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The calcium-modulated proteins,
S100A1 and S100B, as potential
regulators of the dynamics of
type III intermediate filaments
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Abstract

The Ca2+-modulated, dimeric proteins of the EF-hand (helix-loop-
helix) type, S100A1 and S100B, that have been shown to inhibit
microtubule (MT) protein assembly and to promote MT disassembly,
interact with the type III intermediate filament (IF) subunits, desmin
and glial fibrillary acidic protein (GFAP), with a stoichiometry of 2
mol of IF subunit/mol of S100A1 or S100B dimer and an affinity of
0.5-1.0 µM in the presence of a few micromolar concentrations of
Ca2+. Binding of S100A1 and S100B results in inhibition of desmin
and GFAP assemblies into IFs and stimulation of the disassembly of
preformed desmin and GFAP IFs. S100A1 and S100B interact with a
stretch of residues in the N-terminal (head) domain of desmin and
GFAP, thereby blocking the head-to-tail process of IF elongation. The
C-terminal extension of S100A1 (and, likely, S100B) represents a
critical part of the site that recognizes desmin and GFAP. S100B is
localized to IFs within cells, suggesting that it might have a role in
remodeling IFs upon elevation of cytosolic Ca2+ concentration by
avoiding excess IF assembly and/or promoting IF disassembly in vivo.
S100A1, that is not localized to IFs, might also play a role in the
regulation of IF dynamics by binding to and sequestering unassembled
IF subunits. Together, these observations suggest that S100A1 and
S100B may be regarded as Ca2+-dependent regulators of the state of
assembly of two important elements of the cytoskeleton, IFs and MTs,
and, potentially, of MT- and IF-based activities.
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Introduction

Intermediate filaments (IFs) constitute a
major cytoskeleton component of most, if
not all, eukaryotic cells (1-5). IFs, which
have been subdivided into several major types
depending on their subunit composition and

cellular distribution, have been suggested to
play a role in the mechanical properties of
the cell and in the maintenance of the cell�s
shape, in the anchorage of the cell�s or-
ganelles, and in the tridimensional organiza-
tion of the cytoplasm. IFs are homopolymers
(with the exception of keratin IFs which are
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obligatory heteropolymers) in which dimers
made of parallel and in register monomers
associate to form tetramers in which couples
of dimers are arranged in a staggered and
antiparallel manner (Figure 1A). Tetramers
then form octamers through lateral associa-
tions and elongate via a head-to-tail mech-

anism (Figure 1A). Typically, an IF subunit
consists of a conserved central core (rod
domain) composed of two helical regions
periodically interrupted by short, non-heli-
cal stretches, that is flanked by an N-termi-
nal (head) domain and a C-terminal (tail)
domain (Figure 1B). The N-terminal domain
is critical for filament elongation, whereas
the C-terminal domain appears less critical.
Rather, a stretch of residues found in the C-
terminus of the rod domain appears impor-
tant for IF formation. The rod domain is
responsible for lateral association of sub-
units into dimers/tetramers/octamers (1-5).

IFs have been long considered as static
cytoskeleton elements owing to their resis-
tance to extraction with non-ionic detergents
in the presence of high concentrations of
KCl and their solubility in high concentra-
tions of urea (1-5). In recent years, however,
in vitro and in vivo evidence has been pro-
vided showing that IFs coexist with a pool of
unassembled subunits and that polymerized
subunits exchange with their unpolymerized
counterparts (6-11), i.e., IFs undergo assem-
bly-disassembly depending on cell needs and/
or functional states. Phosphorylation is a-
mong the factors that play an important role
in remodeling IFs. Phosphorylation of pre-
formed IFs results in disassembly and phos-
phorylation of unassembled subunits ren-
ders them assembly-incompetent (12-17).
Several kinases can act to regulate the IF
dynamics, and at the onset of mitosis a spe-
cific kinase (cdc2 kinase) is expressed that
phosphorylates preformed IFs (12-17). This
process is functional to the shape changes
that occur at the onset of mitosis when IFs
disassemble and reassemble to form a cage-
like structure around chromosomes and the
mitotic spindle of daughter cells (12-17).

However, it is reasonable to assume that
IF remodeling also occurs in non-dividing
cells during locomotion and/or at cell sites
where the cell needs to be less rigid in order
to accomplish specific functions. In this re-
gard, factors other than kinases have been
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Figure 1 - A, Schematic representation of association of intermediate filament (IF) subunits
into dimers, tetramers, and octamers. In IF dimers monomers are found parallel and in
register, and association of monomers into dimers takes place through their rod domains. IF
tetramers form through the lateral association of dimers, but here dimers are antiparallel
and staggered. Filament elongation occurs via a head-to-tail mechanism. B, Schematic
representation of an IF subunit. A core domain (rod) is flanked by a head (N-terminal) domain
and a tail (C-terminal) domain. The head domain is critically important for filament assembly
(elongation) (see Refs. 1-5 for reviews).
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postulated to exist that contribute to modify-
ing the topographical distribution and the
tridimensional organization of IFs via disas-
sembly and reassembly (3).

S100 proteins

S100A1 and S100B are members of a
multigenic family of Ca2+-modulated pro-
teins of the EF-hand (helix-loop-helix) type
that comprises 19 members showing 25 to
65% sequence identity. S100 proteins have
been implicated in the regulation of several
activities such as protein phosphorylation,
the cell cycle, Ca2+ homeostasis, the dynam-
ics of cytoskeleton elements, and enzyme
activities (18-22). With the exception of
calbindin D9k, which is a Ca2+ modulator
protein implicated in buffering cytosolic Ca2+,
all other S100 members are considered Ca2+

sensor proteins implicated in Ca2+ signal
transduction via their interaction with defi-
nite target proteins. Each S100A1 or S100B
polypeptide chain (Mr »10 kDa) (like any
other S100 member) contains two Ca2+-bind-
ing loops, one in the N-terminal half and the
other one in the C-terminal half, each of
which is flanked by a-helices for a total of
four helices (helix I to helix IV)/molecule
(23,24) (Figure 2). The Ca2+-binding loop in
the N-terminal half of the chain is non-con-
ventional (longer and rearranged) and binds
Ca2+ with low affinity, whereas the Ca2+-
binding loop in the C-terminal half is ca-
nonical and binds Ca2+ with a relatively high
affinity. The two EF-hands are connected by
a linker (the hinge region), and helix IV is
followed by a C-terminal extension (Figure
2). The two proteins display 56% sequence
identity, with the highest amount of identity
in the EF-hands and the least amount in the
hinge region and the C-terminal extension. It
is suggested that differences in sequence and
length of these two regions specify the bio-
logical activities of S100A1 and S100B (and
other S100 members) (18-22).

S100A1 is most abundant in slow-twitch

skeletal muscle cells, some epithelial cells,
and some neuronal populations, whereas
S100B is most abundant in glial cells, mel-
anocytes, chondrocytes, adipocytes, and neu-
ronal subpopulations (18-22). By immuno-
cytochemistry at both the light and the elec-
tron microscope levels, S100B has been lo-
calized to IFs, axonemal microtubules (MTs),
centrioles, the centrosomes, the midbody,
some cytoplasmic MTs, and intracellular
membranes in glial cells and several cell
lines (25-28), whereas S100A1 has been
localized to intracellular membranes, includ-
ing the triads, in skeletal muscle cells, and
close to Z-discs in sarcomeres (29,30).

Within cells, S100A1 and S100B exist as
homodimers (with a small fraction of
S100A1/S100B heterodimers) in which the
two monomers are held together by non-
covalent bonds between helices IV and IV�
and helices I and I�, with some contribution
by C-terminal extensions, and are related by
a two-fold axis of rotation (31-34). A similar
configuration has been detected in other S100
members (35,36), suggesting that the S100
proteins that dimerize share a common struc-
tural motif. However, given the differences
in sequence and length of the hinge region
and the C-terminal extension and the orien-
tation of helices in individual S100 proteins,
it is conceivable that each of these might be
implicated in the regulation of specific ac-
tivities by interacting with definite target
proteins (18-22).

Upon Ca2+ binding, the most dramatic
change in the S100B structure is a reorienta-
tion of helix III with a consequent reorienta-

Figure 2 - Schematic representation of the secondary structure of an S100 protein. Each
Ca2+-binding loop (L1 and L2, in the N- and the C-terminal half, respectively) is flanked by a-
helices (helices I and II, and helices III and IV for L1 and L2, respectively). A linker region
(hinge region, H) connects helix II to helix III. Helix IV is followed by a C-terminal extension.
The hinge region and the C-terminal extension (in black) display the least amount of
sequence homology among the S100 members (see Refs. 18-24).
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tion of the hinge region (33,37,38). As a
result, a wide cleft forms that is defined by
residues in the hinge region, helix III, helix
IV and the C-terminal extension, which form
an ample surface believed to mediate the
interaction with target proteins. It is sug-
gested that analogous changes take place in
all other S100 members that dimerize and
act via an interaction with target proteins in a
Ca2+-dependent manner. Since in each S100
dimer the above binding surfaces are found
on opposite sides, an S100 dimer might func-
tionally crossbridge two homologous or het-
erologous target proteins. Clearly, this mode
of interaction is different from that of other
EF-hand proteins such as calmodulin and
troponin C; the two halves (lobes) of cal-
modulin or troponin C wrap around one
molecule of a definite target protein, whereas
S100 dimers open up and bind couples of
target proteins on opposite sides (39-41).

S100B and S100A1 regulate the
dynamics of microtubules

Several S100 proteins have been shown
to be localized to cytoskeleton constituents,
to translocate to cytoskeleton elements upon
elevation of cytosolic Ca2+, and to interact
with cytoskeletal proteins, suggesting that
some S100 members might have a role in the
regulation of cell shape changes, locomo-
tion, and the tridimensional organization of
the cytoskeleton (18-22). Previous studies
have shown that S100B and S100A1 inhibit
the assembly of MT protein and greatly in-
crease the Ca2+-sensitivity of preformed MTs,
in vitro (42-47). Specifically, S100B and
S100A1 were shown to bind to and to se-
quester unassembled tubulin, thereby inhib-
iting MT formation, and to interact with the
MT wall, thereby causing a rapid disassem-
bly, in a Ca2+- and pH-dependent manner.
However, whereas S100B is found associ-
ated with MTs in vivo (25-28), S100A1 is
not (28,48), pointing to differences in the
mechanism of action of individual proteins

on MT dynamics. S100B and S100A1 might
have a role in avoiding excess MT formation
and/or participate in MT disassembly at the
onset of mitosis or at discrete sites in non-
dividing cells. Also, since S100B and S100A1
are also found associated with internal mem-
branes, including Golgi membranes (25-
28,48), they might have a role in MT-mem-
brane interactions that are relevant in the
regulation of MT-endosome interactions,
which are considered to be important in the
mechanism of fusion of endosomes (49),
transport from early endosomes to late
endosomes (50), and apical recycling (51).

S100B and S100A1 regulate the
dynamics of intermediate filaments

The observation that S100B is also found
associated with IFs in glial cells (26,27,52)
prompted a study of possible regulatory ef-
fects of this protein as well as of S100A1 on
glial and skeletal muscle IFs. The IF subunits
in mature glial and skeletal muscle cells are
glial fibrillary acidic protein (GFAP) and
desmin, respectively, both of which belong
to type III IFs (1-5). By a number of experi-
mental approaches (a sedimentation assay,
viscometry, turbidimetry, and electron mi-
croscopy), S100B and S100A1 were shown
to inhibit the assembly of GFAP and desmin
into their respective IFs in a dose- and Ca2+-
dependent manner and to stimulate the poly-
merized-unpolymerized subunit exchange in
vitro, i.e., to cause IF disassembly (53-56).
Effects of both S100 proteins were shown to
occur in the presence of a few micromolar
concentrations of Ca2+, suggesting that the
two proteins might have a role in IF remod-
eling upon elevation of the cytosolic Ca2+

concentration in vivo. S100B and S100A1
caused the critical concentration for IF as-
sembly to increase and reduced the IF num-
ber concentration, pointing to an inhibitory
effect on IF nucleation. The remarkable de-
crease in mean IF length and the ability of
either S100 protein to stop the IF assembly
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when added to growing IFs suggest that both
S100B and S100A1 also interfere with the IF
elongation process (53-56).

By chemical crosslinking and fluores-
cent spectroscopy S100B and S100A1 were
shown to bind reversibly to unassembled
GFAP and desmin with a stoichiometry of 2
mol of IF subunit/mol of S100 dimer with an
affinity of 0.5-1.0 µM, in agreement with the
notion that an S100 dimer has two binding
surfaces on opposite sides (53,56).

Several lines of evidence suggest that
S100B and S100A1 interact with the N-
terminal head of both GFAP and desmin,
thereby sequestering unassembled subunits
and blocking the head-to-tail association of
subunits into IF polymers (53,56-58) (Figure
3). 1) Neither headless GFAP or desmin nor
headless/tailless GFAP or desmin (i.e., their
rod domain) as obtained by enzymatic cleav-
age was able to interact with either S100
protein. 2) By chemical crosslinking,
heterocomplexes made of two copies of
GFAP or desmin plus two copies of S100B
or S100A1, in addition to complexes made
of 1 mol of S100 monomer plus 1 mol of
GFAP or desmin, could be resolved by West-
ern blotting using a polyclonal anti-S100B/
A1 antiserum. 3) The synthetic peptide,
TRTK-12 (TRTKIDWNKILS), correspond-
ing to a consensus sequence found in an-
other S100B- and S100A1-target protein,
i.e., the a-subunit of the actin capping pro-
tein, CapZ, and able to compete with CapZa
for binding to either S100 protein (59,60),
displayed a high sequence identity with a
stretch of residues found in the N-terminal
head of GFAP containing the so-called RP-
box motif shown to be critical for GFAP (as
well as desmin and vimentin) assembly. 4)
TRTK-12 competed with GFAP or desmin
for binding to S100B or S100A1 and blocked
the ability of either S100 member to inhibit
the GFAP and desmin assemblies and to
stimulate GFAP and desmin IF disassembly,
in a dose- and Ca2+-dependent manner. Inci-
dentally, these observations strongly suggest

that those proteins that contain the CapZa
consensus sequence (K/R)(L/I)XWXXIL
might be S100B- and S100A1-binding pro-
teins; in fact, other S100B and S100A1 tar-
get proteins (i.e., neurogranin, neuromodulin/
GAP-43, p53, caldesmon) were shown to
contain the above consensus sequence (22).
Also, these observations strongly suggest
that S100B and S100A1 use the same site for
recognizing those target proteins that share
the above consensus sequence.
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Figure 3 - Schematic representation of the Ca2+-dependent interaction between S100A12
or S100B2 dimers and desmin or glial fibrillary acidic protein (GFAP) tetramers. A pair of
S1002 dimers crossbridges two desmin or GFAP dimers by interacting with the desmin or
GFAP N-terminal domain. Binding of either S100 protein to the N-terminal domain results in
inhibition of desmin or GFAP assembly into type III intermediate filaments. Formation of
macrocomplexes composed of four desmin or GFAP subunits plus four copies of S100A1 or
S100B monomers was observed by chemical crosslinking (see Refs. 57,58).
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Annexin VI and annexin V, two mem-
bers of a multigenic family of Ca2+-depend-
ent phospholipid-, membrane- and cytoskel-
eton-binding proteins (61,62), bind to
S100A1 and S100B, but only annexin VI
blocks the ability of the two S100 proteins to
inhibit GFAP and desmin assemblies, in a
Ca2+- and dose-dependent manner (63). In
those cells that co-express S100A1 or S100B,
and annexin VI, the latter might act as a
regulator of S100A1/S100B effects.

Recent evidence suggests that the C-ter-
minal extension of S100A1 (and, by anal-
ogy, S100B) is critically implicated in the
recognition of GFAP (as well as CapZa,
desmin, tubulin, p53) (64). In fact, a mutant
S100A1 lacking the C-terminal extension
(S100A1D88-93), that was shown to form
homodimers, to undergo Ca2+-dependent con-
formational changes, and to bind to phenyl-
Sepharose in a Ca2+-dependent manner
(64,65), proved unable to interact with GFAP,
tubulin, p53 and TRTK-12, and to inhibit
GFAP assembly.

On the basis of the above data, we sug-
gest that couples of S100B or S100A1 ho-
modimers (and, eventually, S100B/S100A1
heterodimers) functionally crossbridge cou-
ples of GFAP or desmin dimers on opposite
sides via interaction of their C-terminal ex-
tensions with the GFAP or desmin N-termi-
nal domain, thereby blocking the head-to-
tail mechanism of IF subunit elongation, as
mentioned above (Figure 3). At present we
do not know whether or not other regions of
the binding surface identified in Ca2+-loaded
S100B or S100A1 take part in the recogni-
tion of type III IF subunits.

Does S100B or S100A1 have a role in
type III IF dynamics in vivo?

S100B, but not S100A1 was localized to
GFAP, vimentin and desmin IFs in several
cell lines as well as to GFAP IFs in Müller
cells in bovine retina, and was observed to
follow the destiny of these IFs after cell

treatment with colchicine, taxol, cold, or
inhibitors of phosphatases (all conditions
that cause a dramatic rearrangement of IFs
or, in the case of phosphatase inhibitors, IF
disassembly and condensation of residual
IFs in a paranuclear structure also containing
MTs) (27,28,52). Also, at several cell sites
MTs with their attached S100B appear sur-
rounded and/or flanked by IFs with their
attached S100B (32).

Thus, S100B seems strategically posi-
tioned along IFs and MTs possibly to contri-
bute to crossbridging of IFs to MTs and/or to
take part in the regulation of the dynamics of
these cytoskeleton constituents. Also, S100B
inhibits GFAP and vimentin phosphoryla-
tion (66), which might be a reflection of
S100B ability to interact with the N-terminal
domain of type III IFs and/or represent a
means of regulating their assembly-disas-
sembly. Lastly, astrocytes in the brain of
mutant mice expressing a much reduced
amount of S100B exhibit larger amounts of
GFAP IFs (67), a finding that has been re-
lated (67) to the ability of S100B to inhibit
GFAP IF assembly.

Together with the in vitro data mentioned
above, all of these findings suggest that one
biological role of S100B is to contribute to
the regulation of the state of assembly of
several cytoskeleton constituents. The high
abundance of S100B in a number of cell
types, including glial cells (where S100B
concentration may be as high as 10-20 µM)
(68), renders such a role possible. Instead,
S100A1, which has not been found associ-
ated with either MTs or IFs in vivo, might
contribute to MT and IF remodeling via an
interaction with unassembled tubulin or IF
subunits. Interestingly, recent evidence sug-
gests that: i) both S100B and S100A1 cause
MT disassembly and/or fragmentation when
added to triton-cytoskeletons obtained from
glial, myoblast and renal cell lines, in a Ca2+-
dependent manner, whereas S100A1D88-93
is without effects, in agreement with the
finding that S100B and S100A1 interact with
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the MT wall, thereby increasing the Ca2+-
sensitivity of MTs and both proteins use
their C-terminal extension for binding to
tubulin; ii) no obvious IF disassembly can be
observed under these conditions, further sup-
porting the conclusion that S100B and
S100A1 cause IF disassembly by sequester-
ing unassembled IF subunits, and iii) some
bundling of IFs can be observed under these

conditions due to disruption of the MT net-
work (Sorci G, Agneletti AL and Donato R,
unpublished data).

It would be of interest to analyze the
effects of overexpression or inhibition of
S100B expression in terms of number, distri-
bution and total mass of MTs and IFs in
resting, activated and dividing cells.
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