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Key Insights into the Activation of Gelsolin
Superfamily of Proteins

P roteins of the gelsolin superfamily are key regula-

tors of actin dynamics, capable of binding, severing,
capping and nucleating actin filaments. The gel-
solin family proteins consist of three or six similarly
folded gelsolin-like (G) domains. Activation of these
proteins is calcium dependent and involves large
conformational changes. Here, we present crystal
structures of three gelsolin family proteins, which
provide insights into the activation process. Inactive
human gelsolin and active N-terminal half of hu-
man gelsolin solved to 3A resolution, suggest that
the initial activation of gelsolin involves the co-oper-
ative binding of calcium to G2 and G6. Calcium-free
domain 6 (V6) of villin solved to 2A resolution sug-
gests that straightening of the G6 helix plays a role
in activation by pushing apart adjacent domains to
expose actin-binding sites within the protein. The
structure of activated C-terminal half of adseverin
(A4-A6) solved to 3A resolution establishes the ho-
mology of gelsolin and adseverin permitting the
modeling of inactive full-length adseverin. Docking
inactive adseverin on actin filaments demonstrates
that A6 sterically inhibits the interaction of A2 with
filamentous actin that is necessary for activity. In
summary, these structures provide key insights into
the activation of the gelsolin superfamily of proteins.

Beamline
BL13B1 SW6

Authors

S.Nag, W. L. Lee, and M. Larsson

Dr Robert Robinson Lab

Institute of Molecular and Cell Biology
A¥*Star, Singapore

The gelsolin superfamily of proteins is implicated in
actin remodeling involved in cell motility. In vertebrates,
the family includes seven different proteins, namely, gel-
solin, adseverin, advillin, villin, supervillin, flightless | and
capG. They regulate cytoskeletal organization by severing,
capping, bundling and nucleating actin filaments. The
proteins comprise of three or six homologous gelsolin-like
(G) domains, each containing a conserved calcium-binding
site. The calcium-dependent activation of the gelsolin
superfamily proteins involves large-scale conformational
changes from the inactive calcium-free state to the active
calcium-bound state. Gelsolin, the founding member of
this family, is associated with the disease familial amyloido-
sis (Finnish type), caused by a single mutation within the
calcium-binding site in G2. Adseverin and villin have six
gelsolin-like domains each (A1-A6 and V1-V6, respectively),
and share 60% and 50% sequence identity with gelsolin,
respectively. The primary difference between adseverin
and gelsolin lies in the C-terminal tail extension of gelsolin
that, in the absence of calcium, will cover the actin fila-
ment binding site on G2. Both these proteins have actin
capping, severing and nucleating functions. In addition
to these functionalities, villin has a C-terminal headpiece
domain that allows it to bundle actin filaments. Here, we
obtain insights into the calcium-dependent activation of
the gelsolin superfamily by biochemical, biophysical and
X-ray crystallographic analyses of these three members of
the gelsolin superfamily.

The crystal structures of inactive human gelsolin, and
active N-terminal half of human gelsolin (G1-G3) com-
plexed with actin, were solved to a resolution of 3A. The
inactive structure is almost identical to that of calcium-
free equine gelsolin, except for the absence of the Cys188-
Cys201 disulfide bond (Fig. 1A). In this conformation, the
protein is compact with domains G1 through G5 arranged
around G6, so that all the actin-binding sites of the pro-
tein are inaccessible. The C-terminal helical extension,
also called the tail-latch, interacts with the actin-binding
site on G2 and holding the protein closed. The calcium-
bound human G1-3/actin structure (Fig. 1B) demonstrates
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Fig. 1: Structures of calcium-free human gelsolin (A) and human G1-G3/actin (B). Violet spheres represent Ca** ions.

the large-scale rearrangements that occur during activa-
tion, similar to the previously solved equine G1-G3/actin
structure. However, the human structure differs from the
equine structure in three aspects, the presence of an addi-
tional calcium ion bound to G2, the involvement of Asp259
from the G2-G3 linker in coordinating this calcium ion, and
the presence of a disulfide bridge between Cys188 and
Cys201. Analysis of these related structures establishes
the key role of the G2 and G6 calcium binding sites in the
initial activation of gelsolin.

Inspection of the electrostatic surface of calcium-
free human gelsolin reveals that the G2-G6 interface is

highly negatively charged and involves residues from the
unoccupied calcium-binding sites of both these domains.
It is therefore likely that calcium binds G2 and G6 in an
interdependent and co-operative manner to disrupt the
G2-G6 interface. This was also confirmed by conducting
biochemical analyses on calcium-binding mutants of gel-
solin. Apart from weakening the G2-G6 contacts via direct
competition, calcium binding to G2 and G6 introduces
conformational changes in the respective domains that
are incompatible with the inactive conformation. Binding
of calcium to G2 weakens interactions with the tail-latch
and alters the conformation of the G2-G3 linker. Calcium

Fig. 2: Calcium-bound form of gelsolin G6, displaying a straight helix (A), calcium-free form of villin V6 (B) and calcium-free form
of gelsolin G6, revealing a kinked helix and a translocated AB loop (C). Black sphere represents the Ca*" ion.




binding to G6 straightens the G6 long he-
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lix and changes the conformation of the
adjacent AB loop (Fig. 2A). Thus, the co-
operative binding of calcium to G2 and G6
participate in the initial activation of gel-
solin through multiple effects that disrupt
the inactive conformation.

The importance of helix-straighten-
ing in the activation process across the
gelsolin family is substantiated by the
structure of isolated calcium-free domain
6 (V6) of villin, solved at 2A resolution
(Fig. 2B). The structure of V6 is similar to
calcium-bound activated G6 rather than
inactive G6 (Fig. 2A and C). The presence
of the other domains in gelsolin furnishes
the necessary constraints to maintain the
bend in the G6 helix in the inactive state.
Straightening of the helix introduces steric
clashes between domains 4 and 6, thus
aiding the release of the G4-G6 latch. G6
helix-straightening also introduces steric
clashes with G2, which helps sever the
interactions between these two domains.
Thus, straightening of the G6 helix ap-
pears to be a common mechanism in the
activation of gelsolin family proteins.

Further similarities in the structure

Fig. 3: Structures of calcium-bound adseverin A4-A6 (A) and gelsolin G4-
G6 (B) and a model of calcium-free adseverin superimposed on actin
(gray). A6 (orange) shows severe steric clashes with actin (C). Violet
spheres represent Ca”" ions.

and function of gelsolin family proteins

are proffered by the structure of the acti-

vated C-terminal half of adseverin (A4-A6), determined at
3A (Fig. 3A). Each of the three domains in the structure, (A4,
A5 and A6), adopts the typical gelsolin-domain fold, and is
bound to a single calcium ion. The structure of the activat-
ed A4-A6 is nearly identical to that of the activated gelsolin
C-terminal half (G4-G6; Fig 3B). Calcium ion ligation by do-
mains 5 and 6 of the two proteins is virtually indistinguish-
able. While the calcium co-ordination spheres of A4 and
G4 vary slightly, close inspection of the A4-A6 structure
suggests that the differences are a crystallographic artifact,
rather than a physiologically relevant variation. Superposi-
tion of the structure of A4-A6 onto G4-G6 in the structure
of G4-G6/actin complex demonstrates that the mode of
actin binding by the adseverin C-terminal half is identi-
cal to that of the gelsolin C-terminal half. Both proteins
interact with actin through the long helix in domain 4 and
with a minor interaction site present in domain 6. A single
mutation in the long helix at structurally homologous resi-
dues Phe455 (adseverin) and 1le481 (gelsolin), eliminates
actin monomer sequestration in biochemical assays, con-

firming that the two proteins share a common mechanism
for actin sequestration. Similarities in nucleation of actin
polymerization and calcium dependence for activity, sug-
gested by the high sequence and structural homology,
were also confirmed by biochemical analyses. Modeling
of the calcium-free adseverin structure and docking of this
model on actin shows that in the absence of the C-terminal
tail, steric clashes of A6 with actin, prevent interaction
between A2 and actin (Fig. 3C). The presence of the C-ter-
minal tail in gelsolin confers an additional level of regula-
tion, in keeping with the higher requirement of calcium for
gelsolin activation as compared to adseverin.

In summary, the gelsolin structures suggest that the
co-operative binding of calcium to G2 and G6 has a critical
role in the initial activation of gelsolin. The calcium-free V6
structure demonstrates that helix-straightening of G6 in
the activation process generates a steric clash that pushes
apart adjacent domains to expose actin-binding interfaces
within the protein for transition into the active state. The
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adseverin structure clearly demonstrates the structural
and functional homology between gelsolin and adseverin.
Docking of a model of inactive adseverin to an actin fila-
ment reveals that A6 sterically inhibits the interaction of
A2 with filamentous actin that is essential for activity. In
the case of gelsolin, activation would require the release of
the C-terminal tail latch in addition to the separation of G2
and G6, thus explaining the higher calcium requirement
as compared to adseverin. In conclusion, our crystal struc-
tures have proffered significant insights into the activation
mechanism of the gelsolin superfamily.




