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on mapping the base stacking patterns. The observed base stacking/

unstacking rates in the single strand are typically in the range of F9ure 1. (A) Chemical structures of 2-aminopurine (2Ap) and 7-deaza-

. . ) guanine (2). (B) Secondary structure representations of the GNRA tetraloop
100-500 ns! This means that, for a time window much shorter  congirycts” used in this study. 2Ap is denoted as P in the sequences.
than the nanosecond regime, the distributions of stacking patternsconstructs +111 are only labeled by 2Ap; constructs MX are labeled

are static and can potentially be analyzed by ultrafast spectroscopy with both 2Ap and Z. The GC closing base pair in VIl is boxed.
The family of GNRA tetraloops has been shown to be well ) -
structurect* where the last three bases of the loop are mostly 1004 0 1004
stacked on the'Sside of the loop. There is also strong evidence
that the loop structures are not rigid and undergo conformational
dynamics and transitior#®. In particular, a structural model has :
been proposed where a&iacked form coexists with thé-8tacked

—— ZPAA (V)
——ZPGA (VI)
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form with similar population8.The precise nature of the alternative g2 | ——GPZA(IV)

stacking patterns, however, has been difficult to characterize due z of ] i i 1

to the fast interconversion. 0 100 Timin&s] 300 400 0 5 1?1m:?ps}20 25 30
To probe the distributions of stacking patterns using the ultrafast "ol 0 —

dynamics approach, 8;R3A, tetraloop RNAs, including GAAA, cZPAAG (V) —— ZAPA (Vill)

GCAA, and GAGA, are labeled with 2-aminopurine (2Ap, Figure 5 ——gzpanc vy | 801 I ZCPA ()

1A). Previously, we have shown that charge transfer (CT) is the 601
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main channel of 2Ap excited state decay. All nucleobases can act 3 4 S

as quenchers with unique ultrafast quenching dynafRscause T 20 IR

efficient quenching via CT requires that the quenchers are stacked 2 ol ]

with 2Ap, capturing the ultrafast CT dynamic processes can thus 0 5 10 15 20 25 30 0 & 10 15 20 25 30
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provide direct information on the stacking interactions. However,

; Sty igure 2. Femtosecond time-resolved fluorescence decay profiles for
using the natural bases as quenchers can produce ambiguity in thecponstructs (A) GPZA (IV) (inset: same profile for 30 ps window), (B)

interpretation of structural information in terms of observed zpaa (v, red) and ZPGA (VI, blue), (C) cZPAAg (V, red) and gZPAAC
quenching dynamics. First, site-specific information is difficult to  (viI, blue), and (D) ZAPA (VIII, red) and ZCPA (IX, blue).

obtain due to the presence of natural bases surrounding the 2Ap
probe. Second, without other independent evidence, direct CT with all other conformations where the two bases are not stacked.
one stacked base may not be easily distinguished from conforma-Therefore the stacked versus unstacked populations are resolved.
tion-gated CT with another base. It has been shown that 2Ap substitution at the second or third
In our approach, some of the RNAs are also labeled by positions does not significantly destabilize the GAAA tetraléop.
7-deazaguanine (Z, Figure 1A). Z quenches 2Ap fluorescence onOur UV melting experiments show that the melting temperatures
a1 ps time scale, a rate that is much faster than those observed fo(T,,) for all constructs (Figure 1B) vary within-34 °C compared
all natural base%Incorporation of Z provides site-specific structural  to their respective unlabeled RNAs (Figure S1 and Table S1), thus
information. On the 1 ps time scale, relevant RNA structures are confirming that neither a single 2Ap substitution nor a 2Ap/Z double
static. Thus observation of such ultrafast decay dynamics gives substitution is destabilizing.
unambiguous information on the stacking interaction at the site, Femtosecond time-resolved fluorescence decay transients for the
without complications from any other dynamic processes. Further- double-labeled RNAs are shown in Figure 2. As expected, none of
more, the amplitude of the 1 ps component of the decay profile the control constructs {llll) shows 1 ps dynamics as they lack
provides quantitative information on the relative population of the the Z quencher in the loop (Figure S2 and Table S2). When Z is
RNA where the two bases (2Ap and Z) are in a base-stacked introduced together with 2A@ 1 psdecay component with varying
geometry. The remaining much slower decay components represenamplitudes can be observed (Table S2). For construct IV (GPZA),

4118 = J. AM. CHEM. SOC. 2007, 129, 4118—4119 10.1021/ja068391q CCC: $37.00 © 2007 American Chemical Society



COMMUNICATIONS

that is predominantly observed for the isolated ndétifr in the
complexes with tetraloopreceptort1! It appears that this confor-
mation and its close variants account for about half of the total
population at equilibrium. We propose that the conformation A
undergoes conformational exchange with conformation B, where
the second base (N2) unstacks from the third base (R3). Conforma-
tion B, in fact, has been observed, particularly for the GCAA
tetraloop® This is partially due to the weaker tendency for a
pyrimidine base to be stacked. We propose that this equilibrium
between conformations A and B exists in all GNRA tetraloops and
could be an important pathway for transitioning to other conforma-
tions. The dynamic component observed for constructs VIII and
IX indicates that, in some of the populations, the first base (G1)
and the third base (R3) may be at least partially stacked. Conforma-

) . . . tions C and D account for these observations, where R3 can slide
Figure 3. The dynamic multiconformation model for GNRA tetraloops.

Phosphate, sugar, and bases are represented by filled circles, open circleVer the G?'_AA' sheared base pair, SW'tCh'ng frc_’m Ste}Ck'ng on
and rectangles, respectively; dotted lines indicate hydrogen bonds; black/A4 to stacking on G1. In a molecular dynamics simulation of the
bars represent stacking. Double arrows indicate conformational equilibrium GCAA tetraloop, a conformation similar but not identical to C was
and possible transitions. Thin curved arrows indicate the possible motions phserved and proposed to be the precursor of transition to'the 5
of bases. 'I_'hln straight arrows indicate the sliding motion for R3 over the stacked conformatiol. Note that conformation D somewhat
G1—-A4 pair. .

resembles the base-stacking topology of the UUCG tetraibdpe
unstacking of N2 from R3 makes it possible for N2 to stack on the
5'-side of the loop (possibly via multiple steps, indicated by multiple
arrows in the model) to form conformation F, which can lead to a
totally 5-stacked conformation (E). Both conformations E and F
likely contribute to the observed 1 ps dynamic component in
constructs V, VI, and VII. Our data suggest that thesstacked
forms may account for about half of the total population, in
?greement with an earlier estiméte.

These observations underscore the notion that RNA structures
are intrinsically dynamic, which forms the basis for the understand-
ing of the collective behavior of the conformations of a molecule.
It remains to be investigated how the observed structural distribu-
tions may be altered by docking with the tetraloop receptbsuch
that one conformation is selectively captured from the ensemble
in favor of the complex formatio#?

the amplitude of this component is 55% (Figure 2A), consistent
with the fact that the second and third nucleotides in the GNRA
tetraloops are directly stacked. However, clearly there are other
populations in which the two bases are not directly stacked, by
virtue of this component being significantly less than 100%.
Constructs V (ZPAA) and VI (ZPGA) were designed such that Z
and 2Ap are at positions 1 and 2. In the population that is in the
3'-stacked state, these two bases are relatively far apart and do no
directly interact* and therefore should not contribute & 1 ps
decay component. If the'Stacked conformation does exist in a
subpopulation where the two bases are directly stacked as proposed
a 1 ps dynamics is expected. Indeed, there is 1 ps dynamics with
significant amplitude for both constructs (Figure 2B). This is clear
and direct spectroscopic evidence that'atacked conformation
indeed exists.
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