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ABSTRACT. The fluorescent base analogue 2-aminopurine (2-AP) is commonly used to study specific
conformational and protein binding events involving nucleic acids. Here, combinations of steady-state
and time-resolved fluorescence spectroscopy of 2-AP were employed to monitor conformational transitions
within a model hairpin RNA from diverse structural perspectives. RNA substrates adopting stable,
unambiguous secondary structures were labeled with 2-AP at an unpaired base, within the loop, or inside
the base-paired stem. Steady-state fluorescence was monitored as the RNA hairpins made the transitions
between folded and unfolded conformations using thermal denaturation, urea titration, and cation-mediated
folding. Unstructured control RNA substrates permitted the effects of higher-order RNA structures on
2-AP fluorescence to be distinguished from stimulus-dependent changes in intrinsic 2-AP photophysics
and/or interactions with adjacent residues. Thermodynamic parameters describing local conformational
changes were thus resolved from multiple perspectives within the model RNA hairpin. These data provided
energetic bases for construction of folding mechanisms, which varied among different feloifagding

stimuli. Time-resolved fluorescence studies further revealed that 2-AP exhibits characteristic signatures
of component fluorescence lifetimes and respective fractional contributions in different RNA structural
contexts. Together, these studies demonstrate localized conformational events contributing to RNA folding
and unfolding that could not be observed by approaches monitoring only global structural transitions.

Fluorescence spectroscopy of 2-aminopurine (2tAR¥ tion, making this base analogue nearly ideal for studies
played a pivotal role in the elucidation of interactions within involving structural dynamics4-7), mismatch 8, 9) or
and between nucleic acids and other biomolecules, includingabasic {0—12) sites, base flipping, 13, 14), and protein-
proteins, nucleic acids, and larger structures such as multi-nucleic acid associatiorl$—18). Examples include char-
component ribonucleoprotein complexes. The use of 2-AP acterization of ribozyme foldingl®—21) and catalysis32,
in fluorescence studies is attractive because it can form 23), riboswitches 24), interactions with polymerase8%—
Watson-Crick type base pairs with either thymidine (DNA), 27), and nucleic aci¢tdrug interactionsZ8—31). However,
uracil (RNA), or cytosine (RNA and DNA), because it has the use of fluorescent base analogue probes such as 2-AP
a red-shifted absorption spectrum allowing differential also permits localized conformational events to be discrimi-
excitation in the presence of nucleic acids and proteins, andnated from more global structural phenomena. This is in stark
because its fluorescence is strongly quenched by basecontrast to methodologies such asBWs spectroscopy and
stacking interactionsl3). The fluorescence properties of circular dichroism, which monitor all components in solution
2-AP are extremely sensitive to local changes in conforma- as an ensemble. While other techniques with this capacity

for localized monitoring do exist (e.g., NMR, gel electro-
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the fluorophore 35). All bases exhibit the ability to statically
and dynamically quench 2-AP to similar extents; however,
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macon Research. RNA oligonucleotides were resuspended
in ultrapurified water and quantified bjgo in 10 mM

base pairing and hydrogen bonding are not generally potassium HEPES/acetic acid (pH 7.40a&hM urea, using

considered to significantly influence 2-AP fluorescent®, (
41). Computational modeling3, 41—43) and experimental
studies of idealized system4, (44—46) have explored the

extinction coefficients provided by Dharmacon. The follow-
ing extinction coefficientsezsg) were used: HP6, 233 400
L mol~tcm™%; HP14, 237 000 L moft cm™t; HP21, 232 200

nature of quenching mechanisms for 2-AP fluorescence. InL mol~! cm™; C6, 68 700 L mol! cm™%; C14, 87 700 L

general, 2-AP fluoresces as a consequence of emission ofmol™* cm™;

photons from themrs* singlet state, while nonradiative

and C21, 68600 L mot cm™®. All RNA
hairpin substrates (denoted MR) were of the sequencé-5

processes diminish the quantum yield from this excited state CAUACACGAAAGAAAUCGGUAUG-3', where the in-

(41, 42). The conformational motion of stacked bases is

ternal numberXX) indicates the position of the single 2-AP

crucial to quenching mechanisms. For example, the emissionbase substitution for each oligo (Figure 1). Control RNA

intensity of 2-AP in duplex DNA increases dramatically upon

substrates were eight nucleotides in length, with sequences

cooling and eventually becomes comparable to that of free equivalent to portions of the full-length hairpin and contain-

2-AP at low temperature88). However, while many studies
have employed 2-AP as a local sensor of specific DNA
structures, relatively few have examined its utility in the
context of RNA dynamicsg, 36), and reported examples
typically involve very dramatic RNA conformational events
(7, 19, 22, 47). RNA exhibits significantly more structural
diversity under physiological conditions than analogous DNA
sequencedg, 49). Accordingly, correlation of fluorescence
changes in specifically localized 2-AP residues to RNA
structural dynamics could significantly contribute to the
robust elucidation of many ribonucleic interactions. In
particular, how do the fluorescence properties of 2-AP
respond to changes in local RNA structure? What RNA

ing 2-AP at the 6 position. Control RNAs are indicated as
CXX, whereXX indicates the corresponding 2-AP labeling
position in the full-length hairpin sequence. The structural
integrity of the hairpin sequences was verified by denaturing
polyacrylamide gel electrophoresis using SYBR Gold. No
evidence of RNA degradation was observed, even under
overloaded conditions (data not shown).

Nuclease Digestion Studiddairpin RNA substrates (HP6,
HP14, and HP21) were hybridized to a complementary DNA
oligo 5-(NH,)-CATACCGATTTCTTTCGTG-3 (Integrated
DNA Technologies) to generate a RNANA duplex
containing a four-nucleotide-®verhang on the RNA strand.
This step improved the accessibility of the RNAHydroxyl

conformational events can be monitored through changes inmoiety to permit radiolabeling withyf3?P]ATP to specific
2-AP fluorescence? What can time-resolved fluorescenceactivities of 3-5 x 10° cpm/fmol using T4 polynucleotide
studies and the resolution of component lifetimes reveal aboutkinase (Promega) as described previousB).(End-labeled

local RNA structural contexts?
This study explores the effects of RNA conformational

RNA—DNA hybrids were treated with RQ1 RNase-free
DNase (Promega) and then purified by extraction with a

changes on the fluorescence properties of 2-AP in diversephenol/chloroform/isoamyl alcohol mixture (25:24:1). Un-
RNA structural environments. We compared the steady-stateincorporated radiolabel was removed using Sephadex G-25
and time-resolved fluorescence of 2-AP at three positions Quick-Spin RNA purification columns (Roche), and RNA

of a stable RNA hairpin with unambiguous structure: at an

substrates were purified from denaturing polyacrylamide gels

unpaired base within the stem, at the top of the loop, and in as described previousl$1). RNase digestion reactions were
a stacked position near the base of the stem. Changes irperformed essentially as described previouSB);(however,
fluorescence emission were measured as a function of the5 mM MgCl, was included in all reactions, and the RNA

extent of RNA hairpin folding and demonstrate its utility in
monitoring the extent and nature of RNA conformational
changes. Studies of 2-AP-labeled control RNA variants

hairpins were heated to 6% for 2 min followed by slow
cooling (over 26-30 min) to 30°C before addition of RNase
T1 (Sigma; 0.033 unit/reaction) or RNase ({Sigma; 9 x

incapable of folding were used to separate changes in10° unit/reaction) and incubation at 28C for 5 min.
intrinsic 2-AP photophysics and/or random nearest-neighbor Hydroxide ion-mediated cleavage was used to generate a

base stacking interactions from the effects of specific higher-

single-base ladder of thé’P]-5-HP14 substrate as described

order RNA structures on 2-AP fluorescence. Our results in protocols provided by Ambion. Reaction products were
further demonstrate not only that the use of unstructured fractionated by electrophoresis through a denaturing 12%
controls as a basis for comparison allows more sophisticatedacrylamide gel. The gel was then dried, &fftlabeled RNA
interpretation of 2-AP fluorescence data but also that cleavage products were visualized using a Phosphorimager
neglecting these controls can preclude quantitative charac-(GE Biosciences).

terization of the processes of interest.

EXPERIMENTAL PROCEDURES

Materials For all experiments, solutions were buffered
with potassium HEPES (Sigma) titrated to pH 7.4 using
concentrated acetic acid (American Bioanalytical) or with
HEPES free acid, titrated to pH 7.4 using sodium hydroxide.

Steady-State Fluorescence Measuremeitsteady-state
fluorescence experiments were performed using 1-crh
cm quartz cuvettes in a Cary Eclipse fluorometer (Varian)
with 5 nm excitation and emission slits unless otherwise
specified. Excitation was at 303 nm. In cases where a single
wavelength is monitored (e.g., thermal melts), fluorescence
emission was measured at 370 nm.

Potassium acetate and magnesium acetate (Mallinckrodt) Thermal Denaturation StudieShe thermodynamic stabil-
served as additional sources of monovalent and divalentity of RNA folding was assessed by thermal denaturation of

cations, respectively.
Synthetic RNA Oligonucleotidesll RNA substrates were
synthesized, '2hydroxyl-deprotected, and purified by Dhar-

samples containing 0-:3 uM RNA, 10 mM KHEPES/
HOAc (pH 7.4), and either (i) 50 mM KOAc and 5 mM
Mg(OAc), or (ii) 4.5 M urea with or without 5 mM Mg-
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Ficure 1: Structure of 2-AP-labeled RNA substrates. (A) Structural formulas of U:A and U:2-AP base pairs. (B) mFold-predicted structure
of hairpin RNA substrates. Spheres denote the sites of specific 2-AP substitutions (6 position in red, 14 position in purple, and 21 position
in green). (C) Nuclease footprinting of folded hairpin substrates, comparing uncut (UC), RNdige3ted (T), and RNase Fdigested

(T2) RNAs. The lane designatedOH is a sequence ladder generated via limited alkaline hydrolysis of HP14. The black arrow denotes
RNase T-directed cleavage at nucleotide G12, and the bracket indicates preferential RNelsavhge sites at positions 105. (D)
Sequence alignment of each of the 8-mer control RNAs with the hairpin substrate. 2-AP was inserted as the sixth nucleotide for each
control RNA, analogous to the position of the 2-AP substitution in each corresponding full-length hairpin.

(OAC),. Cuvettes were equilibrated at € for 10 min be- extrapolation method of Santoro and Bol&3)( as modified
fore initiation of a 1°C/min temperature gradient to 8&, by Manyusa and Whitford54):

recording 2-AP fluorescence (370 nm) at 0G intervals

using a Cary Eclipse fluorometer equipped with a Peltier (Frative — Funfoldet)e_AGU/RT
temperature controller and in-cell temperature probe. The Frp-c ratio— Fnative ~ “AGJ/RT 1)
apparent melting temperaturé.{) for each of the hairpins 1+e™™

(HP6, HP14, and HP21) was determined as the extremum AG,= AG,, — meq[urea] )

of the derivative of fluorescence with respect to temperature
following ratiometric correction to fluorescence from control
RNA substrates (C6, C14, and C21, respectively) at each
temperature.

Thermodynamic Estimation of RNA Folding Transitions.

whereAG, represents the free energy of hairpin denaturation
at each concentration of ureAG,, is the free energy of
RNA unfolding in the absence of denaturant, white,

) - Al ! relates its sensitivity to urea concentration. All parameters
The thermodynamic stability of hairpin RNA folding was \yare resolved fronfFup-c raioversus [urea] plots by nonlinear

also examined by chemical denaturation using urea. Theregression using PRISM version 3.0 (GraphPad) wittRan
fluorescence (370 nm) of 2-AP-labeled RNA samples (300 41 987 x 10-3 keal mol* K-L.

nM) was measured at 2& in 10 mM KHEPES/HOAc (pH Mg?*-dependent RNA conformational transitions were

7.4) as a function qf urea Cor_lce_ntration. Conformation-  ocojved by nonlinear regression Bfversus [Mg*] plots
dependent changes in RNA hairpin substrate quorescenceusing a cooperative binding model:

were resolved from other effects by taking the ratio of

fluorescence from hairpin versus the corresponding unstruc- [Mg”] h

tured control sequences at each urea concentration, yielding —_

Fup-c raic Hairpin RNA denaturation was considered as a two- [Mg*'] 1/z)

state, urea-dependent transition between native and unfolded F=Fy+ (F—Fo W (3)
conformations yielding asymptotic hairpin:control fluores- 1+ L]

cence ratiosFnaive and Funoides respectively. Asymptotic Mg, |

fluorescence ratios and thermodynamic parameters describing
denaturant-induced hairpin unfolding transitions were esti- where Fo and F¢ are the initial and final fluorescence
mated from the change iRup.crao @S @ function of urea  intensities, respectively, for a given transition, [My, is
concentration using eqs 1 and 2 adapted from the linearthe magnesium ion concentration yielding the half-maximal
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fluorescence change, aihds the Hill coefficient §5). For
these experiments, ratiometric correction of hairpin fluores-

cence was not required since fluorescence from control RNA substrate native conditiohs  denaturing conditiorfs
substrates was minimally affected by the presence Mg  HP6 0.341+ 0.026 0.186+ 0.018
(Results) C6 0.054+ 0.001 0.139k 0.005
; : _ _ HP14 0.227+ 0.012 0.32Qt 0.004
Time-Domain Fluorescence Measurememtme-domain Cl4 0.130+ 0.002 0.281- 0.008
measurements were performed on a FluoTime 200 instrument HP21 0.05Q+ 0.002 0.184+ 0.014
0.064+ 0.004 0.166+ 0.004
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Table 1: Relative Quantum Yields of RNA Substrétes

(Picoquant) equipped with a Hamamatsu microchannel plate €21
(MCP) providing <50 ps resolution. The emission mono- aRelative quantum vyields were determined using 2-AP under
chromator was set to 370 nm, with the emission and identical solution conditions at 28C as a ratiometric reference. Each
Mot ; ; ; value represents the m ndard deviation for three in nden
exciation sis full open, and polarizers set to magic angle YA€ SFserts e mesrstandey devation o e pdependert
conditions. The excitation source was a 295 nm LED driven y;qoac), and 10 mM KHEPES (pH 7.4}.Denaturing conditions
at a 10 MHz repetition rate by a PDL800 driver (Picoquant) are defined 89 M urea and 10 mM KHEPES (pH 7.4).
fitted with a Corning 7-54 short pass filter for wavelengths
below 320 nm. The emission side was equipped with a 365 First, digestion of all three RNA substrates with RNase T
nm long pass filter in front of the monochromator. Time- vyielded a single significant cleavage event at position G12,
resolved fluorescence data were analyzed using the Fluofitthe sole unpaired G residue within the hairpin structure.
software package (Picoquant). Lifetime data were fit using Second, all hairpin substrates exhibited enhanced sensitivity
nonlinear least-squares analysis to a sum ekponentials to RNase 7}, which preferentially cleaves' 3f single-
N stranded nucleotides, at positions-15 (Figure 1C, bracket),
=S o o (t) (4) as expected for a loop region. Enhancgd RNassesitivity
; ! was also observed at theehd, suggesting that some duplex
breathing may be occurring on the time scale of the
wherea; is the fractional contribution of each component experiment. Nuclease sensitivities at all cleavage sites were
lifetime (zi). When more than one lifetime component is consistent among the three hairpin substrates, indicating that
indicated, the amplitude-weighted average lifetime is reported the 2-AP substitutions do not significantly alter the structure

as of the folded product. Finally, the folding of all hairpin
n substrates displayed a similar sensitivity toigoncentra-
Tamp= Zairi (5) tion when measured by UV hypochromicity, indicating that
= the position of 2-AP labeling does not significantly impact

RESULTS global fo]ding thermodynamics (Figure S1 of the Supporting
Information).

Design and Structural Validation of 2-AP-Labeled RNA  While the preceding data indicate a common RNA
SubstratesThe 23-nucleotide RNA hairpin used in this study structure for each of the 2-AP-substituted RNA hairpins,
includes an 8 bp stem interrupted by an unpaired base influorescence emission from 2-AP varied dramatically among
the 6 position and capped with a six-base loop (Figure 1B). the unpaired (HP6), loop (HP14), and base-paired (HP21)
2-AP was substituted for adenine in one of three locations: positions, consistent with the extreme sensitivity of 2-AP
the single unpaired base (HP6), in the loop (HP14), or within fluorescence to its local environment. While shifts in the
the stem (HP21). The 2-AP positions were chosen aswavelengths yielding maximal emission were small (hnm),
archetypes of common local environments found in most emission magnitudes varied strongly with the extent of
structured RNA molecules. Individual unpaired bases are folding and the identity of adjacent residues (Table 1 and
common in structured RNASS6) and can be intercalated Figure 2). For example, the hairpin RNA substrate containing
(57) or extrahelical $8—60) depending on sequence and 2-AP in place of the single unpaired adenosine (HP6)
structural context. Six-membered RNA loop structures such exhibited approximately 6-fold stronger fluorescence inten-

as those within the HIV-iransactivation response (TAR)
element 61, 62) and the internal ribosome entry site of
poliovirus 63) show significant local conformational dynam-

sity versus its corresponding unstructured control sequence
(C6). Presentation of 2-AP within the RNA loop also
increased fluorescence emission but to a lesser extent (1.8-

ics and are essential for recognition of and association with fold increase for HP14 vs C14). Enhanced emission from
trans-acting binding factors. Computational modeling of the the loop-positioned 2-AP residue is consistent with previous
model RNA sequence using mFol@4( 65) returned only studies indicating that 2-AP fluorescence increases with
one predicted structure, even when permitting 95% subop-solvent exposure and minimization of base stacki®@).(
timality. Control sequences were designed to assist in the Similarly, the dramatic increase in 2-AP fluorescence from
differentiation of nearest-neighbor and/or intrinsic 2-AP the HP6 versus C6 substrates supports an extrahelical or
photophysical effects versus secondary RNA structural “bulged” conformation for the unpaired base at position 6,
effects on 2-AP fluorescence. Each control RNA substrate rather than intercalation between stacked helices. In contrast,
(C6, C14, and C21) was eight nucleotides in length and HP21 exhibited 22% weaker fluorescence intensity than C21,
identical in sequence to the corresponding subsections of thandicating that emission from a stacked, base-paired 2-AP
hairpin substrate (HP6, HP14, and HP21, respectively) with residue is slightly but measurably decreased relative to that
the 2-AP substitution positioned three nucleotides from the of the corresponding unpaired base. To verify that local RNA
3 end. Nuclease digestion analysis (Figure 1C) of the HP6, structural environments were largely responsible for the
HP14, and HP21 substrates indicates that each adopts alifferences in 2-AP emission between hairpin RNA substrates
hairpinlike structure consistent with the mFold prediction. and their respective eight-nucleotide control sequences,
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FiGure 2: Emission spectra of 2-AP-substituted RNA oligonucleotides. Fluorescépce 303 nm) of RNA hairpins<) and control
sequences (- - -) was measured under native conditions [10 mM KHEPES (pH 7.4), 50 mM KOAc, and 5 mM Mp&DABYC using
each RNA substrate at 300 nM.

fluorescence was also measured under denaturing conditions. 2-AP fluorescence was measured as a function of tem-
The intensity of 2-AP fluorescence was only modestly perature for each of the hairpin RNA substrates and their
influenced by urea, decreasing 744 0.1% n 9 M urea cognate 8-mer control sequences. Comparing the temperature
relative to native solution conditions (data not shown). In dependence of 2-AP emission between individual haitpin
the presencef® M urea, the fluorescence intensities of HP14 control substrate pairs was expected to allow secondary
and HP21 were within 1012% of their corresponding con-  structural effects to be discriminated from thermal effects
trol sequences, while the 6-fold difference in emission from on either the photophysics of 2-AP or interactions with
the HP6 versus C6 substrates converged to approximatelyflanking residues. Consistent with this hypothesis, the
25% (Table 1). Similarities in emission between paired fluorescence intensities of each hairpitontrol RNA pair
hairpin and control RNA substrates under denaturing condi- converged at high temperatures as hairpin secondary structure
tions indicate that adoption of RNA secondary structure is was denatured (Figure 3A). All control substrates exhibited
predominantly responsible for the unique variations in 2-AP weaker emission with an increase in temperature, although
fluorescence from each folded hairpin RNA relative to the magnitude of this decrease varied, suggesting that nearest-
control sequences. As such, localization of 2-AP in different neighbor effects impact the temperature dependence of 2-AP
RNA structural contexts can impart distinct photophysical fluorescence emission (Figure S2). By contrast, the hairpin
consequences on the fluorophore that may reveal characterRNA substrates displayed more complex behavior consistent
istics of local RNA conformation independent of global RNA  with relaxation of secondary structure (Figure 3A). Identical
folding. behavior was observed in replicate experiments across a
Comparing the fluorescence of control RNA substrates titration of RNA substrate [0-33 uM (Figure S3)]. The
under native and denaturing conditions also revealed thatindependence of this thermal transition with respect to RNA
nearest-neighbor RNA sequence effects can significantly concentration verified that unfolding of these hairpin sub-
contribute to net emission intensity. While C6 and C21 strates is a unimolecular proce€¥),
exhibited similar quantum yields under both native and  To extract temperature-dependent fluorescence changes
denaturing conditions (Table 1), emission from C14 was resulting specifically from the release of secondary structure,
roughly double the fluorescence intensity from either C6 or the fluorescence of each hairpin substrate was normalized
C21, regardless of the solution conditions. Consistent with to emission from its cognate control RNA at each measured
other studies 35), these data show that the fluorescence temperature (Figure 3B). The apparent melting temperatures
intensity of 2-AP flanked by adenine residues is enhanced (T,,) of RNA structural transitions were then estimated from
relative to 2-AP flanked by pyrimidines independent of derivative plots (Figure 3C). Following normalization to the
higher-order RNA structure and, furthermore, demonstrate unstructured control, a 2-AP residue inserted in the bulged
that dramatic differences in fluorescence can result from position (HP6) displayed a dramatic decrease in fluorescence
simply changing the labeling position within the RNA with an increase in temperature, exhibiting a well-defined
molecule. Nearest-neighbor effects on 2-AP fluorescence andmelting transition at 56C. 2-AP residues inserted into loop
their implications for probe design are addressed further in (HP14) and stem (HP21) positions also revealed structural
the Discussion. transitions near 57 and 58C, respectively, although the
Modulation of 2-AP Fluorescence by Thermal Denatur- magnitude of the change in fluorescence intensity ac-
ation of RNA SubstrateOne goal of this study was to companying these unfolding events was smaller than that
correlate changes in the fluorescence of 2-AP-substitutedobserved from the HP6 substrate. The equivalgntalues
RNA substrates with defined structural transitions. Thermal determined for the hairpin RNA substrate from all 2-AP-
denaturation approaches are commonly used to measure th&abeled positions suggest that denaturation of this RNA is a
stability of secondary and tertiary structural elements in two-state process. It is noteworthy that the derivative plots
RNA, which can be considered thermodynamically as a net for unfolding at the bulged (HP6) and loop (HP14) positions
sum of multiple local conformational changes. However, with display local minima while at the stem position (HP21) a
appropriate controls, we reasoned that regioselective 2-APlocal maximum is indicated. This difference is consistent with
substitution could permit evaluation of local conformational the relative fluorescence quantum yield exhibited by 2-AP
events independent of global changes occurring during RNA in each structural environment, since emission is enhanced
structural transitions. in bulged and looped conformations relative to unstructured
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Ficure 3: Thermal denaturation analyses of 2-AP-substituted RNA substrates. (A) Blank-corrected fluoretgen&d8 nm;Aem = 370

nm) of hairpin ) and control (- - -) RNA substrates was measured under native conditions [L0 mM KHEPES (pH 7.4), 50 mM KOAc,

and 5 mM Mg(OAc)] as a function of temperature. To improve the signal-to-noise ratio, HP14, C14, HP21, and C21 samples were measured

at 750 nM with 10 nm emission slits. (B) Fluorescence intensity values from hairpin substrates were normalized to emission from cognate
8-mer control RNA sequences at each measured temperature. (C) These control-corrected hairpin emission values were then used to construct
derivative plots as a function of temperaturel(= 4 °C), permitting estimation of the transition melting temperatuiigg (isted in Table

2.

controls, while emission from base-paired 2-AP residues is hairpin (Figure 4B). Analyses of these data using a linear
decreased (Figure 2). extrapolation model (egs 1 and 2) permitted the free energy
Modulation of 2-AP Fluorescence by Chemical Denatur- of folding in the absence of denaturamiGuw) and the
ation of RNA SubstrateBlrea titrations present an alternative = sensitivity of folding energy to ureargy) to be estimated
means of characterizing the thermodynamics of nucleic acid (Table 2). AGyw was greatest for the HP14 substrate,
folding (68). Here, this technique was used as an orthogonal indicating that the local RNA conformation within the loop
approach to monitor local RNA structural events contributing position is more stable than near the bulged base or within
to denaturation of 2-AP-substituted hairpin substrates. As the stem region in the absence of denaturant. However, the
in the thermal denaturation experiments (above), both hairpinfree energy of folding within the loop region also displayed
and control RNA substrates exhibited significant changes in significantly greater sensitivity to urea (Table 2; @figq
2-AP fluorescence as a function of urea concentration (Figure values). Together, these data suggest that urea preferentially
4A). Accordingly, 2-AP-substituted hairpin substrate fluo- disorders the loop bases before release of base-paired
rescence was normalized to emission from cognate controlstructures within this model RNA substrate. Furthermore,
RNAs at each urea concentration to permit fluorescence these experiments demonstrate that the contribution of local
changes resulting from secondary structural events to beevents to global RNA stability can be monitored by use of
discriminated from primary structural influences and/or specific 2-AP insertions compared to appropriate unstructured
alterations in 2-AP photophysics. Plots of control-normalized control RNAs.
hairpin substrate fluorescence versus urea concentration Modulation of 2-AP Fluorescence by KtgStabilized
yielded saturable functions consistent with denaturant- Folding of RNA Substrate3he stability of RNA folding is
dependent release of the folded conformation for each RNA strongly coupled to cation concentrations. In particular, the
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Ficure 4: Chemical denaturation of 2-AP-substituted RNA substrates. (A) Blank-corrected fluorescence from ®igpid ¢€ontrol ©)

RNA substrates was measured at 10 mM KHEPES (pH 7.4) across a titration of ured@t @ Fluorescence intensity values from

hairpin substrates were normalized to emission from cognate 8-mer control RNA sequences at each urea concentration. Parameters relating
the thermodynamics of urea-dependent RNA unfolding were estimated using a two-state model as described in Experimental Procedures
(—) and are listed in Table 2.

Table 2: Thermodynamic Parameters Describing the Unfolding of Hairpin RNA Substrates

Tm(°C)P
RNA substrate 50 mM KOAc,5mM Mg  4.5Murea, 0 mM M§" 4.5Murea, 5mM Mg" AGuw® (kcal/mol) me (kcal molt M—1)
HP6 56.3+ 1.6 (8) 20.8£ 0.9 (4) 46.3+ 0.3 (3) 1.09+ 0.08 0.45+ 0.05
HP14 57.3+ 1.9 (6) 21.0+ 0.6 (5) 45.0+ 2.1 () 1.99+ 0.25 0.83+0.14
HP21 56.3£ 1.1 (7) 18.6+ 0.8 (6) 43.8+ 0.6 (5) 1.26+ 0.06 0.46+ 0.07

a Determined as the extremum of the derivative of control-normalized hairpin RNA substrate fluorescence vs temperature for each 2-AP-labeled
position and reported as the meanstandard deviation, based on the number of experiments indicated in parentheses. Representative data are
shown in Figures 3 and S&4Determined by nonlinear regression of control-normalized hairpin RNA substrate fluorescence vs urea concentration
using eqs 1 and 2 for each 2-AP-labeled position, based on experiments performetCaarab presented in Figure 4. Values represent the mean
+ standard deviation for three independent experimex@., is the free energy of RNA unfolding in the absence of denaturagtis the linear
coefficient relating the sensitivity oAG to urea concentration.

contributions of M@" to secondary and tertiary RNA function of Mgt concentration [Figure 5&)]. Addition of
structural transitions have been extensively character&d ( Mg?* resulted in a dramatic increase in fluorescence emission
69—72). To assess the utility of the 2-AP-substituted RNA from HP6, as the 2-AP base underwent the transition from
hairpin model for evaluation of Mg-dependent changes in  an unfolded and likely partially stacked state into the bulged
local RNA conformation, experimental conditions permitting conformation. 2-AP in the loop region (HP14) exhibited a
cation-dependent modulation of RNA structure were re- much more modest enhancement of fluorescence, while
quired. The intrinsic melting temperatures of each RNA emission from the stem-positioned 2-AP residue (HP21) was
hairpin substrate 456 °C (Table 2)] indicated that the significantly decreased by M¢rdependent stabilization of
thermodynamic favorability of hairpin formation must be the folded hairpin structure. Parallel experiments with the
reduced to make this possible at ambient temperatures. Ure@-mer control oligonucleotides indicated that alterations in
titration analyses indicated that each RNA hairpin substrate local base mobility or interactions with adjacent residues
was at least 80% unfolded in 4.5 M urea (Figure 4B). By made no significant contributions to Mginduced fluores-
thermal denaturation, unfolding transitions for all 2-AP- cence changes. Across the same range offMgncentra-
labeled positions within the hairpin substrate were observedtions, fluorescence from the C6, C14, and C21 substrates
near or below room temperature in 4.5 M urea under exhibited no systematic drift, with variations limited to
hypotonic solution conditions but were dramatically stabi- approximately 4% [Figure 5X)]. In addition, modulation
lized by addition of 5 mM M@" (Figure S4 and Table 2).  of 2-AP photophysics did not contribute to cation-induced
At 25 °C in 4.5 M urea, all 2-AP-substituted hairpin changes in fluorescence intensity, since emission from free
substrates exhibited distinct fluorescence changes as &-AP was insensitive to Mg at concentrations below 25
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Ficure 5: Magnesium-stabilized folding of hairpin RNA substrates in 4.5 M urea. The fluorescence intensities of l@jraimd (8-mer
control ©) RNA substrates were measured as a function of‘Mmpncentration at 25C and plotted relative to the emission from each

substrate in the absence of added?Mdpata were resolved by nonlinear regression using the cooperative Hill equation{@geraged
regression parameters from five independent experiments are listed in Table 3.

Table 3: Mg"™ Dependence of Hairpin RNA Substrate Folding 10000
RNA substrate [M& 12 (uM)? h2 |"\
HP6 35+ 4 1.21+0.11 1000
HP14 82+ 10 1.15+0.17
HP21 68+ 4 1.16+ 0.05 £
aDetermined by nonlinear regression of hairpin RNA substrate § 100¢
fluorescence vs My concentration at 28C using eq 3. Values are
guoted as the mear: standard deviation for five independent 1
experiments. oF
mM (data not shown). Considering the Ktgdependence 1 . : : . . . .
of hairpin substrate fluorescence as a transition between 0 10 "mz"n 30 40
unfolded and folded hairpin structures permitted quantitative @ (ns)
resolution of these data by the Hill model (eq 3). Interest- HP6 substrate
ingly, this analysis revealed significantly different fig St
requirements for stabilization of RNA folding depending on [
the position of the 2-AP insertion. Presentation of the bulged of

base (HP6) was most sensitive to Mgwith the half-
maximal transition observed at 3@M Mg?" (Table 3).
Formation of the stem (HP21) and conformational restraint
of the loop insertion (HP14) were observed at significantly
higher Mg concentrations. MiJ-dependent changes in the
fluorescence of all 2-AP-substituted hairpin substrates yielded 0

C6 substrate

2

Residual counts

Hill coefficients near unity, indicating no significant coop- 0
erativity with respect to Mg . The implications of these data 3

for resolution of RNA folding mechanisms are pursued time (ns)

further in the Discussion. FiGUrRe 6: Time-domain intensity decay of HP6 (red) and C6 (bluge)

Time-Resaled Fluorescence Properties of 2-AP inBise RNA substrates following excitation at 295 nm/ & RNA in 10
RNA Structural ContextsAs the model RNA hairpins MM NaHEPES (pH 7.4), 50 mM NaOAc, and 5 mM Mg(OAk)
undergo the transition between folded and unfolded states 8t 22 °C. The instrument response function is colored green.

Y - . 'Residual plots from nonlinear regression of 2-AP fluorescence decay
all three 2-AP substitutions exhibit changes in fluorescence o, 14 three-component exponential series based on eq 4 are shown

intensity. Time-resolved studies were performed to assesspelow. Lifetime parameters calculated from regression series are
how these processes impact the intrinsic fluorescence propersummarized in Table 4.

ties of 2-AP in each structural context. Alterations in
fluorescence intensity occur via a variety of photophysical
events which can influence fluorescence lifetimey g¢nd/

or the relative partitioning between component speaigs (

discrete 2-AP lifetime components have been described
within nucleic acid contexts/@, 74), the relatively long pulse

A representative time-domain experiment comparing the W'_dth (500-600 ps) of the LED exc'ta“?” source used in
excited-state lifetime properties of 2-AP substitutions within tiS study precluded accurate resolution of the shortest
the folded HP6 hairpin versus C6 control RNA substrates is €0mponent, which is often in the 280 ps range. Analyses
shown in Figure 6. Analogous experiments were performed Of our data sets using four-component exponential series did
for all hairpin and control substrates under conditions Not significantly improve regression fitness (basedyéh
promoting fully folded [5 mM Mg(OAc) and 50 mM and vyielded large uncertainties in the shortest lifetime
NaOAc] or denatured (9 M urea) RNA conformations. In component. Using the three-component algorithm, we expect
all cases, the lifetime properties of 2-AP-labeled RNA that contributions from these ultrafast 2-AP lifetimesl00
substrates were described wej? (= 0.9-1) by three- ps) will be incorporated into the 0-3L ns lifetime component
component exponential series (Table 4). While at least four described in this study.
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Table 4: Time-Resolved Fluorescence Parameters of 2-AP-Substituted RNA Substraté€an Eblded vs Unfolded Conformatiohs

o4 (%) 7,°(ns) o° (%) 7,°(Ns) oz (%) 73°(ns) Tamg (NS) y2e
50 mM NaOAc, 5 mM Mg(OAc)
HP6 22+ 3 0.61 ¢+0.07/-0.06) 18+ 2 4.4 +0.3/-0.2) 594 2 9.58 (+0.05/-0.03) 6.6+ 0.2 0.99
C6 71+ 5 0.30 (+0.02/-0.01) 19+ 2 2.14 (+0.13+0.09) 11+ 3 6.7 +0.2/~-0.1) 1.3+ 0.2 0.96
HP14 36+ 6 0.93+ 0.04 38+ 1 3.69 (+0.09/-0.10) 26+ 4 9.87 (+0.05/-0.06) 4.3+ 0.4 0.95
Cl14 41+ 6 1.17+ 0.05 47+ 2 3.27 (+0.09/-0.08) 12+ 4 7.48 (+0.10/-0.09) 2.9+0.3 0.94
HP21 74+ 3 0.41+0.01 20+ 2 2.53+ 0.08 6+ 1 8.0+ 0.2 1.3+ 0.1 0.94
Cc21 46+ 4 0.44 (+0.04/-0.05) 39.5+ 04 25+0.1 14+ 3 6.3 (+0.2/~0.3) 2.1+ 0.2 0.97
9 M Urea
HP6 38+ 2 0.54+ 0.02 39+ 4 3.76+ 0.09 23+ 2 7.1 #+0.1/-0.09) 3.29 0.04 0.99
C6 40+ 2 0.52 (+0.04/-0.02) 386 3.6+0.1 23+ 4 6.3+ 0.1 2.99+ 0.07 0.96
HP14 26.0+ 0.2 1.51+ 0.06 53+ 4 45+ 0.1 21+ 4 74+0.1 43+£0.1 0.96
Cl14 27+ 2 1.49+ 0.05 48+ 5 4.4+ 0.1 26+ 4 7.1+0.1 43+0.1 0.97
HP21 25.8-04 0.69 (-0.05/-0.06) 514 3.4+0.1 23+3 6.2 +0.1/-0.2) 3.35+ 0.08 0.99
Cc21 26+ 1 0.68 (+0.05/-0.06) 48+ 6 3.2+0.1 26+ 7 57+0.1 3.2+ 0.2 0.97

aTime-resolved fluorescence parameters were derived by resolution to a three-component exponential series (eq 4). All solutions were buffered
with 10 mM NaHEPES (pH 7.4 Calculated as the average of the results of three independent samples, fit with global lifetime components
72, and s, and quoted as the mealn standard deviation of three independent saml€obally fit lifetime component of measurements from
three independent samples. Errors represent 67% confidence intervals based on support plane analyses and are thus not necessarily symmetrica
about they?>-minimized solutiond Average amplitude-weighted lifetime, determined using egj3.value for the global nonlinear least-squares
analysis from three independent samples fit with global lifetime components.

Under fully denatured conditions, the 2-AP residues in =+ 0.1 ns to a biexponential decay with amplitude-weighted
hairpin RNA substrates exhibit time-resolved fluorescence components:a; = 80 + 1%, r; = 10.64+ 0.07 ns,o, =
properties very similar to those of residues within corre- 20 + 3%, t, = 1.5 + 0.3 ns. However, comparing 2-AP
sponding control sequencest & M urea, no significant lifetime components among different control RNA substrates
differences were observed between thdractions of any (Table 4) revealed significant heterogeneity in the magnitude
hairpin substrate relative to its 8-mer control RNA. Similarly, of changes between denaturing and native conditions. This
the 2-AP lifetime componentsrf were largely invariant  indicates that interactions between 2-AP and urea cannot
between hairpin RNAs and cognate control sequences. Thesolely account for alterations in the fluorescence of 2-AP-
sole exception was a small but statistically significant substituted control substrates as they are denatured. Rather,
increase (10%) in the longest 2-AP lifetime componeg) (  urea-dependent variations in 2-AP stacking with adjacent
of the HP6 substrate relative to the C6 RNA. The overall bases or solvent exposure must also contribute to the altered
similarity of lifetime parameters from hairpin versus control time-resolved fluorescence properties of this residue in the
RNAs suggests that 2-AP largely experiences comparablecontext of the 8-mer control substrates.
local environments in these substrates under denaturing The preceding experiments show that chemical denatur-
conditions. However, the small variation ig between the ation can modify the lifetime properties of 2-AP-substituted
HP6 and C6 substratea © M urea may account for the RNA substrates by influencing both local RNA structure and
difference in 2-AP quantum yield between these RNAs the photophysics of free 2-AP itself, independent of second-
observed by steady-state fluorescence under these conditionary structural changes in the RNA. As such, interpretation
(Table 1). of 2-AP lifetime parameters from hairpin RNA substrates

The 8-mer control substrates, which cannot form stable must also consider contributions from these mechanisms. To
secondary structures, provide a means of monitoring stimulus-this end, the influence of secondary RNA structure on the
dependent perturbations of the unfolded state in the absencdime-resolved fluorescence properties of 2-AP-substituted
of secondary RNA structural transitions. 2-AP residues in hairpin substrates was extracted using pairwise comparisons
all control RNAs exhibited dramatic changesdnand with data from cognate control RNAs. Under native condi-
between denaturing and native solution conditions. In eachtions, 2-AP residues presented in each of the archetypal
case, denaturatiom 9 M urea substantially decreased{35  structural features (bulged base, looped base, and stacked
45%) the fractional contribution of the shortest 2-AP lifetime base) exhibit dramatic changes in time-resolved fluorescence
componentd,) with concomitant increases o, and/oro. properties compared to unstructured control substrates. 2-AP
The 2-AP component lifetimes were also markedly altered inserted in the bulged position (HP6) displayed significantly
by chemical denaturation of each control substrate, with longer fluorescence lifetimes for all components (enhance-
significant increases in both andr, (27—73 and 28-68% ments of 2-fold forr; andz,, and 43% forrs) relative to the
Vs native conditions, respectively). The longest 2-AP lifetime cognate control RNA (C6). The trend toward longer 2-AP
componentts) exhibited small but statistically insignificant  lifetimes in the bulged position was also reflected in the
decreases following denaturation of each control RNA. One fractional contributions of the longest lifetime component
factor contributing to urea-dependent alterations in 2-AP (o), which was enhanced more than 5-fold in the HP6
lifetime components may be changes in the intrinsic pho- substrate relative to the control sequence at the expense of
tophysics of 2-AP itself, possibly due to interaction with the a nearly 70% reduction in the amplitude weighting of the
denaturant. To test this possibility, time-domain intensity shortest lifetime @,). Presentation of 2-AP within the loop
decay measurements were also taken for free 2-AP under(HP14) increased fluorescence lifetimes for the intermediate
native versus denaturing solution conditions. Addition of urea (z;) and longestz) components by 13 and 32%, respec-
changed the 2-AP lifetime from a single exponential of 10.9 tively, while decreasing: by 21% relative to that of the
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control substrate (C14). Concomitantly, the fractional con- locally paired and unpaired conformations to be resolved by
tribution of the intermediate 2-AP lifetime component) changes in steady-state fluorescence. More notably, formation
was decreased by 19% in the loop position versus the C14of an RNA loop could be monitored by enhanced emission
RNA. While the contribution of the longest 2-AP lifetime from a 2-AP residue inserted within the loop itself (HP14).
componentds) appeared to increase by more than 100% in While the dynamic range of this transition was limited,
the looped conformation relative to control, this result was defined thermodynamic behavior could be resolved following
not statistically significant (at 95% confidence) across correction for primary structural and/or nonspecific 2-AP
triplicate independent experiments. Unlike HP6 and HP14, photophysical effects (e.g., Figures 3 and 4). Furthermore,
where RNA folding enhances 2-AP solvent exposure, the placement of 2-AP in bulged, looped, or base-paired RNA
folded HP21 substrate positions 2-AP in a base-paired duplexconformations yielded unique changes in time-resolved
where quenching mechanisms become more prevalentfluorescence properties relative to unstructured RNA controls,
Although the longest 1) 2-AP lifetime component is  involving modulation of specific lifetime components)(
modestly increased in HP21 relative to the control substrate and/or their fractional contributions to 2-AP fluorescengg. (
(27% vs C21), the fractional contributions of the longer Conceivably, changes in 2-AP fluorescence accompanying
lifetimes (. and ag) are both significantly decreased, RNA conformational transitions may reflect changes in local
yielding a 61% increase ia;. base stacking, solvent exposure, base pairing, or proximity

The amplitude-weighted average lifetimg.{) is propor- to localized cations resulting f_rom RNA folding. Together,
tional to the area under the steady-state fluorescence emissioflese data demonstrate that insertion of 2-AP into any of
spectrum in the absence of static quenching mechandps ( these distinct RNA structural environments imparts specific
In this study, the relative differences ia, values (Table  characteristics to fluorescence emission from this residue,
4) between each pair of hairpin and control substrates areWhich may be detected by steady-state or time-resolved
similar to the ratio of their steady-state quantum yields (Table fluorescence spectroscopic techniques.

1). For the HP6-C6 and HP14-C14 substrate pairs, longer Detection of Site—Specific Variations in RNA Folding and
average lifetimes were reflected in greater steady-stateUnfolding ProcessedUrea titration experiments indicated
intensities, while in the case of HP21, decreased steady-statéhat the local RNA structural environment was most stable
fluorescence corresponded to shorter average lifetimes.for 2-AP substituted in the loop position, but that the
However, changes im.mp are not necessarily proportional conformation of this region was also most sensitive to the
to changes in quantum yield since steady-state fluorescencePresence of the denaturant (Table 2). However, the enhanced
intensity is sensitive to static quenching caused by aromaticStability of the loop region was not reflected in thermal
stacking 40) which is not reflected in the average lifetime. denaturation experiments conducted in the absence of urea
Accordingly, resolution of individual component lifetimes ~(Table 2), indicating that local conformational events in the
and their fractional contributions to total fluorescence are hative hairpin are differentially modulated by the denaturation
more likely to yield specific metrics that are significantly method employed.

modulated during conformational changes of 2-AP-substi- Mg?* titrations were used to refold urea-denatured hairpin

tuted RNA substrates. RNA substrates, permitting local features of RNA hairpin
folding to be evaluated by Mg-dependent changes in 2-AP
DISCUSSION fluorescence (Table 3). Preferential enhancement of 2-AP

fluorescence in the bulged position (HP6) at low concentra-

2-Aminopurine as a General Sensor of Local RNA tions of Mg+ suggests that RNA conformational changes
Structure.Iln this Study, we evaluated the f0|d|ng of a model promoting Soivent exposure Of the adenine (Or Z_AP) in
RNA substrate from multiple positional perspectives by position 6 are stabilized at M¢ concentrations much lower
combining the local environmental sensitivity of 2-AP  than those necessary to drive 2-AP stacking in the stem
fluorescence together with new considerations in probe position (HP21). Higher MY concentrations are also
design and comparative controls. Traditional measurementsyequired to stabilize the local environment of the loop region,
of RNA folding transitions using absorbance spectroscopy possibly by limiting the segmental dynamics of looped bases.
detect global conformational events involving significant These position-dependent differences in the sensitivity of
changes in base pair potentiélf( 76). Often, these systems  flyorescence emission from 2-AP-labeled hairpin substrates
are analyzed using two-state folding models because thereg Mg2+-stabilized RNA folding were in marked contrast to
is little recourse to do otherwise. However, site-specific the Mg+ sensitivity of global hairpin RNA folding. While
insertion of 2-AP residues can permit much more detailed hajf-maximal folding of all hairpin substrates was observed
characterization of RNA f0|d|ng than UV absorbance at similar M§+ concentrations by UV absorbance (Figure
measurements, since the fluorescence properties of 2-AP ing1), this revealed no information about localized structural
each labeled position are influenced by very local and events contributing to the conformational transition. Together,
therefore distinct biochemical environments. these experiments show that the exquisite sensitivity of 2-AP

While 2-AP has been used extensively to monitor selected fluorescence to local environmental conditions allows re-
structural elements in nucleic acids, including base mis- giospecific characterization of structural transitions within
matches, abasic sites, and base flipping, few studies havethis model RNA hairpin, to a degree not easily accessible
addressed its ability to detect hybridization or more subtle by methods measuring only global structural changes. An
local conformational events. Here, presentation of 2-AP in independent group used a similar rationale to kinetically
a base-paired region (HP21) significantly decreased fluo- monitor local conformational events within the hammerhead
rescence quantum yield relative to 2-AP residues in regionsribozyme. There, temperature-jump experiments permitted
of greater solvent exposure, allowing transitions between the rapid local dynamics of a 2-AP residue inserted within
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the tetraloop to be distinguished from slower dynamics within ary structural influences to each parameter based on differ-
the core near the cleavage sifd) ences between 2-AP fluorescence in the folded hairpin versus
Fluorescence lifetimes can be highly sensitive to changes8-mer control contexts was further validated by the conver-
in the local environment of the fluorophore, exemplified by gence of lifetime parameters in each hairpgontrol sub-
increases in the longest 2-AP lifetimes)(of all hairpin strate set under fully denatured conditions.
substrates relative to those of unstructured control sequences Considerations in Probe Desigiizor analyses of RNA
(Table 4). However, in many cases, the changes in compo-conformational events, optimally designed 2-AP-substituted
nent lifetimes may be small relative to alterations in their RNA sequences will exhibit several features: (i) maximal
fractional contributions to 2-AP fluorescence. For example, dynamic range across the folding transition, (i) high
the fractional contribution of the shortest 2-AP lifetineg ) sensitivity to the process of interest, (iii) low sensitivity to
is dramatically enhanced when base-paired (HP21) but isconcurrent but unrelated processes, and (iv) reasonable
diminished in a bulged base (HP6). The sensitivityapfo chemical/spectroscopic stability. 2-AP exhibited negligible
conformational dynamics has also been exhibited in pretein  photobleaching under the conditions employed in this study
DNA interactions {7). Conversely, this parameter is not (data not shown) and has shown robust photostability under
significantly modified by localization of 2-AP in the loop much stronger excitation7g). The red-shifted absorption
position (HP14); rather, contributions from the intermediate spectrum also allows selective 2-AP excitation in the
2-AP lifetime (@) are diminished in this conformation. Our  presence of other nucleic acids and proteil)s lowever,
current understanding is that 2-AP component lifetimes are as noted above, 2-AP fluorescence is very sensitive to both
strongly influenced by local base stacking in the context of its local environment and the presence and identity of
nucleic acids, where enhanced stacking potential is associatedheighboring nucleotides (re82, 33, and35and this work).
with higher fractional contributions from shorter lifetime For example, guanosine efficiently quenches 2-AP fluores-
components36, 73, 74). As such, evaluation of local RNA  cence via electron transfeB4, 39, 79), accounting for the
folding thermodynamics may be dramatically enhanced by potent loss of emission observed in systems where 2-AP can
monitoring individual 2-AP lifetime components and/or collide with neighboring guanosine residug8)( Conversely,
fractional contributions as the RNA conformation transitions a stack of adenine residues can act as an antenna, directing
from one state to another. excitation energy into 2-AP36). This effect may account
Utilization of Reference States and Control Sequences.for the enhanced quantum yield of 2-AP observed in the C14
Several observations arising from this study underscored thesubstrate relative to the other 8-mer control RNAs (Table
importance of appropriate controls when using fluorescent 1).
base analogue probes to evaluate conformational changes in Direct interaction with adjacent bases quenches 2-AP
nucleic acids. Here, we used unstructured control RNA fluorescence by both static and dynamic mechanigfis (
substrates to discriminate the contributions of higher-order Accordingly, 2-AP labeling positions that experience sig-
RNA structures on 2-AP fluorescence from stimulus-de- nificant changes in base stacking potential will yield the
pendent changes in intrinsic 2-AP photophysics and/or greatest dynamic ranges of fluorescence emission in response
interactions with adjacent residues. For steady-state fluoresto RNA conformational changes (e.g., HP6). However, such
cence measurements, 2-AP intensity changes resulting fromplacement may be undesirable in some situations due to
secondary structural transitions were resolved by ratiometric potential interference with protein binding or tertiary RNA
normalization of hairpin substrate fluorescence to control structural events. On the basis of the data presented in this
RNA emission under identical solution conditions. The utility work, even very modest alterations in local base stacking
of this approach was exemplified by the urea denaturation (e.g., HP14) can be resolved by 2-AP fluorescence if rigorous
experiments (Figure 4), where thermodynamic parameterscontrols are employed. A more frequent scenario occurs
describing conformational transitions could be extracted from when the specific secondary and/or tertiary structural envi-
urea-dependent changes in hairpin fluorescence which oth-ronment of a given base is unknown. For such cases,
erwise demonstrated more complex behavior. On the othercomparison of time-resolved fluorescence properties relative
hand, thermal denaturation analyses exhibited comparableto those of minimally structured control substrates can reveal
T values with and without ratiometric correction (cf. Tables information about the local RNA conformation near specific
2 and S1). Because the temperature dependence of controlesidues based on characteristic lifetime parameters inherent
RNA fluorescence is relatively monotonic for the control to 2-AP in different structural contexts (Table 4). Taken
substrates studied here (Figure S2), its principal influence together, these studies illustrate the broad applicability of
on these data was to alter the magnitude of the derivative 2-AP fluorescence in the structural and thermodynamic
functions, not the position(s) of local extremes. However, characterization of diverse RNA conformational events.
emission from control RNA substrates was often differen- ACKNOWLEDGMENT

tially sensitive to thermal or chemical perturbation (e.g., . )
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