Mapping the Inside of the
Ribosome with an RNA

Helical Ruler
Simpson Joseph, Bryn Weiser, Harry F. Noller*

The structure of ribosomal RNA (rRNA) in the ribosome was probed with hydroxyl radicals
generated locally from iron(ll) tethered to the 5' ends of anticodon stem-loop analogs
(ASLs) of transfer RNA. The ASLs, ranging in length from 4 to 33 base pairs, bound to
the ribosome in a messenger RNA-dependent manner and directed cleavage to specific
regions of the 16S, 23S, and 5S rRNA chains. The positions and intensities of cleavage
depended on whether the ASLs were bound to the ribosomal A or P site, and on the
lengths of their stems. These data predict the three-dimensional locations of the rRNA
targets relative to the positions of A- and P- site transfer RNAs inside the ribosome.

Translation, the process of protein synthe-
sis, includes physical and ¢hemical interac-
tions between the mRNA-programmed ribo-
some and its substrate, transfer RNA
(tRNA). Little is known about the molecu-
lar mechanics of translation, which must
involve dynamic interactions between
tRNA and the interior surface of the ribo-
some, in the cavity between its two subunits.
The small (30S) ribosomal subunit, which
contains 16S rRNA and 21 proteins, inter-
acts with the anticodon ends of the L.-shaped
tRNAs, as well as with messenger RNA
(mRNA), and directs codon-anticodon in-
teraction. The large (50S) subunit, which
contains 23S and 5S tRNAs and more than
30 proteins, interacts with the acceptor ends
of the tRNAs and contains the catalytic site
of peptidyl transferase. An important step
toward understanding the mechanism of
translation is, therefore, to map the molecu-
lar features of the subunit interface, particu-
larly those surrounding the tRNAs. The in-
terface surface is believed to be RNA-rich
(1); indeed, elements of both 16S and 23S
rRNA have been located at the subunit in-
terface (2—4).

A growing body of evidence points to a
direct role for ribosomal RNA (tRNA) in
the interaction between the tRNA and ri-
bosome. Cross-linking (5-11), chemical
footprinting (12, 13), modification-interfer-
ence experiments (14), and in vitro genet-
ics (15) have identified specific features of
168 and 23S rRNA as elements of the struc-
tural environment of tRNA in the ribo-
some. We recently made use of a method,
involving directed hydroxyl-radical probing
by Fe(Il) tethered to the 5'-end of tRNA
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via the linker [l-(p-bromoacetamidoben-
zyl)-EDTA] (BABE) (16), to map several
regions of 23S rRNA that are proximal to
the acceptor end of tRNA in the ribosomal
A, P, and E sites (17). Hydroxyl radicals are
believed to attack the ribose moiety of
RNA in a reaction that leads to scission of
the sugar-phosphate backbone (18). We
now describe a variation of this approach to
explore systematically the inside of the ri-
bosome with an RNA “helical ruler.” In
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Fig. 1. Anticodon stem-loop (ASL) probes, ranging
in length from 4 (ASL4) to 33 (ASL33) bp. Fe(ll) is
tethered to a 5’ phosphorothioate via the linker
[1-(p-bromoacetamidobenzyl)-EDTA] (BABE) (76).
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previous studies by Eckstein and co-work-
ers, RNA helix length was used to calibrate
molecular distances for fluorescence energy
transfer experiments (19). We use a series of
tRNA anticodon stem-loop analogs (ASLs)
of increasing lengths, from 4 to 33 base pairs
(bp), extending by increments of 2 to 3 bp
(Fig. 1) (20). These in vitro—transcribed
ASLs, with Fe(Il) coupled to their 5’ phos-
phorothioate ends by the BABE linker,
were bound specifically to the 70S ribosome
in the 30S P or A site. Hydroxyl radicals
were then generated locally to probe the
rRNA surrounding the tethered Fe(II). The
strength of cleavage at the rRNA target
sites, as a function of ASL length, con-
strains the positions of these tRNA ele-
ments in three-dimensional space around
the bound tRNAs.

Binding the ASLs to the ribosome. The
ASLs, based on the yeast tRNAFhe se-
quence, were bound specifically to the A or
P site of ribosomes programmed with
mRNA for phage T4 gene 32 (Fig. 2). Foot-
printing experiments verified the positions
of the ASLs to the A and P sites; all of the
observed ASL-dependent cleavages were
mRNA-dependent and could be competed
away by excess full-length tRNAFPe (2]).
These data indicate that the ASLs bind
correctly to their ribosomal binding sites.

Figures 3 and 4 show autoradiographs of
primer extension analyses of rRNA extract-
ed from ribosomes subjected to directed
cleavage. The gel lanes correspond to com-
plexes formed with ASLs of increasing stem
length, from left to right, beginning with
the 15-nucleotide (nt), 4-bp ASL4. Direct-
ed cleavages are detected as bands that
appear in one or more experimental lanes
but are missing in the control lanes.

Probing from the P site. When ASLs

were bound to the small-subunit P site (Fig.
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Fig. 2. Gene 32 mRNA-directed binding of ASLs to
the ribosomal P or A sites. (A) ASLs are positioned
in the high-affinity P site by their cognate UUU
codon in the absence of tRNAMet. (B) Binding of
tRNA Met to the AUG initiator codon in the P {and E)
site directs binding of ASLs to the UUU codon in
the A site. SD, Shine-Dalgarno seguence.
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2A), hydroxyl radicals generated from their
5'-tethered Fe(Il) moieties caused cleavage
at specific positions of all three ribosomal
RNAs, as shown in Fig. 3 and summarized
in Fig. 5. Different rRNA targets are
cleaved with varying efficiencies, reflecting
their proximities to the Fe(Il) probe. There
is a marked dependency of the strength of
cleavage of each target on the helix length
of the ASL probes. For a standard RNA
A-form helix, each 2-bp increment corre-
sponds to a translation by about 6 A, and
rotation of about 65°, with respect to the
helical axis, resulting in a displacement of
about 12 A between successive tethering po-
sitions (or about 18 A for 3-bp increments).
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Fig. 3. Strand scission of 165, 23S, and 5S rR-
NAs by hydroxyl radicals generated from ASLs
bound to the ribosomal P site. Positions of strand
scission in 16S rRNA (A to E), 23S rRNA (F to I),
and 55 rRNA (J) were determined by primer ex-
tension. A and G, seguencing lanes; K, unmodi-
fied rRNA; Mock, ribosomes chemically treated as
for the probing reaction, but in the absence of
ASL. Lanes designated P-ASLs are ribosomes
probed with ASLs of increasing stem length, as
indicated. Positions of strand scission are indicat-
ed by the bars.

% A-ASLs (16STRNA)
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Fig. 4. (A to E) Strand scission of 16S and 23S
rRBNAs by hydroxyl radicals generated from ASLs
bound to the ribosomal A site. Labels are as de-
scribed in Fig. 3.
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Thus, both the strength of cleavage and the
length of ASL provide information about
the tRNA target position. Several of the
ASL-dependent cleavages in 16S rRNA are
in regions that have been implicated in
P-site binding in earlier experiments. These
include bases in the 690 and 790 hairpin
loops, and in the internal loop around po-
sition 1338 (Fig. 3, A, B, and E). In addi-
tion, we observe cleavages around positions
1227 and 1299 (Fig. 3, C and D). The 790,
1227, and 1338 regions are hit most strong-
ly from the shorter-length helical probes
(ASLs 4 to 6), whereas cleavage of the 695
and 1299 regions is optimal for ASLs of
length 10 and 14, respectively (Fig. 3, A
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F T G e B P

G880 -

G2325 -

G2341 -89

P-ASLs (55 rRNA)
IBII1I2I1IGIEIUI2I4l350l bp

J AGK
C36 -

G41 -

AS50 -

A-ASLs (235 rRNA)
Ia 12I‘|I5I2I°l2I4'I3IOIbp

and D). The 785 region, which is cleaved
less strongly than the 790 region, has an
optimum around ASL10 (Fig. 3B), even
though it is only a few nucleotides away
from position 790. These data provide clues
to the geometry of this part of 16S rRNA,
relative to P-site tRNA, as discussed below.

Although the shorter ASLs (and possi-
bly all of them) are believed to interact in
the P site exclusively with the small sub-
unit, we also observe ASL-dependent cleav-
age of several sites in 23S tRNA and 5S
tRNA, which are components of the large
subunit. While these tend to be cleaved by
ASLs of longer stem length, several notable
targets in 23S rRNA are also cleaved by
relatively short ASLs, indicating close prox-
imity of their anticodon stems to specific
regions of 23S rRNA (Fig. 3, Fto 1). In 23S
rRNA, the most prominent cleavages occur
around nucleotide positions 880, 890, 900,
1925, 2325, 2595, and 2600.

Two regions of 5S tRNA, around posi-
tions 35 to 41 and 49 to 53, are also cleaved
by P-site ASLs (Fig. 3]). The most efficient
cleavage of 5S tRNA targets is from very
long ASLs—from ASL16 to 33—indicating
that these are the most remote targets from
the decoding site that we observe for any
region of IRNA. Maximum cleavage of po-
sitions 35 to 38 and 49 to 53 is seen with
ASLs of 30 and 24 bp, respectively; these
probes extend well beyond the envelope of
the crystal structure of tRNA (see below).

A second maximum can often be seen at
ASL lengths differing by 10 to 12 bp from
the optimal cleavage length. An example is
cleavage of position 900 of 23S rRNA by
P-site ASLs. Strongest cleavage is observed
with ASL6, but a second maximum, around
ASL16, and a weaker one around ASL24,
are also apparent. Because the helical repeat
for A-form RNA is about 11 bp (22), the
phased repeat of cleavage intensity indi-
cates that the face of the probe helix de-
fined by the 5’ positions of the ASLs at the
two maxima is nearest to the rRNA target.
For P-site targets, a similar variance in the
distribution of cleavage bands at both max-
ima is observed. This provides evidence
that the ASLs are bound rigidly in the P
site; otherwise, a broader distribution of
cleavages would be expected for the longer
ASLs. In contrast, the A-site cleavage pat-
terns tend to be broader and more diffuse
for longer ASLs (for example, C898 and
C1075 regions) (Fig. 4, C and D), suggest-
ing that A-site ASLs have greater freedom
of movement.

Probing from the A site. Cleavage pat-
terns observed for the A-site ASLs (Fig. 4)
were distinct from those observed for the P
site. None of the P-site target regions were
hit from A-site ASLs, with the exception of
the 900 region of 23S tRNA, which, how-
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ever, showed a markedly different depen-
dence on ASL length when probed from
the A site (Fig. 4C); nor was any cleavage
of 5S tRNA observed. These findings pro-
vide additional evidence for high specificity
of A- and P-site binding of the ASLs.
Cleavage of 16S tRNA from the A site
was comparatively weak and was observed
only for very short ASLs (Fig. 4, A and B).
The 514 to 520 region on the 5’ side of the
530 loop, and nt 1210 to 1214 in the 3’
major domain, were accessible to ASLs 4
and 6. The low relative intensity of the
bands suggests that both regions of 16S
tRNA are near the outer limits of the range
of the probes, whereas several targets in 23S
tRNA appear to be in closer proximity. The
accessibility of the 900 region in domain II
of 23S rRNA to both A- and P-site ASLs
(Figs. 3F and 4C) indicates that it must be
positioned on the subunit interface surface
of the 508 subunit in a way that straddles
both the A and P sites. Cleavage of the
1066 and 1075 regions of domain II of 23S
rRNA, which is maximal from ASLs 14 to
16 (Fig. 4D), targets one of the two known
sites of interaction of elongation factor
EF-G with 23S tRNA (23, 24). The 2470 to
2485 stem in domain V of 23S rRNA is also

hit from A-site ASLs, albeit more weakly
(Fig. 4E).

Mapping the three-dimensional loca-
tions of rRNA targets. These cleavage data
provide information about the locations of
the rRNA targets with respect to the posi-
tions of ribosome-bound tRNAs. An impor-
tant link is the relation between ASL struc-
ture and the geometry of the corresponding
tRNAs. We can infer the locations of the
Fe(ll) tethering sites in the different ASLs
relative to the positions of A- and P-site
tRNAs by superimposing their respective
anticodon loops (Fig. 6) (25). We assume
that the structures of the tRNAs in the
ribosome are similar to their crystal struc-
tures, and that the ASLs bind to the ribo-
some following the paths of the anticodon
stem-loops of the corresponding tRNAs. At
helix lengths beyond ASL20, the probe he-
lix extends beyond the envelope of the
tRNA structure at its elbow region, near the
T loop. It is remarkable that all of the ASL
analogs, including ASL33, which extends
some 40 A beyond the boundaries of the
tRNA structure, appear to bind normally to
70S ribosomes in a mRNA-dependent man-
ner to both A and P sites and give the
correct 16S rRNA footprints in all cases.

1920

Fig. 5. Locations of rRNA targets in (A) 16S rRNA, (B) 5S rRNA, (C) 5'-half of 23S rBNA, and (D) 3'-half
of 23S rBNA. Sizes of the filled circles are proportional to strengths of cleavages. P and A, scissions
generated from ASLs bound to the P or A site, respectively.
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On the basis of the superimposition
shown in Fig. 6, together with the depen-
dence of cleavage intensity as a function of
ASL length, we can triangulate the approx-
imate spatial positions of the IRNA targets
relative to the A- and P-site tRNAs, using
the cleavage intensity data for a given tar-
get from ASLs of different lengths. The
intensity of cleavage depends on the prox-
imity of the rRNA target to the probe po-
sition due to the limited range of diffusion
of hydroxyl radicals. The dependence of
cleavage intensity on distance was calibrat-
ed in two independent ways that were in
generally good agreement with each other
(26) and with published estimates (27). We
generated spheres or shells corresponding to
these ranges, centered on the tethering po-
sitions, and estimated the position of a giv-
en target to be within a cloud correspond-
ing to the overlapping spatial volume in
common to the different spheres and shells
(after subtracting the volume of the ASL
helix itself). Some examples of these com-
putations, in which the target clouds are
displayed in context of the modeled tRNA
pair, are shown in Fig. 7. Targets that are
hit strongly, such as positions 790 of 16S
tRNA (Fig. 7A) and 1921 of 23S rRNA
(Fig. 7C), have smaller clouds, and so their
possible spatial positions are constrained to
a smaller volume. Conversely, the allowed
locations of more weakly cleaved sites, such
as position 2471 of 23S tRNA (Fig. 7D), are
spread over a relatively large volume. Com-
parison of the cloud volumes in Fig. 7 indi-
cates that the A-site clouds are more diffuse
than the P-site clouds, consistent with the

Anticodon loop

Fig. 6. Locations of ASL 5’ tethering positions rel-
ative to the modeled positions of P- and A-site
tRNAs. Positions of 5’ phosphates (black spheres)
of ASLs 4-33 are indicated on ASL33 (shaded). The
two ASLs were docked on the tRNA structures by
superimposition of their respective 4-bp anticodon
stem-loops (25).
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possibility that the ASLs have greater free-
dom of motion in the A site, as discussed
above. This could be due to the weaker
affinity of the A site for tRNA, or to the
necessity for the ribosome to accommodate
significant movement of tRNA from the
A/T (EF-Tu-bound) state to the A/A state
while maintaining codon-anticodon inter-
action (13), or to both of these factors.
P-site ASLs target four main regions of
16S tRNA, around positions 695, 790,
1300, and 1338 (Fig. 5A). Bases in all three
regions were implicated as components of
the 30S subunit P site in earlier chemical
footprinting, modification interference, and
cross-linking studies (8, 12, 14). Their pre-
dicted locations cluster around the antico-
don arm of peptidyl-tRNA, consistent with
the current view that the anticodon stem-
loop of P-site tRNA is bound in the “cleft”
of the small subunit (28-31). Moreover, the
690 and 790 loops have been located on the
“platform” of the small subunit, which

forms the outer boundary of the cleft,
whereas the 1338 internal loop has been
located in the “head” of the subunit, lining
the inside of the cleft (29, 30). It can be
inferred that the platform lies to the left of
the P-site tRNA anticodon arm, and that
the head of the subunit is on the near side,
as viewed in Fig. 7.

The 790 loop has also strongly been
implicated in interactions with the large
subunit (2, 4, 32); its predicted location on
the opposite side of the anticodon stem
(Fig. 7A) faces the surface of the large
subunit where the main “bridge” between
the two subunits has been identified by
electron microscopy (EM) reconstruction
studies (33, 34). One of the main elements
of 23S tRNA known to interact with the
30S subunit is the 1920 region of domain IV
(35), which is among the targets hit by
P-site ASLs in the range of ASL4 to 10
(Fig. 3G). The 1920 region is protected

from chemical probes by subunit association

(4, 36) and has been cross-linked to ele-
ments of the 165 rRNA decoding site (3).
The predicted location of position 1921
(Fig. 7C) is centered on the 508 face of the
anticodon loop, very close to the position of
the 790 loop (Fig. 7A). These two RNA
elements are therefore likely to be main
structural features of the observed intersub-
unit bridge.

Another target of P-site ASLs is the
bulged stem-loop around position 2600 of
23S tRNA (Fig. 5D) that has been placed
near the peptidyl transferase center of the
large subunit (13). This feature of IRNA,
which appears to undergo a functionally
significant conformational transition, was
hit weakly by hydroxyl radicals generated
from Fe(Il) tethered to the 5’ end of full-
length tRNA (17). In this study, it is
cleaved somewhat more strongly from me-
dium-length ASL probes. The predicted lo-
cations of nt 2596 and 2602 place the 2600

stem to the lower left of, and oriented ap-

Fig. 7. Stereo pairs showing predicted three-dimensional locations of

rBNA targets relative to P- and A- site tRNAs. Colored pixel clouds
represent the volumes of allowed nucleotide target positions for (A

and B) 16S rRNA, (C and D) 23S rRNA, and (E) 5S rBNA. Each target 36
residue is indicated by number, located at the point in the cloud that

has the minimum mean and variance distributions with respect to the

other points. The tRNA pairs are shown with the P-site tRNA on the

left, and the A-site tRNA on the right. Their anticodon loops, which

interact primarily with the 30S subunit, are at the bottom; their ac-

ceptor ends, which interact with the peptidyl transferase center of the

508 subunit, are at the top. Thus, the top and bottom of the tRNA pair

are oriented toward the large and small subunits, respectively.
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proximately parallel to, the P-site acceptor
arm, with the loop pointing toward the
small subunit. This arrangement places the
central loop of domain V near the acceptor
end of P-site tRNA, in agreement with a
large body of evidence (35).

The stem protruding from the right-
hand side of the central loop of domain V
(positions 2455 to 2496) is targeted from
A-site ASLs (Fig. 5D). Although this stem
is only approximately constrained by the
relatively weak cleavages, its likely position
is to the lower right of the acceptor stem of
A-site tRNA (Fig. 7D). The 2471 region
has a strong maximum at ASL6 and a weak-
er one at ASL16, whereas the nearby 2483
region shows the opposite behavior (Fig.
4E), providing clues to the local orientation
of this stem. Again, these findings are con-
sistent with placement of the central loop
of domain V in the general vicinity of the
tRNA acceptor ends.

Two sites of functional interest in do-
main II of 23S tRNA are cleaved by A-site
ASLs. The region around 1060 to 1100
interacts with elongation factor EF-G (23,
24) and with the antibiotic thiostrepton, an
inhibitor of translocation (37).- This ele-
ment of 23S rRNA is located to the right of
the acceptor arm of A-site tRNA (Fig. 7C),
a position that is consistent with current
knowledge about the binding site of EF-G.
A second antibiotic target site in domain 11
of 23S tRNA is the 900 stem, the only
rRNA rarget that is cleaved by ASL probes
from both the A and P sites. The 900 region
is footprinted by viomycin, another inhibi-
tor of translocation (38). Its predicted loca-
tion, under the elbow of A-site tRNA, near
that of position 1075 (Fig. 7C), suggests
that viomycin could act by physically
blocking movement of tRNA from the A to
the P site. The nearby 890 loop of 23S
tRNA has been cross-linked to position
20:1 on the left side of the elbow of A-site
tRNA, and more weakly from positions 8
and 47, which lie on the opposite face of
the tRNA (9, 10).

A-site ASLs cleave 16S rRNA only
weakly, around positions 520 and 1215 (Fig.
5A). We estimate these targets to lie toward
the near right-hand side of the A-site anti-
codon stem, although their positions are
poorly constrained because of the weakness
of their respective cleavages. Similarly, the
relatively weak P-site cleavages between
positions 2300 and 2340 in domain V of
238 rRNA place these features within about
35 A from the left-hand side of the P-site
tRNA elbow, toward the large subunit, in
good agreement with the observed cross-
links to this region from the elbow of P-site
tRNA (9, 10). The weakness of many of the
A-site cleavages could also be due, in part,
to possible greater freedom of motion of the
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ASLs in the A site, as discussed above.

The predicted location of 5§ rRNA (Fig.
7E) is above and to the left of the elbow of
P-site tRNA, in reasonable agreement with
its placement by previous studies in the
central protuberance of the 50S subunit and
with the roughly constrained location of
the 2300 to 2340 region, to which 55 tRNA
has been cross-linked (39).

Some targets are conspicuous by their ab-
sence. These include bases G926, 2™G966,
and G1401 of 16S tRNA, which are believed
to interact with the anticodon stem-loop of
P-site tRNA (12, 14), and the 1492 to 1493
region of 16S rRNA, which is protected by
binding of the A-site tRNA anticodon stem-
loop (12). We suggest that these elements of
tRNA, perhaps because of direct involvement
in codon-anricodon interactions, may be in-
accessible to attack by free radicals when the
tRNA binding sites are occupied. This inter-
pretation is consistent with the previous find-
ing that the anticodon stem-loop of tRNA is
itself shielded from hydroxyl radicals when
bound to the 30S subunit (40).

No rRNA targets map to the space be-
tween the A- and P-site tRNAs, which
provides for unobstructed movement of
tRNA between the A and P sites. Nor are
any tRNA elements found in the region
where the extra stem of type II tRNAs
would protrude (41). However, there is at
least one location where elements of IRNA
may pose a potential barrier to (RNA
movement. The predicted positions of the
690 and 790 stem-loop structures of 16S
rRNA (Fig. 7A) (and possibly the 2600
stem of 23S rtRNA) (Fig. 7C) would appear
to block leftward movement of the deacy-
lated tRNA as it exits the small subunit.
One or more of these elements would have
to move out of the path of the exiting
tRNA, or its path would have to be orthog-
onal to that of A-to-P movement. Recent
EM reconstructions suggest a much larger
displacement of the anticodon stem during
P to E translocation than for A to P move-
ment. Because binding to the 30S subunit P
site is much stronger than to its A site (42),
the main energy barrier for the step of trans-
Jocation on the small subunit (the EF-G-
catalyzed step) may be disruption of P-site
binding. This could be accomplished by
transient rearrangement of the structure of
the cleft of the small subunit, which could
also be coupled to large-scale movement of
the exiting tRNA.

Previous studies have shown that the
two functionally important extremities of
tRNA, the anticodon stem-loop and accep-
tor ends, are in an tRNA-rich environment
in the ribosome (35). Our present findings
support this view and provide a detailed
catalog of the internal solvent-accessible
features of rRNA that are positioned near
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the A- and P-site tRNAs and elsewhere in
the intraribosomal cavity. Because of the
low sequence and structural specificity of
hydroxyl radicals for their RNA targets
(18), this catalog should be a fairly compre-
hensive one, which can serve as a useful
guide for future studies on RNA function
and architecture in the ribosome.
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Age and Origin of the Moon

Der-Chuen Lee,* Alex N. Halliday, Gregory A. Snyder,
Lawrence A, Taylor

The age and origin of the moon hgve

peen studied with the use of the recently

developed short-lived hafnium-tungsicin chronometer (182Hf-182W, half-life of nine
million years). The tungsten isotopic compositions of 21 lunar samples range from
chondritic to slightly radiogenic (g, = —0.50 = 0.60 to +6.75 = 0.42). This hetero-
geneity may have been inherited from material excavated from Earth and the putative
impactor, but it is more likely the result of late radioactive decay within the moon itself;
in this case, the moon formed 4.52 to 4.50 billion years ago, and its mantle has since

remained poorly mixed.

The most widely accepted model for the
origin of the moon is that during the later
stages of Earth’s accretion the impact of a
colliding planet at least the size of Mars
generated both the hot debris to form the
moon and the angular momentum of the
Earth-moon system (1, 2). Yet, inconsis-
tencies in this model persist (3, 4). For
example, it has long been argued on geo-
chemical grounds that most of the mate-
rial that formed the iron-depleted moon
was derived from the silicate Earth after
the formation of its core (4). This view is
disputed by some (5), and others have
argued, on the basis of their simulations,

D.-C. Lee and A. N. Halliday are in the Department of
Geological Sciences, University of Michigan, Ann Arbor,
MI 48109-1063, USA. G. A, Snyder and L. A. Taylor are
with the Planetary Geosciences Institute, Department of
Geological Sciences, University of Tennessee, Knoxuville,
TN 37996, USA.

*To whom correspondence should be addressed. E-mail:
dclee@umich.edu ’

that the moon must have been derived
largely from the mantle of the impactor
(2, 6). This latter view is considered by
some to be inconsistent with the moon’s
many “Earth-like” features (7, 8).

The '82Hf-182W [half-life = nine mil-
lion years (m.y.)] chronometer can be used
to investigate this problem. Because haf-
nium and tungsten are both highly refrac-
tory, planets and planetesimals that
formed early in the history of the solar
system should have relative proportions of
these elements similar to those found in
chondrites (9-11). However, Hf is litho-
phile (silicate-loving), whereas W is nor-
mally siderophile (metal-loving), such
that core formation results in a dramatic
intraplanetary fractionation of Hf and W.
If this fractionation takes place during the
lifetime of '8%Hf, the silicate reservoir,
which has a high Hf/W ratio, will develop
an excess abundance of 82W relative to
that found in chondritic bodies. Impacts
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