doi:10.1016/j.jmb.2006.09.056

J. Mol. Biol. (2006) 364, 938-944

JMB

Available online at www.sciencedirect.com

-ze

“».“ ScienceDirect

Vimentin Binding to Phosphorylated Erk Sterically
Hinders Enzymatic Dephosphorylation of the Kinase

Eran Perlson’, Izhak Michaelevski', Noga Kowalsman'
Keren Ben-Yaakov', Maya Shaked', Rony Seger?
Miriam Eisenstein® and Mike Fainzilber'*

'Department of Biological
Chemistry, Weizmann Institute
of Science, 76100 Rehovot, Israel

*Department of Biological
Regulation, Weizmann Institute
of Science, 76100 Rehovot, Israel

*Department of Chemical
Research Support, Weizmann
Institute of Science

76100 Rehovot, Israel

*Corresponding author

Cleavage fragments of de novo synthesized vimentin were recently reported
to interact with phosphorylated Erkl and Erk2 MAP kinases (pErk) in
injured sciatic nerve, thus linking pErk to a signaling complex retrogradely
transported on importins and dynein. Here we clarify the structural basis
for this interaction, which explains how pErk is protected from dephos-
phorylation while bound to vimentin. Pull-down and ELISA experiments
revealed robust calcium-dependent binding of pErk to the second coiled-
coil domain of vimentin, with observed affinities of binding increasing from
180 nM at 0.1 uM calcium to 15 nM at 10 pM calcium. In contrast there was
little or no binding of non-phosphorylated Erk to vimentin under these
conditions. Geometric and electrostatic complementarity docking generated
a number of solutions wherein vimentin binding to pErk occludes the lip
containing the phosphorylated residues in the kinase. Binding competition
experiments with Erk peptides confirmed a solution in which vimentin
covers the phosphorylation lip in pErk, interacting with residues above and
below the lip. The same peptides inhibited pErk binding to the dynein
complex in sciatic nerve axoplasm, and interfered with protection from
phosphatases by vimentin. Thus, a soluble intermediate filament fragment
interacts with a signaling kinase and protects it from dephosphorylation by
calcium-dependent steric hindrance.

© 2006 Elsevier Ltd. All rights reserved.
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Introduction

The 42 and 44 kDa extracellular signal regulated

activated Erk within the cytoplasm is required for
transduction of signal from the cell surface to
effectors within the cell and the nucleus. Fidelity of

kinases (Erk) are critical signaling transducers
involved in multiple physiological pathways in
eukaryotic cells. Erks are found as nodes in complex
signaling networks with multiple inputs and a large
variety of interactors, thus the specificity of Erk
signaling is dependent on a host of inhibitors,
scaffolds and substrates."” Subcellular localization
and spatial regulation are important aspects of Erk
signal determination, for example translocation from
the cytoplasm to the nucleus changes the spectrum of
available substrates and the downstream conse-
quences of Erk activation.® Moreover, movement of

Abbreviations used: PDB, Protein Data Bank; GST,
glutathione-S-transferase.
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signaling must therefore be dependent on preserva-
tion of Erk in its activated form during translocation,
or on regeneration of the signal en route.* Indeed,
theoretical analyses and quantitative models have
suggested that active mechanisms must exist for
transport and preservation or regeneration of Erk
phosphorylation for signal translocation to occur
over distances greater than a few pm within a cell.”"®

Neurons provide impressive examples of cells
requiring signal transduction over distances three to
six orders of magnitude greater than the calculated
threshold for unassisted movement of a signaling
kinase. Different members of the MAP kinase family,
including Jnks and Erks, are involved in long distance
signaling pathways from axons or dendrites to
neuronal cell bodies.”” One such pathway is the
retrograde injury signaling mechanism activated
upon lesion of a neuronal process, and acting via a
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macromolecule complex assembled at the lesion site
and transported retrogradely to the cell body by
dynein motor movement on microtubules.!%!! In
mammalian peripheral sensory neurons formation of
the complex is initiated by local synthesis of the
nuclear import factor importin  at the injury site.'?
The newly synthesized importin B links up with
importin « constitutively bound to dynein, thus
forming a high affinity cargo-binding complex on
the retrograde motor. Recently, we have shown that
the intermediate filament vimentin is also synthesized
de novo following axonal injury. Soluble fragments of
vimentin are generated concomitantly by calpain-
mediated cleavage, and these fragments then bind
importin # on the one hand and phosphorylated Erks
1 or 2 (pErk) on the other, thus linking pErk to the
retrograde transport complex formed by importins
and dynein."*

Vimentin linkage of pErk to retrograde transport
was also shown to maintain Erk phosphorylation en
route.'* The mechanism for maintenance of phos-
phorylation is yet unknown, and its elucidation is
key to understanding how kinase signaling is
propagated over long intracellular distances. Here
we investigated the interaction of vimentin with
pErk using biochemical and molecular modeling
approaches. pErk binding was localized to the
second coil-coiled domain of vimentin, but not of
peripherin. pErk-vimentin binding was calcium-
dependent, with observed affinities of binding
increasing from 180 nM at 0.1 uM calcium to
15 nM at 10 uM calcium. In contrast there was little
or no binding of non-phosphorylated Erk to
vimentin under these conditions. A docking model
of the pErk-vimentin complex was verified by
peptide competition assays and revealed that the
structural basis for vimentin protection of pErk is by
steric hindrance of access to the phosphorylation lip.

Results and Discussion

Vimentin, like other intermediate filaments, has a
three domain structure comprising amino and
carboxy-terminal head and tail domains flanking a
central a-helical rod domain.'”"” The rod domain
contains a heptad repeat pattern with short linkers
interspersed between two consecutive o-helical
segments termed the first and second coiled-coil
domains (Figure 1(a)). The head domain is important
for filament assembly, while the rod domain was
shown to have nuclear localization determinants in
the last amino acid residues of the second coiled-
coil.'® The tail contains an element responsible for
cytoplasmic retention of vimentin and the proteins
that it anchors.'"®'” In order to understand the
interactions of vimentin with pErk, we constructed
a number of clones corresponding to structural
subdomains of vimentin. Radiolabelled protein
products of these constructs were tested in compara-
tive pull-downs in vitro with recombinant pErk-GST.
The second coiled-coil was the only vimentin
subdomain pulled down with pErk on its own, and
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Figure 1. The second coiled coil of vimentin interacts
with phosphorylated Erk. (a) Schematic overview of
vimentin subdomains and constructs tested. (b) Pull-
down of in vitro translated vimentin subdomains with
pErk. Both full length and the second coiled coil domain of
vimentin co-precipitate with pErk, but not the first coiled
coil of vimentin or the second coiled coil of peripherin.
This experiment was repeated three times with similar
results.

other vimentin subdomains or the corresponding
subdomain from peripherin did not co-precipitate
with pErk (Figure 1(b)). Thus, the main pErk-binding
domain in vimentin is within the second coiled coil
region in the rod domain. The specificity of the
interaction is striking, since the second coiled coils in
vimentin and peripherin have highly homologous
sequences.

In order to obtain further insight on the pErk-
vimentin interaction we generated docking models
using the available crystal structures of residues 6—
358 of pErk (structure 2ERK in the Protein Data
Bank (PDB)) and residues 328-406 of vimentin (PDB
structure 1GK4). The kinase structure covers almost
the entire molecule, with phosphorylation at resi-
dues Thr183 and Tyr185.2° The vimentin structure
contains three pairs of coil-coiled fragments, over-
lapping considerably with the pErk-binding domain
identified in Figure 1.*' Geometric-electrostatic-
hydrophobic docking models were obtained using
the MolFit algorithm.” The top ranking models,
with high geometric and electrostatic complemen-
tarity, formed the cluster shown in Figure 2(a). In
another group of highly ranked models the vimentin
molecule interacts with the substrate-binding cavity
of pErk (data not shown). In order to discriminate
between these two clusters of models we synthe-
sized a series of peptides corresponding to surface-
exposed regions in Erk (see Materials and Methods),
and tested their effects in competitive displacement
assays of vimentin from pErk (Figure 2(b)). Three
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distinct peptides were found to interfere with
vimentin binding to pErk, corresponding to residues
Erkgoo, Erkgg.105 and Erkapgoss. These data clearly
support the model shown in Figure 2(a) wherein
vimentin comes in contact with the kinase at binding
sites both above and below the lip containing the
phosphorylated residues, fitting on the one side into
a groove in between the two sequence regions in the
N-terminal domain. The phosphorylated residues of
pErk are occluded by vimentin, as also emphasized
in Figure 2, which shows the electrostatic comple-
mentarity in the final model. Notably, our docking
computations clearly identified the interaction site
of pErk but not the interaction site of vimentin,
probably because of the symmetrical shape of this
molecule and its electrostatic potential. Some insight
on the vimentin binding site can be obtained by
comparing the sequences of vimentin-B2, vimentin-
Bl and peripherin. Such comparison suggests that
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Competing peptide
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6 89
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(c)

the stutter region in peripherin is different from in
vimentin-B2 and the overall charge of this fragment
is smaller. The vimentin B1 fragment does not have a
stutter region.

Further support for the proposed mode of
vimentin—pErk interaction was obtained in a series
of quantitative binding assays. GST-fused Erk or
pErk were immobilized in glutathione coated 96-
well plates, and then incubated with vimentin and
competing peptides before washing and quantifica-
tion of vimentin binding by ELISA. We first
compared vimentin binding to pErk versus non-
phosphorylated Erk in buffer containing 1 pM
calcium and observed a saturation-binding curve
for pErk with an apparent ECsy of 70 nM, with little
or no binding for non-phosphorylated Erk (Figure
3(a)). We then performed a series of binding assays

Figure 2. Modeling the pErk-vimentin interaction. (a)
Top ranking ensemble of MolFit models with good
electrostatic and geometric complementarity. Two views
are shown rotated vertically by 90°. The space-filling
model of the kinase molecule is shown in light gray with
the phosphorylated residues (Thr183 and Tyr185) empha-
sized in dark grey. The blue, yellow, green and dark green
ribbons represent four positions of vimentin in this
ensemble; they make very similar interactions with the
kinase in the groove between Erk residues 89-103 (golden)
and 6-20 (red) but the green models are shifted slightly
compared to the blue and yellow models in the vicinity of
residues 220-233 (dark red) in Erk (see front view). These
three peptides were shown experimentally to disrupt the
pErk—vimentin interaction (see (b)). The light green model
is shifted with respect to the dark green model along the
long axis of the vimentin fragment and rotated about this
axis, resulting in good superposition of the helical back-
bones. These two solutions demonstrate the difficulty to
distinguish between docking predictions when a highly
symmetrical molecule (shape and electrostatic potential)
like the vimentin fragment is docked. Another example of
the effect of the vimentin symmetry is demonstrated by
the yellow model. In this case the vimentin molecule is
rotated about an axis perpendicular to its long axis and
therefore the C to N direction is reversed compared to the
other solutions. The considerable translation along the
long axis of the molecule is driven by the electrostatic
potential, maximizing the overlap of the negative region
of vimentin with the positive region of the kinase at this
relative orientation. Note that in the front view the
vimentin solutions differ slightly in their interactions
with the lower lobe of the kinase, whereas in the side view
their positions relative to the kinase are very close. (b)
Effects of Erk-derived synthetic peptides on the interaction
of vimentin with pErk. The peptides were incubated with
vimentin at 20:1 molar ratio for 2 h at room temperature,
followed by GST-pErk pull-down. Peptides Erk-6-20, 89-
103 and 220-233 clearly inhibit pErk-vimentin binding,
thus verifying the blue ribbon solution in (a). This
experiment was repeated three times with similar results.
(c) Electrostatic complementarity in the proposed model
for the interaction between phospho-Erk2 and the
vimentin 2B fragment. The solvent accessible surface is
shown in gray for the kinase molecule and in yellow for
the 2B vimentin fragment. Electrostatic equipotential line-
surfaces at 1.5 kT/e are shown in orange (negative) and
dark blue (positive) for the kinase and in red (negative)
and blue (positive) for vimentin 2B.
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for the vimentin—pErk interaction under different
calcium concentrations, and observed a strong
positive effect of calcium on binding affinity, with
ECs decreasing from 180 nM at 0.1 pM calcium to
15 nM at 10 uM calcium (Figure 3(b)). Finally, we
characterized the displacement affinities of the Erk-
derived competitor peptides identified in Figure
2(c), and observed a higher affinity for Erke,o as
compared to Erkgg 193 or Erkang o33 (Figure 3(c)).
Erk, as other kinases, can be rapidly depho-
sphorylated by a number of phosphatases.’ Since
vimentin was previously shown to protect Erk from
dephosphorylation,'* we tested the capacity of the
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Figure 3. ELISA quantification of pErk-Vimentin
binding. (a) Comparison of vimentin binding to immo-
bilized Erk versus pErk reveals significantly enhanced
binding upon Erk phosphorylation (n=4). (b) Effect of
Ca®* levels on vimentin-pErk binding. ECs, values
calculated from the binding curves are Ca%" 0 M, ECso
0.24(+0.02) pM; Ca>* 0.1 pM, ECso 0.18(+0.03) pM; Ca**
1 uM, ECsp 80(+8.02) nM; Ca** 0.1 pM, ECs, 15(1.85)
nM. (c) Competition of Erk-derived peptides with pErk
for vimentin binding. Vimentin—-peptide premix was
applied to immobilized GST-pErk or GST alone in buffer
containing 1 pM Ca®*. The vimentin concentration used
was 0.186 pM, well within the linear range of the
vimentin—pErk binding curve. Peptide ICsys deduced
from the binding competition data are Erke.o 0.26(x0.02)
HM, Erk89,103 103(i10) }LM, Erk220,233 6036(i802) },LM
All values are average +Std. Error.
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Figure 4. Phosphatase protection of pErk by vimentin.
(a) Erk-derived peptides were incubated with vimentin at
20:1 molar ratio peptide:vimentin for 2 h at room tem-
perature. GST-pErk was added and incubated for a further
2 h, calcium was at 1 uM throughout. Alkaline phospha-
tase (AP, two units) or axoplasm from injured nerve 6 h
post-lesion (Ax, 100 pg) was added for an additional
30 min before performing GST pull-down followed by
Western blotting for pErk and Erk. (b) Dose response
analysis for the peptides shown to interfere with phos-
phatase protection in (a), now applied at molar ratios from
1:1 until 20:1 peptide:vimentin. (c) Effect of selected Erk-
derived peptides on co-precipitation of endogenous pErk
with dynein from sciatic nerve axoplasm. Sciatic nerves of
adult rats were injected with excess amounts of the in-
dicated peptides concomitantly with lesion, and 6 h later
300 pg aliquots of axoplasm were subjected to dynein
immunoprecipitation, followed by Western blot for pErk.
All experiments were repeated at least three times with
similar results.

displacing peptides identified above to disrupt
phosphatase protection. As shown in Figure 4(a),
the same peptides that interfere with vimentin-pErk
binding anatagonize vimentin protection of Erk
phosphorylation. Erk was rapidly dephosphory-
lated by either alkaline phosphatase or by sciatic
nerve axoplasm when vimentin binding was com-
peted by peptides Erk6_20, Erk89_103 and Erk220_233,
but not by other Erk-derived peptides (Figure 4(a)
and (b)), as would be expected from the docking
model. As a final examination of the validity of the
model in vivo, we tested the ability of selected Erk-
derived peptides to disrupt the endogenous com-
plex in injured sciatic nerve by conducting dynein
immunoprecipitations followed by Western blots for
pEI‘k Peptides Erk89_103 and Erk220_233 both pre-
vented co-precipitation of pErk with dynein from
sciatic nerve, while two other Erk-derived peptides
that do not target the binding interface had no effect
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(Figure 4(c)). Thus, peptide competition experiments
are consistent with the proposed mode of vimentin—
pErk interaction both in vitro using isolated proteins
and in vivo on the endogenous complex.

The model described in Figure 2 and the bio-
chemical evidence supporting it highlight vimentin
as a new type of Erk interactor. Although previous
studies have described a wealth of substrates,
inhibitors and scaffolds for Erk,®> the mode of
vimentin binding to Erk does not seem to fit any
of these three categories. Two main regions in Erk
have been implicated as docking motifs for the
binding of most of the interacting proteins. These are
the cytosolic retention sequence/common docking
motif (CRS/CD),*?* that interact with D domains
in the interacting proteins, and the docking site for
Erk (DEF)-docking motif that interacts with FXF
motifs.>” Although binding to one of the motifs may
be sufficient for a stable interaction, many of the
interactions are mediated through both motifs.’
Other docking sites that seem to be less prevalent
are the L6 that was shown to interact specifically
with microtubules,*® and the N-terminal part of Erk
that was shown to interact with MEK.*” Our results
here indicate that the binding to vimentin is likely to
involve three out of the four interaction motifs,
including the N terminus (peptide 6-20) the L6
region (peptide 89-103) and possibly the DEF-
docking motif (peptide 220-233). These results
support the notion that Erk contains several binding
sites that can be used variably to interact with
different proteins, and thereby dictate its spatial and
temporal regulation. Furthermore, vimentin binding
to pErk will likely preclude binding of most other
known interactors, thus ensuring no change in Erk
activation state as long as vimentin stays bound.
Vimentin therefore seems to act as a chaperone-like
molecule, protecting Erk from dephosphorylation
by occluding the phosphorylation lip and restricting
phosphatase access by steric hindrance. This bind-
ing mode is particularly suited to the proposed role
of the interaction in enabling long distance transport
of phosphorylated Erk within the cell.'**** Cal-
cium dependence of the interaction provides a
switch for binding and release of vimentin from
pErk (Figure 3(c)), thus favoring translocation of the
Erk signal from high calcium to low calcium
conditions in the cell. Future efforts on structure
determination of the vimentin-Erk complex at
different calcium concentrations may shed light on
the details of this switch mechanism. Furthermore it
will be intriguing to find out if the described mode
of vimentin protection of pErk is recapitulated for
other pairs of intermediate filaments and signaling
kinases important for long distance transport.

Materials and Methods

Antibodies, proteins and peptides

Antibodies polyclonal anti-Erk M5670 and monoclonal
anti-doubly phosphorylated Erk M8159 were both from

Sigma (Rehovot, Israel); monoclonal anti-dynein 74 kDa
Intermediate Chain MAB1618, monoclonal anti-Vimentin
clone V9 MAB3400 and polyclonal anti-Vimentin AB1620
were all from Chemicon International (Temecula, CA,
USA). Recombinant Syrian hamster vimentin was from
Cytoskeleton Inc (Denver, CO, USA). The following
peptides were synthesized by Ansynth BV (Roosendaal,
The Netherlands):

Erke.20, AAGPEMVRGQVFDVG;
Erkos 37, TNLSYIGEGAYGMYV;
Erkgg,103, RAPTIEQMKDVYIVQ,
Erkigo-195, GFLTEYVATRWYRA;
Erk21 7-230, AEMLSNRPIFPGKH,
Erkoog.233, LSNRPIFPGKHYLD;
Erk240_254, GILGSPSQEDLNCIL
Erkoss.06s, NLKARNYLLSLPHK;
Erk31 2-326, EQYYDPSDEPIAEAP,
Erksps.335, APFKFDMELDDLPK.

DNA constructs

Mouse vimentin and peripherin cDNAs were a kind gift
from Dr Robert Shoeman (Max Planck Institute for Cell
Biology, Rosenhof, Germany). Full-length open reading
frames and subdomains were amplified by PCR, sub-
cloned into pCDNAS3, and verified by sequencing. Con-
structs and primer sets were: peripherin, forward primer
AAAGAATTCGCCCGTTCATTCCTTTGCT and reverse
primer AAAGCGGCCGCTTCTTCATCGCCTCTTCC,
cloning sites EcoRI and Notl; second peripherin coiled
coil, forward primer CCGGAATTCCTGAGGGACATCC-
GTGC and reverse primer ATAAGAATGCGGCCGCGCT-
CTCCTCCCCTTCCA, cloning sites EcoRI and NotI;
vimentin, forward primer AAAGGATCCATGTCTAC-
CAGGTCTGTGTC and reverse primer ACTTCTCAG-
CATCACGATGACTCTAGATTT, cloning sites BamHI
and Xbal; first vimentin coiled coil, forward primer AAA-
GGATCCGGCGTGCGGCTGCTTCAA and reverse pri-
mer ACGACGAGGAGATCCAGGAGTCTAGATTT, clon-
ing sites BamHI and Xbal; second vimentin coiled coil,
forward primer AAAGGATCCGTGCAGATCGACG-
TGGAC and reverse primer ACATCGAGATCGCCACC-
TACTCTAGATTT, cloning sites BamHI and Xbal.

Docking and modeling

The structures of pERK and vimentin were obtained
from the Protein Data Bank and docked using the program
MolFit.”* MolFit treats the molecules as rigid bodies. They
are represented by three-dimensional grids in which each
grid point carries information concerning its position with
respect to the surface/interior of the molecule. The surface
grid points carry chemical information such as the
electrostatic potential and the hydrophobicity of the
surface. MolFit performs an exhaustive scan of the relative
rotations and translations of the molecules and produces a
list of models evaluated by a geometric-electrostatic-
hydrophobic complementarity score.

Recombinant expression of pErk

To obtain doubly phosphorylated Erk, activated human
GST-Erk2 was co-expressed with constitutively active
MEK1in BL21 bacteria, as described.>® The bacteria were
grown in 2YT medium at 30 °C to an absorbance of 0.6,
and then 1 mM IPTG was added for an additional 4 h.
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Proteins were purified over Glutathione-Sepharose 4B
(Amersham Biosciences) or Nickel-NTA Agarose (Qia-
gene) according the manufacturer’s instructions.

GST pull-downs and immunoprecipitations

GST-pErk or glutathione-S-transferase (GST) alone
were equilibrated in 1 ml nuclear transport buffer
(NTB)'? with 1 pM calcium, 2 mM PMSE, 2% (w/v)
BSA and proteinase inhibitors. [*>S]Met/ Cys labelled
proteins were prepared from DNA constructs by in vitro
transcription and translation using the TNT coupled
reticulocyte lysate system (Promega), according to the
manufacturer’s instructions. In vitro translated protein
was added to the GST-pErk or GST and incubated for 2 h
at 37 °C before pull-down on glutathione-Sepharose
beads. Beads were washed twice with 0.2 M NaCl in
NTB and twice again with NTB before elution in SDS-
PAGE sample buffer for loading on gels. Dynein co-
immunoprecipitations and Western blots for vimentin
were performed as described.'*

Phosphatase protection assays

GST-pERK (0.1 ng) was incubated with 2 ng vimentin or
neurofilament (NF) for 2 h at 37 °C. Alkaline phosphatase
(AP, two units, Roche, Mannheim, Germany) or axoplasm
from injured nerve (100 pg) was then added for an
additional 30 min. Complexes were purified over GST
beads followed by Western blot analysis for pERK. AP
activity was verified with the synthetic substrate p-
nitrophenyl phosphate (pNPP, Sigma cat. no. S0942) as
described.'*

ELISA

Recombinant GST-pErk (100 ng/well) or GST alone
(45 ng/well) was immobilized on glutathione coated HS
96 well plates (Sigma) following the manufacturer’s
instructions. Vimentin and peptides were added in Tris-
HCl buffer (pH 7.6) + CaCl, (10° M), and incubated at
room temperature for 2 h, followed by three washes with
Tris-HCl and two washes with PBS. Anti-vimentin
monoclonal (Chemicon, 1:1000) was added and incubated
at 4 °C overnight, followed by three washes with PBS.
Goat anti-mouse HRP (BioRad) was then applied for a
further 2 h at room temperature, reactions were developed
with substrate after extensive washing, and scanned at
405 nm.
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