
fine ( Tighnif ) (30, 31), and especially Isenia
(32–34).

The archaeological horizons are charac-
terized by a great diversity in the frequencies
of the various components (i.e., bifaces) and
of waste types. This diversity likely reflects
different hominin activities along the shores
of the paleo–Hula Lake over time. The GBY
lithic assemblages bear evidence of the pres-
ence of complex cognitive abilities (35) be-
cause the production of the desired tools en-
tails design, dexterity, and flexibility.

Earlier evidence for hominin migration
out of Africa is seen at ‘Ubeidiya, with an
Acheulean assemblage comparable to that
from upper Bed II at Olduvai Gorge (;1.4
Ma). GBY provides evidence of a separate,
chronologically younger, and culturally dif-
ferent entity, reflecting yet another human
movement out of Africa. Lithic assemblages
similar to those at GBY are unknown from
contemporaneous sites in Eurasia. However,
many technological patterns that make their
first appearance outside Africa at GBY are
characteristic of the later Eurasian record
(36–41). Multidisciplinary investigations at
GBY provide a unique opportunity to recon-
struct the ecological background of hominin
behavior during the early stages of human
globalization.
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A Single Adenosine with a
Neutral pKa in the Ribosomal
Peptidyl Transferase Center

Gregory W. Muth, Lori Ortoleva-Donnelly, Scott A. Strobel*

Biochemical and crystallographic evidence suggests that 23S ribosomal RNA
(rRNA) is the catalyst of peptide bond formation. To explore the mechanism
of this reaction, we screened for nucleotides in Escherichia coli 23S rRNA that
may have a perturbed pKa (where Ka is the acid constant) based on the pH
dependence of dimethylsulfate modification. A single universally conserved A
(number 2451) within the central loop of domain V has a near neutral pKa of
7.6 6 0.2, which is about the same as that reported for the peptidyl transferase
reaction. In vivo mutational analysis of this nucleotide indicates that it has an
essential role in ribosomal function. These results are consistent with a mech-
anism wherein the nucleotide base of A2451 serves as a general acid base during
peptide bond formation.

During the early stages of model building on
the 50S ribosome crystal structure, Moore,
Steitz, and co-workers came to the anticipat-
ed, but hitherto unproven, conclusion that the
peptidyl transferase center of the ribosome is
composed exclusively of RNA (1, 2). Addi-
tion of peptidyl transferase inhibitors to the
crystals led to the surprising observation that
the nucleotide bases, rather than the phos-
phodiester backbone, are the components of
the ribosome closest to the site of peptide
bond formation (2). This suggested that the
ribosome might catalyze protein synthesis us-
ing a nucleotide base as a general acid base,
although the identity of the nucleotide was un-

known to us at the outset of these experiments.
Because none of the ribonucleotide func-

tional groups in RNA have a pKa near the
neutral pH that would be required for acid-
base catalysis, we hypothesized that the pKa

of an active site residue might be substantial-
ly perturbed in a manner analogous to that
observed within protein enzymes and as pro-
posed for the Hepatitis delta virus ribozyme
(3–6). On the basis of the unperturbed pKa

values of the nucleotide bases, the two most
likely candidates for such an effect are the N1
of adenosine (A) and the N3 of cytidine (C),
which have pKa’s of 3.5 and 4.2, respectively
(7). Both of these functional groups can be
methylated by dimethylsulfate (DMS) to pro-
duce a nucleotide adduct that terminates re-
verse transcriptase one nucleotide before the
methylated base (8). A solvent-accessible
residue with a neutral pKa should be unreac-
tive to DMS modification at acidic pHs be-
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cause of protonation, but as the pH is raised
above the pKa, the nucleobase would be de-
protonated, resulting in increased DMS reac-
tivity (9). Such a nucleotide could be readily
distinguished from those with unperturbed
pKa’s because they would exhibit a constant
level of DMS reactivity at all mildly acidic to
basic pHs.

To validate this method, we measured the
pKa of 3-deazaadenosine (3dA), whose re-
maining N1 imino group has a spectrophoto-
metrically determined pKa of 7.0 (10). DMS
was added to A or 3dA at pHs from 5.5 to 8.0,
and the methylation rates were determined at
each pH (11–13). The rate of DMS reactivity
with A was constant at all pHs tested, con-
sistent with its acidic pKa (Fig. 1A). In con-
trast, the rate of 3dA methylation was mark-
edly dependent on the pH of the solution (Fig.
1A). The log of the methylation rate was
plotted versus pH to yield a calculated pKa of
6.4 6 0.1. This value is within half a pH unit
of the spectroscopically determined value,

which was measured at substantially different
ionic strength (10). This simple system dem-
onstrates that DMS reactivity can be used to
approximate a nucleotide’s pKa.

On the basis of this result, we performed
DMS modification analysis on intact E. coli
50S ribosomal subunits in an attempt to iden-
tify the active site residue and measure its
pKa (14). The activity of the 50S subunits in
the absence of methanol, intact tRNAs, or
30S subunits was confirmed with a modified
form of the fragment reaction (15). The ex-
tent of DMS methylation at pHs from 4.5 to
8.6 was determined for each of the solvent-
accessible A and C residues within domain V
(nucleotides 2043 to 2625), which biochem-
ical evidence suggests harbors the peptidyl
transferase center (16). All residues through-
out this region showed a similar level of
DMS reactivity at all pHs tested, with the
single exception of A2451 (Fig. 1B). This
nucleotide was previously noted as having a
weak DMS reactivity at pH 7.2 (17), but it is

almost fivefold more reactive at pH 8.0. This
enhanced reactivity is dependent on the struc-
tural environment in the ribosome, as no pH
dependent reactivity was observed in isolated
and denatured 23S rRNA (18). The extent of
A2451 DMS reactivity was plotted versus pH
to give a calculated pKa of 7.6 6 0.2 (Fig.
1C) (19). This value is within experimental
error of the pKa reported for the peptidyl
transferase center based on the pH depen-
dence of ribosome catalyzed peptide bond
formation [7.7 6 0.3 in (20) and 7.3 6 0.1 in
(21)]. It corresponds to an increased basicity
of more than 4 pH units relative to the un-
perturbed pKa of adenosine.

Nucleotide A2451 is conserved in every
living organism among all three biological
kingdoms (22). It is located in the central loop
of domain V and has been shown by DMS
footprinting and photo–cross-linking experi-
ments to be within the peptidyl transferase cen-
ter (17, 23–26). Furthermore, within the com-
pleted 2.4 Å 50S structure, the base of A2451
(A2486 in Haloarcula marismortui) is imme-
diately adjacent to the phosphoramidate analog
of the tetrahedral intermediate (2). Thus, the
sole nucleotide in the PTC that has a neutral
pKa is also in the best geometric position to
catalyze protein synthesis.

There is some ambiguity in the interpreta-
tion of the DMS data regarding the site of
A2451 modification. Within the 50S structure,
the N3 of A2451 rather than the N1 is best
positioned to act catalytically. This raises the
following question: Which position of the base
is DMS reactive and, by extension, which po-
sition has the perturbed pKa? In an unstructured
RNA, DMS reacts to a greater extent with the
N1 than with the N3 position of A (27), and it
does not react at either position if the A is
within a duplex (28). For these reasons, a re-
verse transcriptase stop at the nucleotide pre-
ceding an A (termed an n-1 RT stop) is usually
taken as evidence for the N1 accessibility of a
nucleotide (8), and it is possible that such is the
case in the present study. However, the N3 of A
is also susceptible to DMS modification, and it
can be equally or more reactive than the N1
when it is presented in the right structural con-
text (27). Model studies on N3-methylad-
enosine have shown that it is in equilibrium
with the pyrimidine ring-opened N-(methylfor-
mamido)-imidazole derivative (29) (Scheme 1).

Either of these adducts could cause an n-1 RT
stop, which suggests that DMS-induced tran-
scriptional termination cannot be taken as un

Scheme 1

Fig. 1. pKa determination by DMS
modification as a function of pH.
(A) pKa determination of 3dA. The
log of the observed methylation
rates of nucleosides A (�) and 3dA
(v) is plotted versus pH (11–13).
Although the overall level of DMS

reactivity is greater for 3dA than A, only the 3dA reactivity changes as a function of pH. (B) A
neutral pKa of a single nucleotide within domain V of 50S ribosomes as measured by the pH
dependence of DMS modification. Autoradiogram showing nucleotides 2425 to 2478 in domain V
of E. coli 23S rRNA. Lanes 1 and 2, G and A dideoxy sequencing lanes, respectively. Lane 3, no DMS
control of a 50S ribosomal subunit incubated in pH 8.5 buffer before RNA isolation and reverse
transcription. Similarly, no DMS control lanes were run at all pHs tested, and no changes in band
intensity were observed as a function of pH (18). Lanes 4 and 5, DMS modification of 50S ribosomal
subunits at pH 8.5 and pH 6.5, respectively. pH-independent DMS modifications are observed at
A2425, A2468, A2469, A2476, and A2478. Additional pH-independent modifications are observed
at A2057, A2058, A2062, A2080, and A2247 (18). (C) Plot of the extent of DMS modification for
three A’s (A2468, V; A2469, …; A2451, f) within the peptidyl transferase region of 50S ribosomal
subunits as a function of pH (19). Each point is an average of five replicates at each pH, and the
standard deviation is indicated with error bars.
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equivocal evidence for N1 modification of A.
Within the 50S active site cleft, the N3 of

A2451 is solvent exposed, whereas the N1 is
hydrogen bonded to the N1 of G2061 and
does not appear to be accessible (2). There is
nothing about the A2451-G2061 pair to sug-
gest a pH dependence to its formation, and
the positions of both bases are unchanged
upon binding of peptidyl transferase inhibi-
tors to the ribosome (2). If DMS reacts with
the N1 of A2451 because of a pH-dependent
conformational change in the active site, the
N1 of G2061 is likely to become exposed to
solvent. To explore this possibility, we used
kethoxal, a reagent that reacts with the N1
and C2 amine of G to form a cyclic adduct
that causes an n-1 RT stop (8). Previous
mapping experiments on the 50S ribosome
found that G2061 is not reactive with ke-
thoxal at pH 7.2 (17), although the G2061 C2
amine is not hydrogen bonded and appears to
be accessible within the active site cleft (2).
We repeated the kethoxal experiment at pHs
6.5 and 8.5 and found that G2061 does not
react with kethoxal at either pH (18). Al-
though this is a negative result, it is consistent
with the hypothesis that the N3 is the DMS
reactive and chemically perturbed functional
group of A2451. Because the N3 pKa of A
could be at least 2 pH units lower than the
N1, this result suggests that the pKa shift in
the ribosome active site may be as large as 6
pH units (30).

The functional importance of A2451 in
the ribosome has not been investigated sys-
tematically. One early study reported that
spontaneous mutation of A2451 to U in rat
mitochondrial rRNA appeared to confer
chloramphenicol resistance to 3T3 cells in
culture, although no functional genetic test of
the mutation was performed (31). We mutat-
ed A2451 to C, G, or U within the rrnB
operon under the control of a temperature
sensitive promoter (32). At 30°C, where the
mutant rRNA is not expressed, E. coli con-
taining either the wild type or any one of the
three mutant plasmids grew equally well.

However, at 42°C, where the operon is ex-
pressed, all three mutant 23S rRNAs resulted
in a dominant lethal phenotype (18). A plau-
sible explanation for this result is that the
assembly of peptidyl transferase-defective ri-
bosomes onto polysomal messages is suffi-
cient to block the activity of the wild-type
ribosomes. Dominant lethality implies that
A2451 is essential for ribosomal function.

A nucleotide base functional group with a
pKa of about 7.5 is well suited to act as both
a general acid and a general base within the
ribosome active site (Fig. 2). A base with
such a pKa can easily accept a proton (general
base catalysis) from the nucleophilic amino
group of the A-site–bound aminoacyl-tRNA
during formation of the short-lived tetrahe-
dral intermediate. An initial role as a general
base is consistent with proton inhibition of
the ribosomal fragment reaction at pHs below
9 [pKi 5 7.24 (pKi is the acid inhibition
constant)] (21). After stabilizing the transi-
tion state, the adenosine could in turn transfer
its proton (general acid catalysis) to the 39-
oxyanion leaving group of the P-site tRNA as
the tetrahedral intermediate is resolved into
an amide linkage. In this way, A2451 may
serve as a proton shuttle that acts in a manner
analogous to that of the general acid-base
residue in serine proteases (His57 in chymo-
trypsin) (33, 34).

These results raise the obvious question:
How does the RNA microenvironment in the
peptidyl transferase center induce such a
large shift in the A2451 pKa? Our DMS
mapping and mutagenesis data do not address
this issue. The structure of the active site is
discussed in the research article by Nissen et
al. (2). They propose that two O6 carbonyls
and a buried phosphate adjacent to the A2451
N6 might stabilize an alternative tautomeric
form of the adenine base and/or create a
charge relay system that substantially in-
creases the basicity of the A2451 N3 (2).

Structural and biochemical data indicate
that A2451 is the active site residue within
the peptidyl transferase center. The universal

conservation of A2451 suggests that pertur-
bation of its pKa may have been a very early
event in the evolution of biological catalysis.
That this A may participate in the catalysis of
peptide bond formation suggests that RNA
achieved sophisticated mechanisms of transi-
tion state stabilization, including general ac-
id-base catalysis, before the advent of tem-
plated protein synthesis.
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Inhibition of Adipogenesis by
Wnt Signaling
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Wnts are secreted signaling proteins that regulate developmental processes.
Here we show that Wnt signaling, likely mediated by Wnt-10b, is a molecular
switch that governs adipogenesis. Wnt signaling maintains preadipocytes in an
undifferentiated state through inhibition of the adipogenic transcription factors
CCAAT/enhancer binding protein a (C/EBPa) and peroxisome proliferator-
activated receptor g (PPARg). When Wnt signaling in preadipocytes is pre-
vented by overexpression of Axin or dominant-negative TCF4, these cells dif-
ferentiate into adipocytes. Disruption of Wnt signaling also causes transdif-
ferentiation of myoblasts into adipocytes in vitro, highlighting the importance
of this pathway not only in adipocyte differentiation but also in mesodermal
cell fate determination.

Adipocytes arise from mesodermal stem
cells, which have the capacity to differentiate
into a variety of other cell types, including
myocytes (1). Once committed to the adipo-
cyte lineage, preadipocytes can remain quies-
cent, multiply, or undergo differentiation and
become adipocytes. 3T3-L1 and 3T3-F442A
cells are established mouse preadipocyte
models. Both cell lines can be induced to
differentiate in cell culture, but 3T3-F442A
cells are thought to be arrested at a later point
in development (2). Studies of these cellular
models have revealed some of the molecular
events that orchestrate adipogenesis, includ-
ing the role of C/EBPs and PPARg in medi-
ating the expression of adipocyte-specific
genes (3, 4).

Wnts are a family of paracrine and auto-
crine factors that regulate cell growth and cell
fate (5). Signaling is initiated when Wnt li-
gands bind to transmembrane receptors of the
Frizzled family. In the canonical Wnt signal-
ing pathway, Frizzleds signal through Di-
shevelled to inhibit the kinase activity of a
complex containing glycogen synthase kinase
3 (GSK3), Axin, b-catenin, and other pro-
teins. This complex targets b-catenin for rap-
id degradation through phosphorylation.
Thus, once hypophosphorylated due to Wnt
signaling, b-catenin is stabilized and translo-

cates to the nucleus where it binds the TCF/
LEF family of transcription factors to regu-
late the expression of Wnt target genes (5–7).

To examine the role of Wnt signaling in
adipogenesis, we tested whether Wnt expres-
sion in 3T3-L1 preadipocytes affected their
ability to differentiate. We used Wnt-1 in these
experiments because related cell lines, such as
NIH-3T3 cells, respond to this ligand (8). In
addition, we used two approaches to activate
Wnt signaling downstream of the receptor: (i)
treatment of cells with lithium, which inhibits
GSK3 activity (9), and (ii) expression of a
b-catenin mutant (b-catS33Y), which increases
b-catenin stability (10). The 3T3-L1 preadipo-
cytes were infected with a retrovirus vector
alone (pLXSN) or retroviruses carrying either
the genes for Wnt-1 (11) or b-catS33Y. After
selection, cells were induced to differentiate in
10% fetal calf serum with methylisobutylxan-
thine, dexamethasone, and insulin (MDI). Con-
trol cells differentiated into adipocytes, as as-
sessed by Oil Red-O staining and by immuno-
blot detection of the adipocyte fatty acid bind-
ing protein, 422/aP2 (12), whereas cells
expressing Wnt-1 failed to differentiate (Fig.
1A). Neither lipid droplets nor 422/aP2 were
detected in Wnt-1–expressing cells (12). Inhi-
bition of differentiation was also observed
when Wnt signaling was activated by lithium or
b-catS33Y (Fig. 1A). Thus, Wnt signaling ap-
pears to inhibit adipogenesis in vitro.

Next, we used a model of adipocyte dif-
ferentiation in which 3T3-F442A preadipo-
cytes are injected subcutaneously into athy-
mic mice (13, 14). Over several weeks, these
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