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ABSTRACT

The interest in RNA modification enzymes surges
due to their involvement in epigenetic phenomena.
Here we present a particularly informative approach
to investigate the interaction of dye-labeled RNA with
modification enzymes. We investigated pseudouri-
dine (�) synthase TruB interacting with an alleged
suicide substrate RNA containing 5-fluorouridine
(5FU). A longstanding dogma, stipulating formation
of a stable covalent complex was challenged by dis-
crepancies between the time scale of complex for-
mation and enzymatic turnover. Instead of classic
mutagenesis, we used differentially positioned flu-
orescent labels to modulate substrate properties in
a range of enzymatic conversion between 6% and
99%. Despite this variegation, formation of SDS-
stable complexes occurred instantaneously for all
5FU-substrates. Protein binding was investigated by
advanced fluorescence spectroscopy allowing un-
precedented simultaneous detection of change in
fluorescence lifetime, anisotropy decay, as well as
emission and excitation maxima. Determination of Kd

values showed that introduction of 5FU into the RNA
substrate increased protein affinity by 14× at most.
Finally, competition experiments demonstrated re-
versibility of complex formation for 5FU-RNA. Our
results lead us to conclude that the hitherto postu-
lated long-term covalent interaction of TruB with 5FU
tRNA is based on the interpretation of artifacts. This
is likely true for the entire class of pseudouridine
synthases.

INTRODUCTION

The canon of known nucleoside building blocks that occur
naturally in nucleic acids has rapidly expanded in the last
two decades (1,2,3). Nucleoside modifications owe their re-
cent surge in popularity to their involvement in epigenetic
phenomena, both DNA and RNA related, which have been
uncovered by newly emerging technologies, in particular by
deep sequencing approaches (4). Consequently, there is a
renewed interest in modification enzymes and their interac-
tion with nucleic acids.

This applies particularly to the interaction of RNA and
pseudouridine synthases (Pus) (5,6), which have been inves-
tigated for decades, although key features, such as, e.g. cat-
alytic mechanism (7,8), remain elusive. The catalytic prod-
uct of Pus is pseudouridine (�), a C-glycosidic isomer of
uridine, which stands out in the crowd of >150 RNA mod-
ifications. Most striking among the many functions and lo-
cations (9–13) of this most abundant RNA modification
(14) is the recent observation of its capability to alter mes-
sage decoding (15,16) and the recent discovery of its wide-
spread distribution in eukaryotic mRNAs (17,18), putting
it square in the bulls eye of epigenetic research along with,
e.g. m6A (19,20).

In this backdrop, studies on the interaction of Pus en-
zymes with target RNA carrying 5-fluorouridine (5FU) as a
substrate analog suffer from contradictory reports in the lit-
erature. As in the interaction of 5FU with thymidylate syn-
thase (21), 5FU was promoted to undergo a covalent sui-
cide interaction with Pus enzymes when placed en lieu of
the target uridine (22). This paradigm is especially preva-
lent for the TruB (Pus4) class of Pus enzymes, where the sui-
cide adduct was reported to be detectable by Sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
(23). This complex was investigated using a 5FU containing
T stem-loop (TSL) minimal substrate (24), which was also
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used for crystallography (23,25–26). Isomerization to a sup-
posed intermediate was evident from cocrystals of protein
and RNA (23,25,27). Similar isomerization reactions could
be proven biochemically for several Pus (8,28–31). However,
kinetic analysis failed to detect any inhibitory effects of 5FU
on TruB and consequently put in doubt the central role of
5FU in the field (32). Importantly, a thorough inspection of
the literature reveals that all crystallographic data could po-
tentially be reconciled by alternative mechanisms, but that
the above SDS-stable complex is the only tangible piece of
experimental evidence for a true, namely, stable, suicide in-
teraction.

Research in the Pus field is hampered by shortcomings in
the traditionally powerful mutagenesis approaches. Besides
the catalytic aspartate, only an arginine residue could be
identified as important for catalysis (33). Of note, this is in
stark contrast to other enzyme classes, where suicide mecha-
nisms of 5-fluoropyridines (21,34–40) have been proven by a
variety of approaches, including trapping and investigation
of the covalent intermediate (39,41–46). Mutagenesis of the
RNA substrate has revealed recognition of nucleotides ad-
jacent to the target uridine for Pus7 (47), but for TruB the
essential recognition appears to be the 3D structure of the
TSL, rather than specific nucleotides (24,25,27). We there-
fore decided to develop an alternative approach to generate
tRNAs, that are weak substrates for � synthase TruB from
Thermotoga maritima (tmTruB), namely, by attaching fluo-
rescent labels at positions known or anticipated to interfere
with binding.

We observed formation of SDS-resistant complexes
whose time scale and yields were incompatible with enzy-
matic turnover data. In-depth characterization of binding
affinities and chase experiments by fluorescence-based tech-
niques ruled out a covalent nature of the TruB-5FU com-
plex and question the role of 5FU as inhibitor.

MATERIALS AND METHODS

All chemicals were obtained from Carl Roth, Karlsruhe,
Germany, if not mentioned otherwise.

Oligonucleotide synthesis

The oligonucleotide carrying the 5-fluorouridine residue
was synthesized in the group of Ronald Micura in a similar
way as described previously (48), see Supplementary Figure
S7 for MS (mass spectrometry) analysis. All other oligonu-
cleotides, including the ones labeled with Cy5-NHS-Esters
at 5-Aminohexyl-3-acrylimido-deoxycytidine (C49) or 5-
Aminohexyl-3-acrylimido-uridine (U33) were purchased
from IBA Göttingen, Germany (see Supplementary Table
S2 for sequences).

RNA synthesis

Transcription was carried out as described previously (49).
For ligation a previously published protocol (50) was mod-
ified: Oligo nucleotides were 8 �M and the reaction was
carried out with both T4 DNA ligase (Fermentas, St. Leon
Roth, Germany) and in-house prepared T4 RNA ligase 2.
To avoid dye bleaching ligation product bands were ex-
cised from preparative gels according to visual inspection

and rechecked on analytical gels scanned on a GE Health-
care Typhoon 9400 for Cy5 (excitation 633 nm, emission
670BP30).

Protein synthesis

An Escherichia coli Rosetta (DE3) pLysS strain (Merck
Novagen, Darmstadt, Germany), containing a lac-operon
controlled pET28 vector encoding C-terminal His6-tagged
Thermotoga maritima (T. maritima) TruB, was used for
protein expression. Cultures were grown in LB-Medium
(Lennox) containing 50 �g/�l Kanamycin and 34 �g/�l
Chloramphenicol and induced at OD600 = 0.6 with 0.5
mM IPTG (Isopropyl �-D-1-thiogalactopyranoside). Har-
vested cell pellets were resuspended in 100 mM Tris
(tris(hydroxymethyl)aminomethane) pH 8.0, lysed with
lysozyme and centrifuged (30 min 20 000 g, 4◦C). The
supernatant was boiled at 70◦C for 20 min, centrifuged
again. From the supernatant the protein was captured on a
HisTrap HP Ni2+-NTA column (GE Healthcare, Munich,
Germany) using a linear gradient up to 500 mM imida-
zole. Reconcentrated protein was changed into 500 mM
KCl, 50 mM Tris-HCl pH 7.5 buffer (both by using Sar-
torius Vivaspin filters with 10 kDa cutoff (VWR, Darm-
stadt, Germany) and passed through a Superdex 200 10/300
GL column (GE Healthcare, Munich, Germany) using the
same buffer. Final buffer after reconcentration was 1× mi-
croscale thermophoresis (MST) buffer (20 mM Tris-HCl,
pH 7.5, 60 mM KCl, 0.02% Tween-20 (Sigma Aldrich,
Taufkirchen, Germany)). Concentration was determined by
Nanodrop (Thermo Fisher Scientific, Dreieich, Germany)
and aliquots were flash frozen in liquid nitrogen and stored
at –20◦C.

Turnover experiments and LC-MS/MS

Methods are detailed in the Supporting Information and
experimental data is given in Supplementary Figure S8 and
Table S3. Briefly, 1 �M RNA was folded by heating for 4
min at 75◦C in water and cooling to room temperature in
15 min after addition of 5x MST buffer to 1x MST buffer
final. The enzymatic reaction was carried out by incubation
with 2 �M TruB for 70 min at 80◦C. Enzyme was denatured
by 10 min boiling at 95◦C, RNA was digested, dephospho-
rylated and quantified via LC-MS/MS (liquid chromatog-
raphy coupled to tandem mass spectrometry) using an in-
ternal standard (51).

Gel shift experiments

Prior to enzyme addition tRNA was folded by heating for 4
min at 75◦C in water and cooling to room temperature in 15
min after addition of MST buffer to 1x MST buffer final. All
reactions were incubated for the times indicated, following 5
min incubation in 0.5× the respective loading dye at either
25◦C or 95◦C. All gels, either 20 × 30 cm 10% 8 M urea
PAGE or 20 × 10 cm 10% SDS-PAGE with 6% stacking
gel, were run at 100 V and room temperature. Gels were first
scanned with a GE Healthcare Typhoon 9400 for Cy5 (ex-
citation 633 nm, emission 670BP30) and then stained with
SYBR Gold (Invitrogen), scanned for SYBR Gold (excita-
tion 488 nm, emission 520BP40) and, if indicated, FRET
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(Förster resonance energy transfer) from SYBR Gold to
Cy5 (excitation 488 nm, emission 670BP30), followed by
Coomassie G-250 staining.

MST experiments

Prior to enzyme addition tRNA was folded by heating for
4 min at 75◦C in water and cooling to room temperature
in 15 min after addition of MST buffer. Aliquots of RNA
were titrated with an equal volume tmTruB from 1:1 dilu-
tions in MST 1× buffer to a final concentration of 50 nM
tRNA. Measurements were performed with a Nanotemper
Monolith NT.115 (Nanotemper, Munich, Germany) after
30 min incubation time using standard treated capillaries,
where every capillary represented a specific titration point.
Settings were: Red excitation and detection, 70% LED, 40%
MST power and 25◦C temperature control setting. One ex-
perimental set consisted of titration of all four constructs
followed by chase experiments on the same samples with
unlabeled tRNAPhe transcript. For chase experiments an
aliquot of the titration series was supplemented with a final
concentration of 3.3 �M unlabeled transcript (U55-tRNA,
resulting in 35 nM, instead of 50 nM labeled tRNA concen-
tration), incubated for 20 min and measured. The resulting
data was analyzed using ‘NT analysis 1.4.27’. Further anal-
ysis and fitting to a 1:1one-to-one binding model (52) was
carried out in Origin (OriginLab) by fitting all three data
sets of a given construct at once to obtain the Kd value with
the standard error of the fit.

Time-resolved fluorescence

Folding of tRNA was achieved by heating for 4 min at
75◦C in water and cooling to room temperature in 15
min after addition of MST buffer. Experiments were per-
formed using 50 �l 200 nM tRNA solutions in 50 �l
Quartz cuvette (Hellma analytics, Müllheim, Germany)
employing a Fluorolog-3 spectrofluorometer (HORIBA
Jobin-Yvon, Bensheim, Germany). Emission spectra were
recorded upon excitation at 647 nm from 651 to 690 nm
(increment 1 nm, slits at excitation 3 nm and at emission
1 nm). Excitation spectra were recorded at 668 nm while ex-
citing from 630 to 663 nm (increment 1 nm, slits at excita-
tion 1 nm and at emission 3 nm). Fluorescence lifetime mea-
surements have been performed with the same spectrome-
ter using a pulsed Fianium laser (Fianium, Southampton,
United Kingdom, Sc400 2PP, 20 MHz) for excitation at 647
nm. A single photon detector (PMA Hybrid 50, PicoQuant,
Berlin, Germany) in conjunction with a PicoHarp 300 mod-
ule (PicoQuant, Berlin, Germany) allowed for time corre-
lated single photon counting. For every titration point pho-
tons were collected in histogram mode up to a peak max-
imum of 65 000 counts. Two different polarization geome-
tries VV and VH have been used to separate fluorescence
lifetime from molecular reorientation effects. In chase ex-
periment 45 �l free tRNA was measured, the sample was
supplemented with 10 �l TruB (5.23 �M final concentra-
tion, 160 nM final concentration labeled tRNA), resulting
in >90% binding, measured again and supplemented with
2 �l transcript solution (5.75 �M final concentration, 157.8
nM final concentration labeled tRNA) that was equally
measured.

Figure 1. Tertiary (above) and secondary (below) structure representations
of the yeast tRNAPhe constructs. The substrate position 55 (purple) was
either a U55 (a) or a 5FU55 (b). The Cy5-label (red) was either attached at
position U33 outside the minimal substrate (orange) (c) or at position C49
inside the minimal substrate (d). The enzyme TruB bound to the tRNA as
predicted by a docking model (27) is shown in gray.

The resulting data were analyzed using self-written
scripts in Matlab (MathWorks) and Origin (OriginLab)
and fitted in Origin using a self-normalizing one-to-one
binding-model (52), error bars represent the standard error
of the fit as reported by Origin. Intensity decay data was fit-
ted globally to extract lifetime and anisotropy data for ev-
ery titration point, thereby generating a titration curve. For
spectra titration curves were generated by fitting the spec-
tral maxima to a single Gaussian.

RESULTS

LC-MS/MS and the gel shift band analysis

We chose yeast (Saccharomyces cerevisiae) tRNAPhe, a gold
standard in the field, as substrate, whose structure and
function have been characterized in abundance (53,54).
In addition to the unmodified in vitro transcript (U55-
tRNA), a tRNA carrying 5FU at substrate position 55
(5FU55-tRNA) was synthesized by molecular surgery tech-
niques combining synthetic oligomers and ligation tech-
niques (55,56) (Figure 1). Complexation experiments of
T. maritima TruB with these constructs were performed
at 70◦C, near the enzyme’s temperature optimum (54,57).
Analysis by SDS-PAGE showed an SDS-stable complex in
∼40% yield, which was specific for 5FU55 (Figure 2) and
could be disrupted by heating to 95◦C in SDS loading dye.

This complex essentially reproduces a previous report us-
ing a 5FU-containing TSL minimal substrate (shown in or-
ange in Figure 1), then interpreted as a covalent complex
resulting from suicide action of 5FU (23). Surprisingly, at-
tempts to characterize the kinetics of complex formation
turned out ∼30% yield of complex already after 1 min of
incubation in reaction buffer (vide infra). As Pus proteins,
such as yeast Pus1p (58) or E. coli TruA, TruB and RIuA
(6), are known to be slow enzymes, this fast complex forma-
tion is clearly at odds with the interpretation of the SDS-
stable complex band as a covalently trapped catalytic in-
termediate. Since substrate turnover should correlate with
formation of the allegedly trapped catalytic intermediate,
we set out to generate substrates with variegated turnover
yields.
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Figure 2. Analysis of SDS-stable complex formation of TruB with 5FU55-
or U55-tRNA, respectively. Following 1 h incubation at 1 �M concentra-
tion and 70◦C the complex was incubated with 0.5 vol SDS buffer for 5 min
either at 25◦C or at 95◦C. (a) Coomassie stain for protein and (b) SYBR
Gold stain for RNA. Note that SYBR Gold stains TruB faintly.

Relevant recognition elements of TruB, as determined by
traditional mutagenesis, were reported to be restricted to
the TSL (orange in Figure 1) and form the key signature
of T-loop structure (24). To keep the local TruB recogni-
tion structure near the turnover site intact, we made use of
the finding that TSL and full tRNA are equally good sub-
strates (24). A docking model of the x-ray structure of TruB
to tRNA (27) (Figure 1) suggests binding exclusively to
the TSL part of the tRNA L-shape. To generate substrates
of variegated efficiency, we placed the cyanine dye Cy5 at
two presumed strategic positions, namely, at U33, distant
from the modification site in the anticodon loop, or near
the modification site at the TSL-edge C49 (red dots/spheres
in Figure 1), respectively. Correspondingly labeled tRNA
molecules were synthesized in U55 and 5FU55 variants by
splinted ligation, expecting moderate interference from the
C49 label and no interference from the U33 label.

Substrate properties were analyzed in duplicate by LC-
MS-based detection of pseudouridine after incubation with
enzyme. For the C49-label, the expected inhibitory effect
was confirmed: while the unlabeled transcript was turned
over to >99%, C49-U55 was turned over to only ∼50% (Fig-
ure 3a). Surprisingly, the remote U33 label caused modifi-
cation to only ∼6%, presumably as a consequence of long
distance intramolecular rearrangement within the tRNA
(59,60). While the low yield was unexpected, this weak sub-
strate yield allowed to draw strong conclusions as to the
nature of the SDS-stable complex, because it represented
an inactive RNA containing all recognition elements of the
fully active substrate. Logically, one would expect a trapped

Figure 3. (a) Yield of � generation in U55-tRNAs (assessed by LC-
MS/MS in duplicate) compared to yield of SDS-stable complex by 5FU55-
tRNAs (data quantified from b). (b and c) Kinetics of TruB binding to la-
beled and unlabeled 5FU55-tRNA analyzed by SDS-PAGE. Samples were
incubated at 25◦C for the time indicated and 5 min in 0.5 vol. SDS buffer
prior to gel loading. Coomassie stain for protein (b), SYBR Gold stain for
RNA (c) (excitation 488 nm, emission 670BP30). FRET from SYBR Gold
to Cy5 generates the stronger signal of labeled tRNAs.

catalytic intermediate of the respective 5FU55-tRNA to
form at reduced yield for the C49-tRNA, and the pres-
ence of the U33-label should essentially ablate formation
of the covalent complex. However, as shown in Figure 3,
all three 5FU55-tRNAs form substantial amounts of SDS-
stable complex within seconds of mixing at 25◦C.

In the particular case of the inactive U33-5FU55-tRNA,
the complex forms in ∼45% yield, largely exceeding that of
the modification of the U55-containing substrate (Figure
3a). Further investigations revealed that neither increase of
temperature, nor of incubation time significantly increased
complex formation (data not shown). The fact that com-
plex formation was instantaneous and occurred at similar
efficiency for all three 5FU55-tRNA substrates is clearly in-
compatible with the interpretation of the complex as a co-
valent catalytic intermediate, especially given the variegated
turnover efficiency of the three substrates. This is most ob-
vious for the 5FU55-U33 substrate, which should not form
such a covalent catalytic intermediate in high yield within
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Figure 4. Protein binding (∼% binding is given) causes bathochromic
shifts of excitation (a, λEm = 668 nm) and emission spectra (b, λEx =
647 nm). Fluorescence decay curves (c) differ in absence of TruB and with
>90% TruB binding. Gray straight lines indicate bi-exponential fast decay
(absence of TruB). The bi-exponential slow decay for >90% TruB binding
appears to be mono-exponential due to the log-scale of the y-axis.

seconds, since the U33 substrate was not turned over after
1 h.

We conclude that 5FU55-tRNA does indeed form a SDS-
stable complex with TruB of T. maritima, but that this com-
plex is not the postulated suicide adduct, or of any other
relevance to the catalytic mechanism. The fact that we also
found the complex not to be stable on a classical urea
PAGE (Supplementary Figure S1) further confirms its non-
covalent nature. Still, SDS-PAGE, as well as urea PAGE
analysis, suggested some differences in the affinity of U55-
versus 5FU55-tRNA to TruB (Supplementary Figure S1).
Aiming to characterize this affinity, we turned to a spectro-
scopic characterization of inhibitor tRNA-TruB complex
under equilibrium conditions. This approach was also ex-
pected to characterize the particular behavior of the inacti-
vating U33-label.

Spectroscopic changes upon TruB binding

A commercial spectrometer setup was reconfigured to si-
multaneously determine time and polarization resolved flu-
orescence decays, as well as fluorescence excitation and
emission spectra at high spectral resolution. Measurements
of these properties were performed for both label positions
and the U55 and 5FU55 variants, in absence and in the pres-
ence of an excess of enzyme, as summarized in Table 1. Re-
markably, bathochromic shifts were observed for excitation
as well as emission spectra, and these shifts correlated with
increasing protein concentrations (see Figure 4 and Supple-
mentary Figure S2), as did polarization resolved fluores-
cence lifetimes and anisotropy decay (Figure 4, Supplemen-

tary Table S1). As is evident from Table 1, the bathochromic
shift in excitation was larger than the shift in emission in
all cases. Moreover, in the absence of enzyme, both label
variants displayed a bi-exponential, fast fluorescence decay
with basically identical fluorescence lifetimes. The similarity
implies very similar local environment of all fluorescent la-
bels, while the two decay components suggest the existence
of two tRNA conformations, of which one provides an en-
vironment that is more prone to quenching than the other.
This interpretation is in keeping with similar observations
of two decay times of E. coli tRNAPhe on the single molecule
level (61). For all constructs investigated here, the propor-
tions of the bi-exponential fluorescence decay shifted from
the fast to the slow decay regime in the presence of enzyme
(see Table 1 and Figure 4) suggesting selective stabilization
of one conformation by enzyme binding. Remarkably, all
shifts in spectroscopic properties were larger for U33-label
than for C49-label, with excitation shifting by as much as 8
nm. Anisotropy was also responsive to complex formation
and also revealed differences between U33 and C49 that are
detailed in the Supporting Information (see Supplementary
Table S1, Figure S3 and Supporting Text).

Spectroscopic titrations

Having identified a suite of spectroscopic parameters as sen-
sitive to TruB binding allowed the determination of the ra-
tio of bound and unbound fractions for a given ratio of
tRNA to enzyme. Combining a series of such ratios corre-
sponds to a titration of tRNAs with increasing amounts of
recombinant protein. From monitoring the changes upon
protein binding upon these parameters in parallel at high
spectral resolution, equilibrium dissociation constants were
determined. Of note, each parameter showed a slightly dif-
ferent response to the presence of enzyme, and therefore
separate different Kd values were obtained for each param-
eter. Figure 5a–d show the corresponding titration curves
of all four constructs for each of the spectroscopic param-
eters. Note that lifetime and anisotropy were determined
by a global fit assuming a two-component composition of
the samples, resulting in a single, combined titration curve.
Each curve could be fitted to a one-to-one binding model.
As evident from Figure 5, the titration curves of both U55
constructs from the various parameters are all nearly iden-
tical. The titration curve sets and therewith the Kd values
of both 5FU55 constructs show somewhat larger deviation
among the different parameters. Averaged over all three
titration curves, C49-5FU55-tRNA (Kd = 124.2 nM) binds
2-fold tighter than C49-U55-tRNA (Kd = 225.8 nM), and
at maximum a factor of 4, when comparing affinities re-
sulting from bathochromic emission shifts. On average U33-
5FU55-tRNA (Kd = 3.7 nM) binds somewhat (factor ∼8)
more tightly than U55-tRNA (Kd = 30.7 nM) and at a max-
imum factor of 14 when comparing affinities resulting from
excitation shifts.

This increase of affinity caused by 5FU55 might ex-
plain the observation of a complex in SDS-PAGE and urea
PAGE, but is clearly too low for a covalently linked catalytic
intermediate. To demonstrate reversibility of complex for-
mation by U55 as well as 5FU55 substrates, we performed
chase experiments by adding unlabeled U55-tRNA (tran-
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Table 1. Changes in spectroscopic properties caused by TruB binding. Values are averages resulting from the experiments given in Figure 5 and at least
one endpoint experiment, errors represent the standard deviation.

Spectra Composition multi-fit Lifetimes

RNA �λmax
Ex /nm �λmax

Em /nm A1 A2 � f1/ns � f2/ns

U33-U55 0 0 0.86 0.14 1.12 2.41
+TruB 8.45 ± 0.12 3.46 ± 0.17 0.05 0.95

U33–5FU55 0 0 0.86 0.14 1.16 2.41
+TruB 8.22 ± 0.44 3.52 ± 0.37 0.14 0.86

C49-U55 0 0 0.74 0.26 1.12 2.26
+TruB 4.18 ± 0.08 2.50 ± 0.05 0.08 0.92

C49–5FU55 0 0 0.69 0.31 1.13 2.23
+TruB 4.37 ± 0.08 2.62 ± 0.01 0.13 0.87

Figure 5. Spectroscopic titration curves of TruB tRNA interaction (ctRNA = 200 nM) for U55-tRNAs (a and b) and 5FU55-tRNAs (c and d), for all
spectroscopic parameters with fits to a 1:1 binding model as solid lines. (e) Schematic representation of the chase experiment. (f) Chase experiments for
C49-tRNA TruB interaction: The fraction bound is averaged over the values obtained from all spectroscopic parameters without TruB (free), with TruB
(>90% binding) and after addition of unlabeled U55-tRNA in excess to the complex.

script) to preformed complexes. In this scenario, higher con-
centration of the unlabeled competitor was meant to drive
a fraction of labeled tRNA out of the complex (Figure 5e).
Note that 200 nM tRNA was supplemented with 5.23 �M
TruB to achieve >95% binding, followed by chase with 5.75
�M competitor concentration. This ∼37× excess reduced
binding of labeled tRNA to ∼53% for C49-U55-tRNA and
to ∼67% for C49-5FU55-tRNA (Figure 5f). While the ab-
sence of a precise Kd value for the unlabeled substrate pre-
cludes exact modeling of this scenario, the higher value for
the C49-5FU55-tRNA is in keeping with its higher affinity
as determined above and defines an absolute upper thresh-
old for the formation of a hypothetical covalent complex at
the difference between the two values, i.e. at 14%.

Microscale thermophoresis

As a further method for independent verification, we chose
MST, an emerging method that has only scarcely been ap-
plied to RNA-protein interactions until now, but is highly
suitable for working with fluorescently labeled macro-
molecules (52). Figure 6a shows the primary data of a typi-
cal titration experiment using C49-U55-tRNA (see Supple-
mentary Figure S4 for curves of all constructs). Applica-
tion of MST to the tRNA-TruB interaction (ctRNA = 50
nM) produced highly reproducible binding curves (Figure
6b) and corresponding Kd values in a remarkably short
turnaround time. Akin to the fluorescence measurements
above, MST measurements are conducted under buffer con-
ditions considered native. In addition, we found that MST
facilitates an assessment of the homogeneity of the protein
preparation (Supplementary Figure S5) and reproduces Kd
values after 1–3 month intervals with a factor of 2 as max-
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Figure 6. Results of MST experiments. (a) Typical set of thermophoresis
curves for protein binding. (b) Titration curves for tmTruB binding (filled
symbols) fitted to a one-to-one binding model (solid lines). Empty sym-
bols represent the same samples after addition of unlabeled U55-tRNA
in excess (chase). Note that negative values in the chase experiments are
presumably caused by the different spectral properties of the bound and
the unbound species. Error bars are standard deviations from triplicate
measurements. (c) Typical thermophoresis curves in chase experiments by
addition of unlabeled U55-tRNA.

imum deviation (Supplementary Figure S6). Two sets of
similar binding curves are apparent, with both U33-tRNAs
corresponding to higher affinity (filled squares and circles
in Figure 6b) than the C49 derivatives (filled triangles and
diamonds).

Here, too, chase experiments were performed to verify
that 5FU55-tRNAs could be driven out of the complex by
competing tRNA substrate. In comparison to the chase ex-
periments in the cuvette as reported above, the small sam-
ple volumes of the MST setup allowed for application of a
larger excess of unlabeled competitor and for an assessment
at the entire range of protein concentrations used for the
Kd measurements. All labeled tRNAs were used at 35 nM
and competed with an ∼100-fold excess (3.3 �M) of unla-
beled tRNA. Figure 6c shows the primary data of a chase
experiment using C49-U55-tRNA. As is apparent by com-
paring representative raw data given in Figure 6a and c, the
thermophoretic behavior of all labeled tRNAs in the pres-
ence of competitor was similar to that of free tRNA. Fig-
ure 6b shows that this behavior consistently occurs across a
wide range of TruB concentrations (open squares, circles,
diamonds and triangles in Figure 6b), clearly illustrating
equally reversible complex formation in U55- and 5FU55-
tRNAs alike.

An overview over all determined affinities is given in Fig-
ure 7, with red lines representing averages for each con-
struct. Although Kd values significantly differ for a given

Figure 7. Overview of determined Kds. Error bars represent standard er-
rors derived from fits to the data using Origin 7 software employing the
Levenberg–Marquardt algorithm. In case of thermophoresis the standard
error results from a simultaneous fit to all three data sets. Red horizontal
drop lines indicate arithmetic means over the different Kd values for each
construct.

tRNA depending on the method, several important con-
clusions are substantiated, namely, that (i) U33 binds more
strongly than C49 for both U55 and 5FU55 versions and
(ii) the introduction of 5FU at the target site 55 slightly in-
creases affinity for the C49, and more notably for U33.

DISCUSSION

This work connects several novel aspects, first in the inves-
tigation of RNA-protein interactions in general, and as a
direct consequence insight into the mechanism of a partic-
ular RNA modification. Typical approaches to structure–
function relationship involve mutation of RNA residues
and an assessment of the effect on binding and turnover.
In contrast, the use of fluorescent labels on RNA was and
still is being met with heightened skepticism, because of its
potential for interference with what is considered a physio-
logical recognition event. Here we show, that the use of a dye
label in structure–function relationship has multiple advan-
tages over the conventional mutagenesis approach. By at-
taching fluorescent labels outside and just at the edge of the
known recognition site, we generated substrates covering
the entire range of inactive to fully active, while the enzyme
binding site on the tRNA was left unchanged. A serendipi-
tous discovery was that the label at the remote position U33
almost completely inactivated pseudouridinylation. This is
so remarkable, because a TSL minimal substrate (orange in
Figure 1) is contained in this molecule, which binds TruB
with high affinity. Considering the remote location of the
U33 label from the protein binding site, it cannot sterically
interfere with binding, nor is the Kd compatible with a dis-
torted RNA structure at the binding site. Rather, it seems
that the catalytic turnover includes a structural rearrange-
ment of the RNA, which is affected by long-range structural
crosstalk (59,60) between U33 and the target site. Such a re-
arrangement is known from the RNA modification enzyme
archeosine tRNA-guanine transglycosylase (62), where it
involves a substantial induced fit to a so-called �-tRNA.
There is circumstantial evidence that TruB has to undo ter-
tiary interactions to access the target site (10). Interestingly,
our and previously published (61) fluorescence lifetime data
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suggest two alternative tRNA conformations, one of which
is apparently stabilized by TruB binding. This conforma-
tion might be similar to the �-tRNA and possibly important
for catalysis, although the data on the U33 labeled tRNA,
which is inactive but shows both conformations, suggest
that at least one more conformation might be required for
pseudouridine formation. Unfortunately, the available crys-
tal structure is not informative in this respect, since it in-
cludes the TSL minimal substrate rather than the full tRNA
(23,25,27).

The particularity of the U33 label also became evident
in spectroscopic characterization, which revealed a ∼8 nm
bathochromic shift of the excitation maximum, about twice
as much as for the C49 label, and points to substantial dif-
ferences in the TruB interaction with the respective RNAs.
The actual cause for the observed changes of the dyes
spectroscopic properties is not easily identified due to a
range of complex effects, including the dye’s local viscos-
ity (63) and changes in the cis-isomerization rate of cyanine
dyes (64–68). Reportedly, dye-protein interactions cause
bathochromic shifts of excitation and emission in spectra of
Cy5 (65) and can, similar to dye-nucleic acid interactions,
increase the dye’s fluorescence lifetime by decreasing the
rate of cis-isomerization (63,65). The magnitude and ten-
dency of bathochromic shifts, as well as the increase in fluo-
rescence lifetime we observe for TruB binding (see Table 1)
correspond well to a previous study on binding of biotiny-
lated Cy5 to the protein streptavidin (69).

While further investigations must define the differential
effects of the labels in more detail, the benefit of using
differential dye labels en lieu of classical mutagenesis be-
comes evident in the possibility to determine Kd values from
multiple parameters and by multiple fluorescence-based ap-
proaches. While the determination of Kd values via fluores-
cence anisotropy is routine (70–73) and fluorescence life-
time or intensity increase were used in rare cases (74,75),
the power of the combined application of all four spectro-
scopic parameters to the investigation of bimolecular bind-
ing events has, so far, gone unnoticed (73–78).

As Figure 7 clearly shows, Kd values can diverge by a fac-
tor of 11 at worst (U33–5FU55), while the others are in
keeping with generally accepted error ranges in the biophys-
ical characterization of RNA-protein complexes. Still, the
ensemble of measurements confers confidence that binding
of 5FU55-tRNA is only moderately stronger than that of
the U55 substrates. It should be noted that high affinity for
a weak substrate as U33 labeled tRNA is not uncommon
for � synthases (58) and reflects the low binding specificity
of these enzymes.

The three substrates investigated here (Figure 3) display
variegated enzymatic turnover on a >1 h time scale, yet
their 5FU55 containing counterparts all form complexes
with TruB within minutes, which yield clearly visible bands
on SDS-PAGE in ∼40% yield. The characteristics of these
bands, in particular that of the inactive U33 variant, is in
absolute conflict with their previous interpretation as a co-
valent suicide intermediate in the catalytic cycle of pseu-
douridine formation (23). Rapid formation of a covalent
complex formation following 1 min incubation (Figure 3), is
not compatible with the complex resulting from catalytic ac-
tion of an enzyme as slow as TruB (6). Furthermore, a cova-

lent complex should be observable on both, SDS and Urea
PAGE, which is the case for the distantly related � synthase
TruA (8), but not for TruB (Figure 3 versus Supplementary
Figure S1). Finally, performed chase experiments analyzed
by fluorescence emission and by MST, failed to give any in-
dication of a covalent intermediate.

Of note, covalent suicide intermediates of 5-
fluoropyrimidines have been investigated in a number
of reaction mechanisms (21,34,40–41,79) bearing signif-
icant, albeit incomplete, similarity to what is known of
pseudouridine formation. Some intermediates are stable in
urea (41,44) and all are stable during heating (35–37,39–
40). The fact that a suicide adduct was postulated for
Pus enzymes as well, is likely related to the fact that all
crystal structures of 5FU-containing substrate in complex
with Pus enzymes contained a clearly identified, partially
turned-over 5FU derivative (23,25–26). These, however,
did not contain a covalent linkage between RNA and
protein, and were assumed to result from slow hydrolysis
of the latter during crystallization. In contradiction to this
hypothesis Stroud et al. recently published a ‘fortuitous’
adduct of RIuB, which contained a partially turned-over
5FU derivative (31) covalently linked via a non-essential
tyrosine (26). Since this tyrosine is not a general feature
of Pus enzymes, the covalent tyrosine adduct cannot be
of general importance to this discussion. On the other
hand, this example shows that the covalent linkage is stable
enough to survive crystallization conditions.

We conclude that the observed bands in SDS-PAGE cor-
respond to an RNA-protein complex that is resistant to
SDS, but that cannot be of covalent nature. Stable protein–
protein complexes (80–83) and even catalytic activity have
indeed been observed in the presence of SDS (84,85). Flu-
orine substitution was reported to increase binding affinity
in numerous complexes of proteins with small molecules,
and both, extra hydrogen bonding and an increase in hy-
drophobicity, have been discussed (86). In the case at hand,
however, SDS resistance is due to the presence of 5FU55,
but does not solely originate from the higher affinity con-
ferred by 5FU55: Although the Kd of U33-U55-tRNA is
lower than that of C49–5FU55-tRNA, only the latter tRNA
forms a SDS-stable complex.

We propose that 5FU containing RNAs may act as mere
competitive inhibitors of Pus enzymes in general, without
forming stable covalent intermediates. This is in line with
our previous studies of Pus1, which failed to convert 5FU
on a biochemically relevant time scale, but did show com-
plex dissociation on urea PAGE that was weaker for 5FU-
than for U-tRNA, implying that 5FU-RNA forms a non-
covalent complex more resistant to denaturants (87). For
several Pus enzymes of E. coli the Mueller group observed
turnover of 5FU-RNA (8,32), although not all of them
formed SDS-stable complexes (32). These results seem to be
contradictory if the SDS-stable complex band was to result
from a catalytic suicide adduct that could be heat disrupted
into the generally observed product of 5FU-RNA turnover.
Particularly remarkable seemed the difference in SDS-stable
complex formation by two TruB variants: The T. maritima
variant does (23) (and vide supra) and the E. coli enzyme
does not (32) form SDS-stable complexes with 5FU-RNA.
As our results show, SDS-stable complex formation is in-
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dependent of catalytic turnover, thereby allowing the above
described discrepancies.

CONCLUSION

We have presented a combination of Kd measurements with
chase experiments, and a contradiction of SDS-resistant
5FU55-tRNA-TruB complex yields with catalytic turnover
data. These experiments clearly show that the interpretation
of the ominous band in protein gels as covalent interme-
diate in the catalytic formation of pseudouridine by TruB
cannot be upheld any more. This is of significant impact to
the community, as it represented the only tangible evidence
(23) for this intermediate. Importantly, 5FU has enjoyed
widespread use as an alleged suicide inhibitor because it
supposedly led to covalently linked RNA-Pus complexes in
biochemical and biophysical studies (23,25,28,88–89). Im-
portantly, these findings do not resolve the longstanding
discussion about the mechanism of pseudouridine forma-
tion. Of the three mechanisms proposed, namely, acylal,
glycal and Michael addition mechanism (discussed in the
Supporting Information and shown in Supplementary Fig-
ures S10 and S11), the experimental basis for the latter two
remains untouched, while a limited amount of experimental
support for the Michael-addition mechanism might erode
if carefully reinterpreted. Of note, the above conclusion
could only be reached for two reasons, namely, (i) the use
of fluorescent dyes rather than conventional mutagenesis in
structure–function studies and (ii) a suite of fluorescence-
based measurements of RNA-protein interactions, includ-
ing, in particular, the exploitation of bathochromic shifts
and MST.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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for the docking model, D. Graber for 5FU-oligo synthesis
and N. Vickneswaran for assistance with MST experiments.
Support by the Flow Cytometry core facility of the Institute
of Molecular Biology (IMB), Mainz, is gratefully acknowl-
edged.

FUNDING

Deutsche Forschungs Gemeinschaft [HE 3397/9 to M.H].
Funding for open access charge: Johannes-Gutenberg Uni-
versity Mainz, Germany.
Conflict of interest statement. None declared.

REFERENCES
1. Carell,T., Brandmayr,C., Hienzsch,A., Müller,M., Pearson,D.,

Reiter,V., Thoma,I., Thumbs,P. and Wagner,M. (2012) Structure and
function of noncanonical nucleobases. Angewandte Chemie, 51,
7110–7131.

2. Machnicka,M.A., Milanowska,K., Osman Oglou,O., Purta,E.,
Kurkowska,M., Olchowik,A., Januszewski,W., Kalinowski,S.,
Dunin-Horkawicz,S., Rother,K.M. et al. (2013) MODOMICS: a
database of RNA modification pathways–2013 update. Nucleic Acids
Res., 41, D262–D267.

3. Kellner,S., Neumann,J., Rosenkranz,D., Lebedeva,S., Ketting,R.F.,
Zischler,H., Schneider,D. and Helm,M. (2014) Profiling of RNA
modifications by multiplexed stable isotope labelling. Chem.
Commun., 50, 3516–3518.

4. Tollervey,J.R. and Lunyak,V.V. (2012) Epigenetics: judge, jury and
executioner of stem cell fate. Epigenetics, 7, 823–840.

5. Ramamurthy,V., Swann,S.L., Paulson,J.L., Spedaliere,C.J. and
Mueller,E.G. (1999) Critical aspartic acid residues in pseudouridine
synthases. J. Biol. Chem., 274, 22225–22230.

6. Wright,J.R., Keffer-Wilkes,L.C., Dobing,S.R. and Kothe,U. (2011)
Pre-steady-state kinetic analysis of the three Escherichia coli
pseudouridine synthases TruB, TruA, and RluA reveals uniformly
slow catalysis. RNA, 17, 2074–2084.

7. Miracco,E.J. and Mueller,E.G. (2011) The products of
5-fluorouridine by the action of the pseudouridine synthase TruB
disfavor one mechanism and suggest another. J. Am. Chem. Soc., 133,
11826–11829.

8. McDonald,M.K., Miracco,E.J., Chen,J., Xie,Y. and Mueller,E.G.
(2011) The handling of the mechanistic probe 5-fluorouridine by the
pseudouridine synthase TruA and its consistency with the handling of
the same probe by the pseudouridine synthases TruB and RluA.
Biochemistry, 50, 426–436.

9. Sakakibara,Y. and Chow,C.S. (2012) Role of pseudouridine in
structural rearrangements of helix 69 during bacterial ribosome
assembly. ACS Chem. Biol., 7, 871–878.

10. Ishida,K., Kunibayashi,T., Tomikawa,C., Ochi,A., Kanai,T.,
Hirata,A., Iwashita,C. and Hori,H. (2011) Pseudouridine at position
55 in tRNA controls the contents of other modified nucleotides for
low-temperature adaptation in the extreme-thermophilic eubacterium
Thermus thermophilus. Nucleic Acids Res., 39, 2304–2318.

11. Wu,G., Yu,A.T., Kantartzis,A. and Yu,Y.T. (2011) Functions and
mechanisms of spliceosomal small nuclear RNA pseudouridylation.
RNA, 2, 571–581.

12. Motorin,Y. and Helm,M. (2010) tRNA stabilization by modified
nucleotides. Biochemistry, 49, 4934–4944.

13. Urbonavicius,J., Durand,J.M. and Bjork,G.R. (2002) Three
modifications in the D and T arms of tRNA influence translation in
Escherichia coli and expression of virulence genes in Shigella flexneri.
J. Bacteriol., 184, 5348–5357.
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