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Evaluation Report for Doctoral Thesis

Title : Theoretical study of catalytic mechanisms of editing reaction by aminoacyl-
tRNA synthetases

Applicant : Kakeru Sakabe

1. Abstract of the thesis

Aminoacyl-tRNA synthetases (aaRSs) are protein enzymes that attach the cognate
amino acids to tRNAs. aaRSs are classified into two classes, classes I and II, each of
which is further classified into three subclasses, a, b, and ¢, on the basis of the amino acid
sequences and three-dimensional (3D) structures. Some aaRSs mis-attach non-cognate
amino acids to tRNA (mis-aminoacylation) due to the similarities of the chemical
structures of some amino acids. In such cases, those aaRSs catalyze the hydrolysis for
proofreading of the mis-aminoacylation (editing reaction). In the previous theoretical
studies performed in our lab, a fully-hydrated structural model of the complex of leucyl-
tRNA synthetase (LeuRS) (class Ia) and (mis-aminoacylated) valyl-tRNA™" was built,
and the nucleophilic water molecule was identified in the catalytic center. Moreover, the
activator of the nucleophile acting as the Schiff base was identified to be O3' of
adenosine76 (A76), which is the 3' terminal nucleotide of tRNA" and thus revealed that
the key factor of the catalysis existed in the tRNA moiety.

Accordingly, this catalytic system is ribozymal, operating with the protein, and so
was referred to as the hybrid ribozyme/protein catalyst. In fact, very recently, biochemical
experiments have shown that the defect of O3' atom of A76 to H3' reduced the activity of
the editing reaction catalyzed by the LeuRSevalyl-tRNAM" complex, by ~10*fold. By
contrast, in the Val system (class Ia), effects of the similar defect in tRNAY? (i.e., the
replacement of O3' atom of A76 with H3') were marginal in the activity of the editing
catalyzed by the ValRSethreonyl-tRNAY? complex (the rate reduction was measured to
be ~10-fold). This was too strange to understand the reaction mechanisms, since both Leu
and Val systems are closely related (class Ia). Actually, for LeuRS and ValRS, the amino
acid sequences and three-dimensional (3D) structures are strikingly similar.

In order to understand this experimental discrepancy, Mr. Sakabe built a structural
model of the ValRSethreonyl-tRNAY? complex in the thesis. In the crystal structure of the
ValRStRNAY! complex, the 3D structure of the editing domain (CP1 domain) moiety
was not determined because of the rotational motions of the domain. The
crystallographers analyzed the isolated CP1 domain and determined the crystal structure.
However, the 3D structures of the moieties connecting the CP1 domain and the remaining
main body of VaIRS, and the interactions between tRNAY?! and those unknown structures
were not elucidated, although the analysis of the catalytic mechanisms required those 3D



structures. Thus, Mr. Sakabe employed these two crystal structures to build the structural
model of the ValRSethreonyl-tRNAY complex, where mis-aminoacylated tRNAY* was
involved. In order to obtain the fully-solvated solution structure, he performed molecular
dynamics (MD) simulations starting from the modeled structure of the ValRSethreonyl-
tRNAY complex.

As a result of the analysis, the nucleophilic water molecule was identified, which
thus suggested that the editing reaction of the ValRSethreonyl-tRNAY* complex was
operated in a manner similar to the Leu system, i.e., the hybrid ribozyme/protein catalyst
mechanism. Moreover, he also analyzed the hydration of the catalytic site in the structural
model (i.e., the locations of water molecules and hydrogen bond networks), and thus
anticipated that an Asp residue of ValRS could compensate the role of O3' of A76 as the
Schiff base; i.e., the amino acid residue can activate the nucleophilic water, even when
03' of A76 is replaced with H3'. This proposal means that the loss of the ribozymal
reactive factor can be replaced through the transition from the hybrid catalyst toward the
protein enzyme in the ValRSsthreonyl-tRNAY¥ complex. This also could occur in the
evolutional processes and the origin of life, i.e., the transition from the RNA world to
RNP world.

Furthermore, he analyzed the electronic structure of the catalytic center in the initial
stages of the editing reaction, employing hybrid ab initio quantum mechanics
(QM)/molecular mechanics (MM) calculations. As a result of this analysis, he found that
in the initial structure of the reaction, the reactive MO that was responsible for the reaction
(i.e., 2p orbital of O atom in the nucleophilic water) was located in a significantly lower
energy level than that of the HOMO. However, as the reaction proceeded, the energy level
of the MO increased toward that of the HOMO. Thus, the energy level of the reactive MO
could be elevated toward that of the HOMO, and then hybridize with the LUMO, which
is corresponding to the bond formation in the editing reaction. This picture has already
elucidated in the Leu system, and thus the Val system would be identical to the Leu system
in the catalytic mechanisms of the editing reaction.

2. Evaluation of the thesis and the final examination

The editing function for mis-aminoacylated tRNAs is crucial to ensure the fidelity of
translational system, and the catalytic mechanisms were resolved theoretically for the Leu
system in previous studies; i.e., ab initio electronic structure calculations coupled with
the classical field representation revealed that the editing was ribozymal together with the
protein (LeuRS) moiety cooperating so as to hinder the high energy states in the catalysis.
Also, mechanism of the Val system was supposed to be identical, since both Leu and Val
systems are closely related as class Ia aaRSs (i.e., the highly conserved amino acid
sequences and 3D structures). However, for the Val system, previous biochemical
experiments showed that the defect of the ribozymal activator in tRNAY* marginally
reduced the rate of reaction (~1/10), and thus the enzymatic mechanisms of the Val system
were anticipated to be completely different from the Leu system. Thus, the reason of these
critical experimental contradictions was remained to be unknown for a long time.



This thesis is aimed to provide substantial understandings of this problem based on
evaluations of the electronic structures in the catalytic centers. For this purpose, a fully-
solvated, atomistic solution structure of ValRS in the complex with mis-aminoacylated
tRNAY¥ was built by combining the two crystal structures of the ValRS*tRNAY?! complex
and the isolated editing domain. The MD simulations identified the nucleophilic water,
which suggested that the enzymatic mechanisms were identical to the Leu system. Also,
the ab initio electronic structure calculations showed that the reactive MOs were elevated
as the reaction proceeded, which suggested the mechanisms similar to the Leu system
again.

As a result, the analysis indicated that the Val mechanisms were identical to the Leu
mechanisms. The structural analysis of the complex of ValRS and mis-aminoacylated
tRNAVY? further suggested that for the mutant of mis-aminoacylated tRNAY?, an Asp
residue, instead of O3' of A76 in the tRNA, can act as the Schiff base, which means that
the hybrid catalyst is replaced with a protein enzyme. This is a novel proposal to explain
the experimental discrepancy in the Leu and Val systems. Furthermore, this scenario
would have been adopted for the transition from the RNA to RNP worlds in the origin of
life.

Thus, the thesis completed in fulfillment of the requirements for the degree of Doctor
of Science in the Graduate School of Life Science.

The committee also certifies that the applicant passed the final oral examination on
his thesis and related issues held on January 17 in 2019.

The chief examiner : Tsunehiro Mizushima
The second readers : Toru Yoshihisa
: Masaru Tateno
. Kazuyuki Takai
(Graduate School of Science and
Engineering, Ehime University, Professor)
: Thomas Simonson
(Ecole Polytechnique, Biology Department,

Biochemistry Laboratory, Professor)
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Evaluation Report for Doctoral Thesis

Title : Theoretical study of catalytic mechanisms of editing reaction by aminoacyl-
tRNA synthetases

Applicant : Kakeru Sakabe

1. Abstract of the thesis

Aminoacyl-tRNA synthetases (aaRSs) are protein enzymes that attach the cognate
amino acids to tRNAs. aaRSs are classified into two classes, classes I and I, each of
which is further classified into three subclasses, a, b, and ¢, on the basis of the amino
acid sequences and three-dimensional (3D) structures. Some aaRSs mis-attach non-
cognate amino acids to tRNA (mis-aminoacylation) due to the similarities of the
chemical structures of some amino acids. In such cases, those aaRSs catalyze the
hydrolysis for proofreading of the mis-aminoacylation (editing reaction). In the previous
theoretical studies performed in our lab, a fully-hydrated structural model of the
complex of leucyl-tRNA synthetase (LeuRS) (class Ia) and (mis-aminoacylated) valyl-
tRNA" was built, and the nucleophilic water molecule was identified in the catalytic
center. Moreover, the activator of the nucleophile acting as the Schiff base was
identified to be O3' of adenosine76 (A76), which is the 3' terminal nucleotide of
tRNA™", and thus revealed that the key factor of the catalysis existed in the tRNA
moiety.

Accordingly, this catalytic system is ribozymal, operating with the protein, and so
was referred to as the hybrid ribozyme/protein catalyst. In fact, very recently,
biochemical experiments have shown that the defect of O3' atom of A76 to H3' reduced
the activity of the editing reaction catalyzed by the LeuRSevalyl-tRNA™" complex, by
~10*fold. By contrast, in the Val system (class Ia), effects of the similar defect in
tRNAY (i.e., the replacement of O3' atom of A76 with H3") were marginal in the
activity of the editing catalyzed by the ValRS-threonyl—tRNAVal complex (the rate
reduction was measured to be ~10-fold). This was too strange to understand the reaction
mechanisms, since both Leu and Val systems are closely related (class Ia). Actually, for
LeuRS and ValRS, the amino acid sequences and three-dimensional (3D) structures are
strikingly similar.

In order to understand this experimental discrepancy, Mr. Sakabe built a structural
model of the ValRS°threonyl-tRNAV“' complex in the thesis. In the crystal structure of
the ValRS*tRNA" complex, the 3D structure of the editing domain (CP1 domain)
moiety was not determined because of the rotational motions of the domain. The



crystallographers analyzed the isolated CP1 domain and determined the crystal
structure. However, the 3D structures of the moieties connecting the CP1 domain and
the remaining main body of ValRS, and the interactions between tRNAY and those
unknown structures were not elucidated, although the analysis of the catalytic
mechanisms required those 3D structures. Thus, Mr. Sakabe employed these two crystal
structures to build the structural model of the ValRS-threonyl-tRNAva] complex, where
mis-aminoacylated tRNA " was involved. In order to obtain the fully-solvated solution
structure, he performed molecular dynamics (MD) simulations starting from the
modeled structure of the ValRSethreonyl-tRNA Y complex.

As a result of the analysis, the nucleophilic water molecule was identified, which
thus suggested that the editing reaction of the ValRSethreonyl-tRNAY complex was
operated in a manner similar to the Leu system, i.e., the hybrid ribozyme/protein
catalyst mechanism. Moreover, he also analyzed the hydration of the catalytic site in the
structural model (i.e., the locations of water molecules and hydrogen bond networks),
and thus anticipated that an Asp residue of ValRS could compensate the role of O3' of
A76 as the Schiff base; i.e., the amino acid residue can activate the nucleophilic water,
even when O3' of A76 is replaced with H3'. This proposal means that the loss of the
ribozymal reactive factor can be replaced through the transition from the hybrid catalyst
toward the protein enzyme in the ’VathS-threonyl-tRNAVal complex. This also could
occur in the evolutional processes and the origin of life, i.e., the transition from the
RNA world to RNP world.

Furthermore, he analyzed the electronic structure of the catalytic center in the initial
stages of the editing reaction, employing hybrid ab initio quantum mechanics
(QM)/molecular mechanics (MM) calculations. As a result of this analysis, he found
that in the initial structure of the reaction, the reactive MO that was responsible for the
reaction (i.e., 2p orbital of O atom in the nucleophilic water) was located in a
significantly lower energy level than that of the HOMO. However, as the reaction
proceeded, the energy level of the MO increased toward that of the HOMO. Thus, the
energy level of the reactive MO could be elevated toward that of the HOMO, and then
hybridize with the LUMO, which is corresponding to the bond formation in the editing
reaction. This picture has already elucidated in the Leu system, and thus the Val system
would be identical to the Leu system in the catalytic mechanisms of the editing reaction.

2. Evaluation of the thesis and the final examination

The editing function for mis-aminoacylated tRNAs is crucial to ensure the fidelity
of translational system, and the catalytic mechanisms were resolved theoretically for the
Leu system in previous studies; i.e., ab initio electronic structure calculations coupled
with the classical field representation revealed that the editing was ribozymal together
with the protein (LeuRS) moiety cooperating so as to hinder the high energy states in
the catalysis. Also, mechanism of the Val system was supposed to be identical, since
both Leu and Val systems are closely related as class Ia aaRSs (i.e., the highly
conserved amino acid sequences and 3D structures). However, for the Val system,



previous biochemical experiments showed that the defect of the ribozymal activator in
tRNAY marginally reduced the rate of reaction (~1/10), and thus the enzymatic
mechanisms of the Val system were anticipated to be completely different from the Leu
system. Thus, the reason of these critical experimental contradictions was remained to
be unknown for a long time.

This thesis is aimed to provide substantial understandings of this problem based on
evaluations of the electronic structures in the catalytic centers. For this purpose, a fully-
solvated, atomistic solution structure of ValRS in the complex with mis-aminoacylated
tRNAY was built by combining the two crystal structures of the ValRS+tRNA
complex and the isolated editing domain. The MD simulations identified the
nucleophilic water, which suggested that the enzymatic mechanisms were identical to
the Leu system. Also, the ab initio electronic structure calculations showed that the
reactive MOs were elevated as the reaction proceeded, which suggested the mechanisms
similar to the Leu system again.

As a result, the analysis indicated that the Val mechanisms were identical to the Leu
mechanisms. The structural analysis of the complex of ValRS and mis-aminoacylated
fRNAY further suggested that for the mutant of mis-aminoacylated tRNA', an Asp
residue, instead of O3' of A76 in the tRNA, can act as the Schiff base, which means that
the hybrid catalyst is replaced with a protein enzyme. This is a novel proposal to explain
the experimental discrepancy in the Leu and Val systems. Furthermore, this scenario
would have been adopted for the transition from the RNA to RNP worlds in the origin
of life.

Thus, the thesis completed in fulfillment of the requirements for the degree of
Doctor of Science in the Graduate School of Life Science.

The committee also certifies that the applicant passed the final oral examination on
his thesis and related issues held on January 17 in 2019.

The chief examiner : Tsunehiro Mizushima
The second readers : Tohru Yoshihisa
: Masaru Tateno
: Kazuyuki Takai
(Graduate School of Science and
Engineering, Ehime University, Professor)
: Thomas Simonson
(Ecole Polytechnique, Biology Department,

Biochemistry Laboratory, Professor)



Report on the PhD manuscript of Kakeru Sakabe

K Sakabe presents a PhD manuscript that describes his work on the valyl-tRNA syn-
thetase enzyme (ValRS) and its catalytic mechanism, using methods from computational
chemistry. ValRS is one of 20 aminoacyl-tRNA synthetase enzymes (aaRSs) that each
attach a specific amino acid to a specific tRNA. The tRNA carries a triplet of nucleotides
that code for the specific amino acid, and the correspondence between the amino acid and
tRNA establishes the genetic code. The aaRS enzyme family is thus very important for
evolution and biology, and a precise understanding of the mechanism of these enzymes is
an important problem in biochemistry.

In addition to tRNA aminoacylation, ValRS and several other aaRSs catalyze a sec-
ond, editing reaction. There, a tRNA that has been accidentally ligated to the wrong
amino acid is hydrolyzed, or “edited” to remove the amino acid. This reaction takes place
in a second active site, which is distinct from the active site for tRNA aminoacylation. The
detailed mechanism of both the primary aminocylation reaction and the editing reaction
remains unknown for most aaRSs.

It is difficult to determine an enzyme’s reaction mechanism by experiments alone.
Indeed, the intermediate states along the pathway are unstable and short-lived, and cannot
be directly captured by crystallography or nuclear magnestic resonance, for example. In
contrast, molecular dynamics simulations allow one to directly visualize states along the
reaction pathway. The information is only reliable if the simulation employs an accurate
energy function, which treats the active site quantum mechanically and the rest of the
system with classical or “molecular” mechanics. Such “QM/MM” models have made
great progress in recent years, and can be used to perform very long simulations thanks
to the computer power available today. The candidate’s research group has extensive
experience and expertise with these complex techniques, and has applied them to several
other aaRS enzymes in the past. Thus, they showed that the related enzyme leucyl-
tRNA synthetase (LeuRS) has an editing reaction mechanism where the tRNA substrate
participates actively, activating a nucleophilic water. Here, the candidate describes his
work on the ValRS editing reaction.

The thesis begins with an overview of aaRSs, their structure and function. The
main relevant simulation methodology is described briefly. The main body of the thesis
presents the ValRS work, and follows the format of a research article. Indeed, the work
described here was published as an article in the Journal of the Physical Society of Japan
in 2018. The first step was to produce a structural model of the enzyme, by combining
experimental structures of two large fragments: the editing domain and the rest of the
protein. The protein was modeled in a complex with the normal substrate tRNA(Val)
and with two altered substrates: tRNA(Val) ligated to threonine (Thr), instead of valine,
and a mutant tRNA (Val), ligated to threonine, where the terminal ribose group is in the



deoxy form with no 02’ atom. Special care was taken to position correctly amino acids
and nucleotides in the active site.

The next main task was to perform QM/MM simulations of the ValRS complex bound
to tRNA(Val)-Thr (with and without its O2’ atom). The tRNA was positioned in the
editing active site, and the structure and motions of the active site groups, including water
molecules, were carefully studied. The position and motions of those groups showed that
the “normal” tRNA (Val)-Thr is hydrolyzed with the help of the terminal ribose and its
02’ atom, which helps activate a nucleophilic water, which then attacks the labile bond.
Since the tRNA participates directly in the reaction, the system can be considered a mixed
protein-RNA enzyme. This was also shown earlier to be the case also for the homologous
LeuRS enzyme and its editing reaction. In contrast, when a modified tRNA is involved,
with no terminal O2’ atom, the reaction proceeds almost as well, because there is room for
a water molecule to approach the labile bond, occupying space that was otherwise taken
by the O2’. Thus, with the modified tRNA, the enzyme does not use RNA groups directly
in the catalytic mechanism: it functions as a protein enzyme.

The manuscript ends with a discussion, which considers the importance of the ValRS
example for enzyme evolution. The author proposes that ValRS represents a transition
between a mixed protein-RNA enzyme and an enzyme that uses only protein groups for
catalysis. Thus, this ancient enzyme might have captured a major step in the transition
from an early biosphere with mostly RNA enzymes and the modern biosphere with mostly
protein enzymes. This is a significant result for our understanding of evolution.

Overall, the thesis represents an interesting body of work on a very important system.
It has contributed to move the domain forward and increase our understanding of an
important class of biocatalysts. The work has led to the publication of a high quality
research article, with the candidate as first author.

Palaiseau, February 6th, 2019
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