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catalysis and recognition. In the hairpin ribozyme, the catalytically active structure is formed as an
intricate tertiary interface between two RNA internal loops. Substantial alterations in the structure
of each loop are observed upon interface formation, or docking. The very slow on-rate for this
relatively tight interaction has led us to hypothesize a double conformational capture mechanism
for RNA-RNA recognition. We used extensive molecular dynamics simulations to assess
conformational sampling in the undocked form of the loop domain containing the scissile
phosphate (loop A). We observed several major accessible conformations with distinctive patterns
of hydrogen bonding and base stacking interactions in the active-site internal loop. Several
important conformational features characteristic of the docked state were observed in well- Received 3 June 2016
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loop A. Our observations suggest a hybrid or multistage binding mechanism, in which initial
conformational selection of a docking-competent state is followed by induced-fit adjustment to an
in-line, chemically reactive state only after formation of the initial complex with loop B.
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. Primary Data
Introduction
Recent years have seen an increasing appreciation of the critical role of conformational dynamics PDB: 20UE
in aspects of biomolecular function including enzymatic catalysis, allostery, and molecular PDB: 1M5K
recognition.(1-12) In the case of molecular recognition, dynamic aspects of function are often

discussed in terms of two useful if oversimplified limiting paradigms. “Induced fit” implies initial PDB: 1015
binding by the most populated (ground) states of each molecule followed by conformational PDB: 202K
adjustment within the bound state, whereas “conformational capture” implies equilibrium PDB: 1X9K
fluctuations of the binding component to a conformation closely resembling that observed in the PDB: 1X9C

complex, with that subpopulation of molecules then being competent for binding upon molecular
collision. Experimental and simulation studies aimed at distinguishing conformational-capture and
induced-fit mechanisms generally explore the conformations available to the free molecule. The
existence of a defined state or measurable population corresponding to a conformation resembling
the bound state is taken as evidence for a conformational capture mechanism.
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Dynamics may be a particularly important mechanistic aspect of RNA systems, for which the
structural features of the ground state can be less favorable for precise programming of function
than in analogous protein systems.(13-15) From the early days of the structural biology of RNA in
complex with peptides, proteins, and small molecules, stark differences between the conformation
of bound and free RNA indicated the general importance of conformational sampling during ligand
binding by RNA.(6, 7, 16) In the context of catalytic RNA molecules (ribozymes), a detailed
understanding of the how RNA structure and dynamics limit catalytic rates requires an
understanding of the subset of molecular conformations that are catalytically competent and how
those conformations are sampled within the ground-state ensemble of the system.

Molecular dynamics (MD) simulation and nuclear magnetic resonance (NMR) spectroscopy are
powerful and complementary tools for interrogating time scales relevant for the conformational
capture process.(17, 18) In the case of RNA, the energy landscape is typically more rugged than
for proteins, (19, 20) implying that multiple alternate states, separated by kinetic barriers, may be
populated to a significant extent at physiological temperatures. This has hindered past efforts to
fully characterize the conformational dynamics of RNA and in particular to explore to what extent
conformational capture or induced fit processes are at play in RNA-RNA interactions.

In this work, we have used the hairpin ribozyme, a paradigmatic member of the small, self-
cleaving class of catalytic RNAs,(21-26) as a model system to study the role of RNA dynamics in
RNA-RNA tertiary recognition. The two internal loops of this ribozyme interact (dock) in a cation-
dependent fashion to form a tightly integrated active structure that cleaves a specific
phosphodiester bond within loop A (Figure 1). Constructs in which loops A and B are present in
separate molecules and docking takes place in intermolecular fashion show catalytic activity(27,
28) and represent a relatively rare example of intermolecular RNA tertiary structure formation
uncoupled from the formation or breakage of helical secondary structure. Full ribozyme activity is
observed if the presumed physiological ligand Mg2* is replaced by the exchange-inert Co(NH3)63*,
implying a lack of direct metal-ion participation in the chemical steps of catalysis.(29-31) The
mechanism of the ribozyme has been studied intensively via experiment and modeling.(20, 22-24,
32-62) NMR structural models of the isolated loops have been determined, as have numerous
crystal structures of the docked form in the presence and absence of the native four-way RNA
junction.(63-71) The catalytic core of the docked form reveals a network of stacking and hydrogen-
bonding interactions within the active site that orient the reactive phosphate in the in-line
orientation for an Sy2-type nucleophilic attack mechanism and position nucleotide base functional
groups to facilitate catalytic chemistry (Figure 1C).(65, 66, 72, 73) Significant structural
rearrangements of both loops are observed upon formation of the intricate docking interface, as
represented schematically in Figure 2.(41, 65, 72, 74, 75) For example, U+2 and U41 are
extrahelical in the free forms of loop A and loop B, respectively, but take part in G8:U+2 and
A22:U41 base-pairs in the docked form. In a critical interloop interaction, residue G+1 adjacent to
the scissile phosphodiester in loop A forms an interdomain Watson—Crick base-pair with C25 in
loop B via disruption of the G+1:A9 and C25:U37 noncanonical base pairs in the individual loop
structures.

Figure 1. Docking transition in the hairpin ribozyme. (A) Schematic of the native
four-way junction sequence showing internal loops A and B and the metal-driven
docking event that forms the catalytically active structure. (B) Comparison of a
model of the wild-type loop A in isolation based on the solution structure of the
A-1C mutant (left; see text) with loop A as it exists in complex with loop B in a
crystal structure of the junctionless ribozyme (PDB code 20UE; right).(68) The
GAAA tetraloop is shaded in gray. (C) Comparison of the active-site groups in
solution (top) and crystal (bottom) states, as in B. Cleavage occurs at the phosphodiester connecting A-1 and
G+1. (D) Complete crystal structure of the docked ribozyme (PDB 20UE)(68) with loop B in purple. Individual
nucleotide colors are consistent among panels B, C, and D. Figure prepared with Pymol.(119)

Figure 2. Schematic representation of the solution NMR structures of isolated loops A

and B as well as the crystallographic form of the docked structure. Pentagons

represent ribose sugar groups and boxes represent nucleotide bases. Ribose puckers
¥ are indicated as follows: C3'-endo (open), C2-endo (solid), or equilibrium (gray) (NMR
data only). The double-boxed residues form a structured binding pocket for U42. Red
lines represent newly formed base-pairs in the docked structure (PDB 1M5K).(65)

Intermolecular on- and off-rates for ribozyme docking in the absence of junction sequences reveal
a high-affinity but unusually slow docking process between loop A and loop B.(76) In combination
with the sharp structural contrast between the free and docked forms of each loop, this slow
association rate has suggested a “double conformational capture” mechanism for RNA-RNA
recognition, in which only collisions between molecules independently sampling minor docking-
competent states are productive for complex formation. This model predicts that isolated loops A
and B may both sample conformations with an increased resemblance to their respective docked
forms. In the present report, we probe the conformational sampling of the loop A domain of the
hairpin ribozyme as an initial step to understanding the active-site dynamics in this RNA system.
Unconstrained molecular dynamics simulations of isolated loop A are used to map out the
conformational ensemble sampled by the system in the absence of its binding partner. We pay
particular attention to sampling of features associated with the docked state and potential docking-
competent conformations. The results both support and refine simple ideas of conformational
capture in this system, suggesting a potential multistage mechanism for the formation of RNA
tertiary interactions.

Methods

Ul ined Molecular Dy ics (MD)
Initial molecular dynamics (MD) simulations in two different force fields were carried out from the

solution structure of an A-1 to C mutant (A-1C) loop A determined by Cai and Tinoco(63) and
denoted LpA. Coordinates were kindly supplied by Ignacio Tinoco Jr. For wild-type loop A
production simulations, stem 1 was extended with a GAAA tetraloop derived from a theophylline-
theophylline aptamer RNA structure (PDB code 1015)(77) and residue C-1 was mutated to A-1

http://pubs.acs.org/doi/full/10.1021/acs.jpcb.6b05606
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using the MMTSB Tool Set(78) to restore the native sequence. One G-C base pair was added at
the distal end of stem Il to enhance stability during the simulation time. The resulting construct is
denoted hpA. The two constructs are illustrated, along with the numbering used in this article, in
Figure 3 and the key features of each set of simulations are given in Table 1. Detailed calculational
protocols are given in the Supporting Information.

Figure 3. Secondary structure repr ion of loop A constructs used in this
) @ work, along with heavy atom RMSD profiles from the solution-structure mutant
sequence (LpA) (A) and wildtype loop A (hpA) (B). In A, the red and green profiles
@ represent Amber param99-bscO and CHARMM36 simulations, respectively. In B
the colors represent replicate simulations with CHARMM36.

Table 1. Summary of Molecular Dynamics Simulations of Loop A Constructs

simulation LpA2 LpA2 hpAP
length of simulation (ns)100 100 1,000
force field CHARMM36 Amber param99-bscO0 CHARMM36
number of simulations 1 1 20

aLpA denotes explicit solvent simulation on the sequence of the solution structure

(Figure 3A) using the indicated force field.

bhpA represents simulation of wildtype loop A construct (shown in Figure 3B). In the text,
simulation replicas are denoted hpA1-20.

Markov State Model Generation

Markov state model(79) (MSM) analysis was used to identify and model conformational states and
transitions from the hpA simulations using the MSMBuilder 3.5.0 software package.(80) The
snapshots from the simulations (about 2,000,000 total saved at 10 ps intervals) were clustered
using intramolecular distances between C-2:C4, A-1:N1, G+1:N1, U+2: C4, C+3:C4, C+4:C4,
G6:N1, A7:N1, G8:N1, A9:N1, A10:N1, G11:N1 as features since the base pairing configurations
of the internal loop residues are the key property of interest that distinguishes different states. 250
clusters were generated for the MSM model to ensure that the conformational variety of the
generated ensemble was captured, but the analysis was focused only on the most populated
clusters. Continuous-time MSM analysis was then carried out to obtain a kinetic model.

Base-Pair Formation

In order to characterize noncanonical base-pairing in the central loop region, we identified two
pairs of atoms between two bases to constitute a base-pair interaction. Using a single atom pair
made it difficult to distinguish base-pairing from stacking where an atom pair may also come close.
Interactions between both pairs of atoms were simultaneously required to be within 3.5 A. If
multiple alternate base-pairing and/or base-pairs from the same base (out of A7, G8, A9, A10) with
two other bases were found to be within the distance cutoff criteria, only the base-pair with the
shortest distance was counted.

Other Analyses

Various structural analyses of the simulations were carried out using the MMTSB (Multiscale
Modeling Tools for Structural Biology) Tool Set(78) in conjunction with CHARMM. RMSD values
were calculated for all heavy atoms excluding the terminal nucleotides due to fraying. Previously
reported NMR nuclear Overhauser effect (NOE) distances were calculated from LpA trajectories
using the MMTSB Tool Set(78) in conjunction with CHARMM and subsequently averaged.

Results and Discussion

Force Field Choice

The calculations reported in this work are intended to explore the conformational sampling of RNA
and the effects of that sampling on tertiary RNA-RNA interface formation, and therefore depend
critically on the appropriate behavior of the molecule under the force field used. Thus, we carried
out preliminary simulations of the loop A solution structure (LpA) using updated force fields from
the Amber and CHARMM families (Amber param99-bsc0(81-83) and CHARMM36,(84-88)
respectively) and evaluated whether the resulting trajectories maintained several unusual proton—
proton nuclear Overhauser effect (NOE) contacts reported in the system.(63) Both simulations
were stable as evidenced by RMSD values averaging about 3 A from the NMR starting structure
during 100 ns of simulation (Figure 3A). As discussed in detail in Supporting Information (see
Tables S1 and S2 and Discussion), for these particular questions in the specific loop A system,
CHARMM36 performed somewhat better over 100 ns in terms of reproducing experimental sugar
puckers and helical parameters and maintaining unusual NOE contacts, and therefore was chosen
for production simulations of the wild-type loop A constructs. We note that the current results are
not intended as systematic comparisons and should not be taken as bearing on general questions
of force field quality or applicability in nucleic acid systems, a topic of much current interest.(89,
90)

Conformational Heterogeneity of Wild-Type Loop A

The wild-type loop A construct (hpA) was modeled based on the mutant loop A NMR structure via
conversion of C to A at position -1, interpolation of a GAAA tetraloop to cap Helix I, and a minor
extension of Helix | (see Methods). The combined sampling from 20 independent molecular
dynamics simulations yielded a total of 20 ps of explicit-solvent MD simulation to describe the
conformational ensemble of loop A. The RMSD with respect to the initial structures of the wild-type
loop A construct showed generally larger RMSD variations than for the mutant hpA structure (see
Figure 3B). Initial inspection revealed an overall preserved hairpin structure where the base-
pairing in the stem regions is largely conserved but with significant conformational dynamics in the
internal loop region.

To further describe the conformational ensemble, Markov state analysis was carried out based on
variations in base-base distances within the central loop region (see Methods). We constructed
the Markov state model from clustering into 250 microstates. The large number of clusters was
necessary to fully capture the variations in the conformational ensemble. If a smaller number of
clusters was used, we found that a majority of comparatively more similar snapshots was
combined into a single cluster while the remaining clusters captured small populations of

http://pubs.acs.org/doi/full/10.1021/acs.jpcb.6b05606
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conformations that were further away in conformational space. Although other clustering
techniques such as hierarchical clustering can in principle deal better with unevenly distributed
data, we opted here for simply generating a larger number of clusters and then focusing the
analysis on the most populated states.

We classified the MSM states based on their base-pairing and presence of extra-helical bases.
Base-pairing was analyzed with respect to A10, A9, G8, and A7 based on interaction-forming
interbase atoms being closer than 3.5 A. Initial analysis indicated the possibility for A-1 or G+1
pairing with A10 or A9 as well as U+2 or C+3 pairing with G8 or A7. For a given base-pair, we
observed one to three alternate base-pairing configurations when base-pair formation was
determined as described in the Methods section. For convenience, the resulting base-pairing in
the central loop was encoded using an eight-letter notation to describe the predominant base-
pairing with respect to A10, A9, G8, and A7 in a given state. Base-pairing with A10 was either
A-1:A10 (“AA”) or G+1:A10 (“GA”); pairing with A9 was either A-1:A9 (“aa”) or G+1:A9 (“ga”);
pairing with G8 was U+2:G8 (“ug”) or C+3:G8 (“cg”); and pairing with A7 was U+2:A7 (“UA”) or
C+3:A7 (“CA”). In the eight-letter notation, ‘AAga...CA', for example, means A-1:A10, G+1:A9, and
C+3:A7 base pairing while G8 was unpaired. “XX” or ‘xx was used to describe equal or near-equal
populations of alternate base-pairing for a given base. When bases were left unpaired, they either
stacked or, in a subset of cases, the G+1, U+2, C+3, G8, and A9 bases flipped out of the helical
structures to varying degrees. For some analyses, base pairs adjoining the Watson—Crick helices
were used to define four major base-pairing configurations (AA/CA, AA/UA, GA/CA, and GA/UA, in
the same shorthand)

The 40 most populated states along with their classification and extra-helical bases are listed in
Table S3. These 40 states collectively capture 75% of all of the snapshots generated in the
simulations. A full list with more detailed conformational data for all 250 states is deposited
separately in the Supporting Information. The majority of base-pairing in the central loop involves
A10 (AA or GA) or A7 (UA or CA). The most populated states cover all combinations of AA/CA,
GAJCA, AA/UA, and GA/UA as well as states where either A10 or A7 or both were not base-paired
to a significant extent according to our criteria. AA/CA is the major conformer since 50%
cumulative population of all states classified as AA/CA, followed by AA/UA (22%), GA/UA (6%),
and GA/CA (4%). In the remaining states (covering 18% of the snapshots), either A10 or A7 or
both were not base-paired to a significant degree. Within each major conformer, substates are
distinguished with respect to the conformation of the remaining nucleotides. In many states, at
least one of the bases is extra-helical for at least half of the snapshots (Table S3). The extra-
helical bases were often fully flipped out extending away from the helix but in some cases the
bases remained closer to one of the grooves and occasionally interacted partially with other non-
neighboring bases. Figure 4 shows representative structures for the most populated clusters in
each of the four major states along with schematic illustrations of the configuration of the bases in
the central loop region.

e Figure 4. Schematic representations (A) and corresponding structural renderings
« ==z (B)of representative structures for the four major states AA/CA (#175), AA/JUA
: (#123), GA/CA (#201), and GA/UA (#181). Schematic representations adopt the
. n nomenclature used in Figure 2. In the 3D structures, the central base pairs are
d colored as follows: A-1 (red), G+1 (orange), U+2 (yellow), C+3 (green), A7
(magenta), G8 (mauve), A9 (cyan), A10 (blue). Figure prepared with VMD.(120)

To more quantitatively analyze the base-pairing, we report in Table 2 the percentages of
noncanonical base-pair formation in all of the generated snapshots as a function of the major
base-pair conformer. Since this analysis considers each snapshot separately, the percentages of
AAICA, AAJUA, GA/CA, and GA/UA base-pairing are lower than the percentages of MSM states
classified based on predominant base-pairing exhibited in each state. It can be seen that in
addition to the major A-1:A10/G+1:A10 and C+3:A7/U+2:A7 base-pairs, other noncanonical base-
pairs involving A-1:A9, U+2:G8, G+1:A9, and C+3:G8 were also sampled.

Table 2. pling of Nor ical Base-Pairing Interacti in Wild-Type Loop A2
AA/CA AA/UA GAICA GA/UA Other
% present in snapshots 24.51 (2.0)16.05 (1.3) 3.93 (0.6) 3.75(1.5) 51.77 (0.1)
base pairs present in the docked state
A-1:A9 0.02 1.04 0.00 1.48 5.78
N3-H6x; H2-N7 0.02 (0.01)1.04 (0.08) 0.00 1.48 (2.30) 5.78 (1.5)
U+2:G8 8.24 0.98 0.53 0.21 4.25
04-H2x; H5-H2x 7.02(0.5) 056 (0.1) 0.49(0.2) 0.12(0.0) 3.17(0.4)
04-H2x; H3-H2x 0.22 (0.0) 0.42(0.1) 0.04(0.0) 0.09(0.0) 1.08(0.1)
C+3:A7 100° 0 100° 13.40
Hax-N1; N3-H2 40.99 (4.2) 15.25 (9.3) 2.03 (0.6)
H4x-N3; H5-H2 59.01 (4.2) 84.75 (9.3) 11.37 (2.0)
base pairs not present in the docked state
A-1:A10 100° 100° 0° 0° 45.65
N3-H6x; H2-N7 89.04 (4.8)92.73 (1.3) 53.26 (8.1)
HEx-N1; N1-H2 8.54 (3.4) 4.00 (0.8) 1.73 (0.6)
N1-H6x; H2-N1 2.41 (1.4) 3.27 (0.5) 0.68 (0.0)
G+1:A10 ob ob 100° 100° 5.74
H2x-N7; N3-H6x 48.27 (19.2)99.06 (0.5) 5.36 (2.5)
N3-H2; H2x-N1 51.73 (0.5) 0.94 (0.5) 0.38(0.1)
G+1:A9 16.58 7.32 9.95 5.41 21.43
H2x-N7; N3-H6x 13.57 (6.8)7.32 (0.6) 9.95(7.6) 5.41(1.0) 19.22 (8.1)
N7-H8; H8-N7 3.01(1.9) 0.00 0.00 0.00 2.21(1.5)
C+3:G8 3.79 0.01 0.74 0.00 10.07
02-H2x; N3-H1 3.79 (1.0) 0.01(0.0) 0.74(0.5) 0.00 10.07 (4.9)
U+2:A7 ob 100° ob 100° 17.26
H3-N1; O4-H6x 73.00 (17.7) 45.90 (24.8)13.71 (1.6),
H3-N7; 02-H6x 27.00 (17.7) 54.10 (24.8)3.55 (2.6)

aA distance cutoff of 3.5 A was applied to consider base-pair formation based on the
indicated pairs of atoms. Values given in parentheses reflect statistical errors based on
block analysis comparing the first and second half of the trajectories.

binteraction present (or not) by definition in the listed conformer.

http://pubs.acs.org/doi/full/10.1021/acs.jpcb.6b05606
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Base flipping and sugar pucker preferences for each central loop residue are given in Table 3.
Some loop residues showed extra-helical base flipping that correlated with sugar pucker
transitions. Specifically, residues G8, A9, G+1, U+2, and C+3 reported C2'/C3'-endo mixed sugar
puckers as well as base-flipping (Table S3) that varied in concert between conformations. Similar
base-flipping with mixed pseudorotation state has been observed in other systems.(91) The
degree of base flipping and correlated C2'-endo sugar puckering varied as a function of the major
base-pairing conformer. In the AA/CA conformations, A9 and U+2 were flipped out for about a
third of the time each and G8 was also flipped out in about 9% of the snapshots. In AA/UA, A9 and
C+3 were seen extra-helical in a significant portion of the snapshots. In the minor state GA/CA, by
contrast, G8 and U+2 were seen extra-helical, whereas in GA/UA conformers, only C+3 was seen
extra-helical for significant amounts of time.

Table 3. Conformati Dy ics of Loop i During Major States of hpA
Simulations

residue state % C2'-endo®% C3'-endo® % base extra-helical®|

A7 AAICA0.0 91.0(0.1) 0.0
AA/UA 0.0 929(0.7)  0.1(0.0)
GAICA0.0 91.8(0.4) 0.0
GAJUA0.0 94.4(1.1) 00
other 0.0 90.4(0.3) 0.3(0.1)

G8  AA/CA5.6(40) 832(47) 87(7.2)
AA/UA52(0.2)  83.0(27) 0.0(0.0)
GAICA4.6 (45)  84.4(59) 7.1(7.0)
GA/UAG.8 (6.8)  78.1(57) 0.0 (0.0)
other 7.2(40)  80.4(43) 10.8(7.9)

A9 AAICA235(5.8) 59.8(55) 28.1(0.2)
AA/UA16.9 (84) 69.0(85) 322(7.8)
GAICA0.1(0.0)  78.0(57) 24(0.1)
GAUA1.3(1.3)  78.8(32) 22(0.2)
other 20.0(6.3) 61.6(6.3) 156 (1.0)

A1 AAICA0.0 914(02) 00
AA/UA 0.0 91.0(03) 0.0
GAICAQ.4 (0.4)  89.9(04) 0.0
GA/UAD.0 912(0.7) 00

other 0.1(0.0)  90.1(0.3) 0.0

G+1  AAICA83(24)  826(1.9) 0.9(0.8)
AAJUA255 (46) 53.9(95) 03(02)
GAICA3.7(0.3) 842(1.8) 0.0
GA/UA34.1(15.4) 47.5(18.1) 0.0
other 17.4(6.0) 68.9(6.7) 6.9(5.1)

U+2  AA/CA11.0(0.2) 77.2(0.3) 31.3(06)
AA/UA365(9.2) 464 (124) 0.0
GAICA6.4 (2.1)  87.2(28) 16.0(8.9)
GA/UA55.9 (15.0) 28.6(16.2) 0.0
other 16.1(6.0) 72.5(6.7) 17.0(2.8)

C+3  AA/CA0.0 916(0.0) 0.1(0.0)
AA/UA36(05)  87.3(0.8) 57.2(11.7)
GAICA0.0 934 (06) 00

GA/UA20(0.4)  88.7(0.4) 34.1(19.1)
other 4.0(1.0)  87.1(14) 232(0.2

aC2-endo has sugar pucker angles of 144-180°.

bC3"-endo has sugar pucker angles of 0-36°.

cBase flipping when N1 (guanine/adenine) or N3 (cytosine/uracil) was not within 5 A

distance from any base atom of either neighboring base or the respective base-pair

forming base(s). Underlined values represent conformations of the docked state, as

observed in multiple crystal structures of wildtype loop sequences in either four-way

junction or junctionless forms (PDB 1M5K, 2D2K, 1X9K, 1X9C, 20UE).(65, 67, 68)

Errors based on block analysis from comparing first and second half of the trajectories

are given in parentheses.

Conformational Transitions between Major States

The relatively long individual simulations (each over 1 ps) allowed the observation of structural
transitions among different major conformations. Although no individual simulation sampled all of
the states, the combination of all 20 simulations allowed the construction of a comprehensive
kinetic Markov state model for the system. The model was constructed from all 250 microstates,
but for clarity we again focused analysis on the 40 most populated states. The resulting network of
states is shown in Figure 5. States within the four major conformers are highly connected, often
with rapid interconversion on nanosecond time scales. However, there are also extensive
connections between different major conformers. Only two states are not directly connected within
this forty-state subset (#5 and #174), although these states become connected to the rest of the
network when the full set of 250 microstates is considered. The AA/CA and AA/UA conformers

have similar free energies and a similar number of states. The most populated AA/UA state (#123)
is only slightly higher in free energy than the most populated AA/CA state (#175). Based on the
kinetic model, transitions between the most populated AA/CA and AA/UA states appear to require
intermediate transitions via slightly elevated states (for example #246 or #190) and kinetic barriers
on submicrosecond time scales. The less populated GA/UA and GA/CA states are energetically
higher but also appear to be accessible on submicrosecond time scales. Taken together, these
results suggest that the majority of states on this complex and extensive conformational landscape
of loop A should be fully accessible to a single loop A molecule on time scales of 10-100 ps. This
is consistent with our previous NMR spin relaxation results in the GCAA tetraloop(92) and the
lead-dependent ribozyme,(93) which also suggest that sampling of minor forms of highly
structured RNAs often occurs on time scales of tens of microseconds.

Figure 5. Markov state model for 40 most populated states shown as spheres with
different radii reflecting their relative population and colored according to their
maijor base-pairing conformer. For each state the index is given along with the
minor base-pair conformation involving A9 and G8 and the relative free energy in
kcal/mol based on population size relative to the most populated state.
Connections between states are based on estimated rates of at least 10 ps~".
Faster rates are reflected by thicker edges with the thickest edges corresponding
to rates exceeding 1 ns~'.
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Features of the Docked State Are Sampled in Trajectories of Isolated Loop A

The most populated structure adopted by loop A in isolation(63) is quite distinct from that found in
the activated conformation formed by the loop A-loop B interface.(65) A key prediction of our
double conformational capture model for tertiary structure formation is that loop A in isolation
samples docking-competent conformations that contain structurally important features of the
docked state. Important structural transitions between the free and docked states for loop A
include the extrusion of G+1 from the helix for base-pairing with C25 of loop B, transitions of sugar
pucker to C3"-endo at G8 and G+1, and the formation of noncanonical U+2:G8 and C+3:A7 base
pairs. In addition, the cleavage-competent conformation at the active site is associated with a
reorientation of the A-1 ribose to a C2'-endo conformation that favors the in-line attack state along
with a base pairing of A-1 to A9 (Figure 2). In our unconstrained simulations, the predominant
conformation (AA/CA) is defined by the C+3:A7 base pair present in docked loop A. U+2:G8 base
pairing is seen rarely although the largest fraction (around 8%) is again seen for the AA/CA
conformer (see Table 2). Sugar puckering of G8 is generally in C3'-endo form and for G+1,
C3'"-endo sugar puckers are dominant for AA/CA whereas their population is reduced in favor of
C2"-endo for AA/UA, the second most populated major conformer in our simulations. A-1:A9 base-
pairing is also seen in our simulations, but it is very rare for AA/CA (~0%) and AA/UA (1%) and
seen most often (in about 5% of the snapshots) when either A10 or A7 or both are not base-
paired. Base flipping at G+1 is seen a small percentage of the time, largely in combination with
less-common base-pairing patterns (Table 3). Global comparisons between our observed
conformers and the docked form of loop A based on root-mean-square deviations (RMSD) to the
docked loop A structure (based on PDB ID 1M5K(65)) also showed closer approaches for AA/CA
states than for AA/UA states (see Table S3) including the microstate with the overall lowest
average RMSD of 2.78 A (#249). Analyzing all of the snapshots individually, we found the closest
approach to the docked state in our simulations to be a snapshot from state #249 displaying a
RMSD of 2.1 A. As shown in Figure 5, #249 is well-connected kinetically with other AA/CA
substates but relatively far from the alternate AA/UA, GA/CA, and GA/UA conformers. The state
with the second closest approach to the docked conformation, #47, is similar to #249 and
kinetically connected in the MSM. To summarize, many important features of the docked state,
and thus of presumed docking-competent states of isolated loop A, are observed in our
simulations, and sub-states are observed that resemble the docked conformation much more so
than the most-populated states do. On the current time scale, states in which the full panoply of
structural shifts between the free and docked structures have simultaneously engaged are not
found by the clustering algorithm. Given the very slow time scale of the docking reaction itself, it
may be that such forms would emerge over tens to hundreds of microseconds of dynamics, as has
been suggested by NMR results in other structured RNA systems.(92-94)

Conformation of the Reactive Groups

Figure 6 compares a representative structure from AA/CA microstate #249 to the docked loop A
structure. Overall, the structures align well but there are differences in the central loop region
where only the C+3:A7 base-pairing matches very well with the docked form. U+2:G8 is paired but
G8 is rotated in from the docked structure. G+1:A9 is also paired in contrast to the docked form
where G+1 is extrahelical. Finally, A-1:A10 is also paired in the simulation snapshot whereas A-1
is actually well above the plane of A10 in the docked structures where it is not able to form the
A10:A-1 base-pair.

Figure 6. Sampling of features of the docked conformation of loop A provides initial
evidence of conformational capture mechanism. Structural comparison between
the docked loop A crystal structure (black; PDB 1M5K)(65) with the simulated
microstate that most closely resembles the docked loop A structure (microstate
#249). The overall structure is compared on the left whereas individual central loop
base pairs are compared on the right. Central loop bases for the simulated
microstate are colored as in Figure 4. Figure prepared with VMD.(120)

The conformation of A-1 is important since it prepares the reactive groups for “in-line” attack of the
A-1 2"-hydroxyl on the adjacent phosphodiester bond with departure of the G+1 5"-oxygen. In a
wide variety of crystal structures of the docked conformation of the ribozyme, the A-1 ribose is
commonly held in in-line conformation via a cluster of nearby interactions including an A-1:A9
base pair.(65, 67-69, 71, 95-97) Adoption of the in-line geometry is seen in both 2'-hydroxy and
2'-O-methyl versions of the ribozyme,(68) and is closely correlated with adoption of the C2'-endo
conformation at A-1.(69) In the simulations reported here, although A-1:A9 base pairs are rarely
observed (see above), we do see a subset of conformations in which attack angles approach
180°, sometimes accompanied by close O2'-P distances (Figure 7). Of over 500,000 snapshots
analyzed, five (0.001%) show attack angles greater than 150° and O2'-P distances less than 3.2
A, common criteria for a true in-line attack conformation.(98) These snapshots arise from AA/CA
substates #204, #44, and #177, which also account for the majority of snapshots displaying attack
angles >120° regardless of distance (see Figure 7 and Supporting Information). Thus, our
simulations indicate that isolated loop A is capable of adopting catalytically competent in-line
conformations at the nucleophilic reaction center, but samples those conformations a vanishingly
small fraction of the time in the absence of the loop B binding partner. In the presence of loop B,
by contrast, crystallographic analysis consistently demonstrates the adoption of such
geometries.(65, 67-69, 71, 95) Taken together, our observations suggest a multistage interaction
mechanism for loop A whereby initial conformational selection of a docking-competent state
containing some features of the docked state is followed by adjustment to an in-line, chemically
reactive state only after formation of the initial complex with loop B.

Figure 7. Coordinates associated with in-line attack conformation in simulations of
loop A for AAICA (black), AA/UA (red), GA/UA (blue), and GA/CA (green) states.
Dotted lines indicate the small subset of conformations with attack angle >150° and
02-P distance <3.2 A (see text).

In complementary work to that reported here, molecular dynamics calculations on the docked state
have helped throw light on the determinants for the ultimate formation of chemically reactive states
in the hairpin ribozyme.(62) Intriguingly, recent results have supported a late-stage rearrangement

http://pubs.acs.org/doi/full/10.1021/acs.jpcb.6b05606
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of reactive groups in the full-length hammerhead ribozyme that parallels our proposed multistage
mechanism in the hairpin system.(99) In addition, recent simulations comparing the structure of
the twister ribozyme in the presence and absence of crystal-packing constraints have suggested
that interactions within the crystallographic unit cell may have fortuitously trapped that self-
cleaving RNA prior to final rearrangement to in-line attack conformation as well.(100) In the
hepatitis delta ribozyme, simulations have revealed a complicated interplay among conformational
sampling and the binding of catalytically critical metal ions,(101) in a mechanism with some
parallels to the dynamics-enabled binding of loop B postulated here for the hairpin loop A system.
A similar mechanism has also recently been observed in U1A-RNA molecular recognition, wherein
U1A helix C is observed to reorient to a bound-like state in the absence of RNA.(102) The
conformational capture of binding-competent states followed by an induced-fit adjustment to the
structurally observable bound conformation may be a general feature of macromolecular
recognition by flexible RNA molecules.

The presence of a GNRA tetraloop in our construct provided a useful control for assessing
observed dynamics within the internal loop. The GAAA tetraloop incorporated in our RNA
remained structurally stable over the simulation time, consistent with NMR studies(103) and with
other simulations done at similar temperatures.(104, 105) This suggests that our observations
provide a realistic behavior of this independently folded RNA. Previous studies of RNA systems
have observed the formation of AA and GA sheared-type noncanonical base-pairing within internal
loops, (106-109) consistent with the alternative A-1:A10 and G+1:A10 pairings observed in our
conformers. Published simulations of the full docked ribozyme(52, 54, 56, 57, 60, 62) showed
dynamics within loop A of limited scope with conservation of most features of the crystal structure,
suggesting that the flexibility of isolated loop A observed in our simulations is necessary for its
preorganization prior to formation of the less-flexible docked form.

Conformational Dynamics and Tertiary Structure Formation

The dynamic properties of RNA enable the diverse structural rearrangements associated with
transitioning kinetic barriers and sampling functionally competent structures.(18, 110, 111) For
example, internal motions leading to the melting of base-pairs near the internal loop of HIV-1 stem
loop 1 have been observed using NMR that resemble a secondary structural transition associated
with viral maturation.(112) In the case of the hairpin ribozyme, dramatic structural shifts are
observed for each of the two active-site internal loops upon formation of the catalytically active
docked state, leading to an intricate RNA tertiary interface that does not rely on stabilization from
canonical double helices. Interestingly, cross-linking experiments have shown the formation of
multiple functional folds of the hairpin ribozyme under different metal ion conditions, suggesting
the energetic accessibility of multiple conformational states centered at the U+2 and C+3
residues.(113, 114) In the simulations reported here, base-flipping dynamics at these same two
residues are key features of the sampling of varying conformational states (Figure 4).

Our group’s SPR analysis of intermolecular loop-loop docking showed a submicromolar binding
interaction that nevertheless displayed unusually slow docking on-rates on the order of 2000 M-"
s=1.(76) Based in part on this observation, we hypothesized that the formation of tertiary structure
in the hairpin ribozyme may be described as a “double conformational capture” transition,
predicting that both internal loops independently sample activated states resembling, in whole or in
part, their docked conformation. The assessment of equilibrium fluctuations of loop A in this work
provides an important initial step toward a detailed elaboration and testing of this hypothesis.
Using unbiased explicit solvent simulations, we identified a surprisingly complex conformational
energy landscape with four major conformations, distinguished by alternative noncanonical base-
pairing and stacking interactions within the internal loop of loop A, as well as numerous minor
states within each of the major conformers. Transitions between different states are primarily
facilitated by the dynamics of the bases U+2, C+3, and A9. These residues are strongly conserved
in the hairpin, and have previously been implicated in facilitating docking between loop A and loop
B.(115) We estimate kinetic barriers on microsecond time scales between the major conformers
and submicrosecond kinetics for transitions within each conformer. This reinforces the idea of an
RNA energy landscape that consists of many competing local minima and complex transition
pathway networks.(92, 116, 117) The observed equilibrium fluctuations provide pathways for
accessing a variety of conformational wells connecting the highly populated conformations. In the
case of U+2, line broadening in 1H NMR is consistent with substantial microsecond/millisecond
scale dynamics,(63) implying that this residue indeed undergoes conformational exchange. Our
results indicate that this exchange is predominantly base-flipping facilitated by pucker exchange.
Scalar coupling analysis also indicated a mixture of sugar pucker populations for both U+2 and
C+3 (Figure 2),(63) further supporting the presence of exchanging conformers at these two
residues. The current results provide detailed predictions for the dynamic properties of the loop on
microsecond time scales, including fast time scale motions of base and/or sugar residues at U+2,
C+3, and A9, ribose reorientation modes at G+1 and G8, and sampling of globally reorganized
noncanonical base-pairing patterns and overall loop configurations on time scales of
microseconds or longer. We are now engaged in testing these concrete predictions using NMR
spin-relaxation and specific isotope labeling technologies.(92, 93, 118)

In the case of loop B, an NMR structural study by the Feigon group reported substantial averaging
of scalar coupling constants diagnostic of sugar pucker conformation as well as the existence of
mutually inconsistent proton—proton nuclear Overhauser effect (NOE) contacts, consistent with the
existence of multiple conformations for the internal loop.(64) Some of the NOEs deemed
inconsistent with the most populated state for the isolated loop in solution were suggested to be
more consistent with the docked state.(65, 72) Although inconsistent NOEs are not definitive
probes of molecular dynamics, these observations provide preliminary support for possible
conformational sampling in loop B complementary to that observed here for loop A. Taken together
with these data, the formation of multiple kinetic substates in loop A in the current simulations
presents strong initial evidence for conformational sampling as a way of facilitating the formation of
complex RNA tertiary structures and for the proposed double conformational capture mechanism
in the hairpin system. The observation of multiple conformations and internal loop dynamics in
loop A of the hairpin ribozyme lays down a framework for understanding the complex nature of
RNA dynamics and their role in preorganizing RNA for recognition events within a rugged energy
landscape.

http://pubs.acs.org/doi/full/10.1021/acs.jpcb.6b05606
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Conclusions

In the work reported here, a series of unbiased microsecond MD simulations was used to
determine conformational heterogeneity in RNA based on alternate base-pairing within a subset of
residues in the loop region of domain A of the hairpin ribozyme. Four major conformers, as defined
by the presence of common noncanonical base pairs within the internal loop, were observed, with
substantial kinetic microheterogeneity present within each major state. In the simulations, the
different conformations were connected via an extensive transition network with individual
transitions between microstates on submicrosecond time scales and transitions between major
conformers estimated to occur on microsecond time scales. Base and backbone dynamics play an
important role in alternate base-pair formation and subsequent conformational sampling in loop A,
suggesting that conformational sampling in loop A RNA is a key strategy to avoiding the trapping
of this ribozyme domain in a nonfunctional conformation.

Many important features of the crystallographically observed bound conformation were sampled in
the various major states and sub-states of the simulations. By contrast, the features of the in-line
conformation of reactive groups, and the interactions that support it, were observed to
quantitatively insignificant extents in the present simulations. A unified interpretation of these
observations is a hybrid, multistage docking mechanism in which conformational sampling within
the free loop A creates a docking-competent state or set of states present at low population.
Collisions of docking-competent loop B with this population of loop A molecules results in an initial
docked complex. Final readjustments of the scissile phosphodiester and its immediate
surroundings then result in substantial population of the crystallographically observed, catalytically
competent state. From this standpoint, it is interesting that, even for the exchange-inert complex
cobalt hexammine, comparisons of the metal dependence of docking with that for ribozyme
cleavage suggested that additional metal ion(s) played required roles in the ribozyme mechanism
beyond driving formation of the docked state.(76) One intriguing possibility for this additional
function of polyvalent cations is facilitation of just such a final conformational adjustment following
the formation of the tertiary interface.
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