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Forster resonance energy transfer (FRET) measurements between two dyes is a powerful method to
interrogate both structure and dynamics of biopolymers. The intensity of a fluorescence signal in a FRET
measurement is dependent on both the distance and the relative orientation of the dyes. The latter can
at the same time both complicate the analysis and give more detailed information. Here we present a
detailed spectroscopic study of the energy transfer between the rigid FRET labels G (donor) and tChpitro
(quencher/acceptor) within the neomycin aptamer N1. The energy transfer originates from multiple
emitting states of the donor and occurs on a low picosecond to nanosecond time-scale. To fully
characterize the energy transfer, ultrafast transient absorption measurements were performed in
conjunction with static fluorescence and time-correlated single photon counting (TCSPC) measurements,
showing a clear distance dependence of both signal intensity and lifetime. Using a known NMR structure
of the ligand-bound neomycin aptamer, the distance between the two labels was used to estimate x?
and, therefore, make qualitative statements about the change in orientation after ligand binding with
unprecedented temporal and spatial resolution. The advantages and potential applications of absorption-
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Introduction

Ribonucleic acids (RNAs) play a central role in cellular regula-
tion such as transcription, translation and gene expression.
This includes functional non-coding RNAs, such as ribos-
witches that often target the 5’-untranslated regions of bacterial
mRNA.> A riboswitch contains two interacting domains, an
aptamer region that binds with high affinity and specificity to
a metabolite and the expression platform.> These two
domains act in concert to activate or repress gene expression
through a conformational change that is triggered by ligand
binding.>*°

RNA aptamers can be readily generated by the technique of
systematic evolution of ligands by exponential enrichment
(SELEX)'*™® and have found use as diagnostic agents,'*"’
biosensors,'®'” and therapeutics.'® 2 It is of great interest to
create artificial riboswitches for regulation of gene expression
using ligands of choice, but only a few RNA aptamers have been
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based methods using rigid labels for the characterization of FRET processes are discussed.

utilized for creating non-natural riboswitches.®”*'>* Increased
understanding of the structure-function relationships of apta-
mers and riboswitches is required to be able to purposefully
design new functional riboswitches.>*2°

Of the several methods that have been established for
studying the structure and dynamics of RNA, fluorescence spectro-
scopy is particularly valuable.””*® It has the advantages of being
highly sensitive, nondestructive for the sample of interest and
offers the ability to conduct experiments under native conditions.
It is a very useful tool to detect the dynamics of biomolecules
through various approaches. In addition to unraveling detailed
information about RNA dynamics, fluorescence spectroscopy is a
powerful method to study structure, even of single molecules,
through Forster resonance energy transfer (FRET). This high-
resolution fluorescence technique can obtain information about
both distance and relative orientation of FRET pairs.***

The relative orientation between the donor and the acceptor
is described with x*, which is not easy to determine. For free
moving labels a x* of 2/3 is usually assumed, which is valid in
the dynamic isotropic regime.** However, this assumption is in
many cases insufficient,****° especially for rigid FRET pairs,
where this assumption is considered invalid.>**° On the flip
side, rigid FRET labels can provide more structural details
through interrogation of the relative orientation of the dyes.

The structural elements of nucleic acids provide a good
framework for rigid labels, in particular when the labels are
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Fig. 1 (a) Secondary structure of the N1-aptamer in its free state (left) and

when bound to its ligand (right).** (b) Structure of the rigid labels ¢,.f and
tCnitrt::-

nucleobase analogues. When embedded in helical regions, they
provide accurate distance measurements and the possibility to
study relative orientations.*'

We have previously prepared and evaluated the fluorescent
nucleobase analogue Cy, (Fig. 1b), which forms a base pair with
guanine, as a fluorescent probe for RNA.** It was shown that
Cm' does not perturb the structure of RNA duplexes and that it
is highly sensitive to its microenvironment. Moreover, it was
used to study ligand binding by the neomycin aptamer.

Interestingly, the fluorescent label Cy,f has multiple emitting
states. This makes Cp,' even more interesting as a donor in
FRET-studies, since the energy transfer can take place from
multiple states.*?

Here we present a detailed spectroscopic study of the energy
transfer between the rigid labels Cy,f (donor) and tCyeo (quencher/
acceptor) (Fig. 1b) inside the neomycin aptamer N1 (Fig. 1a). The
neomycin aptamer was chosen because both its structure and
dynamics have been well studied and because this aptamer is one
of the few aptamers that functions as an active riboswitch,%26:4244-46
We found that the energy transfer between me and tCp;o €xtends
over several orders of magnitude, from nanoseconds to the low
picosecond range. This required application of different methods,
to adequately describe the energy transfer over this large time-range.
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In general, static fluorescence measurements can be used to
determine whether FRET occurs and on what time scale. Once this
is known, it can be decided whether TCSPC or TAS is suitable to
obtain temporal information about the energy transfer, depending
on how fast the process proceeds.

By combining different spectroscopic and data evaluation
methods, we provide new approaches to gain a deeper under-
standing of the distance and orientation dependence of rigid
labels in RNA, specifically to precisely determine structural
changes with unprecedented temporal and spatial resolution,
even at donor-acceptor distances below 2 nm.

Results & discussion
Preparation of oligonucleotides/labeling strategy

We have previously labeled the N1-aptamer at positions C6, U8
and U15 with Cpf to study the kinetics of ligand binding.*?
Since the label was well accommodated in these positions, we
used the same labeling strategy for C,' in this FRET study and
chose the C3 position for tCpjno. Thus, this labeling strategy
yielded three different samples, N1-tCnit,03-me6, N1-tCpitro3-
Cm'8 and N1-tCypitro3-Cm'15 (N-N3C6, N-N3C8 and N-N3C15,
respectively) (Fig. 2), with increasing distance between donor
and acceptor in this order.

To investigate the binding capabilities of the doubly labeled
aptamers, we initially performed ITC experiments (ESLT Fig.
S1). The dissociation constants of the doubly labeled aptamers
are generally larger than the Kps of the unlabeled aptamer (ESI, T
Table S1). However, the Kps of the doubly- and singly-labeled
aptamers are in the same order of magnitude.*” This demon-
strates that the incorporation of tCpiy as a second label does
not significantly affect the binding capabilities to the ligand.

FRET: data collection and analysis. The donor and the
acceptor used in this study were covalently linked to the

N-N3C15

24.6 A

20.1A
5'-GGtC,, -UGC-UUG-UCC-UUC, -AAU-GGU-CCA-GUC-3’

K, =299 nM

Fig. 2 Positions of the donor (Gmf) and acceptor (tCpitro) Within the N1-aptamer, outlined in PDBID:2KXM(NDB/PDB).** Cf is highlighted in blue and
tC.itro iN red. The ligand neomycin is shown in black. Donor acceptor distances (center to center) from the modified NMR structure indicated on the side

of the samples and the Kp values are shown below.
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backbone of the N1-aptamer and thus, both the distance (7) and the
relative orientation of the transition dipole moments determine the
efficiency of the FRET process. Since tCpiyo acts as an efficient
quencher, the fluorescence signal originates exclusively from the Cp,f
chromophore, which greatly simplifies the evaluation of the FRET
data. We began by investigating the static fluorescence behavior.

Static FRET characterization

The singly Cp-labeled N1-aptamers N-C6, N-C8 and N-C15,*
have previously been shown to have slightly different fluorescence
intensity, due to the different flanking bases of Cy,' (Fig. 3a)."
Upon ligand binding, the microenvironment of the Cy,f changed,
leading to an increased fluorescence signal for N-C6, N-C8 and to a
decrease for N-C15.*> For the doubly-labeled aptamers (N-N3C6,
N-N3C8 and N-N3C15), all signal intensities were significantly
lower than the singly C,-labeled aptamers (Fig. 3b). Moreover,
the fluorescence signals show a clear correlation with the distance
between donor and acceptor: It is almost completely quenched for
the shortest distance (N-N3C6), but the signals get stronger as the
chromophores are further apart.

Ligand binding only resulted in a minor change in fluores-
cence for both N-N3C6 and N-N3C15. In contrast a large relative
change was observed for N-N3C8, which was even larger than
for the singly labeled aptamer N-C8.

For a quantitative analysis, the FRET efficiencies can be
calculated. The reduction of the FRET efficiency (E) is domi-
nated by the donor-acceptor distance, but also the relative
orientation of the transition dipole moments (eqn (1)):

_ krret(r) _ R
T]_)l + kFRET(V) R06 + 70

1)

Here, R, (eqn (2)) corresponds to the Forster radius, r to the
distance between donor and acceptor, 7 to the fluorescence
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Fig. 3 Time-integrated fluorescence spectra of (a) G, labeled neomycin
aptamers published by Gustman et al*? (b) Gm and tCpiwo labeled

neomycin aptamers. The fluorescence spectra of the aptamers without
neomycin (— Neo) are shown as a segmented line.
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lifetime of the donor alone and kgger(r) (eqn (3)) to the transfer
rate.

=

Ro = 0211 (Jparn—op) (2)
1 (Ry\®
kerer(r) = ;(T) G)

The relative orientation between the transition dipole moments
of the donor and acceptor is described by x> (eqn (4)). Here, Jp, is
the overlap integral between the emission spectrum of the donor
and the absorption spectrum of the acceptor, n corresponds to the
refractive index of the solvent and ¢p, to the fluorescence quantum
yield of the donor.*

K> = (sin Opsin 0, cos ¢ — 2 cos Op cos 0,) 4)

The static FRET efficiencies (Eq,) can be determined using
the integrated donor fluorescence signal of the donor only (Ip)
and the doubly labeled (Ips) aptamers (eqn (5), Table 1). The
Forster radii Rosta for the FRET pair labeled aptamers were
determined by use of these estimated distances between donor
and acceptor (Fig. 2, eqn 1 and Table 1).

o )

Overall, high static FRET efficiencies (Es,) were obtained for
all samples (Table 1). The most drastic change of Eg, upon
ligand binding can be seen for N-N3C8 (14%). For N-N3C6 and
N-N3C15, the FRET efficiencies change by only 1% and 2%,
respectively. The absolute FRET efficiencies, as well as their
change due to ligand binding, are strongly dependent on the
distance and x> (see below). Since the largest flexibility is
expected at position 8, it is reasonable that the actual distance
between donor and acceptor for the aptamer without ligand is
different from the modelled one. Moreover, the comparatively
large Forster radius for N-N3C8 (— Neo) could also suggest a
more favorable orientation between donor and acceptor for the
energy transfer (eqn (1) and (2)).

Time-resolved FRET characterization

In conjunction with the static experiments, it is essential to
characterize the energy transfer by time-resolved fluorescence
measurements. Time-resolved FRET efficiencies (Ef) can be

Table 1 Experimentally determined static FRET efficiencies Eg, for the
doubly labeled N1-aptamers (egn (5)), donor-acceptor distances from the
NMR structure rpa and calculated Forster radii Ro sta (€0N (1)). Values given
in percent and Angstrém, respectively

Neo Egea [%)] Toa [A] Rosta [A]
N-N3C6 — 99.1 26.8
+ 98.2 12.3 23.8
N-N3C8 - 97.1 36.1
+ 83.5 201 26.3
N-N3C15 - 61.9 24.6 26.6
+ 64.0 27.0

Phys. Chem. Chem. Phys., 2024, 26, 7157-7165 | 7159
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Table 2 Amplitude weighted averaged fluorescence lifetimes of the
donor alone (rp), the measured fluorescence lifetimes of the donor in
presence of the acceptor (tpa), the time-resolved FRET efficiencies Ey¢
(egn (6)) and the calculated Forster radii Ro s (€gn (1))
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Table 3 Calculated transfer rates by static and time-resolved fluores-
cence measurements (Keret,stalr) @and KereTarf(r)) and the respective FRET
times given in Ns (TereT.sta @Nd TERET, trf)

kFRET,sta(r ) TFRET,sta kFRET,trf(r ) TFRET, trf
Neo  tp[ns]”®  tpa[ns]®  Eur[%]  Rour[Al Neo  [ns '] [ns]® [ns ] [ns]’
N-N3C6 — 4.06 0.02 99.5 29.2 N-N3Cé6 — 27.06 0.04 45.63 0.02
+ 4.97 0.12 97.5 22.6 + 10.94 0.09 7.85 0.13
N-N3C8 — 4.14 0.30 92.8 30.7 N-N3C8 - 8.20 0.16 3.11 0.32
+ 3.73 1.09 70.7 23.3 + 1.36 0.74 0.65 1.54
N-N3C15 — 4.35 1.42 67.3 27.7 N-N3C15 - 0.37 2.68 0.47 2.11
+ 5.96 1.64 72.6 28.9 + 0.30 3.35 0.44 2.25

“ Amplitude weighted averaged fluorescence lifetime for the time-
resolved fluorescence signals from Fig. 4.

obtained by measuring the respective amplitude weighted
averaged fluorescence lifetimes 1, and tp, (eqn (6), Table 2).>°

Eg =1 —PA (6)
D

Time-correlated single photon counting (TCSPC) and E¢

We performed TCSPC measurements to monitor the fluores-
cence decay of the doubly labeled aptamers and to determine
the corresponding fluorescence lifetimes.

Similarly to the static fluorescence measurements, the time-
resolved fluorescence data (Fig. 4) show a faster decay of the
fluorescent state compared to the singly labeled aptamers.*>

Fitting the data with two respectively three exponential
functions results in the averaged fluorescence lifetimes shown
in Table 2 (tp, Tpa, for further information see ESI,f Table S2).*>
It should be noted that the fast decays from N-N3C6 (—/+ Neo)
and N-N3C8 (— Neo) were deconvoluted from the IRF (Instru-
ment response function) of the used spectrometer.

Using the averaged fluorescence lifetimes of the donor in
presence of the acceptor (tp,s) and the donor alone (tp),** the
time-resolved FRET efficiencies Eq ¢ can be derived mathemati-
cally using eqn (6) (Table 2).*>*” The efficiencies from the static
measurements (Eg,, Table 1) are in good agreement with those
from the time-resolved measurements (Ey), within an error of
roughly 10%.

The energy transfer rate kpger sta(?’) Was subsequently calcu-
lated from the donor fluorescence lifetime t, and the static
FRET efficiencies Eg,, using eqn (1). The reciprocal of this
transfer rate, Trgrer,sta (i DS), indicates the time scale in which
the energy transfer predominantly takes place. Likewise, the
FRET efficiencies (Eyf), determined by TCSPC, yielded

214

c

=]

]

o

E‘ -Neo /+ Neo

= N-N3C6 1

e N-N3C8 —— /
204 N-N3C15 —— | ——

= L

0.1

time / ns

Fig. 4 Time-resolved fluorescence signals for N-N3C6, N-N3C8 and
N-N3C15 (—/+ Neo). Data points are shown as dots, the fits are shown
as solid lines.
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“ Determined transfer rates for the energy transfer using eqn (1) and the
FRET efficiencies Eg, from Table 1 or Eg¢ from Table 2. ? Reciprocal of
kerer,sta(r) and keger,of(r) correspond to the FRET time given in ns.

kerer,uf(r) and Teger o The transfer-rates and -times from the
static and the time-resolved measurements are in good agree-
ment (Table 3).

For high static FRET efficiencies (Ega,), when the fluores-
cence of Cp' in the doubly labeled samples is strongly
quenched, it is possible that the weak signals can be distorted
by signals from impurities or detector noise. For high time-
resolved FRET efficiencies (Eyy, determined by TCSPC), the fluores-
cence lifetimes were so short that they had to be deconvoluted
from the IRF. The fact that FRET takes place in the picosecond
time-range (e.g. for N-N3C6, Table 3), shows that both experi-
mental methods are at their limits, although the derived FRET
times are similar with both methods. The dependence of the FRET
times on the distance between the FRET pairs is also evident.
However, we decided to examine the energy transfer more closely
with femtosecond transient absorption experiments in order to
resolve the FRET process for the high FRET rates.

Ultrafast FRET dynamics

Ultrafast measurements were performed to characterize energy
transfer processes that are at the edge of the time-resolution
limit of the TCSPC setup. This is especially important for the
N-N3C6 and N-N3C8 samples, both of which have high FRET
efficiencies and thus ultrafast FRET dynamics. The transient
absorption data (Fig. 5) were fitted by global lifetime analysis
(GLA) to obtain the lifetimes of the observed states.*®

The aptamer that was singly labeled with tCpjwo (N-N3)
served as a control. tCpjwo Shows a ground state absorption in
the range of 350 to 550 nm.*' Therefore, a fraction of the
acceptor is always directly excited at the same time as Cp,f,
when irradiating at 388 nm. Upon excitation, tCpitro Shows an
excited state difference absorption signal (ESA1,) between 450
and 530 nm with a maximum at 505 nm and a second signal
(ESA2,) above 600 nm. The directly excited tCpiyo (—/+ Neo)
decays with a lifetime of 5.1 and 3.8 ps, respectively. Due to the
co-excitation, the dynamics of the directly excited acceptor are
visible in all the measurements. The Cy,’ donor shows similar
excited state dynamics as the free chromophore, with several
emitting states that decay with different lifetimes (Fig. 5).*®

Next to the transient absorption measurements (Fig. 5) are
the corresponding decay associated spectra (DAS), along with

This journal is © the Owner Societies 2024
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Fig. 5 Transient absorptions maps (left) and decay associated spectra (DAS) (right), top to bottom N-N3, N-N3C6, N-N3C8 and N-N3C15: left column
without neomycin, right column with neomycin. t, for the decay of the directly excited tCpitro is Shown in violet, 73 for one emitting state of Cmf is shown
in orange, 14 for later emitting states is shown in red. For the samples N-N3 (—/+ Neo), N-N3C6 (—/+ Neo), and N-N3C8 (— Neo) an additional residual

lifetime (inf.) is needed to fit the data properly (shown in brown).

the most importantant decay times. A positive signal for ESA1p,
between 410 to 490 nm, partially overlaps the signal of the directly
excited tCpiwo- A second positive signal, between 590 and 650 nm,
also overlaps the signal of the directly excited tCpito (ESA2a/p).
For G, a negative signal is expected between the two ESA
bands at 490 to 590 nm, which is assigned to the stimulated
emission difference signal (SEp). Due to the high FRET

This journal is © the Owner Societies 2024

efficiency for N-N3C6 (— Neo) and the simultaneous overlap
by the dynamics of the directly excited acceptor (ESA1l, &
ESA2,), the SEp, signal only contributes with a small amplitude
to this measurement. However, for the other measurements,
the stimulated emission is clearly identifiable.

The decay of the excited state of Gy, in the FRET system
follows an identical path for each sample; only the corresponding

Phys. Chem. Chem. Phys., 2024, 26, 7157-7165 | 7161
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Table 4 Decay lifetimes derived from transient absorption measurements

Neo 71 [ps] 75 [ps] 75 [ps] 74 [ps]
N-N3C6 — 0.5 3.1 14 380
+ 0.4 5.6 52 290
N-N3C8 — 0.7 4.7 110 1300
+ 0.3 3.9 160 1500
N-N3C15 — 0.3 5.2 840 3000
+ 0.3 4.3 350 1800

lifetimes are different (Table 4 and ESI,t Fig. S3). The decay
occurs in a multi-exponential fashion. The smallest lifetime (z,)
corresponds to an internal relaxation process after excitation,
which leads to the formation of several emitting states.** The
formation of the emitting states is described with 73 and t,, while
the lifetime 1, describes the decay of the directly excited tCpitro.

Comparing the lifetimes of the emitting states of Cp,f with
kerer,ue(r), and consequently Teger of (Table 3), shows that the
TrreT,of Value is either closer to the lifetime 5 or 7,. It can thus
be deduced that, depending on the efficiency, FRET tends to
occur predominantly from one of the first or the later emerging
emitting states of C,,". However, it must be kept in mind that in
all cases, energy transfer starts from the first emitting state, but
since this state decays rapidly, the transfer progressively shifts
towards a second state at lower efficiencies.

In the DAS of 73 and 7,4 of the individual transient absorption
measurements (Fig. 5), a shoulder at 505 nm (ESA1,) can be
observed. When tCpiro Was directly excited, the excited state
decayed within approximately 5 ps, indicating that the decay of
tChitro in the FRET system occurs after the energy transfer. This
shoulder is more recognizable in the normalized DAS of the
emitting states (ESI,} Fig. S4) further supporting a FRET
process from several emitting states.

To further analyze the ultrafast measurements, the transi-
ents at 428 nm (ESAlp) and 505 nm (ESA1,) were plotted
(Fig. 6). The transients at 428 nm correspond to the decay of
the excited state of the Cp,’. It is evident that the excited state of
Cm' is longer-lived at relative greater DA distances and therefore
at lower FRET efficiencies.

The transients at 505 nm, associated with the decay of the
excited state of tCpiro, also include the SEp, signal of (_;mf. The
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Table 5 Averaged lifetimes of the donor in presence of the acceptor
achieved by means of TAS experiments (tpacras). the FRET efficiencies
derived from the TAS experiments (Etas), the time-resolved FRET efficien-
cies (Eyy), and the static FRET efficiencies (Esta)

Neo TDA(TAs)a [ps] Eras [%] Eut [%)] Ega [%]
N-N3C6 - 110 97.3 99.5 99.1

+ 224 95.5 97.5 98.2
N-N3C8 - 411 90.1 92.8 97.1

+ 1032 72.3 70.7 83.5
N-N3C15 - 1427 67.2 67.3 61.9

+ 1475 75.3 72.6 64.0

“ Averaged fluorescence lifetime obtained using the amplitudes in the
respective DAS of the two observed emitting states for Cy,' (Fig. 5).

transient of the directly excited tCpitro (— Neo) (black) is almost
identical to the transient of N-N3C8 (— Neo) (yellow). This also
applies to the transients of the directly excited tCpiyo (+ Neo)
and N-N3Cé6 (+ Neo) (blue). For these labeling positions, the
FRET occurs after 50 ps, so the transient reflects the decay of
the directly excited acceptor up to approximately 10 ps. The
transient of N-N3C6 (— Neo) (blue) decays later than for N-N3
(— Neo), because of the superposition of the signal for both the
directly excited tCyino and the excited tCpiqo after FRET, due to
the high efficiency of the energy transfer. The transients of
N-N3C8 (+ Neo) (yellow) and N-N3C15 (—/+ Neo) (pink) show a
superposition of the positive signal of the directly excited tCpitro
and the negative signal of the stimulated emission of Cy,". Thus,
it appears that the signal of the directly excited acceptor decays
faster. Taken together, the transients clearly elucidate the dis-
tance dependence of the energy transfer within the aptamer.

An averaged lifetime tpacras) can also be derived from the
transient absorption measurements, specifically using the
amplitudes of the two DAS spectra (associated with 73 and 7,4)
for the emitting states of C,". The respective lifetimes were
weighted by percentage according to their amplitudes to obtain
Tpacras) (Table 5 and Table S3, ESIT). Despite small deviations,
the averaged lifetimes are in good agreement with those
obtained by the TCSPC.

With tpa(ras) (Table 5) and 1y, (Table 2) the FRET efficiency can
now be derived from the transient absorption measurements

- Neo [=—N-N3 ===N-N3C6

N-N3C8 == N-N3C15|

E 428 nm ESA1, 428 nm ESA1, £
8 0 1 1 1 1 —— 0 8
U). 1 - L) = Ll T T L 1 (15
g 505 nm ESA1,| 2
< <

0~ S - 0

-1 1 1 1 1 1 1 1 1 -

1 10 100 1000 1 10 100 1000

delay time / ps

delay time / ps

Fig. 6 Transients of the samples N-N3 (black), N-N3C6 (blue), N-N3C8 (yellow) and N-N3C15 (pink) without (— Neo) and with neomycin (+ Neo).
428 nm corresponds to the wavelength of the excited state of G,,f. 505 nm corresponds to the wavelength where tCpiyro Shows its strongest signal.
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(Exas, Table 5). When comparing the FRET efficiencies derived
from the three different methods, it can be seen that similar
energy transfer efficiencies are obtained for all three.

Discussion of the label movement and orientation in the aptamer

The FRET efficiency (E) for the labeled aptamers can be experi-
mentally determined, with steady state fluorescence, time-resolved
fluorescence (TCSPC) or transient absorption experiments
(Table 5). From eqn (1) and (2), it is obvious that E depends on
the donor-acceptor distance (rpa) and the relative orientation of
the transition dipole moments («x”). Therefore, it is not possible to
determine this relative orientation, without independent knowl-
edge about the distance rp, and vice versa.*®*°

Nevertheless, the donor-acceptor distance rp, can be
extracted with reasonable accuracy (see Table 6) from the
NMR structure of the ligand-bound N1-aptamer.** Thus the
Forster radius R, and the orientation factor x* can be calculated
from E (Table 6; the time-resolved FRET efficiencies Ey¢ from
Table 5 are used for the calculation).

The three-dimensional structure of N1 without the ligand is
not available and, therefore, it is not possible to calculate &
from the distance rp, for the FRET pair in this case. However,
using eqn (1) and (2) and keeping Ey,¢ constant, the distance rpa
can be plotted as a function of orientation x” (Fig. 7). These
value pairs result in the corresponding FRET efficiency (here
Es, Table 5). For the ligand-bound aptamer the data from
Table 6 is marked in Fig. 7 with crosses.

Table 6 Donor-acceptor distances rpa from the NMR structure, calcu-
lated Foérster radi Ro 4¢ and k2 for the different samples. Eyys is used for the
calculations

Neo Toa [A] Ro,ut [A] K2
N-N3C6 - 29.2 0.40
+ 12.3 22.6 0.07
N-N3C8 — 30.7 0.49
+ 201 23.3 0.06
N-N3C15 — 24.6 27.7 0.29
+ 28.9 0.36
40
| -Neo /+N l
€ 30 {|n-n3cs P /| @ °S
~20 — —
T/ M— 1
' ~ | I
40 T
| -Neo /+N l
C 30 |n-nzcs ® / °S /””/l
20 28
10 i
40
-Neo /+N | 4
o 30 |n-n3cts ® / .e‘;<
~20 — e AN
10
102 10" 10°

orientation factor k2

Fig. 7 Dependence of the distance between donor and acceptor (rpa) on
the orientation x? for a given FRET efficiency (Eiy), areas marked in grey
indicate the region of value pairs between rpa and x2.
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For N-N3C15, it is obvious that the resulting curves from the
combinations between rp, and x> are almost identical in the
absence and presence of the ligand (Fig. 7). This is in agree-
ment with previous a EPR study in which the distance between
positions 4 and 15 did not change upon ligand binding.>® This
indicates that the small changes in FRET efficiency could be
due to a slight change in the relative orientation between donor
and acceptor in the ligand-bound state.

Assuming the same behavior for N-N3C6 and N-N3C8, the
corresponding values for x> in the unbound state can be
calculated (Table 6). Although the structure in the unbound
state is unknown, the value pairs (rps and x*) and the FRET
curves (Fig. 7) for both forms of the aptamer can be used to
construct areas (gray regions in Fig. 7) that reflect the range of
motion of the labels relative to each other. The flexibility of the
RNA is accounted for by the construction of the gray areas. This
flexibility and the resulting slight differences in x> lead to
changes in the FRET efficiency. The gray areas take this into
account, with the measured FRET efficiencies corresponding to
the average FRET efficiencies in the ensemble.

Based on this analysis, neither distance nor orientation
changes significantly for N-N3C15 upon ligand binding. For
N-N3C6, a more significant change in both distance and orienta-
tion can be observed, which is in agreement with a previous NMR
study.*® The greatest range of changes is seen for N-N3C8, which
is to be expected, because the me is located at the edge of the
binding pocket where ligand binding should result the most
pronounced movement. Therefore, our results are consistent
with previous studies that have indicated that the N1-aptamer
is already prefolded to a significant extent; the binding pocket
conformation primarily adapts to the ligand, with little change in
the rest of the aptamer.*?

Conclusions

We have presented a detailed spectroscopic study of the energy
transfer process between (;mf and tCpiyo USing experimental
methods that can address a range of time-scales. The FRET
efficiency was determined for FRET times from about 20 ps to
3 ns (Table 3). While methods using steady state fluorescence
(Esta) and TCSPC (E) are commonly used, the third method,
transient absorption spectroscopy (Eras), allowed determina-
tion of fast FRET processes (e.g. N-N3C6) with appropriate time-
resolution; even small changes at very high FRET efficiencies
(and therefore very small distances) can be determined, for
which TCSPC is not sensitive enough.

We were able to evaluate several emitting states for C,f and
showed that the resulting FRET efficiencies, from the three
methods that we used, Eg,, Eutf and Epsg are identical within a
range of 10%. It should be noticed that for the transient
absorption method it is not necessary for the donor to be a
strong-emitting fluorophore with high quantum yield, as for
the evaluation, exclusively the absorption data is used. A lower
quantum yield results in lower FRET efficiency and also makes
TCSPC experiments difficult to perform, because the method

Phys. Chem. Chem. Phys., 2024, 26, 7157-7165 | 7163


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp05728c

Open Access Article. Published on 18 January 2024. Downloaded on 6/29/2026 4:39:14 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

depends on emitted photons. In the case presented here, TAS
can be used to study the ultrafast (excited state) dynamics of the
donor and the change in dynamics due to energy transfer.This
extends the toolbox for the experimentalist.

We have shown that the FRET pair Cy,’ and tCpier is highly
efficient whereby the fluorescence of the donor can be almost
completely quenched. However, as with other pairs, it is not
possible to determine the exact distance and orientation for this
pair from the FRET efficiency E alone. Using a known NMR
structure of the ligand-bound N1-aptamer, a distance can be
approximated to determine x> and, therefore, make qualitative
statements about the change in orientation after ligand binding.

It is clear that the normal approximation of x> having the
value of 2/3 is insufficient when rigid labels are incorporated. A
distinct advantage of rigid labels is the possibility to reveal the
dynamic binding behaviour of aptamers.

This study also highlights the importance of the photophy-
sical properties of both the donor and the acceptor in a FRET
pair. Ideally, the acceptor should fluoresce spectrally separately
from the donor. This would enable measurements of the angle
between donor and acceptor using anisotropy measurements.>*
With the procedure described here, in particular using transi-
ent absorption experiments, the determination of the angle
between donor and acceptor is also possible without fluores-
cence. This requires a different acceptor than tCpjwo, Whose
excited state lives longer and is spectrally separated from the
signal of the excited state of the donor.
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