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RNase Z is a dinuclear zinc enzyme that catalyzes the re-
moval of the tRNA 3�-end trailer. Density functional theory is
used to investigate the phosphodiester hydrolysis mechanism
of this enzyme with a model of the active site constructed on
the basis of the crystal structure. The calculations imply that
the reaction proceeds through two steps. The first step is a
nucleophilic attack by a bridging hydroxide coupled with
protonation of the leaving group by a Glu-His diad. Sub-
sequently, a water molecule activated by the same Glu-His
diad makes a reverse attack, regenerating the bridging hy-

Introduction

RNase Z is a dinuclear zinc-dependent endoribonuclease
responsible for the processing of the 3� extremities of trans-
fer RNA (Scheme 1) in a variety of organisms, including
bacteria, archaea, and eukarya.[1] After this hydrolytic reac-
tion, the tRNA 3�-end can be further modified by nucleoti-
dyl transferase and aminoacyl synthetase.[2]

Scheme 1.

Comparisons of the amino acid sequence have demon-
strated that RNase Z is a member of the metallo-β-lactam-
ase superfamily, which catalyze primarily hydrolytic reac-
tions of a wide range of substrates.[3] The hydrolytic water
molecule is activated for nucleophilic attack by coordina-
tion to a mononuclear or dinuclear metal center. These en-
zymes fold into a four-layer αβ/βα sandwich fold and pos-
sess the characteristic “histidine motif” (HxHxDH) for
metal coordination.[4] However, RNase Z has a unique ex-
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droxide. The second step is calculated to be the rate-limiting
step with a barrier of 18 kcal/mol, in good agreement with
experimental kinetic studies. Both zinc ions participate in
substrate binding and orientation, facilitating nucleophilic
attack. In addition, they act as electrophilic catalysts to stabi-
lize the pentacoordinate trigonal-bipyramidal transition
states.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

osite inserted in the metallo-β-lactamase domain, which is
essential for tRNA recognition but not responsible for the
catalytic activity.[5]

The X-ray structures of RNase Z from Bacillus subtilis,
T. maritime, and E. coli have been solved and reveal a dinu-
clear zinc cluster at the active site.[5c,6] The two subunits of
free Bacillus subtilis RNase Z dimer display different con-
formational states.[6a] The A-subunit possesses a functional
active site to which a phosphate ion is bound, while the B-
subunit, lacking zinc ions, is proposed to be structurally
adapted to substrate recognition and binding. The dinu-
clear zinc center is bridged by an aspartate (Asp211) and
an oxygen species (see Figure 1). Znα is liganded by three
histidine residues (His63, His65, and His140), while Znβ is
liganded by two histidine and one aspartate residues (His68,
His269 and Asp67). Mutational studies of these first-shell
ligands show that all of them are functionally important.[7]

A Glu231-His247 diad is located close to the dinuclear core
and forms a hydrogen bond to one of the phosphate oxygen
atoms.

On the basis of the crystallographic studies and mechan-
istic data concerning the related metallo-β-lactamase super-
family, the following mechanism for precursor tRNA cleav-
age has been proposed.[6a] Asp67 acts as a general base to
remove the proton from the bridging water molecule to gen-
erate a hydroxide, which performs an in-line nucleophilic
attack on the phosphorus moiety. Then, the 3�-oxygen of
the discriminator base takes up a proton from the nearby
water molecule. However, the substitution of Glu630 or
His646 with alanine in D. melanogaster RNase Z (corre-
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Figure 1. X-ray structure of the active site of RNase Z from Bacil-
lus subtilis complexed with phosphate (coordinates taken from
PDB entry 1Y44).

sponding to Glu231 and His247 in B. subtilis RNase Z, see
Figure 1) causes a dramatic decrease in kcat, indicating that
the Glu-His diad might act as a general acid involved in the
protonation of the leaving group.[7c] This proposal has also
been put forward for another dinuclear zinc-dependent
phosphodiesterase, namely CPSF-73 (73-kDa subunit of
cleavage and polyadenylation specificity factor) involved in
pre-mRNA 3�-end processing, with identical disposition
and coordination of the dinuclear zinc core in the active
site.[8] The structure of CPSF-73 reveals that a sulfate is
directly coordinated to the two zinc ions, and a Glu204-
His396 diad is hydrogen-bonded to one of the sulfate oxy-
gen.

In the current study, we used density functional theory
(DFT) calculations to investigate the phosphodiesterase ac-
tivity of RNase Z. With the aim to study the detailed reac-
tion mechanism and characterize the involved transition
states and intermediates, we constructed a model of the
active site on the basis of the crystal structure of the native
RNase Z (Protein Data Bank entry 1Y44),[6a] and employed
the hybrid density functional method B3LYP[9] to present a
potential energy surface for the reactions. This approach
has previously been applied very successfully to a number
of enzymes,[10] including five recent studies on related dinu-
clear zinc enzymes.[11] The results presented here can be ex-
tended to the reaction mechanisms of CPSF-73[8] and
RNase J,[12] which possess identical catalytic sites as RNase
Z.
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Computational Details

Calculations

The calculations presented herein were carried out using
the DFT functional B3LYP as implemented in the
Gaussian03 program package.[13] For geometry optimiza-
tion, the 6-31G(d,p) basis set was used for the C, N, O,
H elements, the 6-311+G(d) for P, and the LANL2DZ[14]

pseudopotential for Zn. Based on these optimized geome-
tries, single-point calculations at the B3LYP/6-
311+G(2d,2p) level were performed to obtain more accurate
energies. Single point calculations at the MPWB1K/6-
311+G(2d,2p) level[15] based on the same geometries were
carried out to evaluate the accuracy of barriers and reaction
enthalpies. MPWB1K was found to give very close relative
energies compared to B3LYP (less than 1 kcal/mol differ-
ence).

The dielectric effects from the protein surroundings that
were not explicitly included in the model were calculated at
the same theory level as the geometry optimizations using
the conductor-like polarizable continuum model (CPCM)
method, where a solvent cavity is formed as a surface of
constant charge density of the solvated molecule.[16] The di-
electric constant was set equal to four, which is the standard
value used in modeling protein surroundings. Zero-point
energy (ZPE) effects were computed by performing fre-
quency calculations at the same theory level as the optimi-
zations. Some truncation atoms were kept fixed to their
crystallographically observed positions. This procedure
gives rise to several small imaginary frequencies, typically
on the order of 10i–30i cm–1. These do not contribute sig-
nificantly to the ZPE and can thus be ignored. The energies
reported herein are corrected for both solvation and ZPE.
The adequacy of some of the technical aspects of this mod-
eling approach with respect to dinuclear zinc enzymes was
tested in a recent study on the reaction mechanism of pho-
photriesterase.[17]

Active-Site Model

A quantum chemical cluster model of the RNase Z
active site was prepared on the basis of the crystal structure
of the enzyme complexed with phosphate (PDB entry
1Y44).[6a] The model consists of the two zinc ions along
with their first-shell ligands, His63, His65, Asp67, His68,
His140, Asp211, His369 and the bridging hydroxide.
Glu231 and His247, which are possibly involved in proton-
ating the leaving group, were also included in the model.
The histidines were modeled by methylimidazoles, while the
glutamate and aspartate residues were modeled by acetates.
Additionally, parts of the Asp211-Thr212 and Ala232-
Thr233 units, forming hydrogen bonds with Glu231, were
included. Hydrogen atoms were added manually. The bridg-
ing ligand is assumed to be a hydroxide. This is a reasonable
assumption, since the pKa of a water molecule will be very
low when coordinated to two zinc ions, especially when the
dizinc center has only two negatively charged ligands. The
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same assumption has also been made for the other dizinc
enzymes studied previously.[11] To keep the optimized struc-
tures close to the experimental one, the truncation atoms
were fixed at their corresponding X-ray positions during the
geometry optimizations. The fixed atoms are marked with
asterisks in the figures below. A simple model substrate,
methyl 2-tetrahydrofuranyl phosphate, was used to explore
the phosphodiesterase activity of this enzyme (see Fig-
ure 2). The resulting model is composed of 139 atoms and
has a total charge of 0.

Figure 2. Optimized structure of the RNase Z active site model
with a methyl 2-tetrahydrofuranyl phosphate bound. Atoms
marked with asterisks were fixed at their X-ray structure positions.
Distances are given in Å.

Results and Discussion

The optimized structure of the RNase Z active site with
the methyl 2-tetrahydrofuranyl phosphate substrate bound,
corresponding to the Michaelis complex (here termed Re-
act), is shown in Figure 2. The overall geometric parameters
obtained from the geometry optimization reproduce the X-
ray structure quite well. For example, the Znα–Znβ distance
is calculated to be 3.37 Å, which is in very good agreement
with the crystallographic distance of 3.30 Å.[6a] Also, the
hydrogen bonds between the bridging hydroxide (OµH–)
and Asp67, and between the leaving oxygen (OL) and
His247 are well-reproduced. The geometry optimization
was initially started with neutral His247 and Glu231 resi-
dues. However, during the optimization, a proton was
transferred automatically from Glu231 to His247 creating
a Glu––HisH+ ion pair. The resulting Glu231 anion is stabi-
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lized through hydrogen bonds to the Ala232-Thr233 and
Asp211-Thr212 moieties. The substrate is coordinated to
the two zinc ions with two of its phosphate oxygen atoms,
where Oa binds to Znα (Znα–Oa: 2.17 Å) stronger than Ob

to Znβ (Znβ–Ob: 2.49 Å). This is because the Znα ion is
more positively charged, due to its ligands. These interac-
tions help orient the substrate so that there is a nearly
straight line between Oµ–P–OL, with an angle of 178.1°.
The Oµ–P distance is 2.95 Å and the substrate is thus ready
for the nucleophilic attack.

The optimized transition state (TS1) and the resulting
intermediate (Inter1) are shown in Figure 3. We find that
the nucleophilic attack occurs directly from the bridging
position, similar to other previously studied dinuclear zinc
enzymes, phosphotriesterase (PTE),[11a] aminopeptidase
from Aeromonas proteolytica (AAP),[11b] dihydroorotase
(DHO),[11c] N-acyl--homoserine lactone hydrolase (AHL
lactonase),[11d] glyoxalase II (GlxII).[11e] The nature of TS1
was confirmed to have an imaginary frequency of 756icm–1,
which corresponds to the Oµ–P bond formation and P–OL

bond breakage, coupled with proton transfer from His247
to OL. The barrier is calculated to be 13.6 kcal/mol
(14.3 kcal/mol without the solvation correction) and Inter1
is found to be 6.6 kcal/mol lower than React (10.4 kcal/mol
without the solvation correction). At TS1, both the critical
Oµ–P and P–OL distances are 1.98 Å. In addition, the trans-
ferring proton is approximately in the middle of Nε

(His247) and OL, where the key distances of the proton to
Nε and OL are 1.28 and 1.22 Å, respectively. The Znα–Oa

and Znβ–Ob bonds become somewhat shorter (2.10 Å and
2.24 Å, respectively), which indicates that the zinc ions pro-
vide electrostatic stabilization to the transition state, thereby
lowering the barrier.

Downhill from TS1, a proton transfer from the bridging
hydroxide to Asp67 occurs simultaneously with the dissoci-
ation of the leaving group. The leaving alcohol can easily
be released to the solution as it is only hydrogen-bonded to
His247. However, the direct release of the phosphomono-
ester from Inter1 will require much more energy since it is
strongly bound to the dinuclear center. An alternative path-
way is that a water molecule makes the reverse attack on
the phosphorus center regenerating the bridging hydroxide,
which then can start a new catalytic cycle. Accordingly, we
manually replaced the alcohol in Inter1 by a water molecule
and reoptimized the geometry (called Inter2, Figure 3). The
energy difference between Inter1 and Inter2 can be roughly
estimated by the following equation:

Inter1 (ε = 4) + H2O (ε = 80) � Inter2 (ε = 4) + Alcohol
(ε = 80)

According to this equation, the step is calculated to be
exothermic by 4.7 kcal/mol (10.1 kcal/mol without the sol-
vation correction). However, this is to be considered as a
crude approximation, since the solvation energies of the
water molecule and the alcohol are not expected to be very
accurate using the implicit solvent model.

From Inter2, we have optimized the transition state for
the water attack at the phosphorus center (TS2, Figure 3).
The barrier is calculated to be 18.1 kcal/mol (22.8 kcal/mol
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Figure 3. Optimized geometries for the transition states, intermediates and product along the reaction pathway. For clarity, the zinc-
coordinated histidine rings, Ala232-Thr233, part of Asp211-Thr212, and unimportant hydrogen atoms are omitted.

without the solvation correction) relative to Inter2. In TS2,
His247, facilitated by the negative charge of Glu231, ab-
stracts a proton from the water molecule. The geometry of
TS2 is found to be very similar to that of TS1. The distance
between the phosphorus and the water oxygen is 1.96 Å,
while the water proton is 1.21 Å from the water oxygen and

www.eurjic.org © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2009, 2967–29722970

1.29 Å from the Nε atom of His247. This water attack re-
sults in the formation of the product (Prod, Figure 3) with
the regeneration of the bridging hydroxide. The second step
is found to be endothermic by 7.9 kcal/mol [Prod is 7.9 kcal/
mol (10.7 kcal/mol without the solvation correction) higher
than Inter2].



RNA Hydrolysis Mechanism of the Enzyme RNase Z

The obtained potential energy curve for the phosphodi-
ester hydrolysis reaction is shown in Figure 4. From this, it
can be seen that the second half-reaction determines the
reaction rate, with a barrier of 18.1 kcal/mol. Experimental
rate constants are found to be in the range of 0.003–
0.09 s–1,[7,18] which can be converted to barriers in the range
of 19–21 kcal/mol using classical transition state theory.
Our calculations are thus in good agreement with the exper-
imental kinetics results.

Figure 4. Calculated potential energy curve for the hydrolysis of
methyl 2-tetrahydrofuranyl phosphate by RNase Z.

Conclusions

In this work, we have used density functional theory cal-
culations to investigate the RNA hydrolysis mechanism by
RNase Z. Our calculations established the following mech-
anistic features (Scheme 2): (1) The phosphate group of the
substrate binds to the active site mainly through direct bi-
dentate coordination to the dinuclear zinc center and hydro-

Scheme 2. Suggested RNA hydrolysis mechanism by RNase Z.
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gen bonding to His247. (2) The bridging hydroxide, coordi-
nated to the two zinc ions, performs the nucleophilic attack
directly from bridging position. This seems to be a common
feature for dinuclear zinc hydrolases and has been demon-
strated for several other related enzymes.[11] (3) The nucleo-
philic attack on the phosphorus center results in the con-
certed departure of the leaving group, which accepts a pro-
ton from His247. In the subsequent step, a water molecule,
activated by His247, makes the reverse attack resulting in
the regeneration of the bridging hydroxide. (4) The second
step is rate-limiting and the energetic barrier is calculated
to be 18.1 kcal/mol, in good agreement with experimental
kinetic studies. (5) Asp67 acts first as a general base to ac-
cept a proton from the bridging hydroxide in the first half-
reaction and to return it in the second half-reaction. Both
zinc ions provide catalytic power by the electrostatic stabili-
zation of the pentacoordinate transition states.
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