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Abstract: The structural transition between two alternate conformations of bistable RNAs has been
characterized by time-resolved NMR spectroscopy. The mechanism, kinetics, and thermodynamics
underlying the global structural transition of bistable RNAs were delineated. Both bistable RNA conformations
and a partial unstructured RNA of identical sequence could be trapped using photolabile protecting groups.
This trapping allowed for an investigation of the initial folding from an unfolded RNA to one of the preferred
conformations of the bistable RNA and of the structural transitions involved. Folding of the secondary
structure elements occurs rapidly, while the global structural transition of the bistable RNA occurs on a
time scale of minutes and shows marked temperature dependence. Comparison of these results with bistable
systems previously investigated leads to the prediction of activation enthalpies (AH*) associated with global
structural transitions in RNA.

Introduction formation(s) of growing RNA fragments may have little in
common with the conformation of the full-length functional
RNA form but may act as a kinetic tr&p*! In vivo, RNA
structural transitions are often linked to the cellular functions
of RNA.120One important example comprises RNA riboswitches,
structural elements located in thé-untranslated region of
bacterial mMRNAs consisting of an aptamer domain that changes
conformation upon ligand binding. This structural transition is
coupled to structural rearrangements that regulate gene
expressiod3~1° Further examples include RNA thermometers
changing their conformation in response to temperature and act
as translational regulatdfsand the leader RNA of HIV-1 that
exists in two alternate conformatiohsin HIV-1, the global
structural transition is exogenously induced by binding to a viral

In the 1970s, rapid temperature-jump experiments were
developed in an effort to investigate the formation of secondary
structure in DNA and RNA. Based on these experiments, it was
concluded that RNA folding involves a process beginning from
a completely unfolded state and proceeds toward a final, stable
state represented by a single conformatiéin general, RNA
folding is considered to follow a hierarchical pathway where
rapid formation of a secondary structure precedes the slower
distinct formation of tertiary elementddowever, folding studies
of structural elements in th€etrahymenaibozyme revealed
that, at least for relatively large-size RNA, folding cannot be
adequately represented by a purely hierarchical mechanism, but
secondar'y and tgr'uary folding can .be coup‘leﬁddmonal.ly, NC protein which acts as an RNA chaperdhé?
RNA folding may involve the formation of different functional . g

. - Here, we characterize the structural transitions of a 34-mer
states in the cell, and the structural transitions between those, . 021 I
. . o bistable RNA%2! that adopts an equilibrium between two
states are functionally relevanburing transcription, the nascent
RNA chain can adopt a number of different conformations that (g) Treiber, D. K.; Rook, M. S.; Zarrinkar, P. P.; Williamson, J. $ience

i infhren 1998 279 (5358), 1943-6.
represent energeycally favolral‘:)Ie min .. .a rqued energy (9) Treiber, D. K.; Williamson, J. RCurr. Opin. Struct. Biol.1999 9 (3),
hypersurfacé.During transcription, the initially sampled con- 339-45,
(10) Treiber, D. K.; Williamson, J. RCurr. Opin. Struct. Biol.2001, 11 (3),
t Joh If Goeth 309-14.
Johann Wolfgang Goethe University. (11) Pan, T.; Sosnick, T. RVat. Struct. Biol.1997, 4 (11), 931-8.

*Ecole Polytechnique Teierale de Lausanne Laboratory of Nucleic Acid  (12) Al- Hashimi, H. M.ChemBioChen2005 6 (9), 1506-19.
Chemistry. (13 Tucker B. J.; Breaker, R. Rurr. Opin. Struct. Biol2005 15 (3), 342—
(1) Porschke, DMol. Biol. Biochem. Biophysl977 24, 191—-218.

1)
)
)
(2) Gilbert, S. D.; Batey, R. TChem. Biol.2006 13 (8), 805-7. (14) Schwalbe H.; Buck, J.; Furtig, B.; Noeske, J.; Wohne\ngjew. Chem.
(3) Crothers, D. M.; Cole, P. E.; Hilbers, C. W.; Shulman, RJGMol. Biol. Int. Ed EngI 2007 46 (8) 1212-9.

) Nudler, E.; Mironov, A. STrends Biochem. Sc2004 29 (1), 11-7.

)

)

)

)

1974 87 (1), 63-88. (15
(4) Wu, M.; Tinoco, I., JrProc. Natl. Acad. Sci. U.S.A998 95 (20), 11555 (16 Narberhaus F.; Waldminghaus, T.; ChowdhurysBMS Microbiol. Re.
60. 2006 30 (1) 3-16.
(5) Nagel, J. H.; Pleij, C. WBiochimie2002 84 (9), 913-23. (17) Berkhout, B.; van Wamel, J. IRNA200Q 6 (2), 282-95.
(6) Pan, T Sosmck TAnnu. Re. Biophys. Biomol. Struc2006 35, 161— (18) Huthoff, H.; Berkhout BRNA2001 7 (1), 143-57.
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distinct folds in solution. The sequence is engineered with the with a cryogenicz-gradient HCN probe. Hard pulses were applied at
goal to mimic natural occurring bistable conformations. By the the midpoint of all RNA proton resonances prior to mixing and at the
introduction of a single photoremovable protecting gr3dp water frequency with a field strength of 26 kHz. Spectra were recorded
at different positions in the nucleotide sequence, either one of With & spectral width of 13 ppm and 25 ppm for the indirect and direct

the two bistable conformations can exclusively be stabilized. dimensi.ons; 1024 pts and 4096 pts were recordedtfoand 2
In situ deprotection of the photoprotecting group by laser respectively. Gradients had a sinusoidal shape and were applied with

. L .y a strength of 44 G/cm. The relaxation delay was 2 s, and the mixing
5
irradiation within the NMR spectromefér®® allowed for time ranged between 150 and 250 ms. Other proton resonances were

investigation of the kinetics associated with the structural assigned by recording soft-watergate-NOESY spectra with similar
transition. Based on the results of these experiments, theparameters. Unambiguous resonance assignment of the seletiizely
refolding behaviors of secondary structural elements found in labeled 27-mer RNA was performed using a combination of FCP,
different bistable RNA systems were compared leading to more HCP-TOCSY$® long-range HMBC (optimized here), and forward
general rules concerning global RNA structural transitions.  directed HCC-TOCSY-CCH E.COS¥®* experiments. The 3D HCP
and HCP-TOCSY experiments were recorded using a Bruker 600 MHz
spectrometer equipped with a cryogenic HEgradient probe at 298 K.
Proton pulses were applied with a field strength of 24 kHz on-resonance
at the water frequency, and the carriers & and3'P were set to 77
and 0 ppm, respectively. The spectrum was recorded with 4096, 128,
and 64 pts fots, t;, andty, respectively. The relaxation delay was set
reactions under standard coupling and deprotection conditions. RNAs ©© 1-5 S and 16 transients were recorded for each increment. In the
HCP-TOCSY experiment, the DIPSI-3 sequeiiogas used for the

were assembled using-@-TOM protected building block%:? CO-TOCSY with a field h of 9.3 kHz for 13 The HMBC
The synthesis of selectively labeled sequences was conducted as” " with a field strength of 9. ztor ms. The

described using canonical-@-TOM protected ribonucleoside phos- spzc_trumfwa;]s. recor;j_eql uzlr:‘g aIBruker 7OOJMCH|Z spectr?meter ? Z%ﬁK
phoramidites and solid supports containintfC]-labeled ribose and n a fashion optimized for fong-range (C,H) couplings and wi
moietie<?® a Iow-pgss J-filter tq suppress unvya_qted qne-bqnd correlatlons..No
Real-Time NMR Experiments. Kinetic NMR experiments were decoupling was applied during acquisition. Sinusoidal shaped grgdlent
. . . pulses of 27.5 G/cm and 22.055 G/cm were used for the selection of
conducted using a Bruker 800 MHz spectrometer equipped with a . .
. - h . : coherences. Proton pulses af@ pulses were applied with 23 kHz,
cryogenicz-gradient HCN probe. For triggering of the reaction, the
: ) : 18.5 kHz on resonance at the water frequency and at 88.5 ppm,
laser setp was synchronized with the spectrometer via a TTL respectively. The spectrum was recorded with spectral width of 8 ppm
connectior?® Kinetic traces were recorded in a pseudo 3D dataset (as P y: P b PP

previously described). For each kinetic trace, one or two transients and 10 ppm and 2048 pts ferand 64 pts foty. Off-resonant carbon

were averaged. Processing and analysis of the experimental data Weré?3 pulses (512s) were applied during carbon evolution with an offset

performed using the software FELIX (Accelrys). Nonlinear fitting of 0f 5000 Hz in order to suppre3¥C1',C2) coupling. The 3D forward

the kinetic traces was achieved using the program Sigmaplot (S statOlirectEd HCC-TOCSY-CCH E.COSY experiment was recorded using
Software Inc.) 9 prog gmap Y a DRX600 spectrometer at 298 K. The times for transfer were set to

. 7. = 14 ms for the CC-TOCSY and. = 8 ms for the CT delay to
NMR Spectroscopy.1D proton spectra: All spectra were measured optimize the transfer amplitude, as discussed in Glaser®fTéle 13C
at temperatures between 283 and 313 K using a Bruker 800 MHz P P X

- . . . carrier was set to 75 ppm. AMH pulses were applied at the water
spectrom_eter equpeq with a cryogv_emg_radlent HCN probe. Water frequency. Hard pulses were applied with a field strength of 29 and 19
suppression was achieved by application of either jump-r&wn 1 1 . . - o
. . kHz for H and*3C, respectively. GARP decoupliffgluring acquisition
watergaté pulse trains. Proton pulses were applied on resonance at was applied with a field strength of 3.85 kHz, and the DIPSI-3 sequence
the water frequency with field strength of 29 kHz. Suffici&N was PP g ) ' d

achieved by recording of a single transient using 0.1 mM RNA samples. during the CC-TOCSY transfer was applled with a field strength of

. . . 9.2 kHz. The spectrum was recorded with 108, 88, and 2048 pts, for
For static measurements, 128 transients were averaged, the relaxatlort1 andt. respectively. resulting in an exoerimental duration of 36 h
delay was set to 1.2 s, and the spectral width was 25 ppm. 2 s Tesp Y, 9 P

. s relaxation delay of 1.4 s). Processing was conducted using XWINNMR
Assignment and Secondary Structure Determination.For the ( y ) 9 9

assignment of imino-proton resonances, jump-return-NOESY spectras's’ and the Fourier transformed spectrum was converted to MS|
i ’ ) o Felix2000 for further analysis. Scal&l(H,H) coupling constants were
were recorded at 278 K in 9:1,8/D,0, 25 mM potassium phosphate y A(H,H) ping

S : also extracted from the latter experiment, and the scalar coupling
buffer (pH 6.5) containing 50 mM NaCl. All jump-return-NOESY constants were extracted as descrifédThe resolution in the direct

spectra were recorded using a Bruker 800 MHz spectrometer equippeddimension in which théJ(H,H) splitting was measured was 1.75 Hz
per complex point and was zero-filled during processing to a resolution
of 0.4 Hz per complex point. NOE-derived restraints for modeling the
secondary structure were extracted from

Materials and Methods

Synthesis.The photolabile protected nucleotides were prepared as
suitable building blocks for solid-phase RNA synthesis as previously
described?23Incorporation of the modified building blocks into RNA
occurred efficiently with coupling yields>98% and without side

(20) Flamm, C.; Hofacker, I. L.; Maurer-Stroh, S.; Stadler, P. F.; ZehIRMA
2001, 7 (2), 254-65.

(21) Hobartner, C.; Micura, R1. Mol. Biol. 2003 325 (3), 421-31.

(22) Wenter, P.; Furtig, B.; Hainard, A.; Schwalbe, H.; PitschAi®&ew. Chem.
Int. Ed. Engl 2005 44 (17), 26006-2603.

(23) Wenter, P.; Furtig, B.; Hainard, A.; Schwalbe, H.; PitsctCiSemBioChem
2006 7 (3), 417-420.

(24) Wirmer, J.; Kuhn, J.; Schwalbe, Angew. Chem., Int. Ed. End001, 40
(22), 4248-4251.

(25) Kuhn, T.; Schwalbe, HJ. Am. Chem. So@00Q 122 (26), 6169-6174.

(26) Pitsch, S.; Ackermann, D.; Denarie, C.; Meylan, F.; Meyyappan, M.; Muller,
E.; Peer, A,; Porcher, S.; Reymond, L.; Stutz, A.; Wenter, P.; Wu, X. L.
Chimia 2005 59 (11), 808-811.

(27) Pitsch, S.; Weiss, P. A.; Jenny, L.; Stutz, A.; Wu, XHelv. Chim. Acta
2001, 84 (12), 3773-3795.

(28) Wenter, P.; Reymond, L.; Auweter, S. D.; Allain, F. H.; PitschiNScleic
Acids Res2006 34 (11), e79.

(29) Furtig, B.; Buck, J.; Manoharan, V.; Bermel, W.; Jaschke, A.; Wenter, P.;
Pitsch, S.; Schwalbe, HBiopolymers2007, 86 (5—6), 360-83.

(30) Sklenar, V.; Bax, AJ. Magn. Reson1987, 74 (3), 469-479.

(31) Liu, M. L,; Mao, X. A;; Ye, C. H.; Huang, H.; Nicholson, J. K.; Lindon,
J. C.J. Magn. Reson1998 132 (1), 125-129.

(32) Marino, J. P.; Schwalbe, H.; Anklin, C.; Bermel, W.; Crothers, D. M.;
Griesinger, CJ. Am. Chem. Sod.994 116 (14), 6472-6473.
(33) Marino, J. P.; Schwalbe, H.; Anklin, C.; Bermel, W.; Crothers, D. M.;
Griesinger, CJ. Biomol. NMR.1995 5 (1), 87-92.
(34) Glaser, S. J.; Schwalbe, H.; Marino, J. P.; Griesinged. ®agn. Reson.
B 1996 112 (2), 160-180.
(35) Schwalbe, H.; Marino, J. P.; Glaser, S. J.; Griesinger).GAm. Chem.
Soc.1995 117 (27), 72517252.
(36) Shaka, A. J.; Lee, C. J.; Pines, AMagn. Resorl988 77 (2), 274-293.
37) Glaser, S. J.; Schwalbe, H.; Marino, J. P.; Griesinged. ®agn. Reson.
B 1996 112, (2), 160-80.
38) Shaka, A. J.; Barker, P. B.; Freeman, RMagn. Reson1985 64 (3),
547—-552.
)
)
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(39) Schwalbe, H.; Samstag, W.; Engels, J. W.; Bermel, W.; Griesingel, C.

Biomol. NMR1993 3 (4), 479-486.

(40) Schwalbe, H.; Marino, J. P.; King, G. C.; Wechselberger, R.; Bermel, W.;
Griesinger, CJ. Biomol. NMR1994 4 (5), 631-644.

J. AM. CHEM. SOC. = VOL. 129, NO. 51, 2007 16223



ARTICLES

Firtig et al.

2D double half-filtered NOESY spectfaAll spectra were processed
using Bruker XWINNMR 3.5, and the Fourier transformed spectra were
converted to MSI Felix2000 for further analysis.

Modeling of the structures was achieved by structure calculations
using CNX2000 from Accelrys with input of distance restraints from
the NOESY experiments, dihedral restraints derived from scalar
couplings, and base pair restraints derived from the detection of imino-
and amino-resonances.

13C Relaxation Experiments.NMR experiments were carried out
using a 600 MHz spectrometer equippedhnat5 mm HCNz-gradient
probe. 13C{'H} steady-state NOE data were obtained ustig
modifications of the pulse sequence invnoef3gpsi from the Bruker pulse
sequence library. The carrier frequency was set to 89 ppm fora@d
the spectral width was 6 ppm for the ribose moiety. 128 complex points
were acquired in the indirect dimension. Off-resonant carbon Q3 pulses
(512 us) were applied during carbon evolution with an offset of 5000
Hz in order to suppresg(C1,C2) coupling. Relaxation delays of 5 s
were applied. NOE data were obtained with 16 scans for éach
increment. The NOE experiment was recorded interleaved, with

alternating proton-presaturated and non-presaturated spectra. In the

former, proton presaturation was appliead s subsequenbta 2 s
relaxation delay in the presaturated spectra, while in the latter a
relaxation delay b5 s was used.

Results

In solution, the investigated 34-mer RNA adopts a dynamic
equilibrium between two conformations, referred to dsaAd
B". Conformation A consists of two hairpin stem-loop second-

ary structure elements connected by four single-stranded nucle-

otides (5-G15U16U17G18-3. The hairpin stem-loop structure
at the 5-end of the molecule consists of five base pairs and is
closed by a YNMG-tetraloop, while at thé&nd of the molecule

a stem of six base pairs is also closed by a YNMG-tetraloop. In
conformation B, there is a single unpaired nucleotide (A1) and
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Figure 1. Secondary structure models as derived from NMR data. Left
panel depicts the secondary structure model of conformation the
tetraloops U6-U7-C8-G9 and U25-G26-C27-G28 adopt the typical YNMG
topology, whereas the stems adopt a coaxially stacked conformation. Right
panel displays the secondary structure model of conformatignvBere

the proposed heptaloop folds onto the helical stem, nucleotides C11 and
G15 elongate the helix, and nucleotides U12-G13-U14 and U16-U17 form
a triloop and a two-nucleotide bulge, respectively. South-type sugar
conformations deviating from canonical A-form RNA are indicated. The
nomenclature Aand B’ was employed due to the fact that NMR resonance
annotations can consequently be shortened.

(Figure 1). In contrast to this finding for conformation A, mfold
redicted conformation 'Bto contain an unknown structural

a nine-base-pair canonical stem that is closed by a sequence ofjement namely a heptaloop611U12G13U14G15U16U17-

seven nucleotides at thé-&nd, while at the 3end there is a
stem-like structure comprising a single-stranded overhang of
eight nucleotides.

The predicted difference in free enthaldGineoretica( 310K)
—0.5 kcal/mol (mfold predictiot?) results in a ratio of 1:2

of conformation A to conformation B. This prediction is in
agreement with the population derived from integration of well-
resolved NMR signals stemming from either one of the two
conformations and integration at different temperatures yielded
values ranging fromAGexperiment283K) = 0.68 kcal/mol to
AGeyperimentd313K) = 0.15 kcal/mol.

NMR Determination of the Topology of Secondary Struc-
ture Elements.In order to correlate the kinetics of the refolding
of the bistable RNAs with structure, the secondary structure of
both conformations have to be known. The three-dimensional
structures of all structural elements of conformatidr(FAigure
1) are well-known. In fact, the NMR analysis carried out here
including chemical shift analysis fully support the proposition

3). In order to determine the structure of the heptaloop, a
selectively labeled construct was prepared using chemical
synthesig®#5that contained®C-labeled ribose moieties for the
loop nucleotides and the two closing nucleotides.

Based on a combination of through-bond correlation and
NOESY experiments (see Materials and Methods) (Figure 2),
complete assignment of the loop resonances could be obtained,
thereby facilitating structural determination of the heptaloop
based on NOE andJ(H,H) coupling constant restraints.
Interestingly, the structure adopted by nucleotides 11 is not
a heptaloop but can best be described as the combination of a
two-nucleotide bulge and a three-nucleotide loop (Figure 1).
As evident from the NOE connectivities, the nucleobase of
nucleotide G15 is stacked on the nucleobase G18. Nucleotides
C11 and G15 adopt C&ndo sugar conformations and extend

the stem, whereas the ribose moieties of nucleotides G13, U14,

U16, and U17 adopt C2Zndo conformations (indicated by S
in Figure 1). Based on our data, nucleotide U12 is conforma-

that the structural elements of the 34-mer can be representedionally averaged. Although the loop is structurally restrained,

by structures reported in the literatfe** Based on these data
and all our NMR observations we were able to model the

{1H}-13C heteronuclear NOE measurements revealed that some
nucleotides within this element are highly flexible. The high

conformation as a long helix capped by the respective loops values for heteronuclear NOE, ranging from 1.4 to 1.6 for

(41) Otting, G.; Wuthrich, KQ. Re. Biophys.199Q 23 (1), 39-96.

(42) Zuker, M.Nucleic Acids Re2003 31 (13), 3406-15.

(43) Allain, F. H.; Varani, GJ. Mol. Biol. 1995 250 (3), 333-53.

(44) Ennifar, E.; Nikulin, A.; Tishchenko, S.; Serganov, A.; Nevskaya, N.;
Garber, M.; Ehresmann, B.; Ehresmann, C.; Nikonov, S.; Dumag, P.
Mol. Biol. 200Q 304 (1), 35-42.

16224 J. AM. CHEM. SOC. = VOL. 129, NO. 51, 2007

nucleotides U12, G13, U14 and U16, U17, indicate that these
residues display motion. In contrast, nucleotides C11 and G15

(45) Quant, S.; Wechselberger, R. W.; Wolter, M. A.; Worner, K. H.; Schell,
P.; Engels, J. W.; Griesinger, C.; Schwalbe,Tiétrahedron Lett1994 35
(36), 6649-6652.
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Figure 2. Representation of collected NMR data on the 27-mer reference molecule (secondary structure is depicted in Figure S1d), where the two closing
base pairs and nucleotides spanning the heptaloop col#@itabeled ribose moieties. Panels a, b, and ¢ depict thHéCHiregions of the long-range
1H,13C-HMBC, thelH,13C-HSQC, and théH(*3C)H-half filtered NOESY spectra, respectively. Resonance assignment is annotated. Panel d displays the
measuredJ(H1',H2) scalar coupling constants indicative of the conformation of the ribose moieties. In paneltg{ tA€} het-NOE data are displayed.

originally assigned as loop nucleotides exhibit significantly mation B' but is involved in canonical 6C base pairs in
lower heteronuclear NOE values of 1.28 and 1.33, which are conformation A formed between residues G30 and C23.

in the range of values determined for nucleotides G9, C10, and The predicted stabilization of the “caged” conformations was
G18, with nucleotide C19 being part of the helical stem and monitored by NMR spectroscopy. The imino-region of the 1D
involved in base pairing (as evident from independent NOESY spectrum reveals that in either case the resonances indicative
measurements). Additionally, low-temperature NMR measure- of the secondary structural elements are exclusively present
ments revealed that at temperatures at or lower than 273 K, (Figure S2). The prepared caged molecules can be “uncaged”
additional exchange-protected imino signals emerge that likely Using a single laser pulse<1.5 s of 4.5 W at 350 nm) which
stem from exchange-protected residues in the heptaloop, wherd€ads to deprotection of the photoprotected nucleobases. After

one signal likely corresponds to G15 involved in a weak base Uncaging, the sequences retain their normal base pairing
pairing interaction with C11. potential and the molecules are able to adopt either one of the

Real-Time NMR Analysis. The investigated bistable RNA two possible conformations according to thg the.rmOdyn.am'CS
. . A of the system. The system therefore relaxes into its equilibrium
displays a dynamic equilibrium. Due to the slow rate of

int ion. the kinetics of this RNA refoldi d form with interconversion between the two conformations. This
Interconversion, the KINElics orthis refolding process cou rocess can be monitored by subsequent recording of NMR
not be measured by standard NMR methods such as line shap

. oo pectra (as described in the Materials and Methods section).
analysis or exchange spectroscopy at equilibrium. Therefore, 1,4 buildup and decay curves of signals originating from the

we prepared photocaged full-length RNA sequences that iterent conformations can be integrated over time in order to
selectively destabilize one of the conformations due to modified gptain the folding profile and to extract the kinetic rates by
base pairing properti€s:>* To stabilize conformation Aa fitting these traces to the kinetic equations of a two-state folding
photoprotecting group was introduced at sequence position U7;model. These experiments were conducted at different temper-
this nucleotide was selected since it does not interact with any atures to extract information about the temperature dependence
other nucleotide in conformation’ At interacts in conformation  of refolding. The rates for interconversion of the two conforma-
B" by forming a Watsor Crick base pair with nucleotide A21.  tions are in the rangey—g+ = 0.00003 st andkg'— = 0.00008
Similarly, conformation B was exclusively stabilized by s 1at 288 K and up tda—g' = 0.013 s andkg—.a = 0.017
introducing the same photoprotecting group at position G30, s™1 at 313 K (Figure 3a, b). Comparison of the kinetic data
which is a “non Watson Crick interacting” residue in confor-  with previously reported refolding rates of bistable 20-mer RNA

J. AM. CHEM. SOC. = VOL. 129, NO. 51, 2007 16225
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Figure 3. Panels a and b represent kinetic traces measured by real-time NMR of the relaxation of photoprotected confotnfatintaiBing G30)
toward equilibrium measured at 293 and 313 K, respectively. Panel ¢ depicts the Arrhenius analysis of the kinetics of this conformational svgessng p
(black points) and the residuals of the linear fit ofdr= —(E4RT) + In A (gray points). Panel d shows the extracted equilibrium constants that can be
employed to calculate the free enthalpy of the equilibrivhi(= —RT In Keg). The kinetics were measured at different temperatures in duplicate and

triplicate to determine experimental errors.
AHtherm=105kcal/mol
AHthermal=78kcal/mol

systems reveals that the rates for the 34-mer bistable RNA are
approximately 40 to 60 times smaller. Arrhenius analysis of ﬂ;&
the refolding rates leads to the determination of activation
enthalpies oAH*(a—g) = 44 + 2 kcal/mol andAH*g—ay =

39+ 1.2 kcal/mol and to frequency factors&f—g+ = 1029.6

+ 2 s tandAg—ay = 1025.7+ 1 s 1. From the kinetic rates,
the activation energies were determined to be ca. 10 kcal/mol
higher compared to those of smaller RNA systems (Figure 3c).

A
158

It should also be mentioned that in the present study we were

o : . . A= AHF=
able for the first time to cage both interconverting conformations 44keal/mol 39keal/mol
which allows for cross-validation of the determined kinetic rates k=0.013s"1 k=0.0175"1
describing the relaxation toward equilibrium following uncaging. slow slow

g q g ging =

From melting experiments carried out under the same
conditions as those for the real-time NMR experiments, base
pairing enthalpies were determined. For the specifically syn-
thesized truncated hairpins (Figure S1, Supporting Information), conf. A’ - AG-0.5kcal/mol >
representative secondary structure elements of the full-length _ Ke_q~1 _ N
conformation, values o Hiuneseaxe) = 49 Kealimol, Ay, F9Ue ¢ Schemalicepresentaon of e eflding ranstor: inorder
catedaz) = 56 kcal/mol, EAHyuncaesa = 105 keal/mol], and conformation has to pass a transition state (TS) that is represented by an
AHtruncateds = 78 kcal/mol were determined. Strikingly, these ensemble of conformations characterized by the presence of half of the
values are almost equal to twice the activation energies !nteractions present in the.ground states. There_fore, the rate—limiting step
determined by kinetic analysis. This leads us to propose t_hat'sr;;g? \m@ ;grgi'g'g”gcﬁf‘r‘;t'\c/’grﬁg;eiffyrfts unfolding toward the transition
toward the transition state the RNA has to break half of its
stabilizing interactions in order to refold (Figure 4). investigated here by designing and synthesizing a 34-mer

Folding of the Structural Elements Occurs Rapidly. The sequence carrying a photoprotecting group at nucleotide G9
refolding rates of RNA secondary structure is 4 orders of (Figure 1). As known from extensive structural studies carried
magnitude smaller than the folding rates of RNA from an out on UUCG tetraloops, the introduction of a photoprotecting
unstructured RNA chain as reported by several gréupse group at the fourth nucleotide in the tetraloop leads to disruption
were able to support these findings for the bistable RNA of structurally essential base pairing between nucleotides G9
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Figure 5. Panel a corresponds to an overlay of the imino region of'the’H NOESY spectra of the two reference hairpins representing the structural
elements present in conformation &'-ACAGGUUCGCCUGUG-3and 3-GCGAACCUGCGGGUUCG-3in blue and black, respectively). Panel b shows
the!H—H NOESY spectrum of molecule B95-ACAGGUUCG*CCUGUGUUGCGAACCUGCGGGUUCG Band shows the complete sequential NOESY

walk just for one of the two stems (upper stem, black). The second stem (lower stem, blue) is partially unfolded due to incorporation of the photolabile
protecting group at a sequence position critical for the formation of the UUCG tetraloop. Panel ¢ shows the kinetic trace that reflects rapid #iretics

formation of the proper sequence element (loop and stem); the peak of G
directly following laser-induced deprotection (indicated by the red star).
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Figure 6. Depiction of measured refolding rates versus the number of base pairs present in the respective stem-loop structures. At all measured temperatures

(283, 288, 293, and 298 K), an exponential decrease in the folding rate with increasing helical length was observed.

(fourth loop nucleotide) and U6 (first loop nucleotide), thereby
destabilizing the UUCG loop. As a result, although the lower
stem-loop structure (nucleotides Al to U14) in conformation
A’ opens, the RNA is not forced into the second bistable
conformation B since the necessary interaction between G9
and C19 is blocked. The NOESY spectrum of theé"GBigure

5b) photoprotected molecule supports this proposition. The
introduction of a protecting group at G9 leads to at least partial
opening of the five base pairs containing stePABC2A3G4G5-
3/5'-C10C11U12G13U14:3n conformation A. This becomes
obvious from a comparison of the NOESY spectra of reference
hairpin 1 (black colored spectrum Figure 5a) and reference
hairpin 2 (blue colored spectrum Figure 5a) with the NOESY

spectrum of the GY molecule (Figure 5b). The connectivity

of resonances is still present for that part of the molecule that
is represented by reference hairpin 2 but is lost for resonances
of the first stem-loop represented by reference hairpin 1.
Although resonances of the-énd of the stem-loop structure
are partially present in the 184 NMR spectra, a NOESY walk
fails, indicating that although base pairs distant from the
distorted loop may be present their stability is drastically reduced
and therefore magnetization of imino resonances is lost due to
increased chemical exchange with solvent water. Additionally,
resonances of the tetraloop and those resonances indicative of
apical base pairs, e.g., G5 (blue circle in Figure 5b), are absent.
Apparently, a distorted partially unfolded conformation is
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Figure 7. (a) Depiction of the bistable 34-mer used in this study as secondary structure elements (upper panels) and as circular plots (lower panels) as
derived with m-fold. Solid lines indicate Watse€rick G—C base pairs, and dotted lines, Wats@rick A—U basepairs; annotated numbers represent the
energy contribution to the free energy of the structural elements. (b) Overlay of the two circular plots shown in Figure 7a. Color coding indicates the
nucleobases that are involved in pairing interactions in one of the conformations (red/blue for ConformaitiahBA, respectively), in none (black), or in

both conformations (green). (¢) Comparison of energy parameters for the six different conformations populated by the three bistable RNA Eeguences.
diagram depicts the linear correlation betwedr* (derived from kinetic experiments) ansHt"e™ (derived from thermal melting experiments).

present in the GY state. The kinetics of RNA folding from Comparison of activation energigs, derived from Arrhenius
unfolded or partially unfolded states occurs too rapidly for itto analysis of the kinetic data, shows a linear increase with
be sampled by time-resolved NMR. As shown in Figure 5c¢, increasing number of base pairs present in the initial structure.
the peak of G5is completely absent before deprotection with  Comparison of the kinetic data with the results of prediction
a laser pulse and becomes fully present in the first spectrumprograms such as mfold yields a nearly constant dependence

recorded fOllOWing laser app!ica’[ion. The rates for fOIdlng from of the ratioAG*/mmalAG of ca. 0.5. Tak|ng into account that
an unfolded RNA state are higher than those for conformational | .. AG is a measure of the interactions of the base pairs

switching between different folded states. The lower limit for jyyolved in the initial conformation, we conclude that during
Sf‘lch folding from an unfolded state is estimated tokbe 4 nese refolding processes a transition state has to be passed that
s, based on the assumption of single exponential behavior. e(aing half of the base pairs formed in the initial state. A

| FC|)|dI39 Rsates a;, Funsctlons of T_?Ec’l??:fs and Basfe Ealrs comparative analysis of the activation enthalpiés® with the
nvolved In Seconaary tructures. 1€ folding rates of three enthalpies measured in the melting experiments shows a similar
different bistable RNAs were determined (Figure 6). A decrease behavior (Figure 7c). In both cases, a linear dependence with

in folding rate with increasing number of base pairing interac- S .
. . . . the number of base pairs is demonstrated. This suggests a
tions per A-form helical stem can be observed. This exponential . - . . .

refolding process in which an opening of base pairs toward the

decrease can be related via the Eyring equation (eq 1 i, e -
yring €q (eq 1) transition state has to occur as the initial and rate-determining

kT AGH step, followed by propagation in the opening of initial base pairs
K=k~ exr{ —ﬁ) (1) that is concomitant with the formation of new base pairs present
in the final conformational state in the refolding process. The
to an increase iMG¥, wherex, k,, h, T, andR are known interactions present in the two conformationsakd B' and
constants. their change during the refolding process can also be visualized
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Figure 8. Evaluation of helix length in ribosomal RNAs. A histogram of
the length of helical elements in 23S RNA Bf coli andD. radiodurans

as found in secondary structure models J01695 and AE002087. Counted
are helical segments that consist solely of WatsBrick and G-U base

helices comprise 7 or fewer base pairs. Additionally, the number
of noncanonical nucleotides increases with increasing helix
length in the ribosome, perhaps by destabilization of the potential
long helices. We are aware of the argument that states that the
length of helices representing the major determinant in the
refolding of a structural building block neglects further stabiliz-
ing effects such as coaxial stacking or simplifies the role of
single nucleotide bulges as breaking elements in helices. We
propose, however, that canonical base-paired stems longer than
10 base pairs are avoided in order not to generate kinetic traps
that would have to refold to the required structures on a time
scale of minutes or even hours. Although the addition of
cosolvents such as counterions and denaturants, which are
present in thén vivo environment of the RNA, may modulate
the speed of folding and could contribute significantly to
avoiding folding traps such as long “misfolded” helices, the
observation that relatively few helices are present in the largest
known RNA structure is still striking.

pairs. Helices interrupted by noncanonical base pairs are counted as separate

helical segments, the percentage of helical elements that contdihbiase
pairs (non-WC) is highlighted in the histogram, and the length of the helical
elements in the rRNA follows a log-normal distribution with a maximum
at three WatsonCrick base pairs.

using circular plots (Figure 7a). In the bistable RNA, 11 and 7
nucleotides are involved in unidirectional interaction only
present in either conformation’ Ar B", respectively (Figure

7b green), and 5 nucleotides are unconnected in either of the
two conformations (Figure 7b black). In the transition state, the
interactions for the bifurcated nucleotides (Figure 7b green) can
be paired with their respective partners of either conformation
A’ or B", representing an ensemble with approximately half of
the final interactions formed. Extrapolating this consideration
to the refolding processes of RNAs in general, the refolding
kinetics slows down exponentially with a linear increase in base
pairs.

In this context, it is interesting to compare the length of
helices under investigation with the length of helices found in
ribosomal RNAs. We conducted an analysis on the secondary
structure models for the 23S rRNA &f coli (J01695) andD.
radiodurans (AE002087%° and cross-checked these with the
three-dimensional model of the large ribosomal subunid of
radiodurans*’ This analysis reveals that helices with canonical
Watson-Crick base pairing patterns in the ribosome seldom

Conclusions

We could show that folding of secondary structure elements
from partially unfolded RNA chains is a rapid process and that,
in contrast, the switching of a preexisting secondary structure
toward an energetically similar secondary structure is ac-
companied by significantly slower rates of interconversion. The
kinetics of these processes are mainly determined by the
energetic contribution of the structural buildings blocks. Com-
parison of six different conformations of model systems with
the secondary structure elements found in ribosomal RNA leads
us to propose that natural RNAs avoid canonical helices longer
than 10 base pairs per A-form helical element in order to avoid
being kinetically trapped in non-native states with very signifi-
cant barriers for a conformational switch into the most ther-
modynamically stable conformation.
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