rived with the wave algorithm with an error of
less than 10% if an averaged elastic property of
the sea ice is used (20). The wave propagation
characteristics result in a natural averaging of
the ice thicknesses. Further, by averaging the
directional ice thicknesses, a spatially averaged
effective ice thickness is obtained (20, 27). Here
we compare these ice thickness estimates (2/) to
MY ice area during the common observation
period. Figure 2 shows the interannual variabil-
ity of the mean end-of-winter (April-May) ice
thickness and winter MY ice area from 1978/79
to 1990/91. The decreases are more pronounced
from 1987 onward, associated with changes in
atmospheric circulation (such as an increase in
the frequency of low-pressure systems in the
Arctic) since the late 1980s (6). The high
degree of correspondence (r ~ 0.88, P <
0.01) between these independent data
(which was unexpected; after all, MY ice
can become substantially thinner and still
count toward the MY ice area) reveals that
a relationship exists between ice thickness
and area. The potential importance of this
observation is twofold. First, it indicates
that the observed decrease in MY ice area
from 1978 to 1998 represents a substantial
(that is, a negative mass balance) rather than
peripheral effect. Second, it suggests that
the interannual variability and trends of arc-
tic ice thickness may be estimated to a first
order through an empirical relationship with
MY ice area, as 77% (r2) of the variability
in ice thickness is explained by variability
in MY ice area, the more readily monitored
parameter. However, this relationship re-
quires further investigation, and it is noted
that the changes in effective ice thickness
(21) are considerably less than those report-
ed elsewhere (/9).

The balance of evidence thus indicates an ice
cover in transition, which, if continued, could
lead to a markedly different ice-ocean-atmo-
sphere regime in the Arctic. However, 20 years
are inadequate to establish that this is a long-
term trend rather than reflecting decadal-scale
atmosphere-ocean variability such as the North
Atlantic Oscillation (NAO) (22). The NAO is
known to be strongly coupled to regional sea ice
fluctuations (15, 23), and here we find its winter
index (22) to be lag-correlated with the follow-
ing summer minimum ice area and hence the
following winter MY ice area (both » ~ —0.54,
P ~ 0.02). Thus the NAO index explains ~25%
(r?) of the MY ice variability.

Further satellite monitoring and analysis
of the sea ice cover, together with oceano-
graphic and atmospheric data, are needed to
better understand the patterns and processes
behind these changes. Moreover, because sea
ice parameters are hemispherically integrated
measurements, we recommend that quantita-
tive comparisons be made with ice cover
output from global coupled climate models in
the same manner as global average atmo-
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spheric temperature observations, for im-
proved assessment and prediction of global
warming in the polar regions.
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Domain Movement in Gelsolin:
A Calcium-Activated Switch

Robert C. Robinson,! Marisan Mejillano,? Vincent P. Le,’
Leslie D. Burtnick,? Helen L. Yin,? Senyon Choe'*

The actin-binding protein gelsolin is involved in remodeling the actin cytoskeleton
during growth-factor signaling, apoptosis, cytokinesis, and cell movement. Calci-
um-activated gelsolin severs and caps actin filaments. The 3.4 angstrom x-ray
structure of the carboxyl-terminal half of gelsolin (G4-G6) in complex with actin
reveals the basis for gelsolin activation. Calcium binding induces a conformational
rearrangement in which domain G6 is flipped over and translated by about 40
angstroms relative to G4 and G5. The structural reorganization tears apart the
continuous B sheet core of G4 and G6. This exposes the actin-binding site on G4,
enabling severing and capping of actin filaments to proceed.

The cellular actin scaffold is continuously
reorganized in response to a variety of sig-
nals. Apoptosis promotes dismantling of the
actin cytoskeleton, and growth factor stimu-
lation induces actin filament assembly at the
plasma membrane, which leads to cell shape
changes and movement. Gelsolin is a calci-

um-activated regulator of these cytoskeletal
and motile functions of actin (/). Elevated
calcium concentrations activate the filament
severing and capping activities of gelsolin,
which results in more actin filaments with a
shorter average length. The six domains of
gelsolin, G1-G6, probably arose through a
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sequence of gene triplication followed by
gene duplication, resulting in a modular pro-
tein in which G4-G6 has an architecture
similar to that of GI-G3 (2, 3). We have
determined the structure of the complex of
G4-G6 bound to actin and calcium at 3.4 A
(Fig. 1A and Table 1). The structure reveals
that the binding interface is centered around the
interaction of the long helix of G4 with actin.
There are also a few contacts between G6 and
actin. G5 does not contact actin but forms sub-
stantial bridging contacts between G4 and G6,
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logical Studies, Post Office Box 85800, San Diego, CA
92186-5800, USA. 2Department of Physiology, Uni-
versity of Texas Southwestern Medical Center, 5323
Harry Hines Boulevard, Dallas, TX 75235, USA. 3De-
partment of Chemistry, University of British Columbia
Vancouver, BC, Canada V6T 1Z1.

*To whom correspondence should be addressed. E-
mail: choe@sbl.salk.edu

Table 1. Summary of data collection and refine-
ment statistics. Diffraction data from a frozen
crystal (100 K) were measured with a Fast MAR
image plate and 0.97 A wavelength radiation on
beamline 5.0.2, ALS, Berkeley. Reflection data
were indexed, integrated, and scaled using DENZO
and SCALEPACK (77). Structural analysis was ini-
tiated by molecular replacement with an actin
monomer (5) as the search model in the program
EPMR (72). The solution was unambiguous, and
the resulting phase information allowed position-
ing of G4 (4) in electron density maps in agree-
ment with the G1-actin structure (5). Subsequent
electron density maps were of sufficient quality to
unequivocally place domains G5 and G6 and to
build some linker regions. The model was refined
with tight geometric restraints, isotropic B-factors,
and a bulk solvent correction in CNS (73) and
REFMAC (74), with extra attention given to the
free R-factor to monitor the correct progress of
refinement. The quality of the final model was
assessed in PROCHECK (75). Figures were pre-
pared with the programs MOLSCRIPT (76) and
GRASP (77). This model (78, 79) consists of actin
residues 5 to 39 and 47 to 375; gelsolin residues
412 to 454, 459 to 704, and 715 to 742; an ATP
molecule; and three calcium ions, one of which is
entirely coordinated by actin residues, one of
which is sandwiched between actin and gelsolin
(type 1), and one of which is coordinated by
gelsolin alone (type 2).

Space group P2,2,2,
Cell a=>545b=1132
c=1582A

a=p=y=090°

Asymmetric unit One complex

Bragg spacing 20.00 to 3.40 A
Reflections 11329
% completeness 81.0
R erge” 0.155
* 242
R-freet 30.6
Nonhydrogen atoms 5319
RMS deviation bonds 0011 A
RMS deviation angles 2.01°
Mean temperature factor  29.8 A?

*Reecge (ZIl = VD). R ElFl — Fll/ZIFG)
tBased on 4% of the data

REPORTS

which have no direct interdomain contacts.
Comparison of the structures of this acti-
vated, actin-bound form of G4-G6 with the
nonactivated form (4) reveals the structural
mechanism of the calcium-controlled latch
that regulates actin binding to G4 (Fig. 1B).
In calcium-free gelsolin a B sheet runs con-
tinuously through the cores of G4 and G6. On
binding calcium, this sheet is severed be-
tween G4 and G6, which exposes the actin-
binding site on G4 (Fig. 1B). During this
process G6 rotates about 90° around axes in
both the horizontal and vertical planes of Fig.
1B and translates about 40 A in the vertical

direction to disengage from G4 and establish
new contacts with G5. Nonactivated gelsolin
has a kink in the long helix of G6 that is
required to avert clashes with the long helix
of G4 across the core 3 sheet. The G6 helix is
straight in the calcium-activated structure
(Fig. 1C) and has a regular a-helical hydro-
gen-bonding pattern. These additional hydro-
gen bonds together with the contacts in the
new G5-G6 interface and coordination of
calcium ions compensate energetically for the
disruption of bonds between G6 and G4.
Activation causes little change in the orien-
tation of G5 relative to G4. The structure of

Fig. 1. Ribbon representa-
tions of the structure of
G4-G6 complexed with
actin. Actin is colored
cyan and gelsolin do-
mains G4, G5, and G6 are
colored pink, green, and
orange, respectively. (A)
The two orientations cor-
respond to views perpen-
dicular (left) and parallel
(right) to the axis of the
filament in which the ac-
tin protomer would be in-
corporated. Arrow (cyan)
signifies the directionality
of such a filament, with
the barbed, fast-growing
end labeled +. Residues
on G4 (bold type) interact
with the following actin

residues (italics) (70):
S-428, 5-350; N-429,
5-350; Q-473, A-144;
1-481, Y-743 and L-349;
L-482, [-349; A-484,
T-148; Q-485, M-355 and
T-351;, D-487, E-167;
E-488, Y-769; Q-496,

E-167 and T-148, and
R-498, R-147 and N-296.

Similarly residues on G6 (bold type) form interactions with the following actin residues (italics)
K-648, D-3717 and L-221; 1-649, K-315; G-650, L-22; and E-655, K-326. (B) Comparison of the
structures of the G4-G6 domains in nonactivated gelsolin (4) (left) and in complex with actin and
Ca®* (right). Orientation of G4 in both panels is about the same. The front side of G4 (pink) is the
actin-binding site. The far right B strand of G4 tears apart from the far left B strand of G6 upon
calcium activation, exposing the actin-binding interface. The two calcium ions are shown as black
spheres. (C) (Left) Structure of the nonactivated G6 (4); (right) actin-bound form of G6 in a similar

orientation.
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the complexed actin, which is also bound to
an adenosine triphosphate (ATP) molecule
and a calcium ion, is not significantly differ-
ent from the structure in the Gl-actin com-
plex reported by McLaughlin et al. ().
Because of the gene duplication that gen-

Fig. 2. Comparison of the G1 and G4 actin-binding sites. (A) Surface
representations of G1 and G4 detailing residues at the actin-gelsolin
interface. Charged residues, hydrophobic residues, and nonconserved
residues are colored red, yellow, and green, respectively. (B) Actin-bound

REPORTS

erated the six-domain gelsolin from a three-
domain precursor, and the consequent simi-
larity in the tertiary structures of G1-G3 and
G4-G6 (4), it is likely that the two halves of
gelsolin share many functional properties.
For example, of the 11 residues that form

2 are labeled 2Ca2+.

www.sciencemag.org SCIENCE VOL 286 3 DECEMBER 1999

direct interactions with actin in G1 and G4, 6
are identical and 4 are conservatively substi-
tuted (Fig. 2A). The one difference, Phe*® in
Gl compared with Ser*?® in G4, does not
affect the binding interface as these residues
interact with actin residue Ser*>° through

forms of G1 (5) (red) and G4 (pink) in about the same orientation as in
(A) are shown as schematic representations. Bound calcium ions are
shown as black spheres. Type 1 calcium ions are labeled 1Ca2+ and type

Fig. 3. Calcium-binding sites of gelsolin. (A) Co-
ordination of the sandwiched type 1 calcium
ions (gold) in G1 (5) (left) (red) and G4 (right)
(pink). Actin is cyan and calcium-binding resi-
dues are colored and labeled accordingly. (B)
Positions of calcium-binding residues from (A),
Asp'© and Asp*®7, in nonactivated gelsolin (4).
Asp'® in domain G1 (red) forms a salt bridge
with Lys3' in domain G3 (yellow) (left). Simi-
larly Asp*®7 from domain G4 (pink) forms a salt
bridge with Lys72" in domain G6 (orange) (right).
(€) Type 2 calcium ions are coordinated entirely
by gelsolin. (Left) Calcium ion (gold) coordinated
by G1 (red). Chain trace of residues 140 to 150
for nonactivated gelsolin (4) (light green) and
activated gelsolin (5) (yellow) are included for
comparison. The carbonyl group of residue 145
rotates by 180° to coordinate this calcium.
(Right) Type 2 calcium ion coordinated by G4
(pink). Backbone trace of residues 519 to 535
from the nonactivated form of gelsolin (4) (dark
green) and from activated gelsolin (gold) are also
included for comparison.
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cally hampered and has a greater separation
between G3 and G4 (93 A). The model in Fig.
4 may represent the stable complex of gelsolin
with two isolated actin monomers. From this
model, we can infer that further structural
changes in gelsolin must occur during the sev-
ering process. In particular, the third actin-bind-
ing site of gelsolin resides on G2; G2 is known
to bind to the actin protomer directly above the
one that binds G1 (5, 6). G2 is remote from the
actin filament in the model in Fig. 4. Therefore,
changes in the structure of G1-G3, beyond
those we have suggested, must occur to permit
G2 to bind to the side of an actin filament and
initiate severing.
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