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ABSTRACT The nucleotide sequence of two recombinant
plasmids containing hamster vimentin cDNA was determined. The
sequence comprises 1,640 base pairs and reveals virtually the total
primary structure of vimentin and a large part of the 3' noncoding
region. Secondary structure prediction methods allow the char-
acterization of two distinct regions of the polypeptide chain, 135
and 145 residues long, which are able to form a helices organized
in "coiled coils." Three nonhelical domains can be distinguished:
a very basic NH2-terminal domain of at least 67 residues, a non-
helical region of 45 amino acids separating the two helix domains,
and a COOH-terminal region of 55 residues, which contains an
excess of acidic amino acids. The meaning of each of these do-
mains of the vimentin polypeptide for the subunit and filament
formation is discussed.

Intermediate-size (7-11 nm) filaments (IF) have been found, in
addition to microtubules and microfilaments, as cytoskeletal
structures in most eukaryotic cells. Immunological and bio-
chemical studies have resulted in the recognition of five major
IF protein subunit classes, each related to certain cell and tis-
sue types: the epithelial cytokeratins, the muscle desmin, the
neurofilament proteins, the astrocyte glial filament protein, and
vimentin found in cells of mesenchymal origin (1, 2). The latter
also is expressed in many, if not all, cultured cell lines (3). In
spite of a lack of immunological crossreactivity, the structural
proteins of IF must have several common properties because
they constitute filamentous structures with similar morpholog-
ical characteristics (4, 5), and frequently they show an end-on
attachment to the plasma membrane (6). Moreover, they are all
nearly insoluble in physiological buffers. Mainly because of this
insolubility, little is known about the chemistry of the individ-
ual IF proteins.

Nevertheless, in some of the IF proteins, the presence of a-
helical segments, which are assumed to be able to form "coiled
coils," has been shown (7, 8). Steinert and co-workers (5) have
proposed a general model for the IF proteins of baby hamster
kidney BHK-21 cells and bovine keratinocytes, which consist
of two constant a-helical domains equal in length [180 Ak; 18-
20 kilodaltons (kDa)] and separated by a nonhelical domain of
variable size (5-17 kDa). Three adjacent polypeptides are as-
sumed to be arranged as a three-stranded rope constituting the
so-called protofilamentous unit. Limited chymotryptic cleav-
age and circular dichroism determination of purified chicken
desmin revealed three structurally distinct domains of the pro-
tein: a very basic and highly protease-sensitive nonhelical NH2-
terminal domain of 7.5 kDa, a rod-like domain of 38 kDa (500
A), which is very rich in helix structure (83%), and a non-a-heli-
cal COOH-terminal tailpiece of 5.5 kDa (9). These findings
concerning the secondary structure of IF subunits would be

more clearly understood at the molecular level if there were
information available on the amino acid sequence of their pro-
teins. The primary structures of desmin and vimentin are only
known in part. Comparison of the amino acid sequence of the
COOH-terminal 178 residues of porcine stomach desmin and
lens vimentin showed that these molecules are closely related
and differed in only 36% of their residues (10-12).

However, the primary structure of a large part of desmin
and a major part of vimentin are still unknown. We choose the
way of constructing plasmids containing cDNA coding for vi-
mentin to determine the primary structure of this protein. This
paper presents the virtually total primary structure of hamster
lens vimentin derived from the nucleotide sequence of two cDNA
clones. The predicted secondary structure is discussed in re-
lation to IF organization.

MATERIALS AND METHODS
Isolation of Recombinant Plasmid DNA. The construction

of bacterial plasmids containing sequences homologous to ham-
ster lens vimentin mRNA inserted into the Pst I site of pBR322
by oligo(dG-dC)-tailing and the subsequent transformation of
Escherichia coli HB101 have been described (13). Colony hy-
bridization and plasmid DNA extraction were performed as re-
ported (14, 15).

Restriction Endonuclease Mapping and DNA Sequence
Analysis. The locations of restriction enzyme sites on the in-
serted DNA were determined by digesting plasmids containing
cDNA coding for vimentin (pVim-1 and pVim-2) with one or
more restriction enzymes and analyzing the fragments on 5%
polyacrylamide gels containing 90 mM Tris borate buffer (pH
8.3) and 2.5 mM EDTA. Restriction fragments were recovered
from the gel by electroelution, precipitated, and washed with
ethanol. The purified DNA fragments were labeled, and the
sequence was determined by established procedures (16, 17).
The DNA sequence was recorded, edited, translated, and com-
pared by using the computer programs of Staden-(18). For the
prediction of secondary structure, the heptade convention (19)
was used; moreover, the rules of Chou and Fasman (20) were
applied for the same goal.

RESULTS AND DISCUSSION
DNA Sequence and Predicted Polypeptide Sequence. We

have reported (13) the construction of recombinant plasmids
containing sequences homologous to vimentin mRNA. Two
clones pVim-1 and pVim-2, which directed the synthesis of vi-
mentin, were selected upon positive hybridization translation
for sequence assay by the method of Maxam and Gilbert (16).
The combined restriction map of the two clones and the se-
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quence assay strategy are presented in Fig. 1. Both 5'- and 3'-
labeling methods were used. The combined nucleotide se-
quence of pVim-1 and pVim-2 (Fig. 2) comprises 1,640 base
pairs (bp). This is more than 80% of the mRNA information, of
which the length was estimated at about 2,000 bases (13). All
of the sequences shown were established by sequence analysis
of both strands. In the combined sequence of Fig. 2, the GC
tails, introduced during cloning are not shown.

There is only one reading frame of sufficient length to spec-
ify a protein with the size of vimentin, which has been esti-
mated to be 52,000 to 55,000 daltons (1). This coding region
contains 1,344 bp coding for 448 amino acids. The NH2-ter-
minal part of the derived polypeptide sequence (residues 1-60)
shows a very basic character because of the presence of nine
arginine residues and only one acidic amino acid (glutamic acid).
The remaining part of the polypeptide has an excess of acidic
residues and shows a pronounced hydrophilic character. In spite
of this hydrophilic nature of a major part of vimentin, this IF
protein is almost insoluble in physiological buffers. Probably
secondary structure interactions are responsible for this insol-
ubility.

Previous findings with two-dimensional gel electrophoresis
of total cell extracts or partially purified fractions containing
vimentin or desmin show a staircase-type degradation pattern
of decreasing isoelectric point (13, 21, 22). A specific protease
(21) acts gradually at the NH2 terminus of vimentin, possibly
at the arginine residues, and causes the split-off of basic pep-
tides (9). This explains the shift of degradation products of vi-
mentin towards the acidic side of the gel (see Fig. 3). The func-
tional significance of this protease activity is still unknown, but
it may play a role in vimentin turnover (21).
The coding region of the cDNA sequence is followed by the

stop codon TAA and a noncoding region of 296 bp. The non-
coding 3' end did not show any poly(A) sequences nor the hexa-
nucleotide sequence A-A-T-A-A-A considered to be the signal
involved in polyadenylylation (23, 24). At the 5' end, the cDNA
insertions did not contain the start codon. As no data are avail-
able on the NH2-terminal amino acid sequence of vimentin, we
can only estimate the number of missing residues from the re-

ported molecular weight of vimentin (1, 25). By taking into con-
sideration the discrepancy of the reported molecular weights
of vimentin, the number of residues missing is less than 5% of
the primary structure. Meanwhile, we know from sequence data
obtained from the isolated chromosomal vimentin gene that the
only possible sites for the start codon are either positions -3
or -16, relative to the first amino acid residue shown in Fig.
2 with some uncertainty remaining about codon 8 (unpublished
data). From this data, a maximal molecular weight of 53,500
can be calculated for the monomeric vimentin molecule. There-
fore, the percentage of missing amino acids is at most 3.5.

Comparison of Amino Acid Sequences of Hamster and Por-
cine lens Vimentin. The amino acid sequence ranging from res-
idue 272 to 448 in Fig. 2 almost exactly fits the reported se-
quence of the 177 amino acids of the COOH terminus of porcine
lens vimentin (11, 12). There are only two differences, most
likely as a result of one-base substitutions, at positions 335 and
445, where leucine and aspartic acid of hamster lens vimentin
changed into valine and asparagine, respectively, in porcine lens
vimentin. These observations provide evidence for the earlier
proposed evolutionary conservation of vimentin (13). A similar
phenomenon has been found for amino acid sequences of des-
min from different species (11).

Secondary Structure Prediction. The predicted sequence of
the protein was analyzed for the ability to form a helices or-
ganized in coiled coils. For this purpose we applied the heptade
convention (Fig. 4), which showed its usefulness in the analysis
of tropomyosin, keratins (19, 26, 27), and chicken desmin (9).
The sequence of the vimentin polypeptide displayed distinct
regions that could fit a helical configuration (seven residues per
two turns) with the necessary alignment of apolar amino acids
to form a hydrophobic backbone. The hydrophobic bands of
three neighboring helix domains can link together, forming the
three-stranded rope of the protofilamentous unit. The remain-
der of the helix surface is generally polar.

Besides helical domains, two nonhelical regions could be dis-
tinguished: an NH2-terminal domain of at least 67 residues and
a COOH-terminal region of 55 amino acids. If we look at the
helix domain, we find two short interruptions at positions 131
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FIG. 1. Restriction map and strategy for sequence determination of the inserts of plasmids pVim-1 and pVim-2. The left and right sides of the
restriction map correspond to position 3,612 ofthePst I site ofpBR322. Restriction sites used for sequence determination are shown; arrows indicate
the direction and extent of sequence analysis. The thick bars indicate the coding region, and the open boxes indicate the G-C tails introduced during
the cloning procedure.

bp L
0 1000 1500

(+)Sau 3A

Hinf I
Pst I

(-) Sau 3A

Hinf I
Xho

Pst

NEI(=

Biochemistry: Quax-jeuken et aL

I



3550 Biochemistry: Quax-Jeuken et aL Proc. Nati Acad. Sci. USA 80 (1983)

90
CCC CGG CAC CTC GM CCG GCA GGC TCC AAC CGG AGC TAT GTG ACC ACG TCC ACC CGC ACC TAC AGC CTG GGG GCA CTG CGC CCC AGC ACC
p4o axg IUA teu gt p4o ata gty 6eA a,6n atg. 6eA tq4 vat th4 thA set tIA a9g tZL tq) .6eA teu gty ata tea a'tg pto 6eA th'

10 20
180

AGT CGC AGC CTC TAT TCC TCA TCT CCC GGT GGC GCC TAT GTG ACC CGA TCC TCT GCG GTG CGC CTG CGG AGC AGC ATG CCC GGC GTG AGG
6e4 Gag 614 teu ty4 6A 6e4 6e4 p4o gty gty at& ty& vat VtL ag .6eA 6e4 aAt vaL atg ieu atg 64eAeet met p0o gty vat a,%g

40 50
270

CTG CTG CAG GAC TCG GTG GAC TTC TCG CTG GCC GAC GCC ATT AAC ACC GAG TTC AAG AAC ACC CGC ACC MC GAG MG GTA GAA CTG CAG
teu teu gtn Gap .6e vat Gap phe aA iet ata& aG6p atae ieaQ n tb gtu phe ty6 a6nntM4 awg VtI aG&n 9gu ty6 vat gin teu gtn

70 80
360

GAG CTG MT GAC CGC TTC GCC GAC TAC ATC GAC MG GTG CGC TTC CTA GAG CAG CAG AAC AAA ATC CTG CTA GCC GAG CTC GAG CM CTC

g9u teuaGn azp WLg phe ata azp 4y4 ie Gap iy6 vat aI phe teu gtu gin gi n tyy ite teu teu ata gtu teu 9tu gin teu
100 110

450
MG GGT CAG GGC AAG TCG CGC CTG GGC GAC CTC TAT GAG GAG GAG ATG CGG GAG CTG CGC CGG CAG GTG GAT CAG CTC ACC AAC GAC AAG
y46 gty gtn gty iy46 64Qh g teu gty a,4p teu ty ginu gtu gtu met Mtg gtu ieu atg wag gtn vat a6p gtn teu thk Gon aGp ty4

130 140
540

GCA CGC GTC GAG GTG GAG CGT GAC MC CTA GCT GAG GAC ATC ATA CGG CTG CGA GAA AAA TTG CAG GAG GAG ATG CTC CAG AGA GAG GAA
ta OJg vat gtu vat gtu ag GAp aGn Qu ata 9gu ap ite ie axg teu aMg gtu ty46 teu gtn gtu gtu met teu gin Mg9 g9U g9i

160 170
630

GCG GAM AGC ACC CTG CAG TCC TTC AMA CAG GAT GTT GAC AAT GCC TCT CTG GCA CGC CTC GAC CTT GM CGT AAA GTG GM TCC TTG CAA
da giu 61e th4 ieu gtn 6eA pIhe Mg gin Gap vat GAp Anfl eta 614 teu ata MQg taGAp tieu gt aMg t6 vat gin 6e4 teu gin

190 200
720

GAA GAG ATT GCC m TTG AAG AAA CTG CAT GAT GAA GAG ATC CAG GAG CTA CAG GCC CAM ATT CAM GAG CAM CAT GTC CAG ATT GAC GTG

giu gtn aie ata phe teu tVA tV teu MAaapgtu4tuiiegtn 9tut2u20n ola tn ite gtn glu gtn hiZ6 vat gn ite GAp vat

810
GAT BTT TCT AAG CCC GAC CTC ACT GCT GCC CTG CGC GAT GTC CGC CAG CAG TAT GAA AGT GTG GCT GCC MG AAC CTC CAG GAM GCG GAG
GAp vat 64e 46 p40 aAp ieU tk4 ata ata ieu ag GAp vat MLg gin gin 44 gitu 61 vat ota dta 46 GAn tea gin gtu ate gin

250 ~~~~~~~~~260
900

GAA TBB TAC MG TCC MG m GCC GAC CTC TCT GAA GCT GCC AAC CGG MC MT GAT GCC CTG CGC CAG GCA AAG CAG GAG TCA MT GAG
gtu tp 4446 61A44 phe oa GAp tee 614 9tu ataate A6 Mg aSnGAn Gap ate ieu Mg gin ttya6 gin gitu 6eA Gn g9i*0o 2-90

990
TAC CG6 AGA CAG GTG CAG TCA CTC ACC TGC GM GTG GAC GCA CTT MA GGA ACT MT GAG TCT CTG GM CGC CAG ATG CGT GAG ATG GAA
/1Mg Mg gtn vat gtn 6e1 teu tk4ci j gtu vat Gap eta teu tiy gty tk4 Gan 9 6eA teu gin Mg gtn met Mg gin met gin

1080
GAG MT m GCC CTT GM GCT GCT MC TAC CM GAC ACT ATT GGC CGC CTG CAG GA GAG ATT CAG AAC ATG AAG GM GAG ATG GCT CGT,
gtun AS6pihe ata teu 9gi ata ata GAn tyx gtn a6p thk ite gtyigM tea gtn a6p Cat ite gtn Gn met t46 g9 9gi met ate M9

1170
CAC CTT CGT GAA TAC CM GAC CTG CTC AAT GTC AAG ATG GCT CTT GAC ATT GAG ATA GCC ACC TAC AGG MAG CTA CTG GAA GGC GAG GAG
hi6 itu akg gu ty4 gin ap teu teu av6nvat ty6 met ata teu a.p ite gtu iteat9 tbk tyk Mg 46 ieu ieu gin gig gin gin

370 380
1260

AGC AGG ATT TCT CTG CCT CTT CCC MAC TTT TCT TCC CTG AAC CTG AGA GAA ACT AAT CTG GAG TCA CTC CCT CTG GTT GAC ACC CAC TCA

614 ahg ite 6eA teu p4o tea p4o aGn phe 6e4 414 teu afn teu akg giu thk A6 tea gin .64eieu p94 teu vat a6 thk hi6 614
400 410

1350
AAA AGA ACA CTC CTG ATT AAG ACA GTG GAA ACT AGG GAT GGA CAG GTG ATC MT GAA ACC TCT CAG CAT CAT GAT GAC CTT GAA TMMAAA
46 ag tM tea teu ite ty6 thh vat 9gi thk ag ap gty gtn vat ite an gin thk 6e4 gin hib6 hi4 aGAP a6P teu 9gi

430 440
1450

TTGCACATAC TCTGTGCAAC AACGCAGTCC AGCAAGAMGA AAAAAAAGAA ATTCGTATCT TAAGGAMACA GCTTTCAAGT GCCTTTACTG CAGTTTTTCA
1550

GGAGCGCAAG TAAGATTTGG GATAGAAATA AGCTCTAGTT TCTAMCAMCT GACACCCTAM AAGATTTAGA AAAGGTTTAC AACACAATCT AGTTTACGAM

GAAATCTTGT GCTAGAATAC TTTTCAAAGT ATTTTGAATA CCATTAAACG CTTTCCCAGT ATACGACCAA CTGACGCTTA TA

FIG. 2. Complete combined nucleotide sequence of the inserts of pVim-1 and pVim-2 and the predicted amino acid sequence of hamster lens
vimentin.

and 344 and a more pronounced one of about 45 amino acids, 55 residues; two helices of 145 and 135 residues, respectively,
between residues 217 and 263, with the "helix breaker" pro- separated by a nonhelical insertion of 45 amino acids; and a
line. These results are similar to the domain structure found by nonhelical NH2-terminal domain of at least 68 residues.
chymotryptic cleavage of chicken desmin (9). Apart from the The short interruption found in each helix-domain (at po-
application of the heptade convention, we used the rules for sitions 131 and 344) are required to let the hydrophobic back-
secondary structure prediction according to Chou and Fasman bone run down in a straight manner. The amino acids around
(20) (data not shown) and estimated the length of helical and these interruptions possibly form a loop outside the helix, as
nonhelical domains: a non-a-helical COOH-terminal domain of was previously proposed for the three-stranded rope of influ-
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FIG. 3. Autoradiograph of translation products derived from mRNA
hybridizing to pVim-1 (13). Arrow, vimentin; arrowheads, direction of
electrophoretic migration under isoelectrofocusing (IEF) and in the
presence of NaDodSO4, respectively. A ladder of breakdown products
towards the acidic side of the gel can be seen, possibly as a result of the
action of a specific protease (21) at the arginine-rich NH2-terminal part.

enza hemagglutinine (28) and for desmin (9). Such a loop struc-
ture would be exposed to the environment and is a possible site
for an antigenic determinant. Following the method for locating
protein antigenic determinants by analyzing amino acid se-
quences in order to find the point of greatest local hydrophilici-
ty (29), we found an antigenic determinant around the inter-
ruption of the NH2-terminal helix domain (data not shown). This
may support the suggestion of a loop structure at the inter-
ruption positions.

Comparison of the Structures of Hamster Vimentin and
Chicken Desmin. Nonhelical NH2-terminal domain. The NH2-
terminal domains of vimentin and desmin show little similarity
at the sequence level of the amino acids (Fig. 5). The residues
67-74 of vimentin, which are all homologous to residues 81-88
of chicken desmin, constitute a notable exception. These res-
idues of vimentin form the first turns of the helical domain.

Obviously the homology between vimentin and desmin starts
at the position where the nonhelical domain changes into the
helical configuration. The amino acid composition, however, of
the nonhelical NH2-terminal domain is very striking and has
great resemblance with the composition of the 7.5-kDa domain
of chicken desmin. In the NH2-terminal region of vimentin,
common amino acids like aspartic acid, isoleucine, lysine, his-
tidine, and leucine are missing or appear just once, but this re-
gion is very rich in serine, threonine, and arginine (25%, 11%,
and 14.5%, respectively) just like the 7.5-kDa headpiece of
chicken desmin (24.6%, 14.5%, and 14.5%, respectively). The
NH2-terminal region of vimentin contains only one acidic res-
idue and, because of the presence of eight arginine residues,
it is very basic. The same holds true for the NH2-terminal do-
main of chicken desmin, which contains 10 arginine residues.
Perhaps the amino acid composition and the basic character are
more important for the function and properties of the NH2 ter-
minus [for example the weak affinity of vimentin to ribosomes
and RNA (9, 30)] than is the sequence of the amino acids. The
low degree of sequence homology between the nonhelical
headpiece of hamster vimentin and chicken desmin is in con-
trast with the 66% homology of the COOH-terminal 200 res-
idues (refs. 9, 11, and 12 and this study).

COOH-terminal domain. The last 55 residues at the COOH
terminus of hamster vimentin form a nonhelical tailpiece. This
domain has about the same length as the nonhelical COOH-ter-
minal part of chicken desmin, but the homology at the se-
quence level is only 42% instead of the 66% homology between
vimentin and desmin (9, 11, 12).

The helical domain. Two domains of almost similar size (145
and 130 residues) could easily fit an a-helical arrangement ac-
cording to the heptade convention with a nonhelical insertion
of 46 amino acids. As mentioned before, there are two inter-
ruptions, one in each helix domain, around positions 131 and
344, the latter occurring at the same position as in the helix
region of chicken desmin (9). In view of the domain structure
of vimentin, particularly the two helical domains, we searched
for duplications in the nucleotide or amino acid sequence using
the matrix method of Gibbs and McIntyre (31). However, be-
cause no duplications could be detected, we must conclude that
the domain-structure is not the result of a duplication at the
genomic level.
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FIG. 4. Amino acid sequence of vimentin drawn in a helical net with 3.5 residues per turn. Nonpolar amino acids [alanine (A), valine (V), me-
thionine (M), isoleucine (I), leucine (L), tyrosine (Y), phenylalanine (F), and tryptophan (W)] are encircled. Note that these hydrophobic residues
are aligned in a major part ofthe polypeptide. Proposed helical regions are shaded and indicatedby zig-zag lines. The helical arrangement is probably
stabilized by the many salt-bridges between basic [lysine (K) and arginine (R)] and acidic [aspartic acid (D) and glutamic acid (E)I residues. Two
distinct helical domains can be distinguished separated by a nonhelical proline (P)-containing region of about 45 amino acids.
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FIG. 5. Comparison of the amino acid sequences of the NH2-terminal domains ofhamster vimentin (HV) and chicken desmin (CD) (9). Identical
residues in vimentin and desmin are placed in boxes. Sequence homology appears clearly from position 67 (in this figure). This is the site where
the helical configuration starts in the vimentin polypeptide. Note the striking abundance of serine, arginine, and threonine residues in the non-

homologous part of both proteins.

Previous experiments with the isolated a-helical 38-kDa do-
main of chicken desmin (9) have shown the ability of this part
of the polypeptide chain to form higher aggregates and long
twisted ribbons with a variable diameter (10-20 nm), indicating
that this helical part plays an important role in 10-nm filament
formation. Another argument for the important role of the he-
lical part is the fact that there is a sequence homology of more
than 80% between the helix domain of hamster vimentin and
the known part of chicken desmin. On the other hand, the
COOH-terminal regions of vimentin and desmin show only 42%
homology and the NH2-terminal domains have no significant
homology at all at the sequence level. Probably evolutionary
conservation of the primary structure of the helical part of the
IF proteins is important for filament formation. Our findings of
the similarity of the topographical models of vimentin and des-
min explains the ability of vimentin to copolymerize with des-
min (32).

CONCLUDING REMARKS
Our model of the vimentin molecule derived from the primary
structure shows two distinct regions that fit a helical confor-
mation. The helical arrangement is stabilized by salt bridges
between basic (lysine and arginine) and acidic (glutamic acid
and aspartic acid) residues (Fig. 4).

Moreover, we postulated an antigenic determinant in the NH2-
terminal a-helical domain at the position with the highest hy-
drophilicity. The primary structure of that part of other IF pro-
teins is still unknown. It may well be possible that differences
in the structure of that part of IF proteins are responsible for
the differences in immunological properties.
The meaning of the basic character of the NH2 terminus of

vimentin is not quite clear yet. Because both vimentin and des-
min conserve the same composition of amino acids and the same
distribution of basic residues, it might be a necessary feature,
probably for all IF proteins. The NH2-terminal part could play
a role in the attachment to the membrane, for it displays a more
hydrophobic character than the rest of the molecule, or it may
be involved in the head-to-tail aggregation of IF proteins as long
filaments. In this context it is noteworthy that the COOH ter-
minus of vimentin contains an excess of acidic residues.

Note Added in Proof. After submission of this paper, the amino acid
sequence of desmin was reported (33).
We thank Johan den Dunnen and Ben Dekker for assistance with the

nucleotide sequence analysis and Jack Leunissen for help with com-
puter analyses of vimentin nucleotide and amino acid sequences. The
present investigations have been carried out partly under the auspices
of the Netherlands Foundation for Chemical Research (SON) and with

the financial aid of the Netherlands Organization for the Advancement
of Pure Research (ZWO).
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