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Membrane-associated proteins with specific binding
properties to modified LDL were investigated in J774
macrophages and Mono Mac 6 sr cells. Ligand blotting
of membrane proteins revealed a 54-kDa protein
which bound oxidized and acetylated but not native
LDL. The 54-kDa protein, isolated by 2D-PAGE, was
identified as vimentin. ®I-AcLDL bound to purified
vimentin and desmin in a saturable manner, with an
approximate K, of 1.7 x 107 M (89 pg/ml) and 8.0 x 107°
M (41 pg/ml), respectively. Blots of vimentin mutant
proteins with deletions in the positively charged
N-terminal head domain showed that amino acids
26-39 are essential for the binding of AcLDL by vimen-
tin. Taken together, our data indicate that vimentin
binds modified LDL, but not native LDL, in a specific
and saturable manner. Vimentin filaments extend
throughout the cytoplasm as far as the inner surfaces
of plasma and vesicular membranes. Vimentin may
thus play a role in membrane-associated steps in-
volved in the intracellular processing of oxidized LDL,
contributing to its unregulated uptake and intracellu-
lar retention by cells of the atherogenic plaque. o 2000
Academic Press

Key Words: vimentin; desmin; acetylated LDL; oxi-
dized LDL; lipoprotein binding; ligand blotting.

The physiological function of the intermediate fila-
ment (IF) protein vimentin remains a conundrum in
cell biology research. Although a considerable body of
information regarding its inter- and intracellular dis-
tribution, structure and biochemistry has accumu-
lated, vimentin null or knockout mutations in trans-

Abbreviations used: AcLDL, acetylated low-density lipoprotein;
OXxLDL, oxidized low-density lipoprotein; LDL, low-density lipopro-
tein; IF, intermediate filament; aa, amino acids.
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genic mice have not yet provided evidence for a
functional significance of this IF protein (1, 2). IF pro-
teins are in physical contact with the cytoplasmic side
of various membrane systems such as the plasma
membrane, the mitochondrial membrane, the nuclear
envelope, and membranes of various other vesicular
structures (3). Previous work has shown that vimentin
can associate with membranes either through protein-
protein (4-7) or protein-lipid interactions (8-13). It
has been proposed that vimentin may play a role in the
positioning and movement of membrane-bound or-
ganelles and lipid droplets (14) and in the intracellular
trafficking of lipoprotein-derived cholesterol (15).

In the present communication, we describe for the
first time the specific and saturable binding of oxidized
and acetylated but not native LDL to vimentin. Vimen-
tin is an IF protein found in the mesenchymal cells of
the vessel wall, endothelial cells, smooth muscle cells,
macrophages and in atherosclerotic lesions (16-19).
Thus, an interaction between modified lipoproteins
and vimentin may participate in the unregulated up-
take and intracellular accumulation of these lipopro-
teins in cells present in atherogenic lesions.

EXPERIMENTAL PROCEDURES

Cells and cell culture. Human monocytic cell line Mono Mac 6
was cultured in RPMI 1640 medium containing 10% FCS, insulin (9
rg/ml), oxaloacetate (1 mM), pyruvate (1 mM), penicillin (200 U/ml),
streptomycin (200 pg/ml) and nonessential amino acids (1X). The
medium was filtered through a Gambro 2000 column to eliminate
LPS. J774 cells were obtained from American Type Tissue Culture
Collection and were grown in RPMI 1640 medium supplemented
with FCS (10%).

Lipoproteins. LDL was isolated from plasma of normolipidemic
fasting subjects in the density interval of 1.019 to 1.063 by sequential
ultracentrifugation. Ox LDL was prepared by incubating LDL (200
wng/ml) with 5 uM CuSO, in EDTA-free, O,-saturated PBS for 20 h
(20). Acetylation and iodination were performed as described by
Basu et al. (21) and Bilheimer et al. (22), respectively. Protein con-
centrations were determined by the method of Markwell et al. (23).
Liporoteins were filter sterilized (0.22 um), stored at 4°C, and used
within 1 month.
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Preparation of cell membrane pellets. Between 2 X 10° to 6 X 10°
Mono Mac 6 sr and J774 cells were washed twice in PBS, suspended
for 30 min in a hypotonic lysis buffer (10 mM Tris—HCI, pH 7.4,
containing EDTA 1 mM, PMSF 0.6 mM, aprotinin 0.5 png/ml, leupep-
tin 0.5 pg/ml and pepstatin 0.7 ug/ml) and subsequently homoge-
nized with 20 to 80 strokes in a Dounce homogenizer. After adjust-
ment to 150 mM NaCl, the homogenates were centrifuged at 800g for
10 min. The supernatant was centrifuged at 10,000g for 15 min, and
the resulting supernatant was centrifuged at 100,000g for 1 h to
obtain a crude membrane pellet. The membrane pellet was stored at
—80°C, when not used immediately.

Solubilization of membrane pellets. Pellets were solubilized by
needle aspiration in solubilization buffer (50 mM Tris—HCI, pH 8.0,
150 mM NaCl and 1 mM EDTA) containing 2% Chaps. Insoluble
material was sedimented at 100,000g for 1 h. The supernatant was
stored at —80°C, when not used immediately.

Purified proteins. The preparations of purified vimentin and
desmin used were a gift from Professor P. Traub (Max Planck Insti-
tute of Cell Biology, Ladenburg, Germany) (24).

Gel electrophoresis and ligand blotting. Solubilized membrane
pellets and purified proteins were separated under nonreducing con-
ditions on 5-15 or 10% polyacrylamide slab gels as described by
Laemmli (25). Proteins were electrotransferred (125 V, 1 1/2 h) onto
polyvinylidene difluoride (PVDF) membranes (Bio-Rad) in a Towbin
buffer (25 mM Tris—HCI, 192 mM glycine, pH 8.3) without methanol
but with 0.01% SDS. Nonspecific binding was blocked by incubation
at 4°C overnight with 0.5% casein in 50 mM Tris—HCI, 90 mM NacCl,
and 1 mM EDTA, pH 7.8. Membranes were then incubated with
[***INlipoproteins (10—-20 ug/ml; specific activity between 150 and 400
cpm/ng) for 4 h at room temperature and subsequently washed 8
times (15 min each) in the above blocking buffer. Membranes were
air dried and exposed to Kodak X-Omat AR film for 4 to 12 h at
—80°C.

2D-PAGE and double replica blotting. Membrane pellets were
solubilized in sample buffer (6 M urea, 2 M thiourea, 2% Chaps, and
10 mM DTT) containing 30 g/liter Ultrodex (Pharmacia). Insoluble
material was sedimented at 100,000g for 30 min. A Pharmacia Bio-
tech Multiphor Il Electrophoresis Unit was used to perform 2-D
electrophoresis. Immobiline pH 4-7 linear strips (110 X 3 X 0.5 mm)
were rehydrated with sample buffer overnight in a reswelling cas-
sette (Pharmacia). Sample was loaded at the anodic (acidic) end.
After focusing in the first dimension, IEF gels were equilibrated for
15 min in equilibration buffer (6 M urea, 2 M thiourea, 30% glycerol,
2% SDS, 0.003% bromphenol blue and 50 mM Tris—HCI, pH 8.8) with
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FIG. 1. Ligand blotting analysis of Mono Mac 6 sr and J774
membrane proteins. Crude membrane protein preparations from
Mono Mac 6 sr (lane 1) and J774 cells (lane 2) were subjected to
SDS-PAGE (400 ng protein per lane) followed by electroblotting onto
PVDF membranes. The membrane strip was blocked with 0.5%
casein and 250 pg/ml native LDL and incubated with 20 wpg/ml
251.AcLDL. Bound radioactivity was visualized by autoradiography.
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FIG. 2. Ligand blotting of the 54-kDa protein with modified and
native LDL. (A) "®I-AcLDL and **I-LDL ligand blots: crude mem-
brane lysates from Mono Mac 6 sr cells were subjected to SDS-PAGE
(200 ng protein per lane), followed by electroblotting onto PVDF
membranes. PVDF membrane strips were incubated with 10 ug/ml
%5]-labeled lipoproteins (***I-AcLDL, lane 1; **I-LDL, lane 3). In lane
2, PVDF membrane strips were incubated with 10 ug/ml ***I-AcLDL
in the presence of a 25-fold excess of LDL. Bound radioactivity was
visualized by autoradiography, and the 54-kDa region was excised
for counting. Background radioactivity was determined by counting
an excision of a blot sample of equal size from the 45 kDa region and
subtracted from all experimental values. (B) **I-OxLDL ligand blot:
crude membrane protein lysate from Mono Mac 6 sr was subjected to
SDS-PAGE (400 pg protein) followed by electroblotting onto PVDF
membranes. The membrane strip was blocked with 0.5% casein and
incubated with 10 ug/ml **1-OxLDL. Bound radioactivity was visu-
alized by autoradiography. (C) Competition for binding of ***I-AcLDL
to 54 kDa protein by unlabeled AcLDL and OxLDL: Crude mem-
brane lysates from Mono Mac 6 sr cells were subjected to SDS-PAGE
(200 pg protein per lane) followed by electroblotting onto PVDF
membranes. PVDF membrane strips were incubated with 10 ug/ml
5].AcLDL in the absence (lane 1) and presence of a 25-fold excess of
AcLDL (lane 2) and OxLDL (lane 3). Binding values were calculated
as described for A.

100 mg dithiothreitol, followed by 15 min in equilibration buffer
containing 480 mg iodacetamide. Equilibrated IEF gels were fixed
with agarose at the top of 8—12% SDS—polyacrylamide gradient gels
and the second dimension was run in a Protean 11 xi Cell (Bio-Rad).
Replica blotting onto PVDF membranes was performed according to
Johansson (26).

Calculation of K4 values. Binding affinity constants were deter-
mined by means of Scatchard plot analysis. The measured protein
concentrations (23) and the estimated molecular weight of apoli-
poprotein B-100 of 513,000 daltons were used in these calculations.

RESULTS

As demonstrated in Fig. 1, *’I-AcLDL bound to a
54-kDa protein in membrane preparations from mu-
rine J774 macrophage and Mono Mac 6 sr cells. In
addition, "I-AcLDL binding to the 260-kDa protein
corresponding to the SR-AIl/All was observed in the
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FIG. 3. Identification of the 54 kDa *I-AcLDL binding protein
as vimentin. (A) Crude membrane pellet from Mono Mac 6 sr cells
was solubilized and loaded (600 wng) onto the focusing gel at the
cathode. 1, dimension: IPG (pH 4-7); 2, dimension: SDS 8-12%
gradient gel. By double replica blotting two replica PVDF mem-
branes were produced. One was used for ligand blotting with 10
wg/ml ***I-AcLDL, the other was Coomassie stained for N-terminal
sequencing. (B) Purified mouse vimentin (lane 1) and purified recom-
binant mouse vimentin (lane 2) were subjected to SDS-PAGE (40 ug
protein per lane) followed by electroblotting onto PVDF membranes.
The membrane strip was incubated with 20 ug/ml ***I-AcLDL.

membrane preparations from the J774 cells but not
in those of Mono Mac 6 sr cells. We have pre-
viously shown the absence of SR-AI/All in this cell line
(27, 28).

The 54-kDa protein also bound OxLDL but not na-
tive LDL. Furthermore, AcLDL binding was competed
for by AcLDL and OxLDL but not by native LDL
(Fig. 2).

The 54-kDa protein was isolated by isoelectric
focusing/SDS two-dimensional polyacrylamide gel elec-
trophoresis. The protein was identified as vimentin by
means of N-terminal sequencing from a PVDF mem-
brane after double replica blotting. The 9 N-terminal
amino acids of the protein corresponding to the lower
molecular weight spot shown in Fig. 3 were deter-
mined. The sequence was 100% homologous to amino
acids (aa) 16—24 of human vimentin. Thus, this spot
represents a degradation product of the upper, higher
molecular weight, N-terminally blocked full-length vi-
mentin. The identification of vimentin as an AcLDL
binding protein was confirmed by the binding of **I-
AcLDL to purified and recombinant mouse vimentin
(Fig. 3).

The binding characteristics of ***I-AcLDL to purified
mouse vimentin and purified hamster desmin, an IF
protein closely related to vimentin, were determined by
incubating blots of these proteins with increasing con-
centrations of **’I-AcLDL, followed by excision and di-
rect counting of the radioactivity. **I-AcLDL bound to
vimentin and desmin in an saturable manner, with an
approximate Ky of 1.7 X 10~ M (89 pg/ml) and 8.0 X
10°° M (41 pg/ml), respectively (Fig. 4).

As shown in Fig. 5, mutated vimentin protein in
which two of the six arginines in the 39 N-terminal
amino acids are replaced by glycine, as well as the
vimentin deletion protein A1-13, in which three of the
six arginines are deleted, still bind ***l-acLDL in ligand
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blots. Notably, the deletion protein A1-17 shows less
binding compared to A1-13, although no further argi-
nine residue is deleted. Furthermore, AcLDL binding
requires the presence of aa 26—-39, containing only two
of the 12 basic arginine residues situated in the
N-terminal head domain of vimentin. The aa 22-29 of
desmin show part homology to aa 31-38 of vimentin.
Interestingly, this stretch of amino acids contains a
number of hydroxy side chains which could serve to
form hydrogen bonds potentially involved in the spe-
cific binding of modified LDL.

DISCUSSION

The present paper demonstrates for the first time
specific and saturable binding in vitro of acetylated and
oxidized but not native LDL to the IF protein vimentin.
A saturable binding of **I-AcLDL to the related muscle
cell IF protein desmin is also shown. The electrostatic
attraction between the N-terminal arginines of vimen-
tin and the negatively charged modified LDL appears
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FIG. 4. Saturation and Scatchard analysis of ***I-AcLDL binding
to vimentin (®) and desmin (O). (A) Purified mouse vimentin and
hamster desmin were subjected to SDS-PAGE (10 ng protein per
lane) followed by electroblotting onto PVDF membranes. PVDF
membrane strips were incubated with increasing concentrations of
%5]-Ac-LDL. The vimentin region was excised to quantify the radio-
activity bound to the strip. Background radioactivity was determined
by counting a blot sample of equal size from the 40-kDa region and
subtracted from all values. (B) The dissociation constant (K,) was
approximated from the diagram by the method of Scatchard. Data
show the means of two experiments.
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FIG. 5. Determination of the AcLDL-binding region of vimentin.
(A) Vimentin mutant proteins with N-terminal deletions or mutation
(C) were subjected to SDS-PAGE (20 png protein per lane) (lane 1,
A1-10; lane 2, A1-13; lane 3, A1-17; lane 4, A1-32; lane 5,
R1R1,=>G1;Gy,; lane 6, A26-39;) followed by electroblotting onto
PVDF membranes. The membrane strip was incubated with 20
wg/ml **1-AcLDL. (B) aa 31-38 in vimentin show part homology to aa
22-29 of desmin.

not to be essential. Rather, a sequence of amino acids,
in part homologous in vimentin and desmin and con-
taining a number of hydroxy side chains which could
form hydrogen bonds, are more likely essential for the
specific binding described.

A number of observations support the hypothesis
that an interaction between vimentin and modified
LDL may play a role in atherogenesis. Firstly, analo-
gous to our findings, a number of lipoprotein receptor
proteins such as SR-Al/All, CD68, LOX-1, and the LDL
receptor (29-32) have been shown to bind their ligands
in ligand blots. Secondly, vimentin and desmin are the
two IFs located in mesenchymal cells of the vessel wall,
the site where modified LDL is believed to play a piv-
otal role in the development of the atherosclerotic
plaque. Interestingly, the content of both IF proteins in
the vessel wall has been shown to increase in athero-
sclerosis. In a rabbit model of diet-induced atheroscle-
rosis, morphological changes in arterial smooth muscle
cells correlated with changes in IF protein expression.
Concomitantly, an increase in total IF protein content,
with vimentin increasing in thoracic aorta and desmin
in pulmonary artery, was observed (17). An increase in
vimentin mRNA expression in atherosclerotic plaques
of aortic vessels from swine with dietary-induced vas-
cular lesions has also been reported (33). Furthermore,
vimentin is strongly expressed in foam cells (34) and
smooth muscle cells (19, 35) of human atheromatous
plagues.

Vimentin is found throughout the cell, from the nu-
cleic to the plasma membrane. A role for vimentin in
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some stage of uptake, intracellular transport and re-
tention of modified LDL, where modified LDL follows a
pathway distinct from the one for native LDL, is thus
conceivable. Several mechanisms of interaction be-
tween vimentin and modified LDL can be postulated.
Using GFP vimentin, it has been shown that vimentin
is dynamic in nature. Movements of vimentin fila-
ments include both extension and retraction and are
dependent on the presence of intact microtubules. Vi-
mentin filament fragments are also dynamic and can
be visualized moving at the leading edge of migrating
cells (36). The reorganization of vimentin, resulting in
its assembly into diffuse, non-filamentous aggregates
seen just beneath the cap in lymphocyte immunoglob-
ulin capping (37), may play a role in immunoglobulin-
mediated uptake of immunogenic material such as ox-
idized LDL. Furthermore, the N-terminal head domain
of vimentin can also penetrate lipid vesicles (38) and
interact with the hydrophobic core of lipid bilayers
(13). An interaction of vimentin with Ox LDL, which
unlike native LDL is not degraded and accumulates in
intracellular compartments (39, 40), is thus conceiv-
able. In summary, we show a specific, saturable bind-
ing of modified LDL to vimentin. We propose that this
novel interaction between vimentin and modified LDL,
at or beneath the cell surface or in vesicles, could take
part in some aspect of the not yet fully elucidated
processing of atherogenic lipoproteins.

ACKNOWLEDGMENTS

This work was partially supported by the DFG graduate program
for Vascular Biology. N.H. was supported in part by the University of
Munich HSPII grant program. We thank Professor P. Traub for his
generous gift of purified IF proteins and his insightful advice. We
also thank B. Zimmer for expert technical assistance. This work is
part of the doctoral thesis of A.H.

REFERENCES

. Colucci-Guyon, E., Portier, M.-M., Dunia, 1., Paulin, D., Pournin,
S., and Babinet, C. (1994) Cell 79, 679—-694.

2. Evans, R. M. (1998) BioEssays 20, 79-86.

3. Traub, P. (1985) Intermediate Filaments. A Review, Springer-
Verlag, Heidelberg.

4. Ramakers, F. C. S., Dunia, I., Dodemont, H. J., Benedetti, E. L.,
and Bloemendal, H. (1982) Proc. Natl. Acad. Sci. USA 79, 3208—
3212.

5. Mangeat, P. H., and Burridge, K. (1984) J. Cell Biol. 98, 1363—
1377.

6. Georgatos, S. D., and Marchesi, V. T. (1985) J. Cell Biol. 100,
1955-1961.

7. Goergatos, S. D., Weaver, D. C., and Marchesi, V. T. (1985)
J. Cell Biol. 100, 1962-1967.

8. Traub, P., Perides, G., Scherbarth, A., and Traub, U. (1985)
FEBS Lett. 193, 217-221.

9. Traub, P., Perides, G., Schimmel, H., and Scherbarth, A. (1986)
J. Biol. Chem. 261, 10558-10568.

10. Traub, P., Perides, G., Kuhn, S., and Scherbarth, A. (1987) Eur.

J. Cell Biol. 43, 55-64.



Vol. 267, No. 1, 2000

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

Perides, G., Scherbarth, A., and Traub, P. (1986) Eur. J. Cell
Biol. 41, 313-325.

Perides, G., Scherbarth, A., and Traub, P. (1986) Eur. J. Cell
Biol. 42, 268-280.

Perides, G., Harter, C., and Traub, P. (1987) J. Biol. Chem. 262,
13742-13749.

Almahbobi, G., Williams, L. J., and Hall, P. F. (1992) J. Cell Sci.
101, 383-393.

Sarria, A. J., Panini, S. R., and Evans, R. M. (1992) J. Biol.
Chem. 267, 19455-19463.

Trosheva, M., Dikranian, K., and Nikolov, Sp. (1996) Histol.
Histopathol. 11, 335-342.

Molony, L., Hagen, P.-O., and Schachat, F. H. (1986) Exp. Cell
Res. 163, 78—-86.

Cain, H., Kraus, B. Krauspe, R., Osborn, M., and Weber, K.
(2983) Virchow's Arch. [Cell Pathol.] 42, 65-81.

Kocher, O., and Gabbiani, G. (1986) Hum. Pathol. 17, 875-880.

Hrboticky, N., Draude, G., Hapfelmeier, G., Lorenz, L., and
Weber, P. C. (1999) Arterioscler. Thromb. Vasc. Biol. 19, 1267—
1275.

Basu, S. K.. Goldstein, J. L., Anderson, R. G. W., and Brown,
M. S. (1976) Proc. Natl. Acad. Sci. USA 73, 3178-3182.

Bilheimer, D. W., Eisenberg, S., and Levy, R. . (1972) Biochim.
Biophys. Acta 260, 212-221.

Markwell, M. A. K., Haas, S. M., Bieber, L. L., and Tolbert, N. E.
(1987) Anal. Biochem. 87, 206—-210.

Beuttenmiller, M., Chen, M., Janetzko, A., Kiihn, S., and Traub,
P. (1994) Exp. Cell Res. 213, 128-142.

Laemmli, U. K. (1970) Nature (London) 227, 680—-685.

Johansson, K.-E. (1986) J. Biochem. Biophys. Methods 13, 197—
203.

Scheithe, R., Hrboticky, N., Ziegler-Heitbrock, H. W. L., and

53

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Weber, P. C. (1994) Biochem. Biophys. Res. Commun. 202, 334—
339.

Scheithe, R., Heidenthal, A. K., Danesch, U., Mauthner, E.,
Hapfelmeier, G., Becker, A., Pietsch, A., Weber, P. C., and
Hrboticky, N. (1997) Arterioscler. Thromb. Vasc. Biol. 17, 1024 —
1031.

Via, D. P., Kempner, E. S., Fanslow, A. E., Vignale, S., Smith,
L.C., Gotto, JR., A. M., and Dresel, H. A. (1992) Proc. Natl. Acad.
Sci. USA 89, 6780-6784.

van der Kooij, M. A., van der Mark, E. M., van Velzen, A., van
Berkel, T. J., and Morand, O. H. (1997) Arterioscler. Thromb.
Vasc. Biol. 17, 3107-3116.

Sawamura, T., Kume, N., Aoyama, T., Moriwaki, H., Hoshikawa,
H., Aiba, Y., Tanaka, T., Miwa, S., Katsura, Y., Kita, T., and
Masaki, T. (1997) Nature 386, 73-77.

Hayashi, K., Nimpf, J., and Schneider, W. J. (1989) J. Biol. Chem
25, 3131-3139.

Liau, G., Winkles, J. A., Cannon, M. S., Kuo, L., and Chilian,
W. M. (1993) J. Vasc. Res. 30, 327-332.

Osborn, M., Caselitz, J., Puschel, K., and Weber, K. (1987) Vir-
chow's Arch. A 411, 449—-458.

Dartsch, P. C., Bauriedel G., Schinko, I., Weiss, H. D., Hofling,
B., and Betz, E. (1989) Atherosclerosis 80, 149-157.

Martys, J. L., Chung-Liang, H., Liem, R. K. H., and Gundersen,
G. G. (1999) Mol. Biol. Cell 10, 1289-1295.

Dellagy, K., and Brouet, J.-C. (1980) Nature 298, 285-286.
Horkovics-Kovats, S., and Traub, P. (1990) Biochemistry 29,
8652—8657.

Lougheed, M., Zhang, H., and Steinbrecher, U. P. (1991) J. Biol.
Chem. 266, 14519-14525.

Jessup, W., Mander, E. L., and Dean, R. T. (1992) Biochim.
Biophys. Acta 1126: 167-177.



	EXPERIMENTAL PROCEDURES
	FIG. 1
	FIG. 2

	RESULTS
	FIG. 3

	DISCUSSION
	FIG. 4
	FIG. 5

	ACKNOWLEDGMENTS
	REFERENCES

