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or more metal-binding sites in the propeller) 
detach from substrate under shear 
(35). The calcium ions in the propeller are not 
close to the ~ r o ~ o s e d  siteligand-binding 
shown in Fig. 6, but they Lay help to"make 
more rigid the propeller-thigh interface and 
may thus regulate integrin-ligand interactions 
in an allosteric manner. The calcium ion at 
the thigh<alf-1 interface may play a similar 
role. Studies with 83  and (-wSBl intemins 
have also shown that'a Ca2;site 

is required for ligandmbinding3and .that.a low-
affinity CaL' site allosterically inhibits li- 
gand binding (36, 37). The presence of two 
adjacent metal-binding sites (MIDAS and 
ADMIDAS) in the PA domain suggests un- 
derlying mechanisms for these effects. 

The structure of aVP3 reveals new do- 
mains, previously unpredicted domains, and 
creative use of the Ig scaffold. Integrin-ligand 
interactions are regulated not only by changes 
in affinity but also by altered avidity (recep- 
tor clustering) [reviewed in (38)l. Integrins 
also bind in cis to several membrane recep- 
tors, an interaction that modulates their sig- 
naling functions [reviewed in (39)l. The mo- 
saic of domains revealed in the integrin struc- 
ture can now serve as a foundation for future 
investigations into the structural basis of 
these interactions. 

A	 . 
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Oxygen Isotopes and the 

Moon-Forming Giant Impact 
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We have determined the abundances of 160,"0, and 180in 31 lunar samples 
from Apollo missions 11, 12, 15, 16, and 17 using a high-precision laser flu- 
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servation is consistent with the Giant Impact model, provided that the proto- 
Earth and the smaller impactor planet (named Theia) formed from an identical 
mix of components. The similarity between the proto-Earth and Theia is con- 
sistent with formation at about the same heliocentric distance. The three 
oxygen isotopes (A1'O) provide no evidence that isotopic.heterogeneity on the 
Moon was created by lunar impacts. 

The Moon is generally considered to have 
formed from the debris produced in a colli- 
sion between the proto-Earth and a Mars-
sized impactor (1, 2). Assuming this Giant 
Impact model to be correct, materials from 
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isotopic heterogeneity in the Moon, we 
searched for small isotopic variations in oxy- 
gen. The existing AI7O data of three anortho- 
sites, one dunite, one green glass clod, three 
mineral analyses of a single basalt, and six 
soil samples from the Apollo missions (4) 
and nine lunar meteorites (5) range from 
-0.204 to +0.094 per mil (%o) (Fig. 1). This 
large range of 0.3%0 might be because the 
Moon was not homogeneous, either due to 
incomplete mixing of material from the 
proto-Earth and Theia or addition of material 
to the Moon after the Giant Impact. Here we 
report the results of new analyses of 1 6 0 ,  I7O 
and 180for 31 lunar rocks with the use of a 
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higher precision CO, laser fluorination tech- 
nique (6-1 0). 

The AI7O values of 4 ferroan anortho- 
sites, 15 mare basalts, 2 KREEP basalts, 1 
norite, 1 troctolite, 3 lunar volcanic glasses, 4 
breccias, and 1 meteorite analyzed for this 
study yield a range of -0.015 to +0.018%0 
(Table 1). Compared with the existing data 
for lunar meteorites (5) and rocks from the 
Apollo missions (4), the range of A170 data 
is reduced by a factor of 10 (Fig. 1). None of 
the rock, glass, and breccia samples plot more 
than 0.018%0 off the terrestrial fractionation 
line (TFL), which is within the uncertainty of 
the technique as calculated from 10 analyses 
of a terrestrial olivine standard AI7O = 

-0.003 It- 0.017% (3u error of the mean). 
Samples 74220 and 79155 display larger 
variations in AI7O with the use of conven- 
tional techniques (4) than are obtained with 
laser fluorination. The differences in A1'O 
among lunar samples obtained by conven-
tional fluorination (4, 5) relate in part to the 
poorer reproducibility of conventional fluori- 
nation. Lunar impacts may also have contrib- 

uted chondritic material to lunar soils and 
perhaps created a part of the A170 variation 
in six lunar soil samples (4). However, none 
of the igneous rocks studied indicates the 
existence of an isotopically distinct reservoir 
within the Moon. Nor have A170 variations 
in glass and breccia samples been identified 
that were created by lunar impacts. 

The reproducibility of laser 6180 and 
6170 measurements is typically better than 
?O.l%o, as documented by duplicate analyses 
of lunar rocks (Table 1). The 6180 of picritic, 
olivine-nonnative, quartz-normative, and pi- 
geonite mare basalts cannot be distinguished 
from fresh mid-ocean ridge basalt (MORB) 
glasses worldwide ( l l ) ,  whereas high-Ti 
mare basalts (TiO, > 9%) give 6180 values 
lower than MORB glasses. This probably 
reflects the high normative ilmenite content 
of the high-Ti mare basalts. There is a sys- 
tematic difference in 6180 between lunar ba- 
salts and anorthosites that averages 0.4%0 
(Table 1). This is most likely caused by 
equilibrium fractionation between feldspar 
and silicate melt. In some cases, the apparent 

6180 variation among lunar rocks may reflect 
sample heterogeneity because the fragments 
analyzed were small and may therefore have 
been dominated by disproportionate amounts 
of olivine, ilmenite, or plagioclase. Only the 
powdered samples that were used for W iso-
tope measurements should be considered rep- 
resentative of bulk rock samples because of 
their larger size (>1 g). Despite these reser- 
vations, the average 6180 of the lunar sam- 
ples is identical to the terrestrial mantle with- 
in uncertainty. 

The A170 average and reproducibility of all 
lunar rocks is 0.003 If: 0.005%0 (3u error of the 
mean). On the basis of a 99.7 % confidence 
interval, the lunar and terrestrial fractionation 
lines are identical to withm 0.005%0. Earth and 
the Moon are distinct, however, from other 
large planetary bodies like Mars for which the 
martian meteorite AI7O line is displaced by 
+0.32%0, or asteroid 4 Vesta for which the 
howardites, eucrites, and diogenites yield A170 
values that lie, on average, -0.28%0 below the 
terrestrial fractionation line (Fig. 2). Besides 
their differences in A"O, Earth and the Moon 

Table 1. 6180 and 6170 analyses of lunar samples. n, number of analyses; p, powdered sample; f, large fragment; la,1 standard deviation: qtz., quartz; norm., 
normal; ol., olivine. 

Number Rock type n Sample type 61s0 t la 6170 2 la 11'0t l a  

Pigeonite basalt 
llmenite basalt 
Qtz-norm. basalt 
Picritic basalt 
Qtz-norm.basalt 
01-norm.basalt 
01-norm.basalt 
01-norm.basalt 
High-Ti basalt 
High-Ti basalt 
High-Ti basalt 
High-Ti basalt 
High-Ti basalt 
High-Ti basalt 
High-Ti basalt 

Fe-anorthosite 
Fe-anorthosite 
Fe-anorthosite 
Fe-anorthosite 
Troctolite 
Norite 

Green 
Orange 
Orange 

Breccia clast 
Breccia clast 
Glassy impact melt 
Partialy glass coated gabbro 

ALH 81005 

Mare basalts 
P 
P 
f 
P 
P 
P 
f 
f 
f 
P 
P 
P 
f 
P 
P 

KREEP basalts 
P 
P 

Highland rocks 
P 
P 
P 
P 
f 
P 

Lunar Volcanic glasses 
P 
P 
f 

"Breccias" 
P 
f 
f 
f 

Meteorite 
f 
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both yield 6I8O - 5.5%0and therefore are, on 
average, more enriched in I8O than Mars 
[6180 - 4.396 (12)]or Vesta [6180 - 3.3%0 
(511. 

Computer simulations of the Moon-form- 
ing Giant Impact indicate that the Moon in- 
herited a significantly higher proportion of 
material from Theia than the proto-Earth 
[e.g., see (1, 2 ) ] .  The resolution of smooth 
particle hydrodynamic modeling of potential 
Moon-forming Giant Impacts has been im- 
proved recently. These high-resolution stud- 
ies show that a potential impactor must have 
been very close in size to Mars. A signifi- 
cantly larger or smaller impactor would pro- 
duce a higher angular momentum than ob- 
served for the Earth-Moon system or would 
throw too much iron into orbit, which would 
have created a more iron-rich Moon (2) .On 
the basis of these high-resolution models, it 
has been estimated that 70 to 90% of the 
Moon is derived from Theia. An identical 
oxygen mass fractionation line for the Moon 
and Earth, therefore, cannot be explained by 
assuming that similar proportions of material 
came from the silicate portions of the proto- 
Earth and Theia. Only if the proto-Earth and 
Theia A170 values were identical to within 
0.03%0would it be possible that the average 
A170 value of the Moon plots within 0.005% 
on the terrestrial fractionation line. 

Some computer models assume a larger 
size for the impactor, i.e., a mass ratio of 7:3 
between the proto-Earth and Theia (2, 13). 
All these models assume that the Earth had 
only achieved about two-thirds of its final 
mass after the Giant Impact, because a larger 
proto-Earth would produce greater angular 
momentum for the Earth-Moon system than 
that observed. Models assuming that the 
proto-Earth had reached just 66% of its mass 
after the Giant Impact (2 ,  3) and identical 
A170 of the Moon and Earth require that late 
incoming material came from the same res- 
ervoir as the material that made up Theia and 

-0.3 
4.5 	 5.0 5.5 6.0 6.5 7.0 

6180 SMOW (%) 

Fig. 1. Comparison between conventional and 
new laser 160, 170, and l80measurements of 
lunar samples. A170 gives displacement from 
the terrestrial fractionation line experimentally 
defined as A170 = 6170 - 6180 X 0.5245. 
Squares, Apollo Missions (4); diamonds, lunar 
meteorites (5); circles, this study. 

the proto-Earth. If this was another planetes- 
imal, it must have formed from an identical 
mix of components as the proto-Earth and 
Theia. Because this is unlikely, the oxygen 
isotope data are easier to reconcile with a 
Giant Impact model involving a Mars-sized 
impactor. 

The three isotopes of oxygen are hetero- 
geneously distributed in the solar system 
(14). The largest mass-independent oxygen 
isotope variations of more than 40°h are mea- 
sured on minerals from calcium-aluminum- 
rich inclusions (CAIs) of the Allende mete- 
orite (15, 16). The different mass-dependent 
fractionation lines for asteroid 4 Vesta, Mars, 
and the Earth-Moon system (Fig. 2) provide 
evidence that the average provenance of the 
raw material of these objects is significantly 
different (5). There is, however, no obvious 
relation between oxygen isotopes and cur- 
rent heliocentric distance from the sun as 
found for 53Cr/52Cr (17). This might indi- 
cate that oxygen isotope compositions were 
not monotonically zoned through the solar 
system or that oxygen isotope alteration 
continued on icy planetesimals (18) .How-
ever, computer simulations of the colli-
sional growth stage of the inner solar sys- 
tem (19)demonstrate that terrestrial planets 
were fed from a zone with a heliocentric 
distance of 0.5 to 2.5 astronomical units 
and beyond. Regardless of how heteroge- 
neous the early inner solar system was at 
the beginning, it developed toward a homo- 
geneous composition by collisional growth. 
This is endorsed by the small A170 differ- 
ences of about 0.6Oh observed for the 
Earth-Moon system, Mars, and Vesta com- 
pared with more than 10%0 differences 
among chondrites. Collisional growth will 
smooth out pre-existing heterogeneities but 
is unlikely to result in identical oxygen 
isotopic compositions for all planets be-
cause a correlation between final heliocen- 
tric distance and average provenance of a 
planet is predicted (19) .The differences in 
A1'O among large planetary embryos and 

o Moon (this study) 
o Mars ( ) 

Fig. 2. Three oxygen isotope plots of lunar rocks. 
Composition of Martian meteorites (72) and 
HED meteorites (5), supposed to be fragments 
of asteroid 4 Vesta, are given for comparison. 

planets depend on final heliocentric dis-
tance because oxygen isotopes were heter- 
ogeneously distributed in the early solar 
system. Therefore, the progenitors of the 
Moon and Earth formed at a similar helio- 
centric distance. A similar orbit of Theia 
compared with the proto-Earth would result 
in a relatively small encounter velocity. 
This is consistent with the assumptions of 
most Giant Impact simulations (20) .  

If the proto-Earth and Theia grew from a 
similar mix of components at a similar dis- 
tance from the Sun, then not only the oxygen 
isotopes but also the chemical composition 
and other isotope ratios should be similar. 
Therefore, differences between the Moon and 
Earth, such as the depletion of volatiles or the 
high FeO content of the lunar mantle com- 
pared with the terrestrial mantle, may be of 
secondary origin. Such differences might be 
produced during accretion and differentiation 
of the proto-Earth, Theia, the Moon, and the 
present Earth (21, 22). 

Significant amounts of meteoritic material 

0 5 10 15 20 
Mass fraction impactor (%) 

Fig. 3. The AT70 values for lunar samples plot 
within standard deviation (2ui) error of 2 
O.016%0 (long-dashed lines) on the TFL. If the 
impactor had formed from the same raw ma- 
terial as Mars or the HED parent body, then all 
lunar samples must have obtained, within 2%. 
the same portion from the impactor and proto- 
Earth as obtained by Earth using the triple 
standard error of the mean (3a,,,,) as signif- 
icant, shown by short-dashed lines. On average, 
the H-chondrites plot 0.7% above the TFL, 
allowing a maximum of 3% chondritic material 
mixed into any of the studied lunar samples, 
2u confidence level. Other chondrite groups 
like L, LL, or carbonaceous chondrites show an 
even larger deviation from the TFL and, there- 
fore, even less of these primitive materials can 
be mixed into the lunar samples. For the mixing 
lines in this figure, identical oxygen abundances 
have been assumed for all objects. 
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may have been admixed to the Moon after it 
formed, perhaps the equivalent of the late 
veneer on Earth. Although evidence of large 
impacts is still visible on the surface of the 
Moon, we have not found any indication of 
meteoritic material admixed to anv of our 
lunar samples using oxygen isotopes. This 
does not exclude addition of meteoritic ma- 
terial completely but does limit the amount to 
several percent. The proportions can be cal- 
culated for different meteorite classes. The 
high (H), low (L), and very low (LL) iron 
ordinary chondrites are displaced from the 
TFL by +0.7, +1 .O, and +1.3% on average 
(5). Admixing 3% H-chondritic material, for 
example, would be detectable when 0.016%0 
deviation is considered significant (Fig. 3). 
Even less material from L or LL or carbona- 
ceous chondrites would be detectable because 
these groups are further displaced from the 
TFL. Although CI-chondntes plot on the 
TFL, this group is characterized by high S180 
values above 16%. Any proportion larger 
than 5% would increase the S180 value by at 
least 0.5%a.This is also not found for anv of 
the analyzed rocks. Planetesimals with a sim- 
ilar Al7O as Mars admixed to any of the lunar 
samples would need to be present in propor- 
tions of >5% to be detectable using oxygen 
isotopes (Fig. 3). Therefore, we can exclude 
the possibility that >3 and >5% of these 
primitive meteoritic or differentiated plane- 
tesimals, res~ectivelv, have been admixed to 
any of the studied i k a r  samples. The only 
meteorites that are difficult to exclude are the 
highly reduced enstatite chondrites and 
aubrites. These have AI7O and S 1 8 0values 
either identical or verv similar to Earth and 
the Moon (23,24) and, therefore, could have 
contributed more than 5% to lunar rocks. 
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Ultrathin Single-Crystalline 
Silver Nanowire Arravs Formed 
in an Ambient Solution Phase 

Byung Hee Hong, Sung Chul Bae, Chi-Wan Lee, Sukmin Jeong, 

Kwang S. Kim* 


We report the synthesis of single-crystalline silver nanowires of atomic dimensions. 
The ultrathin silver wires with 0.4 nanometer width grow up to micrometer-scale 
length inside the pores of self-assembled calix[4]hydroquinone nanotubes by elec- 
tro-/photochemical redox reaction in an ambient aqueous phase. The present 
subnanowires are very stable under ambient air and aqueous environments, unlike 
previously reported metal wires of -1 nanometer diameter, which existed only 
transiently in ultrahigh vacuum. The wires exist as coherently oriented three- 
dimensional arrays of ultrahigh density and thus could be used as model systems 
for investigating one-dimensional phenomena and as nanoconnectors for designing 
nanoelectronic devices. 

Nanowires have attracted extensive interest 
in recent years because of their unusual quan- 
tum properties and potential use as nanocon- 
nectors and nanoscale devices (1-3). To pos- 
sess enhanced physical properties, the wires 
need to be of small diameter, high aspect 
ratio, and uniformly oriented (2). The stabil- 
ity of the nanowires is also a concern, be- 
cause metal nanowires of -1 nm diameter 
are reported to have existed only transiently 

(<10 s in ultrahigh vacuum) (1, 3). 
We have recently designed, synthesized, 

and characterized self-assembled organic 
nanotube arrays (Fig. 1A) formed by 
calix[4]hydroquinones (CHQs) (Fig. 1B) in 
the aqueous phase and found that they form 
chessboard-like arrays of rectangular pores 
(4, 5). The macrocyclic molecule CHQ is an 
electrochemically active calixarene deriva- 
tive with four hydroquinone (HQ) subunits 
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