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& Fluorescence Probes

Deciphering the Chemical Basis of Fluorescence of a Selenium-
Labeled Uracil Probe when Bound at the Bacterial Ribosomal
A-Site

Gustavo Cardenas,[a] Maximilian F. S. J. Menger,[b] Nicol#s Ramos-Berdullas,[c] and
Pedro A. S#nchez-Murcia*[d, e]

Abstract: We unveil in this work the main factors that

govern the turn-on/off fluorescence of a Se-modified uracil
probe at the ribosomal RNA A-site. Whereas the constraint
into an “in-plane” conformation of the two rings of the fluo-

rophore is the main driver for the observed turn-on fluores-
cence emission in the presence of the antibiotic paromomy-

cin, the electrostatics of the environment plays a minor role

during the emission process. Our computational strategy

clearly indicates that, in the absence of paromomycin, the
probe prefers conformations that show a dark S1 electronic
state with participation of np* electronic transition contribu-

tions between the selenium atom and the p-system of the
uracil moiety.

Introduction

The fight against bacteria that are resistant to the existing anti-

biotic arsenal is one of the most crucial current challenges of
humankind.[1–3] Amongst the different therapeutic approaches,
some of these antibiotics target the ribosomal RNA decoding

site (termed rRNA A-site) compromising the outcome of the
protein biosynthesis machinery.[4, 5] This process, the bacterial

protein translation, presents a complex network of interactions.
Thus, the implementation of smart chemical tools[6] to monitor
its functional and temporal status—like environment-sensitive
fluorescence probes[7–11]—is of great interest for the under-

standing of bacterial protein translation, and more importantly,

can help in the design of a new generation of antibiotics that
overcome resistance.[12] With this spirit, the selenium-modified

responsive fluorescent ribonucleoside probe SeU (Scheme 1)[13]

has proven to sense the presence of the antibiotic paromomy-
cin (PAR) after incorporation into an oligonucleotide of the

Scheme 1. A) Chemical structure of paromomycin (PAR); the four rings I–IV
are labeled. B) Chemical structure of the nucleoside SeU and sequence of the
rRNA model mimicking the A-site where SeU has been incorporated and
studied.[14]
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rRNA A-site, by leading to an increase of its fluorescence emis-
sion (aka. turn-on effect) in titration experiments.[14] The bind-

ing of PAR to bacterial rRNA[15, 16] or to a small rRNA model[17, 18]

has been characterized in the past. Upon binding antibiotics of

the aminoglycosides family,[19] adenine A1493 flips out
(Figure 1).[17, 20] To date, no structure is available of PAR bound

to the SeU-modified rRNA. In principle, the extra selenophene
ring in SeU (compared to a plain uracil) may affect the binding
of PAR, and the other way around, PAR may affect the orienta-

tion of the fluorophore, and thereby, its fluorescence. A struc-
ture of a double-stranded rRNA incorporating SeU in position
1409,[14] shows two copies in the unit cell with different orien-
tations for the nucleobase adenine 1493 (A1493) in the rRNA:

flipped-out (chain A) and pointing to the major groove
(chain B). The orientation of A1493 resembles the one found in

the presence of PAR in the native rRNA[17] and might represent

the physiological situation where the antibiotic is present.[14]

Due to the lack of structure of PAR bound to SeU-modified

rRNA still many molecular and electronic features of the
system stay unclear. Specially the fluorescence turn-on effect

of the probe in the presence of the drug. Previous studies of
SeU in solution showed that the probe was sensitive to changes

of both polarity and viscosity of the solvent.[13] However, in the

context of rRNA and PAR, it is still unknown what is it that de-
termines the emission efficiency of the probe: the interactions

with its environment or conformational changes in the probe
as a consequence of the presence of PAR (or both)? In this

work, we face these questions. We have used a compendium
of modern classical and quantum mechanical methods to ex-

plain, first, the binding mode of PAR at the Se-modified RNA

A-site, and second, the turn-on effect of the fluorescence in SeU
that is observed due to the presence of PAR at the A-site. With

our approach we find that although there are no strong inter-
actions between PAR and the Se-based probe SeU, the fluores-

cence of the latter drastically decreases because of conforma-
tional change leading to a disconnection between the p-

system of the selenophene ring and the p-system of the uracil
moiety in SeU if the antibiotic is absent.

Results and Discussion

Exploring the conformational space of SeU

In order to explore the binding mode of PAR into the rRNA

site A, we simulated a ribosomal oligonucleotide containing
the modified uracil SeU in the presence (+ PAR) and in the ab-

sence (@PAR) of paromomycin (Figure 2 and Section S1 in the
Supporting Information). The Cartesian coordinates of the

rRNA were taken from the solved structure deposited by Sri-
vatsan and co-workers[14] shown in Figure 1. The antibiotic PAR

was placed by superimposition with the crystal structure of

native rRNA.[17] Each of the systems was equilibrated using clas-
sical MD simulations for a total time of 0.45 ms (3 V 0.15 ms) at

293 K. The temperature was chosen to match the temperature
used in the experimental acquisition of the emission spectra.

We kept the phosphate backbone constrained during the sim-
ulations with a small harmonic force on the phosphorous
atoms (5 kcal mol@1 a@2) in order to preserve the RNA tertiary
structure. As an outcome, we found that in the presence of
PAR, the conformation of SeU does not change along the MD

simulation, keeping a root-mean-squared distance (RMSD)

Figure 1. Flipped-in (closed conformation, chains A and B) and flipped-out
(open conformation, chains C and D) conformations of a short rRNA struc-
ture modified with SeU (PDB ID: 5T3K).[14] These two conformations may cor-
respond to the absence and presence of PAR, respectively.

Figure 2. MD simulation of SeU-modified dsRNA containing SeU in the pres-
ence (+ PAR, orange dots and surfaces) and absence (@PAR, blue dots and
surfaces) of paromomycin. A) RMSD [a] evolution of SeU along MD simula-
tions. B) Distribution of the dihedral angle x defined between C4@C5@C2’’@
Se atoms for 0.45 ms time of MD simulation of @PAR and + PAR systems. The
regions for trans and cis conformations are highlighted. C) Definition of dihe-
dral angle x in two and three dimensions. A representative conformation of
SeU is shown as sticks to highlight the atoms involved.
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value under 0.5 a (orange points, Figure 2 A). In contrast, in the
absence of the antibiotic, we observe two clusters of conform-

ers for SeU (@PAR, blue points, Figure 2 A). These clusters corre-
spond to two different relative orientations of selenophene

and uracil rings in SeU (Figure 2 B and 2C). In the absence of
PAR, the involved rotation around the bond C2’’@C5 is allowed.

This can be quantified by the measurement of the dihedral
angle x defined between the two set of atoms C5@C4 and
C2’’@Se. In this way, if the value of x is close to 08, the Se atom

points towards the same side of oxygen O4 of the uracil
moiety (cis) ; if this value is close to 1808, the orientation is

anti-coplanar (trans). Additionally, x is positive if the heteroa-
tom is below the plane defined by uracil and negative other-

wise. In the presence of PAR, the selenophene ring shows
mainly a conformation similar to the cis conformation, almost

coplanar with the uracil ring and with the heteroatom below
the plane of uracil (x>08). On the contrary, if PAR is absent,
the selenophene moiety has larger degrees of freedom and
can rotate. Therefore, SeU adopts different conformations,
many of which having Se outside of the plane of the uracil

moiety. Our results clearly point out that PAR reduces the rota-
tion of the selenophene around the bond C2’’@C5 in SeU.

We also analyzed the hydrogen bonds of the uracil ring of
SeU in these two situations (Figure S1). In the crystal structure
of the modified rRNA, SeU forms two hydrogen bonds with the

carbonyl oxygen and the amide hydrogen of U1495. These in-
teractions are preserved in the absence of the antibiotic

(@PAR, Figure S1). But as soon as the antibiotic is bound, SeU is
shifted away from its initial position by about 4 a due to the

bulkiness of PAR, changing the interactions of SeU with U1495:

now, the oxygen on C4 of SeU forms a hydrogen bond with the
amide nitrogen of U1495. We also characterized the binding

mode of PAR to the rRNA (Figure S2). The energy binding anal-
ysis shows that the main interactions of PAR are with G1491

and G1494 through several electrostatic interactions between
the ammonium groups in PAR and the backbone and/or nucle-

obases of RNA (Figure S2). To sum up, the presence of PAR af-

fects both the interactions of the nucleobase with its partners
and the rotation around the C2’’@C5 bond of the selenophene

ring (aka. its relative orientation vs. uracil).

Influence of paromomycin on the emission spectrum of SeU

Next, we computed the emission spectra under both circum-

stances (+ PAR, @PAR) taking into account the dynamic behav-
ior of the rRNA and its vibrational levels (Sections S2 and S3).

We ran parallel QM/MM MD simulations on the first excited
state (S1) of the nucleobase of SeU and incorporated in the

rRNA. Compared to the computation of absorption spectra,
now the propagation of the electronic wavefunction is done

on the first excited state S1. We selected BP86-D3/def2-SVP[21]

for our simulations, and the Hamiltonian was polarized with
the point charges of the environment. Selection of this func-

tional was based on the comparison of the computed emission
maximum of the nucleoside form of SeU in water with

ADC(2)[22] as the theoretical method of reference (DE = 0.18 eV
between the calculated emission maxima). In Figure 3 we

show the computed emission spectra in the presence (+ PAR)

and in the absence (@PAR) of the antibiotic. A total of 92 excit-
ed states were used to convolute each of the spectra. As a

result, we found that the presence of PAR increases significant-

ly the intensity of the emission of SeU.
Having reproduced the experimental behavior previously

evidenced by Srivatsan et al. ,[14] we were committed to find
out which was the main factor responsible for the increase of

the fluorescence of SeU in the presence of PAR: the interactions
with the solvent and/or interactions with the partners during

the emission process (solvatochromic effect), or the relative ori-

entation of the two rings of the fluorophore in SeU (structural
effect)?

To answer these questions, we first evaluated the effect of
the environment on the emission of the probe. If the increase

of the fluorescence in SeU were due to interactions with the en-
vironment during the emission process, the spectra in both sit-
uations (+ PAR, @PAR) would be similar if the electrostatic in-

teractions with the media were removed. Thus, we computed
the emission spectra of both systems again, keeping the geo-
metries of the fluorophore, but in this case, removing any
charge of the environment (+ PAR/@PAR, dotted lines in

Figure 3). We found out a smooth effect on the emission of
the probe in both cases. These data confirmed that the relative

conformation of fluorophore in SeU could determine the emis-
sive properties of the probe. Of course, the environment af-
fects which of those conformations are populated but its elec-

trostatic effect on the emission seems not so relevant.

Emission depends on the orientation of the selenophene
ring

Based on the former findings, we looked at the dependence of
the intensity of the emission (using as variable the oscillator

strength of the S1 states) on the dihedral angle x—which gives
us the relative orientation of the two rings in the fluoro-

phore—defined in Figure 1 at all wavelength values. Previous
theoretical studies have shown that two-ring fluorophore con-

Figure 3. Computed emission spectra of SeU within rRNA in the absence
(@PAR, light blue line) or in the presence (+ PAR, wheat line) of paromomy-
cin. Dotted lines represent the situation without point charges to represent
the environment.
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nected to 2’-deoxycytidine tend to adopt a co-planar confor-
mation when propagating on the S1 excited state.[23] As can be

seen in Figure 4 A, in the absence of PAR, SeU populates confor-
mations with different values of x. Of these conformations,

those close to 08 (cis) are the more emissive ones and those
close to a value of :908 for the dihedral angle, are barely

emissive. These states show stronger emission. This confirm

that emission depends on x. In the presence of PAR, the con-
formational space of SeU is restricted to positive values of x

around 08. Complementarily, we did a dihedral scan around
the C2’’@C5 bond in implicit solvent (water) and we computed

the brightness of the S1 excited state at certain points (Fig-
ure 4 B). In line with our results in the RNA context, the in-

plane conformations of the two rings (08, :1808) are the
brightest conformations. These correspond also to the minima
in the energy surface of the ground state. In contrast, the out-
of-plane conformations (:908) are darker in particular for the
perpendicular disposition of both rings (x= 908).

Excited states analysis

Finally, we analyzed the excited states of the probe under dif-
ferent circumstances. In Figure 5 A are plotted the relevant mo-

lecular orbitals implicated in the fluorescence phenomenon:
from S1 to S0. Upon deexcitation, the excited electron, which

was mainly localized on the uracil ring, “comes back” to the p-
system on the selenophene ring. In these two rings are mainly

located the LUMO and the HOMO, respectively. Therefore, we
analyzed the transition density matrix of the system by divid-

ing the fluorophore in two fragments:[24] the uracil moiety and
the selenophene part. Doing this, we traced the charge trans-
fer (CT) number between both fragments. A third fragment

was defined for the sugar moiety but no relevant contribution
to the fluorescence was found. In Figure 5 B are plotted the
distributions of CT numbers and oscillator strengths for both
systems. In all cases, there is a strong CT component between

the uracil and the selenophene moieties, with most of the
states with CT character +0.7.

Nevertheless, there are deep differences in the oscillator

strength values of + PAR and -PAR. We also measured the CT
number and oscillator strength during the dihedral scan of x

(Figure 5 C). There is a negative linear correlation between CT
and fosc (Pearson correlation coefficient =@0.92, 95 % confi-

dence interval). The darkest states (fosc!0), which correspond
to x= :908, show CT numbers +0.9 and the brightest states

(x= 0, :1808) reduce their CT to &0.7. These differences on

the CT numbers can be ascribed to the participation of the
HOMO-1 in the deexcitation from S1!S0, which is exclusively

located on the selenophene ring. The former molecular orbital
corresponds to the p2 orbital of the heterocycle.[25] This molec-

ular orbital has a strong contribution of the n electrons of the
Se atom as shown in Figure 5 A. Its contribution is relevant

Figure 4. A) Correlation between emission wavelength [nm], dihedral angle
x [degree] and oscillator strength for @PAR and + PAR. B) Energy scan
[kJ mol@1] of x [degree] around the C2’’@C5 bond and oscillator strength (fosc)
calculated for some conformers.

Figure 5. A) Definition of fragments and frontier molecular orbitals implicat-
ed in the S1!S0 electronic de-excitation in SeU. Kohn–Sham orbitals comput-
ed by using the optimized geometry on the S1 energy surface (isoval-
ue = 0.05). B) Distribution of the CT number (left) and oscillator strength
(right) values of SeU along the excited state QM/MM MD simulations. C) CT
number and fosc for different geometries along the scan of dihedral x (dihe-
dral angle values are given on each point).
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when x= :908, what turns S1 into dark state due to a np*
electronic transition, which usually does not emit in nucleobas-

es.[26, 27] The system will be trapped for a longer time on this
dark S1 and it will need more time to relax, and possibly, via

nonradiative mechanisms. This fact could open new possibili-
ties of exploring the use of SeU as photoreactive probes be-
cause i) SeU is able to absorb enough energy in the range of
&4 eV (brightest state S5 in our calculations) and ii) rotation
around the C2’’@C5 bond can be restrained, for example, by

chemical modification of the adjacent positions to the former
bond with bulky groups.

Conclusions

We have quantified in this work that the turn-on effect in the

fluorescence of SeU in the presence of PAR is mainly caused by

the retention of in-plane conformations of both rings of the
nucleobase in SeU and not due to changes in the polarity of

the environment during the emission process. Therefore, the
effect of the environment on the emission is manifest in the

preferential population of certain conformers of the fluoro-
phore. Thus, our approach strongly indicates that, with the

availability of current computational tools, paying attention to

the dynamics of the fluorophore in the context of the macro-
molecule (i.e. , rRNA + antibiotic + solvent) should be taken as a

general practice before computing fluorescence. Even more,
exploration of the “dark conformations” of SeU could lead to

future families of photoreactive probes.
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