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recent reports10,11 The reaction that we describe, although not
regiospecific, may still find application in peptide synthesis or
peptide ligation in aqueous solution but is likely to be of greatest
interest in discussions of the origins of life.

If nitriles were formed abundantly in a reducing atmosphere on
the primitive Earth as has often been claimed, they could have
provided the starting materials for the production of thioacids. The
addition of H2S to nitriles in organic solvents is a well recognized
procedure for the synthesis of thioamides12. The reaction would
presumably proceed in aqueous solution, although the yields might
be lower. Thioamides are hydrolysed in aqueous solution to thio-
acids in good yield13,14. The thioacids are stable in aqueous solution
at neutral pHs15, and so could have accumulated on the primitive
Earth. A simple oxidizing agent could also have formed readily on
the primitive Earth, for example Fe3+ by photooxidation of Fe2+ (ref.
16). Oxidative acylation eliminates the need for an efficient pre-
biotic dehydrating agent, thus avoiding many of the problems
associated with other proposed methods of acylation.

The assumption that the atmosphere of the Earth was once
strongly reducing has been criticized17. One alternative source of
reduced carbon that has been proposed is reduction of carbon
monoxide or carbon dioxide on the surface of transition-metal
sulphides18. Recent experimental evidence suggests that thioacetic
acid is the intermediate in the efficient synthesis of acetic acid (and
its activated derivatives) from carbon monoxide on FeS/NiS (ref.
18). It is not clear whether oxidative acylation with thioacetic acid
formed in this way is feasible in a prebiotic context, but it is a
possibility that should be investigated. M
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Figure 4 HPLC elution profile of products from the oxidative acylation of 25mM

phenylphosphate using 200mM thioacetic acid in the presence of 400mM

ferricyanideafter 12h. The reactionwas carried out inMES buffer (0.5M) at pH 7.4.

The products were analysed on a C18 reverse-phase HPLC column with a linear

gradient of 0–60% acetonitrile (0.1% TFA) at flow rate of 1.0mlmin−1 for 25min. The

eluate was monitored at 250 nm. Peak I, phenylphosphate; peak II, acetylphenyl-

phosphate. The yield of phenylphosphate was determined by first collecting the

material corresponding to each of the peaks in the elution profile and then

determining the fraction of the total absorption at 250nm present in peak II. RNA-catalysed
carbon–carbonbondformation
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The ‘RNA world’ hypothesis1–3, which assumes that the chemical
processes that led to the appearance of life were carried out by
RNA molecules, has stimulated interest in catalytic reactions
involving oligonucleotides such as catalytic RNA (ribozymes)4.
Naturally occurring ribozymes have, for example, been shown to
efficiently catalyse the formation and cleavage of nucleic-acid
phosphodiester bonds4–8, and this narrow range of RNA-catalysed
reactions has been subsequently expanded by in vitro selection
methods to include ester9 and amide10,24 bond formation SN2
reactions and porphyrin metallations11,12. Carbon–carbon bond
formation and the creation of asymmetric centres are both of
great importance biochemically, but have not yet been accom-
plished by RNA catalysis. A widely used reaction that creates two
new carbon–carbon bonds and up to four stereo-centres is the
Diels–Alder cycloaddition, which occurs between a 1,3-butadiene
and an alkene. Here we report the successful application of in vitro
selection to isolate pyridine-modified RNA molecules that cata-
lyse a Diels–Alder cycloaddition. We find that the RNA molecules
accelerate the reaction rate by a factor of up to 800 relative to the
uncatalysed reaction.

The Diels–Alder reaction investigated in this study is shown in
Fig. 1, which also shows the modified reactants. The in vitro
selection (SELEX) for RNA molecules with Diels–Alder activity
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(DAase activity) was carried out with a library of ,1014 unique
sequences. The RNA molecules were constructed of a contiguous
100-nucleotide randomized region, flanked by constant sequence
segments to allow for amplification and other enzymatic processes.
The RNA was modified by substituting 5-pyridylmethylcarboxa-
mid-UTP13 (compound 2 in Fig. 1) for UTP in the transcription

reaction. Pyridyl-modified uridine 2 was chosen to augment the
hydrogen-bonding groups of native RNA, to furnish additional
hydrophobic and dipolar interactions, and to provide metal coor-
dination sites unlike any contained in unmodified RNA. Previous
attempts at isolating RNA DAases were unsuccessful using unmo-
dified oligonucleotide libraries14. To allow for selection based on the
ability to perform the desired chemistry, RNAs were coupled to an
acyclic diene through a long polyethylene glycol (PEG; MW average
relative molecular mass (Mr) 2,000) linker. The flexible PEG linker
was used to provide the diene with the opportunity to access the
RNA surface and mimic a diene substrate free in solution.

Rounds of in vitro selection for DAase activity were conducted by
incubating the RNA–diene construct with the maleimide dieno-
phile (compound 1 in Fig. 1; BMCC) in the presence of transition
metals that could form pyridyl–Lewis acid complexes and/or
coordinate to the RNA to enhance tertiary structure. The maleimide
was attached to biotin so that RNA DAases could be partitioned
away from unreacted RNA using streptavidin binding and denatur-
ing polyacrylamide electrophoresis.

Following 12 rounds of in vitro selection, the amount of Diels–
Alder reaction observed in the presence of the RNA increased from
2.4% in 8 h to 3.3% in 3 min. Subsequently, the library was cloned
and bidirectionally sequenced. From the 46 sequences obtained,
eight non-clonally derived families were identified. One family
comprised 59% of the library population while the other seven
unique sequences ranged in representation from one to six of the 46
isolates. The random region sequences for representative isolates are
shown in Fig. 2a. Computer-assisted local sequence alignment of
representatives from each clonal family identified one consensus
sequence, UUCUAACGCG, in five of the eight non-clonally derived

Figure 1 The Diels–Alder reaction between the acyclic diene conjugated to the

RNA through a long PEG linker and the maleimide dienophile 1 (BMCC). The RNA

library was prepared with a 100-nucleotide random region (100N). Biotin

represents the portion of BMCC not shown in the cycloadduct. Also shown is

the structure of the pyridyl methyl n modified UTP (2) substituted for native UTP

during transcription; OPPP represents the triphosphate moiety.

Figure 2 a, Random region (,100N) sequences of 11 isolates obtained from the

DAase in vitro selection. Isolates are identified by the number to the left of the

sequences.Members of clonal families are labelled (in parentheses)with the total

number of family members and the family population as a percentage of the total

number of sequences. The computer-identified consensus sequence is in bold

and underlined for each of the isolates from families 1, 2 and 4 and the two

orphans. b, Percentage of individual RNA isolates reacted as a function of time.

Isolates are represented by the symbols listed to the right and were incubated

with 500 mM BMCC for the times indicated.
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sequences analysed (Fig. 2a). Beyond this limited amount of
homology, there are no obvious sequence or structural similarities
between the eight non-clonally derived families.

Eight of the isolates shown in Fig. 2a were analysed for their
DAase activity. Isolates were kinetically evaluated under solution-
saturating concentrations of BMCC (500 mM). All other conditions
were identical to those used during the selection. The results are
summarized in Fig. 2b and indicate that each of the isolates tested
was capable of facilitating the Diels–Alder reaction, establishing
that there were at least eight unique sequences present in the
original library that could promote this cycloaddition reaction.

Isolate 22 (DA-22) was chosen for more detailed characterization.
Control experiments demonstrated that reaction product forma-
tion required both substrates (diene and dienophile). DAase activity
was completely dependent on the presence of the pyridyl-modified
uridine, as RNA transcribed using the native nucleotide triphos-
phate was inactive. This is not surprising as the unmodified RNA
may have folded into considerably different three-dimensional
structures. In addition, the absence of the pyridine groups could
have eliminated unique metal-binding sites that effect Lewis acids
catalysis.

The insolubility of the dienophile substrate, BMCC, prevented
complete Michaelis–Menten kinetic analysis of isolate 22. Never-
theless, kinetic analysis was performed on isolate 22 up to a
maximum concentration of 500 mM BMCC (Fig. 3). The data are
linear over the range of dienophile concentrations used with a slope
equal to kcat/Km (3:95 6 0:05 M 2 1 s 2 1), where kcat is the catalytic
rate constant and Km is the apparent dissociation constant of the
RNA–substrate complex. Comparing the apparent second-order
rate constant to the uncatalysed rate constant kuncat of
5:42 3 10 2 3 M 2 1 s 2 1 indicates that isolate 22 achieved an 800-
fold rate acceleration of the Diels–Alder cycloaddition. The uncatalysed
rate was measured using an identical construct comprised of
random pyridine-modified RNA.

Lineweaver–Burke analysis of the data from 30 to 500 mM BMCC
gave estimates of kcat (0:011 6 0:002 s 2 1) and Km (2:3 6 0:5 mM).
Comparison of kcat to the second-order rate constant for the
uncatalysed reaction, kuncat, indicates that isolate 22 has an effective

molarity of the order of 2 M (ref. 15). Despite a Km 10-fold higher
than the concentration of BMCC (100 mM) used in the in vitro
selection, the sequences from Family 1 (see Fig. 2a) seem to have
been selected for their ability to increase the reaction rate of bound
reactants (kcat) and in effect compensated for a high Km. These
results clearly indicate that saturating concentrations of substrate
are not necessary for the successful selection of RNA catalysts.

Predictably, the free product of the Diels–Alder reaction acts as a
reasonably good inhibitor for the RNA-catalysed reaction (Fig. 4).
Again, the insolubility of BMCC precluded determination of an
absolute inhibition constant (Ki), for the product but data collected
at 500 mM BMCC and varying amounts of the product (compound
3 in Fig. 4) were used to determine an apparent Ki of 32.5 mM (ref.
16). Inhibition by the product is consistent with the RNA mediated
Diels–Alder reaction occurring in a binding pocket which resembles
the product or at least can readily undergo conformational changes
to bind the product of the catalysed reaction.

The metal dependence of isolate 22 indicates an absolute depen-
dence on Cu2+. No DAase activity was observed in the absence of
Cu2+ even in the presence of the other divalent metals used in the in
vitro selection. Magnesium, calcium and copper restored DAase
activity to ,71% of that achieved by the complete metal mixture.
The additional 29% incremental improvement appears to be a
nonspecific metal–RNA interaction that can be accomplished
using any of the divalent metals found in the reaction buffer.
Titration experiments indicated maximum activity at 10–20 mM
Cu2+, a level similar to that used in the in vitro selection (10 mM).
The absolute and specific metal dependence on copper for DAase
activity suggests that copper Lewis acid sites are formed as other
metal ions present in the reaction buffer could have adopted similar
coordination geometries17,18 resulting in similar RNA structures.
The selection of copper in this capacity is consistent with known
Lewis-acid-catalysed Diels–Alder reactions in water19,20. Indeed,
although divalent metal ions have been shown to play an important
role in the activity of other oligonucleotide catalysts, such exclusive
dependence on Cu2+ has not been observed.

We used mass spectrometry to identify the DAase reaction
product, in order to firmly establish RNA DAase activity21–23.

Figure 3 The observed rate constant (kobs) increases as a function of BMCC

concentration for isolate 22. A linear fit of the data yields the line shown

(y ¼ 0:001545 þ 0:0002373x; R ¼ 0:9998) with the ratio kcat/Km determined from

the slope.

Figure 4 Inhibition of the DAase activity of isolate 22 by the free cycloaddition

product 3 with an apparent Ki shown. Observed rate constants were measured at

increasing concentrations of 3 in the presence of 500 mM BMCC (1) and fitted to

the equation described in Methods.
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Following reaction of isolate 22 with BMCC, the RNA was isolated
by gel filtration and digested with ribonuclease I. The sample was
then purified by high-performance liquid chromatograhy (HPLC)
and subjected to electrospray-ionization tandem quadrapole mass
spectrometry. From the resulting data, the ion corresponding to the
Diels–Alder product was identified (measured Mr, 630.6; calculated
Mr, 630.8). Moreover, many additional fragment ions were observed
which further substantiate formation of the Diels–Alder product.
No ions were observed for BMCC reacting with any functional
groups on the oligonucleotide, consistent with only the formation
of the Diels–Alder cycloadduct.

The methodology used to create these RNA DAases provides a
straightforward approach to generating novel catalysts on demand
that do not required templating of either substrate. The scope of
RNA-catalysed reactions now includes carbon–carbon bond-form-
ing reactions. Although no examples of RNA-catalysed carbon–
carbon bond formation were previously known, there appear to be
many solutions to [4 þ 2] cycloaddition catalysis, as eight unique
sequences were found that enhance the rate of the Diels–Alder
reaction. These results suggest that similar strategies could be used
to identify RNA molecules that catalyse other Diels–Alder reac-
tions, including those with typically unreactive substrates, inverse
electron demand Diels–Alder cycloadditions, and hetero Diels–
Alder reactions. RNA catalysis of other types of cycloaddition
reactions such as dipolar cycloadditions, particularly those benefit-
ing from Lewis acid catalysis, are also possibilities. The ability to
expand greatly the functional diversity of RNA through modified
bases, to augment accessible chemistries through the use of transi-
tion metals, and, perhaps in the future, to include co-factor-assisted
transformations, has significant implications for the range of reac-
tions amenable to RNA catalysis. M
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Methods

Incubation conditions. The RNA–PEG–diene construct was prepared by
ligating on a PEG-diene modified DNA 10-mer to the 59 end of the RNA using
T4 DNA ligase. All RNA incubations were conducted under the following
conditions except as noted: 50 mM HEPES, pH 7.0, 500 nM pyridyl methyl-
modified RNA, 200 mM NaCl, 200 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM
each aluminium lactate, Ga2(SO4)2, MnCl2, FeCl2, CoCl.2, NiCl2, CuCl2 and
ZnCl2, 10% ethanol and 2% dimethyl sulphoxide. The concentration of
dienophile 1 (BMCC) varied in the isolate characterization experiments, but
was held constant at 100 mM throughout the SELEX. Incubations were
terminated by the addition of b-mercaptoethanol to a final concentration of
5 mM and/or passing the solution over two successive Nap columns
(Pharmacia) to remove excess BMCC.
Reaction assay and partitioning. The extent of reaction and partitioning of
reacted and unreacted RNA molecules was accomplished using a streptavidin
(SA) dependent gel shift. The shifted and unshifted bands were visualized by
autoradiography and phosphor-imaging, the latter being used for quantifica-
tion. For partitioning, shifted bands were excised, the RNA–SA complex
extracted, desalted and subjected to reverse transcription and PCR amplifica-
tion according to standard procedures.
Kinetic analyses. All data were obtained at 500 nM RNA and the indicated
amounts of BMCC. kobs values were determined by fitting the fraction of
unreacted RNA to the equation for first-order kinetics. The uncatalysed
second-order rate of Diels–Alder reaction was measured using random
pyridine-modified RNA (kuncat ¼ 5:42 3 102 3 M 2 1 s 2 1).
Product inhibition. Apparent Ki values for the free cycloaddition product 3
were determined at 500 mM BMCC by fitting the observed first-order rate
constants to the following equation for inhibition: kobs ¼

ðkobs0=2ÞðaE 2 I 2 K i þ ððK i þ aE 2 IÞ2 þ 4K iÞ
1=2Þ where kobs is the measured

rate constant in the presence of 3, kobs0 is the observed rate constant in the
absence of 3, aE represents the fractional (a) concentration of functional active
sites (E), I is the concentration of 3, and Ki is the apparent inhibition constant.
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Abruptmid-twentieth-century
decline inAntarctic sea-ice
extent fromwhaling records
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A decline in Antarctic sea-ice extent is a commonly predicted
effect of a warming climate. Direct global estimates of the
Antarctic sea-ice cover from satellite observations, only possible
since the 1970s1–4, have shown no clear trends. Comparisons1

between satellite observations and ice-edge charts obtained
from early ship records5 suggest that sea-ice extent in the 1970s
was less than during the 1930s, an indication supported by limited
regional observations6. But these observations have been regarded
as inconclusive, owing to the limited spatial and temporal scope of
the early records2. A significant data source has, however, been
overlooked. The southern limit of whaling was constrained by sea
ice, and since 1931 whaling records have been collected for every
whale caught7, giving a circumpolar coverage from spring to
autumn until 1987. Here, an analysis of these catch records
indicates that, averaged over October to April, the Antarctic
summer sea-ice edge has moved southwards by 2.88 of latitude
between the mid 1950s and early 1970s. This suggests a decline in
the area covered by sea ice of some 25%. This abrupt change poses
a challenge to model simulations of recent climate change, and
could imply changes in Antarctic deep-water formation and in
biological productivity, both important processes affecting
atmospheric CO2 concentrations.


