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ABSTRACT: Acrylamide quenching is widely used to monitor the solvent exposure of fluorescent probes
in vitro. Here, we tested the utility of this technique to discriminate local RNA secondary structures using
the fluorescent adenine analogue 2-aminopurine (2-AP). Under native conditions, the solvent accessibilities
of most 2-AP-labeled RNA substrates were poorly resolved by classical single-population models; rather,
a two-state quencher accessibility algorithm was required to model acrylamide-dependent changes in 2-AP
fluorescence in structured RNA contexts. Comparing 2-AP quenching parameters between structured and
unstructured RNA substrates permitted the effects of local RNA structure on 2-AP solvent exposure to be
distinguished from nearest neighbor effects or environmental influences on intrinsic 2-AP photophysics.
Using this strategy, the fractional accessibility of 2-AP for acrylamide (f,) was found to be highly sensitive
to local RNA structure. Base-paired 2-AP exhibited relatively poor accessibility, consistent with extensive
shielding by adjacent bases. 2-AP in a single-base bulge was uniformly accessible to solvent, whereas the
fractional accessibility of 2-AP in a hexanucleotide loop was indistinguishable from that of an unstructured
RNA. However, these studies also provided evidence that the f, parameter reflects local conformational
dynamics in base-paired RNA. Enhanced base pair dynamics at elevated temperatures were accompanied
by increased f, values, while restricting local RNA breathing by adding a C-G base pair clamp or positioning
2-AP within extended RNA duplexes significantly decreased this parameter. Together, these studies show
that 2-AP quenching studies can reveal local RNA structural and dynamic features beyond those that can
be measured by conventional spectroscopic approaches.

The fluorescent nucleic acid base analogue 2-aminopurine
(2-AP)' is widely employed in biochemical research. Its red-
shifted absorption relative to that of typical nucleic acids
and proteins in conjunction with the extreme sensitivity of
2-AP fluorescence to local environmental factors has facili-
tated its use in structural dynamics studies of nucleic acids
alone or in interactions with other biomolecules (/-5).
Stimulated by the utility of 2-AP in biological research,
several studies have characterized 2-AP in well-defined
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systems, exploring how 2-AP fluorescence is affected by the
distance from nucleic acid termini (6), stacking dynamics (7, 8),
and sequence dependence (9—11). Neither base pairing nor
hydrogen bonding has been found to significantly impact
2-AP fluorescence (12, 13). However, all nucleotide bases
can quench 2-AP by both static and dynamic mechanisms
(12). Collisional processes constitute a major pathway in
2-AP quenching: elimination of conformational motion in
2-AP-labeled duplex DNA by cooling to 77 K resulted in
2-AP emission comparable to that of free 2-AP (8).

Our previous study used 2-AP fluorescence to monitor
helix—coil transitions from various positions within a
structurally unambiguous RNA hairpin (4). Thermodynamic
parameters were thus obtained from diverse perspectives
within the model RNA substrate, which in turn revealed
features of local RNA conformational dynamics. However,
modulation of fluorophore quantum yield is only one
indicator of change in the local chemical environment. More
sophisticated approaches include changes in dynamic fluo-
rescence quenching. Collisional quenchers such as iodide
anion, cesium salts, and acrylamide are often used to assess
the solvent accessibility of a fluorophore (/4). Specific
applications of this technique have been used to study
protein—protein interactions (/5—17), protein—ligand associa-
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tion (18, 19), membrane—protein biophysics (16, 20), protein
conformational changes (27, 22), and protein—nucleic acid
interactions from the perspective of the protein (23-26).
Fluorescence quenching studies using 2-AP as the probe have
been used to monitor DNA structural dynamics (27, 28) and
protein—DNA interactions from the perspective of the
DNA (29, 30). Collisional quenching of 2-AP has also been
used in a few RNA-based systems to track RNA conforma-
tional changes (37, 32), drug binding to rRNA (33), and
protein—RNA association (34). Typically, these quenching
studies measure variations in the fluorescence of 2-AP-
labeled nucleic acid substrates across titrations of a collisional
quencher, detecting local conformational changes based on
the premise that occlusion of solvent exposure will decrease
the sensitivity of 2-AP fluorescence to the quencher. How-
ever, broader applications of this strategy are currently
hampered by several limitations in our understanding of 2-AP
solvent accessibility in nucleic acid contexts. For example,
it is unclear how 2-AP solvent exposure varies between
specific nucleic acid secondary structural motifs. This
information could provide a diagnostic for spectroscopically
determining local secondary structure or more accurately
describing conformational changes as a consequence of some
stimulus. In addition, data from some published studies
employing acrylamide titrations to evaluate 2-AP solvent
accessibility in DNA or RNA contexts show significant
downward curvature on classical Stern—Volmer plots (27, 33),
suggesting the presence of multiple quenching mechanisms
or conformational subpopulations.

In this study, we have addressed these questions by
evaluating the solvent accessibility of 2-AP using acrylamide
fluorescence quenching in three archetypal RNA structural
contexts. Using a previously described family of RNA hairpin
substrates (4), 2-AP residues were unambiguously positioned
within the base-paired stem, in the loop cap, and as a single
unpaired base. The sensitivity of 2-AP fluorescence to
acrylamide was measured in each of these model RNA
hairpins and corresponding unstructured RNA control sub-
strates to distinguish primary versus secondary RNA struc-
tural effects on 2-AP solvent exposure. These data resolved
unique solvent accessibility characteristics for each 2-AP-
labeled position and demonstrated the utility of bimodal
algorithms for analysis of 2-AP quenching in structured RNA
environments. However, these studies also suggested that
acrylamide quenching of 2-AP was highly sensitive to the
dynamics of base pair formation in structured RNA. This
hypothesis was then tested under conditions where RNA
breathing dynamics were altered by varying temperature,
adding distal base-paired clamps to the RNA substrate, and
positioning 2-AP in extended duplex RNAs. Together, these
studies show that acrylamide quenching of 2-AP can monitor
localized base pair dynamics in structured RNA molecules,
to a degree not readily apparent with other spectroscopic
methods.

EXPERIMENTAL PROCEDURES

Reagents. For all experiments, solutions were buffered
with potassium HEPES (Sigma) titrated to pH 7.4 using
concentrated acetic acid (American Bioanalytical). Potassium
acetate and magnesium acetate (Mallinckrodt) served as
additional sources of monovalent and divalent cations,
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HP6 5’ - CAUACACGAAAGAAAUCGGUAUG -3’
HP1l4 5’'- CAUACACGAAAGAAAUCGGUAUG -3’
HP21 5’'- CAUACACGAAAGAAAUCGGUAUG -3’
HP21ls 5’ -CCAUACACGAAAGAAAUCGGUAUGG-3'

cé 5’ - CAUACACG -3’
Cl4 57— AAAGAAAU -3
cza21 5/- UCGGUAUG -3’

cHP 3’ - GUAUGUGCUUUCUUUAGCCAUAC -5’

FIGURE 1: 2-AP-labeled RNA substrates. (A) Validated structure
of RNA hairpin substrates as previously described (4). Spheres
denote the sites of specific 2-AP substitutions for each sequence
(position 6 in red, position 14 in purple, and position 21 in green).
The blue C-G base pair at the base of the RNA hairpin indicates
the additional sequence elements present in HP21s. (B) Nomen-
clature and sequence alignment of the RNA substrates, highlighting
the 2-AP position using the same color scheme used in panel A.

respectively. Urea and acrylamide (American Bioanalytical)
were Ultra Pure grade (>99.9%).

Model RNA Substrates. All 2-AP-labeled RNA substrates
were synthesized, 2’-hydroxyl deprotected, and purified by
Dharmacon Research. The unlabeled complementary RNA
substrate (cHP) was synthesized and purified by Integrated
DNA Technologies. All oligonucleotides were resuspended
in ultrapurified water and quantified by the Asep in a 10 mM
potassium HEPES/acetic acid mixture (pH 7.4) containing
9 M urea, using extinction coefficients provided by the
manufacturers. The following extinction coefficients (€260,
liters per mole per cm) were used: HP6, 233400; HP14,
237000; HP21, 232200; C6, 68700; C14, 87700; C21, 68600;
HP21s, 249300; and cHP, 225700. 2-AP-labeled RNA
hairpins denoted HPXX were based on the sequence 5’-
CAUACACGAAAGAAAUCGGUAUG-3’, where the in-
ternal number (XX) indicates the position of the single A —
2-AP substitution within each RNA substrate. Previously (4),
we demonstrated that each of these RNA substrates forms a
hairpinlike fold incorporating an 8 bp stem with a single
unpaired base in the 6 position and capped with a six-base
loop (Figure 1A). 2-AP labeling sites were chosen as being
representative of secondary structural environments com-
monly found in structured RNA molecules: at the single
unpaired base (HP6), in the loop (HP14), or within the stem
(HP21). Many structured RNAs possess individual unpaired
bases (35), which can be intercalated (36) or turned outside
the RNA helix (37, 38). Local RNA structures containing
six-membered loops are seen within the HIV-1 transactiva-
tion response (TAR) element (39, 40) and the internal
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ribosome entry site of poliovirus (4/). These loops demon-
strate significant local conformational heterogeneity and are
required for recognition and binding by trans-acting factors.
The oligonucleotide HP21s includes an additional G-C pair
at the terminus of the stem domain (Figure 1), while the
sequence of cHP is complementary to those of the 23 bp
2-AP-labeled RNA hairpins. Eight-base control RNA sub-
strates contained sequences equivalent to portions of the
model hairpin with 2-AP at the 6 position and are designated
by CXX, where XX indicates the corresponding 2-AP labeling
position in the full-length hairpin sequence (Figure 1B).
Parallel experiments were performed on free 2-AP and the
CXX control substrates to permit intrinsic photophysical and/
or nearest neighbor effects on 2-AP fluorescence to be
distinguished from the consequences of local RNA secondary
structure. Previous computational modeling and thermal
denaturation experiments showed no evidence of stable
structure for any of the 8-mer control RNA substrates (4).
The purity and structural integrity of all hairpin sequences
were verified by denaturing polyacrylamide gel electrophore-
sis with SYBR Gold stain (Invitrogen). No evidence of RNA
degradation was observed, even under overloaded conditions
(data not shown).

To generate double-stranded cHP—HPXX RNA duplexes,
2-AP-labeled hairpin RNA substrates HP6, HP14, and HP21
(1.2 uM) were mixed with a 3-fold molar excess of cHP in
50 mM KOAc, 5 mM Mg(OAc),, and 10 mM KHEPES/
HOAC in a final volume of 100 uL. Samples were heated to
85 °C for 5 min and then cooled with a linear temperature
gradient to 20 °C over a 30 min interval using a Bio-Rad
iCycler PCR machine. Quantitative hybridization of HPXX
oligoribonucleotides was verified in parallel annealing reac-
tions containing 3?P trace-labeled hairpin RNA substrates,
prepared using [y->’P]ATP (New England Nuclear) and T4
polynucleotide kinase (Promega) as described previously
(42). Aliquots of radiolabeled RNAs (each as a double-
stranded duplex and as a single-stranded hairpin) were
fractionated by electrophoresis through a 12% native poly-
acrylamide gel in 1 x TBE buffer. Visualization of dried gels
by Phosphorimager analysis (GE Biosciences) revealed no
detectable *2P-labeled single-stranded products following the
annealing process (data not shown).

Steady-State Fluorescence Measurements. All steady-state
fluorescence experiments were performed using 1 cm x 1
cm quartz cuvettes in a Cary Eclipse fluorometer (Varian).
Five nanometer excitation and emission slits were used for
all experiments involving single-stranded control and hairpin
RNA substrates unless otherwise specified. Fluorescence
experiments with double-stranded HPXX—cHP duplexes
were performed with 5 nm excitation and 10 nm emission
slits. Excitation was at 303 nm. In cases where a single
wavelength is monitored (e.g., acrylamide quenching),
fluorescence emission was measured at 370 nm. No inner
filter corrections were necessary because the maximal
absorbance beyond 300 nm was below 0.1 for all solutions.
Also, no photobleaching was observed within the experi-
mental time scale.

Thermal Denaturation Studies. The thermodynamic stabil-
ity of HP21s folding was assessed by thermal denaturation
of samples containing 800 nM RNA, 10 mM KHEPES/
HOAc (pH 7.4), 50 mM KOAc, and 5 mM Mg(OAc),.
Thermal denaturation studies of HPXX—cHP duplexes were
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performed using 800 nM HPXX quantitatively annealed to
cHP as described above. Cuvettes were equilibrated at 12 °C
for HP21s or 17 °C for the HPXX—cHP duplex for 10 min
before initiation of a 1 °C/min temperature gradient to 88
°C. 2-AP fluorescence (370 nm) was recorded at 0.5 °C
intervals using a Cary Eclipse fluorometer equipped with a
Peltier temperature controller and in-cell temperature probe.
Apparent melting temperatures (7},) were determined as the
extrema of the derivative of fluorescence with respect to
temperature calculated within a +2 °C window.

Steady-State Acrylamide Quenching Studies. The solvent
accessibility of 2-AP residues was monitored by collisional
quenching with acrylamide. Titration stocks were made with
~1 M acrylamide, 10 mM KHEPES (pH 7.4), and either 50
mM KOAc with 5 mM Mg(OAc), or 9 M urea for native or
denaturing solutions, respectively. The titration stock was
added and manually mixed via pipetting before the fluores-
cence emission at 370 nm was read. The RNA concentration
was typically 400 nM, with the following exceptions to
compensate for differences in quantum yield: 2-AP, 200 nM;
HP21 and HP21s, 800 nM; HPXX—cHP duplex, 1.2 uM.
The temperature was controlled via a Peltier temperature
controller and in-cell temperature probe. Nonlinear regression
analysis of data was performed using Prism version 3.03
(GraphPad), fitting to variations of the standard Stern—Volmer
equation (/4):

F
7 =1+ KQl (M

1

where Fj is the steady-state fluorescence in the absence of
acrylamide, F; is the fluorescence of the sample in the
presence of acrylamide at concentration [Q], and Kgy is the
Stern—Volmer constant describing the average sensitivity of
the fluorophore to acrylamide for the single-population
analysis in eq 1. A modified form of the Stern—Volmer
equation (/4) assumes that only a fraction of the fluorophore
population (f,) is accessible to acrylamide:

F,  1+K]JQ]
F,  1+(1—-£)KJ[Q]

where K, is the sensitivity of that fraction to acrylamide
quenching. The two-state analysis in eq 2 assumes that the
inaccessible fluorophore fraction (1 — f,) is completely
protected from the quenching compound. While eq 2 is a
two-state model in the thermodynamic sense, it does not
preclude the existence of additional conformational states
with a distribution of relative accessibilities and quenching
sensitivities. However, this two-state delineation can serve
as a useful parametrization to distinguish differences in
fluorophore solvent accessibility in systems presenting
significant conformational heterogeneity. Note that eq 2
simplifies to eq 1 when f, = 100%. Not surprisingly, when
the 95% confidence interval of f, includes f, = 100%, eq 1
also adequately fits the data [e.g., C21 under native conditions
(Table 1)]. When the K, parameters were very large (e.g.,
free 2-AP), the f, resolved to greater than 100%. These cases
were alternatively fit to a quenching sphere of action model
(14):

@)

F,
= =1+ K, [QDe"™? 3

1
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Table 1: Acrylamide Quenching Parameters for RNA Substrates Determined at 25 °C

50 mM KOAc, 5 mM Mg(OAc), 9 M urea

RNA substrate fa (%) K, M1 VvV (M~1P Ksy M~ n fa (%) K, M1 V(M Ksy M1 n
HP6 1033409 17.17+£042 0.62+0.17° 17.10£045 6  894+64 473+054 3.98 +£0.06¢ 8
C6 82.3+3.3 10.65+0.95 7224014 6  844+54 486+0.50 373+£0.044 6
HP14 644+18 9724056 5  849+£32 426+025 334+£0.02¢ 7
Cl4 653+34 8284086 3 88.6+39 536+0.39 4404005 4
HP21 572421  9.8440.83 8 89.6+£55 424+040 3.60 £0.04 10
C21 874425 10.61 £0.67 8.094+0.13 3 879473 459+0.60 378+ 0.067 5
HP21s 283 +£2.5 96+ 1.8 7 907493 3.67=+0.60 3.11+£0047 7
2-AP 101.54+0.2 37.654+037 0.62+0.10° 37584039 4 1025422 178+1.0 0464+041¢ 17.7+1.1¢ 3
HP14-cHP® 325415 13.0+ 1.4 3 n/d n/d’ n/d n/d’
HP21-cHP® 443428 7314086 4 n/d n/d’ n/d" n/d’

“ Determined as the average of n replicate experiments analyzed via global nonlinear least-squares analysis to a two-state quenching model (eq 2).
The reported errors are the standard deviations of the global fit. Denoted solution conditions also include 10 mM KHEPES (pH 7.4), as described in
Experimental Procedures. ” Parameters resolved by global nonlinear least-squares analysis to the Stern—Volmer equation with (¢) or without (%)
consideration of the sphere of action (eq 3 or eq 1, respectively), depending on whether a large apparent K, value is exhibited. The reported errors are
the standard deviation of the global fit. Values are not included for RNA substrates where regression of 2-AP fluorescence versus [acrylamide] data sets
using single-population models was deemed inappropriate by residual runs tests (P < 0.05). © With consideration of the sphere of action (eq 3).
4Without consideration of the sphere of action (eq 1). ¢ HPXX—cHP double-stranded duplex RNA substrates were annealed as described in

Experimental Procedures prior to acrylamide titration. / Not determined.

which assumes that the fluorophore is immediately quenched
after excitation by acrylamide within a sphere with a volume
V (reported in units of M™! for convenience). In all cases
for which extreme quenching sensitivity was observed,
models 2 and 3 fit equivalently in terms of the residual
absolute sums of squares. Note that fitting with the additional
Ja parameter in cases where the simpler classical Stern—Volmer
equation (eq 1) applies results in an increased variance for
both fit estimators (f, and K,). However, overdetermination
does not significantly perturb the mean estimation of the fitted
parameters (43). Also of note is the fact that data were fitted
as Fi/Fy to the reciprocal of eq 2 because we found that
nonlinear regression confidence intervals were improved,
although the values of resolved parameters were not signifi-
cantly affected. However, all data are presented as Fy/F;
versus [acrylamide] to facilitate comparison to classical
Stern—Volmer analyses. Since the goal in this study was to
estimate differences in structure by comparison of quench
constant values, quenching phenomena of 2-AP-labeled
species were analyzed using eq 2 for the sake of consistency
and ease of interpretation, unless otherwise indicated.

RESULTS

Multistate Algorithms Are Required To Model Acrylamide
Quenching of 2-AP in Most RNA Contexts. Acrylamide
quenching is a well-established approach to quantify the
sensitivity of a fluorophore to a collisional fluorescence
quencher (/4). This sensitivity is in turn a measure of
the average solvent exposure of the probe. Here, we used
this technique to monitor the solvent exposure of 2-AP in
each of several archetypal RNA structural motifs. Using eq
1 to analyze the change in 2-AP fluorescence as a function
of acrylamide concentration infers that all 2-AP bases
experience similar solvent access across the RNA sample
population. While the acrylamide sensitivity of 2-AP fluo-
rescence from some labeled positions was reasonably well
described by this model (e.g., Figure 2A, C21), nonlinearity
on classical Stern—Volmer plots indicates that this model
fails generally for 2-AP in native RNA contexts (e.g., Figure
2A, HP14, C14, and HP21). However, the deviations from
idealized linear Stern—Volmer behavior observed in all data

sets were accommodated by eq 2, where only a fraction of
the 2-AP population (f;) is considered to be accessible to
solvent, with average acrylamide sensitivity K,. The extent
that f, falls below 100% is reflected in the degree of
downward curvature in Fo/F; versus quencher concentration
plots. Thus, 2-AP positioned in the stem position of the native
hairpin (HP21) would be considered less solvent exposed
than in the native single-stranded C21 (Figure 2A and Table
1). However, when 2-AP is highly solvent exposed, modest
upward curvature on the Stern—Volmer plot yields a resolved
fa value slightly but significantly greater than 100%. Here,
this was observed for 2-AP in the single unpaired base
position (native HP6) and as a free base in solution (Figure
2A and Table 1). Significantly higher K, values resolved for
free 2-AP and native HP6 are reflected by steeper initial
slopes in Stern—Volmer plots and indicate that the extent
of quenching efficiency is very high. In cases where
fluorophores exhibit extreme sensitivity to quenching com-
pounds, upward curvature of Stern—Volmer plots has been
interpreted using the sphere of action model described by
eq 3, where collisions between quencher and fluorophore
immediately following excitation cause the quencher—fluorophore
pair to appear as a dark complex (/4). In this study, all
quenching experiments yielding an f, of >100% by the
bimodal quenching model were well resolved by this sphere
of action algorithm (Table 1).

Fractional Accessibility to Acrylamide Varies as a Func-
tion of 2-AP Placement within Defined RNA Structural
Contexts. A key objective of this study was to determine
whether parameters describing the sensitivity of 2-AP
fluorescence to a collisional quencher correlated with fluo-
rophore presentation in defined local RNA structural motifs.
Quencher titrations are frequently used to assess changes in
fluorophore solvent exposure resulting from conformational
changes or interactions with other factors. However, compar-
ing the acrylamide sensitivity of 2-AP fluorescence from
RNA substrates HP6, HP14, and HP21 (Figure 2A) indicates
that 2-AP solvent accessibility varies widely as a function
of labeling position for otherwise identical RNA hairpin
substrates.

Bimodal quenching analyses of hairpin substrates and their
corresponding controls were quantitatively compared using
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FIGURE 2: Acrylamide quenching titrations of hairpin and control RNA substrates under native and denaturing conditions. Hairpin (@) and
control (O) RNA substrates were titrated with acrylamide under (A) native conditions [10 mM KHEPES (pH 7.4) containing 50 mM KOAc
and 5 mM Mg(OAc),] or (B) denaturing conditions [10 mM KHEPES (pH 7.4) containing 9 M urea] at 25 °C, monitoring relative fluorescence
loss with respect to increasing acrylamide concentration. Regression solutions (lines) represent nonlinear fits to individual data sets using
the bimodal quenching model given by eq 2. Solvent accessibility parameters for each RNA substrate were derived using global regression

solutions across multiple data sets and are listed in Table 1.

Table 2: P Values from Unpaired Two-Tailed 7-Test Comparisons of f,
and K, across RNA Substrates and Solution Conditions

native conditions® denaturing conditions”

comparison fa K, fa K,
HP6 vs C6 <0.0001 <0.0001 0.149 0.654
HP14 vs Cl14 0.6332 0.0266 0.121 0.007
HP21 vs C21 <0.0001 0.2739 0.620 0.198
HP6 vs HP14 <0.0001 <0.0001 0.117 0.055
HP6 vs HP21 <0.0001 <0.0001 0.944 0.042
HP14 vs HP21 <0.0001 0.3053 0.061 0.909
Co vs Cl4 0.0002 0.0085 0.220 0.132
C6 vs C21 0.0524 0.9505 0.384 0.436
Cl4 vs C21 0.0008 0.0208 0.869 0.063

“ Native conditions are defined as 50 mM KOAc, 5 mM Mg(OAc),,
and 10 mM KHEPES (pH 7.4). Denaturing conditions are defined as 9
M urea and 10 mM KHEPES (pH 7.4). The parameters f, and K, are as
defined in eq 2. P values denote the level of confidence that a given
parameter is indistinguishable between the RNA substrates under
comparison. Parameters exhibiting statistically different values between
compared RNA substrate pairs are italicized (P < 0.05).

unpaired two-tailed z-tests, with differences exhibiting P
<0.05 considered significant (Table 2). By contrasting the
solvent accessibility parameters of 2-AP in each hairpin label
position relative to its cognate control RNA, we could
distinguish alterations in quenching sensitivity resulting from
RNA structural context from the effects of nearest neighbors
and/or intrinsic 2-AP photophysics. Previously, we used a
similar approach to define the influence of local RNA
structural presentation on the quantum yield and fluorescence
lifetime properties of 2-AP (4). Comparing the acrylamide
sensitivity of 2-AP fluorescence from substrates HP6 versus
C6 presents the most striking contrast, with HP6 returning a
25% increase in f, and a 61% increase in K, (Table 1). This
dramatic enhancement of quencher sensitivity is consistent
with an extrahelical 2-AP conformation at the hairpin 6
position (Figure 1A). By contrast, quenching analyses of
HP14 and Cl14 yielded fairly similar f, and K, values,

suggesting that the solvent exposure of 2-AP within the
hairpin hexaloop is comparable to that of the fluorophore
contained within C14. A distinct case was observed for 2-AP
in the base-paired hairpin stem, where the f, for HP21 was
34% lower than the f, from the unstructured C21 substrate.
However, resolved K, values could not be distinguished
between HP21 and C21. Not surprisingly, free 2-AP shows
~100% accessibility with a K, value more than double that
of HP6. Together, these data indicate that the resolved K,
values for 2-AP vary only slightly as a function of RNA
structural presentation, with the exception of constrained,
highly solvent exposed contexts such as that anticipated for
a single bulged nucleotide (e.g., HP6). However, the
fractional accessibility of 2-AP to acrylamide is highly
sensitive to RNA structure, with f, significantly increased in
bulged contexts and decreased for paired bases, relative to
unstructured control RNAs.

The identity of adjacent residues also modestly influenced
2-AP quenching properties, which is evidenced by comparing
solvent accessibility parameters for the control RNA sub-
strates. Under native conditions [5S0 mM KOAc/5S mM
Mg(OAc),], K, values for C6 and C21 are statistically
indistinguishable but modestly greater than '“K, (Tables 1
and 2). Fractional accessibilities show a more dramatic trend:
Clag < C6f, ~ C2If. The rank order in f,, and to some extent
K, coincides with the solvent accessible surface area (SASA)
of the flanking bases, suggesting that the size of neighboring
bases may impact the ability of acrylamide to quench 2-AP
fluorescence. Adenine, which flanks 2-AP in C14, cytosine,
which flanks 2-AP in C6, and uracil, adjacent to 2-AP in
C21, have SASAs of 278, 244, and 235 Az’ respectively (44).
This ordering of quenching parameters disappears in 9 M
urea, indicating that essentially all base stacking interactions
affecting collisional surface area are eliminated under
denaturing conditions.
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The presence of 9 M urea is expected to fully denature
RNA structure and thus abrogate secondary structural effects
on quenching phenomena. Under these conditions, f, and K,
values for C6, C14, and C21 were statistically indistinguish-
able (Table 2). Also, the striking differences in f, and/or K,
values observed between HP6 versus C6 and HP21 versus
C21 under native conditions are absent at 9 M urea (Table
1). While HP14 and Cl14 retain similar f, values under
denaturing conditions, K, is modestly (25%) elevated in C14
versus HP14. The general lack of statistically significant
differences between f, (and to a large extent K,) values for
2-AP across all denatured RNA contexts suggests that the
diversity of quenching parameters observed under native
conditions depends on the presence of secondary structure.
In 9 M urea, acrylamide quenching of 2-AP in all RNA
substrates could also be resolved by the classical Stern—Volmer
equation (eq 1), indicating that the solvent exposure of 2-AP
can be modeled as a single population within denatured RNA
contexts (Table 1).

Finally, comparing the quenching parameters of 2-AP in
control RNA substrates under native versus denaturing
conditions illustrates the importance of unstructured RNA
controls. C6 and C21 show no statistically significant
variation in f, with transfer into 9 M urea (P = 0.435 and P
= 0.915, respectively), indicating that they are effective
models of the denatured state. However, €%, is increased
(P = 0.0004) in the presence of urea, suggesting that C14
exhibits a partially ordered conformation under native
conditions which may involve some degree of stacking
between 2-AP and its two adjacent adenines. The tendency
of adjacent adenines to stack has been known for at least 40
years (45, 46) and has been resolved by NMR (47). High
concentrations of urea most likely disrupt this ordered
stacking, reflected in increased 2-AP solvent accessibility.
As such, native C14 is a better representation of the unfolded
state of HP14 under native solution conditions than HP14
at 9 M urea where this nearest neighbor effect is absent.

Fractional Solvent Accessibility of 2-AP Reflects Local
Conformational Dynamics within Base-Paired RNA. Several
observations support the hypothesis that breathing dynamics
occur near the termini of the model RNA hairpins. First,
limited digestion of folded hairpin substrates with the single
strand-specific endonuclease RNase T, generated cleavage
sites up to three bases from the base of the stem (4). Since
RNase T, exhibited very poor catalytic efficiency within the
remaining double-stranded domain of the hairpin RNA (4),
the stem terminus must be unpaired sufficiently to allow
RNA strand cleavage within the time scale of enzyme
kinetics. Second, this study indicated significant fractional
exposure of the stem-positioned 2-AP to acrylamide ("',
= 56%), which was surprising given that the fluorophore is
positioned three base pairs into the stem. Finally, we
observed no evidence of a denatured subpopulation of
hairpins by native gel analysis (data not shown), via limited
nuclease digestion (4), or in the quencher titrations which
found that the 6 position 2-AP remains ~100% exposed and
does not relax into the unstructured state represented by C6
(Figure 2A). Together, these data indicate that the native
hairpin substrate is stably folded but exhibits localized base
pair dynamics near the base of the stem.

Three sets of experiments were used to assess how local
RNA base pair dynamics influence 2-AP solvent accessibility

Ballin et al.

A 6 B

— o
D s LR TR 3 E
O 4t 80 .
< LI
n Keol &t
< 2 = . ] o &
= * 4012 L
3 o® ® 2.AP
T 85 83 © HP21
© o 201 o c21

I PR AL Lt

20 30 40 50 60 70 80 10 20 30 40 50 60 70
) Temperature (°C) Temperature (°C)

D
Csc 15
° L]
50 R L

(M)
(2] »
o o
2.5
[ ]
[ ]
»
Ka (M)
2
O
——i01 0
—@+EOH
e ool
o900
e
H—O+
FOHO0
O+

20 5} ;
10 o HP21
r oC21

* AP . oHP21s

0502030 20 50 60 70

Temperature (°C)

10 20 30 40 50 60 70
Temperature (°C)
FIGURE 3: Effects of temperature and an additional terminal C-G
base pair on the solvent accessibility of 2-AP positioned within
the hairpin stem. (A) The derivative of fluorescence emission as a
function of temperature was calculated for RNA substrates HP21
and HP21s (AT = 4 °C) as described in Experimental Procedures,
permitting estimation of transition melting temperatures (7},) listed
in Table 3. (B) The fractional solvent accessibility (f;) of 2-AP in
selected RNA substrates or free in solution was calculated using
eq 2 across a series of acrylamide titrations (e.g., Figure 2)
performed at various temperatures. The quenching efficiencies of
the solvent accessible fraction (K,) of free 2-AP (C) and selected
2-AP-labeled RNA substrates (D) were determined from acrylamide
titration plots using eq 2 as described above and plotted as a function
of temperature. In all plots, error bars reflect the standard deviation
of each parameter resolved from at least two independent acrylamide

titration experiments at each temperature.

parameters. First, acrylamide titrations were performed on
HP21 at a variety of temperatures, since localized breathing
of double-stranded RNA is enhanced as the temperature
increases. Quenching parameters were then compared with
analogous studies of C21 and free 2-AP to control for nearest
neighbor and intrinsic photophysical effects, respectively. The
sensitivity of free 2-AP to quencher was significantly
enhanced at higher temperatures, reflected in a 2-fold increase
in K, within a span of 40 °C, reaching a plateau between 50
and 70 °C (Figure 3C). "*2IK, and ©*'K, are nearly indistin-
guishable across the entire temperature range but show a
trend in opposition with 2APK, with a weak sensitivity to
temperature between 10 and 50 °C and a decreasing
magnitude at higher temperatures (Figure 3D). The ratios
ZAPE MP2LE and C21K,/ZAPK, increase from ~3 to ~10 as
the temperature increases, demonstrating that interactions
with nearest neighbors drive the divergence of HP21 and
C21 quenching sensitivities from that of free 2-AP. However,
the limited variability in K, for HP21 versus C21 across all
tested temperatures indicates little diagnostic utility for this
parameter with respect to RNA structure (see Discussion).
In contrast, changes in the fractional accessibility of 2-AP
within HP21 to acrylamide were consistent with temperature-
dependent changes in local RNA duplex breathing. Resolved
fa values for free 2-AP and C21, which exhibit no base pair
potential, were relatively constant and near 100% across the
10—70 °C temperature range (Figure 3B). However, 1P2!f,
dramatically increased as a function of temperature, ap-
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Table 3: Melting Temperatures and Relative Quantum Yields of
2-AP-Labeled RNA Hairpin Substrates under Native Conditions

RNA substrate relative quantum yield” T (°C)? n®
HP14¢ 0.227 £ 0.012 573+ 19 6
HP21¢ 0.050 £ 0.002 563+ 1.1 7
HP21s 0.0111 £ 0.0003 67.1+04 3
HP14—cHP 0.0107 £ 0.0001 759£0.2 2
HP21—cHP 0.0169 £ 0.0009 76.0 £0.2 2

“Relative quantum yields were determined using 2-AP under
identical solution conditions as a ratiometric reference. Each value
represents the mean =+ the standard deviation for at least three
independent samples. ? Determined as the extremum of the derivative of
hairpin RNA substrate fluorescence vs temperature calculated over a
+2 °C window for each 2-AP-labeled position, reported as the mean £
the standard deviation across n independent experiments. < Values
reported previously (4). ¢ Melting temperatures and relative quantum
yields were determined for hybridized double-stranded RNA composed
of the indicated 2-AP-labeled RNA and the unlabeled complementary
RNA substrate, cHP (Experimental Procedures).

proaching the level of ©*If, at temperatures beyond the hairpin
T of 56 °C. The extreme sensitivity of HP2!f, to temperature
and its asymptotic approach to ©*!f, at temperatures near the
hairpin melting point indicate that the fractional solvent
accessibility of 2-AP within HP21 is highly sensitive to base
pair dynamics near the hairpin terminus.

A second experiment for assessing the relationship be-
tween f, and local duplex breathing employed an extended
hairpin sequence, HP21s, which was stabilized by an
additional C-G base pair at the stem terminus (Figure 1).
We predicted that since the fractional accessibility of 2-AP
in HP21 increases as a function of temperature, fP2lf, could
be reduced by stabilizing the duplex state. Addition of the
C-G base pair to the hairpin stem increased the melting
temperature of the hairpin by approximately 11 °C (in Table
3, cf. HP21s vs HP21). Under native conditions at 25 °C,
the fractional accessibility of 2-AP in HP21s was 50% lower
than in HP21 (Table 1), consistent with enhanced occlusion
of the fluorophore from solvent. Across the temperature range
of 10—70 °C, FP2Isf, was consistently lower than "2!f, (Figure
3B), exhibiting behavior expected for a more stably base
paired (i.e., buried) probe position: a protracted plateau in
quenching accessibility at low and intermediate temperatures,
finally increasing in magnitude at higher temperatures and
eventually approaching ©?f, at temperatures near Tp,.

In a third experiment, the relationship between f, and local
base pair dynamics was tested by localizing 2-AP within
extended RNA duplexes. We reasoned that local base pair
dynamics would be diminished within an exclusively double-
stranded RNA relative to a hairpin of the same sequence,
except at the extreme termini, and would further provide an
opportunity to quantify 2-AP solvent accessibility at varying
positions within an RNA duplex. HP21 and HP14 were
quantitatively hybridized to an unlabeled complementary
RNA, denoted cHP, as described in Experimental Procedures.
Thermal denaturation experiments were used to characterize
the thermodynamic stability of the duplexes and to confirm
that no significant single-stranded species were detectable.
The HP14—cHP and HP21—cHP duplexes each melted in a
single sharp transition (Figure 4A), yielding apparent melting
temperatures significantly higher than the value of ~57 °C
observed for the corresponding hairpins (Table 3) and
consistent with the duplex nature of these substrates. Acryl-
amide titration experiments then resolved quencher sensitivity
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FIGURE 4: Solvent accessibility of 2-AP in extended duplex RNAs.
(A) Ty, values for the HP14—cHP and HP21—cHP double-stranded
RNA duplexes were calculated from the derivatives of fluorescence
emission as a function of temperature (AT = 4 °C) as described in
Experimental Procedures. The derivative melting plot of HP21 is
included for comparison. (B) Acrylamide quenching titrations of
2-AP in duplex RNA substrates were performed as described in
the legend of Figure 2. Solvent accessibility parameters were
resolved by nonlinear regression using eq 2 and are listed in Table
1.

parameters for 2-AP in each of the extended RNA duplex
contexts (Figure 4B). Higher concentrations of RNA were
required for these experiments because the quantum yield
of 2-AP was strongly reduced in the duplexes relative to the
hairpins alone (Table 3), typical of 2-AP in highly stacked
local environments (4). Interestingly, the fractional acces-
sibility of 2-AP in both the HP14—cHP and HP21—cHP
duplexes was significantly lower than that observed in the
corresponding RNA hairpins under native conditions (Table
1), consistent with diminution of f, when base pair breathing
dynamics are limited.

DISCUSSION

Environmental Factors Can Impact the Sensitivity of 2-AP
to Quencher in a Manner Independent of RNA Conforma-
tional Events. The two-state quenching model utilizes the
parameters f, and K, to describe the fractional accessibility
of a fluorophore to solvent and its corresponding sensitivity
to the quenching compound. This analysis has had extensive
use in the protein fluorescence literature but to the best of
our knowledge has not been applied to intrinsic fluorophores
in nucleic acids. However, while nucleic acid conformational
changes are our primary interest, we also noted that quench-
ing parameters could be profoundly affected by factors
independent of folding transitions. To this end, we compared
the acrylamide sensitivity of free 2-AP across solution
environments since 2-AP is fully solvent exposed under both
native and denaturing conditions and thus amenable to
classical Stern—Volmer analysis in each case.

In the absence of static quenching, the Stern—Volmer
quench constant is directly proportional to the product of
the unquenched fluorescence lifetime (7o), the diffusion-
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controlled bimolecular rate constant (ko), and the quenching
efficiency (fo) (/4). The quantity kofq is known as the
bimolecular quench constant (kq), thus giving

Ky = 1okq = 7o foko “4)

The diffusion-controlled bimolecular collisional rate constant
is described by the Smoluchowski equation

_ 4aN

1000

where N is Avogadro’s number, (R and (R, are the collisional
radii of the fluorophore and quencher (i.e., acrylamide)
respectively, and Dy and Dy are their respective diffusion
coefficients (48). The diffusion coefficients can be estimated
by the Stokes—Einstein equation

D= L
6tn(,,R)

k, (R + R)(D;+D,) )

(6)

where k is the Boltzmann constant, 7 the absolute temper-
ature, 77 the solvent viscosity, and R the molecular radius.
We first considered the ratio of Kgy quench constants with
and without urea to define changes in the quenching behavior
of free 2-AP (Table 1) that can be ascribed to photophysical
effects independent of structural changes. Substituting eqs
5 and 6 into eq 4, taking the ratio of the analogous
expressions for native (N) and denaturing (D) conditions at
a fixed temperature and rearranging, gives

“Kev 10 fo M CR A CR)GRF nR)GRR,)
DKSV DTon QN77 (lc)Rf + ?Rq)(ng + 2Rq)(§1Rf§Rq)

Intensity-weighted average lifetimes Nty and Pz, (10.9 and
10.3 ns, respectively) were resolved in a previous study (4).
We assumed that the acrylamide quenching efficiency for
2-AP is not affected by the presence of urea on the basis of
the fact that acrylamide quenches indole with an fq of &1 at
both 0 and 7.7 M urea (49). If the addition of 50 mM KOAc,
5 mM Mg(OAc),, and 10 mM KHEPES (pH 7.4) has a
negligible effect on water viscosity, we can estimate the ratio
7P/mN from literature data. Quantitative measurements indi-
cate that ~8 M urea exhibits a >66% increase in viscosity
relative to pure water (50). Extrapolation of the Kawahara
and Tanford empirical expression to estimate viscosity at 9
M urea predicts an #P/pN of ~1.8. By this model, consid-
eration of only fluorescence lifetime changes and viscosity
effects in eq 7 accounts for more than 90% of the experi-
mentally observed shift in Ksv (1.9 calculated from eq 7
versus NKgy/PKsy = 2.1 £ 0.1 for 2-AP). Urea-induced
changes in molecular/collisional radii of 2-AP and acrylamide
are thus either inconsequential or compensatory under the
conditions studied here. These results suggest that the
dramatic changes seen for Kgy for RNA substrates as a
function of denaturant are mostly due to effects of viscosity
on diffusion. Interestingly, the RNA control substrates with
pyrimidines neighboring the 2-AP label have comparable
NK./PK, ratios (C6, 2.2 + 0.3; C21, 2.3 £ 0.3). Even C14
has a NK,/PK, ratio within two standard deviations (1.5 =+
0.2) of that predicted by eq 7, despite known native stacking
interactions between adenosines adjacent to the 2-AP which
can complicate quenching phenomena (see Results). This
cumulatively suggests that, at least when 2-AP is flanked
by cytosines or uracils, viscosity accounts for the majority
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of the change in K, for unstructured RNA substrates in the
absence and presence of urea. These results are consistent
with acrylamide quenching studies of the tryptophan deriva-
tive NATA which found that differences in Ksy could also
be primarily attributed to viscosity changes (49).

Quenching Sensitivity (K,) Resolved from the Two-State
Quenching Model Is Relatively Insensitive to RNA Secondary
Structure. Hairpin versus corresponding control RNA sub-
strates exhibited comparable K, values under native solution
conditions in all cases except the HP6—C6 pair. The
observation HFPOK, > COK, is not surprising because the 6
position 2-AP moves from a likely extrahelical conformation
in HP6 to a partially stacked state within C6. The HP6 bulged
position has little possibility of shielding by, or collision with,
neighboring bases, whereas these events are highly likely
for the 2-AP within the unstructured and single-stranded C6.
Note that C6 has K, values similar to those of other control
and hairpin sequences, again suggesting that differences in
the adjacent neighbors do not have a strong effect on K,
unless there are no neighbors at all. Given that K, is relatively
invariant across disparate local structural environments, it
appears to have little predictive power when RNA folded
states are being evaluated.

Fractional Accessibility to Quencher (f,) Is Highly Sensi-
tive to RNA Secondary Structure. By comparing parameters
derived from acrylamide quenching of 2-AP in RNA hairpins
versus corresponding unstructured control RNAs, we noted
distinct changes in resolved fractional accessibilities for 2-AP
positioned in each secondary structural motif that was tested.
For 2-AP in the 6 position of the hairpin substrate (HP6),
several observations support assignment of this base as
extrahelical, rather than intercalated within the stem. First,
HPof is equivalent to 2APf, at ~100%, indicating full exposure
to the solvent (Table 1). Second, 1%, is significantly greater
than ©f, under native conditions, the sole case in which 2-AP
exhibits increased access to the quencher in the folded hairpin
relative to its unstructured control RNA. Finally, HP6
presented the only example in which the K, parameter was
informative, since "P°K, was significantly enhanced relative
to °K, and is closer to >APK, than that of any other RNA
substrate. By contrast, HP21, HP21s, and the HP21—cHP
duplex all exhibited significantly lower f, values than the
C21 control RNA, consistent with extensive shielding of
2-AP through ordered base stacking interactions in the folded
or duplex substrates. Conversely, the indistinguishable
fluorescence quenching characteristics resolved for HP14 and
C14 suggest that 2-AP flanked by adenosines within a
hexaloop exhibits dynamics comparable to those within a
single-stranded RNA. However, in the context of the
HP14—CcHP duplex, f, from this substrate was reduced by
half relative to that of C14. Since the proximal sequence of
the labeled strand was identical for HP14, C14, and the
HP14—CcHP duplex, nearest neighbor effects cannot explain
the composite of these results; rather, the decrease in f, values
for 2-AP specifically in the HP14—cHP duplex context can
be attributed to extensive shielding resulting from base
pairing with the complementary strand, analogous to de-
creases in f, values for stem-positioned 2-AP (HP21 and
HP21s) or its cognate duplex (HP21—cHP) relative to an
unstructured control (C21).

Beyond the examples presented in this work, recent
literature has also demonstrated a need for more complex
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models for analyzing 2-AP quenching data. Single-population
Stern—Volmer analysis (eq 1) ignored significant curvature
observed in the acrylamide quenching of a 2-AP-labeled loop
motif from 16S rRNA (33). Aminoglycoside binding to this
motif enhanced upward curvature in classical Stern—Volmer
plots which was attributed to system heterogeneity. However,
the high quenching sensitivity (Ksy > 18 M™!) even in the
absence of the drug suggests that a sphere of action model
(eq 3) may be more appropriate. Conversely, addition of the
drug neamine induced pronounced downward curvature in
these plots, from which fractional accessibility assessments
could have provided indices of conformational partitioning
or local base pair dynamics. A second study (27) used
fluorescence quenching experiments to distinguish contra-
dicting structural models for a DNA quadruplex. Significant
differences were seen in quenching curvature as a function
of labeling position, but no quantitative analysis was
described. Application of bimodal or sphere of action models
to these and similar studies would allow more quantitative
interpretation of quenching data, providing novel insights
into the heterogeneity and/or local conformational dynamics
of nucleic acid models.

Assessment of RNA Structure and Dynamics through
Complementary Studies of Quenching and Fluorescence
Intensity Measurements. The use of 2-AP fluorescence
quenching to monitor local structural dynamics in nucleic
acids potentially circumvents two factors which often
conspire to confound spectroscopic studies. First, the sen-
sitivity of 2-AP fluorescence to only its local environment
reduces or eliminates the complications of globally merged
signals measured by spectroscopic methodologies such as
circular dichroism, UV/vis/IR spectroscopy, etc. (4). A
second concern is that a given technique must detect
processes occurring on a time scale appropriate for the
question of interest. For example, while the quantum yield
changes seen in our previous study successfully monitored
RNA hairpin helix—coil transitions from diverse structural
perspectives, they gave no indication of the localized duplex
breathing suggested by nuclease digestion experiments (4).
In contrast, fluorescence quenching provided multiple lines
of evidence that the stem-positioned 2-AP experiences rapid
base pair dynamics (see Results), using a method that is
minimally demanding of time and resources.

Our current and previous studies illustrate that the most
effective means of observing localized structural phenomena
or conformational dynamics depend on the nature of event
itself. Nucleotide stacking resulting from base pair interac-
tions (e.g., HP21) was best observed using collisional
quenching of 2-AP fluorescence, based on the substantial
decrease in fractional solvent accessibility relative to un-
structured control substrates. Conversely, fluorescence in-
tensity changes successfully detected helix—coil transitions
of the hairpin loop position [HP14 (4)], whereas acrylamide
quenching could not distinguish the folded and unfolded
states from this perspective. Helix—coil transitions exhibit
differing fluorescence signatures and sensitivities depending
on the nature of the associated RNA secondary structures.
Finally, localized breathing dynamics within the hairpin stem
region were best visualized using fluorescence quenching
experiments. These findings indicate that concerted applica-
tion of both fluorescence quantum yield and quencher
sensitivity studies can provide a more comprehensive as-
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sessment of RNA conformational and dynamic events from
diverse perspectives than by either approach in isolation.
Furthermore, these methodologies are generally easy to
implement, require relatively inexpensive equipment, and
provide detailed, quantitative information describing local
RNA mobility and thermodynamics that cannot be conve-
niently obtained by other techniques. Together, these or-
thogonal fluorescence approaches utilize the local sensitivity
of 2-AP fluorescence to provide a powerful toolset which
can aid in the de novo characterization of nucleic acid
structure and conformational dynamics.
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