
P5038: NONCOVALENT INTERACTIONS OF HYDRATED DNA AND RNA 

MAPPED BY 2D-IR SPECTROSCOPY 

• 2D-IR spectroscopy identifies distinct ordered and 
local hydration structures of the sugar-phosphate 
backbone of dsRNA (AU)23 


• RNA melting is connected with transitions between 
the different hydration structures 
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ABSTRACT: The water hydration shell has a decisive impact on the structural and functional
properties of RNA. Changes of the RNA structure upon melting and in biochemical processes are
accompanied by a change of hydration patterns, a process that is barely characterized. To discern
hydration geometries around the backbone phosphate groups of an RNA double helix at the
molecular level, we combine two-dimensional infrared spectroscopy of phosphate vibrations with
theoretical simulations. There are three distinct coexisting hydration motifs of the RNA A-helix: an
ordered chain-like arrangement of water molecules with links between neighboring phosphate
groups, separate local hydration shells of up to six water molecules, and hydrated phosphate/
counterion contact pairs. RNA disordering upon melting is connected with a transition from
predominantly ordered water structures to local hydration shells around phosphate units.
Structural fluctuations are dominated by librational water motions occurring on a 300 fs time scale,
without exchange between hydration motifs.

1. INTRODUCTION
The macromolecular structure of RNA plays a key role for its
function in biochemical processes.1 Folded secondary
structures of RNA are stabilized by interactions with their
hydration shell and (counter)ions embedded in the aqueous
environment.2,3 Key interactions are local hydrogen bonds and
longer-range Coulomb forces.4−6 Most important in the
folding of RNA structures is the overcoming of the strong
electric repulsion between negatively charged phosphate
groups in the RNA backbone mediated by (counter)ions and
dipolar water molecules. Changes of the secondary structure,
e.g., by RNA folding, during RNA translation in cells or
melting of the RNA structures at elevated temperature are
inevitably connected with changes of hydration geometries that
have not been understood so far.
Time-averaged structures of hydrated RNA have been

studied under quasi-equilibrium conditions by X-ray diffraction
from crystallized samples and by molecular dynamics (MD)
simulations.7−9 At ambient temperature (∼300 K), fully
hydrated double-stranded RNA typically forms an A-helix
with adenine−uracil and guanine−cytosine pairs in a hydro-
gen-bonded Watson−Crick geometry. In the A-helix, the free
(PO2)− oxygens of the backbone point into the grooves at the
RNA surface. The structure of the first water layer is mainly
determined by the steric boundary conditions and charge
distribution at this surface. Adjacent (PO2)− units are bridged
by individual water molecules, while the ribose 2′-OH groups
induce chain-like arrangements of the hydrogen-bonded water
molecules in the minor groove. Compared to the DNA B-
helix,10 the water structure at the RNA surface is more
ordered.7,11

Hydrated DNA and RNA display fluctuations of the
equilibrium structure and vibrational dynamics in the femto-
second time domain, complemented by a breaking and
reformation of water hydrogen bonds in the picosecond time
range.4,12−14 The ionic and polar groups of the backbone, in
particular the phosphate groups, are subject to fluctuating
electric fields from the hydration shell and vice versa exert
electric forces on the dipolar water molecules.15 Recently, we
have applied two-dimensional infrared (2D-IR) spectroscopy
of backbone vibrations to unravel hydration dynamics around
the B-helix of DNA and the A-helix of RNA at ambient
temperatures around 300 K.11,16−18 The analysis of the 2D line
shapes reveals fast fluctuations of the solvating water shell on a
300 fs time scale, while the structural disorder of the helix−
water interface translates into an inhomogeneous distribution
of vibrational transition frequencies, persisting for at least tens
of picoseconds. Ab initio calculations and molecular dynamics
simulations suggest short-range electric interactions with time-
averaged field amplitudes of ∼90 MV/cm at the RNA/DNA
surfaces and fluctuation amplitudes of ∼25 MV/cm.18

Here, we combine femtosecond 2D-IR spectroscopy and
theoretical simulations to explore changes of the molecular
hydration pattern upon RNA melting, a prototypical change of
the secondary structure. The asymmetric (PO2)− stretching
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• Contact ions of Mg2+ and (PO2)- groups: new blue 
shifted peak in 2D-IR spectra


• Contact pairs: efficient screening of (PO2)- - (PO2)-  
repulsion, relevant for stabilizing the tertiary structure 
of tRNA.  
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