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Abstract: Molecular dynamics simulations have been performed to investigate the role of Mg?* in the full-
length hammerhead ribozyme cleavage reaction. In particular, the aim of this work is to characterize the
binding mode and conformational events that give rise to catalytically active conformations and stabilization
of the transition state. Toward this end, a series of eight 12 ns molecular dynamics simulations have been
performed with different divalent metal binding occupations for the reactant, early and late transition state
using recently developed force field parameters for metal ions and reactive intermediates in RNA catalysis.
In addition, hybrid QM/MM calculations of the early and late transition state were performed to study the
proton-transfer step in general acid catalysis that is facilitated by the catalytic Mg?* ion. The simulations
suggest that Mg?* is profoundly involved in the hammerhead ribozyme mechanism both at structural and
catalytic levels. Binding of Mg?" in the active site plays a key structural role in the stabilization of stem |
and Il and to facilitate formation of near attack conformations and interactions between the nucleophile
and G12, the implicated general base catalyst. In the transition state, Mg?" binds in a bridging position
where it stabilizes the accumulated charge of the leaving group while interacting with the 2'OH of G8, the
implicated general acid catalyst. The QM/MM simulations provide support that, in the late transition state,
the 2'OH of G8 can transfer a proton to the leaving group while directly coordinating the bridging Mg?* ion.
The present study provides evidence for the role of Mg?™ in hammerhead ribozyme catalysis. The proposed
simulation model reconciles the interpretation of available experimental structural and biochemical data,
and provides a starting point for more detailed investigation of the chemical reaction path with combined
QM/MM methods.

The hammerhead ribozyrifds an archetype system to study

he di h lecules of d I | RNA catalysist-3 Despite a tremendous amount of experimental
The discovery that molecules of RNA could catalyze complex 4 theoretical effort31214 the details of the hammerhead

reactions with efficiency that rivaled many protein enzymes ;v me mechanism have been elusive. In particular, one of

stimulated a new field of research directed toward the under- yno ain puzzles involves the apparent inconsistency between
standing of the mechanism of RNA enzymes or ribozymes. This 4, interpretation of thio substituti&h'é and mutationdf

fleld has attlracted a W_'de range of expenmental .and.theoretlcal experiments with available crystallographic structural informa-
interest owing to the importance of ribozymes in bioldg¥,  ti5n of the minimal hammerhead sequeAte? Biochemical

the|_r evolutionary |mp||cat|prfs a_md potential impact on the experiments have been interpreted to suggest that a pH-de-
design of new drugsand biomedical technolog:'!
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pendent conformational change must precede or be concomitantvith available biochemical and structural data. The results of
with the catalytic chemical step, including a possible metal ion the present work provide insight into the hammerhead ribozyme
bridge between the A9 and scissile phosphates. This is mechanism and a starting point from further study of the

inconsistent with crystallographic data for the minimal ham- chemical mechanism with QM/MM methods.

merhead motit/ 1% where A9 and scissile phosphates are found  The paper is organized as follows. The Methods section
to be~20 A apart. Moreover, the function of théH group describes the computational details of the MD simulations, QM/
of G8 remains unclear from this data. MM, and supporting DFT calculations. The Results and

Very recently, the crystallographic structure of a full-length Discussion section presents simulation results for the reactant
hammerhead sequence has been determined at 2.2 A resolustate, activated precursor, early and late transition state mimic
tion.2° The naturally occurring full-length hammerhead sequence simulations, QM/MM simulations of the early and late transition
exhibits enhanced catalytic activity and different metal ion states, and DFT calculations for Kfgand Mr#* metal ion
requirements relative to the minimal matif. The crystal binding affinities with RNA ligands, and discusses the mecha-
structure shows the A9 and scissile phosphates in closenistic implications of these results with regard to the role of
proximity 22 (see the stereoview of the active site, Figure S1 of Mg?" ions in hammerhead ribozyme catalysis. The Conclusion
Supporting Information) consistent with the interpretation of section summarizes the main points of the paper and outlines
thio effect measurementdand G8:Q and G12:N poised to future research directions.
act as a general acid and base, respectively, consistent WithM
photocrosslinking experimerfsand mutational dat&. How-
ever, the native divalent Mg ions required for catalysis were This section outlines the molecular simulation methods and model
not resolved in this structure. Very recently, a crystal structure construction. A complete description of the technical details is provided
was obtained in the presence of the softer divalent catiotfMn i the Supporting Information. o o
that allowed the identification of a divalent binding site M9”" lon Binding Modes in the Active Site. The Mg’ binding
involving A9 and G10.1 near the active sie. sites were not resolved |n_the orlglr_lal _fuII-Iength _hammerh_ead _RNA

. ) structure?’ To explore possible Mg binding modes in the active site,

It remains an open question, however, as to what conforma- yq injtial positions were selected based on biochemical, theoretical,
tional events and changes in metal binding may occur in or crystallographic sourcé&2°2*The first initial Mg?* binding site,
proceeding to the transition state from a precatalytic active designated the “C-site”, is an implicated metal-ion binding site based
conformation. Molecular simulation offers a powerful tool to on a very recent hammerhead RNA structure with resolved metal and
probe the structure and dynamics along the chemical reactionsolvent position® in which a Mr#* cation directly coordinates to both
coordinate and the role played by divalent metal ions in A9:0pand G10.1:M The second initial Mg binding site, designated
stabilizing the transition state. Several fairly short (approximately the “Bridging” site, is one in which the My ion bridges the A9 and

1.2 ns or less) molecular dynamics simulations, based on thescissile phosphates, directly coordinating the two nonbridgis@ms

minimal sequence hammerhead structures, have been re}hatare4.3/3\apart|nthe crystal structd@fd his type of coordination

L inferred both fi the ©0 dist; in th tal struct d
ported?>~28 but to date there has only been communication of was fierted bom from e IStance 1 Te clysial sirieture an

limi imulati | £ the full-l hh h also the thio/rescue effect experiments that suggest a single divalent
preliminary simulation results of the full-length hammerhead metal might bridge these positions in the transition stat®?°No metal

sequence with the active site in an in-line conformation, and jon at this position, however, has yet been observed crystallographi-
some speculation as to the divalent metal binding nf8de. cally .15

The purpose of the present work is to explore in detail the  MD Simulation Setup. A total of eight classical force field MD
role of |\/|92+ ions in stabilizing the active conformation and simulations were performed that involve different points along the
proceeding to the transition state, based on the new crystal-catalytic reaction pathway including the reactant state (RS), reactant
lographic structure of the full-length hammerhead ribozyme with state activated precursor where tH®R nucleophile |_s_deprotonated
a divalent metal bound near the active site. Toward this end, (RS). early transition state (ETS) and late transition state (LTS)

. . . "' mimics. In addition, the presence and initial position of the?Mign

we have performed a series of eight 12-ns classical molec-. T i . )

- . . . in the active site was also varied so as to include either no bourtd Mg
ular dyn_amlcs simulations a”‘?' wo 1-ns Comb'ned_ quanFum ion (apo-), Mg@" ion bound at the C-site (c-) or in a bridging position
mechamcal/molt_acular mech_anlcal (QM/_MM) simulations with (b-) as described above. The parameters for thé*Mgn and the
different metal ion occupations at various stages along the reactive intermediates in the simulations have been described in detalil
chemical reaction coordinate. From these simulations, we presentklsewheré?3 and a summary of the different simulations and their
a model for the Mg" binding in the reactant and transition state abbreviations are provided in Table 1. All the simulations were
and propose a role this cation plays in catalysis that is consistentperformed with CHARMM?! (version c32a2) using the all-atom

CHARMMZ27 nucleic acid force fieléh3 with extension to reactive
(20) Martick, M.; Scott, W. GCell 2006 126, 309-320. intermediate models (e.g., transition state minifcahd TIP3P water

(21) Canny, M. D.; Jucker, F. M.; Kellogg, E.; Khorova, A.; Jayasena, S. D.; model3* Initial structures used in the simulations were based on the
Pardi, A.J. Am. Chem. So2004 126, 10848-10849.

ethods

(22) Westhof, E.J. Mol. Recognit2006 20, 1-3. crystallographic structure of the full-length hammerhead ribozyme of
(23) Lambert, D.; Heckman, J. E.; Burke, J. Biochemistry2006 45, 7140 Martick and Scott® The positions of hydrogen atoms were determined
7147. using HBUILD facility in the program CHARMME (version c32a2).
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165. S.; Karplus, M.J. Comput. Chenil983 4, 187-217.

(27) Torres, R. A.; Bruice, T. QProc. Natl. Acad. Sci. U.S.A998 95, 11077 (32) Foloppe, N.; MacKerell, A. D., Jd. Comput. Chen200Q 21, 86—104.
11082. (33) MacKerell, A. D., Jr.; Banavali, N. KI. Comput. Chen200Q 21, 105-

(28) Torres, R. A.; Bruice, T. CJ. Am. Chem. So200Q 122 781-791. 120.
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Table 1. Summary of Simulations Discussed in the Present Work?
abbreviation Mg?*ion state time (ns) potential
apo-RS absent reactant 12.0 CHARMM
b-RS bridging reactant 12.0 CHARMM
c-RS C-site reactant 12.0 CHARMM
c-RS C-site deprotonation 12.0 CHARMM

reactant

b-ETS bridging early TS mimic 12.0 CHARMM
b-LTS bridging late TS mimic 12.0 CHARMM
c-ETS C-site early TS mimic 12.0 CHARMM
c-LTS C-site late TS mimic 12.0 CHARMM
b-ETSQM bridging early TS 1.0 QM/MM
b-LTSQM bridging late TS 1.0 QM/MM

aSimulation for the full-length hammerhead differ by their initial
placement of the MRS, protonation state of the'@H of C17, and
progression along the reaction coordinate. A total of eight 12-ns simulations
were performed with the all-atom CHARMM27 nucleic acid force fiéfe
with extension to reactive intermediate mod®land two 1-ns simulations
using a QM/MM potential using the AM1/d-PhoT Hamiltonfénfor
phosphoryl transfer. Initial Mg placement was either in the bridging
positior?®(coordinated to the A9 and scissile phosphates) or the “C-site”
positior?* (coordinating the A9 phosphate and df G10.1)

With hydrogen atoms built and the ¥fgcation position established,
the ribozyme was immersed in a rhombic dodecahedral cell of 10,062
pre-equilibrated TIP3Pwater molecules centered about the active site
and pruned such that any water molecule within 2.8 A from the solute
was removed. The ion atmosphere consisted of &ted CI ions that

were added at random positions to neutralize the system and reach thd°" the mode

physiologic extracellular concentration of 0.14 M. The ions positions
were kept initially at least 4.7 A away from any solute atoms. The

resulting system (the reactant state) contained 9053 water molecules

82 Na" and 23 Ct ions, and 2021 RNA atoms.

Periodic boundary conditions were used along with the isothermal
isobaric ensembleNPT) at 1 atm and 298 K using an extended system
pressure algorithfAwith effective mass of 500.0 amu and Ndseover
thermosta®®3”with effective mass of 1000.0 kcal/mol-psgspectively.
The smooth particle mesh Ewald (PME) metfig8was employed with
a « value of 0.35 A, 80 FFT grid points for each of the lattice
directions, and a B-spline interpolation order of 6. Nonbonded intera-
ctions were treated using an atom-based cutoff of 10 A with shifted
van der Waals potential. Numerical integration was performed using
the leapfrog Verlet algorithm with 1 fs time stépCovalent bond
lengths involving hydrogen were constrained using the SHAKE
algorithm#*

The solvent was equilibrated with an annealing procedure (see
Supporting Information for details), after which the whole system was

energy-optimized, and unconstrained dynamics simulation began from
0 K under constant pressure of 1 atm. The temperature was increase

to 298 K at the rate of 1 K/ps and then kept fixed at 298 K. The same
equilibration process was applied for each simulation. A total of 12 ns
of unconstrained dynamics was performed for each of the eight
simulations (reactant with and without ¥g early TS mimic and late

TS mimic), the last 10 ns of which were used for analysis. The motions
and relaxation of solvent and counterions are notoriously slow to
converge in nucleic acid simulatiofsand careful equilibration is

critical for reliable simulations. In summary, for each simulation, a
total of 3 ns of equilibration (1 ns of solvent relaxation and 2 ns of

solvent and structure relaxation) has been carried out before 10 ns of

data sampling.

(35) Andersen, H. CJ. Chem. Phys198Q 72, 2384-2393.

(36) Nose S.; Klein, M. L. Mol. Phys.1983 50, 1055-1076.

(37) Hoover, W. GPhys. Re. A 1985 31, 1695-1697.

(38) Essmann, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Hsing, L.; Pedersen,
L. G. J. Chem. Physl995 103 8577-8593.

(39) Sagui, C.; Darden, T. AAnnu. Re. Biophys. Biomol. Structt999 28,
155-179.

(40) Allen, M.; Tildesley, D.Computer Simulation of Liquid©xford University
Press: Oxford, U.K., 1987.

QM/MM Simulation Setup. QM/MM simulations on the early and
late transition state mimics were set up as follows. Initial structures
were taken from snapshots of the classical molecular dynamics
simulations after 2 ns production simulation, and theRand P-Os
distances of the scissile phosphate were harmonically restrained with
a force constant of 1000 kcal/moPAnd equilibrium distances of 2.010
and 1.850 A, respectively, for the early TS mimic and 1.856 and 2.382
A, respectively, for the late TS mimic. The system is partitioned into
a quantum mechanical (QM) region constituting the active site that is
represented by the AM1/d-PhoT Hamiltoriaand the modified AM1
magnesium parameters of Hutter and co-workéfEhe total number
of solute and solvent atoms and setup of periodic boundary conditions,
etc., were identical to the classical simulations. The QM subsystem
was defined as the 43 atoms around the active site and included the
scissile and A9 phosphates, parts of the nucleophilic and leaving ribose
rings, and M@" ion and coordinated waters. The generalized hybrid
orbital (GHO) methotf is used to cut a covalent bond to divide the
system into QM and MM region. Full electrostatic interactions were
calculated using a recently introduced linear-scaling QM/MM-Ewald
method?®

Density-Functional Calculations. At the time of initiation of this
study, there was no direct structural information from X-ray crystal-
lography about the divalent metal ion binding sites in the full-length
hammerhead ribozynt& For this reason, we explored plausible divalent
metal ion binding in the activated ground state, an early and late
transition state mimic simulations, using the native’Mign as a basis
P° Only very recently has a solvent structure of the full-
length hammerhead ribozyme become avaifdhigth divalent Mr#+
positions unambiguously determined. This was made possible by
crystallization of the more electron-rich ¥fnions that possess a distinct
X-ray absorption K edge at 1.896 A. In the late stages of preparation
of the manuscript, we have included comparative analysis with this
new structure. The activity in the presence offVignd Mr#+ are similar
(slightly faster in the presence of MIr), and there is currently no
evidence that suggests the mechanism is significantly altered by
interchange of these metal ions. Nonetheless, it should be expected
that the specific binding affinities and modes of these ions may be
somewhat different.

The molecular mechanical force field model used in the present study
lacks explicit polarization and molecular orbital interactions and is likely
much too simple to provide quantitative insight into the differences in
the metal ion binding affinities. To provide a quantitative characteriza-
tion of the binding modes of Mg and Mr#*, we have performed
density-functional calculations in the most relevant biological ligand
environments of these metals. Calculations were performed using
Kohn—Sham density functional theory (DFT) with the hybrid exchange

Ciunctional of Beck&“8 and the Lee, Yang, and Parr correlation

unctionaf® (B3LYP) so as to be consistent with previous work in the
QCRNA databas®. Frequency calculations were performed to establish
the nature of all stationary points and to allow evaluation of thermo-
dynamic quantities. Geometry optimization and frequency calculations
were performed using the basis set. Electronic energies were further

(41) Ryckaert, J. P.; Ciccotti, G.; Berendsen, H. JJCComput. Phys1977,
23, 327-341.

(42) Ponomarev, S. Y.; Thayer, K. M.; Beveridge, D.Rroc. Natl. Acad. Sci.
U.S.A.2004 101, 14771-14775.

(43) Nam, K.; Cui, Q.; Gao, J.; York, D. Ml. Chem. Theory Compw007, 3,
486-504.

(44) Hutter, M. C.; Reimers, J. R.; Hush, N. .Phys. Chem. B998 102
8080-8090.

(45) Gao, J.; Amara, P.; Alhambra, C.; Field, M.JJ.Phys. Chem. A998
102 4714-4721.

(46) Nam, K.; Gao, J.; York, D. MJ. Chem. Theory Compl2005 1, 2—13.

(47) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.

(48) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.
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Schaftenaar, G.; Lopez, X.; Lee, T.; Karypis, G.; York, D.MMol. Graph.
Model. 2006 25, 423—-433.
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Table 2. Results of the in-Line Attack of the O Nucleophile to the Scissi
Crystallographic Structures (Bottom) of Hammerhead Ribozyme?

le Phosphate from Simulation (Top) and Derived from

simulation® apo-RS b-RS ¢-RS c-RS™

R(C17:G, C1.1:P) 3.83(19) 3.61(23) 3.55(20) 3.57(16)

angle 138(10) 142(11) 134(14) 140(10)

in-line fitness F) 0.34(8) 0.43(13) 0.40(10) 0.43(9)

NAC% 0.1 5.6 1.8 2.8

X-ray structures® 2G0z¢ 20EU® 1HMH 1IMME 299D 300D 301D 359D

R(C17:Q, C1.1:P) 3.18 3.30 4.36 4.32 3.46 3.51 4.08 3.54
angle 162.0 152.0 127.0 144.9 56.9 60.0 74.9 63.4
in-line fithess F) 0.73 0.61 0.20 0.25 0.06 0.07 0.09 0.08

aShown are the @-+P distance, R(C17:Qy, C1.1:P)”, in A, the Q-P—Osy

angle, “angle”, in degrees, the in-line fitness parametet, ‘defined by

Soukup and Breakér,and the percentage of near-attack conformations, “NAC%”, defined by Torres and Bful&mulation abbreviations and summaries
are given in Table 1¢ X-ray structures are taken from the Protein Data B&pfkand labeled by PDB ID¢ The full-length hammerhead RNA crystallographic
structure at 2.2 A resoluti@hthat was also used in this paper as the starting structiitee full-length hammerhead RNA crystallographic structure at 2.0

A resolution with resolved Mit sites and solverft

refined via single point calculations at the optimized geometries using
the basis set and the B3LYP hybrid density functional. All single point
calculations were run with convergence criteria on the SCF wave
function tightened to 1@ au to ensure high precision for properties
sensitive to the use of diffuse basis functi6h3he protocol applied

to obtain the (refined energy)//(geometry and frequencies) is designated

by the abbreviated notation. Aqueous solvation effects were treated
using the polarizable continuum model (PCR1}* with UAKS radii 5

All density-functional calculations were performed with the Gaussian
03 suite of programs.

Results and Discussion

MD Simulations. The set of molecular dynamics simulations
performed in this work comprises four classical (i.e., MM force
field) simulations of the reactant state in protonated (RS) or
activated/deprotonated (Rpform, two simulations of the early
transition state (ETS), two simulations of the late transition state
(LTS), and finally two additional QM/MM simulations of the
early and late transition state. The various simulations consider
different metal ion binding scenarios (see Methods section)
including no bound metal (apo-), metal initially bound at the
“C-site” (c-) to the A9 pro-R phosphate oxygen and;Nf
G10.1, orin a bridging (b-) position between the A9 and scissile
(C1.1) pro-R phosphate oxygens. These simulations and their
notation are summarized in Table 1. The heavy-atom root-mean-
square deviation (rmsd) for those simulations are shown in
Supporting Information.

Structural roles of Mg2* in the Reactant State Three types
of analysis of the four simulations of the reactant state were
performed to explore possible structural roles ofd¥igin-line
fitness, near in-line attack conformation (NAC), and active site
hydrogen bond network analysis.

In-Line Fitness. The in-line fithess indexK) has been used
as a measure for the likelihood of activity of a catalytic RNA
structuré” and is defined by

(51) Frisch, &.; Frisch, M. aussian 98 User's Referen@nd ed.; Gaussian,
Inc.: Pittsburgh, PA, 1999.

(52) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027-2094.

(53) Mineva, T.; Russo, N.; Sicilia, B. Comput. Chen1998 19, 290-299.

(54) Cossi, M.; Scalmani, G.; Rega, N.; Barone,JVChem. Phys2002 117,
43-54,

(55) Barone, V.; Cossi, M.; Tomasi, J. Chem. Phys1997 107, 3210-3221.

(56) Frisch, M. J.; et alGaussian 03revision 02, Gaussian, Inc.: Wallingford,
CT, 2004.

(57) Soukup, G. A.; Breaker, R. RNA1999 5, 1308-1325.
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Figure 1. Plot of the @—P—0Os angle versus @-P distance for the
approach of the '2hydroxyl of residue C17 to the phosphate of residue
C1.1 for reactant state simulations (small black crosses): apo-RS, b-RS,
¢c-RS and c-RS. Also shown are data for previously reported minimal
sequence Hammerhead RNA X-ray structures (large green crosses, listed
in Table 2), and the two full-length hammerhead structures (large red
crosses). Dashed lines at 3.25 A and °1%0e the near in-line attack
conformation (NAC) region defined by Torres and Bruie.

. 3
F_ 145 3

T 180— 45" ¢ @
0, P

wheret is the @—P—0Os angle in degrees ando,p is the
O,—P distance in A. A threshold value Bf> 0.4 is frequently
used to identify catalytically competent in-line fitness.

Table 2 compares the in-line fitne$s values for several
hammerhead crystal structures with those derived from the
molecular dynamics simulations. The two full-length ham-
merhead structures are considerably in-line, vithalues of
0.73 and 0.61 for the 2.2 and 2.0 A resolution structures
(references 20 and 24), respectively. The minimal sequence
structures, on the other hand, have considerably lower in-line
fitness, withF values that range from 0.06 to 0.25. The reactant
simulation results in the absence of Mdapo-RS) have average
in-line fitness values of 0.34 0.08. The reactant simulations
with Mg?* show higherF values that range from 0.40 to 0.43,
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Table 3. Comparison of Crystallographic and Simulation Data for Selected Heavy-Atom Distances in the Hammerhead Active Site?

X-ray simulation®
2G0z° 20EU¢ apo-RS b-RS b-ETS b-LTS
CL.1:Gz+A9:0p; 4.33 4.28 7.16(110) 3.36(49) 4.00(60) 4.01(70)
Mg:--G8:0y 3.04 3.14 3.97(102) 2.24(13) 3.21(23)
Mg---C1.1:Gy 3.84 4.01 4.22(21) 3.68(35) 2.09(50)
G8:%--C1L.1:Gy 3.19 3.51 6.87(71) 4.29(77) 4.41(65) 2.91(17)
C17.%+-C1.1:P 3.18 3.30 3.83(19) 3.61(23) 1.89(12) 1.76(40)
G12:N2--C17:O» 3.54 3.26 4.59(66) 3.02(27) 3.14(28) 2.97(13)
A9:NG---G12:N3 2.63 3.22 3.38(38) 3.27(58) 3.15(21) 3.17(21)
A9:NG---G12:0y 3.21 2.98 3.19(27) 3.36(86) 3.01(18) 2.99(16)
A9:N7---G12:N2 2.90 2.90 2.95(13) 3.42(93) 3.85(44) 3.66(33)

aResults are from simulations with Mginitially placed at the bridging position. Average values are shown with standard deviations in the parenthesis
(divided by the decimal precision).For simulation summary and abbreviations see TabfeThe full-length hammerhead RNA crystallographic structure
at 2.2 A resolutio? that was also used in this paper as the starting structiiee full-length hammerhead RNA crystallographic structure at 2.0 A resolution
with resolved M&* sites and solverit

just above the threshold value of 0.4 as an index for catalytic the G12:H---C17:Q» hydrogen bond in the deprotonated
activity. Hence, the simulation results suggest that the presencereactant state (b-R$which is locked on over 99% of the time.
of Mg?* favors slightly larger in-line fitness values, at least for Hydrogen bonding between théQH of G8, the proposed
fluctuations that occur in the 10 ns time domain. general acid catalyst, and they @aving group is observed to
Near in-Line Attack Conformation (NAC). Figure 1 shows  some degree in all of the simulations. In the protonated reactant
a distribution plot of the in-line angle versus attack distance  simulations, this hydrogen bond becomes successively more
do,—-p for each of the reactant simulations and compares with evident in the apo-RS, ¢-RS, and b-RS simulations, being present
crystallographic values (marked as “X” symbols). The regions |ess than 1%;3%, and~21% of the time, respectively. In the
of the plots that encompass so-called near in-line attack activated precursor (deprotonated) b-RSimulation, this
conformation (NAC3® are enclosed by a blue box. Itis evident hydrogen bond is even more pronounced (77% observed) and
that two full-length crystal structures and the reactant simulations is strongest in the late transition state simulation (b-LTS) that
lie in positions which are in the near-attack conformation region, has negative charge accumulated on the leaving group where
whereas minimal length structures are considerably far from the hydrogen bond is maintained 95% of the time. Thus, the
an ideal attack conformation. The reaction state simulation b-RSinteractions between thé@H of G8 and the leaving group are
shows 5.6% NAC population while the population is reduced facilitated by the presence of a bridging kgon, and become
to 1.8% for the c-RS simulation, to 2.8% for the c-RS  most prevalent in the late transition state. As will be discussed
simulation (in which the C17:is deprotonated), and to 0.1% |ater, the proton is observed to spontaneously transfer in the
for the simulation lacking the prostetic divalent ion (apo-RS). QM/MM simulations of the late transition state. These results
Active-Site Hydrogen-Bond Network. Table 5 lists the  strongly support the role of thé@H of the G8 sugar ring as a
hydrogen-bond parameters for key interacting residues in thegeneral acid, and not directly a functional group of the
full-length hammerhead active site. The interactions between nucleobase itself.
G12 and the nUC|eophI|IC'®H of C17 have Imp|lca'[I0nS into The other three hydrogen bonds (GlazH.A9N7,

the role of G12 as a general base catalyst, whereas the hydrogemg:Hyg---G12:N; and A9:Nye+++G12:0y) are essentially main-
bonds between thesJeaving group of C1.1 and thé@H of  tained for all simulations. A possible exception involves the
G8 have implications into the role of the G8 hydroxyl as a early transition-state mimic simulation where the hydrogen bond
general acid. Other important interactions include hydrogen of G12:Hy,+++-A9:N- is relatively weak (50% observed).

bonds involving functional groups on the A9 nucleobase with Mg?* Binding Modes along the Reaction CoordinateThe

G12 that maintain the structural integrity of the active site. key heavy-atom distances around the active site are listed in
In the simulations of the neutral reactant state (RS), there is T5ple 3 for the simulations with Mg placed at the bridging
considerable hydrogen bonding observed between tizriho position and in Table 4 for the simulations with Rtginitially
proton of G12 and the nucleophilic;f C17, but relatively  pjaced at the C-site position. In both tables a comparison with
little hydrogen bonding observed between the®G12. This  he crystallographic values is provided. Several key distances
interaction is particularly enhanced in the b-RS simulations with {4t track the M@&" migration from the C-site are monitored in
the M¢?" in the bridging position where it is observed 97% of Figure 2 for the ¢-RS, ¢-RS, c-ETS, and ¢-LTS simulations.
the time during the simulation. It is not yet conclusive that the rigyre 3 shows a series of snapshots that illustrate the migration
G12 nucleobase does indeed play the role of a general baseys ihe M. The M@* ion clearly migrates from the C-site to
although there is a considerable body of accumulating evidence,q bridging position between the A9 and scissile phosphates
that suggests that it doé%%° Nonetheless, the specific details (i.e., directly coordinating A9:@ and C1.1:Gs) in both early
whereby G12 could effect extraction of the nucleophil®B 54 |ate transition-state mimic simulations (c-ETS and c-LTS)
of C17 remain unclear. Our simulation results hint that it iS g4 in the reactant state simulation where the nucleophilic O
plausible that G12 might extract the proton from the nucleophile 55 peen deprotonated (c-RSHowever, in the parent reactant
via the N, position, either in a deprotonated or tautomeric form. gtate system (c-RS), where C13:@ protonated, the divalent
This postulate is consistent with the observed strengthening of yatal ion stays in the C-site in the course of the 12 ns MD

(58) Han, J.: Burke, J. MBiochemistry2005 44, 7864-7870 simulation. The M@" ion directly coordinates to A9:£ with
(59) Roychowdhury-Saha, M.; Burke, D. RNA2006 12, 1846-1852. a distance less than 2.5 A for all simulations (data not shown).
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Table 4. Comparison of Crystallographic and Simulation Data for Key Heavy-atom Distances in the Hammerhead Active Site?
X-ray simulation®
2G0z¢ 20EU apo-RS c-RS c-RS™ c-ETS c-LTS
C1.1:G»+*A9:0 p2 4.33 4.28 7.16(110) 5.06(97) 2.92(26) 4.02(6) 3.78(27)
Mg---G8:0» 3.04 3.14 5.92(28) 4.84(36) 3.66(61) 2.9(85)
Mg-+-C1.1:Gy 3.84 4.01 7.01(79) 4.23(41) 3.59(16) 2.09(6)
G8:0+:C1.1: Gy 3.19 351 6.87(71) 4.54(59) 3.21(35) 5.26(72) 3.66(73)
C17:»+--C1.1:P 3.18 3.30 3.83(19) 3.55(20) 3.57(16) 1.86(4) 1.76(4)
G12:NZ--C17:&y 3.54 3.26 4.59(66) 4.92(81) 2.99(16) 2.95(14) 3.66(84)
A9:N6---G12:N3 2.63 3.22 3.38(38) 3.11(17) 3.12(21) 3.14(18) 3.14(21)
AI:NG+-G12:Oy 3.21 2.98 3.19(27) 3.07(19) 3.36(36) 3.03(18) 3.09(22)
A9:N7---G12:N2 2.90 2.90 2.95(13) 3.00(14) 3.07(20) 3.60(44) 3.06(23)

aResults are from simulations with Mg initially placed at the C-site position. Average values are shown with standard deviations in the parenthesis
(divided by the decimal precision).For simulation summary and abbreviations see TabfeThe full-length hammerhead RNA crystallographic structure
at 2.2 A resolutio? that was also used in this paper as the starting structiiee full-length hammerhead RNA crystallographic structure at 2.0 A resolution

with resolved MA* sites and solver#
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Figure 2. Key distances of the Mg ion in the simulations with Mg
initially placed at the C-site.

12

The radial distribution of key heavy-atoms around W¥gre
shown in Figure 4 for the simulations with ¥igat the bridging
position and in Figure 5 for the simulations with Rignitially
placed at the C-site position.

Mg?* Binding and Migration In The Reactant State. In
the reactant simulations with Mg at the bridging position
(b-RS), the M@" coordination between the C1.1 and A9
phosphate oxygens fluctuates between axdaial and axiat-
equatorial modes, resulting in a shorter average oxygeggen
distance (3.36 A) than that observed in the X-ray structure
(around 4.3 A, see Table 3). The reactant simulation with the
Mg?" ion initially placed at the C-site (c-RS) shows that,
although M@+ does not move to the bridging position during
simulation time (12 ns), its distance to G10.1:aries from
around 2.0 A to aroun5 A (Figure 2). The distance between
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the A9 and scissile phosphates jumpstA at thebeginning

of the simulation and returns to around 4 A, resulting in an
average of 5.06 A (Table 4 and Figure 2). In the deprotonated
reactant state simulation (c-R§Mg?" migrates from the C-site

to the bridging position after about 2 ns (Figure 2) while
maintaining coordination in the axiakquatorial mode. This
results in a shorter average in the A9 and scissile phosphate
distance of 2.92 A (Table 4).

In all three reactant simulations with ¥igion present, the
distances between the A9 and scissile phosphates remain within
1.5 A of the crystallographic value of 4.3 A, whereas in the
absence of Mg this key contact between stems | and Il drifts
to over 7 A (Table 3). This suggests that the close proximity of
the A9 and scissile phosphates creates an electrostatic require-
ment for cation occupation in order to maintain structural
integrity. This electrostatic requirement may be fulfilled by
occupation of a divalent metal ion in either a bridging position
or at the C-site, and possibly, in the absence of divalent metal
ions, by other monovalent cations at sufficiently high concentra-
tions.

This may suggest that the close proximity of the A9 and
scissile phosphates observed in the full-length hammerhead
structuré® could be stabilized by a Mg ion that brings together
stems | and I, either at the bridging or the C-site position. This
close proximity is, perhaps, responsible for the formation of
near-attack conformations in a way different from previous
simulations based on minimal sequence structthes. The
active site conformations of the reactant simulations witfMg
placed at the bridging position and initially placed at the
C-site position are different (Tables 3 and 4; Figures 4 and 5),
although in both cases the overall fold is maintained. Of
particular interest are the C1.1:9+-A9:0p,, G8:0y++-C1.1:Gy
and G12:N---C17:Qy distances. In the b-RS simulation the
Mg?* bridges the A9 and scissile phosphates, effectively
tethering them around at a distance ef8A, whereas in the
c-RS simulation the average distance is 5.06 A. In the
deprotonated c-RSsimulation, the negative charge facilitates
the migration of the Mg into a near-bridging position such
that results are quite similar to those of the b-RS simulation. It
is also noteworthy that the interaction of the implicated general
acid and base become stronger witha a bridging position
(either in the b-RS simulation or after migration in the c-RS
simulation). These results suggest that in the reactant state the
preferred binding mode of Mg is at the C-site, which is
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Figure 3. The M¢*" positions from snapshots of simulations with Mgnitially placed at the C-site position. Snapshots shown are for the initial C-site
position (upper left), the reactant state with C1y1®otonated (upper right), the reactant state with Ctkd€protonated (lower left), and the early transition
state mimic (lower right). The Mg position in the late transition state mimic is similar to the early transition state mimic (not shown). THeidng
migrates from the C-site to the position bridging the A9 and scissile phosphates, i.e., directly coordinated with #peaA®:01.1:Qp, in the transition
state mimic simulations and in the reactant state simulation witf"Ntgtially placed at the C-site position and with C13:@eprotonated but not in the
reactant state simulation with C17@rotonated. The distances shown are distances ® ¥tgm A9:0p, C1.1:Qp, and G10.1:M.

bRs | ' I ' reaction, brings the Mg into a bridging position between A9
- o, — C1.1:0, and the scissile phosphate leading to the transition State.
- “ _ g:gpz Mg?2*™ Binding in the Transition State. In both early and
"":-_I, _ 01-.165- late transition state mimic simulations with &fgat the bridging
c§' - G10N, position (b-ETS and b-LTS), the distance between the A9 and
. R scissile phosphates is araud A and the Mg" coordination
i : /’“‘g O between the C1.1 and A9 phosphate oxygens keeps an-axial
| , I/)(\.\_ axial position along the whole simulations (Table 3 and Figure
b-ETS 5). The distance between A9 and scissile phosphates in the

crystallographic structure is around 4.3 A, which is well-suited
for Mg2*-bridging coordinatior$® However, in both early and
late transition state mimic simulations with Riginitially at
the C-site position (c-ETS and c-LTS), the RMgon migrates
- from the C-site to the bridging position in less than 0.5 ns and
remains at the bridging position for the remainder of the
| . simulation. A similar situation was found in the deprotonated
c-RS™ simulation (see earlier). The migration is also indicated
by the broken coordination between the ¥gon and G10:N,
shown in Figure 2. This observation may again suggest that
the bridging position is the preferred position for ¥gvhen
an additional negative charge is accumulated at the scissile
phosphate in formation of the transition state.
_ /\ | Role of Mg?" in Catalysis. A possible catalytic role of Mg
4 6 in hammerhead ribozyme catalysis is illustrated in Figure 7. In
r(A) the reactant state simulation with Kfginitially placed at the
bridging position, the Mg~ spends significant time closely
Figure 4. Radial distribution functions of key heavy atoms around®Mg  gsgociated with of G8:©(Figure 4), but remains fairly distant
in the active site for the reactant and early and late TS mimic simulations

with the divalent metal ion in the bridging position (b-RS, b-ETS and b-LTs, [T0M the leaving group @position. In the reactant simulations
respectively). with Mg?* initially placed at the C-site position, the ¥gis

Igof)

o)

between A9 and Nof G10.1 (through a water moleculg)%°.61 (60) Peracchi, A.; Beigelman, L.; Scott, E. C.; Uhlenbeck, O. C.; Herschlag, D.
i i icai J. Biol. Chem1997, 272 26822-26826.

and that the negatlvely Charge_q environment near the SCISSIIe(61) Peracchi, A.; Beigelman, L.; Usman, N.; HerschlagPBoc. Natl. Acad.

phosphate, formed after the initial pH-dependent general base ° Sci. U.S.A1996 93, 11522-11527.
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Figure 5. Radial distribution functions of key heavy atoms around?Mg
in the active site for the reactant, the reactant with C%7d@protonated,
and early and late TS mimic simulations. The Mgvas initially placed at
the C-site position.

far from both G8:@ and the leaving group C1.1;0when
C17:Qy is protonated. In the case when C17:© deprotonated,
both G8:Q and C1.1:@ move significantly closer to MR
and C1.1:@, acquires coordination to the ¥ty The simulations
indicate that Mg" prefers to occupy the bridging position when
C17:Q» is deprotonated. The result of ¥igbinding at the

Mg-G8:0,

st ok ooty
e -f-'\i'l Moo
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Figure 6. Key distances from QM/MM simulation of the late transition
state mimic. The proton transfer from G8&:@ the leaving group, C1.1:
Osg, occurs at around 200 ps.

Figure 7. Possible catalytic role of M?g in the full-length hammerhead
ribozyme. The C-site in the pre-reactive state involves binding at #wf N
G10.1 and the A9 pro-R phosphate oxygen. Activation of ti@-2may
occur through interactions with G12, the proposed general base. Migration
from the C-site to a bridging position between A9 and the scissile phosphate
occurs; in proceeding to the transition state the*?Mgcquires additional
interaction with the @ leaving group and the'@H of G8, the implicated
general acid.

bridging position is to serve as an epicenter to draw together the same time, the'@H of G8 forms a hydrogen bond with

the A9 and scissile phosphates, thed@ G8 and the @ leaving
group.

In the early TS mimic simulations, where the nucleophilic
Oy and leaving group ®are equidistant from the phosphorus,
the Mg?"™ ion becomes directly coordinated to th@©® of G8
and is positioned closer to the;@eaving group (Figures 4 and
5). Both early TS mimic simulations with Mg initially placed
at the bridging position and the C-site position showed very
similar results. The coordination of the Ffgion in the early
TS mimic simulations is consistent with a role of shifting the
pKa of the 20H in G8 so as to act as a general acid.

Late Transition State. In the late TS mimic simulations,
both with M initially placed at the bridging position and the
C-site position, a transition occurs whereby the?Mgoordina-
tion with the 20H of G8 is replaced by direct coordination
with the leaving group @ (Figure 4). In this way, the Mg
may provide electrostatic stabilization of the accumulating
charge of the leaving group (i.e., a Lewis acid catalys}).
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the leaving group @ and is positioned to act as a general acid
catalyst.

QM/MM Transition-State Simulations. The classical MD
simulations suggest that in the early TS, the 2Mdon is
positioned to shift thelg, of the 20H of G8 to act as a general
acid, and in the late TS, the Myion can act as a Lewis acid
catalyst to stabilize the leaving group and is poised to assist
proton transfer from the'@H of G8. To lend further support
to classical simulation results, QM/MM simulations have been
performed for the early and late transition states. The detail
QM/MM setup is described in the Methods section.

The possible roles inferred from purely classical MD simula-
tions are supported by the QM/MM results (the key distances
near the active site calculated from QM/MM simulations are
listed in Supporting Information): The Mg ion is bonded to
G8:0y in the early transition state mimic and switches to
C1.1:Gy of the leaving group in the late transition state mimic.
In the late transition state mimic, the G&#l is strongly
hydrogen-bonded to C1.1:0
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Figure 6 shows that, in fact, the proton transfer from G8:0 simulations successfully reproduce this weak affinity ofa¥g
to C1.1:Q happened in the QM/MM simulation of late for the C-site, and suggest that, in the reactant state, & Mg
transition state mimic and confirms that Kfgmay significantly ion binds the C-site at solvent separation with theoNG10.1.
lower the K, of G8:0, such that it may act as a general acid Proceeding to the transition state, however, the?Mign
at the catalytic pH. That the proton transfer was observed in migrates to the bridging position as postulated previogly.
the 10 ns time domain suggests that the barrier to proton trans-Perhaps the most striking result of the current work is the
fer is quite small. At the very beginning of the simulation, spontaneous migration of the metal igedicted by the
C1.1:Qy is tightly bound to M§* while G8:Qy is around 3 A simulation model (Figures 4 and 5). This migration is facilitated
away from Mg*. As the simulation proceeds, G&®Qnoves by deprotonation of the’®@H of C17 (the nucleophile), and the
closer to M@" and eventually binds to Mg and gives up its ~ accumulation of negative charge that is formed in moving
proton to C1.1:@. After being protonated, the binding between toward the transition state. These results are consistent with thio/
C1.1:Gy and Mgt becomes weaker as their distance increases. rescue effect experiments and indicate that both the A9 and pro-
The observed proton transfer may represent the final chemicalRp scissile phosphate oxygen exhibit a stereospecific kinetic
step of the reaction. thio effect in the presence of Mgthat can be rescued by &d

Mechanistic Interpretation. A thorough understanding of  ions!® However, the binding affinity of the metal in the ground
the catalytic mechanism of the hammerhead ribozyme will state was observed only to be sensitive to phosphorothioate
ultimately rely on a consensus of theory and experiment. substitution at the A9 phosphate position and not at the cleavage
Specific mechanistic pathways can be probed using combinedsite phosphate. These experiments support a mechanism in
QM/MM methods, and the results can be compared with which a single metal cation bound at the P9/G10.1 site (the A9
experimental structural and biochemical data. However, the phosphate in the present work) in the ground state acquires an
cornerstone on which the study of the chemical steps of the additional interaction with the scissile phosphate in proceeding
reaction can be built is the determination of the binding mode to the transition state.
of Mg?* at the active site and the catalytically active reactant  From the available crystallographic structures of the minimal
conformation. Once this is achieved the characterization of the sequence hammerhead ribozyHi@? this mechanistic proposal
nature of the conformational events and the changes in metalimplies a large-scale conformational rearrangement that would
binding that accompany formation of the transition state can bring together the A9 and scissile phosphates that were separated
be undertaken. The presented and future work is aimed atby over 20 A. The full-length hammerhead exhibits enhanced
providing answers to these questions. reactivity and has different metal ion requirements than the

It is known that M@" ions play a fundamental role in RNA  minimal sequence hammerhedd® The structure of the full-
folding and are required to maintain the structural integrity of length hammerhead, in contrast to the minimal sequence
the ground stat€-%5 The results of the present work indicate structures, presents the A9 and scissile phosphates 4.3 A away
that the active site forms a region of local negative charge that from each other, ideally positioned for the binding of a bridging
requires electrostatic stabilization to preserve its structural divalent metal iorf® The current results support the formation
integrity. This stabilization can be effected by divalent metal of such a bridging divalent metal directly coordinating the A9
ion binding*2°or likely by high concentrations of monovalent and scissile phosphates in the forming the transition state.
cations (Li", Na" or NH," cations required concentrations 400-  Kinetic analysi& along with photocrosslinking experimefits
fold higher than those used in Migto achieve comparable rates  and mutational dat47*72have implicated the roles of G8 and
of cleavage}® %8 In the ground state, a divalent metal ion can  G12 as a general acid and base, respectively, and have been
occupy the C-site to effect such electrostatic stabilizatfdn. interpreted to be consistent with a transient conformational
the case of M#", the C-site formed by A9/G10.1 is a high-  change into an active conformation with appropriate architecture
affinity binding site, as recently characterized by electron-spin  for acid—base catalysi¥ Previous biochemical analyses that
echo envelope modulation spectroscép@n the other hand,  identified the G8 nucleobase as a potential candidate as a general
in the case of Mg", binding at the C-site does not appear to be acid catalyst (the simplest explanation at that time, in the absence
strong, as suggested by the molecular simulations and theof structural data) suggested that the position of the base
observed absence of resolved metal cations in that site in thejtself could provide the proton to the leaving group. The full-
full-length hammerhead crystal obtained in the presence of 1 |ength hammerhead structure revealed that, on the contrary, the
mM Mg?* and> 1 M NH;".2° However, upon crystallization  2’0OH of G8 was poised to act as general acid catalyst, whereas
in the presence of 10 mM M, metal binding was observed  the G8 base formed a structurally critical base pair with C3.
in the C-site positiori! likely because the softer Mhhas higher  Both G8 and C3 are invariant with respect to single mutatiéns,
affinity than Mg* for binding the N of G10.1, as discussed  however, a double G8C/C3G mutation rescues the deleterious
in the section presenting results of DFT calculations. Our effects of the single GBC mutation, suggesting that the base

- - - pairing is the essential factor to preserve catalytic activity. The

O e o T O o B Riworava, A_Lilley. 0. . hydrogen-bonding network found for the transition state mimics,

RNA2004 10, 880|_—888. A, Chem. So@005 197 outlined in Table 5, is consistent with this interpretation.
(64) Kim, N Murali, A.; DeRose, V. JJ. Am. Chem. So2008 127, Moreover, the mechanistic model for metal ion binding proposed
(65) Osborne, E. M.; Schaak, J. E.; Derose, VRBIA2005 11, 187-196. here that involves interaction witfQH of G8, is consistent

(66) Murray, J. B.; Seyhan, A. A.; Walter, N. G.; Burke, J. M.; Scott, W. G.
Chem. Biol.1998 5, 587—595.

(67) Curtis, E. A.; Bartel, D. PRNA2001, 7, 546-552. (70) Khvorova, A.; Lescoute, A.; Westhof, E.; Jayasena, N&. Struct. Biol.
(68) O'Rear, J. L.; Wang, S.; Feig, A. L.; Beigelman, L.; Uhlenbeck, O. C; 2003 10, 708-712.
Herschlag, DRNA2001, 7, 537—545. (71) McKay, D. B.RNA1996 2, 395-403.
(69) Vogt, M.; Lahiri, S.; Hoogstraten, C. G.; Britt, D. R.; DeRose, VJ.JAm. (72) Wedekind, J. E.; McKay, D. BAnnu. Re. Biophys. Biomol. Struc.998
Chem. Soc2006 128 16764-16770. 27, 475-502.
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Table 5. Key Hydrogen Bond Parameters Derived from the Simulations?

apo-RS b-RS c-RS
D-H---A Ria Oohia % Ria Opra % Ria Opria %
G12:H--C17:Q% 3.91(79) 129(156) 12 2.08(34) 157(134) 97 4.15(81) 137(144) 12
Cl17:Hp---G12:Q 4.17(71) 47(326) 5 4.48(67) 34(264) 2 6.27(85) 52(243) 0
G8:Hy++-C1.1:Qy 7.48(74) 46(148) 0 4.5(135) 67(470) 20 4.60(106) 81(369) 3
G12:Hyz*++A9:N7 2.04(15) 153(108) 100 2.56(102) 147(154) 87 2.10(19) 150(120) 100
A9:Hye*G12:N3 2.45(40) 157(109) 90 2.40(67) 148(147) 89 2.19(18) 155(93) 100
A9:Ne++G12:0y 2.46(41) 134(187) 88 2.48(87) 149(145) 87 2.21(25) 146(135) 100
c-RS™ b-ETS b-LTS
D=H-+A Ria Oorn % Ria Opra % R Ooua %
G12:H-+-C17:0p 2.06(20) 154(99) 100 2.22(34) 155(127) 97 1.99(14) 164(83) 100
Cl7:Hy+--G12:y
G8:Hy--C1.1:Qy 2.80(85) 111(415) 76 5.09(74) 40(90) 0 2.36(42) 118(221) 94
G12:Hy*A9:N7 2.41(48) 130(288) 82 2.99(47) 148(150) 50 2.78(36) 150(135) 73
A9:Hye+G12:Ns 2.19(22) 157(105) 99 2.35(27) 139(124) 98 2.32(24) 143(106) 99
A9:Nye++G12:0y 2.54(43) 141(139) 85 2.09(23) 156(133) 99 2.07(20) 154(128) 100

aHydrogen bonds are of the form “EH---AXD5"”, where D—H and A are the hydrogen-bond donor and acceptor, respectively. Average hydrogen-bond
distancesRua in A), angles @pua in degrees), and hydrogen-bond percentage (%, defined as the percentage of time a hydrogen bond is deemed to exist,
i.e., whenRuya < 3.0 A andfpna > 90°) from different simulations. Standard deviations are shown in parentheses divided by the decimal precision of the
average quantity.

with kinetic analysis indicating that thé<g of the general acid  different binding mode at the C-site compared with the crystallo-
is down-shifted by around-47 pK, units in a metal-dependent  graphic M#" ions (it should be noted that the present simulation
manner, correlated with the metdfp°° The simulation results  study was almost complete when the Merystal structure was
suggest that the Mg interacts strongly with the'@H of G8 determined). In the new crystal structéftn presence of M#"
in the early TS mimic and could contribute to a significant the metal cation directly binds both AS;@and G10.1:M. How-
lowering of the X, value, and in the late TS mimic the G8 ever, in the present simulations where Mrions are replaced
2'0OH is hydrogen bonded to the leaving group and poised to by the native Mg ions, the M@" ion at the C-site does not
act as a general acid catalyst. The?¥igon may additionally  directly coordinate G10.1 but instead binds the nucleobase at
play a direct role in stabilizing the negative charge accumulated solvent separation. To quantify the relative binding affinities
in the leaving group in the late TS, and when the proton from of Mg?+ and Mr?* in the relevant ligand environments in the
the G8 20H is ultimately transferred, the coordination of g ripozyme active site, we performed density functional theory
is positioned to revert back to stabilize the resulting G8 2 calculations in the presence and absence of dielectric continuum
alkoxide. solvation corrections, the results for which are summarized in
Recent studies of the RzB hammerhead ribozyme, which is Table 6. The aqueous solvation free-energy corrections are likely
active in the absence of divalent ions (although with efficiency not quantitatively accurate but are expected to provide correct
reduced 1000-fold), have suggested that divalent metals have ayualitative trends with regard to the relative binding and ligand
specific nonstructural role in catalysis that is distinct from an exchange energies between Magnd Mr?* ions.

alternate mechanism that occurs in the presence of non-divalent .o ansolute free energy of binding of the first coordination
ions such as cobalt hexammifieThe proposed model derived sphere of water in the gas phase is 13.54 kcal/mol more

frotm thel sllth;]Iatlc;ns IS fOPS'Ste;‘t V;"tlh the R;Tg.havlmlg a(;', , favorable for Mg than for Mr?*+, but when solvation correc-
active role In the chemical steps ol catalysis and Involving AIrect 5 4re included, the trend is reversed in favor of?Mby

coordination to the A9 and scissile phosphates. 16.55 kcal/mol. To determine the relative binding affinity of

Despite the simulation results presented here and an ampley,q jons in the most relevant coordination environments in the
experimental precedent being consistent with the direct partici- ribozyme active site, comparison of ligand exchange energies

pation of a single bridging Mg ion in hammerhead ribozyme it water are considered. The main result is that while the

cataly§is.,.the possibility of involvemgnt of a §econd ion gannot binding of Mg" to a dimethylphosphate in aqueous solution is
be definitively precluded™" In the single cation mechanism, favorable relative to a water by 6.56 kcal/mol, the relative

the Mg@?™ preserves the integrity of the active site structure, and binding to a guanine base is highly unfavorable by 43.08 kcal/
may serve as an epicenter in the transition state that coordinate§,nol Conversely, the binding of Mf to both dimethyl

fhev'iar‘lg arr1d SC'_IS_E'le ?hosrﬁwtfl‘:’ ’ S;D? gerner;I ar?d g?drf? th rphosphate and guanine relative to water are favorabte3iy93
‘eaving group. The present work underscores the need 1or Iurthery gy g5 kcal/mol, respectively. With respect to binding at
investigation of the chemical reaction profile using combined . o s .

the C-site position, which involves coordination to both a

QM/MM maodels. . . - L
DFT Results for Ma?* and MnZ* Binding Modes. The MD phosphate and a guanine base, the relative binding affinity is
imulati esults I(tjr' (gj atm th r; t'm 'Rr;f". odes. ﬁ unfavorable for M§" by 14.21 kcal/mol and favorable for Mh
simulation results indicate that hative Mgions may have a by —29.87 kcal/mol. Clearly, the present calculations support
(73) Roychowdhury-Saha, M.: Burke, D. RNA2007, 13, 841848, stable_ Mﬁ binding at_ thg C-site via _dlregt inner-sphere
(74) Lott, W. B.; Pontius, B. W.; von Hippel, P. #froc. Natl. Acad. Sci. U.S.A.  coordination, and Mg binding at the C-site via outer-sphere
1998 95, 5427547, coordination to guanine (i.e., at solvent separation with guanine).

(75) Inoue, A.; Takagi, Y.; Taira, KNucleic Acids Re2004 32, 4217-4223. i X X .
(76) Leclerc, F.; Karplus, MJ. Phys. Chem. R006 110, 3395-3409. These results are in accord with the MD simulation results that
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Table 6. Mg?" and Mn2" lons in Different Ligand Environments?2

Me(ll) L L, R? Ryt Ro AE AEpc AG AAGyf AG
Mg?* 2.11 —318.13 —303.18 —253.13 200.66 —52.46
Mg?*+ DMP~ Op 2.00 2.13 —199.99 —200.42 —197.06 190.50 —6.56
Mgzt GUA N7 2.21 2.12 —44.27 —44.99 —40.81 83.89 43.08
Mg2*+ GUA N7 DMP~ Op 2.21 2.01 2.13 —223.91 —224.51 —217.52 231.73 14.21
Mn2z+ 2.21 —301.29 —288.19 —239.59 170.58 —69.01
Mn2+ DMP~ Op 2.06 2.24 —199.90 —199.90 —196.23 164.30 —31.93
MnZ+ GUA N7 2.23 2.23 —46.36 —46.77 —42.27 40.76 —-1.51
Mn2+ GUA N7 DMP~ Op 2.26 2.06 2.26 —225.29 —225.54 —217.04 187.17 —29.87

aShown are results for the ligand environments. [Me{i:L,)(H20)s—n] for n = 0, 1 or 2. Metat-ligand distances are listed in A. The energetic and
thermodynamic quantities are in kcal/mol at 298.15 K and correspond to the ligand substitution reaction;--fMg(H20)s—n] + NH2O — [Me(H,0)s]
+ L1+ ---Lp, except fom = O (fully hydrated metal) in which case the thermodynamic data refers to the absolute ligand binding energysOMEe(+-Me
+ 6H20. Shown are the difference in electronic enerd§), electronic energy with zero-point vibrational correctidtEgpc), gas-phase free energk@),
solvation free energyNAGso) and free energy in aqueous solutiohGag). ° Me(l1)-++L1 bond length® Me(ll)+--L, bond lengthd Me(ll)---Ow average
bond lengthe Solution-phase free energy correction (PCMpBolution phase (water) free energy.

I7E'ablle T7 Key Di;tances ((jAE in tkT\e Ha_mmeéhead '\?ctive fSite from oxygens of A9 (and in the case of metal ion migration to a
arly ransition State an ate Transition State Mimics from : H e ; ;
Molecular Dynamics (MD) and Combined Quantum Mechanics brldglng pQSItI_On_, also the scissile _ph(_)spha_te) but does not
and Molecular Mechanics (QM/MM) Simulations? readily maintain inner-sphere coordination with G101adxe
b-ETS b-ETSOM LTS bLTSOM consistent with the DFT calculation results.

Active site RMSD 1.79(26)  1.32(09) 1.49(22) 1.27(16)  Conclusions

Mg-+-G8:0y 2.24(13)  2.14(09)  3.21(23)  2.19(22) ) )
Mg-++C1.1:Qy 3.68(35) 3.95(22)  2.09(05)  2.30(16) The present work presents a series of molecular dynamics

G8Hop-C1.LQy  5.09(74)  3.19(32)  2.36(42)  1.22(39)  simulations of the full-length hammerhead ribozyme in solution
f&igleclﬂ% 33;_1145((2281)) %_20‘:3((4107)) 23;_9177((1231)) %%76((31% to study the M§" binding mode and conformational events at
A9:NG--G12:0r 3.01(18) 3.02(16) 2.99(16)  3.02(16) different stages along the catalytic pathway. Results are
A9N7---G12:N2 3.85(44)  3.00(14) 3.66(33) 3.04(15)  compared to the recent 2.2 A crystal structure of the full-length
aThe active site is defined as all residues within 10 A from the scissile hammerhead in th.e presence of?VIgon§?° a|.’1d to the 2.0 A
phosphate. The results for MD simulations were calculated over the last 10 crystal structure with resplved _Mh binding sites and _SOlvent.
ns with data collected every 1 ps. The QM/MM results were calculated Structure?* The present simulations results are consistent with
over 1 ns with data collected every 0.5 ps. Entries shown are average valuesy hammerhead ribozyme model whereby the active site forms
and standard deviations are in parenthesis (divided by the decimal precision). . . . .
a region of local negative charge that requires electrostatic
stabilization to preserve its structural integrity, and whereby this
indicate M@* does not maintain direct coordination with G10.1:  Stabilization can be effected by divalent metal binding at the
N-. It should be emphasized that the ¥don parameters were ~ C-site orin a bridging position in the ground (pre-reactive) state.
developed specifically to accurately model Mgpinding to ~ An Mg?" ion is observed to weakly bind at the C-site position
biological phosphates, including reactive intermediates such asat solvent separation with G10.1, facilitating the formation of
those of the present study,based on density-functional Near in-line attack conformations, particularly when in the
calculations’” bridging position where there is increased interaction between
The present results can be rationalized by consideration of the nucleophile (C17:¢) and the implicated general base (G12).
the hard-soft acid base (HSAB) principl& The M@+ ion is More_over, th_e weak binding in the S|mulat|ons, supported by
a hard ion and prefers binding to hard ligands such as the density-functional results, helps explain the absence of &Mg
nonbridging phosphate anions. The HMrion is a softer ion ion observed in the original fuII-Ien_gth_crystaI struct@?g.
than Mg and preferentially binds softer ligands such as the  Deprotonation of the nucleophile is correlated with the
aromatic guanine N It is clear that a primary factor behind ~ Migration of the M@* from the C-site into a bridging position,
the preferential binding is the solvation effect. The ligand 28 with the forma‘uop of the dlanpnlc transition state, sugge.stlr!g
coordination distances are slightly larger for Mpand conse-  that the accumulation of negative charge around the scissile
quently the solvation effect, which should vary inversely with Phosphate center is sufficient to induce a change in the binding
the effective ion radius, is smaller for the Rncomplexes ~ Mode of the M§+. Once in the bridging position in the transition
(Table 7). Hence, the larger charge/radius ratio in?Mgnd state, the Mg" ion interacts with the ©leaving group of C1.1
the longer metatligand bond lengths for Mit work coopera- ~ and the 20H of G8, the implicated general acid catalyst. The

tively to influence solvation and the relative ligand-binding Mg?" ion, in the bridging position, can act both as a Lewis

affinities. Overall, the MD simulation results that native Mg~ &cid catalyst to stabilize directly the accumulating charge on
ion at the C-site binds stably with the nonbridge phosphate the O leaving group, and effect & shift on the 20H of G8
to facilitate general acid catalysis. Upon proton transfer from
(77) Mayaan, E.; Range, K.; York, D. M. Biol. Inorg. Chem2004 9, 807— G8:0y to C1.1:@Q, the Mg* is poised to directly stabilize the
817 resulting 2 alkoxide (which could occur synchronously).
. Combined QM/MM simulations suggest that the barrier for the
(79) ,a?gftg'gagérg-?Jﬁg’?_tﬂghlér'aﬂ oliame, & s Yo . o e general acid proton-transfer step may be sufficiently low so as
Biol. 1077 112 535-542. ' to occur on the nanosecond time scale.
(80) Berman, H. M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T. N.; Weissig, The proposed mechanistic model evinced by these simulations

H.; Shindyalov, I. N.; Bourne, P. ENucleic Acids Res200Q 28, 235~ . ! . . X
242. is consistent with a considerable body of experimental work,

(78) Pea{rson, R. GChemical Hardnessyiley-VCH: Weinheim, Germany,
1997
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