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Abstract: The hammerhead ribozyme is a small RNA molecule capable of self-cleavage at a specific site in
the phosphodiester backbone. The mechanism of hydrolysis involves in-line nucleophilic attack by the 2
hydroxyl of residue 17 on the adjoining phosphorus of residue 1.1, resulting in the formation,8fey2lic
phosphate ester on residue 174@nd elimination of the Shydroxyl group of residue 1.1 (A). Unconstrained
molecular dynamics (MD) simulations on the recently solved crystallographic unmodified hammerhead ribozyme
structure were performed in solution using two crystallographi@Mgns. The simulations indicate that near
in-line attack conformations (NACSs), in which the distance of thexdgen of G; to the phosphorus of A

is <3.25 A and the ¢ 20—A; ;P—A; ; O5 angle of displacement 515, form approximately 18% of the
simulation time. The motions leading to these catalytically competent conformations are discussed. Stems |
and Il of the hammerhead ribozyme structure, released from the pseudo-continuous helix and other
crystallographic constraints, move toward each other. This, along with theibtgbound at th@ro-R phosphate
oxygen of residue 1.1, prompts torsional rotations in the phosphodiester backbone primarily near the active
site. These rotations lead to the unstacking of residugsa®@ G from Ag. Residue G then interacts with

other conserved residues in the structure and does not stack wiébatn. Following spontaneous backbone
conformational rearrangements, a ribose sugar pucker flip frore@®to C2-endooccurs in the nucleotide
containing the 2hydroxyl nucleophile. The base of residug;@en restacks with the base of residug and

NACSs occur shortly thereafter. During the simulations, onéMgn remains coordinated to tipeo-R phosphate
oxygen of the @ nucleotide, while the other Mg ion serves a structural role and does not participate in the
transesterification reaction. The formation of NACs is spontaneous during the simulation and in a replicate
simulation.

Introduction attack geometries (Scheme 2). The in-line mechanism involves
nucleophile approach to phosphorus at an angle of dedative

to the leaving oxygen with inversion of configuration about the
phosphorus. In the adjacent attack geometry, the nucleophile
approaches the phosphorus at an angle 6ftd@tthe leaving
oxygen and the pentacovalent intermediate must pseudorotate
so that the departing oxygen leaves from an apical posifion.
The configuration about the phosphorus is inverted during self-

The hammerhead ribozyme (Scheme 1) is a self-catalytic
RNA hydrolase comprised of a conserved, single-stranded
catalytic core region of 15 nucleotides (in outlined letters)
surrounded by three WatseiCrick base-paired stends? Site-
directed mutagenesis experiments on this consensus seguenc
have identified modifications that drastically affect the rate of

cleavage:®8 The hammerhead ribozyme typically utilized for
g yme typica'y g Cleavage of the hammerhead ribozy#ié! These and other

in vitro studies is separated into two strands, with one stran ; a5 I . .
functioning as the enzyme (E) and the other as the substrate€Xperimental studié% 1> show that in-line displacement is the

(S). The strands assemble due to base pairing interactions inc/€ar course of nucleophilic attack in hammerhead and enzy-
the three stems. The hammerhead. thus. cleavigans and is matic systems. Adjacent attack is made most difficult due to

capable of multiple turnovers, with typical cleavage rates of 1 the steric requirements of pseudqrotation on the structure of
min-129 the catalyst. The &(P) mechanism for the hammerhead

The two plausible mechanisms for nucleophilic displacement transesterification involves the-gixygen of residue € in an

at phosphate phosphorusy&P)] involve in-line and adjacent in-line displacement of the'8eaving group of the adjoining
nucleotide to give a 'ZB'-cyclic phosphate ester and & 5
*To whom correspondence should be addressed. E-mail: tcbruice@ hydroxyl (Scheme 35,_16The |Og of the cleavage rate was shown
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Scheme 2 Recently, several crystal structures of the hammerhead
Base Base ribozyme have been solvé#.2¢ The unmodified hammerhead
o Bme O 0 crystal structures solved at low pH in the presence and absence
HO HO o HO of divalent metal ions are quite similar to each other and a crystal
o o pseudorotate 0 structure containing a-2-methyl modification at residue;&?°
AN 0\/9;‘(‘)‘ > Og\/on with a heavy atom rms deviation of 0.5 A. These structures
N 0 \THZ HyC” o depict the attacking'zhydroxyl in an orientation consistent with
H,C an unprecedented adjacent attack. It is important to determine

Adjacent Attack
(pseudorotation required)

In-line Attack
(no pseudorotation)

the hammerhead conformation(s) that allow an in-line displace-
ment reaction.

The 3.0 A crystal structure of an unmodified hammerhead
ribozyme, solved by flash freezing at pH 8.5 after infusion of
a solution of MgC} prior to catalysig® is the only unmodified
structure containing an assigned #¥don bound to thepro-R

of unity, indicating a specific base or kinetically equivalent oxygen of residue f; which has been solved thus far.
deprotonation of the'zhydroxyl group®1”18 Two kinetically Conformational changes with an rms deviation of approximately
equivalent mechanisms of in-line nucleophilic attack can be 2.9 A from an identical molecule (solved at the same resolution,
considered (Scheme 4). One involves a metal-ligated hydroxide,without Mg?* ions and at pH 6) were centered at residues C
acting as a general base, by removing the proton'-@H2 at and A 1. These changes likely resulted from the binding of the
residue G;. The second possible mechanism is that of spe- Mg2" ion to thepro-R oxygen of the scissile phosphate. Further
cific base catalysis, where a lyate HCbrings about the structural rearrangement is seen in theCBmethyl-ribose
ionization of the 20H nucleophile with the metal ion partici-  derivative of residue A, in which the nucleobase ofi{&moves
pating elsewhere in the reaction. It has been shown experimen-more than 8.7 A and the scissile phosphate adopts an altered
tally that a metal ion ligates to thero-Re oxygen of the—O— helical geometry from the A-type helical conformation prior to
(PO, )—O— moiety undergoing reaction. This feature is catalysis. None of these structures are in a conformation
paramount to metal ion catalysis of nucleophilic hydrolysis of consistent with the accepted mechanism for RNA hydrolysis.
phosphodiestef!?1922 |n this way, the negative charge on Thus, the conformational changes resulting in reactive ground-
the phosphate moiety is neutralized, and nucleophilic attack uponstate structures remain elusive.

the phosphate is facilitated. This divalent metal ion, or perhaps Several groups have carried out computational analysis in
another, can perform the necessary stabilization of tfeging the hope of discovering the nature of the structural rearrange-
group. This could be accomplished by orienting a water ments leading to the formation of reactive ground state®.
molecule such that a proton may be donated to the leaving groupThe earliest computational study on the hammerhead ribozyme
or via direct interaction of the metal ion with the leaving group

oxygen.
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predicted that the unpaired nucleotide containing the internal
nucleophile (residue ) rotates out toward solution (effea.?

It was also suggested in this study that efféctwas likely
accompanied by a Gg&ndoto CZ-endo ribose sugar re-
puckering in this residue (effed), such that in-line attack
conformations would then occur. A more recent study utilized
the all-RNA ribozyme structure with &-2-methyl modifica-
tion?® at residue @. It was observed that, following rotations

J. Am. Chem. Soc., Vol. 122, No. 5, 2880

Base

H/O

structure were included: that of site 3 and the?M@n coordinated

to thepro-R phosphate oxygen of the leaving nucleotide, sité Bhe

use of two metal ions were deemed appropriate as each metal ion in
the structure solved by Scott and co-workers was modeled with an
occupancy of 0.5 (see ref 26 for further experimental details). The
parameters for the Mg ions were taken from Aqvist Sodium
counterions were placed adjacent to the phosphate groups to obtain a
system with neutral charge. The ribozyme and associated ions were
placed in a cubic box constructed in the EDIT module of AMBER%.1
along with approximately 6100 explicit TIP3Pwater molecules to
give the simulation system.

Energy minimization, consisting of 500 steps of steepest descents
followed by 9500 steps of conjugate gradient, was performed on the
system utilizing the AMBER % force field. To slowly relax the starting
system, the following molecular dynamics protocol was utiliZzethe
constant-volume system was heated to 300 K within the first 20 ps.
The constant-volume dynamics were continued for an additional 20
ps, followed by 60 ps of constant-temperature/pressure dynamics using
the Berendsen temperature coupling algorithm and periodic boundary
conditions. A 10 A residue-based cutoff was used for the nonbonded
interactions. The equilibration portion of the simulation was complete

of the phosphodiester backbone at the cleavage site consistenpy 100 ps. Following equilibration, production dynamics were con-

with effect A, spontaneous conformational rearrangements
leading to reactive conformations of the hammerhead ribozyme
were generated. This study also provided insight into the
potential roles of conserved core residues in the structural
rearrangements related to attaining these reactive conforma
tions28 Although insightful, this study did not utilize crystal-
lographic M@" ions; the two Mg" cations were placed
consistent with experimental daf®-25one ligated to th@ro-R
oxygen of residue A; and the other as given for site 3.

Here, we report molecular dynamics studies of the unmodified

ducted using the particle mesh Ew&d® summation method to
calculate the electrostatic interactions, with a charge grid spacing of
approximately 1 A. The SHAKE algorithm was used to constrain
bonds containing hydrogeA 1 fstime step was used with a geometric
tolerance of 107 for coordinate resetting. As the B-factors in the active-
“site region for the RNA are-71 A226 suggesting that this is region is
highly dynamic, no positional restraints were placed on any atoms in
the system. This simulation was run for 1.1 ns. A replicate simulation
was conducted, also for 1.1 ns, in which the initial seed value for the
random number generator used to assign initial velocities was changed.
For a conformation to be considered a near attack conformation (NAC),

hammerhead ribozyme structure solved at pH 8.5 by Scott andit must meet the following criteria: the angle formed by, €O0—As.1

co-workers3® incorporating two crystallographic Mgions. In

this simulation, we find spontaneous formation of reactive or
near in-line attack conformations. The potential roles of many
of the conserved core residues are revealed, and details of th
structural rearrangements, involving effeétsndB, that lead

to near in-line attack conformations in this hammerhead
ribozyme are provided.

Theoretical Methods

The 3.0 A resolution crystal structure (Brookhaven Protein Database
refcode: 301d) containing the freeze-trapped, conformational intermedi-
ate of the hammerhead ribozyme solved by Scott & wahs used as

P—A1; O5 must be=150°, and the distance between;Q' O—A;1 P
must be<3.25 A28 The results were analyzed with the CARNAL
module of AMBER 5. Visualization and graphical representation of
emolecular dynamics snapshots were made with Midas®PitisThe
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average distance and angle data were calculated for the production

1800 ————T——
dynamics period only. r v

Results and Discussion

The starting crystal structure of the hammerhead ribozyme
for molecular dynamics simulations contained twoagpns.
Two Mg?" ions are believed to be required for the proper folding
of the catalytically active hammerhead ribozyfé3 The first
ion, corresponding to site 3, is located in the region known as
domain 2, which consists of residues, &g, Ag, G12, A1z, and
A14 and the second, corresponding to site 6, is located in the
active site, or domain I, which consists of residugs @, Gs,
Ae, C17, and A 1. Many of the structural rearrangements leading
to reactive conformations in this study are similar to those seen ~_
in our previous MD study which were based on the structure @~ 90.0 R R
of the 2-O-methyl modified hammerhe&. 25 3.0 35 4.0 4.5 5.0
Structural Changes at Active Site Preceding First Set of C._02 - A, P Distance (A)
Reactive Near Attack Conformations (NACs).During mo- 7 M
lecular dynamics simulations, it was observed that the global Figure 1. Plot of the angle vs distance approach of théiroxyl of
conformation or relative orientation of the stems in the ham- 'esidué G to the phosphate of residue; Afor the first simulation.
merhead ribozyme was retained; however, substantial changeg\lear in-line attack conformations (NACs) for this simulation are located

f the starti tal struct b d M fh in the box defined by a distance3.25 A between the'xygen of
rom the starting crystal structure were observed. Many oTtnese ¢ 4 the phosphorus of A and an angle= 150 for the displacement

changes relate to the utilization of a single hammerhead of the leaving group (O% of residue A+. The cluster of points near
ribozyme molecule, thus removing the pseudo-continuous 3.3 A and 150 corresponds to the ribose of;Cin the C2-endo
helix stacking found in the asymmetric crystal. As a consequence conformation, while the cluster of points centered around 4.1 A and
of removing these and other crystal lattice restraints, stems |120° correspond to this ribose ring in the ‘@hdoconformation.
and Il begin to tilt toward each other. This motion has been
observed in other dynamics simulations on the hammerheadmational changes in the backbone of both strands and orients
ribozyme®31 and is believed to be necessary for catalysis. nucleotides at the active site to generate reactive conformations.
Stems | and Il were also found to be in close proximity in the The Mg ion undoubtedly functions as a Lewis acid catalyst
crystal structure of the RNADNA hammerhead ribozyme by neutralizing the negative charge on the scissile phosphate.
construcg* The phosphate backbone in the substrate strand of the active
The M¢?" ion at site 3 in domain 2 moves quickly from this  site begins to rotate (effeét) during energy minimization. The
original position to associate with thpo-S oxygen of residue  stacking platform of G Ag, and G, found in the starting crystal
Gg where it remains for the duration of the simulation time, structure, is disrupted by these backbone rotations. Th& Mg
with an average distance of 1.960.04 A. The positioning of ion remains coordinated to thEo-R oxygen, with an average
this divalent cation serves a critical structural role in the distance of 1.95+ 0.04 A, and thus moves as the phosphate
hammerhead and helps to stabilize the sharp turn between Stengroup moves during the simulation. Initially, the remaining inner
| and Stem II. Thus, it appears unlikely that this metal ion sphere coordination sites of this Kigare occupied by water
directly participates in the mechanism of catalysis. molecules. One water molecule is displaced from the inner
The active site for this ribozyme consists of domain I, or the coordination sphere of this Mg, and the N7 of A ; occupies
uridine turn, and the two residues bordering in the scissile its position. The N7 of purine bases is known to directly
phosphate bond, 2and A ;. This site also contains the Mg coordinate to Mg".4” Next, another inner sphere water molecule
ion bound to thepro-R phosphate oxygen of residug Ain the departs, and this coordination site becomes occupied by the O6
starting structure. Phosphorothioate modifications of this oxygen of G,,. Once the N7 and O6 coordinate to the Mgthey
have resulted in a loss of activity when the metal ion is remain coordinated for the rest of the dynamics run, as do water
Mg?".4812Thus, the binding of a metal ion to this oxygen has molecules wat4057 and wat4110. The average coordination
been implicated in the cleavage mechanism. Binding of &Mg distance for the N7 of A; and the O6 of G, to the catalytic
ion to this oxygen appears to induce the structural rearrange-Mg?* are 2.25+ 0.09 and 2.04- 0.06 A, respectively. Although
ments in the hammerhead ribozyme that lead to reactive residues A; and G are nonconserved residues in the ham-
conformations’?~46 This can also be seen when the crystal merhead ribozyme, it has been shown that the innermost base

1500 (= =

120.0 -

02---A P---A 05' Angle (degrees)

structures solved by Scott and co-workers are comFargaken pairs in stem | participate in the cleavage reaction and the fastest

together, the experimental data suggest that binding cf"Mg rate is achieved when these two positions were occupied by

to thepro-R phosphate oxygen of residug Ainduces confor- uridine®® The change in rate may be due to the fact that
(40) Huang, C. C.; Pettersen, E. F.; Klein, T. E.; Ferrin, T. E.; Landridge, d!srUpt!on of a U-A WatS.OﬁCHCk bas.e _pa|r IS €easier .than

R. J. Mol. Graphics1991 9, 230-236. disrupting a G-C base pair and the uridine would provide an
(41) Ferrin, T. E.; Huang, C. C.; Jarvis, L. E.; Landridge, R Mol. oxygen ligand to the Mg ion. Following unstacking of residue

Graphics1988 6, 13—27. Gs from the G-Ag-Cy7 platform (discussed below), a spontane-

(42) Amiri, K. M. A.; Hagerman, P. JJ. Mol. Biol. 1996 261, 125~ ous sugar pucker flip occurs from G8ndoto C2-endoin

134.
(43) Bassi, G. S.; Murchie, A. I. H.; Walter, F.; Clegg, R. M.; Lilley, D. ~ residue Gz (effectB), and the bases of¢#fand G restack with
M. J. EMBO J.1997, 16, 7481-7489. one another. A water molecule, wat638, migrates into the active
(44) Wedekind, J. E.; McKay, D. BAnnu. Re. Biophys. Biomol. Struct.
1998 27, 475-502. (47) Cowan, J. A.The Biological Chemistry of MagnesiunvCH
(45) Peracchi, ANucleic Acids Resl999 27, 2875-2882. Publishers: New York, 1995; p 254.
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Figure 2. Interactions of the '2hydroxyl of residue Gwith residues A and Gs. (a) Following the equilibration period, a tight hydrogen bond
forms between the hydrogen of thet®/droxyl of G and thepro-R oxygen of A. This hydrogen bond persists until a sugar pucker flip to the
C3-endoconformation occurs in residue£(b) A hydrogen bond between thet2ydroxyl groups of residuess@&nd Gs > forms during the period

of time (200-400 ps) when the sugar pucker of residug 8 in the C3-endoconformation. (c) Following the sugar pucker flip back to the
C2-endoconformation in G7 at approximately 400 ps, a hydrogen bond forms between 'thgdtoxyl of Gs and the O2 atom in the base of
residue Gs2

Chart 1

site just prior to the sugar pucker flip in residug;Gnd internal nucleophile to the phosphorus undergoing the displace-
coordinates to the Mg. Once wat638 becomes ligated, it ment reaction is<3.25 A with an angle of displacementL5C.
remains coordinated to this Mg ion. Near in-line attack NACs are observed approximately 18% of the simulation time
conformations (NACSs) are then spontaneously generated. NACs(Figure 1) and begin forming shortly after 100 ps of total
are those structures in which the distance of thé @f2the simulation time.



786 J. Am. Chem. Soc., Vol. 122, No. 5, 2000 Torres and Bruice

q 12.0 T . T — b 120 . ] \
< 100 F 1 g wof a
3 Y
Q
g g
'E 8.0 b . 2 0 ]
= S ]
o 6.0 f 4 E‘ 6.0 4
h=1 L
<) - 3
: [ @) -
T 4.0 T 4.0 -
E\-{ F t
-
O@ I Z L
< 2.0 . <° 2.0 -
OO L L 1 1 1 L 1 L L 1 1 L L L i L L L 1. n n n ] 00 [ " 1 N " " 1 N " N 1 N N N i N N " ! " "
200.0 400.0 600.0 800.0 1000.0 1200.0 200.0 400.0 600.0 800.0 1000.0 1200.0
Time (ps) Time (ps)
¢ 120 — 1 ———
~ 100 ' 3
n$ ’
> !
= o
kS 8.0 hl 1 N
B
A
S 6o} ; 1
D
< F 1]
foaof A ' 1
o~
Z | i |
\a) L p ) ! " 4
O Lk i
00 n 1 n L L i 2 I I 1 1 I I 1 L L L 1

200.0 400.0 600.0 800.0 1000.0  1200.0
Time (ps)

Figure 3. (a) Histogram of the hydrogen bond that forms betweerptioeR oxygen of residue Aand the H1 of residue {g, following the sugar
pucker flip in residue &. (b) Due to the proximity of residuess@nd Ge - following the formation of the hydrogen bond in (a), the hydrogen bond
between the N1 of Aand H22 of Gg . develops. (c) The restacking of residugdhd the sugar pucker flip to the E8ndoconformation in residue
Cy7 results in the formation of a hydrogen bond between the N7 sofut@& H62 of residue A

Residue G undergoes large motions during the simulation. Chart 2
The motions of Gand other nearby nucleotides are summarized A
in Chart 1. In the equilibration portion of the dynamics, a
hydrogen bond between the-l2ydroxyl of G and the O2 of
residue Gs, formed, but was quickly broken in favor of
hydrogen bonds between theel®/droxyl groups of Gand Gs »
During the backbone rotations at the active site in the substrate
strand, a sugar pucker flip to G&ndooccurs in residue 4 ;.
This results in base stacking ofi4) with the base of residue
Gie.2 After residue G unstacks from the §&As-Cy7 platform,
it rotates around and stacks with the platform formed by residues (a) (b)
Gie2and U 1 until the sugar pucker of residug Qlips to the
C2-endoconformation (Chart 1a). Thesd5;6.-U16.1 platform occurs in residue G, and near in-line attack conformations
is temporarily disrupted. While residuesgz and U 1 reform (NACs) are then generated.
the platform, the base of {ds exposed to solvent, and there The base of residue §&Slowly rotates such that it restacks
appear to be no substantial interactions of the base with anywith the Gg U161 platform (Chart 1c). During this rotation,
other base in the ribozyme, except for a hydrogen bond thatthe hydrogen bond to th@ro-R oxygen of A breaks at
forms between the N7 of £&nd the H1 of residue g, (Chart approximately 200 ps of total simulation time, as seen in Figure
1b). The hydrogen bond between thehgdroxyls of G and 2a. This oxygen then forms a persistent hydrogen bond with
Cis2 breaks toward the end of the equilibration period and the H1 of residue @ (Figure 3a). Due to the proximity of A
the 2-hydroxyl of G forms a hydrogen bond with thero-R and Gg; at this point, a hydrogen bond forms between the N1
phosphate oxygen of residues AFigure 2, Chart 2a). The  of Agand the exocyclic amine of {2 (Figure 3b). The loss of
aforementioned sugar pucker flip to the'@doconformation the hydrogen bond to thero-R oxygen of A coincides with
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Figure 4. Snapshot of the active site displaying a near in-line attack conformation (NAC) of mechanistic importance. A water molecule, wat2484,
has moved into the active site and hydrogen bonds to the hydrogen oftiyer@xyl of residue &; the hydrogen bonding distance is 1.88 A. The
hydrogen bonding distance between an inner spheré!#gprdinated water molecule wat4110 is 1.77 A. Here, the attack distance and the angle
of displacement are 3.07 A and 163.Tespectively. The remaining Mg coordination sites are occupied by two water molecules (wat638 and
wat4057) which are not shown for clarity.

the sugar pucker flip in residue;£to the C3-endoconforma-
tion. However, it is not known if the breaking of this hydrogen
bond is related to this sugar pucker flip. The hydrogen bond
between the N7 of &and H1 of residue ¢ also breaks
following the sugar pucker flip in G, and a new hydrogen bond
forms between the N7 of §£&and the exocyclic amine off\as
seen in Chart 2b and Figure 3c. Thehydroxyl of G then
forms a persistent hydrogen bond with the O2 gf £for
approximately 600 ps when it breaks to reform the hydrogen
bond with thepro-R oxygen of residue A(Figure 2a). It appears
that the alternating hydrogen bonds between they@roxyl of

G5 and residues G and As work in concert to form reactive
conformations, which may explain the 3L.fbld decrease in
activity when the 2hydroxyl is absent:*%50Due to the large
degree of motions the base of residug Whdergoes and the

1.1

A 05' - Mg*" Distance (A)

apparent lack of interactions with other conserved bases prior 34 e '

to the generation of NACs, it appears that mutations Hifi@ly 2000 4000 6000 §00.0 10000 12000

impedes proper foldirf§*® and the formation of reactive Time (ps)

conformations. Figure 5. Plot of the distance between the catalytic¥Mgpn (bound
Features Consistent with Mechanism of HydrolysisFol- to thepro-R oxygen in the active site) and the Qf residue A1 The

lowing the restacking of &with the G U161 platform and average distance between these two atoms is 4.0315 A.

the sugar pucker flip to CZndoin residue Gz, an inner sphere )

water molecule of the catalytic My (wat4110) forms a no longer NACS. Indeed, NACs.do not occur when the distances
hydrogen bond to the ribose-8xygen of G; as a water between_thls_, M§" and the leaving group oxygen are less than
molecule (wat2484) moves into the active site. The oxygen of 3-8 A. This distance lengthens to approximately-#445 A when
wat2484 then hydrogen bonds to the hydrogen of theyéroxyl the Mg* moves away slightly to return to the average distance
of residue Gy, Hydrogen bonds between these water molecules 0f 4.03% 0.15 A. The catalytic metal ion does not ligate to the
and the nucleophilic '2hydroxyl occurs during the formation internal nucleophile, as evidenced by the average d|s_tance of
of NACs (Figure 4). Wat2484 moves more than 30 A from its 498+ 0.61 A between the Mg and the 2oxygen of residue
starting position and remains in the active site for a short period C17 during the simulation. As wat638 and wat2484 (and later
of time (~10—15 ps) and then it leaves while NACs are still wat5237, see below) migrate into the active site, the simulation

forming. As the hydrogen bond between thengdroxyl of Gy is in accord with either free HOor metal bound HO ionizing
and the oxygen of wat2484 breaks and this water begins to movethe 2-hydroxyl to generate the nucleophile in the mechanism
out of the active site, the Mg ion moves closer to the OBf of metal cation mediated hydrolysis. _

residue A ; and oscillates between4.35 and 3.66 A from the NACs Do Not Form When the Ribose Conformation of

leaving oxygen (Figure 5). The coordination about the?Mg  C.; is C3-enda A spontaneous sugar pucker flip from ‘€2
remains the same. The attack distance slowly lengthens, andendoto C3-endoin residue G resulted after wat2484 departed
the attack angle becomes smaller until the conformations arefrom the active site, and NACs are not formed between 200
and 400 ps. The Czndo conformation is spontaneously

(49) Tuschl, T.; Ng, M. M. P.; Pieken, W.; Benseler, F.; Eckstein, F. _ ;
Biochemistryl993 32 11658. 11668, restored, and NACs re-occur. NACs are formed consistently

(50) Williams, D. M.; Pieken, W. A.; Eckstein, Proc. Natl. Acad. Sci. ~ during production dynamics except when the sugar pucker of
U.S.A.1992 89, 918-921. residue Gz is in the C3-endoconformation. The base stacking
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wat638
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Figure 6. Enlarged view of the active site of a NAC in which the oxygen of wat5237 has migrated into the active site to hydrogen bond with the
2'-hydroxyl of the attacking nucleophile on residug.('he distance between the oxygen of wat5237 and the hydrogen oftlilydrdxyl is 1.68

A. Wat4110, an inner sphere water molecule ligated to thé"\gtion, is also hydrogen bonded to tHeoRygen with a distance of 1.95 A. The
distance and angle for attack on the phosphorus of residués/8.17 A and 172.7 respectively. Wat5237 remains close to théwdroxyl for
approximately 25 ps before it departs from the active site.
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Figure 7. Plots of interactions of residue;fwith residues @and G during production dynamics. (a) A hydrogen bond forms early between one
of the exocyclic amine hydrogens (H21) of @nd thepro-R oxygen of residue A&. The average distance of this hydrogen bond is 1#88.13
A. (b) Presumably as a result of the proximity ofzfand G due to the hydrogen bond formed in (a), a hydrogen bond forms between the N7 of
Az and the other exocyclic amine hydrogen (H22) gfvBth an average distance of 2.220.25 A. (c) A hydrogen bond was observed between
the 2-hydroxyl of residue G and the O4of Ay (average distance is 2.440.51 A). These hydrogen bonds, along with the base stacking between
G12 and Ag; serves to help maintain the proper orientation of the backbone in this region of the hammerhead.
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Figure 8. Snapshot of the active site during a near attack conformation in the replicate simulation. Wat2418 has migrated into the active site to
hydrogen bond with the'xygen of residue G with a distance of 1.87 A. The oxygen of wat2418 also hydrogen bonds to the hydrogen of an
inner sphere coordinated water molecule, wat4110, with a distance of 2.43 A. The othieidM@oordination sites are occupied by the-R

oxygen and N7 of residue-A, the O6 of residue &, and the oxygen atoms of wat4057 and wat4345; the distances between these atoms and the
Mg2" ion are 1.98, 2.29, 2.11, 2.12, and 2.02 A, respectively. Wat4345 migrated into the active site and ligated £ ibe fajowing the sugar

pucker flip from C3-endoto C2-endoin residue G; and prior to the formation of NACs. The attack distance in this NAC is 3.15 A with an attack
angle of 154.6.

platform of G-Gi62U16.1iS maintained as is the base stacking 2.41+ 0.51 A, as seen in Figure 7c. The base @b &acks
between A and Gy. Following the ribose pucker flip back to  below the base of &, and this stacking arrangement is main-
the C2-endoconformation, a second set of NACs occurs after tained for the duration of the simulation.

500 ps. A second water molecule, wat5237, also migrates into  Following stacking of the © base with the G>Uig1

the active site and forms a hydrogen bond with théyiroxyl — piatform (Chart 1), a hydrogen bond forms between the O6 of

of residue Gz (Figure 6). This water molecule remains inthe G , and the H22 of Gy (average distance 2.85+ 1.82 A).

active site for about 2625 ps, and then it departs from the These hydrogen bonds along with the stacking @b&ow A,

active site. The same type of movement of the catalyti€Mg  serye to orient the strands while Glowly rotates to stack with

ion toward the departing oxygen is seen following the departure ¢ top of Stem Il and the bottom of the AGg platform. Due

of wat2484, although the range incorporates lower values, from v, rther structural rearrangements, this hydrogen bond breaks,

4.35 to 3.55 A. There was no sugar pucker flip back to the and new hydrogen bonds form between théyiroxyl group

C3-endoconformation in residue {3 prior to the end of the of Gg and H3, 06, and H21 in turn from residue s G

Sm:élgt'.on t'lnée' d Core Residue | ionsDuri slowly rotates in to stack with the top of Stem Il (data not
Itional Conserved Core Residue InteractionsDuring shown). These interactions between the conserved core residues

:)hcecjlrgﬂatt)gtr\]/\;elztevxati(e)ch:r:\sli(rjv?c?trrens?gzggvi(r)]r?r?(lae r:rz]atrer:r?gﬁzz ssist in orienting the strands such that NACs can spontaneously
nd repeatedly be generated throughout the simulation.

ribozyme core. These interactions appear to be necessary to ) ; i . - .
properly orient the molecule such that reactive conformations _ Replicate Simulation. A replicate simulation was performed
can be generated. Early in the simulation, persistent hydrogentilizing the same minimized starting structure but with a dif-
bonds formed between residuessAnd G. Phosphorothioate ferent seed value for the random number generator that assigns
modification of thepro-R oxygen of Az results in a complete  the initial velocities for the atoms. In the replicate simulation,
lack of activity of this ribozymé, suggesting that this oxygen  7-3% of the structures represented NACs over the simulation.
participates in binding a metal cation or in a persistent hydrogen The average coordination distances of the?Mpns to their
bonding interaction. The hydrogen bond between phe-R respective oxygen atoms were identical to the first simulation.
oxygen of Az and the H21 of the exocyclic amine of®ad The Mg* ion at site 3 moved quickly to ligate to th@o-S
an average distance of 1.860.13 A (Figure 7a). The average  0xygen of residue & The average coordination distance
hydrogen bonding distance between the remaining hydrogen ofbetween these atoms was 1:96.04 A. The Mg" ion at site
the exocyclic amine of &(H22) and the N7 of residue /A 6, which is bound to thpro-R oxygen of the scissile phosphate,
was 2.22+ 0.25 A (Figure 7b). Excision of the N7 of residue  remained coordinated throughout the simulation with an average
A1z has been shown to result in a decrease in the rate of distance of 1.95 0.04 A. The coordination of the N7 of residue
hydrolysis in the hammerhead ribozyme as have mutations of A1.1 and the O6 of residue £ to the Mg" ion at the active
residue G.55! A hydrogen bond also forms between the 2  site were also observed with nearly identical coordination
hydroxyl of G;» and the O4of A3 with an average distance of ~ distances when compared to those of the first simulation, 2.24
(51) Thomson, 3. B.. Tuschl. T Eckstein Fhe Hammerhead Ribozyme + 0.89 and 2.04 0.06 A, respectively. During the equilibration

Eckstein, F., Lilley, D. M. J., Eds.; Springer: New York, 1996; Vol. 10, Portion of the replicate simulation, a spontaneous sugar pucker
pp 173-196. flip occurred in residue & from the C3-endoconformation to
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Figure 9. Comparison of NAC structures, showing the difference in stacking of thé\& Uis 1, Gis2 A3 Gis.4 and Gz nucleotides between

the first simulation, (a) and (b), and the replicate simulation (c) Structures (a), (b), and (c) are expanded views of Figures 4, 6, and 8, respectively

Although the stacking is different, NACs are spontaneously generated in both simulations.

the C2-endoconformation. Following the structural rearrange-
ments associated with effeédssandB, NACs were subsequently
generated. Figure 8 depicts a typical NAC structure from this
simulation. In this simulation, it was also observed that a water
molecule (wat2418) migrates into the active site. Wat2418 forms
a hydrogen bond with the-dxygen of residue G and with an
inner sphere Mg~ coordinated water. This hydrogen bonding
pattern is somewhat different from that observed in the first
simulation; however, it is consistent with the proposed mech-
anism for this reaction. A sugar pucker flip from the'@2do
conformation back to the G&ndoconformation occurred in
residue Gy just prior to 900 ps of total simulation time. The
C2-endo conformation in Gz was not reestablished prior to
the end of the replicate simulation. Also during equilibration,
the nucleobases in thes@-Cy7 platform became unstacked
and remained unstacked for duration of the simulation. The
nucleobase of residue; &rotated out toward the major grooves
while the nucleobase of residue fotated out toward the minor
groove. The stacking platform of £&516 >U16.1 formed early

in the equilibration period, but was quickly disrupted, as seen
in the first simulation. Residuess@nd Gg »then stacked with
Aiszand Gg 4 0f Stem I, while residue b ; also rotated out

persistent hydrogen bond between gine-R oxygen of residue
A1z and H21 of residue &also occurred in this simulation;
however, the average distance was slightly longer, 2 @127

A compared with 1.86+ 0.13 A seen in the first simulation.
The remaining exocyclic amine hydrogen of residug(I822)
participated in two hydrogen bonding interactions with nearly
identical distances to that seen in the first simulation. The
average distance between H22 of &nd the O4 of residue
A1z was 2.58+ 0.52 A, while the distance between H22 of G
and N7 of A3 was 2.244+ 0.23 A. It is possible that the
differences in base stacking (Figure 9) and hydrogen bonding
patterns may be related to the number of NACs obtained in the
replicate simulation.

Conclusions

Unconstrained molecular dynamics was used as a tool to
supplement recent crystallographic data and provide mechanisti-
cally reasonable routes for the conformational changes necessary
to go from the ground-state crystal structure to the transition
state in the hammerhead ribozyme. The simulations suggest that
the binding of the Mg" at thepro-R phosphate of residue;A
induces conformational changes in the backbone of both strands

toward the major groove and interacted with solvent. The base at the active site, similar to that in ion-induced folding studies

stacking differences here precluded hydrogen bonding interac-

tions between Aand G as well as that betweengand Gg.»

of the hammerhead ribozym@#*34546Conformational changes
involving the conserved core residues, coupled with backbone

since the functional groups of these bases are not in closerotations near the active site (effek}, and a sugar pucker flip

proximity to one another in this simulation. Unlike the first
simulation, a persistent hydrogen bond between pheR
oxygen of residue Aand the 2hydroxyl of residue Gformed,
with an average distance of 2.430.47 A. Due to this persistent

from C3-endoto CZ-endoin residue 17 (effecB) result in

the positioning of the "2oxygen for an in-line attack on the
phosphorus of the leaving nucleotide, residue 1.1. Thus, effects
A andB, are shown to work in concert to generate near in-line

hydrogen bonding interaction, hydrogen bonds between residueattack conformations (Figures 4, 6, and 8) as originally

Gs and Gs.o, seen in the first simulation, did not form here. A

proposed’ Reactive NACs formed approximately 18% of the
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simulation time in the first study and 7% in the replicate that either a M§"-ligated HO™ or a free HO can carry out the
simulation. Structural rearrangements from the X-ray crystal ionization to generate the nucleophile; however these results
structure are accomplished and maintained through the interac-do not exclude additional mechanisms involving the participation
tions of the conserved nucleotide residues and thé™Ngns. of additional metal ions when near the active site.

One Mg" serves a purely structural role, while the other is
ligated to thepro-R oxygen of the phosphodiester undergoing
cleavage and thereby acts as a Lewis acid catalyst. In addition
this catalytic metal ion may function to neutralize the developing
negative charge on thé-aving group to facilitate its departure.
The latter feature is evidenced by the motion of this?Mg
toward the 5oxygen of residue fA;. The movements of the
catalytic M¢#" ion are consistent with the known mechanism
of one-metal ion catalysis of phosphodiester hydrolysisich JA993094P
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