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RNA-catalysed
nucleotide synthesis

Peter J. Unrau & David P. Bartel

Whitehead Institute for Biomedical Research, and Department of Biology, MIT,
9 Cambridge Center, Cambridge, Massachusetts 02142, USA

The ‘RNA world” hypothesis proposes that early life developed b
making use of RNA molecules, rather than proteins, to catalyse
the synthesis of important biological molecules'. It is thought,
however, that the nucleotides constituting RNA were scarce on
early Earth'™*. RNA-based life must therefore have acquired the
ability to synthesize RNA nucleotides from simpler and more
readily available precursors, such as sugars and bases. Plausible
prebiotic synthesis routes have been proposed for sugars’, sugar
phosphates® and the four RNA bases” ™", but the coupling of these
molecules into nucleotides, specifically pyrimidine nucleotides,
poses a challenge to the RNA world hypothesis' . Here we report
the application of in vitro selection to isolate RNA molecules that
catalyse the synthesis of a pyrimidine nucleotide at their 3’
terminus. The finding that RNA can catalyse this type of reaction,
which is modelled after pyrimidine synthesis in contemporary
metabolism, supports the idea of an RNA world that included
nucleotide synthesis and other metabolic pathways mediated by
ribozymes.
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Figure 1 UPRT-catalysed synthesis of uridine 5’-phosphate from pRpp and uracil.
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Figure 2 /n vitro selection scheme. Symbols: PP, pyrophosphate; B, biotin. a,
Tethering pool RNA to pRpp by using T4 RNA ligase and adenylylated pRpp
(AppRpp). b, “U synthesis promoted by active sequences within the initial pool. ¢,
Enrichment of reacted sequences by using APM gels. One lane (left) contained
radiolabelled pool RNA. The other lane (right) contained radiolabelled synthetic
standard to mark the location of the reacted RNA. After the firstround of selection,
catalysts were enriched by serial purification on two APM gels. d, Further
enrichment of *U-containing sequences by derivation with iodoacetyl-LC-biotin
(Pierce) and capture with streptavidin magnetic beads. e, Amplification of
enriched RNA by reverse transcription, PCR and transcription. The amplified RNA
was then subjected to another round of selection in vitro.

In modern metabolism, pyrimidine nucleotides are synthesized
from activated ribose (pRpp) and pyrimidine bases (such as uracil
or orotate). For example, uracil phosphoribosyltransferase (UPRT)
catalyses the reaction shown in Fig. 1. The chemistry of this reaction,
nucleophilic attack on carbon after release of pyrophosphate, is
central to the biosynthesis of nucleotides and amino acids (histidine
and tryptophan), yet absent from known ribozyme reactions. The
reaction differs from known RNA-catalysed reactions in other key
respects: it occurs by an Sy1 mechanism (involving the stabilization
of an oxocarbocation at the reaction centre, C1’ of ribose)'*", and
uracil is significantly smaller than the smallest ribozyme substrates.

To explore the ability of RNA to promote nucleotide synthesis, we
performed an iterative selection in vitro to isolate from random
sequences ribozymes that synthesized a pyrimidine nucleotide at
their 3’ terminus (Fig. 2). The initial pool of sequences contained

> 1.5 X 10" different RNA molecules, each with 228 random
positions. To begin each selective round, pRpp was attached to
the 3’ end of pool RNA. RNA—pRpg conjugates were incubated with
a uracil analogue, 4-thiouracil (®Ura), to allow those sequences
capable of glycosidic bond formation the opportunity to link their
tethered ribose to **Ura. RNAs attached to the newly synthesized
nucleotide, 4-thiouridine (*U), were then enriched, amplified, and
subjected to another round of selection—amplification. **U was
chosen as the desired product because the thione at position 4
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Figure 3 Increased ribozyme activity with successive rounds of selection. The
upper bound for the uncatalysed rate is also plotted (triangle). Rounds 4 to 6
included error-prone PCR amplification, as described". From rounds 7 to 10 the
stringency of the selection was increased exponentially by decreasing both **Ura
concentration (from 8 mM to 40 wM) and incubation time (from 18h to 7.5min).
Reaction rates were calculated by dividing the observed initial rate by the “Ura
incubation concentration.

interacts strongly with a number of thiophilic reagents', facilitating
the efficient enrichment of RNAs with a single **U nucleotide. In
other respects, sulphur substitution of the 4-keto oxygen of uracil
has little effect; tautomeric patterns of the N; and N; protons are
comparable, whereas the sulphur substitution lowers the pK, of
uracil by less than one unit to 8.4 (refs 15, 16). After four rounds of
selection—amplification, ribozyme activity was readily detected
(Fig. 3). Pool activity increased another 50,000-fold in response to
seven additional selective rounds that included shorter incubation
times, lower **Ura concentration and mutagenic amplification
(Fig. 3).

Ribozymes that had undergone 11 rounds of selection were
cloned, and 35 random clones were sequenced. A family of 25
related sequences generated by the mutation of a single ancestral
sequence dominated the round-11 isolates and was designated
family A (Fig. 4a). The remaining isolates represented two other
families, family B (eight isolates) and family C (two isolates).
Restriction analysis of PCR DNA from each round of selection'”
indicated that these were the only three families of nucleotide-
synthesizing ribozymes to emerge to detectable levels (=4% of the
population) during the entire course of the selection and evolution
(data not shown).

Synthesis of authentic tethered **U was confirmed for represen-
tatives of each ribozyme family by nearest-neighbour analysis of
end-labelled product (Fig. 5). The ribozyme-synthesized nucleotide
precisely comigrated with the 4-thiouridine 3'-phosphate (**Up)
standard in all six separation systems tested: two polyacrylamide gel
systems and four thin-layer chromatography (TLC) systems. An
analysis utilizing a two-dimensional TLC system known to resolve
the many different modified bases of ribosomal RNA"™ is shown
(Fig. 5).

Isolates from each family promoted nucleotide formation with
apparent second-order rate constants (ke/K;, values) up to 10’
times greater than our upper bound on the uncatalysed reaction rate
(Fig. 4). In attempts to detect the uncatalysed reactions, a radio-
labelled pRpp-derivatized oligonucleotide was incubated with **Ura
and the reaction mixture was resolved on APM gels. **U synthesis
was not detected, even though these assays would have readily
detected a reaction as slow as 6 X 1077 M ™' min . The rates of a
family A isolate fit well to a Michaelis—Menten curve with an
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apparent K, of 28 =4mM and a k. of 0.13 = 0.012min '
(means * s.e.m.; Fig. 4b), although it should be noted that solubi-
lity constraints prevented rate measurements with “*Ura concentra-
tions above 14 mM. Representatives from the other two sequence
families had comparable k,/K,, values but did not begin to display
saturable behaviour at soluble concentrations of **Ura (Fig. 4b),
suggesting poorer binding to **Ura but faster catalysis on encoun-
tering **Ura.

All three ribozymes had high specificity for the **Ura substrate.
No thio-containing product was detected on APM gels after body-
labelled ribozyme-pRpp was incubated with any of six other
thio-substituted pyrimidine bases (2-thiouracil, 2,4-thiouracil,
2-thiocytosine, 2-thiopyrimidine, 2-thiopyridine and 5-carboxy-2-
thiouracil; limits of detection, 4 X 107> to 1 X 10 "*M ™' min "},
depending on whether the product migrated to an area of the gel
with high or low background). The family A isolate reacted very
slowly with radiolabelled uracil, with a rate (2 X 10"*M ™' min ")
comparable to that of the pool with **Ura after four rounds of
selection.

Protein enzymes that synthesize pyrimidine nucleotides are
thought to catalyse an Sy1 reaction by stabilizing an oxocarbocation
at the C1’ carbon of the reaction centre'>". One challenge for these
enzymes is to avoid the hydrolysis of pRpp to ribose 5'-phosphate
and pyrophosphate, which occurs if water rather than the pyrimi-
dine base is proximal to the highly reactive carbocation. The enzyme
that synthesizes orotidine (6-carboxyuridine) avoids hydrolysing
pRpp by excluding water from the active site and by promoting
carbocation formation only after a conformational change induced
by binding of orotate (6-carboxyuracil)'*". As with the metabolic
enzymes, our ribozymes were selected to avoid pRpp hydrolysis; any
catalyst that hydrolysed its pRpp moiety before **Ura addition (for
example, during the T4 RNA ligase incubation needed to attach the
pRpp) would have been inactive for **U synthesis. Thus, we
examined the degree to which the ribozymes promoted the hydro-
lysis of the tethered pRpp. Ribozymes from the three families
promoted the hydrolysis of their pRpp moiety at rates 12-23
times faster than uncatalysed hydrolysis (Fig. 4a). Nevertheless
their k., values for “*U formation were =60 times faster than
their rates of catalysed hydrolysis. Either RNA does have the ability
to exploit highly reactive reaction intermediates or these ribozymes
have employed a new strategy for promoting glycosidic bond
formation, that is, by stabilizing a transition state with more Sy2
character.

As with many ribozymes and the metabolic enzymes that synthe-
size nucleotides, all three ribozyme families required divalent
cations for activity. For each round of selection, Mg** (25 mM),
Ca** (1mM) and Mn** (0.5mM) had been provided. However,
Ca’" was dispensable for all three families. Although the three
families were active in the presence of Mn”* as the only divalent
cation, all preferred Mg** over Mn** as the major divalent cation.
The family A isolate did not require Mn**, with only a twofold
decrease in activity observed in the absence of Mn®*. The family B
and C ribozymes required Mn**, with the activity in the presence of
25mM Mg*" reaching a plateau at 1 mM Mn**. The family B
ribozyme did not require Mn>" for stimulating pRpp hydrolysis,
suggesting that for this family Mn”* has a role in the binding or
proper orientation of the **Ura, consistent with the thiophilic
nature of Mn*" compared with Mg** and Ca*" (ref. 19).

Ribozymes of an RNA world would have needed to promote
numerous reactions involving small organic molecules”. An
important question in this regard is whether RNA can perform
covalent chemistry with substrates smaller than purine nucleosides.
Ribonucleosides as small as adenosine and 2-aminopurine (M,
267.2) are substrates for self-splicing intron derivatives*"?, **Ura
(M, 128.1) is half the size of these nucleoside substrates and within
the size range of the smallest aptamer targets, valine and arginine®
(M, 117.2 and 174.2, respectively). The findings that a catalytic RNA
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Figure 4 Analysis of ribozyme sequences and their catalytic proficiencies. a,
Three families of ribozymes with rates of “U production and pRpp hydrolysis.
Sequence analysis is summarized by family trees, with each branch terminus
representing one of the 356 sequenced isolates. Similarity to the family consensus
sequence varied from 94 to 86%, as indicated by the horizontal length of the
branches. Family A has two dominant subfamilies, which presumably emerged
through preferential expansion of superior early lineages. Because the family C
consensus sequence could not be fully determined from only two isolates,
similarity to the consensus is reported as a range (dashed lines). b, Rate of
nucleotide formation (keps) @s a function of “*Ura concentration for isolates al5
(circles), b01 (squares) and c05 (diamonds). The rates of isolates b01 and c05 fit
well to linear functions indicating keat/Ky values of 1.29 +0.03 and
0.67 =0.02M~"min~", respectively. The line shown for isolate a15 is the non-
linear least-squares fit of a Michaelis-Menten curve to the data and suggests an
apparent K, of 28 =4mM and a kg Of 0.13 +0.012min~" (mean + s.e.m.),
although these values must be viewed with caution because solubility constraints
prevented the examination of “*Ura concentrations above 14 mM. For example,
we cannot discount the possibility that “*Ura was beginning to occupy an
inhibitory site rather than the catalytic site. The linear behaviour of the other
two isolates suggests that **Ura within this concentration range does not
aggregate or affect metal-ion availability.
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Figure 5 Two-dimensional TLC analysis® of ribozyme-synthesized *U after
labelling and digestion with nuclease. Ribozyme product RNA was extended by
one nucleotide by using «-*?P-cordycepin triphosphate (3'-deoxyATP) and
poly(A) polymerase, then purified on an APM gel. Ribonuclease T2 digestion
reduced all the labelled material into nucleoside 3'-phosphates, with the labelled
phosphate residing on the ribozyme-synthesized nucleotide. Digests were
spotted on 10 x 10cm cellulose TLC plates (Baker flex) presoaked in 1:10
saturated-(NH,4),SO,:H,O. The first axis was run in 80% v/v ethanol, and after
air-drying for 5 min, the second axis of 40:1 saturated-(NH,4),SO,:isopropanol was
run. The reference panel shows the migration of “Up, Up, Ap, Cp and Gp.
Unlabelled or body-labelled **U-containing RNA was included as carrier in the
digestion (top and bottom panels, respectively). Carrier RNA was generated by
transcription, with “SUTP replacing UTP.

can specifically recognize and utilize such a substrate and that RNA
can efficiently promote the chemistry of glycosidic bond formation
support the prospects of ribozyme-based metabolic pathways in the
RNA world. Another important step would be to generate catalytic
sequences capable of using not one but two small-molecule sub-
strates. With regard to this goal it is encouraging that after
optimization by evolution and engineering in vitro, a ribozyme
motif initially selected on the basis of a reaction using an attached
nucleoside triphosphate was able to promote a reaction using free
nucleoside triphosphates®. Similarly, our new ribozymes offer a
basis for developing catalysts that synthesize **U from two small
molecules, **Ura and pRpp. U
Methods

Pool construction and amplification. The double-stranded DNA pool
with sequence TTCTAATACGACTCACTATAGGACCGAGAAGTTACCC-N-
CCTTGG-N7,-GGCACC-N7,-ACGCACATCGCAGCAAC (italics, T7 promo-
ter; -Nyq-, 76-nucleotide random-sequence segment) was constructed starting
with three synthetic single-stranded pools, as described previously'”*. The
phosphoramidite ratio for random-sequence DNA synthesis was normalized to
account for differing coupling rates (0.26:0.25:0.29:0.20 dA:dC:dG:dT molar
ratio). Sequencing 2,030 random-sequence positions from arbitrary clones
verified that the nucleotide composition was nearly equal (529:519:482:500
A:C:G:T). The DNA pool was transcribed in vitro and 16.4 nmol RNA (six
copies, on average, of each pool sequence) were used for the first round of
selection.

Tethering pRpp and p*SU to RNA. pRpp was linked to RNA by exploiting the
finding that specificity for the donor substrate of T4 RNA ligase can be
bypassed by pre-adenylylation® (Fig. 2a). Adenylylated pRpp (AppRpp) was
synthesized by reacting 300 mM adenosine 5'-phosphorimidazolide” with
600 mM pRpp in 200 mM MgCl, for 2 h at 50 °C. After ligation (2—4 uM gel-
purified RNA, 65uM HPLC-purified AppRpp, 50mM HEPES pH 8.3,
10 mM MgCl,, 3.3 mM dithiothreitol (DTT), 10 pwg/ml BSA, 8.3% v/v glycerol,
1U ul™ enzyme from Pharmacia, for 4 h at room temperature) and extraction
with phenol-chloroform, RNA was recovered by precipitation with ethanol.
The efficacy of ligation was verified by using matrix-assisted mass spectrometry
of a 9-nt ligation product before and after treatment with alkaline phosphatase,
which removed the 1’ pyrosphosphate. At each round, the efficiency of ligation
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to the pool RNA was determined by the gel mobility of 3'-terminal fragments
cleaved by a DNA enzyme® targeted to the 3’ constant segment. RNAs extended
with *SU (for use as synthetic standards) were generated, using App**U instead
of AppRpp.

Ribozyme selection. **Ura was synthesized” and further purified by reverse-
phase HPLC. For each round of selection the RNA-pRpp pool was incubated
with **Ura (Fig. 2b) using the concentrations and incubation times outlined in
Fig. 3 (0.3 M pool RNA, 50mM Tris-HCI pH 7.5, 150 mM KCl, 25 mM
MgCl,, 1mM CaCl,, 0.5mM MnCl, at 23°C). Ribozyme reactions were
stopped by the addition of one volume of gel loading buffer (90% formamide,
50 mM EDTA). RNA with a 3’-terminal **U was resolved from other species on
denaturing APM gels'** (8 M urea/5% polyacrylamide gels, cast with 80 uM
N-acryloylaminophenylmercuric acetate). During each round of selection, the
ribozyme reaction was split in half. One half contained radiolabelled pool RNA
that facilitated the detection and purification of emergent ribozymes; the other
half contained unlabelled pool and a trace amount of radiolabelled synthetic
standard (an RNA pool with a 3'-terminal **U but with primer-binding
sequences incompatible with reverse transcription and PCR) that was used
to locate and monitor the recovery of reacted RNA. The gel fragment contain-
ing RNA-*U was excised (Fig. 2c), and RNA was eluted in 300 mM NaCl,
20 mM DTT, then precipitated with ethanol. After round 1, RNA containing
U was further purified on a second mercury gel and then biotinylated (Fig.
2d) by resuspending precipitated RNA in 25 mM potassium phosphate pH 8.4,
3 mM iodoacetyl-LC-biotin (Pierce), 50% v/v dimethylformamide. After 3h at
room temperature in the dark, the reaction was quenched with DTT and
diluted 10-fold; RNA was then twice precipitated with ethanol to remove excess
biotin. About 75% of material end-labelled with **U was biotinylated, as judged
by a streptavidin gel-shift assay. Capture of biotinylated RNA, reverse
transcription, PCR amplification and transcription in vitro were as described
previously™.

Ribozyme assays. Unless stated otherwise, ribozyme isolates were assayed
under conditions similar to those of the selection (0.5uM *?P-labelled
ribozyme RNA, 50mM N,N-(bis-2-hydroxyethyl)-2-aminoethanesulphonic
acid (BES) pH 7.5, 150 mM KCl, 25 mM MgCl,, 0.5 mM MnCl, at 23 °C). The
rate of U synthesis (kops) at a given 4SUra concentration was determined by the
best fit of k and 3 to the equation F = 3(1 — e~ *'), where F is the fraction
reacted (ascertained by phosphorimaging of the APM gel), k = Koy, + kinyas
B = Fruxkops/(kops + Kiya)» knya is the rate of pRpp hydrolysis, and # is time. Fryax
the maximal active fraction (typically 0.15-0.20) was determined by using time
courses with **Ura in excess of 4mM. Factors contributing to the low Fyay
values included: incomplete pRpp ligation (lowering Fi, by 10-30%), 3’
heterogeneity from untemplated residues added during transcription (low-
ering Fi.x by 40-50%), and ribozyme misfolding. The ky,q values were
determined by varying **Ura concentration and observing differences in the
asymptotic fraction reacted. The k4 values were confirmed independently by
monitoring the inactivation of RNA-pRpp in the absence of **Ura. The rate of
uridine synthesis was determined by using isolate al5 and a random-sequence
control RNA, both activated with pRpp. Each RNA (7 wM) was incubated with
0.5 mCi [5,6->H]uracil (NEN) in standard buffer conditions. At 0, 2, 4 and 8 h,
160 pl aliquots were quenched by the addition of EDTA and unlabelled uracil.
RNA was filtered (Centricon spin filters; Amicon), purified on a polyacryla-
mide gel and precipitated with ethanol. Uracil counts associated with the RNA
were determined by scintillation (Formula-989 fluid, Packard) and corrected
for RNA recovery. A similar approach with [2-'*C]uracil indicated a compar-
able rate (within twofold). Additional analysis of RNA recovered from the
scintillation fluid (precipitation with NaCl and six volumes of ethanol, and
resuspension with unlabelled uridine) confirmed that the incorporated counts
were from 3’-terminal uridine synthesis; RNA was base-hydrolysed and
nucleotides were separated by reverse-phase HPLC and scintillation-counted.
The uncatalysed reaction rates were examined with a 9-nt RNA-pRpp con-
jugate that was **P-labelled at its 5’ terminus. After incubation with 6.4 mM
*Ura for 4 days in the buffer used for the selection, no RNA-p*SU product was
observed on APM gels. A single gel would have readily detected uncatalysed
RNA-p**U formation with a rate =2 X 10 *M ™' min " (correcting for the
RNA-pRpp lost to hydrolysis), whereas a serial APM gel analysis lowered
detection limits to 6 X 1077 M ™' min~'. The RNA-pRpp hydrolysed during

the 4-day time course indicated an uncatalysed ky,q of 9 X 10~ ° min "
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There is as much carbon in dissolved organic material in the
oceans as there is CO, in the atmosphere’, but the role of dissolved
organic carbon (DOC) in the global carbon cycle is poorly under-
stood. DOC in the deep ocean has long been considered to be
uniformly distributed® and hence largely refractory to biological
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