
Supporting Information

Complete reference 56
The complete reference 56 of the main journal text to the Gaussian03 program suite is given as reference 1
below.

Stereo view of the active site

Figure S1: Stereo view of the active site with with Mg2+ ion at the C-site position. Green lines
are hydrogen bonds or Mg2+ coordination with active site residues. The white line connects the
A9 and scissile phosphate oxygens. The bridging position of Mg2+, mentioned in the text, is at the
middle of the white line.
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Methods
Transition state mimics set up
The early TS mimic is close to an ideal phosphorane in that the bond lengths to the endocyclic 2’O and
exocyclic 5’O are roughly equal. Density-functional studies of model transesterification reactions suggest
that the rate-controlling transition state for a dianionic mechanism are “late” in that the bond to the nucle-
ophile is almost fully formed and shorter whereas the bond to the leaving group is almost completely cleaved
and significantly longer with more accumulated charge on the oxygen. A late transition state also avoids
typical phosphorane conformational rearrangements (such as pseudorotation) due to the lack of long-lived
intermediates along the transesterification reaction,2 thus allowing us to create MM transition state mimics.
The parameters used for the late transition state mimic involved a minor modification of the early transition
state mimic.3 The late TS mimic has nucleophilic P-O2′ and leaving group P-O5′ bond lengths of 1.856 and
2.382 Å, respectively, and the formal partial charge on the leaving O5′ atom was increased from -0.68e to
-0.90e while the charge of C5′ was adjusted in compensation to ensure overall charge conservation. The
modifications for the late transition state mimic were based on density-functional calculations of the rate-
controlling transition state for the transesterification reaction of a sugar-phosphate with methoxide leaving
group reported previously4 and available in the QCRNA database.5

Equilibration Protocol
The following equilibration procedures (total 1 ns) were applied to the system prior the production simula-
tions in order to insure reasonable relaxation of the solvent and ion environment. The positions of the solute
atoms, including the Mg2+ ion, were held fixed in the equilibration stages.

Pre-annealing Stage. Water and ion molecules were first energy-optimized then underwent a constant
volume simulation annealing for 50 ps. The temperature was increased from 0 K to 298 K in a 7.5 ps period
then was kept at 298 K. The annealing simulation were repeated twice with temperature increased from 298
K to 498 K and then back to 298 K.

Annealing Stage. Four steps of constant volume simulations (50 ps each) were performed in the this
stage. First step: The temperature increased from 298 K to 498 K in 7.5 ps then was kept at 498 K. Second
step: The temperature increased from 498 K to 698 K in 7.5 ps then was kept at 698 K. Third step: The
temperature decreased from 698 K to 498 K in 7.5 ps then was kept at 498 K. Fourth step: The temperature
decreased from 498 K to 298 K in 7.5 ps then was kept at 298 K. The whole annealing stage was repeated
three times before the post-annealing stage.

Post-annealing Stage. Three steps of constant volume simulations were performed in the this stage. First
step (50 ps) : The temperature increased from 298 K to 498 K in 7.5 ps then was kept at 498 K. Second step
(50 ps) : The temperature decreased from 498 K to 298 K in 7.5 ps then was kept at 298 K. Third step (150
ps): The temperature was kept at 298 K for 150 ps.

Solute Relaxation Stage. The solute atoms were energy-optimized and then were allowed to move under
harmonic restraints over a 50 ps simulation at 298 K under constant pressure of 1 atm. The harmonic
force constant (in kcal mol−1 Å−2) on each heavy atom was obtained from the empirical formula ki =

25 + 2×103/Bi where ki is the force constant for atom i and Bi is the corresponding crystallographic B-
value. The restraints were exponentially released over 50 ps with a half-life decay parameter of 10 ps. At
the end of the 50 ps simulation, the restraints were reduced to about 3 percent of the initial restraint values.
Three harmonic restraints of 20 kcal mol−1 Å−2 were added to keep the Mg2+ ion in the middle of the
C1.1:OP2 and A9:OP2 positions. Another harmonic restraint of 20 kcal mol−1 Å−2 was used to force the
distance between G8:HOP2 and C1.1:OP5 to be around 1.8 Å, which is to ensure that the HOP2 of G8 is
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initially hydrogen bonded. All restraints were then released prior to the production simulation.
Production Simulation. After the 1 ns of solvent equilibration, the whole system was energy-optimized

and unconstrained dynamics simulation began from 0 K under constant pressure of 1 atm. The temperature
was increased 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 Mg2+, 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 simulations,6 and 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.

RMSD results
The heavy-atom root-mean-square deviation (RMSD) plots of the entire hammerhead RNA and of the active
site residues with respect to the crystallographic structure7 are shown in Figure S2 for the simulations with
Mg2+ at the bridging position and the simulation without Mg2+, and in Figure S3 for the simulations with
Mg2+ initially placed at the C-site position.

Computational resources
Computational resources were provided by the Minnesota Supercomputing Institute with the allocation on
a cluster consisting with SGI Altix SMP machines (with total 426 1.5Ghz Intel Itanium-2 CPUs) and an
IBM Blade Linux cluster with 1,236 2.6Ghz AMD opteron cores, and by a generous allocation on an IBM
Blue Gene BG/L with 4,096 700Mhz CPUs at the On-Demand Center in Rochester, Minnesota with further
thanks to Carlos Sosa, Cindy Mestad, Steven Westerbeck, and Geoffrey Costigan for technical assistance.
This research was also performed in part using the Molecular Science Computing Facility (MSCF) (with an
HP Linux cluster with 1,920 1.5Ghz Intel Itanium-2 CPUs) in the William R. Wiley Environmental Molec-
ular Sciences Laboratory, a national scientific user facility sponsored by the U.S. Department of Energy’s
Office of Biological and Environmental Research and located at the Pacific Northwest National Laboratory,
operated for the Department of Energy by Battelle.
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Figure S2: Heavy-atom root-mean-square deviation (RMSD) plots of the active site residues (top)
and the whole full length hammerhead system with Mg2+ ion at the bridging position (bottom)
with respect to the crystallographic structure.7 The active site was defined as all residues within 10
Å from the scissile phosphate.
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Figure S3: Heavy-atom root-mean-square deviation (RMSD) plots of the active site residues (top)
and the whole full length hammerhead system with Mg2+ ion at the C-site position (bottom) with
respect to the crystallographic structure.7 The active site was defined as all residues within 10 Å
from the scissile phosphate.
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Key distances in QM/MM simulations

b-ETS b-ETSQM b-LTS b-LTSQM
Active site RMSD 1.79(26) 1.32(09) 1.49(22) 1.27(16)
Mg · · · G8:O2′ 2.24(13) 2.14(09) 3.21(23) 2.19(22)
Mg · · · C1.1:O5′ 3.68(35) 3.95(22) 2.09(05) 2.30(16)
G8:HO

2′
· · · C1.1:O5′ 5.09(74) 3.19(32) 2.36(42) 1.22(39)

G12:N1 · · · C17:O2′ 3.14(28) 4.24(40) 2.97(13) 3.37(31)
A9:N6 · · · G12:N3 3.15(21) 3.08(17) 3.17(21) 3.06(14)
A9:N6 · · · G12:O2′ 3.01(18) 3.02(16) 2.99(16) 3.02(16)
A9:N7 · · · G12:N2 3.85(44) 3.00(14) 3.66(33) 3.04(15)

Table S1: Key distances (Å) in the hammerhead active site from early transition state and late
transition state mimics from molecular dynamics (MD) and combined quantum mechanics and
molecular mechanics (QM/MM) simulations.‡
‡The active site is defined as all residues within 10 Å from the scissile phosphate.
¶The results for MD simulations were calculated over the last 10 ns with data collected every 1 ps. The QM/MM
results were calculated over 1 ns with data collected every 0.5 ps. Entries shown are average values and standard
deviations in parenthesis (divided by the decimal precision).
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