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Type III and IV intermediate filament (IF) proteins share a conserved sequence motif
of -Tyr-Arg-Arg-X-Phe- at the near-amino termini. To characterize significance of the
aromatic residues in the motif, we prepared vimentin mutants in which Tyr-10 and
Phe-14 are substituted with Asn and Ser (Vim[Y10N], Vim[F14S] and Vim[Y10N, F14S]),
and examined assembly properties in viiro by electron microscopy and viscosity
measurements. At 2s after initiation of assembly reaction at pH 7.2 and 150 mM NaCl,
all the vimentin mutants formed so-called unit-length filaments (ULFs) that were
slightly larger than ULFs of wild-type vimentin. In following filament elongation,
Vim[Y10N, F14S] and Vim[Y10N] performed longitudinal annealing of ULFs very
rapidly and formed IFs within only 2.5 and 5 min, respectively, while Vim[F14S] and
wild-type vimentin gave IFs by 40-60 min. The IFs of Vim[Y10N, F14S] and Vim[Y10N],
however, tended to intertwine each other and formed bundles in parts of the
specimens. The intertwinements decreased as the salt concentration decreased, and
optimal salt concentration for the two mutants to form normal IFs was 50 mM. These
results suggest that the aromatic residues, especially Tyr-10, in the motif have a role in
controlling intermolecular interactions involved in IF assembly in vitro and suppress
undesirable filament intertwinements at physiological ionic strength.

Key words: electron microscopy, intermediate filament, site-directed mutagenesis,
vimentin, viscosity.

Abbreviations: EM, electron microscopy; IF, intermediate filament; MES, 2-(IN-morpholino)ethanesulphonic
acid; PCR, DNA polymerase chain reaction; PMSF, phenylmethylsulphonyl fluoride; ULF, unit-length

filament.

Intermediate filaments (IFs) are major components of
the cytoskeleton and the nuclear lamina of most eukary-
otic cells (I-6). A major function of IFs is to contribute
the maintenance of cellular integrity in the presence of
mechanical stress, and mutations in human IF genes
have been related to a variety of tissue-specific disorders
(1, 4, 7). IFs are comprised of a large family of gene
products (~70 members for humans) that are capable of
polymerized into 10 nm diameter filaments (8). From the
extent of sequence homology and the pattern of cell-type-
specific expression, IF subunit proteins are classified into
at least five different types: acidic keratins of epithelia
are type I; neutral-basic keratins of epithelia are type II;
vimentin present primarily in mesenchymal cells, desmin
of most muscles and glial fibrillary acidic protein of
astroglia are type III; the three neurofilament proteins,
nestin and o-internexin of the nervous system are type
IV; lamins of nuclear lamina are type V. All IF sub-
unit proteins share a characteristic tripartite structure
that includes the central o-helical rod domain flanked
by the non-o-helical N-terminal head and C-terminal
tail domains (I, 4-6). The rod domain, consisting of
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approximately 310 amino acids (for lamins 350 amino
acids), has relatively conserved sequences at the N- and
C-terminal ends, and displays long heptad-repeat pat-
terns (abcdefg) of hydrophobic residues (¢ and d). The
heptad-repeat patterns are interrupted in several places,
and resultantly the rod domain can be further subdivided
into four helices 1A, 1B, 2A and 2B. In contrast, the head
and tail domains have variable length, sequences and
chemical characteristics among IF protein types.

The IF subunit proteins readily associate into a coiled-
coil dimer in a parallel in-register manner (I, 4-6). The
rod domain is responsible for the dimer formation. Two
dimers associate into a tetramer, in an anti-parallel and
a half-length staggered manner, resulting 65nm long
particles with a diameter of 2.5nm. It was suggested
that the homotypic interactions between neighbouring
coiled-coil helices 1B of two dimers (i.e. A;; alignment) or
between coiled-coil helices 2B of two dimmers (Ays align-
ment) are responsible for the tetramer formation (1, 4-6,
9-13). Another type of alignment, A5, in which two dim-
mers are anti-parallel and fully overlapped, is not found
at the tetrameric stage, but only at hexameric, octa-
meric or higher oligomeric stages, while tetramer in this
alignment is only stable at high pH values which does
not permit IF formation (4, 10, 13). Tetramers have
indeed been demonstrated to exist, albeit in small
amounts, in living cells (3).

© 2008 The Japanese Biochemical Society.
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Molecular mechanisms for higher assembly steps from
tetramers into IFs are not well understood (I, 4-6).
Concerning the assembly in vitro of cytoplasmic IF
proteins, Ip et al. (14) have demonstrated by electron
microscopy that, under certain ionic and pH conditions,
vimentin tetramers associate into short filaments with
a full-width (10-12nm) and a length of ~66nm, and
that the short filaments elongate into IFs. Herrmann
et al. have examined extensively IF formation by elec-
tron microscopy and reported that, under a physiological
solution condition, tetramers of vimentin, desmin or
keratins associate laterally to form a unit-length fila-
ment (ULF) with a full-width (~16nm) and a length
of ~60nm, consisting of most typically eight tetramers
(15-18). Then ULFs anneal longitudinally into filaments
with several hundred nanometres long, and finally the
filaments undergo a cooperative radial compaction to
form mature IFs with a diameter of ~10nm (15-18).
We have analysed the assembly intermediates in vitro of
vimentin by atomic force microscopy and showed that a
ULF of 60-70nm long has four segments with a convex
surface and that the longitudinal annealing of ULFs
proceeds with an elongation step of ~40nm, suggesting
that the annealing occurs by overlapping two segments
of each ULF (19).

Importance of the central rod domain as the basic IF
construction element is reflected by the strong, negative
influence of point mutations in the highly conserved end
regions of this domain on the IF assembly competence
in vitro and in vivo (1, 4, 5, 20-22). The tail domain is
largely dispensable for IF assembly, since proteolytic
removal or genetically engineered deletion of the tail
domain does not prevent IF formation (1, 4, 15), although
the tail domain might play a subtle role in filament
formation or stability. In contrast, the head domain is
apparently crucial for IF assembly. IF proteins lacking
the head domain by limited proteolysis or genetic engi-
neering are assembly incompetent in vitro and in vivo,
and remain dimers and tetramers in an IF assembly
condition (1, 4, 5, 15, 23-25). Stepwise deletion from the
N-terminus of the head domain of desmin and vimentin
suggested that a short sequence motif -Tyr-Arg-Arg-X-
Phe-, which is localized at the beginning of the head
domain and shared by most of the type III and type IV IF
proteins, is important for IF assembly in vitro and
in vivo, although this motif alone is not sufficient for
normal IF assembly (21, 25-29). These results were
confirmed and extended by arginine point mutations
in this motif, which showed that only one of the two
adjacent arginine residues is essential for IF assembly of
vimentin and desmin (21, 26, 29). On the other hand,
significance of the aromatic residues preceding or follow-
ing the arginine residues has remained to be determined.
In order to characterize the role of each aromatic residue
in the motif, we prepared recombinant mouse vimentin
mutants in which Tyr-10 and Phe-14 are substituted
with Asn and Ser, and examined their assembly proper-
ties in wvitro by electron microscopy and viscosity
measurements. We observed that the substitution of
the aromatic residues, especially Tyr-10, unexpectedly
accelerate the longitudinal annealing of ULFs into IFs
and causes filament intertwinements at physiological
ionic strength.

R. Gohara et al.

MATERIALS AND METHODS

Site-directed Mutagenesis and Construction of Expres-
sion Vectors—Full-length murine vimentin c¢DNA
(1.4kb) flanked by Ndel and BamHI restriction sites (30)
was used as the starting material for all plasmid con-
struction. Site-directed mutagenesis was performed by
oligonucleotide-directed dual amber method, using Mutan-
Super Express Km site-directed mutagenesis kit with
pKF18k vector (Takara, Kusatsu, Japan) as follows. The
vimentin ¢cDNA was subcloned into an Ndel-BamHI
digested pKF18k-2 plasmid. LA(long and accurate)-PCR
was performed using an oligonucleotide primer that con-
tains the desired mutation and the selection primer that
reverts the amber mutations on the kanamycin-resistant
gene in the plasmid. The primer sequences used for
mutation were as follow: 5-TCGTCCTCCAACCGCAGGA
TG-3" for Vim[Y10N]; 5-CAGGATGTCCGGTGGCTCC-3’
for Vim[F14S]; 5-TCCTCCTACAGCAGTATGTTC-3' for
Vim[R11S, R12S]. The PCR products were transformed
into Escherichia coli MV1184, and then the transformants
containing the desired mutation were grown on the
medium containing kanamycin. For the double mutations
of Vim[Y10N, F14S], the Vim[Y10N] DNA fragment was
excised with Ndel and BamHI, subcloned again
into pKF18k-2 plasmid, and then applied to the second
LA-PCR using the primers for the F14S mutation and
kanamycin-resistant selection. Clones were picked at
random, and the identity of mutations was verified by
DNA sequencing. The inserts were excised with Ndel
and BamHI, and subcloned into Ndel-BamHI-digested
pET-3a vectors (Novagene, Madison, USA) for bacterial
expression.

Bacterial Expression and Protein Purification—Each
plasmid was transformed into E. coli BL21(DE3)pLysS
(Novagene). The cells were cultured overnight in LB
medium containing chloramphenicol (34 pg/ml) and ampi-
cillin (100 pg/ml), diluted 1:100 with the fresh LB
medium, and grown to an ODgyy of 0.6. Isopropyl-1-
thio-B-np-galactopyranoside was then added to a final
concentration of 0.4mM to induce expression. After
shaking at 37°C for 3h, the cells were harvested by
centrifugation and sonicated in 10 mM Tris—HCI pH 7.5,
10mM EDTA, 10mM B-mercaptoethanol, 1mM PMSF,
300mM KCI (buffer A). The homogenate was centrifuged
at 25,000g at 4°C for 1h, and the resulting pellet was
washed with buffer A containing 0.5% Triton X-100, then
dissolved in 10mM Tris—=HCI pH 7.5, 2mM EDTA,
10mM B-mercaptoethanol, 1mM PMSF, 8M wurea
(buffer B). After centrifugation at 100,000g at 4°C for
1h, the supernatant was applied to a Q-Sepharose
column (1.6 x 5cm) equilibrated with 10mM Tris—HCl
pH 7.5, 1mM EDTA, 10mM B-mercaptoethanol, 0.5 mM
PMSF, 6 M urea (buffer C). Proteins were eluted from
the column by application of a linear concentration
gradient of NaCl (0-0.6 M) in buffer C. The fractions
containing desired proteins were pooled and dialysed
against 20mM MES-NaOH pH 6.0, 1 mM EDTA, 10 mM
B-mercaptoethanol, 0.5 mM PMSF, 6 M urea (buffer D)
and then applied to a SP-Sepharose column (1.6 x 5cm)
equilibrated with the same buffer. Proteins were eluted
from the column by application of a linear concentration
gradient of NaCl (0-0.6M) in buffer D. The fractions
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containing desired proteins were collected, dialysed
against 10mM Tris—HCl pH 9.0, 2mM EDTA, 10mM
B-mercaptoethanol (buffer E), cleared of aggregates by
centrifugation at 100,000g at 4°C for 1h, and stored
at —20°C. The authenticity of proteins was verified by
SDS—polyacrylamide gel electrophoresis and amino ter-
minal sequence analysis using a Shimadzu PPSQ system.
First methionine residue of the initiation codon was
found to be removed in the expression system used here,
and the amino terminal sequences started with a serine
residue, as shown in Fig. 1. Concentrations of proteins
were determined by the method of Bradford (31), using
bovine serum albumin as a standard.

In Vitro Filament Assembly—IF assembly was carried
out in 20mM imidazole-HCl pH 7.2, 50-150 mM NacCl,
2mM B-mercaptoethanol (assembly buffer) at 37°C.
Protein concentration was adjusted to 0.2 mg/ml. The IF
assembly reaction was initiated by addition of the soluble
protein (1.0mg/ml) in buffer E to four volumes of the
concentrated assembly buffer (25 mM imidazole-HCl pH
7.0, 62.5, 125 or 187.5mM NaCl) and then rapid mixing
(dilution method). At various time points, 20ul of the
reaction mixture was withdrawn and added to 20pul
of the assembly buffer containing 0.2% glutaraldehyde.
Glutaraldehyde was used to stop the assembly reaction
and to fix the products by cross-linking (15, 19, 32). After
5min of fixation at room temperature, the final 20 ul was
served for electron microscopic analysis.

Electron Microscopy—IF preparations were placed
directly on carbon film-coated specimen grids, stained
with 2% uranyl acetate, and analysed using a JEM-1210
electron microscope (JEOL, Tokyo, Japan) that was
operated at an accelerating voltage of 80kV.

Viscosity Measurements—An Ostwald viscometer
(Moritomo Rika, Osaka, Japan) with a sample volume
of 1.2ml and buffer flow time of 21s at 30°C was used
in a water bath with a temperature control device. The
U-shaped viscometer includes a section with a narrow
diameter through which the sample flows driven by
hydrostatic pressure. The time required for the solution
to pass through an upper and lower mark of the glass

Head Rod Tai |l

—1 1A H 1B H 2a H 2B —

1 10 20
Vim STRSVSSSSYRRMAGGSGTSS: -+

Vim[Y10N] STRSVSSSSNRRMFGGSGTSS------

Vim[Y10N, F14S] STRSVSSSSNRRMSGGSGTSS-----

Vim[F14S] STRSVSSSSYRRMSGGSGTSS------

Vim[R11S, R12S] STRSVSSSSYSSMFGGSGTSS:-----
Fig. 1. Schematic presentation of the domain structure of
mouse vimentin (a) and amino acid sequences of vimen-
tin mutant proteins (b). In (a), the boxes represent the helices
1A, 1B, 2A, and 2B of the central a-helical rod domain, the lines
the non-o-helical head and tail domains, as well as the non-
a-helical spacer sequences. In (b), the conserved motif is boxed.
The amino acid substitutions in the motif are underlined.
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capillary tube was recorded. IF assembly was carried
out at 30°C in the assembly buffer containing 0.005%
Tween-20 and 1mM DTT instead of B-mercaptoethanol.
Protein concentration was adjusted to 0.3 mg/ml. After
initiation of the IF assembly reaction by addition of the
soluble protein in buffer E to the concentrated assembly
buffer and rapid mixing, the sample was immediately
introduced into the viscometer, and then viscosity was
measured at regular, specified intervals. Specific viscos-
ity (nsp) is calculated by the equation

Nsp= (ts _tb)/tb

where, ¢, is the flow time of the sample and #;, is the flow
time of the assembly buffer only.

Curves representing the time course of viscosity
increase were fitted by cubic equations. Initial rate in
the increase of viscosity was estimated by differential of
the equation at time zero second.

RESULTS

Preparation of Vimentin Mutants—The structures
of mouse vimentin mutants prepared in this study are
schematically shown in Fig. 1. To examine significance of
the aromatic residues in the sequence of -Tyr-Arg-Arg-
Met-Phe-, Tyr-10 and Phe-14 were substituted with Asn
and Ser, respectively. The abbreviated names of the
vimentin mutants (Vim[Y10N], Vim[Y10N, F14S] and
Vim[F148]) indicate the substituted amino acid residues
in single-letter codes, their positions, and newly intro-
duced amino acids, in the angle brackets. These site-
directed mutations were introduced into the mouse
vimentin ¢cDNA, by PCR using oligonucleotide primers
that contain the desired mutation, as described under
MATERIALS AND METHODS section. In addition, muta-
tion that replaces both Arg-11 and Arg-12 with Ser was
also introduced, to obtain an IF assembly-incompetent
vimentin mutant (21, 26, 29). The recombinant proteins
were bacterially expressed and purified from inclusion
bodies by ion-exchange column chromatography using 6 M
urea, as described under MATERIALS AND METHODS
section. After dialysis against a buffer of pH 9, these pro-
teins were obtained as soluble oligomers.

The assembly reaction was initiated by transferring
the soluble proteins to a standard assembly buffer of pH
7.2 with physiological ionic strength (150 mM NaCl), and
then rapid mixing. Since ionic strength affects IF for-
mation and stability, the experiments were also carried
out at 100 or 50 mM NaCl. Protein concentration in the
assembly reaction mixture was adjusted to 0.2 mg/ml. At
various time points, an aliquot of the reaction mixture
was withdrawn, treated with 0.1% glutaraldehyde to
stop the assembly reaction (15, 19, 32), and then served
for electron microscopic analysis, as described under
MATERIALS AND METHODS section.

Effects of Substitution at Tyr-10 and Phe-14 on ULF
Formation—At 2 s after initiation of the assembly reaction
at 150mM NaCl, wild-type vimentin formed short full-
width filaments, called ULF's, with a length of 62 +7nm
and a width of 16 £2nm (Fig. 2a) (15, 18, 19). All the
mutant proteins prepared here also afforded ULFs.
Vim[Y10N] formed ULFs with a length of 70+ 7nm
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and a width of 23+3nm (Fig. 2b), Vim[Y10N, F14S]
formed ULFs with a length of 67 +9nm and a width of
23+4nm (Fig. 2¢), and Vim[F14S] formed ULFs with
a length of 60+ 7nm and a width of 19+ 2nm (Fig. 2d).
Thus, substitution of the aromatic residues, especially
Tyr-10, in the near-amino terminal motif resulted in
formation of ULFs that appeared to be larger than those
of wild-type vimentin at 150 mM NaCl. Similar results
were also obtained at 100 mM NaCl (data not shown). The
ULF's of the mutant proteins with increased widths might
be composed of a larger number of tetramers per cross-
section than the number of wild-type vimentin tetramers,
although the exact numbers were not determined. These
results suggest that substitution of the aromatic residues
in the motif enhanced the lateral association of vimentin
tetramers to form relatively thick ULFs. In addition, the
relatively longer ULFs compared to those of wild-type
vimentin suggest that longitudinal filament elongation
had already started for Vim[Y10N] and Vim[Y10N, F14S].

At 50mM NaCl, the sizes of the ULFs of Vim[Y10N]
and Vim[Y10N, F14S] were closed to those of wild-type
vimentin ULFs: wild-type vimentin formed ULFs with
a length of 58 £ 7nm and a width of 18 £2nm (Fig. 2f),
Vim[Y10N] formed ULFs with a length of 57 +5nm and
a width of 17+ 2nm (Fig. 2g), Vim[Y10N, F14S] formed
ULF's with a length of 57 +5nm and a width of 16 £ 2nm
(Fig. 2h), and Vim[F14S] formed ULFs with a length
of 58+ 7nm and a width of 17+2nm (Fig. 2i). Thus,
an apparent effect of substitution at Tyr-10 and Phe-14
on ULF formation was not observed at 50mM NaCl.
Interestingly, decrease of the salt concentration from 150
to 50mM significantly reduced the sizes of ULFs of
Vim[Y10N] and Vim[Y10N, F14S]. These results suggest
that in ULF formation the lateral association of tetra-
mers of the mutant proteins significantly depends on
ionic strength.

Vim[R11S, R12S] did not form ULFs but gave mainly
globular aggregates at 50-150mM NaCl (Fig. 2e and j),

Fig. 2. ULFs observed by electron microscopy at 2s after
initiation of assembly. Wild-type vimentin (a and f),
Vim[Y10N] (b and g), Vim[Y10N, F14S] (¢ and h), Vim[F14S]
(d and i), and Vim[R11S, R12S] (e and j) were assembled at the
concentration of 0.2mg/ml in an assembly buffer of 20 mM
imidazole-HCI pH 7.2, 150 mM NaCl (a—e) or 50 mM NaCl (f—),
2mM B-mercaptoethanol at 37°C. At 2s, assembly reaction was
stopped by addition of an equal volume of the assembly buffer

R. Gohara et al.

although small amounts of ULF-like structures were
barely seen at 50 mM NaCl (Fig. 2j, left side). Thus, sub-
stitution of both the arginines severely affected ULF
formation, suggesting that the two arginines in the near-
amino terminal motif are critically involved in ULF for-
mation. In contrast, Tyr-10 and Phe-14 appeared to control
lateral association of tetramers in ULF formation, depend-
ing upon ionic strength employed in the assembly reaction.

Effects of Substitution at Tyr-10 and Phe-14 on Fila-
ment Elongation—In the next step, ULFs anneal longi-
tudinally into longer assembly intermediates (15, 18, 19).
At 150 mM NaCl, wild-type vimentin gave assembly inter-
mediates with lengths of 150-300 nm at 2.5 min (Fig. 3a),
then formed those with lengths of several hundreds nano-
meters at 10 min (Fig. 3b). The widths of these assembly
intermediates were ~16nm, almost the same with the
width of ULFs. Until 10 min, ULF's had been almost con-
sumed for filament elongation. At 30 min, assembly inter-
mediates with lengths of several hundreds nanometres or
more were observed and they showed relatively reduced
widths of ~15nm, suggesting that these filaments were
in the course of radial compaction along the filament
axis, probably causing reorganization of tetramers within
a filament (15, 18, 19). Finally, at 1h, mature IFs with a
length of several micrometres and a width of 14+ 1nm
were observed (Fig. 3c).

Vim[F14S] performed filament elongation in a time-
table similar to that of wild-type vimentin, and finally
gave fully elongated (i.e. several micrometers long)
mature IFs with a width of 14+ 1nm at 1h (Fig. 3h—j).
Thus, although Vim[F14S] formed relatively thick ULFs
with a width of ~19nm at 150 mM NaCl (Fig. 2d), the
mutant protein finally gave IFs with almost the same
width with that of wild-type vimentin IFs, indicating
that striking radial compaction had occurred for the
mutant protein during filament elongation (Fig. 3h—j).

Unexpectedly, Vim[Y10N] and Vim[Y10N, F14S]
showed extremely rapid filament elongation compared

containing 0.2% glutaraldehyde, and each sample was served for
electron microscopic analysis after negative staining. At 150 mM
NaCl the mutant proteins except Vim[R11S, R12S] formed
relatively larger ULFs than those of wild-type vimentin, whereas
at 50 mM NaCl ULF's of the mutant proteins were about as large
as those of wild-type vimentin. Vim[R11S, R12S] formed ULF-
like structures besides aggregates at 50 mM NaCl. The scale bar
represents 50 nm.

J. Biochem.
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Fig. 3. Time-dependent assembly of wild-type vimentin
(a-c¢), Vim[Y10N] (d and e), Vim[Y10N, F14S] (f and g),
Vim[F14S] (h—j), and Vim[R11S, R12S] (k and 1) as
observed by electron microscopy after negative staining.
Filament assembly was carried out in 20 mM imidazole-HCI pH
7.2, 150 mM NaCl, 2mM B-mercaptoethanol at 37°C, and stopped

Vol. 144, No. 5, 2008

by addition of an equal volume of the assembly buffer containing
0.2% glutaraldehyde after 2.5min (a, d, f, h and k), 5min (e, g
and 1), 10min (b and i) and 1h (c and j). Vim[Y10N, F14S] and
Vim[Y10N] formed fully elongated IFs within only 2.5 min (f) and
5min (g), respectively, and their IFs tended to intertwine each
other. The scale bar represents 200 nm.
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to wild-type vimentin, and formed fully elongated IFs
within only 5min (Fig. 3e) and 2.5min (Fig. 3f), respec-
tively. Thus, substitution of the aromatic residues,
especially Tyr-10, significantly promoted the filament
elongation reaction. Substitution of Phe-14 in addition
to that of Tyr-10 seemed to have an additive effect in
increasing the filament elongation rate, although single
substitution of Phe-14 did not show such a prominent
effect on filament elongation (Fig. 3h—j). During the rapid
filament elongation, drastic radial compaction also occur-
red, from the widths of ULFs (23 +3nm for Vim[Y10N]
and 23+4nm for Vim[Y10N, F14S]) (Fig. 2b and o),
to the widths of IFs (14+1nm for Vim[Y10N] and
14 + 1 nm for Vim[Y10N, F14S]) (Fig. 3e and f). Further-
more, [Fs of the mutant proteins, especially Vim[Y10N,
F148S], tended to intertwine each other and formed bun-
dles in parts of the specimens (Fig. 3e and g). Since the
intertwinement and bundle formation were not observed
for their ULFs (Fig. 2b and c), these events seemed to
occur after the filaments elongated over several hun-
dreds nanometers or more. Further incubation (~1h) of
the assembly mixtures of the mutant proteins led to
gradual increase of bundles (data not shown).

Filament elongation of all the proteins apparently
slowed down at 50mM NaCl (Fig. 4), although use of
100 mM NaCl showed subtle effects on the rates of fila-
ment elongation (data not shown). Vim[Y10N, F14S]
formed fully elongated IFs with a width of 14+ 1nm
at 10 min (Fig. 4g). Vim[Y10N] afforded IF's with a width
of 15+ 1nm at 30min (Fig. 4e). Vim[F14S] as well as
wild-type vimentin gave mainly assembly-intermediates
with lengths of several hundreds nanometres and width
of approximately 15nm at 1h (Fig. 4c and 1), and did not
form fully elongated IFs even at 2h (data not shown).

Interestingly, Vim[Y10N, F14S] and Vim[Y10N] did
not show notable intertwinements of IFs at 50 mM NaCl
(Fig. 4d—i). Further incubation (~1h) did not cause bun-
dle formation (data not shown). Thus, intertwinements
and bundle formation of the two mutant proteins depended
on the salt concentration. To form normal IFs without
intertwinements, the optimal salt concentration for
Vim[Y10N, F14S] and Vim[Y10N] appeared to be 50 mM,
apparently lower than that (150 mM) for wild-type vimen-
tin. At 20mM NaCl, however, Vim[Y10N, F14S] and Vim
[Y10N] formed only assembly-intermediates with lengths
less than ~500 nm and did not form fully elongated mature
IFs (data not shown).

Vim[R11S, R12S] gave mainly aggregates at 50-150 mM
NaCl (Figs 3k and 1, 4m-o), as expected from the previ-
ous reports (21, 26, 29). Sometime short filaments with
irregular surfaces were also observed at 50mM NaCl
(Fig. 4m—o). These structures might be formed by anneal-
ing of the ULF-like structures observed at 2s at 50 mM
NaCl (Fig. 2j, left side). Thus, the incompetence of this
mutant protein to form normal ULFs at the beginning
of assembly reaction (Fig. 2e and j) resulted in failure of
fully elongated mature IFs. Again, Arg-11 and Arg-12 are
critically involved in ULF formation, and substitution of
these residues interferes with ULF formation and follow-
ing filament elongation. In contrast, Tyr-10 and Phe-14
appeared to control intermolecular interactions involved in
both ULF formation and filament elongation, depending
upon ionic strength employed in the assembly reaction.

R. Gohara et al.

Viscosity Measurements—To demonstrate the assembly
kinetics, viscosities of the assembly reaction mixtures
were measured at each time-point, using an Ostwald-type
glass capillary viscometer (26, 33). Assembly reaction was
initiated by addition of the soluble proteins to the concen-
trated assembly buffer and rapid mixing at 30°C. Then,
each sample was immediately introduced into the vis-
cometer that was retained at 30°C in advance, and viscos-
ity was measured at regular, specified intervals. Protein
concentration was adjusted at 0.3 mg/ml, close to the con-
centration employed in the electron microscopic analysis.

At 150mM NaCl, Vim[F14S] as well as wild-type
vimentin gave half-maximal viscosity at ~20min, then
reached a plateau at 40-60 min (Fig. 5a), consistent with
the observation in electron microscopy that they formed
fully elongated filaments at 1h (Fig. 3¢ and j). In con-
trast, Vim[Y10N, F14S] and Vim[Y10N] showed a drastic
increase in viscosity immediately after initiation of the
assembly reaction (Fig. 5a), reflecting rapid filament elon-
gation as observed in electron microscopy (Fig. 3e and f).
Their viscosities increased up to ~2-fold higher values
than that of wild-type vimentin. The very high viscosities
observed for Vim[Y10N, F14S] at 5 min and for Vim[Y10N]
at 20min are probably due to aggregation of their fila-
ments during viscosity measurements. In fact, after reach-
ing the maximal viscosity values, insoluble aggregates
were observed in the reaction mixtures and they interfered
with a subsequent measurement.

As the salt concentration was reduced to 100 mM (data
not shown) or 50 mM (Fig. 5b), each protein exhibited a
lower kinetics in viscosity measurement. At 50 mM NaCl,
Vim[Y10N] and Vim[Y10N, F14S] (Fig. 5b) gave curves
similar to those observed for Vim[F14S] and wild-type
vimentin at 150 mM NaCl (Fig. 5a). In fact, as shown in
electron microscopy, Vim[Y10N, F14S] and Vim[Y10N]
formed normally elongated IFs at 30 min and 1h, respec-
tively, at 50mM NaCl (Fig. 4f and h). In contrast, Vim
[F14S] as well as wild-type vimentin showed only a small
increase in viscosity at 50 mM NaCl (Fig. 5b). This was
consistent with the electron microscopic observation in
that Vim[F14S] and wild-type vimentin afforded mainly
assembly intermediates at 50mM NaCl (Fig. 4c and 1).

Initial rate in the increase of viscosity of each protein
(Fig. 5¢) suggest that ULF's of Vim[Y10N] and Vim[Y10N,
F14S] possess ~3- and 6-hold higher potentials, respec-
tively, to anneal to each other than do ULFs of wild-type
vimentin. Thus, the results of viscosity measurements
correlated well with the morphological data obtained by
electron microscopy, and confirmed that Vim[Y10N, F14S]
and Vim[Y10N] assemble into IFs with significantly
higher efficiencies than those of Vim[F14S] and wild-type
vimentin.

DISCUSSION

Under a standard IF assembly condition containing
150 mM NaCl, Vim[Y10N, F14S] and Vim[Y10N] formed
relatively thick ULFs and then showed very fast longi-
tudinal annealing of ULFs. The two vimentin mutants
formed fully elongated IFs within only 5min, although
they showed a tendency to intertwine each other and
formed filament bundles in parts of the specimens. To form
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Fig. 4. Time-dependent assembly of wild-type vimentin
(a-c), Vim[Y10N] (d-f), Vim[Y10N, F14S] (g-i), Vim[F14S]
(G- and Vim[R11S, R12S] (m-0) as observed by electron
microscopy after negative staining. Filament assembly
was carried out in 20mM imidazole-HCI pH 7.2, 50mM NaCl,
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2mM B-mercaptoethanol at 37°C, and stopped by addition of an
equal volume of the assembly buffer containing 0.2% glutaralde-
hyde after 10 min (a, d, g, j and m), 30 min (b, e, h, k and n) and
1h (c, f, i, 1 and o). The scale bar represents 200 nm.
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Fig. 5. Viscosity measurements of wild-type vimentin
(filled triangles), Vim[Y10N] (open circles), Vim[Y10N,
F14S] (filled circles), Vim[F14S] (filled squares) and
Vim[R11S, R12S] (open squares), in the assembly buffer
pH 7.2 containing 150mM NaCl (a) or 50mM NaCl (b).
Each protein (0.3 mg/ml) was assembled at 30°C, and viscosity
was measured, as described under MATERIALS AND
METHODS section. The curves were fitted by cubic equations.
(c) Initial rate in the increase of viscosity was estimated by
differential of the equation at time zero second. WT, wild-type
vimentin; YN, Vim[Y10N]; NS, Vim[Y10N, F14S]; FS,
Vim[F148S]; SS, Vim[R11S, R12S].

normal IFs within 1h, 50mM NaCl was observed to be
optimal for the mutant proteins. These results suggest that
Tyr-10 and Phe-14 have a role to regulate the intermolec-
ular interactions involved in vimentin IF assembly and
suppress unfavourable aggregation of IFs at physiological
ionic strength.

R. Gohara et al.

Individual IF proteins strikingly differ with respect
to their IF assembly conditions in vitro (1, 4, 5, 16),
although biological significance is unknown. Our results
call attention to the aromatic residues, Tyr-10 and Phe-14,
in the near-amino terminal motif of vimentin as a struc-
tural element that determines an optimal ionic strength
for IF assembly in vitro, although other parts of the
head domain sequences might be also important. Type III
IF proteins such as vimentin and desmin containing
a sequence of -Tyr-Arg-Arg-X-Phe-, and type IV neuro-
filament protein-L. containing a sequence of -Tyr-Lys-
Arg-Arg-Phe-, need a relatively high concentration
(100-160mM) of NaCl or KCl to form fully elongated
mature IFs (14, 16, 19, 26, 28, 29, 32, 34-37). Another
type III protein of glial fibrillary acidic protein containing
a sequence of -Ala/Thr-Arg-Arg-Ser-Tyr- prefers a rela-
tively low concentration (50-100mM) of NaCl or KCI
(38, 39). On the other hand, type I and type II cytokeratins
co-polymerize into IFs at 0-50 mM NaCl (13, 16, 17, 40).
The cytokeratins do not have a definite motif composed
of arginine and aromatic residues, although an average
of ~6 arginines and ~11 aromatic residues exist in the
head domain. Employment of a higher concentration of
NaCl (>50 mM) results in formation of aggregates. It was
also reported that, cytokeratins 8 and 18 perform long-
itudinal filament growth very rapidly, almost simulta-
neously with ULF formation at 50 mM NaCl (17). In this
study, substitution of Tyr-10 and Phe-14 of vimentin
strikingly accelerated the longitudinal filament elongation
and reduced the optimal salt concentration close to that
for the cytokeratins.

Previously, Herrmann et al. have reported that simul-
taneous substitution of the two aromatic residues and
isoleucine in the near-amino-terminal motif (-Tyr-Arg-
Arg-Ile-Phe-) of Xenopus vimentin with three serine
residues resulted in the formation of dense aggregates
at 160mM NaCl (26). Since assembly-intermediates of
the mutant protein were not analyzed by the authors,
it is unknown whether the mutant protein forms ULFs
and undergoes longitudinal annealing of ULFs before
forming the aggregates. The isoleucine residue with the
hydrophobic bulky side chain might be also important
for IF assembly of Xenopus vimentin.

In this study, substitution of Tyr-10 and Phe-14
of vimentin appeared to enhance intermolecular inter-
actions involved in ULF formation and filament elonga-
tion. In ULF formation, vimentin tetramers in the A;;
alignment and the Ay, alignment associate laterally
(9-12, 18). In the following filament elongation, ULFs
anneal longitudinally each other at their both ends
(15-17, 19). Although structures of the molecular inter-
faces on the assembly intermediates are unknown, the
interfaces are likely formed by cooperative interaction
between the head domain and a certain part of the rod
domain, because a vimentin mutant lacking the head
domain does not form ULF nor IFs (5, 15, 23-25) and the
vimentin head domain has been shown to interact with
the rod domain (26, 27, 29, 30, 37). In the interaction
between the head domain and the rod domain, the near-
amino terminal motif of vimentin has been assigned as
a critical structural element (5, 26, 27, 29). Especially,
the two adjacent arginine residues, Arg-11 and Arg-12,
in the motif are expected to play an essential role in the
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interaction with the rod domain, because synthetic
peptides representing the near-amino terminal motif of
vimentin lose an activity interfering with IF assembly of
wild-type vimentin, by substituting the arginine residues
in the peptides with other neutral amino acids (5, 27).

We presume that Tyr-10 and Phe-14 have a role to
control functions of Arg-11 and Arg-12 in the interaction
with the rod domain, as follows. The cationic charges of
the arginine residues can interact with anionic charges
of acidic residues that are abundant in the rod domain.
However, simple salt bridge formation with the rod
domain does not seem to be responsible for vimentin IF
assembly, since this process is favored at the elevated
ionic strength (14, 26, 28, 29, 37). It is well known that
the multi-functional behaviour of arginine contributes
making up specific conformation of proteins and protein—
ligand complexes. The guanidinium group has a high
capacity to donate hydrogen bonds. The methylene groups
can contribute favorably to the hydrophobic -effect.
Furthermore, the cationic side chain is potentially bene-
ficial to form cation-n interactions with aromatic side
chains having high electron density (471-43). The cation-n
interactions are calculated to be more stabilizing than
salt-bridges, and are not strongly attenuated in water. It is
conceivable that Tyr-10 and Phe-14 form cation-n inter-
actions with Arg-11 and Arg-12. Simultaneously, the
arginines in the motif might form salt-bridges or hydrogen
bonds with a specific binding site in the rod domain, since
it has been observed that more than half of arginines
involved in the cation-rt interaction are involved in salt-
bridges or hydrogen bonds with an interacting partner
surface (43). In such a case, the cation-n interaction
and the salt-bridges are augmented each other (43). The
putative cation-n interaction within the near amino-
terminal motif might contribute to targeting the side
chains of Arg-11 and Arg-12 to a specific binding site in the
rod domain (41, 43). Our observation that substitution
of Tyr-10 gave a more significant effect on IF assembly
than did substitution at Phe-14 suggest that Tyr-10 is
primarily involved in controlling the functions of the
neighbouring arginines. This is in good agreement with
the previous report that arginine-tyrosine pairs are most
abundant in the cation-n interactions (43).

According to the above assumption, substitution of
Tyr-10 and Phe-14 extinguishes the cation-n interac-
tion within the motif. Alternatively, the arginines in the
motif can form new cation-n interactions with aromatic
residues located in the rod domain, in addition to the
salt-bridges or hydrogen bonds so far formed. The new
cation-n interactions would enhance the interaction with
the rod domain. Such alterations in the interaction
between the near-amino terminal motif and the rod
domain might change the structures of the molecular
interfaces on vimentin tetramers and ULF's, then might
lead to enhancement of salt-stable intermolecular inter-
actions in ULF formation and filament elongation, as
observed here. To prove this hypothesis, it is urgent to
identify the specific binding site of the near-amino
terminal motif of vimentin. While the rod domain is
throughout wealthy with acidic residues, the aromatic
residues are relatively abundant in helices la and 2b
rather than helices 1b and 2a. Especially, the conserved
N-terminal end of helix 1a and the conserved C-terminal
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end of helix 2b, which have been shown to be critically
involved in IF assembly (22, 30, 37, 44), are a candidate
for the target site of the near-amino terminal motif.
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