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Unravelling RNA-Substrate Interactions in a Ribozyme-Catalysed
Reaction Using Fluorescent Turn-On Probes

Ece Cazibe Gaffarogullari,” Peter Greulich,” Andrei Yu. Kobitski, Alexander Nierth,? ¢
G. Ulrich Nienhaus,® %% and Andres Jaschke*® 1l

/Abstract: The Diels-Alder reaction is one of the most
important C—C bond-forming reactions in organic chemistry,
and much effort has been devoted to controlling its enantio-
and diastereoselectivity. The Diels—Alderase ribozyme (DAse)
catalyses the reaction between anthracene dienes and male-
imide dienophiles with multiple-turnover, stereoselectivity,
and up to 1100-fold rate acceleration. Here, a new
generation of anthracene-BODIPY-based fluorescent probes
was developed to monitor catalysis by the DAse. The
brightness of these probes increases up to 93-fold upon
reaction with N-pentylmaleimide (NPM), making these useful

tools for investigating the stereochemistry of the ribozyme-
catalysed reaction. With these probes, we observed that the
DAse catalyses the reaction with >919% de and >99% ee.
The stereochemistry of the major product was determined
unambiguously by rotating-frame nuclear Overhauser NMR
spectroscopy (ROESY-NMR) and is in agreement with crystal-
lographic structure information. The pronounced fluores-
cence change of the probes furthermore allowed a complete
kinetic analysis, which revealed an ordered bi uni type
reaction mechanism, with the dienophile binding first.

/

Introduction

RNAs perform various functions ranging from transmitting
genetic information to regulation and catalysis. This functional
diversity supports the RNA world hypothesis, in which
DNA-protein based life evolved from an RNA-dominated
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Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/chem.201406512. It contains supporting figures
and tables, and details of the synthesis of 1-DAPB derivatives and precur-
sors of the 1-AB derivatives, optical spectroscopy, kinetic experiments, ste-
reoselectivity measurements, and NMR spectroscopy.
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pre-cellular soup.” The emergence of catalytically active RNAs
(ribozymes) is believed to be among the first steps required
for this transition.” An important aspect in the evolutionary
theories is chirality, which is considered to be a key signature
of life.”

Our research laboratories have a long-standing interest in
ribozyme catalysis. A Diels—Alderase ribozyme (DAse) was se-
lected by in vitro evolution and then rationally minimised.®
The Diels-Alder reaction is central to organic chemistry and is
frequently used for the assembly of ring systems. In the course
of this reaction, up to four stereogenic centres are generated
in a concerted manner. Although the relevance of enzyme-cat-
alysed Diels—Alder reactions in natural biosynthetic pathways is
still under debate,” several biopolymeric catalysts have been
developed that accelerate the reaction and/or modulate its
stereoselectivity.”

The DAse has been studied intensively over the years by
applying a variety of experimental and computational tech-
niques.” Nevertheless, very basic details, including the order
of substrate binding or the molecular determinants of stereo-
selectivity, have not yet been experimentally validated.*" The
combination of high K,, values, poor absorption and fluores-
cence properties of the Diels—Alder products, and low water
solubility of substrates and products prevented comprehensive
kinetic and mechanistic investigations.*®? Recently, turn-on
fluorescent dyads were developed in our laboratories to over-
come these obstacles.”” In these first-generation probes, the
BODIPY fluorophore (4,4-difluoro-1,3,5,7-tetramethyl-4-bora-
3a,4a-diaza-s-indacene) was attached to either C9 or C1 of the
anthracene through a meso-phenyl ethynyl bridge (9-AB and
1-AB, Scheme 1). Anthracene was found to quench the BODIPY
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Scheme 1. The Diels-Alder reaction between 1-AB (1-anthracene-BODIPY) derivatives and NPM (N-pentylmaleimide, R®: pentyl), creating four possible Diels—
Alder-product-BODIPY (DAPB) stereoisomers. The 1-AB derivatives show only weak fluorescence, presumably due to a reductive photoinduced electron trans-
fer (PET) from anthracene to BODIPY, whereas the DAPBs are highly fluorescent. To achieve four different DAPB, 1-AB derivatives may bind to the DAse in
four different orientations: (i) head-first bulk-left; (ii) head-first bulk-right; (iii) tail-first bulk-left; (iv) tail-first bulk right. 3D structure of the DAse is adapted from
PDB: 1YKV. In the 9-AB probe, the BODIPY group was attached through the 9-position of the anthracene as designated in the Scheme. The stereochemical
designators of the 1-DAPB are explained in Figure S1 (see the Supporting Information).

fluorescence effectively, presumably by a reductive photoin-
duced electron transfer (PET) mechanism. Upon reaction with
N-pentylmaleimide  (NPM), a Diels-Alder-product-BODIPY
(DAPB) conjugate was formed that was highly fluorescent due
to disruption of the anthracene m-system. An up to approxi-
mately 20-fold increase in brightness upon Diels-Alder reaction
could be achieved with the 1-AB and 9-AB probes, which al-
lowed measurement of the reaction kinetics at high ribozyme
concentration. However, for kinetic measurements under multi-
ple-turnover conditions, the substrate concentrations should
be much larger than the catalyst concentration. The 20-fold in-
crease in brightness of the 1-AB and 9-AB probes was not suffi-
cient to rise significantly above the background fluorescence
generated by the unreacted probe. Therefore, probes with
higher turn-on ratios were needed to fulfil the prerequisites of
the kinetic analysis. 1-AB was a five-fold better substrate for
the ribozyme than 9-AB, as judged by the rate of the catalysed
reaction. Therefore, one aim of the current study was to im-
prove the turn-on properties of the 1-AB probe by systematic
chemical substitutions with electron-withdrawing or electron-
donating groups (Scheme 1) to analyse the reaction kinetics of
the DAse. A second aim was the application of these second-
generation 1-AB probes for investigating molecular determi-
nants of stereoselectivity. Previously, we probed the catalytic
pocket with 9-substituted anthracenes and observed that in-
creased steric bulk led to an increase in ee values of the Diels—
Alder product. These findings supported the view that there is
only limited space in the depth of the pocket (“behind” the
bound substrate), forcing substituted anthracenes to bind pref-
erentially in one specific orientation, namely “head-first” (head
meaning the anthracene ring system).*™® The new light-up
probes based on a 1-substituted anthracene offer an additional
degree of stereo-differentiation and allow ribozyme-substrate
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interactions to be probed at a new level of detail. In contrast
to 9-substituted anthracenes, which, due to their symmetrical
nature, can bind either head-first or tail-first, thereby creating
product enantiomers, the asymmetrical 1-AB probes may bind
in four different modes [i.e., head-first bulk-left (i), head-first
bulk-right (i), tail-first bulk-left (ii), tail-first bulk-right (iv);
Scheme 1], leading to four stereoisomeric Diels-Alder products
(two diastereomeric pairs of enantiomers). A quantitative anal-
ysis of the products formed in the ribozyme-catalysed reaction
is therefore expected to provide new information on RNA-sub-
strate interactions. On the basis of crystallographic data,’™ we
predicted that there is more space on the right-hand side of
the DAse pocket, whereas there is more potential for collisions
on the left-hand side (Scheme 1).

Herein we describe the design and synthesis of second-gen-
eration fluorescent turn-on probes based on the anthracene-
BODIPY dyads. By using the probe with the highest light-up
ratio, we revealed that the DAse efficiently synthesises only
one of the four possible stereoisomeric products. The stereo-
chemistry of this product was determined by ROESY-NMR anal-
ysis. The probe furthermore allowed sensitive kinetic analysis
assuming rapid equilibrium conditions, revealing that the DAse
follows an ordered bi uni reaction mechanism.

Results and Discussion
Design, synthesis and characterisation of the probes

We intended to improve the turn-on capabilities of the 1-AB
probe by introducing different electron-withdrawing or elec-
tron-donating groups to the meso-phenyl ring ortho to BODIPY
(depicted R' and R* in Scheme 1). The electronic effects of
these substitutions are expected to change the highest occu-
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Scheme 2. Synthesis and characterisation of the BODIPY dyes a) Synthesis of 1-AB and 1-DAPB derivatives. Conditions: 1) pyrrole condensation; 2) acid cataly-
sis; 3) oxidation; 4) BF; complexation; 5) sulfonation; 6) chlorination; 7) Sonogashira-Hagihara reaction; 8) ion exchange, and 9) further purification (see the
Supporting Information for details). * Diastereomers for each of the 1D and 2D pairs. b) The daylight and 364 nm images of the BODIPY dyes synthesised by
organic synthesis (100 um dyes in water, 1-AB/1-DAPB, orange; 1-AB-2F/1-DAPB-2F, red; 1-AB-CH,, purple; 1-AB-CF;, green; 1-AB-OCH,, blue).

pied/lowest unoccupied molecular orbital (HOMO/LUMO)
energy levels, influencing the fluorescence intensity. Moreover,
the ortho substitutions introduce further steric restrictions to
the BODIPY systems,”” which may prevent free rotation of the
phenyl moiety with respect to BODIPY and influence dipolar
relaxation pathways. We chose methyl, difluoro, methoxy, and
trifluoromethyl substituents to cover both electronic and steric
effects.

The new 1-AB-based probes, 1-AB-2F, 1-AB-CH;, 1-AB-CF;,
and 1-AB-OCH,, were synthesised in a similar manner to the
first-generation probes by using a convergent route starting
from commercially available benzaldehydes or benzoic acids
(Scheme 2a; see the Supporting Information for experimental
details).”’ Diels-Alder products of the probes were synthesised
either by the ribozyme-catalysed reaction or by organic syn-
thesis. Extensive purification ensured ultra-pure compounds
with light-up properties (Scheme 2b, and Table ST and Fig-
ure S2 in the Supporting Information). 1-DAPB diastereomers
were separated by semi-preparative reverse-phase HPLC. The
diastereomer with a lower retention time was named 1-DAPB-
1D-R'R? and the later-eluting isomer was named 1-DAPB-2D-
R'R? (see the Supporting Information, Figure S2).

All probes were tested for acceptance by the ribozyme
under single-turnover conditions.” Reaction rates of all 1-AB
type substrates were approximately five-fold higher than those
reported for 9-AB (k., 9-AB=2.5x10"3s"")," and had similar
rate constants (between 1.2x1072 and 1.7x1072s"'; Figure 1a
and Figure S3 in the Supporting Information) with approxi-
mately 150-fold reaction rate acceleration. Thus, all 1-AB type
substrates were better accepted by the DAse than 9-AB. More-
over, the chosen substitution positions had no detrimental
effect on the RNA-substrate interactions. The increase in fluo-
rescence of the probes upon Diels—-Alder reaction, however,
differed considerably, and 1-AB-2F was found to be the most
efficient turn-on fluorophore (Figure 1b).
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Figure 1. Selection of the best turn-on probe through a single-turnover
kinetic experiment a) The apparent single-turnover rate constants (k) of
the 1-AB derivatives. Excess [DAse], 4.7 um; and [NPM], 500 pm in standard
DAse buffer were used over [1-AB derivatives], 0.13 um to ensure a single-
turnover. b) Selection of the best turn-on probe, 1-AB-2F, by single-turnover
kinetic experiment. The increase in the fluorescence emission for the cata-
lysed reactions was normalised with respect to 1-AB (see the Supporting
Information, Figure S3 for the raw data). The error bars represent the range
of the data (n=2).

The spectroscopic analyses of the compounds are presented
in Table 1, as well as Figures S4 and S5 in the Supporting Infor-
mation. Variation of the ortho substituents at the meso-phenyl
ring influenced the spectral properties and allowed fine-tuning
of the absorption and emission maxima of the 1-AB derivatives
(see the Supporting Information, Figure S6). In comparison to
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Table 1. Spectroscopic properties of the 1-AB and 1-DAPB derivatives®

Compound  Absorption maxima Fluorescence Quantum
(nm) maxima [nm] yield®!
Anthracene BODIPY Excitation Emission
moiety moiety
1-AB 257, 311, 500,"’ 500,29 511, 0.0078 4 0.0002
368,386, 501,19 509 512,
407;[b] 504[d] 524[d]
257, 314,
369, 386,
406"
1-AB-2F 258,313,  516," 511,09 5249 0,004240.0001
372,394, 5179 52019 536
41 3;[b] 51 S[d]
257,314,
373, 398,
419[51
1-AB-CF, 257,312, 507" 507,29 516>  0.0168+0.0006
369,388, 508, 516 530"
410;[b] 51—'[d]
257,312,
366, 389,
4—”[c]
1-AB-CH, 257,312,  501," 500,94 510"  0.01660.0005
368,385, 500, 510 509,
406;" 504 523
257, 312,
366, 388,
408[c]
1-AB-OCH; 257,314,  503,” 502,* 516," 0.0045 - 0.0001
369, 387, 504,19 503,19 517,19
407;" 506 512 526
257, 316,
369, 389,
4099
1-DAPB  na. 500,°%  501,P% 511,49 0.109+0.003,"
501, 5039 513/ 0.101+0.002
503[d,f,g] 51 O[d,f,g] 524[d,f,g]
1-DAPB-2F na. 514,fel 513 bfal 574 bf 0 456+0.014,1
515t 514/t 5p5lcfal 9379+0,0189
51 5[d,f,g] 520[d,f,g] 536[d,f,g]
1-DAPB-  na. 51199 51649 53099 nd,
CF,
1-DAPB-  na. 504199 509lddl 53l g
CH;,
1-DAPB-  na. 506149 51119 52699 nd.
OCH,

[a] n.a.=not applicable, n.d.=not determined. Complete spectra of 1-AB
and 1-DAPB derivatives can be found in Figures S4 and S5 in the Sup-
porting Information, respectively. Raw data for quantum yield measure-
ments are presented in Figure S7 in the Supporting Information. Fluores-
cence decay curves (see the Supporting Information, Figure S8), and fluo-
rescence decay parameters (see the Supporting Information, Table S3) are
given in the Supporting Information. [b] In water, [c] In standard DAse
buffer, [d]In 55% (v/v) buffer A (0.1m TEAA in H,O, pH 7.4)/buffer B
[0.1m TEAA in MeCN/H,0 (8:2), pH 7.4], [e] ref. [7], [f1 -1D, [g] -2D.

the unsubstituted 1-AB probe, 1-AB-CH; and 1-AB-OCH; had
almost identical absorption, fluorescence excitation and emis-
sion spectra, whereas two fluorine-containing substrates, 1-
AB-CF; and 1AB-2F, displayed a bathochromic shift. The Diels-
Alder products of the corresponding anthracenes had absorp-
tion and emission maxima that were similar to those of the
substrate molecules (Figure S6), which is consistent with the
assumption of a PET-based quenching mechanism.*”
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In all substrates, the BODIPY fluorescence is strongly
quenched by anthracene. Quantum yields increase in the order
1-AB-2F < 1-AB-OCH; < 1-AB < 1-AB-CH; < 1-AB-CF;  (Table 1
and Figure S7 in the Supporting Information). This trend could,
however, not be directly correlated to steric or electronic sub-
stituent parameters (molecular volumes, Taft parameters, and
Hammett coefficients),"” suggesting a more complex combina-
tion of effects (data not shown). On the other hand, 1-DAPB-
2F had a higher quantum yield and fluorescence lifetime com-
pared with unsubstituted Diels—Alder BODIPY product, 1-DAPB
(Table 1, and Table S3 and Figure S8 in the Supporting Informa-
tion). This is in agreement with the observation reported by
Kee et al. that substitutions on the meso-phenyl ring ortho to
BODIPY cause a larger rotation angle of the phenyl ring with
respect to the BODIPY plane." This structural change sup-
presses the non-radiative decay channels, and causes a marked
increase in fluorescence lifetime and quantum yield™ (see the
Supporting Information, Figure S8 and Table S3 for details).

As is evident from Table 1 and Figure 1b, 1-AB-2F had the
lowest quantum yield and gave the highest increase in fluores-
cence amongst all 1-AB type substrates. 1-DAPB-2F/1-AB-2F
had a brightness ratio of 93, which was approximately five
times better than the 9-DAPB/9-AB®? or 1-DAPB/1-AB
substrate/product couples (see the Supporting Information,
Figure S9). Consequently, 1-AB-2F is the most suitable probe
for further studies.

Stereoselectivity of the ribozyme-catalysed Diels-Alder
reaction

To monitor the formation of the diastereomers in multiple-
turnover experiments, the reactions were started by addition
of NPM, stopped with (-mercaptoethanol, and analysed by re-
verse-phase HPLC with a fluorometric detector (Figure 2a). In
the ribozyme-catalysed reaction, the formation of the 1-DAPB-
2D-2F diastereomer was much faster than 1-DAPB-1D-2F,
giving apparent pseudo-first-order rate constants of 5.6x 107
and 0.1x107%s™", respectively, corresponding to selectivity (k,/
k,) of 56. As seen in the HPLC traces (Figure 2b), almost all
substrate was consumed after 120 min, and 1-DAPB-2D-2F
was the major product of the DAse-catalysed Diels—Alder reac-
tion with 92% de. The uncatalysed reaction was much slower,
leaving 93% of the reactant even after 19 h, and only a slight
diastereospecificity (17% de) was observed, independent of
the time point (Figure 2b). A similar kinetic analysis performed
on 1-AB yielded similar results (see the Supporting Information,
Table S2 and Figure S10).

The different substitutions in the 1-AB turn-on probes may
affect the dynamics of the BODIPY core with respect to the
anthracene group, which, in turn, might have an effect on the
selectivity in Diels—Alder reactions. Therefore, we measured the
diastereoselectivity of the catalysed and uncatalysed
reactions for all substrates (Table 2). Whereas the uncatalysed
reactions showed only slight preferences (9 to 27 % de), all
ribozyme-catalysed reactions proceeded with high and similar
diastereoselectivities of approximately 92+ 1% de, indicating

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Analysis of the DAse stereoselectivity in multiple-turnover experiments by reverse-phase and chiral HPLC with a fluorescence detector a) Multiple-
turnover kinetics of 1-AB-2F and NPM. Concentrations: [DAse], 7 um; [1-AB-2F], 100 pum; and [NPM], 500 pm in standard DAse buffer at 24 °C. For the uncata-
lysed reaction, the DAse was omitted. The apparent rate constants are reported in Table S2 (see the Supporting Information). The error bars represent the
standard deviation in n=4. b) The reverse-phase HPLC chromatogram (Ex: 475 nm, Em: 515 nm) and c) the chiral HPLC chromatogram (Ex: 505 nm, Em:

530 nm) of the catalysed and uncatalysed reactions after 120 min and 19 h, showing the diastereospecificity and enantiospecificity of DAse, respectively. (1) 1-
AB-2F; (2) 1-DAPB-1D-2F (R,S,S,R); (2') 1-DAPB-1D-2F (S,R.R,S); (3) 1-DAPB-2D-2F (S,R,S,R); (3') 1-DAPB-2D-2F (RS,R,S).

Table 2. Stereoselectivity of the Diels—Alder reaction®
Substrate Uncatalysed Catalysed

de ee de ee
1-AB 27 <3 91 >99
1-AB-2F 17 <4 92 >99
1-AB-CF; 26 n.d. 92 n.d.
1-AB—CH, 27 n.d. 91 n.d.
1-AB-OCH; 9 n.d. 93 n.d.
[a] n.d.=not determined.

that such intramolecular dynamics does not influence the
stereochemical outcome in the catalysed reactions.

Previous experiments had established that 9-substituted an-
thracenes preferentially bind to the catalytic pocket in a “head-
first” orientation (meaning that the unsubstituted long edge of
the anthracene pointed into the pocket). Small and/or highly
flexible substituents were, however, found to bind—to a lesser
extent—in the “tail-first” orientation, making use of a small ori-
fice in the back of the pocket, leading to ee values in the ribo-
zyme-catalysed reaction between 16 and 90%.°"*® On the
basis of the ribozyme crystal structure and considering the ri-
gidity and steric bulk of the BODIPY attached to anthracene,
we presumed that such a “tail-first” binding is impossible for
the 1-AB probes studied here. This hypothesis was tested by
chiral HPLC analysis. For both 1-AB-2F (Figure 2¢) and 1-AB
(see the Supporting Information, Figure S11), only one enantio-
mer of each pair of diastereomers could be detected, resulting
in >99% enantioselectivity, whereas racemic mixtures were
obtained for the uncatalysed reactions (Table 2).

The stereochemistry of the main product 1-DAPB-2D-2F was
assigned unambiguously by ROESY-NMR analysis of the chemi-
cally synthesised 1-DAPB-1D-2F and 1-DAPB-2D-2F reference
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Figure 3. The 1D-ROESY-NMR spectra of 1-DAPB-1D-2F and 1-DAPB-2D-2F
reveals the stereochemistry of the main product of the DAse catalysed reac-
tion. The positive ROE interaction of the bridging hydrogen atoms (grey
circles) to H-8 (black circle) of the anthracene are shown as solid lines.
Dashed line indicates the absence of a ROE cross peak (R®: pentyl).

compounds (Figure 3). The bridging hydrogen atoms, H-9 and
H-11, are near to H-8 of anthracene in 1-DAPB-1D-2F, giving
rise to positive ROE peaks between both H-8-H-9 and H-8-H-
11. For 1-DAPB-2D-2F, however, H-8 is close in space to H-9,
yielding positive ROE peaks, but very distant to H-11, giving no
cross-relaxation peak.

Thus, by comparison with the HPLC traces of reaction prod-
ucts in the ribozyme-catalysed reaction, the main product was
identified as the 1-DAPB-2D-2F (S,R,S,R) stereoisomer. This find-
ing is in agreement with our prediction from crystallographic
data,®® indicating that the steric demand of the BODIPY sub-
stituent not only prevents “tail-first” binding, but also “head-
first, bulk-left”, likely due to collisions with the RNA backbone,

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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enforcing mostly the head-first bulk-right binding, as shown in
Scheme 1 (ii).

Binding order and kinetic scheme of the DAse-catalysed
Diels-Alder reaction

The ribozyme-catalysed Diels-Alder reaction is a bi uni reac-
tion, in which two reactants (bi) namely, a diene (1-AB-2F) and
a dienophile (NPM) react to produce one product (uni), 1-
DAPB-2F. Microscale thermophoresis experiments and molecu-
lar dynamics simulations suggested a positive cooperativity for
substrate binding to the DAse and an ordered binding mecha-
nism of the substrates, with NPM binding first, respectively.®"
However, the exact binding order and kinetic scheme are still
unknown, due to the poor solubility of the substrates and the
lack of suitable methods for kinetic analysis. The 93-fold in-
crease in 1-AB-2F brightness upon Diels—Alder reaction strong-
ly enhanced the sensitivity of the detection of the reaction
product, 1-DAPB-2D-2F, which, in turn, enabled us to use 14-
fold lower concentrations of DAse compared with previous
methods.”™ This was crucial to meet the [DAse] <[NPM] re-
quirement for rapid equilibrium assumptions and allowed, for
the first time, a complete kinetic analysis. Initial velocities at
varying concentrations of both substrates were determined
and analysed in double-reciprocal plots (Figure 4a and b).
These plots are known to distinguish between an ordered and
a random binding in two-substrate reactions (see the Support-
ing Information for the kinetic data treatment).'” For the
[NPM]-varied plots, the slope of the curves approached zero,
and the reciprocal of apparent maximum velocities increased
with rising 1-AB-2F concentration (Figure 4c). However, the
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double-reciprocal pattern for the [1-AB-2F]-varied plots looked
different. The apparent maximum velocities were independent
of NPM concentration and the slope of the curves did not ap-
proach zero (Figure 4d). Indeed, these kinetic data indicated
an ordered reaction mechanism in which NPM binds first, then
1-AB-2F binds to the DAse/NPM complex (Figure 4e). Fitting
of the experimental data to a rapid equilibrium ordered bi uni
reaction mechanism (Equations SII-A and SII-B) gave Michaelis
constants (Ky) of 566+ 16 and 82+7 um for NPM and 1-AB-2F,
respectively. The maximum velocity (V,,,,) was 8.5+1 ummin~',
which corresponds to a rate constant (k,) of 172 min™".

Conclusions

The Diels-Alder reaction is one of the cornerstones of organic
chemistry. In this study, we investigated different aspects of
catalyst-substrate interactions in a ribozyme-catalysed Diels—
Alder reaction, namely the molecular determinants of stereo-
selectivity and the order of substrate binding. To overcome
limitations from previous assays that were caused by an
unfavourable combination of substrate/product solubility,
detectability, and acceptance by the ribozyme, we designed
and optimised a new class of molecular light-up probes that
connect an anthracene diene with a substituted BODIPY dye.
One of the probes, 1-AB-2F, which contains two fluoro-sub-
stituents at the meso-phenyl ring of BODIPY, was found to in-
crease in brightness by approximately 93-fold upon Diels—
Alder reaction, to be accepted as an excellent substrate by the
ribozyme, and to show appreciable solubility in aqueous buf-
fers. Therefore, 1-AB-2F finally allowed kinetic measurements
at large excess of substrates over enzyme. By using this probe,

boe
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Figure 4. A complete kinetic analysis of the DAse and the proposed bi uni reaction mechanism. a) Lineweaver-Burk double reciprocal plot of the catalysed
Diels-Alder reaction. [DAse]: 0.5 um, [1-AB-2F]: 100 um, black square; 75 um, red circle; 50 um, blue triangle; 25 um, green triangle; and 5 um, magenta trian-
gle. b) Lineweaver-Burk double reciprocal plot of the catalysed Diels-Alder reaction. [DAse]: 0.5 pum, [NPM]: 4.0 mm, black square; 2.0 mm, red circle; 1.0 mm,
blue triangle; 0.5 mwm, green triangle; and 0.1 mm, magenta triangle (see the Supporting Information, Figure S12 for the raw data). c) Secondary re-plots of
(a). d) Secondary re-plots of (b). For (c) and (d), 1/V.aep is the reciprocal of the apparent maximum velocity. In all plots, the error bars represent the standard
deviation of triplicate measurements. e) The proposed reaction mechanism, in which NPM binds first, followed by 1-AB-2F binding with a specific orientation
resulting in the formation of only one stereoisomer. Experimental data, (a)-(d), support an ordered bi uni reaction mechanism in which the Michaelis
constants for NPM (Kypy) and 1-AB-2F (K;_xg_»), and the rate constant (k,) were fitted under rapid equilibrium assumptions.
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we could establish that, with sterically demanding dienes such
as 1-AB-2F, the ribozyme accelerates almost exclusively the for-
mation of one of the four possible stereoisomers, namely 1-
DAPB-2D-2F (S,R,S,R). Considering the crystallographic data
and the highly dynamic nature of the ribozyme, this extraordi-
nary selectivity is likely caused by the potential steric clashes
between the diene and the ribozyme for different binding ori-
entations.®#¢'¥ A second important finding of the current
study that could only be obtained by using these light-up
probes is that the DAse has an ordered bi uni reaction mecha-
nism in which the dienophile binds first to the catalyst, fol-
lowed by binding of the diene. A rate constant for the chemi-
cal step of approximately 17 min~" was determined, in good
agreement with earlier data,”™™ whereas the differences in the
Ky, values reflect both the different physical meaning of the
constants depending of the mechanistic treatment (random bi
uni vs. ordered bi uni) and the different chemical nature of the
substrates used.

Although we developed the turn-on BODIPY probes to study
the reaction mechanism of a ribozyme, they or their synthetic
precursors might find applications in other fields. Preliminary
data indicate that 1-AB derivatives are reactive (and light up)
not only in Diels-Alder reactions with maleimides, but also in
other cycloadditions, including those with reactive oxygen spe-
cies. Furthermore, the bromo-BODIPY intermediates reported
in Scheme 2a could be easily used for a one-step attachment
to sensors or enzyme substrates other than anthracene to
create light-up probes for a variety of analytes. Thereby, these
compounds can address the limitations of BODIPY, especially
with respect to biological systems, often caused by their poor
water solubility.”*

Experimental Section

All solvents were purchased from Sigma-Aldrich and were used
without further purification unless noted otherwise. Diels—Alderase
ribozyme (DAse, 49-mer RNA sequence: 5-GGA GCU CGC CCG
GGC GAG GCC GUG CCA GCU CUU CGG AGC AAU ACU CGG C-3' -
synthesised on solid phase) was obtained from chemical synthesis
services (CSS). Standard Diels-Alderase (DAse) buffer (300 mm
NacCl, 30 mm Tris-HCl, 80 mm MgCl,, 2 mm trolox, pH 7.4) was pre-
pared as a 5x stock solution and diluted as required. DAse concen-
trations for the kinetic experiments were measured with a Nano-
Drop ND-1000 spectrophotometer (Peglab Biotechnologie GmbH)
by using the theoretical extinction coefficient of the DAse se-
quence, &5, =453600Mm 'cm~". To ensure correct folding, a desired
stock solution of DAse in water was refolded by heating for
20min at 75°C and controlled cooling in the thermoshaker
(Eppendorf) within 20 min to RT.

1-AB derivatives were synthesised in a manner similar to that previ-
ously described by using appropriate bromo-BODIPY derivatives
(1 equiv.), 1-ethynylanthracene (1.1 equiv.) and Sonogashira catalyst
solution (see the Supporting Information for the preparation) in
a microwave reactor (CEM2, Discover LabMate with a focused
single-mode reaction chamber, 2.45GHz).”” The synthesised
compounds were purified according to final purification and ion
exchange steps (see the Supporting Information).

1-AB-2F: The reaction was set up with di-triethylammonium-2,6-
disulfonate-1,3,5,7-tetramethyl-8-(4’-bromo-2',6’-difluorophenyl)-
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4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (100 mg, 125 umol), 1-
ethynylanthracene (28 mg, 138 umol) and freshly prepared Sono-
gashira catalyst solution (3.0 mL). Yield: 71 mg (77 umol, 62%);
orange-red solid; R;=0.20 (buffer A/B, 1:1); 'HNMR [500 MHz,
CD,0D/D,0 (5:2), 25°Cl: 6=1.27 (t, J=7.5Hz, 18H), 1.90 (s, 6H),
1.97 (s, 6H), 3.15 (q, J/=7.5Hz, 12H), 7.44-7.52 (m, 5H), 7.77 (d, J=
6.5 Hz,1H), 8.01-8.02 (m, 2H), 8.06 (d, J=8.5Hz, 1H), 8.46 (s, TH),
8.72 ppm (s, 1H); APT NMR [126 MHz, CD,0D/D,0 (5:2), 25°Cl: 6 =
9.26 (p), 9.85 (p), 11.59 (p), 12.45 (p), 15.80 (p), 47.77 (s), 92.27 (q),
92.81(q), 111.24 (qg), 112.91 (qg), 116.63 (t), 116.84 (t), 120.09 (q
125.06 (t), 125.73 (t), 127.26 (t), 127.49 (t), 127.52 (t), 128.37 (t
129.05 (t), 129.23 (q),
131.45 (qg), 131.62 (1), 132.19 (qg), 132.75 (q), 133.26 (q), 133.43 (q),
136.21 (q), 142.61 (q), 158.11 (q), 159.37 (q), 161.29 (q), 180.98 ppm
(@); "FNMR [282 MHz, CD;0D/D,0 (5:2), 25°Cl: 0=—143.50 to
—143.17 (m), —113.22 (s), —113.19 ppm (s); HRMS (ESI"): m/z calcd
for C55H,5BF,N,0,S, 359.0519 [M]>"; found 359.0531.

1-AB-OCH,;: The reaction was set up with di-triethylammonium-
2,6-disulfonate-1,3,5,7-tetramethyl-8-(4'-bromo-2'-methoxyphenyl)-
4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (50 mg, 63 umol), 1-ethy-
nylanthracene (14 mg, 69 umol) and freshly prepared Sonogashira
catalyst solution (2.0 mL). Yield: 31 mg (33 umol, 53%); orange-red
solid; R;=0.15 (buffer A/B, 1:1); '"HNMR [500 MHz, CD,0D/D,0
(5:2), 25°Cl: 6=1.25 (t, J=7.5Hz, 18H), 1.83 (s, 6H), 2.79 (s, 6H),
3.10 (g, J=7.5Hz, 12H), 3.88 (s, 3H), 7.14 (d, /=78 Hz, 1H), 7.45-
7.55 (m, 5H), 7.82 (dd, J;=7.8 Hz, J,=0.6 Hz, 1H) 8.03-8.12 (m,
3H), 852 (s, TH), 8.89 ppm (s, 1H); APT NMR [126 MHz, CD;0D/
D,0 (5:2), 25°Cl: 6=9.38 (p), 9.88 (p), 11.66 (p), 13.02 (p), 15.88 (p),
47.76 (s), 56.85 (p), 89.89 (q), 94.76 (qg), 115.50 (t), 121.10 (q), 124.81
(g), 125.29 (t), 125.88 (1), 126.51 (1), 127.21 (t), 127.42 (1), 127.61 (q),
128.27 (t), 129.06 (t), 129.31 (1), 130.70 (t), 130.92 (t), 131.55 (q),
131.74 (g), 131.99 (1), 132.39 (q), 133.27 (q), 133.40 (q), 135.34 (q),
14321 (qg), 14341 (q), 156.33 (q), 157.70 ppm (q); '’FNMR
[282 MHz, CD;0D/D,0 (5:2), 25°C]: 6=—143.37 to —143.13 ppm
(m); HRMS (ESI"): m/z calcd for CyH,,BF,N,0,S, 356.0666 [MI*~;
found 356.0704.

1-AB-CHj;: The reaction was set up with di-triethylammonium-2,6-
disulfonate-1,3,5,7-tetramethyl-8-(4'-bromo-2'-methylphenyl)-4,4-di-
fluoro-4-bora-3a,4a-diaza-s-indacene (50 mg, 64 umol), 1-ethynylan-
thracene (14 mg, 69 umol) and freshly prepared Sonogashira cata-
lyst solution (2.0 mL). Yield: 32 mg (35 umol, 55%); orange-red
solid; R=0.15 (buffer A/B, 1:1); 'H NMR [500 MHz, CD,0D/D,0
(5:2), 25°C): 6=1.29 (t, J=7.5Hz, 18H), 1.76 (s, 6H), 2.26 (s, 3H),
2.80 (s, 6H), 3.18 (g, J=7.5Hz, 12H), 7.31 (d, /=7.8 Hz, 1H), 7.52-
7.59 (m, 4H), 7.76-7.77 (m, 2H) 7.83 (d, J=7.0 Hz, 1H), 8.09-8.16
(m, 3H), 8.57 (s, 1H), 8.93 ppm (s, 1H); APT NMR (126 MHz, CD;0D/
D,0 (5:2), 25°C]: 6=9.29 (p), 11.60 (p), 12.97 (p), 14.60 (p), 15.82
(p), 19.19 (p), 47.84 (s), 88.40 (q), 93.53 (q), 119.96 (q), 123.47 (q

124.05 (t), 124.68 (1), 124.80 (q), 125.98 (t), 126.19 (t), 126.98 (t
126.99 (t), 127.81 (1), 128.10 (t), 128.25 (t), 129.57 (t), 129.62 (t
130.31 (t), 130.54 (qg), 130.62 (t), 131.17 (q), 132.03 (q), 132.17 (q),
133.23 (q), 134.16 (q), 134.51 (q), 135.03 (q), 136.23 (q), 142.21 (q),
155.66 (qg), 170.50 (q), 175.29 (q), 175.97 ppm (q); '°F NMR
[282 MHz, CD;0D/D,0 (5:2), 25°C]: 6=—143.39 to —143.06 ppm
(m); HRMS (ESI"): m/z calcd for CsqH,,BF,N,0.S, 348.0691 [M]*;
found 348.0720.

’

'

)
)
)
)

1-AB-CF;: The reaction was set up with di-triethylammonium-2,6-
disulfonate-1,3,5,7-tetramethyl-8-(4'-bromo-2"-trifluoromethylphen-
yl)-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (57 mg, 68 umol), 1-
ethynylanthracene (15 mg, 75 umol) and freshly prepared Sonoga-
shira catalyst solution (2.0 mL). Yield: 22 mg (23 umol, 34%);
orange-red solid; R;=0.35 (buffer A/B, 1:1); 'HNMR {500 MHz,
[D;]MeCN/D,0 (4:1), 25°CY: 6=1.20 (t, J=7.5Hz, 18H), 1.71 (s, 6 H),
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2.78 (s, 6H), 3.01 (q, J=7.5 Hz, 12H), 7.54-7.60 (m, 4H), 7.68 (d, J=
7.0 Hz, 1H) 7.91 (dd, J;=7.0 Hz, J,=1.0 Hz, TH), 8.11-8.18 (m, 3H),
8.25-8.27 (m, 1H), 8.32 (d, J=1.0 Hz, TH), 8.62 (s, 1H), 9.08 ppm (s,
1H); APT NMR {126 MHz, [D5]JMeCN/D,0 (4:1), 25°C}: 6=9.07 (p),
11.31 (p), 13.00 (p), 14.60 (p), 15.59 (p), 47.45 (s), 91.34 (q), 93.19
(q), 120.41 (q), 121.77 (t), 125.41 (t), 125.85 (1), 126.35 (q), 127.21 (1),
127.33 (1), 128.24 (t), 128.89 (t), 129.35 (t), 129.35 (q), 131.07 (q),
131.10 (q), 131.17 (1), 131.33 (q), 131.98 (q), 132.13 (1), 132.39 (),
132.88 (q), 132.90 (q), 133.12 (q), 133.14 (q), 133.17 (q), 136.26 (q),
136.27 (q), 137.25 (t), 140.98 (q), 142.43 (g), 156.94 ppm (q);
F NMR (282 MHz, [D;]MeCN, 25°C): 6 =—143.84 to —143.45 (m),
—60.40 ppm (s); HRMS (ESI"): m/z caled for Cs4H,,BFsN,O¢S,
375.0550 [M]*"; found 375.0546.
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