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Abstract. We have generated a set of amino- and 
carboxy-terminal deletions of the NF-L neurofilament 
gene and determined the assembly properties of the 
encoded subunits after coexpression with vimentin or 
wild-type NF-L. NF-L molecules missing >30% (31 
amino acids of the head) or 90% (128 amino acids of 
the tail) failed to incorporate into intermediate fila- 
ment networks. Carboxy-terminal deletions into the 
rod domain yield dominant mutants that disrupt arrays 
assembled from wild-type subunits, even when present 
at levels of =2% of the wild-type subunits. Even mu- 
tants retaining 55% of the tail (61 amino acids) dis- 

rupt normal arrays when accumulated above =10% of 
wild-type subunits. Since deletion of >90% of the 
head domain produces "recessive" assembly incompe- 
tent subunits that do not affect wild-type filament ar- 
rays, whereas smaller deletions yield efficient network 
disruption, we conclude that some sequence(s) in the 
head domain (within residues 31-87) are required for 
the earliest steps in filament assembly. Insertional 
mutagenesis in the nonhelical spacer region within the 
rod domain reveals that as many as eight additional 
amino acids can be tolerated without disrupting as- 
sembly competence. 

M 
OST higher eukaryotic ceils contain cytoplasmic 
arrays of 8-10-urn filaments known collectively as 
intermediate filaments (IFs). ~ Although the un- 

derlying subunits are encoded by at least five distinct gene 
families (vimentin in mesenchymal ceils, keratins in epithe- 
lial cells, desmin in muscle cells, glial fibrillary acidic pro- 
tein in glial cells, and neurofilaments [NFs] in neurons; see 
Geisler and Weber, 1982; Steinert and Roop, 1988), the 
subunits are all characterized by a conserved central c~ heli- 
cal coiled-coil domain of ,o310 amino acids (Geisler and 
Weber, 1986; Franke, 1987). The presence of similar struc- 
tural motifs has led to discovery of the nuclear lamin 
subunits to be members of the IF family (McKeon et al., 
1986; Fisher et al., 1986) and to identification of three addi- 
tional IF proteins expressed in different subsets of neurons 
(peripherin, a vimentin-like IF expressed in a subset of pe- 
ripheral neurons [Portier et al., 1984; Parysek and Gold- 
man, 1987; Leonard et al., 1988], ot-internexin, an NF-like 
polypeptide [Fliegner et al., 1990] and nestin, an IF subunit 
expressed in neuroepithelial stem cells [Lendahl et al., 
1990]). The amino-terminal head and carboxy-terminal tail 
regions that flank this structurally conserved helical domain 
vary among the subunits both in sequence and length. This 
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is particularly true for the carboxy-terminal tails of mam- 
malian NFs, which unlike most IFs, are coassembled from 
three subunits: NF-L, NF-M, and NF-H. The three polypep- 
tides (whose actual sizes are ,°65 [Lewis and Cowan, 1986], 
95-102 [Levy et al., 1987; Napolitano et al., 1987; Myers 
et al., 1987], and 110-115 kD [Julien et al., 1987; Lees et 
al., 1988]) all contain the 310 amino acid helical domain but 
differ in size primarily by their carboxy-terminal tail seg- 
ments (Geisler et al., 1983). Although the arrangement of 
the subunits in the final polymer is not established (reviewed 
in the companion paper, Wong and Cleveland, 1990), each 
NF component is almost certainly an integral IF subunit 
(e.g., Geisler and Weber, 1981; Liem and Hutchinson, 1982; 
Totutake et al., 1984; Hisanaga and Hirokawa, 1990). 

Despite plausible arguments for the function of some IFs 
in the maintenance of various cell structures, there is as yet 
no experimental demonstration of such putative function(s). 
Certainly in cultured cells the known cytoplasmic IFs can be 
completely dispensable (Gawlitta et al., 1981; Klymkowsky, 
1981; Lin and Feramisco, 1981; Venetianer et al., 1983; 
Herdberg and Chert, 1986). On the other hand, in mature 
myelinated axons NFs are the most abundant cytoskeletal 
component, outnumbering microtubules by an order of mag- 
nitude (Friede and Samorajski, 1970). NFs are incorporated 
into axons primarily after nerve targeting (Berthold, 1978) 
and NF accumulation correlates tightly with radial growth 
of the axon both in normal development (e. g., during myelin- 
ation; Muma, N., and P. Hoffman, unpublished data)and 
during axonal regeneration after axonal injury (Hoffman et 
al., 1987). Since NF number per cross-sectional area re- 
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mains nearly constant during these events, we and our col- 
leagues have proposed that NFs are intrinsic determinants of 
axonal diameter (Hoffman et al., 1984, 1985, 1987; Hoffman 
and Cleveland, 1988). 

To determine how the head, rod, and tail domains in- 
fluence NF assembly and to identify altered NF-L subunits 
that could be used to disrupt the assembly of wild-type NF-L 
in transgenic animals, we have now used DNA transfection 
to force expression of specifically altered NF-L subunits in 
cultured cells that express either wild-type vimentin and/or 
NF-L. By using indirect immunofluorescence to follow the 
assembly properties of the mutant and endogenous IF sub- 
units, we identify a series of dominant assembly disrupting 
mutations that serve as substoichiometric poisons of normal 
filament organization. We also determine that competence of 
NF-L to assemble into IF arrays requires not only the rod 
domain, but also substantial portions of the head and tail 
segments. 

Materials and Methods 

Construction of Carboxy-Terminal Deletions of NF-L 
To prepare a series of NF-L genes deleted in their carboxy-terminal se- 
quences, we first constructed pMSV-NF-LcDNA. To do this, we replaced 
the Bgl lI-Eco RI fragn'cm of pMSV-NF-L (which contains the mouse NF-L 
gene linked to the murine sarcoma virus (MSV) long terminal repeat (LTR) 
promoter; Monteiro and Cleveland, 1989) with the Bgl II-ECO RI fragment 
from a previously described NF-L eDNA (Lewis and Cowan, 1985). This 
yielded a complete, intronless mouse NF-L sequence linked to the MSV- 
LTR. To generate a set of NF-L carboxy-terminal deletions, the pMSV-NF- 
LcDNA was digested with Eco RI, deleted with exonuclease HI, and 
blunted with mung bean nuclease. The deleted DNA was then digested with 
Barn HI, which cleaves at a unique site in the pUC19 polylinker at the 3' 
end of the NF-L eDNA. The resulting hlunt-ended/Bam HI fragments were 
gel purified. A common carboxy-terminal tag comprised of a 12 amino acid 
epitope from the human c-myc protein (Munro and Pelham, 1987) was then 
added to each deletion. This was achieved by synthesizing a "myc-tag" cas- 
sette and ligeting it just 5' to the complete 3' untranslated and "ol.5 kb of 
3' flanking sequences of the NF-L genomic clone (creating pMYC-O [Fig. 
2 8]). To insert this cassette into the deleted NF-L eDNA, pMYC-0 was 
linearized with Sal I or Nco I, blunted with Klenow fragment and cleaved 
with Barn HI. The resulting "myc-tag" was gel purified and ligated to the 
set of pMSV-NT-LcDNA deletions to produce the carboxy-terminal dele- 
tions series, pNFL-CAx, where x denotes the number of amino acids re- 
moved from the carboxy terminus of NF-L cDNA (Figs. 1 and 2). 

Construction of Amino-Terminal Deletions of NF-L 
The amino-terminal deletions of NF-L were generated using pNFL-CAll 
as the starting construct (see Fig. 1). The protein encoded by this gene is 
deleted by 11 amino acids at the carboxy-terminal end where the myc-tag 
cassette has been inserted. Amino-terminal deletions were generated by first 
linearizing pNFL-CA11 at the Cla I site (that lies within the MSV-LTR), 
followed by treatment with exonuclease HI and mung bean nuclease. The 
deleted DNAs were digested at the unique Barn HI site located at the 3' end 
of the myc-tng and the blunted-Barn HI fragments were gel purified. A cas- 
sette, pNF5-ATG (see Wong and Cleveland, 1990) was used to restore the 
promoter, 5' untranslated region, and ATG initiation codon of each deleted 
construct, pNF5-ATG was linearized with Sal I, blunted with mun_g bean 
nuclease, and digested at the unique Barn HI site. The pNF5-ATG fragments 
were gel purified and ligated to the appropriate blunted-Barn HI NF-L 
amino-terminal deletion fragments. This produced pNFL-NAy, where y 
represents the number of amino acids deleted from the amino terminus (dis- 
played schematically in Fig. 7). 

Construction of Internal Amino-Terminal 
Deletions of NF-L 
Internal deletions within the amino-terminal head domain of NF-L were 
constructed using the pmvionsly described pMSV-NF-L genomic clone (see 
Monteiro and Cleveland, 1989). The gene was linearized at the Sma I site 
(at codon 23) and treated with Bal 31 nuclease to generate internal dele- 
tions. The DNA was subsequently blunted with $1 nuclease and self-ligated. 
This yielded the constructs pMSV-NFLAx-y, where x and y denote the 
amino acid end points of the deletions. 

Insertion of Amino Acids between Coils Ib and 2 
of pMSV-NF-LcDNA 
To generate a set of amino acid additions within the 22 amino acid domain 
between coils lb and 2 of NF-L, single or multiple copies of Barn HI linkers 
(New England Biolabs, Beverly, MA) were inserted into a unique Bgl H site 
that lies between codons 242 and 243 (eight amino acids into the linker re- 
gion) of pNFL-CAll (Fig. 9). Phosphorylated 12-met Barn HI linkers were 
first self-ligated to completion. The ligated linkers were subsequently par- 
tially digested with Barn HI to generate a set of linker cassettes of 12, 24, 
36, etc., base pairs, pNFL-CAll was linearized with Bgl II and gel purified. 
The linker cassettes were ligated into the Bgl II site of pNTL-CAI1, generat- 
ing a set of genes, pNFL+z, where z denotes the number of amino acids 
inserted between coils lb and 2 (see schematic in Fig. 9). A five amino acid 
insertion was consmmted by a similar method, exceix that the sequeace imerted 
was a 15-base segment of the polylinker from plasmid BinescriptKS+. 

DNA Sequencing 
Plasmid DNAs from the pNFL-CAx, pNFL-NAy, pNFL-NAx-y, and 
pNFL+z series were partially sequenced by the dideoxy-chain termination 
method to determine the deletion and insertion end points. 

NA22 N~89 NA95 NA104 

MSSFGSDPIF STSYKRRYVE TPRVHISSVR SGYSTARSAY SSYSAPVSSS LSVRRSYSSS SGSLKPSLEN LEVSQVAAIS NDLKSIR KAOT NHR F&SFIERVHE 

NAIl6 

~:~ 220 
LRQONKVLP~ ELLVLRQKHS EPSRFRALYE O~IRDLRLAA EDATNKKOAL OGEREGLEET LRNI~ARYEE RVLRRRDA~G RI~RARK~ ~AAI~RA~LR KRI~SLMDEI 

330 

AQIQI AQIS~VS SKPDLSAALK DIRAOYEKLA AKta4ONAEEW FKSRFTVLTE SAAKNTDAVR K~KDEVSESR RLLKAKTLEI EACRGMNEAL 

CA207 C~185 CA178 C~164 CA157 cA128 

EKOLOELEDK ONADISAMOD TINKLENELR S RYL KEYOGLLNVK HALDIEIAAY RKLLEGRETR LSFTSVCSIT SGYSQSSQVF GRSAYSGLQS SSyLMSARSF 

CA61 CAll 

PAYYTSHVQE EQTEVEETIE ATKAEEAKDE PPSEGEAEEE KEEGEEE EGAEEEEAAK DESEDTKEEE EGGEGEEEDT KESEEEEKKE GEEQVAK KKD 

Figure 1. Positions of amino- 
and carboxy-terminal trunca- 
tion mutants in the primary 
sequence of the mouse NF-L 
polypeptide. The one letter 
code has been used to display 
the primary sequence of the 
mouse NF-L polypeptide, as 
deduced from DNA sequenc- 
ing CLewis and Cowan, 1986). 
Residues within the predicted 
helical rod domain (Geisler et 
al., 1985) are underlined. Po- 
sitions where amino-terminal 
and carboxy-terminal mutants 
of NF-L begin or end are 
marked. 
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Figure 2. Gene constructs for expression of carboxy-terminal trun- 
cations of NF-L. (A) Schematic drawing of the MSV-NF-LcDNA 
gene. (B) Schematic of pMYC-0, which carries the sequences en- 
coding the 12 amino acid c-myc tag (Evan et al., 1985) followed 
by a TGA stop codon and the 3' untranslated and 3' flanking regions 
of the mouse NF-L gene. (C)  Schematic of the pNFL-CAx series 
of genes deleted to varying extents into the carboxy-terminal coding 
sequence of NF-L. (D) Schematic of the pNFL-NAy series of genes 
deleted to varying extents in the amino-terminal coding sequence 
of NF-L. 

Tissue Culture and Transfection 
Mouse fibroblast L cells and an L cell line (MSV-NF9) that stably expresses 
NF-L (Monteiro and Cleveland, 1989) were maintained in DME medium 
supplemented with 10% fetal bovine serum. Cells were transiently trans- 
fected using the DEAE-dextran method (Lopata et al., 1984). Cells were 
typically analyzed 40 h posttransfection. 

SDS Gel Electrophoresis and Immunoblotting 
FOr detection of total cellular protein, cells were washed twice with PBS, 
lysed with 300 ~1 of 50 mM Tris-HCl (pH 6.8), 0.5 % SDS, boiled for 5 
rain, and briefly centrifuged to remove genomic DNA. Protein concentra- 
tions were determined with the bicinchoninic acid assay (Smith et ai., 
1985). Before electrophoresis on 10 % SDS polyacrylamide gels (Laernrnli, 
1970), equal amounts of protein (in Laemmli gel sample buffer containing 
2% 8-mercaptoethanol) were boiled for 5 min. After electrophoresis, the 
separated proteins were electroblotted to nitrocellulose membranes (type 
BA83; Schleicher & Schuell, Inc., Keene, NH) and incubated with primary 
and secondary antibodies as previously described (Lopata and Cleveland, 
1987). 

To prepare soluble and insoluble fractions, cells were washed twice with 
PBS. Soluble proteins were extracted by incubating the ceils in stabilizing 
buffer (4 M glycerol, 100 mM Pipes, pH 6.9 and 1 mM EGTA) containing 
0.5% Triton X-100. Soluble proteins were removed and the remaining in- 

soluble proteins were dissolved in 300/~1 of 50 mM Tris-HCl, pH 6.8, 0.5 % 
SDS. Protein concentration was again determined using the bicinchoniinic 
acid assay and equal amounts of protein were prepared for electrophoresis 
as indicated above. For detection of NF-L protein tagged with the myc epi- 
tope, the blotted membranes were first incubated with a mouse monoclonal 
antibody against myc (Mycl-9E10; Evan et al., 1985) followed by l~I-la- 
beled sheep anti-mouse antibody ( ~  Corp., Arlington Heights, IL). 

For quantitution of myc-tagged molecules, the myc epitope was ex- 
pressed as a bacterial fusion protein with an amino-terminal 32-kD segment 
of the bacterial trpE protein (as described in the companion paper [Wong 
and Cleveland, 1990]). By comparing the intensity of staining of known 
amounts of an induced bacterial extract with a twofold dilution series of 
known amounts of bovine albumin (from a solution whose concentration 
was determined by absorbance [A2~ (1 mg/ml) = 0.67]), the concentration 
of the trpE-myc fusion (in micrograms per milliliter) in the extract was cal- 
culated. In every experiment, to provide a series of internal standards 
representing known amounts of the myc epitope, a dilution series of such 
a bacterial extract containing known amounts of this fusion protein were im- 
munohlotted in parallel with cell extracts from transfected ceils. By densito- 
metric scanning of the signals on the resultant autoradiographs, a standard 
curve was constructed and the amount of myc tagged protein (in micro- 
grams) present in each experimental sample was determined, after correct- 
ing for the differences in molecular mass between the trpE-myc fusion and 
the NF-L/myc tagged polypeptides. 

By using dilutions of partially purified vimentin, an analogous method 
has previously been used to determine that vimentin comprises 1-2 % of cell 
protein in mouse L cells (Monteiro and Cleveland, 1989). 

Immunofluorescence Staining 
Transfected cells grown on coverslips were washed for 30 s at room temper- 
ature in stabilization buffer, extracted for 30 s in stabilization buffer contain- 
ing 0.5% Triton X-100 at room temperature, and again washed for 30 s in 
stabilization buffer. The coverslips were then plunged into -20°C methanol 
for 5 min and then rehydrated in PBS for at least 10 rain. Both primary and 
secondary antibodies were diluted in PBS containing 1% BSA and incubated 
on the coverslips for 30 rain at room temperature. The coverslips were 
washed in PBS to remove unbound antibodies and mounted on glass slides 
using Aqua-mount (Lerner Laboratories, New Haven, CT). An Olympus 
BH-2 microscope was used to examine the stained cells using epifluores- 
cence optics and photographs were taken on Kodak TMAX fi l l .  Primary 
antibodies used were a partially concentrated culture supernatant from 
monoclonal antibody Mycl-9E10 (Evan et al., 1985), a monoclonal anti- 
body against NF-L (used at 1:2; Boehringer Mannheim Diagnostics, Inc., 
Indianapolis, IN), a goat polyclonal antibody to vimentin (used at 1:50; ICN 
Immunobiologicals, Costa Mesa, CA), and a rabbit polyclonal antibody to 
NF-L (used at 1:500; the kind gift of Dr. O. Shaw [University of Florida, 
Oainesville, FL]). Affinity-purified fluorescein-conjugated (for Mycl-9E10 
and the NF-L monoclonal) and rhodamine-conjugated (for vimentin and the 
NF-L polyclonal) secondary antibodies (obtained from ICN Immunohio- 
logicals) were used at 1:40 dilutions. 

Results 

Assembly Properties of Carboxy-Terminal Truncations 
of NF-L 
NF-L is thought to consist of three domains: a 93 amino acid 
head, a 308 amino acid helical region (using the borders 
proposed by Geisler et al. [1985]), and a 142 amino acid tail 
segment. To test the influence of the tail sequences on NF-L 
assembly properties, we used exonuclease HI to generate a 
series of carboxy-terminal mutations starting with pMSV-NF- 
LcDNA, a chimeric gene comprised of the strong transcrip- 
tional promoter from MSV, a eDNA sequence containing the 
complete protein coding region of mouse NF-L (including 
most of the 5' and 3' untranslated regions) and "~1.5 kb of the 
3' flanking region of the authentic NF-L gene (Fig. 2 A). To 
facilitate detection of the product encoded by each mutant 
gene, we tagged the carboxy terminus of each mutant poly- 
peptide with a 12 amino acid segment (from the human 
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Figure 3. Immunoblot detection of NF-L polypeptides deleted in carboxy-terminal tail sequences, after transient transfection of pNFL-CAx 
constructs into either mouse L ceils or MSV-NF9 cells. (A) Immunoblot detection of NF-L polypeptides accumulated 40 h after transfec- 
tion. Extracts of total cellular proteins (50 #g per extract) from cells transfected with each mutant were analyzed by immunoblotting. Mutant 
NF-L polypeptides were detected using an anti-myc-tag monoclonal antibody. Lanes a-i, protein extracts from L ceils transfected with 
the corresponding pNFL-CAx DNAs as indicated; lanes j-r, protein extracts from MSV-NF9 cells transfected with the respective pNFL- 
CAx DNAs. Molecular mass markers (in kilodaltons) are indicated at the left. Lanes 1-5 display immunoblots of a dilution series of a 
bacterial extract containing known amounts of a hybrid protein comprised of trpE linked to the myc tag. The corresponding amounts (in 
nanograms) of trpE-myc fusion are noted at the top of each lane. (B) Schematic drawing of the NFL-cAx polypeptides. The helical domain 
is represented by the closed rectangles and the deletion endpoints of specific mutants are indicated. 

c-myc protein-Fig.  2, B and C). The deletion end point of 
each mutant was determined by DNA sequencing and con- 
structs in which the NF-L and c-myc tag sequences were 
linked in frame were identified. Each mutant construct (Fig. 
2 C) is denoted by pNFL-CAx, where x refers to the number 
of amino acids removed from the carboxy terminus of NF-L 
(precise end points within the NF-L sequence are shown in 
Fig. 1). 

To confirm that the expected protein product did accumu- 
late after transient transfection of each mutant gene, extracts 
of total cellular proteins were analyzed 40-h posttransfection 
of mouse L cells. Products of the transfected genes were 
identified using immunoblotting with a monoclonal antibody 
that recognizes the c-myc tag sequence (but not the corre- 
sponding domain of the endogenous mouse c-myc polypep- 
tide). As shown in Fig. 3 A, a polypeptide of the expected 
size was accumulated for each mutant (beginning with the 
smallest deletion of 11 amino acids through the largest dele- 

tion of 207 amino acids). By parallel immunoblotting of 
known amounts of a bacterial fusion protein comprised of the 
bacterial trpE protein linked to the c-myc tag (Fig. 3 A, lanes 
1-5) and by using indirect immunofluorescence to determine 
that 20 % of the cells were successfully transfected, we calcu- 
lated that the mutant NF-L subunits accumulated to between 
"o0.05 and 0.2 % of total cell protein. Since vimentin, the en- 
dogenous IF in these cells, comprises ,x,l-2 % of cell protein 
(Monteiro and Cleveland, 1989), the average molar propor- 
tions of NF-L to vimentin ranged between 1:10 and 1:40. 

The ability of each mutant to coassemble with vimentin 
was determined 40 h following transient transfection using 
double immunofluorescence with the myc antibody to local- 
ize each NF-L mutant and a polyclonal antibody to vimentin 
to report the endogenous IF array. Substitution of the 
carboxy-terminal 11 amino acids of NF-L with the c-myc tag 
(NFL-CAll) yielded an NF-L subunit that coassembled into 
the endogenous vimentin network in L cells (Fig. 4, A and 
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B). Immunoblot analysis of soluble proteins and of those re- 
maining in the insoluble cytoskeletal fraction confirmed that 
essentially all myc tagged NF-L was found in the cytoskeletal 
fraction (Fig. 5, lanes a and b). Since coassembly of NFL- 
CA11 was seen in all cells expressing this construct, we inter- 
pret this to mean that neither the presence of the tag nor the 
loss of the carboxy-terminal sequences affected the compe- 
tence of the NF-L subunit to coassemble with vimentin. 

A different finding emerged following transfection of an 
NF-L gene deletion in which 44% of the tail (the carboxy- 
terminal 61 amino acids) were deleted. The shortened NF-L 
subunit was found colocaiized with the vimentin IF array 
(Fig. 4, C and D), but only in 30 % of the cells. Although 
this clearly demonstrated the retention of competence of this 
subunit for coassembly, in two-thirds of the transfected cells 
expression of pNFL-CA61 yielded a very different pheno- 
type (Fig. 4, E and F). In these ~ tses, the truncated NF-L 
subunits were not fully assemble~ In half of these, the mu- 
tant NF-L was localized to punctatd aggregates that were dis- 
tributed throughout the cytoplasm, with the highest concen- 
tration found in the perinuclear region. There was no 
evidence of filamentous NF-L in these cells and in fact the 
vimentin array was partially disrupted (Fig. 4 F). (The cell 
shown is probably binucleate, but since the parental L cell 
line has a high proportion of binucleates [•25 % ], we do not 
suggest that this mutant affects nuclear structure, etc.) Im- 
munoblot analysis of soluble and cytoskeletal fractions 
confirmed that all of the truncated NF-L remained in the in- 
soluble fraction (Fig. 5, lanes c and d). 

Further carboxy-terminal deletion to remove 91% of the 
tail domain (NFL-CA128) invariably yielded a failure of the 
NF-L subunit to assemble normally (Fig. 4 G). This was ac- 
companied by a partial fragmentation or disruption of 
vimentin arrays, particularly in the peripheral areas of the 
cytoplasm where few, if any, filaments remained (Fig. 4 H). 
In fact, in 50% of the cells expressing NFL-CA128 (presum- 
ably those that express the highest amount of truncated NF-L), 
none of the vimentin was accumulated into obvious filaments 
(not shown). A further curious finding was that in many cells 
not all of the cytoplasmic aggregates containing NF-L 
stained positive for vimentin (compare Fig. 4, G and H). 
Deletion of 15 or 22 amino acids into the predicted helical 
domain (NFL-CA157 and NFL-CA164, respectively) yielded 
assembly incompetent NF-L subunits in all transfected cells 
(Fig. 4, land K): in most (90%), the vimentin array was also 
completely disrupted, although in a few (10%) some vimentin- 
containing filaments remained (Fig. 4 J). Particularly strik- 
ing was that in 50% of NFL-CA164 expressing cells, in addi- 
tion to punctate staining throughout the cytoplasm, most 
NF-L was accumulated into large spherical masses adjacent 
to or  within the nucleus (Fig. 4 M). These nuclear-associ- 
ated aggregates contained very little vimentin (Fig. 4 N), 
which remained restricted to the cytoplasm. Confocal micros- 
copy confirmed that at least some of these aggregates were 
intranuclear (not shown), a pattern reminiscent of intra- 
nuclear particles of lamins accumulated in cells transfected 
with specific carboxy-terminai lamin mutants (Holtz et ai., 
1989). Indeed, like the example in Fig. 4 M, in almost all 
such cells the normal round appearance of the nucleus was 
deformed. However, double immunofluorescence experi- 
ments revealed no obvious disruption of lamin assembly, al- 
though a minor amount of colocalization of mutant and 

lamin could be observed (not shown). Why this truncated 
NF-L accumulates intranuclearly in a substantial fraction of 
NFL-CA164 expressing cells is uncertain, as is why it re- 
mains cytoplasmic in the remaining cells. An appealing pos- 
sibility is the involvement of a cell cycle-dependent event, 
but this has not yet been experimentally verified. 

All additional deletions into the rod domain (i.e., NFL- 
CA176 through NFL-CA207) yielded a uniform phenotype: 
all of these subunits were dominant, disruptors of the wild- 
type IF network (not shown) and continued to be found ex- 
clusively in the insoluble cytoskeletal fraction (Fig. 5, lanes 
k-r). 

We conclude from these carboxy-terminal deletions that 
truncation into the rod domain yields an assembly incompe- 
tent NF-L subunit that when present in sufficient molar 
amounts is a dominant disruptor of wild-type vimentin ar- 
rays. Further, even an intact rod domain is insufficient for 
retention of assembly so that even when as much as 56 % of 
the tail remains (NFL-CA61), some disruption of the normal 
array is observed (Fig. 4 E). 

Carboxy-Terminal Mutations into the Rod Domain 
Disrupt Assembly of Wild-type NF-L 
Although NF-L and vimentin are thought to coassemble to- 
gether during the early phases of neurite development (e.g., 
Bignami et al., 1982), it was plausible that different interac- 
tions were required for efficient assembly with itself and for 
coassembly with vimentin. To test this, we expressed our se- 
ries of carboxy-terminal NF-L mutants in cell line MSV- 
NFg, a mouse L cell derivative that stably expresses wild- 
type NF-L as the most abundant cell protein (at about four 
to eight times the level of endogenous vimentin; Monteiro 
and Cleveland, 1989). Again using double immunofluores- 
cence to localize wild-type and mutant NF-L simultane- 
ously, we found that deletion of the carboxy-terminal 11 
residues of the tail yielded coassembly of mutant with wild- 
type (Fig. 6, A-D), just as was seen earlier when this mutant 
was coassembled with vimentin. Similarly, deletion of the 
final 61 amino acids yielded coassembly in some cells, al- 
though in most the mutant failed to assemble and partially 
disrupted the array of wild-type NF-L (Fig. 6, Cand D). De- 
letion of additional tail sequences invariably yielded assem- 
bly incompetent subunits that disrupted the network assem- 
bled from the wild-type NF-L (e.g., mutant NFL-CA164; 
Fig. 6, E and F). These results completely paralleled those 
found earlier for coassembly with vimentin. We conclude 
that efficient coassembly of authentic and mutant NF-L re- 
quires ~,,80 amino acids of the tail domain, in addition to 
an intact rod segment. 

Identification of Amino-Terminal Head Sequences 
Necessary for Assembly of NF-L 
To test the effect of the 93 residue amino-terminal head do- 
main on NF-L assembly, we constructed a series of amino- 
terminal deletions, beginning with a nearly wild-type NF 
gene (pNFL-CA11) carrying the myc tag at its carboxy termi- 
nus. Each amino-terminal mutant (the genes are shown sche- 
matically in Fig. 1 D and the polypeptides shown in Fig. 7 
A) was transiently transfected into mouse L cells and assem- 
bly properties of the encoded subunits were analyzed by in- 
direct immunofluoreseence. Deletion of the first 22 amino 
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I~gure 4. NF-L molecules missing ~45% of the nonhelical carboxy-tail domain disrupt assembly of the vimentin array. Mouse L cells 
grown on coverslips were transfected with plasmids (A and B) pNFL-C/ql, (C-F) pNFL-C~61, (G and H) pNFL-C&128, (land J) pNFL- 
CA157, or (K-N) pNFL-CA164. (A, C, E, G, l, K, and M) The mutant NF-L polypeptides were visualized 40 h after transfection using 
the Mycl-9E10 monoclonal antibody (that recognizes the carboxy-terminal myc tag) followed by fluorescein-conjugated rabbit anti-mouse 
IgG; (B, D, F, H, J, L, and N) vimentin was visualized in the same transfected cells using double immunofluorescence with a goat polyclonal 
vimentin antibody followed by a rhodamine-conjugated rabbit anti-goat IgG. Bar, 10/~m. 

acids yielded an NF-L subunit that was coassembled with the 
endogenous vimentin array in all transfected cells (Fig. 8, A 
and B). However, internal deletion of amino acids 18-31 of 
the amino terminus of an otherwise authentic (untagged) 

NF-L resulted in a very different phenotype: the mutant NF- 
L accumulated into aggregates that clustered around the nu- 
cleus, with a few scattered throughout the cytoplasm (Fig. 
8 C). Although incompetent for coassembly into normal IF 
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Figure 5. Accumulation of carboxy-truncated NF-L polypeptides into the insoluble cytoskeletal fraction. Soluble and insoluble cytoskeletal 
extracts were prepared from cells 40-h posttransfection with genes encoding tagged NF-L subunits truncated at their carboxy-termini. 
Equivalent proportions of soluble (S) and insoluble (I) fractions were immunoblotted using the myc tag monoclonal antibody to quantify 
the accumulation of NFL-CAx polypeptides. Extracts from mouse L cells transfected with (lanes a and b) pNFL-CAll, (lanes c and d) 
pNFL-CA61, (lanes e and f )  pNFL-CA128, (lanes g and h) pNFL-CAI57, (lanes i and j) pNFL-CAI64, (lanes k and l) pNFL-CA175, 
(lanes m and n) pNFL-CA178, (lanes o and p) pNFL-CA185, and (lanes q and r) pNFL-CA207. Molecular mass markers in kilodaltons 
are indicated at the left. 

networks, this mutant still efficiently associated with vimen- 
tin, causing its assembly to be largely disrupted (Fig. 8 D). 
Transfection of deletions that removed all but six amino acids 
or the entirety of the head (NFL-NA89 and NFL-NA95, 
respectively) produced a third phenotype. In all cells exam- 
ined, the headless NF-L subunits accumulated into nonfila- 
mentous cytoplasmic aggregates (Fig. 7, E and G). These 
aggregates contained little, if any, vimentin (Fig. 7, F and 
H),  which remained assembled, albeit not in a completely 
wild-type array. Quantitative immunoblotting (Fig. 7 B) 
demonstrated that these headless constructs accumulated to 
between 0.02 and 0,5% of cell protein, levels similar to the 
carboxy-terminai assembly disruptors. Essentially identical 

results were obsei:ved when these mutants were coexpressed 
with wild-type NF-L in MSV-NF9 cells (data not shown). 

We conclude that most of the head domain (including 
some or all of amino acids 31-89) of NF-L is required not 
only for assembly competence but also for efficient associa- 
tion with wild-type IF subunits. 

Flexibility in the Linker Domain Within the Helical 
Rod of NF-L 

The 308 amino acid domain of NF-L predicted to be helical 
contains two short segments of sequences that interrupt the 
hydrophobic heptad repeat. As shown schematically in Figs. 
I and 9, these domains (including helix breaking proline 
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Figure 6. Expression of carboxy-terminal truncated NF-L polypeptides in L ceils that stably express high levels of NF-L. MSV-NF9 cells 
grown on coverslips were transiently transfected with (A and B) pNFL-CAll, (C and D) pNFL-CA61 or (E and F) pNFL-CA164. Cells 
were stained 40 h after transfection with the Myclo9E10 monoclonal antibody followed by fluorescein-conjugated rabbit anti-mouse IgG 
to visualize the NF-L mutant polypeptides and a rabbit polyclonal NF-L antibody followed by rhodamine-conjugated goat anti-rabbit IgG 
to detect the endogenous NF-L array. (,4, C, and E) Mutant NF-L staining; (B, D, and F) wild-type NF-L staining. Bar, 10 #m. 

residues) divide the predicted helix into three domains: coils 
la, lb, and 2. Having documented that the rod domain was 
retluired, but not sufficient, for NF-L assembly, we next 
tested whether significant flexibility could be tolerated with- 

in the 21 amino acid linker domain that separates helices lb 
and 2. To do this, we used hnker mutagenesls of the t a ~ .  ~ 
gene pNFL-CAll to make 4, 5, 8, or 12 amino acid inser- 
tions within this putative hinge region. Each of these w~/s 
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Figure 7. Schematic n~xesenta- 
tion and immunoblo¢ detection 
of the amino-terminal mutant 
NF-L polypeptides after trans- 
fection of the pNFL-NAy series 
into either mouse L cells or 
MSV-NF9 cells. (.4) Schematic 
drawing of the set of amino- 
terminally deleted NFL-NAy 
polypeptides. (B) Immuno- 
blot analysis of accumulated 
NFL-NAy polypeptides. Cells 
transfec~ with plasmid DNAs 
were lysed 40 h after trans- 
fection, total cellular proteins 
were quantified, and equiva- 
lent amounts immunoblotted. 
NF-L mutant polypeptides 
were detected using the Mycl- 
9El0 monoclonal antibody. 
Protein extract from L cells 
~ with 0ane a) pNFL- 
CAll or (lanes b-f) the re- 
spective pNFL-NAy plas- 
raids. (Lanes g-k) Protein ex- 
tracts from MSV-NF9 cells 
transfeO~ with the respective 
pNFL-NAy DNAs. Molecu- 
lar mass markers in kilodal- 
tons are indicated at the left. 

Figure 8. Assembly properties of NF-L subunits missing portions or the entirety of the nonhelicai amino-terminal domain. Mouse L cells 
grown on coverslips were transfected with plasmids (,4 and B) pNFL-NA22, (C and D) pNFL-NA18-31, (E and F) pNFL-NA89, and 
(G and H) pNFL-NA95. Cells were stained 40 h after transfecfion as described in Fig. 4 for (A, E, and G) NF-L subunits and for (B, 
D, F, and H) endogenous vimentin. Part C was stained for NF-L polypeptides using the monoclonal antibody to NF-L since this mntattt 
NF-L is not tagged with the myc epitope. Bar, 10/Lm. 
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I R R A I R R A I R R A  N F - L +  12 
IRRA IRRA NF-  L + 8 

N S M G I  N F - L  + 5 
I R R A  N F - L  + 4  

NF-L ~!~ 
Figure 9. Schematic drawing of 4-12 amino acid insertions placed 
in the linker domain separating coils I and 2 of NF-L. Either a sin- 
gle 15-base segment or one, two or three 12-mer Barn HI linkers 
was inserted into the linker region (at the unique Bgl II site) be- 
tween coils 1 and 2 of mouse NF-L. The schematic displays the 
predicted amino acid sequences in the linker region. 

transiently transfected into L cells and the encoded NF-L 
subunits visualized by immunofluorescence. In most (80%) 
of the transfected ceils, four and five amino acid insertions 
yielded subunits that were completely coaligned with the en- 
dogenous vimentin, which remained in an array indistin- 
guishable from that in untransfected ceils (Fig. 10, A and B). 
Even NF-L subunits containing an eight amino acid insertion 
(denoted NFL+8) localized with a wild-type vimentin array 
in ,,o 50% of transfected cells (Fig. 10, C and D). Obviously, 
substantial flexibility does exist in this hinge domain. How- 
ever, in the remaining 50% of ceils expressing NFL+8, large 
perinuclear aggregates containing both the mutant NFL+8 
and wild-type vimentin were accumulated (Fig. 10, E and F) 
in addition to some remaining filaments containing both 
NFL+8 and vimentin. Quantitative immunoblotting re- 
vealed the average ratio of NFL+8 to vimentin to be 1:10. 
We infer that accumulation below this level yielded coassem- 
bly and retention of a normal IF array, while at higher 
stoichiometries NFL+8 becomes network disrupting. In- 
creasing the number of amino acids inserted to 12 yielded 
a nearly complete disruption of vimentin arrays in >90% of 
transfected cells (Fig. 10, G and H), although in cells pre- 
sumably expressing lower amounts of NFL+12 some coas- 
sembly of the mutant with vimentin could be seen (not 
shown). 

Discussion 

The use of DNA transfection to force co-expression of NF-L 
subunits with either wild-type vimentin or NF-L polypep- 
tides has uncovered domains essential for in vivo assembly 
of this neurofilament subunit. As in the case for NF-M (Wong 
and Cleveland, 1990), no mutation from either the amino or 
carboxy terminus that truncates into the predicted helical do- 
main yields an assembly competent subunit. While this was 
the expected outcome, more surprising was the finding that 
the minimal NF-L domain that efficiently coassembled with- 
out disrupting normal IF arrays contained not only the ex- 
pected rod domain, but also 75 % of the head and nearly 50% 

of the tail. While it is true that at lower stoichiometries NF-L 
subunits retaining less of the tail do colocalize with wild- 
type arrays, all such subunits become assembly disruptors 
when present at higher levels. 

The apparent necessity for substantial amounts of head 
and tail sequences stands in contrast to the situation reported 
for two other IF subunits, desmin and type I keratin. Both 
in vitro assembly studies using desmin from which only 29 
amino acids of the tail remained after proteolysis (Kaufmann 
et al., 1985) or in vivo experiments using DNA transfection 
to express a desmin truncated in almost all of  the tail (van 
den Heuval et al., 1987) found that such carboxy-te~inaily 
shortened desmin retained assembly competence. However, 
the differing requirement for the tail in assembly of desmin 
and NF-L may be more apparent than real. Since the amount 
of desmin accumulated in transfected cells was not mea- 
sured, it is possible that such truncated subunits (like the 
case we have shown here for NF-L) are in fact assembly dis- 
ruptors when accumulated in higher stoichiometries relative 
to wild-type subunits. Similarly interpretation of the in vitro 
experiments is complicated by the uncertainties of how in 
vitro conditions relate to in vivo properties. In fact, in vitro 
reassembly of truncated desmin (Kaufmann et al., 1985) in- 
dicated formation of apparently normal filaments under low 
salt conditions (50 raM) but abnormal, laterally aggregated 
products at more physiological salt (170 mM). This indicates 
that truncation of the tail does affect some aspect of filament 
organization, quite possibly in keeping neighboring fila- 
ments apart. For keratins, the only known IFs that are ob- 
ligate heteropolymers of type I and type II chains, DNA 
transfection initially revealed that for one human type I kera- 
tin (K14) the entire tail domain was dispensible for coassem- 
bly in the presence of normal type I and II subunits (Albers 
and Fuchs, 1987). Here again the stoichiometry of the mu- 
tant and wild-type keratin subunits was not determined and 
a possible role of the tail in assembly or in establishing a fila- 
ment array cannot be discounted, although the discovery of 
a wild-type bovine keratin that is nearly tailless (Bader et al., 
1986) and that can be a prominent component in some epi- 
thelial ceils suggests otherwise. 

A more clear distinction between the assembly character- 
istics of NF and other IF subunits is in the properties of 
amino-terminal mutants. Transfection experiments have re- 
vealed that type I keratin retains competence for coassembly 
into IF arrays comprised of normal type I and type II keratins 
even when all but eight amino acids of the head are removed 
(Albers and Fuchs, 1989). Similarly, desmin truncated by in 
vitro proteolysis to remove two-thirds of its head domain re- 
tains full competence for coassembly with wild type up to 
ratios of l:l, although the mutant fails to assemble on its own 
(Kaufmann et al., 1985). For NF-L (and NF-M; Wong and 
Cleveland, 1990), we find that tittle of the head can be re- 
moved without disrupting in vivo filament arrays even at 
much lower proportions of mutant to wild-type subunits. In- 
deed, truncation of the majority (or entirety) of the head do- 

Figure 10. Expression in L cells of NF-L polypeptides containing insertions within the linker region between coils 1 and 2. L cells grown 
on coverslips were transfected with (,4 and B) pNFL+5, (C-F) pNFL+8, or (G and H) pNFL+12. Cells were stained 40 h after transfection 
as described in Fig. 4 for (A, C, E, and G) NF-L subunits and (B, D, F, and H) endogenous vimentin. Bar, 10/zm. 
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main of either NF-L or NF-M yields subunits that are 
pseudo-recessive and that neither assemble nor efficiently 
affect arrays assembled from coexpressed wild type IF 
subunits, In fact, the proteolytieally truncated desmin (Kauf- 
mann et al., 1985) also showed this recessive property: it as- 
sembled with desmin only if beterodimers/tetramers were 
first formed Coy addition, then removal of a denaturant). The 
recessive amino-terminal mutants of NF-L differ from this 
desmin example (at least in vivo) since in the transfection ex- 
periments both mutant and wild type are synthesized to- 
gether and still fail to coassemble. In any event, since NF-L 
bearing much smaller deletions in the head (e.g., only amino 
acids 18-31) are dominant disruptors of wild-type IF arrays, 
we infer that sequences between amino acids 31 and 78 of 
the head domain are necessary for an early step(s) in the as- 
sembly process. It is plausible to propose that the important 
sequences lie within the arginine-rich domain between 16 
and 55, since such a basic domain is present in the heads of 
the nonepithelial IF subunits. That the head domain contains 
elements necessary for assembly of NF-L is reminiscent of 
an earlier effort with desmin that showed that in vitro phos- 
phorylation of the head caused filament disassembly (Geisler 
and Weber, 1988) and the demonstration that phosphoryla- 
tion of lamins at positions adjacent to both the amino- and 
carboxy-terminal borders of the helical domain (Heald and 
McKeon, 1990; Peter etal . ,  1990; Ward and Kirschner, 
1990) causes cell cycle-dependent filament disassembly. 

The most conserved feature of the IF proteins is the 
predicted helical domain spanning m 310 amino acids. This 
domain is distinguished both by the presence of a heptad re- 
peat in which hydrophobic residues are found at positions 1 
and 4 and by two shor t  internal nonhelical segments that sep- 
arate the helix into coils la and lb, and 2. In most IF subunits 
(except for NF-M and NF-H), these linker regions contain 
helix-disrupting proline residues. Since the size of each 
linker is somewhat variable in length and sequence among 
the IF family, while the helical regions are nearly invariant 
in length (with the exception of the lamins), it has seemed 
plausible to think of these domains as hinges between the 
structurally conserved coils. In this context, we have now 
demonstrated that the hinge domain between coils Ib and 2 
of NF-L can tolerate substantial mutation without affecting 
assembly competence. Insertion of four or five additional 
amino acids did not yield any observable phenotype, and 
even an eight amino acid addition retained competence for 
coassembly at lower stoichiometries. Obvious future experi- 
ments will be to test whether such flexibility is present at the 
linker domain between coils ha and lb. 

Although the essentialness of the terminal portion of the 
rod domain may have seemed obvious since it contains the 
only truly conserved sequence domain (LLEGE) common to 
all IF subunits, our finding that expression of NF-L subunits 
truncated only a few residues into the rod domain uniformly 
yields disruption of the endogenous IF (vimentin or NF-L) 
array even when present in low amounts provides direct ex- 
perimental support for a requirement of the rod domain. In 
conjunction with the earlier finding with a type I keratin (and 
our findings with NF-M; Wong and Cleveland, 1990), it 
seems safe to conclude that an intact rod domain is essential 
for productive filament assembly. At what step assembly is 
blocked and the actual structure(s) of the aggregated prod- 
ucts remain to be examined (using electron microscopy of 

transfected cells and in vitro assembly assays). Without such 
additional efforts we cannot completely exclude the formal 
possibility that some of the assembly-disruptive properties of 
mutant subunits may result from the carboxy-terminal myc 
tag, although the apparent wild-type assembly of smaller de- 
letion mutations makes this seem unlikely (see also the dis- 
cussion in Wong and Cleveland [1990] concerning this and 
other important limitations to interpretation of cell transfec- 
tion experiments). 

But independent of this, the identification of potent, domi- 
nant mutants suggests a way to test experimentally the in 
vivo function of NF, a question that in fact remains unsettled 
for all IF subunits. For NF, a series of correlative studies 
have suggested that NF might be an intrinsic determinant of 
axonal diameter. Evidence for this arose initially from noting 
that NF content is closely correlated with cross-sectional 
area in the axons of large myelinated nerve fibers (Friede and 
Samorajski, 1970; Weiss and Mayr, 1971; Berthold, 1978). 
Moreover, reductions in NF expression are associated with 
decreased axonal caliber (Hoffman et al., 1985, 1987) after 
axonal injury. Also, radial growth of myelinated nerve fibers, 
which occurs during postnatal development, coincides tem- 
porally with the induction of NF gone expression (Muma, 
N., and E Hoffman, unpublished data). We have completed 
the first phase of a test of this potential function by construct- 
ing transgenic mice harboring NF-L transgenes that express 
high levels of NF-L (four- to fivefold more than in wild-type 
mice) in peripheral axons. This study revealed clearly that 
the accumulation of additional filaments constructed primar- 
ily of NF-L did not affect axonal caliber, although the fila- 
ments in the resultant axons were partially disorganized 
(Monteiro etal.,  1990). A more definitive test of the role 
NFs provide should now be possible by constructing addi- 
tional mice that express one of the dominant, assembly- 
disrupting NF-L mutants identified here. 
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Note Added in Proof, X. Lu and E. B. Lane (1990. Cell. 62:681-696) have 
recently reported coexpression of both wild-type and mutant type I and II 
keratin genes in fibroblast cells that accumulate no endogenous keratin illa- 
ments.  Similar to our finding that a portion of the head and tail domains 
are required for assembly of NF-L, they found that keratin filament assem- 
bly requires intact amino- and carboxy-terminal domains on at least one of 
the two subunits. 
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