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ABSTRACT: Nuclear magnetic resonance (NMR) nuclear Overhauser
enhancement (NOE) data obtained for a 35-nucleotide RNA segment of
a bacterial group II intron indicate a helical hairpin structure in which
three parts, a terminal pentaloop, a bulge, and a G-A mismatch, display no
Watson—Crick base pairing. The 668 NOE upper distance bounds for
atom pairs are insufficient to uniquely determine the conformation of
these segments. Therefore, molecular dynamics simulations including

AvD5 AvD5
Single-structure Time-averaged NOE
refinement distance restraints
Roll: 3.9° Roll: 14.3°

Inclination: 5.6° Inclination: 19.9°

time-averaged distance restraints have been used to obtain a conforma-

tional ensemble compatible with the observed NMR data. The ensemble shows alternating hydrogen bonding patterns for the
mentioned segments. In particular, in the pentaloop and in the bulge, the hydrogen bonding networks correspond to distinct
conformational clusters that could not be captured by using conventional single-structure refinement techniques. This implies
that, to obtain a realistic picture of the conformational ensemble of such flexible biomolecules, it is necessary to properly account
for the conformational variability in the structure refinement of RNA fragments.

N oncoding RNAs can fold into complex tertiary structures
that allow them to perform highly specific catalytic and
regulatory tasks in gene expression, translation, and splicing and
make them molecules of interest in medicine, biotechnology,
and nanotechnology.'~* The overall fold is based on a network
of tertiary contacts mediated largely by the bulges and loops
that connect or cap the regular base-paired helices.”> Often
those unpaired or noncanonically paired segments are rather
flexible and can adapt or even significantly rearrange upon
binding to an interaction partner.®”® A static crystal structure of
these parts of RNA might therefore not give a complete picture
of its structural variability, and neither might a set of structures
derived from NMR data if averaging effects are not considered
in the structure refinement procedure.

Group II introns are large self-splicing ribozymes'
composed of six domains, the largest of which is domain 1
(D1), which folds first and serves as a scaffold for the other
domains. In particular, it provides the docking site for domain §
(DS), a small but exceptionally conserved RNA hairpin.
Interestingly, D1 and DS alone have been shown to be
sufficient to perform the first step of splicing even when they
are not covalently linked to each other (i.e., in trans)."

Domain 5 is characterized by two helical regions that are
connected by an asymmetric internal loop (we call it the
“bulge”) and capped by a terminal loop (Figure 1A).">"* Three
nucleotides at the 5’ side of the lower helix are known as the
“catalytic triad” because this motif (in particular, the invariant
central guanine) has been shown to play an important role in
catalysis in vivo."* ' While the bulge is also essential for intron
activi‘cy,”_19 the terminal loop, on the other hand, has a merely
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structural role, forming a tertiary contact to D1.*° The
similarities of this small DS domain to spliceosomal snRNA
U6*"** have evoked strong interest in its structure and
function. Two highly related D5 structures derived from
solution NMR data of Saccharomyces cerevisiae group II intron
aiSy (ScDS) and Pylaiella littoralis group II intron LSU/2
(PIDS) are available'>'? in addition to the crystal structure of a
D5D6 construct from ai5y** and crystal structures of a group
IIC intron from Oceanobacillus iheyensis.”*~>* Studies of DS in
solution indicate pronounced flexibility of the catalytic triad, of
the loop, and in particular of the bulge region.'>'*?’
Differences observed between the bulge regions in the solution
and in the crystal structures hint at an intrinsic flexibility that
might be an important requirement to allow for a structural
transition upon DS docking. While in the solution structures
the bulge adenine A24 is stacked in and the guanine G26 is
turned outward, in all crystal structures A24 is turned outward,
G26 is engaged in a GU wobble pair, and the helical parts
below and above the bulge stack onto each other (Figure S1 of
the Supporting Information).

We have been interested in DS from Azotobacter vinelandii
intron S (AvDS) for the evaluation of the structural impact of
two significant alterations compared to the previously studied
DS: AvDS has a GA mismatch at the center of the catalytic triad
(GU in all other structures studied), and an unusual UAGUU

Received: June 18, 2013
Revised: ~ August 27, 2013
Published: September 3, 2013

dx.doi.org/10.1021/bi400784r | Biochemistry 2013, 52, 7099-7113


pubs.acs.org/biochemistry

Biochemistry

A A.vinelandii Intron 5

25

=]

G
CA
C
G

@
=

"catalytic
triad"

mwmoﬁmcbc

|
aarannyrac

&
%

L

D5 xplorl

AvDS D5 xplor2
Figure 1. (A) Domain architecture of A. vinelandii intron S (top).
Sequence and secondary structure of AvDS (bottom). The loop, bulge,
and “catalytic triad”, which hosts the GA mismatch, are colored gray.
(B) Starting structures used in the restrained MD simulations.
DS_xplorl and DS_xplor2 are the two-lowest energy structures of a
200-member set of structures calculated using Xplor-NIH.*”*® The
crucial residues of the loop, bulge, and catalytic triad (G17, G26, and
G4) are marked.

pentaloop replaces the canonical GAAA tetraloop (Figure 1).
The bulge region is identical to that in ScDS and O. iheyensis
D5 and almost identical to that in PIDS (Figure S2 of the
Supporting Information).

Both ScDS$ and PIDS solution structures were obtained using
standard simulated annealing and refinement protocols in
CNS* using a rather simple force field and no electrostatics.
This approach is still widely used in the determination of
structures of biological macromolecules based on NMR
data 373 Usually, calculations are performed in vacuo, i.e., in
the absence of solvent and counterions. Only lately has the use
of force fields that include charges and account for the solvent
environment in the final refinement stage become more
common.>*~*” The difference that including electrostatics and
an explicit solvent environment can make in NMR structure
refinement of RNA hairpins is demonstrated by the recently re-
refined structures of ScDS and PIDS that indicate that the two
structures are much more alike than reported previously.>®

NMR spectroscopy records ensemble-averaged signals,*~
which is however seldom taken into account in the conven-
tional derivation of structures, despite its §reat importance in
flexible systems such as nucleic acids.**® Usually, instanta-
neous distance restraints are employed in NMR structure
refinement, penalizing each deviation from an experimentally
determined distance range. Time-averaged restraints require
only that the average distance during a certain period of time
remain within the set range and thus allow for exchange
between conformations that might individually not satisfy the
instantaneous restraint.

NMR spectra of AvDS contain indications of conformational
averaging in all three noncanonical regions: around the GA
mismatch, in the bulge, and in the pentaloop. In the two former
regions, this is evident from the resonance broadening in the
spectra that leads to a scarcity of restraints. In the loop, it is
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reflected by atom—atom distance restraints that are impossible
to satisfy by a single conformation. By omitting the contra-
dictory restraints and using generous error limits for distances
derived from broadened peaks, we could calculate a set of
structures using the standard structure refinement protocol as
implemented in CNS** and Xplor-NIH.*”*® While satisfying
the restraints, however, the set of structures does not give a
well-resolved picture of the close contacts such as hydrogen
bonds in the GA, bulge, and pentaloop regions. In addition, in
the bulge region two different conformations, one with G26
bulged into the minor groove (G26 up, Figure 1B) and one
with G26 bulged into the major groove (G26 down, Figure 1C)
similar to those of the ScDS and PIDS structures, were
suggested. This ambiguity and the indications of conforma-
tional exchange in the unpaired regions prompted us to
proceed with a structure refinement protocol employing time-
averaged distance restraints and an explicit solvent environ-
ment. For comparison, the simulations with time-averaged
distance restraints were complemented by simulations with
instantaneous distance restraints as well as by simulations at
elevated temperature to increase the degree of sampling. In
each case, we performed 10 ns of restrained molecular
dynamics simulations starting from each of the two lowest-
energy structures resulting from the XPLOR calculation
[DS_xplorl with G26 up (Figure 1B) and DS_xplor2 with
G26 down (Figure 1C)] to investigate the structural ensemble
of AvDS5 focusing on the GA, bulge, and pentaloop regions.

B MATERIALS AND METHODS

NMR Experiments. Sample Preparation. All chemicals
were purchased from either Fluka-Sigma-Aldrich (Buchs,
Switzerland) or Brunschwig Chemie (Basel, Switzerland) at
puriss p.a. or biograde. DNA strands were from Microsynth
(Balgach, Switzerland), with or without 2’-methoxy modifica-
tions at the two terminal nucleotides to prevent RNA 3'-
heterogeneity.*” The nucleotide 5'-triphosphates (NTPs) were
obtained from GE Healthcare (Glattbrugg, Switzerland), with
the exception of UTP, which was purchased from Acros-
Organics (Geel, Belgium). '*C- and '*N-labeled NTPs were
purchased from Silantes GmbH (Miinchen, Germany), while
the partially deuterated NTPs were obtained from Cambridge
Isotope Laboratories (Andover, MA). AvDS was transcribed in
vitro using in—house—grepared T7 polymerase and purified as
described previously.”® The transcription mix contained each
NTP at S mM (either natural abundance isotopes, completely
SN- and *C-labeled, or partially deuterated), 0.5 mM double-
stranded DNA template (Microsynth), 0.1% Triton X-100, 40
mM Tris-HCl (pH 7.5), 40 mM DTT, 2 mM spermidine, and
35 mM MgCl,. The RNA was purified on 18% polyacrylamide
gels and recovered by electroelution using a Whatman Elutrap
System. Samples were desalted using Vivaspin centrifugal
concentrators (Sartorius Stedim biotech, Aubagne, France),
lyophilized, and redissolved in 250 uL of 60 mM KCI and 10
uM EDTA in D,O or a mixture of H,0 and D,0 (9:1) for
NMR experiments. The pH (pD for samples in D,0) was
adjusted to 6.7—6.9.

NMR Spectroscopy. NMR spectra were recorded on a
Bruker AV700 MHz spectrometer equipped with a CP-TXI z-
axis pulsed field gradient CryoProbe and on an AV600 MHz
spectrometer equipped with a TCI z-gradient CryoProbe. *'P
spectra were recorded on an AV500 spectrometer with a S mm
QNP CryoProbe. Nonexchangeable protons were assigned
from two-dimensional (2D) 'H—"H NOESY spectra in D,0
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recorded at 290 or 300 K with a mixing time of 60, 120, or 250
ms. Exchangeable protons were assigned from 'H—'"H NOESY
spectra in a mixture of H,O and D,O (9:1) recorded at 275 K
with a mixing time of 150 ms. Watson—Crick base pairs were
confirmed in 2D Jiy HNN-COSY spectra at 275 K.>! 1C and
>N resonances were assigned in 'J and *J HSQC spectra. In
addition, phase sensitive 2D wl,w2-'*N,"*C-filtered NOESY
and TOCSY experiments with watergate H,O suppression
using nucleotide-specifically '"N- and '*C-labeled samples
helped to reduce the extent of spectral overlap.”> 'H chemical
shifts were directly referred to external DSS (0.2%, pH 7.5),
and °C and "N were indirectly referred to 'H of DSS.*?

NMR data were processed using TopSpin 3.0 (Bruker)
and analyzed using Sparky (http://www.cglucsf.edu/home/
sparky/).

Structure Calculation using Xplor-NIH.*”*® Distance
restraints were derived from "H—"H NOESY spectra recorded
in D,0 with mixing times of 60—250 ms and from 'H—'H
NOESY spectra measured in a mixture of H,O and D,0 (9:1)
with a mixing time of 150 ms. In regions with little or no
overlap, peaks were integrated in Sparky and distances
calibrated according to the volumes of HSH6 or HI1'H2'
peaks using the CALIBA macro of DYANA.>* On the basis of
this, all assigned peaks were categorized as strong (0.18—0.3
nm), medium (0.18—0.45 nm), weak (0.3—0.6 nm), and very
weak (0.4—0.7 nm). Sugar puckering was inferred from SO ms
"H-'H TOCSY spectra: G17 and U18 have strong H1'H2'
and H1'H3' peaks and were restrained to C2'-endo (6 = 145°,
v, = 25°% v, = —35°, £15°). G1, G4, Al16, U19, C25, and G26
were left unrestrained because of intermediate H1"H2' peaks or
overlaps with the HOD signal, and all other sugar rings were
restrained to C3’-endo (6 = 85°, v; = —25°, v, = 37.3°, £15°).
Glycosidic angles were restrained to the anti conformation (y =
—160 + 15°) based on intranucleotide H8/H6—H1’ cross-
peaks for all residues except G4, G17, U18, U19, C2S, and G26,
which were left unrestrained. Backbone torsional angles were
restrained to standard A-helical values (a = —68°, f = 178°, y =
54°, £ = —153°, ¢ = —71°, +£10°) in the Watson—Crick base-
paired regions. In other regions, @ and { were restrained to
exclude the trans range (0 + 120°) based on the fact that there
are no *'P resonance outliers. Hydrogen bonds in Watson—
Crick base pairs were enforced by short distance restraints
between the hydrogen and the acceptor atom as well as
between the donor and the acceptor atoms and by planarity
restraints.

Starting from an extended conformation, we calculated an
initial set of 100 structures using CNS 1.21°%°° by applying 40
ps torsion-angle dynamics at 20000 K, followed by slow cooling
for 90 ps in torsion-angle space and for 30 ps in Cartesian
space. Afterward, an 80 ps refinement using Xplor-NIH
2.24%7* was performed, slowly cooling the system from 3000
to S0 K.

The 20 lowest-energy structures (none of them had NOE
violations larger than 0.03 nm or torsional angles that deviated
by more than 5° from the restrained range around the standard
A-helical values described above) were selected as the final
ensemble.

Molecular Dynamics Simulations. Simulation Setup.
Molecular dynamics (MD) simulations reported here were
performed with the GROMOS biomolecular simulation
package (http://www. romos.net).56_58 The GROMOS
53A60xy.a force field®®° with partial charges on the nucleic
acid bases assigned to reproduce the chloroform/water
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partition coefficients has been used (see Tables S1—S4 of the
Supporting Information). The DS_xplorl (Figure 1B) and
DS_xplor2 (Figure 1C) NMR model structures were taken as
the initial structures for the simulations. The MD simulations
were performed using rectangular periodic boundary conditions
and explicit solvation using the SPC water model.®" Na* and
Cl” ions were added to the simulation box to neutralize the
negative charge on the RNA backbone and to mimic the
experimental ionic strength of 60 mM. NOE distance restraints
were used either as instantaneous or as time-averaged distance
restraints and were imposed with a force constant of 6000 kJ
mol™! nm™. The memory relaxation time used in the time-
averaged NOE distance restraints was 20 ps.5276*

The systems were first relaxed by performing a steepest
descent energy minimization with harmonic positional
restraints on all solute atoms (force constant of 2.5 X 10* kJ
mol™! nm™). The initial atomic velocities were taken from a
Maxwell distribution at 60 K, which was followed by a 250 ps
equilibration, in which the positional restraints were gradually
released reducing the force constant to 0.0 kJ mol™ nm™ and
the temperature was increased from 60 to 293 K. The leapfrog
algorithm was used to integrate Newton’s equations of motion
using a time step of 2 fs. The center of mass motion was
stopped every 2 ps. All bond lengths were constrained to their
ideal values using the SHAKE algorithm with a relative
geometric precision of 107%°° The temperature and pressure
were maintained at 293 K and 1 atm, respectively, using weak
coupling (zp = 0.1 ps, and 7p = 0.5 ps) and an isothermal
compressibility of 4.575 X 107 (kJ mol™! nm~>)7.% Solute
and solvent degrees of freedom were separately coupled to the
heat bath. A reaction field approach®” was used to treat the
electrostatics by employing a triple-range cutoff scheme, with
cutoffs of 0.8 and 1.4 nm, a five-step update of intermediate-
range nonbonded forces, and a continuum dielectric
permittivity of 61.5

From the equilibrated structures, the following MD
simulations were started: two 10 ns MD simulations in which
the NOE distance restraints were imposed as instantaneous
restraints (DS_xplorl IR and DS_xplor2 IR) and two 10 ns
MD simulations in which the NOE distance restraints were
imposed as time-averaged restraints (DS_xplorl TAR and
D5_xplor2_TAR). In addition, two 10 ns MD simulations with
time-averaged NOE distance restraints were performed at 323
K to enhance the sampling in the AvDS bulge region
(DS_xplorl _TAR 323 and DS_xplor2 TAR 323).

Trajectory Analysis. The trajectory configurations were
saved every 1 ps. Atom-positional root-mean-square deviations
(rmsds) with respect to the energy-minimized initial structures
were calculated as follows. The heavy atoms of the sugar—
phosphate backbone were used to perform a superposition of
centers of mass and a rotational least-squares fit superposition®”
of the trajectory structures onto the reference one. The rmsd
values of the whole AvDS and of its GA, loop, and bulge
regions were calculated for all the heavy atoms. Additionally,
atom-positional root-mean-square fluctuations (rmsfs) were
calculated for all the heavy atoms of the AvDS backbone and
bases and are, for each nucleotide, reported as averages over the
heavy atoms of the base and as averages over the corresponding
backbone part. The trajectory configurations were also analyzed
in terms of Watson—Crick hydrogen bonds and with respect to
temporal evolution of hydrogen bonding in the GA, bulge, and
pentaloop regions of AvDS. The criteria used in the hydrogen
bond analysis were 0.25 nm as the upper bound of the H--A
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(A, acceptor) distance and 135° as the lower bound of the D---
H--A angle (D, donor). The RNA backbone geometry was
analyzed in terms of torsional angles presented in Figure S3 of
the Supporting Information. A joint conformational cluster
analysis focusing on the AvDS GA mismatch, bulge, and
pentaloop regions was conducted on the trajectories generated
at 293 K (DS_xplorl IR, DS xplorl TAR, DS xplor2 IR,
and DS_xplor2 TAR) using the structures at 2 ps intervals and
atom-positional rmsd similarity criteria of 0.15, 0.12, and 0.1
nm for the GA, bulge, and loop regions, respectively. A
translational superposition of centers of mass and a rotational
least-squares fit for every pair of configurations were performed
using the AvDS backbone heavy atoms. Interproton distance
bounds derived from the NOE cross-peak intensities were
compared with the average interproton distances calculated
from the trajectories using (r~®)""/¢ averaging. The H--H
distances involving aliphatic H atoms were calculated by
constructing virtual atoms based on standard geometries.”” The
results are presented as distance bound violations, that is, as a
difference between the distances averaged over the simulation
and the corresponding NMR-derived upper distance bounds. In
this study, a total number of 668 NOEs assigned on the basis of
the interpretation of the spectra were used (see Tables SS and
S6 of the Supporting Information). Of these, the NOEs
between atoms in the three nonhelical regions, loop, bulge, and
catalytic triad, are visualized in Figure S4 of the Supporting
Information. Additionally, all possible hydrogen—hydrogen
averaged distances of <0.45 nm in the AvDS RNA hairpin were
calculated. This resulted in approximately twice as many NOEs
versus the number that was actually assigned. The absence of
predicted NOEs from the list of observed NOEs is mainly due
to the extensive overlap of the intra- and intersugar proton—
proton peaks as well as to other causes such as spin diffusion or
extinction of the NOE signals due to rotational tumbling,

Visualization of the AvDS RNA hairpin was conducted using
MolMol71 and RNA helical parameters were analyzed using
Curves+.””

B RESULTS

Atom-Positional Root-Mean-Square Deviations from
the NMR Model Structures. The time series of the atom-
positional rmsds from the energy-minimized starting structures
for the heavy atoms of the entire AvDS RNA hairpin and of its
GA, bulge, and pentaloop regions are displayed in Figure 2 for
the four simulations performed at 293 K. For the entire AvDS
RNA hairpin, the rmsd values vary between ~0.2 and 0.9 nm
and show no drift after 2 ns (Figure 2A). The peaks observed in
the case of the DS_xplor2_IR simulation can be attributed to a
bending of the molecule across the flexible bulge. Such long-
range motions are also responsible for like fluctuations in rmsd
values in the other simulations. Because the distance
information from NOE intensities is rather short-range, these
data do not seem to inhibit the global dynamics of AvDS. As
expected, local rmsd fluctuations in the smaller bulge, loop, and
GA segments are smaller and of higher frequency (Figure 2B—
D). The rmsd values of GA regions for the simulations initiated
from the NMR model DS xplorl (DS _xplorl TAR and
DS_xplorl IR) show an increase in the first 4 ns of simulation
time when they reach the same values as in the simulations
initiated from NMR model D5_xplor2 (DS_xplor2 TAR and
D5_xplor2_IR) (Figure 2B). This slow gradual increase reflects
the conversion of G4 from the looped out to a stacked
conformation.
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Figure 2. Time evolution of the root mean-square deviations (rmsds)
with respect to starting structures DS_xplorl and DS_xplor2 in the
four MD simulations at 293 K: DS _xplorl TAR (dark blue),
DS_xplorl IR (light blue), DS_xplor2_ TAR (orange), and
D5_xplor2 IR (yellow). The rmsds for the heavy atoms of (A) the
complete hairpin, (B) the GA mismatch region (residues 3—S and 31—
33), (C) the bulge (residues 9—11 and 23-27), and (D) the loop
(residues 15—19) are shown.

Atom-Positional Root-Mean-Square Fluctuations.
Atom-positional rmsfs are highest at the hairpin’s ends and in
the loop region but are also elevated around the bulge (Figure
3). In all four simulations performed at 293 K, the fluctuations
are larger in the sugar—phosphate backbone than in the
nucleobases with the exception only of G4, G17, G26, and U27
in some of the simulations, reflecting the solvent exposure of
these four bases. Interestingly, larger fluctuations can be
observed in the MD simulations in which NOE distances
were imposed as instantaneous restraints (Figure 3C,D) than in
the MD simulations where NOE distances were imposed as
time-averaged restraints (Figure 3A,B). This indicates that
instantaneous distance restraints, while forcing the agreement
with the experimental data, may artificially increase the mobility
of unrestrained parts of the AvDS RNA hairpin. Additionally,
MD simulations initiated from NMR model structure
DS5_xplorl with base G26 bulged up into the minor groove
(Figure 3A,C) show fluctuations larger than those initiated
from NMR model structure DS_xplor2 in which base G26 is
turned down into the major groove (Figure 3B,D).

NOE Analysis. The initial structures do not contain
violations of >0.03 nm that was the cutoff value for allowed
NOE violations in the XPLOR calculations (Table S6 of the
Supporting Information). As expected, all four MD simulations
agree very well with the experimental NOE upper distance
bounds that were imposed as either instantaneous or time-
averaged distance restraints (Figure SS of the Supporting
Information). However, despite the NOE distance restraining a
number of small NOE violations can be observed in the MD
simulations. The strongest ones and the only ones exceeding
0.03 nm are found in the region of the pentaloop where the
higher proton density makes spin diffusion more probable. The
most pronounced violation is observed for the G17:H1'—
C20:H1’ proton pair (entry 568 in Table S6 of the Supporting
Information) in all four simulations with the largest value of
0.078 nm occurring in the D5_xplorl_ IR simulation. This is
not surprising because the NOE cross-peak of the G17:H1'—
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Figure 3. Atom-positional root mean-square fluctuations (rmsfs) during the last 8 ns of the four MD simulations at 293 K: DS_xplorl TAR (A),
D5_xplor2_TAR (B), DS_xplorl IR (C), and DS_xplor2 IR (D). Average rmsfs over all heavy atoms of the base (black) and of the sugar—
phosphate backbone (white) of each residue are displayed. The positions of the GA mismatch, the bulge, and the loop are shaded in gray, and key
residues mentioned in the text are indicated. To avoid the bias from the initial structure, the first 2 ns of each trajectory was excluded from the rmsf

analysis.

C20:H1' proton pair is weak and was used in XPLOR
calculations with a large error margin because spin diffusion
could not be excluded. When time-averaged distance restraints
are applied (Figure SSB,E of the Supporting Information)
instead of instantaneous restraints (Figure SSC,F of the
Supporting Information), many of the NOE violations decrease
or completely disappear. Irrespective of the initial structure
used, violations in the bulge are small, indicating that the
orientation of base G26 cannot be unambiguously determined
from the measured NMR data. The only noticeable NOE
violation in the helical region of AvDS comes from the
C12:HS”—CI12:HS proton pair (entry 76 in Table S6 of the
Supporting Information). The violations of 0.017 and 0.018 nm
in DS_xplorl IR and DS_xplor2 IR, respectively, disappear
when using time-averaged distance restraints because of the
concerted changing of the C12 a (—75° to —225°) and y (65—
180°) torsional angles that shortens the average C12:HS"—
C12:HS distance from 0.6 to 0.45 nm (Figure 4A—C). The
small violation of the GI1:H1-C34:H2' proton pair in
simulations with instantaneous restraints (DS_xplorl IR and
D5_xplor2 IR) is alleviated by using time-averaged distance
restraints, too (Figure 4D). Time-averaged distance restraining
allows for distance fluctuations that reduce bound violations
compared to instantaneous distance restraining due to the
nonlinear dependence of the NOE on the atom—atom
distances.

End-to-End Distance. The analysis of the end-to-end
distance of the molecule presented in Figure S reveals some
compaction of the RNA hairpin when the time-averaged
distance restraints are applied. The average end-to-end distance,
which we define as the distance between the center of geometry
of the G2-C34 base pair (we use the second base pair to avoid
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effects from fraying of the first base pair) and the phosphorus
atom of G17, fluctuates around the initial value of 5.6 nm in the
simulations with instantaneous distance restraints, while in the
simulations with time-averaged distance restraints, it decreases
to 5.0 nm. The AvDS end-to-end distance is strongly influenced
by bending of the hairpin in the bulge region, which occurs for
instance after 6 ns in the case of the DS_xplorl IR simulation.
This prompted us to further investigate the compaction of the
AvDS RNA by calculating the base-pair parameters for the
helical regions of AvDS.

Helical Base-Pair Parameters. To gain some quantitative
description of the overall structural differences between the
RNA hairpins from the four MD simulations, we analyzed the
simulated trajectories in terms of the helical base-pair
parameters using CURVES+.”> In Table 1, the average values
for the base-pair inclination and inter-base-pair roll calculated
over the last 8 ns of the trajectories are reported. The
compaction of the RNA hairpins simulated using time-averaged
distance restraints observed in the analysis of end-to-end
distance is reflected in an increase in the inter-base-pair roll and
base-pair inclination. In the XPLOR starting structures the
inter-base-pair roll and inclination are significantly lower than
the standard A-helical values. In all MD simulations, the values
of both parameters increase toward standard A-helical values.
The increase is, however, much more pronounced in the
simulations with time-averaged distance restraints.

Sugar and Base Flipping in the Loop and Bulge. As is
evident from time series of the pseudorotation angle in Figure
6A—D, conformational flipping of the ribose sugar is more
frequent when time-averaged distance restraints are applied.
This reflects the ability of time-averaged distance restraints to
compensate for short restraint violations that might arise during

dx.doi.org/10.1021/bi400784r | Biochemistry 2013, 52, 7099-7113
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Figure 4. Distance and torsional-angle time series: (A) C12:HS"—
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in C12, and (D) G1:H1—C34:H2’ distance. Dark blue indicates the
DS5_xplorl_TAR simulation, light blue the D5_xplorl_IR simulation,
orange the D5_xplor2_TAR simulation, and yellow the DS_xplor2_IR
simulation.

the transition between two states. Changes from one sugar
conformation to another are mainly observed in and close to
the unpaired regions of the loop (Figure 6B,C) and bulge
(Figure 6D) as well as from the GA region to the ends of the
chain (data not shown). The sugar rings of some residues make
only very short (picosecond) excursions away from a main
conformation (Figure 6B), while others stay longer (nano-
seconds) in different conformations (Figure 6C). Even though
in the helical base-paired regions fluctuations are less
pronounced, characteristic short sugar flips with a duration of
a few picoseconds from C3’- to C2’-endo pucker are observed
with time-averaged distance restraints (Figure 6A).

"H—'H TOCSY spectra indicate that both G17 and U18 in
the AvDS loop are predominantly in the C2’-endo con-
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Figure S. (A) Depicted from left to right are central members of the
most populated conformational clusters of simulations DS_xplorl_-
TAR, DS_xplor2_TAR, DS_xplorl_IR, and DS_xplor2 IR, respec-
tively. A backbone heavy atom-positional rmsd of 0.2 nm has been
used as a similarity criterion in the clustering. To avoid the bias from
the initial structure, the first 2 ns of each trajectory was excluded from
the clustering analysis. (B) Time traces (left) and distributions (right)
of the end-to-end distance (distance between the center of geometry
of the G2-C34 base pair and the phosphorus atom of G17) during MD
simulations DS_xplorl_TAR (dark blue), DS_xplorl IR (light blue),
DS_xplor2_TAR (orange), and DS_xplor2 IR (yellow).

Table 1. Inter-Base-Pair Roll and Base-Pair Inclination
(degrees) As Determined with Curves+’” Using the Last 8 ns
of the Simulations”

inter-base-pair roll inclination
DS_xplorl 39 5.6
DS_xplor2 4.4 9.0
DS_xplorl IR 92 14.8
D5_xplor2_IR 68 13.0
DS_xplorl_TAR 14.3 19.9
DS_xplor2 TAR 12.5 22.1
idealized A-helix 12.6 22.6

“Reported are the average values for the two helical regions involving
residues 1—8 and 28—35 and residues 11—14 and 20—23. A-Helical
values were derived from an idealized dsRNA structure created by the
fiber utility of 3DNA®" that is based on Arnott’s work on fiber A-DNA
from calf thymus.*”

formation. In the simulations reported here, the U18 ribose
shows short picosecond excursions toward the C3’-endo
conformation (Figure 6B), while the G17 ribose explores
different conformations on longer time scales (Figure 6C).
Although the G17:H8—G17:H1’ cross-peak in NOESY spectra
is exceptionally strong (corresponding to a distance of 0.25
nm), which is usually a sign of a nucleotide in a syn
conformation, a pure syn conformation would not allow for
the experimentally suggested G17:H8—G17:H3’ distance of
0.32 nm, indicating that conformational averaging takes place in

dx.doi.org/10.1021/bi400784r | Biochemistry 2013, 52, 7099-7113
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[DS_xplorl_TAR (dark blue) and DS_xplorl_IR (light blue)] and DS_xplor2 [DS_xplor2_TAR (orange) and D5_xplor2_IR (yellow)].

the loop region. For this reason, no restraints of G17:H8 to any
of its own sugar protons were included in the XPLOR
calculations or in the MD simulations. While in the MD
simulations with time-averaged distance restraints the G17
sugar pucker and glycosidic angle y switch in a correlated
manner and G17 is completely solvent-exposed 50—60% of the
time, they remain rather constant in the MD simulations with
instantaneous distance restraints (Figure 6C,E). In the latter
case, G17 remains stacked throughout the simulations and the
G17:H8—G17:H3' distance is always longer than the NOESY
experiment suggests (0.5—0.6 nm). Also, in the time-averaged
simulations, this distance remains similarly long; however,
occasionally conformations are sampled for which the distance
decreases to 0.3 nm (Figure S6 of the Supporting Information,
left panels).

In the structure reﬁnement process leading to the ScDS$ and
PIDS solution structures'>"® in which base G26 is bulged down
into the major groove, the conformation of G26 has been
restrained to syn (70 + 30°) on the basis of the intensity of the
G26:H8—G26:H1' NOE cross-peak. In the case of AvDS, the
G26 y angle was left unrestrained because the peak intensity,
while stronger than in regular anti-oriented bases, indicated a
distance of 0.3 nm, which is not as short as would be expected
for a pure syn conformation. Interestingly, test calculations with
Xplor-NIH in which the G26 y angle of AvDS was restrained to
syn again resulted in both “G26 up” and “G26 down” structures
indicating that the restraint of the G26 y angle is not the reason
for the lack of heterogeneity in ScDS and PIDS. As is evident
from Figure 6F in all four MD simulations at 293 K reported
here, the G26 y angle remains in the anti range, i.e., around
220° in simulations initiated from DS_xplorl and around 150°
in simulations initiated from D5_xplor2, resulting in G26:H8—
G26:H1’ distances of 0.38 and 0.29 nm, respectively, which are
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in agreement with the experimental upper bound of 0.45 nm.
Although the experimental evidence from 'H—'H TOCSY
spectra suggests that the G26 sugar does not stay purely in a
C2'- or C3'-endo conformation, our MD simulations depict it
mainly in the C3’-endo conformation (Figure 6D).
Hydrogen Bonding. In Figure 7, the overall occurrence of
Watson—Crick hydrogen bonds in the helical regions of the
AvDS hairpin is presented. The frequency of Watson—Crick
hydrogen bonds at the end of the hairpin (base pairs G1-U35
and G2-C34) and close to the unpaired GA, bulge, and loop
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Figure 7. Occurrence of Watson—Crick base-pair hydrogen bonds in

the helical regions of AvDS during MD simulations DS_xplorl_TAR
(A), DS_xplor2_TAR (B), DS_xplorl_IR (C), and DS_xplor2 IR

(D).
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regions (A3-U33, C5-G31, A9-U27, and G14-C20) is higher in
the instantaneously restrained MD simulations than in MD
simulations in which time-averaged distance restraints have
been used. In particular, for the A9-U27 base pair, the
frequency of Watson—Crick hydrogen bonds strongly depends
on the type of distance restraints applied as well as on the
starting structure and thus on the conformation of G26. Fraying
at the closing base pair (G1-U35) that can also be observed is
not surprising considering that the closing base pair is a wobble
one. In addition, the fraying of the closing base pair is in line
with the severe broadening of Gl and U3$S imino proton
resonances in "H NMR spectra already at 275 K. Time series of
non-Watson—Crick hydrogen bonds that occur in the non-
helical regions of AvDS are presented in Figure 8 for the loop,
bulge, and GA regions.

In the pentaloop, the most populated hydrogen bonds
(U19:H3—A16:N3, A16:H2'—U19:02, U15:H3—C20:02, and
U15:H3—U19:04) are present in all four simulations, except
for the G17:H22—G17:02P hydrogen bond, which occurs only
in the DS_xplor2 IR simulation (Figure 8A). Interestingly, the
time series of the hydrogen bonds in the loop show that
dissolution of UIS5:H3-U19:04, Al16:H62—-U15:04,
A16:H61-U18:04, and U19:H3-U15:02 hydrogen bonds is
associated with the appearance of U19H3—A16:N3, A16:H2'—
U19:02, and U15:H3—C20:02 hydrogen bonds indicating
structural transitions between two different hydrogen bonding
patterns of the AvDS pentaloop.

In the bulge region and in particular in the region around the
GA mismatch, the hydrogen bonding patterns of different
simulations exhibit less overlap (Figure 8B). Prominent
hydrogen bonds characteristic of the bulge region that occur
in the DS xplor2 TAR simulation as well as in the
DS xplorl IR and DS xplor2 IR simulations are the
C25:H41-U10:04, U10:H3—C25:N3, and U10:H3—-C25:02
bonds pairing C25 and U10. Hydrogen bonds formed by G26,
A9:H61-G26:N7 and U10:H3—G26:06, correspond to the
G26 up conformation. In the G26 down conformation, the
functional groups of the G26 base interact with the major
groove of the helix between the catalytic triad and the bulge
forming hydrogen bonds with C29 and A28 (data not shown).
The orientation of the G26 down conformation is more similar
to that in PIDS [Protein Data Bank (PDB) entry 2F88'?
(Figure S2B of the Supporting Information)] than in ScDS
[PDB entry 1R2P'* (Figure S2A of the Supporting
Information)], where the Watson—Crick side of G26 points
away from the helix.

In the region around the GA mismatch, the most prominent
non-Watson—Crick hydrogen bonds are evident in the
DS_xplor2_ TAR simulation. The appearance of the
G4:H21—A32:N1 hydrogen bond is related to the dissolution
of the hydrogen bonding network formed by the A32:H61—
G4:06, G4:H21-U33:02, G4:H1-U33:02, and A3:H61—
U33:02 bonds, indicating structural transitions in the
DS_xplor2 TAR simulation (Figure 8C).

Conformational Clustering Analysis. Structural transi-
tions in the loop, bulge, and GA region indicated by hydrogen
bonding analysis stimulated us to characterize the dominant
conformations of these regions by performing a joined
conformational clustering analysis of the DS_xplorl IR,
DS xplor2 IR, DS xplorl TAR, and DS xplor2 TAR trajec-
tories using the atom-positional rmsd as the similarity criterion.
The rmsd similarity cutoffs of 0.1, 0.12, and 0.15 nm have been
used in the clustering analysis of the AvDS loop, bulge, and GA
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Figure 8. Time series of hydrogen bonds (A) in the loop (G14, U1S,
Al6, G17, U18, U19, and C20), (B) in the bulge (A9, U10, A24, C2S,
G26, and U27), and (C) in the catalytic triad (A3, G4, CS, G31, A32,
and U33) that are present for more than 20% in at least one of the four
MD simulations. Hydrogen bonds are defined by a distance between
the H and the acceptor of <0.25 nm and a donor---H---acceptor angle
of >135°. Hydrogen bonds defining Watson—Crick base pairs G14-
C20, A3-U33, and C5-G31 and hydrogen bonds between sugar—
phosphate backbone atoms of adjacent residues were omitted for the
sake of clarity. Dark blue for the DS_xplorl_TAR simulation, light
blue for the D5_xplorl IR simulation, orange for the D5_xplor2_-
TAR simulation, and yellow for the D5_xplor2_IR simulation.

region, respectively, to ensure that the first three clusters
include a similar number (between 70 and 80% of the total
population) of the trajectory configurations. To avoid the bias
from the initial structure, the first 2 ns of each trajectory were
excluded from the analysis.

In the loop, the results of the conformational clustering when
all the atoms of residues G14, U1S, Al6, G17, U18, U19, and
C20 are included are largely determined by the orientation of
the solvent-exposed G17 base. To analyze the subtle differences
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Figure 9. Results of joined conformational clustering analysis of the loop region (panels A and B, residues G14—C20, excluding G17), the bulge
region (panels C and D, residues A9—G11 and C23—C25), and the catalytic triad region (panels E and F, residues A3—CS and G31-U33) using
D5_xplorl_TAR (dark blue), DS_xplorl IR (light blue), DS_xplor2_TAR (orange), and DS_xplor2_IR (yellow) trajectories and a heavy atom-
positional rmsd similarity cutoff of 0.1 nm. Panels A, C, and E show the frequency of the first 10 conformational clusters. In panels B, D, and F,
conformations of the initial DS_xplorl and DS_xplor2 structures and of the central member structures of the major clusters are depicted. Hydrogen
bonds that occur more than 20% of the time (see also Tables S7—S9 of the Supporting Information) are indicated, excluding for the sake of clarity
those defining G14-C20, A3-U33, and C5-G31 Watson—Crick base pairs and those between sugar—phosphate backbone atoms of adjacent residues.
To avoid bias from the initial structure, the first 2 ns of each trajectory was excluded from the clustering analysis.

in the conformations of the loop in the four simulations, G17
was thus excluded from the clustering and hydrogen bonding
analysis reported here. As shown in Figure 9A, two almost
equally populated clusters, which both contain configurations
sampled in all four simulations, emerge at the core of the loop.
The analysis of hydrogen bonds of the ensemble of
configurations belonging to cluster 1 and cluster 2 (Table S7
of the Supporting Information) agrees with the general
hydrogen bonding analysis reported above (Figure 8A).
Three dominant non-Watson—Crick hydrogen bonds,
U19:H3—A16:N3, A16:H2'-U19:02, and U15:H3—C20:02,
characteristic of cluster 1 are, in cluster 2, replaced by a network
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of four hydrogen bonds pairing U19 and U1S (U15:H3—
U19:04 and U19:H3-U15:02), Al6 and U18 (A16:H61—
U18:04), and A16 and U1S (A16:H62—U15:04) (Figure 9B).

The results of the conformational clustering analysis in the
AvDS bulge are largely determined by the orientation of the
G26 base. Because the interconversion between G26 up and
G26 down conformations has not been observed in any of the
MD simulations at 293 K, we have excluded G26 from the
clustering analysis that thus involved residues A9, U10, Gl1,
C23, A24, and C25. This allowed us to inspect the
conformational overlap of the bulge region of the simulated
ensembles independent of the G26 orientation. As is evident

dx.doi.org/10.1021/bi400784r | Biochemistry 2013, 52, 7099-7113



Biochemistry

A

T
G26:H2'-U27:.04' |-

G26:H2'-U27:05' | e e i e T 8 e S B

G26:H1-U10:02 |- L

ulo

C25:H2'-G26:04' |-

U10:H3-G26:06 |-
1

simulation time [ns]

Figure 10. (A) Time series of hydrogen bonds involving G26 in the MD simulations at 323 K: dark blue for the DS_xplorl TAR 323 simulation
and orange for the DS_xplor2_TAR_323 simulation. (B) Central member structure of the most populated cluster in the simulation initiated from
the DS_xplorl structure and its frequency of occurrence. A heavy atom-positional rmsd similarity cutoff of 0.12 nm has been used. (C) Central
member structure of the most populated cluster in the simulation initiated from DS_xplor2 and its frequency of occurrence. A heavy atom-positional
rmsd similarity cutoff of 0.15 nm has been used. Hydrogen bonds formed by G26, whose time series are shown in panel A, are indicated.

from Figure 9C, the ensembles of DS_xplorl IR, DS_xplor2_-
IR, and DS_xplor2_TAR simulations share a significant part of
the configurational space. Three characteristic hydrogen bonds
already observed before, C25:H41-U10:04, U10:H3—
C25:02, and U10:H3—C25:N3 (Figure 8B), occur in the
bulge of cluster 1 and indicate the clear presence of a U10-C25
base pair (Table S8 of the Supporting Information). On the
other hand, in cluster 2, which is dominated by configurations
of the DS_xplorl_TAR simulation, a prominent hydrogen
bonding interaction is formed between C25 and the Hoogsteen
edge of A9 involving A9:H62—C25:N3 and C25:H41—-A9:N7
hydrogen bonds. Cluster 3 is populated mainly with trajectory
configurations of the DS_xplor2_TAR simulation. Here C25 is
turned slightly away from the opposite RNA strand and forms a
hydrogen bond with U10 (C25:H41—-U10:04) (Table S8 of
the Supporting Information). While in the two XPLOR
structures U0 is rather close to bonding with A24, our
simulations suggest the formation of a U10-C2S base pair. This
base pair has also been observed in the recently re-refined
structures of ScDS and PID5,*® where it alternates with the
U10-A24 base pair. The Hoogsteen—Watson—Crick interaction
between A9 and C2S5, which we also observe and which occurs
only in cluster 2 (Figure 9D), might be characteristic of the
G26 up conformation and would therefore not be observed in
the refined structures of ScDS and PIDS.

Clustering in the region around the G4-A32 mismatch leads
to a conformational overlap only in the case of the simulations
performed with instantaneous distance restraints (Figure 9E).
The central member structure of cluster 1 features G4 stacked
into the helix above A32, with no stable hydrogen bonding
(Figure 9F). In cluster 2, populated only by configurations from
the DS_xplor2_ TAR simulation, G4 forms hydrogen bonds
with U33 (G4:H1-U33:02) and with A32 (G4:H21—A32:N1
and A32:H61—G4:06) (Table S9 of the Supporting
Information). Cluster 3 is dominated by configurations of the
D5 xplorl TAR simulation, which is the only simulation in
which G4 adopts a syn conformation characterized by
A32:H61—-G4:N7 and G4:H22—G4:02P hydrogen bonds
(Table S9 of the Supporting Information).

Enhanced Conformational Sampling. In the MD
simulations at 293 K reported so far, stable AvDS
conformations with an orientation of G26 either up into the
minor groove or down into the major groove were found, and
no transition between the two bulge conformations has been
observed, which may be due to high energy barriers and a
complex transition pathway separating the two states.

To enhance the conformational sampling of the bulge region
of AvDS, we have performed two additional 10 ns MD
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simulations using a slightly elevated temperature of 323 K. The
simulations were started from the DS_xplorl and DS_xplor2
initial structures, and the experimental NOE upper bounds
were imposed as time-averaged distance restraints to bias the
sampling. The conformational space available to the bulge has
been inspected using conformational clustering and hydrogen
bond analysis with a focus on the orientation of G26.

While G26 remains in the major groove in the simulation
initiated from the DS_xplor2 structure and does not form
stable hydrogen bonds via base moieties, it undergoes a striking
conformational change already within the first 2 ns of the
simulation initiated from the DS_xplorl structure (Figure 10).
From its initial position in the minor groove, G26 moves
toward the opposite strand and forms a GU wobble pair with
U10 via Ul0:H3—G26:06 and G26:H1-U10:02 hydrogen
bonds (Figure 10A). The observed change in the orientation of
the G26 nucleobase suggests that the G26 up conformation of
the AvDS bulge region is rather unfavorable and may be an
artifact of the initial structure refinement protocol.

Using an elevated temperature in the simulation also affected
the conformational sampling in the AvDS loop and GA
mismatch region. In the loop, the enhanced sampling increases
the number of conformational fluctuations of G17, generating
an ensemble that is in agreement with the seemingly
incompatible experimental NMR data discussed in the
paragraph on the sugar and base flipping in the loop and
bulge. In particular, in the case of the DS_xplor2 TAR 323
simulation, some of the conformations agree with the
experimentally determined distance bound of 0.25 nm for the
G17:H8—G17:H1’ bond and the others with the experimen-
tally determined distance bound of 0.32 nm for the G17:H8—
G17:H3' bond (Figure S6 of the Supporting Information). This
supports the observation from the clustering analysis that the
conformational ensemble of the loop is dominated by more
than one major conformation and cannot be described by a
single structure.

In the GA mismatch region, we observe the adoption of a
sheared GA base pair characterized by A32:H62—G4:N3 and
G4:H22—A32:N7 hydrogen bonds (Figure S7 of the
Supporting Information). At 293 K, this base pair was observed
only in the DS_xplorl_IR simulation.

B DISCUSSION

In this work, we describe structures of a bacterial group II
intron domain S (AvDS) using solution NMR data and explicit
solvent molecular dynamics simulations. To investigate the
influence of averaging in structure refinement, the simulations
were performed using instantaneous and time-averaged NOE-

dx.doi.org/10.1021/bi400784r | Biochemistry 2013, 52, 7099-7113
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derived distance restraints. In total, 60 ns of restrained MD
simulations have been accumulated allowing a characterization
of the structure and motions of the AvDS hairpin with the
emphasis on its nonhelical loop and bulge regions and on the
GA mismatch in the catalytic triad.

UAGUU Loop Structure and Comparison with Other
RNA Loops. In contrast to the abundant and well-
characterized GAAA tetraloops in ScDS and PIDS, the
UAGUU loop in AvDS is no common or conserved motif.
Nonetheless, considering the conserved domain architecture of
group II introns, it can be expected that this loop performs a
structural role similar to that of the GAAA tetraloops in ScDS5
and PID5"? forming a tertiary contact to domain 1 (D1). The
minimal consensus sequence of the D5 loop in bacterial class E
group II introns is NANNU (N stands for A, G, C, or U).74 A
survey of pentaloops with this consensus sequence using the
RLooM database (http://rloom.mpimp-golm.mpg.de/””) re-
veals a handful of very different loop conformations, yet none
of them have the structural features observed in the AvDS
pentaloop. On the other hand, the very conserved CAGUGC
loop of the iron responsive element (IRE) hairpin shares
remarkable structural features with the pentaloop of AvDS.”® In
the CAGUGC loop of IRE, C1 and GS are base-paired and C6
is bulged out. The C1-GS base pair in IRE corresponds to the
U15-U19 base pair in the AvDS loop (Figure 8B, cluster 2).
The imino proton resonance of the C1-GS base pair in IRE is
broadened by exchange with the solvent, indicating that this
base pair is not stably formed,”® similar to the U15-U19 base
pair in AvDS where U19 can alternatively form hydrogen bonds
also with A16. The sequence of the two loops is identical for
A2, G3, and U4 (IRE) and A16, G17, and U18 (AvDS3). In both
loops, the adenine (A2 in IRE and A16 in AvDS) is stacked on
its 5’-neighbor and is less flexible than the following G and U
nucleobases.”*”"®

NMR and fluorescence experiments indicate that residues G3
and U4 in the IRE loop (G17 and U18 in AvDS) are more
disordered than the other loop residues.”®”® Their positions are
therefore the least well-defined in the IRE loop structure.”®
Similarities to our AvDS loop residues G17 and UlS8 are
nonetheless apparent already from comparison of NMR
observables. 3]H1/7H2/ coupling constants indicate that sugars of
both G3 and U4 in the IRE loop are interconverting between
C2'-endo and C3’-endo conformations or predominantly in the
C2'-endo conformation,”®”® which we also observe for G17
and Ul8 in AvDS.

Both loops also share an intense H8—HI1’ peak for the
central G residue (G3 in the IRE loop and G17 in AvDS),
which is a strong sign of a syn conformation. However, while in
the IRE loop the H8—H2' cross-peak is only half as strong as
the H8—HI1’ cross-peak, which is expected for a syn
conformation,”® in AvDS the H8—H2’ peak of G17 is as
intense as the H8—HI1’ peak. In addition, the seemingly
inconsistent G17:H8—G17:H3’ and G17:H8—G17:H1" NOE
cross-peaks discussed above indicate that conformational
averaging around the glycosidic angle is more pronounced in
AvDS than in the IRE loop.

The dynamic behavior of G4 (IRE) and G17 (AvDS) makes
them an interesting subject for MD simulations. G4 has been
studied in stochastic MD simulations of the IRE hairpin by Hall
and Williams”® and can be compared to G17 in our simulations.
Hall and Williams observe the sugar of G4 (IRE) to repucker
on a nanosecond time scale similar to that of G17 in AvDS.”
The G4 glycosidic angle in the IRE hairpin loop remains mostly
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syn, with 100—500 ps excursions to the anti range, while in
AvDS simulations with time-averaged distance restraints, anti
and syn ranges of the G17 glycosidic angle are more equally
populated. Note that in the simulations with instantaneous
distance restraints no interconversion between syn and anti has
been observed: the G17 glycosidic angle remains anti in the
simulations initiated from the D5_xplorl structure and syn in
the simulations initiated from the DS_xplor2 structure.
Consequently, also the conformational averaging that is
necessary to satisfy the incompatibly short measured sugar-to-
base distances (G17:H8—H1’, —H2’, and —H3’, described in
the previous paragraph) cannot be observed in the instanta-
neously restrained simulations. In the time-averaged simu-
lations, on the other hand, each restraint is individually satisfied
in at least one sampled conformation, even though the
population satisfying the G17:H8—G17:H3’ distance is very
small at 293 K. It appears that this minor conformation is
sampled to a larger extent under our experimental conditions
and is responsible for the observed sugar-to-base peak
intensities in G17. The enhanced sampling at 323 K increases
the size of the population of this conformation in the
simulation started from the DS_xplor2 structure.

In light of the flexibility of the AvD5 pentaloop indicated by
NMR experiments and MD simulations reported here, an
adaptive rearrangement of the loop structure can occur when it
binds to its receptor upon folding of the intron. The bound
conformation of the IRE loop® reveals a conformational
change in which both A2 and G3 bulge out to interact with the
protein while the previously solvent-exposed U4 is stacked onto
the closing base pair. It is tempting to hypothesize that binding
of AvDS to its receptor could induce a similar conformational
change in the AvDS pentaloop.

Orientation of G26 and Conformation of the Bulge.
Structure determination of the flexible bulge region of AvDS
presents a challenge to both NMR experiments and MD
simulations. Distance restraints derived from the NMR
experiments in the bulge are too sparse to determine a unique
conformation of this region. Unlike the previously reported
structures of ScDS' and PIDS,"® the initial structure
refinement using the standard simulated annealing protocol
in the gas phase resulted in two equally possible major
conformations of the bulge, one with G26 oriented up to the
minor groove (DS_xplorl) and one with G26 oriented down
into the major groove (DS_xplor2). Both structures are
compatible with all NOE bounds. Testing of the two structures
against the published NOE bounds of ScDS'? and PIDS'? bulge
regions reveals two NOE violations that are larger than 0.1 nm
and involve the G26:H8—C2S5:H3' bond, a NOE distance
bound that is not present in the AvDS experimental data set
because of heavy spectral overlap, and the G26:H8—C25:H6
bond, for which in AvDS a larger upper distance bound was
used. Together with the fact that we did not restrain the
glycosidic angle of G26 to the syn range and no restraints are
present in our data set for the hydrogen bonds of the A9-U27
base pair, this offers an explanation for the G26 orientational
ambiguity in AvDS, which has not been observed in other DS
structures.

To resolve the structure of the AvDS bulge region and to
account for the average nature of the measured NMR data, we
performed end-stage refinement of the RNA AvDS hairpin
using molecular dynamics simulations with time-averaged
distance restraints. While no transition between the two
possible bulge conformations could be observed in MD
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simulations at 293 K, in the simulation at 323 K initiated from
the DS_xplorl structure there is a rearrangement of the bulge
region. A rapid conversion of G26 to a stacked-in conformation
base-paired with UlO suggests that the solvent-exposed
position in the minor groove was an unfavorable, artificial
configuration. Note that the G26-U10 base pair adopted in this
simulation is formed in all DS crystal structures.”»***”*®
However, all NMR studies so far clearly indicate that this base
pair is not stably formed in solution.'”'* The observed
rearrangement should therefore be interpreted as a movement
away from a less favorable conformation in the minor groove
rather than as a conversion to the crystal structure
conformation. In contrast, in the simulations initiated from
the DS_xplor2 structure, in which G26 is turned down to the
major groove in agreement with the previous solution NMR
model structures, the G26 region was not much affected by the
elevated temperature.

Detailed analysis of the G26:H8—G26:H1" distance addi-
tionally supports the preference of the AvDS bulge for the
D5 _xplor2 conformation. Inspection of the NOE cross-peak
intensity of the G26:H8—G26:H1' bond reveals a distance
close to 0.3 nm that is the borderline distance at which the
signal is characterized as having a very strong (<0.3 nm) or
strong (<0.45 nm) intensity. To allow for the uncertainty of the
distance measurement because of the partial overlap of the
G26:H8—G26:H1' peak in NOESY spectra and to avoid over-
restraining, the upper distance bound was set to 0.45 nm. The
analysis of the DS_xplorl_IR and DS_xplorl_TAR simulations
shows that in these simulations the G26:H8—G26:H1’ distance
remains close to 0.38 nm whereas it fluctuates around a value of
0.28—0.29 nm in DS xplor2 IR and DS _xplor2 TAR
simulations. The simulations starting from the DS_xplor2
structure with G26 in the major groove thus agree better with
the measured NMR data.

Unlike in our study, a recent re-refinement of the PIDS5 and
ScDS NMR structures™® included also dihedral-angle restraints.
The glycosidic angle of G26 was restrained to the syn range (y
=70 + 30°) on the basis of the strong G26:H8—G26:H1’ NOE
cross-peak. Interestingly, despite the restraining, Henriksen et
al.*® describe a frequent flipping of G26 to an anti
conformation, which could only be prevented by considerably
increasing the weight of the dihedral-angle restraint. Being
unrestrained in our simulations initiated from DS_xplor2,
where it protrudes into the major groove like in PIDS and
ScDS, G26 prefers a conformation with a y of 150°, which is
still in the general anti range. Although this value is far outside
the restrained range used in the structure calculations of PID$
and ScDS (y = 70 + 30°),'*'**® it nonetheless results in a
short (<0.3 nm) G26:H8—G26:H1’ distance that satisfies not
only the upper bound used in our study (0.45 nm) but also
those found in the NOE distance bound lists of ScDS (0.45 nm,
PDB entry 1R2P) and PIDS (0.5 nm, PDB entry 2F88). In
cases such as these, we would very much caution against the use
of restraints for the glycosidic angle.

The example of the DS bulge shows how very small
variations in restraints can be responsible for a conformational
ambiguity that cannot be resolved even after MD simulation for
several nanoseconds because the barrier between the two
conformations is too high. Nonetheless, extended MD
simulations do provide us with a more comprehensive picture
for critically evaluating the two conformations and identifying
one solution as being more favorable.

7110

Conformational Variability in the Catalytic Triad.
Clustering and hydrogen bond analysis of the four restrained
MD simulations at 293 K indicate many different conforma-
tions with G4 in syn and anti conformations making various
interactions with A32 and with nucleotides of the neighboring
base pairs (Figures 8C and 9E,F).

However, there is very little overlap between conformations
sampled in the different simulations, indicating that the
simulation time of 10 ns is too short to observe convergence.
With an increase in the temperature to 323 K, the sampling was
enhanced and a sheared GA mismatch in two simulations with
time-averaged distance restraints has been formed (Figure S7 of
the Supporting Information). This base pair is consistent with
experimental distance bounds and might represent a dominant
conformation in the AvDS conformational ensemble present in
solution.

Such conformational variability in the catalytic triad region as
in AvDS is not observed in the ScDS or PIDS solution
structures,'>"* which contain a G-U base pair instead of a G-A
base pair. In the crystal structures of the O. iheyensis intron, only
the G and not its opposite base is involved in a tertiary
interaction and its backbone is part of the coordination sphere
of a Mg(Il) ion involved in cata.lysis.z‘hn’28 While flexibility in
this region would definitely influence the catalytic propensity, it
is not expected that the dynamics in the complex of the folded
intron, when G#4 is involved in a tertiary contact, would be the
same as in solution.

Time-Averaged Distance Restraints Improve the
Sampling and Accelerate Relaxation toward Standard
A-Form Helical Base-Pair Parameters. Experimental
measurements of NMR observables provide time- and
ensemble-averaged values. Forcing a single structure to satisfy
all the experimental data simultaneously can thus lead to a
representation of the system that is too rigid and very likely
unrealistic. This problem can be avoided by introducing time-
averaged restraining in the NMR structure refinement
protocols. In MD simulations reported here, 668 NOE upper
distance bounds were imposed as either instantaneous or time-
averaged distance restraints to bias the sampling of the AvDS
conformational space. The comparison of the trajectories
generated using time-averaged distance restraints with the
trajectories generated using conventional instantaneous dis-
tance restraints indicates that the former increase the internal
mobility of the AvDS hairpin leading to a larger number of
conformational transitions as illustrated by the analysis of the
time series of angles and distances depicted in Figures 4 and 6.

In addition, inspection of the persistence of Watson—Crick
base pairing, global structure elongation, and helical parameters
indicates that the trajectory structures stay much closer to the
initial XPLOR structures when generated using instantaneous
distance restraints. All the base pairs, except those belonging to
the stable helical regions (C6-U8 and G11-G13), occur to a
greater extent in the simulations with instantaneous distance
restraints (Figure 7). Furthermore, the length of the hairpin
measured from G1 to GI17 in the simulations with
instantaneous distance restraints remains the same as in the
initial XPLOR structures (6 nm), while it decreases by more
than 1 nm in the simulations using time-averaged distance
restraints (Figure 5). Because NOE restraints alone are too
short-range for defining global features of an elongated
structure like an RNA hairpin, the observed global structural
changes originate from subtle effects that may occur at each
nucleotide step. In the case of AvDS, we identified two helix
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parameters that reflect the observed global compaction. Inter-
base-pair roll and base-pair inclination are unusually small in
the XPLOR structures, which might be a result of the absence
of solvent and proper electrostatics in the initial structure
refinement. In the course of MD simulations reported here,
these values move toward the standard A-helical values, in
particular when time-averaged distance restraints are used

(Table 1).

B CONCLUSION

Through the example of AvDS, we show the impact of
electrostatics and an explicit solvent on the conformational
ensemble of an RNA hairpin. Locally, the molecular dynamics
simulations described in this work reproduce fast conforma-
tional exchange processes suggested by experimental data that
were not obvious in the models derived by conventional single-
structure simulated annealing refinement. Importantly, these
exchange processes are observed only when time-averaged
instead of instantaneous distance restraints are employed. In
addition, the simulated helical parameter values do agree better
with those for ideal A-form helices when time averaging is
applied. The use of time-averaged distance restraining in the
refinement of NMR structure models leads to a more realistic
sampling of the conformational ensemble.
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