG GTG TCG GAA AGC CGC CGC CTG CTC AAG GCT AAG ACC CTG GAG

320 330 340
ile glu ala cys arg gly met asn glu ala leu glu lys gin leu gin glu leu glu asp lys gin asn ala asp ile ser ala met gin
ATC GAA GCC TGC CGG GGT ATG AAC GAA GCT CTG GAG MG CAG CTG CAG GAG CTA GAG GAC AAG CAG AAT GCA GAC ATT AGr GCC ATG CAG

OTAGTACGGrTTAAGCTCAGTGGGGGTGGGGAGGTCCACGGTAGGGGCGGCGGCAGGGGGGGGGGGAGGAGTCAGGGTGTACCCAGAGAGTGAACGCTAGGGGGTTCTAGAGCACAG
AGCAGCTATCAGAGGGCTTGGCTTCCGAGAGGTTGTGGwAAAGXGATGGGGCTTTTGGAGGGXGGCGGGGCGCGACTGCTGCCTGGGGATTGCTTGCTCTGGTTGAATCAGGTTGTTAGGGG

TGAGTTGGGAGGAAGGGGCGGAGGGAGTCGGAGTTGGGCGTTGCCAAGTAATG3CCTTCTCTTTACTGACAACCCTTAACTCCCAAGTTACCCTCAGTACTTCCTGGATrTCC TGGTTAA

TMAAATAGTCTGCTAGCTCTCACTAGTTTTGGGCCACCCAGCCTTGGGATAGTTTTTTTTTTTAATAGGGACACAAGAATACAGTAACAATATTTTAGCAATTAATCACTGiCAGTCCAT
TAAAAAAAIGTTCTTCATCTTTGGCGGGAGGGAAGCATTTTAGACAAACAGCTACACAAATATATATAATTTAATTrTTTATTTATATATTTATTTAGACAAACGAGAGAGATATATATA

TATATATATATATATATATATATCCCCTTCCTAAATGCGACCCTGQCTAAAAGAATGTGACAAGGGTGGT'TAATAATAATAATAATATCATCATCAATTTGGTAGTTTTAAAGACAGC

TTACCATAATCGATTGAGAACAArTTTTCAAAATTGTTCACATCAGTGTACTCCCCTCCTCTTCCTCCTCTCCTTCTCTTGCTTCACTAGACTGGGCATTTTTAGGCCAACCCCTCCCCC

TATGCCCCACCCCACCCCATTATTTTAAGGGAGATTTCT4GGAGGGTGTACAGTTTGGAGTTAACTAAGACCAGZAACTTATCATGGATACTACAGTAAAACAAAAGCTGrAGTAGAGiAT

g for 5 min, and DNAse was added to a final concentration
of 1 pLg/ml to digest liberated host DNA. After 30 min at room
temperature, 0.2 ml of a solution containing 2.5% sodium
dodecyl sulfate, 0.5 M Tris (pH 9.0), and 0.25 M EDTA was
added, and the mixture was heated to 70°C for 20 min.
Ammonium acetate was then added to a final concentration

of 1.4 M. After 30 min on ice, precipitated material was
removed by centrifugation at 15,000 x g for 5 min, and nucleic
acid was precipitated by the addition of 0.6 volume of
isopropanol. After recovery by centrifugation, the pellets
were rinsed with cold 70% ethanol, air dried, dissolved in 40
F,l of 10 mM Tris (pH 7.5)-i mM EDTA, and stored at -20°C.
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INTRONS IN THE INTERMEDIATE FILAMENT MULTIGENE FAMILY

350 360
asp thr ile asn lys leu glu asn glu leu arg ser thr lys ser glu met ala arg tyr

TTGGCTGTTTTGAATTTTTTAAAACAATCTTCCTA GAC ACA ATC AAC AAA CTG GAG AAT GAG CTG AGA AGC ACG AAG AGC GAG ATG GCC AGG TAC

370 380 390
leu lys glu tyr gin asp leu leu asn val lys met ala leu asp ile glu ile ala ala tyr arq
CTG AAG GAG TAC CAG GAC CTC CTC MAT GTC AAG ATG GCC TTG GAC ATC GAG ATT GCA GCT TAC AG f ACATCAGGGTGGTGCTGGCAGTGGGC

AACCCTGTTTGTTCTTGTATTTGCCTTT.rAGGTTGGTTGTAGAGGAAAGTGTAGTAATGTGr,r,CTTAGAG,CCTAATGAACATACCAGCCTTGCTCTAACTGTACTCTACTCCTTCACE
400 410 420

lys leu leu glu gly glu glu thr arg leu ser phe thr ser val gly ser ile thr ser gly tyr ser gin ser ser gin val phe
A MAA CTC TTG GAA GGC GAA GAG ACC AGG CTC AGT TTC ACC AGC GTG GGT AGC ATA ACC AGC GGC TAC TCT CAG AGC TCG CAG GTC TTC

gly arg ser ala tyr ser
GGC CGT TCT GCT TAC AGT

430
gly leu gin ser
GGC TTG CAG AGC

ser ser tyr leu met ser ala arg ser
AGC TCC TAC TTG ATG TCT GCT CGC TCT

440
phe pro ala tyr
TTC CCA GCC TAC

tyr thr ser his val
TAT ACC AGC CAC GTC

glu gin thr glu val glu
GAG CAG ACA GAG GTC GAG

460
glu thr ile glu
GAG ACC ATT GAG

ala thr lys ala glu glu ala lys asp
GCT ACG AAM GCT GAG GAG GCC MG GAT

470 480
glu pro pro ser glu gly glu ala glu glu glu
GAG CCC CCC TCT GAA GGA GAA GCA GAA GAG GAG

glu lys glu lys glu glu
GAG MG GAG AAA GAG GAG

490
gly glu glu glu glu gly ala glu glu qlu glu
GGA GAG GAM GAG GAA GGC GCT GAG GAG GAA GAA GaTGAAAAGCTTTTAAAAAAAAACCCTTTCAGAATCTCTATTGCAAAT

500
ala ala lys asp glu

CACAGTCTGACAATAGTGGATTATTAGCCCACAAAGCCTCAGTAGAAATGGTTTGCCTAGACCTACCCTGGAGTTTTGTATTTTCTTTTTATGTT(S CT GCC AAG GAT GAG

510 520 530
ser glui asp thr lys glu glu glu glu gly gly glu gly glu glu glu asp thr lys glu ser glu glu glu glu lys lys glu glu ser
TCT GAA GAC ACA AAM GMA GAA GAA GAA GGT GGT GAG GGT GAG GAG GAA GAC ACC AAA GAA TCT GAA GAG GAA GAG AAG AAA GAG GAG AGT

ala gly glu glu gln val
GCT GGA GAG GAG CAG GTG

540

ala lys lys lys asp
GCT MG MG AAA GAT TGA GCCCTATTCCCAACTATTCCAGGAAAATTCTCCCCAATCAGGTCAACCTCATCACCAACCAACAGTTGAGT

CACGMTATGAATTCC
FIG. 1. Complete sequence of the gene encoding the mouse 68-kDa neurofilament protein. A possible ATA box and polyadenylation

signals are underlined; splice signal dinucleotides are boxed. The 5' end of the cDNA clone NF68L is marked by a vertical bar.

Aliquots (20 ,il) of this material were digested with EcoRI
(New England BioLabs, Inc.) under conditions recom-
mended by the manufacturer and the digestion products were
resolved on a 1% agarose gel. After transfer of the gel content
to nitrocellulose (31), the blots were hybridized with
approximately 107 cpm ofthe excised, gel-purified insert from
NF68 (20) (32P-labeled by nick translation [27]), washed to a
final stringency of2x SSC (lx SSC is 0.15 M NaCl plus 0.015
M sodium citrate)-0.1% sodium dodecyl sulfate at 68°C, and
exposed to film. Impure bacteriophage preparations contain-
ing the largest recombinant inserts detected by the NF68
probe were then subjected to two successive rounds ofplaque
purification, and the inserts were subcloned into the bacterial
plasmid pUC8.

Isolation and sequencing of the gene encoding the mouse
68-kDa neurofilament protein. A 2.2-kb cDNA clone,
NF68L, encoding all but the 19 N-terminal amino acids of
the 68-kDa neurofilament protein was selected (see above)
and used to screen (23) a mouse genomic library cloned in
bacteriophage (generously provided by P. D'Eustachio).

The recombinant insert of a single positively hybridizing
bacteriophage was subcloned into plasmid pUC8 and restric-
tion mapped, and the location of gene sequences encoding
the 68-kDa neurofilament protein were determined by hy-
bridization with the NF68L probe which had been 32P_
labeled by nick translation (27). A 6.0-kb HindIII-EcoRI
restriction fragment that contained all of the detectable
hybridizing sequences was fully sequenced by the method of
Sanger et al. (28). The data were analyzed with the computer
programs of Staden (32).

RESULTS AND DISCUSSION
We recettly reported the isolation of a cloned cDNA

probe, NF68, which encodes the mouse 68-kDa neurofila-
ment polypeptide (22). The sequence of NF68 revealed that
it encodes the 303 carboxy-terminal amino acids of the
protein, including the second a-helical domain, but lacks the
N-terminal sequences (including those for the first a-helical
domain) (22). To extend the sequence of the mouse 68-kDa
neurofilament protein and to obtain a more extensive probe

450
qln glu
CAG GMA
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FIG. 2. Paired comparisons of amino acid homologies within the
a-helical regions of various intermediate filament polypeptides.
Amino acid sequences within the conserved a-helical coils of human
keratin (types I and II), hamster vimentin, hamster desmin, mouse
GFAP, and the mouse 68-kDa and porcine 150-kDa neurofilament
proteins were aligned for maximum homology, and paired compar-
isons were made. The data were from references 24 (human type I
keratin [KI]), 33 (human type II keratin [KII), 25 (hamster vimentin
[V], 26 (hamster desmin [DI), 1 (mouse GFAP [G]), and 12 (porcine
150-kDa neurofilament protein, [NF150]) and from this study (mouse
68-kDa neurofilament protein [NF68]). The results are expressed as
percent homology.

that could be used to map 5' genomic sequences, the NF68
cDNA was used to screen a mouse brain cDNA library
cloned in bacteriophage Agtll. Several positively hybridiz-
ing plaques were obtained, and their cDNA insert size was
measured by Southern blot analysis after digestion with
EcoRI (data not shown). Clones containing the largest
cDNA inserts were selected for further study. Sequence
analysis revealed that the longest of these clones, NF68L,
encompassed almost the entire 2.6-kb mRNA encoding the
68-kDa neurofilament polypeptide, including the first a-

helical region (Fig. 1).
Under conditions of high stringency, NF68 detects a single

copy sequence in the mouse genome (22). To determine the
structural organization of the gene encoding the 68-kDa
neurofilament polypeptide and to thereby elucidate evolu-
tionary relationships within the intermediate filament
multigene family, we used the NF68L probe to screen a

bacteriophage mouse genomic library. A single positively
hybridizing plaque was picked and amplified for further
study. The region within the recombinant fragment contain-
ing the NF68 68-kDa polypeptide gene was determined by
restriction mapping and Southern blot analysis with the
NF68L cDNA as the probe. A restriction fragment (HindIII-
EcoRI; -6 kb) that contained the entire region of hybridiza-
tion was subcloned and fully sequenced; the data are pre-
sented in Fig. 1.
The mouse 68-kDa neurofilament gene encodes a polypep-

tide of 543 amino acids and has three introns at the positions
shown. Paired comparisons of the homologies within the two
a-helical regions common to all intermediate filament pro-
teins are shown in Fig. 2. The a-helices are homologous and
highly conserved because of their roles in the formation of
coils and in the polymerization of these coils into filaments
(8). These roles are similar in all intermediate filaments
(though less so in the keratins, which cannot form
homopolymers). The amino acid homologies may reflect
evolutionary relationships among genes encoding the dif-

ferent subunits or may be the result of selective pressure
working to create small functional differences.
The data in Fig. 2 show that desmin, vimentin, and GFAP

are the most homologous, implying a relatively recent diver-
gence from a presumptive common ancestral sequence.
Consistent with this observation, the sequences of the genes
encoding these three polypeptide shows that they contain all
eight introns at identical locations (1, 25, 26). It seems likely,
therefore, that the immediate progenitor of the vimentin,
desmin, and GFAP genes also contained eight introns at the
same positions. On the other hand, the relationship of the
keratins to the other intermediate filaments is relatively
distant, with only 32 to 42% homology within the a-helical
regions (Fig. 2). Nonetheless, the keratin genes currently
characterized (24, 33) contain six or seven introns at loca-
tions homologous to those of the introns in the desmin,
vimentin, and GFAP genes. These data have therefore
interpreted in terms of an ancient and primordial intermedi-
ate filament gene that predated the divergence of the keratin
and nonkeratin sequences and contained the majority of its
introns at locations identical to those of the introns in
contemporary intermediate filament gene sequences (8, 33).
This ancestral sequence could then have given rise to the
intermediate filament multigene family by a series of gene
duplication events. On the basis of this model, it was
expected that the gene encoding the 68-kDa neurofilament
polypeptide (which is more closely related to desmin,
vimentin, and GFAP than it is to the keratins) would
conform to the general pattern of intermediate filament gene
structure.
The actual structure of the gene encoding the 68-kDa

neurofilament protein (Fig. 1) is clearly at odds with this
expectation. The gene contains only three introns, none of
which occurs at a position corresponding to an intron
position in any characterized intermediate filament gene
(Fig. 3). Two of these introns (I and II) interrupt the most
highly conserved regions of coil 2. Therefore, if we are to
assume the existence of a primordial intermediate filament
gene containing most if not all of its introns at positions
identical to those found in the contemporary keratin,
desmin, vimentin, and GFAP genes, we must explain the
loss of these introns from the 68-kDa neurofilament protein
gene and the introduction of three additional introns at novel
locations within the gene.
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FIG. 3. Schematic diagram showing the location of introns in
intermediate filament genes of known structure. The a-helical do-
mains (coils la, lb, and 2) are boxed; the extended carboxy-terminal
sequence present in the 68-kDa neurofilament protein is shown
(broken line). The data were from the sources listed in the legend to
Fig. 2. The abbreviations are defined in the legend to Fig. 2.
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FIG. 4. Model for the evolution of the intermediate filament
multigene family. Divergence was assumed to have occurred from
an ancestral sequence containing seven introns. T, mRNA-mediated
transposition event leading to the integration of an expressed
intermediate filament gene sequence that later acquired two new
introns in the second a-helical coil and a third intron (not shown)
possibly as part of a process of recruitment of adjacent sequences
that came to encode the acidic carboxy terminus; A, ancestral gene.
The arrows denote acquisition or loss of an intron. We predict an
intron arrangement in the gene encoding the 150-kDa neurofilament
protein similar to that described here for the gene encoding the
68-kDa neurofilament protein (see text). The relative times of
divergence are based on the data in Fig. 2 and are only intended as
a rough guide. Other possible models are discussed in the text. The
abbreviations are defined in the legend to Fig. 2.

One mechanism whereby introns may be lost involves the
transposition of transcribed sequences to a new genetic
locus via an mRNA intermediate (16, 19, 20). During such
events, introns are lost as part of the splicing process that
occurs in the production of cytoplasmic mRNA molecules.
However, because mRNA transcripts in general lack pro-
moter sequences, the integration of an intronless cDNA
molecule into the host chromosome usually results in the
generation of a nontranscribed processed pseudogene that,
with the passage of time, acquires mutations and thereby
loses homology with its parental transcribed sequence (19).
For mRNA-mediated transposition to result in the genera-
tion of an expressed intronless sequence, either integration
would have to occur adjacent to a functional promoter (with
appropriate regulatory controls) or the initial mRNA tran-
script would have to include upstream promoter sequences
that could then be carried through the transposition process.
Evidence has been presented for precisely such a mecha-
nism occurring in the generation of rat preproinsulin gene I,
which lacks two of the introns present in the otherwise
homologous preproinsulin gene II (30). The two genes are
located on different chromosomes; gene I is flanked by a long
direct repeat (a hallmark of integration events) and contains
the remnants of a downstream poly(A) tract. Although it is
conceivable that such a mechanism might have been in-
volved in the generation of an intronless but nonetheless
transcribed intermediate filament gene sequence that subse-
quently came to encode the 68-kDa neurofilament polypep-
tide (Fig. 4), the time at which this event might have
occurred is sufficiently distant (at least 600 million years ago,
based on its presence in vertebrates, annelids, and molluscs
[18]) so that all traces of the molecular event [flanking direct
repeats and a poly(A) tract] would have been obliterated by
neutral drift. In addition, the original intronless sequence

would have had to acquire three new introns, presumably by
insertional transposition, subsequent to its own creation.
One alternative explanation for the unexpected placement

of introns in the gene encoding the 68-kDa neurofilament
protein would involve its divergence from a primordial
sequence before the divergence of the keratin gene subfam-
ily. In that event, the closer homology of the 68-kDa
neurofilament polypeptide to desmin, vimentin, and GFAP
than to the keratins would have to be explained by selective
constraints leading to parallel evolution. In addition, after
divergence of the 68-kDa neurofilament protein gene, the
primordial sequence would have to have lost its three introns
which would have been replaced (by whatever mechanism)
with the eight introns present in contemporary nonneurofila-
ment intermediate filament genes.

Various patterns of intron placement occur within dif-
ferent multigene families. In general, the genes of lower
eucaryotic species seem to have fewer introns than do
corresponding genes in vertebrate species (e.g., see refer-
ences 3 and 7). In vertebrate genes, however, the placement
of introns appears to be more rigidly conserved; for exam-
ple, four intron positions are common to all vertebrate actin
genes, with several other conserved intron positions present
within each actin subfamily (7, 34). For the vertebrate
tubulin multigene families, the conservation of intron posi-
tion is even more evident (3).
The three genes encoding the neurofilament triplet pro-

teins share two structural features in addition to the a-
helices common to all intermediate filament proteins. These
features are (i) neurospecific expression and (ii) an encoded
long and highly acidic carboxy-terminal domain. Therefore,
it might be predicted that these three genes themselves arose
from the multiplication of a primordial neurofilament gene.
Based on the extent of divergence of the known amino acid
sequences in the conserved coils (Fig. 2; [11]) and the
diversity of phyla containing two or three neurofilament
peptides (18), this multiplication must have happened very
soon after the creation of the primordial neurofilament
sequence. If that primordial sequence arose via an mRNA-
mediated transposition event, as we have argued, this would
be reflected by nonhomologous intron placement in the
genes encoding the 150- and 200-kDa neurofilament proteins.

In view of the anomalous structure of the gene encoding
the 68-kDa neurofilament polypeptide, it is hard to conceive
of a scheme for the divergence of the intermediate filament
multigene family that did not involve both the loss of
preexisting introns and the creation of new ones. It appears
likely, therefore, that both kinds of events can contribute to
the remarkable plasticity of the eucaryotic genome.
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