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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 (20,21). Here 
we compare these ice thickness estimates (21) 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 1978179 
to 199019 1. 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 (19). 

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 r - -0.54, 
P - 0.02). Thus the NAO index explains -25% 
(r2) 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- 

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. ~obinson,' Marisan ~eji l lano,'  Vincent P. Le,' 

Leslie D. B ~ r t n i c k , ~  Helen L. Yin,' Senyon Choel* 

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 p sheet core of G4 and G6. This exposes the actin-binding site on G4, 
enabling severing and capping of actin filaments t o  proceed. 

The cellular actin scaffold is continuously um-activated regulator of these cytoskeletal 
reorganized in response to a variety of sig- and motile functions of actin (1). Elevated 
nals. Apoptosis promotes dismantling of the calcium concentrations activate the filament 
actin cytoskeleton, and growth factor stimu- severing and capping activities of gelsolin, 
lation induces actin filament assembly at the which results in more actin filaments with a 
plasma membrane, which leads to cell shape shorter average length. The six domains of 
changes and movement. Gelsolin is a calci- gelsolin, GI-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 G446 has an architecture 
similar to that of G143 (2, 3). We have 
determined the structure of the complex of 
G446 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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92186-5800, USA. 'Department of Physiology. Uni- 
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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 molecula; replacement with an actin 
monomer (5) as the search model in the program 
EPMR (721. The solution was unambirruous. and 
the resiting phase information allowe2 position- 
ing of G4 (4) in electron density maps in agree- 
ment with the GI-actin structure (5). Subsequent 
electron density maps were of sufficient quality to 
unequivocally place domains (35 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 I), and one of which is coordinated by 
gelsolin alone (type 2). 

Space group 
Cell 

Asymmetric unit 
Bragg spacing 
Reflections 
% completeness 

~Lfreet 
Nonhydrogen atoms 
RMS deviation bonds 
RMS deviation angles 
Mean temperature factor 

p212121 
a = 54.5 b = 113.2 
c = 158.2 A 
a = ~ = y = 9 0 0  
One complex 
20.00 to 3.40 A 
11 329 
81 .O 
0.155 
24.2 
30.6 
5319 
0.01 1 A 
2.01° 
29.8 AZ 

* R m w  PI1 - (OlIZ(O). Rc PIPOI - l ~ c l l ~ ~ l ~ o l ~ .  
?Based on 4% of the data 

which have no direct interdomain contacts. 
Comparison of the structures of this acti- 

vated, actin-bound form of G446 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 P 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 

Fig. 1. Ribbon representa- 
tions of the structure of 
G 4 4 6  complexed with 
actin. Actin is colored 
cyan and gelsolin do- 
mains C4, C5, 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; 4-473, A-144; 
1-41, Y-143 and L-349; 
1-482, L-349; A-484, 

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 P 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 G546 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 

T- 748; 4-485, M-355 and 
T-357; D-487, E- 7 67; 
E-488, Y- 769; Q-496, 
E-767 and T-148; and 
R-498, R- 747 and N-296. 
Similarly residues on G6 (bold type) form interactions with the following actin residues (italics) 
K-648, 0-377 and L-221; 1-649, K-375; C-650, 1-22; and E-655, K-326. (6) Comparison of the 
structures of the G 4 4 6  domains in nonactivated gelsolin (4) (left) and in complex with actin and 
Ca2+(right). Orientation of G4 in both panels is about the same. The front side of C4 (pink) is the 
actin-binding site. The far right P strand of C4 tears apart from the far left p 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 C6 (4); (right) actin-bound form of C6 in a similar 
orientation. 
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the complexed actin, which is also bound to erated the six-domain gelsolin from a three- direct interactions with actin id G1 and G4, 6 
an adenosine triphosphate (ATP) molecule domain precursor, and the consequent simi- are identical and 4 are conservatively substi- 
and a calcium ion, is not significantly differ- larity in the tertiary structures of G I 4 3  and tuted (Fig. 2A). The one difference, Phe49 in 
ent from the structure in the G1-actin com- G 4 4 6  (4),  it is likely that the two halves of G1 compared with SePZ8 in G4, does not 
plex reported by McLaughlin et al. (5). gelsolin share many functional properties. affect the binding interface as these residues 

Because of the gene duplication that gen- For example, of the 11 residues that form interact with actin residue SePS0 through 

Fig. 2. Comparison of the GI and C4 adin-binding sites. (A) Surface forms of GI (5) (red) and C4 (pink) in about the same orientation as in 
representations of GI and C4 detailing residues at the actin-gelsolin (A) are shown as schematic representations. Bound calcium ions are 
interface. Charged residues, hydrophobic residues, and nonconsewed shown as black spheres. Type 1 calcium ions are labeled 1Ca2+ and type 
residues are colored red, yellow, and green, respectively. (B) Actin-bound 2 are labeled 2Ca2+. 

Fig. 3. Calcium-binding sites of gelsolin. (A) Co- 
ordination of the sandwiched type 1 calcium 
ions (gold) in C1 (5) (left) (red) and C4 (right) 
(pink). Actin is cyan and calcium-binding resi- 
dues are colored and labeled accordingly. (B) 
Positions of calcium-binding residues from (A), 
AsplOS and Asp487, in nonactivated gelsolin (4). 
AfplOg in domain GI (red) forms a salt bridge 
w ~ t h  Lys319 in domain C3 (yellow) (left). Simi- 
larly AspM7 from domain C4 (pink) forms a salt 
bridge with Lys7*l in domain C6 (orange) (right). 
(C) Type 2 calcium ions are coordinated entirely 
by gelsolin. (Left) Calcium ion (gold) coordinated 
by GI (red). Chain trace of residues 140 to  150 
for nonactivated gelsolin (4) (light green) and 
activated gekolin (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 C4 
(pink). Backbone trace of residues 519 t o  535 
from the nonactivated form of gelsolin (4) (dark 
green) and from activated gelsolin (gold) are also 
included for comparison. 

G4-G6 
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to run vertically 

their backbone atoms. The two halves of 
gelsolin also display some divergent proper- 
ties, exemplified by domain G2 harboring an 
F-actin-binding activity (6), whereas G5, the 
homologous domain in the carboxyl-terminal 
half, does not bind to actin. 

There are two sites of Ca2+ coordination in 
the actin-complexed G1 domain (9, and Ca2+ 
occupies the corresponding sites in the G4 do- 
main in the G 4 4 6  complex with actin (Fig. 
2B). The two type 1 calcium-biiding sites (Fig. 
3A) are f m e d  at the interf%ce between G1 or 
G4 and the actin residue G ~ u ' ~ ~ .  Gelsolin resi- 
dues involved in calcium binding are AsplOg 
and the carbonyl groups of residues 114 and 
1 16 in G1 and Asp487 and the carbonyl groups 
of residues 492 and 494 in G4. In nonactivated 
gelsolin Asp'Og and Asp487 both form a salt 
bridge with a lysine residue across the G 1 4 3  
or G 4 4 6  P sheets (Fig. 3B). Calcium binding 
at either AsplOg or Asp487 is incompatible with 
these salt bridges a n d  could facilitate severing 
of the G 1 4 3  and G4-G6 P sheets. The two 
type 2 calcium-binding sites (Fig. 3C) are en- 
tirelv contained within G1 and G4. Coordina- 
tion-is through the conserved residues Asp66 
and G ~ u ~ ~  h m  G1 and Asp445 and Glu475 h m  
G4. We have. suggested previously (4) that, 
during gelsolin binding to an actin filament, 
calcium binding at the type 2 site in G1 may 
cause reorienting of G2 so that G2 can contact 
the actin protomer that is next along the fila- 
ment axis relative to the GI-bound protomer. 
This would trap the calcium in an EGTA-resis- 

tant coordination (7). Calcium binding at the 
type 2 site in G4 does not induce a dramatic 
repositioning of G5, functionally consistent 
with G5 not binding to actin. Instead the greater 
length of the G 4 4 5  loop relative to the G1- 
G2 loop can accommodate calcium coordina- 
tion without domain rearrangement. Calcium 
binding at this K,-2 pM (8) type 2 site on G4 is 
EGTA-reversible and may be largely redun- 
dant, beiig a carryover fiom the most recent 
gene duplication event in gelsolin's history. A 
fifth calcium-binding site, with a K, of 0.2 phi, 
exists in G 5 4 6  (a), which, because of affinity 
considerations, may represent the most func- 
tionally important calcium-binding site in G4- 
G6. Unfortunately this site could not be identi- 
fied in the electron-density maps and therefore 
may reside ,in regions of poor electron density 
(residues 626 to 632,707 to 713, or 742 to 755). 

The structural similarities between the two 
halves of gelsolin imply that a calcium-activat- 
ed  switch^ mechanism, analogous to that dis- 
cussed for G4-G6, operates to dissociate the 
continuous p sheet between G1 and G3 and 
unmask the actin-binding site on GI. We have 
generated a model in which the G I 4 3  and 
G4-G6 halves of whole gelsolin are bound to 
two adjacent actin protomers in the Holmes (9) 
presentation of filamentous actin (Fig. 4). In 
this model, the 46-amino acid linker between 
G3 and G4 is sufficiently long to span the 66 A 
gap between G3 and G4. A less probable mod- 
el, with G 4 4 6  positioned on the actin subunit 
directly below actin 2 in Fig. 4, is more steri- 

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 h m  the 
actin filament in the model in Fig. 4. Therefore, 
changes in the structure of G143 ,  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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