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ABSTRACT. The pathways by which large RNAs adopt tertiary structure are just beginning to be explored,
and new methods that reveal RNA folding are highly desirable. Here we report an assay for RNA tertiary
folding in which the fluorescence of a covalently incorporated chromophore is monitored. Folding of the
160-nucleotideTetrahymenagroup | intron P4P6 domain was used as a test system. Guided by the
P4—P6 X-ray crystal structure, we chose a nucleotide (U107) for which derivatization at-fluesifion

should not perturb the folded conformation. A 15-mer RNA oligonucleotide witharfno substitution

at U107 was derivatized with a pyrene chromophore on a variable-length tether, and then ligated to the
remainder of P4 P6, providing a site-specifically pyrene-labeled-H?5 derivative. Upon titration of the
pyrene-derivatized P4P6 with Mg, the equilibrium fluorescence intensity reversibly increased several-
fold, as expected if the probe’s chemical microenvironment changes as the RNA to which it is attached
folds. The concentration and specificity of divalent ions required to induce the fluorescence chafge (Mg
~ C&" > SP") correlated well with biochemical folding assays that involve nondenaturing gel
electrophoresis. Furthermore, mutations in-6 remote from the chromophore that shifted the?Mg
folding requirement on nondenaturing gels also affected in a predictable way therdtgiirement for

the fluorescence increase. Initial stopped-flow studies with millisecond time resolution suggest that this
fluorescence method will be useful for following the kinetics of-#b tertiary folding. We conclude

that a single site-specifically tethered chromophore can report the formation of global structure of a large
RNA molecule, allowing one to monitor both the equilibrium progress and the real-time kinetics of RNA
tertiary folding.

As more high-resolution RNA structures become available, associated chromophore is typically exposed to a different
greater attention is being devoted to determining the path- microenvironment, altering its fluorescence properties. Be-
ways by which large RNAs adopt tertiary structure. Available cause these properties respond extremely rapidly to envi-
methods for following the kinetics of RNA tertiary folding ronmental changes, folding events may be monitored on the
include chemical modificationl], oligonucleotide hybridiza-  millisecond or faster time scale. For RNA, fluorescence can
tion (2—4), ultraviolet cross-linking §), and synchrotron  provide at least 1 order of magnitude more time resolution
hydroxyl radical footprinting ). The first three types of  than is available with the other analytical methods described
experiment can provide information only on the 10 s or above [comparable time resolution has been reported for
slower time scale. The newly described synchrotron hydroxyl RNA folding and unfolding using rapid absorbance measure-
radical footprinting method6@] is capable of resolving 20  ments 7—9)]. Additionally, fluorescence spectrometers and
ms folding events and has exquisite spatial resolution, stopped-flow cells are readily accessible, so the technique
monitoring the accessibility of each nucleotide separately. may be used widely.

On the other hand, it has an inherently low signal-to-noise  Fluorescence is often used to monitor protein folding and
ratio and requires access to a synchrotron. unfolding @0), by following fluorescence changes both of

Fluorescence assays have many advantages for monitoringhe natural tryptophan chromophorEl( 12) and of probes
protein or RNA folding events. A chromophore’s fluores- either covalently attached or noncovalently associated.
cence intensity or emission spectrum, or both, may be Several studies have also investigated RNA conformational
extremely sensitive to chemical microenvironment. As a changes with fluorescence techniques. Two-chromophore
biomolecule folds, a covalently attached or noncovalently fluorescence resonance energy transfer (FRET) experiments
are common 13, 14), and a few time-resolved FRET
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Ficure 1. P4-P6 domain of th& etrahymenaroup | intron RNA.

(A) Secondary structure model of PB6. Mutation of unpaired
bases in the J5/5a hinge region to form base pairs creates the P4
P6-bp mutant, which cannot undergo tertiary folding. The first 15
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nestles against the R46 subdomain, resulting in a compact
structure that is stabilized by several Mdgons 7, 30).
When in the context of the whole ribozyme, the-H26
domain folds to the compact state with half-life on the order
of 1 s asdetermined by synchrotron hydroxyl radical
footprinting 6). The study presented here describes equi-
librium fluorescence measurements with pyrene-labeled P4
P6 that validate the use of a tethered fluorescencent
chromophore in tracking Mg-induced P4P6 tertiary
folding. In addition, initial stopped-flow experiments (with
~1 ms time resolution) suggest that this fluorescence
technique will be useful in resolving the real-time kinetics
of P4—P6 tertiary folding. This method may be able to be
generalized to the tertiary folding of many large RNAs.

MATERIALS AND METHODS

Cloning, RNA Preparation, and Radiolabelingild-type
P4—-P6 (denoted P4P6-wt) was the natural sequence
previously reportedq7) encoded by a plasmid derived from
the pTZL-21 construct31). The J5/5a-base-paired mutant
of P4—P6 (P4-P6-bp) was also as previously report&@)(
in the pUC19 vector. Plasmid DNAs encoding-H26 RNAs

nucleotides of the 160-nucleotide domain are shown explicitly; these Missing the first 15 nucleotideA(5-P4-P6 constructs) were

were synthesized as an oligonucleotide and ligated to a 145-

nucleotide T7 transcript that comprises the remainder of P!
(A15-P4-P6, shown as a continuous solid line). Nucleotide U107
(bold, sixth base from the'®nd) was substituted with its-2mino
analogue and derivatized with pyrene to form the fluorescently
labeled P4-P6 RNAs used in this study. (B) A space-filling model
of P4—P6 (light), with the pyr3 chromophore (dark) appended at
the 2-amino of nucleotide U107. The P46 portion of the model

is derived from the P4P6 X-ray crystal structure2{). The
molecule is shown looking directly from the right of the structure

prepared by PCR from the P46-wt or P4-P6-bp plasmids.
All A15-P4-P6 constructs were subcloned into puC19 and
verified by automated sequencing over both ligation sites.
All plasmids were linearized witkarl. RNA was transcribed

in vitro using T7 RNA polymerase prepared by A. Gooding
in the Cech lab. Transcription conditions for full-length-P4
P6 RNAs were as follows: 2@g/mL linearized plasmid
DNA, 40 mM Tris (pH 8.0), 40 mM DTT, 30 mM MgGJ

in panel A (image generated with the program O). The chromophore €ach NTP at 4 mM, 2 mM spermidine, 26, and 15-20
and tether are shown in a relatively extended conformation pointing h. Transcription conditions foA15-P4-P6 RNAs were as

away from the bulk of P4P6, although the true conformation in
fully folded P4-P6 is unknown.

RNA tertiary folding event 19). Here we describe the use
of pyrene attached covalently and site-specifically to an
internal 2-amino of a large RNA, a method made possible
by the availability of 2-amino-2-deoxynucleoside phos-
phoramidites22—24). Such internal labeling offers a much
wider array of possible derivatization sites, in comparison
to only one 5end and one'3end per molecule. We chose

follows: 20 ug/mL linearized plasmid DNA, 40 mM Tris
(pH 8.0), 10 MM DTT, 10 mM MgCl each NTP at 1 mM,

10 mM GMP, 2 mM spermidine, 37C, and 5 h (note that
GMP was included so that the majority of the transcripts
have a 5monophosphate as required for the splint ligations
as described below). RNA was purified by PAGE, isolated,
and quantified as described previousdg). For radiolabel-
ing, 25-50 pmol of RNA was dephosphorylated (if required)
with calf intestinal phosphatase (CIP, Boehringer), and then
incubated with 25 pmol of[-*2P]JATP (6000 Ci/mmol, NEN)

pyrene over other commonly used chromophores such asyng 10 units of T4 polynucleotide kinase (PNK, New

fluorescein 21, 25) because the fluorescence intensity of

England Biolabs) for 1830 min, followed by PAGE

pyrene depends particularly strongly on environment when purification.

attached to nucleic acid26).

Preparation of Pyrene-Deratized RNASOur strategy for

As a test system for our fluorescence studies, we selectedyreparing pyrene-derivatized P26 relies on site-specific

the 160-nucleotide P4P6" domain of theTetrahymena
group | intron (Figure 1), for which a crystal structure is
available 27). Previous work has shown that the folding of
the group | intron does not depend on the direction from
which the folding equilibrium is approache@8g), and we
have demonstrated this for P26 itself £9). The uni-
molecular tertiary folding of P4P6 is initiated by addition
of Mg?* ions. In the folded state, the P5abc subdomain

1 Abbreviations: P4P6, P4-P6 domain of th& etrahymenaroup
I intron RNA; P4-P6-bp, the J5/5a-base-paired mutant of-P# that
is locked into a structure unable to undergo the major tertiary folding
transition; PAGE, polyacrylamide gel electrophoresis; Tris, tris-
(hydroxymethyl)laminomethane; EDTA, ethylenediaminetetraacetic acid;
TEMED, N,N,N',N'-tetramethylethylenediamine.

substitution of a single’'zhydroxyl group of an oligonucle-
otide with a 2-amino group, followed by reaction of thé-2
amino with a suitably activated pyrene derivative. Because
the oligonucleotide bearing thé-2mino group is only a
fragment of P4P6, the pyrene-labeled oligonucleotide must
then be ligated to the remainder of PR6. To derivatize
2'-amino groups, we used two activated pyrene reagents, the
N-hydroxysuccinimide (NHS) estersyr3-NHS and pyrl-
NHS (Figure 2A). Both reagents are commercially available
from Molecular Probes (Eugene, OR), and Aldrich offers
pyr3-NHS. The chromophore designations pyrl and pyr3

were chosen because there are one and three saturated carbon

atoms, respectively, in the linker between the pyrene chro-
mophore and the carbonyl to which th&ahino is con-
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Ficure 2: Reagents and strategies for preparing pyrene-derivatized RNA. (A) Activated pyrene deripatB$HS and pyrl-NHS.

The number after pyr represents the length in atoms of the saturated tether. (B) The reapyitBilHS with a generic 2amino-RNA

to provide a pyr3-derivatized RNA, denoted RNA(pyr3). Thdégdroxyl groups are shown explicitly on a stylized RNA backbone (bases
omitted for clarity); a single 2hydroxyl group is site-specifically substituted with ‘agnino group. (C) The “derivatization then ligation”
strategy for preparing pyr3-labeled PR6, as described in the text15-P4-P6 (striped bar) is the 145-nucleotide-F6 transcript missing
the first 15 bases, which are provided by the modified oligonucleotide (solid bar).

nected. RNAs derivatized with these chromophores are
denoted RNA(pyr3) and RNA(pyrl) (Figure 2B).

Our two-step strategy for preparing PR6 derivatized
with either pyr3 or pyrl at the'zamino of nucleotide U107
is shown in Figure 2C. In step 1, an RNA oligonucleotide
comprising the first 15 nucleotides (nucleotides +026)
of P4—P6 with a 2-amino-U substitution at position 107
was derivatized withpyr3-NHS or pyrl-NHS and purified
by 20% PAGE (the pyrene group produces a gel shift
approximately equal to that caused by one additional
nucleotide). The derivatization conditions were optimized
using a radiolabeled oligonucleotide, as described in detail
in the Supporting Information; a typical procedure is
described below. In step 2, the pyrene-derivatized 15-mer
was ligated with the aid of a DNA splint to a T7 transcript
comprising the remaining 145 nucleotides of-fRb (aA15-
P4—P6 transcript) and then purified by PAGE (see strategy
1 in ref 29). The U107(pyr3) or U107(pyrl) group did not
interfere with the ligation reaction.

Representatie Procedure for Step 1 of the Synthetic
Strategy Depicted in Figure 2C: Deiatization of a 15-
mer 2-Amino Oligonucleotide witlpyr3-NHS. To 25 nmol
of 15-mer 2-amino oligonucleotide (prepared on an Applied
Biosystems synthesizer or purchased from IDT, Coralville,
IA) in 120 uL of water were added 4L of 1 M sodium
phosphate (pH 8.0), 46L of 1 mM EDTA, and 100uL of
DMF. To this was added 10@L of 200 mM pyr3-NHS in
DMF, providing 400uL of a mixture containing 62.xM

RNA, 50 mM pyr3-NHS, 100 mM sodium phosphate (pH
8.0), 0.1 mM EDTA, and 50% DMF. The cloudy white
mixture was maintained at 60C for 4 h with occasional
vortexing, and then the reaction was quenched with 1 mL
of cold ethanol and the mixture kept aR0 °C for several
hours. The crude product was precipitated by centrifugation
at 14 000 rpm and redissolved as much as possible in 250
uL of TE (pH 8.0) and 50Q:L of a solution containing 80%
formamide, x TBE, 50 mM EDTA, 0.025% bromphenol
blue, and 0.025% xylene cyanol. The product was purified
by 20% PAGE as described previousBg), providing 4.9~

6.6 nmol (20-26%) of pyr3-labeled 15-mer. The same
reaction conditions gave comparable yields vpiin1-NHS.

Nonspecific side reactions of oligonucleotides with amino-
reactive reagents have been repor&8).(Any side reaction
of the 15-mer oligonucleotide with the pyrene-NHS reagent
at a site other than the desired-@mino will provide a
product with a molecular weight equal to that of the properly
derivatized oligonucleotide. On PAGE, such singly labeled
side products will likely comigrate with the desired product.
Therefore, we sought to demonstrate that most of the gel-
purified pyrene-labeled 15-mer was derivatized at the correct
site. HPLC analysis of the purified pyr3-labeled 15-mer
showed that only~3% of the material was an unidentified
product that perhaps resulted from labeling with pyr3 at a
site(s) other than the'amino site. An additionatd8% of
the material was the underivatized 15-mer, which cannot lead
to any signals in the fluorescence experiments. We reacted
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13-mers of A, C, and U as well as (Ag®) with pyr3-NHS

to determine if one specific base is responsible for any side Mg2+ Ca2+ Sr2+

products (PAGE analysis; data not shown). These experi- iget! pyr3 pyr3 oyr3

ments suggested that more than one nucleotide base may be wt bp "Wt Bp'wt bp Wt bp Wi bp' wt bp "Wl bp’

the source of any side reactivity, but further experimentation

is required to determine the precise nature of any side unfolded—>  # — .5

product(s). folded — il 4 - | mM
In a second synthetic strategy, the derivatization and e

ligation steps were reversed relative to those depicted in - e - * 20

Figure 2C. First, the underivatized'-@mino-substituted - - - |- mM

oligonucleotide was ligated th15-P4-P6, and then the full-

length 160-nucleotide construct was derivatized under the

same conditions used for the 15-mer in the first strategy.

However, we determined that pyrene-derivatized-P8 B
prepared using this second strategy has an unacceptable level ~ 1.207
of nonspecific pyrene labeling. In a key test, the wild-type {| —®— wild-type
P4—P6 transcript containing no’-2mino group was sub- || EWorieyrd)
jected to the derivatization conditions wiglyr3-NHS and
then purified by PAGE (the gel shift due to pyr3 is negligible
for a 160-mer). The product was found to be labeled with
pyrene to the extent that fluorescence signals could readily
be observed. Therefore, we cannot be confident that any
signals from material prepared by the second, ligation
derivatization strategy are due to site-specifically incorpo-
rated pyrene. Apparently, the larger number of potentially ]
reactive sites on a 160-nucleotide RNA versus a 15- 1.00
nucleotide oligomer raises the chances of incorrect modifica- 1

tion such that the level of nonspecific labeling is unaccept- o1 T
able. It is conceivable that such nonspecific labeling could [Mg2+], mM

prove to be useful in some C|r_cumstar_19es. quever, for the IGURE 3: Nondenaturing gel electrophoresis of pyrene-labeled P4

study presented, we desired site-specific labeling, so we usetbg RNA shows that the pyrene label does not significantly disrupt

only the strategy depicted in Figure 2C. folding. (A) Nondenaturing gel electrophoresis of the wild-type (wt)
Very recently, we have synthesized a uridine derivative ang élgfm'(\iﬂeg Cer\tmld((l3r|)_)| g)‘]P? Eé\I:AS'tir? ]'}t<hTB|v|[§}g rg'\;ﬁTriS

; ; o : et an mM boric aci a with either , , or

n which pyrene s Incorp(_)ra_ted Into a phosphoramldlte_for S, Lanes not additti))naIIy marked contained full-length T7

direct solid-phase synthesis (in collaboration with S. ScarlngetramscriptS of P4P6-wt and P4P6-bp not labeled with pyrene.

at Dharmacon Research, Boulder, CO) of pyrene-labeledThe lanes labeled “lig ctrl” in addition contained ligation controls

oligoribonucleotides (S. K. Silverman, unpublished results). in which unlabeled P4P6-wt was prepared by ligation of an

This allows preparation of significantly greater quantities unmodified oligonucleotide (ndzmino substitution) t\15-P4-

S I ] P6 according to the strategy described in the legend of Figure 2.
(hundreds of nanomoles) of site-specifically pyrene-labeled The lanes marked “pyr3” in addition contained the pyr3-labeled

oligonucleotides that are highly pure. We examined th_e RNAs P4-P6-wt-U107(pyr3) and P4P6-bp-U107(pyr3). Note that

fluorescence of several pyrene-labeled RNAs prepared usingvig?+ and C&" promote P4 P6 folding to approximately equivalent
this new phosphoramidite, and the results were indistinguish- extents, while St starts to induce folding only at a much higher
able from those shown in the figures (data not shown). In concentration. (B) Dependence of gel mobility on¥goncentra-

; tion. The mobility of each P4P6 derivative relative to that of the
particular, because all components of the fluorescenceunfolded control P4P6-bp at various Mg concentrations was

titration curves were present for PR6 derivatives prepared  measured, and the data were fit as described previogs)y The
using the new phosphoramidite, none of these componentgMg?*],, values for P4-P6-wt and P4P6-wt-U107(pyr3) deter-

is due to pyrene labeling at unanticipated sites of RNA mined with the same set of gels were 0.65 and 0.81 mM,
prepared by the strategy depicted in Figure 2C. respectively (the P4P6-wt [Mg?*]» value is the average of several

Al Spect ilibrium fi determinations). The fit value of the MigHill coefficient for the
uorescence Spectroscofisquilibrium fluorescence mea- 13 gerivative (3.3 for the data shown) was approximately the

surements were performed using a SLM 48000S spectrom-same as for P4P6-wt (3.7 for the data shown). As described in
eter. The cuvette holder was maintained at°Z5with a Materials and Methods, the [M¢]1/, values provide an estimate

recirculating water bath. In a typical titration procedure, the for the tertiary foldingAAG®" due to the U107(pyr3) group of 0.5
desired buffer was placed in a 1.4 mL cuvette (Uvonic type keal/mol.

9F, 10 mm light path) and the blank emission spectrum was stock solution (100 mM 01 M MgCl,, CaCh, SrCh, or
recorded (excitation wavelength of 340 nm, excitation and NaCl, or 0.5 M EDTA at pH 8.0, all in water) was added,;
emission band-pass settings of 4 and 8 nm, 1 nm resolution,the sample was manually mixed, and the emission spectrum
and 10 averages per data point). RNA was added to a finalwas re-recorded. Because-FP#6 folding occurs on the-1
concentration of~300 nM from a water stock solution; the s time scale ), the ~1 min mixing time was sufficient to
sample was manually mixed with a Pasteur pipetférmin, ensure complete folding after every aliquot was added.
and the emission spectrum was re-recorded. Subtraction ofSubtraction of the blank emission spectrum and multiplicative
the blank emission spectrum provided the RNA-only emis- correction for dilution relative to the RNA-only sample
sion spectrum (e.g., spectrum A in Figure 4). An aliquot of provided the corrected emission spectra (e.g., spectia B

1.5
1.10-

1.05-

mobility relative to P4—P6-bp
a
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30 A: RNA only 4,0__ A 10mM Tris, pH 8.0 Compgnem i WUMg2+
o B: + Mg®* (5 mM)
1 C: + EDTA (5 mM)
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Ficure 4: Fluorescence intensity changes for pyrene-labeled P4
P6 are due to reversible events. The fluorescence emission spectrum
of a sample of 300 nM P4P6-wt-U107(pyr3) in 10 mM Tris at

pH 8.0 and 25°C was recorded (A) as is, (B) after addition of
Mg?* to a final concentration of 5 mM, (C) after subsequent
addition of EDTA to a final concentration of 5 mM ([Mg]
remained~5 mM, so free [M@'] ~ 0), and (D) after further
addition of Mg* to a final concentration of 20 mM ([EDTA¥

10 mM, so free [M§"] ~ 10 mM). Not shown is a spectrum
recorded between C and D for which more EDTA was added to a
final concentration of 10 mM (free [Md] ~ 0); the spectrum was
almost identical to spectrum C. The spectrum of a 10 mM Tris
blank was subtracted from each spectrum before multiplicative
correction for dilution, as described in Materials and Methods. The |

fluorescence emissiothay differed by <2 nm for all spectra. The 10—

relative intensity is plotted in arbitrary units, normalized so that M LN
the peak intensity of spectrum A is 1. )

4.0 B 1x TB (89 mM each Tris, borate, pH 8) wiMge+

component A
3.0

2.0

relative fluorescence intensity

in Figure 4). Corrections for dilution were15% for final
Mg?* concentrations of 4100 mM and up to~70% for
the highest final M§" concentration of 400 mM. 4.0J] € 200 mM Tris, pH 8.0 + 200 mM NaCl
Two concerns with the fluorescence method are dilution
correction and photobleaching. First, correction for dilution
after addition of stock solution aliquots may introduce
artifacts if the fluorescence intensity of the sample is not
linear with respect to chromophore concentration (if, for
example, the sample aggregates). Second, repeated acquisi-
tion of emission spectra may lead to photobleaching (excited-
state chromophore reacting with dissolved oxygen) and a
loss of emission intensity. The titration method of adding
small aliquots of stock solutions followed by manual mixing
may exacerbate photobleaching by resaturating the cuvette
solution with oxygen before each emission scan. Purging the 01 1 10 100
cuvette with inert gas to remove dissolved oxygen is
impractical with up to 30 aliquot additions in most titration
procedures. From inspection of Figures 5 and 6, the large
dilution corrections do not appear to be prob|ematic (the FIGURE 5: Equﬂlbnum fluorescence titration of pyrene-labeled—P4

e ; . ; P6 in different buffers with various divalent ions. Shown are
curves exhibit no discontinuity), and in any case, our titrations at 25°C of P4-P6-wt-U107(pyr3) with M (®), C&+

conclusions depend primarily on datasat00 mM Mg, @), and S* (a) and of P4-P6-bp-U107(pyr3) with Mg (¥):
To check for dilution and/or photobleaching artifacts, we (A) 10 mM Tris (pH 8.0), (B) & TB [89 mM Tris and 89 mM
repeatedly diluted (up to 27 times) samples of-iP4-wt- boric acid (pH 8)], and (C) 200 mM Tris (pH 8.0) with 200 mM
U107(pyr3) and pyr3-labeled single- and double-stranded 15-NaCl. Mg?* titrations of P4-P6-wt-U107(pyr3) in 10 mM Tris with

. e .1 200 mM NaCl and in 200 mM Tris were very similar to those used
mer with water and recorded emission spectra. Even with to derive the data depicted in panel C (see the Supporting

final dilution corrections of up to 71%, the maximum change |nformation). For all full-length P4P6 RNAs, the 380 nm relative
in fluorescence intensity was alwaysl0%, showing that  emission intensity data are plotted. The fluorescence emigsign
combined artifacts from dilution correction and photobleach- did not vary more than 1 nm for any particular P86 sample
ing are negligible compared with the several-fold changes during the course of a titration. Data were fit to the model described

. . . L . . in Materials and Methods using eq 4; curve fit parameters are listed
in fluorescence intensity due to addition of divalent ions. In ;. +2p/a 1. Note that the fit [FH]2, values for P4P6-wt-U107-

sev_eral cases, we reacquired an emission spectrum afte{pyra) with Mg?* and with Ca* were essentially equivalent in all
adding the final aliquot of stock solution and exposing the three buffers (Table 1).

—o— wit/Mg?+
30, | 0 wvCa
—— wt/Sr2+

~-v--bp/Mg?* l

2.0

relative fluorescence intensity

component
B
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1 A 10mM Tris, pH 8.0
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RNA solution to the excitation source for up to 2 h. In all

> 407 - such cases, the photobleaching effect was very sm&ig
2 T e in 2 h)
] .
[ . .
E || gimA = A simple chemical model (eq 1) was used to correlate the
8§ 3oy bp observed fluorescence emission intensities with ion-depend-
3 1 ent RNA folding events.
[72]
g eV
El : vV n, M2+ ng M2+
o 2.0 v’
2 RZ U p e g @
ks W
]

o g X 20 A

] In the absence of divalent metal ion*\ the molecule to
1.0 o o . which the pyrene chromophore is attached is in an unfolded

T T

0.1 1 10 100 state U, for which the relative fluorescence intensity is
(Mg2], mM defined as 1. Upon binding afs M?" ions, the molecule
adopts folded statesf with relative fluorescence intensity
Ia. Upon binding of an additionais M?* ions, the molecule
404 B 1x TB (89 mM each Tris, borate, pH 8) adopts folded stategFwith relative fluorescence intensity
Z . Ig. The equilibrium constant&, andKg relate the concen-
8 Iﬁq%%pe trations of U, Fx, and kg according to eqs 2 and 3.
IR
5 207 Lot [Fal = Ka[UIM *]™ 2)
Q
0
g [Fal = Ky[FAlIM *7™ = K Kg[U]IM #7]™ " (3)
2 29 In addition to all of these changes, for many titrations there
3 1 is an initial component of fluorescence intensity increase at
" ] very low Mg?" concentrations (e.g., see panels A and B of
o — Figure 5). In almost every case, the change in emission
0.1 1 10 100 intensity due to this initial componeit;; < 1.3 (Table 1).
[Mg#], mM The observed relative fluorescence intensity is then as

shown in eq 4, which has up to seven independent variables
(nA, Ng, KA, KB, Iinity IA, andlB).

1.20 ;

1C 1xTB (89 mM each Tris, borate, pH 8)

e 1 | — Iinit[U] + IA[FA] + IB[FB] _

£ 1153 / 0bs™ U] + [Fal + [Fe]

< £

S linie + TAKAIMZ 1™ + 15K Kg[MZ7] ™ e

1104 2+1n 2+ tn (4)

E —eo— wild-type 1+ KA[M ] A+ KAKB[M ] ATTB

T ] —a— U167C

°© { —a— G174A

2105 v bp To fit the equilibrium fluorescence titration data such as

3 ] that depicted in Figure 5, values of andng were fixed

€001 . ey (e.9.,na = 2 andng = 1; see Table 1), and the relative
. fluorescence intensity versus?Mconcentration data were

PPURR fit (KaleidaGraph, version 3.0.2) to eq 4 witk, Kg, linit,

la, and Ig allowed to vary. The [M§']i, values were
calculated ask™*M. Errors in fit [Mg?"]1, values were
appreciably larger when the data were fit to all seven
FIGURE 6: Mutations that affect P4P6 tertiary folding also affect ~ parameters without assuming integer valuesyofand ng.

fluorescence titrations and nondenaturing gel mobilities. (A) However, in these cases, the fit valuesnafand ng were
Equilibrium fluorescence titrations of P46-U107(pyr3) samples .. ' . ' . o .
at 25°C in 10 mM Tris (pH 8.0). Data were fit to eq 4: fit similar to the integral values used in the five-parameter fits

parameters are listed in Table 1. U167C and G174A are P5abcShown in the figures. The calculated values of fVlg,
mutations that shift the Mg dependence of P4P6 folding generally changed very little whdp;; was instead fixed at

moderately (S. K. Silverman, M. Zheng, M. Wu, I. Tinoco, Jr., 1.0, but in many cases, thg: = 1.0 curve fit clearly came
and T. 'ﬁ.- FeCh’ m.anu.scrip} SUbhmittEd for p”b"?a“‘;f“)' er‘”%_m under the first one or two low-Mg concentration data
is a multiple mutation in J5/5a that more strongly affects folding : .

(41). (B) Analogous fluorescence titrations at 25in 1x TB. (C) points. For the pyrene-labeled double-stranded oligonucle-
Nondenaturing gel mobilities at 35C in 1x TB for P4—P6 otides, fixinglini at 1.0 gave reasonable curve fits.
derivatives not labeled with pyrene. The relative gel mobility of ~ Nondenaturing (Natie) Gel ElectrophoresisGels were
unfolded control P4P6-bp is defined as 1 at all Mg concentra- prepared, run, and analyzed as described previo@sy (
tions. Relative mobility data were fit as described in G2, For thermodynamic analysis of the effect of the U107(pyr3)
[Mg?t]y, values and Mg Hill coefficients n for the individual P4p6 foldi Fi 3). th iousl
data sets shown were as follows: wild-type, 0.67 mM and 3.7; grOUp_ on olding (see Figure 3), the previously
U167C, 1.31 mM and 2.8; G174A, 1.30 mM and 2.8; and U1, 27 described procedure was us@d)( At 35 °C, the [Mg]1
mM and 1.4. values for P4 P6-wt and P4 P6-wt-U107(pyr3) were 0.65

[Mg#], mM
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Table 1: Fits of Equilibrium Fluorescence Titration Data for Pyrene-LabeletPB4RNAS

M2+ Hill component A component B
construct label ion  coefficient(s)  [M?"]y2(MM)  [M?" ]2 (mMM)  intensityline  intensityla  intensitylg
10 mM Tris (pH 8.0)
wt pyr3 MFZ™ m=2n=1 0.29+ 0.01 79+ 21 1.1 3.0 4.0
wt pyr3 ca* n=2;ng=1 0.23+ 0.02 414+ 11 1.1 2.6 35
wt pyr3 SP+ n=1n=1 1.7+0.1 320+ 60C° 1.2 2.1 3.3
bp pyr3 Mg+ n=1° - 43+ 4 1.3 - 2.6
Ul67C pyr3 M@"™ m=2n=1 0.50+ 0.02 35+ 7 1.3 3.2 3.9
G174A pyr3 Mg+ n=2;np=1 0.49+ 0.02 30+ 13 1.2 3.0 3.8
Ul pyr3 Mgt m=1nmn=1 45+ 0.6 190+ 120 1.2 2.3 3.1
wt pyrl Mg?*™ n=2;np=1 0.28+ 0.02 73+ 8 1.4 3.7 7.3
1x TB[89 mM tris and
89 mM borate (pH 8)]
wt pyr3 Mg" m=3;np=1 0.70+ 0.02 12+ 5 11 3.0 3.8
wt pyr3 ca&’ n=3;np=1 0.73+£0.04 28+ 7 1.0 2.7 3.7
wt pyr3  SE* n=1° - 15+£2 1.1 — 2.4
bp pyr3 Mg+ n=1° - 33+ 4 1.2 - 2.7
u167C pyr3  Mg" m=2m=1  1.20+0.05 624+ 10 1.2 3.2 3.9
G174A pyr3 Mgt m=2;n=1 1.22+ 0.04 39+ 15 1.2 3.2 3.9
u1 pyr3 Mgt n=1° - 11+1 1.1 - 2.7
200 mM Tris (pH 8.0)
with 200 mM NacCl
wt pyr3 M#Z™ nm=3;np=1 3.4+0.2 50+ 5 1.0 2.2 4.4
wt pyr3 C&" na=3nmnp=1 3.0+£0.2 55+ 3 1.0 1.8 3.8
wt pyr3  SfF n=1° - 474+ 3 1.0 - 2.8
bp pyr3 Mgt n=1° - 69+ 8 1.0 - 3.2
wt pyrl MFZ™ m=3;np=1 3.3£0.3 65+ 5 1.1 2.1 6.3

a All P4—P6 samples were labeled with either pyr3 or pyrl at U107 as indicated and titrated@t Pbe data depicted in Figures 5, 6, and 8
were fit to eq 4 of Materials and Methods with fixed values ofMHill coefficients na andng as shown. Errors in [Rf]1, values are standard
deviations for fitting data from individual titration experiments. In several cases, quantitatively similar fit values were obtained frontresjoeest t
(data not shown). Fits of component B My, were not very precise, in that a wide range of values give visually acceptable fits to thé-data.
Ia, andlg represent relative fluorescence intensities during the course of an equilibrium titration as described in Materials and Methods (eq 4).
Errors in the fit values ofin, 1a, andlg were <0.1 in all cases? A modified form of eq 4 reflecting only one Mg-dependent equilibrium was
sufficient to fit the data® With an Iy of 0, component B [M§ 12 = 1604 70 mM.

and 0.81 mM, respectively (Figure 3; the Pd6-wt value purine) phosphoramidites are presently commercially avail-
is an average from several such experiments). The fit valuesable for automated oligonucleotide synthesis, we restricted
of the Mg?* Hill coefficients for the particular gels used to  ourselves to pyrimidine nucleotides of PB6 as candidates
obtain Figure 3B were 3.7 and 3.3; repeated experimentsfor 2'-labeling. We inspected the P46 crystal structure
with P4—P6-wt converged on a value o$4.0 (29). The (27), looking for sites at which to append a pyrene chro-
change in tertiary folding free energy is then calculated as mophore without disrupting the folded structure. Among the
AAG® = ARTIN[[Mg?* 12w [Mg?*]1/2,u107(pyr3) = 0.5 kcal/ 5'-terminal nucleotides of P4P6 (Figure 1A), the 2
mol, where the factor 4 is the Hill coefficient. The [Mga/. hydroxyl of U107 appeared to be positioned favorably for
values for P4-P6-U167C, P4P6-U167C-U107(pyr3), P4 substitution with 2amino and derivatization with a relatively
P6-G174A, and P4P6-G174A-U107(pyr3) were 1.31, 1.75, |arge pyrene chromophore (Figure 1B). Therefore, U107 was
1.30, and 1.80 mM, respectively (Figure 6C and data not targeted for replacement with its-@mino analogue and
shown). The fit values of Mg Hill coefficients for the derivatization with pyrene.

unlabelgd lang lpyTB-.Iab(iszTuta_nts r\]/verele.S ar|1|q” 2.5, We followed the synthetic strategy shown in Figure 2C.
respectively. Calculation using the wild-type Hi A 15-mer RNA oligonucleotide corresponding to the first

coefficient of 4 providedAAG™ values due to pyrs of 0.7 15 nucleotides of P4P6 and with a 2amino at U107 was
and 0.8 kcal/mol in the context of the U167C and G174A labeled with pyrene using one of the commercially available

mutations, _re_spectively. A similar calculation using instead N-hydroxysuccinimide estersyr3-NHS and pyri-NHS
e A v sy (FO1E 28 he numbr afer ‘yr ndcaes he lengh i
eITors of’ 10 2pkcal /m)gl 29 atoms of the saturated tether between the pyrene moiety and
' ' the reactive carbonyl group). These reagents react reasonably
well with 2'-amino groups to give the corresponding stable
amides 85, 36), as depicted in Figure 2B and described in
Site-Specific Pyrene Labeling of PR6 RNA.An attrac- Materials and Methods. The derivatized oligonucleotide was
tive strategy for site-specific fluorescent labeling of a large then ligated to a T7 transcript comprising the remaining 145
RNA is first to substitute a single nucleotide with its 2  nucleotides of P4P6 (A15-P4-P6 RNA), using a previ-
amino analogue and then to derivatize specifically the 2 ously reported splint ligation strateg®g, 37). This provides
amino group with a suitably activated pyrene reagent. A the full-length pyrene-labeled P46 in a single ligation step.
similar 2-amino labeling strategy was recently used to Minimizing the number of ligation steps is important because
incorporate sulfhydryl groups into thieetrahymenaroup | orders of magnitude more RNA are required for fluorescence
intron RNA (34). Because 2aminopyrimidine (but not  (~1 nmol) than are used in, for example, gel studies with

RESULTS
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radiolabeled RNAs£10 pmol). An alternative strategy in
which the ligation and derivatization steps were switched
was unsuitable because of nonspecific labeling of the RNA

Biochemistry, Vol. 38, No. 43, 19994231

below) and is therefore likely due to local adjustment of
structure. At higher Mg concentrations, the observed
fluorescence increase in the wild-type derivative fit well to

(see Materials and Methods). As described below, we havea standard binding curve (eq 4) with two Ktgdependent

concentrated most of our efforts on the pyr3 derivatives of
P4—P6.

Labeling P4-P6 with pyr3 at U107 Does Not Greatly
Disrupt Tertiary Folding.The major Mg*-dependent tertiary
folding transition in wild-type P4P6 (P4-P6-wt) moves
the P5abc subdomain next to the4H26 subdomain of the
RNA, forming a relatively compact folded stat27( 38).
The P4-P6 derivative P4 P6-bp is locked into an extended
conformation because the flexible J5/5a “hinge” region has
been made rigid by base pairing (Figure 182). Therefore,

components. The first component, denoted A, had 2[g

of 0.3 mM and was responsible for the majority of the\g
induced fluorescence intensity increase. The second com-
ponent, denoted B, had a [¥id,;, of ~80 mM and
contributed much less than component A to the overall
fluorescence intensity increase. For theP$-bp derivative,
which cannot undergo tertiary folding, the initial component
and component B were present, but component A was clearly
absent.

We chose a wider range of buffer conditions under which

P4—P6-bp serves as a control molecule that cannot undergotO examine the fluorescence changes. TheMirations

tertiary folding. Both P4 P6-wt and P4 P6-bp were labeled
with pyr3 at U107 using the derivatizatietigation strategy
depicted in Figure 2C, providing the pyrene-labeled ana-
logues P4 P6-wt-U107(pyr3) and P4P6-bp-U107(pyr3).
Unlabeled wild-type P4P6 exhibits a nondenaturing gel
tertiary folding transition at [M§]1> ~ 0.7 mM in a standard
Tris-borate buffer [x TB being 89 mM Tris and 89 mM
boric acid (pH 8); see Figure 3 and r29]. We found that
labeling with pyr3 at U107 does not greatly disrupt thefMg
dependent tertiary folding of P4P6. In particular, the folding
transition of P4P6-wt-U107(pyr3) is shifted<0.2 mM
Mg?* relative to that of unlabeled P46-wt (Figure 3B),
corresponding to a change in tertiary folding free energy
(AAG®") of only 0.5 kcal/mol as an effect of the pyrene label

(see Materials and Methods). Similar results were observed

with pyrl-labeled P4P6 AAG® = 0.5 kcal/mol; data not
shown). Substitution of the U107'-Bydroxyl with 2-
methoxy results in no significant destabilizatiochAG*" =
0.1+ 0.2 kcal/mol @9)].

Mg?" Induces Reersible Changes in the Fluorescence of
Pyrene-Labeled P4P6.When Mg was added to P4P6-

wt-U107(pyr3), the fluorescence emission intensity increased

more than 3-fold (Figure 4), while the emissi@n.xremained
essentially unchanged, as expected from previous studie
(26). We verified that the fluorescence intensity changes for
pyrene-labeled P4P6 were due to reversible events. The
intensity of P4-P6-wt-U107(pyr3) fluorescence emission
increased 3.5-fold upon addition of 5 mM Kfgout returned
to the pre-M@" level upon chelation of the Mg with 5
mM EDTA. Addition of more EDTA (to 10 mM) had no
further effect. Subsequent addition of excesM@0 mM;
~10 mM free Md@") restored a 3-fold fluorescence increase
(Figure 4). In contrast to the observations with¥ditration
of P4—P6-wt-U107(pyr3) with up to 400 mM Naeor dilution
with water caused only minor changes in fluorescence
(<10% increase; see the Supporting Information). This is
consistent with the expectation that Mgnduces specific
tertiary folding of P4-P6, whereas Nadoes not.
Equilibrium Titration of pyr3-Labeled P4P6 with Mg*
Reveals Seeral Fluorescence Componenté/e obtained
equilibrium fluorescence Mg titration curves for P4 P6-
wt-U107(pyr3) and P4P6-bp-U107(pyr3) in 10 mM Tris
at pH 8.0 and 25C over nearly 4 orders of magnitude of
Mg?"t concentrations (0.065400 mM; Figure 5A). The
Mg?* titration curve for both derivatives showed an initial
slight (<30%) increase in fluorescence 0.1 mM Mg?*

were repeated in the same Tris-borate buffer ({IB) that
was used for the nondenaturing gels of Figure 3 (Figure 5B).
The highest-ionic strength buffer we tested was 200 mM Tris
(pH 8.0) with 200 mM NacCl (Figure 5C). We also examined
10 mM Tris with 200 mM NaCl as well as 200 mM Tris
(both pH 8.0), each of which gave results similar to those
with the highest-ionic strength buffer (see the Supporting
Information). In all the buffers that were tested, the equi-
librium titration curves for P4P6-wt-U107(pyr3) appeared
to have the same two components (A and B) as in 10 mM
Tris, while P4-P6-bp-U107(pyr3) again had only component
B. Fluorescence component B was a relatively minor
component of the P4P6 titration curves. In the lower-ionic
strength buffers, although component A led to a 3-fold
emission intensity increase, component B contributed only
an additional 26-40% increase. In the highest-ionic strength
buffer, components A and B contributed about equally to
the overall fluorescence increase. The fi¥lg,, for compo-
nent A was markedly buffer-sensitive (Table 1). In contrast,
the [Mg?*]1» for component B depended less on buffer. In
particular, the component B [Mg]1» was essentially the
same in 10 mM Tris and in 200 mM Tris with 200 mM

g\laCI, while the component A [Md],,, varied over 1 order

of magnitude between the same two buffers.

Tentatie Identification of Fluorescence Component A as
Being Due to Tertiary Folding of P4P6. Several lines of
evidence suggested that fluorescence component A was due
to P4-P6 tertiary folding. First, in all the buffers that were
tested, component A was present in ¥gtrations of P4-
P6-wt-U107(pyr3) but not P4P6-bp-U107(pyr3), which
cannot physically undergo tertiary folding. Second, the
observed [M@"]1, for component A was as expected for
the known tertiary folding of P4P6. In particular, the
[Mg?*]12 of 0.7 mM for fluorescence component A i1
TB buffer (Figure 5B) was consistent with the nondenaturing
gel [Mg?*]1» values of~0.7—0.8 mM for P4-P6-wt and
P4—P6-wt-U107(pyr3) in the same buffer (Figure 3B).
Finally, the fluorescence titration curves showed evidence
of Mg?" cooperativity, a known feature of P46 folding
(29, 30). For titration data obtained in 10 mM Tris,
component A was fit well with a MgJ Hill coefficient na
of 2, while in 1x TB and in 200 mM Tris with 200 mM
NaCl, acceptable fits required am of =3. In the latter
buffers, fits with ama of 3 or 4 differed very little visually,
while fits with ann, of 1 were extremely poor in all buffers

that does not correspond to large-scale tertiary folding (see(not shown).
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We designed two general sets of experiments to test furtherpyrene-labeled oligonucleotides that have no tertiary struc-
the proposed correlation between fluorescence componenture, to the extent that these smaller molecules are able to

A and tertiary folding. First, the divalent cation specificity
of component A should agree with that of PR6 folding

undergo analogous structural transitions. We thus examined
fluorescence titrations of a short pyrene-labeled RNA oli-

on nondenaturing gels. Second, component A should respondyonucletide, in both single- and double-stranded forms, using

predictably to mutations in P4P6 that shift the Mg
dependence of folding on nondenaturing gels.
Fluorescence Component A Responds to DiffereralBint
lons As Predicted from Nondenaturing Gel Analysis of
Tertiary Folding.On nondenaturing gels, PP6-wt folded
approximately as well with Ca as with Mg, but only
poorly with SP*; appending the pyr3 label did not affect
this specificity (Figure 3A). The fluorescence of PR6-
wt-U107(pyr3) was monitored during titration with €aand
St as for Mg in several buffers (Figure 5). The same

the same pyr3-labeled 15-mer that was ligated to form full-
length P4-P6.

The pyr3-labeled single-stranded oligonucleotide exhibited
a decreasein fluorescence intensity upon titration with
monovalent or divalent ions in 10 mM Tris (Figure 7A). The
effect of SF* was somewhat larger than that of MgThis
contrasts with the data for full-length P#6, for which S#"
is significantly less effective than Mg in inducing the
fluorescence changes (Figure 5).

The pyr3-labeled double-stranded oligonucleotide was

trend with fluorescence as seen on the nondenaturing gelsprepared by mixing the pyr3-labeled single-stranded 15-mer

was observed; Ca triggered component A of the fluores-
cence changes about as well as?¥{Table 1), while St

with its complement before titration. The absolute emission
intensity of the pyrene-labeled oligonucleotide was several

induced a fluorescence increase only at a much highertimes higher than that of the full-length P26 RNA at the
concentration. These results are as expected if fluorescencesame concentration and spectrometer settings (data not

component A is indeed due to tertiary folding of-P6 39,
40).

Fluorescence Component A Responds to Mutations h P4
P6 As Predicted from Nondenaturing Gel Analysige
examined several mutations that disrupt Aglependent
P4—P6 folding either weakly or strongly. The mutations

shown). Nd induced a small fluorescence increase for the
double-stranded oligonucleotide only at very high concentra-
tions (> 50 mM; Figure 7B). Titration with divalent ions
led to an increase in fluorescence intensity at a concentration
that depended on buffer identity, followed by an intensity
decrease at very high concentratiord 00 mM; Figure 7C).

U167C and G174A are in the P5c stem, remote from the St had a slightly greater effect than did kfg This

site of pyrene labeling (Figure 1A). In P46 not labeled

contrasts with the behavior of component A of full-length

with pyrene, these mutations moderately disrupted tertiary P4—P6, which was induced by Mg much more efficiently

folding, with a shift in [Mg#*]1. from 0.7 to 1.3 mM on

than by St*, but parallels component B of P46. Although

nondenaturing gels (Figure 6C; S. K. Silverman, M. Zheng, the overall magnitude of the fluorescence increase observed
M. Wu, I. Tinoco, Jr., and T. R. Cech, manuscript submitted with the pyr3-labeled oligonucleotides was comparable to

for publication). Appending the pyr3 label at U107 of the
mutants led tAAAG®' values (0.5-0.8 kcal/mol) that were
similar to those for derivatizing wild-type P4?6 with pyr3

that observed with labeled P#6 (2-4-fold), the fluores-
cence changes with the oligonucleotides were clearly not
cooperative with respect to divalent ions. In particular, the

(see Materials and Methods). Consistent with measurabledata fit well with values for all M™ Hill coefficients of 1

folding disruption due to U167C and G174A, the Mg
fluorescence titrations of P4P6-U167C-U107(pyr3) and
P4—P6-G174A-U107(pyr3) (prepared by splint ligation of
pyr3-labeled 15-mer and the appropriately mutaté&-P4—

P6 transcripts) were shifted slightly relative to that of-P4
P6-wt-U107(pyr3) (Figure 6A,B). We also examined the
more strongly disruptive, previously reported U1l mutation
that modifies the J5/5a hinge regictly. For the U1 mutant,
on nondenaturing gels a large fgshift was observed, and
as anticipated the pyrene-labeled mutant-P8-U1-U107-
(pyr3) exhibited a substantial shift in the Ktgconcentration

(Figure 7).

Examination of Annealing Effectsor some RNAs, tertiary
structure can depend on the particular history of a sample
because of kinetic folding trap€l?, 43). Although this is
not the case with P4P6 (29), we investigated the effect of
annealing (refolding) the pyrene-labeled-126 before Mg"
fluorescence titration (see the Supporting Information). A
sample of P4P6-wt-U107(pyr3) was annealed by heating
to 90 °C in 10 mM Tris (pH 8.0) for 3 min followed by
cooling to 25°C before Md" titration as usual. The overall
intensity increase was slightly~10%) lower than for an

dependence of its fluorescence component A. Therefore, bothunannealed sample, although the Wglependence was

weakly and strongly perturbing mutations predictably shift

indistinguishable and all fluorescence components were

the Mg?" dependence of component A, as expected if clearly present. When the same annealing procedure was

component A reflects P4P6 tertiary folding.
Fluorescence Changes Obsed with Pyrene-Labeled

performed in k TB, the intensity increase was40% lower
in the annealed sample, although again théMitgpendence

Oligonucleotides Suggest That Component B Is Due to Localwas indistinguishable. Minor annealing effects on intensity

Reorganization, Not Tertiary Foldingn contrast to fluo-

(without changes in [Mff].2 values) were also observed

rescence component A, component B was not very sensitivewith the pyr3-labeled double-stranded oligonucleotide.

to specific divalent ion identity (Figure 5). In addition, remote
mutations that significantly affect the component A Mg

A Shorter Tether to Pyrene Prales Similar ResultsTo
determine the importance of the length of the tether con-

dependence shifted component B to a smaller extent (Figurenecting pyrene to the RNA, we examined pyrl-labeled RNA.
6). We therefore suspected that component B was not dueThe pyrl chromophore has a tether from tHea@ino to
to large-scale tertiary folding. If more local structural changes pyrene that is shorter by two carbon atoms compared with
are responsible for component B, then similar fluorescencethat of pyr3 (Figure 2A). P4P6-wt-U107(pyrl) gave
changes might be observed upon adding divalent ions tofluorescence components A and B similar to those of the
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Ficure 7: Equilibrium fluorescence titrations of a short RNA FiGUrRe8: Equilibrium fluorescence titrations of RNA labeled with
oligonucleotide labeled with pyrene. (A) Single-stranded 15-mer pyrene on a shorter tether (pyrl). (A)PR6-wt-U107(pyrl) in 10

labeled with pyr3 (300 nM) in 10 mM Tris (pH 8.0), titrated with
either Na, Mg?*, or SE*, or diluted with water. For the water

mM Tris (pH 8.0). (B) P4 P6-wt-U107(pyrl) in 200 mM Tris (pH
8.0) with 200 mM NaCl. (C) Double-stranded 15-mer labeled with

dilution experiment, volumes of water equal to those of the pyrl, titrated with M@ in various buffers. Fit values of component
appropriate metal ion stock solution for the other titrations were A [Mg?*]i (eq 4;linit = 1.0, na = 1) were as follows: 10 mM
added; the data points were placed on the concentration axis alongrris, 0.47+ 0.05 mM; Ix TB, 1.2+ 0.1 mM; and 200 mM Tris
with the analogous metal ion data points. (B) Double-stranded 15- with 200 mM NaCl, 32t 1 mM. Fit values of component B [Md]

mer labeled with pyr3 (300 nM) in TB, titrated as described
for panel A. (C) Buffer dependence of the kigitration of double-
stranded 15-mer labeled with pyr3. For all samples, relative
fluorescence emission intensitiesiaty (380+ 2 nm) were plotted.

All data were fit to eq 4 of Materials and Methods with ki of

1.0 andn, andng values of 1. In panel B, component A [¥id 1/,

= 0.51+ 0.01 and component A [3f];, = 0.58+ 0.03. In panel

C, fit values of [Mg*]., were as follows: 10 mM Tris, 0.28&
0.03; 1x TB, 0.51+ 0.01; and 200 mM Tris with 200 mM NacCl,
9.0 + 0.7. Fit values of component B [Mg] (ng = 1) were all

>100 mM with very substantial error(100%).

(ng = 1) were all>100 mM with very substantial erro~(100%).

pyr3 analogue, although the relative size of component B
was larger (Figure 8A,B). The [Md]1 values were similar

to the analogous values for the pyr3 derivative (Table 1). In
the highest-ionic strength buffer, a RigHill coefficient n

for component A of 2 was sulfficient to fit the data (Figure
8B), whereas an of 3 was required for the pyr3 data (Figure
5C). A double-stranded pyrl-labeled oligonucleotide exhib-
ited markedly larger intensity changes relative to its pyr3
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for monitoring RNA tertiary folding by fluorescence spec-
troscopy of RNA covalently labeled with the environmentally
sensitive pyrene chromophore. Options for site-specific
pyrene derivatization of RNA include substitution on any
of the nucleotide basegl4—47), at an internal phosphate
linkage @8—50), or on the ribose backbone at ‘at®/droxyl
position 61—-53). However, for ease of synthesis, we chose
to derivatize the P4P6 RNA at a 2amino group, after first
substituting a single'zhydroxyl. Pyrene was covalently and
site-specifically attached via an amide linkage and short
, tether to the 2amino position of P4P6 nucleotide U107,
_ t,,=582+10ms | and the relative fluorescence intensity was monitored during
1 i titration with divalent ions that promote tertiary folding. This
L S s S A method allows us to follow both the equilibrium progress
0 2 4 6 8 10

time, s and real-time kinetics of the P46 tertiary folding transition.

Pyrene Deriatization at U107 Is Relately Nonperturbing
] X : to the RNA StructuréNondenaturing gel experiments showed
0.1] residuals L that substituting the U107-hydroxyl group with 2-amino
] i and then covalently attaching the pyr3 or pyrl chromophore
does not greatly disrupt P46 tertiary folding (Figure 3).
The change in tertiary folding free energ&AG®') of 0.5
] kcal/mol due to U107(pyr3) or U107(pyrl) substitution was
-0.1- - about equal to the effect of eliminating a single tertiary
r — hydrogen bond in P4P6 9). Furthermore, thAAG®' due
0 2 4 6 8 10 to U107(pyr3) was similar both in the context of PR6-wt
time, s (0.5 kcal/mol) and in the context of the PB6 U167C and
FiGURE9: Stopped-flow kinetics experiment for monitoring tertiary G174A mutants (0.50.8 kcal/mol). Therefore, effects of the
folding of pyrene-labeled P4P6. Final concentrations after mixing U107(pyr3) label are approximately additive with the effects

were 4uM P4—P6-wt-U107(pyr3) and 0.7 mM Mg in 1x TB at : ;
25°C. Data were acquired from 50 ms to 10 s after mixing of the of other structural changes on the tertiary folding free energy.

RNA and M@* samples (Applied Photosystems model 17MV Pyr_ene Iabe_llng may be_generally useful for mor_utonng RNA
stopped-flow apparatus, acquisition rate of 1 point/5 ms; instrument tertiary folding, but it will be necessary to test in each case
dead time of~1.3 ms;lex Of 319 nm; Schott KV-370 emission  if appending the chromophore has any serious effect on the
filter). Four acquisitions were averaged and fit to a single- fo|ding event that it is intended to monitor. Previous work

exponential equation. Residuals were calculated at each time point : :
as data— fit; the random distribution of residuals around zero shows has suggested that pyrene is nonperturbing to RNA structure

that the single-exponential equation adequately describes the data(26).

fluorescence signal, V

253

data - fit, V

analogue (Figure 8C), while the Mig dependence was Correlations between Biochemical and Fluorescence
shifted to slightly higher concentrations (compare Figure 8C Experiments Demonstrate That Fluorescence Component A
with Figure 7C). Is Due to Tertiary FoldingOur identification of fluorescence

Initial Stopped-Flow Kinetic Analysis of P46 Tertiary component A with P4P6 tertiary folding was initially
Folding. We have performed initial stopped-flow fluores- suggested by three observations. First, component A was
cence experiments to examine the kinetics of- P8 tertiary present only for P4P6 RNAs that can undergo tertiary
folding induced by M@". The fluorescence of P4P6-wit- folding. The unfolded control P4P6-bp-U107(pyr3), which
U107(pyr3) in Ix TB at 25°C was monitored immediately ~ cannot physically fold, lacked component A in all the buffers
after mixing with an equal volume of Mg in 1x TB, with that were tested (Figure 5). Second, component A<XnTB
a final Mg?™ concentration of 0.7 mM (Figure 9). This buffer had about the same [¥g., of 0.7 mM (Figure 5B)
concentration is equal to the [Mf., for fluorescence  as did the tertiary folding transition in nondenaturing gels
component A in kX TB but at least 1 order of magnitude (Figure 3). Third, component A was clearly cooperative with
lower than the [M@]i, for component B (Table 1). respect to Mg", and P4P6 folding is known to be
Therefore, inasmuch as component A correlates with the levelcooperative 29, 30). The component A Mg Hill coefficient
of P4—P6 tertiary folding, we expected the observed kinetics na was at least 3 in the higher-salt buffers, including 1
to reflect such folding. Indeed, under these conditions, a TB (Figure 5 and Table 1), consistent with arof ~4 for
single kinetic component was cleanly resolved witth,gof P4—P6 folding as determined by nondenaturing gel analysis
582+ 10 ms; the;, decreased substantially at higher®¥g  in 1x TB (Figure 3).
concentrations (data not shown)_._We ten.tatively assign the  Two sets of experiments showed more decisively that
stopped-flow fluorescence transition of Figure 9 to-f™6 fluorescence component A is due to-F6 tertiary folding.
tertiary folding. More comprehensive experiments are cur- The various divalent ions have differing abilities to promote
rently in progress. either nondenaturing gel mobility changes or fluorescence
component A, and the same trend of ¥Mgv Cat > St
DISCUSSION was followed in both assays (compare Figures 3 and 5). In

New methods of monitoring RNA folding with fast time  addition, remote mutations in P46 that shifted the Mg
resolution are highly desirable. We report here a technique dependence of folding on nondenaturing gels also shifted
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the fluorescence titration curves in a predictable way (Figure occur in nucleic acids lacking tertiary structure. The single-

6).

stranded pyr3-labeled oligonucleotide exhibited a largely

The molecular basis for each of these phenomena isnonspecificdecreasen fluorescence with both monovalent

partially understood. Divalent cation specificity of folding
the entireTetrahymenantron follows the trend Mg™ > Ca*

> Sr?* (39, 40), similar to that observed here for folding of
the P4-P6 domain. In the whole intron, this specificity was
interpreted to reflect occupancy of specific structural sites
that prefer different ionic radii or coordination geometries
of the bound cations. The visualization of Kgsites in the
crystal structure of the P4P6 domain, where some of the
ions have ligands from multiple functional groups in a fixed
geometry 27, 30), has made it easier to understand why
RNA folding exhibits metal ion specificity. On the other

and divalent ions (Figure 7A). Since all fluorescence changes
observed with P4P6 constructs were increases, the observa-
tions on the single-stranded oligonucleotide are of doubtful
relevance. However, the double-stranded pyr3-labeled oli-
gonucleotide exhibited an intensity increase at very high Na
concentrations (Figure 7B), which may reflect RNA struc-
tural changes induced by monovalent ioB8)(or changes

in chromophore-RNA interactions. With divalent ions, the
double-stranded oligonucleotide also exhibited a significant
rise in fluorescence that, like component B, was both
essentially independent of divalent ion identity (Figure 7B)

hand, suppression of destabilizing mutations by an increaseand noncooperative with respect to Mgoncentration (all

in the Mg" ion concentration may have a more complex
origin. Stabilizing interactions such as hydrogen bonding,

titrations fit well with Hill coefficientsn of 1). These results
show that divalent ions can cause significant fluorescence

base stacking, and metal ion coordination are counterbalanced¢hanges even in pyrene-labeled oligonucleotides without

by electrostatic repulsion of the two quasi-helical halves of
P4—P6. Condensation of nonspecifically bound ¥dpns

tertiary structure, consistent with the proposal that fluores-
cence component B of P46 is due to local structural

around the polyanionic backbone acts to relieve this repulsionreorganization.

and allow folding. Destabilization caused by site-specific

Possible Physical Explanations for the Fluorescence

mutations that remove favorable interactions or introduce Changes with M&. A potential conceptual drawback to

steric clashes can be offset by increasing the solutiof"Mg

some fluorescence experiments is that changes in fluores-

concentration. This compensation may originate not in an cence intensity can be difficult to explain in terms of atomic-

increase in the number of nonspecifically bound?Mipns,

but rather because at higher bulk Mgoncentrations, the
entropic penalty for concentrating Mtgaround the RNA is
lower (54). We note that the rescue of tertiary folding at
high M¢?™ concentrations is not due to a generic charge-
screening effect, for if this were the case, increasing Na
concentrations should recover folding, while the data in
Figure 5 suggest that increasing Neoncentrations make
tertiary foldinglessfavorable.

Fluorescence Component B Is Likely Due to Local
Reorganizationln contrast to fluorescence component A,
component B was only a minor portion of the overall
fluorescence change for labeled-H26 in lower-salt buffers.

Component B also behaved in a manner very different from

that of component A. In titrations of full-length P46,
component B was relatively insensitive to either divalent ion
identity (Figure 5) or remote mutations that shifted the
tertiary folding [Md?™]12 on nondenaturing gels (Figure 6).

level changes in the system being examined. That is,
fluorescence changes may correlate with folding events, but
precise physical explanations for these changes are usually
unknown. In the study presented here, as-P8 folds after
addition of Mg, the relative fluorescence intensity (com-
ponent A) is observed to increase substantially. At least two
physical effects may contribute to this increase. (1) In the
folded state, the pyrene chromophore may physically as-
sociate with the RNA more intimately than in the unfolded
state; such interactions would be consistent with the observed
fluorescence increase upon tertiary folding, because pyrene’s
fluorescence should be quenched more in agueous surround-
ings than in the environment provided by RNA. (2) In the
unfolded state, the pyrene chromophore may be close to
pyrimidine bases, which are known to quench pyrene by an
electron-transfer mechanisisg, 57); folding could remove

the chromophore from the vicinity of the quenching base,
allowing the fluorescence to increa®). Either or both of

For these reasons, we considered it unlikely that componentthese effects may explain the observed fluorescence increase

B reflects large-scale P46 tertiary folding. Another
possibility is that component B is due to tertiary folding of
the P5abc subdomain (Figure 1A), which occurs even in P4
P6-bp B2). This is implausible because the U167C and
G174A mutations that significantly disrupt P5abc folding had
little effect on the [M@*]1/, of component B (Table 1), and
in any case, P5abc is known to fold at a Wigoncentration
lower than that required to fold the rest of PR6 (32).

upon tertiary folding.

For reasons that are not yet understood, the pyrene-labeled
oligonucleotides were more sensitive to environment than
labeled full-length P4P6. This was true both for pyr3-
labeled RNA (compare Figures 5 and 7C) and especially for
pyrl-labeled RNA (compare panels A and B of Figure 8
with panel C of Figure 8). Others have noted that small
polypeptides do not correctly model side chain accessibilities

Because tertiary structure formation does not appear to bein larger proteins §8). Because fluorescence intensity can
responsible for component B, we attribute this component correlate with chromophore accessibility [physical effect (1)
of the fluorescence change to local reorganization of the RNA in the previous paragraph], similar differences between

structure.

As models for such local changes, single- and double-

oligonucleotides and large RNA molecules may contribute
to our findings.

stranded pyrene-labeled oligonucleotides were examined Conclusions and OutloolOur experiments validate the
(Figures 7 and 8C). Of course, the rearrangements availableuse of a single, internally tethered fluorescent chromophore
to such oligonucleotides cannot model all the possible local in monitoring P4-P6 tertiary folding, and we hope that this
changes in a more complex larger RNA. Nevertheless, themethod will be generally useful for following the tertiary
results suggest the type of fluorescence changes that carfolding of large RNAs. Several points must be considered
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in applying such methods to other systems. First, the REFERENCES

usefulness of any given chromophore almost certainly
depends on the particular site of substitution. The availability
of the P4-P6 crystal structure was a significant advantage
in choosing an appropriate site for pyrene labeling; in systems
for which such high-resolution structural data are not yet
available, the proportion of sites that can be successfully
derivatized remains to be determined. Second, we have
shown that the length of the tether to the chromophore affects
the observed fluorescence, and it is likely that the optimum
tether length will depend strongly on the particular site of
labeling. Third, the choice of buffer can significantly affect
the observations. For instance, in the H5 system,
fluorescence component A corresponding to tertiary folding
is both more clearly resolved and a greater proportion of
the overall signal in buffers with relatively low ionic

strengths. Finally, some chromophores may be useful in cases ;1 Chen, Y., and Barkiey, M. D. (1998jochemistry 379976

where others are not, and probes other than pyrene should
be tested in similar experiments.

By using circular permutation5@) to bring various
nucleotides close to thé-5or 3-end to allow splint ligation,
many large RNAs should be amenable to the fluorescence
technique reported here. We are also continuing stopped-
flow experiments such as those whose results are depicted
in Figure 9 to determine real-time P46 folding kinetics.
Using pyrene-labeled oligonucleotides, we have been able
to resolve kinetic events withy; values of~1 ms (data not
shown), so fluorescence holds much promise for resolution
of RNA tertiary folding on the millisecond time scale.
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Optimization of the pyrene derivatization reaction, deter-
mination of the free 2amino content of the pyr3-labeled
oligonucleotide by treatment with a reactive NHS ester,
titration of labeled P4P6-wt with Na in 10 mM Tris and
with Mg?" in other buffers, and determination of annealing
effects on the Mg titrations of labeled P4P6-wt and the
labeled oligonucleotide duplex. This material is available free
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