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The ability of the intermediate filament subunit protein vimentin to bind synthetic oligonucleotide telomere models containing repeat sequences from Oxytricha (T4Gr), Saccharomyces (TGTGTG,), or Tetrahymena (TzG4)was investigated in vitro with a filter
binding assay and a gel overlay assay. At low ionic
strength, vimentin bound these oligonucleotides with
high affinity. At higher ionic strength, the vimentinoligonucleotide complex was less stable, such that approximately 30% of the initial binding remained at
150 mM KCl. One mole of vimentin tetramer bound
approximately 1 mol of telomere oligonucleotide. Vimentin bound well oligonucleotides containing either
a random duplex or random 3’-overhang, but showed
a reduced affinity for a blunt-ended oligonucleotide. A
control random sequence oligonucleotide was not
bound byvimentin.
The oligonucleotide-binding site of vimentin was
shown to be localized in the non-a-helical N-terminal
domain byassays employing purified proteolytic fragments of vimentin. Preliminary results in the gel overlay assay show that other members of the intermediate
filament family, nuclear lamins A-C, all bind the synthetic oligonucleotide containing the telomere repeat
sequence of Oxytricha.

Previous studies have shown that nonepithelial intermediate filament (IF)’ subunit proteins bind tenaciously in vitro
to a variety of synthetic and natural nucleic acids, especially
single-stranded DNA (1-5) and supercoiled plasmid DNA (6),
as well as to core histones (7). Others (8-10) have presented
data thatsuggest that IFs interact specificallywith the nuclear
envelope and bind to lamin B, one of the three proteins
composing the nuclear lamina. These results suggest that IF
proteins may display other activities in eukaryotic cells in
addition to their classically ascribed function as cytoskeletal
elements or mechanical integrators of cellular space (Ref. 11;
reviewed in Ref. 12).
These studies promptedus to look for the interaction of IF
subunit proteins with specific, defined nucleic acid sequences
common to eukaryotic cells. As a result of the high affinity
binding of vimentin to G-rich nucleic acids (Z), the G-rich
multiple repeats common to all sequences of telomere structures (reviewed in Ref. 13; Ref. 14), the interkingdom func-

tional recognition of telomere sequences (15) suggesting conservation of telomere structure among diverse species, the
location of telomeres proximal to the nuclear periphery (16),
and the potential interaction of cytoplasmic IFs with the
nuclear lamina (nuclear periphery) (8-10,17,18), we chose to
synthesize oligonucleotides containing telomeric sequences
and to investigate the interaction of vimentin withthese
telomere models,We have employed a filter binding assay
that satisfies all of the theoretical criteria (19-23) required
for accurate analysis of the relative affinity of vimentin for
these nucleic acids. We report here that vimentin interacts
with these synthetic telomeres with high affinity in a specific
manner. Furthermore, we show that the nonhelical N-terminal domain of vimentin is responsible for this binding.
EXPERIMENTAL PROCEDURES

Materials-Ehrlich ascites tumor cell vimentin and proteolytic
fragments thereof (Fig. 1)were prepared as previously described (2427). [3H]Vimentinwas prepared by reductive methylation (28). Mouse
nuclear lamin proteins A-C were prepared as described (29). Oligonucleotides (see Table I) were synthesized on a Beckman System 1
Plus DNA synthesizer and purified on 10% denaturing acrylamide
gels. The conversion to telomeric dimers and subsequent analysis
were as described (30), except that care was taken to hybridize in
excess of 50 X Cotat T,,, 10 “C for each oligonucleotide.Oligonucleotide concentrations were determined assuming 50 pg/ml = 1 A2w.
Oligonucleotides were 5’-end-labeled with 3*Pusing T4 polynucleotide kinase to a specific activity of 1.2-9.4 X lo4cpm/pmol. Procedures
for DNA manipulation were essentially as described (31). BA85
nitrocellulose filters (25-mm diameter) were purchased from
Schleicher & Schull. The secondary structure prediction (according
to themethod of Chou and Fasman (32-34)) was performed with the
Protylize Structure Predictor computer program (Scientific and Educational Software, Silver Spring, MD).
Methods-Standard reactions contained 0.5 Mg of vimentin (10
pmol of monomer) and 0.5-25 pmol of nucleic acid in a total volume
of 100 el of 10 mM Tris-HC1, pH 7.4, 0.1 m M EDTA. For determination of the pHoptimum for binding, 10 mM PIPES was substituted
for 10 mM Tris at pH 6-7. After incubation for various times (see
“Results”; typically 10 min at 25 “ C ) , the reaction mixtures were
filtered through nitrocellulose filters with rapid suction and washed
three times with 5 ml of incubation buffer. To determine the salt
dependence of the vimentin-nucleic acid interaction, the filter-bound
material was washed three times each with 5 ml of 10 mM Tris-HCI,
pH 7.4,O.l mM EDTA containing various concentrations of KC1 (see
“Results”). Gel overlay experiments were performed by separating
various protein fractions (see “Results”) by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (35); transferring the proteins to nitrocellulose (36); removing residual SDS by washing with
10 mM Tris, pH 7.4,O.l mM EDTA, 0.05% (v/v) Tween 20; incubating
the bound proteins for 2 h with lo6 cpm of the 32P-labeledOxy-1
oligonucleotide (see Table I) in 50 ml of 10 mM Tris-HC1, pH 7.4, 0.1
mM EDTA at room temperature; washing the nitrocellulose blots
three times for 30 min in the same buffer; and finally exposing Kodak
XAR-5 film to theblot for 1-4 h before development.
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RESULTS
The abbreviations used are: IF, intermediate filament; SDS, soThe
oligonucleotides
employed
in this study are shown in
dium dodecyl sulfate; PIPES, piperazine-N,N‘-bis(,2-ethanesulfonic
Table 1. Initial experiments were performed with the oligoacid).
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conditions, less than 1%of the input oligonucleotides bound
to the filters in the absence of protein, and conditions were
chosen so that from 10 to50% of the input Oxy-1 oligonucleotide was bound in the presence of protein. The binding of
vimentin to thenitrocellulose filters in theabsence and presence of nucleic acid was quantitative to more than 50 pg of
protein/25-mm diameter filter, as determined by binding of
t3H]vimentin (data not shown). Vimentin remained quantiA
tatively bound to the filters during washes with 0.1% SDS, 6
M urea, or salt up to 2 M (-25% of the bound vimentin was
S T R S V S S S S Y R R M F G G S G T S S R P S S N R S V V
IO
20
30
removed upon washing with 4 M NaC1). The kinetics of
oligonucleotide binding by vimentin were similar at 0,25, and
T T S T R T V S L G S A L R P S T S R S L Y S S S P G G A Y
37 “C; the interaction in solution was complete within 5 min
40
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60
and stable for at least 1 h (data notshown). The bound
V T R S S A V R L R S S Y P G V R L L Q D S V D F S L A D A
protein-nucleic
acid complexes were quantitatively retained
701
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T
on the filter during the wash procedure employed (data not
I N T E F K N T R T N E K V E L Q E L N D R F A N Y I D K V
shown). The pHoptimum was found to be 7-7.5; binding was
100
110
120
reduced by about 40% at pH 6 and by 90% at pH8.5.
t
t
Under condkions of limiting protein, the binding of the
Oxy-1 telomere oligonucleotide was saturable and noncooperative and took place with a stoichiometry of approximately
one molecule of oligonucleotide bound per vimentin tetramer
B
(Fig. 2). Scatchard analysis (37) was performed (Fig. 2, inset),
and an apparent K, of 4 X lo7 M” and a binding of 0.8-1.2
mol of oligonucleotide/mol of vimentin tetramer were measured
in four separate experiments. Similarmeasurements
I
I
I
I
were performed for oligonucleotides containing telomere re20
LO
60
80
100
120
FIG. 1. Amino acid sequence of N-terminal domain of mu- peat sequences from Tetrahymena and Saccharomyces,as well
rine vimentin and predicted secondary structure. The amino as for modified versions of the Oxytricha sequence containing
acid sequence (A) is from Fischer et al. (39),and the structure ( B ) random duplex, random single-strand 3’-overhangs, blunt
was produced by a computer program based on the methodology of ends, or a random sequence (modified after Ref. 38; Table I).
Chou and Fasman (32-34) (see “Experimental Procedures”). The
underlined sequence in A represents the beginning of the first a- The apparentK, values for all of these oligonucleotides were
helical domain involved in the coiled-coil interactions that stabilize determined and compared (Table I). The relative binding by
the higher order intermediate filament structure. Proteolytic cleavage vimentin of the oligonucleotides containing the authentic
at the indicated positions by thrombin and endoproteinase Lys C telomere repeat sequences from Saccharomyces,Tetrahymena,
gives rise to T-vimentin (2‘) and peptides NT1 andNT2, respectively and Oxytrichu was similar (Table I). Vimentin also bound
(39). Regions with highest probability to form @-sheets(U),a-helices
(E@, &turns, and/or extended structure (-)
are drawn in a linear with high affinity oligonucleotides containing the Oxytricha
fashion, with no intention of indicating precise secondary interac- telomere repeat only in its duplex portion or only in the 3‘overhang position (Table I). These results with the Oxy-1
tions.

nucleotide designated Oxy-1, which contains the authentic
Oxytricha telomere repeat sequence within the duplex as well
as within the single-stranded 3‘-overhang of the molecule
(Table I), and intact vimentin at low ionic strength. Under
these conditions, the vimentin monomers are normally assembled into tetrameric protofilaments. Under standard assay

I

TABLEI
Synthetic oligonucleotides employed in binding studies
The HaeIII restriction site employed for analysis is overlined on the upper strand. Apparent K. values for the
binding of the oligonucleotide by vimentin were determined as described under “Experimental Procedures.” The
relative binding term was calculated by dividing the K, obtained for the Oxy-1 oligonucleotide by the K,, obtained
for the other listed oligonucleotides.
Oligonucleotide

Sac-1
Tet-1
oxy-1

Sequence

CCCACACACCCACACACCCCG~~GGTGTGTGGGTGTGTGGGTGTGTGGGTGTGTGGG

GGGTGTGTGGGTGTGTGGGTGTGTGGGTGTGTGEGZCGGCCCACACACCCACACACCC
CCCCAACCCCAACCCCAACCCCEZEGGGGTTGGGGTTGGGGTTGGGGTTGGGGTTGGGG
GGGGTTGGGGTTGGGGTTGGGGTTGGGGTTGGGGCCGGCCCCAACCCCMCCCCAACCCC

Relative
binding
by vimentin

0.8

0.6

CCCCAAAACCCCAAAACCCCZ~E~GGGTTTTGGGGTTTTGGGGTTTTGGGGTTTTGGGG 1.0
GGGGTTTTGGGGTTTTGGGGTTTTGGGGTTTTGGGGCCGGCCCCAAAACCCCAAAACCCC
Oxy-1 random tail
CCCCAAAACCCCAAAACCCCEZEGGGGTTTTGGGGTTTTGGGGACTAGTCAATCTAGTA
0.8
ATGATCTAACTGATCAGGGGTTTTGGGGTTTTGGGGCCGGCCCCAAAACCCCAAAACCCC
Oxy-1 random
CAACTTTGTGGAGCAATTAGEGZCTAATTGCTCCACAAAGTTGTTTTGGGGTTTTGGGG
0.6
duplex
GGGGTTTTGGGGTTTTGTTGAAACACCTCGTTAATCCCGGGATTAACGAGGTGTTTCAAC
Oxy-1 blunt end
CCCCAAAACCCCAMACCCCGZ~~GGGTTTTGGGGTTTTGGGG
0.4
GGGGTTTTGGGGTTTTGGGGCCGGCCCCAAAACCCCAAAACCCC
Random sequence
CAACTTTGTGGAGCAATTA~~CTAATTGCTCCACAAAGTTGACTAGTCAATCTAG~A eo.05
ATGATCTAACTGATCAGTTGAAACACCTCGTTAATCCCGGGATTAACGAGGTGTTTCAAC
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FIG. 2. Binding of oligonucleotides containing authentic
Oxytrichu telomere repeat sequence ( 0 )or a random sequence
(0)(see Fig. 1) by vimentin. Vimentin (10 pmol) was incubated
for 10 min at 25 “C with the indicated amounts of 32P-labeledoligonucleotide in a totalvolume of 100 pl of 10 mM Tris-HC1, pH 7.4,O.l
mM EDTA. The amount of oligonucleotide bound was determined by
a filter binding assay as described under “Experimental Procedures.”
Inset, Scatchard plot of data for binding of the Oxy-1 oligonucleotide
by vimentin. The amount of bound oligonucleotide and the ratio of
bound to free oligonucleotide were both normalized by dividing by
the vimentin concentration (100 nM). The apparent K, for these data
is 3 X IO7 M” and 0.32 molof oligonucleotide bound per mol of
vimentin monomer (or 1.28 mol of oligonucleotidebound per vimentin
tetramer). Three additional experiments yielded an average K, of 4
X lo7 M” and a range of 0.8-1.3 mol of oligonucleotide bound per
vimentin tetramer.

TABLEI1
Competition of the 3’P-labeled Oxy-1 oligonucleotide (5pmol) and
increasing amountsof the unlabeled Oxy-1 oligonucleotide for binding
by a constant amountof vimentin (0.5 pg; 10pmol of monomer)
The percent controlvalues are calculated using the value obtained
with no competitor oligonucleotide as loo%, and theexpected values
are those that would be obtained if the control values are multiplied
by the ratio of the labeled oligonucleotide to thetotal of labeled plus
unlabeled oliponucleotide.
Unlabeled
oligonucleotide
added

Labeled
oligonucleotide
bound

Control

Expected

pmol

pmol

%

0
2
4
5
8
10
25

2.4
1.55
1.4
1.1
1.1
0.76
0.35

100
65
58
46
45
32
15

%
100

71
56
50
39
33
17

random duplex and Oxy-1 random tail oligonucleotides suggest that vimentin can recognize and bind to G residues
located in either region of the synthetic telomere. In light of
the reduced affinity of vimentin for the Oxy-1 blunt-ended
oligonucleotide (Table I), this suggests that thepresence of a
single-stranded tail can enhance the binding of vimentin. To
control for nonspecific binding of vimentin to these
molecules,
an oligonucleotide containing both the random tail and random duplex portions of the other molecules was synthesized.
As seen in Fig. 2 and Table I, vimentin bound this random
sequence oligonucleotide extremely poorly, and thismolecule
was a very poor competitor of the binding of the Oxy-1
oligonucleotide by vimentin (data not shown). Acompetition
experiment with a constant amount of the ”P-labeled Oxy-1
oligonucleotide and increasing amounts of the unlabeled Oxy1 oligonucleotide was performed as a control for nonspecific
in agreement
binding (Table 11).The results obtained are good

with those expected if the binding is specific and saturable.
The saltstability of the vimentin-Oxy-1 oligonucleotide complex was estimated by washing filter-bound material with
buffer containing various concentrations of KC1 (Fig. 3). This
method was chosen to avoid the complication of filament
formation in solution at the higher ionic strengths. The stability of the complex was reduced with increasing KC1 concentration up to about 150 mM, both in the absence (Fig. 3)
and presence (data not shown) of competitor DNA. Two
independent datasetsare
shown (Fig. 3), as well asan
additional point at 250 mM KC1, to illustrate the reproducibility of this method and to confirm that the binding levels
off at high salt.
The protein domain responsible for the binding was identified by both the filter binding assay (Table 111) and a gel
overlay assay (Fig. 4). Peptidesconsisting of the first 96
(peptide NT1) or first 119 (peptide NT2) amino acids (essentially the complete N-terminal domain of vimentin (Ref. 39;
see Fig. 1))retained a high capacity to bind the telomere
oligonucleotides, whereas the large thrombin-digested fragment (T-vimentin) (which differs from intact vimentin by
10

00-

I
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100

150
[KCII ( m M )

200

I

250

FIG. 3. Salt stability of vimentin-synthetic telomere oligonucleotide complex. Vimentin (10 pmol) was incubated with the

32P-labeledOxy-1 oligonucleotide (2 pmol; see Fig. 1) containing the
authentic Oxytrichu telomere repeat sequence under standard conditions (see “Experimental Procedures”) and bound to nitrocellulose
filters. The filters were washed three times each with 5 ml of 10 mM
Tris-HCI, pH 7.4,O.l mM EDTA containing the indicated concentrations ofKC1 and counted. Values shown were calculated from the
Oxy-1 nucleotide-specific activity (90,000 cpm/pmol) and were corrected for counts bound in the absence of protein at each salt
concentration. Two independent sets of data (0,O)as well as a third
point at 250 mM KC1 (A) are shown.

TABLE
I11
Localization of the binding domain of vimentin forthe synthetic
00-1 telomere oligonucleotide
Vimentin, proteolytic fragments (see Fig. 1) representing aminoterminal domains (peptides NT1 and NT2), and the large thrombin
fragment of vimentin (T-vimentin) were employed in standard filter
binding assays as described under “Experimental Procedures.” Each
value represents the average amount of oligonucleotide bound in two
experiments in which 5 pmol of the 32P-labeledOxy-1 oligonucleotide
(specific activity = 34,000 cpm/pmol) was added to 10 pmol of the
indicated protein.
Protein

Oligonucleotide
bound
Pml

Vimentin
NT1
NT2
T-vimentin

1.1
0.3
0.5
0.02
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cleotides that possess termini identical to three cloned telomeres from Oxytrichu, Tetrahymena, and Saccharomyces and
havemade discrete changes in these molecules. Vimentin
tetramers bind to theauthentic telomere sequences with high
affinity. Results with the modified telomere oligonucleotides
suggest that vimentin may bind to G-rich regions not only in
the tail region but also within Watson-Crick duplex DNA. It
should be mentioned that many studies have shown commonality of telomere function, despite imperfect telomere sequence homology (reviewed in Ref. 13), and that the most
likely structure for all of the G-rich tail regions shown in
FIG.4. Gel overlay assay for binding of synthetic Oxy-1 Table I is some type of hairpin, loop, or knot involving G .G
telomere repeat oligonucleotide (see Fig. 1) by various inter- base pairs (41). Previous studies haveshown
thatan
mediate filament subunit proteins. Proteins were resolvedby
oligo(dG),, moleculemust be more than 12 G residues long to
SDS-polyacrylamide gel electrophoresis and visualized by staining
with Coomassie Blue (lanes 1-7). Protein standards (lane I ) visible be bound with high affinity by vimentin (2). Our present
are, from top to bottom: 0-galactosidase (Mr = 116,000), fructose-6- results suggest that a minimum number of G residues are
phosphatekinase (Mr = 84,000), pyruvate kinase (Mr = 58,0001, required and that thespacing of (groups of) G residues along
fumarase (Mr = 48,500), lactate dehydrogenase (M,= 36,500), and the DNA helix may bethe critical determinant in thebinding
triose-phosphate isomerase (Mr = 26,600). Purified proteins (see site for vimentin (compare the binding of the random se“Experimental Procedures” and Fig. 1) employed were: vimentin (1
quence with one string of GB versus the other oligonucleotides
pg; lanes 2 and 8), T-vimentin (1.5 pg, lanes 3 and9), peptide NT1 (1
pg, lanes 4 and lo), peptide NT2 (1pg; lanes 5 and Il), lamin B (1.6 with several spaced repeats of G4) (Table I). It remains to be
shown (for example, by footprinting or DNA methylation
pg, lanes 6 and 12), and a mixture of laminsA and C (1.6pg; lanes 7
and 13). Proteins from duplicate gels were transferredto nitrocellu- protection assays) which residues in the synthetic oligonuclelose by electroblottingand employed forthe gel overlay assay (lanes otide telomere models are recognized and contacted by vimen8-13). Briefly, bound proteins were incubated with the 32P-labeled tin. Our present results also show that single-stranded regions
Oxy-1 oligonucleotide for 2 h; unbound oligonucleotide was rinsed
are nota prerequisite for oligonucleotide binding by vimentin,
off;andboundoligonucleotidewasvisualized
byautoradiography
although such single-stranded regions mayenhance the bind(lanes 8-13). Vimentin, peptides NT1 and NT2, and lamins A-C
(lanes8 and 10-13, respectively) all bound the Oxy-1 oligonucleotide ing. At present, we do not know if the melting point of the
(the slightly reduced bindingexhibitedby lamin C parallels a reduceddouble-stranded molecules is affected by the binding of vitransfer of this protein to nitrocellulose). T-vimentin (lane 9; and mentin, but we haveobserved that the 5”terminal [”PI
longer exposuresnot shown) failed to bind the Oxy-1 oligonucleotide. phosphate of the bound oligonucleotides is readily removed
by DNase (data notshown). The saltstability of the vimentinmissing the first 70 amino acids) was completely unable to nucleic acid complexes is quite similar to that observed for
bind these oligonucleotides (Fig.4 and Table111).The binding other purified DNA-binding proteins, for example, the calf
of the Oxy-1 oligonucleotideby vimentin and its N-terminal estrogen receptor (42). It is not unreasonable to postulate
peptides was also qualitatively observed in a gel overlay assay that other factors may be involved in vivo in fine-tuning the
(Fig. 4). As observed in the filter binding assay, the presence vimentin-nucleic acid interactions observed here.
of an intactN-terminal region wasa prerequisite for binding;
Our results show that thenonhelical N-terminal domain of
no binding was displayed by T-vimentin.
vimentin ,is responsible for the binding of the synthetic teloDue to the ease and simplicity of the gel overlay assay, we mere oligonucleotides. Previous studies (Ref. 43; reviewed in
have begun to look at theinteraction of other IF andnuclear Ref. 12) have shown that the interaction of vimentin with
proteins with these telomere sequences. As seen in Fig. 4, nucleic acids probably consists of two components:an unspepurified lamins A-C all bind the Oxy-1 telomere oligonucle- cific, electrostatic component (to which the 11 arginine resiotide. Analysis of cruder protein preparations, such as Triton dues within the first 70 residues contribute) and a specific,
X-100 cytoskeletons, showed that other proteinssuch as core hydrogen bond-mediated component. It is of interest to note
histones, a 215,000-dalton DNA-binding protein (40); a pro- that 9 of the 11arginine residues in the first 70 residues are
tein presumed to be DNA topoisomerase 11, proteins that co- flanked by from 2 to 7 residues which have been shown in
migrate with proteolytic degradation products of vimentin other proteins to form hydrogen bonds within the major
and lamins, as well as several unidentified proteins bound the groove of DNA or with the DNA backbone (Fig. 1A) (reviewed
Oxy-1 oligonucleotide(data notshown). In crude samples, the in Ref.44).Models
for protein-DNA interaction (44,45)
most binding was displayed by the core histones (data not suggest that a variety of protein structures (a-helix, /%sheets,
shown).
and extended peptides) can, under certain conditions, specifically bind to DNA. The well-characterized helix-turn-helix
DISCUSSION
structure of prokaryotic repressor proteins (reviewed in Ref.
The results obtained with the filter binding assay described 44) is not predicted for this region of vimentin. Instead, there
here are directly comparable to those obtained previously with exists the potential for formation of four regions of @-sheet
sucrose gradient centrifugation ( 1 4 ,with the added advan- structure anda short a-helical structure within the nonhelical
tage that direct interactions as well as competitions may be N-terminal domain of vimentin (Fig. 1B). A simple comparimeasured. Furthermore, quantitative data are generated that son of general rules for protein-DNA interactions (44,45) and
permit accurate estimates of binding constants and stoichi- the structure and sequence of this portion of the vimentin
ometries. Care was taken to ensure that the appropriate molecule reveal many possible sites for interaction. For excontrols (19-23) for the filter binding assay were performed. ample, the arginine residues at positions 11and 12 have the
We have prepared a series of short double-stranded oligonu- appropriate spacing to bind to adjacent phosphate residues
on the DNA backbone;and threonine 93 and lysine 96, located
R. L. Shoeman, S. Wade, A. Scherbarth, and P. Traub, unpub- in a short region of high a-helix probability, also have the
lished observations.
appropriate spacing to hydrogen-bond with a DNA base pair
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if the a-helixlies within the DNA major groove. A total of 59
of the first 96 residues of the N-terminal domain of vimentin
are amino acids that may theoretically interact with DNA
either by hydrogen bonding or electrostatic interaction, including 5 tyrosines, some of which may intercalate into the
stacked base pairs of the DNA double helix (46). It remains
to be shown by DNA-protein cross-linking, by in vitroprotein
modification, by protein structural analysis, and ultimately
by site-directed mutagenesis which of these amino acid residues are critical for the high affinity binding of these oligonucleotides by vimentin.
The methods described here are currently being employed
to investigate the binding of telomere sequences by other
proteins, such as purified nuclear lamin proteins, and may
also be used to screen other oligonucleotides and DNA fragments isolated from mouse cell nuclei. It should be noted that
many other proteins, such as core histones, DNA topoisomerase 11, and otherDNA-binding proteins, were found to bind
the model telomere oligonucleotides in the gel overlay experiments.Thesestudies
were notpursued further since: 1)
binding of these oligonucleotides is in accordance with the
known DNA binding properties of these proteins; 2) the gel
overlay experiment resultsare qualitative, and we do not have
theseproteinsinpure
form; and 3) our purpose was to
characterize further the interaction of IF subunit proteins
with the synthetic telomere oligonucleotides. A mixture of
mouse nuclear lamin proteins has been shown to bind preferentially poly(dT) and to bind poly(dG) with an approximately 2.5-fold reduced affinity (47). We have observed qualitative binding of the wild-type Oxytricha telomere oligonucleotide to each of the purified mouse nuclear lamin proteins
(Fig. 4). It will be of interest to employ dT-rich oligonucleotides andto investigate the binding affinities of purified
nuclear lamin proteins in future studies. The nuclear lamins
A and C show a high overall homology with other IFsubunit
proteins, such as vimentin (48,49) (thelamin B sequence has
not yet been published). This homology is restricted to the
central rod domain; the N and C termini of lamins A and C
show no overall homology with vimentin. Thus, the binding
site for oligonucleotides is not conserved among these proteins. It remains to be shown which domain of the lamin
proteins is responsible for the binding observed in Fig. 4. A
reasonable prediction is that the unique, long, highly basic C
terminus of lamins A and C, which is similar to but neither
identical nor homologous with the N terminus of vimentin,
may contain the nucleic acid-binding site.
A variety of studies (reviewed in Ref. 16) suggest that the
telomeres of eukaryotic chromosomes are found in close proximity to thenuclear membrane and may even be tightlybound
to the nuclear membrane and/or nuclear lamina. Likewise,
recentstudies (8-10, 17, 18) suggest that the cytoplasmic
vimentin IFs are tightly bound to the nucleus, possibly via
direct interaction with lamin B in the nuclear lamina. Whole
mount microscopy of nuclear matrix structures also supports
the viewof adirectinteraction
between cytoplasmic and
nuclear IF networks (Refs. 17 and 18; reviewed in Ref. 50).
Others (51) have shown that the nuclear lamin proteins and
a protein presumed to be vimentin may be cross-linked in
vivo to (asyet unidentified sequences of) nuclear DNA. These
diverse observations and the high affinity of vimentin, generally regarded asa cytoplasmic protein, for a ubiquitous
nuclear structure (in this case, a synthetic oligonucleotide
containing authentic telomere repeat sequences) raise the
possibility that the co-localization of telomeres and the ends
of intermediate filaments at thenuclear periphery may result
from a direct interaction of these elements in vivo. It will be

Oligonucleotides

of interest to see if intermediate filaments play a direct or
indirect role in telomere localization and chromatin organization in interphase nuclei.
The ability of vimentin and nuclear lamin proteins to
interact withhigh affinity with synthetictelomere oligonucleotides provides good evidence in supportof our model (46,52)
postulating an active role for IF subunit proteins inmodulating DNA replication, recombination, and repair, as well as
gene expression, in that we have shown that these proteins
are capable of discriminating between specific nucleotide sequences and/or structures. We plan to investigate in future
studies if there areadditional specific sequences at other
locations on eukaryotic chromosomes (for example, in
poly(GT) regions adjacent to stably transcribed proteins of
several genes (53)) which are specifically bound by IF subunit
proteins. We are currently employing the filter binding assay
to try toisolate and clone these postulated sequences, as well
as mouse telomeric sequences.
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