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Selection of RNA amide synthases
Torsten W Wiegand, Rachel C Janssen and Bruce E Eaton

Background: |t is generally accepted that, during evolution, replicating RNA
molecules emerged from pools of random polynucleotides. This prebiotic RNA
world was followed by an era of RNA-mediated catalysis of amide-bond
formation. RNA would thus have provided the machinery responsible for the
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assembly of peptides and the beginning of the protein world of today. Naturally

occurring ribozymes, which catalyze the cleavage or ligation of oligonucleotide
phosphodiester bonds, support the idea that RNA could self-replicate. But was
RNA constrained to this path and were RNA-acylated carriers required before

RNA could catalyze the formation of amide bonds?

Results: We have isolated RNA catalysts that are capable of mediating amide-
bond synthesis without the need for specifically designed templates to align the
substrates, and we have kinetically characterized these catalysts. The rate
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enhancement observed for these RNA amide synthases exceeds the

noncatalyzed amidation rate by a factor of ~104. In addition, Cu?* ions caused
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a change in the affinity of RNA for the substrate rather than being directly

involved in amide-bond formation.

Conclusions: The discovery of these new amide synthases shows how
functionally modified nucleic acids can facilitate covalent-bond formation
without templating. Previously unforeseen RNA-evolution pathways can,
therefore, be considered; for example, to guide amide-bond formation, en route
to the protein world, it appears that substrate-binding pockets were formed that

are analogous to those of protein enzymes.

introduction

Research on RNA catalyzed reactions has implications for
the origin of life on earth. It is generally accepted that self-
replicating RNA molecules emerged from pools of random
polynucleotides to establish a prebiotic RNA world, which
was followed by the historic moment when RNA mol-
ecules catalyzed the formation of the first amide bonds,
rendering the protein world possible [1-3]. The under-
lying assumption of this hypothesis has been that an
evolving population of self-replicating RNA molecules
must have formed the machinery, including acylated adap-
tor molecules, responsible for the assembly of peptides as
known in contemporary biochemistry.

The discovery of naturally occurring ribozymes (for nomen-
clature, see the Materials and methods section) [4-8], all of
which catalyze the cleavage or ligation of oligonucleotide
phosphodiester bonds, supports the notion that RNA could
replicate itself. But the questions arise of whether or not
the RNA world was constrained to this evolutionary path
and whether it was necessary for RNA-acylated carriers to
be prepared before RNA could catalyze the formation of
amide bonds. Here, we describe families of RNA amide
synthases that do not require any of the templating remini-
scent of the biosynthetic schemes common to the protein
world of today. Unshackled from this requirement for

templating, RNA may have been free to catalyze the syn-
thesis of not just peptides but also other cofactors required
for the transition from the RNA to the protein world.

The first report of an RNA-catalyzed reaction (5-15-fold
rate enhancement) at a carbon center involved the hydroly-
sis of an aminoacyl ester by the Tetrakymena ribozyme [9].
Since then, RNA catalysis has been expanded by in vitro
selection techniques to include reactions in which one
small molecule reacts on the RNA [10-14]. Preselection of
substrate-binding sites in the catalysts or selection via tran-
sition-state analogs have proven to be successful [15-17].
but only one example of an RNA amide synthase has been
reported previously [18]. In this elegant work a six-residue
RINA substrate (6-mer) was used to template a 3’-NV-biotin-
methionine-ester in proximity to a 5-amino modified RNA
so that juxtaposition of the two RNA molecules by nucleic
acid hybridization afforded amide-bond formation. This
demonstrated the ability of an RNA-acylated donor to form
amide bonds with the aid of a suitable folded RNA and so
affect catalysis, mimicking the functions of the ribosomal
and transfer RNAs, well known in protein biosynthesis.

In vitro selection (SELEX) [19-22] has been used to show
that RNA can exhibit exquisite molecular recognition in
binding a broad array of small molecules, including amino
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The procedure for the isolation of RNA amide synthases. Catalytic
RNA molecules in the modified ligated RNA library catalyze the
formation of an amide bond between a primary amine at the terminus
of a polyethylene glycol (PEG) linker and the carboxyl group of

AMP-biotin. The resulting biotin-amide is used for partitioning during
in vitro selection rounds and during kinetic analysis of isolated RNA
amide synthases. PCR, polymerase chain reaction.

acids [23-26], xanthines [27] and aminoglycosides [28-30].
But RNA libraries and selection strategies have yet to be
described that would bring two small-molecule substrates
together to yield an equally broad spectrum of RNA caral-
ysis in which nucleic acid hybridization of substrates is not
required. Here, we describe the isolation and kinetic char-
acterization of amide synthase RNA molecules that catalyze
the reaction of an amide bond between a simple primary
amine and the carboxy carbonyl of AMP-biotin without
the involvement of a template to align the substrates.

Results and discussion

Selection of amide synthases

The selection procedure for the isolation of RNA amide
synthases is outlined in Figure 1. Transcriptions were
carried out in the presence of ATP, CTP, GTP and 5-imi-
dazole-UTP instead of UTP [31]. Experience in selection
of RNA catalysts for related carbonyl reactions has shown
that significantly reduced rate enhancements are observed
without such modification of UTP (D.A. Nieuwlandt,

M.C. West., G. Kirschenheuter, X. Cheng and B.E.E.,
unpublished observations). The importance of modified
nucleotide bases in RNA evolution has been discussed
previously [32,33]. Inclusion of the modified UTP was
envisaged to enhance the catalytic power of RNA in
general acid/base catalysis, as well as providing metal-
coordination sites that could play a role in either catalysis
or structure. A simple primary amine was connected by a
long polyethylene glycol (PEG) linker so that it would
simulate a free amine in solution. This amine substrate
was located at the end of a 2 kDa PEG linker that was
attached to the RNA library through a 10-nucleotide
single-stranded DNA segment by bridged ligation. PEG
was chosen as the linker because it is well solvated, flexi-
ble, and has no significant affinity for oligonucleotides,
while it maintains the covalent linkage required for co-iso-
lation of the product and the corresponding catalytic
RNA. The length of this linker is intended to allow the
amine substrate free access to any portion of the folded
RNA structure.
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Figure 2
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gggagacaagaauaaacgcucaalUCCCAGUCT GAGUCCUCGGACGGGGCCAGGUAGUGAGCCGUAAUGGCUGAAAGGUUGUGAUACGGGUUGUUUUGACGCGUAAGCGGCuUCgacaggaggcucacaacaggc
gggagacaagaauaaacgnucaaGAUCGACCUCCGUACCUGCGGGUUC AACGAAAUCCCAUGAACCCAGCUUUGUGUGACCUCCGAGCCUAGGGGAAAGGAUUCACUCAUUCgacaggaggcucacaacagge
gggagacaagaauaaacgcucaalCGCCAGCGUGCARUCAAUUGCGCGUAGCG GUGCGUGGGGAGCCCAACGUGACUGGCACUGGAAGAGCACGEGCGUCUCUAAGCGuUCacaggaggeucacaacagye
gggagacaagaauaaacguucaaGGUCACCUGUUGUAGAAACGGAACACCGCUCACAGUACCG AGACCCAUGAGCUAGCGUGCCAUCCUAAGGUACUGGCUGGAGC Cuucgacaggaggcuucacaacagyc
gogagacaagaauaaacgcucaaGUGGCUGGAGCACGGCCAGCACUUGCGUUAGCUGUGGCACCCGGCCUG [GEUAAUUGEGAUG | AGRUCCUAUGGGUUCCGEGGECECAGUAUGUARATGCCULCYacaggaggcucacaacagge
gggagacaagaauaaacgcucaaCGGAGCGUAAUCGUGGUAAGUGCUGAGACACUUGGCACGAAGCGGUAUUC GUUCCGGUCUUGUAAGGCUGUUAGGGCUGGGGCuucgacaggaggruacacaacagge
:gs::gzcaagaauaaacgcucaaUACCAGCGGGGCAGCCGCGGGGAAACACCAGUGAGGGAUGUGCGCGACGGCGCCG GAGCGGUGUUCGUGAUCGGGGACCUGCGAACCUUCgacaggaggeucacaacagyge
gggagacaagaavaaacgcucaaAlCCUGGCGCCCGGAAGCCUGGGAUGUACGCGUCUGAGGGCGGCCAUGUCAGGGGCGA UGCAGGCGUGAUCUUAGGUGGUUGGEUCCUNCHacagTaggeucacaacagge
gggagacaagaauaaacgcucaalUACCAAGCGCGGUUUGAGGGUAGGCUCGAGGGGAAACUCCAGCCGGUCACUAAUCCACGCU GAGCGUUGUCUGCCGGGCAGAGGUGCUUCgacagyaggcucacaacagge
gggagacaaggaauaaacgeucaaGCAUGGGUACGGGCGCGGACCGACCUGCUGUACCAGUCUUGCGCGUUAAUGAUCGCGCGUGCS AUUCCUUAGCCGUAGUGUGTIUUCIACAIgaudcuCacaacagyc
gggag:caagaauaaacgcucaaGCAAUCAGUGGUAUAAAGACCGUCCACACAGACGGAUAGGCUGUUCAU‘UCUGAAUGCUGACCGGAACG AAACAUCCUACGUUCGU'JCQacaggaggcucacaacaggc
gggagacaagaauaaacgcucaaACAGACGGAACGUCGGCGGCGCCACACACUGUCGAGAGCAAAGGUAUUCCAUGUCUAGACGCGAUAUTIGGUCACCC CGAUCCUAGGUUCGACAggAggCUCacaacagge

gggagacaagaauaaacgcucaaAGGCUAUAAGCUGAGUUGCGUGUATUGCUGUGACCGCGAUCCCCGGCGGCUGCUUUCAGUCGAACUGCGUCUGCCGU [GGUAAUCGGGAUG |CUUGGUGCuUCgacaggaggcucacaacagyge

gggagacaagaauaaacgcucaaCGCGUUAGUUCUGGGCCCGAUUAAACCAAACGGCCGCCCUUCAGGACUGCAUGCCAUUGUAUUGUUUGGGGAAGGGEUGGCGGCAACCACGCGTUGUGCCuucgacaggaggcucacaacagygce
gggagacaagaauaaacgcucaalUUUCAAGGCAGUGCUGUGAUGGUUGAGAUUGAGACGCUUUGGGGCCUGCACCGAUUUCAGGUGUGUAAGCAAGUUGUAUGAGUGUGGAGAACUGGCAUUCgacaggaggoucacaacagygc

gggagacaagaauaaacgcucaaUAGCAGUCAGCAUGCACGCAGGCACCAAACAGUAGGGCUUGAGGGUUAGCGUCUAUCGUUGACGGGUGCGGUCUUGGCGUGUGGGGACGAGCUACGuuCcgacagagygcucacaacagge

(b)

Position 1 2 3 4 5 6 7 8 10 11 12 13

A 0 0 13 13 0 5 5 0 0 13 0

(o 3 0 0 0 0 0 4 0 0 0 0 1 1

G 7 12 0 0 0 0 0 6 13 13 0 0 7

U 3 1 13 0 0 13 4 2 0 0 0 12 5
Consensus | B G U A A u H R G A U K

Chemistry & Biology

Amide synthase RNA sequences. (a) The upper 13 isolates form the
amide synthase family containing a 13-nucleotide conserved sequence
motif (boxed nucleotides). The lower three ‘orphan’ isolates show no
apparent sequence homology to this family or to each other.
Nucleotides forming the fixed regions (see Figure 1) are shown in

lower case letters. The numbers after the sequence designation
indicate the frequency with which an isolate was found by sequence
analysis. (b) Occurrences of individual nucleotides at each position of
the sequence motif are listed. Abbreviations for variant positions: R, A
orG;Y,CorU; K, GorU;H AorCorU; B,CorGorU.

RNA libraries were incubated with AMP-biotin at 25°C,
pH 7, in a buffer containing monovalent and divalent
metal ions including first-row transition metals that could
form Lewis acid sites on coordination to the RNA [34,35].
Amide synthase RNA catalysts were partitioned based on
the formation of biotin amide, by streptavidin-induced gel
retardation or by immobilization on streptavidin-coated
magnetic beads. After reverse transcription, polymerase
chain reaction (PCR) amplification of the DNA template,
and transcription, the RNA was re-ligated to DNA-PEG-
NH, to prepare the enriched library for the subsequent
round. The stringency of the reaction conditions was grad-
ually increased over the course of the selection by decreas-
ing the AMP-biotin concentration from 10 mM to 20 uM,
the RNA concentration from 10 uM to 0.1 uM and by
shortening the incubation time from 16 h to 10 min. By
round 16, the extent of RNA catalyzed amidation had

reached a maximum. Amide synthase activity of the
selected RNA library was shown to be dependent on the
presence of AMP-biotin and the PEG-linked amine.

Cloning and sequencing of 48 members of this library led
to the identification of 16 distinct sequences, 13 of which
can be grouped into a family based on a common 13-
nucleotide conserved motif (Figure 2). The remaining
three sequences, so called ‘orphans’, do not share any
primary sequence homology with this family or with each
other. Based on a thermodynamic folding algorithm [36],
the sequences of the amide synthase family are predicted
to contain a secondary structure core (Figure 3a) of which
the 13-nucleotide sequence motif is an integral part. This
core structure consists of a 3-9 base-pair stem with little
or no primary sequence conservation, followed by a 5-10
nucleotide bulge, presenting the invariant 5-UAAU-3
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The proposed secondary structure of the amide synthase RNA
sequence core. (a) This conserved stem-bulge-stem structure is
found in all of the isolates comprising the amide synthase RNA family.
Although the top stem is very sequence specific, the bottom stem
appears to require little or no primary sequence conservation. The
ends of the RNA molecules can be located at either end of the
structural core, resulting in circular permutations. (b) The structural
core of AS25, the most studied amide synthase, is shown as an
example. The 13-nucleotide conserved sequence is indicated in bold
type. N, any nucleotide; N, base-pairing nucleotide. The remaining
nucleotide abbreviations are as described in Figure 2. Non-Watson-
Crick base pairing is indicated by a connecting dot instead of a line.

sequence core, and a 5 base-pair stem with high sequence
conservation. Although 5-3 directionality within this
structural motif is conserved among the sequence families,
the location within the RINA wvaries, resulting in circular
permutations of the sequence.

As a representative example of a specific family member, the
predicted secondary structure of the most studied amide syn-
thase, isolate AS25 (see below), is shown in Figure 3b. The
folding algorithm ignores the contributions of the modified
uridines, but it is apparent, based on sequence conserva-
tion, that the RNA core containing three 5-imidazole-uridine
nucleotides is required for amide synthase activity. To test
whether the imidazole groups were essential for catalysis,
the AS25 sequence was transcribed using native UTP. This
RNA showed no amide synthase activity, consistent with
the modified uridine playing an important role in catalysis.
The structural or catalytic role of the imidazole modification
in these amide synthases remains to be understood.

Determination of K, (achieved by non-linear least square regression
data) and k_,, (Michaelis—Menton first-order rate constant for catalysis)
values for RNA amide synthases. RNA-DNA-PEG-NH, molecules
(0.1 pM) were incubated with nucleoside-monophosphate—biotin
substrates in reaction buffer (see Materials and methods section) at
25°C. Reactions were quenched by addition of excess streptavidin
and the fraction of RNA biotin-amide formation was determined by
mobility shift assays on denaturing polyacrylamide gels. By following
the fraction of RNA biotin-amide formation over time, k . (observed
first-order rate constant) values were obtained for each substrate
concentration. Values for K, and k_,, were determined by plotting k,,
versus substrate concentration and are summarized in Table 1. AS26
is an orphan sequence, the other five isolates are members of the
amide synthase family. For comparison, the data for AS25 are also
shown in Figures 5b and 6.

Amide synthase rate enhancement

To survey the catalytic activity of the amide synthases, K
(substrate concentration at which half-maximal reaction
rate is achieved) and k,, (first-order rate constant for catal-
ysis) values were determined for representative isolates
(Figure 4 and Table 1). RNA amide synthases were incu-
bated with various concentrations of AMP-biotin and the
fraction of biotin-amide product was quantitated by gel
electrophoretic mobility assays. These experiments were
performed in a minimal reaction buffer (see Materials and
methods section), containing only metal ions that are
required for full amide synthase activity (see below). For
all tested amide synthases the data were found to fit the
standard Michaelis—-Menten rate expression for a single
turnover reaction at a single saturable substrate-binding
site. Isolate AS25 was the most active catalyst, with both
the lowest K value (2.3 uM) and the highest k. value
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Table 1

A summary of the K, and k_,, values for RNA amide synthases.

Cu?+ Keat Rate enhancement

Isolate Substrate (105 M) K., (1074 s7") (10%)
AS25 AMP-biotin + 23104 6.6+0.2 11.0

AMP-biotin - 23.6+10.1 69+086

UMP-biotin + 1.4+03 6.8+0.3

RMP-biotin + 19209 62105
AS40 AMP-biotin + 122142 24+02 0.7
AS05 AMP-biotin + 4.0+1.7 1.4+0.1 1.3
AS02 AMP-biotin + 66123 25+0.2 1.5
AS23 AMP-biotin + 39+29 1.31£0.2 1.4
AS26 AMP-biotin + 43153 1.0+0.2 0.9

The determinations of K , and k., values are described in Figure 4.

(6.6 x 10* s7!) of the RNA amide synthases. The remain-
ing isolates of this sequence family have higher K_ and
lower k,, values. This could be attributed to minor varia-
tions in the 13-nucleotide consensus region, but it is prob-
able that amide synthase activity may also be affected by
other regions of the RNA. Kinetic values for the orphan
sequence AS26 suggest that it is essentially an equivalent
amide synthase to the unrelated sequence family of which
AS25 is a member. It appears that from these modified
RNA libraries multiple catalytic motifs can be isolated.

To calculate the rate enhancement achieved by amide
synthase ASZ5, the spontaneous background reaction was
estimated. Obtaining measurable product formation for
these spontaneous amidation reactions requires the use of
higher substrate concentrations and longer reaction times.
Under these conditions amidation occurs at both the ter-
minal amine and at internal nucleophilic atoms, presum-
ably exo-cyclic amines on the nucleotide bases. The
apparent background second-order rate constant was,
therefore, determined for a randomized RNA-DNA-
PEG-NH, library (3.8 x 10 s~! M-!) and an equivalent
library in which the amine was replaced by an unreactive
methylether group (1.2 x 103 s-! M-!). The difference,
2.6 x 1073 s! M1, gives an estimate of the non-facilitated
second-order rate constant for amidation of the terminal
amine. Caution must be exercised, however, when
viewing these background rate determinations, because
only initial rates can be measured. The rate enhancement
(RE) for AS25 was calculated as follows:

e
Km kUnC‘d[

[ 6.6x10 4! j ( 1 j
2.3%x107°M 2.6x10%s~ M ~!

1.1x10° (1)

RE zg25

il

i

The RE observed for AS25 is larger than 10°, clearly
more than sufficient to support the notion of RNA evolu-
tion of non-templated amide bond formation. Compared
to AS25, the remaining amide synthases are only slightly
less efficient with rate enhancements of ~10* (Table 1).

Amide synthase metal dependence

The fastest amide svnthase, isolate AS25, was chosen for a
more detailed analysis of reaction condition requirements.
32P-labeled AS25-DNA-PEG-NH, was incubated with
AMP-biotin in the standard reaction buffer and variations
thereof that differ in divalent-cation composition.
Figure 5a shows the fraction of AS25 amidation over 1 h
under these conditions. The slowest reaction rate was
observed in the absence of divalent metal ions (open
circles), but this rate is still significantly faster than the
spontaneous background reaction. The RNA amide syn-
thase rate was increased by addition of divalent cations
(open diamonds) with Ca?* (open squares) being slightly
more effective than Mg?* (open triangles). Addition of
each of the individual transition-metal ions and a system-
atic analysis of combinations (data not shown) demon-
strated that Gu?* (closed symbols) significantly increases
the rate of AS25 catalyzed amidation. The other five tran-
sition metals (Co?*, Fe?*, Mn2+, Ni%*, and Zn?*) have no
cffect on catalysis. Values for K and k_, were deter-
mined for amide synthase AS25 in the presence and
absence of Cu®* (10 uM) (Figure 5b). Interestingly, k.,
was unchanged, but K, was increased from 2.3 uM to
23.6 uM in the absence of Cu?*. These results suggest
that Cu?* ions cause a change in the affinity of the RNA
for the substrate, rather than being directly involved in
the amide-bond-forming step.

Identification of the amide product
The tethered amine was required to observe amide syn-
thase activiey for all of the RNA catalysts. It needed to be
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The metal dependence of amide synthase activity for isolate AS25.
Amide synthase AS25 (0.1 pM) was incubated with AMP-biotin

(20 uM) under various conditions. (a) The reaction buffer contained
various combinations of divalent metal ions (100 mM HEPES pH 7,
200 mM NaCl, 200 mM KCl, + 2 mM MgCl,, £ 2 mM CaCl,, + 10 uM
CoCl,, £ 10 uM CuCl,, + 10 pM FeCl,, +10 pM MnCly, £ 10 uM

NiCl,, and + 10 pM ZnCl,) at 26°C. Kinetic analysis was performed as
described in Figure 4. Closed symbols represent reaction conditions
that include Cu?* ions while open symbols indicate the absence of
Cu?2*, (b) The reaction buffer contained only MgCl, and CaCl, as
sources for divalent metal ions (squares) or additionally 10 uM Cu?*
{circles). Values for K, and k,, are listed in Table 1.

proven, however, that AMP-biotin had not reacted with
any of the >150 amino or hydroxyl groups present in the
oligonucleotide portion of AS25. To reject the possibility
of linkage anywhere on the RNA, the biotinylated AS25
reaction product was digested with ribonuclease 1 followed
by complete chemical cleavage of the DNA. Electrospray
mass spectrometry (ESMS) analysis of this digested
sample gave a mass value consistent with a molecule con-
taining the biotin-amide product and a single phosphate
group (a remnant from the 5’-end of the DNA) separated
by the PEG linker, thus demonstrating that the biotin had
reacted to form an amide bond with the tethered amine.

Substrate recognition

It was important to determine if the AMP-biotin was
serving as an RNA-acylated substrate, in effect templating
the amidation reaction. To determine whether AMP was
involved in substrate recognition by Watson—Crick base
pairing to a residue in the RNA catalytic site, two alterna-
tive substrates were tested for reactivity with AS25-DNA-
PEG-NH,. UMP-biotin was used to test the effect of
altering the hydrogen-bond donor and acceptor pattern.
RMP-biotin (5-ribose-monophosphate~biotin) was used

to determine whether any base pairing was required to
observe catalytic activity. For these substrates, K and k_,,
values of isolate AS25 (Figure 6) were virtually identical to
those of AMP-biotin, demonstrating that both substrate
recognition and amidation rates were unchanged. Amide
synthase AS25 does not, therefore, appear to use the
adenine base as a template to align the substrate.

Having ruled out an important role for the nucleotide
base, individual contributions of the ribose-phosphate
and biotin for substrate recognition remained to be
tested. Kinetic inhibition experiments were performed
with AMP and biotin. These potential competitors were
added to reactions catalyzed by AS25-DNA~-PEG-NH,
under conditions where biotin-amide formation was
linear with respect to time and AMP-biotin concentra-
tion. Product formation was plotted against inhibitor con-
centration as shown in Figure 7. A 500-fold molar excess
(10 mM) of free AMP did not inhibit the amide synthase
reaction. This is further evidence that the adenine
portion of AMP-biotin is not important for binding of the
substrate in AS25. Because of the solubility limit in the
aqueous reaction buffer, biotin could only be tested up
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Inhibition of isolate AS25. AMP-biotin (20 mM) was mixed with various

The effect of different substrates on amide synthase isolate AS25.
Kinetic analysis was performed as described in Figure 4. UMP-biotin
and RMP-biotin substrates were synthesized in an identical manner to
AMP-biotin. Values for K and k_, are listed in Table 1.

concentrations of AMP and biotin in minimal reaction buffer. Following
addition of amide synthase AS25 (0.1 mM), the fraction of RNA biotin-
amide formation was determined after 30 min. The inhibitory constant
K for biotin is 240 mM, whereas AMP does not inhibit biotin-amide
formation.

to a 50-fold molar excess (1 mM). In contrast to AMP,
biotin inhibited the amide synthase reaction with a K,
(inhibitory constant) value of 240 uM and is, therefore,
involved in substrate recognition.

Conclusions

The RNA amide synthases presented here catalyze the
formation of an amide bond without predetermined sub-
strate templating by Watson—Crick base-pairing. Instead,
they appear to have formed substrate-binding pockets
analogous to those of protein enzymes. Because RNA
catalysis is now not limited to nucleic acid hybridization of
substrates, new areas of chemistry may be explored,
including chiral recognition of asymmetric substrates.

Significance

Self-replicating RINA molecules are thought to have
evolved from pools of random polynucleotides, thereby
establishing a prebiotic RINA world. This might then
have been followed by the catalysis, by RNA molecules,
of the formation of amide bonds, thus making possible
the protein world of today.

Previously described ribozymes mediate phosphodiester-
transfer reactions, but the discovery of RINA catalysts
that "are capable of enhancing amide-bond synthesis,
without the need for specifically designed templates to align
the substrates, makes plausible previously unforeseen
RNA-evolution pathways.

Instead of requiring nucleic acids as templates to guide
the amide-bond formation, these modified RINA cata-
lysts appear to have formed substrate-binding pockets
analogous to those of protein enzymes. With the real-
ization that RINA catalysis is not limited to nucleic acid
hybridization of substrates comes the potential to
explore new dimensions of chemistry, including chiral
recognition of asymmetric substrates.

The selection of catalysts by in vitro methodology allows
for the incorporation of functional groups that have
proven to be important for catalysis in organic synthesis.
The properties of suitably modified catalytic RNA, as
demonstrated by these amide synthases, make it feasible
to test a combinatorial approach which could emulate
evolution of the RNNA world. In this in vitro world,
RNA libraries and small-molecule product libraries may
co-evolve, simulating the behavior of natural biological
counterparts. These amide synthases therefore repre-
sent an important step in proving how universal RNA
catalysis can be.

Materials and methods

Nomenclature

In accordance with the Recommendations of the Commission on Bio-
chemical Nomenclature on the Nomenclature and Classification of
Enzymes (1972), these catalytic RNA molecules have been designated
as amide synthases to emphasize the synthetic aspect of the bond-for-
mation reaction. Although the term ribozyme is useful to describe natu-
rally occurring RNA molecules that catalyze phosphodiester-transfer
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reactions, the expanding scope of RNA catalysts calls for the use of a
more descriptive terminology in analogy to protein enzymes.

In vitro selection

The RNA library was created by transcription of PCR amplified DNA
templates (40 mM Tris-HCI, pH 8.0; 4% PEG 8000; 12 mM MgCl,;
5mM dithiothreitol (DTT); 1 mM spermidine; 0.002% Triton X-100;
1 mM each of ATP, CTP, GTP, and 5-imidazole UTP; 20 mM GMP;
1.5 uM T7 RNA polymerase) to yield 5-imidazole uridine modified tran-
scripts: 5-GGGAGACAAGAAUAAACGCUCAA-100 nucleotides~UU-
CGACAGGAGGCUCACCACAGGC-3’. RNA molecules (10 uM)
were ligated (70 mM Tris-HCl, pH 7.5; 12 mM KCI; 5 mM MgCl,; 2 mM
DTT; 1mM ATP; 0.2mM EDTA; 10% glycerol; 4 units/ul RNase
inhibitor; 0.2 units/ul T4 DNA ligase, Boehringer Mannheim) to NH,-
PEG-5-CCAGGCACGC-3’ substrate (20 uM) with the help of the
bridging oligonucleotide (30 uM) 5"-CTTGTCTCCCGCGTGCCTGG-
3’ at 37°C for 12 h. Ligated RNA molecules were purified by denatur-
ing polyacrylamide gel electrophoresis and the RNA starting pool
(2 nmol at 10 uM) was incubated with AMP-biotin (10 mM) in the reac-
tion buffer (100 mM HEPES, pH 7; 200 mM NaCl; 200 mM KCl; 2 mM
MgCl,; 2mM CaCl,; 10uM each of CoCl,, CuCl,, FeCl,, MnCl,,
NiCl,, and ZnCl,) at 256°C for 16 h. Selection stringency was gradually
increased by decreasing the RNA concentration to 0.1 uM, the
AMP-biotin concentration to 20 uM, and the incubation time to 10 min.
Reacted RNA molecules attached to the biotin-amide product were
isolated by streptavidin-induced gel shift, in rounds 1-7 and round 11,
or by binding to streptavidin coated magnetic beads (Dynabeads
M-280; Dynal) in rounds 8—10 and rounds 12-20. Reverse transcrip-
tion reactions of RNA molecules diffused from polyacrylamide gels, or
attached to streptavidin beads were followed by PCR amplification to
obtain DNA templates for the subsequent selection round.

Nucleoside-monophosphate—-biotin preparation

To a mixture of 4.7 ml pyridine and 1.5 ml 0.5 N HCI, 1 mmol nucleo-
side-monophosphate (AMP, UMP, or RMP; Aldrich) and 1 mmol biotin
(Sigma) were added. In 5 ml pyridine, 23 mmol 1,3-dicyclohexyl-car-
bodiimide (DCC) were dissolved and added to the AMP/biotin solu-
tion. The mixture was stirred at 20°C for 3 h and filtered to remove the
side product 1,3-dicyclohexylurea (DCU). The filtrate was evaporated,
resuspended in H,O and purified by C18 high performance liquid chro-
matography (HPLC). To increase stability, 50 mg of NaCl were added
to the AMP-biotin fraction before evaporation of the solvent. Since the
nucleoside-monophosphate-biotin compounds slowly hydrolyze over
time (t,,, ~4 days), preparations were re-quantitated before each use.

Kinetic analysis

Kinetic experiments were carried out at 0.1 pM RNA and nucleoside-
monophosphate-biotin in the range 1-500 uM. With the exception of
metal-dependence studies, all kinetic experiments were performed in
the minimal reaction buffer containing 100 mM HEPES pH 7, 200 mM
NaCl, 200 mM KCI, 2mM MgCl,, 2 mM CaCl,, and 10 puM CuCl,.
Values for k,,, were obtained by fitting the fraction of unreacted RNA
to the first-order reaction rate equation:

R =oRge ! "kos? 4 (1-aRy) @)

where R is the fraction of unreacted RNA, R, is the functional fraction
(o) of total RNA (Ry), t is time, and k,,, represents the first-order rate
constant (k,,, is substrate concentration dependent and k., is not).
The functional fraction of RNA was found to be 0.3-0.5, with the
remaining RNA likely to be inactive due to alternative folding (data not
shown). Values for k., obtained for each substrate concentration,

were entered into the Michaelis-Menten equation:

keat [ S
Kobs = e [S] @)
Ky + [S]

where kg, is the first-order rate constant, [S] is the substrate concentra-
tion, and K, represents the substrate concentration at which half-maximal

reaction rate is achieved. The inhibition constants K; were determined
after reacting 0.1 uM AS25-DNA-PEG-NH, with 20 uyM AMP-biotin
in the presence of 0-10 mM AMP or 0-1 mM biotin by fitting the
fraction of biotinylated RNA to the following equation:

Ki + 8

R () | @
max K 1 + Ry

m

Rg =

where Rg is the fraction of reacted RNA, Rg _ is the maximum possi-
ble fraction of reacted RNA, S is the AMP-biotin concentration, K _ is
the AMP—-biotin concentration at half-maximal reaction rate, and K;
represents the inhibitory constant.

Product identification

2 nmol AS25-DNA-PEG-NH-biotin was digested with 400 units
RNase | (Boehringer Mannheim) at 37°C for 1 h. The sample was puri-
fied and desalted by C4 HPLC and analyzed by ESMS. Degradation of
the DNA was achieved by incubating ~200pmol of the above
described product in 240 pl 75% hydrazine at 20°C for 24 h. The
sample was dried, resuspended in 500 pl piperidine, incubated at
90°C for 1 h, and dried again before ESMS analysis. Mass values were
determined in negative ion mode for the —~2 charge state and were
within experimental error of the calculated masses.
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