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Recent experiments show that the kinetics of hairpin formation  (A)
in RNA or ss-DNA is best described as a multistep proéehsis 2
challenging the conventional premise that small nucleic acid hairpins g
fold in a two-state mannérKinetic data from high-resolution ot
ultrafast T-jump experiments show that metastable intermediates
are populated. In contrast, single molecule force experiments
showed that at the transition mid-fordg)( the end-to-end distance
(R) exhibits a bimodal distributiod.Motivated in part by these
seemingly contradictory observations we probe the dynamics of
hairpin formation, which is not only an elementary event in RNA
folding but also plays a key role in transcription and translation.

The mechanism of RNA hairpin formation, which is thought to
involve nucleation near the loop followed by base-pair formation
in the stem, naturally suggests two plausible reaction coordinates,
namely, local processes that describe native base-pair formation
@, and global coordinate that reports on chain compadiddsing
the three interaction site (TIS) model for a 22-nucleotide (nt) RNA
hairpin, P5GA (PDB ID: 1EOR), which has a GAAA tetraloop -
and 18-nts in the stefhand exhaustive conformational sampling, F s
we computed the diagram of states in terms of the order parameter& §
R as a function of temperatureg)(and forcesf (Figure 1). Along 4
constanf or T, the hairpin forms in an apparent two-state manner,
which is consistent with both the classical spectroscopic measure-  ° ' q,::sw_w
ment$©and the smglel molecule force experimetitie free-energy Figure 1. Equilibrium phase diagram showing the end-to-end distance of
landscapeF(R®) using R and ® (=01 — cosgp — ¢°)0= RNA hairpins with varying temperatured)(and forces f) with two-
1NoopZictioog{ 1 — cosgi — ¢9)}), whereg; is theith dihedral angle dimensional free-energy surfaces at selected valuegffThe free energy
(see Supporting Information (Sl) and Sl Figure 4 for the precise is color-coded irkgT unit, and its magnitude is shown in the scale on the
definition) and ¢ is the value in the native conformation, at '9nt for each panel.
differentT, f values is profoundly different (Figure 1). If the bias

MoBE @ e o

) : ) ’ transition to the hairpin structure. Thus, using the equilibrium free-
toward the native state is strong ¢ Tr, f < fr) the native basin - gne0y surfaces to interpret the kinetic pathways can lead to a
of attraction (NBA) withR ~ 1.5 nm and® ~ 0.0 (Figure 1D) IS iqeading picture of the folding mechanism. The expectation that
prefergntlally populated.. The structure; in the unfolded.t.)asms of yinetics can be gleaned frof(R®) may be valid if the RNA
attraction (UBAs) are diverse depending on fhef conditions internal dynamics is rapid enough to establish quasi-equilibrium.
(Figure 1A-F). The dlstrlb_utlon IR is brgad (0< R_ < 10 nm) For f or T-quench, such an assumption breaks down, especially, if
whenT ~ T, 1 ~ 0 pN (Figure 1F) but |t.s dispersion decreases q depth of quench is lar§eSeveral examples in polymer
substantially as increases beyond trg (Figure 1A). dynamics and protein foldin§also show that the treatment based

When the configurational states visited during thuench o, 4 asi-equilibrium cannot account for the pathway diversity
refolding are projected ontdR(®) plane, the frequently visited observed under nonequilibrium conditions.

regions are different from the highly populated region&(R,®) Analysis of the paths followed by various molecules upon
(compare Figure 2A with Figure 1A,D). Surprisingly, the kinetically - ¢ q,ench (from Figure 1A to Figure 1D) afequench (from Figure
explored R ®) regions (Figure 2A) are similar to the positions of - £ 1, Figure 1D) not only illustrates the differences in the folding

the basins found in Figure 1E with=Trn ~ 345 Kandf =0 pN. | inatics bhut also gives a quantitative description of the multistate
It follows that the ensemble of the stretched state conformations |, atics. Uponf-quench, nucleation commences from a narrow

((R®) ~ (11 nm, 0.5)) do not simply diffuse downhill as implied  isripytion of fully extended conformation&) and occurs via a
by the free-energy surface (Figure 1D). Collective fluctuations that ¢, loop GL) formation followed by zippingE — Dy < |fS -
L

are hard to capture using low dimensional coordinates drive the N (Figure 2B). In contrasfT-quench refolding starts from a broad
distribution of thermally denatured ensembi), and occurs by
PR - ' ‘ >
*gmﬁ;ﬂm;fu%ﬂgg%a multiple pathways either by smal! Ioo;bS.(, 1<) or a large loop
8 University of Maryland. (I.L) formation followed by zipping (Figure 2B). The overall
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Figure 2. Kinetic analysis of the refolding trajectories uphguench and
T-quench. (A) Configurational space navigated by the refolding trajectories
projected onto theR,®) plane. The trajectories of the individual molecules
are overlapped on theR(®) plane, and the corresponding trajectories
monitored using a single paramet& for f-quench and native base pair
index for T-quench condition) are shown in the insets. For T-quench,
dynamics oDt — I, — N (blue) andDrt — I, — N (green) are shown.
(B) Summary of the pathways to the NBA inferred from the dynamics (see
S| Figures 5 and 6). (C) Statistical analysis of refolding kinetics. The
refolding time for each molecule is decomposed into looping and zipping
time astrp = Tioop + Tzip. The fraction of unfolded molecule®((t) = 1

- j}) dtPre(r)) where Pe(7) is the refolding or first passage time
distribution) is plotted in the inseByf(t) that is fit to Pyf(t) = exp[—(t —
50us)/138us] fort > 50 us shows a lag phase at0t < 50 us suggesting

an obligatory intermediatéy, ), wherea®,(t) is well fit to PyT(t) = 0.44
exp[—t/63 us] + 0.56 expf-1/104 us].

nucleation time uporf-quench is larger than undér-quench
(comparePioop(t) and PTioep(t) in Figure 2C), but the time scales
for zipping are similar (compar®,(t) andPT,i,(t) in Figure 2C).

The differences in the ensembles of denatured state accessed during ©)

T (D1) andf-quench refolding@s) results in significant variations

in the nucleation times (Figure 2C). The extended conformations
in the Df ensemble increases are structurally more homogeneous

than those in th®1 ensemble (Figure 2B). The proximity between
the two complementary RNA strands in the ensemble increases
the probability of loop formation. Once a loop is stabilized by a

single base pair, zipping of the remaining base pairs in the stem

occurs rapidly in bothH- and T-quench simulations. The dynamics
of loop formation in theD; ensemble is severely inhibited by an
entropic barrier arising from the requirement that several loop
dihedral angles in the GAAA tetraloop must adopt native-like values
for nucleation to occur. Until the coordinated motions bring the
loop into native conformation, the loop formation leading to the
Is. State is not realizél (see also S| Figure 4). The structural
diversity in theDt ensemble is reflected in the multiple pathways
in T-quench which are not observed in thguench. During the
T-quench refolding, the ensemble of unfolded configurations
belonging to D+ N Dy) form a loop by sampling the loop dihedral

angle space (the upper inset in Figure 2A), whereas the ensemble
of unfolded configurations belonging tdD{NDs¢), where the
superscript C stands for complement, reach the native state by
forming the stacking interaction between the complementary base
pairs near the'Sand 3 ends (the lower inset in Figure 2A). Thus,
uponT-quench RNA hairpins form by heterogeneous routésich

are quantified using at least three distinct refolding pathways (Figure
2). In contrast, the pathway diversityfiguench refolding is greatly
restricted because of entropic pinning of tHeaBd 3 ends. As a
result, refolding can be well-described by the classical picture of
loop nucleation followed by zipping of base pairs in the stem.

In summary we find that the complex kinetics observed in the
folding of ribozymé?is already reflected in hairpin formation. Our
predictions should be applicable to other hairpins as well because
they are based on the topology of the folded structure rather than
the details of the sequence. Just ag+hairpin formationt! there
are multiple pathways to the structured state which shows that even
simple structures in proteins and RNA have a rugged energy
landscape. Exploring the details of the heterogeneous kinetics
requires multiple experiments that control (easily achieved by using
f) the conformations in the UBA. The prediction that there are
profound differences betweénandf jump quench refolding can
be tested experimentally.
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