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Intr oduction

Aptamersarenucleicacidmoleculesselected
in vitro to bind small molecules,peptides,
proteinsor evenothernucleicacidswith high

affinity andspecificity They offer a unique
opportunityto extendour knowledgeon the
basic principlesof nucleic acid architecture
andligand recognition. Despitetheir proba-
ble absencén organismsRNA aptamersare
likely to play animportantrole in molecular
diagnosticsand therapeuticapplications[1].

Flavin mononucleotidgFMN) is a cofactor
thatmediatesedoxreactionsvhenboundas
a prostheticgroupto flavoproteins. Further

more, recentstudieshave shavn that FMN

is able to photocleae RNA specifically at
G-U basepairs embeddedwithin a helical
stack [2]. Recently the structure of the
FMN-RNA aptamercomplex has beende-
terminedby NMR spectroscopy3]. Here,
we presentan unrestrained..7 ns molecular
dynamics(MD) simulation of the complete
FMN-RNA aptamerto probe its structural
anddynamicalfeaturesn aqueousolution.

Computational Methods

Atom centeredpartialchagesfor FMN were
obtainedby fitting the electrostaticpoten-
tial obtainedfrom quantum-chemicadb ini-
tio calculationsat the HF/6-31G* level. For
theMD simulationthe AMBER suiteof pro-
gramswas used(Cornell et al. (1995)force
field, particlemeshEwald(PME) summation
for treatmentbf electrostatics) The aptamer
was fully solvatedin a box of 2607 water
moleculesand36 Na' counterionsThe MD
simulationwasrun over 1700ps with a 2 fs
time step,constanpressurg1 bar), constant
temperaturg300 K) and SHAKE appliedto
all hydrogenbond lengths. The coordinates
weretakenfrom model1 of the NMR struc-
ture[3].

Results

Standard MD analysis

The unrestrainedVID simulationleadsto a
stablestructure(Fig. 1). An averagestruc-
ture was obtainedfrom the last 500 ps. The
RMSdvalueof the averagestructureascom-
paredto theNMR structureis 3.7 A.
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Figure 1. Time—courseof the RMSd val-
uesof all heary atoms(top) and FMN alone
(bottom) againstthe NMR structure.

The largest differences were found for
the first and last three nucleotides and
the hairpin loop, whereasthe FMN bind-
ing site stays very close to the start-
ing structure (Fig. 2). All intermolecu-
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lar (FMN-RNA) andintramoleculafRNA—
RNA) NOEsfrom theNMR experimentthe
base triple (G10U12:A25), and the mis-
matchegA13-G24 A8-G28andG9 G27) are
maintainedduring the simulation. The most
flexible partsof the aptamerare the hairpin
loop andthe loopedout baseAl1 (Fig. 3).

Figure 2. Backbone superimposition of
the NMR structure (blue) and the simulated
averagestructure.
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Figure 3. RMS fluctuations of all heary
atoms relative to their average positions.
Except for looped out basesAll and U18
peaksare due to the phosphategroups.

FMN and environment

The hydrogenbondsbetweenthe uracil like
edgeof the FMN isoalloxazinering andthe
Hoogsteenedgeof A26 are assumedo be
responsiblfor the recognitionspecificity of
FMN. They are found to be dynamically
stableover the whole trajectory However,
thereis a movemeniof the FMN phosphate
group towardsG27 which leadsto new sta-
ble H-bondsbetweenFMN and G27 (un-
satisfiedG27 N1/aminosite with the phos-
phate of FMN (Fig. 4). We have found
threevery long-living watermolecules(res-
idencetime > 500 ps) associatedvith the
FMN binding site (Fig. 4). They bridgethe
02 andO4’ atomswithin FMN andconnect
FMN(O4/N5)with A26(02P)andG27(N7).

Figure 4. Three long-living water
moleculesin the FMN binding site. Fur-
thermore, the FMN phosphategroup forms
hydrogenbondswith G27.

The ribose 2'-OH group

The occurrenceof the 2’—~OH groupin the
RNA backbones themostobviousstructural
differencebetweerRNA andA-DNA. How-
ever, its detailedrole remainsto be clarified.
The corventionalfunctions ascribedto this
groupare alocking of the sugarpuckerand
02'(H)---04’ intra—strandhydrogenbond-
ing. Recently a high resolutionX—ray struc-
ture of an RNA duplexhasshawn thatit is
moreextensiely hydratedhanacomparable
DNA duplexstructuref4]. Thiswasascribed
to therole of the2’—~OH groupassumingac-
itly that it actsasa hydrogenbond donor
Our resultsindicatethatindeedthereareal-
mostno intra—stranchydrogenbondsinvolv-
ing O2' eitherasdonoror asacceptor The
greatmajority of the aptamer2’—~OH groups
is exposedo the solventandformsH-bonds
with water O2’ actsbothasa donorandas
acceptor However, the acceptorfunction is
preferred.Theresidencéimesof thesewater
moleculesaregenerallybelon 200 ps. This
isin line with theresultsobtainedn [5, 6].

C-H Onteractions

Recently it has been claimed that short
C-H---O contactsmay play a structural or

functionalrole in biopolymerstructureq7].

Auffinger et al. [6] have concludedfrom an
MD simulationanda subsequenanalysisof

X-ray RNA structuresthatthereis a stabiliz-
ing C2'(H)(n)---0O4’(n+1) interactionin the
RNA backboneln ananalysisof experimen-
tal RNA structureswe have found that the
C5’(H)(n+1):--02’(n) interactionhassimilar
geometricalproperties. (Brandl, Lindauer

Meyer, Suihnel,unpublished).
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Figure 5. Next-neighbour backbone—
backboneC-H O interactions.

Both interactions connect backbone seg-
ments and form a seven-memberedring
which is specific for RNA. It is therefore
tempting to speculatethat this motif con-
tributes to the increasedrigidity of RNA
structuresas comparedto DNA. We find
in the MD simulation that the great ma-
jority of C2'(H)(n)---O4’(n+1) interactions
and a smaller but significant part of the
C5'(H)(n+1)---0O2'(n) interactions(one hy-
drogenatom only) indeed occurswith rel-
atively short distancesand anglesbetween

90 and180 (Fig.5). The shortandlong
C5'(H)(n+1)---02'(n) interactionsdiffer in
the values of the backbonetorsional an-
gles alpha and gamma(short: a = 270 -
300,y 60; long: a =60- 300,y
180). In addition, it was found that short
C2'(H)(n)---O4’(n+1) interactionscanoccur
with shortor long C5'(H)(n+1)---O2'(n) in-
teractionsfor a base pair step. On the
other hand, the simultaneousoccurrence
of long C2'(H)(n)---O4’(n+1) and short
C5'(H)(n+1)---O2’(n) contactsis not possi-
ble. Fromthe MD simulationswe cancon-
cludethatbothinteractionshave comparable
geometricalpropertiesand are dynamically
stableover the whole trajectory However,
their contribution to RNA stability in terms
of freeenegy remainsto beassessed.

Conclusions

0 Theunrestrainedimulationleadsto asta-
ble structure.

0 The NMR NOEsandthe basicstructural
featuredike basetriples and mismatches
aremaintainedduringthe simulation.

O Differenceswere found for the relative
orientationof thehairpinlooptowardsthe
stemand for the first and last three nu-
cleotides.

0 The FMN phosphategroup moves to-
wards G27 and forms new hydrogen
bonds.

0 As expectedthe hairpin loop and the
loopedout baseA11 arethe mostflexible
partsof the complex.

O Within the FMN binding site very long-
living water (residencetime > 500 ps)
werefoundforming hydrogerbondsboth
within FMN andbetweerFMN, A26 and
G27.

0 The 2'-OH groupis almostnot involved
in intra—RNA hydrogenbonds. It can
form hydrogenbondswith waterboth as
an acceptorand as a donator However,
theacceptorffunctionis dominating.

O In addition to the alreadyknown intra—
strandC2’(H)(n)- - -O4’(n+1) interaction,
thereis a C5'(H)(n+1)---02’(n) interac-
tion with comparablegeometryand dy-
namically behaiour. Both interactions
connectbackbonesegmentsvhich form
togethera seven-membereding specific
for RNA. However, the contribution of
these interactionsto RNA stability in
terms of free enegy remainsto be as-
sessed.
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