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ABSTRACT

In the presence of magnesium ions, cleavage by the
hammerhead ribozyme RNA at a specific residue leads

to 2'3'-cyclic phosphate and 5 '-OH extremities. In the
cleavage reaction an activated ribose 2 '-hydroxyl
group attacks its attached 3 '-phosphate. Molecular
dynamics simulations of the crystal structure of the
hammerhead ribozyme, obtained after flash-freezing
of crystals under conditions where the ribozyme is
active, provide evidence that a p-bridging OH ~ion is
located between two Mg 2* ions close to the cleavable
phosphate. Constrained simulations show further that

a flip from the C3 '-endo to the C2'-endo conformation
of the ribose at the cleavable phosphate brings the
2'-hydroxyl in proximity to both the attacked phos-
phorous atom and the p-bridging OH — ion. Thus, the
simulations lead to a detailed new insight into the
mechanism of hammerhead ribozyme cleavage where

a p-hydroxo bridged magnesium cluster, located on
the deep groove side, provides an OH ~ion that is able
to activate the 2 '-hydroxyl nucleophile after a minor
and localized conformational change in the RNA.

INTRODUCTION

cleaves in the crystal at room temperat@e This phosphate-
bound Mg™ ion at site 6 is thus considered part of the active site
of the ribozyme®). A second Mg (site 1) is located 4.25 A apart
from the site 6 cation (Figa) 6). In the crystal structure of the
hammerhead RNA the cleavage-sitehygdroxyl is not in a
favourable position for the attack at the adjacent phosphate. A
conformational change in the hammerhead RNA during the
cleavage reaction was therefore proposgeP)( However, the
nature and extent of the required conformational changes are
unknown.

The catalytic mechanism for hammerhead cleavage still contains
controversial components (reviewed 1ifi). Based on several
experimentsi1,12), a double-metal-ion mechanism has been put
forward in which the metal ions bind directly to the attacking
2'-OH and leaving 5oxygen, without direct coordination to the
pro-Rp oxygen of the cleavable phosphatég, (K.Taira, private
communication). Our working hypothesis here was to analyze the
crystal structure of a catalytic hammerhead intermediate obtained
after flash-freezing in presence of ftgons at pH 8.5§). The
crystal structure shows two Mitjions bound in the deep groove
with one ion directly bound to thpeo-Rp oxygen of the cleavable
phosphate (Figld).

We have used molecular dynamics (MD) simulations to
investigate the dynamical flexibility of the hammerhead RNA.
MD calculations, using an explicit solvent model along with an
efficient treatment of the long-ranging electrostatic interactions

The hammerhead ribozyme is a catalytically active RNA thdiy the Ewald summation method4j, have recently been
cleaves a phosphodiester bond within its own backbdign&{e = demonstrated to be successful for reliable simulations of RNA
hammerhead RNA comprises three stems connected by singleslecules 1516). The calculations were done within the
stranded regions that contain conserved bases that are requiredfdBER4.1 force field {7) using the previously adjusted and
ribozyme activity (Figla) (2). Self-cleavage of the hammerheadvalidated parameter&§). It was the aim of this work to examine
RNA depends on divalent cations such as?Mdrhere is how dynamically occurring conformational changes in the
evidence §) that a hydroxide ion bound to a divalent cationhammerhead RNA could be integrated into a consistent mechanistic
abstracts the proton from the cleavage-sitbyBroxyl, which  model for hammerhead ribozyme cleavage. We appreciate the
then attacks the adjaceritfhosphate (Figlb and c) 4,5). A fact that the halftime of the cleavage reaction is in the minute
second divalent cation may be necessary for stabilizing thanescale, while the MD simulations cover the picosecond range,
pentacoordinated phosphate transition state or, as was suggested we thus do not pretend to simulate the catalytic reaction in
recently B,6), one metal ion may provide both functions. Thereal-time. The simulation of a chemical cleavage reaction itself
positions of five Mg* ions bound to the hammerhead RNA werewithin a complex structural framework such as the hammerhead
determined by X-ray crystallography (Fia) 6,7). One of the RNA is not feasible with currently available computational
Mg?* (site 6) was found bound to the cleavage-site phosphaterirethods. However, it was our aim to demonstrate that careful MD
a hammerhead ribozyme captured by flash-freezing crystals aftémulations based on the freeze-trapped crystal structure of an
soaking with Mg* at pH 8.5, conditions under which the ribozymeactive hammerhead ribozyme are helpful for defining pathways
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Figure 1. Three-dimensional structure of the hammerhead RNA as determined by crystal structure analysis after flash-freezing)atg) H8500sitions of four
Mg2*ions (1, 3, 4, 6) in proximity to the cleavable phosphate (gold) are shown. Two sites were omitted, namely the ion atesitdI2xhich is 15 A apart from

the active site and site 5 that bindsaVlbut not Mg* (6). (b andc) General mechanism previously proposed for hammerhead cleavage (3-5). Hydroxide coordinated
to a Mc?* ion that is bound to the cleavable phosphate activates the cleavagéwiteoyl group, which then attacks the adjacémit®sphate (b). The cleavage

gives rise to a'3'-cyclic phosphate and &bydroxyl end (c)(d) Stereoview of a snapshot taken after 400 ps of MD simulation illustrating the hydration pattern of
Mg?2* ions at sites 1, 3 and 6. Shown are nucleotides-Gg of the connection between helices | and Il apg-C; » in the cleavable strand. I@QG) is bound to

the pro-Rp phosphate oxygen of1A. The p-bridging OH- ion is shown in ball-and-stick representation between the two metals. Water molecules in the first
coordination sphere around the #gons are depicted as red spheres. Hydrogen bonds of metal coordinated water molecules stable during the simulations are fot
to N7 of Aq 1, to phosphate oxygens of (pro-Rp and O5’) and @ (pro-Sp), and to O4 of i 1. For clarity, the water molecules solvating the system are not shown.

around the equilibrium conformation which could lead towardSHAKE algorithm 22) was used to constrain the X-H bond
an activated transition state where the proximity of the reactilengths. Van der Waals interactions were truncated at 9.0 A, while

groups would allow the cleavage reaction to proceed. not cut-off was applied on the electrostatic term. The electrostatic
interactions were calculated with the Particle Mesh Ewald method
MATERIALS AND METHODS (23) with a charge grid spacing close to 1.0 A. An elaborate

The AMBERA4.1 packagel{) was used for MD simulations. €duilibration protocol was refined from protocols used in our
RNA atomic coordinates were from a previously published cryst&réceding work15,16) to allow for a carefgl accommodation of
structure analysis of an active hammerhead ribozyme freeZ8€ Water structure around the RNA and“¥igns. Three ps of
trapped at pH 8.5J. Parameters for Mg ions were from Aquist  Water equilibration at 298 K with all ions and RNA fixed were
(19), those for OH from Leeet al.(20). The RNA was placed in followed by a restart at 10 K and heating to 298 K in steps of 50 K
a rectangular box of SPC/E watef) containingT 6300 solvent ~ With 2 ps at each temperature where watef,asa Ct ions were
molecules. Fifty N& and 18 Ct ions, consistent with a allowed to move. After 10 ps at 298 K a restart at 10 K was
concentration of 380 mM Naand 140 mM Ci, were placed performed while the RNA non-hydrogen atoms were constrained
according to the electrostatic potential around the solute such thith 20 kcal and M§* ions with 10 kcal to their positions in the
no ion was closer than 4.5 A to any solute atom. crystal structure. The system was heated to 298 K in steps of 50 K
The simulations were run with a time step of 2 fs at a constanith 5 ps at each temperature. Subsequently the constraint on the
temperature of 298 K and a constant pressure of 1 atm. TWg2* ions was gradually removed during 40 ps simulation at
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Figure 2.Dynamical behaviour of the Mgions &, b andc). The simulation phase where the constraints on tHé s were released is shaded in gm)Dfstances
between the M@ ions at sites 1 and 6 and betweer?ffg and thepro-Rp phosphate oxygen of#. In the simulation without p-bridging OH- (left) the M (1)

was displaced by 3 A during the equilibration phase after which the calculation was stopped. Introdugtimidgirsg OH- between M§+(l) and M92+(6) resulted

in stabilisation of M§+(1) (middle). The stable binding of Mgs) to the phosphate of4 is not affected by addition of theOH~. During the simulation the axis

of the p-OH- stayed perpendicular to the line connecting?ilg and Md*) (right). We observed that the hydrogen atom ofjtf@H- rotated in the plane
perpendicular to this lineb{ When the Mg* ion at site 6 is not present, as in the pH 5.0 crystal structure, ﬁf@lMgn stayed bound close to its original position
as indicated by the plot of the distance betweeﬁ*M and thepro-Rp phosphate oxygen of4 (top). A water molecule hydrogen-bonded to bothpiteeRp
phosphate oxygen ofiA and to a hydration water of M{j1) occupied the crystal structure position onMg) during the simulation (bottomx)(Distances between
the M@+ ions at sites 3 and 4 and atoms of the RNAZ1gremained stably bound to the RNA (left two panels), WhiIéMgdissociated after 200 ps (right).
Interactions of M@’f(g) with the RNA are mediated via water bridges (Fig. 1d). Rearrangement of water bridges be@V@nghe @phosphate at 120 ps leads
to a shifting of the distance between this ion anghtbe&sp oxygen of . The resulting hydration pattern remains stable until the end of the simulation. The position
of M92+(3) relative to the RNA is not affected by this rearrangement as indicated by the distances to three reference atoms NXBlaifAJ 1 and Mg?’f(s)]. o4

of U 1 forms a contact to M) via a water bridge while £ is the nucleotide stacking on top of®oth of which are linked by the cleavable phosphate (Fig. 1d).

298 K. Finally, after a restart at 10 K, the system was again heatib@ crystal is stabilized by the packing of two hammerhead
to 298 K in 5 ps steps of 50 K without applying any constraintsnolecules which stack their stem blunt ends against each other
leading to a pseudocontinuous helical packing schéminthe
RESULTS AND DISCUSSION crystal structure of a different RNA/DNA hammerhead molecule
this contact between stem ends is absent and, consequently, stem:
I and Il are tilted §). Similarly, in our simulations the absence of
crystal contacts lead to tilting of the stems. However, no base-pair
We have gathered evidence from MD simulations of the crystalliz&tf€aking was observed in the stem regions. . .
hammerhead RNA that at least one bridging-@Hequired to In afirst set of simulations we observed that thé Nt at site
stabilize the two Mg ions at sites 6 and 1. We performedl was not stable at the position of the crystal structure Z&)g.
simulations on the fully hydrated and neutralized hammerhedgspite the fact that this ion is the most tightly bound one, as
RNA in presence of the Mg ions located at the sites observedsuggested by its appearance in the early electron density maps.
in the pH 8.5 crystal structure (Fig) (6). Special care was taken When the positional constraints on theaVlns were removed
when equilibrating the system of RNA, ions and solvent. Arluring the equilibration procedure, the cation at site 1 moved rapidly
elaborate heating protocol was employed to ensure relaxation®kay fromits original location in proximity to the Kftjon at site
the RNA and at the same time a favourable arrangement ®fwhile the latter stayed at its original position bound to the
solvent molecules around both RNA and #gFirst, solvent phosphate of A1 (Fig. 2a). The electrostatic repulsion between
water was allowed to equilibrate, while RNA and ions were fixethe two Mg* ions at sites 1 and 6 apparently destabilized the
followed by a simulation phase where the constraints on the ioagrangement found in the crystal structure for these ions.
and the RNA were successively removed (see Materials andn order to decrease the repulsion of the'Mgns at sites 1 and
Methods). The quality of the trajectories obtained in our M5 we introduced @-bridging OH (Fig. 1d). For positioning the
calculations is attested by the fact that the hammerhead RN2H~ we replaced a water molecule which, during our first
retained its structural integrity in all simulations. The RMS deviatiosimulation, formed a bridge between the two cations while they
was in the range of 2.0 A after 500 ps of calculation. Stems | ameere still constrained at their positions in the crystal structure. A
I, roughly parallel in the starting crystal structure, tilted towardsimilar approach was used by Lee and coworkers for the simulation
each other during the simulations. The parallel stem geometryfia Z-DNA crystal that contained clusters of #gpns @0).

Evidence for a bridging OH" ion between two Md@™ ions at
the hammerhead active site
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structure (8-10 A) (Fig2c). Therefore, it is unlikely that the
Mg2* ion at site 3 is directly involved in the chemistry of the
cleavage reaction. Following our simulations we have no clues
regarding the Mg ion at site 4, which is bound to G5, a
nucleotide essential for catalysty, (since this ion dissociated in
the present simulations.

(a)

Mo 3\,
-9
T N . . . L

Ma(s) -i(\ gﬁ)enmental results in line with the proposal of a bridging
a ~ion

While for X-ray crystal structure analysis it is difficult to
Ci7 distinguish between water molecules and hydroxide ions, it is
hoped that MD simulations can help to elucidate such details of
the solvation structure of metal ions. This could be especially
meaningful for the hammerhead RNA where one of the
Figure 3. Comparison of the active sites of the hammerhead ribo@yaed crystallographically identified Mg ions is only observed after

the rat DNA polymerasg (b) (after 33)(a) The proposeg-bridging OH-ion freeze-trapping at high pH (site 6§)( In the present MD
between the Mg ions at sites 6 and 1 (distance 4.3 A) (6) in the hammerheadgjmy|ations, the binuclear metal center was not stable, but could

RNA is shown as smaller sphere along with water molecules coordinated to th e : :
metal ions during MD simulations. The cleavable phosphodiester bond isE)e stabilized as p-hydroxo-bridged metal complex. Following

indicated by an arrow. (b) At the active site of the DNA polymefatiee the prevalent meChar]ism for catalytic cleavagenhich inV0|Ve_$
anionica-phosphate oxygen (smaller sphere) of the substrate dideoxycytidinea metal hydroxide activating théydroxyl group for nucleophilic

triphosphate (ddCTP) is bridging two Ffgions (distance 4.6 A) (33). The  attack and where the reaction rate increases as pH is incréased (
position of _three met_al-cqordlnated aspartate residues is indicated, which ag s tempting to suggest that thehydroxo—bridged metal
conserved in the active site of nucleic acid polymerases (41,42). S . : - . .
complex is implicated in the chemistry of the ribozyme catalysis.
It was proposeds) that the Mg* ion at site 6 provides two basic
functions required for ribozyme cleavage. First, by binding of
In the subsequent simulations of the hammerhead RNA thdg2* close to the cleavable phosphate a conformational change
OH~ion was constrained during the first phase of equilibration d@s induced that is required for in-line attack of the active-site
were the M@* ions. Yet, after complete removal of the 2-hydroxyl. Second, the same kfgcarries an OHion that is
constraints, the complex of the two Rgons at sites 1 and 6 necessary for the deprotonation at the cleavage sitglgoxyl
along with the bridging OFmaintained its geometry over the in the base-catalyzed step of the cleavage reaction.
whole 500 ps simulation period (F&g). Thus, the OFsucessfully The present simulations provide evidence for the existence of
moderates the electrostatic repulsion between the two proximattleast two stable states for magnesium binding to the hammer-
MgZ*ions. In the presence of the bridgingQéh, the MgTion  head RNA. In one state, corresponding to the crystal at pH 5.0, a
at site 1 remained very stable at its crystal structure position in livdg2* ion is bound at site 1 and there is a water molecule linking
with the observation that this cation is always seen in X-raghepro-Rpanionic oxygen of the cleavable phosphate and a water
analysis. Despite the fact that site 1 is adjacent to a non-consereétlydration of M@™ at site 1. In the second state, corresponding
region of the hammerhead RNA, specific binding of cations coul the crystal at pH 8.5, two Mgions are bound close to the
be favoured independently of the sequence because this siteclmavable phosphate at sites 1 and 6 with ani@ticoordinated
located in the deep groove of stem | which displays the lowett both Mg*ions. The OHion required for stabilizing the dimer
electrostatic potential around an RNA hel), of Mg2* ions is bridging these cations similarly to the situation in
The metal ion at site 1 was not stabilized when instead of arhydroxo complexes formed by olation of metal hydroxides
OH~ion either one or two water molecules were placed bridgin(?5,26). In line with the assumption ofabridging OH- is the
the Mg?* ions at sites 1 and 6 (data not shown). In all suchbservation that in X-ray analysis some density maps show
instances, the repulsion between the two adjacent metal ioesntinuous electron density between the metals at sites 1 and 6.
rapidly lead to breaking of the water bridges, expelling th&'Mg The p-hydroxo-bridged cluster is clearly superior to a single
ion at site 1 from its original position. However, theMipn at  Mg2* in stabilizing a high local concentration of ©Okh
site 1 was not expelled from its original position in simulationgroximity of the active site and the activity of Oldns around
where the ion at site 6 was not present Q. This corresponds the metal cluster may thus be higher.
to the situation observed in crystals of the hammerhead RNASimilar complexes of two metal ions bridged by Qtére also
grown at pH 5.0 where a Mgion is bound at site 1 but not at site proposed to be part of the active sites of binuclear metallohydrolases
6 which is occupied by a water molecut. (n agreement with  (27). For inorganic pyrophosphatase frdascherichia coli
this finding, we observe in such simulations a water moleculexperimental findings strongly suggest that arr@id bridging
linking both thepro-Rp phosphate oxygen ofiAand a hydration  two Mg?*ions is involved in catalysi€g). Related situations are
water of M@+ ion at site 1 (Fig2b). found in the crystal structures of mammalian phosphatase-1 and
During the different simulations the Mitjion at site 3 stayed yeast enolase where two adjacent?Mgpns are bridged by a
bound to the RNA while the ion at site 4 dissociated from thearboxylate oxygen2@,30). However, no calculations were
RNA (Fig. 2c). The M¢™ at site 3 stabilizes the turn betweenperformed on such systems. Interestingly, an anionic phosphate
helices | and Il by interacting with the phosphates©&@®l U  oxygen bridges two divalent metal ions at theb3exonuclease
and with the side-chain ofd4 (Fig. 1d). The distance between active site ofEscherichia coliDNA polymerase | where one
the M@+ at site 3 to the ion at site 6, which is bound to themetal ion is directly bound to another phosphate oxygén It
cleavable phosphate, remained in the range found in the crystals been proposed that in theS3exonuclease the bridged metal
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Figure 4. Stereoview showing the hammerhead active site with tH#e Mgs at sites 6 and 1 along with theridging OH- ion beforg(a) and aftefb) the flip from
C3-endoto C2-endopucker at the ¢ ribose. Distances within the range of hydrogen bonds between two water molecules bouﬁqsl;camgthe 2hydroxyl

group of G7are indicated by dotted lines. The cleavable phosphodiester bond is indicated by gn)akriiyy.from C3-endoto C2-endopucker of the ¢; sugar

was induced by forcing the ribose torsional angle (G23-C4'-O4') to values above 25shaded area). The starting structure for this simulation was a hammerhead
conformation extracted after 430 ps of an unconstrained trajectory (Fig. 2). The torsional constraint was slowly switchgdlmnfitat 10 ps and released after

30 ps (top). In concert with the ribose flip the;@-hydroxyl moved closer than 3.5 A to the attached phosphorous atom, to <6 A frprDHirebridge, and to

4 A from Mg?*(s) (middle and bottom panels and Fig. 3b). The conformational energy of the hammerhead RNA calculated from the AMBER (ftB}evéisid

not affected by the ribose flip.

cluster provides an OHion necessary for catalysiSl). distances between thel®/droxyl oxygen atom and the cleavable
Subsequently, a general mechanism for DNA and RNA polymephosphate (data not shown). However, when a flip of the ribose
ases has been set up, where a complex of twd Mgs bridged  pucker from C3endoto C2-endoat the G7 residue which holds
by an anionic phosphate oxygen stabilizes the transition statethre cleavable 'dphosphate was induced during the simulations,
the catalysis32). X-ray structure analysis revealed this kind ofthe reactive-site'zhydroxyl moved in close proximity to both the
geometry for two M§" ions bridged by an anionic phosphateattacked phosphorous atom andjiHeridging OH-ion (Fig.4).
oxygen at the active site of rat DNA polymerfg€ig. 3) (33). At the same time, the'-Aydroxyl comes within hydrogen
As in theE.coliinorganic pyrophosphatase, where fluoride ionsonding distance of two water molecules bound to th&*litm
are known to inhibit activity34), probably by competition with at site 6 (Fig4b). Although the present study does not show
an OH ion implicated in catalysis2f), the hammerhead evidence for it, the sugar flip could constitute a conformational
ribozyme should be tested for activity in presence abfs. In  rate-limiting step. At room temperature, only a few hammerhead
this respect, it is interesting to note thatiéns also inhibit molecules could probably enter the thermally-driven conformational
splicing in group | introns35) which are also metalloenzymes change from the inactive ;&C3-endo to the active
(36) and for which the positions of two Mjions at the catalytic C,~C2-endopucker. This makes the pucker flip a rare process
site have been proposetl). which is beyond the nanosecond time scale of the present MD
e simulations. It was speculated earlier that among other conforma-
" tional changes such a flip of the{ribose pucker could be
In the simulated MD trajectories, where the hammerheandecessary for the hammerhead self-cleavage)(
conformations are always close to the crystal structure, theThe Mg ion at site 4 could also participate in the conforma-
u-hydroxo bridge was never seen in a favourable position for th®nal change from ground state to the transition state. In the MD
direct activation of the cleavage-siteh®droxyl. As such, this simulations, this ion dissociated from its site in the crystal
observation is not surprising since the conformational samplingructure in proximity to the base of G5, a nucleotide essential for
is done around the equilibrium state, from which input otatalysis 2). It might be possible that the release of théMgn
activation energy is required in order to reach the transition stat. site 4 is required for facilitating the conformational change.
Simulations performed at higher temperatures up to 350 Kiterestingly, dissociation of Mg ions from the hammerhead
followed by rapid cooling led at times to only slightly shorterRNA upon cleavage is experimentally obsen&d.(

Could the bridging OH~ ion initiate hammerhead cleavag
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Figure 5. New mechanism for hammerhead ribozyme cleavage proposed on the basis of MD simulations of the crystdgtAdtetuteapping of an OHbetween

two Mg2* ions in the deep groove, a flip from'@shdoto C2-endopucker at the & ribose moves the cleavage-siténg@droxyl group in proximity to the hydration
sphere of the I\/Rj(s) ion bound to the cleavable phosphate. [IHeidging OH- between Mﬁ"(l) and Mg°-+(6) abstracts a proton from a metal-bound water molecule,
which then activates the proximait®/droxyl group. The activated-Bydroxyl attacks the adjaceritfhosphate leading to thé82cyclic phosphate and-Bydroxyl
products(b). It is further suggested that the initial state is recovered by proton transfer from a metal-bound water molectHeyidrdxglSroup of one product
(c). The fate of thgi-hydroxo-bridged magnesium cluster after cleavage is unknown. The outlines of this new detailed mechanism are consistamtilathie
structural data and the earlier proposed cleavage chemistry (4) where a metal-bound hydroxide activates the cléawalyessiteg®up (Fig. 1b and c).

After the change in sugar pucker from'@8doto C2-endq  p-hydroxo-bridged M§* cluster which provides the GHon
we speculate that proton shuffling could occur within the hydratioactivating the 2hydroxyl nucleophile (Fig4a). A minimal
sphere of the bound Mgions leading to proton abstraction from conformational change in the RNA restricted to a single sugar
the 2-hydroxyl and to proton donation to thielydroxyl of one  pucker change from G&ndoto C2-endois sufficient for
cleavage product (Fid) so that the final and initial states areinitiating the cleavage (Figb).
identical, as expected for a catalytic mechanism. Within this
proposed scheme,_ the samezl\‘/l';g)n binds via water molecules ACKNOWLEDGEMENTS
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