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ABSTRACT

The ribose 2′-hydroxyl is the key chemical differ-
ence between RNA and DNA and primary source of
their divergent structural and functional characteris-
tics. Macromolecular X-ray diffraction experiments
typically do not reveal the positions of hydrogen
atoms. Thus, standard crystallography cannot de-
termine 2′-OH orientation (H2′-C2′-O2′-HO2′ torsion
angle) and its potential roles in sculpting the RNA
backbone and the expansive fold space. Here, we re-
port the first neutron crystal structure of an RNA, the
Escherichia coli rRNA Sarcin-Ricin Loop (SRL). 2′-
OD orientations were established for all 27 residues
and revealed O-D bonds pointing toward backbone
(O3′, 13 observations), nucleobase (11) or sugar (3).
Most riboses in the SRL stem region show a 2′-OD
backbone-orientation. GAGA-tetraloop riboses dis-
play a 2′-OD base-orientation. An atypical C2′-endo
sugar pucker is strictly correlated with a 2′-OD sugar-
orientation. Neutrons reveal the strong preference of
the 2′-OH to donate in H-bonds and that 2′-OH ori-
entation affects both backbone geometry and ribose
pucker. We discuss 2′-OH and water molecule ori-
entations in the SRL neutron structure and compare
with results from a solution phase 10 �s MD simu-
lation. We demonstrate that joint cryo-neutron/X-ray
crystallography offers an all-in-one approach to de-
termine the complete structural properties of RNA,
i.e. geometry, conformation, protonation state and
hydration structure.

INTRODUCTION

The ribose 2′-hydroxyl group (2′-OH) plays key roles in
RNA chemistry, biology, structure, function and stability.
At the nucleotide level, the 2′-OH shifts the conforma-
tional equilibrium of the five-membered sugar ring toward
the C3′-endo pucker (1–3). At the oligomeric level, this al-
ters the sugar-phosphate backbone conformation relative
to B-DNA to the stubbier A-form, with 2′-OH groups jut-
ting into the shallow minor groove. There, they serve as
bridgeheads for water tandems that cross the groove (4).
The hydroxyl group can establish H-bonds to multiple water
molecules, thereby contributing to the increased thermody-
namic stability of RNA relative to DNA duplexes that is
enthalpy-based. The H-bond acceptor and donor capabili-
ties of the 2′-OH group also underlie its important role in
RNA tertiary structure and inter-strand contacts, including
the so-called ribose zipper (5–9). Crucially, the ribose hy-
droxyl serves as the nucleophile in spliceosomal nuclear pre-
mRNA splicing (10,11), group II intron self-splicing (12–
14), and the catalytic cleavage of the phosphodiester bond
by various ribozymes (14–16).

Recently a hypothesis based on QM calculations was put
forth in regard to the potential of the 2′-OH group to in-
crease the propensity for non-canonical RNA structures
(17). Accordingly, 2′-OH directed toward the base stabilizes
the canonical duplex, but orientations of 2′-OH toward the
backbone allow sampling of a wider range of conforma-
tions. Thus, the latter ‘O3′ orientation’ significantly alters
the intrinsic flexibility of the RNA backbone. The 2′-OH
group could thus act as a switch, stabilizing the duplex in
the ‘base orientation’ (Figure 1A ‘b’) and enabling a wealth
of tertiary structures when flipped to the ‘O3′ orientation’
(Figure 1A ‘p’). Moreover, using QM, QM/MM calcula-
tions and MD simulations, it was proposed that the ori-
entation of the 2′-OH group can affect the ribose pucker
and that a ‘sugar orientation’ (Figure 1A, ‘s’) flips the sugar
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Figure 1. (A) The κ angle defines the orientation of the 2′-hydroxyl group,
with HO2′ directed toward base (b, goldenrod), phosphate (p, purple) or
sugar (s, green). Please see also similar torsion angle definitions put forth
by others (17–19). (B) Sequence of SRL RNA. The underlined 12mer is
universally conserved and the tetraloop is highlighted in italicized font.
(C) Secondary structure of SRL RNA. Residue numbers correspond to
E. coli 23S rRNA and residues are colored according to the orientation
of their 2′-OH groups as defined in panel A and established by neutron
crystallography. Throughout the text and in the PDB coordinate file, SRL
nucleotides are numbered (U)47 to (G)73.

to the uncommon DNA-like C2′-endo conformation (18).
The 2′-OH sugar orientation was also predicted for a C2′-
endo puckered ribose based on an early MD simulation of
a tRNAAsp 17mer that sought to establish rules governing
the orientation of the hydroxyl group (19).

Efforts based on solution NMR to gain insight into the
positions of the 2′-OH H atoms (HO2′) were reported for
a range of RNA fragments (20,21). Fohrer et al. concluded
that the O-H bond orientations alternate between the O3′
region and the base and that the latter orientation is pre-
ferred in canonical duplexes based on correlations with
exchange rates. However, reliably establishing the orienta-
tions of individual 2′-OH groups requires isotope labeling
and has not been demonstrated for RNAs beyond simple
stem-loop constructs. Consequently, H-bond donor and ac-
ceptor patterns involving 2′-OH moieties have remained
largely hidden in 3D structures of RNAs large and small
(22). X-ray crystal structures of macromolecules including
oligonucleotide-size DNA and RNA fragments even at a
resolution of 1 Å do not reveal the positions of hydro-
gen atoms (23), e.g. those of HO2′ atoms. Thus, crucial
roles attributed to the particular orientation of the 2′-OH
group by theoretical means, i.e. those underlying RNA’s ex-
panded fold space relative to DNA (17) and actual control
of the sugar conformation (18), have escaped experimental
scrutiny. Moreover, neither solution NMR nor X-ray crys-
tallography at high resolution (24,25) can pinpoint the ori-
entations of first-shell water molecules associated with H-

bond donor and acceptor functions of DNA and RNA nu-
cleobases and the sugar-phosphate backbone.

RNA HO2′ atoms can be exchanged for deuterium (D,
2H) in crystals grown from D2O and their positions de-
termined by neutron diffraction as the coherent scattering
length of D, b = 6.671 fm, is very similar to that of C,
b = 6.646 fm (for scattering lengths, see https://www.ncnr.
nist.gov/resources/n-lengths/). Remarkably, no neutron sin-
gle crystal structure for RNA has been reported to date.
To examine the hypothesis that the O–H direction of 2′-
hydroxyl groups influences RNA backbone conformation
and that orientations that sample backbone atoms are cor-
related with non-canonical conformations, we selected the
Escherichia coli 23S rRNA sarcin/ricin loop (SRL) 27mer
of sequence 5′-UGC UCC UAG UAC GAG AGG ACC
GGA GUG-3′ (Figure 1B) (26,27). This fragment con-
tains a nearly canonical duplex (bold font nucleotides) and
extensive non-canonical structure, including pyrimidine-
pyrimidine pairs, base triplets, cross-strand stacking and a
GAGA tetraloop (underlined) (Figure 1C). Crystals of this
RNA diffract X-rays to atomic resolution [1.1 Å (28–30)].
We used cryo-neutron crystallography [CNC (31–33)] with
the goal to establish the orientations of all 2′-OD groups,
and to reveal the orientations of first-shell and as many
second-shell water molecules as possible (34,35). We also
conducted a 10 �s solution phase MD simulation of SRL
RNA with no deuterium atoms to compare and contrast so-
lution phase conformations with structural details observed
in the low-temperature diffraction experiments. These com-
parisons help us to identify any structural features that may
be influenced by low temperature and/or crystal packing ef-
fects.

We demonstrate that riboses with the C2′-endo conforma-
tion (three observations in the SRL) are exclusively associ-
ated with a sugar orientation of the hydroxyl group. Both,
2′-OH groups directed toward the backbone and those di-
rected toward the base can stabilize non-canonical back-
bone conformations. Surprisingly, riboses of residues in the
canonical stem region of the SRL do not commonly show
a base-oriented 2′-OH group. Conversely, the 2′-OH groups
of all nucleotides in the tetraloop are directed toward the
nucleobase. Therefore, the particular orientation of the ri-
bose hydroxyl group is subject to several external factors
that include solvent and packing interactions. The neutron
crystal structure reveals the detailed water structure around
SRL RNA and a potentially conserved pattern of hydra-
tion for the G:U mismatch that involves the exocyclic amino
group of guanine and the 2′-OH of uridine. CNC thus of-
fers a unique approach to pinpointing the diverse H-bond
acceptor and donor roles of the ribose hydroxyl group in
sculpting RNA backbone conformation, tertiary structure
and packing as well as organizing the surrounding water
with implications for stability and function.

MATERIALS AND METHODS

RNA synthesis and purification

The 27mer SRL RNA was synthesized using standard solid
phase phosphoramidite chemistry and deprotection proto-
cols and purified by anion-exchange high-performance liq-
uid chromatography (IEX-HPLC) as previously described

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/50/13/7721/6640242 by guest on 25 July 2022

https://www.ncnr.nist.gov/resources/n-lengths/


Nucleic Acids Research, 2022, Vol. 50, No. 13 7723

(30). The RNA contains a 1:1 mixture of RP- and SP-
phosphorothioate moieties at G61 that stabilizes the SRL
fold significantly relative to the parent phosphate (30).

Crystallization

The SRL RNA oligomer was dissolved in a buffered D2O
solution composed of 1 mM sodium EDTA (pH 8.0) and
10 mM Tris–HCl (pH 8.0; not titrated with DCl) to a con-
centration of 350 �M. Annealing was performed by heating
this solution to 65◦C for 2 min followed by slow cooling to
room temperature and storage overnight at 4◦C. For crys-
tallization 4 �l of the RNA solution were mixed with 2 �l
of a crystallization buffer composed of 3.0 M perdeuterated
ammonium sulfate (ND4)2SO4, 10 mM magnesium chlo-
ride (MgCl2), 10 mM manganese chloride (MnCl2), and
50 mM potassium 2-(N-morpholino)ethanesulfonic acid-
d13 (MES-d13, pH 7.0) at 18◦C. Crystals appeared in ∼1−2
weeks. They were cryoprotected in a reservoir solution
containing 3.4 M (ND4)2SO4, 10 mM MgCl2, 10 mM
MnCl2, 50 mM potassium MES-d13 (pH 7.0) and 15% (v/v)
perdeuterated glycerol-d8 and then flash-frozen in liquid ni-
trogen.

Neutron diffraction data collection and processing

Neutron diffraction data were collected for a crystal with a
size <0.1 mm3 (0.5 × 0.5 × 0.3 mm) using the macromolec-
ular neutron diffractometer (MaNDi) instrument (36,37)
on beamline 11B of the Spallation Neutron Source (SNS) at
Oak Ridge National Laboratory (ORNL, Oak Ridge, TN).
This instrument is a neutron time-of-flight, wavelength-
resolved Laue diffractometer that uses a Crystal Logic (Los
Angeles, CA) custom goniometer with a built-in Oxford
Cryosystems Cobra nitrogen cryostream. The cryostream
at MaNDi/SNS is positioned above the vertically mounted
goniostat and rotation axis such that the sample mount
makes an angle close to 180◦ with the cryostream. The in-
strument permits use of standard cryoloops and pins and
thus allows for facile transfer of crystals from the neutron
to an X-ray source in shipping dewars for joint data col-
lections and subsequent refinement. In the data collection
mode, the crystal is surrounded by a spherical array of 46
custom-made Anger camera detectors. A total of 15 diffrac-
tion images were collected at 100 K with an exposure time
of 12 h each. The crystal was held static during each diffrac-
tion image and was rotated 10◦ between images. Data col-
lection was completed in 7.5 days, yielding a dataset of good
completeness to a resolution of 2.2 Å (Supplementary Ta-
ble S1). These data were reduced with the Mantid program
(38) using newly developed 3D profile fitting for time-of-
flight diffraction data (39). Integrated intensities were then
scaled using Lauenorm from the Lauegen suite (40,41). The
reduced and corrected data statistics are shown in Supple-
mentary Table S1.

X-ray diffraction data collection and processing

X-ray data for the same SRL RNA crystal were collected
to 1.0 Å resolution using the D8 Venture system (Bruker
AXS, Madison, WI) in the Biomolecular Crystallography

Facility at the Vanderbilt University Center for Structural
Biology. The setup includes an Excillum D2 + MetalJet X-
ray source with Helios MX optics providing Ga K� radia-
tion at a wavelength of 1.3418 Å. The crystal was mounted
on a kappa axis goniometer and maintained at 100 K us-
ing an Oxford Cryosystems Cryostream 800 cryostat. The
detector was a PHOTON III charge-integrating pixel array
detector (CPAD). Data collection was performed in shut-
terless mode. Diffraction data were reduced using Proteum3
software (Bruker AXS). Data collection statistics are sum-
marized in Supplementary Table S2.

Joint X-ray/neutron refinement

Initial phases were obtained by molecular replacement, us-
ing the SRL RNA search model based on the X-ray struc-
ture of crystals grown under identical conditions (PDB
ID 7JJD) (30). All crystallographic refinements were car-
ried out with the program PHENIX (42,43) combin-
ing the two data sets. Refinement targets and libraries
were maximum likelihood and the standard libraries in-
corporated in Phenix. Model building and manual fit-
ting was performed using the COOT molecular graph-
ics program (44). Non-exchangeable hydrogens were set to
full occupancy except for C8 in purines. D2O molecules
were automatically oriented using the Python script ‘Neu-
tron Water Orientation’ [NWO; https://github.com/OCald/
NeutronWaterOrientation (45)]. Selected crystal data, data
collection and refinement statistics are summarized in Table
1.

Joint refinement by combining X-ray and neutron data
sets collected using the same crystal results in much im-
proved neutron Rwork and Rfree as well as nuclear density
maps, allowing for more precise positioning of deuterium
positions ((43,46) and data not shown). Neutron data alone
tend to be of lower completeness and the orders of mag-
nitude difference between the cross-section of interaction
of neutrons and X-rays with matter in the crystal results in
lower intensities of reflections for neutron diffraction even
with vastly extended exposure times. The advantages of
joint refinement may result from a number of causes, includ-
ing an increase in observation to parameter ratio when com-
bining neutron data with typically higher resolution X-ray
data. Partially deuterated crystals, as in the present struc-
ture, may result in cancellation effects using neutron data
alone when the negative scattering length of hydrogen off-
sets scattering from the atom to which it is bound. Refine-
ments using neutron data alone may result in over-fitting
due to the treatment of hydrogen/deuterium atom position
as independent atoms rather than modeled as riding posi-
tions. For these and perhaps many other reasons, joint X-
ray and neutron refinement is becoming the standard.

MD simulation

Classical MD simulations were performed using the
PMEMD AMBER module (47) (https://ambermd.org/).
The AMBER ROC force field (48) (i.e. AMBER nucleic
acid parameters with ‘Rochester’ torsion angle modifica-
tions) was used together with the TIP3P water model (49)
and Joung/Cheatham parameters for monovalent ions (50)
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Table 1. Selected crystal data, diffraction data collection and X-
ray/neutron joint refinement statistics

Diffraction method
SRL Cryo
X-ray data

SRL Cryo
neutron data

Wavelength [Å] 1.342 2.0–4.0
Resolution range [Å] 16.05–0.998

(1.033- 0.998)
12.34–2.25
(2.33–2.25)

Space group P43
Unit cell: a = b, c [Å] 29.495, 76.52
Total reflections 99 309 9850 (771)
Unique reflections 35 326 (3,461) 2887 (280)
Tmin/Tmax 0.5940/0.7488
Multiplicity 13.68 (10.96) 3.40 (2.73)
Completeness [%] 99.67 (98.30) 92.32 (92.41)
Mean I/sigma(I) 21.66 (4.45) 9.8 (2.8)
Wilson B-factor [Å2] 8.30 25.34
R-merge 0.055 (0.412) 0.212 (0.299)
R-meas 0.029 (0.404) 0.247 (0.357)
R-pim 0.020 (0.186) 0.121 (0.189)
CC1/2 0.999 (0.849) 0.886 (0.300)
Reflections in refinement 35 272 (3,456) 2886 (280)
Reflections for R-free 1760 (174) 143 (13)
R-work 0.1785 (0.2452) 0.2447 (0.3310)
R-free 0.1965 (0.2838) 0.3079 (0.3171)
Number of non-H atoms 709

RNA 624
ligands 5
solvent 240

RMSD bonds [Å] 0.014 0.090
RMSD angles [◦] 1.78 1.61
Clashscore 2.11 42.39
Average B-factor [Å2] 17.2

ligands 61.1
solvent 31.3

PDB ID code 7UCR

Statistics for the highest-resolution shell are shown in parentheses.

for all calculations. The SRL RNA was solvated in a trun-
cated octahedron box with a 14 Å buffer zone between any
RNA atom and the closest box wall. The resultant unit cell
contained 1 SRL molecule, 26 sodium cations to impose
net charge neutrality to facilitate periodic boundary calcu-
lations, and 9926 water molecules, yielding a solution of ∼5
mM RNA and ∼130 mM sodium cations. The starting con-
formation was subjected to a three-step minimization pro-
cedure. First, RNA atoms were relaxed for 10 000 steps of
conjugate gradient minimization while water molecules and
counterions were restrained at starting positions. Next, all
solvent and counterions were relaxed for 10 000 steps while
RNA atoms were restrained. Finally, all restraints were re-
moved and the entire system was minimized for 10 000 addi-
tional steps. The minimized complex was then heated grad-
ually from 0 to 300 K during a 200 ns canonical ensemble
(NVT) MD simulation, followed by a 300 ns NPT ensem-
ble simulation. Production MD simulations were then run
with a 1.5 fs timestep for 10 �s. Energy and force calcula-
tions were performed using minimal image periodic bound-
ary conditions, a 12Å nonbonded cutoff for real space inter-
actions, a homogeneity assumption to approximate the con-
tributions of long-range Lennard-Jones forces to the virial
tensor, and staggered particle-mesh Ewald for long-range
electrostatics correction (51). A Langevin thermostat with
collision frequency 3 ps–1 was used to maintain the sys-
tem temperature (52). All bonds containing hydrogen atoms

were constrained using the SHAKE algorithm (53) and the
SETTLE method was used to maintain rigid water geome-
try (54). Final analysis of all MD trajectories was performed
using the cpptraj package (55).

Illustrations

Graphical analyses of the MD trajectories and all figure
generations (with the exception of Figure 2) were performed
using UCSF Chimera (56). Figure 2 panels were made using
PyMOL (The PyMOL Molecular Graphics System, Ver-
sion 2.0 Schrödinger, LLC).

RESULTS

SRL RNA neutron structure: overview

We report here the first example of the structure of an RNA
molecule analyzed by a combination of X-ray and neu-
tron crystallography. The SRL is an iconic motif since it
contains a universally conserved 12mer sequence, includ-
ing the tetraloop that is also the target of two ribosome-
inactivating cytotoxins, �-sarcin and ricin (Figure 1B). The
former cleaves the phosphodiester bond between G2661
and A2662 (E. coli numbering) in the SRL and the latter
depurinates A2660 (Figure 1C) (27,57). The SRL features
complex tertiary structural motifs in an oligonucleotide-
size fragment and produces crystals that diffract X-rays
to atomic resolution. We collected cryo neutron diffrac-
tion data for an SRL crystal of volume <0.1 mm3 on the
MaNDi/SNS instrument at Oak Ridge National Labora-
tory to 2.2 Å resolution. This is the smallest sample for
which viable data were acquired on this instrument to date,
with data collection lasting just over a week. The crystal
was taken off the MaNDi goniostat and then transported
in a dryshipper to Vanderbilt University, where an X-ray
diffraction data set to 1 Å resolution was collected on the
in-house Bruker MetalJet instrument. The combination of
cryogenic X-ray and neutron diffraction data for joint re-
finement affords a more reliable water structure around the
nucleic acid molecule compared to traditional neutron data
collected at room temperature (35). Together with the 27
ribonucleotides, the SRL joint X-ray/neutron crystal struc-
ture revealed 83 D2O molecules of which 75 belong to the
first hydration shell, and a sulfate ion. However, we did
not observe cations, e.g. ND4

+, in the final density maps.
Accurate determination of the water structure around the
RNA molecule is imperative for a meaningful interpreta-
tion of the orientations of 2′-OH moieties and potential
roles of O2′-H direction in controlling backbone geometry
(18), sculpting tertiary structure (17), and enhancing stabil-
ity by electrostatics and H-bonding (58,59). A summary of
crystallographic data collection and refinement parameters
is listed in Table 1 and examples of the quality of the final
electron and nuclear densities are depicted in Figure 2.

An overall view of the SRL RNA anatomy is depicted
in Figure 3A (see also Figure 1C for a secondary structure
diagram). The base of the SRL is made up of a hexamer
stem that includes two G•U pairs, U47•G73 and G48•U72.
However, the terminal pair is disrupted, with U47 loop-
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A B C

D E F

G64

A57

A70

C67

D2O 2
D2O 37

D2O 49

G61

D2O 1

A54
G69

D2O 4

D2O 6 D2O 57

Figure 2. Examples of the quality of the final nuclear and electron densities, shown as meshworks contoured at 1.5 � and colored in blue and red, respec-
tively. (A) Pairing between A57 and G64. (B) A70 with 2′-OH in the phosphate orientation. (C) C67 with associated D2O molecules. (D) G61 with 2′-OH
in the base orientation. (E) A54 with 2′-OH in the sugar orientation. (F) G69 with associated D2O molecules. Carbon, oxygen, nitrogen, phosphorus,
hydrogen and deuterium atoms are colored in green, red, blue, orange, white and black, respectively, and residues and water molecules are labeled. Figure
panels were made using PyMOL (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC).

ing away and G73 stacking underneath G48. The three
G:C pairs, a single A:U pair and the terminal G•U wob-
ble assume a more or less canonical A-form conformation,
although both G48 and C49 (highlighted with gray car-
bon atoms in Figure 3A) exhibit twofold orientation dis-
order (Supplemental Figure S1). The stem continues with
the U53•C67 pair that is stabilized by a bifurcated H-bond
between O2 (U) and N4(D)2 (C). The nucleobases of the
adjacent ‘pair’, A54 and C66, are nearly coplanar, but the
base moieties do not engage in H-bonding. However, the
adenine N6(D)2 exocylic amino group forms H-bonds with
the phosphate moiety (OP2) of C66. The next layer of the
irregular SRL stem is composed of a base triple contributed
by G55, U56 and A65, whereby G55 adopts a syn orienta-
tion (the only nucleoside to do so in the SRL) and stacks
onto G64 from the opposite strand (Figures 3 and 4; ‘cross-
strand stack’). Both N1D and N2(D)2 of G55 are H-bonded
to the phosphate of A65 and the exocyclic amino group also
forms an H-bond to O4 of U56. The uracil engages in two
H-bonds to A65, O4. . . N6(D)2 and N3D. . . N7, and a third
H-bond is potentially formed between O2 (U) and C8H (A)
(Figure 4; there is no evidence that H8 of adenine has been
partially exchanged for deuterium). Whereas five of the nine
guanines exhibit partial H-D exchange at the C8 position
(between 7 and 42%; average 28%), adenines do not. The
G•U•A base triple stacks against the sheared A57•G64
purine-purine pair that is stabilized by N6(D)2

. . . N3 and
N7. . . N2(D)2 H-bonds (Figure 4, background). Finally, the
C58:G63 Watson-Crick pair seals the GAGA loop that fea-
tures the hallmarks of a GNRA-type RNA tetraloop. These
include the sheared G59•A62 pair, a three-layer stack in-
volving A60, G61 and A62, and phosphates of G61and A62

that stack onto and H-bond with the base moiety of G59,
respectively (30 and cited references).

MD simulation: overview

The MD simulation yields structures that are generally in
excellent agreement with the diffraction results. The time-
averaged SRL RNA structure exhibits an RMSD of ∼1.8 Å
relative to the crystal structure, if the terminal U47•G73
‘base pair’ is excluded (Figure 5). The overall RMSD agree-
ment rises to ∼2.6 Å if we include the terminal bases in
this analysis, as they are both extremely mobile and dis-
play many disordered structures similar to that observed
in the crystal structure. While the ensemble-averaged SRL
structure agrees well with the crystal structure, we do ob-
serve some large structural fluctuations during the simula-
tion. The most dramatic fluctuation is a conformation that
evolves around 100 ns and involves a dramatic swing of A54
into the major groove, where it stacks directly above G55,
as shown in Figure 6. The G55•U56•A65 base triple below
A54 is well maintained, consistent with the crystal struc-
ture, and base stacking and base pairs above A54 are also
well maintained. This distorted structure persists for only
2–3 ns, and reverts fully to a structure consistent with the
ensemble average and the crystal structure within 5 ns. Nu-
merous other less dramatic structural fluctuations are also
observed during the simulation, and all are quite transient.
These occasional large structural fluctuations do suggest
that the simulation has sampled significant conformational
space, so the good agreement between the crystal structures
and the ensemble-averaged MD structure is not due to lim-
ited conformational sampling.
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Figure 3. Tertiary structure and hydration of SRL RNA. (A) Overall view of the SRL crystal structure based on joint X-ray/neutron refinement. The color
code of individual nucleotide carbon atoms is identical to that in Figure 1 and denotes the orientation of the 2′-OH group. Phosphate groups, oxygen,
nitrogen and deuterium atoms are colored in black, red, blue and cyan, respectively, nucleotides are labeled, and pairing and tertiary structural motifs are
indicated. Nucleotides G48 and C49 exhibit dual conformational disorder and their carbon atoms are colored in gray. Please see Supplementary Figure
S1 for a close-up view and Table 3 for details of torsion angles. (B) Content of the crystallographic asymmetric unit (a.u.): one SRL molecule (gray with
2′-OD O and D atoms colored in red and cyan, respectively) surrounded by D2O molecules (O blue, D light blue) and a single sulfate ion (bottom right).
Water molecules and 2′-OD moieties are shown in ball-and-stick mode.

H-D exchange at 2′-hydroxyl groups

The incentive for using neutron diffraction to determine the
orientations of 2′-hydroxyl groups is that the HO2′ hydro-
gen is replaced by deuterium upon dissolving RNA in D2O.
H-D exchange is not uniform and is sometimes not com-
plete even with a fast exchanging species such as the ri-
bose 2′-OH or the terminal 5′- and 3′-OH groups. Crystal-
lographic refinement then provides a direct measure of the
occupancy of exchangeable deuterium atoms in the crystal
(from 0 to 100%). For SRL RNA 2′-OH groups the average
H-D exchange was 79% (min. 23%, max. 100%). Therefore,

the occupancy of these deuterium atoms is sufficient to reli-
ably determine their positions and thus the orientations of
2′-OD moieties. At positions G48 and C49, nucleotides were
found to assume two orientations but, in both cases, these
could be resolved in the electron and nuclear densities and
refined with individual occupancies (Figure 3B). The RNA
backbone is extensively hydrated and a thorough analysis
of the ribose environments and 2′-OD orientations requires
knowledge of the water structure. We previously demon-
strated the benefits of low temperature neutron data collec-
tion to do so (35). Here, we have applied this approach to
establish the positions and orientations of 83 unique D2O
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A65 

G64 

A57 

U56 G55 

Figure 4. Pairing motifs in two adjacent layers of the SRL RNA stem.
Foreground: The G55•U56•A65 base triple. Background: The sheared
A57•G64 pair. G55 and G64 engage in a cross-strand stack. The hydro-
gen atoms on their respective C8 atoms have been partially exchanged for
deuterium. The color code is identical to that in Figure 3A, H-bonds are
drawn with thin solid lines and residues are labeled. Note the H-bonding
interactions between N1D and N2(D)2 of G64 and the phosphate of U56
(top) and 2′-OD of G64 and O4′ of A65 (bottom, slightly obscured).

molecules in the asymmetric unit of the SRL crystal struc-
ture, many of which serve either as donor or acceptor in an
H-bond to a 2′-OH(D) moiety (Figure 3B).

2′-hydroxyl orientation: overview

Of the 27 riboses in the SRL, 13 exhibit a 2′-OD directed
toward the backbone as defined by κ torsion angles (Figure
1A) that fall into the sc+ and ac+ ranges (ca. 20◦. . . 130◦).
Somewhat fewer, 11, have their 2′-OD directed toward the
base, characterized by κ torsion angles between ca. 0◦ and
−70◦ (sp- and sc- ranges). And the κ angles of three ri-
boses fall into the ap+ range (150◦, 171◦, 172◦), indicative
of a 2′-OD moiety with a sugar orientation. Table 2 pro-
vides an overview of κ angles, sugar puckers and 2′-OD en-
vironments, and Figures 1C and 3A depict SRL secondary
and tertiary structural diagrams, respectively, with residues
colored according to their 2′-OD orientations (see Figure
1A for the color code). In the case of residue C49 that ex-
hibits dual occupancy, riboses exhibit deviating 2′-OD ori-
entations. The ribose in one orientation (66% occupancy)
features a 2′-OD with backbone orientation (κ = +129◦).
The 2′-OD of the nucleotide in the alternative orientation
(34% occupancy) exhibits a base orientation (κ = -64◦).

The κ torsion angles observed in the simulation are also
presented in Table 2. The κ values fluctuate dramatically
during the simulation (Supplementary Figure S2), so it is
difficult to establish any simple correlations between the so-
lution phase results and the neutron diffraction structure.
The sugar pucker values observed in the simulation are gen-
erally in excellent agreement with the experimental obser-
vations, with some minor exceptions. The sugar pucker for
U47 and G73 fluctuates frequently between C2′-endo and
C3′-endo conformations, consistent with the highly dynamic
behavior of these terminal residues. The A60 sugar pucker
behavior is unique in that it populates primarily C3′-endo, as

observed in the crystal structure, but also significantly sam-
ples C2′-endo and C2′-exo conformations (Supplementary
Figure S3). There is no obvious explanation for the more
‘dynamic’ behavior of the A60 sugar pucker, except that it is
the most ‘exposed’ base at the tip of the SRL loop structure,
so the extensive hydration at this site may partially explain
the more facile sugar pucker transitions.

2′-OH orientation in a cross-strand water-mediated interac-
tion between nucleobase and ribose

The G48•U72 pair at the base of the SRL stem exhibits the
usual sheared geometry with guanine shifted into the minor
groove. This exposes the exocyclic amino group in the center
of that groove and results in formation of H-bonds between
N1D (G) and O2 (U) and O6 (G) and N3D (U) (Figure 7).
The 2′-hydroxyl group of the uridine ribose assumes a back-
bone orientation and therefore points away from the N2
amino group of G. However, a water molecule bridges the
two and the neutron analysis shows that D2O is the acceptor
and donor in the H-bonds to N2(D)2 (G) and 2′-OD (U),
respectively (Figure 7). A similar water-mediated interac-
tion involving a hydroxyl group with its O–H bond directed
toward the base would require the water to act as accep-
tor in both H-bonds. In the major groove, a water molecule
bridges O6 (G) and O4 (U), although the distance to the for-
mer is somewhat long. Undoubtedly, these water-mediated
base-sugar and base-base interactions contribute to the sta-
bility of G•U pairs and likely constitute a conserved hydra-
tion pattern around the wobble pair. As pointed out above,
the adjacent G73•U47 pair is disrupted; G73 is stacked un-
derneath the G48•U72 pair and U47 loops away (Figure 7).
A water molecule also bridges the guanine base to the ribose
of uridine in this case. However, the water molecule accepts
in H-bonds to N1D and N2(D)2 (G) and then donates in a
somewhat long contact to the ribose O4′ (U).

The G48•U72 base pair geometry is generally well pre-
served in the MD simulation, although the U72 2′-hydroxyl
group orientation fluctuates freely, as noted in the discus-
sion of κ angles above. Water molecules in the first hydra-
tion shell are dynamic and exchange readily with bulk sol-
vent during the simulation. Nonetheless, there is usually a
water molecule present that forms a bridging H-bond be-
tween the G48 N2 amino group and the U72 2′-OH. The in-
teraction observed in the crystal structure, where the bridg-
ing water molecule accepts an H-bond from the G48 amino
group and donates an H-bond to the U72 2′-OH group is
the most common motif, but other patterns are also seen.
In a few cases (<5% of conformations), the bridging water
molecule serves as the acceptor for H-bonds with both the
amino and 2′-OH groups. In rare cases, no water molecule
is in a favorable orientation to form bridging H-bonds and
we observe an intriguing shift of G48 toward the major
groove, altering the base pair interactions with U72 and re-
tracting the guanine amino group from the minor groove
(Figure 8).

A prominent example of a G•U pair is found in the
tRNAAla acceptor stem and serves as the key signal
for recognition of this tRNA by alanyl-tRNA synthetase
(AlaRS). The N2 group of that G is shifted into the minor
groove in the wobble pair, i.e. as in the case seen in the SRL,
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Figure 5. Stereo plot displaying a superposition of the SRL crystal structure (light blue), residues G48 through U72, with the ensemble-averaged simulation
structure over the full 10 �s trajectory (green). The terminal U47•G73 ‘base pair’ is omitted in this overlay, as these terminal bases are highly mobile and
disordered during most of the trajectory. The G48•U72 pair is at the bottom and the GAGA tetraloop is at the top.

Figure 6. Stereo plot of a transient SRL conformation where A54 (ball-and-stick rendering) swings into the major groove, stacking above G55.
TheG55•U56•A65 base triple below A54 is well maintained and depicted with dashed yellow lines, while base stacking and pairs above A54 are also
well maintained. Carbon atoms are colored beige, nitrogen atoms blue, oxygen atoms red, phosphorous atoms orange and hydrogen atoms light blue.

with water bridging 2′-OH of U and N2 of G with various
H-bond donor-acceptor patterns. However, in the crystal of
the complex between tRNAAla and AlaRS, a protein back-
bone keto group takes the place of water to mediate the in-
teraction between O2′ (U) and N2 (G) (Supplementary Fig-
ure S4). Both, RNA atoms (e.g. O2′ (19)) or protein atoms
(e.g. in the case discussed here) can replace water that medi-

ates a contact between 2′-OH and a base edge in the minor
groove.

Even with stringent hydrogen bond geometry criteria (a
donor-acceptor distance of 2.8–3.2 Å and an H-bond an-
gle of 20˚), we determine that a bridging water molecule
forms good H-bonds at least 75% of the time during the
simulation, independent of the exact κ angle for U72. We
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Table 2. κ angles, sugar puckers and 2′-OH(D) environments in the SRL RNA crystal structure*

Residue κ [◦] κ sector Pucker, P [◦] 2′-OD environment; distances are between DO2′ and O/N

U47 +171 s (p!) C2′-endo, 154 Intra-nucleotide H-bond to O3′ (2.3 Å), but quite far from O2 (3.4 Å).
G48 a
b

–
–

–
– (p!)

C3′-endo, 1
C3′-endo, 1

Two residue orientations; no clear interaction with other atoms.

C49 a
b

+129
−64

p (p!)
b

C3′-endo, 7
C3′-endo, 7

Two residue orientations. a, Intra-nucleotide H-bond to O3′ (2.4 Å);
b, O2′ donates in long H-bond to water (2.7 Å).

U50 +7 b (p,b) C3′-endo, 16 Two water molecules link D2′ to O2 of uracil.
C51 +98 p (p,b) C3′-endo, 17 Intra-nucleotide H-bond to O3′ (2.2 Å) and engaged in ribose

O2′. . . O2′ zipper with adjacent molecule (C58#, 1.9 Å).
C52 +46 p (p,b) C3′-endo, 14 Intra-nucleotide H-bond to O3′ (2.6 Å) and long H-bond to water

(2.7 Å).
U53 +21 p (p) C3′-endo, 18 Donates in H-bonds to two waters, one being linked to phosphate via

a second water and the other being linked to N4 of C67 via another
water. Both waters H-bonded to 2′-OD are also donating in H-bonds
to the sulfate ion.

A54 +150 s (p) C2′-endo, 163 Tandem water bridge to N3 of its own base (adenine) and
intra-nucleotide H-bond to O3′ (2.1 Å).

G55 +172 s (s) C2′-endo, 163 H-bonded to O6 of G64 and in-line orientation O2′-P-O5′ with its
3′-phosphate.

U56 +102 p (p.b) C3′-endo, 12 Intra-nucleotide H-bond to O3′ (2.2 Å).
A57 +110 p (p,b) C3′-endo, 18 Intra-nucleotide H-bond to O3′ (2.2 Å).
C58 +121 p (p,b) C3′-endo, 17 Intra-nucleotide H-bond to O3′ (2.3 Å) and ribose zipper with O2′

from neighboring molecule (C51#, 1.8 Å).
G59 −28 b (b,p) C3′-endo, 19 H-bond to N7 of G61 in loop (1.8 Å). O6 of the same residue is

farther removed (2.8 Å).
A60 +6 b (p) C3′-endo, 8 H-bonds to O6 from G73# (donor) and water molecule (acceptor),

1.8 and 1.9 Å, resp.
G61 −52 b (p!) C3′-endo, 5 O2′ donates in a water-mediated, intra-nucleotide H-bond to N3 of

guanine, 1.8 and 2.2 Å, resp. Water also donates in another H-bond
to O3′ from neighboring molecule (1.6 Å).

A62 −18 b (p) C3′-endo, 14 Water-mediated H-bonds to O2′ from neighboring molecule (2 Å/1.8
Å) and N3 of G69# (2.0 Å/1.9 Å), and direct H-bond to O2 of C52#
from the same neighbor (2.3 Å).

G63 −38 b (p,b) C3′-endo, 10 Donates in water-mediated H-bond to N3 of its base (1.7 Å/2.2 Å)
and a second water links the first one to N2 of G63 and N6 of A62.

G64 +81 p (p) C3′-endo, 10 H-bonds to N6 of A57 and O4′ of A65 (2.0 and 1.8 Å, resp.).
A65 −48 b (p!) C3′-endo, 2 H-bonds to water that links to a phosphate from a neighboring

molecule (2.6 Å/1.7 Å) and N3 of its adenine (2 Å).
C66 +79 p (p!) C3′-endo, 8 Intra-nucleotide H-bond to O3′ (2.3 Å), accepts in an H-bond to

water (2 Å) and donates in a further H-bond to phosphate from a
neighboring molecule (2.3 Å).

C67 −12 b (p!) C3′-endo, 14 O2′ accepts H-bond from water that sits between O3′ and O2′ (2.2 Å
and 2.5 Å, resp.) and donates in an H-bond to a water that is part of a
tandem of waters that connects to O2 of its own base (1.7 Å/2.0
Å/2.3 Å).

G68 +54 p (p!) C3′-endo, 12 No clear interaction; O3′ is quite far away (D. . . O3′ 2.7 Å).
G69 −57 b (p!) C3′-endo, 11 Donates in H-bond to water tandem, the first linking O2′ to N3 (1.8

Å/1.9 Å) and the second water linking the first water to N2 (2 Å/2 Å).
A70 +110 p (p!) C3′-endo, 14 Intra-nucleotide H-bond to O3′ (2.3 Å).
G71 +26 p (p!) C2′-exo, 358 No close contact.
U72 +108 p (p!) C3′-endo, 14 Intra-nucleotide H-bond to O3′ (2.2 Å) and O2′ accepts in an

H-bond to water that forms a bridge to N2 of G48 (2.4 Å/2.3 Å).
G48 and U72 form a wobble pair such that N2 of the former sticks
into the minor groove. This is likely a conserved motif.

G73 −33 b (p,b) C3′-endo, 26 No close contact.

*κ is defined as the H2′-C2′-O2′-DO2′ torsion angle (Figure 1A). Sector is similar to the parameter cx as defined by Auffinger and Westhof (19) and used
by both Denning and MacKerell (17) and Darré et al. and Orozco (18), i.e. for a C3′-endo pucker c1 ( = p) includes the sc+ range with DO2′ directed
toward backbone O3′, c2 ( = s) is ap with DO2′ roughly directed toward sugar O4′, and c3 ( = b) includes the sc– range with DO2′ directed toward the base.
This is similar to the directions of water clusters around O2′ atoms in the high-resolution crystal structure of the (CCCCGGGG)2 duplex (4). Residues
and atoms from symmetry mates are marked by #. κ values from the MD simulation are listed in parentheses; in cases where more than one sector is listed,
the most common value is given first, e.g. (b,p) indicates base orientation with significant population of backbone sector values as well. Listings followed
by an ‘!’ indicate significant sampling of all three sectors during the simulation, with the most common value listed. Entries for residues adopting the less
common ribose pucker are highlighted in boldface.
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U72

G73

U47

G48

Figure 7. A water-mediated cross-strand ribose-base interaction stabilizes
the G•U wobble pair in the minor groove. The D2O in the lower fore-
ground links G48 and U72 by accepting and donating H-bonds to N2(D)2
and 2′-OD, respectively. The color code is identical to that in Figure 3A, H-
bonds are drawn with thin solid lines and residues are labeled. Somewhat
long H-bonds are indicated with dashed lines. One of them occurs between
a water that sits adjacent to O4 of U72 and O6 of G48. The other occurs
between a water bound to N1D and N2(D)2 of G73 and O4′ of U47.

also observe that a water molecule is almost always present
to accept an H-bond from the G48 amino group, even if
a bridging H-bond to U72 2′-OH is not possible. The ma-
jor groove region near the G48•U72 base pair is extensively
hydrated during the simulation, so we observe good water
H-bonds with both the G48 O6 and U72 O4 atoms essen-
tially 100% of the time. The water-mediated H-bonds with
G48 and U72 do appear to stabilize this wobble base pair,
as we only observe the G48 base shift and ‘retraction’ of
the G48 amino group from the minor groove on those rare
occasions when no water molecule can form a bridging in-
teraction (Figure 8).

The SRL structure displays multiple direct interactions
between nucleobase atoms and either phosphate or ribose
2′-OH of the ‘pairing’ strand. Examples include A54 (N6)
and phosphate (C66), G55 (N1/N2) and phosphate (A65),
A57 (N6) and 2′-OH (G64) and G59 (N2, O2′) and phos-
phate as well as 2′-OH (A62). Most of these direct inter-
actions are also observed in the simulation, although they
are often transient and water molecules compete with these
interactions, especially those that involve 2′-OH groups. In
canonical RNA and DNA duplexes, direct contacts be-
tween nucleobase atoms from one strand and the sugar-
phosphate backbone of the opposite strand are not possible.
However, we observed a water-mediated contact between
the base of incoming dATP or dGTP and the phosphate of
the template strand with an abasic site in ternary complexes
of the Y-family DNA polymerase � (60).

2′-OH groups with a base orientation

Many 2′-OD moieties are directed toward the base and
engage in unique interactions with water and/or adjacent
RNA atoms. Selected examples are depicted in Figure 9 and
the orientations of all SRL hydroxyl groups and brief de-
scriptions of the contacts they engage in are listed in Ta-
ble 2. In the G59–A60–G61–A62 tetraloop, the 2′-OD of
the first residue forms an H-bond with N7 of G61 (Figure
9A). A60, G61 and A62 form a continuous stack whereby

the base of A60 constitutes the tip of the SRL and A62
stacks onto the ribose of G63 at the other end (Figure 3A).
C8 of G61 is directed toward its phosphate group, a fea-
ture shared with other purine nucleotides in the SRL struc-
ture, and the hydrogen has been partially exchanged (D oc-
cupancy 0.4). The distance between D8 and O5′ is 2.38 Å
(Figure 9A). G55, G63, G64 and G68 are other purines
that have undergone partial H-D exchange (42%, 7%, 20%
and 30%, respectively). With the exception of G55 for which
the C8-D/H8 bond juts into the solvent, guanine C8 and
the 5′-phosphate group are closely spaced, resulting in an
intra-nucleotide H-bond between C8-D/H and either O5′
or a non-bridging phosphate oxygen. These interactions are
generally well preserved in the simulation, with occasional
fluctuations to longer C8-H. . . O5′ distances than those ob-
served in the crystal structure.

The 2′-OD of the third residue in the GAGA tetraloop,
G61, is also directed toward the base and O2′ donates in a
water-mediated, intra-nucleotide H-bond to N3 of guanine
(Figure 9B). The Watson–Crick edge of the G61 guanine is
exposed on the surface and both N1D and N2(D)2 form H-
bonds to the same water. A somewhat similar water struc-
ture around the minor groove edge under participation of
the ribose hydroxyl group as in the case of G61 is also seen
with G69. Here, a first water molecule links 2′-OD to N3
and is then H-bonded to a second water molecule that itself
accepts an H-bond from the exocyclic amino group of G
(Figure 9C). The water-mediated, intra-nucleotide H-bond
between G61 2′-OH and N3 is not preserved during the sim-
ulation, as the G61 κ angle fluctuates extensively and the 2′-
OH often exhibits a backbone or sugar orientation. We al-
ways observe individual water molecules forming H-bonds
with G61 N3 and 2′-OH, but a bridging water H-bond be-
tween G61 N3 and 2′-OH is less common, present in only
∼15% of conformations when the κ angle is favorable.

A chain of water molecules across the minor groove links
the 2′-OD moieties of C67 and U53 that form a mismatch
pair (Figure 9D). The 2′-OD of C67 adopts a base orien-
tation and sustains a three-water bridge to O2 and N3 (the
Watson-Crick edge of this cytosine is turned toward the mi-
nor groove). A sulfate ion then mediates contacts to waters
that are H-bonded to N4(D)2 of C and 2′-OD of U53. The
latter is in a backbone orientation and a water-mediated
contact between 2′-OD and phosphate group completes the
crossing of the minor groove (Figure 10C). Unlike purine
residues that feature single water bridges between N3 and
2′-OD in the base orientation (e.g. G61, G69; Figure 9B, C),
more than one water is typically needed to link 2′-OD and
O2 of C or U. Besides the aforementioned example of C67,
a tandem of waters bridges 2′-OD and O2 of residue U50.
Each snapshot from the MD simulation exhibits many more
water molecules in the first hydration shell than are resolved
in the crystal structures, so it is unsurprising that bridging
water interactions observed for C67 with U53 and around
U50 are generally well preserved throughout the simulation.

2′-OH groups with a phosphate orientation

Ribose hydroxyl groups that adopt a backbone orientation
typically direct the hydrogen toward O3′ and the observed
(O2′)D. . . O3′ distances vary between ca. 2.1 Å and 2.7 Å.
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Figure 8. A simulation snapshot displaying a rare situation where there is no minor groove water molecule that forms a bridging H-bond interaction with
the G48•U72 wobble base pair. In this situation, G48 slides back toward the major groove and the G48 exocyclic amino group is retracted from the minor
groove, instead H-bonding with atom O2 of U72, as displayed with the yellow dashed line. Carbon atoms are colored beige, nitrogen atoms blue, oxygen
atoms red, phosphorous atoms orange and hydrogen atoms light blue.

A B 

C 

G59 
G61 

A60 

A62 

G61 
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C52 

G59 

G63 

C51 

D 
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G68 

C66 

U53 

A54 

Figure 9. Interactions by selected SRL 2′-OD groups with a base orientation and associated water structure: (A) G59, (B) G61, (C) G69 and (D) C67. The
color code matches that in Figure 3A, except for phosphate groups which are colored orange (P) and red (O). Residues are labeled, H atoms are colored in
white and H-bonds are drawn with thin solid lines. Panel D includes a sulfate ion at the upper left-hand corner.

Shorter distances occur for κ angles that lie just beyond the
higher end of the sc+ range. Examples of nucleotides with
a backbone orientation of the hydroxyl group are depicted
in Figure 10. Thus, U56 (κ = +102◦) and A57 (κ = +110◦)
exhibit relatively tight (O2′)D. . . O3′ contacts, 2.2 and 2.1 Å,
respectively (Figure 10A). Neither hydroxyl group appears
to engage in water-mediated bridges to base or phosphate
oxygens. For G68, the (O2′)D. . . O3′ distance is longer, 2.7 Å,
consistent with the contracted κ angle of +54◦ (Figure 10B).

For even smaller positive κ angles, the distance between O2′
and O3′ is increased further, thereby weakening the electro-
statically favorable interaction between 2′-hydroxyl group
and the bridging 3′-oxygen. Rather than simply engaging in
this backbone contact, the 2′-OD of U53 stabilizes a tan-
dem water bridge to the 3′-phosphate group (Figure 10C).
U53 donates an H-bond to the first water; this water then
donates a direct H-bond to OP1 but is also H-bonded to a
second water that links it to OP2. This interaction between
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A B

C D

U53 G64 A65

A57

U56

A57 G68

A54

Figure 10. Interactions by selected SRL 2′-OD groups with a backbone
orientation. (A) U56 and A57, (B) G68, (C) U53 and (D) G64. The color
code matches that in Figure 3A, except for phosphate groups which are
colored orange (P) and red (O). Residues are labeled, H atoms are colored
in white and H-bonds are drawn with thin solid lines.

U53 2′-OH and phosphate oxygens mediated by bridging
water molecules is generally retained when the κ angle has
a backbone orientation, but is not feasible when κ assumes
base or sugar orientations during the simulation. Instead,
when κ assumes a base orientation during the simulation, a
water-mediated H-bond between U53 2′-OH and C67 N3 is
more likely. On rare occasions, the U53•C67 and A54•C66
base pairs ‘break’, facilitating formation of a direct H-bond
between U53 2′-OH and A54 N7. At the G64pA65 dimer
step, the latter nucleotide exhibits a non-standard back-
bone conformation (torsion angles � to � , Table 3). This
results in a direct H-bond between the 2′-OD of G64 that
adopts a backbone orientation and the 4′-oxygen of A65
(Figure 10D). In addition, O2′ of G64 also accepts an H-
bond with N6(D)2 of A57. The unique backbone geome-
try at G64pA65 is generally preserved in the simulation and
these specific interactions are likewise preserved. The κ an-
gle for G64 exhibits by far the least fluctuation during the
simulation of any κ angle in the SRL structure (Supplemen-
tary Figure S2), perhaps because the unique backbone ge-
ometry may help ‘shield’ the G64 2′-OH from close solvent
approach. In turn, the stable G64 κ angle facilitates forma-
tion of the observed H-bonds with A65 O4′ and A57 N6
amino group.

2′-OH groups with a sugar orientation

Three riboses in the SRL crystal structure feature 2′-OD
groups with a sugar orientation, i.e. a κ angle that is in the
ap range (U47, A54, G55). All of them also adopt a C2′-
endo sugar pucker. The U47 residue is at the 5′-terminus of
the construct used for crystallization and its 2′-OD is not
engaged in any interactions with water or nucleotides from
a neighboring molecule in the crystal structure. The U47 κ

angle samples base, phosphate and sugar orientations and
its sugar pucker fluctuates readily between C2′-endo and
C3′-endo conformations throughout the simulation. This is
typical behavior for a terminal oligonucleotide residue in
MD simulations, so it is unsurprising that there is poor cor-
relation with the diffraction structure. In the case of A54, a
tandem water bridge links the 2′-OD to N3 of the base, with
additional H-bonds between 2′-OD and O3′ (Figure 11A).
The A54 κ angle adopts a backbone orientation during
most of the simulation, but A54 maintains a C2′-endo sugar
pucker, consistent with diffraction results. The 2′-oxygen of
G55 is about equidistant from OP1 and OP2 and the 2′-OD
forms an H-bond to OP2 and the bridging oxygen of the 3′-
phosphate. Thus, O2′ adopts an almost ideal in-line O2′. . . P-
O5′ orientation (Figure 11B). However, the absence of a co-
factor like a properly spaced metal ion or a base moiety that
could activate the 2′-OD for nucleophilic attack precludes a
cleavage reaction. The G55 κ angle fluctuates between back-
bone and sugar orientations frequently but this residue also
maintains a C2′-endo sugar pucker throughout the simula-
tion. Based on the observation that the three residues in the
SRL with an unusual C2′-endo pucker all have the HO2′
hydrogen directed toward the sugar in the neutron diffrac-
tion structure, we conclude that 2′-hydroxyl orientation di-
rectly affects sugar conformation such that an antiperipla-
nar κ angle is associated with a DNA-like ribose conforma-
tion. Further, a 2′-OH sugar orientation allows H-bond in-
teractions between the hydroxyl group and both backbone
(bridging and/or non-bridging 3′-phosphate oxygens) and
- water-mediated - nucleobase atoms.

Phosphate hydration

Intra-strand phosphate groups in RNA are more closely
spaced than in DNA, owing to the predominant C3′-endo
pucker of the ribose in canonical stem and also non-
standard hairpin loop and bulged regions, among others.
Thus, OP2 non-bridging oxygens of adjacent phosphodi-
ester moieties along the major groove are typically sepa-
rated by ca. 4.7 Å, but the spacing can be as tight as 4.3
Å (e.g. in the case of G59 and A60 that initiate the SRL
GAGA tetraloop). The corresponding P. . . P distances are
ca. 5.5 Å, but amount to just 5.2 Å in the case of residues
G59 and A60. Thus, a single water molecule that serves as
the donor in both H-bonds can bridge adjacent phosphate
oxygens. Examples of this hydration pattern are seen in por-
tions of the backbone that comprises nucleotides G55 to
A62 (Figure 12). OP2 oxygens of G59 and G61 in the loop
are separated by just 6 Å and two water molecules bridge
that gap such that the first also forms an H-bond with OP2
of A60. The OP2 oxygen of the G61 phosphate stacks onto
the guanine plane of G59 (30) and the close proximity of
phosphate and base prevents a tandem water bridge be-
tween OP2 atoms of G61 and A62, although they are only
separated by 6.3 Å. Instead, the first of these two waters
is near OP1, but the distance between water oxygen and
phosphate oxygen is too long for an effective H-bond (4 Å,
dashed line in Figure 12). The second water forms an H-
bond to OP2 of A62 and also participates in a three-water
bridge that crosses the open major groove and ends at OP2
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Table 3. Backbone and glycosidic torsion angles* and κ angle sectors in the SRL RNA. The standard A-form backbone torsion angle ranges are sc−,
ap, sc+, sc+, ap, sc− (� to � ) and the χ angle average is −160◦. Numbers in italicized font represent non-standard angle ranges, ζ -α pairs highlighted in
bold font adopt the non-standard ap/sc- conformation around phosphates, and residues in italicized font are part of the A-form SRL stem region (Figure
1C). Residues G48 and C49 exhibit dual occupancy and torsion angles are listed separately for the two conformers A and B, including angles � to � for
U50 (Supplementary Figure S1)

Residue α [◦] β [◦] γ [◦] δ [◦] ε [◦] ζ [◦] χ [◦] κ sector Remarks

U47 – – 59.0 137.3 − 99.9 88.2 − 140.9 s
G48 − 97.8 − 166.7 41.5 83.7 − 155.0 − 66.8 − 154.6 – A conf.

170.3 96.7 85.7 − 138.2 − 63.1 − 175.0 – B conf.
C49 − 50.0 160.9 56.8 78.9 − 148.4 − 75.0 − 160.0 p A conf.

− 70.0 177.7 47.9 79.1 − 160.7 − 64.0 − 154.5 b B conf.
U50 − 73.5 168.3 65.2 79.3 − 142.4 − 71.7 − 165.4 b A conf.

138.6 − 175.7 − 161.1 87.5 B conf.
C51 − 65.8 160.0 62.7 77.5 − 155.2 − 69.8 − 164.2 p
C52 − 68.3 179.8 54.0 80.4 − 146.9 − 59.5 − 157.9 p
U53 − 67.5 171.9 52.5 82.2 − 159.2 59.7 − 147.5 p
A54 166.9 143.0 50.2 148.4 − 86.9 152.9 − 133.3 s
G55 − 92.4 84.4 − 177.1 150.6 − 167.4 140.2 − 88.8 s
U56 − 71.4 150.9 42.7 86.2 − 138.3 − 66.4 − 177.1 p
A57 − 72.7 − 179.4 52.1 79.2 − 143.1 − 52.0 − 166.3 p
C58 − 72.5 173.8 56.9 77.8 − 147.1 − 63.6 − 163.2 p
G59 − 74.5 175.3 54.3 75.2 − 125.2 − 67.1 − 171.6 b
A60 172.0 137.4 56.7 83.2 − 126.3 − 66.9 − 161.0 b
G61 − 78.1 140.3 84.2 79.0 − 149.7 − 62.0 − 163.8 b
A62 − 68.8 179.5 48.9 80.8 − 141.4 − 65.9 − 150.2 b
G63 144.6 − 133.0 178.0 81.2 − 138.9 − 56.9 − 174.3 b
G64 − 67.8 174.9 58.2 76.6 − 158.8 − 77.1 − 164.5 p
A65 − 106.7 78.2 165.8 78.9 − 148.1 − 74.3 179.7 b
C66 − 56.2 169.2 65.7 81.0 − 129.2 − 68.8 − 168.3 p
C67 − 62.4 161.6 54.7 85.1 − 140.8 − 57.6 − 165.6 b
G68 − 76.4 174.9 58.5 72.6 − 145.3 − 73.4 − 169.8 p
G69 − 53.8 161.5 60.4 78.7 − 142.0 − 79.5 − 171.2 b
A70 − 67.9 171.5 56.1 74.6 − 162.1 − 75.4 − 162.5 p
G71 148.9 − 168.2 − 171.0 90.7 − 130.3 − 68.5 − 171.1 p
U72 − 64.1 165.3 52.2 79.1 − 158.2 − 67.5 − 159.5 p
G73 − 74.1 175.4 62.6 73.3 – – − 159.2 b

*Definition of backbone and χ torsion angles: α = O3′(i − 1)–P–O5′–C5′, β = P–O5′–C5′–C4′, γ = O5′–C5′–C4′–C3′, δ = C5′–C4′–C3′–O3′, ε =
C4′–C3′–O3′–P(i + 1), ζ = C3′–O3′–P(i + 1)–O5′(i + 1), χ for pyrimidine = O4′–C1′–N1–C2, χ for purine = O4′–C1′–N9–C4.

of U56, thereby completing the continuous chain of nine
water molecules that links phosphates near the apex of the
SRL.

DISCUSSION

The 2′-hydroxyl group plays fundamental roles in RNA
folding, conformation, stability, activity and hydration. Its
involvement in all aspects of RNA structure and function
can be tied to a simple observation: the 2′-OH is the only
H-bond donor within a sphere of ca. 5.5 Å centered at the
oxygen. The closest donor is the exocyclic amino group of
guanine which is positioned at a distance of almost 6 Å,
in the center of the minor groove. Thus, the 2′-OH is sur-
rounded by a sea of negatively charged oxygen (OP1, OP2)
or polarized oxygen (O3′, O4′, O5′, O2(U/C)) and nitro-
gen atoms N3(A/G) which can only act as H-bond accep-
tors. This unique ability makes the hydroxyl group indis-
pensable for folding and packing. Its deprotonation affords
a nucleophile that is at the heart of phosphodiester cleav-
age reactions catalyzed by ribozymes. The 2′-OH also un-
dergoes facile H-D exchange in D2O that allows the vi-
sualization of deuterium and therefore the 2′-OH orienta-
tion in RNA crystals by neutron diffraction. To our knowl-
edge, this is the first report of a single crystal RNA neutron
structure determination. The joint cryo X-ray/neutron re-

finement of the SRL RNA 27mer is based on X-ray and
neutron diffraction data from the same crystal with resolu-
tions of 1 Å and 2.2 Å, respectively. It is notable that nearly
all aspects of SRL structural features are well preserved in
the solution phase, 300K MD simulation, even though the
simulation does sample, at least transiently, a number of
dramatically different structures with large local deviations
from the crystal structures. These simulation results suggest
that most of the structural features observed in the 100K
diffraction structures are not merely a consequence of crys-
tal packing effects and/or low temperature.

The importance of the H-bond donor ability of the ri-
bose hydroxyl group is demonstrated by a simple compari-
son between the number of observations in the SRL struc-
ture of 2′-OH acting as an H-bond donor or acceptor in
intra-nucleotide, inter-nucleotide, inter-SRL and/or water
interactions. Thus, the donor: acceptor ratio for 39 obser-
vations is almost 6:1! This ratio trends even larger in the
simulation because of the vastly greater number of water
molecules present; while the 2′-OH certainly does accept
H-bonds from surrounding water molecules, it appears to
function more typically as a donor, particularly when the
water molecules serve as bridging H-bond partners with ei-
ther phosphate backbone or RNA bases. The illustrations
in Figures 9 to 12 clearly attest to this preference in that
individual panels show 2′-OH groups exclusively donating
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A

B

G64

A54

U56

G55

C2’-endo

C2’-endo

G55
C2’-endo

U53

U56

A54

Figure 11. Interactions of two SRL 2′-OD groups in a sugar orientation.
(A) A54 and (B) G55. The color code matches that in Figure 3A, except
for phosphate groups which are colored orange (P) and red (O). Residues
are labeled, H atoms are colored in white and H-bonds are drawn with thin
solid lines. The riboses of both A54 and G55 adopt the unusual C2′-endo
pucker.

G55

U56

A57

C58
G59

A60

G61

A62

Figure 12. Phosphate hydration involving eight nucleotides including the
tetraloop G59−A60−G61−A62. Water molecules link adjacent OP2 oxy-
gens and then cross the major groove, whereby phosphate groups of U56
and A62 serve as bridgeheads. Water molecules (O red, D cyan) and OP2
oxygens are highlighted in ball-and-stick mode, residues are labeled and
H-bonds are drawn as thin solid lines. A somewhat long distance between
OP1 of G61 and the nearest water is indicated by a dashed line.

H-bonds with just a single exception (Figure 10D). Even
in that case the hydroxyl is both donor and acceptor. Try-
ing to assign potential donor-acceptor patterns to 2′-OH
groups vis-à-vis adjacent H-bond donor and acceptor moi-
eties including water based on the 2′-oxygen positions in X-
ray structures is tempting but quite futile. The SRL neu-
tron structure reveals RNA’s rich repertoire of interactions
that involve the 2′-OH moiety. Observed contacts include
bifurcated H-bonds and direct interactions with phosphate
groups and nucleobases, as well as water-mediated interac-
tions. The latter feature water bridges that can entail a sin-
gle or two or three solvent molecules. Although a single 2′-
OH has the potential to donate and accept in multiple H-
bonds, such cases are rare. And even in the few examples
of this type seen in the SRL structure, an interaction mode
that relies on bifurcated H-bonds (e.g. Figure 11B) is more
common than one where a 2′-OH establishes three discrete
interactions.

The κ angle behavior is the one area of somewhat lim-
ited agreement between the neutron diffraction structure
and MD simulation results, suggesting that κ angle behavior
may be the structural feature most impacted by low temper-
ature in the diffraction experiments. While general κ angle
trends in the simulation correspond reasonably well with the
crystal structure, the simulation exhibits numerous devia-
tions from the neutron diffraction structure values. How-
ever, it is easy to rationalize this discordance. The simu-
lation represents a solution-phase system at 300K rather
than a rigorous crystal lattice simulation at 100K. Addition-
ally, the 2′-OH groups have hydrogen rather than deuterium
atoms in the simulation. We have shown previously that
many features in protein simulations can be quite different
in solution phase versus crystal lattice simulations (61,62),
and there is no reason to expect that this should not be true
for oligonucleotides as well. The κ angle behavior in our
simulations is consistent with the small energy barrier (∼1
kcal mol–1) reported for the C2′-O2′ torsion angle (18), and
would be more appropriately compared to solution phase
NMR experiments. While the dynamic behavior of the κ an-
gles makes it difficult to draw any conclusions from the sim-
ulation results regarding correlations between κ preferences
and other structural properties, it is clear from the simula-
tion that the 2′-OH group plays a significant role in mod-
ulating intra-molecular interactions in the RNA molecule,
and thus in influencing tertiary structure. This is true re-
gardless of the specific details observed in any individual
simulation snapshot, due to the key point noted above: the
2′-OH group is the only H-bond donor available to po-
tential acceptors in the nearby phosphate backbone, ribose
groups and bases.

The SRL RNA structure allows a better understanding
of the presumably different functions of 2′-OH groups that
assume either base or backbone orientations. Thus, a back-
bone orientation is not limited to a close favorable contact
with the adjacent 3′-oxygen (Figure 10A, B), but can sta-
bilize a water-mediated interaction between 2′-OH and a
nucleobase O/N atom (Figure 9D, U53). Alternatively, a
2′-OH in a backbone orientation participates in a water-
mediated interaction with non-bridging phosphate oxygens
(Figure 10C). A 2′-OH directed toward the backbone can
also form an H-bond to O4′ and a direct H-bond to a nu-
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cleobase (Figure 10D). In this case, the interaction pattern
is associated with a non-standard backbone geometry as il-
lustrated by the torsion angle analysis (Table 3). Similar to
the complex range of interactions that are enabled by 2′-
OH moieties with a phosphate orientation, a 2′-OH with a
base orientation may be energetically favored based on the
intrinsic energetics of the phosphodiester backbone with-
out consideration of water or additional interactions with
the surrounding RNA (17,18,20), but can certainly be as-
sociated with non-canonical backbone geometries as well.
For example, backbone orientations of 2′-OH groups in the
SRL stem are more common than base orientations (Fig-
ures 1C, 3A). The SRL GAGA loop offers even more con-
vincing evidence that base-oriented 2′-OH groups can be
associated with non-canonical regions: Thus, all four nu-
cleotides in the tetraloop exhibit a base orientation (Figure
9A, B). Although the 2′-OH is the only H-bond donor in the
RNA backbone, all four bases feature H-bond donor moi-
eties that can be used to establish tertiary structural con-
tacts. The electrostatically favorable interaction between 2′-
OH and O3′ when the former adopts a backbone orienta-
tion must be a staple of RNA folding and stability and a
key enabler of the expansive RNA fold space. Separating
the roles of 2′-OH and nucleobases in inducing complex
RNA tertiary folding patterns remains difficult, however,
although the lack of the 2′-OH in DNA and its repetitive
structural behavior relative to RNA seem to lend support
for a more dominant role of the hydroxyl group relative to
the bases in this regard.

The neutron structure of the SRL provides experimen-
tal evidence for an important role of the 2′-OH orientation
in flipping the sugar pucker between the standard C3′-endo
and atypical C2′-endo modes. In three nucleotides, U47,
A54 and G55, the κ angle is in the antiperiplanar range
and the ribose adopts the less common C2′-endo pucker.
Other torsion angles in these regions of the backbone also
assume non-standard conformations (Table 3). The role of
the 2′-OH as an arbiter of not just backbone conformation
and RNA tertiary structure but also the ribose pucker itself
can be rationalized using steric and electrostatic arguments
(Figure 13). Accordingly, an ap orientation of the 2′-OH for
a ribose in the C3′-endo pucker creates a short contact be-
tween the HO2′ hydrogen and H4′ (around the sum of the
vdW radii, 2.0 Å minimum) while simultaneously prevent-
ing an H-bond with O3′ (Figure 13B). Flipping the pucker
to the C2′-endo type relieves the short contact and leads
to a favorable interaction with O3′ (Figure 13A). Interest-
ingly, the sugar orientation of the 2′-hydroxyl group allows
both backbone contacts (O3′ and non-bridging phosphate
oxygens) and water-mediated interactions with base atoms
(Figure 11).

The correlation between the κ angle in the ap range and
adoption of a C2′-endo ribose pucker in the SRL structure
also seen in a previous MD simulation of RNA (19) al-
lows us to make predictions as to the whereabouts of the
HO2′ hydrogen. In the SRL structure, the maximum ob-
served value of κ is +172◦ (G55, Table 2). Increasing the
size of the angle further will weaken the interaction with
O3′ and create a clash with H1′ (Figure 13A). Therefore, κ
angles in a 40◦ range from ca. +170◦ to −150◦ can be ex-
pected to be disfavored. We analyzed the yeast tRNAPhe

A

B

Figure 13. Relationship between 2′-OH orientation and ribose pucker. (A)
A 2′-OH with a ‘sugar orientation’ (shown here is a κ angle in an ideal
180◦ ap conformation) combined with a C2′-endo pucker precludes short
contacts to ribose H atoms and allows H-bonding between 2′-OH and O3′
(green double arrow). (B) A 2′-OH with a ‘sugar orientation’ (as in panel A,
the κ angle is in an ideal 180◦ ap conformation) combined with a C3′-endo
pucker results in a short contact (yellow flash) and precludes H-bonding
between 2′-OH and O3′ (red cross). Selected atoms are labeled and relevant
distances are shown in Å. Please see also the correlation between sugar
pucker and 2′-OH orientation in an early MD study of RNA (Figure 1,
C3′-endo, and Figure 5, C2′-endo (19)).

crystal structure (PDB ID 1EHZ) (63) in regard to the ri-
bose conformations with the program PROSIT (64) (https:
//cactus.nci.nih.gov/prosit/) and found 10 nucleotides out
of 76 that adopt a C2′-endo pucker: U7, A9, G18, G19,
7meG45, C47, U48, 1meA58, C60 and A76 (3′-terminus). We
calculated the positions of H2′ and HO2′ hydrogen atoms in
all cases except for the 3′-terminal residue and adjusted the
κ angle to + 160◦ (the average of the κ angle in residues A54
and G55 of the SRL structure). As expected the HO2′ hy-
drogen engaged in at least two geometrically reasonable H-
bonds to O3′, non-bridging phosphate oxygens, base atoms
and/or water molecules in all nine cases. An illustration
for five tRNA ribonucleotides is depicted in Supplementary
Figure S5.

RNA-binding proteins can sculpt RNA backbone con-
formation and potentially set the sugar pucker or at least
lower the energy barrier that separates the C3′-endo and
C2′-endo conformations by influencing the orientation of
the 2′-hydroxyl group. In the crystal structure of human
Argonaute2 (Ago2) bound to miR-20a (PDB ID 4F3T)
(65) two nucleotides of the micro-RNA exhibit a C2′-endo
pucker. These residues are 5′P-U1 that is lodged in the MID
domain binding pocket and G18 that resides right outside
the PAZ domain that captures the 3′-terminal G19 and G20.
In both cases, the 2′-OH is contacted by an Ago2 side chain.
The Oε amide oxygen of Gln-548 is located at 3.03 Å from
O2′ (U1) and acts as an H-bond acceptor. Further, the O2′
is located at 2.55 Å from the adjacent phosphate (OP1) that
links U1 and A2. Thus, the HO2′ hydrogen is most likely
shared between Gln-548 and the phosphate (Supplemen-
tary Figure S6a). At the opposite end of the RNA, Arg-315
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C58#

C51

C52
G68

G69

A62#

Figure 14. Neutron diffraction data reveal H-bonding between pairs
of 2′-hydroxyl groups as well as the absence thereof. The SRL
C51pC52:G68pG69 base pair step (gray carbon atoms) is viewed from
the minor groove side along with the ribose moieties of nucleotides C58#

(green carbons) and A62# (brown carbons) from symmetry mates. The O2′
atoms of C51 and C58# and C52 and A62# are in both cases separated by
ca. 2.7 Å, but only the former pair is H-bonded (solid line, left) whereas
the latter is not (dashed line).

lies at 2.8 Å from the G19 phosphate (NεH. . . OP1) and 3.4
Å from O3′ of that phosphodiester as well as 3.4 Å from O2′
of G18 (NH2. . . O2′/O3′). Here, the arginine acts as an H-
bond donor in all three cases (Supplementary Figure S6b).
Setting the κ angle to 160◦ for both riboses produces a sat-
isfactory model of the H-bond interactions and is again
in accordance with the H2′−C2′−O2′−HO2′ torsion angle
range for riboses that adopt a C2′-endo conformation.

Interactions between two 2′-hydroxyl groups are fairly
common in larger RNA folding motifs and are among in-
termolecular interactions that stabilize RNA crystals. Con-
secutive occurrences of such H-bonded 2′-OH pairs are
called ribose zippers (5–9). In X-ray crystal structures two
2′-oxygen atoms separated by less than 3 Å can reasonably
be expected to be H-bonded. However, without knowledge
of the HO2′ positions we cannot be sure that such hydroxyl
pairs actually form an H-bond. In the SRL crystal struc-
ture there are no ribose zippers, but there are two examples
of O2′ pairs from adjacent RNA molecules where oxygen
atoms are separated by a distance consistent with H-bond
formation (ca. 2.7 Å; Figure 14). The neutron data reveal
that this is indeed the case for one pair, but that the deu-
terium atoms of the other O2′ pair are used to engage in al-
ternative H-bonds. Thus, 2′-OH of C51 and 2′-OH of C58#

are H-bonded. Conversely, the 2′-OH of C52 is directed to-
ward O3′ and the 2′-OH of A62# forms a bifurcated H-bond
to O2 of C52 and a water molecule that is also H-bonded to
N3 and 2′-OH of G69 as well as another water (Figure 14).

CONCLUSION AND ETIOLOGICAL CONSIDERA-
TIONS

Much has been written and conjectured about nature’s
choice of phosphate in the nucleic acids backbone (66,67).
Similarly, we can try and rationalize nature’s choice of a
ribose-based pairing system. Investigations of artificial nu-
cleic acids that combine the phosphodiester moiety and four

standard bases with many alternative sugars have demon-
strated that stable pairing is by no means a unique at-
tribute of RNA (and DNA) (68–73). Many of the ex-
plored systems were able to cross-pair with DNA and
RNA. Others form autonomous pairing systems. Exam-
ples of such systems are pyranosyl-RNA (p-RNA (74))
and 2′,3′-dideoxyglucopyranosyl nucleic acid (homo-DNA
(75)). Hexose-based nucleic acids lack conformational plas-
ticity and the sugar moieties are restricted to the chair con-
formation. Threofuranosyl nucleic acid (TNA) constitutes
a stable pairing system that also forms hybrids with DNA
and RNA. However, it too lacks conformational plasticity
as its pucker is limited to the C4′-exo type. Unlike RNA,
TNA lacks an H-bond donor in its backbone and it is un-
likely that TNA can exceed RNA in terms of the complex-
ity of its fold space. Arabinonucleic acid (ANA) with the
opposite C2′ stereochemistry compared to RNA lacks con-
formational flexibility and its sugar pucker is limited to the
Southeastern region of the pseudorotation phase cycle (72).
No reports regarding ANA self-cleavage reactions exist, but
the analog has been used for in vitro selection experiments
(Selex) and an ANAzyme was reported to catalyze RNA
cleavage (76). Similarly, Selex afforded a TNA enzyme ‘thre-
ozyme’ with RNA ligase activity (77), and base-modified
TNA aptamers ‘threomers’ that bind protein targets with
KD values in the low nM range (78). Still, the search to date
for alternative nucleic acids has not uncovered a system that
can mimic RNA structurally, chemically and/or function-
ally.

The conversion of the sugar conformation between the
North and South types appears to be unique for DNA and
RNA (3). Unlike DNA that can undergo reversible tran-
sitions between the A- and B-form duplexes depending on
ionic strength and level of humidity, the RNA 2′-OH group
can apparently set the pucker solely as a result of its orien-
tation. Thanks to its versatile H-bond donor and acceptor
qualities and ability to act as a nucleophile, RNA genotype
and phenotype are intricately linked to the 2′-OH group.
As the SRL RNA neutron structure shows, the orientation
of the 2′-OH is important for RNA conformation, stabil-
ity and water structure. Just focusing on the 2′-oxygen po-
sitions from X-ray crystallography and ignoring the where-
abouts of the HO2′ hydrogen may lead us to overlook im-
portant information that can be gained from a neutron ex-
periment. The possibility to do so with relatively small crys-
tals and using higher flux spallation sources in combination
with cryo data collection now renders this approach attrac-
tive for much larger RNAs as well. Furthermore, the gen-
erally good agreement between the 100K diffraction struc-
tures and the 300K solution phase MD simulation results
suggests that many structural features we observe in the
crystal structures are NOT merely artifacts due to low tem-
perature or crystal packing effects, and may thus be more
broadly relevant.

DATA AVAILABILITY

Atomic coordinates and structure factors for the reported
crystal structure have been deposited with the Protein Data
Bank under accession number 7UCR.
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