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Superior cellular activities of azido- over amino-functionalized ligands for

engineered preQ; riboswitches in E.coli

For this study, we utilized class-1 and class-1l preQ;-sensing riboswitches as model
systems to decipher the structure-activity relationship of rationally designed ligand
derivatives in vitro and in vivo. We found that synthetic preQ, ligands with amino-
modified side chains that protrude from the ligand-encapsulating binding pocket, and
thereby potentially interact with the phosphate backbone in their protonated form, retain
or even increase binding affinity for the riboswitches in vitro. They, however, led to
significantly lower riboswitch activities in a reporter system in vivo in E. coli.
Importantly, when we substituted the amino- by azido-modified side chains;the cellular
activities of the ligands were restored for the class-1 conditional gene expression system
and even improved for the class-11 counterpart. Kinetic analysis of ligahd hinding in
vitro revealed enhanced on-rates for amino-modified derivatives while they were
attenuated for azido-modified variants. This shows that ngrther highaffinities nor fast
on-rates are necessarily translated into efficient cellulag,activities. Taken together, our
comprehensive study interconnects in vitro kipetics'and inwitro thermodynamics of
RNA-ligand binding with the ligands’ iggvivo perfommance and thereby encourages

azido- rather than amino-functionalized design for enhanced cellular activity.

Keywords: RNA ligandirecognition; modifications; riboswitches; kinetics;

thermodynamics; RINAwbiosensor tools; preQ; derivatives



Introduction

Riboswitches have emerged as possible targets for the development of alternative
antimicrobial approaches *®. They are typically located in the 5’ noncoding regions of
bacterial MRNA and are able to bind specific metabolites to their aptamers with very high
selectivity ®**. In a manner that is dependent on metabolite concentration, nascent mMRNAs
containing riboswitch domains can enter one of two mutually exclusive folding pathways to
impart regulatory control *2. The outcome of the folding pathway corresponds to ligané-botind
or -free state. Thereby, the aptamer fold triggers structural cues into the expression,platform
which, in turn, transduces an “on” or “off” signal for gene expressiongpredomifantly at the
transcriptional or translational level ***°.

One of the most critical steps in riboswitch gene regulation, is ligand-sensing by the
aptamer. For most riboswitches, the ligand becones almg@st'eéempletely encapsulated by the
RNA scaffold. Besides nucleobase stackingfmest riboswitch aptamers involve every possible
hydrogen donor or acceptor position of the liganddin hydrogen bond interactions with
nucleotides of the binding pocket. Thisumakes the structure-based design of modified ligand
analogs and ligand mimics rather challenging. Nevertheless, the identification of novel potent
ligands is a topic of intense resgarch because ever since their discovery, riboswitches have
been viewed as promisingftargets for the development of novel antibiotic strategies *°.

Likewise, efforts,to engineer riboswitches for imaging purposes **°

or as biotechnological
toolSdfor thendetection of endogenous and non-endogenous small molecules are in the focus of
synthetic biologists interested in understanding and reprogramming cellular behavior %.

In the present study, we examine the structure-activity relationships between 7-
aminomethyl-7-deazaguanine (preQ:) sensing riboswitches 2* and chemically functionalized
preQ; ligands, both in vitro and in vivo. In particular, we ask the question how “add-on”

functionalities such as aminoalkyl, azidoalkyl, and ethylene glycol moieties that can

potentially interact with the phosphate backbone and that are amenable for further
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derivatization, impact binding thermodynamics and kinetics and how the obtained in vitro

parameters translate into riboswitch activity in the cell.

Results and discussion

Structure-based design of functionalized ligands for preQ;-1 and -11 riboswitches

PreQ; is an intermediate of the biosynthesis pathway of the hypermodified nucleaside
queuosine. Although queuosine is found in specific tRNAs of most eukaryotes and bacteria; it
is only synthesized in bacteria. The queuosine modification enhances translational fidelity‘at

the wobble position 2%

, and queuosine deficiency in bacteria can lead e reduced growth
fitness and diminished virulence *®?’. Bacterial riboswitches responiSive tosreQ; are currently
known to fall into three phylogenetically distinct classes. The preQr=F(class 1) aptamer is
distributed widely and rather compact, comprising not#more,than 34 nucleotides 2. The preQ;-
Il (class 2) riboswitch is about twice this size and hasbee found in the Firmicutes 2°. Both
classes are prevalent among important pathogens;,such as Streptococcaceae. By contrast, the
preQ:-111 (class 3) riboswitch has been foundyexclusively in Clostridium, and it is the largest
of all preQ; riboswitches .

In the present comprehensive study, we have focused on the two most widespread
classes of preQ; rib@switchesy(l and I1). These two classes employ distinct ligand binding
modes (Figure @) **3, The class-1 riboswitch recognizes preQ; with cytosine (C15) through
classical Watson:-Crick base pairing and additionally through bidentate interaction of the
ligand’$ N3 and C2-NH; with the trans Watson—Crick face of adenosine (A29) (Figure 1A).
Moreover, the N9-H of preQ; is H-bonding to the carbonyl O4 of uridine (U6) and the 7-
aminomethyl moiety is involved in a further H-bond, namely to O6 of guanosine (G6).

The class-11 riboswitch binds preQ; differently (Figure 1B). PreQ; pairs in bidentate

fashion through trans Watson-Crick/Watson-Crick to cytidine (C30) and tridendate via N9-H—

N3-C2-NH; to the trans Watson—Crick face of uridine (U41). The O6 of the preQ; lactam



moiety forms a water-mediated bridge to the 2’-OH of C30. Compared to the class-I
riboswitch, the 7-aminomethyl group of the ligand is more strongly involved in interactions
with the RNA, namely H-bonding to O6 of U31 and via electrostatic interactions to the
phosphate group between A70 and A71.

Although preQ; binding modes of class I and Il riboswitches are different with respect
to H-bonding patterns, for both riboswitches the 7-aminomethyl group of the ligand remains
solvent-accessible in the bound state. The 7-aminomethyl group therefore appearstofe a
suitable anchor for tether attachment without disturbing ligand-aptamer recognitien. Because
we intended to retain the interaction characteristics of the 7-aminomethyb moiety, its
alkylation (resulting in secondary amines) rather than acylation (resultingsih amides) was
considered to provide the most fitting functionality for attachments.

For tethering additional functionalities to the nativedligand, we have mainly focused on
two types of modifications. First, aminoalkyhtethers as,shown for derivative 3 and 4 (Figure
2) in their protonated form at suitable pH should¥e able to support binding of the modified
ligand, based on specific electrostatic Interactions with the phosphate backbone at the entrance
of the ligand binding site. Higheraffinities can be expected and additionally, binding kinetics
are likely influenced due,to antapparent increase in concentration because of non-specific
interactions of the ammeniumygroups with the RNA phosphate backbone.

Secondjazidaalkyl tethers as shown for derivative 5, 6 and 7 (Figure 2) have been
envisaged Because of their potential for further straightforward functionalization with labeling
compeunds, e.g. fluorophores or biotin, using bioorthogonal Click or Staudinger reactions.

Moreover, we set out to analyze the impact of ethylene glycol moieties as shown for
compound 8 (Figure 2). In a different context, earlier studies on oligoribonucleotide duplexes
carrying this functionalization demonstrated a Mg?*-chelating effect that can be utilized for
enthalpic stabilization of RNA double helices *2. We therefore speculated that this effect

might be advantageous to stabilize small molecule-RNA interactions as well. Finally, we



wanted to analyze the binding properties of a ligand dimer 9 (Figure 2) that bridges two preQ;

units via a short pentane linker to both 7-aminomethyl groups.

Synthesis of tethered preQ; ligands

To get access to the preQ; derivatives displayed in Figure 2, we have developed a
robust protocol for reductive amination of 7-(aminomethyl)-7-deazaguanine 1 ** and the
corresponding phthalimido-protected aminoalkylaldehydes and azidoalkylaldehydes,
respectively, using tetramethylammonium triacetoxyborohydride in dimethylformamide-and
acetic acid. The phthalimido group was then cleaved with aqueous hydrazife solution. All
tethered preQ; derivatives were purified by reversed-phase chromatography applying an
acetonitrile gradient to aqueous eluents containing one percent ofrifluoroacetic acid. The
products were thus obtained as salts of trifluoroacetic acid inexcellent purity. Details of
preparation are given in the Supporting InformationyThe developed routes provide

significantly higher yields compared to directalkylation of preQ; using bromoalkyl substrates

34

Binding thermodynamics angfkingtics of tethered preQ; ligands to class-1 and -11

riboswitches

Ligand affinjtiesi(Kp)sas well as on-rates (kon) for ligand binding were measured based
on a fluorescenge spectroscopic approach (Supporting Figure S1, Figure 3) that utilizes site-
specifically 2-aminopurine (Ap) labeled RNA *. For preQ; class-1 riboswitches, we focused
on the specific aptamer sequence from Thermoanaerobacter tengcongensis (Tte); for preQ:
class-1I"riboswitches, we used the aptamer sequence from Streptococcus pneumoniae (Spn)
(Figure 4). For both, suitable positions for Ap substitutions (U22Ap class I; A11Ap class 1)
have been identified **¢,
Of note, the availability of the 7-aminomethyl group of native ligand 1 is particularly

important for class-11 riboswitches. Affinity was 7-fold reduced for ligand analog 2 (7-(3-

aminopropyl)-7-deazaguanine; Supporting Figure S2A) that comprised an alkyl spacer placing
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the amino group at greater distance from the ligand core (Figure 2); likely, the longer chain
hinders positioning of the amino group to generate contacts to the phosphate of A70-A71 and
to U31 in the RNA binding pocket.

Concerning the class-1 preQ; riboswitch aptamer, the Kp values of amino- and
azidopropyl and -butyl tethered ligands (3 to 6) measured in aqueous buffer at pH 7.5 (50 mM
MOPS, 100 mM KClI, 293 K) in the presence of 2 mM MgCl, were comparable to native
ligand 1, varying only by a factor of 1.7 (Table 1, Figure 4, Supporting Figure ST and'S2).
Ligands carrying longer chains, such as azidoethoxyethyl-preQ; 7 and triethylene,glycol-
linked preQ; 8, experienced a 4-fold and 18-fold decrease in affinity, respectively (Table 1,
Supporting Figure S2). We speculate that the conformational changes,ofétiie tethered group
that are required for a chelating Mg®* interaction (as indicatéd im\Eiglire 1) might lead to an
entropic destabilization that compensates the enthalpi¢'stabilization. Also, for the preQ; dimer
9, a loss in affinity (11-fold) was found (Tabile 1).

Interestingly, for the preQ; class:II riboswitch aptamer, the affinities measured for
aminopropyl and -butyl tethered ligands (3 and 4) were increased by 3- to 4-fold compared to
the native ligand, consistent Wwith'stabilizing interactions between the additional ammonium
group and the RNA phosphateibackbone at the entrance of the binding pocket (Table 2, Figure
4B, Supporting Figure 81B and S2A). In contrast to 3 and 4, the Kp values of the
corresponding azidofropyl and -butyl tethered ligands (5 and 6) were comparable to the native
ligand, varying only by a factor of 1.7 (Table 2, Figure 4C, Supporting Figure S1C and S2A).
Also,for azidoethoxyethyl-preQ; 7 the affinity remained comparable, however, the triethylene
glycol-linked preQ; 8 and the preQ; dimer 9, experienced a 10-fold and 4-fold loss in affinity,
respectively (Table 2). From this in vitro analysis, it becomes obvious that varying affinities
of a particular ligand derivative towards class-1 and class-11 aptamers likely originate from
their distinct structural features leading to differential accomodation and interaction with the

tether.



With regard to ligand binding kinetics, we note that previous studies have
demonstrated that for the Tte class-1 aptamer, preQ; binding kinetics are strongly dependent
on preQ; concentrations *. Employing the U22Ap riboswitch variant for the 2ApFold
fluorescence approach here, we determined an on-rate ko, of 11.3 x 10° M™'s™ for preQ; 1
(Table 1). For the Spn class-11 preQ; counterpart, however, we found that binding kinetics of
preQ; 1 (based on the corresponding A11Ap variant) were independent of ligand
concentration, with Kkops 0f 1.07+0.30 s™ (over the same range of 2 to 14-fold excéss ofiligand
over RNA as applied to the class-I counterpart). This suggests that a conformational change or
conformational adaption of the class-11 preQ; RNA is possibly rate-limiting ferthe ligand
binding process.

For the aminoalkyl ligand derivatives 3 and 4 we found three'to five-fold faster on-
rates Ko, for binding to the class-1 aptamer compared t@ native preQ: 1 (Table 1, Figure 3,
Supporting Figure S2B and S3). By contrastgthe carresponding azidoalkyl ligands 5 and 6
with the same tether lengths were obsenved to hawe two and five-fold slower on-rates ko, than
preQ; 1 for binding to the class-1 aptamer (Table 1, Figure 3, Supporting Figure S2C). The
faster on-rates for ligands 3 and 4.are consistent with the possibility for specific electrostatic
interactions between the additienal'ammonium moieties and the phosphate backbone, and
more generally, with apsincrease in local concentration due to improved electrostatic
interactions with thethegatively charged RNA. They are also consistent with an earlier
proposed induced-fit binding mode of the preQ; class-1 riboswitch *°4°.

Not unexpectedly, for the class-I1 riboswitch where ligand binding is not the rate
limiting step but likely a conformational change that occurs in the RNA pocket, all preQ;
ligand derivatives 3 to 9 exhibited rates koys that were comparable to that of the native ligand
(Table 2, Figure 4, Supporting Figure S2 and S4). Only a slight rate difference among the
ligand derivatives was observed, with azidobutyl modified preQ; 6 being slowest (Kqps

0.68+0.30 s™*) and aminopropyl modified preQ; 3 together with dimer 9 being fastest (Kops



1.05+0.16 5™ and ks 1.06+0.11 s%) (Table 2, Supporting Figure S4). The here observed
concentration-independence of class-11 riboswitches with respect to binding rates is consistent
with the conformational capture model that was deduced from NMR spectroscopic
investigations **. This model proposed that stem P4 is poised to act as a “screw cap” on preQ,

recognition to block ligand exit and stabilize the binding pocket.

Cellular activity of functionalized preQ; derivatives in a preQ; deficient E. colj,strain

Previously, preQ; riboswitches have attracted attention as platforms for_the
engineering of orthogonal riboswitches to control gene expression. Micklefield and*coworkers
used a rational targeted approach in the evaluation of synthetic compounds with riboswitch
mutants and identified an orthogonal riboswitch—ligand pair that'effectively repressed the
transcription of selected genes in B. subtilis *. More recentlyyrationally engineered preQ;
riboswitches have been applied for inducible gene fegulétion in mycobacteria .

In this study, we investigated how the“affthity,and kinetic parameters obtained in vitro
for functionalized preQ; derivatives (240°9) translate into cellular activity (Figure 4). We
therefore engineered a preQ; class’ opclass |1 riboswitch- controlled reporter gene (green
fluorescence protein, GFP) and'montitored its production in response to the different ligands in
vivo in E. coli. To avaid petential interference of endogenous preQ; with the assay, we used
an E. coli strainoearing.an inactivating mutation of the queC gene, which encodes a protein
involved infthe edrly steps of queuosine synthesis **. Tte and Spn preQ; riboswitches act at the
level,of franslation by sequestering the Shine-Dalgarno sequence via ligand-triggered
alternative RNA folding ?*. Successful binding of the preQ; ligand therefore results in a
decrease of GFP production, which can be measured directly in the bacterial culture by
determining GFP fluorescence. We used an inducible reporter system (pQE70 bacterial
expression system) to repress GFP transcription in the absence of the inducer (IPTG) and
added the different ligands concomitantly with the IPTG. Fluorescence measurements at 6 h

after induction revealed that the native preQ; ligand 1 was capable of dose-dependent
9



regulation of class I-controlled GFP expression with an ICsg value of 27 uM and 75%
repression observed at preQ; concentrations of 1 mM or higher (Figure 4A) while for the class
Il riboswitch, the 1Csy value amounted to 96 uM with 65% repression at 1 mM or higher
preQ; concentrations (Figure 4A).

We then evaluated the importance for in vivo activity of the native 7-aminomethyl
group as a structural subunit in analogs of preQ; by measuring 1Cs values of compound 2:
Although this compound comprises the 7-deazaguanine core, the replacement of'the 7~
aminomethyl by a 7-(3-aminopropyl) substituent renders it practically inactive,imyivo
regardless of the riboswitch tested (Supporting Figure S2A). This was gspecCially surprising in
the case of the class I riboswitch because in vitro, compound 2 displayedwmearly the same
affinity to class | aptamers as the native ligand.

Unexpectedly, the aminoalkylated ligands,3 and 4.that showed up to 4-fold higher
affinities (class-11) and up to 5-fold increaseghon-ratesi(class-1) in vitro exhibited poor
regulation ability in vivo. ICsq values fag both ribeswitch classes were at least 10-fold higher
than those for native preQ; 1 (Table 1 Figure4B, Supporting Figure S2B). However, when
azido instead of amino groupswere’present at tethers of the same lengths, as in preQ;
derivatives 5 and 6, the in‘vivoyactivity was restored (for class I) or even improved (for class
I1) compared to the pativepreQ; 1 ligand (Table 1, Figure 4C, Supporting Figure S2C).
Intriguingly, these ligands had shown significantly slower on-rates in in vitro binding studies
(forclass-Hy(Figure 4C). Together, these findings demonstrate that azidoalkylated ligands
exhibit‘excellent bioavailability and are potent triggers of riboswitch conformation changes
resulting in the repression of translation in vivo. On the other hand, it appears that despite
superior in vitro affinity of aminoalkylated ligands, they are less suitable for in vivo
applications. Potential reasons for that could be reduced cellular uptake * or interference with

polyamine metabolism in the cell “.



We also tested the in vivo activity of azidoethoxyethyl preQ; derivative 7 and found
that it was comparable to that of the native preQ; ligand for the class Il riboswitch and slightly
higher for the class | type (Figure 4D). The triethylene glycol modification of the ligand
(derivative 8) resulted in strongly decreased in vitro affinities of this ligand for both
riboswitch classes. Interestingly, however, the in vivo activity of derivative 8 towards the
class-11 riboswitch was essentially equal to the native ligand (Supporting Figure S2D). Forihe
class-1 riboswitch, a similar trend was observed in that the decrease in ICsq value'wasdess
pronounced than expected considering its low affinity in vitro (Supplementary, Figure S2D).
Finally, the ligand dimer 9 showed clearly inferior in vivo activity towards beths€lass-1 and -II

riboswitches compared to the native ligand 1 (Table 1 and 2).

Conclusions

For several reasons riboswitches have been'eonsidered attractive targets for
antimicrobial drug development *°: They are‘Welhsttuctured and allow stable binding of low—
molecular weight compounds to RNA with,affinities as found for interactions between
established antibiotics and ribosomal’RNAC Furthermore, riboswitches have not been
identified in mammals which sheuldreduce the risk of undesired side effects. Finally, they are
often located upstream,of ‘genes encoding enzymes that are involved in the synthesis of the
metabolite that triggers.the very riboswitch. By designing suitable metabolite analogs that
outcompetg the patural ligand for interaction with the riboswitch, the production of the
metabolite,will be inhibited by preventing the expression of the synthesis genes. If the
respective metabolite is essential for life, this will lead to a growth stop and/or death of the
bacterial cell. Several studies have demonstrated that riboswitches are indeed druggable &
8164749 The most prominent investigation employed a phenotypic screen and identified
ribocil that acts as a structurally distinct mimic of the natural ligand flavin mononucleotide to

repress ribB gene expression and inhibit cell growth .



Modest success, however, derived from ligand design that relied on the modulation of
the nature and/or position of heteroatoms of the ligand core and/or the decoration of accessible
positions with substituents that are typically used in medicinal chemistry as e.g. reported
recently for guanine-sensing riboswitches in the bacterial pathogen Clostridioides difficile °.
To the best of our knowledge, such studies have not yet included the evaluation of azide
functionalization of ligands. Our study now demonstrates that the attachment of short azide-
tethers to the native ligand of preQ; riboswitches leads to improved efficacy (> 2-fold
decreased 1Csp) and significantly increased repression (from 65% to 80%) of.a,GEP reporter in
E. coli. These findings were unexpected because the thermodynamic apdrkinetie’parameters
kon and Kp determined in vitro were clearly inferior to amino-modified derivatives and rather
similar to the native ligand. It was furthermore unexpected thatthe amino-modified
derivatives that gave the highest affinities in vitro, exhibited,the lowest cellular activities of all
preQ; derivatives investigated.

For future prospects, azido-modified preQy ligands due to their excellent
bioavailability and in vivo activity may,constitute highly promising platforms for in vivo
labeling approaches. The here presented azido-tethered preQ; derivatives are amenable for
bioorthogonal labeling reactions with diverse reporter groups such as fluorophores. Recently,
the structure-guided‘design ofyfluorescent S-adenosyl-L-methionine (SAM) analogs has been
successfully introduded for a high throughput screen to target SAM-I riboswitch RNAs *°.
Such screens are likely expandable to preQ; riboswitches based on the derivatives presented.
Finally; inspiration for live cell imaging applications of preQ:-fluorophor conjugates can be
drawn from a recent RNA imaging assay using the cobalamin riboswitch as an RNA tag and a
series of probes containing the cobalamin ligand as a fluorescence quencher to elicit

fluorescence turn-on upon binding RNA *".
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Table 1. Class-1 preQ; riboswitches — Thermodynamic and kinetic parameters of ligand

binding and cellular activity.

Ligand No. Kp [nM] Kon [M's™ x107] Kot [sT] * ICso [UM] **
1 51 11.3 0.000576 27 (75%) * off-
2 71 4.3 0.000305 n.d.
3 32 61.7 0.001974 >500 &
4 41 37.9 0.001554
5 30 4.6 0.000138
6 88 25 0.000220
7 167 24 0.000401
8 922 34 0.003135
9 590 35 0.002065 (38%) from

** number in brackets represents percentage of transl

concentration;

n.d. not detectable
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aT@ ression at saturating ligand



Table 2. Class-11 preQ; riboswitches — Thermodynamic and kinetic parameters of ligand

binding and cellular activity.

Ligand No. Kp [nM] Kobs [S'] Koit [ST]* ICso [UM] **
1 430 1.07 0.084733 96 (65%)
2 2830 >10%** n.d.

97 1.05 0.019982
148 0.80 0.022999
254 0.70 0.033841
432 0.68 0.054080

203 0.75 0.029262

92 (68%)

©| O N| O U M| W

4580 0.72 0.0315 116 (65%)
1030 1.06 0.1819 328 (53%)
* off-rates were calculated from Ky = Kops/(1+([L]/Kp) Q
** number in brackets represents percentage of re i saturating ligand concentration;

*** astimated value;

n.d. not determined
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Figure 1. Structural analyses of preQ; riboswitches. A) H-bond interactions between preQ:
and RNA binding pocket of class-1 riboswitch; B) H-bond interactions between preQ; and
RNA binding pocket of class-11 riboswitch; C) Three-dimensional structure of the
Thermoanaerobacter tengcongensis (Tte) class-1 preQ; riboswitch (PDB ID: 3Q50); D)
Three-dimensional structure of the Lactobacillus rhamnosus class-11 preQ; riboswitch (PDB
ID: 4JF2); E) “Add-on” functionalities of preQ; ligands with the potential to interact wit

phosphate backbone units at the entrance of the ligand pocket to support ligand-RN g.
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Figure 2. Chemical@re f the preQ; ligand derivatives synthesized for this study (for

synthetic (@@Ve Supporting Information).
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ligand 1 (conditions: 0.5 uM RNA, 100 mM KCIl, 50 mM MOPS, pH 7.5, 293 K. Ligands: 2
mM MgCl,, 5 uM preQ; 1); affinities Kp were obtained from plots of normalized AP
fluorescence intensities plotted as a function of ligand concentrations (for details see
Supporting Figure S1); rate constants Kon(293) Of the Tte preQ; class-1 riboswitch were obtained
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from plots of observed rates kops vs ligand concentrations (for details see Figure 3 and
Supporting Figure S3); binding to the Spn preQ;-11 riboswitch was independent of ligand
concentration; for details of kops determination see Supporting Figure S4. Dose-dependent
repression of gene expression: B105 E. coli cells transformed with constructs expressing
eGFP under translational control of preQ; class-1 and -11 riboswitches were assayed for eGFP

fluorescence in the presence of different preQ; 1 concentrations (0.10 uM to 5 mM). Da&

represent the mean of three biological replicates, with error bars indicating stano%
i

The data were fit with a four-parameter logistic function to derive the ICs ﬁ%

B) Same as (A), but for ligand derivative 3. C) Same as (A), but for li ivative 6. D)

Same as (A), but for ligand derivative 7. 0

icated.

\@
QQ’Q
O



UUUGCAUG..-3

U
A
A AA"?
U AG
G GG=GC UA A
CaG A
c A
class-l 35 U iGas A
5G=C A
G-=C C25
G=C A
U-A A
5. AAUUC GU Uz
—~ K,=51nM ICeo =
; _ o 50 = 27 UM
;., Koy g5 = 11.3x103 M s
86 1 c
g5 £'%0
©
2 4 % 60
5 3 g 40 :
22 = 20
Q. 1 > 0| T T T T
3

0 100200300

0.0010.010.1 1
ligand conc. (mM)

ICs0 > 500 uM

10

time (s)
K,=32nM

S Koyaex = 61.7x10°M s
©
3 100
o c
@ 2 80
5w
g 0
° X 0]
S 0 100 200 300

time (s)
S K,=88nM
S Koy zox = 2:5%x103 M s
g 5 6 £100
o 4 l % 80
8 3Jvg? @ 60
S 2] 1 © 40
= A < 20
Q. S 0
<
N

0100 300
time (s)

T T T

T
0.0010.01 0.1 1

ligand conc. (mM)

ICs0 = 30 pM

10

100 200 300
time (s)

1 T T
0.0010.010.1 1

ligand conc. (mM)

10

AAAAGAUG ...-3

14 G
cCuU A SD
G U-G
1M1A C=G
U U-A
€ ol A
class-Il P 20
@-k Coacehy
G=C wonono U
ngg cGCGGA
U-A CAU
5-..666CC Cchyau
30
3 K, =430nM -
.2 kc?aszssx=1.07 s G =M
Q
2 4. c
o] 1 S
g 9 I B
g 2{ Mg ~=— 2
21] | £
. X
g 0ol
0 100 200 300
time (s)
K, =97 nM ¥ ik
S5 Kogsaea = 1.05 s’ d
S 3
84
C
23
8 2
S
@ 0 T 1 I 1

2AP fluorescence (a.u.)

2AP fluorescence (a.u.)

O =N W s

O =N W H

Kogs 263 = 068 s’
6 5
— T
[7)
1=
ol
xX
0 100 200 300
time (s)
K, =203 nM
= -1
koss 293K 0.75s
7 c
L€
Mg?* = %
1 g
o =

0 100 200 300
time (s)

I T
0.0010.01 0.1 1
ligand conc. (mM)

10

ICs0 = 41 uM

0.001 0.01 0.1 1 10
ligand conc. (mM)

ICs0 = 92 uM
100
80
60
40
20
0.0010.010.1 1 10

ligand conc. (mM)



Supporting Information

Superior cellular activities of azido- over amino-functionalized ligands

for engineered preQ: riboswitches in E. coli

Eva Neuner, Marina Frener, Alexandra Lusser, Ronald Mlcuraﬁ\

Contents

I. Supporting Methods

. Synthesis of compound 2 @
. Synthesis of compound 3 \

. Synthesis of compounc

. Synthesis of com .

. Synthesis of con@ﬁ
. Synthesis offcomp 7

. Synthesi &und 8

. Synthe@ompound 9

. ynthesis of oligonucleotides

rotection of oligonucleotides

ification of RNA

12. Mass spectroscopy of RNA

13. Determination of ligand binding affinities (Kb)

14. Determination of ligand binding kinetics (kobs and kon)
15. Cellular assays (ICso)

16. References

0 N O Ok WDN -

Il. Supporting Figures

&’
O
,bﬁ\

o OO N

11

17
19
20
20
20
21
21
22
22
23



Supporting Figure S1
Supporting Figure S2
Supporting Figure S3
Supporting Figure S4

25
26
27
28



1. Synthesis of compound 2

a 0
O + HyN OH N OH N =0
0 0 0

O l * \
H3N® Q/(N K\
5 0 n 0

NTNTONH,  <— NN, D NN

Br
2 [6)
reflux, %. b) TCCA (1 eq), TEMPO,
4 %. d) 2,4-diaminopyrimidinone (1

eq), EtOH, reflux, overnight, TFA (1%),

Scheme 1: Synthesis of compound 2. a) EtsN, toluen
CH2Clz, RT, 30 min., 58%. c) DBBA (0.6 eq), ACN, re
eq), NaOAc (2 eq), H2O/ACN, 40°C, 4 h, 58%.
RT, overnight, 83%.

1.1. N-(5-Hy(@ntyl)phthalimide
; r O
(0]
(;E‘fo tOHNTYT o T g\:N/\/\/\OH
Q (0]

Aminopentanol (2.820 g, 27.3 mmol) was dissolved in tolune (41 ml) and phthalic anhydride
(4.049 g, 27.3 mmol) and triethylamine (273 mg, 2.7 mmol) were added. The reaction mixture
was heated to 130°C and refluxed for 4 hours. The solvents were evaporated, and the oily
residue was dissolved in ethyl acetate. The organic phase was washed with 1 M HCI, saturated

NaHCOs3; and saturated NaCl, dried over Na,SO4 and evaporated.
2



Yield: 5.158 g (81%) colorless oil

TLC (ethylacetate/cyclohexane, 1:1): Ri= 0.32

IH-NMR (300 MHz, CDCls): & 1.39 — 1.46 (m, 2H, Ho-C(3)); 1.57 — 1.76 (m, 4H, Ho-C(2)¢ H-

C(4)); 3.61 — 3.72 (m, 4H, Hx-C(1), H>-C(5)); 7.71 (d, 2H, H-C(aromat.)); 7483 H-
C(aromat.)) ppm.



1.2. N-(5-Oxopentyl)phthalimide

Q (@)
AN NN
N OH —*> N ~o
Q (0]

5-Hydroxypentylphthalimide (1.195 g, 5.12 mmol) was dissolved in dry dichloromethane (15
ml) and cooled to 0°C in an ice bath. Trichloroisocyanuric acid (1.190 g, 5.12 mimol), and
2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) (8 mg, 0.0512 mmol) were added, ‘@and“a,yellow
suspension was formed. The reaction mixture was stirred at room temperaturexfor 30 minutes
and was then filtered through a celite pad. The organic phase was washedfwith saturated
NaHCOs, 1 M HCI and saturated NaCl, dried over Na,SO4, evaporatedsand dried under high

vacuum.

Yield: 682 mg (58%) yellow oll

TLC (ethylacetate/cyclohexane, 1:1):"R¢= 0.5

IH NMR (300 MHz, CDCl3)%¢1.86/— 1,76 (m, 4H, Hx-C(2), H2-C(3)); 2.50 (t, 2H, H-C(4)); 3.71

(t, 2H, H>-C(1)); 7.70 — %.¢ 3 (my 2H, H-C(arom.)); 7.83 — 7.86 (m, 2H, H-C(arom.)); 9.76 (s, 1H,
HCO) ppm.

1.3. N-(4éBromo<5-oxopentyl)phthalimide

Q (0]
/\/\/\
Br
9 (0]

N-(5-oxopentyl)phthalimide (400 mg, 1.73 mmol) was dissolved in acetonitrile (5 ml) and
5,5-dibromobarbituric acid (297 mg, 1.03 mmol) was added. The solution was refluxed for 4
hours, cooled to room temperature and evaporated. The crude product was purified by column

chromatography on silica gel (ethylacetate/cyclohexane, 2:8 — 3:7).

3



Yield: 392.6 mg (73%) colorless oil

TLC (ethylacetate/cyclohexane, 2:1): Ri= 0.72

IH NMR (400 MHz, CDCls): 5 2.05 — 2.11 (m, 2H, Hx-C(2)); 2.46 — 2.50 (m, 2H, Hz-C(3)

(t, 1H, H-C(4)); 3.78 (t, 2H, H>-C(1)); 7.69 — 7.72 (m, 2H, H-C(arom.)); 7.81 — Q
C(arom.)); 9.17 (1H, H-CO(5)) ppm. 8\



1.4. 7-(3-Phthalimidopropyl)-7-deazaguanine

N-(4-Bromo-5-oxopentyl)phthalimide (390 mg, 1.6 mmol) was dissolved in water/e
(1/1) (5 ml) and 2,4-diaminopyrimidinone (159 mg, 1.26 mmol) and sodium tat

2.52 mmol) were added. The reaction mixture was stirred at 40°C for 4 hours the product
started to precipitate after 40 minutes. The product was filtered @ d under high

vacuum. 0
Yield: 246 mg (58%) orange solid Q

TLC (ethylacetate/cyclohexane, 1:1):qR:= 0

'H NMR (400 MHz, de-DM@ (t, 2H, ); 2.58 (t, 2H, ); 3.58 (t, 2H, H>-C(1")); 5.96 (2H,
H2-N(2)); 6.38 (1H, H- =7.87 (m, 4H, H-C(arom.)); 10.09 (1H, H-N(1)); 10.62 (1H, H-
N(9)) ppm. @

O

1.5. 7&(3-Aminopropyl)-7-deazaguanine trifluoroacetate 2

Q
@
H3N
N o)
9 — o}
Q



7-(3-Phthalimidopropyl)-7-deazaguanine (230 mg, 0.68 mmol) was dissolved in ethanol and
hydrazine monohydrate (64%, 341 mg, 6.8 mmol) was added dropwise. The reaction mixture
was refluxed overnight, the solvents were evaporated, and the crude product was dried under
high vacuum. It was then suspended in ftrifluoroacetic acid (1%, 6 ml) and was shaken
overnight at room temperature. The insoluble residue was filtered off and the filtrate was
concentrated in vacuo. The crude product was purified by reversed phase chromatography on
an AKTA prime plus system (LiChroprep® RP-18 (40 — 63 um), 1% trifluoroacetic
acid/acetonitrile, 100:0 — 70:30, 360 ml, flow rate 4 ml/min). \

Yield: 182 mg (83%) of 2 as beige solid {\Q



HR-ESI-MS (m/z): [M+H]" calculated: [208.1193]; found: [208.1191]

'H NMR (400 MHz, dg-DMSO): & 1.86 (2H, H>-C(2")); 2.63 (2H, H>-C(1')); 2.74 (2H, H.-C(3"));

6.19 (2H, H>-N(2)); 6.43 (1H, H-C(8)); 7.68 (3H, Hs-N*(3"); 10.39 (1H, H-N(1)); 10.81 (1H, H-
N(9)) ppm.



2. Synthesis of compound 3

Scheme 2: Synthesis of compound 3. a) preQ1 (1.2 eq), (CHs)sNHB(OAc % HOAc, DMF, RT,
5 h, 96%. b) H2NNH:z (10 eq), EtOH, reflux, overnight, TFA (1%), R rnight, 77%.

2.1. 7-((Phthalimidopropy& yl)-7-deazaguanine
@Q ot
N

PreQs (387 mg, 1.32 mmol) was dissolved in dimethylformamide (15 ml) and N-(3-
oxopropyl)phthalimide (215 mg, 1.06 mmol) was added. After the successive addition of
tetramethylammonium triacetoxyborohydride (697 mg, 2.65 mmol) and acetic acid (60 ul) the
solution was stirred under argon at room temperature for 5 hours. The reaction mixture was
concentrated in vacuo and the crude product was purified by column chromatography on silica
gel (dichloromethane/methanol, 95:5 — 88:12).

3



Yield: 375 mg (96%) beige solid

TLC (dichloromethane/methanol, 85:15): Ry = 0.33

ESI-MS (m/z): [M+H]" calculated: [367.37], found: [367.15]

\

'H NMR (300 MHz, d6-DMS0): & 1.98 (m, 2H, H,-C); 2.99 (m, 2H, H,-C); 3 G&ZH H2-C);

4.13 (m, 2H, Hx-C(7)); 6.54 (s, 2H, Ha-N(2)); 6.80 (s, 1H, H-C(8) @ 4H, H-C(arom.));
9\2&)}

9.23 (s, 1H, H-N(7)); 11.03 (s, 1H, H-N(1)); 11.27 (s, 1H, H-N(

o



2.2. 7-((3-Aminopropyl)aminomethyl)-7-deazaguanine trifluoroacetate 3

7-((Phthalimidopropyl)aminomethyl)-7-deazaguanine (375 mg, 1.02 mmal) was dissolved in
ethanol (16 ml). Hydrazine monohydrate (64 %, 0.497 ml, 10.2,_ mmol) was added and the
solution was refluxed overnight. The reaction mixture was concentrated in vacuo and the crude
product was suspended in trifluoroacetic acid (1%, 20 mf)“and¥shaken overnight at room
temperature. The suspension was filtered off and the filtrate, was concentrated in vacuo. The
product was purified by reversed phase chroffiatography»on an AKTA prime plus system
(LiChroprep® RP-18 (40 — 63 pm), 1% trifluoroaceti¢,acid/acetonitrile, 100:0 — 90:10, 360 ml,

flow rate 4 ml/min).

Yield: 362 mg (77%) of 3 as beige solid

ESI-MS (m/z): [M+H]" ealculated: [237.27], found: [237.29]

'H NMR (300 MHz,/ds-DMSO): 8 1.91 (m, 2H, H,C(2)); 2.87 (m, 2H, H.C(3')); 3.01 (m, 2H,

H2C()); 4.974m, 2H, H.C(7)); 6.40 (s, 2H, H2N(2)); 6.83 (s, 1H, H-C(8)); 7.77 (m, 3H, *HsN-
C); 906 (m, 2H, *HaN-C); 10.9 (s, 1H, H-N(9)); 11.3 (s, 1H, H-N(1)) ppm



3. Synthesis of compound 4

*
6 4 K\
Scheme 3: Synthesis of compound 4. a) Pd/C (10wt%), Hz, MeOH, RT, 3.5@‘&0

>
o

3.1. 7-((4-Aminobutyl)aminom<® zaguanine trifluoroacetate 4

FsC &
2N® o) — o HeN Q
o =) NH
NT N7 ONH, N~ N7 UNH,
6 4

Azidobutyl-preQ; trifluroacetate (65 mg, 0.167 mmol) was dissolved in methanol (1.5 ml) and
palladium on carbon (7.6 mg, loading 10wt%) was added. The suspension was stirred at room
temperature and hydrogen in a balloon was bubbled through for half an hour. Afterwards the
suspension was stirred under hydrogen atmosphere for 3 hours, diluted with methanol and
filtered through a celite pad. The solution was concentrated in vacuo and the crude product

was purified by reversed phase chromatography on an AKTA prime plus system (LiChroprep®

3



RP-18 (40 — 63 pym), 1% trifluoroacetic acid/acetonitrile, 95:5, flow rate 3 ml/min).

Yield: 50 mg (63%) of 4 as beige solid

ESI-MS (m/z): [M+H]" calculated: [251.32], found: [251.03]

IH NMR (300 MHz, de-DMSO): & 1.59 (m, 4H, H-C(2’,3")); 2.97 (m, 2H, Hz-C(Ai)); 2 \

2H, H-C(1)); 4.16 (m, 2H, H2-C(7)); 6.42 (s, 2H, H2-N(2)); 6.83 (s, 1H, H-C(s(\ H,

*HaN-C); 9.03 (m, 2H, "HaN-C); 10.9 (s, 1H, H-N(9)); 11.3 (s, 1H, H-N(1))

&
O
’OQ
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4. Synthesis of compound 5

Scheme 4: Synthesis of compound 5. a) NaNs (3 eq), DMF, 65°C, 22 h, 8 aess-Martin
periodinane (1.3 eq), CHzClz, RT, 1 h, 92%. c) preQ1 (1.1 eq), (C )3 (2 eq), HOAc, DMF,

RT, 5h, 47%.

4.1. 3-Azidopropanol \@
@ 2/\/\OH

Sodium @(4.68 g, 72 mmol) was suspended in dimethylformamide (16 m) and 3-

panol (2 ml, 24 mmol) was added. The suspension was stirred under argon

atmosphere for 22 hours at 65°C. After cooling to room temperature, the mixture was diluted
with water, extracted with diethyl ether, washed with saturated NaHCO3 and NaCl, dried over
MgSO.4 and concentrated in vacuo.

Yield: 2.00 g (83%) colorless oil



TLC (pentane/diethyl ether, 75:25): Ry= 0.18

'H NMR (300 MHz, de-DMSO): & 1.66 (m, 2H, H>-C(2)); 3.37 (m, 2H, H>-C(1)); 3.46 (m, 2H,
H2-C(3));4.55 (t, 1H, OH) ppm.

4.2. 3-Azidopropanal K\

N3/\/\OH /\/\O

3-Azidopropanol (200 mg, 2.0 mmol) was dissolved in dry Qlane (20 ml) and Dess-

Martin periodinane (1.10 g, 2.6 mmol) was added in p % The reaction mixture was stirred

for 1 hour at room temperature under argon at bsequently, the suspension was



filtered through a celite pad and the filtrate was concentrated in vacuo. The crude product was
purified by column chromatography on silica gel (pentane/diethyl ether, 75:25).

Yield: 180 mg (92%) colorless oil

TLC (pentane/diethyl ether, 75:25): Ry = 0.21

t ‘
IH NMR (300 MHz, CDCl3): 8 2.96 (t, 2H, Ho-C): 3.82 (t, 2H, H.-C); 9.82 (d ﬂ@) pa'n.

&
O
‘Z}Q

4.3. 7-((3-Azidopropyl)aminomethyl)-7sdeazaguanine trifluoroacetate 5

3- idopropanal (49 m, 0.49 mmol) was dissolved in dimethylformamide (10 ml) and
preQ: trifluoroacetate (158 mg, 0.54 mmol) was added. After the addition of
tetramethylammonium triacetoxyborohydride (258 mg, 0.98 mmol) and acetic acid (27 pl) the
solution was stirred for 5 hours at room temperature. The reaction mixture was concentrated
in vacuo and the crude product was purified by reversed phase chromatography on an
AKTA prime plus system (LiChroprep® RP-18 (40 — 63 pm), 1% trifluoroacetic
acid/acetonitrile, 100:0 — 70:30, 360 ml, flow rate 3 ml/min).



Yield: 87 mg (47%) of 5 as beige solid
ESI-MS (m/z): [M+H]" calculated: [263.28], found: [263.25]

IH NMR (300 MHz, de-DMSO): 5 1.86 (m, 2H, H2C(2’)); 3.00 (m, 2H, H2C(3")); 3.48 (m, 2H,

HaC(1')); 4.17 (m, 2H, H2C(7)); 6.34 (s, 2H, HaN(2)); 6.82 (s, 1H, H-C(8)); 8.94 (m, 2 &'
C(7)); 10.9 (s, 1H, H-N(9)); 11.3 (s, 1H, H-N(1)) ppm. * \Q



5. Synthesis of compound 6

Scheme 5: Synthesis of compound 6. a) Nal (1 eq), benzoyl chleride q), ACN, RT, overnight, 90%.

b) NaNs (1.5 eq), DMF, 0°C — RT, overnight, quantit
RT, overnight, 95%. d) Dess-Martin periodinane (1.3 e
(CHs)sNHB(OAC)s (3.1 eq), HOAc, DMF, RT, 5

1.2 eq), THF/H20/MeOH (10/4/1.1),
,RT, 1 h, 86%. e) preQi (1.1 eq),

\@
N 7.4)
> |

To a cooled solution of sodium iodide (18.4 g, 123 mmol) in tetrahydrofuran (10 ml, 123 mmol)
and acetonitrile (5 ml), benzoyl chloride (14.8 ml, 123 mmol) was added in one portion. The
reaction mixture was stirred in the dark overnight. After dilution of the reaction mixture with
water and ether, the organic layers were separated and the aqueous layer was extracted three
times with ether. The combined organic layers were washed with saturated NaHSO3, Na>CO3

and dried over MgSO.. The solvent was removed in vacuo to give the product as colorless oil.

11



Yield: 33.7 g (90%) colorless oil

IH NMR (300 MHz, CDCls): & 1.86-1.96 (m, 4H, 2x Ha-C); 3.22 (t, 2H, Hx-CO): 4.32 (t, 2H, Ha-

Cl); 7.42 (t, 2H, H-C(arom.)); 7.52 (m, 1H, H-C(arom.)); 8.02 (m, 2H, H-C(arom.)) ppm.

12



5.2. 4-Azidobutyl benzoate!

o} Q
N T O

Sodium azide (5.89 g, 90.4 mmol) was added in portions to a solution of 4-iodobutyl benzoate
(18.4 g, 60.2 mmol), in dimethylformamide (90 ml) in an ice bath in the dark. Thesreaction
mixture was allowed to stir overnight and was subsequently diluted with ether and Water. The
organic layer was separated and the aqueous layer was further extractedwith etherythree
times. The combined organic layers were concentrated in vacuo and the coneentrate was
diluted with hexane, washed with water and saturated NaCl, andgdried“ever MgSOs4. The

solvent was removed in vacuo to give the product as colorless oil.

Yield: 13.2 g (quantitative) colorless oil

IH NMR (300 MHz, CDCls): & 1.68-1.79 (m, 4H, 2x#e-G)#3.27 (t, 2H, H-CNs); 4.28 (t, 2H,

H2>-CO); 7.37 (m, 2H, H-C(arom.)); 7.4Z (m, 1H3H-C(arom.)); 8.00 (m, 2H, H-C(arom.)) ppm.

5.3. 4-Azidobutanol*

Lithium hydroxide (3.10 g, 74 mmol) was added to a solution of 4-azidobutyl benzoate (13.5 g,

61.6 mmol) in tetrahydrofuran (40 ml), water (16 ml) and methanol (4.4 ml). The reaction
mixture was stirred overnight and subsequently diluted with water and ether. The layers were
separated and the aqueous layer was further extracted with ether three times. The combined
organic layers were washed with saturated NaCl and dried over MgSQOs4. The solvent was

removed in vacuo to give the product as yellow oil.

13



Yield: 6.73 g (95%) yellow oil

IH NMR (300 MHz, CDCls): & 1.72-1.56 (m, 4H, 2x H>-C); 1.88 (s, 1H, OH); 3.31 (t, 2H, Ho-
CNs); 3.65 (t, 2H, H-COH) ppm.

14



5.4. 4-Azidobutanal
N3 ™~ on — N3 N

4-  Azidobutanol (830 mg, 7.20 mmol) was dissolved in dry CH.Cl; (70 ml) and Dess-

Martin periodinane (3.97 g, 9.36 mmol) was added. The white suspension was, stirred
at room temperature under argon atmosphere. After 1 hour the mixture was diIuM

dichloromethane, washed with saturated Na;S,03;, NaHCO3; and NaCl, dried over and
concentrated in vacuo. The crude product was purified by column chromat(N silica

gel (diethyl ether/hexane, 25:75). 0
Yield: 697 mg (86%) 06

TLC (diethyl ether/hexane, 25:75): Ri = 0.21 Q

1H NMR (300 MHz, CDCl3): & 1.93 (m, 2H, 2.60 (M, 2H, H-C(3)); 3.38 (m, 2H, Ha-
C(1)); 9.82 (s, 1H, H-CO) ppm.

5.5. 7-((4-Azidobu@nkthyl)-?-deazaguanine trifluoroacetate 6
O i

HoN o ®
\ o HeN o]
e Lo
N N/ NH F4;C @] | )\
H 2 =
N™ N7 UNH

4-Azidobutanal (305 m, 2.70 mmol) was dissolved in dimethylformamide (30 ml) and preQ
trifluoroacetate (871 mg, 2.97 mmol) was added. After the addition of tetramethylammonium

15



triacetoxyborohydride (2.21 g, 8.40 mmol) and acetic acid (154 pl) the solution was stirred for
5 hours at room temperature under argon atmosphere. The reaction mixture was concentrated
in vacuo and the crude product was purified by reversed phase chromatography on an AKTA
prime plus system (LiChroprep® RP-18 (40 — 63 um), 1% trifluoroacetic acid/acetonitrile, 100:0
—70:30, 360 ml, flow rate 3 ml/min).

Yield: 486 mg (46%) of 6 as beige solid \
0\< ?

TLC (RP, acetonitrile/TFA(1%), 1:1): R; = 0.66 é

ESI-MS (m/z): [M+H]" calculated: [277.31]; found: [277.07] 06

\@
QQ’Q
O
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IH NMR (300 MHz, ds-DMSO): & 1.60 (m, 4H, H-C(2’,3)); 2.98 (m, 2H, H>-C(4")); 3.37 (m,

2H, Ho-C(1")); 4.16 (m, 2H, H>-C(7)); 6.34 (s, 2H, H>-N(2)); 6.82 (s, 1H, H-C(8)); 8.94 (m, 2H,
*H2-NC(7)); 10.9 (s, 1H, H-N(9)); 11.3 (s, 1H, H-N(1)) ppm.

17



6. Synthesis of compound 7

N3
10H
o H2N® o}
FJCJ\O@ }]ﬁi"'\“
NN NH,

HO O \
*
—_— Ho/\/o\/\N3 —_— ONO\/\N3 e :&

Scheme 6: Synthesis of compound 7. a) NaNs (2 eq), H20, reflux, 21@ ess-Martin
periodinane (1.3 eq), CH2Cl2, RT, 1 h, 88%. c) preQ1 (1.1 eq), ( Ac)s (1.5 eq), HOAc,
DMF, RT, 5 h, 37%. E

6.1. 2-(2-Azidoethoxy)ethanol

Q\O\/\C — HO/\/O\/\N3

| (8.47 ml, 80 mmol) was dissolved in ater (34 ml) and sodium azide

)

as added. The reaction mixture was refluxed for 21 hours and then cooled

oV and evaporated.

Yield: 10.3 g (98%) colourless oil

TLC (ethyl acetate/MeOH, 9:1): R¢= 0.60

'H-NMR (300 MHz, CDCls): 5 2.37 (t, 1H, OH); 3.38 (t, 2H, H>-C(2)); 3.58 (t, 2H, H.-C(3)); 3.66

(t, 2H, Ha-C(4)); 3.69 - 3.75 (m, 2H, H2-C(1)) ppm.
18



6.2. 2-(2-Azidoethoxy)acetaldehyde

HO/\/O\/\ N — 04\/0\/\,\13 \

2
2-(2-Azidoethoxy)ethanol (337 mg, 2.57 mmol) was dissolved in dichloromet and
Dess-Martin periodinane (1.42 g, 3.34 mmol) was added portion wise. Th & was stirred
at room temperature under argon for 1 hour, filtered through a celite dmncentrated in
vacuo. The crude product was purified by column chromatog a% silica gel (diethyl

ether/pentane, 1:2).

Yield: 293 mg (88%) colourless oil ®Q

\@
QQ’Q
O
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TLC (diethyl ether /pentane, 1:2): Ry = 0.14

H-NMR (300 MHz, CDCl3): 8 3.47 (t, 2H, Ho-C(3)); 3.74 (t, 2H, Ho-C(4)); 4.16 (s, 2H, H-C(2));

9.73 (s, 1H, H-C(1)) ppm.

6.3. 7-((2-(2-Azidoethoxy)ethyl)aminomethyl)-7-deazaguanine trifluoroacetatey

NS"‘
‘\“o
HoN o 5 HQN!\D 0
04\/0\/\,\] + 7 | NH P J o NH
3 N I
Ho N NHg ﬁ N7 NH,

2-(2-Azidoetoxy)acetaldehyde (60 mg, 0.47wnmol) was dissolved in dimethylformamide (5 ml)
and preQ; trifluoracetate (150fmg; 0.51 mmol) was added. Then tetramethylammonium
triacetoxyborohydride (184 mg, 0:70"mmol) and acetic acid (30 ul) were added dropwise. The
mixture was stirred at reom temperature under argon for 5 hours, evaporated and dried under
high vacuum. The grtide preduct was purified by reversed phase chromatography on an AKTA
prime plus system (LiChroprep® RP-18 (40 — 63 um), 1% trifluoroacetic acid/acetonitrile, 100:0
—70:30, 360 ml, flow rate 4 ml/min).

Yield:69"mg (37%) of 7 as beige solid

ESI-MS (m/z): [M+H]" calculated: [293.15], found: [293.16]

'H NMR (600 MHz, DMSO-de): & 3.16 (t, 2H, H2-C(1"); 3.46 (t, 2H, H>-C(4")); 3.62 (t, 2H, H-
C(3")); 3.70 (t, 2H, H.-C(2"); 4.20 (t, 2H, H>-C(7")); 6.38 (s, 2H, H2-N(2)); 6.82 (s, 1H, H-C(8));
9.10 (s, 2H, H2*-N(7")); 10.94 (s, 1H, H-N(1); 11.29 (s, 1H, H-N(9)) ppm.

20
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7. Synthesis of compound 8

0 @
p— HoN— o)
— — 0
F:C7 70 =
: H N/LNHQ
Q b
~ O (¢ -
R N
L 2

Scheme 7: Synthesis of compound 8. a) Dess-Martin periodinane (1.15 eq) , RT, 3 h, 73%. b)

preQ1 (1.1 eq), (CH3)4aNHB(OAc)s (1.9 eq), HOAc, DMF, RT, 5 h, 21°0

7.1. 2-(2-(2-Methoxyethoxy)eth

A\ o

H
—> O
@Q% TR T
Dess-Ma@gane (1000 mg, 2.35 mmol)was suspended in dry dichloromethane (20 ml)

a ieth glycol monomethyl ether (336 mg, 2.05 mmol) was added. The suspension

wa ed“at room temperature for 3 hours, filtered through a celite pad and evaporated.

Yield: 241 mg (73%)

IH-NMR (300 MHz, de-DMSO): & 3.38 (3H, Hs-C); 3.56 (t, 2H, Ho-C); 3.65 (t, 2H, Ho-C); 3.71

—3.75 (m, 4H, Hx-C); 4.16 (2H, Hx-C(2)); 9.73 (1H, H-CO) ppm.

22



7.2. 7-(5,8,11-trioxa-2-azadodecyl)-7-deazaguanine trifluoroacetate 8

~0
(7 - i - \;\NG) o
oy \\\\ + a NH — o
P Q P Mo ¢ | NH
N™ °N” "NH, FsC™ O N /)Q’\

2-(2-(2-Methoxyethoxy)ethoxy)acetaldehyde (22 mg, 0.136 mmo dissolved in dry
dimethylformamide (1 ml) and stirred at room temperature®y Theny tetramethylammonium

triacetoxyborohydride (66 mg, 0.253 mmol) and acetic acid ere added successively.
PreQ; trifluoroacetate (43 mg, 0.146 mmol) was disso in'dry dimethylformamide (1 ml) and

\@
QQ’Q
O
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was added dropwise to the reaction mixture. The solvents were evaporated after 5 hours and
the crude product was purified by reversed phase column chromatography on an AKTA prime
plus system (LiChroprep® RP-18 (40 — 63 pm), 1% trifluoroacetic acid/acetonitrile, 100:0 —

70:30, 360 ml, flow rate 4 ml/min).

Yield: 12.5 mg (21%) of 8 as yellow solid

N
\\

IH NMR (300 MHz, d-DMSO): & 3.14 (2H, H»-C); 3.23 (2H, m-cwé , H-C); 3.52

(2H, H2-C); 3.55 (5H, H3-C, H-C); 3.66 (2H, Ho-C); 4.19 (2H, % (2H, H-N(2)); 6.82

(1H, H-C(8)); 9.01 (2H, Ho-N(7")); 10.85 (1H, H-N(1)); 11.270 )) ppm.

HR-ESI-MS (m/z): [M+H]" calculated: [326.1823]; found: [326.1783]

DMSO

2X CHj,, CH,4

CH, (7)

NH (9)

C
%’;EH:
%

5 4 3 2 1 [ppm]
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8. Synthesis of compound 9

o) o
) S)
a F3CJ\O OJ\CFg,
®
H3N Q 3 @N/\/\/\N o
2 9 " "2
NH HN NH
A8 (I LG Al
N~ N7 UNH HNT °NT N H NH,
1 9 ¢

HOAc, DMF, RT, 4 h, 42%.

8.1. Pentyl-linked preQ: dimer 9

(2-(3-(2-amino-4-oxo-4,7-dihydro-3H-pyrrolo[2,3-d]pyrimidin-5-yl)propyl)isoindoline-1,3-
dione) 9

To a 'solution of preQ; trifluoroacetate (310 mg, 1.06 mmol) in dimethylformamide (5 ml),
glutaraldehyde (84 mg, 50wt%, 0.423 mmol) was added. After the addition of
tetramethylammonium triacetoxyborohydride (446 mg, 1.69 mmol) and acetic acid (114 pl) the
orange solution was stirred for 4 hours at room temperature. The solvent was evaporated and
the crude product was purified by reversed phase chromatography on an AKTA prime plus
system (LiChroprep® RP-18 (40 — 63 um), 1% trifluoroacetic acid/acetonitrile, 100:0 — 70:30,

480 ml, flow rate 4 ml/min).

25



Yield: 144 mg (42%) of 9 as white solid
TLC (RP, acetonitrile/water, 1:1): Ry = 0.68
ESI-MS (m/z): [M+H]" calculated: [427.48]; found: [427.30]

.
IH NMR (300MHz, de-DMSO): & 1.61 (m, 6H, Hx-C (2-4’); 3.43 (m, 4H, mcm*@ (s,
)); 40.

4H, Ha-C(7")); 6.34 (s, 4H, Ho-N(2)); 6.85 (s, 2H, H-C(8)); 9.68 (s, 4H, H, * & 79 (s, 2H,

H-N); 11.36 (s, 2H, H-N) ppm. %

\@
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9. Solid-phase synthesis of oligonucleotides

Oligoribonucleotides were synthesized by solid-phase RNA synthesis. Standard
phosphoramidite chemistry using 2’-O-TOM or 2’-O-tBDMS ribonucleoside phosphoramidite
building blocks (ChemGenes, Sigma Aldrich) and control pore glass (CPG) supports
(ChemGenes, 1000 A, 36.8 umol/g) was applied (2,3). 2-Aminopurine nucleoside
phosphoramidite was purchased from ChemGenes. All oligonucleotides were synthesized on
ABI 392 or 394 Nucleic Acid Synthesizers following standard methods: detritylation (80.8) with
dichloroacetic acid/1,2-dichloroethane (4/96); coupling (2.0 min) with
phosphoramidites/acetonitrile (0.1 M x 130 pl) and benzylthiotetrazole/ acetonittile (©.3' M x
360 pl); capping (3 x 0.4 min, Cap A/Cap B = 1/1) with Cap A: THF/phenoxyaeetic ‘anhydride
(95/5) and Cap B: 10% 1-Methylimidazole in THF/sym-collidine (8/1); oxidatiof (1.0 min) with
l2 (20 mM) in THF/pyridine/H-O (35/10/5). The solutions of amidites,ftetrazole, and acetonitrile

were dried over activated molecular sieves (3 A) overnight.

10. Deprotection of oligonucleotides

The solid support was treatedseachywith ammonium hydroxide (28-30%, 0.5 ml) and
methylamine in water (40%3%0¢5 'ml) for 5 h at room temperature. The supernatant was removed
and the solid support wasgwashed 3 x with ethanol/water (1/1, v/v). The supernatant and
washes were combined“and gvaporated to dryness. To remove the 2'-silyl protecting groups
the resulting residue was treated with tetrabutylammonium fluoride trihydrate (TBAF-3H20) in
THF (1 M, 2 ml),at"37°C overnight. The reaction was quenched by the addition of
triethylammoniumsacetate (TEAA) (1 M, pH 7.4, 2 ml). The volume of the solution was reduced
andythe solution was desalted with a size exclusion column (GE Healthcare, HiPrep 26/10
Desalting; 2.6 x 10 cm; Sephadex G25) eluting with H2O, the collected fraction was evaporated
to drypmess and dissolved in 1 ml H20. Analysis of the crude RNA after deprotection was
performed by anion-exchange chromatography on a Dionex DNAPac PA-100 column (4 mm

x 250 mm) at 80°C. Flow rate: 1 ml/min, eluant A: 25 mM Tris-HCI (pH 8.0), 6 M urea; eluant
B: 25 mM Tris-HCI (pH 8.0), 0.5 M NaClO4, 6 M urea; gradient: 0-60% B in A within 60 min,
UV detection at 260 nm.

20



11. Purification of RNA

Crude RNA products were purified on a semipreparative Dionex DNAPac PA-100 column (9
mm x 250 mm) at 80°C with flow rate 2 ml/min. Fractions containing RNA were loaded on a
C18 SepPak Plus cartridge (Waters/Millipore), washed with 0.1 M (EtsNH)"HCOs; 7 H.O and

'\
\\?0
Q
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eluted with H,O/CH3CN (1/1). RNA containing fractions were lyophilized. Analysis of the quality
of purified RNA was performed by anion-exchange chromatography with same conditions as
for crude RNA. The molecular weight was confirmed by LC-ESI mass spectrometry. Yield

determination was performed by UV photometrical analysis of oligonucleotide solutions.

12. Mass spectroscopy of RNA

All experiments were performed on a Finnigan LCQ Advantage MAX{ion trap instrument
connected to an Amersham Ettan micro LC system. RNA sequenges_were*analyzed in the
negative-ion mode with a potential of -4 kV applied to the spray needle (L&: Sample (200 pmol
RNA dissolved in 30 yl of 20 mM EDTA solution; average.injeetion“volume: 30 ul); column
(Waters XTerraMS, C18 2.5 um; 1.0 x 50 mm) at 21°C; flow rate; 30 uyl/min; eluant A: 8.6 mM
TEA, 100 mM 1,1,1,3,3,3-hexafluoroisopropanol in HZO (pH 8:0); eluant B: methanol; gradient:
0-100% B in A within 30 min; UV detection at 254 am.

13. Determination of ligand*hindimgaffinities (Ko)

All fluorescence expersiments, were carried out on a Cary Eclipse spectrometer (Varian, Palo
Alto, USA) equippedawith a peltier block, a magnetic stirring device, and a RX2000 stopped-
flow apparatusiy(Applied Photophysics Ltd., Leatherhead, UK). 2-Aminopurine labeled RNA
samples (0.5 uM) were prepared in a total volume of 1000 pl of buffer (50 mM MOPS, 100 mM
KCI)2mMaMgClz, pH 7.5) (4). The samples were heated to 90°C for 2 minutes, allowed to cool
to room temperature and held at 20°C in the peltier controlled sample holder in a quartz cuvette
equipped with a small stir bar. Then, ligand was manually pipetted in 1uL aliquots in a way not
to exceed a total volume increase of 2%. The solution was stirred during each titration step
and allowed to equilibrate for at least 10 minutes before data collection. Spectra were recorded
from 320 to 500 nm using the following instrumental parameters: excitation wavelength, 308
nm; increments, 1 nm; scan rate, 120 nm/min; slit widths, 10 nm. The apparent binding
constants Kp were determined by following the increase in fluorescence after each titration
step via integration of the area between 330 and 450 nm. Changes in fluorescence (F - Fo)

were normalized to the maximum fluorescence measured in the absence of ligand. The
21



measurement for each titration step was repeated at least two times and the mean of the
normalized fluorescence intensity was plotted against the ligand concentration. Data were fit

using a Kp quadratic equation solution for 1:1 stoichiometry.
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(F-Fo) _ Kp+[RNA] _ 9

+[ligand]  +"(Kp+[RNALgt[ligand]igia)=4[RNA] [ligand]
total total 2[RN A]total total total

(Ff‘FO)

F (fluorescence), Fo (initial fluorescence), Fr (final fluorescence); [RNA]wtal (total concentration

of RNA), [ligand]wta (total concentration of added ligand for each titration step).

14. Determination of ligand binding kinetics (Kos and Kon)

Rate constants k for individual riboswitch variants wereyimeasured under pseudo-first-order
conditions with ligand in excess over RNA (5). Stogk“solutions were prepared for each 2-
aminopurine labeled RNA variant (concentration'€gna & 046 UM in 50 mM MOPS pH 7.5, 100
mM KCI, 2 mM MgCl,) and for each ligandy(congcentration Cigana = 1.2 to 13.2 uM in 50 mM
MOPS pH 7.5, 100 mM KCI, 2 mM MgCl.). Mixing ‘equal volumes of these stock solutions via
the stopped-flow apparatus resulted im=ayfinal concentration of 0.3 uM RNA and of 0.6 to 6.6
MM ligand. Spectra were recorded at 20 °C using the following instrumental parameters:
excitation wavelength, 308, nm;g€mission wavelength, 372 nm; increment of data point

collection, 0.05 s; slit widths, 10,nm.

The stopped-flow fluorescence data were fit to a single-exponential equation:

.
F=Ag+Ae"

A+eerresponds to final fluorescence; A-e™*' corresponds to the change in fluorescence over

time\(t) at the observed rate k. The measurement for each concentration was repeated at least

two times and the mean of the observed rates k’ was plotted against ligand concentration to

obtain the rate constant k from the slope of the plot. The final rate constant k value is an

arithmetic mean, determined from two independent stopped-flow measurements. All data

processing was performed using Kaleidagraph software (Synergy Software, Reading, UK).
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15. Cellular assays (I1Cso)

Synthetic class | and class Il preQ; riboswitch encoding DNAs with EcoRI and Sphl overhangs
were purchased from IDT (Integrated DNA Technologies) and cloned into EcoRI/Sphl sites of
a pQE-70 bacterial expression vector (Qiagen) upstream to an eGFP reporter gene. Thus, the
introduced riboswitch sequences replace the vector-encoded ribosomal binding site and

provide the Shine-Dalgarno sequence required for translation. The plasmids were trans rmed
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6
O
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into preQi-deficient E.coli B105 cells (6). Bacterial cultures were grown to an ODgoo of ~0.5 in
LB medium (1% tryptone, 0.5% yeast extract, 0.5% NaCl, 10 mM MgSO., pH 7) before
induction of reporter transcription by addition of 0.8 mM isopropyl-f3-D-thiogalactopyranoside
(IPTG). At the same time, ligands were added at different concentrations (0.1 yM — 7.5 mM).
eGFP production was monitored by fluorescence measurement of 150 ul expression culture
at 0 and 6 hours incubation using a Mithras LB 940 microplate reader (Berthold Technologies)
and 96-well black clear bottom plates (Costar) with an excitation wavelength of 485 nm and an
emission wavelength of 535 nm. The fluorescence intensities were corrected for background
fluorescence of LB medium and normalized to the cell density determined at 600 nm. Alldata
was log transformed and the ICso value was determined with a fit to a four-parameteglogistic

equation.

Y =B
1 4+ 100(789(;<=))*?@77A78BC)
Y corresponds to % inhibition; B corresponds to the “Bottom, plateau of % inhibition; C
corresponds to the top plateau of % inhibition; X corregspands to the log of ligand concentration;
HillSlope corresponds to the steepness of the curve; 1og(IC50) corresponds to the log of the
half maximal inhibitory concentration. The,final I1Cso value was derived from at least two
independent measurements. All datayprocessing was performed using GraphPad Prism 5
software (GraphPad Software, La Jolla, USA).
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Supporting Figure S1. Fluorescence changes upon titration of preQ-I (U22Ap) (A) and preQi-II
(A11Ap) (B) riboswitches with different concentrations of preQs analogs (3, 4, 5, and 6) for the
determination of Kp-values. Normalized fluorescence intensities of the U22Ap variant were plotted
as a function of preQ1 concentrations. Changes in fluorescence (F-Fo) were normalized to the
maximum fluorescence measured in saturating concentrations of preQ1. The graph shows the best
fit to a single-site binding model (see Supplementary Methods). The insets show fluorescence
emission spectra ( A ex = 308 nm) from 320 to 500 nm for each ligand concentration. For conditions
see Supplementary Methods. For an overview of Kp-values of all ligand anaolgs investigated in this
study see Tables 1 and 2.
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ified ligand derivatives. A) Exemplary fluorescence time traces of Ap-labeled
nse to Mg?* and ligand analog 2 (conditions: 0.5 yM RNA, 100 mM KCI, 50
.5, 293 K. Ligands: 2 mM MgClz, 5 yM compound 2); affinities Kp were obtained

ails see Supporting Figure S2); rate constants kon2e3) of the Tte preQ: class-I riboswitch
tained from plots of observed rates kobs Vs ligand concentrations (for details see Supporting
Figure S3); binding to the Spn preQs-ll riboswitch was independent of ligand concentration; for
details of kobs determination see Supporting Figure S4. Dose-dependent repression of gene
expression: B105 E. coli cells transformed with constructs expressing eGFP under translational
control of preQ1 class-I and -l riboswitches were assayed for e GFP fluorescence in the presence
of different preQ1 2 concentrations (0.10 uM to 5 mM). Data represent the mean of three biological
replicates, with error bars indicating standard deviation. The data were fit with a four-parameter
logistic function to derive the ICso values as indicated. B) Same as (A), but for ligand derivative 4.
C) Same as (A), but for ligand derivative 5. D) Same as (A), but for ligand derivative 8.
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Supporting Figure S3. Stopped-flow fluerescence spectroscopy was used to monitor the kinetics
of ligand preQ+ binding to the Tte preC @ | riboswitch. Real time Ap fluorescence time traces
of the Tte U22Ap variant at diffe centrations of 3-aminopropyl- and 4-aminobutyl-modified
preQ1 3 and 4 (solid line re single-exponential curve fits); rate constants k2os from plots of
observed rate kobs versus li ntration (bottom right). c(RNA) = 0.3 yM, ¢(MgCl2) = 2 mM,
100 mM KCI, 50 mM M .5, 293 K. Ligand concentration c(ligand) as indicated.
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porting Figure S4. Stopped-flow fluorescence spectroscopy was used to monitor the
kinetics of ligand preQ1 binding to the Spn preQ1 class-Il riboswitch. Exemplary real time
Ap fluorescence time traces of the Spn A11Ap variant in response to preQ1 1 and preQ:
analogs 3 to 9 (solid line represents single-exponential curve fits); the observed rates
kobs were independent of ligand concentrations in the range tested (2 to 14-fold excess
of ligand). ¢(RNA) = 0.3 uyM, c¢(MgClz2) = 2 mM, 100 mM KCI, 50 mM MOPS, pH 7.5, 293
K. Ligand concentration c¢(ligand) = 1.8 uM.
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