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ABSTRACT

Ribozymes can catalyze phosphoryl or nucleotidyl
transfer onto ribose hydroxyls of RNA chains. We
report a single ribozyme that performs both reac-
tions, with a nucleobase serving as initial acceptor
moiety. This unprecedented combined reaction was
revealed while investigating potential contributions
of ribose hydroxyls to catalysis by kinase ribozyme
K28. For a 58nt, cis-acting form of K28, each nu-
cleotide could be replaced with the corresponding
2′F analog without loss of activity, indicating that
no particular 2′OH is specifically required. Reactivi-
ties of two-stranded K28 variants with oligodeoxynu-
cleotide acceptor strands devoid of any 2′OH moi-
eties implicate modification on an internal guanosine
N-2, rather than a ribose hydroxyl. Product mass sug-
gests formation of a GDP(S) adduct along with a sec-
ond thiophosphorylation, implying that the ribozyme
catalyzes both phosphoryl and nucleotidyl transfers.
This is further supported by transfer of radiolabels
into product from both � and � phosphates of donor
molecules. Furthermore, periodate reactivity of the
final product signifies acquisition of a ribose sugar
with an intact 2′-3′ vicinal diol. Neither nucleobase
modification nor nucleotidyl transfer has previously
been reported for a kinase ribozyme, making this
a first-in-class ribozyme. Base-modifying ribozymes
may have played important roles in early RNA world
evolution by enhancing nucleic acid functions.

INTRODUCTION

In vitro evolution has established that nucleic acids can cat-
alyze diverse chemical reactions (1–6). This versatility pro-
vides experimental support for key tenets of the RNA world
hypothesis, which posits a major role for RNA enzymes (ri-

bozymes) prior to the appearance of genetically encoded
protein enzymes (6), and it sets the stage for exploiting ri-
bozymes in bottom-up synthetic biology.

Phosphoryl transfer is a key reaction in many facets of
biology, such as leaving group activation, compartmental-
ization of metabolites and signal transduction. Nucleic acid
sequence space is densely populated with RNA and DNA
molecules that catalyze phosphoryl or thiophosphoryl
group transfer (2,7–14). All characterized kinase ribozymes
and deoxyribozymes promote O-phosphorylation of a
polynucleotide 5′OH, 3′OH or 2′OH moiety (1,2,15,16).
Kinase ribozymes could have supported complex small-
molecule metabolism during an RNA world by promoting
phosphorylation of numerous other molecules, although
the potential of ribozymes to utilize alternative phospho-
ryl acceptors remains largely unexplored. In particular,
there are no reports of nucleobase phosphorylation, N-
phosphorylation of any substrate, or phosphorylation of
amino acids or other small metabolites by nucleic acid cat-
alysts, although deoxyribozymes that phosphorylate small
peptides have been described (17). Hence, much of chemical
space remains to be explored.

Covalently modified nucleobases, such as those found
in tRNA and rRNA, can significantly augment the func-
tional repertoire of nucleic acids. For example, in some
bacterial tRNAs, 4-thio-uridine promotes crosslinking with
cytosine in the presence of UV, rendering the tRNA as
poor substrates for tRNA synthetases and ultimately turn-
ing on the stress response (10). In vitro selections have been
performed using libraries that contained modified nucle-
obases that mimic amino acid side chains or provide other
chemical functionalities. Among these, partially hydropho-
bic SOMAmer nucleic acids provide dramatic examples of
how the chemical diversification of nucleobases enables the
evolutionary exploration of new and unusual structures and
binding modes (18–20).

The present study describes an unexpected intersection
between these two themes. While investigating 2′OH re-
quirements for truncated forms of kinase ribozyme K28,
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we found that no specific 2′OH is required in either the ri-
bozyme or substrate strand, and that the acceptor is the nu-
cleobase of an internal (deoxy)guanosine. Although this ri-
bozyme was initially selected for self-thiophosphorylation,
mass spectrometry revealed a much larger adduct that ap-
pears to be formed in a multi-step reaction that includes
two non-equivalent (thio)phosphoryl transfers and addi-
tion of GMP. Nucleobase phosphorylation occurs during
nucleotide biosynthesis and catabolism, but the nucleotidyl
transfer that we observe is distinct from common bio-
logical nucleotidyl transfers, such as the formation of an
mRNA 7-methylguanylate cap (21). Instead, analog reac-
tivity and product decomposition in mild acid implicate N-
phosphorylation on the guanosine Watson–Crick face. We
have recently demonstrated that variants of this ribozyme
can be used to selectively modify and regulate functional
RNAs (22). Nucleobase modification by ribozymes pro-
vides an avenue to explore an expanded chemical space in
RNA world scenarios, and the free 2′ and 3′ hydroxyls of
the attached guanosine ribose also provide opportunities
for chain elongation from this unusual branch point. Our
observation of combined nucleobase thiophosphorylation
and nucleotidyl transfer provides the first experimental sup-
port for RNA catalysis of both classes of reactions by a sin-
gle ribozyme.

MATERIALS AND METHODS

Oligodeoxynucleotides were purchased from Integrated
DNA Technologies (Coralville, IA) and TriLink BioTech-
nologies (San Diego, CA). RNA was transcribed in vitro us-
ing wild type or Y639F mutant phage T7 RNA polymerase,
which were overexpressed as His-tagged fusion proteins
in bacteria and purified in the laboratory. 2′F nucleotides
were purchased from TriLink Biotechnologies (CA, USA)
and Jena Bioscience (Jena, Germany). GTP�S was pur-
chased from Sigma (St. Louis). Radiolabeled nucleotides
[� 32P]-ATP, [�32P]-CTP and [�32P]-GTP, were purchased
from Perkin-Elmer (Waltham, MA). Ribozymes were ei-
ther transcribed using 33nM [�32P]-CTP or non-radioactive
CTP followed by 5′ end labeled using [� 32P]-ATP and PNK
(NEB). Tri-layered organomercurial gels containing 100
�g/ml [(N-acryloylamino)phenyl]mercuric chloride (APM)
chloride in the middle layer were prepared as described
(23) to capture sulfur-containing polynucleotides formed by
thiophosphoryl transfer from GTP�S.

Thiophosphorylation reaction

10 000–20 000 cpm of [5′-32P] end-labeled substrate strand
(50–166 nM) was added to 2 �M Ribozyme strand in water.
Ribozyme:substrate mixture was heated at 85◦C for 5 min.
5X Thiophosphorylation buffer (1X = 25 mM Tris•HCl
pH 8.0, 30 mM MgCl2, 10 �M CuCl2, 200 mM KCl and
15 mM NaCl) was added and the tubes were incubated
at room temperature for 5 min and moved to ice to form
the ribozyme:substrate complex. Reactions (50 or 100 �L)
were initiated by adding 1 mM GTP�S (final concentra-
tion). Tubes were then incubated at 32 ◦C for 6 h unless
stated otherwise. An equal volume of 90% formamide, 50

mM EDTA was then added to quench the reaction. Prod-
ucts were separated on 10% denaturing tri-layered APM
gels. Autoradiographs were obtained with a FLA-9000 GE
phosphorimager (FujiFilm) and analyzed with MultiGauge
software (Version 3.0). The kinetic data at pH 7.5 and 8.0
were fit to equation f(t) = fmax•(1 – e−kobs•t); for pH 7.0, data
were fit to equation f(t) = fmax•kobs•t using the same fmax
values as for pH 8.0.

Temperature and pH stability of thiophosphorylated product

Thiophosphorylated products were ethanol precipitated,
resuspended in water, then added to tubes containing 30
mM MgCl2, 200 mM KCl, 15 mM NaCl and 25 mM of
the appropriate pH buffer: Tris for pH 7.0 to 9.0, MOPS
for pH 6.0 to 7.0, MES for pH 5.5 to 6.0, or acetate for
pH 4.5–5.5. Products were separated on 10% denaturing tri-
layered APM gels. For temperature stability experiments,
thiophosphorylated products were ethanol precipitated and
incubated in 25 mM Tris pH 8.0 buffer at the indicated tem-
peratures.

Primer extension of thiophosphorylated product

Non-radiolabeled acceptor strands (d3.1 or 5′-extended
d3.1) were thiophosphorylated as above and purified from
denaturing trilayer APM gels. These DNAs were annealed
to 5′-32P-labeled primers by heating to 95◦C for 3 min, in-
cubating at room temperature for 5 min and then moving
them to ice. Reverse transcription reactions were initiated
by the addition of 5 U/�l Moloney-Murine Leukemia Virus
(M-MLV) reverse transcriptase (Promega) and incubated
at 37◦C in 50 mM Tris–HCl, pH 8.3, 75 mM KCl, 3 mM
MgCl2, 0.25 mM dNTPs (each) and 10 mM DTT for 20
min. Reactions were stopped by adding equal volume of
90% formamide and 50 mM EDTA and separated on a 15%
denaturing PAGE.

Dye-labeling

Thiophosphorylation reactions were carried out for 6 h
(∼30% yield) and were precipitated and resuspended in 10
mM NaIO4, followed by 2 h incubation at 4◦C in the dark.
HEPES pH 8.5 was added after 2 h to a final concentration
of 100 mM. 3 �l (15 ng) of Cy-3 hydrazide (Lumiprobe,
resuspended in 100% DMSO) was added to the sample.
Reactions were incubated for 2 h at room temperature in
the dark, followed by ethanol precipitation. Samples were
resuspended in 95% formamide and 50 mM EDTA, and
aliquots were separated by 20% denaturing PAGE.

[�-32P]-GTP reaction

Thiophosphorylation reactions were carried out as previ-
ously described using unlabeled substrate and ribozyme (1
�M each). Unlabeled GTP (indicated final concentration)
was added and samples were incubated in ice for 5 min.
[�32P]-GTP was added to a final concentration of 0.5 �M.
Reactions were incubated at 10◦C for 18 h and separated by
20% denaturing PAGE.



Nucleic Acids Research, 2017, Vol. 45, No. 3 1347

Mass spectrometry

Samples were prepared as described by Koomen et al. (24).
In brief, thiophosphorylation reactions were carried out as
above, and products were ethanol precipitated using ammo-
nium acetate. Pellets were dried and either resuspended in
water or first resuspended in 100 mM acetate buffer, pH 4.5,
before being incubated at 37◦C for 5 h. Samples were pre-
cipitated again using ammonium acetate and resuspended
in water. For the ‘no reaction’ control, the d3.1 substrate
was resuspended in thiophosphorylation buffer, and precip-
itated twice as above. Polynucleotide kinase (PNK) control
was generated by thiophosphorylation of the substrate us-
ing PNK and ATP�S as the donor, then precipitated twice
as above. All samples were resuspended in water at 5–7 �M,
then treated with Dowex resin charged with ammonium cit-
rate and mixed with equal volumes of diammonium citrate
(10 mg/ml) and 2,3,4-trihydroxyacetophenone (THAP) (16
mg/ml in methanol) to make the spotting solution, which
was spotted on THAP crystals. Mass spectrometry was per-
formed on an AB Sciex Voyager DE MALDI TOF mass
spectrometer at the Proteomics Core of the University of
Missouri.

RESULTS

2′Fluoro substitutions do not inhibit ribozyme activity

Ribozymes K28(1-77)C, 1.130 and 1.140 are truncated
forms of the Cu2+ dependent ribozyme K28 (25,26), which
was initially selected for self-thiophosphorylation (1). For
ribozyme 1.130, five base pairs in stem I are flipped to
their Watson–Crick complement relative to K28(1-77)C,
while in ribozyme 1.140, four base pairs are flipped (Fig-
ure 1A). These changes increase product yield (26) and
disrupt a palindrome in the original sequence that other-
wise inhibits K28(1-77)C at high RNA concentrations (Sup-
plementary Figure S1). To explore 2′OH requirements in
thiophosphoryl transfer, ribozyme 1.140 was transcribed
either with 2′OH at every position or with one of the
four NTPs completely substituted with its 2′F-NTP ana-
log. In general, RNA and 2′F-RNA duplexes are very sim-
ilar (27), but ligand binding and catalysis can be directly
influenced by how a given 2′ moiety is utilized. After in-
cubation with GTP�S and � -thiophosphoryl transfer onto
the RNA, product retention in the organomercurial layer
(APM) of a tri-layer gel was observed for all five versions of
the ribozyme, signifying that all five are catalytically active
(Figure 1B). Product yields were equivalent or only mod-
estly reduced (all values within 25% of the mean) across
the set in the order 2′OH > 2′F-U ≈ 2′F-G > 2′F-A ≈
2′F-C. Thus, each of the four nucleotides can be uniformly
substituted with 2′F. Ribozymes transcribed with multiple
2′F-NTPs were less active (Supplementary Figure S2A), in-
dicating that the 2′OH groups for at least two NTP sets
need to be substituted to 2′F for inhibition to occur. The
rate of product formation increased with pH for all five
mono-substituted species (Figure 1C), and product yield
was greatly diminished in the absence of Cu2+ (Supple-
mentary Figure S2B), as observed previously for ribozyme
K28(1–77)C (25). These data indicate that neither the pH
nor metal ion dependence of the reaction derives from

any one specific 2′OH, and that 2′F substitution does not
markedly change the chemical activity of the ribozyme.

Phosphoryl acceptor is a guanine nucleobase

The near-normal activity in the 2′F-substituted ribozymes
could be explained by the acceptor being a species other
than a ribose hydroxyl, which would indicate that these
RNAs catalyze a reaction that has not previously been ob-
served for ribozymes. To explore this possibility, we gener-
ated a two-stranded version of the closely-related ribozyme
1.130 by annealing gel-purified catalytic strand (44nt, des-
ignated ‘K28min,’ Figure 2A, shown in red) with accep-
tor strands (22nt) through a 19nt internal guide sequence
(IGS) in the catalytic strand. The first three chemically syn-
thesized acceptors to be tested were an all-RNA substrate,
an all-DNA substrate (Figure 2A, shown in blue), and an
RNA/DNA chimera substrate with deoxy substitutions at
positions 4 to 22. Annealed complexes were incubated with
GTP�S, and reactions were evaluated on APM gels. Prod-
uct yields and rate constants were essentially indistinguish-
able for all three trans-acting complexes, even when the sub-
strate strand was composed entirely of DNA (Figure 2B),
and they were similar to the corresponding values for ri-
bozyme 1.130 (Figure 2C). The original ribozyme K28 and
several smaller derivatives have been shown to transfer ra-
diolabel from [� -32P]GTP onto both a major site near the
5′ end and a second, minor internal site (26). For the two-
stranded design based on ribozyme 1.130, activity is ob-
served only at the major site near the 5′ end, perhaps due to
sequence disruptions near the internal acceptor site (Sup-
plementary Figure S3A), fortuitously simplifying analysis
by removing potential complications that might arise from
partial reactivity at the minor internal site.

To map the modification site that is produced by ri-
bozyme K28min, reverse transcription pausing was moni-
tored for acceptor strand d3.1 and for a variant acceptor in
which the 5′ end was extended by 13nt (Figure 2A, exten-
sion in gray). Both acceptor strands were incubated with
ribozyme K28min and GTP�S, and the products were pu-
rified from a denaturing APM gel and annealed to a 5′-
radiolabeled primer (Figure 2A, black arrow). Primer ex-
tension by M-MLV reverse transcriptase (RT) produced a
strong polymerization stop after position A3, irrespective
of whether the 5′ extension was present. These data rule
out the prior interpretation (26) of RT termination at A3
as being due to known RT artifacts at RNA 5′ ends (see
Supplementary Text), and they rule out 5′OH and 5′PO4 as
possible acceptor sites. Instead these results implicate posi-
tion dG2 as the site of modification (Figure 2D). Because
the only remaining major nucleophiles in this region are the
heteroatoms of the nucleobase, these data also imply that
this ribozyme catalyzes modification directly upon the nu-
cleobase of dG2.

Acceptor analog substitutions at dG2 identify N-2 as the ac-
ceptor

To identify the nucleophilic acceptor atom in dG2 , we mea-
sured product yields for synthetic acceptor strand analogs
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Figure 1. 2′F-substituted ribozymes are active. (A) Secondary structures of ribozymes K28 (1-77)C, 1.130 and 1.140. Stems I, II and III are indicated,
and the major site of self-phosphorylation is shown with the yellow circle. (B) Transcripts of ribozyme 1.140 containing either all 2′OH or complete 2′F
substitutions on the indicated nucleotides were allowed to self-thiophosphorylate for 6 hr. Samples were separated on tri-layered organomercurial (APM)
gels. Product yields for 2′OH, 2′F-A, 2′F-C, 2′F-G and 2′F-U were 74 ± 3%, 49 ± 7%, 50 ± 5%, 59 ± 4% and 67 ± 8%, respectively for three independent
experiments. (C) Thiophosphorylation reactions using 2’F substituted RNAs were performed at pH 7.0, 7.5 and 8.0, and single-turnover rate constants
were calculated as described in Methods. Error bars represent standard error of mean from at least three independent measurements.

annealed to ribozyme K28min. Low-level product accu-
mulation was observed for acceptors carrying 2′-deoxy-7-
deazaG or 2′-deoxy-2-aminopurine (2AP) substitutions in
place of dG2, and these products continued to accumulate
with time. These results rule out a requirement for N-7 or O-
6. In contrast, no product was observed when dG2 was re-
placed with inosine (I), which retains O-6 but lacks the exo-
cyclic N-2 amine (Figure 3 and Supplementary Figure S3B).
Thus, N-2 is required for product formation and might act
as the acceptor.

To gain further insight into how the unpaired 5′-d(GGA)
trinucleotide is accommodated within the folded ribozyme,
we next determined nucleotide requirements at the two po-
sitions flanking the dG2 acceptor within this segment. Re-
placing dG1 with canonical nucleotides (dA, dC or dT)
or with dI or d2AP eliminated or severely impaired prod-
uct formation at 32◦C (Supplementary Figure S4A and
S4B), but product formation was restored at 10◦C for the
dG1→dI substitution (Supplementary Figure S4C). Posi-
tion dA3 was similarly sensitive to substitution with dC,
dG or dT, but was more forgiving for the dA3→d2AP
or dA3→dI substitutions (∼12%) (Supplementary Figure
S4B). When the substrate contained a flexible hexaethylene
glycol linker after the second or the third nucleotide (Sup-
plementary Figure S5A), product yield increased as the tem-
perature was reduced in most cases (Supplementary Fig-

ure S5B). No product was observed when 5′d(GGA) was
supplied in trans to a ribozyme lacking this triplet, poten-
tially indicating weak interaction with the acceptor strand.
To test this idea, we next explicitly evaluated the effect of
temperature on product accumulation and stability. Using
d3.1 as the acceptor strand, ribozyme K28min accumu-
lated product much more rapidly at 10 or 20◦C than at
30 or 40◦C, and was essentially inactive at 50◦C (Supple-
mentary Figure S6A). However, once the product was gen-
erated and purified, it was stable against thermal degra-
dation at temperatures below 50◦C (Supplementary Fig-
ure S6B), ruling out product instability as an explanation
for the low-temperature preference. Instead, the ribozyme′s
low-temperature optimum and its sensitivity even to small
changes in the identity or entropy of flanking nucleotides
likely indicate that 5′d(GGA) is accommodated within the
active site via weak, highly-specific tertiary interactions.

An unusual, RNA-catalyzed nucleotidyl transfer

Mass spectrometry of purified product revealed a ma-
jor peak that is shifted +537.4 m/z relative to unre-
acted substrate strand (Figure 4A top right). This is much
greater than the shift associated with thiophosphoryla-
tion alone (+95.8 m/z, Figure 4A bottom left) and in-
stead corresponds almost exactly to the mass shift calcu-
lated for addition of both a thiophosphoryl group and a
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Figure 2. Phosphoryl acceptor is the nucleobase of dG2. (A) Trans-acting, two-stranded version of ribozyme 1.130. Catalytic strand (RNA) is shown in
red, acceptor substrate strand (DNA) is shown in blue. Yellow circle denotes the major acceptor site. Nucleotides in grey indicate extra 13 nucleotides
added to d3.1 to generate the 5′-extended DNA substrate. Nucleotides spanned by the primer used in (D) are depicted by black arrow. (B) Percent product
formed for the unimolecular, full-length ribozyme and by the trans-acting version of the ribozyme with different nucleic acid substrates. Red = RNA; blue
= DNA; split color = chimera substrate. Plotted values are averages of 3 measurements, errors represent standard error of mean. (C) Product yield for
the unimolecular ribozyme and for trans-acting ribozyme K28min with nucleic acid substrates r3.1 and d3.1 as a function of time (0, 15, 30, 60, 120, 180,
240 and 300 min). Fitting the data to a first-order kinetic equation yielded kobs values of 0.013 ± 0.002 min−1 for cis-acting ribozyme 1.130 and 0.013 ±
0.003 and 0.008 ± 0.002 min−1 for trans-acting ribozymes with RNA and DNA substrates, respectively. Uncertainties represent the range of values for 2
replicate experiments. (D) Primer extension on thiophosphorylated product results in a 20mer extended product with both d3.1 (22nt) and the 5′-extended
(35nt) substrates, consistent with strong polymerase blockage arising from dG2 modification.

sulfur-containing nucleotide diphosphate such as guano-
sine monophosphate 2-aminothiophosphate (+538.8 m/z),
suggesting nucleotidyl transfer in addition to at least one
thiophosphoryl transfer. Consistent with this interpreta-
tion, the substrate strand became radiolabeled when the ri-
bozyme:substrate complex was incubated with [�-32P]GTP,
and radiolabel incorporation was inhibited by excess un-
labeled GTP (Figure 4B, lanes 3–9, and Supplementary
Figure S7A, lanes 3–9). Thus, the alpha phosphate of [�-
32P]GTP is incorporated into the product by a mecha-
nism that competes with unlabeled GTP. Oligonucleotide
phosphorylation normally increases electrophoretic mobil-
ity due to the additional negative charge, but the product
formed by ribozyme K28min migrates more slowly than
the unmodified substrate strand in denaturing non-APM
gels (Figure 4B, first two lanes), again indicating that the
ribozyme catalyzes additional modifications besides thio-
phosphorylation.

To determine the state of the ribose moiety, we subjected
the product to periodate oxidation, which converts the 2′-
3′ vicinal diols of a terminal ribose into reactive aldehydes

that can then be labeled with a hydrazide dye. As expected,
the ribozyme itself appears as a strong, fluorescently-labeled
band, and no additional bands were observed when the
DNA acceptor substrate was added to the ribozyme prior
to this reaction, since DNA is not susceptible to perio-
date oxidation. In contrast, a new dye-labeled band ap-
peared when the acceptor strand and ribozyme were in-
cubated with GTP�S donor prior to periodate oxidation
and dye labeling (Figure 4C). When these treatments were
performed using 32P-labeled acceptor DNA strand, the ra-
diolabel and fluorescence signals co-migrated (Supplemen-
tary Figure S7B–D). These experiments establish that the
DNA acceptor strand acquires a ribonucleotide during the
ribozyme-catalyzed reaction, and that both the 2′OH and
3′OH remain available for subsequent reactions, consistent
with nucleotidyl transfer.

Nature of the product

Product decomposition and donor analog reactivity were
analyzed in two series of experiments to shed further light
on the nature of the adduct and to rule out alternative mod-
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Figure 3. Identification of guanosine N-2 as acceptor site. (A) Molecular structures of deoxyguanosine analogs used in acceptor substrate substitution
analysis. (B) Quantification of product accumulation for these analogs. Thiophosphorylation reactions were carried out with DNA acceptor substrates
carrying the indicated substitutions for dG2 and quantified on APM gels. Plotted values are means of at least two experiments. Percent product formed
with deoxyguanosine (top) and different analogs (bottom) as the substrate. The orange baseline is the average of all the experiments at time 0, represent-
ing background retention at APM layer. Time points were taken after incubating 0, 1, 3, 6, 9 and 18 h at 10◦C. Representative APM gels used in this
quantification are shown in Supplementary Figure S3B.

els. The first series measured product stability as a function
of pH. It is known that N-phosphate esters can be more
acid labile than O-phosphate esters, often hindering anal-
ysis of proteins that carry phosphoarginine, phospholysine
(28) or phosphohistidine (29). We reasoned that the prod-
uct of ribozyme K28min could exhibit similar acid sensitiv-
ity. Indeed, the product formed by ribozyme K28min was
stable at neutral and elevated pH but unstable under acidic
conditions, as measured by loss of APM retention. In con-
trast, genuine 5′-mono-thiophosphorylated product formed
by polynucleotide kinase was stable at all pH values tested
(Figure 5A), as was the 2′OH thiophosphorylated product
of an unrelated ribozyme K37 (1) (Supplementary Figure
S8A). Interestingly, acid-treated K28min product was still
upshifted relative to the substrate band on denaturing non-
APM gels (Supplementary Figure S8B). Acid treatment in-
duced a mass loss of ∼98 m/z (Figure 4A, bottom right),
suggesting loss of one thiophosphoryl group but not the
GMP portion of the adduct or the other thiophosphoryl
group, consistent with the observed electrophoretic mobil-
ity. Based on these data, we speculated that the ribozyme
may participate in a multi-step reaction to yield an unusual
adduct as shown in Figure 5B.

When the reaction was carried out using 100 �M ri-
bozyme:acceptor complex and 2-fold excess (200 �M)
GTP�S donor, product peaks accumulated in the MALDI-
TOF spectra at both 7321.12 m/z (corresponding to the

complete product in Figure 5B) and 7225.30 m/z (cor-
responding to the dethiophosphorylated product in Fig-
ure 5B). The rates of accumulation of materials at each
mass were indistinguishable (Supplementary Figure S9),
and there was no evidence of one product chasing into the
other. This may indicate that both products accumulate si-
multaneously or in rapid succession, and that a portion of
the material may be unable to carry the reaction to comple-
tion, or it could reflect partial decomposition during sample
workup for MALDI-TOF analysis. No new MALDI-TOF
peaks appear that might represent additional intermediates;
minor peaks in these spectra were also present before incu-
bation with GTP�S and potentially represent RNA degra-
dation fragments.

The second series of experiments evaluated the al-
ternative possibility that the ribozyme promotes Cu2+-
induced formation of 8-oxo-GTP�S, analogous to the
Cu2+-mediated oxidation of guanosine that is observed in
solution (30). In principle, the C-8 of 8-oxo-GTP�S could
condense with the exocyclic N-2 amine of dG2 in the ac-
ceptor strand with loss of water to yield a product with
a calculated mass of 7319.1 a.m.u., which is only about 3
a.m.u. short of the mass observed in Figure 4A. Such a
product would retain an intact ribose ring and would carry
an intact � -thio-triphosphate (PPPs). We therefore gener-
ated genuine 5′-PPPs-RNA transcript and compared its sta-
bility to that of the product of ribozyme K28min. Unlike the
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Figure 4. Identification of nucleotidyl adduct. (A) MALDI-TOF mass spectrometry of input substrate d3.1 (top left), 5′-thiophosphorylated d3.1 that
was generated by treatment with ATP�S and PNK (bottom left), ribozyme-catalyzed product that was formed by treatment of d3.1 with K28min and
GTP�S (top right), and acid-decomposition of the ribozyme-catalyzed product (bottom right). The M–H peaks produced by each treatment are indi-
cated: blue triangles, 6784.28 m/z (expected 6782.17 a.m.u for input d3.1 substrate); magenta triangles, 6880.38 m/z (expected 6878.11 a.m.u for mono-
thiophosphorylated d3.1); green triangles, 7322.00 m/z (expected 7319.10 a.m.u for adduct shown in panel F top); red triangles, 7225.3 m/z (expected
7223.16 a.m.u for adduct shown in panel F bottom). (B) Incorporation of �-32P label into unlabeled acceptor strand. Controls in first two lanes show
5′-32P-labeled d3.1 substrate alone (NR) or incubated with ribozyme K28min and GTP�S (sP). For remaining lanes, non-radiolabeled d3.1 substrate was
incubated with ribozyme K28min and [�-32P]GTP for 5 min before adding the indicated amount of unlabeled GTP. Reactions were performed at 10◦C
for 18 h. (C) Thiophosphorylation reactions containing the indicated combinations of ribozyme, substrate and donor were treated with sodium periodate,
followed by amination with Cy3 hydrazide dye. For the sample in Lane 4, the product of the ribozyme-catalyzed reaction was purified from an APM gel
prior to the dye labeling reaction. Gel was scanned for Cy3 fluorescence (Ex. 532 nm Em. 570 nm). Phosphorimages are of 20% denaturing PAGE.

K28min product, 5′-PPPs-RNA was stable in acid (Figure
5C). Conversely, treatment with calf intestinal phosphatase
rapidly removed thiophosphate from 5′-PPPs-RNA while
having minimal impact on the K28min product (Supple-
mentary Figure S10A-C). Furthermore, K28 was able to
generate some product in elevated Mg2+ even when reac-
tions were performed in the presence of reducing agents and
in the absence of Cu2+ ions, as analyzed both by APM re-
tention (Supplementary Figure S10D) and by upshift on a
non-APM denaturing polyacrylamide gel (Supplementary
Figure S10E). These results argue against an alternative re-
action involving Cu+2 induced formation of an 8-oxo-G in-
termediate. Instead, all of the results above are consistent
with formation of the unusual nucleobase-modified adduct
shown in Figure 5B.

DISCUSSION

Here, we describe an unusual reaction catalyzed by ri-
bozyme K28min involving transfer of two thiophospho-
ryl groups and a GMP nucleotide onto N-2 of an internal
guanosine. This product is indicated by multiple lines of ev-
idence, including the masses of the ribozyme reaction prod-
ucts and their subsequent decomposition products, elec-
trophoretic mobility shifts on denaturing APM and non-
APM polyacrylamide gels, 32P label tracing that places both
alpha and gamma phosphates of the GTP donor in the final
product, phosphatase insensitivity and acid lability of the
products of the ribozyme reaction, and chemical reactivity
of vicinal diols that indicates an intact ribose. The N-2 of
guanosine is known to participate in other chemistries, such
as reductive amination by a deoxyribozyme (31) and nucle-
ophilic attack on ribose aldehydes at abasic sites to form in-
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Figure 5. Product formed by ribozyme K28min is acid labile. (A) Thiophosphorylated product formed either by ribozyme K28min and GTP�S or by T4
polynucleotide kinase and ATP�S was purified from an APM gel, then incubated at the indicated pH for 5 h at 32◦C and separated on an APM gel to
determine the amount of thiophosphorylated product that remained after treatment at varying pH. (B) Plausible product formed by ribozyme K28min
(top) and by its acid-induced dethiophosphorylation (bottom). (C) The product of ribozyme K28min reaction (d3.1 sP) and an RNA transcript carrying
a 5′ � - thiotriphosphate (5′PPPs) were each incubated at pH 4.0 or in water, then separated on a denaturing APM gel to determine the amount of
thiophosphorylated product remaining after mild acid treatment.

terstrand crosslinks (32). N-2 of guanosine also acts as a nu-
cleophile during biosynthesis of modified nucleotides found
in tRNA and rRNA such as N2-methyl guanosine (m2G)
(33). Other guanosine reactivities are incompatible with the
data presented here for ribozyme K28min. For example, in
Group I self-splicing introns (34), a guanosine 3′OH serves
as nucleophile to insert into the RNA strand and displace
the 5′ exon. However, a Group I-like reaction would pre-
clude the observed periodate oxidation of the product and
would reduce the mass of the product upon loss of the leav-
ing group. Similarly, although RNA-catalyzed alkylation of
guanosine N-7 has been reported (35), N-7 reactivity can-
not be a requirement for the K28min reaction, as accep-
tor substrates carrying 7-deaza substitution at the accep-
tor site remain able to react. Instead, the guanosine N-7
and O-6 functional groups may help to stabilize the loosely-
organized active site. Finally, an alternative model involving
an 8-oxo-GTP�S intermediate was ruled out by differences
in phosphatase and acid sensitivities between genuine 5′-
PPPs-RNA and the product of the ribozyme reaction and
by continued low-level product formation under reducing
conditions and in the absence of Cu2+.

Although the precise mechanism of this ribozyme re-
mains to be determined, the data presented here are con-
sistent with the formation of a larger ribonucleotide adduct
on the nucleobase of the substrate oligonucleotide. The
product formed by the ribozyme could potentially arise

from a three-step mechanism (Figure 6). In the first step,
the exocyclic amine of dG2 in the substrate strand attacks
the gamma thiophosphate of GTP�S, displacing GDP as
leaving group. That the adduct initiates at this position
in the acceptor strand is supported by product formation
for dG2→(2AP) and dG2→(7deazaG) substitutions and
by the lack of product formation for dG2I. In the second
step, the thiophosphate attacks the �-phosphorus of GDP
or another GTP�S donor, displacing inorganic phosphate
or thio-pyrophosphate as a leaving group and generating a
GDP(�)S adduct. The predicted mass of this species exactly
matches that observed for the acid decomposition product
and for the minor product from kinetic studies at low donor
concentration. Lack of APM retention for the acid decom-
position product suggests that the sulfur from the first step
is inaccessible after mild acid treatment, which would be
the case if it is the nucleophile for the second step of the
ribozyme reaction. The presence of intact ribose hydrox-
yls is indicated by the susceptibility of the product of the
ribozyme reaction to periodate oxidation and subsequent
labeling with dye. In the third step, the exocyclic amine
of the GDP(�)S adduct attacks the gamma thiophosphate
of another GTP�S, again displacing GDP as the leaving
group. No additional products of higher masses are evi-
dent by mass spectrometry; this could potentially be due
to the disruption of the active site after the final step. No
intermediates were observed, which could indicate that the
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Figure 6. Speculative three-step reaction mechanism. Details in text. Orange and green circles track the � -P and the �-P of donor GTP�S, respectively.

first step of the reaction is rate limiting, with rapid subse-
quent steps. As noted above, this second thiophosphoryl
group is proposed to be the target of acid decomposition.
The ribozyme’s lack of reactivity with, or recognition of,
ITP�S precluded the use of this analog in assessment of re-
action intermediates (Supplementary Figure S11). Only a
small handful of in vitro selected ribozymes have been previ-
ously observed to carry out multi-step reactions, such as the
addition of phenylalanine first onto a ribozyme 3′-terminal
2′OH and then further Phe additions onto a growing poly-
Phe chain (36). The current work provides the first indica-
tion of multi-step, sequential reactions for a ribozyme that
appears to utilize both nucleotidyl and (thio)phosphoryl
transfers.

Phosphoryl transfer onto nucleobases occurs in several
biological settings, including adenosine biosynthesis, dur-
ing which O-6 phosphorylation of inosine monophosphate
activates the oxygen for displacement by the �-NH2 of
aspartate (37). Similarly, the O-4 of uracil is phospho-
rylated during the biosynthesis of cytosine (38). N-6 of
adenosine has the potential to act as a nucleophile during
the biosynthesis of N-6-threonylcarbamoyladenosine (t6A)
modified tRNA (39). Chemical synthesis of N-2 phospho-
rylated guanosine has been reported (40), and although
it has not been observed as a biological metabolite, N-
phosphorylation of other small metabolites is common in
biology; for example, phosphohistidine plays critical roles
in signal processing, while phosphocreatine (41), phospho-
arginine and phospholysine (28) are all utilized as energy
sources. Thus, the unique and unprecedented reactions cat-
alyzed by ribozyme K28min are analogous to classes of

reactions that are critical for biology. Furthermore, they
raise the possibility that similar ribozymes could support
metabolic reactions and further diversify nucleobase chem-
ical reactivity, whether in extant, engineered or incipient life
forms.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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