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ABSTRACT: Ribosome assembly has been studied intensively
using Förster resonance energy transfer (FRET) with ﬂuorophorelabeled fragments of RNA produced by chemical synthesis.
However, these studies are limited by the size of the accessible
RNA fragments. We have developed a replicable unnatural base pair
(UBP) formed between (d)5SICS and (d)MMO2 or (d)NaM,
which eﬃciently directs the transcription of RNA containing
unnatural nucleotides. We now report the synthesis and evaluation
of several of the corresponding ribotriphosphates bearing linkers
that enable the chemoselective attachment of diﬀerent functionalities. We found that the RNA polymerase from T7 bacteriophage does not incorporate NaM derivatives but does eﬃciently
incorporate 5SICSCO, whose linker enables functional group conjugation via Click chemistry, and when combined with the
previously identiﬁed MMO2A, whose amine side chains permits conjugation via NHS coupling chemistry, enables site-speciﬁc
double labeling of transcribed RNA. To study ribosome assembly, we transcribed RNA corresponding to a 243-nt fragment of
the central domain of Thermus thermophilus 16S rRNA containing 5SICSCO and MMO2A at deﬁned locations and then sitespeciﬁcally attached the ﬂuorophores Cy3 and Cy5. FRET was characterized using single-molecule total internal reﬂection
ﬂuorescence (smTIRF) microscopy in the presence of various combinations of added ribosomal proteins. We demonstrate that
each of the fragment’s two three-helix junctions exist in open and closed states, with the latter favored by sequential protein
binding. These results elucidate early and previously uncharacterized folding events underlying ribosome assembly and
demonstrate the applicability of UBPs for biochemical, structural, and functional studies of RNAs.

T

reactions,4,5 and in particular, the central domain of the 30S
subunit, which binds proteins S6, S8, S11, S15, and S21, has
been subjected to a detailed cooperativity analysis for protein
binding.6 The primary binding protein S15 binds to a threehelix RNA junction in the central domain consisting of helices
20, 21, and 22, stabilizing the native conformation of the
junction over the unfolded form that predominates in free
RNA.7 This conformational change can readily be monitored
by attaching ﬂuorophores to the ends of helices that rearrange
upon S15 binding and detecting changes in the spatial
arrangement of the ﬂuorophores via Förster resonance energy
transfer (FRET).8−10 The thermodynamics and kinetics of both
S15 binding and magnesium ion binding to an isolated threehelix RNA junction have been characterized extensively using
single-molecule FRET.9 However, the detailed nature of the
change(s) and their relationship to other parts of the central
domain RNA or other ribosomal proteins has not been deﬁned.

he ribosome is a large and intricate macromolecular
machine that is highly conserved and responsible for
protein synthesis in all cells. In bacteria, the ribosome consists
of a 50S subunit that catalyzes the peptidyl transfer reaction and
a 30S subunit that controls the decoding of mRNA by tRNAs.
The 50S subunit is composed of the 23S and 5S RNAs (∼2300
and 120 nts, respectively) and 31 proteins, and the 30S subunit
is composed of the 16S RNA (1540 nts) and 20 proteins. The
30S subunit can be assembled in vitro from its puriﬁed
components,1 and this remarkable property has fostered
extensive biophysical characterizations of the assembly process
over the past four decades.2 The initial Nomura assembly map
deﬁned the thermodynamic order of binding of the 20
ribosomal proteins to the 16S rRNA, and there was clear
evidence for both sequential binding and parallel assembly
processes.3 The assembly involves extensive RNA folding, and a
series of RNA conformational changes that are accompanied by
sequential binding of the ribosomal proteins, ultimately
culminating in the fully assembled 30S subunit.
The hierarchical nature of the assembly has enabled the use
of reduced subsystems that permit more detailed biophysical
measurements to be made on the folding and binding
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showed that d5SICS directs T7 RNAP to incorporate
MMO2ATP into RNA, pairs of 5SICS and NaM or MMO2
derivatives bearing linkers with orthogonal reactivity were not
identiﬁed, precluding the double labeling of RNA with two
diﬀerent cargos.
Here, we report the synthesis and evaluation of 5SICSCOTP,
NaMATP, and NaMCOTP (Figure 1C). We ﬁnd that the two
NaM derivatives are not eﬃciently incorporated into RNA, but
dNaM does direct the eﬃcient synthesis of RNA containing
5SICSCO. Thus, for the ﬁrst time, by incorporating MMO2ATP
and 5SICSCOTP, and using a combination of copper-catalyzed
azide−alkyne cycloaddition (Click) and NHS coupling
chemistry, site speciﬁcally labeled RNA with virtually any
combination of two functional groups of interest may be
prepared via straightforward enzymatic synthesis. To demonstrate the utility of the modiﬁed UBP, a 243-nt fragment of the
central domain of Thermus thermophilus 16S RNA was
transcribed with MMO2A and 5SICSCO replacing natural
nucleotides, then the resulting RNA was site-speciﬁcally
modiﬁed with the ﬂuorophores Cy3 and Cy5, and the FRET
properties of the double-labeled RNA were characterized in the
presence and absence of several ribosomal proteins using
smTIRF microscopy. We demonstrate that the RNA populates
four distinct conformations, which are assigned to a
combinatorial set arising from open and closed states of the
two three-helix junctions in this fragment, and that the resulting
conformational equilibrium is driven toward the doubly closed,
most folded state, by sequential protein binding. These results
shed light on early folding events in the central domain of 16S
rRNA and demonstrate the applicability of UBPs for
biochemical, structural, and functional studies of RNAs.

Recently, the position-speciﬁc labeling of RNA (PLOR)
method was reported, which enables the synthesis of sitespeciﬁcally modiﬁed RNAs using a biotin-immobilized DNA
template and stepwise elongation by T7 RNA polymerase.11
Using this method, Cy3 and Cy5 dyes were site-speciﬁcally
incorporated into a 71-nt riboswitch and used to monitor
conformational changes. However, this method requires special
and repeated manipulation of the reaction, and the size of
RNAs accessible has yet to be determined. A procedure for the
production of arbitrarily large labeled RNAs that is based on
simple homogeneous transcription would likely facilitate the
characterization of many systems, including the ribosome.
A novel approach to the preparation of site-speciﬁcally
labeled DNA or RNA is based on the use of an unnatural base
pair (UBP), such as that reported by Hirao and co-workers,12,13
or developed by our group and formed between (d)5SICS and
(d)MMO2 or (d)NaM ((d)5SICS-(d)MMO2 or (d)5SICS(d)NaM)14−16 (Figure 1A). To use the UBPs to site-

■

RESULTS AND DISCUSSION
Unnatural nucleotides 5SICSCOTP, NaMATP, and NaMCOTP
were synthesized as described in the Supporting Information.
Brieﬂy, 5SICSCO was generated from the previously reported
iodo-5SICS intermediate,18 which was coupled to propargyl
ether via a Sonogashira reaction. Phosphorylation under
Ludwig conditions21 provided 5SICSCOTP, which was puriﬁed
by anion exchange chromatography and HPLC. Toward
NaMATP and NaMCOTP, the 6-(benzyloxy)-2-bromo-3methoxynaphthalene nucleobase precursor22 was lithiated and
coupled to a protected ribonolactone. The resulting intermediate was reduced to generate the corresponding Cnucleoside, and the ribose protecting groups were exchanged.
The benzyl group was removed, and the resulting 6-napthol
was converted to the corresponding aryl triﬂate. Sonogashira
coupling with either propargyl ether or DCA-protected
propargylamine, followed by hydroxyl deprotection, yielded
NaMCO and NaMPA, respectively, which were phosphorylatyed
and puriﬁed as described above for 5SICSCO. NaMPATP was
treated with diluted sodium hydroxide aﬀording NaMATP,
which was further puriﬁed by HPLC.
To begin to explore the transcription of DNA containing the
linker-derivatized unnatural nucleotides, DNA templates T85
and T86 were produced by standard oligonucleotide synthesis
and PCR assembly (see Supporting Information). Template
T85 includes the T7 promoter and three GC base pairs,
resulting in a 5′-GGG initiation sequence, and the sequence
corresponding to nucleotides C719 to G783 of the T.
thermophilus 16S central domain with A750 replaced with
d5SICS. Template T86 directs the transcription of RNA with a
5′GG and the sequence corresponding to nucleotides G668 to

Figure 1. (A) Parental UBPs (d)5SICS-(d)MMO2) and (d)5SICS(d)NaM. (B) Previously identiﬁed linker-derivatized unnatural
nucleotides 5SICSATP and MMO2ATP. (C) Linker-derivatized
analogs synthesized and characterized in this study, 5SICSCOTP,
NaMATP, and NaMCOTP. Phosphate and ribose moieties not shown.

speciﬁcally label DNA, we have explored the modiﬁcation of
the unnatural nucleobases with linkers that allow for the
attachment of diﬀerent cargos to the unnatural nucleoside
triphosphates.17,18 Because some moieties could inhibit
triphosphate incorporation,19,20 linkers that terminate with
either a propinyl group or a protected amine were also
developed, because their orthogonal reactivity (after amine
deprotection) may be used to attach two diﬀerent functional
groups or labels once the corresponding triphosphates have
been incorporated into DNA. To enable RNA labeling, a
variety of similarly derivatized ribotriphosphates were synthesized and tested for incorporation into RNA during in vitro
transcription (Figure 1B). We showed that dNaM eﬃciently
directs bacteriophage T7 RNA polymerase (T7 RNAP) to
speciﬁcally incorporate 5SICSATP into RNA.18 While we also
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Figure 2. Design and assembly of the double-labeled 16S rRNA fragment. (A) T260 DNA template containing T7 promoter (shown in blue) with
MMO2A704 (X) and 5SICSCO750 (Y) was assembled by PCR from smaller DNA fragments that were obtained by solid-phase DNA synthesis
followed by transcription of the 243-nt fragment of rRNA and labeling with Cy3 and Cy5 dyes. (B) PAGE analysis of T260 transcription product
labeling with NHS-Cy3-sulfo and/or azide-Cy5-sulfo.

U734 of the T. thermophilus 16S central domain, with G704
replaced by dNaM. In vitro transcription reactions were
performed for 1 h at 37 °C in 20 μL volumes of 100 nM
DNA (2 pmol), 1× Takara buﬀer, 16 mM MgCl2, 5 mM DTT,
0.01% Triton X-100, 2 mM NTPs, [γ-32P]GTP, 2.5 unit/μL T7
RNAP, and 1 mM of an unnatural ribotriphosphate. In all cases,
both full-length product and product corresponding to
truncation at the position of the unnatural nucleotide in the
template were observed (Figure S23). The ratio of full-length
to truncated product varied from 81%−87% for NaMTP,
5SICSTP, and 5SICSATP; to 70%−75% for 5SICSCOTP and
MMO2ATP; and to 55% for NaMCOTP and 35% for NaMATP
(in each case, the incorporation of the unnatural triphosphate
was directed by its cognate unnatural nucleotide, d5SICS or
dNaM, in the template). Importantly, the relative eﬃciency
with which dNaM directed the incorporation of 5SICSCOTP,
with its Click chemistry compatible side chain, into RNA
provides the ﬁrst feasible route to post-transcription double
labeling of RNA when used in conjunction with the primary
amine-derivatized MMO2ATP.
To explore the labeling of RNA with two diﬀerent
ﬂuorophores, we constructed the transcription template
T135. Template T135 includes two GC base pairs inserted
between the T7 promoter and the sequence corresponding to
nucleotides G668 to G783 of the T. thermophilus 16S central
domain, with G704 replaced with dNaM and A750 replaced with
d5SICS. Positions 704 and 750 were selected for these
exploratory studies, because based on the reported structure
of the 30S subunit,23 they were expected to allow for
conformational changes of major helices 20 and 23a to be
monitored without disruption of base pairing. Transcription
reactions were performed as described above, except that

reactions were run for 5 h. Transcription of T135 with
5SICSCOTP and MMO2ATP was as eﬃcient as with 5SICSTP
and MMO2TP, further illustrating that the addition of linkers is
not signiﬁcantly deleterious. The T135 transcript was then
incubated with azide-Cy5-sulfo, to react with the alkyne of
5SICSCO, and NHS-Cy3-sulfo, to react with the primary amine
of MMO2A, and the UV/vis spectra of the puriﬁed product
demonstrated that a signiﬁcant percentage of the transcripts
had been double labeled (Figures S24 and S25).
With validation of double labeling, we next assembled
template T260 via overlap extension PCR (Figure 2A). T260
directs the transcription of residues G558 to C800 of the central
domain, with dNaM and d5SICS incorporated at the same
positions as with T135. Transcription and labeling were
performed as described above for template T135, and analysis
revealed a single product band for which both Cy3 and Cy5
emission was detected by gel electrophoresis (Figures 2B and
S26). The UV/vis absorption spectrum again indicated that a
signiﬁcant fraction of the RNA was double labeled (Figure
S27). In contrast, the transcription product of a fully natural
analog of T260 showed no labeling after reaction with azideCy5-sulfo and NHS-Cy3-sulfo (Figure S28), conﬁrming that
labeling is mediated by the unnatural nucleotides.
To explore the use of the Cy3/Cy5-labeled central domain
RNA fragment to study 30S assembly, the RNA was
immobilized on a quartz surface passivated with polyethylene
glycol by means of biotin−streptavidin attachment (Figure
S29), to enable characterization using TIRF microscopy
(Figure 3A). We ﬁrst estimated the extent of double labeling
by simultaneously illuminating the surface-immobilized RNA
molecules with green (532 nm, to excite Cy3) and red (643
nm, to excite Cy5) lasers and recording separate TIRF images
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donor and acceptor emissions exhibit anticorrelated ﬂuctuations, characteristic of FRET, and the calculated FRET
eﬃciency is shown in the lower panel of Figure 3B. The
abrupt and irreversible loss of the donor and acceptor emission
at ∼225 s, due to a single-step photobleaching transition of the
donor, conﬁrms that a single RNA molecule is being observed.
All smFRET data were compiled from single RNA molecules
immobilized and selected in an identical fashion.
In the absence of any added proteins, individual RNA
molecules populate two states with FRET eﬃciencies of ∼0.2
and ∼0.4, interspersed with brief periods in a state of zero
FRET eﬃciency (Figure 4A, left panel). The latter state could
arise from transient blinking of the Cy5 acceptor. To assess this
possibility, we examined RNA molecules labeled with only the
Cy5 acceptor and observed that 7% of these exhibited transient
blinking when directly excited at 643 nm. A histogram of FRET
eﬃciencies compiled from 111 individual RNA molecules
reveals that the state with 0.2 FRET eﬃciency is dominant,
followed by the state with 0.4 FRET eﬃciency (Figure 4A, right
panel), while the population of the zero eﬃciency state (11%)
is similar to the percentage of Cy5 acceptors that exhibit
transient blinking upon direct excitation (7%), conﬁrming the
origin of this state. Thus, the free RNA exists in two distinct, at
least partially folded conformations and is capable of
spontaneously exchanging between them. We attribute the
major 0.2 FRET species and the minor 0.4 FRET species to
open and closed conformations, respectively, of the lower
three-way junction between helices 20, 21, and 22. Previous
smFRET studies of a small RNA fragment consisting of only
this three-helix junction show that the RNA naturally partitions
between open (major) and closed (minor) conformations in
the absence of any ribosomal proteins.8 In the open
conformation, helices 20, 21, and 22 are extended in opposite
directions, which would result in a large distance between the
Cy3 donor and Cy5 acceptor in the present double-labeled
RNA. In contrast, in the closed conformation, helices 21 and 22
are coaxially stacked, with helix 20 forming an acute angle with
helix 22.24 This folded conformation would result in a shorter
donor−acceptor distance and a higher FRET eﬃciency, as
observed in the double-labeled RNA.
In the presence of saturating concentrations of the primary
ribosomal protein S15, the same three states are again observed,
and in addition, two new states with ∼0.6 and ∼0.8 FRET
eﬃciencies are populated (Figure 4B, left panel). A histogram
of FRET eﬃciencies compiled from 145 individual RNA
molecules reveals that the dominant state is now that with 0.4
FRET eﬃciency (Figure 4B, right panel). Control experiments
conﬁrmed that S15 has no direct eﬀect on the emission
intensity of either the Cy3 donor or Cy5 acceptor (Figure S31).
The increase in the fractional population of the 0.4 FRET state
is consistent with previous studies showing that S15 favors the
closed conformation of the lower junction.24 The appearance of
two new states at higher FRET eﬃciency is likely due to a
conformational change of the upper three-helix junction formed
by helices 22, 23a, and 23b induced by S15. Previous
biochemical studies have also shown that S15 binding induces
a conformational change in the upper three-helix junction,25
and there is evidence from crystallographic studies that S15
stabilizes the tertiary fold of the upper junction.26 Our results
suggest that the upper three-helix junction can adopt two
distinct conformations, which we term “open” and “closed.”
The upper three-helix junction is the binding site for proteins
S6 and S18, which form a heterodimer and bind cooperatively

Figure 3. Schematic illustration of the single-molecule ﬂuorescence
measurements and representative experimental data. (A) RNA labeled
with Cy3 (donor) and Cy5 (acceptor) probes is immobilized on a
quartz surface by biotin−streptavidin attachment (biotin is shown as a
gray sphere and streptavidin as a dark gray rectangle with a biotin
binding site in each corner). The surface is passivated with
polyethylene glycol (PEG) molecules (wavy lines) to suppress
nonspeciﬁc adsorption of proteins. Upon optical excitation of the
Cy3 dye by the evanescent ﬁeld of the totally internally reﬂected green
laser beam, FRET can occur from Cy3 to Cy5 (indicated by the
arrows). The RNA is depicted as exchanging between two distinct
conformations, with corresponding diﬀerences in FRET eﬃciency
(indicated by the weights of the arrows). (B) Representative time
traces of the Cy3 (green) and Cy5 (red) emission from a single RNA
molecule immobilized on the surface. Anticorrelated ﬂuctuations of
the donor and acceptor emission are evident, indicating that FRET is
occurring. The corresponding FRET intensity trajectory is shown by
the black trace. In the example shown, the protein S15 is also present.
A single-step donor photobleaching event is observed at ∼225 s,
resulting in the abrupt loss of both donor and acceptor emission.

of the resulting Cy3 and Cy5 emission. Typical images are
shown in Figure S30, where each of the spots in either the
green or red images represents an immobilized RNA molecule.
By counting the number of spots in the green image that have a
corresponding spot in the red image, and comparing this to the
total number of immobilized RNA molecules in the ﬁeld of
view, we estimated that 32% of the RNA molecules contained
both the Cy3 and Cy5 labels. For smFRET measurements, we
illuminated the surface with the green laser only and then
selected for analysis only those individual RNA molecules that
exhibited both green and red emission. The upper panel of
Figure 3B shows a representative pair of time traces of the Cy3
(donor, green) and Cy5 (acceptor, red) emission from such a
selected RNA molecule in the presence of protein S15. The
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Figure 4. Single-molecule FRET data obtained under various experimental conditions. (A) Representative FRET trajectory of an individual RNA
molecule in the absence of any proteins (left). Histogram of FRET eﬃciencies compiled from 111 individual RNA molecules (right). The dashed
black lines are Gaussian ﬁts to individual peaks, with percentage populations as indicated, and the solid red line is the composite ﬁt to the overall
histogram. (B) Representative FRET trajectory (left) and histogram of FRET eﬃciencies compiled from 145 individual RNA molecules (right) in
the presence of ribosomal protein S15 (20 nM). Other details are as in panel A. (C) Representative FRET trajectory (left) and histogram of FRET
eﬃciencies compiled from 152 individual RNA molecules (right) in the presence of ribosomal proteins S15 (20 nM), S16 (30 nM), and S18 (30
nM). Other details are as in panel A.

to RNA with protein S15.5,6 In the presence of saturating
concentrations of S15 and the S6/S18 heterodimer, the
fractional populations of the 0.6 and 0.8 FRET eﬃciency states
increase markedly (Figure 4C). A previous crystallographic
study has shown that binding of the S6/S18 heterodimer
stabilizes an upper junction conformation in which helix 23b
stacks with helix 22, while helix 23a rotates toward the lower
junction and packs alongside helix 22.26 This conformation of
the upper junction is expected to further shorten the donor−
acceptor distance and is likely responsible for the 0.8 FRET
state.
In contrast to the changes observed upon the addition of
S15, S6, and S18, the addition of ribosomal protein S8 alone or
in combination with S15 has no eﬀect on the FRET
distributions, as can be seen by comparing Figures 4A and
S32A or Figures 4B and S32B, respectively. Similarly, the FRET
distributions are insensitive to the concentration of S8 (Figure
S32C and D). The S8 protein is known to bind near the center
of helix 21 and is not expected to induce any change in the
relative orientations of the helices ﬂanking the lower junction.
This is consistent with the absence of any observed eﬀect and
demonstrates that the eﬀects observed with S15, S6, and S18
arise from speciﬁc protein−RNA interactions.
The large double-labeled RNA construct examined in this
study reveals the conformational preferences and folding
behavior of a major portion of the central domain of 16S
rRNA. Our results suggest that the upper and lower three-helix
junctions can each exist in two conformations, giving rise to a
total of four distinct conformations for the RNA as a whole
(Figure 5). We tentatively assign these as LOUO (0.2 FRET
state), LCUO (0.4 FRET state), LOUC (0.6 FRET state), and

Figure 5. Model for protein binding-induced folding of the junctions
formed by G558 to C800 of the T. thermophilus 16S central domain.
FRET eﬃciencies for each state are indicated and each helix is
indicated in the upper left while the positions of ﬂuorophore labeling
are indicated with stars. The designations “L” and “U” refer to the
lower and upper junctions, respectively, while the “O” and “C”
superscripts denote open and closed conformations, respectively. The
ribosomal proteins are indicated where they exert their primary eﬀect
(see text for details).

LCUC (0.8 FRET state), where “L” and “U” refer to the lower
and upper junctions, respectively, and the superscripts “O” and
“C” refer to open and closed conformations, respectively. In the
absence of any ribosomal proteins, the RNA populates the
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LOUO (major) and LCUO (minor) conformations. In the
presence of S15 alone, the distribution shifts in favor of the
LCUO conformer, and the LOUC and LCUC conformers are also
populated to some extent. When the S6/S18 heterodimer is
also present, the LOUC and LCUC conformers are further
stabilized. Interestingly, the presence of a very high
concentration of Mg2+ ions (100 mM) also stabilizes the
LOUC and LCUC conformers, although the ions are much less
eﬀective at stabilizing these states than the ribosomal proteins
(Figure S33). Additional smFRET experiments utilizing
diﬀerent donor and acceptor labeling sites and/or RNA
mutants that disrupt speciﬁc tertiary interactions will be
required to unambiguously determine the precise nature of
the four distinct RNA conformations. Based on the results of
this initial study, it is evident that a wealth of information on
RNA conformation and dynamics can be obtained through the
combination of site-speciﬁc labeling and smFRET methods
described here.
These smFRET measurements reveal previously unknown
complexity in the series of RNA conformational changes
necessary for assembly of the central domain of the 30S
ribosomal subunit. For the ﬁrst time, it has been possible to
observe the conformations of two three-helix junctions
separated by a common helix independently, and to measure
the changes in conformational equilibria that accompany
protein binding. Four distinct conformations can be identiﬁed,
and the populations are shifted toward more folded states upon
ordered protein binding. The results imply that there is a
gradual and sequential adoption of a more native-like structure
as sequential protein binding proceeds, until the ﬁnal native 30S
subunit is formed.
This is also the ﬁrst reported method for labeling a large
RNA molecule with two diﬀerent ﬂuorophores at deﬁned
locations using in vitro transcription. Two UBPs were used, one
directing the incorporation of MMO2A into the RNA and the
other directing the incorporation of 5SICSCO. The orthogonal
linkers were then selectively derivatized using Click chemistry
and amine-reactive chemistry, respectively. While ﬂuorophorelabeled RNAs were synthesized for the present study, there are
few limitations to the functional groups that could be
introduced. Thus, the approach based on an in vitro expanded
genetic alphabet should be broadly applicable to biochemical,
structural, and functional studies of many diﬀerent RNAs.
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