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Abstract: By using finite temperature first principles molecular dynamics, the mechanism of the enzymatic
reaction of ribozyme was investigated for both the anionic and the radical charge states of the modeled
RNA fragment. In the case of the anionic system, a pseudorotation and the subsequent 3' — 2' migration
occur in a vacuum, rather than the self-cleavage of the phosphodiester. On the other hand, when either a
divalent metal ion (Mg?") catalyst or the continuous hydrogen bond network of the solvent is present, the
reaction path of the anionic species changes dramatically, going toward the transesterification channel. In
a radical system, the transesterification can occur without a metal catalyst, as a consequence of the
displacement of a hole (empty electronic state) along the reaction path. Thus, the present analysis suggests
that a metal ion might be essential not only in lowering the activation barrier but also in selecting the reaction
path among those corresponding to possible different charge states of the intermediate structure in vivo.
Furthermore, simulation of the anionic species in solution shows that, in the absence of a metal catalyst,
water molecules cooperate with the proton transfer via a proton wire mechanism and the hydrogen bond
network plays a crucial role in preventing pseudorotations. On the other hand, when a metal cation is
present in the vicinity of the site where the nucleophilic attack occurs, the hydrogen bond network is
interrupted and detachment of the proton, enhanced by the catalyst, does not give rise to any proton-
transfer process.

Introduction The fundamental chemical reaction operated by ribozymes
is hydrolysis of the RNA phosphodiester, resulting in the

about 20 years ago, they have gained enormous interest incleavage of RNA at a particular t.a.rgeF site (transgsterification).
molecular biology and medical science. The main reason is theThe main steps 9f the transesterification, gccordmg to the most
fact that ribozymes can be engineered to cleave other target2ccredited reaction pathway, are summarized in the lower part
RNA molecules. Hence, they are very active agents able to ©f Scheme 1 from (1) to (3). However, changes in the
inhibit gene expression and, for this reason, are very promising nvironment, such as the pH of the solution, may favor other
candidates in gene therapy of cante. competing reaction channels. More specifically, in acidic
conditions, the 3— 2' phosphodiester migration reactfois
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Since catalytic RNA molecules (ribozymes) were discovered
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o=p, H 03\ 0 03\ /02 unresolved issue. The basic chemistry of the phosphate as
cl)s.’”’o- "“\/P--v"w‘rr’n,o. /P\ provided by the calculations a vacuumrepresents a clear
R o~ j o] o- picture of the fundamental reaction mechani$m?2 On the
FI‘ CH +RO%H other hand, the inclusion of the solvent reveals that the anionic
(1) Q) 3) species, known to be the dominating species in physiological

Despite extensive efforts, the intimate details of the reaction
mechanism governing the transesterification still represent a

environments; 2 benefits from the presence of a hydrogen bond
network: H-bonds slow the pseudorotation observed in a
vacuum, and aroton wire mechanisr¥ responsible for the

challenge. To date, they have been deduced on the basis oProton transfer in the nucleophilic attack phase in the absence

assumptions and static quantum calculations on very simplified
models and all the reported quantum calculations did not include
electron correlation beyond a posteriori semiempirical energy
correctionst®12 Furthermore, the presence of the ribose ring,
the finite temperature dynamical effects, and the influence of
the solvent in which the actual reaction occurs were never
considered.

Recent progress in computer facilities and software algorithms
make it only now possible to study in great detail rather
complicated chemical reactio&&This opens new possibilities

in elucidating the basic aspects of the reaction and, in a longer
term perspective, in predicting reaction rates and in addressing

improvements in the molecular engineering phase.

In the present work, we investigate via first principles
molecular dynamics the effects of the charge state of the

of a divalent cation is evidenced for the first time, providing
new insight in the transesterification mechanism of non-
metalloenzymes. In contrast, when a ¥igs present in the
vicinity of the & site, the H-bond network is interrupted and
the metal forms a solvation shell including @nd four or five
water molecules. As a consequence, no proton transfer occurs,
in agreement with the experimental evidedtdhese results
underscore the reiterated arguments about the importance of
water in simulating biological systems.

Computational Method

We adopted a density functional theory (DFT) apprd&chith
gradient corrections on exchange and correlation after Hamprecht,
Cohen, Tozer, and Handy (HCTHWwhich has been shown to perform
as good as (and in some cases better than) the hybrid B3LYP
functional?®2* We performed dynamical simulations within the €ar

phosphate in the reaction process, the role of a divalent metalparrinell@223 (CP) scheme. We used a system consisting of a single
ion in enhancing the transesterification process, and the crucialRNA ribose unit as shown in Figure 1, amounting to 26 atoms, in a

features due to the inclusion of the solvent. Furthermore, we

cubic supercell of side = 14.817 A with periodic boundary conditions.

work out the related activation barriers in an attempt to address Such a relatively large size ensures a good separation of the system

the problem of the formation of a transition state or an
intermediate metastable structure, which represents a still
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from its periodically repeated images. Troulkeéviarting* norm-
conserving pseudopotentials were used to account for the valence
core interactions, and valence wave functions were expanded in plane
waves with an energy cutoff of 70 Ry. In the case of the open-shell
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Table 1. Main Phosphorus—Oxygen Distances for the Different
Charge State?

anion radical
spin state singlet doublet
pP—02 1.492 1.515
pP-OP 1.497 1.508
p-0® 1.703 1.635
pP-0O% 1.652 1.598

aThe labeling of the oxygen atoms around P is the same adopted in
Figure 1. Distances Are Expressed in angstroms.

calculations, local spin density approximation (LSDA) on exchange

and correlation within the same HCTH framework was adopted.
The system in solution was simulated by first equilibrating an NVT

ensemble of 72 water molecules at standard temperature (300 K) and \/

density (1.0 g/crd) in a cubic supercell of side = 13.146 A with ( ’\.\.’

periodic boundary conditions. Then we cleaved a space to allocate the

rybozyme model system forming an ensemble consisting of this same

system plus 62 water molecules. The temperature was controlled via a

Nose-Hoover thermostat chaf.An integration step of 4 au (0.0967

fs) and a fictitious electron mass of 1200 au ensured good control of ‘

the conserved quantities. 4 o¥
The free energy profiles were calculated within the Blue Moon
ensemble theor$f, by using the distance between the phosphorus atom (C) (d) (e)
and the @ oxygen as a reaction coordinate. Equilibration times 210 Figure 2. Snapshots of the main phases of the-82' phosphodiester

ps for each sampled constraint ensured a meaningful statistics. Totalmigration: (a) the initial system, (b) the system after tHe-© O2 proton
and free energy estimations are affected by an average error bar oftransfer, (c) the TBP formed close to the transition state, (d) the transition

~2.0 kcal/mol, which is the typical accuracy allowed by present-day state in which a pseudorotation occurred, and (e) the final product. The
first principles approaches. color code for the sticks is black for H, light gray for C, and dark gray for
O. P is evidenced by a ball for sake of clarity.

Results and Discussion
We took the RNA structure as obtained from standard also analyze the reaction path of the radical species in an attempt

crystallographic data and constructed the system reported int© rationali.ze the gffects of temperaturg and. charge stgte on the
Figure 1 by replacing the subsequent ribose unit with a methyl phosphgdlester site. In.aqueous SO',Ut'On’ 't, IS e.xperlmen.tally
group (Me) and by substituting the base with a hydrogen atom. knowr: th_at the dominant catalytic SPecies 1S an anion.
This system has locally all the properties of a single RNA unit HOWeVer, it has been argued that a sufficiently hydrated
and fully represents the active part of a typical ribozyihi. pentacoordinated P may exist in any charge séte)
may be stressed that the two oxygen atoms indicatec®asn® Moreover, it is also interesting per se to look at different
OP in Figure 1 are geometrically and electronically equivalent charge states and to analyze their consequences in the reaction
in both the anion and the radical species. This is clearly shown mechanism, since this has both structural and electronic implica-
by both the geometrical data of Table 1 and the spin density tions.
and electron localization function (EL#)distribution (not 1. The Anionic System.We sampled the reaction path that
shown). leads to the formation of the trigonal bipyramidal phosphorane
The preequilibration phase of the system in a vacuum at 300 (TBP)!12 structure 2 in Scheme 1 by using the distagce
K (~1.2 ps) led to the formation of an intramolecular hydrogen |P—0O? | as a reaction coordinate. In the anionic species, the
bond (IMHB) between the H atom of the?@ group and @ number of occupiedx spin states is equal to the number of
However, in solution, this does not hold as discussed later. occupiedp states; thus, the system is in a singlet state.

In the following paragraphs, we first investigate the reaction By looking at the reaction path, a first feature that can be
mechanism of the anionic RNA system in a vacuum, for which noticed is the proton transféfrom O? (Figure 2a) to one of
previous static calculations at the Hartrdeock (HF) level on the twodanglingO bound to P (®in the present case) occurring
more simplified model systems are available for compafisti#? when the P-O? shrinks to 2.30 A. The proton of the?® group
Then we inspect the role of Mg in enhancing the reaction  jumps on @ and forms a stable ©H bond (Figure 2b$:3! A
rate and in tuning the reaction chanfe¥' Furthermore, we  TBP is then formed at = 1.80 A (Figure 2c), and no IMHB

- - between this H and Ois kept. This TBP structure undergoes
(25) (a) No$eS.Mol. Phys 1984 52, 255. (b) NoseS.J. Chem. Phys1984 . .
81, 511. (c) Hoover, W. GPhys. Re. B 1985 31, 1695. a spontaneous pseudorotation as in Scheme 1 as soon as the

(26) Sprik, M.; Ciccotti, GJ. Chem. Physl998 109 7737 and refernces therein. iti i . - ]
(7) () Pley H. W.. Flaherty. K. M. McKay, D. BNature 1004 372 68, (b) transition state (TS) is reached. The atom% &d G are

Burke, J. M.Nat. Struct. Bial 2001, 8, 382. initially in apical positions and & 02 and @ occupy the
(28) (a) Becke, A. D.; Edgecombe, K. E. Chem. Phys199Q 92, 5397. (b) i

Chesnt, D, B.. Savin. AJ. Am. Chem. S04 999 121 2335 equato_rlal vertexes of the TBP. Howevgr, as _Ic_)ng as the
(29) Lim, C.; Tole, P.J. Am. Chem. Sod992 114, 7245, dynamics proceeds,¥moves out of the axial position and a

(30) (a) Dahm, S. C.; Derrick, W. B.; Uhlenbeck, O.EBlochemistryl993 32,
13040. (b) Pyle, A. MSciencel993 261, 709. (c) Scott, W. G.; Murray,

J. B.; Arnold, J. R. P.; Stoddard, B. L.; Klug, Sciencel996 274, 2065. (31) Taira, K. Private communication.

(d) Zhou, D. M.; Taira, KProc. Natl. Acad. SciU.S.A.1997, 94, 14343. (32) (a) Kuusela, S.; Lanberg, H.Curr. Top. Solution Chenl997, 2, 29. (b)
(e) Kuimelis, R. G.; McLaughlin, L. WChem. Re. 1998 98, 1027. (f) Oivanen, M.; Kuusela, S.; lrmberg, H.Chem. Re. 1998 98, 961. (c)
Torres, R. A.; Bruice, T. CJ. Am. Chem. So200Q 122 781. Mauvri, J.; Berendsen, J. Q. Phys. Chem1995 99, 12711.
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Figure 3. Free (diamonds) and total (circles) energy profiles as a function
of the reaction coordinate for the anionic system. The labels from (a) to (e)

indicate the geometries reported in the snapshots of Figure 2, while labels

from (i) to (v) refer to the electronic structure represented in Figure 4 (see
text for details).

new arrangement presenting @nd G (on average) in apical
positions with G, O°, and & on the equatorial plane is formed
(Figure 2d).

In these conditions, the system is in the TS identified by the
maximum até = 1.64 A in the free and total energy profiles
(Figure 3). Hence, the two bonds—P3 and P-O? start
competing until P-O® eventually breaks. Dynamical rearrange-
ments of the phosphodiester, transferred froft® O?, and
the simultaneous rotation of300P, and & around the P-O?
axis bring the H close to the now unsaturatet. Thus, G

LY

&
(111) (iv)

Figure 4. Snapshots of the doubly occupied HOMO during the reaction.
The initial state (i), the system after the proton transfer (ii), the transition
state (iii), and the final product (iv). These same labels are reported along
the energy profiles in Figure 3. The color code is black for H, red for O,
gray for C, and purple for P. Squared modulus wave functions are shown
as isosurfaces at & 104 e/A3. Yellow is used for thex spin component

takes the proton as in Figure 2e and the phosphodiester migratiorand blue for the3 spin component.
process is completed. This final proton transfer occurs spontane-

ously at the end of the process (point e, iv in Figure 3) and is
responsible for the lower value of the total energy curve with
respect to the free energy profile. On the other hand, this proton
transfer is not taken into account in our sampled reaction
coordinate; hence, it does not contribute to the free en®rgy.

The computed activation energy for thé -3 2' transfer
process iSAE = 38.7 &+ 2.2 kcal/mol andAF = 32.4 + 2.2
kcal/mol, significantly high, and the transesterification does not
occur spontaneously.

To get a better insight into the occurrence of the pseudo-
rotation, we monitored the KohtSham (KS) occupied and

Table 2. Mulliken Atomic Charges on P and O Atoms of the
Pentacoordinated P at the Various Transition States?

atom anion anion with Mg?* radical
P +2.38 +1.86 +2.12
o? —-0.73 —0.36 —0.55
o® —0.39 —0.44 —0.59
o° —0.76 —0.51 —0.62
o2 —0.52 —0.56 —0.70
ob —1.16 —0.54 —0.89

a2The atom labeling is the same as in Figure 1.

1.65 A, |P—03| = 1.69 A), the negative charge of the system

unoccupied energy levels and the corresponding space evolutioris distributed again on @ but nonnegligible amplitudes are

of the doubly occupied HOMO. The system remains in the
closed-shell configuration along the whole reaction path. The
KS energy gap is 3.81 eV at the beginning of the reactior (
3.40 A), and then it shrinks to 3.12 eV at the transition state
point and eventually enlarges again to 3.74 eV at the end of
the reaction, almost back to its original value. This is not
surprising, being the product the symmetric image of the
reactant.

More specifically, the HOMO charge sits equivalently on both
02 and @ at the beginning of the process (Figure 4i). When
the proton transfer occurs (Figure 4ii), part of the electronic
charge is still located on ' but the main contribution has
moved to @&, which is now carrying most of the negative
charge. At the transition state of Figure 4i§ € |P—0?| =

(33) See, for example: Boero, M., Morikawa, Y.; Terakura, K.; Ozeki,JM.
Chem. Phys200Q 112, 9549.
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present on both ®and &' This is confirmed also by the atomic
charges computed from the Mulliken population analysis (Table
2).

The pseudorotation, i.e., the conformational change from (c)
to (d) in Figure 2, occurs afte€ is reduced to a value
corresponding to the transition state.

The above charge analysis can provide a hint about the trigger
of the pseudorotation: if ©rotates out of the plane containing
0?, 0%, and P, then ® and & no longer occupy the axial
positions of the TBP, but two of the equatorial vertexes (see
Chart 1), minimizing the electrostatic repulsion. In the new
arrangement, the former long#®?, strongly ionic in the axial
position, becomes slightly shorter thar®3 as reported above.
Thus, the character of the two bonds is exchangedOPshifts
toward a more covalent character, while ® becomes more
ionic. This is suggested also by the Mulliken charge of those
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Figure 5. Distribution of the HOMO partial chargé on 7, O%, and @@
along the reaction coordinate. Details and definitiordafre given in the
text.

Chart 1
Q" ()
(%) P 0%y ;P+—(02')'
(0%)

180°

Before pseudorotation After pseudorotation

two atoms in Table 2. The final electronic structure (Figure 4iv),
with 02 and @ carrying the HOMO electron density, is the
mirror image of the initial system, underscoring the fact that
the simple transfer of the phosphodiester froft@ O% does
not alter the chemistry around P. The HOMO charge evolution
for the most relevant oxygen atoms is quantified and sum-
marized in Figure 5, where the amount of HOMO wave function
density
o= /¥ M) dr @

projected into a spher& is plotted against the reaction
coordinate. The spher&sare centered on each O atom bound
to P and have as a radius half of the correspondin@mond.

2. The Catalytic Role of M¢?*. It is experimentally well

25 | L
20
15

10 ¢

energy (kcal/mol}

k (iid)

1.7

=15 L
33

2.9 2.5 21
reaction coodinate (A)

1.3

Figure 6. Snapshots (upper panel) and total and free energy profiles (lower
panel) of the cleavage reaction of the anionic species catalyzed BYy. Mg
The Mg atom is represented as a pink ball and labelg indicate the
corresponding points along the energy curves. The isosurfaces 406*

e/A3 represent the LUMO (yellow) that becomes partially filled during the
reaction and the HOMO (blue).

O? occurs in a way very similar to the reaction in a vacuum in
the absence of the divalent metal ion.

This conclusion about the catalytic role of the divalent metal
ion was further supported by aannconstraineddynamics
calculation in which the TS&s = 2.10 A) of the anion was
used as a starting structure. We released th®Pconstraint
and performed-1-ps dynamics starting with Mg closer (2.20
A) to 0% than to @ (3.10 A). Again, the result was a
displacement of the metal catalyst closer fo&hd the cleavage
of the P-O® bond, while P-O? and P-O® remain unaffected.

On the other hand, a similar calculation for a reaction

known that a large majority of ribozymes, such as hammerheadcoordinate value slightly before the TS value 2.20 A) has

ribozymes, require divalent metal cations to be acth@@We
therefore examined the catalytic role of a divalent metal ion by
calculations on this same anionic system including a®Mg
cation in the vicinity (2.5-2.3 A) of CF. The results of our

shown that, after the release of the constraint, the phosphodiester

breaks the PO? bond, not yet fully formed, and reverts rapidly

(~0.6 ps) to a structure similar to the reactant of Figure 2a.
The most remarkable differences with respect to the absence

simulations, discussed below, have shown that the transesteri-of the metal catalyst can be summarized as follows: (i) the
fication occurs and that a pseudorotation is prevented wheneveractivations barriersXE = 27.6+ 2.0 kcal/mol, AF = 23.9+

a metal cation is present.

In our system, the actual catalytic site turned out to be
characterized by a Mg—O° distance 0~2.0 A, corresponding
to a local minimum of the electrostatic potential. We performed
constrained dynamics simulations by starting, either with the
Mg?" on the G@—P—0? plane, closer to & (Mg—0® = 2.30
A, Mg—0® = 2.90 A) or with the metal on the ©-P—0?
plane, closer to & (Mg—0? = 2.30 A, Mg—0° = 3.2 A). In
both cases, the metal cation displaces close %oirOsuch a
way that Mg+—05 becomes~2.0 A. Once this situation is
stabilized, the reaction path switched rapidly towarddéilytic
cleavage of the P-O° bond. The proton transfer from2Cto

1.9 kcal/mol) lower dramatically, and (ii) the cleavage of the
P—O° bond takes place (see Figure 6). These results suggest
that the catalytic role played by the divalent metal ion is the
hindrance of pseudorotations of the TBP and the selection of
the transesterification reaction path.

Although in solution a five-membered cyclic phosphate, like
the one of Figure 6iii, is known to be unstable and to be hydro-
lyzed, in a vacuum the electrostatic gain due to the interaction
of Mg?™ and CHO™ is responsible for the stabilization of the
product. We remark that the presence of the solvent changes
drastically the scenario depicted in a vacutinas discussed
later. However, it does not alter either the basic feature of the
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In fact, each of them formed two H-bonds with water molecules
that were found to be rather long living. These H-bonds are
characterized by an average lifetimgg = 1.6 & 0.4 ps3*
Sometimes, during the dynamics, a third H-bond appears on
either @ and @ with a shorter lifetime (0.6 0.2 ps). While
the lifetime of a normal linear H-bond in liquid waterisl.0
ps3® in our case,rys Was ~60% larger, indicating that the
ribozyme could form a stronger H bonding to the solvent.
After the equilibration of the system, we performed a
constrained dynamics similar to that performed in a vacuum,
assuming, consistently, the same reaction coordinate. We
computed the activation barrier and found that rather large values
were required for the formation of the TBRE = 59.6+ 2.5
kcal/mol andAF = 57.5+ 2.2 kcal/mol). Then a metastable
structure appeared (Figure 7b) located below the absolute
maximums by 4.1 and 1.6 kcal/mol foaE andAF, respectively.
The reaction, from this point, proceeds toward the transesteri-
fication (Figure 7c¢) by overcoming a barridE = 2.4 kcal/
mol and AF = 1.6 kcal/mol, which agrees with estimates
reported in refs 10 and 11. As expected, a proton is spontane-
ously transferred from a # molecule to & with the
subsequent formation of an OHadical and a H© CHs unit.
The following two results are worthy of note. First, in the
solvated anionic system, the pseudorotation was prevented, on
4 the time scale of the simulation, even in the absence of catalytic
metal ions. The reason is thattQD°, and @ atoms, form
(c) H-bonds with the solvent. Therefore, these bonds have to be
Figure 7. Snapshots of the main phases of the reaction in solution: (a) €ither broken or switched away. Thus, this reaction path differs
the initial configuration, (b) the metastable intermediate, and (c) the final from the analogous one (without the metal catalyst) observed
product with thg leaving ®group that has given rise to hydrolysis. The in 3 vacuum. More realistically, it can be argued that the
two H atoms evidenced as black balls formerly belonged to the sa@e H Lo . . .
molecule. pseudorotation is not totally hindered but requires a time much
longer than the one affordable by the simulation to occur. Strong

configuration around Mg (upper panel of Figure 6) or the H-bonds were also formed by reaction of &hd @ with H,0

chemistry of the P-O% bond cleavage in our ribozyme system. Molecules, and this retarded the proton transfeith respect
By inspecting the electronic structure, we first remark that ;0 the(;eactlor) ina va((j:ywﬂ‘frorrll & iOS?Xm'Ill'r:he TBE vi;/als

an empty state, whose dominant contribution is the?Mgs ormed (reaction coordinate value, 1. )- This might help to

orbital, appears in the original HOME&.UMO gap of the anion address the question about Whether the_ phosphodieste_r Is
without Mc?*. This gap state is now the LUMO of the present activated by a proton transfer prior to or simultaneously Wlth
system. The HOME&LUMO gap changes considerably along the nucle_ophlhc attack? It depends on the degree of hydratl_on
the reaction coordinate. While a value of 02M.03 and 0.11 and, as discussed later, on the presence or absence of a divalent

+ 0.02 eV characterized the reactant and the TS, respectively metal ion. In water at ambient conditions and in the absence of
it enlarges to 1.63+ 0.35 eV on the product sidé when the 'a metal catalyst in the vicinity of & the proton transfer and

cleavage is completed. Therprbital of G hybridizes with the nucleophilic attack seem to occur simultaneously. Second,
the Mg* 3s orbital to folrm the LUMO (Figure 6, upper panel) since H-bonds with water molecules have to be broken in order

implying a reduction in the p electron density ofi (Table 2) Lo a!low.;)?;o start th? nucleophilig attgck _and tokforlr;1 a Inew
and thus weakening the-® bond. ond with P, a very large activation barrier§0 kcal/mol)

It can then be inferred that the divalent metal cation acts as makes this process very difficult in the absence of a metal
a Lewis acid and its presence is essential in tuning the reaction catalyst. Thus, the role of the divalent metal ion, also in solution,
. . S pr . . 'ng .~ is to reduce this energy barrier. This is consistent with the
in lowering the activation barrier, and in catalyzing the desired

. L A experimental evidencg.
bond cleavage, as experiments both in vitro and in vivo seem . .
0 Suggests30 Furthermore, the simulation suggests that, contrary to the

, o mechanism proposed by Lim and T@fewhich holds in a
3. The Role of the Solvent.We immersed the anionic

. ' ) vacuum, in water the proton transfer fron¥ @ O does not
ribozyme system in a 62-water molecule system as mentioned

. . . . occur directly, but via @roton wiremechanisi that involves
in the Computational Method section. In the hydrated ribozyme nearby water moleculegwo in the present casehat form a

(but in the absence of a metal catalyst), small conformational (4 ponq chain between Dto O? (Figure 8a). The number of

changes were observed during the equilibration phase: theHzo monomers involved in the process may be different for
IMHB between the @H and G was rapidly broken and these
O and H atoms formed H-bonds with nearby water molecules (34) The geometrical definition of H-bond adopted is Elaceeptor< 2.45 A and

; B i (@) O, > 90°. See, for example: Boero, M.; et &hys. Re. Lett
as in Figure 7a. In addition, very stable H-bonds were also 28‘6"6%5,3592%. xamp 4

formed by @ and @ that turned out to be strongly hydrophilic.  (35) Bergman, D. LChem. Phys200Q 253 267.
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(c) (d)

Figure 9. Proton abstraction from in the presence of Mgd: the initial

configuration from side (a) and top view (b), the first fjimp from & to

. the neighbor water molecule (c), and the following jump to the nexd H

(C) (d) molecule (d). The proton, indicated as a labeled black ball, diffuses in the
solvent along the directions indicated by the arrows.

Figure 8. Proton transfer from &to O mediated by water: the initial
configuration (a), the first Hjump from & to the neighbor water molecule  of four or five water molecules plusXas shown in Figure 9a.

(b), the following jump to the next ¥ molecule (c), and the final state . A
(d). The small arrows indicate the direction along which the proton is As a consequence, the H-bond chain bridgirfgadd G was

transferred. The jumping proton is evidenced as a black ball, and only the interrupted.
relevant atoms are labeled. Next, we performed a constrained dynamics similar to the

) ) ) o previous one and obtained the following results. The presence
native larger ribozymes, but the basic mechanism is likely 10 ot the metal enhanced the transfer of the proton of tR&1O

be the same. The proton initially jumps fronf @ a neighbor g4 to the next H-bound water molecule (Figure 9b and c),
H-bonded water molecule that becomes:OKFigure 8b), then  \yhich, in turn, became an Q¥ (Figure 9d). Then, one of the
one of the protons of this Oft is transferred to a next H-bonded  410ns of the OH was transferred spontaneously to another
H20 molecule in~0.74 ps (Figure 8c), a number that agrees nearhy H-bound molecule and eventually the proton was
with previous results on proton diffusion rate in wateflhis gispersed in the solvent and diffused away from the ribozyme.
molecule, in turn, becomes a @Hand eventually donates its 15 it can be inferred that, in the case of metalloenzymes,
extra proton to ©(Figure 8d). The whole Fransfer process  {he proton transfer is totally hindered, in agreement with the
occurs in~1.91 ps. experimental evidenc¥.In this case, the metal catalyst reduces

4. The Proton Abstraction from the O*H Group. Since  yhe activation free energy for the deprotonatiom\, = 12.6
the deprotonation of the XM group is of fundamental impor- kcal/mol.

tance in the catalysis of hammerhead ribozyfee inde-
pendently investigated the effect of the presence of a divalent

metal catalyst (Mg") in solution. To this aim, we performed a reaction path as in the previous ca&e{|P—OZ|), we observed

co;stramed dynamics on our anionic R'.\IA system Wh.e.re the that the hydrogen transfer (Figure 10b) fromd @ O* occurs
0% —H distance was assumed as a reaction coordinate; i.e., themuch carlier& = 3.19 A) than in the anionic system. As shown
O?H bond was graduallyncreaseduntil the bond breaking ) Y '

in Figure 11i, the presence of some amount of the hole density
occurred. In the absence of kg the computed free energy on & weakens the &-H bond, enhancing the transfer process
for the proton abstraction readd=,q= 16.5 kcal/mol, and this y g P '

S . - > The proton is initially shared by ©and G'in the sense that it
initiated a proton wire mechanism analogous to that described. .
. : . jumps from one oxygen to the other several times before
in the previous section.

. ; , . stabilizing on @, keeping an intramolecular H-bond witi?O
However, this scenario changes drastically in metalloenzymes, . - . .
L i : Then a TBP is formed as shown in Figure 10c. An interesting
i.e., in the presence of Mg. We put a M@" ion close to G . . .
) . . . feature is the fact that the TBP (Figure 10c), corresponding to
and performed an unconstrained simulation on this systemthe first maximum & = 2.00 A) of the free energy (Figure 12)
immersed in the solvent. We noticed that ¥greached a i gy (=19 '

. . . is a TS. This was confirmed also by a normal modes analysis
dynamically stable position at an average distance of 209 on the average configuration, evidencing one imaginary fre-
0.13 A from the surrounding #0 molecules. Note that this g g ' 9 ginary

i 1
configuration could not be stabilized in the absence of the quency i149 cm=.

solvent. Here, instead, the metal cation formed a solvation shell  Moving along the reaction coordinate fo= 175 A, the -
system goes into a local minimum. This metastable configuration

(36) Lyne, P. D.; Karplus, MJ. Am. Chem. So@00Q 122, 166. (Figure 10d) has a PO? distance slightly shorter than the

5. The Radical System.Starting from a system similar to
the anion (Figure 10a) but in a radical form and sampling the
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Figure 12. Free (diamonds) and total (circles) energy profiles as a function

of the reaction coordinate for the radical system. The labels from (a) to (d)

indicate the geometries reported in the snapshots of Figure 7, while labels
from (i) to (v) refer to the electronic structure represented in Figure 9 (see

text for details).

(d) (e) where a barrier of-2 kcal/mol is reported. This small barrier
is easily overcome by thermal fluctuations and, thereby, the

Figure 10. Snapshots of the main phases of the transesterification reaction P—Q% pbond is cleaved and the’@roup is eventually expelled
for the radical system. Before (a) and after (b) the proton transfer frém O (Figure 10e)

to @2, (c) the transition state, (d) the metastable intermediate and (e) the

final product. In the structures from (d) to (e) in Figure 102 @nd G’ are
on average in apical positions. The computed activation energies
U areAE = 19.1+ 2.4 kcal/mol andAF = 14.4+ 2.2 kcal/mol

’ for the total and free energies, respectively. These values are
of the same order of magnitude as similar energy barriers
reported for methyl hydroxyethyl phosphate (MHEPand
dimethyl phosphate (DMP).1°

To inspect the changes in the electronic structure, we
monitored the HOMO and LUMO KohaSham orbitals. Being
a radical species, the system is in a doublet spin state h&ving
+ 1 occupieda states andN occupieds states Kl = 41 in the
present case). The separation between the occupied valence band
and the empty states band (corresponding to the LUMO of the
anionic case) is always rather large’5.34 eV) along the
reaction coordinate, indicating that no mixing of antibonding
empty states into the occupied states occurs during the trans-
esterification process.

A feature that deserves attention is the localization of the
KS half-occupied state along the reaction path. In particular,
the 8 unoccupied state corresponds tioade and displays where
the lack of electronic charge is localized. Thdole state has
a spatial distribution basically similar to that of HOMO in the
anionic system shown in Figure 4, as expected; however, some

(iii) (1v) (v) noticeable differences arise because of possible conformational
Figure 11. Snapshots of the unoccupi@electronic state along the reaction differences. At the be_gmmng’ on the rgactant S|§e=(3.3’8
path. The squared modulus wave function is represented as green isosurfaced), the occupied orbital is mostly localized on ®and &,
ata value 6x 104 e/A3. The atomic structure is shown as sticks only with ~ while its empty counterpart is located onaand & with
atoms at the crossing points, and the color code for the sticks is the samegmga|ler contributions on Oand & (Figure 11i). This indicates
as in Figure 4. .

a strong tendency of @and @ to capture electrons in order to
transition state and its stabilization leads to the breaking of the fill this empty state. Indeed, this is what partially occurs after
IMHB between @ and the H atom bound to3g0?---HO?). the proton transfer from ©Oto O (Figure 11ii). At the TS point,
Hence, the position of the H atom is reversed. This local the holeis located on the ®and @ sites (Figure 11iii). The
minimum is however very shallow, since a free energy barrier value of the reaction coordinate is still relatively large and the
of only 3.2 kcal/mol separates this intermediate from the final P—O? bond is not yet fully formed; hence, the localization of
product where the PO% bond is cleaved. This is in agreement the hole on &* accounts for this fact. At the same time, its
with HF calculations on pentacoordinated oxyphosphofdne, occupieda counterpart is located mostly on thé @tom, being
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P—0?, a regular chemical bond. No changes in the electronic tions occurring during the reaction are crucial in understanding
structure were observed up to the formation of the metastablethe reaction mechanism. The charge state of the system plays
structure. At this point, the amplitude of tHeole on & an interesting role in driving the reaction toward the actual
gradually decreases while, simultaneously, a contribution arisestransesterification or toward thé 3> 2' phosphodiester chain
on & (Figure 11iv). Thishole displacement, i.e., reduction in  transfer. The role of metal cations (g in enhancing the
the number of bonding electrons off Qeads to the PO° bond reaction rate and in preventing pseudorotations in the anionic
cleavage (Figure 12v). The Mulliken atomic charges of P and species has been elucidated, providing support to the mechanism
its surrounding oxygen atoms for this transition state, are assumed to hold in metalloenzymatic RNA molecules. Further-
reported in Table 2. more, the effect of a divalent metal ion in the proton abstraction
We acknowledge that the creation of radicals at the cleavagefrom the GH group has been elucidated, elucidating the
site is difficult in practice and that it could jeopardize the reasons, supported by experiments, that jeopardize the proton-
specificity of the ribozyme-mediated transesterification reaction. transfer process. The study presented here, where three different
However, radicals might be created after capture of, for example, cases are considered, might suggest that the charge state of O
Cu ions, leading to redox of the RNA molecules. Hence, a may be a crucial factor in the selection of the reaction branch.

radical system is unlikely in physiologycal conditions; however, oy results also allow us to conclude that, due to its multiple

a sufficiently hydrated TBP may exist in any charge stét; roles in the various stages of the transesterification, water is
therefore various reaction paths may compete in the actual not an inert background, but a very active participant in the
ribozyme reactionThe present analyses suggest thaatalytic reaction mechanism of ribozymes.

metal cation can play a role similar to that of the hole of the
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