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SUMMARY 

We have determined the complete nucleotide sequence of the mouse gene encoding the neurofilament NF-H 

protein. The C-terminal domain of NF-H is very rich in charged amino acids (aa) and contains a 3-aa sequence, 

Lys-Ser-Pro, that is repeated 5 1 times within a stretch of 368 aa. The location of this serine-rich repeat in the 

phosphorylated domain of NF-H indicates that it represents the major protein kinase recognition site. The nfh 

gene shares two common intron positions with the nfl and nfm genes, but has an additional intron that occurs 

at a location equivalent to one of the introns in non-neuronal intermediate filament-coding genes. This 

additional nz intron may have been acquired via duplication of a primordial intermediate filament gene. 

INTRODUCTION 

Neurofilaments are major cytoskeletal elements of 

nerve cells that play an important role in the control 
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Montrkal, Centre Hospitalier Notre-Dame, 1560 Sherbrooke 

Est, Montreal (Canada H2L 4Ml) Tel. (514)876-5497. 

Abbreviations: aa, amino acid(s); bp, base pair(s); IF, inter- 

mediate filament; kb, kilobase or 1000 bp; NF-H, the largest 

neurotilament subunit; nfh, gene coding for NF-H; nfl and nfm, 

genes coding for the small- and the mid-size neurotilament pro- 

teins, respectively; nt, nucleotide(s); SDS, sodium dodecyl sul- 

fate. 

of axonal caliber. They are formed by the copoly- 

merization of three neuron-specific proteins with 

apparent M,‘s of 68 000 (NF-L) 145 000 (NF-M) and 

200000 (NF-H), as determined by SDS-poly- 

acrylamide-gel electrophoresis (Hoffman and Lasek, 

1975; Liem et al., 1978; Julien and Mushynski, 

1982). In common with other IF proteins, the 

neurofilament subunits contain a highly conserved 

a-helical domain of approx. 40 kDa capable of form- 

ing coiled-coil structures (Geisler and Weber, 1982; 

Geisler et al., 1984; Hanukoglu and Fuchs, 1982; 

Quax et al., 1983; 1985; Steinert et al., 1983; Julien 

et al., 1985; 1986). A striking feature of neuro- 

filament proteins is their C-terminal domains, which 
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retain a highly charged character despite their dif- 

ferent lengths (Geisler et al., 1984; 1985; 1987; 

Julien et al., 1986; 1987; Lewis and Cowan, 1986; 

Robinson et al., 1987; Levy et al., 1987; Myers et al., 

1987). In the case of NF-H, the tail domain is highly 

phosphorylated in axons (Julien and Mushynski, 

1982; 1983; Geisler et al., 1985; Carden et al., 1985) 

and forms cross-links between neurofilaments and 

their surrounding structures (Julien et al., 1983 ; 

Hirokawa et al., 1984). 

The nfl and nfm genes have been sequenced 

recently (Julien et al., 1986; 1987; Lewis and Cowan, 

1986; Levy et al., 1987; Myers et al., 1987; Zopf 

et al., 1987) and found to be linked in the murine 

genome (Julien et al., 1986). The exon-intron organi- 

zations of the nfl and nfm genes are similar but the 

total lack of similarities with those of other IF-coding 

genes has led to the proposal that the ancestral 

neurolilament gene originated via an mRNA- 

mediated transposition event (Lewis and Cowan, 

1986; Levy et al., 1987). 

We report here the sequence and the exon-intron 

organization of the mouse nfh gene. The deduced 

amino acid sequence of NF-H contains in its C-ter- 

minal region an unusual serine-rich repeat that 

probably corresponds to the major phosphorylation 

site in neurotilament proteins. In addition, the struc- 

ture of the nfh gene is consistent with the notion that 

an early duplication event may have separated 

neurofilament genes from the rest of the IF gene 

family. 

MATERIALS AND METHODS 

(a) Cloning 

The screening at low stringency of a mouse 

genomic library in the cosmid vector pLTC with a nz 

cDNA probe led to the isolation of a cross-hybridiz- 

ing clone, designated cos3A1, that contained nz 

exon sequences (Julien et al., 1986). 

(b) Sequencing 

For sequence analysis, DNA fragments from the 

nfh gene were subcloned into the M 13mp 18 vector or 

into the Bluescript plasmid (Stratagene, Inc.) to 

generate, with exonuclease III and mung-bean nucle- 

ase, overlapping deletion mutants. Sequencing was 

carried out by the dideoxy chain-termination method 

(Sanger et al., 1980). To confirm the transcription 

start point, mouse brain RNA (20 pg) was annealed 

to a 1.9-kb NotI-BamHI probe labeled at the 5’-end 

and subjected to Sl nuclease analysis (Maniatis 

et al., 1982). 

RESULTS AND DISCUSSION 

(a) Sequencing of the nfli gene 

Screening of a mouse genomic library at reduced 

stringency with a nj7 cDNA probe yielded a cross- 

hybridizing cosmid clone, designated cos3A 1. The 

restriction map of the genomic 40-kb insert is shown 

in Fig. 1. A 1.2-kb XhoI-BgZII fragment that cross- 

hybridized with the nj7 probe was found previously 

to include a small exon sequence corresponding to a 

highly conserved region of IF proteins and was used 

to detect on Northern blots a brain-specific mRNA 

of approx. 4 kb (Julien et al., 1986). This exon 

sequence is now identified as being in exon 3 of the 

njh gene. 

Mapping of the cos3Al clone revealed the pres- 

ence of a Not1 site, 4 kb upstream from exon 3 

(Fig. 1). The site recognized by Not1 occurs in- 

frequently and can indicate the position of a CpG- 

rich island surrounding the transcription start site of 

a vertebrate gene (Lindsay and Bird, 1987). Frag- 

ments flanking the Not1 site were subcloned and 

sequenced by the dideoxy method of Sanger et al. 

(1980). In agreement with the prediction this region 

was found to contain a TATAAA box and to encode 

amino acid sequences corresponding to the N-termi- 

nal portion of NF-H (Geisler et al., 1985). The 5’ 

region of the gene was subsequently confirmed by S 1 

nuclease protection experiments that positioned the 

cap site at 20 nt downstream from the TATAAA 

sequence (data not shown). 

The 3.9-kb XhoI-XhoI fragment, which contains 

exon 3, as well as the adjoining 3.0-kb XhoI-EcoRV 

fragment and the 5-kb EcoRV-Sal1 fragment (Fig. 1) 

were subcloned into the Bluescript plasmid vector to 

produce overlapping deletion mutants that were used 

for dideoxynucleotide sequencing. The exon-intron 
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Fig. 1. Restriction cleavage map of the clone cos3Al and exon-intron organization of the mouse neurofilament nfh gene. The clone 

cos3Al was found to contain the nfi gene (Julien et al., 1986). Abbreviations of restriction enzyme names are: K, KpnI; N, NotI; RV, 

EcoRV; S, SalI; X, XhoI. The lowest line is a schematic representation of the nfh gene with exons as blackened boxes (marked I-IV). 

lntrons are designated as 1-3 (see also Fig. 2). 

organization of the nfh gene was elucidated by com- 

paring the deduced amino acid sequences of open 

reading frames with partial NF-H sequences 

reported previously (Geisler et al., 1985; Robinson 

et al., 1986). The nz gene has only three introns of 

1.7, 1.1 and 2.0 kb, which are illustrated in the 

schematic presentation in Fig. 1. Approximately 

50 y0 of nJh intron sequences have been determined, 

and the exon-intron boundaries are shown in Fig. 2. 

All of the junctions follow the typical 5’GT- 

AG3’rule (Breathnach et al., 1978). The intron posi- 

tions in the njh nucleotide sequence are also indi- 

cated by arrows in the sequence given in Fig. 3 and 

their significance will be discussed below. 

(b) The multiple pbospborylation sites of NF-H: a 

serine-rich sequence repeated in tandem 

The nz gene encodes a protein of 1087 aa with a 

calculated A4, of 116 000. This is much smaller than 

the A4, 200000 estimated on SDS gels. The high 

content of charged amino acids and of phosphate 

moieties in the C-terminal domain appears to be 

responsible for the anomalous gel-electrophoretic 

mobility of NF-H (Julien and Mushynski, 1982; 

Kaufmann et al., 1984; Georges and Mushynski, 

1987). Indeed the central portion of the C-terminal 

domain has a very unusual protein structure. The 

amino acid sequence Lys-Ser-Pro is repeated 51 

times. The repeat units, which are underlined in 

Fig. 3, are generally flanked by three amino acids 

(Ala, Gly, Ile)-Glu-(Ala, Val) or Glu-Lys-Ala. The 

sequences Val-Lys-Glu-Gly-Ala, Val-Lys-Glu-Asp- 

Ile and Val-Lys-Glu-Glu-Ala separate Lys-Ser-Pro 

units at the border of the repeated domain. The 

Lys-Ser-Pro repeats have also been found in the 

NF-H proteins of other species, including rat 

(Robinson et al., 1986), pig (Geisler et al., 1987), 

rabbit (Mack et al., 1988) and human (Lees, J.F., 

Shneidman, P.S., Skuntz, S.F., Carden, M.J. and 

Lazzarini, R.A., unpublished). A smaller number of 

copies of the repeats occur also in the NF-M protein 

(Myers et al., 1987; Levy et al., 1987). Interestingly, 

there is a correlation between the number of repeat 

INTRON 1 
TGGTTCCGAGgtgcgcgggacgcgggtggg...(l.7 kb) . ..ctgattccttccctacttagTGAGGTTGGA 

INTRON 2 
CTCCTACCAGgtcgagcagagggaggg~ga...~l.l kb) . ..tctgatctgtcttcccccagGACGCTATTC 

INTRON 3 
CCGCTTACAGgtaagatgacccaggagctc...(2.0 kb) . ..cccattatccactccacagAAAGCTCCTGG 

Fig. 2. Exon-intron junctions of the mouse nz gene. Upper-case letters are exon sequences. For positions of introns l-3 see Fig. 1. 
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130 140 150 160 170 160 190 200 210 220 230 240 
ODAm Acc3GAOOCOOCA-ACTA cm=txTawAAC*iCA-AmwBAm 

DALLGAPFAPLHGCGSLHYSLSRKAGPGGTRSAAGSSSGF 

250 260 270 280 290 300 310 320 330 340 350 360 
CCA~ACXXCCGZA~GFGTCCGCCTCACCCAa?XCTXX DCOOC~~AGCACCGAC~COCTIGIC*CCCTAAO 

HSVARTSVSSVSASPSRFRGAASSTDSLDTLSNGPEGCVV 

370 380 390 400 410 420 430 440 450 460 470 460 
~AGCGAGAAGGAGCAGCTGCA~AACGACCGClTC GCGGGeFACATCGACAA-AGGCA-GA~ACAAC~A GCCTGGAQZGWAGGC 

AAVAARSEKEP(LQALNDRFAGYI DKVRQLEAHNRSLEGEA 

490 500 510 520 530 540 550 560 570 580 590 600 
OaXICeOCPM)(iGCAGCAGAAAGGCCGCGCCGCAAWGGCG AGePOTACGAGCCCGAD~GAGA~GCGGCGCC 

AALRPGKGRAANGELYEREVREHRGAVLRLGAARGQLRLE 

610 620 630 640 650 660 670 680 690 700 710 720 
GCAGGAGCACCTCCPOG AGGACAKGCTCACGYCCCXXA~GGCTGG ACGAGGAGGCCCCXXAGCGTGAGGAGGCGGAGGC GGCWXXCGCGCCCTGGCGTTCGCGCAGGAGGCGGAAGC 

QEHLLEDIAHVRQRLDEEARQREEAEAAARALAFAQEAEA 

730 740 750 760 770 780 790 800 810 820 830 840 
affffOCOIYiGAGCTGCAGAAGAAGGCGCAGGCGCTGCAGGAGGAGTGCGGC?Y ACCTGCGGCGCCACCACCAOGAGGAGGA@XWGGCGA~CAGATCCA~CGC 

ARVELOKKAQA LQEECCYLRRHHQEEVGELLGQIQGCGAA 

850 860 870 880 890 900 910 920 930 940 950 960 
M1AGCCOCAOOCPCAO~~GA~~AA~GA-A CDPCCGC(XTGCOCGAGATCC~-A~GAA~CA~~AAA~A~ AGWCGAGGA 

Q A Jo A 
?it 

p 

AEARDALKCDVTSALREIRAOLEGHAVQSSLQSEE 

980 990 1000 1010 1020 1030 1040 ! 050 1060 1070 1060 
_A Aa;Tn;OACCGA~AGACA~AAA~AA~ACAGAT 

YFRVRLDRLSEAAKVNTDAXRSAQEEITEYRRQLQARTTE 

1090 1100 1110 1120 1130 1140 1150 1160 qm2 llS0 1190 1200 II,0 
OP1ZiCAGGCCCTGAAAAGCACCAAGGAGTCACIGGAGAGGCAGC GCTCTGAGCTAGAGGACCGTCATCAGGCAGACATTGCCTC~ACCAGGACGCTATl’CAGCAGCWGACA~AGCT 

1. E A L K S T K E S L E R 0 R SELEDRHPADI ASYQDA IOQLDSEL 

I ron3 
1210 1220 1230 I240 1250 1260 1270 1280 1290 

3 
300 1310 1320 

CAGAAACACCAAGTUZAGATGCCTGC ACA-CGAGAGTACCAGGAC~GCTCAACGTCAAGATGGCCiXGGACA’I-TGAGATTGCCGCTYACA AAAGCTCCTGGAAGGCGAAGAGTG 
R N T K ” E”AAQLREYQDLLNVKKALDIEIAAYRKLLEGEEC 

f 330 1340 1350 1360 1370 1380 1390 1400 1410 1420 f430 1440 
TCGGATpoccITTcT;TcccA~ A,CIY;AAGGACIY3CCAAAAA~~CATA~~AC~A~ATAAAA~AAAA~AAGAGA~ATAAA~A~AGAGAAA~CGA 

RI)GfGPSpfSLTEGLPK I P S I STHIK VKSEE”1 KVVEKSE 

1450 1460 1470 1480 1490 1500 ,5,0 1520 1530 1540 1550 1560 
GAACOAAA~A-AGAA~ACAGACAGAAGAGA~C~A~AA~A~A~AGAAGA~A~A~AAAGA~~AA-A~AA~AGAAGAA~AGAAGA~AGAAGA 

K E ?’ V I VEGOTEEI R”TfCYTEEEDKEAQGREGEEA&EGEF 

1570 ISBO 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680 
AAAAGAACAAGAGGAACTAGCAGCAGCTACA’KSCCCC===AGAAGA GGCTCCATCTCCAGAAAAAGAAACCAA’XCTCGTGTGAAAGAAGAGGCCAAGTCCCCAGGTGAGGCCAA~ 

K EEEELAAATSPPAEE AASPEKETKSRVKEEAKSPG E A K S -- 

1690 1700 1710 1720 ,730 ,710 1750 1760 1770 1780 1790 1600 
CCCA-AGGCCAAC A-AGGCCAAGTCCCCA-AGGCCAACXCCCCA-AGGCCAA GTCCCCA-AGGCCAA WCX’CCAGCTGAGCCCAA GTCTCCAGCKZAGCC 

P C E A KSPAEAK SPGEAK SPGEAKSPGEAKSPA EPKSPAEP 
-- -- -- - 

1810 1620 1830 1840 1850 is60 ,870 1680 is90 I900 1910 1920 

CAACYCTCCA-ACAAG-XACCA-AVXCAA rXCXCAGCYACAGTGAA GIClCCA-AGGCCAAGTCACCATC,.GAGGCCAAATCSCCA-AAGc=AAAYCTCCAGC 

K S P A EAKSPAEPKSPA TVKSPCEAK SPSEAKSPAEAKSPA 

,930 1940 ,950 1960 ,970 1960 ,990 2000 2010 2020 2030 2040 

X;A-AAAfCrCCAG~AAA~A~A-AA~A~A~AA~AA~A~A~AA~AAA~A~ACA~AA ~AGGTGAGOCCAAG 

E A KS PA f A K SPA f A KS P A E A K S P A E A K S P A TV K S PG E A= 

2050 2060 2070 2080 2090 2100 21 IO 2120 2130 2140 2150 2160 
ACCA~ODCCMATCICCA-AAATCITCAac 

PSEAKSPAEAKSPAEAK SPAEAKSPAEVKSPGEAKSPASP 

2170 2100 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280 
CAA~ACCACCTOACGCCAAA~A~A-AA~A~A~A~~AAA-~A-A~AA~~CA-A~CAA-CA~A~AA~A~~A~ 

KSPA&AKSPAEVKSPAEAKSPAEVKSPGEAKSPAA”KSPA 

2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400 
TGAODCCAA ~AOCPCCAC~~AAOA~A~CAA~CCA~A~~AA~~A~GA-AAA~CA~A~~AA~~A~CAA~GAG~AAAA~ 

EAKSPAAVKSPGEAKSPGEAKSPAEAKSPAEAKSP 1 E V K S 

2410 2420 2430 2440 2450 2460 2470 2480 2490 2500 2510 2520 
~AGA~A~AAGA~~C-AA~AA~A~AAAA~~A-A~AA ~AGAA~C~AA~~CCC~AA~AAGATA~AA~CC~A~A~CAAA~ 

PEKAKTPVKEGAKSPAEAKSPEKAKSPVKEDI KPPAEAKS - 

2530 2540 2550 2560 2570 2580 2590 2600 2610 2620 2630 2640 
~CTOAGAA,OOCCAAGAOCCCCOPGIAOOAAOGAOCAA~AAGCCCAGACTCCAOPACA~A~AA~A~A~~~~~A~ 

PEKAKSPVKEGAKPPEKAKPLDVKSPEAQTPVQEEATVPT 

2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 2760 
AGACATCAGACCC-AOA-AAAA~~CAA~AGAA~CAA~CC~GAGAAGGAAGAA~CAAGA~~GAAAAG~G~CCCAAGAA~AAGA-AA~ACC 

DIRPPEQV KSPAKEKAKSPEKEEAKTSEK VAPKKEEVKSP 

2770 2780 2790 2800 2810 2820 2830 2840 2850 2860 2870 2880 
~AAOOAGGAOOTAAAAOCCAAAGAA~~~~AAAGAA~AGAAGAAGAGAAGACA-~ACACCAAAGACAGAGGCGAAGGAGA~AAGAAAGACGAA~CCCAA~A~C~ 

VKEEVKAKEPPKKVEEEKTLPTPKTEAKESKKDEAPKEAP 

(Fig. 3) 
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2890 2900 2910 2920 2930 2940 2950 2960 2970 2980 2990 3000 

GAAOCCCAA~AGGAGAAGAA~AAA~CCA~AAAA~CCAA~A~~ACA~AGAA~CAAGAAGGAAGA~GGAGAGAAGAAGAAA~C~~AGA~A~AGAC 
KPKVEEKKETPTEKPKDSTAEA KKEEAGEKKKAVASE E E T 

3010 3020 3030 3040 3050 3060 3070 3080 3090 3100 3110 3120 

~A*~AAGG*AOA)~GCTAA~AAAC~AAAGAGAAGA~AGAGACAA~~AAGA~AGAA~AGAAGA~A~~AAG~~AAAGAA~~A~AAA~~CA~AGAGACGGAAAA~C 
PAKLGVKEEAKPKEKTETTKTEAEDT KAKEPSKPTETEKP 

3130 3140 3150 3160 3170 3180 3190 3200 3210 3220 3230 3240 

AAAGAAAGADGAGATGCCAGCGGCICCAGAGAAGAAAGACACCAA~A~AGAAGACCACAGA~CCAGGAAGC~GAGGAGAAGCCCAAAAT~A~CAA~AA~AffiA~ACAA 
KKEEHPAAPEKKDTKEEKTTES RKPEEKPKHEAKV K E D D K 

3250 3260 3270 3260 3290 3300 3310 3320 3330 3340 3350 3360 

GADCCFFTrCAAAGAOCCTAGCAlbCCCMOACCCMGACAGAAAAffi~AAAAA~~A~ACAGACCAGAAAGAAAGCCA~CCCCAGAGAAGACCACAGA~ACAA~CACCAA~AGA 
SLSKEPSKPKTEKAEKSSSTDQK E S Q PPEKTTEDK A T K G E 

3370 3380 3390 3400 3410 3420 3430 3440 3450 3460 3470 3480 
GAA~AAGAGAACAAGAGAAACA~CAGAATA~CAAAGAAA~A~AC~CA~A~CA~C~~AATAAA~A~~~C~C~AAGAAGAAACA~~ 

K 

3490 3500 3510 3520 3530 3540 3550 3560 3570 3580 3590 3600 
~AGAT~OOOCCn;CCCTCACCIIACCAAACA~AA~A~AAGA~AA~AGAAGAGAAGATAAC~GA~C~~CCCCCACGCCGAAAACC~CCCA~GA~ACAA~A~ 

3610 3620 3630 3640 3650 3660 3670 3680 3690 3700 3710 3720 
ATA~AGCCGAAC~A~A~AAC~AC~~AAAACAC~~~AAAAA~~CCC~C~CCAA~AA~GCA~A~~A~CM~ACAGA~ 

3730 3740 3750 3760 3770 3780 3790 3800 3810 3820 3830 3840 
ACCGCAATAATGAATGAGCAGTTAGAACGcATTATGcTTGAAATGTTGTAACcTATTCcTGAATGc-CCAAAGGA FTGGTCAGGCCCITGCCCAGTACA-AA 

3850 3860 3870 3880 3890 3900 3910 3920 3930 3940 3950 3960 
QAGCTGCA&ZAWTGAGGCA GGGCGCCTGGCCACTGAACCACGCCAGGGTGTA Cl’CTCCACTGAAGTCCATTTCAA TTGCTXCATGCAATAAAACCAA- AAATAAAAM 

3970 3980 3990 4000 4010 4020 4030 4040 4050 4060 4070 

-AC- AAGGCAAGGGA TWCOOTCTAGACGTCACATCAGAT WGGCCTA000CATCTTCATcAGGAXA- AGCCTT 

Fig. 3. Nucleotide sequence of the mouse nr gene. The deduced amino acid sequence is shown under the nucleotide sequence. The 

arrowheads indicate the intron positions (I-3). The rod domain (see blackened boxes in Fig. 4) is delineated by parentheses 

(nt 395-l 327). The TATAA box, the putative polyadenylation sites, and the Lys-Ser-Pro repeats of NF-H are underlined. 

units and the extent of in vivo phosphorylation in 

NF-H and NF-M. The position of Lys-Ser-Pro 

repeats in the middle of the C-terminal domain corre- 

sponds to the location of multiple phosphorylation 

sites as defined previously by peptide mapping 

studies (Julien and Mushynski, 1983). Based on the 

phosphate content of NF-H (Julien et al., 1982; 

Georges et al., 1986) it can be estimated that about 

25% of these sites are in a phosphorylated state in 

the axon in vivo. 

(c) Structure and evolutionary origin of the ~$4 gene 

The three introns in the nfi gene occur in the last 

a-helical segment of the protein and they do not 

delineate obvious functional subdomains (Fig. 4). 

Two nz introns are found at the same locations in 

nfl and nfm genes indicating that the three genes were 

derived from a common ancestral gene. All introns 

in the nfl and nfm genes occur at locations non- 

homologous to intron locations in other members of 

the intermediate filament gene family. This led to the 

proposal that the primordial neurotilament gene 

evolved via an RNA-mediated transposition event 

(Lewis and Cowan, 1986; Levy et al., 1987). 

The nfh gene contains an additional intron (intron 

1) that occurs at an equivalent position in other 

members of the IF gene family (Fig. 4). Intron 1 of 

nfh is located only 5 nt upstream from the corre- 

sponding intron in the vimentin gene. It may have 

been integrated following the putative RNA-medi- 

ated transposition event. Alternatively, intron 1 of 

nfh may have been acquired via duplication of an 

ancestral IF gene with subsequent sliding of the 

exon-intron junction. The latter phenomenon has 

also occurred in keratin genes (Steinert et al., 1985). 

Thus, it is possible that an early gene duplication 

event separated neurofilament genes from the rest of 

the IF gene family. Accordingly, members of each IF 

branch would have gained and/or lost introns at 

different positions before divergence to give rise to all 

the different IF genes. Divergence of the ancestral 

neurofilament gene may have taken place in the 

earliest metazoa more than 700 million years ago as 

IF proteins are present in neuronal and non- 

neuronal cells of several invertebrates (Lasek et al., 

1985; Bartnik et al., 1985; 1986). Following the latter 

evolutionary scheme, the neurofilament branch 

would have evolved with a first duplication of the 

ancestral nfh gene to give rise to the precursor of nfm 
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NF-M t t 
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Fig. 4. Intron positions of intermediate filament genes in the structural regions of the proteins. The conserved r-helical regions are 

represented by blackened boxes. Arrows indicate the intron locations in each gene within their corresponding protein sequences. The 

$I gene shares two intron positions with the nfT and nfm genes, but in addition its first intron occurs at a position equivalent in other 

IF genes, i.e., only 1 aa upstream from the corresponding vimentin intron. A more important intron shift of 4 aa occurred also at this 

position in the human type II keratin (Steinert et al.. 1985) 

and nfl genes. However, intron 1 of this precursor 

was lost prior to a subsequent gene duplication to 

yield the nfm and nfl genes. While the a-helical 

regions have been stringently conserved in the three 

neurofilament proteins, the presence of tandem re- 

peat sequences in the C-terminal domains suggests 

that this region evolved with several recombination 

and amplification events. Hence the longer existence 

of NF-H would account for the more extensive tail 

region and the larger number of repeat sequences. 

(d) Conclusions 

The deduced amino acid sequence of the NF-H 

protein is remarkable. As expected, the protein 

shares with other IF proteins a homologous z-helical 

domain but the long C-terminal region in NF-H is 

very rich in charged amino acids and contains a 

repeated sequence, Lys-Ser-Pro, that represents the 

major protein kinase recognition site in neuro- 

filament proteins. This concentration of charged 

amino acids in a domain of neurofilament subunits 

that forms a lateral projection may induce charge 

repulsions that increase the spacing between 

neurofilaments and thus determine axonal volume 

(Hoffman et al., 1987). 

The actual structure of the nz gene supports the 

common origin of neurolilament genes. However, in 

contrast to the nfl and nfm genes, the nfh gene 

contains an additional intron at a location homolo- 

gous to one of the introns in non-neuronal IF genes. 

This additional nf7z intron may reflect an early 

divergence of the neurofilament gene family via a 

duplication event. 
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