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ABSTRACT

Removal of the 5′′′′′-leader region is an essential step in the maturation of tRNAmolecules in all domains of life. This reaction
is catalyzed by various RNase P activities, ranging from ribonucleoproteins with ribozyme activity to protein-only forms. In
Escherichia coli, the efficiency of RNase P-mediated cleavage can be controlled by computationally designed riboswitch
elements in a ligand-dependent way, where the 5′′′′′-leader sequence of a tRNA precursor is either sequestered in a hairpin
structure or presented as a single-stranded region accessible for maturation. In the presented work, the regulatory poten-
tial of such artificial constructs is tested on different forms of eukaryotic RNase P enzymes—two protein-only RNase P en-
zymes (PRORP1 and PRORP2) fromArabidopsis thaliana and the ribonucleoprotein ofHomo sapiens. The PRORP enzymes
were analyzed in vitro as well as in vivo in a bacterial RNase P complementation system. We also tested in HEK293T cells
whether the riboswitches remain functional with human nuclear RNase P. While the regulatory principle of the synthetic
riboswitches applies for all tested RNase P enzymes, the results also show differences in the substrate requirements of
the individual enzyme versions. Hence, such designed RNase P riboswitches represent a novel tool to investigate the im-
pact of the structural composition of the 5′′′′′-leader on substrate recognition by different types of RNase P enzymes.
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INTRODUCTION

In the field of synthetic biology, riboswitch design repre-
sents a promising tool for customized and efficient regula-
tion of gene expression. Riboswitches are cis-regulatory
RNA elements, typically located in the 5′-untranslated re-
gion (5′-UTR) of a bacterial messenger RNA (mRNA)
(Mironov et al. 2002; Nahvi et al. 2002; Winkler et al.
2002a,b; Serganov and Nudler 2013). Naturally occurring
riboswitches control gene expression in a ligand-depen-
dent manner, mostly at the level of transcription or transla-
tion. Their regulatory principle is based on two structural
modules—an aptamerdomain and anexpressionplatform.
The interaction of the ligand with the aptamer domain trig-
gers a conformational rearrangement in the expression
platform that—as a consequence—influences gene activi-
ty. The modular composition of riboswitches allows for the

design of synthetic regulatory elements by the com-
bination of such (natural or artificial) domains. Aptamers se-
lected in vitro by systematic evolution of ligands by
exponential enrichment (SELEX) are frequently used in
this context (Ellington and Szostak 1990; Tuerk and Gold
1990). The well-characterized aptamer for theophylline is
suitable for such designs, because it exhibits a high affinity
to its ligand (kD: 320 nM) and efficiently discriminates
against molecules structurally related to theophylline,
such as caffeine (Jenison et al. 1994; Zimmermann et al.
1997). In several approaches, it was successfully applied
for the generation of synthetic riboswitches regulating
translation or transcription (Fowler et al. 2008; Topp et al.
2010; Nakahira et al. 2013; Wachsmuth et al. 2013;
Bueno et al. 2021). For the latter ones, computational
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folding predictions were combined with experimental
characterization by Wachsmuth et al. (2013, 2015). Based
on the most efficient transcription regulating riboswitch
from that work (RS10), new synthetic riboswitches were
generated that control RNase P-dependent 5′-maturation
of a tRNA (Ender et al. 2021).

In all organisms, tRNAs are synthesized as precursor tran-
scripts that undergo a multistep maturation process until
they can participate in translation (Phizicky and Hopper
2010; Hopper 2013; Shepherd and Ibba 2015). tRNA mat-
uration includes removal of a 5′-leader and 3′-trailer, addi-
tion of the 3′-terminal CCA-end, specific modification of
individual nucleosides, as well as splicing and aminoacyla-
tion (Schedl et al. 1976; Li and Deutscher 1996; Schürer
et al. 2001; Lorenz et al. 2016). Whereas the details of
mostmaturation steps vary indifferent organisms, cleavage
of the 5′-leader is usually accomplished by RNase P
(Kirsebom 2007; Klemm et al. 2016; Schencking et al.
2020), with minor exceptions (Randau et al. 2008).
Throughout all domains of life, this enzyme exhibits a
high structural diversity. In bacteria, RNase P consists of a
small protein subunit (P protein) and an RNA moiety
(P RNA), which represents the catalytically active subunit
(Guerrier-Takada et al. 1983). In eukaryotes, the enzyme
is of a higher complexity—for instance, human nuclear
RNase P is composed of 10 protein subunits (hPOP5,
RPP29, RPP30, RPP21, RPP38, hPOP1, RPP25, RPP20,
RPP14, RPP40), and one RNA subunit (H1 RNA) (Jarrous
2002; Klemm et al. 2016). Besides such RNA-containing
RNase P versions, protein-only RNase P enzymes were
also discovered. In human mitochondria, the proteins
MRPP1, MRPP2, and MRPP3 form a complex with tRNA
5′-processing activity (Holzmann et al. 2008; Walker and
Engelke 2008). A protein-only RNase P (PRORP) consisting
of a single protein moiety was identified in Arabidopsis
thaliana (Gobert et al. 2010,2013). Today, after the identi-
fication of further PRORPs in Aquifex aeolicus, it is known
that protein-only RNase P enzymes are present in all do-
mains of life (Nickel et al. 2017; Daniels et al. 2019). Due
to their diverse structural composition, the various types
of RNase P show certain differences in substrate recogni-
tion. While several studies focus on the role of the tRNA
5′-leader sequence composition (Zahler et al. 2003, 2005;
Sun et al. 2006; Niland et al. 2017), only very little informa-
tion is available on the impact of its structural conformation.
Several lines of experiments indicate that bacterial RNase P
enzymes have an increased substrate affinity to unstruc-
tured 5′-leader regions (Lin et al. 2016; Niland et al. 2017;
Ender et al. 2021). For other types of RNase P, the structural
status of the leader region is postulated to be important as
well (Lee et al. 1997; Ziehler et al. 2000; Brillante et al.
2016). In the case of A. thaliana PRORP3, it was shown
that extensions of the tRNA acceptor stem can lead to
cleavage at aberrant sites, and it was concluded that the
flexibility of the 5′-leader near the cleavage position affects

cleavage site selection (Brillante et al. 2016). However,
there is no experimental evidence that the structural com-
position of the 5′-leader itself affects cleavagemediatedby
PRORP or eukaryotic nuclear RNase P enzymes.

The recently designedRNase P riboswitches (Ender et al.
2021) provide a tool to address this question. These ribo-
switches are based on the theophylline-binding aptamer
(Jenison et al. 1994), where its 3′-part forms a sequester
hairpin through interaction with a computationally de-
signed sequence in the OFF state. This hairpin structure
is directly followed by the regulated tRNA. Thus, the artifi-
cial 5′-leader is sterically masked in the hairpin structure in
the absence of theophylline. Interaction with the ligand
triggers opening of the sequester hairpin and the 5′-leader
is converted into a single-stranded conformation, resulting
in efficient RNase P-catalyzed tRNA-processing. Here, we
analyzed the functionality of these riboswitches in the li-
gand-dependent control of tRNAmaturation by eukaryotic
RNase P enzymes, that is, in a new context. We show that
the riboswitches can be used to examine tRNA processing
by PRORP1 and PRORP2 from A. thaliana in vitro and in an
RNase P complementation system in Escherichia coli ac-
cording to Gößringer et al. (2017). Further, we replaced
the tRNA fused to the riboswitch by tRNAPyl from
Methanosarcina mazei without losing ligand-dependent
5′-maturation, indicating that the riboswitch constructs
can be applied to different tRNA species. The constructs
fused to tRNAPyl were then transferred into HEK293T cells
to investigate their compatibility with human nuclear
RNase P. The datapresented here show that tRNAprocess-
ing by PRORP as well as human nuclear RNase P can be in-
fluenced and controlled by the secondary structure of the
5′-leader region, confirming the assumption that 5′-leader
accessibility is an important determinant for efficient pro-
cessing not only by bacterial RNase P activities, but also
by their eukaryotic counterparts (Brillante et al. 2016; Wu
et al. 2018).

RESULTS

In a previous study, we successfully generated RNase P
riboswitch constructs through computational predictions
(Ender et al. 2021). These riboswitches consist of the the-
ophylline-dependent TCT8 aptamer (Jenison et al. 1994)
overlapping with a designed expression platform (Fig.
1A). The constructswere fused at their 3′-end to suppressor
tRNATyr (tRNA supF), and the 7 nt directly upstream of the
tRNA were defined as the minimal 5′-leader region. In the
absence of the ligand, this 5′-leader is masked through a
sequester hairpin that—upon theophylline binding to the
aptamer—unfolds into a single-stranded conformation.
For this purpose, the in silico pipeline used included differ-
ent structural constraints as the leader accessibility, the cor-
rect folding of the tRNA acceptor stem, and the
independent folding of the riboswitch module and the
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tRNA (Ender et al. 2021). Normalized
scores (with values between 0 and 1)
based on predicted folding energies
quantify to what extent each of these
design goals is satisfied (Table 1).
The synthetic riboswitches RP-RS A
and RP-RS C efficiently regulate
RNase P-mediated 5′-end processing
of tRNA supF in E. coli (Ender et al.
2021). Here, these riboswitches were
tested on different types of RNase P
and the results indicate that they rep-
resent a valuable tool to get new
insights into the structural require-
ments of the 5′-leader for processing
by these maturation enzymes.

Riboswitch RP-RS C causes
theophylline-dependent
activation of tRNA processing
by PRORP1 and PRORP2

To examine whether RP-RS A and
RP-RS C are also able to control pro-
cessing by a protein-only RNase P en-
zyme, radioactively labeled in vitro
transcripts of both constructs fused
to tRNA supF were incubated in vitro
with recombinant PRORP enzymes
from Arabidopsis thaliana in the pres-
ence and absence of theophylline.
Construct nat-supF consisting of
tRNA supF with its native 43 nt long
5′-leader served as positive control
(Kirsebom and Svärd 1992). PRORP1
and PRORP2 were used for the exper-
imental examination, as they are well
characterized, localized in different or-
ganelles, and differ in their substrate
and temperature requirements (Bril-
lante et al. 2016; Howard et al. 2016;
Chen et al. 2019). The Hartmann
group showed that PRORP1 is highly
active at 37°C, while PRORP2 is
completely inactive at this tempera-
ture and instead requires 28°C (Pavlo-
va et al. 2012; Gößringer et al. 2017).
Accordingly, these incubation tem-
peratures were chosen for PRORP1
and PRORP2, respectively. In addi-
tion, enzyme and substrate concentra-
tions were adjusted according to the
described pre-tRNA affinities of
PRORP1, PRORP2, and E. coli RNase
P to avoid saturation effects in the

B

A

C

D

FIGURE1. (A) Schematic representation of riboswitch and control constructs. The sequence of
the theophylline aptamer is labeled in red, the hairpin loop region in cyan (taken from a tran-
scription-regulating riboswitch construct [Wachsmuth et al. 2013; Ender et al. 2021]), and the
complementary region forming the sequester hairpin in blue. The tRNA element is indicated in
green (suppressor tRNATyr supF from E. coli). Base positions are numbered relative to the
cleavage site and according to Sprinzl et al. (1998). The upstream sequence of the tRNA, rep-
resented as N stretch, is replaced by the respective 3′-part of each construct. Upon ligand
binding (black oval), the riboswitch refolds, and the 5′-leader is no longer masked in the se-
quester hairpin and is accessible for cleavage. The natural leader sequence of the control con-
struct nat-supF is indicated in gray. (B) In vitro analysis of riboswitch-controlled tRNA
maturation. Cleavage of RP-RS A (central panel) and RP-RS C (right panel) by PRORP1 (P1),
PRORP2 (P2), or E. coli RNase P holoenzyme (Eco) compared to supF with the naturally occur-
ring 5′-leader (nat-supF; left panel) (Kirsebom and Svärd 1992). (C ) Quantitation of the pro-
duced percentual product amount. Only in the case of RP-RS C, a theophylline-dependent
tRNA processing is observed for all tested enzymes. Data are mean±SD, n=4. (D)
Theophylline-induced fold changes of nat-supF (left), RP-RS A (center), and RP-RS C (right).
Results show a low theophylline-dependent response ratio of 1.7- (PRORP1) and 1.5-fold
(PRORP2) for RP-RS A and a clear activation for RP-RS C (PRORP1: 2.4-fold; PRORP2: 3.7-
fold). Data are mean±SD, n=4.
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reactions. Howard et al. (2016) determined kM values for
PRORP1 and PRORP2 in a range between 100 nM and
2 µM, depending on the pre-tRNA substrate. These values
canonly serveas a roughbenchmark, as the riboswitch con-
structs represent artificial substrates that differ dramatically
from native tRNA precursors. Thus, we chose 500 nM of
tRNA substrate for PRORP1andPRORP2 for this initial anal-
ysis, as a lower affinity than 100 nM was expected. Further-
more, we had to adjust the reaction buffer according to our
previous RNase P riboswitch analysis to allow for a correct
folding of the aptamer domain, which requires a concentra-
tion of MgCl2 of at least 5 mM (Jenison et al. 1994; Ender
et al. 2021). E. coli RNase P holoenzyme reaction served
as positive control for theophylline-dependent tRNA pro-
cessing. As E. coli RNase P has a much lower KM value for
nat-supF (Ender et al. 2021), the tRNA substrate concentra-
tion was adjusted accordingly (50 nM). Cleavage reaction
was induced by the addition of theophylline to a final con-
centration of 30 µM. Reaction products were separated on
denaturingpolyacrylamidegels and visualizedby autoradi-
ography. As shown in Figure 1B, all RNase P enzymes
cleaved the tRNA substrates nat-supF, RP-RS A as well as
RP-S C. Interestingly, PRORP1 shows a very low activity
on nat-supF, which is probably caused by base-pairing of
leader positions −1 and −2 with tRNA positions 73 and
74 (Kirsebom and Svärd 1992). A quantitative analysis of
the relative amounts of released tRNA product was used
to identify whether the enzymes show a ligand-dependent
processing reaction (Fig. 1C). The large difference in
the affinities of E. coli RNase P and the PRORPenzymes, re-
spectively, required different enzyme and substrate
concentrations. Cleavage efficiency therefore can be com-
pared only between PRORP1 and PRORP2, for which iden-
tical substrate and enzyme concentrations were used. To
compare the theophylline dependency of the processing

reaction, ligand-induced fold changes were calculated for
each enzyme (Fig. 1D). Cleavage of the positive control
nat-supF by E. coli RNase P, PRORP1 as well as PRORP2
wasnot influencedby the additionof theophylline. For con-
struct RP-RS A, a weak theophylline dependency of the
tRNAmaturation was observed. For PRORP1, tRNA release
increased from 6.2± 1.7% (uninduced) to 10.4 ±2.2% (in-
duced), corresponding to a 1.7-fold change (Fig. 1C,D). A
similar change of 1.5-fold was observed for PRORP2 with
generally higher cleavage rates of 15.9± 2.8% and 23.6±
2.9%, as well as E. coli RNase P (9.3 ± 4.1% vs. 16.3±
5.5%, resulting in a 1.8-fold change). Construct RP-RS C
seems to reduce PRORP-dependent processing especially
in the absence of theophylline. In the case of PRORP1, only
1.1 ± 0.3% of background activity was observed, while
the addition of the ligand led to 2.7 ±1.1% product forma-
tion (2.4-fold activation) (Fig. 1C,D). PRORP2 revealed a
3.7-fold activation from 3.0±0.7% to 11.3 ±2.4% upon
theophylline addition. For E. coli RNase P, cleavage
of RP-RS C was comparable to RP-RS A (9.4± 3.5% vs.
17.6 ± 6.2%). Thus, RP-RS C exhibits in vitro a distinct theo-
phylline-dependent tRNA maturation by all tested en-
zymes, although the overall efficiency in the case of
PRORP1 is rather low.

Multiple turnover kinetics with RP-RSA as a substrate
indicate differences in PRORP1 and PRORP2
catalyzed cleavage

To gain deeper insights into the effect of the hairpin struc-
ture on affinity and catalysis, multiple turnover kinetics with
both PRORP enzymes and RP-RS A construct were per-
formed. Since the cleavage efficiency of the positive con-
trol nat-supF and RP-RS Cwas rather low in the initial single
time point measurements (Fig. 1C), they were not used for

TABLE 1. In silico predictions of analyzed riboswitch constructs as previously described (Ender et al. 2021)

Construct

Leader accessibility score tRNA score Independent fold scoreID Switch length (nt)

Riboswitches with tRNA supF

RP-RS A 63 0.484 0.992 0.932

RP-RS C 59 0.016 0.997 0.829
Riboswitches with hybrid tRNA supF

RP-RS A-h 63 0.480 0.995 0.935

RP-RS C-h 59 0.016 0.997 0.865
Riboswitches with tRNAPyl

RP-RS A-P 63 0.471 0.756 0.924

RP-RS C-P 59 0.012 0.999 0.874

The leader accessibility score measures how likely it is that a given construct implements the intended design model, that is, an accessible seven-nucleotide-
long 5′-leader in the presence of theophylline and a masked 5′-leader in the absence of theophylline. The tRNA score and the independent fold score
measure proper and independent folding of the tRNA sequence, respectively. Scores are only comparable for constructs of the same length. Sequences of
each construct are summarized in Supplemental Table S1.
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a kinetic examination, as this would have required an enor-
mous amount of tRNA substrate that is not feasible due to
the limited solubility of RNA (Tomita et al. 2004, 2006; Cho
et al. 2005;Wendeet al. 2015; Ernst et al. 2018; Pöhler et al.
2019). Interestingly, theophylline showed varying effects
on the kinetic parameters depending on the type of en-
zyme. In the case of PRORP1, kcat was only slightly in-
creased from 0.57±0.11 min−1 to 0.83±0.06 min−1 in
the presence of theophylline, resulting in a change of
1.4-fold. The Michaelis–Menten constant showed no clear
theophylline dependency (8.14±2.84 µM vs. 6.4 ± 0.97
µM). For PRORP2, no theophylline dependency was
observed regarding kcat (0.61±0.07
min−1 vs. 0.48±0.04 min−1). For this
enzyme, a clear impact of theophylline
on kM was visible (6.22±1.37 µM vs.
1.93±0.43 µM), leading to a 3.2-fold
decrease. Taken together, while the-
ophylline leads to higher cleavage ef-
ficiency for both enzymes, PRORP1
exhibits an impact on its reaction
chemistry, while in PRORP2, substrate
binding is affected by the structural
composition of the 5′-leader.

Riboswitch RP-RS C regulates
PRORP-dependent processing
in E. coli BW

To investigate ligand-dependent
tRNA maturation under more physio-
logical conditions, PRORP-catalyzed
processing of RP-RS A and RP-RS C
was analyzed in E. coli BW cells. A
key feature of this strain is the chromo-
somal expression of the rnpB gene
(coding for P RNA) under the control
of promoter PBAD, which can be in-
duced by arabinose and repressed
by glucose (Wegscheid andHartmann
2006; Gößringer et al. 2017). PRORP
enzymes were introduced on plasmid
pDG148 (Gößringer et al. 2017) to-
gether with compatible pULTRA plas-
mids containing the riboswitch-tRNA
constructs under a constitutively ac-
tive proK promoter (Schultz et al.
2006). To compare tRNA maturation
by thePRORPenzymes to theprocess-
ing catalyzed by plasmid-encoded E.
coliRNaseP, a control plasmidpACYC
carrying the rnpB gene was used ac-
cording to Gößringer et al. (2017).
For all constructs, tRNA maturation
wasmonitored by northern blot analy-

sis (Fig. 2A). As tRNAsupFdiffers only in onenucleotidepo-
sition fromnaturalE. coli tRNATyr, the use of a supF-specific
probe is not possible. Thus, all constructs contained a hy-
brid tRNA supF-h, where anticodon stem and variable
loop region of the tRNAwere replaced by the correspond-
ing parts of Thermus thermophilus tRNATyr, leading to RP-
RS A-h, RP-RS C-h, and nat-supF-h (Ender et al. 2021). For
each construct, three individual clones were investigated.
Interestingly, the individual clones exhibited rather strong
differences in their growth rates, leading to incubation
times between 3.5 and 23 h. These differences are likely
the result of stochastic effects on transcription and

B

A

C

FIGURE 2. Riboswitch-controlled tRNA processing by PRORP enzymes in E. coli BW cells. (A)
For the detection of processed tRNA, supF tRNA was replaced by a hybrid construct supF-h
according to Ender et al. (2021). Northern blot analyses of plasmid-encoded constructs nat-
supF-h, RP-RS A-h, and RP-RS C-h in E. coli BW cells with plasmids encoding genes for
PRORP1 (P1), PRORP2 (P2), or the E. coli RNase P rnpB gene (Eco) are shown. A clear theoph-
ylline-dependent response was only visible for RP-RS C-h in combination with PRORP1 or
PRORP2. In the case of RP-RS C-h in combination with PRORP1, further bands are visible, likely
representing miscleaved precursor-tRNA fragments. (B) Relative quantitation of the mature
tRNA. The corresponding hybridization signals were normalized to the signal of endogenous
5S rRNA. Only RP-RS C-h exhibits a theophylline-dependent response. The rather large error
bars are the result of the variation of the absolute signal values between individual clones. Yet,
all construct clones show an identical and reliable tendency of the influence of theophylline on
mature tRNA supF-h release for each experiment (Supplemental Table S2). Data are mean±
SD, n=3. (C ) Theophylline-dependent fold changes of nat-supF-h, RP-RS A-h, and RP-RS C-
h. For both PRORP1 as well as PRORP2, a clear theophylline-induced 3.1-fold response of
RP-RS C-h was determined. The positive control Eco (E. coli RNase P) shows a 1.7-fold activa-
tion, corroborating the data of Ender et al. (2021). Data are mean±SD, n=3.
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translation, described as gene expression noise (Paulsson
2004; Kaern et al. 2005; Kiviet et al. 2014; Kennard et al.
2016; Thomas et al. 2018). In addition, fluctuations of plas-
mid-based RNase P/PRORP expression can have further
consequences, because the varying levels of enzyme activ-
ity affect the amount of processed tRNA. A high tRNA level
can lead to saturation effects in the translation system, so
that a nonnegligible fraction of the tRNAs will not be ami-
noacylated. Interaction of the uncharged tRNA with RelA
then activates the stringent response, and a stress reaction
is induced in the cell, which produces ppGpp, thereby af-
fecting protein synthesis and, consequently, also cellular
growth (Nazir and Harinarayanan 2016). This effect can be
further enhanced by PRORP-catalyzedmiscleavage, result-
ing in nonfunctional tRNAmolecules that again trigger the
stringent response (Trinquier et al. 2019).

For a comparative quantitation, the hybridization signals
for the mature tRNA supF-h were calculated relative to the
signal of endogenous 5S rRNA (Supplemental Table S2),
indicating that only RP-RS C showed theophylline-depen-
dent tRNA processing (Fig. 2B). While the absolute signal
values of each clone showed a considerable variation, all
clones of each individual construct exhibited the same in-
fluence of theophylline on the release of a mature tRNA
supF-h (Supplemental Table S2). This becomes apparent
when fold changes for all construct clones are calculated,
as shown in Figure 2C. Similar to the positive control nat-
supF-h, RP-RS A-h was processed by each of the three test-
ed enzymes and showed no difference in the presence of
theophylline (Fig. 2C). In contrast, RP-RS C-h exhibited a
reduced processing in the absence of the ligand, resulting
in a 3.1-fold change for PRORP1 and PRORP2, whereas
E. coli RNase P showed a 1.7-fold activation upon theoph-
ylline addition. Interestingly, PRORP1, and to a certain
degree also PRORP2, led to a considerable amount of mis-
cleavage in combination with RP-RS C-h, as additional
bands of somewhat lower electrophoretic mobility were
detected in the presence of theophylline.

In some lanes of the gel, an additional band of lower
electrophoretic mobility appeared, corresponding to a
higher molecular weight compared to the unprocessed
tRNA constructs. As identified by proteinase K treatment,
these bands represent RNA–protein complexes that prob-
ably are the result of RelA binding to the tRNA precursor
transcripts (Kushwaha et al. 2019; Ender et al. 2021). The
correct expression or repression of plasmid-borne E. coli
RNase P RNA subunit (rnpB) was verified using a specific
probe addressing P RNA (Mohanty et al. 2020).

Taken together, only RP-RS C-h controlled tRNA pro-
cessing by the PRORP enzymes in E. coli BW in a theoph-
ylline-dependent way, while RP-RS A-h showed a rather
weak permanent ON state. The plasmid-encoded E. coli
RNase P exhibited a similar behavior with 1.7-fold activa-
tion of RP-RS C-h and a ligand-independent ON state of
RP-RS A-h. In our study on the endogenous RNase P in

E. coli TOP10, both riboswitches showed an efficient li-
gand-dependent four- to fivefold activation (Ender et al.
2021). Thus, the here observed permanent ON state is ob-
viously the result of the higher expression levels of P RNA
due to the plasmid-encoded rnpB gene.

Riboswitches RP-RS A-P and RP-RS C-P control
tRNAPyl maturation in E. coli TOP10

In a second line of experiments, we investigated whether
RP-RS A and RP-RS C also regulate tRNA processing in hu-
man cells. To use a previously established reporter system
in HEK293T cells for the analysis of tRNA maturation
(Serfling et al. 2018), tRNA supF was replaced by tRNAPyl

from M. mazei, leading to constructs RP-RS A-P and RP-
RS C-P. As the new tRNA sequence might interfere with
the riboswitch element and hence cause misfolding, struc-
ture constraints from the in silico design were evaluated for
the new tRNA in combination with the sequences of RP-RS
A and RP-RS C (Table 1). Except for the lower tRNA score of
RP-RS A-P that indicates the existence of alternative struc-
tures in the tRNA closing stem, all scores were in a range
similar to the constructs containing tRNA supF. We then
analyzed the secondary structures of the corresponding
transcripts by in-line probing, and the results clearly sup-
port an independent folding of tRNA and riboswitch mod-
ule (Fig. 3). For both riboswitches, the 5′-leader showed a
pronounced single-stranded region in the presence of the-
ophylline, comparable to riboswitches controlling tRNA
supF maturation (Ender et al. 2021). In the ligand-bound
state, positions N(−1) to N(−8) are single-stranded in RP-
RS A-P, while in RP-RS C-P the whole leader is unfolded.
Hence, these results indicate that the RNase P cleavage
site should be accessible in both constructs when theoph-
ylline is bound. In addition, correctly folded aptamer and
tRNAPyl regions are visible in both constructs.

As the structure probing data indicate the intended the-
ophylline-dependent structural rearrangement of the new
riboswitch-tRNA fusions, we investigated their regulatory
potential in E. coli TOP10 cells by northern blot according
to Ender et al. (2021). For this purpose, both tRNAPyl-carry-
ing constructs were inserted into plasmid pULTRA (Schultz
et al. 2006) under control of a constitutively active proK
promoter. le-tRNAPyl served as positive control, represent-
ing a fusion of tRNAPyl with the last 11 nt of the 5′-leader of
RP-RS C. As this construct is lacking the whole aptamer el-
ement, the 11 nt leader region is not ligand-sensitive and
should remain single-stranded regardless of the presence
of theophylline. For both RP-RS A-P and RP-RSC-P, hybrid-
ization signals corresponding to a mature tRNAPyl are visi-
ble, and the increased signal intensities in the presence of
theophylline support a ligand-induced tRNA maturation
(Fig. 4A). Quantitation of tRNA signals relative to 5S
rRNA indicates a theophylline-induced threefold activa-
tion of RP-RS A-P (0.4± 0.16 vs. 1.2± 0.3 relative signal
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intensity), while RP-RS C-P exhibited a 14-fold induction
due to a very low OFF state (0.1± 0.0 vs. 1.2 ± 0.4) (Fig.
4B). Similar to the results shown in Figure 2A, an additional
slower migrating band is visible and likely represents an

RNA–protein complex as previously identified by protein-
ase K treatment (Ender et al. 2021). Taken together, tRNA
supF was successfully replaced by tRNAPyl without losing
theophylline-dependent switching activity of the

BA

FIGURE 3. Secondary structure analysis by in-line probing. (A) Constructed secondary structures of ON andOFF states of riboswitches RP-RS A-P
and RP-RSC-P fused to tRNAPyl. The theophylline-binding aptamer is presented in red, the hairpin loop region in cyan, the designed 3′-part of the
sequester hairpin in blue, and tRNAPyl in purple. The anticodon is shown in black. Bars in green, purple, orange, brown, and cyan represent re-
gions identified as single-stranded in the corresponding structures. In the ON state of RP-RS A-h, additional possible interactions of the blue se-
quester part with the aptamer base are indicated by dashed lines and a question mark. (B) In-line probing patterns of riboswitch regions in RP-RS
A-P and RP-RS C-P. Black horizontal lines in the two panels indicate a cut of the gel picture due to its length. Both constructs show a ligand-de-
pendent opening of the sequester hairpin. In the uninduced state (absence of theophylline indicated by “−”), RP-RSA-P shows fraying of the basal
three base pairs of the hairpin, supporting previous data on this construct (Ender et al. 2021). (n) Negative control (transcript without incubation),
(T1) partial digest with RNase T1, (OH−) alkaline hydrolysis, (−/+) incubation in in-line probing buffer for 40 h in the absence (−) or presence (+) of
theophylline.
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regulatory platforms in RP-RS A and RP-RS C. Thus, both
riboswitches with tRNAPyl were further characterized for
functionality in a human cell environment.

Riboswitches RP-RS A-P and RP-RS C-P show
theophylline-induced activation of tRNAPyl

in HEK293T cells

For the expression of riboswitches in HEK293T cells, se-
quences of RP-RS A and RP-RS C were inserted into plas-
mid pNEU upstream of a single copy of tRNAPyl (Serfling
et al. 2018). Transcription of these inserts was under control
of a constitutively active U6 promoter. As described above,
construct le-tRNAPyl was used as a positive control. In addi-
tion to the riboswitch constructs, plasmid pNEU carries the
open reading frame for an aminoacyl tRNA synthetase from
Methanosarcina barkeri (MbPylRSF, carrying mutation
Y349F for efficient aminoacylation of tRNAPyl) (Serfling
and Coin 2016). As the charged tRNAPyl reads amber stop
codons, its expression can be measured by suppression of
a UAG stop codon in the mRNA of a reporter gene.
Hence, a second plasmid derived from pcDNA 3.0 was in-
troduced, carrying an egfp ORF with a corresponding
stop codon at position 183. For the internal normalization
of eGFP expression, this plasmid carries an additional
ORF encoding for the mCherry protein (Serfling and Coin
2016; Serfling et al. 2018).

eGFP-dependent fluorescence resulting from ribo-
switch-controlled tRNA maturation was quantified and
normalized to the mCherry fluorescence signal (as a value
for transfection efficiency) (Serfling et al. 2018). Signals of
the positive control le-tRNAPyl (in the absence of theophyl-
line) were set to 100% and used as a reference for quanti-
tation of riboswitch-dependent signals (Fig. 5A). Addition

of theophylline led to an unspecific decrease of the eGFP
reference signal down to 66.6%. Northern blot analysis
shows that this is the result of a reduction in tRNAPyl ex-
pression (Fig. 5B,C). In the absence of the ligand, con-
structs RP-RS A-P and RP-RS C-P showed fluorescence
signals comparable to negative control, which contains
both pcDNA reporter plasmid as well as pNEU, where
the U6 promoter required for tRNAPyl expression was de-
leted. In the presence of the ligand, both riboswitch con-
structs exhibited a 2.0- to 2.3-fold activation (RP-RS A-P:
17.5± 2.3% vs. 34.8 ± 2.5%; RP-RS C-P: 8.6 ± 2.1% vs.
19.8± 2.4%) (Fig. 5A). Although the signal intensities
were rather weak, these observations were confirmed by
northern blot analysis, where the 5.8S rRNA hybridization
signal was used for normalization (Fig. 5B,C; Serfling
et al. 2018). In addition, the switching behavior of both
riboswitches is corroborated in Figure 5D, where both con-
structs showa 1.9-fold change in tRNAPyl maturation. In the
autoradiogram shown in Figure 5B, a weak bandmigrating
above the mature tRNAPyl is visible. As the same band ap-
pears in northern blots from HEK cells without plasmids,
this band represents a nonspecific signal not related to
the riboswitch-regulated tRNAPyl expression (data not
shown). Interestingly, the positive control le-tRNAPyl shows
a higher expression level than the riboswitch constructs,
which obviously is caused by structure and sequence com-
position of the riboswitch platforms (Fig. 5B).

Interestingly, in all constructs, tRNAmaturation was rath-
er inefficient, as a high amount of tRNAPyl precursor is vis-
ible for positive control as well as riboswitch constructs
(Fig. 5B). Yet, both RP-RS A-P and RP-RS C-P show a clear
theophylline-dependent maturation of tRNAPyl (and corre-
sponding reporter gene expression), indicating that the
structure of the 5′-leader region has an impact on human

B

A

FIGURE 4. Riboswitch-controlled maturation of tRNAPyl in E. coli TOP10 cells. (A) Northern blot analysis and (B) quantitation of tRNAPyl hybrid-
ization signals normalized to the signal of the endogenous 5S rRNA. As positive control served le-tRNAPyl, a fusion of tRNAPyl with the last 11 nt at
of the 5′-end of RP-RS C. The additional band above the precursor signal (only clearly visible for the positive control le-tRNAPyl and RP-RS A-P)
likely represents a complex of processed, uncharged tRNA supF and protein RelA (Ender et al. 2021). In the calculated response ratios (B), RP-RS
A-P showed a threefold theophylline-induced activation. For RP-RS C-P, the activation ratio was 13.8-fold. This increase is the result of a very low
background cleavage in the absence of theophylline. Data are mean±SD, n=3.
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RNase P-catalyzed tRNA maturation, comparable to
PRORP and bacterial RNase P reactions. As theophylline
shows an unspecific inhibitory effect on gene expression
in HEK293T cells, the actual activation ratio of the ribo-
switches might be substantially higher.

DISCUSSION

Recently, we showed that synthetic riboswitch constructs
RP-RS A and RP-RS C control tRNA processing by E. coli
RNase P in a ligand-dependent way by masking the
5′-leader of the tRNA precursor (Ender et al. 2021).
These results corroborate the assumption that the confor-
mation of the 5′-leader has an impact on RNase P-cata-
lyzed tRNA 5′-maturation (Pomeranz Krummel et al.
2000; Lin et al. 2016; Niland et al. 2017). Here, we show

that the same riboswitch constructs are useful tools to in-
vestigate the impact of the 5′-leader structure on tRNA
processing by different types of RNase P from A. thaliana
and H. sapiens. Most structure–function studies rely on
mutational approaches, where the impact of individual
base replacements on folding of the leader region and
on the processing efficiency is investigated. Hence, not
only the structure, but also the sequence of the leader re-
gion is affected, rendering an interpretation exclusively on
the structural level rather difficult. In contrast, the ribo-
switch-based approach allows for a comparison that is
solely based on structural differences, while the sequence
of the leader per se remains unchanged, resulting in an un-
ambiguous identification of structural effects on tRNAmat-
uration. While our data represent a proof-of-concept for
the design of RNase P riboswitches in eukaryotes, it is

B
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C

D

FIGURE 5. Riboswitch-controlled maturation of tRNAPyl in HEK293T cells. (A) tRNAPyl-induced stop codon suppression at position 183 in the
plasmid-encoded eGFP reporter mRNA led to a fluorescent signal that was used to monitor the switching behavior of the constructs. eGFP fluo-
rescence intensities were normalized to the mCherry fluorescence signal derived from the mcherry ORF that was also encoded on the reporter
plasmid and are presented relative to le-tRNAPyl. The fluorescence signal of the control le-tRNAPyl shows a considerable reduction in the presence
of the ligand, indicating a detrimental effect of theophylline on cell growth (Namba et al. 1980; Yasui and Komiyama 2001; Peng et al. 2018). Upon
addition of the ligand, RP-RS A-P and RP-RS C-P show a twofold activation. Due to the negative growth effect of theophylline, this ratio is likely to
be underrepresented. (NC) Negative control, tRNAPyl without upstream-encoded U6 promoter. (B) Northern blot analysis and (C ) quantitation of
mature tRNAPyl relative to the 5.8S rRNA signal. In agreement with the fluorescence data, the presence of theophylline leads to a reduction of
mature tRNAPyl in the case of le-tRNAPyl. However, theophylline-induced fold changes (D) show a twofold activation of both riboswitch constructs.
Data are mean±SD, n=3.
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impossible to give a benchmark for their functionality.
Generally, a weak tRNA processing in the absence of the
ligand is desired, as it reduces the background signal of
the read-out system. On the other hand, a high activation
range of tRNA expression andmaturation can enhance the
desired production of a certain protein (carrying for in-
stance a nonproteinogenic amino acid), but it can also
have a detrimental effect on the cells, if the produced
tRNA is saturating components of the translational system
such as aminoacyl-tRNA synthetases or elongation factors.

PRORP1- and PRORP2-mediated tRNA processing
can be regulated by riboswitch constructs

Compared toE. coliRNaseP (Robertson et al. 1972), PRORP
enzymes from A. thaliana were identified quite recently
(Gobert et al. 2010). Accordingly, few data on substrate rec-
ognition are available for this type of activity. In addition,
analysis of substrate recognition by PRORPs is more com-
plex, as different substrate and reaction condition require-
ments for the three isoenzymes were identified (Gößringer
et al. 2017;Chenet al. 2019).WhileE. coliRNaseP recogniz-
es part of the 5′-leader sequence, PRORP enzymes identify
their substrates mainly based on the tRNA structure and po-
sition N(−1) (Brillante et al. 2016; Klemm et al. 2017). The
riboswitch constructs corroborate these differences.

The in vitro data offer a first information about the im-
pact of the 5′-leader structure on PRORP1 and PRORP2-
mediated tRNA processing. As mentioned above, the the-
ophylline-dependent percentual substrate formation has
to be analyzed separately for E. coli RNase P, as other sub-
strate and enzyme concentrations had to be chosen com-
pared to the PRORP enzymes. The observation that
PRORP2 showed a higher cleavage efficiency compared
to PRORP1 is supported by the fact that the Arabidopsis
PRORP enzymes cleave specific tRNA precursors with dif-
ferent efficiencies (Howard et al. 2016; Chen et al. 2019).
Interestingly, the kinetic parameters of PRORP1 and
PRORP2 acting on the most efficiently processed RP-RS
A revealed differences in the theophylline-dependent reg-
ulation. For PRORP1, the presence of the ligand results in a
slight 1.4-fold increase of kcat. This is in agreement with the
literature, where it is described that PRORP1 does not re-
quire a long accessible leader for efficient cleavage catal-
ysis or substrate binding (Howard et al. 2016). The
observed kM values in our study are higher compared to
those for the cleavage of natural substrates. This is not sur-
prising, as the artificial riboswitch constructs produce an
unusually long and structured 5′-leader, which could neg-
atively affect the substrate recognition. Furthermore, the
reaction conditions differ from other studies, as they had
to be adjusted to ensure an efficient ligand interaction of
the theophylline aptamer. For example, Howard et al.
(2016) used a buffer including 1 mM MgCl2. However,
when we tested our RNase P riboswitches in this buffer,

no theophylline dependence of the PRORP-mediated
cleavage was observed. It was shown that MgCl2 is impor-
tant for the correct folding of the aptamer and that a con-
centration below 5 mMMgCl2 leads to a clear decrease of
theophylline binding (Jenison et al. 1994). Thus, a compro-
mise between PRORP enzyme functionality and aptamer
folding/ligand binding had to be chosen to analyze ribo-
switch functionality. In contrast to PRORP1, PRORP2
showed a clear decrease of kM in the presence of theophyl-
line (3.2-fold). While Howard et al. observed clear differenc-
es in kM values of individual pre-tRNAs for the different
PRORP isozymes (Howard et al. 2016), a direct comparison
to the riboswitch-carrying tRNA precursors is not possible.
Further investigations of tRNA substrates with 5′-leaders
varying in length and cleavage site accessibility, especially
in combination with PRORP2, could provide more detailed
information about the role of the 5′-leader accessibility.

While all enzymes efficiently processed RP-RS A, less
mature tRNAwas released from nat-supF (carrying the nat-
ural leader sequence) as well as RP-RS C. Prior studies
showed that an interaction of leader position N(−1) with
the usually unpaired tRNA discriminator base 73 (number-
ing according to Sprinzl et al. 1998) can lead to miscleav-
age and a decreased cleavage efficiency (Howard et al.
2016; Mao et al. 2016). Constructs nat-supF and RP-RS C
carry a U(−1) residue that probably interacts with A(73) of
the tRNA (Fig. 1A). Furthermore, in nat-supF, G(−2) can
base pair with C(74), the first position of the tRNA CCA-
end. Such acceptor stem interactions are not possible for
RP-RS A, where the leader sequence ends with U(−2)
and A(−1). Hence, cleavage of this construct is not affect-
ed. Support for this interpretation comes from in-line prob-
ing analysis of both riboswitch/supF constructs, where
reduced hydrolysis at RP-RS C positions N(−1) to N(−3) in-
dicate an involvement in base-pairing, even in the pres-
ence of theophylline (Ender et al. 2021). In contrast, the
corresponding positions in RP-RS A showed an increased
cleavage rate, supporting a single-stranded state.

The interactionofN(−1)andN(73) affects cleavage site se-
lectionbyPRORPenzymes, provokingmiscleavageof corre-
sponding tRNA precursors (Howard et al. 2016).
Additionally, this base-pairing also affects the cleavage effi-
ciency, as it was shown by Mao et al. (2016). In agreement
with this, RP-RS C, where U(−1) potentially interacts with
the discriminator position A(73), reveals a reduced cleavage
efficiency by PRORP1 and PRORP2 in vitro (Fig. 1B). In vivo,
however, PRORP1, and to a certain degree also PRORP2,
cause some miscleavage of RP-RS C-h, but not of nat-
supF-h (Fig. 2A). The interaction of RNA-binding proteins
with the tRNA in this and other tRNA precursor transcripts
with large unstructured leader regionsmay stabilize the cor-
rect tRNA structure and, as a result, reduce miscleavage in
vivo (Howard et al. 2016; Keffer-Wilkes et al. 2016).

In addition to the base-pairing status of N(−1) and tRNA
position 73, the identity of N(−1) can also affect cleavage
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efficiency. The Kirsebom laboratory demonstrated that
PRORP enzymes prefer pre-tRNAs with A(−1) and G(−1)
over substrates with U(−1) or C(−1) (Mao et al. 2016).
However, such identities may not provoke miscleavage in
every case, as 18.2% of the genomically encoded tRNA
precursors include U(−1) and A(73) positions, but seem to
be cleaved correctly (Mao et al. 2016). Yet, in artificial set-
ups as the presented complementation system in E. coli,
miscleavage due to the identity of N(−1) is conceivable.
Nevertheless, both in vitro as well as in vivo (E. coli BW)
data indicate that a theophylline-dependent control of
tRNA maturation by PRORP enzymes is possible. In vitro,
RP-RS A shows a certain regulatory effect on PRORP1,
PRORP2, and the E. coli enzyme as a control (Fig. 1), while
RP-RS C is more efficient with the protein-only enzyme ver-
sions (2.4- to 3.7-fold change; Fig. 1D). The activity of the
E. coli enzyme with a 1.8- to 1.9-fold change corroborate
our previous findings in a corresponding Michaelis–
Menten kinetics analysis (Ender et al. 2021).
In the case of RP-RS C, both PRORP enzymes show a

rather low background activity in the absence of theophyl-
line, while the cleavage by the E. coli enzyme is much high-
er under these conditions (Fig. 1C). The bacterial RNase P
interacts with the 5′-leader positions N(−1) to N(−8),
whereas PRORP versions mainly interact with the tRNA
structure and only with leader positions N(−1) and N(-2)
(Brillante et al. 2016). For PRORP1, it was further shown
that shortening the 5′-leader up to position N(−1) had no
significant impact on the substrate affinity of the enzyme
(Howard et al. 2016). Thus, the pronounced interaction
of bacterial RNase P with the 5′-leader may facilitate the
unfolding of the leader region even in the absence of the-
ophylline, resulting in an increased background cleavage
(Pomeranz Krummel et al. 2000). In vivo, the background
of the endogenous (genomically encoded) RNase P is re-
duced, due to various factors such as fast degradation of
unprocessed precursor tRNA (Li et al. 1998,2002), differ-
ences in enzyme and substrate concentrations and stabili-
zation of tRNA precursor structures by RNA-binding
proteins (Bilusic et al. 2014; Ender et al. 2021).
Such a less intense contact of PRORPs with the 5′-leader

is further supported by the fact that RP-RS A shows only a
low activation in vitro and no switching behavior in vivo.
As positions N(−1) to N(−3) are already single-stranded in
the OFF-state of RP-RS A (Ender et al. 2021), the cleavage
site is obviously accessible for PRORP enzymes even in the
absence of the ligand. In addition, the rather high expres-
sion level of the plasmid-encoded PRORP genes
(Gößringer et al. 2017) could lead to a permanent ON state
of this riboswitch in the cell. This hypothesis is supported by
the fact that the combination of plasmid-encoded rnpB
gene and RP-RS A also did not show a theophylline-depen-
dent activation,while an in vivo studybasedonendogenous
RNase Pexhibited a fivefold activation for RP-RSA, as deter-
minedbynorthernblot analysis (Enderet al. 2021).Although

E. coliRNasePpresumablyhas a rather lowaffinity, themere
abundance of the overexpressed enzyme allows an efficient
binding toRP-RSAeven in theabsenceof theophylline, asN
(−1) to N(−3) are unpaired and readily accessible for cleav-
age. In RP-RS C, the basis of the sequester hairpin is rather
stable, as it consists of one A–U and two G–C base pairs,
while the corresponding region in RP-RS A carries only
one A–U and two G–U interactions (Fig. 3A). In addition,
RP-RS C might form an additional base pair U(−1)-A73, fur-
ther masking the cleavage site in the absence of the ligand.
Due to these features, RNase P binding to the tRNA is not
sufficient to unfold the leader region of RP-RS C, resulting
in a theophylline-dependent tRNA processing. Hence, the
increased accessibility of the RNase P cleavage site in the
OFF state of RP-RS A renders its functionality obviously de-
pendent on the enzyme concentration.
Taken together, all tested RNase P versions show a clear

theophylline-dependent tRNA processing of RS-RP C in vi-
tro as well as in vivo (Figs. 1D and 2C), demonstrating that
the regulatory strategy of sequestering the 5′-cleavage site
by hairpin formation is also valid for protein-only RNase P
enzymes. Further, this observation shows that the accessi-
bility of the first nucleotides of the 5′-leader has an impact
on tRNA 5′-processing reactions not only of bacterial
RNase P but also of PRORP enzymes (Brillante et al. 2016).

Riboswitch-dependent tRNA processing by human
nuclear RNase P

The transfer of bacterial riboswitch systems to mammalian
cells is difficult, as the regulatory strategies differ consider-
ably between pro- and eukaryotes. Most of the synthetic
mammalian RNA-based switching systems use autocata-
lytic self-cleavage (aptazymes) to regulate gene expres-
sion, allowing quite efficient activation rates (Ausländer
et al. 2010; Mustafina et al. 2020). Besides the aptazyme
approach, our RNase P-regulating riboswitches reveal a
new potential mechanism that might be functional in other
domains of life as well.
The expression rates of the riboswitch constructs are rath-

er low compared to the positive control le-tRNAPyl, indicat-
ing that highly structured leader regions might interfere
with efficient transcription by RNA polymerase III.
Furthermore, this polymerase terminates at stretches of U
residues, and Orioli et al. (2011) showed that a minimum
of two to three U residues is sufficient. In both riboswitch
constructs, several of such U stretches are present (5x U2,
1xU3 in RP-RSA, 3xU2, 1xU3RP-RSC) (Fig. 3A), and it is pos-
sible that theseelements lead topremature transcription ter-
mination. In the higher expressed control le-tRNAPyl, the 11
nt leader regioncontainsonlya singleU3 stretchat its very5′-
end, rendering such termination rather unlikely. Moreover,
maturation of tRNAPyl is not very efficient in human cells,
leading to an accumulation of unprocessed precursor tran-
scripts as shown in Figure 5B. This low processing rate is
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likely the result of more demanding substrate requirements
of human RNase P compared to PRORPs or the E. coli en-
zyme. For instance, the structure of the TψC-arm, the vari-
able loop and the anticodon loop have an impact on
substrate recognition by eukaryotic RNA-based RNase P
(Klemm et al. 2016). Additionally, the length of TψC-arm or
acceptor stem has an impact on cleavage site selection, in-
dicating that the eukaryotic enzyme follows a rather strict
measuring procedure on its substrate (Yuan and Altman
1995; Hartmann et al. 2009; Klemm et al. 2016). The struc-
ture of tRNAPyl fromM.mazei, which was used in our exper-
iments, exhibits several structural deviations from canonical
human tRNAs. For example, it carries a smaller D-loop and a
shorter variable loop (Serfling et al. 2018), thatmight lead to
a reducedcleavagebynuclearRNaseP. The resulting limita-
tionsof theheterologous tRNAPyl expressionandmaturation
can beovercomebyusing several copies of the correspond-
ing tRNAexpressioncassette (RyuandSchultz2006;Serfling
et al. 2018). The resulting increase in transcription leads to a
certain, but not linear, increase in theproductionof amature
tRNAPyl. However, the producedpre-tRNAPyl still represents
a suboptimal substrate for humanRNaseP.A solution for this
obstacle would be the optimization of the RNase P-recogni-
tion elements in tRNAPyl without affecting its functionality,
that is, the recognition elements for the corresponding pyr-
rolysyl-tRNA synthetase from M. barkeri. Alternatively, the
riboswitch-controlled tRNA could be replaced by a version
that is better adapted to tRNA maturation and functions in
human cells. However, this will most likely require adjust-
ments in the riboswitch sequence to exclude structural inter-
ference between the regulatory platform and the new tRNA
(Ender et al. 2021). The independent fold score and the
tRNA score are valuable predictive tools for this purpose.
A further challenge for tRNA replacement is the fact that
most eukaryotic tRNA sequences include intragenic type II
RNA polymerase III promoters consisting of box A and B re-
gions inD- andTψC-arm sequences (Galli et al. 1981). These
promoters within the tRNA sequence interfere with ribos-
witch functionality, as they define a transcription start site lo-
cated between 7 and 20 bp upstream of the box A element
in the region encoding the tRNAs’ D-arm (Schramm and
Hernandez 2002; Orioli et al. 2012). As a consequence,
the riboswitch elements with a length of 63 (RP-RS A) and
59 nt (RP-RS C) upstream of the tRNA sequence will not be
completely transcribed, so that a ligand-dependent regula-
tory function is impossible. Hence, such RNase P ribos-
witches are strictly dependent on a type III promoter such
as the U6 promoter used here, which consists only of up-
stream elements and lacks intragenic motives (Paule and
White 2000).Only suchpromoterelements guarantee a fully
transcribed upstream region of the tRNA, where the func-
tional riboswitch is included.

In eukaryotes, regulation of tRNA expression remains
challenging, as it is rather elaborate to convert an RNA po-
lymerase III promoter into an inducible regulatory element

(Henriksen et al. 2007). Thus, in most cases, constitutively
active type III promoters such as H1 and U6 are used
(Wang et al. 2007; Mukai et al. 2008; Serfling et al.
2018). The inducible riboswitch-dependent tRNA matu-
ration might be especially useful in systems relying on
orthogonal tRNA expression such as genetic code ex-
pansion, as it offers an additional option to regulate the
production of a specific tRNA. Yet, the current switching
efficiency of these elements has to be improved for such
an application.

The ligand-dependent 5′-maturation of tRNAPyl indi-
cates that the leader accessibility has an impact on cleav-
age efficiency of human RNase P, supporting the
observation that protein subunits of the corresponding
yeast enzyme interact with the 5′-leader of its substrate,
where the accessibility of the N(−1) position affects the
cleavage rate (Lee et al. 1997; Lan et al. 2018). Taken to-
gether, our data demonstrate that designed riboswitches
can regulate not only bacterial RNase P-mediated tRNA
processing, but also affect the maturation catalyzed by
the corresponding eukaryotic enzymes, by the RNA/pro-
tein assemblies or protein-only versions. Further, the re-
sults underline the applicability of these constructs to
investigate the impact of the 5′-leader structure on the
cleavage reaction of the various RNase P enzymes. The ob-
tained information concerning the structural requirements
of the 5′-leader region could improve the design of exter-
nal guide sequences to efficiently induce RNase P-depen-
dent cleavage of non-tRNA substrates such as pathogenic
mRNA (Davies-Sala et al. 2015). Hence, such synthetic
riboswitch designs do not only represent new regulatory
modules in synthetic biology, but are valuable tools to
shed light on the individual substrate requirements for
the increasing number of different types of RNase P
enzymes.

MATERIALS AND METHODS

Cloning of riboswitch-tRNA fusions

Riboswitch constructs were amplified frompBADplasmids as pre-
viously described (Ender et al. 2021). PCR products of riboswitch
modules or riboswitch-tRNA fusions were used for site directed
mutagenesis to introduce the constructs into plasmids pULTRA-
CNF (Schultz et al. 2006) or pNEU (Serfling et al. 2018).

Cell culture and transfection

Cultivation and transfection of HEK293T cells (human embryonic
kidney cells) were performed as previously described (Serfling
et al. 2018) with minor deviations. 5 ×105 HEK293T cells were
seeded per well on six-well plates in 2 mL complete growth me-
dium. Transfection was performed after 1 d. For determination
of eGFP expression, Lys(Boc) was added to the medium to a final
concentration of 500 µM 1 h prior to transfection as described
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(Serfling et al. 2018). This step was omitted in the direct detection
of tRNA maturation by northern blots. Transfection was per-
formed with 1 µg of the reporter plasmid (pcDNA3.0-
eGFPY183TAG-mCherry) and 1 µg of plasmid pNEU (containing
the riboswitch construct of interest), using polyethyleneimine
25 kDa (Polysciences). After 1 h of incubation, theophylline was
added to a final concentration of 0 or 2 mM, representing a con-
centration that is well tolerated by the cells and that leads to an
uptake sufficient enough for inducing ligand-dependent reg-
ulation in several riboswitches or aptazymes carrying the TCT8
aptamer (Wieland et al. 2009; Ausländer et al. 2010;
Wachsmuth et al. 2013). Fluorescence assays or total RNA extrac-
tions for northern blots were performed 36 h after transfection.

Fluorescence assay

Fluorescence assays were performed as previously described
(Serfling et al. 2018). HEK293T cells were detached from the
six-well plates 36 h after transfection by incubation with pre-
warmed 800 µL PBS/EDTA (PBS pH 7.4, 0.5 mM EDTA) at 37°C
for 20 min. The suspension was transferred into a tube containing
200 µL PBS/MgCl2 (PBS pH 7.4, 5 mMMgCl2) followed by centri-
fugation for 2 min at 800g at room temperature (RT). The pellet
was resuspended in 100 µL lysis buffer (50 mM Tris-HCl pH 8.0,
150 mM NaCl, 1% [v/v] Triton, 1 mM EDTA, 0.5 mM PMSF) fol-
lowed by incubation for 30min on ice with vigorous shaking every
5 min. The lysate was centrifuged for 10 min at 4°C and 14,000g.
A total of 90 µL of the supernatant was used for fluorescencemea-
surement in a dark 96-well plate (FLUOstar Omega, Filter eGFP:
Ex485-12/Em520; filter mCherry: Ex584/Em620-10).

Cultivation of E. coli TOP10 cells for total RNA
isolation

Overnight cultures of E. coli TOP10 cells carrying pULTRA plas-
mids with the riboswitches fused to tRNAPyl were grown in LBme-
dium supplemented with 100 µg/mL spectinomycin. Cells were
diluted to an OD600 of 0.06 in LB medium with 100 µg/mL spec-
tinomycin and 0 or 2 mM theophylline. Cells were cultivated until
OD600 of 0.5 was reached (around 3.5 h) and immediately used
for total RNA isolation.

Cultivation of E. coli BW cells for total RNA isolation

For the in vivo analysis of the cleavage by PRORP enzymes, E. coli
BW cells (Wegscheid and Hartmann 2006; Gößringer et al. 2017)
were used carrying plasmids pDG148 (encoding PRORP and
AmpR) and pULTRA (encoding a riboswitch construct of interest
and SpecR). Cells were cultivated as described with minor devia-
tions (Gößringer et al. 2017). Precultures were grown in 3 mL LB
medium supplemented with 100 µg/mL ampicillin, 35 µg/mL
chloramphenicol, and 100 µg/mL spectinomycin for 6 h at 37°C.
To induce chromosomal rnpB expression, arabinose was added
to the LB medium to a final concentration of 10 mM. Cell pellets
were washed two times with 3 mL LBmedium supplemented with
ampicillin, chloramphenicol, and spectinomycin and were diluted
in 1 mL medium. This culture was used for inoculation of a 20 mL
preculture in LB medium containing all three antibiotics and

10 mM glucose (to repress chromosomal rnpB expression) to
OD600 of 0.01 and incubated for 14 h at 37°C (PRORP1, E. coli
RNase P) or 28°C (PRORP2). The resulting overnight cultures
were used to inoculate 5 mL LB medium with ampicillin, chloram-
phenicol, spectinomycin, glucose, and 0 or 2 mM theophylline.
Cultures were incubated for 3.5–23 h at 37°C or 28°C. Total
RNA was isolated at an OD600 of 0.5.

Isolation of total RNA

RNA was isolated using TRIzol (Invitrogen). For HEK293T cells,
medium was removed from the cells and 500 µL of TRIzol were
added per well. Further isolation steps were performed according
to the manufacturer. To isolate RNA from bacteria, 500 µL TRIzol
were added to pellets from 2×5 mL cultures and resuspended.
Afterward, 0.5 g zirconia beads were added to the suspension
and cells were homogenized for 40 sec at 6 m/sec (FastPrep,
Fisher Scientific). All further steps were performed according to
themanufacturer. Isolated total RNAwas dissolved in sterile water
and stored at −20°C until use.

Northern blot analysis

Northern blot experiments were performed as previously de-
scribed (Ender et al. 2021). For the analysis of tRNA cleavage in
E. coli cells, 9 µg of total RNA and 20 ng of in vitro transcript (con-
trol) were used. Probes for supF-h and 5S rRNAwere used as pre-
viously described (Mohanty et al. 2012; Ender et al. 2021).
Furthermore, another radioactively 5′-labeled DNA oligonucleo-
tide with the sequence 5′-GGTTCTGTCGTGGACAGTC-3′

(Mohanty et al. 2020) was used to detect rnpB expression. For
HEK293T cells, 12 µg of total RNA and 5 ng of in vitro transcript
were used. DNA oligonucleotide probes for tRNAPyl (5′-CGGA
AACCCCGGGAATCTAACCCGGCTGAACGGA-3′) and 5.8S
rRNA (5′-CGCAAGTGCGTTCGAAGTGTCGATGATCAATGTG-3′)
were used according to Serfling et al. (2018).

Expression and purification of E. coli RNase P
and PRORP

Recombinant E. coli RNase P protein subunit was generated as
previously described (Ender et al. 2021). Expression and purifica-
tion of PRORP1 was performed according to Gößringer et al.
(2017). Rosetta (DE3) pLYS RARE cells carrying plasmid
pET28b_AtPRORP1 were grown in 4×300 ml LB medium with
50 µg/mL kanamycin and 35 µg/mL chloramphenicol at 37°C
and shaking at 200 rpm. At an OD600 of 0.6, expression was in-
duced by addition of IPTG to a final concentration of 1 mM.
After 4 h of further incubation, cells were harvested as described
(Ender et al. 2021). The resulting pellet was resuspended in 8 mL
lysis buffer (50 mM Tris/HCl pH 7.4, 10% glycerol [v/v], 150 mM
NaCl) and lysed (Ender et al. 2021). After centrifugation of the ly-
sate at 4°C and 30,600g for 30 min, the supernatant was filtered
(pore size 0.44 µm) and used for further purification. A HisTrap
FF column (volume 1 mL) was preequilibrated with five column
volumes (CVs) of 10% elution buffer (50 mM Tris/HCl pH 7.4;
10% glycerol [v/v], 150 mMNaCl, 500 mM imidazole) and 90% ly-
sis buffer at a flow rate of 1 mL/min. The protein solution was
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applied at a flow rate of 0.4 mL/min to the column on an ÄKTA
pure system (Cytiva) and washed with 10 CV of 10% elution buffer
and 90% lysis buffer followed by 3 CV 100% lysis buffer at a flow
rate of 1 mL/min. Elution was performed using 5 CV of 100% elu-
tion buffer at the same flow rate. Protein-containing fractions were
pooled and concentrated, and the final protein concentration was
determined according to Bradford (1976). Glycerol was added to
a final concentration of 40%, and 20 µL aliquots were frozen in liq-
uid nitrogen and stored at −80°C.

Recombinant expression and purification of PRORP2 was per-
formed as described (Gobert et al. 2010,2013) with deviations.
Recombinant PRORP2 was expressed in E. coli BL21 (DE3) cells
carrying plasmid pET28b_AtPRORP2 in 400 mL LB medium con-
taining 50 µg/mL kanamycin at 37°C. At an OD600 of 1.5, addi-
tional 400 mL of cold LB medium (4°C) containing 50 µg/mL
kanamycin and 2 mM IPTG were added, and cells were cultivated
for 16 h at 16°C. Harvesting and disruption of cells by sonication
were performed as previously described (Ender et al. 2021). For
cell lysis, 5 mL of ice-cold lysis buffer (50 mM HEPES pH 7.5,
250 mM NaCl, 15% glycerol [v/v], 0.2 mM DTT, 5 mM imidazole)
were used. The suspension was centrifuged for 30min at 30,600g
and 4°C. A HisTrap FF column (volume 1 mL) was preequilibrated
using 5 CV of lysis buffer at a flow rate of 1 mL/min. Protein solu-
tion was loaded using a flow rate of 0.5 mL/min, followed by elu-
tion using 8 CV of elution buffer (50 mM HEPES pH 7.5, 250 mM
NaCl, 15%glycerol [v/v], 0.2mMDTT, 500mM imidazole) without
changing the flow rate. The protein solution was further purified
by size exclusion chromatography on a HiLoad 16/600
Superdex 200 pg column in 30 mM HEPES pH 7.5, 150 mM
NaCl, 5% glycerol (v/v), 0.2 mM DTT, and 5 mM MgCl2.
PRORP2-containing fractions were pooled, concentrated, and
stored in 40% glycerol at −80°C.

In vitro cleavage assays

In vitro cleavage assays were performed as described (Ender et al.
2021) with minor deviations. Radioactively labeled in vitro tran-
scribed pre-tRNA substrate was mixed with reaction buffer (50
mM HEPES pH 7.6, 100 mM NH4Cl, 10 mM MgCl2) (Kazakov
and Altman 1991), denatured in the absence or presence of the-
ophylline for 1 min at 90°C and refolded for 5 min at room tem-
perature. The cleavage reaction was started by the addition of
RNase P enzymes. PRORP enzymes were added to final concen-
trations of 50 nM protein and 500 nM pre-tRNA substrate, and
cleavage was performed at 37°C (PRORP1) or 28°C (PRORP2)
for 3 min. E. coli RNase P holoenzyme was preincubated in reac-
tion buffer at 37°C for 5min with a 2:1 ratio of P protein and P RNA
and was added to the substrate to final concentrations of 2 nM P
RNA, 4 nM P protein, and 50 nM for the pre-tRNA transcript.
Holoenzyme cleavage reaction was performed at 37°C for 3
min. All further steps were done as described (Ender et al.
2021). All in vitro cleavage assays were performed in at least three
independent experiments.

Multiple turnover kinetics for PRORP1 and PRORP2

Kinetic analysis of PRORP1 and PRORP2 were performed as de-
scribed for the in vitro cleavage assays. A total of 200 nM
PRORP1 or 150 nM PRORP2 was incubated with final substrate

concentrations of 0.5–12 µM. The cleavage reaction was per-
formed at optimal temperatures for PRORP1 (37°C) and
PRORP2 (28°C) for 3 min. After separation by denaturing poly-
acrylamide gel electrophoresis, reaction products were quanti-
fied using ImageQuant TL 8.2. Michaelis–Menten parameters
were determined using GraphPad PRISM (Ender et al. 2021). All
cleavage assays for kinetic analysis were performed in at least
three independent experiments.

In vitro run-off transcription of riboswitch
constructs and P RNA

In vitro transcripts were generated as described (Ender et al.
2021).

Structure analysis of in vitro transcribed riboswitches

5′-labeled RNAwas denatured at 90°C for 1 min and cooled down
to room temperature for at least 5min for refolding. In-line probing
was performed as described (Regulski and Breaker 2008; Jühling
et al. 2018; Ender et al. 2021) in the absence or presence of 30
µM theophylline for 40 h at room temperature in a 20 µL volume.
Reactions were stopped by adding 20 µL of 2× colorless RNA load-
ing dye (10 M urea, 1.5 mM EDTA), and 10 µL were loaded on a
denaturing 10% PAA gel. Band patterns were visualized by autora-
diography using a Typhoon PhosphorImager 9410 device (Cytiva).

Quantitation and statistical analysis

For quantitation of in vitro cleavage assays and northern blots, au-
toradiograms were analyzed using the ImageQuant TL software
(Cytiva). For in vitro cleavage assays, the background was deter-
mined as pixel intensity in the negative control at a position cor-
responding to the migration of the reaction product to be
examined. The resulting value was subtracted from the respective
band. The amount of mature tRNA was normalized by the sum of
substrate and products. For northern blot quantitation, bands of
mature tRNA were normalized to the signals of 5S rRNA in E.
coli or 5.8S rRNA in HEK293T cells. Fold changes were calculated
by the ratio of mature tRNA with theophylline to mature tRNA
without theophylline. Statistical parameters and calculations are
reported in the figures and figure legends.

Calculation of design scores

In silico scores were calculated as described (Ender et al. 2021) us-
ing the hard- and soft-constraint framework of the ViennaRNA
Package, version 2.4.11 (Lorenz et al. 2016). The leader accessibil-
ity score for a given sequence x is

saccessibility (x) = (1− P(x|Fleader ))P(x|Fleader , cligand ),

where P(x|Φleader) is the conditional probability that seven nucleo-
tides of the leader sequence are unpaired and the cligand term ad-
ditionally refers to a bonus energy of 9.22 k cal mol−1, added if a
theophylline binding competent structure is formed. The tRNA
score,

stRNA(x) = exp(−P(x|Fstem, cligand )− P(x|Fstem)),
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is again estimated using conditional probabilities but this time they
constrain the ensemble of possible structures to those having a cor-
rectly folded tRNA closing stem. The independent fold score,

sindepfold (x) = (G(xswitch)+G(xtRNA))/G(x),

takes the sum of the ensemble-free energies of the riboswitch G
(xswitch) and the tRNAG(xtRNA) subsequences relative to the ensem-
ble free energy G(x) of the concatenated sequences. If both com-
ponents fold independently this score becomes one.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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