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ABSTRACT. The GAAA tetraloop-receptor motif is a commonly occurring tertiary interaction in RNA.

This motif usually occurs in combination with other tertiary interactions in complex RNA structures.
Thus, itis difficult to measure directly the contribution that a single GAAA tetrata@geptor interaction

makes to the folding properties of a RNA. To investigate the kinetics and thermodynamics for the isolated
interaction, a GAAA tetraloop domain and receptor domain were connected by a single-stratid&drA
Fluorescence resonance energy transfer (FRET) experiments were used to probe intramolecular docking
of the GAAA tetraloop and receptor. Docking was induced using a variety of metal ions, where the
charge of the ion was the most important factor in determining the concentration of the ion required to
promote docking{[Co(NH3)es3t] < [C&"], [Mg?*], [Mn?*] < [Na'], [K*]}. Analysis of metal ion
cooperativity yielded Hill coefficients o2 for Na"- or K"-dependent docking versesl for the divalent

ions and Co(NH)s®**. Ensemble stopped-flow FRET kinetic measurements yielded an apparent activation
energy of 12.7 kcal/mol for GAAA tetraloepreceptor docking. RNA constructs withyldnd Ay, single-
stranded linkers were investigated by single-molecule and ensemble FRET techniques to determine how
linker length and composition affect docking. These studies showed that the single-stranded region functions
primarily as a flexible tether. Inhibition of docking by oligonucleotides complementary to the linker was
also investigated. The influence of flexible versus rigid linkers on GAAA tetrataepeptor docking is
discussed.

RNA is an essential biological molecule that functions in  domain with an asymmetric internal loop receptor domain
numerous cellular processes, including catalysis of such(11). The best-characterized example of this motif is the
critical reactions as protein synthesis and RNA splicibg ( interaction between a GAAA tetraloop and an 11-nucleotide
3). To achieve its various functions, RNAs must adopt tetraloop receptor, which has been shown to stabilize the
complex, well-defined three-dimensional structures, and folded structures of group | and group Il introns and the
determining how these RNA structures are formed and specificity domains of RNase R1—14). Structures for the
stabilized is critical to understanding their biological function. free GAAA tetraloop and free receptor have been determined
The process by which RNAs fold to these three-dimensional by NMR? spectroscopyl(5—17). The structure of the GAAA
structures is complex. Unlike most protein folding, RNA tetraloop-receptor complex has been determined by X-ray
folding often proceeds by a hierarchical pathway, where the crystallography as part of the P#6 domain of theTet-
secondary structure forms prior to and independently of the rahymenagroup | ribozyme 18) and the specificity domain
tertiary structure and the tertiary structure is stabilized by of RNase P19) and has been further characterized by NMR
interactions between the secondary structural elemdts ( spectroscopy 20). These structures show the tetraloop

A variety of RNA tertiary interaction motifs have been contacting the minor groove of the receptor domain, with
identified, including loop-loop interactions between hairpin  numerous stabilizing hydrogen bonding and base stacking
or internal loops, A-minor interactions, and pseudoknots interactions.

(5—10). One of the most frequently occurring tertiary motifs ~ The folded structures of natural RNAs are typically
in RNAs is the interaction of a GNRA hairpin tetraloop stabilized by multiple tertiary contacts. For example, the
tertiary fold of the P4-P6 domain is stabilized by a GAAA
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and other regions in the fulletrahymenaibozyme @1). . WD)
These multiple contacts make it difficult to determine the Undocked i Docked &
contribution of a single tertiary interaction to the stability £ %tetraloop GA,?? v
of the folded structure. Previous studies have indirectly %ﬁ receptor g %g
probed the GAAA tetraloopreceptor interaction by measur- GAAA : Keoue ®§’
ing the folding of P4-P6 domains 12, 22) and group I te:zmg““hg—’ aak |
introns @3) that contain changes in the sequence of the Q@‘\%@ ” Kundock
tetraloop and/or receptor.
Several studies have investigated the GAAA tetraleop i i

rgceptor interaction in 'the abs_ence of other tertiary interac- Ficure 1: RNA construct for probing intramolecular GAAA
tions. For example, a simple bimolecular GAAA tetraloop  tetraloop-receptor docking. The GAAA tetraloop (bold) and the
receptor system has been shown to associate with af tetraloop receptor (outlined) are connected by asiagle-stranded
0.4 mM at 125 mM M@" (24). Molecules termed “tecto linker (italics). The curved arrow illustrates the freedom of motion

RNAs” have been designed to form homodimers stabilized between the tetraloop and receptor domains allowed by the single-
stranded linker. The docking and undocking reactions were

by two intermolecular G_AAA tetraloopreceptor interac- monitored by FRET between the Cy3 and Cy5 fluorophores, where
tions, and these homodimers form wikps as tight as 4 the Cy3-Cy5 distance is+35 A in the docked statel) and up to
nM at 15 mM Mg (25, 26). We previously measured the ~70 A in the undocked state. The-Biotin strand facilitates
Mgz+ dependence for the equ”ibrium and Kkinetics for immobilization on a surface via interaction with streptavidin.
intramolecular docking of a GAAA tetraloop with its receptor )
using a construct in which these two domains are connectedlead to a better understanding of the factors that affect the
by an A single-stranded linker, and the study yielded a Stability and folding of the frequently occurring GAAA
docking equilibrium constant o£20 at 10 mM Mgt (27). tetraloop-receptor tertiary interaction.

Mg?* is critical for folding of most RNAs because these
ions help neutralize chargeharge repulsions in compact EXPERIMENTAL PROCEDURES
RNA structures. In vitro, other divalent cations can often  RNA ConstructsChemically synthesizedamino-modi-
substitute for M§*. For example, th&etrahymenaibozyme  fied RNA oligonucleotides were purchased from Dharmacon
exhibits high activity in the presence of Kfnions, whereas  (Lafayette, CO), and thebiotin-modified DNA oligonucle-
this RNA appears to have a native fold butis not catalytically otide was purchased from Integrated DNA Technologies
active with C&" ions 28). Not all RNAs absolutely require  (Coralville, 1A).2 The sequence and secondary structure of
Mg?* for folding, and RNAs such as the hairpin and hepatitis the A; construct used here are shown in Figure 1. Fluores-
delta virus ribozymes are catalytically active in the absence cence labeling of the RNAs was achieved by coupling Cy3
of Mg?" (but only at high monovalent ion concentrations) (ERET donor) or Cy5 (FRET acceptdsysuccinimidy! esters
(29). Thus, RNA folding has a complex dependence on metal (Amersham Biosciences) to amino groups on therfl of
cations. The metal dependence can be particularly complexihe oligos. All oligos were purified by microfiltration to
in larger RNAs, which have multiple tertiary interactions that remove unreacted Cy3 or Cy5, followed by C-18 reverse-
can interact with metal ions in different ways. phase HPLC. Stock solutions of the GAAA tetraleop

In this work, we investigate the metal ion dependence of receptor complexes were made by mixing the appropriate
a simple tertiary interaction, the GAAA tetraloepeceptor Cy3-RNA strand (1xM), the complementary Cy5-RNA
motif. As previously discussed, connecting the GAAA strand (1.54M), and the biotir-DNA strand (2.0uM),
tetraloop and receptor with a flexible single-stranded linker heating the mixture to 76C for 3 min, and slowly cooling
allows intramolecular docking to be studied in a manner that to ropom temperature. Unless otherwise noted, all experiments
is independent of other tertiary interactio@) The effects  were performed at 28C using standard buffer conditions
of various multivalent and monovalent cations on GAAA of 50 mM HEPES (pH 7.5), 100 mM NacCl, and 0.1 mM
tetraloop-receptor docking were studied here by ensemble gpTA.
FRET techniques. The results show that docking is stabilized  GaaA Tetraloop-Receptor DockingFluorescence spectra
by a variety of cations, but with different apparent affinities \yere recorded for 20 nM RNA solutions using a Photon
and cooperativities. The kinetics of GAAA tetraloep  Technology International spectrofiuorometer. Excitation was
receptor docking were investigated using ensemble stoppedet at 500 nm (4 nm bandwidth) and emission measured in
flow fluorescence experiments, demonstrating a significant 1 m steps from 525 to 700 nm (8 nm bandwidth). The FRET
apparent activation energy for docking. The sequence andeficiency (Errer) for each fluorescence spectrum was
length of the single-stranded region were varied in this RNA, 4phroximated ag/(Ip + 1), wherela is the total acceptor
and the effects on the docking equilibrium and kinetics were jytensity andlp is the total donor intensitylo andl, were
measured using both single-molecule and ensemble fluoresyetermined by summing the intensity at each wavelength
cence methods. These results show that the single-strande¢.om 549 to 620 nm and from 655 to 700 nm, respectively.
Iin_ker simply tethers the two domains together but does Not  \jetal cation titrations were performed by manually
orient them for docking. These data are compared with pineting small volumes of a concentrated solution of the

previous studies in which the linker optimally orients the appropriate metal chloride directly into the cuvettes, mixing
tetraloop and receptor domains. Ensemble and single-

molecule FRET studies were also performed in which 2 Montion of 1 orod < tor _ Vg
; ; ; . ; ention of commercial products is for information only; it does
oligonucleotides complementary to the single-stranded linker not imply National Institute of Standards and Technology recommenda-

were used to reversibly inhibit docking, and potential jon or endorsement, nor does it imply that the products mentioned are
applications of these inhibitors are discussed. The results herenecessarily the best available for the purpose.
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for 1 min with a magnetic stir bar, and recording the
fluorescence spectra. The resultifger values determined

at various concentrations for each metal ion were fit to the
equation

FRET { n n
K1/2 + [M]

where [M] is the metal ion concentratios, is the FRET
efficiency with no metal ion added\e is the maximum
change in FRET efficiency induced by addition of the metal
ion, K12 is the apparent dissociation constant for the cation,
andn is the Hill coefficient. This fit assumes the simple metal
binding model:

undocked RNA+ nM = docked RNAM,,

1)

such that the observelret results from the population-
weightedErrer of the undocked and docked states, with no
significant contribution from intermediate states.

The procedure for titration of the oligonucleotides comple-
mentary to the single-stranded linker was essentially the sam
as for the metal cation titrations. The resulting FRET data
were fit assuming the following reaction model

docked RNA+ oligo = undocked RNAoligo

such that
_ [oligo]

wheresg is theEgger prior to addition of any oligonucleotide
inhibitor, Aeis the maximum change iBrer Upon addition

of the inhibitor (in this case a negative number), #gdis

the apparent dissociation constant for binding of the oligo
to the RNA construct.

Downey et al.

In(k..) = —(E‘)l +InA %)
kobs) RIT
where E, is the apparent activation energ,is the gas
constant is the absolute temperature, ahd the Arrhenius
pre-exponential factor. The Mg dependence ok.ps was
also measured at a constant temperature df@3
Single-Molecule FRET Experiments for Probing the GAAA
Tetraloop-Receptor InteractionSingle-molecule fluores-
cence was measured on optically resolved single molecules
using a water-immersion confocal fluorescence microscope
system with excitation at 532 nm, described previou2H).(
To enable long observation times for each molecaig-
30 s, limited by dye photobleaching), the RNA samples
(initially at ~25 pM) were immobilized on a glass micro-
scope cover slip via biotinstreptavidin association. A nano-
piezo scanning stage was used to locate molecules on the
glass, and then donor and acceptor emission were collected
simultaneously to determirtgrerin real time, wherdegret
= la/(lp + la). Single-step photobleaching of the dyes
confirmed the observation of single molecules. For each
NA construct, time-resolveBerettraces were recorded for
30—50 molecules. The rate constamtgck and Kyndock Were
calculated from the time-resolved FRET data as previously
described 27). Raster-scanned images of surface-immobi-
lized single molecules were collected as previously described
(27). All single-molecule experiments were performed at
ambient temperature in standard buffer with an enzymatic
oxygen scavenger to reduce the level of photobleactdfy (

RESULTS

Effect of Various Metal Cations on GAAA Tetraleop
Receptor DockingThe docked state for this GAAA tetra-
loop—receptor tertiary interaction is stabilized by kdons
(24, 25, 27). Docking of the GAAA tetraloopreceptor

Ensemble Stopped-Flow Fluorescence Experiments forconstruct with an Alinker (Figure 1) was monitored by

Determining GAAA TetraloopReceptor Docking Kinetics.

FRET, where there is an increase in acceptor (Cy5) fluo-

Ensemble measurements of docking kinetics were performedr€Scence and a decrease in donor (Cy3) fluorescence upon

on an Applied Photophysics model SX.17MV stopped-flow

Mg?*-induced docking (Figure 2a). These spectra have a

fluorometer. All experiments were performed under standard C/€@r isosbestic point, which is consistent with a two-state

buffer conditions. Docking was initiated by rapid mixing with
various concentrations of M¢. For each experiment, 4000
data points were collected over 100 ms,hwé 2 msdead
time between mixing and collection. At least four runs were

system. The FRET efficienc¥erer, as a function of Mg"
concentration is shown in Figure 2b. ThEerer data were

fit to eq 1 to yield the apparent dissociation constant for

binding of Mg?* and the Hill coefficient (Table 1). This

averaged for each data point. Fluorescence was excited aflUorescence assay was used to monitor the metal ion

532 nm, which primarily excites the Cy3 donor. Measure-

ment of the emission corresponding to the Cy5 acceptor was
achieved using a 645 nm long pass filter. The increase in

FRET efficiency from docking resulted in a time-dependent

dependence for docking with two other divalent cationg,"Ca
and Mrt* (Figure 2b). All three divalent cations promoted
GAAA tetraloop—receptor docking with similar sub-milli-

molar Ky,; values and Hill coefficients close to 1 (Table 1).

increase in Cy5 emission. These data were used to determine TO test the requirement for direct coordination between

the apparent rate constant for dockikg,, by fitting the to
the equation

Fa=Fa+ AF,(1 — &%) €©)

metal cations and the RNA, docking was also studied with
Co(NHs)s®", an analogue for hydrated Mg (31, 32). The
data show that Co(N#l®t effectively promotes tetraloep
receptor docking (Figure 2b), withkg, of 0.017 mM that
is ~50-fold tighter than that of the divalent cations (Table

whereF, is the observed acceptor fluorescence as a function1).

of time, Fa- is acceptor fluorescence at time zero, axfeh

The monovalent cations K and N&a also promote

is the change in fluorescence between time zero and infinite docking, withKy,; values 0f~200 mM (Figure 2c and Table

time. The temperature dependencekgf was measured at
a final Mg?* concentration of 10 mM and fit to the Arrhenius
equation to determine the apparent activation energy:

1). Thus, there is a significant population of docked RNAs
at physiological monovalent concentrations, which is con-

sistent with our previous single-molecule observati@W.(
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Ficure 2: Metal ion-induced docking of the GAAA tetraloop with
the receptor. (a) Ensemble fluorescence spectra at ktincentra-
tions between 0 and 10 mM, with fluorescence excited at 500 nm.
The fluorescence emission frob30 to 600 nm is primarily from
Cy3 (donor), whereas emission greater th&840 nm is from Cy5
(acceptor). Arrows indicate the direction of change in the donor
and acceptor regions of the spectra as the*Mgpncentration
increases. (b) Ensemble FRET measurements of GAAA tetraloop
receptor docking induced by My (a), C&" (O), Mn?" (@), or
Co(NHs)¢*" (®). (c) Ensemble FRET measurements of GAAA
tetraloop-receptor docking induced by N4O) or K* (). Errors

0

bars are approximately as large as the symbols. The solid lines in

panels b and c represent fits to eq 1 (see Table 1).

Table 1: Metal lon Dependence of GAAA TetralcoReceptor
Docking?

cation Ky (mM)P nP
Mg?*+ 0.87+£0.11 0.95+ 0.05
cat 0.83+0.02 1.05+ 0.05
Mn?2*+ 0.44+ 0.07 0.77+ 0.05
Co(NHg)s®" 0.017+ 0.03 0.99+ 0.1
Na* 220+ 9 2.04+£0.1
K+ 2004+ 19 1.89+ 0.1

2 Measured for the Aconstruct? Values for each cation represent

Biochemistry, Vol. 45, No. 11, 2008667
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Ficure 3: Kinetics of GAAA tetraloop-receptor docking from
stopped-flow fluorescence measurements. (a) Time dependence of
the acceptor fluorescence after rapid mixing withagwith the
final Mg?"™ concentrations given next to each curve. The solid lines
represent fits to eq 3 (see Table 2). (b) Arrhenius plot (eq 4) of the
temperature dependencekgfsat 10 mM Mg+. An E, for docking
of 12.7 £ 2.6 kcal/mol was determined from a linear fit of the
data (solid line).

Table 2. Mg Dependence of GAAA TetraloepReceptor Docking
Kinetics®

[M92+] (m M) kobsb (S_l) kdock+ kundocl? (S_l)
0.35 26+ 4 18.2+ 0.3
0.50 29+ 5 245+ 0.5
1.0 46+ 12 373+ 1.3
2.0 62+ 13 441+ 1.3
5.0 70+ 12 554+ 1.1
10 90+ 14 66.4+ 1.9

aMeasured for the A construct? Determined from ensemble
stopped-flow FRET experimentsPreviously determined from single-
molecule FRET experiment2T).

the mean of at least three ensemble fluorometer-based experiments and

the errors are one standard deviation.

In contrast to the other cations, the RNA binds'Ned Kt

cooperatively, with Hill coefficients ok2 (Table 1).
Activation Energy and Docking Kinetics for the GAAA

Tetraloop—Receptor InteractionT he kinetics of tetraloop

(Figure 3b). Becaudesis the approach to equilibrium, this
value does not represent a tri®. However, at room
temperaturéqock = Kundock (27), SO thekopsfrom the stopped-
flow data is~kgock. The docking equilibrium will be shifted
toward the undocked state at higher temperatures, making
kobs greater tharkgoc As a result, thee, determined from

receptor docking were measured using ensemble stoppedXobs (Figure 3b) may be slightly larger than the true value,

flow fluorescence experiments, with docking initiated by
rapid mixing with Mg*. The time-resolved fluorescence data
fit well to a single-exponential equation (eq 3), yielding an
apparent first-order rate constant for dockirlg,s TO
determine the effect oky,s experiments were performed
with various M@+ concentrations at 23C (Figure 3a and
Table 2). These stopped-flow data do not resolve docking
and undocking events, so the measukgd corresponds to
the approach to equilibriunkgock + Kundock AS Seen in Table
2, the kyps values measured here are all within 1.5-fold of
the Kgock + Kundock Values previously measured by single-
molecule technique().

To determine the appareri, for docking, Kops Was
measured between 9 and 4€ at 10 mM Mg". The
resulting Arrhenius plot yields aB, of 12.7+ 2.6 kcal/mol

and 12.7 kcal/mol represents an upper limit for tefor
docking.

Effect of the Length and Composition of the Single-
Stranded Linker on GAAA TetraloejReceptor Docking.
Two other GAAA tetraloop-receptor constructs were in-
vestigated by ensemble FRET experiments. In these con-
structs, the single-stranded linker was changed fronioA
U or Ay, (Figure 4a), and the effect on tetraloegceptor
docking was tested. The Mg dependence oErgrer Was
measured for each construct to determine Khg (Figure
4b and Table 3). The Hill coefficient was close to 1 for all
three constructs, indicating noncooperative binding ofMg
ions associated with docking. Therefore, for a more direct
comparison, the&,, values in Table 3 represent data fits
with n defined as 1. Th&;, values for the three constructs
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Ficure 4: Effect of the length and composition of the single- ~ 08
stranded linker on Mg -dependent GAAA tetraloopreceptor L 0.6 | f
docking. (a) The original Alinker (left) is modified in composition uj 0.4 | \ \
to U; (center) or in length to & (right). The RNA sequences for 0.2 \ |
the three constructs are otherwise identical. (b) Ensemble FRET 50
measurements of Mg-induced GAAA tetraloop-receptor docking ) 20 timea [s)

for the U; (@), A; (W), and A4 (®) RNAs. Error bars are

approximately as large as the symbols. The data are fit to eq 1 FicUrRe5: GAAA tetraloop-receptor docking measured by single-

with ann of 1 (solid lines; see Table 3). molecule FRET. Time-resolved single-molecule FRET traces
measured at 0.35 mM Mg are shown for (a) the Aconstruct, (b)

are similar, ranging from 0.63 to 1.4 mM (Table 3). Thus, the U, construct, and (c) the Aconstruct. Cy3 donor fluorescence

the linkers have a very small effect on the free energy for is plotted in green and the Cy5 acceptor fluorescence in red, with

o the correspondin@rret plotted in blue. The molecules fluctuate
the docking reactionAAG mg < 0.3 keal/mol; Table 3). between the docked statBrker ~ 0.75) and the undocked state

Similar docked states are expected for all three of these g~ 0.25-0.30).
RNA constructs because they differ only in the single-
stranded linker. However, the RNAs did not show the same
minimum and maximunkEggret values in the ensemble FRET  directly resolve the docked and undocked states and thus
experiments (Figure 4b). Native gel electrophoresis experi- determine the equilibrium constant for GAAA tetraleep
ments revealed multiple bands for each RNA construct, receptor docking<qock Figure 5 shows plots of time-resolved
indicating heterogeneity in the secondary and/or tertiary single-molecule donor and acceptor fluorescence intensity
structures of the molecules (see Figure S1 of the Supportingand the correspondinderrer for the A;, Uz, and Ay
Information). Significant populations of nondocking mol- constructs (at 0.35 mM Mg). All three constructs have a
ecules (presumably molecules with inactive alternate con- significant population £30%) of molecules that remain
formations), as well as molecules with inactive Cy5, were permanently undocked during the-20 s observation time
previously observed for this RNA by single-molecule experi- (data not shown), similar to what was previously observed
ments R7). These effects lead to a background fluorescence for the A; construct 27). These nondocking species likely
that contributes to the measuré&grer but does not affect  have inactive conformations of the tetraloop or receptor and
the shape of the curves in Figure 4b or the correspondingare omitted from further analysis. The actively docking
K1 andn values. molecules exhibit two-state behavior, with each of the three

Single-Molecule FRET Measurements of GAAA Tetral- constructs fluctuating between dockdgkder ~ 0.75) and
oop—Receptor Docking for RNAs with Different Single- undocked Errer~ 0.25-0.3) conformations. These results
Stranded LinkersSingle-molecule FRET experiments can demonstrate how single-molecule techniques can be used to

Table 3: Thermodynamic and Kinetic Parameters for GAAA TetrateRpceptor Constructs with Different Single-Stranded Linkers

Ki2 for Mg2* AAGOMga'b Kdock AAG ol Kdockd Kundocd Koo
RNA (mM)2 (kcal/mol) (tdocktundock) (kcal/mol) (s™ (s™ (KdocdKundock)
A7 0.854+ 0.09 1.4+ 0.1 10.5+ 0.2 7.7+£0.2 1.4+ 0.1
U; 0.634+ 0.07 —0.174+0.06 2.7+ 0.1 —0.394+ 0.05 19.5+ 0.6 6.9+ 0.2 2.8+ 0.1
A1y 1.36+ 0.07 0.28+ 0.07 0.95+ 0.1 0.23+ 0.08 8.2+ 0.2 8.0+ 0.2 1.0+£0.1

aK,,, was determined from ensemble FRET experiments with data fit to eq 1 withofid.0.° AAG® values are calculated relative to the A
construct.® Kgock determined from the ratio of the total docked and undocked times using single-molecule FRET data measured at 0.35.mM Mg
d Rate constants determined from single-molecule FRET data measured at 0.35 Al Kig.x determined from the ratio of the rate constants.
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Ficure 6: Specific inhibition of GAAA tetraloop-receptor docking for the 4 construct. (a) Schematic of inhibition of docking by a,gT
or rUy4 oligonucleotide complementary to the single-stranded linker. (b) Ensemble FRET measurements of titration,pttmestuct

with dT14 (a) and rUy (M). Error bars are approximately as large as the symbols. The solid lines represent fits to a binding isotherm (eq
2). (c) Single-molecule raster-scanned images of thecénstruct at 10 mM Mg, plotted in false color with donor fluorescence in green
and acceptor fluorescence in red. The same RNA molecules are being observed in each image. The RNAs are primarily docked in the

absence of inhibitor (left), undocked after flushing with ARl dTq4 (center), and docked again after flushing with A dA14 (right).

eliminate the fluorescence background arising from hetero- ensemble experiments when the éonstruct was titrated

geneity observed in Figure 4b.
Values for Kgoek for the three RNA constructs were

with dT7 or rU; (up to 220uM) under conditions that are
favorable for docking (10 mM M) (data not shown).

determined from the time-resolved FRET traces by calculat- However, titration of the A construct with dT, or rUy,

ing the fraction of the time individual molecules spend in

caused a clear decreaseHgrer, demonstrating inhibition

the docked and undocked states and then averaging thesef docking (Figure 6b). This inhibition was easily reversed

fractions over many molecules (Table 3). Individual mol-
ecules were typically measured for-20 s prior to photo-

by addition of excess dAor rA;4to sequester the inhibitor,
which restored th&rrerto its initial value (data not shown).

bleaching of one of the fluorescence dyes. Comparison of The FRET data for the inhibitors fit well to binding isotherms

data for U or Ai4 with data for A shows that the length

(eq 2), yielding apparerip values of 0.514+ 0.09 and 3.1

and sequence of the linker have a small effect on the free+ 0.3uM for dT14and rUg, respectively (Figure 6b). Tighter

energy of docking AAG®4ock < 0.4 kcal/mol; Table 3).

association of df, compared to rlJ, is predicted from the

The time-resolved fluorescence FRET trajectories in Figure thermodynamics of helix formatior8g, 34). TheKp values
5 were also used to determine the docking and undockingobserved here for helix formation are-2 orders of
kinetics for the three RNA constructs. The values determined magnitude weaker than the predicted values fl@ nM,

for Kgock and Kyngock at 0.35 mM Mg+ are summarized in
Table 3. These rate constants were used to calcHate
for each of the constructs (Table 3). Thé&g.k values are
within error of those calculated from the populations of the
docked and undocked states (Table 3).

Inhibition of Tetraloop-Receptor Docking by Comple-
mentary Oligonucleotide3.he single-stranded linker in this

system represents a specific target for inhibition of docking.

Hybridizing the linker with a complementary oligonucleotide
results in a rigid double helix, which shifts the equilibrium

reflecting the free energy cost of disrupting the tetrateop
receptor interaction.

Raster-scanned fluorescence experiments with the A
construct were used to directly visualize docking inhibition
of multiple single molecules. These experiments measure
donor (green) and acceptor (red) fluorescence intensities,
which are plotted as a function of position on the microscope
cover slip to yield images that show the relatifzgrer of
each molecule (Figure 6c). A flow cell apparatus was used
to image the same RNA molecules under various solution

toward the undocked state (Figure 6a). The thermodynamicsconditions. The A, construct was highly docked (red) in

of helix formation for RNA-DNA and RNA—RNA helices
predict weak association of ary Aequence with a comple-
mentary oligonucleotidekp > 0.5 mM) (33, 34). Consistent
with this prediction, no change iBrrer Was observed in

the absence of inhibitor (Figure 6c, left panel), undocked
after flushing with 10uM dT.4 (middle panel), and highly
docked again after flushing with 1M dA.4 (right panel).
Not every molecule in Figure 6c survived for detection in
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all three panels due to dye photobleaching or dissociation (200 and 350 mM, respectivelyf4, 51). However, these

of the RNAs from the surface.

DISCUSSION

Tertiary folding in RNAs involves formation of stabilizing
interactions between two or more highly negatively charged
domains. Thus, chargeharge repulsion represents a sig-
nificant barrier to tertiary structure formation. The association
of mono- or divalent cations with the RNA reduces this
repulsion, stabilizing the folded structurel)( Tertiary
structure formation typically requires divalent cations, where
Mg?* is normally the physiologically relevant meta, 35,

36). The interplay between Mg binding and RNA folding

is complex, with RNAs being stabilized by both specifically
and nonspecifically bound Mg ions @37, 38). In some cases,
specifically bound Mg ions directly coordinate to the RNA,
whereas in other instances, Mgmakes water-mediated
contacts with the RNA35). In many RNAs, a variety of
multivalent cations (such as &aMn?*, or Co(NH)s") or
monovalent cations (such as'kand Na) can substitute for
Mg?* in promoting folding.

FRET is a common structural probe for biological
macromolecules3Q), and this method has been applied in a
variety of ensemble40—42) and single-molecule3g, 43—

46) studies of RNA structure and folding. Ensemble FRET

K12 values for Nd are considerably weaker than tKe;
values for Mg" (~6000- and~2500-fold, respectively).
Thus, the requirement for Mg§ over monovalent ions is less
stringent for the GAAA tetraloopreceptor interaction than
for many other RNA tertiary interactions.

The cooperativity of metal ion binding will also influence
RNA folding. The multivalent cations €& Mg?", Mn?*,
and Co(NR)*" all yielded Hill coefficients of~1 (Table
1). Hill coefficients for different metal ions vary considerably
in other RNA systems. For example, fginduced folding
of a natural hammerhead ribozyme is noncooperaéhz, (
whereas high cooperativity is observed for the Tigtrahy-
menaribozyme ( ~ 20 in 24 mM N& and 50 mM HEPES
at pH 7.5 and 410 °C) and its isolated P4P6 subdomain
(n~ 3—5 in 10 mM sodium cacodylate at pH 7.5 and 42
°C) (50, 52). It is important to note that the concentration of
monovalent cations can have a large effect on the observed
Hill coefficient. Furthermore, Hill coefficients are determined
indirectly from the M@" dependence of native structure
formation and thus only measure the cooperativity of the
weakest binding Mg ion(s) necessary for folding. There-
fore, a Hill coefficient represents a lower limit for the number
of Mg?" ions required for folding.

One interpretation of the results here is that the Hill
coefficient of~1 for the divalent ions represents binding to

experiments were used here to probe the ability of various ihe gjvalent site observed in the receptor domain in the crystal

cations to stabilize GAAA tetraloopreceptor docking. All
of the cations tested are able to promote docking. Khe
values for the divalent ions &g Mg?*, and Mrf* are similar
for the GAAA tetraloop-receptor interaction (Table 1).

structure of the tetraloepreceptor complex1(8). Previous
EPR data for the bimolecular association of a GAAA
tetraloop and tetraloop receptor as a function ofMalso
showed a Hill coefficient o1 (24). In addition, gel shift

RNAs such as RNase P and the group | intron also showedgy,dies yielded a Hill coefficient ofv2 for the Mg+

little variation in their Ky, values for folding with these
divalent cations47—49). In our tetraloop-receptor system,
Co(NHg)e®" promotes docking much more effectively than
the divalent ions450 times tighteiK,, Table 1), whereas
Na' and Kt are much less effective than the divalert260
times weakeKj;). Therefore, charge density appears to be
an important factor in the ability of a cation to stabilize
docking in this tetraloopreceptor system.

The Co(NH)&" experiments were also used to test
whether GAAA tetraloop-receptor docking requires direct
coordination between the RNA and a metal ion(s) ?Mgan
interact with RNA either as a fully hydrated ion complex
[Mg(H20)e?"] or with one or more of the coordinated,®
ligands replaced with a ligand from the RNA5, 36). By

contrast, RNA can only make outer-sphere contacts with Co-

(NH3)e®" (32). Our data show that Co(N§j#3" effectively
promotes GAAA tetraloopreceptor dockingKi, = 0.017
mM; Table 1). Thus, no inner-sphere metal {@GRNA
interactions are required for GAAA tetraloepeceptor
docking.

The Ky/; values for these various cations in the GAAA
tetraloop-receptor system are similar to what was previously
observed for folding of th&etrahymenaibozyme, which
hadKj, values of 0.012 mM for Co(NkJs*", 0.27 mM for
Mg?*, and 466-640 mM for Na and K" (50). Notably, in
the tetraloop-receptor system, th&,, values for mono-
valents versus Mg differ by only ~250-fold, whereas these
values differ by~2400-fold for theTetrahymenaibozyme.
The hairpin ribozyme and the S15 binding domain of the
16S rRNA also exhibit relatively loviKy, values for Nd

dependence of formation of a homodimer RNA complex
containing two GAAA tetraloopreceptor interaction5).

All these results are consistent with one metal binding site
for each GAAA tetraloop-receptor interaction.

In contrast, cooperativity was observed for both-kand
Nat-induced docking (Hill coefficients ofk2, Table 1).
Different cooperativities for monovalent and divalent ions
have been observed previously in other RNA systems. For
example, Mg@" was more cooperative than Nim the folding
of the Tetrahymenaibozyme £0), whereas Nawas more
cooperative than Mg for folding of a two-way junction
hairpin ribozyme 88); the same cooperativity was observed
for Na* and Mg in the four-way junction hairpin ribozyme
(51). If the Hill coefficient of 1 measured here for the
divalents represents one ion binding to a specific site in the
tetraloop-receptor motif, then a Hill coefficient of 2 could
simply reflect the need for this site to bind two monovalent
ions to achieve charge neutralization. Alternatively, electro-
static nonlinear PoisserBoltzmann calculations have been
used to model diffusely bound ions in tRNAs, and this study
found an average of 1.9 monovalent ions are required to
replace each MA ion (37). Thus, the 2-fold higher Hill
coefficient for monovalents observed here is also consistent
with stabilization of tetraloopreceptor docking by only
nonspecific, diffusely bound ions.

It is also possible that the difference in Hill coefficients
between monovalent and divalent cations results from the
specific K" binding site in the GAAA tetraloopreceptor
interaction previously observed by X-ray crystallography
(53). NMR studies have shown that the free receptor has a
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conformation significantly different from that of the tetra- the overall reaction determined here-3.52 kcal/mol Kp
loop-bound receptor (), so this specific monovalent binding = 3.1uM at 10 mM Mg*). The AG® for formation of an
site likely is not formed in the undocked state. Trhealue A14—~U;4duplex is—9.82 kcal/mol, as calculated by summing
of ~2 observed for K- and Na-dependent docking could nearest-neighbor parameters, a penalty for duplex initiation,
result from cooperative binding of two monovalent ions in and a penalty for two terminal A-U base pairs for a RNA
forming the docked state. However, because the solutionRNA duplex @4). The 2.30 kcal/mol difference between
contains 100 mM NaCl, cooperativity would not be observed these values is the apparex®® for undocking Kgock = 49),
for the multivalent cations if the specific monovalent site which agrees reasonably well with tKg.cx of 19 measured
can simply bind Na once the docked state forms in the by single-molecule experiments under these"Mmpnditions
presence of the multivalent ion. [A7 linker (27)]. For the dT4 inhibitor, the AG® for the
TheE, of 12.7 kcal/mol for the GAAA tetraloopreceptor overall reaction was measured-a8.58 kcal/mol Kp = 0.51
interaction is much smaller than what has been observed foruM at 10 mM Mg*'). A AG°® of —12.3 kcal/mol was
folding of several larger RNAs such as tBacillus subtilis calculated for formation of an A—dT:4 duplex using RNA-
RNase P (50 kcal/mol)sd) and the P4P6 (26 kcal/mol) DNA nearest-neighbor parameters, a penalty for initiation
(55) and P3-P7 (23 kcal/mol) $6) domains of theTetrahy- of a RNA—DNA duplex 33), and the same penalty described
menaribozyme. LargeE, values such as these can result above for the two terminal A-dT base pairs. This yields a
from the breaking of stable interactions in unfolded, inter- Kgock Of 530, which is significantly different from th&gocx
mediate, or misfolded states in the folding pathw&y—« of 19. Thus, this method for calculating.c Overestimates
57). Other RNAs have much smallé& values for folding, the free energy of docking, indicating that other factors
for example, the two-way junction and four-way junction besides the energy of duplex formation need to be taken into
hairpin ribozymes (£5 kcal/mol) 6£8) or the catalytic core  account to accurately model binding of the inhibitor.
of the bl5 group I intron (0.5 kcal/molpQ). Conformational Regulation of GAAA tetraloopreceptor docking with
searches have been proposed to dominate the folding rateshese complementary oligos suggests an intriguing applica-
of these RNAs %8, 60). The significantE, value for the tion, that of a RNA-based nanomolecular machine. Binding
GAAA tetraloop—receptor system suggests that the docking of the oligos results in a significant linear movement of the
rate is dominated by the breaking of stable interactions in tetraloop relative to the receptor, and this motion is reversed
the undocked state rather than by a conformational searchby removal of the inhibitor. This motion represents a two-
As noted earlier in the discussion, the receptor has signifi- stroke cycle of extension and contraction driven by oligo-
cantly different conformations in the free and receptor-bound nucleotide “fuel”. Previous studies have explored confor-
states 17, 18). Since the docked-state conformation contains mational changes in nucleic acids as potential nanodevices,
a Mg?* binding site, Mg@" would be expected to stabilize such as DNA systems that switch between (i) a G-quadruplex
this conformation even in the absence of the tetraloop. and an extended duplex, (ii) a B-form helix and a Z-form
However, EPR studies of a spin-labeled receptor domain helix, or (iii) a “tweezer” system that switches between closed
have shown that the docked-state conformation is notand open state6®). Like the G-quadruplex system, the
significantly populated in the free receptor, even at a very tetraloop-receptor device here employs hybridization of the
high Mgt concentration (125 mM)6Q). Thus, the free-  complementary oligo to switch between compact and ex-
state conformation of the receptor appears to be quite stablefended states6@). In the extended state of the tetraleop
and a significant portion of the observég may simply receptor device, both the tetraloop and the receptor are
represent the cost of breaking the favorable interactions inavailable to interact with other molecules. This property
the free state to form the docked-state conformation. could be exploited to design a system that reversibly switches
To test the effect of the Asingle-stranded linker on  between unimolecular and bimolecular states. For example,
docking in our GAAA tetraloopreceptor system, control the homodimer tetraloopreceptor system previously de-
experiments with Yand Ay linkers were performed. The  scribed by Jaeger et aR%) could be modified to function
Kaock Values measured from single-molecule FRET experi- in this way by replacing the double-stranded region between
ments for 4 and Ay are within a factor of 2 of that for A the tetraloop and the receptor with a single-stranded region.
(Table 3), demonstrating the docking equilibrium is not Inthe absence of the complementary oligo, this system would
significantly affected by the length or composition of the form an intramolecular tertiary interaction, and in the
linker. TheKgock for the Aj4 construct is slightly smaller than  presence of the oligo, the system would switch to the dimer
that for A;, which may simply reflect a somewhat larger state.
entropic cost for docking in the /A construct. Weaker base The single-molecule kinetic data for the,AJ;, and A4
stacking for an oligo U compared to an oligo A sequence constructs yield nearly identicdngock Values, with small
makes the Wlinker more flexible than the Alinker, leading differences for thekyock Values (Table 3). Thus, disruption
to the slightly largeKgqock for the U; construct. These results  of interactions between the tetraloop and receptor associated
are confirmed by the ensemble FRET measurements, whichwith the undocking reaction does not appear to be affected
show similarKy, values and Hill coefficients for the three by the linker length or composition. However, the linker may
linkers (Table 3). have a small effect on the docking reaction by changing the
Another estimate forKgck can be obtained from the rate of collision between the two domains. The rate constant
inhibitor studies on the A& construct. If we assume the for collision between two RNA domains joined by a short
reaction in Figure 6a consists of two steps, disruption of the flexible tether (such as a single-stranded domain) has been
docking interaction and formation of an;A-Ui4 duplex, estimated to bex1(® s (45). This value is orders of
then theAG® for the overall reaction is the sum of tiAgz° magnitude greater than thg..« values measured here for
values for the two steps. For thedinhibitor, the AG® for the tetraloop-receptor system~10 s%). A simple inter-
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passive flexible tether. Thus, the “@ld difference in
(intramolecular) Kgock between a flexible linker and the
optimized homodimer system should not be unexpected and
emphasizes the critical effect that optimal positioning can

have in stabilizing RNA tertiary interactions.

Scheme 1
- 8 np-1
Ky,=2x10°M -
i
<
K =
K. =103 M1 dock
A 2x10°
— —
+ — —
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SUPPORTING INFORMATION AVAILABLE

pretation for this large difference is that only a small fraction

Figure S1 shows fluorescence-imaged native polyacryl-

of the collisions result in docking, as has been proposed for @Mide gels on the Aconstruct and various combinations of

other RNAs #5). Thus, the rate constant for conversion of its constituent single-oligonucleotide strands. This material
the free receptor conformation to the bound receptor IS available free of charge via the Internet at http:/
conformation is likely much smaller than the rate constant Pubs.acs.org.

for collision of the tetraloop and receptor domains.

The similarities in the kinetic and equilibrium data for the
different linkers (Table 3) indicate that the single-stranded
linker acts primarily as a passive tether between the GAAA
tetraloop and receptor. Thus, is it instructive to compare the
results with those for the homodimer tetraleapceptor 3
system discussed above, where the system was designed to
position optimally a tetraloop for docking to its recept®b)(

This homodimer system (which is stabilized by two GAAA
tetraloop-receptor contacts) haska of 2.3 x 10° M1 (Kp

of 4.3 nM) at 15 mM Mg". Formation of the homodimer
can be described by the two-step reaction illustrated in

Scheme 1. Th&, for the first step can be estimated as the 6

Ka for bimolecular binding of a single GAAA tetraloop and
receptor, which was previously measured todak x 10° 7
M-t at 15 mM Mg" (24) (Kp ~ 3 mM, which is divided

by 4 here to account for the self-complementary homodimer
construct). Since the equilibrium constants for both the 4
overall reaction and first step are knovify.c for the second

step is calculated as & 1C°. The second step is more 9.

favorable because the first step includes a high entropic cost
for bringing the two molecules together. Thus, the second
step is effectively an intramolecular docking event. TKis«

of 2 x 10° can then be compared with the intramolecular
A7 system, wherégock = 19 (at 10 mM Md@") (27). This
10*-fold difference inKgock for these two systems is quite
striking. To try to understand the origin of this difference, a
simple model was used to estima{g,.« for a completely
flexible linker. This model assumes that the only function
of the linker is to restrict the accessible volume for the
GAAA tetraloop relative to the receptor. For the Knker,

the accessible volume is modeled as a sphere with a radius
of ~38 A (the maximum combined length of the linker and
the tetraloop domain). The effective concentration of the
tetraloop domain in this volume is 14 mM (assuming 50%
of the volume is excluded by steric hindrance). The previ-
ously measuredp of ~4 mM (at 10 mM Mg") for the
bimolecular association of a GAAA tetraloop and receptor
(24) predicts 80% occupancy of the docked state at an
effective tetraloop concentration of 14 mM, which corre-
sponds to &gock Of 4 for an intramolecular system. This
prediction agrees reasonably well with the previously
measureqoc« 0f 19 for the A construct 27). These results
confirm that the single-stranded linker is modeled well by a

15

4.

10.

11.

12.

13.

14.

REFERENCES
1.

Cech, T. R. (2000) The ribosome is a ribozy®eience 289878—
879.

2. Moore, P. B., and Steitz, T. A. (2002) The involvement of RNA

in ribosome functionNature 418 229-235.

. Doudna, J. A., and Cech, T. R. (2002) The chemical repertoire of

natural ribozymesNature 418 222—228.
Tinoco, I., Jr., and Bustamante, C. (1999) How RNA foldls,
Mol. Biol. 293 271-281.

5. Khvorova, A., Lescoute, A., Westhof, E., and Jayasena, S. D.

(2003) Sequence elements outside the hammerhead ribozyme
catalytic core enable intracellular activitiat. Struct. Biol. 10
708-712.

Rupert, P. B., and Ferre-D’Amare, A. R. (2001) Crystal structure
of a hairpin ribozyme-inhibitor complex with implications for
catalysis,Nature 410 780-786.

. Nissen, P., Ippolito, J. A., Ban, N., Moore, P. B., and Steitz, T.

A. (2001) RNA tertiary interactions in the large ribosomal
subunit: The A-minor motifProc. Natl. Acad. Sci. U.S.A. 98
4899-4903.

. Puglisi, J. D., Wyatt, J. R., and Tinoco, I., Jr. (1990) Conformation

of an RNA pseudoknot]. Mol. Biol. 214 437-453.

Moore, P. B. (1999) Structural motifs in RNAANNnu. Re.
Biochem. 68287—300.

Batey, R. T., Rambo, R. P., and Doudna, J. A. (1999) Tertiary
motifs in RNA structure and foldingangew. Chem., Int. Ed. 38
2326-2343.

Costa, M., and Michel, F. (1995) Frequent use of the same tertiary
motif by self-folding RNAs,EMBO J. 14 1276-1285.

Murphy, F. L., and Cech, T. R. (1994) GAAA tetraloop and
conserved bulge stabilize tertiary structure of a group | intron
domain,J. Mol. Biol. 236 49-63.

Tanner, M. A, and Cech, T. R. (1995) An important RNA tertiary
interaction of group | and group Il introns is implicated in Gram-
positive RNase P RNARRNA 1 349-350.

Massire, C., Jaeger, L., and Westhof, E. (1998) Derivation of the
three-dimensional architecture of bacterial ribonuclease P RNAs
from comparative sequence analysisiiol. Biol. 279 773-793.

. Heus, H. A., and Pardi, A. (1991) Structural features that give

rise to the unusual stability of RNA hairpins containing GNRA
loops, Science 253191-194.

.Jucker, F. M., and Pardi, A. (1995) GNRA tetraloops make a

U-turn, RNA 1, 219-222.

. Butcher, S. E., Dieckmann, T., and Feigon, J. (1997) Solution

structure of a GAAA tetraloop receptor RNEMBO J. 16 7490~
7499.

. Cate, J. H., Gooding, A. R., Podell, E., Zhou, K., Golden, B. L.,

Kundrot, C. E., Cech, T. R., and Doudna, J. A. (1996) Crystal
structure of a group | ribozyme domain: Principles of RNA
packing,Science 2731678-1685.

19. Krasilnikov, A. S., Yang, X., Pan, T., and Mondragon, A. (2003)

Crystal structure of the specificity domain of ribonuclease P,
Nature 421 760—-764.



Properties of Intramolecular GAAA TetralosfReceptor Docking

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Davis, J. H., Tonelli, M., Scott, L. G., Jaeger, L., Williamson, J.
R., and Butcher, S. E. (2005) RNA helical packing in solution:
NMR structure of a 30 kDa GAAA tetraloop-receptor complex,
J. Mol. Biol. 353 371-382.

Guo, F., Gooding, A. R., and Cech, T. R. (2004) Structure of the
Tetrahymenaibozyme: Base triple sandwich and metal ion at
the active siteMol. Cell 16 351-362.

Young, B. T., and Silverman, S. K. (2002) The GAAA tetraloop-
receptor interaction contributes differentially to folding thermo-
dynamics and kinetics for the P£6 RNA domainBiochemistry
41, 12271-12276.

Abramovitz, D. L., and Pyle, A. M. (1997) Remarkable morpho-
logical variability of a common RNA folding motif: The GNRA
tetraloop-receptor interactiod, Mol. Biol. 266 493—506.

Qin, P. Z., Butcher, S. E., Feigon, J., and Hubbell, W. L. (2001)
Quantitative analysis of the isolated GAAA tetraloop/receptor
interaction in solution: A site-directed spin labeling study,
Biochemistry 406929-6936.

Jaeger, L., and Leontis, N. (2000) Tecto-RNA: One-dimensional
self-assembly through tertiary interactioAsigew. Chem., Int. Ed.
39, 2521-2524.

Jaeger, L., Westhof, E., and Leontis, N. B. (2001) TectoRNA:
Modular assembly units for the construction of RNA nano-objects,
Nucleic Acids Res. 29155-463.

Hodak, J. H., Downey, C. D., Fiore, J. L., Pardi, A., and Nesbitt,
D. J. (2005) Docking kinetics and equilibrium of a GAAA
tetraloop-receptor motif probed by single-molecule FREMQc.
Natl. Acad. Sci. U.S.A. 1020505-10510.

Grosshans, C. A,, and Cech, T. R. (1989) Metal ion requirements
for sequence-specific endoribonuclease activity offteieahymena
ribozyme,Biochemistry 286888-6894.

Murray, J. B., Seyhan, A. A., Walter, N. G., Burke, J. M., and
Scott, W. G. (1998) The hammerhead, hairpin and VS ribozymes
are catalytically proficient in monovalent cations alo@hem.
Biol. 5, 587—595.

Harada, Y., Sakurada, K., Aoki, T., Thomas, D. D., and Yanagida,
T. (1990) Mechanochemical coupling in actomyosin energy
transduction studied by in vitro movement assayMol. Biol.

216, 49-68.

Jou, R. W., and Cowan, J. A. (1991) Ribonuclease-H activation
by inert transition-metal complexes. Mechanistic probes for
metallocofactors: Insights on the metallobiochemistry of divalent
magnesium-ionJ. Am. Chem. Soc. 118685-6686.

Young, K., Gill, F., and Grasby, J. (1997) Metal ions play a passive
role in the hairpin ribozyme catalysed reactidlucleic Acids Res.

25, 3760-3766.

Sugimoto, N., Nakano, S., Katoh, M., Matsumura, A., Nakamuta,
H., Ohmichi, T., Yoneyama, M., and Sasaki, M. (1995) Thermo-
dynamic parameters to predict stability of RNA/DNA hybrid
duplexes Biochemistry 3411211-11216.

Xia, T., SantalLucia, J., Jr., Burkard, M. E., Kierzek, R., Schroeder,

S. J., Jiao, X., Cox, C., and Turner, D. H. (1998) Thermodynamic

parameters for an expanded nearest-neighbor model for formation
of RNA duplexes with WatsonCrick base pairsBiochemistry

37, 14719-14735.

Pyle, A. (2002) Metal ions in the structure and function of RNA,
J. Biol. Inorg. Chem. 7679-690.

Draper, D. E., Grilley, D., and Soto, A. M. (2005) lons and RNA
folding, Annu. Re. Biophys. Biomol. Struct. 3221-243.

Misra, V. K., and Draper, D. E. (2002) The linkage between
magnesium binding and RNA folding, Mol. Biol. 317 507—
521.

Bokinsky, G., Rueda, D., Misra, V. K., Rhodes, M. M., Gordus,
A., Babcock, H. P., Walter, N. G., and Zhuang, X. (2003) Single-
molecule transition-state analysis of RNA foldingroc. Natl.
Acad. Sci. U.S.A. 10®302-9307.

Lakowicz, J. R. (199%rinciples of Fluorescence Spectroscppy
2nd ed., Kluwer Academic/Plenum Publishers, New York.
Tuschl, T., Gohlke, C., Jovin, T. M., Westhof, E., and Eckstein,
F. (1994) A three-dimensional model for the hammerhead
ribozyme based on fluorescence measuremeatence 266785
789.

41.

42.

43.

44,

45,

46.

47.

49.

50.

51.
52.

53.

54.

@]

58.

50.

60.

61.

62.
63.

7.

Biochemistry, Vol. 45, No. 11, 20068673

Walter, N. G., Harris, D. A., Pereira, M. J., and Rueda, D. (2001)
In the fluorescent spotlight: Global and local conformational
changes of small catalytic RNABiopolymers 61224-242.
Penedo, J. C., Wilson, T. J., Jayasena, S. D., Khvorova, A., and
Lilley, D. M. (2004) Folding of the natural hammerhead ribozyme
is enhanced by interaction of auxiliary elemeiR$§A 10 880—

888.

Zhuang, X., Bartley, L. E., Babcock, H. P., Russell, R., Ha, T.,
Herschlag, D., and Chu, S. (2000) A single-molecule study of
RNA catalysis and foldingScience 2882048-2051.

Kim, H. D., Nienhaus, G. U., Ha, T., Orr, J. W., Williamson, J.
R., and Chu, S. (2002) Mg-dependent conformational change
of RNA studied by fluorescence correlation and FRET on
immobilized single moleculesroc. Natl. Acad. Sci. U.S.A. 99
4284-4289.

Bartley, L. E., Zhuang, X., Das, R., Chu, S., and Herschlag, D.
(2003) Exploration of the transition state for tertiary structure
formation between an RNA helix and a large structured RBIA,
Mol. Biol. 328 1011-1026.

Nahas, M. K., Wilson, T. J., Hohng, S., Jarvie, K., Lilley, D. M.,
and Ha, T. (2004) Observation of internal cleavage and ligation
reactions of a ribozyme\at. Struct. Mol. Biol. 1111071113.
Brannvall, M., Mikkelsen, N. E., and Kirsebom, L. A. (2001)
Monitoring the structure oEscherichia coliRNase P RNA in
the presence of various divalent metal ioNsicleic Acids Res.
29, 1426-1432.

. Streicher, B., von Ahsen, U., and Schroeder, R. (1993) Lead

cleavage sites in the core structure of group | intron-RNAgleic
Acids Res. 21311-317.

Smith, D., Burgin, A., Haas, E., and Pace, N. (1992) Influence of
metal ions on the ribonuclease P reaction. Distinguishing substrate
binding from catalysis,. Biol. Chem. 26,/2429-2436.
Heilman-Miller, S. L., Thirumalai, D., and Woodson, S. A. (2001)
Role of counterion condensation in folding of thetrahymena
ribozyme. |. Equilibrium stabilization by cationd, Mol. Biol.

306, 1157~1166.

Wilson, T. J., and Lilley, D. M. (2002) Metal ion binding and the
folding of the hairpin ribozymeRNA § 587—600.

Deras, M. L., Brenowitz, M., Ralston, C. Y., Chance, M. R., and
Woodson, S. A. (2000) Folding mechanism of fhetrahymena
ribozyme P4-P6 domain Biochemistry 3910975-10985.

Basu, S., Rambo, R. P., Strauss-Soukup, J., Cate, J. H., Ferre-
D’Amare, A. R., Strobel, S. A., and Doudna, J. A. (1998) A
specific monovalent metal ion integral to the AA platform of the
RNA tetraloop receptorat. Struct. Biol. 5986—992.

Pan, T., and Sosnick, T. R. (1997) Intermediates and kinetic traps
in the folding of a large ribozyme revealed by circular dichroism
and UV absorbance spectroscopies and catalytic actiMat,
Struct. Biol. 4 931-938.

. Silverman, S. K., Deras, M. L., Woodson, S. A., Scaringe, S. A.,

and Cech, T. R. (2000) Multiple folding pathways for the-f6
RNA domain,Biochemistry 3912465-12475.

. Rook, M. S., Treiber, D. K., and Williamson, J. R. (1998) Fast

folding mutants of thelTetrahymenagroup | ribozyme reveal a
rugged folding energy landscapk, Mol. Biol. 281 609-620.
Silverman, S. K., and Cech, T. R. (2001) An early transition state
for folding of the P4-P6 RNA domainRNA 7 161-166.
Pljevaljcic, G., Klostermeier, D., and Millar, D. P. (2005) The
tertiary structure of the hairpin ribozyme is formed through a slow
conformational searctBiochemistry 444870-4876.

Buchmueller, K. L., Webb, A. E., Richardson, D. A., and Weeks,
K. M. (2000) A collapsed non-native RNA folding statsat.
Struct. Biol. 7 362—366.

Treiber, D. K., and Williamson, J. R. (2001) Beyond kinetic traps
in RNA folding, Curr. Opin. Struct. Biol. 11309-314.

Qin, P. Z., Feigon, J., and Hubbell, W. L. (2005) Site-directed
spin labeling studies reveal solution conformational changes in a
GAAA tetraloop receptor upon Mg-dependent docking of a
GAAA tetraloop,J. Mol. Biol. 351 1-8.

Seeman, N. C. (2005) From genes to machines: DNA nano-
mechanical devicegrends Biochem. Sci. 3019-125.

Alberti, P., and Mergny, J.-L. (2003) DNA duplex-quadruplex
exchange as the basis for a nanomolecular macRireg,. Natl.
Acad. Sci. U.S.A. 100569-1573.

BI10520941



