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Abstract The hammerhead ribozyme, a small catalytic
RNA molecule, cleaves, in the presence of magnesium
ions, a specific phosphodiester bond within its own back-
bone, leading to 2'3'-cyclic phosphate and 5'-OH extrem-
ities. In order to study the dynamical flexibility of the ham-
merhead RNA, we performed molecular dynamics simu-
lations of the solvated crystal structure of an active ham-
merhead ribozyme, obtained after flash-freezing crystals
soaked with magnesium. Because of a careful equilibra-
tion protocol and the use of the Ewald summation in cal-
culating the electrostatic interactions, the RNA structure
remained closetothecrystal structure, asattested by aroot-
mean-square deviation below 2.5 A after 750 ps of simu-
lation. All Watson-Crick base pairs were intact at the end
of the simulations. The tertiary interactions, such as the
sheared G - A pairs and the U-turn, important for the sta-
bilisation of thethree-dimensional RNA fold, werealsore-
tained. The results demonstrate that molecular dynamics
simulations can be successfully used to investigate the dy-
namical behaviour of aribozyme, thus, opening aroad to
study the role of transient structural changes involved in
ribozyme catalysis.

Key words AMBER - Ewald summation - Sheared
GA pair - Magnesium ions - Ribose pucker flip

Introduction

The hammerhead ribozyme was originally identified as an
RNA motif catalysing the self-cleavage of satellite RNAs
in plant viruses and viroids (Symons 1992). The minimal
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sequence of the hammerhead RNA required for catalysis
comprises around 40 nucleotides folded into three stems
which are connected by single-stranded regions (Fig. 1a)
(Uhlenbeck 1987; for review see Scott and Klug 1996;
Thomson et a. 1996). The three-dimensional structure of
the hammerhead ribozyme has been determined by X-ray
crystal analyses and fluorescence resonance energy trans-
fer techniques (Fig. 1b) (Pley et al. 1994; Scott et al. 1995,
1996; Tuschl et a. 1994). Catalysis of the hammerhead
cleavage reaction requires the presence of divalent cations
such as Mg?* (Dahm and Uhlenbeck 1991). In the cleav-
age reaction a hydroxide ion bound to adivalent metal ion
deprotonatesthe cleavage-site 2'-OH group which then at-
tacks the adjacent 3'-phosphate (Fig. 1c) (Dahm et al.
1993). A second divalent metal ion may stabilize the pen-
tacoordinated phosphorous transition state (Scott et al.
1996). Crystal structure analysis revealed the positions of
five Mg?* ions bound to an active hammerhead ribozyme
(Fig. 1b) captured by flash-freezing RNA crystals after
soaking with Mg?* at pH 8.5 where the ribozyme cleaves
in the crystal at room temperature (Scott et al. 1996). One
of the Mg?" ions (site 6) is directly bound to the cleavable
phosphate and is thus considered part of the active site of
the ribozyme. A second Mg?* ion (site 1) islocated 4.25A
apart from Mg%g). A shortcoming of the hammerhead RNA
crystal analyses available to date is the fact that in neither
of the structures is the cleavage-site 2'-hydroxyl in a fa-
vourable position for nucleophilic attack at the adjacent
phosphate (McKay 1996). To initiate the cleavage reac-
tion, aconformational change in the hammerhead RNA is
therefore likely (Scott et al. 1996; Mei et al. 1989; Setlik
et a. 1995; Hermann et al. 1997).

It isthe aim of the present work to study the dynamical
flexibility of the hammerhead RNA using molecular dy-
namics (MD) simulation techniquesin order to rationalize
conformational changes in the RNA which could help to
build a structurally consistent mechanistic model for ham-
merhead ribozyme cleavage. Starting from the crystal
structure of an active hammerhead ribozyme, we per-
formed MD simulations of the hammerhead RNA in the
presence of explicit solvent and salt ions.
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Fig. 1 a Secondary structure of the hammerhead RNA emphasiz-
ing the continuous stacking of stems Il and |11 with the connecting
region consisting of two sheared G - A tandem base pairs and two
non-canonical A - U pairs. Thesiteof catalytic cleavage between C,,
and A, ; onstem | isindicated by an arrow. Stem | connects to stem
Il viathe U-turn U, to Ag. b Three-dimensional folding of the ham-
merhead RNA asdetermined by crystal structure analysisafter flash-
freezing crystals of an active hammerhead ribozyme in the presence
of Mg?" ions (Scott et a. 1996). The positions of five Mg?* ions
(1-4, 6) are shown as spheres. M gz(’g) isdirectly bound to the pro-Rp
oxygen of the cleavable phosphate (arrow). ¢ General mechanism
previously proposed for the hammerhead catalytic cleavage (Dahm
et al. 1993; for review see Thomson et al. 1996). Hydroxide coordi-
nated to a Mg?®" ion that is bound to the cleavable phosphate acti-
vatesthe cleavage-site 2'-OH group, which then attacks the adjacent
3'-phosphate. An additional acidic group (H-B) donates a proton in
the reaction. The products of cleavage are 2'3'-cyclic phosphate and
5'-OH ends

We have previously reported results from MD simula-
tions (Hermann et al. 1997) suggesting that in the hammer-
head ribozyme a p-bridging OH™ ion is located between
two Mg?" ions close to the cleavable phosphate. In an at-
tempt to uncover pathways from the ground state structure
of the hammerhead in the crystal towards an RNA confor-
mation where the cleavage reaction is sterically possible,
we have also performed constrained simulations. These
simulations allowed us to show that a flip from the C3'-
endo to the C2'-endo conformation of the ribose at the
cleavable phosphate is sufficient to position the 2'-hy-
droxy! group, the attacking nucleophile in the cleavagere-
action, in proximity to both the attacked phosphorous atom
and the activating p-bridging OH™ ion. Thus, the simula-
tions have led to new insight into the mechanism of ham-
merhead ribozyme cleavage (Hermann et al. 1997).

Here, wereport indetail the dynamical behaviour of im-
portant geometrical, stereochemical, and conformational
parameters characterising the hammerhead three-dimen-
sional RNA fold.

Methods

All calculations were performed on a Silicon Graphics
Indigo® IMPACT 10000 workstation usingthe AMBER4.1
software (Pearlman et al. 1994) and forcefield (Cornell et
al. 1995). Additional force field parameters for Mg®* ions
were from Aquist (1990), those for OH™ from Lee et al.
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Fig. 2 Equilibration protocol used for the accommodation of sol-
vent and ions around the hammerhead crystal structure. The num-
bers give the simulation time in ps at a given temperature. Horizon-
tal bars at the bottom indicate the periods where constraints or en-
ergetical restraints (in kcal) were imposed for tethering RNA and
ions. For details see the Methods section

(1995). Atomic coordinates of the hammerhead RNA were
from a previously published crystal structure analysis of
an active hammerhead ribozyme freeze-trapped after soak-
ing crystals with Mg?* ions at pH 8.5 (Scott et al. 1996).

The solvated system was prepared by placing the RNA
in a rectangular box (~75x62x48 A3) of SPC/E water
(Berendsen et al. 1987) typically containing ~6500 solvent
molecules. A salt concentration of 380 mm Na’ and
140 mm Cl~ was achieved by adding 50 Na* and 18 ClI~
ions, placed with the PROION program of the GROMOS
package (van Gunsteren and Berendsen 1987), according
to the electrostatic potential around the sol ute such that no
ion was closer than 4.5 A to any solute atom.

The MD simulations were run at atime step of 2 fsus-
ing the SHAKE algorithm (Ryckaert et al. 1977) to con-
strain the X—H bond lengths. A constant temperature of
298 K and a constant pressure of 1 atm were maintained
by coupling to an external heat bath every 0.4 ps and vol-
ume scaling every 0.5 ps (Berendsen et al. 1984). Van der
Waals interactions were truncated at 9.0 A, while no cut-
off was applied on the el ectrostatic term. The electrostatic
interactions were calculated with the Particle Mesh Ewald
method (Darden et al. 1993) with a charge grid spacing
closeto 1.0 A.

An equilibration protocol was devised to ensure care-
ful accommodation of solvent and ions around the crystal
structure of the RNA (Fig. 2). Starting from a solvent box
built with the AMBER package, 3 ps of water equilibra-
tion at 298 K were calculated with all ionsand RNA fixed,
followed by arestart at 10 K and heating to 298 K in steps
of 50 K, with 2 ps of simulation at each temperature,
where water, Na" and Cl~ ions were allowed to move. Af-
ter 10 psat 298 K arestart at 10 K was performed while
the RNA atomsexcept for hydrogen were constrained with
20 kcal and Mg®* ions with 10 kcal to their positions in
the crystal structure. The system was heated to 298 K in
steps of 50 K with 5 psof simulation at each temperature.
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Subsequently the constraint on the Mg?* ions was gradu-
ally lowered to zero during 40 ps simulation at 298 K. Fi-
nally, after arestart at 10 K, the system was again heated
to 298 K in 5 ps steps of 50 K without applying any con-
straints.

For simulations at 350 K, gradual heating in steps of
10 K, with 10 pscalculation at each temperature, was per-
formed, starting from atom coordinates and vel ocities of a
configuration within a 300 K trgjectory.

During the productive MD phase, coordinates were re-
corded for analysis every 0.5 ps. Visualisation of the tra-
jectories was done with the MDDRAW software (Engler
and Wipff 1994).

Results and discussion

Before focusing on the behaviour of the ribozyme during
the MD simulations, we will first briefly summarize the
binding and coordination of Mg?* ions to the hammerhead
RNA, owing to their importance in the structuration and
folding of RNA ingeneral (for areview seeBrion and West-
hof 1997).

Behaviour of the Mg®* ions during the MD simulations
The positions of five Mg?* ions were determined in the
crystal structure analysis of an active hammerhead ribo-
zyme captured by flash-freezing crystals in the presence
of Mg®* at pH 8.5 (Fig. 1b) (Scott et al. 1996). In order to
ensure an optimal hydration of the metal ionsat their bind-
ing sites, an elaborate equilibration procedure was used at
the beginning of the MD simulations. After a phase where
the RNA and the Mg?* ions were fixed to their positions
inthecrystal structure, and only solvent water wasallowed
to move, the tethering of the Mg?* ions was gradually re-
leased whilethe RNA wasstill constrained. During the last
phase of the equilibration protocol, namely heating from
10 K to the final simulation temperature of 298 K, no con-
straints were imposed on the system.

TheMg?" ion at site 6 remainedin all simulations stably
bound to the pro-Rp oxygen of the cleavable phoszphate. In
contrast, in a first set of calculations, the Mg ion at
site 1, located in proximity to Mg%g), moved rapldly away
fromitsoriginal positioninthecrystal structure assoon as
the constraints were released (Fig. 3a). Further calcula-
tions provided evidence that this destabilisation of Mg(l)
isdueto arepulsive electrostatic interaction with M g<6) in
the neighborhood (Hermann et al. 1997). Thus, when sim-
ulations were performed on the hammerhead crystal struc-
ture without aMg?" ion at site 6, resembling the situation
found in crystals obtained at pH 5.0 (Scott et al. 1996),
Mgﬁ) stayed close to its original position. In this case, a
water molecule occupied the metal binding site 6. How-
ever, M g%f) could be stabilized in the presence of M g(6) by
introducing a p-bridging OH™ ion which replaces a water
molecule between these two metals (Fig. 3b). The stabil-
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Fig. 3a—c Distance between the Mg?* ions at sites 6 and 1 in the
hammerhead RNA during MD simulations performed using various
assumptions. a In al simulations with a bridging water molecule
(H-H,0) between Mg%g, and Mg?, rapid dissociation of the Mg
ion from site 1 was observed. Shown are inter-Mg?* distances re-
corded in a simulation with all five Mg?* ions (left panel) and in a
simulation where the metal at site 2 was omitted (right panel).
b When the water molecule between Mg75, and Mg, was replaced
by ap-bridging OH™ ion, the metal at site 1 was stabi fised and stayed
close to its binding position in the crystal structure, as indicated by
the constant distance between Mg%g, and Mg73,. The curve on top
shows the temperature of the system during the simulation (right or-
dinate). ¢ The p-hydroxo-bridged metal cluster was stable even at
elevated temperatures as shown by the distance plot recorded for a
MD simulation where the temperature (top curve) was increased to
350 K after 430 ps of calculation at 298 K

ity of the p-hydroxo-bridged metal cluster is attested by
thefact that the cluster was stable even at asimulation tem-
perature of 350 K (Fig. 3¢). The proposition of a p-bridg-
ing OH™ ion isin line with the observation of continous
electron density between Mg, and Mg, as described
previously (Scott et al. 1996). It was suggested that the

p-hydroxo-bridged metal cluster activates the cleavage-
site 2'-OH for nucleophilic attack at the cleavable phos-
phate (Hermann et al. 1997).

WhileM gﬁﬁ and Mg, are closeto the cleavable phos-
phate, the Mg*" ion at site 3 is 11 A away and, thus, is
probably not involved in the catalytic reaction but in sta-
bilizing the U-turn between helices | and I1. During the
MD simulations, Mgg) stayed bound to the RNA where
it is held by hydration waters forming hydrogen bridges
with the phosphates of U, and Gg, respectively, and with
O4 of the U, ; side chain (Scott et al. 1996; Hermann
et al. 1997). The distance between Mgfg) and the cleav-
able phosphate did not change significantly in the calcu-
lations.

The Mg?* ion at site 2 is the metal most distant from
the cleavage site (15 A). However, like the cations at sites
1, 3and 6, it islocated within the cavity formed by the fac-
ing deep grooves of stems | and Il. In the hydrated ham-
merhead RNA, Mgfg) makes contacts mediated by water
molecules of the metal hydration shell to O2' of Gg and to
N4 of C,4 ». Theseinteractions remained intact during the
MD simulations. Also, along-ranging contact viatwo wa-
ter molecules to the phosphate group of Ag was present.
Thus, aswasobserved for MgZs), Mg, stayed stably bound
tothehammerhead ribozyme during the cal culations solely
by interactions of the hydration shell of the metal with the
RNA.

A fifth metal ion, Mg(zj“), isfound at an unusual position
close to the base of the highly conserved G5 within the
U-turn. Favourableinteractionsbetween thiscation and the
RNA could not be envisaged and, indeed, Mg{;, dissoci-
ated from its original position during all MD simulations.
No long-lived hydrogen bonds between the hydration wa-
ter of Mgfj{) and the RNA were observed. While the simu-
lations offer no clue asto therole of M gfz), one might sug-
gest that the release of thision is required for facilitating
the catalytic reaction. Interestingly, dissociation of Mg?*
ions from the hammerhead RNA during cleavage was ob-
served experimentally (Long et a. 1995).

Behaviour of the hammerhead RNA
during the MD simulations

Global features of the hammerhead structure

Only minor distortions of the crystallographically deter-
mined three-dimensional RNA structure were observed
during the MD simulations following the use of both the
Ewald summation for cal culating the electrostatic interac-
tions and the careful equilibration protocol that was em-
ployed for accommodating solvent and ions around theri-
bozyme. The global RM S deviation between the simulated
and the crystal structure was of the order of 2.5 A after
750 psof calculationat 298 K (Fig. 4d). Inadifferent sim-
ulation where the temperature was raised to 350 K (75°C),
the system did not stabilize and the RMS deviation in-
creased continuously (Fig. 4a) probably dueto thermal un-
folding of the RNA structure. However, a detailed analy-
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Fig. 4a,b RMSdeviation of the hammerhead RNA during various
MD simulations compared to the crystal structure coordinates.
a Owing to a careful equilibration protocol, the RMS deviation of
the RNA was of the order of 2.5 A after 750 ps of calculation (top
panel). Theinserted curve ontop showsthetemperature of the system
(right ordinate). In asimul ation where the temperature wasincreased
to 350 K after 430 ps at 298 K, the RM S deviation did not stabilise
(bottom panel). b Maximum RM S deviations during a 750 ps simu-
lation at 298 K cal culated separately for each nucleotide of the ribo-
zyme. Inthetop panel, the regions of stems|—I11, the U-turn (U) and
the tetraloop (T) are indicated. The bottom panel shows the secon-
dary structure of the hammerhead where the RM S deviation of sin-
gle nucleotidesis coded in four ranges by different patterns asindi-
cated in the inserted legend. The cleavage siteisindicated by an ar-
row

sis of the structural changes in the RNA during the simu-
lation at 350 K would be beyond the scope of this work.
Melting of the hammerhead RNA structureisobserved ex-
perimental ly at temperaturesabove 60°C (Takagi and Taira
1995).

Analysis of the maximal RMS deviation during the
750 ps simulation calculated separately for each nucleo-
tide (Fig. 4b) revealed three regions with noteworthy dis-
tortions, namely at the extremities of stems | and Il and
within the tetraloop on stem I11 (U5, Az g ). This find-
ing isnot surprising since helix ends and loops are regions
of obviousintrinsic flexibility, e.g. as observed previously
in simulations of RNA hairpin structures (Auffinger and
Westhof 1996; Miller and Kollman 1997). In contrast, the
loop region of the U-turn displayed alow deviation, prob-
ably due to stabilizing tertiary interactions involving nu-
cleotides of thisloop (see below).

The observed global deviation of the hammerhead RNA
from the crystal structure was essentially due to tilting of
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Fig. 5a—g Behaviour of hydrogen bondsinthe hammerhead RNA
during a 750 ps MD simulation. The start of the productive MD
phase after equilibration is marked in each panel by astippled line.
For details see the text. a Watson-Crick hydrogen bonds in the G-
C closing base pairs of stem| (G,5-C1 5) and 11 (G141 4-C1g.4)- b Hy-
drogen bondsin the sheared G - A pairswithin the augmented stem
Il helix. The two inter-base hydrogen bonds appear in both G - A
pairs (formulascheme, middlie panel). G;5 - Agisadditionally stab-
ilised by hydrogen bonds between the exocyclic amino groups of
both G and A to the backbone of the other base (fine stippled lines).
In G,, - Ag asingle additional bond from the adenine to the fura-
nose O4' of G appears (coarse stippled line). The dynamical beha-
viour of the hydrogen bonds reveals an in-plane breathing motion
of the adenine (arrow), with the pivotal axis (black dot) perpendic-
ular to the stable Gy,_y..n7A bond. ¢ Hydrogen bonds in the two
non-canonical A - U pairs within the augmented stem Il helix.
d Interactions of the U;¢ 4 2'-OH group that switches (dashed line)
between two hydrogen bond acceptors among them the furanose
oxygen of the cleavage-site nucleotide C,;. e, f Tertiary interac-
tions of nucleotides within the augmented stem 1l helix and the
U-turn. g Hydrogen bondswithin the GUAA tetraloop closing stem
Il
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stems | and |1 during the simulations. In the crystal struc-
ture used asastarting point for the simulations, stems| and
Il are stabilised in a roughly parallel orientation by the
blunt end packing of two hammerhead molecules against
each other leading to a pseudocontinuous helical packing
scheme (Scott et al. 1996) frequently observed for nucleic
acid helices(Wahl and Sundaralingam 1995; Masquidaand
Westhof 1997). In the MD simulations, only a single ham-
merhead molecule is included and, thus, tilting of stems|
and Il due to the absence of the crystal contactsis not sur-
prising. Similarly, in crystals of a different RNA/DNA
hammerhead construct, apacking schemewithout contacts
between stem ends occurs and, consequently, stems | and
Il aretilted (Pley et al. 1994).

Sability of the secondary structure and of the tertiary
interactions in the hammerhead RNA

The hammerhead RNA fold used in the simulations con-
tains three stems totaling 12 Watson-Crick base pairs
(Fig. 14). Although no constraintswereimposed onthe hy-
drogen bonds, all base pairsremained intact duringthe MD
simulations, asillustrated by the stable hydrogen-bonding
pattern of the critical closing base pairs at extremities of
stems | and Il (Fig. 5a). Interestingly, the Ggg....y_n4C hy-
drogen bond within the G;; 4-Cy 4 pair that was absent at
the beginning of the simulation, owing to an unfavourable
geometry inthecrystal structure, formed readily during the
equilibration phasewhen the constraintstetheringthe RNA
to the X-ray structure were released (Fig. 5a).

Stems|l and |11 are coaxially stacked and connected by
four non-canonical base pairs, i.e. a tandem of sheared
G - Apairs(Gg - A3, G15 - Ag) and two non-Watson-Crick
A -U pairs (Ayy - U7, Ags1 - Usgq) (Fig. 18) (Pley et al.
1994; Scott et al. 1995). For both G - A pairs, the hydro-
gen bonds involving the Hoogsteen positions of adenine
are stable during the MD simulations (Fig. 5b). However,
the hydrogen bond between the exocyclic N6 amino group
of adenine and N3 of guanine shows fluctuations, leading
totransient bond breakinginthecaseof G,, - Ag. Theinter-
action between N6(Ag) with 2'-OH of G, is not stable,
whereas the corresponding hydrogen bond between
N6(A,3) and O4'(Gg), although labile, remains intact.

A hydrogen bond, observed in the X-ray structure,
between the phosphate of A5 and the exocyclic N2 amino
group of Gg, dissociated during the equilibration procedure
but formed again after 650 ps of simulation. Summarizing
thedynamical behaviour of thehydrogenbondsintheG - A
pairs, an in-plane breathing motion of the adenine basesis
revealed, with the pivotal axis perpendicular to the stable
Gno_n..n7A bond (Fig. 5b). Overall, the sheared Gg - A5
base pair, which stacks on the single hydrogen bonded non-
Watson-Crick A4, - U, pair, appears more stable than the
adjacent sheared G,, - Agbase pair, which stackson astan-
dard Watson-Crick pair (G;0.1-C11.1)-

Inthenon-Watson-Crick pairsAq, - Usand A5, - Uigs
asingle hydrogen bond occurs, engaging in both cases the
exocyclic N6 amino group of the adenine as hydrogen do-

nor, while the uridine acceptor atom is O2 inthe A, - U,
pair and O4intheA 5 ; - U444 pair. During the 750 pssim-
ulation, theseinteractionsremain stableinboth A - U pairs
(Fig. 5¢). The A4, - U pair additionally contains afluctu-
ating hydrogen bond between the adenine N1 atom and the
2'-OH group of the uridine backbone which forms only
transiently during the simulations.

At the core of the hammerhead wishbone structure,
several tertiary interactions form between the augmented
/111 helix and the U-turn at the basis of stem | containing
the catalytic pocket (Pley et al. 1994; Scott et al. 1995).
Thetertiary interactions involve hydrogen bonds between
bases and the sugar phosphate backbone or between sug-
ars. During the MD simulations, these tertiary interactions
displayed a more dynamical behaviour than the hydrogen
bonds between bases, either Watson-Crick or non-canoni-
cal pairs, described above. The interaction between the
2'-OH group of U441 with N3(Ag) dissociated during the
equilibration and a new hydrogen bond between the U4 4
2'-OH groupand O4'(C,;) wasformed (Fig. 5d). However,
after 400 ps, the original hydrogen bond between the
02'(U46 1) and N3(Ag) wasrestored. Interestingly, the lat-
ter hydrogen bond is present only in the crystal structure
of the active ribozyme intermediate flash-frozen at pH 8.5
(Scott et al. 1996).

The hydrogen bond between OP(U-) and N3-H(U,)
within the U-turn, which is also found in the U-turn motif
of tRNAs (Quigley and Rich 1976; Westhof et al. 1983),
was stable over the first 550 ps of the 750 ps trajectory
when it dissociated without the formation of a new com-
pensating interaction (Fig. 5€). In multiple 500 ps MD
simulations of tRNA” this hydrogen bond remained in-
tact over about the same period (Auffinger and Westhof
1996). The breaking of the Uy3_n...orpU hydrogen bond in
the hammerhead simulation is probably linked to the in-
duced flip of the ribose pucker from C3'-endo to C2'-endo
of residue Ag which is observed shortly afterwards (see
below).

While a hydrogen bond between the 2'-OH groups of
C,5. and G, dissociated immediately after the equilibra-
tion phase (Fig. 5f), theinteractionsbetween, respectively,
U, and G;, and O6(Gg) or O2'(Gg), stabilising the stack of
non-canonical G - A and A - U pairs, arestable over 750 ps
(Fig. 5€). Among the tertiary interactions in the hammer-
head RNA involving 2'-OH groups, the hydrogen bond
between O2'(Gg) and N2-H(G5) is the one that displayed
the highest stability during the simulations. Finally, the
hydrogen bond within the U-turn, between N7(Ag) and
02'(U,), was not retained (Fig. 5€).

The GUAA tetraloop on top of stem |11 is stabilised by
the sheared base pair G541, - A3 4 and an additional hy-
drogen bond between 2'-OH of G4, an the N7 of Ag 4
(Pley et al. 1994; Scott et al. 1995). The three hydrogen
bonds directed from the base of G5 ;; to N7 of the base and
to the phosphate of A3, remained intact during the MD
simulations(Fig. 5g). Another interaction of the A 5 base
and the G3 1, 2'-OH group displayed more dynamical be-
haviour (Fig. 50). In summary, the geometry of the GUAA
tetraloop is maintained during the simulations despite the



high flexibility of this region (discussed in the following
paragraph) and the observation of arelatively large devi-
ation from the crystal structure (see above).

Among the seven hydrogen bonds involving the 2'-OH
group, three break early on in the simulation trajectory af -
ter the release of the constraints on the RNA. Concerning
the other four hydrogen bonds, one appears to alternate
between two acceptors (U, 1(OH2') - C,,(04") or Ag(N3)),
two alternate frequently between formation and breakage
(G3.1L.(OHZ) - A3 5 (N7) and U;(OHZ') - A14(N1), and fi-
nally one is stable throughout the trajectory (Gg(02') -
G12(HN2)). InMD simulations of RNA, the stability of hy-
drogen bonds involving a 2'-OH group is noticeably less
than that of other hydrogen bonds, an observation which
wasattributed totherotational mobility of theH atom about
the C2'-02' bond (Auffinger and Westhof 1997).

Conformational flexibility of the hammerhead RNA

The maximal RMS deviation, determined over the whole
simulation period separately for each nucleotide of the
hammerhead RNA, pointed to three regions with notewor-
thy deviationsfrom the crystal structure (Fig. 4b). The ob-
served distortions might reflect intrinsic conformational
flexibility of the hammerhead RNA. In order to quantify
theflexibility of different parts of the ribozyme, we cal cu-
lated the standard deviation of the RM S deviation ((RMS)
for each nucleotide during unconstrained simulation
(Fig. 6a). Clearly, acorrelation exists between the regions
where mgjor distortions of the crystal structure are ob-
served and those regions where a high cRMS value indi-
cates increased local flexibility. Such regions are the ex-
tremities of stems | and Il and the tetraloop on stem Il1.
The flexibility of the nucleotides at the stem ends differs
characteristically withinthebasepairs(Fig. 6a). Thelower
flexibility of G, 5 and C; 4 compared to G;; , and C, 5 is
dueto thelocation of these nucleotides at the contact inter-
face of the stems which are dlightly tilted towards each
other.

Low flexibility is observed for the core region of the
hammerhead RNA fold comprising nucleotides in the
neighborhood of the sheared G - A pairs and the U-turn
(Fig. 64). Thisfinding can be explained by the variouster-
tiary interactions (see above) which are tethering together
the hammerhead RNA core.

Comparison of the flexibility calculated from the MD
trajectory with experimental data is accomplished by
means of the crystallographic thermal parameters (B-fac-
tors) which arerelated to atomic RM S deviation (McCam-
mon and Harvey 1987). We calculated the per nucleotide
B-factorsfor different timewindows during the last 500 ps
of the productive phase of the 750 ps simulation and com-
pared them to the B-factors from two crystal structures
(Scott et al. 1995; Scott et al. 1996) of the hammerhead ri-
bozyme (Fig. 6b). The resulting theoretical B-factors did
not depend significantly on the chosen time window, i.e.
B-factorscal culated from 200 to 400 pswere closeto those
calculated for the last 200 ps window. As expected, the
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stem extremities display a higher mobility during the sim-
ulation compared to the RNA in the crystal owing to the
absence of the stem blunt end packing (see above). Simi-
larly, higher flexibility in the simulationisobserved for the
tetraloop involved in crystal packing contacts (Scott et al.
1995) which are lacking in the solution MD calculation.
However, we have no explanation for the deviation in B-
factors for nucleotides around Ag and A4, which display
much higher values in the crystal than in the simulation.
The continuous stacking scheme that incorporates Ag and
A, between stems I1/111 and various tertiary interactions
in this region argue intuitively against high flexibility in
this region. Indeed, the B-factors from the MD simulation
for nucleotides around Ay and A, arein satisfying agree-
ment with crystallographical data of a different hammer-
head construct (Pley et al. 1994), the core region of which
is identical to the hammerhead used for the MD calcula-
tions(Fig. 6¢). Deviations occur owing to thedifferent po-
sition of the tetraloop and to elongated stems. However, as
was observed in the simulations, the ribozyme core region
also displays low flexibility in this different hammerhead
construct.

Despite its low overall flexibility during the simula-
tions, a flip of the ribose pucker from C3'-endo to C2'-
endo of residue Ag occurred spontaneously after 550 ps
during a750 ps MD simulation (Fig. 6d). This conforma-
tional change is accompanied by a transient deformation
of the ribose of the adjacent G5 towards O4'-endo pucker
that lasts for about 100 ps before the C3'-endo conforma-
tion of the crystal structureisrestored (Fig. 6d). Both Ag
and Gg belong to the U-turn motif and form a stacking
platform for the O4' furanose oxygen of the cleavage-site
nucleotide C,- in the ground state crystal structure ob-
tained at pH 5.0 (Scott et al. 1996). However, the sponta-
neous ribose pucker flipsin Ag and G5 did not lead to con-
formational changesin either C,, or any other of the sur-
rounding nucleotides (Fig. 6d). As mentioned above, the
breakage of the hydrogen bond between OP(U-) and N3-
H(U,) linking the two residues bordering A and Gs, oc-
curred shortly before the flip of the Ag ribose. Both pro-
cesses are probably linked and lead to a conformational
change in the U-turn. Recently, a conformational change
in the catalytic core of the hammerhead ribozyme upon
cleavage and affecting the two uridineresidues U, and U
was suggested on the basis of NMR experiments (Simorre
et al. 1997).

Structural changes in the hammerhead RNA
relevant to catalysis

In al three-dimensional structures of the hammerhead
RNA available to date, the cleavage-site 2’-OH isnot in a
favourable position for the attack at the adjacent phosphate
(Fig. 1¢) (McKay 1996). However, the finding that the
hammerhead ribozyme is able to cleave in the crystal, as
demonstrated by warming flash-frozen crystals of an ac-
tive hammerhead RNA intermediate (Scott et al. 1996),
suggests that only a minor change is required to reach a
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Fig. 6 aFlexibility of residues of the hammerhead RNA during a
750 ps MD simulation calculated separately for each nucleotide as
the standard deviation of the local RMS deviation (0RMS) during
unconstrained calculation. In the top panel, the regions of stems
I1-111, the U-turn (U) and the tetraloop (T) are indicated. In the bot-
tom panel, the nucleotides are grouped into four ranges of cRMS
coded by different patterns as indicated in the inserted legend. The
cleavage site is indicated by an arrow. For the correlation between
regions of high flexibility and regions of noteworthy absolute dis-
tortions of the crystal structure, compare with Fig. 4b. b Per residue
B-factors calculated from the last 200 ps productive phase of the
750 ps MD simulation (open circles) superimposed on the crystal-
lographic B-factors(filled circles) of thecrystal structureof theflash-
frozen hammerhead intermediate (top panel) (Scott et al. 1996) and
of theribozymeinthe ground state (middle panel) (Scott et al. 1995).
The bottom panel shows a schematic representation of the hammer-
head secondary structure. Circles indicate residues Gg to G, , and
Cy11 to A5, Where crystallographic B-factors deviate markedly
from B-factors calculated from the MD simulation. B-factors calcu-

conformation where the cleavage-site C,; 2'-OH isin afa-
vourable position for the attack at the adjacent phosphate.
Such aconformational change is expected to meet two re-
quirements, namely (i) moving C;; 2'-OH closer to the
cleavable phosphate than the 3.8 A observed in the crystal
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lated on different time periods of the simulation gave similar curves
(data not shown). ¢ Superposition of per residue B-factors from the
MD simulation (open circles) on the crystallographic B-factors (-
filled circles) of adifferent RNA/DNA hammerhead construct (Pley
et al. 1994). The B-factorsfor two different moleculesin the unit cell
are shown (top and middle panel). The bottom panel outlinesthe sec-
ondary structure of the ribozyme construct of thisother crystal struc-
ture where stem |1 is closed by atetraloop instead of stem Ill and
stems| and |11 are elongated. B-factorswere plotted only for the core
region (full lines) that isidentical to the previous hammerhead fold
(Fig. 6¢). d A flip (arrow) of the Ag ribose pucker from C3'-endo to
C2'-endo occurred spontaneously during the simulations. The panel
shows the recorded pseudorotation phase angle P (Altona and Sun-
daralingam 1972) for the Ag ribose and for comparison the values
for the neighboring nucleotides U,, Gs and U,. Theflip of the Ag ri-
bose pucker isaccompanied by atransient conformational changein
the Gs ribose (dashed lines) to the O4'-endo conformation which is
restored to the initial C3'-endo pucker after 100 ps

structure, and (ii) positioning C,; 2'-OH in aproper orien-
tation for in-line attack at the cleavable phosphate.

We will now extend our previous attempts (Hermann
et al. 1997) to uncover the nature of the conformational
change that could adjust the position of the cleavage-site
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2'-OH. Initialy, it was our hope that during the M D cal cu-
|ations the dynamical motions within the RNA at the sim-
ulation temperature of 298 K would be sufficient to tran-
siently bring the C ;7 2'-OH in closer proximity to the at-
tacked phosphate. However, the hammerhead RNA always
stayed around the crystal structure and the 2'-OH never ap-
proached closer than 3.45 A to the cleavable phosphate.
This distance was reached more frequently in simulations
performed at higher temperatures, up to 350 K. As such,
this observation is not surprising since the conformational
sampling is done around the equilibrium state, from which
input of activation energy is required in order to arrive at
thetransition state. Theslow rate of the hammerhead cleav-
age reaction on the minute timescale (Hertel et al. 1994)
could be partially due to such a rate-limiting conforma-
tional change. At room temperature, probably only few
RNA molecules could be thermally-driven across the ac-
tivation energy barrier of the conformational change, ren-
dering it arare process which is beyond the ns time scale
of the present MD simulations. Therefore, we externally
forced a small change in the RNA during the simulations
by inducing a flip of the ribose pucker from C3'-endo to
C2'-endo at the C; residue which holds the cleavable 3'-
phosphate (Fig. 7a). In concert with theriboseflip, the ac-
tive-site 2'-OH moved in a proper orientation for in-line
attack at the cleavable phosphate and was closer than 3 A
to the attacked phosphorous atom. At the same time, the
C,7 2-OH came into hydrogen-bonding distance of the
H-hydroxo-bridged metal cluster of Mgfg) and Mg (see
above) (Fig. 7). The p-hydroxo-bridged metal cluster
could then provide an OH™ ion that is able to activate the
2'-OH nucleophile for attack at the cleavable phosphate.
Following on this scenario, a mechanism for the hammer-
head catalysis was postulated based on proton shuffling
within the hydration shell of the p-hydroxo-bridged metal
cluster where the m-hydroxo bridge transiently stores a
proton (Hermann et al. 1997). Thus, aminimal conforma-
tional changeinthe RNA restricted to asinglesugar pucker
change from C3'-endo to C2'-endo would be sufficient for
initiating the cleavage, as also suggested by others (Mei
et al. 1989; Setlik et al. 1995).

The ribose flip at the C, residue is a local conforma-
tional effect limited to this nucleotide and the neighboring
nucleotidesA; 1, Agand Gg (Fig. 7d,€). Thus, the catalytic
site of the hammerhead ribozyme, constituted essentially
by the nucleotides of the U-turn (Scott et al. 1996), forms
aflexible pocket that can accommodate the conformational
change around C,, required for initiating the cleavage. A
minor but probably essential change is observed at Ag and
G5 the bases of which tilt up towards the C,, residue dur-
ing the ribose flip (Fig. 7d,€). As pointed out before, Ag
and G are located within the U-turn and form a stacking
platform supporting the furanose oxygen of C;; in the
ground state crystal structure and are stacking also to the
base of C,; inthecrystal structure of the flash-frozen inter-
mediate. It was speculated earlier that the platform of the
Ag and G; bases may stabilize the transition state (Scott
et al. 1996). Thetilting motion of the Ag and Gg bases, in-
ducedintheMD simulationsasaconsequence of theforced
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ribose flip at C,-, ensures a continuous supporting contact
of the bottom of the catal ytic site with the cleavage site nu-
cleotide Cy5.

Conclusions

Molecular dynamics calculations using full treatment of
the solvent conditions and electrostatic interactions were
used to simulate the dynamical behaviour of the hammer-
head ribozyme RNA. The RNA stayed close to the start-
ing crystal structure asindicated by an RMS deviation be-
low 2.5 A after 750 ps of MD simulation. Base pairs and
many of theimportant tertiary interactionswithinthe RNA
molecule were retained during the simulations attesting to
the performance of the employed protocols and the force
field. Tertiary interactions involving 2'-OH groups were
found to be less stable, in agreement with previous obser-
vations of high rotational mobility of these groupsin MD
simulations of RNA. The hydrogen bonding dynamics of
the two consecutive sheared G - A base pairs suggests a

(d)

° . .
M on M)
[ 3

Fig. 7a—e Result of aMD simulation where a flip was induced of
theribose pucker from C3'-endo to C2'-endo at the C,, residuewhich
holds the cleavable 3'-phosphate (Hermann et al. 1997). The ribose
flip was forced by a harmonical constraint on one of the torsional
angles (v3, C2'-C3'-C4'-04') of the five-membered sugar ring. The
constraint was slowly switched on over 10 ps, starting at t = 0, and
abruptly switched off after 20 psof simulation (t = 30, stippledlines).
a Behaviour of the pseudorotation phase angle P for the C,; ribose
indicating the pucker flip. b Changes in distance between the cleav-
age-site 2'-OH group and, respectively, the attacked phosphorous
atom, the Mg?* ion bound to the cleavable phosphate and the p-hy-
droxo bridge between Mg?s) and Mg?,. ¢ The Cy7 2'-OH group al-
so movesinto hydrogen-bonding distance of awater moleculein the
M gz(g) hydration shell during the ribose flip. d,e Stereoviews show-
ing the hammerhead active site with the metals Mg7g) and Mg%;,
along with their hydration water and the yu-OH™ ion begfore d and af-
ter e the ribose pucker flip at C,;. The cleavage-site 2'-OH group is
enhanced, the cleavable phosphodiester bond indicated by an arrow.
The base side chains of Gg and Ag, located within the U-turn, form
a stacking platform for C, as indicated by hatched bars

previously unknown in-plane breathing motion of the ade-
ninein G - A pairs. A spontaneous conformational change
was observed, involving aflip of the ribose pucker of res-
idues Ag and Gs, which both act as a supportive stacking
platform for the cleavage-site nucleotide C,. The stack-
ing interaction between Ag/Gs in the U-turn and C,5 is
maintained in constrained simulations where a sugar
pucker change from C3'-endo to C2'-endo at C,; was
forced to reach a conformation where the cleavage reac-
tion is sterically possible. Thus, the MD simulations sug-
gest that an activating conformational change at the cleav-
age-site nucleotide C;; may be coupled or induced by a
conformational change in the sugar pucker in residues of
the U-turn.
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