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Mechanism of RNase T;: concerted triester-like phosphoryl
transfer via a catalytic three-centered hydrogen bond
Stefan Loverix !, Anna Winqvist2, Roger Strémberg® and Jan Steyaert'

Background: The microscopic events of ribonuclease (RNase) catalyzed
phosphoryl transfer reactions are still a matter of debate in which the contenders
adhere to either the classical concerted acid—base mechanism or a more
sequential triester-like mechanism. In the case of RNase A, small thio-effects of
the nonbridging oxygens have been invoked in favor of the classical mechanism.
However, the RNase T; catalyzed transphosphorylation of phosphorothioate RNA
is highly stereoselective. Rp thio-substituted RNA is depolymerized 60000 times
faster than Sp thio-substituted RNA by this enzyme, whereas the uncatalyzed
cleavage of both substrates occurs at comparable rates. We combined site-
directed mutagenesis in the RNase active site and stereospecific thio-substitution
of an RNA substrate to probe the intermolecular interactions of the enzyme with
the nonbridging pro-Sp oxygen that bring about this stereoselectivity of RNase T;.

Results: Thio-substitution of the nonbridging pro-Sp oxygen in the substrate
afflicts chemical turnover but not ground state binding whereas thio-substitution of
the nonbridging pro-Re oxygen does not affect the kinetics of RNase Ty. Site-
directed mutagenesis of the catalytic base Glu58 impairs the enzyme’s ability to
discriminate both phosphorothioate diastereomers. Glu58Ala RNase Ty cleaves
Rp and Sp phosphorothioate RNA with similar rates. The dependence of the pro-
Sp thio-effect on the presence of the Glu58 carboxylate evidences a strong rate-
limiting interaction between the nonbridging pro-Sp oxygen and the catalytic base
Glu58 in the wild type enzyme.

Conclusions: Based on these results, we put forward a new triester-like
mechanism for the RNase Ty catalyzed reaction that involves a three-centered
hydrogen bond between the 2'-OH group, the nonbridging pro-Sp oxygen and
one of the carboxylate oxygens of Glu58. This interaction allows nucleophilic
attack on an activated phosphate to occur simultaneously with general base
catalysis, ensuring concerted phosphoryl transfer via a triester-like mechanism.
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Ribonucleases (RNases) are a class of enzymes that cleave
the phosphodiester bonds in RNA [1]. Their efficiency as
catalysts is mirrored by an estimated 10" increase in reac-
tion rate (Auncac/(#cac/Kim)) [2]. The catalyzed reaction is a
transphosphorylation yielding a 2’,3’-cyclophosphate. This
cyclic intermediate is hydrolyzed by a water molecule to a
3’-phosphate in a separate step which is the reversal of the
transphosphorylation [3]. The transphosphorylation con-
sists of a nucleophilic in-line inversion displacement at
the phosphorus atom of the 5’-leaving group by the enter-
ing 2'-oxygen [4].

The classical RNase mechanism is thought to be concerted
[5], with a trigonal bipyramidal phosphorane (TBP) struc-
ture along the reaction pathway, implying a base and an
acid located on either side of the scissile bond (Figure 1A).
However, the actual character of the T'BP phosphorane
structure, including its protonation state and whether it is

a transition state or a true intermediate, has been an issue
of considerable debate over the years for most RNases.
Many questions regarding the microscopic details of the
catalyzed reactions, including catalytic proton transfer
steps, remain unresolved. Accordingly, a number of pro-
posals for the TBP phoshorane structure is found in the
literature. The classical acid—base mechanism [6,7] as illus-
trated in Figure 1A involves a monoanionic phosphorane.
In this TBP structure, the nonbridging oxygens are not
protonated and the catalytic acid and base interact exclu-
sively with the apical oxygens in a concerted fashion.
Triester-like mechanisms are characterized by early proton
transfer to a nonbridging oxygen rendering the phosphate
neutral, which facilitates nucleophilic attack by the 2'-alk-
oxide. In the Breslow mechanism [8] this proton comes
from the catalytic acid (Figure 1B, right route). In an in-
ternal proton transfer mechanism [9,10], the proton comes
from the 2’-OH group (Figure 1B, left route). Either way,
the result is a monoanionic phosphorane. The likelihood of
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Figure 1. Microscopic events in RNase catalyzed phosphoryl transfer for classical concerted acid/base (A) versus triester-like (B)
mechanisms. Triester-like mechanisms are characterized by protonation of a nonbridging oxygen, prior to attack by the 2’-nucleophile. In
the Breslow-like mechanism (right route) this proton is donated by the catalytic acid. In the internal proton transfer mechanism (left route)

the proton originates from the 2'-OH group.

a dianionic phosphorane, resulting from nucleophilic attack
of the negatively charged 2’-alkoxide on the negatively
charged phosphate, emerged from a computational study
[9]. Such a TBP structure requires early proton transfer
from the 2’-OH to the catalytic base. The relevance of a
neutral phosphorane, with protonation of both nonbridging
oxygens, has been established from an ab initio quantum
chemical study [11].

RNase A (EC 3.1.27.5), one of the most thoroughly inves-
tigated enzymes (see review by Raines [12] for references),
has historically been the model enzyme of choice to ana-
lyze phosphoryl transfer on phosphodiesters. RNase A is
the representative of a homologous superfamily of verte-
brate RNases [13]. A separate family of guanine-specific
microbial RNases evolved to catalyze the same chemistry
[14,15]. RNase T (EC 3.1.27.3) from the slime mold As-

pergillus oryzae and barnase from Bacillus amyloliquefaciens
are the best known members of this microbial family. In
the last decade, protein engineering [16] and X-ray crystal-
lography [17] have revolutionized our knowledge of the
structure—function relation of RNase Ty. It has been estab-
lished that Tyr38, His40, Glu58, His92, and Phel00 are
involved in the catalysis of RNA degradation. During cy-
clization, Glu58 and His92 serve as the catalytic base and
acid, respectively [18,19]. It is currently believed that the
protonated His40 imidazole engages the 2’-OH in a coop-
erative hydrogen bond with Glu58 (His40-NFH-O02'-
H-+O; -Glu58) to activate the nucleophile [20,21].

Whereas numerous experimental data point to a concerted
acid—base mechanism for RNase A [22], the actual charac-
ter of the transition state of the RNase 'T'j-catalyzed reac-
tion remains unclear. The classical mechanism (Figure 1A)
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Figure 2. The diastereomers resulting from thio-substitution of a
nonbridging oxygen in the model substrate GpU.

and the triester-like mechanism (Figure 1B) differ essen-
tially in the protonation state of the nonbridging oxygens
during transition state formation. We set out to analyze the
catalytic interactions of RNase Ty with these nonbridging
oxygens. Therefore, we substituted the nonbridging oxy-
gens of the phosphate by sulfur and analyzed the effects of
these thio-substitutions on the kinetics of RNase T;. In-
ternucleotidic phosphorothioate diastereomers (Rp,Sp) re-
sulting from substitutions of one nonbridging phosphoryl

Table 1

oxygen with sulfur (Figure 2) are common tools to inves-
tigate reaction stereochemistry [23], protein—nucleic acid
interactions [24] or the role of metal ions in phosphoryl
transfer [25]. The stereochemical course of RNase T ac-
tion, for example, has been established using the Rp dia-
stereomer of cyclic guanosine 2’,3’-phosphorothioate [26].

In a previous study, we used Rp phosphorothioate RNA to
probe the intermolecular interactions of RNase T with the
nonbridging pro-Rp oxygen of the phosphodiester linkage
during catalysis [27]. The method rested on the use of the
Rp diastereomer of guanylyl 3’,5’-uridine phosphorothioate
(Rp Gp(S)U), an optically pure phosphorothioate analogue
of the dinucleoside phosphate GpU in which the pro-Rp
oxygen is replaced by sulfur (Figure 2). GpU was chosen
as the parent dinucleoside phosphate substrate because its
enzymic turnover is limited by the rate of bond making
and breaking [28]. This is important because no mechanis-
tic conclusion can be drawn from kinetic thio-effects if
substrate association or product dissociation is rate-limiting.
Since the uncatalyzed transphosphorylations of RNA and
phosphorothioate RNA proceed with similar rates [29], any
observed thio-effect on the catalyzed reactions reflects a
change in the intermolecular interactions between the en-
zyme and the substrate in the transition state [30-32]. To
confine these changes to a particular part of the active site,
Rp thio-effects were measured for wild type enzyme and a
number of active site mutants (Table 1). This study re-
vealed a catalytic hydrogen bond between Tyr38-O,H
and the pro-Rp oxygen of the phosphate [27].

The Sp thio-effect on catalysis versus active site mutations.

GpU Sp Gp(S)U Thio-effect? Coupling®

Keat/Km (MM~ s71)  AGP (kcal/mol) Keat/Km (M1 s71) AGP (kcal/mol) AAG (kcal/mol)
Wild type 1000 - 11.3 - 88500 -
Tyr38Phe 15.1 2.56 0.458 1.96 33000 0.6+0.2
His40Ala 0.153 5.38 ND ND ND ND
Glu58Ala 27.40 2.20 7520 —3.98 3.6 6.2+0.2
His92GIn 0.117 5.54 ND ND ND ND
Phe100Ala 1.38 4.03 8.65 0.17 160 3.9+0.3
The Re thio-effect on catalysis versus active site mutations.

GpuU Rp Gp(S)U Thio-effect? Coupling®

Keat/Km (MM~1 s71)  AGP (kcal/mol) Keat/Km (MM~1 s71)  AGP (kcal/mol) AAG (kcal/mol)
Wild type 1000 - 665 - 1.50 -
Tyr38Phe 151 2.56 210 0.70 0.072 1.86+0.13
His40Ala 0.153 5.38 0.029 6.15 5.33 —0.77+£0.07
Glu58Ala 27.40 2.20 5.35 2.95 5.12 —0.75+0.07
His92GIn 0.117 5.54 0.028 6.17 4.21 —0.63+0.09
Phe100Ala 1.38 4.03 0.508 4.39 4.29 —0.36+0.07

ND: not determined due to very low activity. _
aThe thio-effect is defined as (kcat/Km)P"OSPMa/(Kea/ Ky JPPOSPROMOthIOAtE

bApparent interaction free energy between the deleted side chain and the substrate in ES¥, as calculated from the ratio of the ka/Kn val-

ues of wild type enzyme and the mutant under investigation [44].

°Energetic coupling between the mutation under investigation and the substrate’s thio-substitution. Values have been calculated from the
difference in apparent interaction energy of a particular side chain with GpU and Gp(S)U, respectively.
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Figure 3. The active site of RNase Ty in complex with exo (Sp) 2’,3'-cGMP(S), the product of the transphosphorylation of Sp Gp(S)U.
Possible hydrogen bonds are represented by gray lines. Nitrogen, oxygen, sulfur and phosphorus are represented in blue, red, yellow and

magenta, respectively.

In the present study, we analyzed the Kkinetics of Sp
Gp(S)U for wild type enzyme and a number of mutants.
We found that the thio-effect on the pro-Sp position is
coupled with the Glu58Ala mutation, indicating that
RNase T follows a triester-like mechanism that involves
the Glu58-catalyzed protonation of the pro-Sp oxygen.

Results and discussion

The large Sp thio-effect is coupled to mutations at Glu58
and Phe100

First, we measured the kinetics of wild type RNase T for
the Sp thio-substituted analogue of the dinucleoside phos-
phate GpU. We found that Sp Gp(S)U is a very poor sub-
strate for wild type RNase Ty (Table 1). Its second-order
rate constant (Aq/Ky) is 9X10*-fold and 6 X 10*-fold
smaller than that for GpU and Rp Gp(S)U, respectively
[27]. The equilibrium dissociation constant of the en-
zyme-substrate complex (Kg equals Ky in each case) is
not dependent on thio-substitution, indicating that the en-
zyme’s stereoselectivity is solely due to weakened binding
of the §p Gp(S)U transition state. It appears that the sub-
stitution of the pro-Sp oxygen by sulfur prevents an opti-
mal spatial and/or electronic complementarity with the ac-
tive site, since thio-substitution does not affect the
uncatalyzed reaction. RNase T’y shares this stereoselective

behavior with snake venom phosphodiesterase, but not
with RNase A or RNase T, [33].

To probe the intermolecular interactions of the enzyme
with the nonbridging pro-Sp oxygen that brings about
this stereoselectivity of RNase T; we confined the Sp
thio-effect to a particular part of the enzyme active site.
Therefore, we compared the Sp thio-effect for wild type
enzyme with the thio-effects measured for a number of
active site mutants (Table 1). Changes in the thio-effect
upon deletion of a particular side chain are indicative of
direct and/or indirect intermolecular interactions between
the deleted side chain and the pro-Sp oxygen atom in the
reference ES* complex [27,30-32]. The energetic coupling
between a particular mutation and the thio-substitution can
be expressed quantitatively as the difference in apparent
interaction free energy of the side chain under investiga-
tion with GpU and Sp Gp(S)U, respectively (AAG in Table
1). This type of analysis by means of single mutant en-
zymes and modified substrates is conceptually identical to
the use of double mutants to study intra- or intermolecular
interactions in proteins [34]. We found that the effects of
the Glu58Ala and Phel00Ala mutations on the turnover
rate change considerably upon §p thio-substitution. Such
effect is not observed for Tyr38Phe RNase T';. The resid-
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Figure 4. Hypothetical reaction coordinates for a triester-like mechanism involving internal proton transfer. Proton transfer in the transition
states is depicted by dashed lines. For a sequential mechanism (reaction coordinate (A), a first transition state TS1 involving proton

transfer from the nucleophile to a nonbridging oxygen is followed by a second transition state TS2 involving abstraction of this proton by
the catalytic base and concomitant expulsion of the leaving group. The three-centered hydrogen bond concept merges both events into a

single transition state TS along the reaction coordinate (B).

ual activities of His40Ala and His92GIn RNase T for Sp
Gp(S)U were below our detection limit. The large cou-
pling between the Sp thio-effect and the Glu58Ala and
Phel100Ala mutations indicate that the suboptimal spatial
and/or electronic fit between the active site and the sulfur
is caused by the side chains of Glu58 and Phe100. These
kinetic observations are consistent with crystallographic
data on RNase Ty in complex with Sp 2',3'-cGMP(S),
the product of the transphosphorylation of §p Gp(S)U (Fig-
ure 3) [35]. In this complex, Glu58 and Phe100 are located
at the requisite side of the cyclophosphate to interact with
the pro-§p oxygen in the transition state.

The remarkable coupling (6.2 kcal/mol, Table 1) between
the Sp thio-substitution and the Glu58Ala mutation reflects
an interaction between the pro-Sp oxygen of the substrate
and the Glu58 side chain that is particularly relevant for
the transition state. The Glu58Ala mutation reduces
kel Ky for the reference substrate GpU 36-fold. Surpris-

ingly, the same mutation improves #¢ /Ky, for Sp Gp(S)U
660-fold (Table 1). Glu58Ala RNase T'; is thus a moderate
catalyst for Sp phosphorothioate RNA, whereas the wild
type enzyme is severely impaired for this substrate. All
kinetic data can conveniently be explained by a short hy-
drogen bond between one of the carboxylate oxygens of
Glu58 and the pro-§, phosphate oxygen upon catalysis.
This short hydrogen bond turns into a repulsive contact
when the pr0-§, phosphate oxygen is replaced by sulfur,
likely through steric hindrance or through reduced proton
affinity for sulfur as compared to oxygen. We find that
removal of the glutamate side chain eliminates the repul-
sive interaction with sulfur, thus improving the affinity of
the enzyme for the transition state of Sp thio-substituted
substrates.

Like Glu58, deletion of the Phel00 side chain decreases
kea/ K for GpU but increases 4.,./K,, for Sp Gp(S)U, re-
sulting in a coupling energy of about 3.9 kcal/mol (Table
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Figure 5. Function of the active site residues in the RNase Ti-catalyzed
mechanism.

transphosphorylation of RNA via a three-centered hydrogen bond

1). 'This coupling mirrors a stabilizing interaction between
the Phel00 aromatic ring and the pro-Sp oxygen during
catalysis. Apparently, this interaction turns into a repulsive
contact when the pro-Sp oxygen is replaced by sulfur. In
the complex of RNase Ty with Sp 2’,3’-cGMP(S), the ar-
omatic ring of Phe100 is in close van der Waals contact (3.2
A) with the sulfur (Figure 3). Thio-substitution may gen-
erate a steric clash between the TBP transition state and
Phe100. Indeed, a sulfur atom on phosphorus projects out-
ward about 0.8 A more than an oxygen atom [36]. Accord-
ingly, removal of the aromatic ring in the Phel00Ala mu-
tant allows for a more convenient accommodation of the
sulfur atom in the transition state complex.

A triester-like mechanism involving internal proton
transfer

So far, it was believed that RNase Ty follows the classical
concerted acid—base mechanism (Figure 1A). However, re-
capitulation of older data on RNase T [26] and analysis of
the present results support the likelihood of a triester-like
mechanism. Triester-like mechanisms (Figure 1B) depend
on the protonation of one of the nonbridging phosphoryl
oxygens, rendering the transition state more like a phos-
photriester, which is 10® to 10° times more reactive than
the corresponding phosphodiester [37]. An important piece
of evidence indicating that RNase T'; follows such a triest-

er-like mechanism results from the observation that sub-
stitution of the pro-Sp oxygen by sulfur reduces the turn-
over of the model substrate GpU 105-fold (Table 1). Such a
large thio-effect is not observed when the pro-Rp oxygen is
replaced by sulfur [27]. Because sulfur has a much lower
affinity for protons than oxygen, a large thio-effect would
be predicted for at least one of the thio-isomers if the
enzyme follows a triester-like mechanism [7]. The fact
that RNase T'; exhibits an exclusive Sp thio-effect reflects
the protonation of the pro-Sp oxygen during the rate-limit-
ing step. The pro-Rp oxygen appears to remain unproton-
ated. A second piece of evidence for a triester-like mech-
anism comes from the observation that the general base
Glu58 interacts with the pro-Sp oxygen in the rate-limiting
step. This observation is inconsistent with the classical
acid—base mechanism [6,7] as in Figure 1A. In such a
mechanism, the catalytic base interacts exclusively with
the apical 2’-oxygen.

Various triester-like mechanisms found in the literature
differ essentially in the origin of the (catalytic) proton
that is initially transferred to a nonbridging oxygen. In a
Breslow-like mechanism [8] (right route in Figure 1B) the
proton comes from the catalytic acid, whereas the proton
comes from the 2’-OH group in an internal proton transfer
mechanism [9,10] (left route in Figure 1B). Structural lim-
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itations of the RNase T active site render the substrate’s
2'-OH group as the most probable source of the catalytic
proton that has to be transferred to the pro-Sp nonbridging
oxygen. Our finding that Glu58, being the catalytic base of
RNase T [18], interacts with the pro-Sp oxygen in the
transition state strongly suggests that Glu58 catalyzes the
protonation of this nonbridging oxygen. Phe100 may con-
tribute to this protonation step by tailoring the local dielec-
tric environment [38]. All these considerations point to a
triester-like internal proton transfer mechanism as depicted
in Figure 1B (left route) and Figure 4A. After the forma-
tion of the T'BP structure, the catalytic proton is abstracted
from the pro-Sp nonbridging oxygen by the catalytic base
Glu58, leading to the expulsion of the leaving group.

The marginal decrease in 4., (20-fold) upon deletion of
the Glu58 carboxylate ([18]; see also Table 1) seems to
minimize the role of this residue as a general base and as
a catalytic device to protonate the pro-Sp oxygen. It has
been shown however, that the unprotonated His40 takes
over the role of general base if Glu58 is replaced by ala-
nine [18]. This mutant uses two histidines as acid-base
pair and may well function according to a more classical
mechanism, as is the case for RNase A. Alternatively,
His40 may abstract the proton from the 2’-OH group via
a water molecule that is found in the cavity created by the
Glu58Ala mutation [39]. This water molecule may also
interact catalytically with the pro-Sp oxygen, thus compen-
sating largely for the Glu58Ala mutation.

A three-centered hydrogen bond for concerted phosphoryl
transfer

In triester-like mechanisms, nucleophile activation, nucle-
ophilic attack and leaving group expulsion are more or less
separate events resulting in more or less stable intermedi-
ates on the reaction coordinate (Figure 4A). The presence
of such intermediates has never been established, neither
in RNase Ty, nor in RNase A or any other RNase. Build-
ing on this consideration, we put forward a concerted alter-
native (Figure 4B) that relies on a three-centered hydrogen
bond in the transition state. In this three-centered hydro-
gen bond, the nucleophilic 2’-oxygen, the pro-Sp oxygen
and the catalytic base cluster around the proton that has to
be abstracted from the 2’-OH group. We postulate that the
proton is bound symmetrically in this three-centered con-
figuration in the transition state. If the hydrogen bonds are
short and the proton is symmetrically located in the plane
of the three donor/acceptor atoms, the barrier to proton
tunneling may be relatively low [40]. Simultaneous proton
transfer from 2’-OH towards the pro-Sp oxygen and the
catalytic base could allow nucleophilic attack on an acti-
vated phosphate and general base catalysis to occur in the
same transition state (Figure 4B). In a concerted mecha-
nism, formation of the three-centered hydrogen bond ac-
companies the expulsion—protonation of the 5’-leaving
group. This new view on the mechanism of RNase T

leads to an almost complete picture of the intermolecular
interactions between the enzyme and the transition state of
the reaction (Figure 5). The interactions of Arg77 with the
transition state remain obscure because the function of this
residue can not be probed by site-directed mutagenesis.
The guanidinium group of this residue has a unique struc-
tural role that can not be fulfilled by any other natural
amino acid.

Significance

The microscopic events of the RNase catalyzed phosphor-
yl transfer reactions are still a matter of debate. Internu-
cleotidic phosphorothioate diastereomers (Rp,Sp) resulting
from substitutions of one nonbridging phosphoryl oxygen
with sulfur have been used as diagnostic tools to discrim-
inate between the classical concerted acid—base mechanism
or a more sequential triester-like mechanism. In this work,
we combined this type of site-specific substrate modifica-
tion with site-directed mutagenesis in RNase T}, the best
known representative of a large family of microbial
RNases. We found that the large kinetic effect associated
with the thio-substitution of the nonbridging pro-Sp oxy-
gen (the Sp thio-effect) is coupled to the presence of the
general base Glu58 of RNase T. These data indicate that
RNase T follows a triester-like mechanism featuring in-
ternal proton transfer catalyzed by the general base Glu58.
Our new proposal implies a three-centered hydrogen bond
that allows nucleophilic attack on an activated phosphate
to occur simultaneously with general base catalysis, ensur-
ing concerted phosphoryl transfer in a triester-like mecha-
nism. Three-centered hydrogen bonds are widely recog-
nized in protein structure and are believed to be major
players in dynamic processes like ligand binding and pro-
tein hydration. Because catalysis is a dynamic process as
well, three-centered hydrogen bonds may be more relevant
to enzyme-substrate interactions than recognized so far.

Materials and methods

Materials

The 3',5’-dinucleoside phosphate substrate GpU and buffer substances
were from Sigma. The preparation of wild type enzyme and all single
mutants has been reported previously [18,38]. All enzymes were purified
to homogeneity following standard procedures [41]. Chemical synthesis
of guanylyl 3’,5’-uridine phosphorothioate (Gp(S)U) was performed as
described [42]. The isomers were separated and purified by reversed
phase HPLC (Hypersil ODS, RP-C18, 5 um) using a linear gradient from
0.1 M triethylammonium acetate buffer (pH 6.5) to the same buffer
containing 15% acetonitrile.

Kinetic procedures

The steady-state kinetic parameters were determined from initial rate
experiments where first-order kinetics were observed at all times. The
concentrations of GpU and Sp Gp(S)U were measured spectroscopi-
cally at 280 nm using the same extinction coefficient equal to 10600
M~' cm~'. The transphosphorylation of GpU was followed spectroscopi-
cally at 280 nm, where Ae=840 M~' cm~'. The reaction progress of
Gp(S)U transphosphorylation was monitored via calibrated reversed
phase HPLC analysis (Hypersil ODS, RP-C18, 3 um). The column
was equilibrated with formic acid—sodium formate buffer (0.045:0.015
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M) containing 0.1 M tetramethylammonium chloride. The substrate Sp
Gp(S)U was separated from the product exo (Sp) 2’,3'-cGMP(S) using a
gradient of 7-40% (v/v) acetonitrile as the eluant. Enzyme and substrate
were mixed and incubated at 35°C, pH 6.0. Aliquots taken at different
time intervals were quantified after detection at 256 nm by peak inte-
gration [29]. The rates of the linear decay of substrate at various sub-
strate concentrations were calculated by linear regression analysis of

the

experimental data. Values for k.ot and Ky were obtained by fitting

plots of rate versus substrate concentration using the program Origin®
[43].
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