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Background: The mechanism of pre-transfer
editing by which aaRSs regulate translational
fidelity is not well understood.

Results: Yeast mitochondrial ThrRS, MSTI,
hydrolyzes seryl adenylate at the aminoacylation
active site more rapidly than the cognate
threonyl adenylate.

Conclusion: MST1 discriminates against serine
and reduces mischarging of threonine tRNA by
employing pre-transfer editing.

Significance: The mechanism of misactivation
and pre-transfer editing of serine by ThrRS is
provided.

SUMMARY

Accurate translation of mRNA into
protein is a fundamental biological process
critical for maintaining normal cellular
functions. To ensure translational fidelity,
aminoacyl-tRNA synthetases (aaRSs) employ
pre-transfer and  post-transfer editing
activities to hydrolyze misactivated and
mischarged amino acids, respectively. While
post-transfer editing, which requires either a
specialized domain in aaRS or a trans protein
factor, is well described, the mechanism of
pre-transfer editing is less understood. Here,
we show that yeast mitochondrial threonyl-
tRNA synthetase (MST1), which lacks an
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editing domain, utilizes pre-transfer editing
to discriminate against serine. MSTI1
misactivates serine and edits seryl adenylate
(Ser-AMP) in a tRNA-independent manner.
MST1 hydrolyzes 80% of misactivated Ser-
AMP at a rate 4-fold higher than that for the
cognate threonyl adenylate (Thr-AMP), while
releasing 20% of Ser-AMP into the solution.
To understand the mechanism of pre-transfer
editing, we solved the crystal structure of
MST1 complexed with an analog of Ser-AMP.
The binding of the Ser-AMP analog to MST1
induces conformational changes in the
aminoacylation active site and it positions a
potential hydrolytic water molecule more
favorably for nucleophilic attack. In addition,
inhibition results reveal that the Ser-AMP
analog binds the active site 100-fold less
tightly than the Thr-AMP analog. In
conclusion, we propose that the plasticity of
the aminoacylation site in MST1 allows
binding of Ser-AMP and the appropriate
positioning of the hydrolytic water molecule.

Aminoacyl-tRNA synthetases (aaRSs)
facilitate decoding of the genetic code by pairing
each proteinogenic amino acid with the cognate
tRNA. By catalyzing formation of aminoacyl-
tRNAs (aa-tRNAs), aaRSs provide reaction
substrates for the translating ribosome as it
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ratchets down the mRNA (1). Each aaRS
catalyzes a two-step reaction at the synthetic
active site: activation of the amino acid with
ATP to form an aminoacyl-adenylate (aa-AMP),
and the subsequent transfer of the amino acid
moiety to the 3’-end of the cognate tRNA. The
structural similarity between amino acids
presents a major challenge to the accuracy of aa-
tRNA synthesis and hence the fidelity of
translation. Although beneficial under certain
conditions (2-5), compromised accuracy of
protein synthesis and the increased frequency of
translational errors have been shown to cause
growth defects in bacteria (6-8), mitochondrial
dysfunction in yeast (9) and neurodegeneration
in mice (10). To overcome the lack of selectivity
against structurally similar amino acids, aaRSs
commonly utilize pre- and post-transfer editing
functions to hydrolyze misactivated amino acids
and incorrect aa-tRNAs, respectively (11,12).
While it is well documented that post-transfer
editing occurs in a tRNA-dependent manner
either at a distinct domain appended to the aaRS
or by an autonomous trans-editing factor (7,13-
18), the mechanism of the tRNA-independent
pre-transfer editing is less understood.

Pre-transfer editing was first reported by
Baldwin and Berg (19). Later studies on the
lupin valyl-tRNA synthetase (ValRS) indicated
that threonyl adenylate (Thr-AMP) bound to
ValRS is hydrolyzed more rapidly than Val-
AMP at the aminoacylation active site (20). In
contrast, studies on isoleucyl-tRNA synthetase
(IleRS) imply that misactivated Val-AMP first
translocates from the aminoacylation site to the
editing site in the CP1 domain, where it is
subsequently hydrolyzed (21). This model was
further supported by the observation that both
the pre- and post-transfer analogs of Val-AMP
bind the editing pocket in the CP1 domain of
IleRS (22). More recent studies on aaRSs
lacking a post-transfer editing domain suggested
that pre-transfer editing in these enzymes
primarily occurs at the aminoacylation active
site, and that a fraction of misactivated amino
acids are expelled into solution for hydroloysis
(23-26). It remains elusive how misactivated
amino acids are hydrolyzed at the
aminoacylation site.

In this work, we show that
Saccharomyces cerevisiae mitochondrial
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threonyl-tRNA synthetase (MST1) misactivates
serine (Ser) and hydrolyzes seryl adenylate (Ser-
AMP) in the absence of the cognate tRNA. We
have further determined the crystal structure of
MST1 in complex with a non-hydrolyzable
analog of the Ser-AMP conjugate (seryl
sulfamoyl adenosine or SAM). SAM and the
Thr-AMP analog (threonyl sulfamoyl adenosine
or TAM) bind to the aminoacylation site in a
slightly different manner and with distinct
binding  affinities. = Our  structural and
biochemical analyses thus provide insights into
the pre-transfer editing mechanism of MST1.

EXPERIMENTAL PROCEDURES

Expression and purification of MSTI—
MST1 was cloned into the pET28a (Novagen)
expression vector with an N-terminal six-
histidine tag. The recombinant protein was over-
expressed for 18 hours in the Rosetta pLysS
(Novagen) E. coli expression strain at 15 °C.
The expressed protein was captured from the
cell lysate on a Ni*“-affinity column (GE
Healthcare) following a standard purification
protocol. The affinity-column eluate was
dialyzed against 4 L of 100 mM Tris (pH 7.5),
300 mM NacCl, 1 mM dithiothreitol overnight at
4 °C. The dialyzed sample was filtered through
0.22 wm filters, flash-frozen in liquid nitrogen
and stored at -80 °C prior to use.

Pyrophosphate exchange assay—The
reaction was performed in the presence of 100
mM Na-HEPES (pH 7.2), 30 mM KCl, 10 mM
MgCl,, 2 mM KF, 2 mM ATP, 2 mM [**P]PPi
(1 cpm/pmol), 0.2 uM MST1, 0.2-5 mM Thr or
10-1000 mM Ser. The resulting [**PJATP was
measured as described in (27).

Pre-transfer editing assays—The pre-
transfer editing activity of MST1 was measured
at 37 °C in the presence of 100 mM Na-HEPES
(pH 7.2), 30 mM KCI, 10 mM MgCl,, 9 uM
MST1, 20 mM amino acid, 2 mM cold ATP, 0.1
mCi/ml [y-*P] or [a-*P]ATP, and 0.01 mg/ml
inorganic pyrophosphatase. 2 pl of the reaction
mix was added to an equal volume of acetic acid
at each time point to stop the reaction. Phosphate
(Pi) was separated from [y-32P]ATP on
polyethylenimine (PEI) cellulose plates in 0.1 M
potassium phosphate buffer pH 3.4. AMP, aa-
AMP and [0-P]JATP were separated on PEI
cellulose plates in 0.1 M ammonium acetate plus
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5% acetic acid. The spots were visualized and
quantified with phosphorimaging. For the chase
experiment, reaction was performed with 0.1
mM cold ATP and 0.1 mCi/ml [a-**P]ATP for 2
min, followed by addition of 20 mM cold ATP.

Inhibition assay—Aminoacylation of
mitochondrial tRNA™ was performed in the
presence of 100 mM Na-HEPES (pH 7.2), 30
mM KCI, 10 mM MgCl,, 40 nM MST1, 20 uM
['*C]Thr (44 pCi/ml), 2 mM cold ATP, 50-1,000
nM SAM or TAM. The apparent K; (K;*") was
calculated according to the following equation
(28):

Vi/V=1-(([E[+I]+K™)-SQRT(([E]+[1]+
K{PY-4[E][1]))/2/[E]

V; and V, are the initial velocities in the
presence and absence of the inhibitor; [E] and [I]
denote the concentrations of the enzyme and
inhibitor, respectively.

Crystallization and structure
determination of the MSTI-SAM binary
complex—Crystals of MST1 were obtained by
sitting drop vapor-diffusion method at 12 °C by
mixing equal volumes of the solution containing
MSTI and tRNAI™ and the well buffer [0.]1 M
Na,HPO, / KH,PO4 (pH 6.2), 0.2M NaCl, 10%
polyethylene glycol (PEG) 8,000]. The crystals,
which contained only apo MSTI1, grew to a
maximum size after 2-4 weeks. To obtain the
binary complex, the crystals were incubated with
20 mM SAM for 12-18 hours at 12 °C and then
cryoprotected in the crystallization buffer
supplemented with 12% PEG 8,000 and 20%
glycerol. Data were collected at liquid nitrogen
temperature at Southeast Regional Collaborative
Access Team (SER-CAT) 22-ID beam line at
the Advanced Photon Source, Argonne National
Laboratory. The diffraction data were processed
in HKL2000 (29). The crystal structure of the
binary MST1-SAM complex was determined by
molecular replacement in Phaser (30) using the
structure of apo MST1 (PDB ID: 3UGQ) as a
search model. The structure refinement was
performed in Phenix (31) and the model building
was done in Coot (32,33). All figures were
produced in PyMOL (The PyMOL Molecular
Graphics System, Version 1.2, Schrodinger,
LLC).

RESULTS
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MSTI1 misactivates and edits Ser in the
absence of threonine tRNA—Previous studies
have shown that bacterial threonyl-tRNA
synthetases (ThrRSs) misactivate Ser and
possess both pre- and post-transfer editing
activities against Ser (26,34). Yeast MSTI1 is
homologous to bacterial ThrRSs but lacks the N-
terminal editing domain that hydrolyzes
misacylated Ser-tRNA™ (35,36), prompting us
to investigate the fidelity of MST1 for different
near-cognate amino acids such as Ser, valine
(Val), alanine (Ala), and cysteine (Cys). We first
measured the activation rates of Thr and Ser by
MST1 using a pyrophosphate exchange assay.
The ke, value for Ser is about 2-fold lower than
that for Thr, while the K., is 400-fold higher
(Table 1). Collectively, MSTT1 activates Ser 710-
fold less efficiently than Thr, and such a
misactivation rate is higher than the commonly
accepted rate of amino-acid misincorporation
(10* = 10 in proteins (11,37).

Next, we measured the editing activity
of MST1 using a [y-’P]JATP hydrolysis assay.
Wild-type (WT) MSTI1 stimulated hydrolysis of
ATP in the presence of Thr and Ser, but not in
the presence of Val, Ala or Cys (Figs. 14 and B),
suggesting that MSTI1 preferentially
misactivates and edits Ser among the near-
cognate amino acids. WT MSTI hydrolyzed
ATP 2.6-fold faster in the presence of Ser (20
mM) than Thr (20 mM), and such rates were not
significantly enhanced by the addition of
tRNA™ (Fig. 1B and Table SI). The
contribution of aminoacylation to the overall
ATP consumption is negligible given the errors
and the relatively low tRNA concentration used
in the assay. Despite the pre-transfer editing
activity against Ser, MST1 still formed Ser-
tRNA™ in vitro (Fig. 1C), indicating that post-
transfer editing could be essential for
aminoacylation fidelity in ThrRS enzymes. The
lack of an appended post-transfer editing domain,
however, makes MST1 an ideal system to study
the mechanism of tRNA-independent pre-
transfer editing.

Ser-AMP is selectively hydrolyzed and
released into solution by MSTI—Pre-transfer
editing of misactivated amino acids can be
promoted either by a water molecule once the
aa-AMP conjugate is released from the aaRS
into solution or be catalyzed by the aaRS (Fig.
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2). To discern which of the two scenarios occur
in the case of MSTI1, we monitored the
formation of aa-AMP and AMP over time using
[0L-32P]ATP. The steady-state rates of Thr-AMP
and Ser-AMP formation are 0.33 and 0.91 min™,
respectively, with the end concentration
exceeding that of MST1 active sites (Figs. 34
and B). This clearly shows that a fraction of Thr-
AMP and Ser-AMP formed is released from the
aminoacylation active site. The rates of AMP
formation in the presence of Thr and Ser are
1.20 and 4.34 min™', respectively (Figs. 34 and
C), which are significantly higher than the
spontaneous hydrolysis rates (ks in Fig. 2) of
Thr-AMP (0.16 min™") and Ser-AMP (0.13 min™")
under the reaction condition (Fig. S1). MST1
thus catalyzes the hydrolysis of both Thr-AMP
and Ser-AMP. The apparent rate of AMP
formation is the sum of the enzyme-catalyzed (k;
in Fig. 2) and spontaneous ATP hydrolysis rates
(k4), which allows calculation of the k; values
for Thr-AMP (1.04 min") and Ser-AMP (4.21
min"'). These values suggest that MSTI
selectively hydrolyzes Ser-AMP over Thr-AMP.
Further, assuming the level of the enzyme-bound
aa-AMP remains constant during the steady-
state phase, the rate of aa-AMP formation would
also equal k, — k4, thus yielding the &, values of
0.49 min™ and 1.04 min™ for Thr-AMP and Ser-
AMP, respectively. In conclusion, our results
show that MST1 preferentially hydrolyzes Ser-
AMP over Thr-AMP. Based on the steady-state
rates of Ser-AMP and AMP formation (Fig. 3),
we estimate that approximately 80% of Ser-
AMP is hydrolyzed by MST1 with the
remaining 20% being released into solution.
Binding of the Ser-AMP analog
stabilizes the active-site lid in a conformation
similar yet distinct to that observed in the
presence of the Thr-AMP mimic—To understand
the mechanism of pre-transfer editing of MST1
at the structural level, we determined the crystal
structure of the MST1 in complex with the non-
hydrolyzable analog of Ser-AMP to 2.87 A
resolution (Table S2). The overall structure of
the binary complex is similar to the previously
reported structure of MST1 complexed with the
non-hydrolyzable analog of Thr-AMP (TAM)
(36), with the main differences noted in the
conformations of the active-site lid and the
anticodon-binding domain. The binary complex
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crystals, which belonged to a monoclinic space
group (C2,), contained two MST1 homodimers
in the asymmetric unit. The MST1-SAM model
contained 1,706 amino acids, 8 SAM molecules,
4 Zn*' ions, and 341 water molecules and was
refined to a final Ryon/Reee Of 17.5/22.9 %
(Table S2). Each MST1 monomer binds two
SAM molecules; one SAM, which is referred to
as SAM 1, interacts with the aminoacylation
active-site groove as expected, whereas the
second SAM molecule, which is referred to as
SAM 2, is bound to the anticodon-binding
domain (Figs. 44 and S2). The binding of SAM
2 to MSTI1 is likely an artifact under the
crystallization condition (see Supplementary
Information).

The superimpositioning of the apo
MST1 (PDBID: 3UGQ) onto the MST1-SAM
yields an r.m.s.d. value of 0.66 A (2,870 Ca
atoms used in calculation). The main differences
between the two structures are in the
conformations of the active site and the
anticodon-binding domain, and the level of
disorder of loop f5-f6 in the N-terminal
aminoacylation domain. The binding of the non-
hydrolyzable analog of Ser-AMP promotes
conformational rearrangements in MSTI1
reminiscent of those observed on binding of the
Thr-AMP analog (Figs. 48 and 4C), which
suggests that MST1 employs the same general
mechanism for activation of the cognate and
near-cognate aa-AMPs. Indeed, the
superimpositioning of MST1-SAM onto MST1-
TAM yields a lower r.m.s.d. value of 0.41 A. As
in the case of TAM, the binding of SAM
stabilizes an “open” conformation of MST1, in
which loop B5-p6 is completely disordered. On
the other hand, helix a4, which serves as a lid of
the active-site groove, adopts a more “closed”
conformation in MST1-SAM when compared to
MSTI1-TAM (Fig. 4C). Also, while the residues
97-113 form a single helix a4 in the apo MST1,
the same stretch of amino acids forms two a
helices, termed a4 (residues 97-102) and o4’
(residues 105-113), in the MST1-SAM binary
complex. These helices, which are linked with a
two-residue long loop, are oriented at an angle
of almost 90°. Because the side chains in the 04-
o4’ loop and helix a4’ directly participate in
binding the aa-AMP conjugates, the more



“closed” conformation could affect the rate by
which a given aa-AMP conjugate is hydrolyzed
by MST]1 (see below).

Differences in the binding of Ser-AMP
and Thr-AMP to the aminoacylation site of
MSTI1—While the overall structural similarity
between the MSTI-SAM and MSTI1-TAM
complexes suggests that MST1 recognizes Thr
and Ser by a similar mechanism, important
structural differences in and around the
aminoacylation site of MST1 in the two
complexes provide insights into the mechanism
by which MST1 hydrolyzes Ser-AMP more
efficiently than Thr-AMP.

A non-hydrolyzable analog of Ser-AMP
binds to the active-site crevice of MSTI in a
fashion similar to the mimic of Thr-AMP (Figs.
54 and S§24). Superimpositioning of the MST1-
TAM onto the corresponding atoms in MST1-
SAM reveals slight yet important structural
differences in the N-terminal domain in general
and the aminoacylation site in particular. Firstly,
the active-site lid (i.e. helix a4) adopts a more
closed conformation in MST1-SAM (Fig. 4C),
and consequently, the side chains of Tyr109 and
Aspl12 are positioned closer to the Ser-AMP
analog (Fig. 54). Secondly, a potential
hydrolytic water molecule, Watl, is positioned,
through direct H-bonding interactions with
Lys273 and indirect H-bonding with Tyrl109,
above the sulfur atom at a distance of 4.5 A and
at an angle that is optimal for nucleophilic attack
(Fig. 5B). Moreover, the side chains of Argl62
and GIn287 stabilize the sulfamoyl moiety in a
configuration optimal for the nucleophilic attack
(Fig. 5B). In contrast, in the MST1-TAM crystal,
a similar water molecule, Watl’, forms a H-
bond with a non-bridging oxygen atom of the
sulfamoyl group, and its orientation is not
optimal for the nucleophilic attack (Fig. 54).
Finally, while the adenine ring and ribose of
SAM interact with MST1 like the corresponding
groups in TAM (see Fig. 2 in reference (36)), the
interactions of the seryl moiety with Zn*" do not
fully resemble that of the threonyl moiety. In
particular, the y-OH group of SAM is positioned
2.4 A and 3.1 A away from the O81 atom of
Aspl82 and Zn®", respectively, whereas the
same distances in the MSTI-TAM binary
complex crystal were 2.6 and 2.2 A (data not
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shown). Also, a-NH, of SAM is positioned
closer to a nearby water molecule (distance of
2.35 A), which is held in place by the backbone
amide of Asnl32 and O82 of Aspl82, than to
the Zn®" ion (distance of 2.7 A). This is in
contrast to TAM, whose a-NH, is 2.2 A and 3.0
A away from Zn*" and water, respectively (data
not shown).

The structural differences in the mode of
recognition of SAM and TAM have been further
verified by biochemical assays. In particular, we
determined the binding affinities of SAM and
TAM for MST1 wusing an aminoacylation
inhibition assay. The apparent K; values for
SAM and TAM are 450 and 4.5 nM,
respectively (Fig. 6). The lower binding affinity
of SAM is presumably caused by the weaker
interaction between the seryl moiety and the
active-site Zn>" ion. Also, the observations that
SAM binds to the aminoacylation site 100-fold
less tightly than TAM and causes further
conformational changes suggest that the
recognition of aa-AMP by MST]1 is plastic. The
plasticity of the active site thus could explain
why MSTI1 promotes hydrolysis of Ser-AMP
more efficiently than that of Thr-AMP (see
discussion).

DISCUSSION

Fidelity  of  protein  synthesis—
Maintenance of translational fidelity has been a
major selective pressure during the evolution of
life (38), and decreased translational accuracy is
associated with severe defects from bacteria to
humans (5,9,39). Approximately half of the
aaRSs use editing mechanisms to ensure the
accuracy of aminoacylation (11,40). The choice
of pre- or post-transfer editing pathways could
be affected by either the rate of aminoacylation
or the property of the misactivated amino acid
(26,41). It has been reported that human
mitochondrial leucyl-tRNA synthetase and yeast
mitochondrial phenylalanyl-tRNA synthetase
(PheRS) lack a functional editing site present in
their bacterial and cytosolic counterparts, yet
their active sites are more selective against near-
cognate amino acids (5,27,42). Compromising
the high selectivity of yeast mitochondrial
PheRS for amino acids leads to a complete loss
of mitochondrial respiration (5). The post-
transfer editing domain of ThrRS appears to be
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lost or dysfunctional in yeast mitochondria and
mycoplasma (4,35), raising the question as to
whether this results in promiscuous translation.
We show here that MST1 poorly discriminates
against Ser and employs a pre-transfer editing
mechanism to remove Ser-AMP (Table 1 and
Fig. 1). The overall editing rate of MST1 is 3-
fold faster than the steady-state aminoacylation
rate (35), suggesting that the pre-transfer editing
activity is important and physiologically relevant
in reducing the amount of formed Ser-tRNA™,
It is also plausible that an unidentified trans-
editing factor hydrolyzes Ser-tRNA™ or that
Ser is simply misincorporated at Thr codons at a
high frequency in yeast mitochondria thus
decreasing the overall translational fidelity. It
has recently been shown that mistranslation
could not only be tolerated, but also preferred in
a number of organisms and under certain stress
conditions (4). Future studies to determine
which of these scenarios plays a major role in
regulating both the aminoacylation of tRNA™
and co-translational incorporation of Thr in
yeast mitochondria are warranted.

The mechanism of pre-transfer editing
by MSTI—Pre-transfer editing of aaRSs,
discovered over 40 years ago, prevents the
coupling of the misactivated amino acid to
tRNA and thus is critical for the accuracy of
gene translation. Recent biochemical and
structural studies have provided evidence for
three mechanisms responsible for hydrolysis of
the misactivated amino acids. First, in some
aaRSs, the misactivated amino acid translocates
from the aminoacylation site to an editing site
where it gets hydrolyzed (21,43). In this case,
the editing site is capable of binding only the
activated near-cognate amino acid(s) and not the
cognate one. Second, the near-cognate aa-AMP
conjugate is released from the aminoacylation
site into solution and its hydrolysis is then
promoted by the solvent (44). Finally, the
aminoacylation site of some aaRSs is capable of
hydrolyzing the near-cognate aa-AMP (23-
26,45).

Our  results suggest that the
aminoacylation active site of MST1 is
responsible for hydrolyzing the majority (~80%)
of the Ser-AMP formed, whereas the remainder
is released into solution and hydrolyzed
independent of the enzyme. This is supported by
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our structural data, which show that Ser-AMP
binds into the active-site pocket in a manner
resembling Thr-AMP (Fig. 5). However, our
binding assays also show that MST1 binds the
non-hydrolyzable analog of Ser-AMP with 100-
fold lesser affinity compared to the mimic of
Thr-AMP, and that it releases Ser-AMP at a
faster rate than Thr-AMP (Fig. 3). This is likely
a consequence of the differences in the way the
particular aminoacyl groups interact with the
Zn®" ion in the active site. Most importantly,
while the y-OH of the threonyl moiety primarily
interacts with Zn®>', the corresponding group in
the seryl moiety interacts more closely with the
surrounding water molecules and the side chains
in the active site (Fig. 5). This is perhaps the
main reason why Ser-AMP binds to the active
site with lesser affinity and why it is released
into solution at a much faster rate compared to
Thr-AMP.

However, because the differences in the
binding affinities and dissociation rates between
the cognate Thr-AMP and the near-cognate Ser-
AMP are not sufficient to prevent the
misincorporation of Ser, we postulated that the
aminoacylation site of MST1 might be
employed for hydrolysis of the misactivated Ser-
AMP. Indeed, our data show that MSTI1
hydrolyzes Ser-AMP at a significantly faster rate
than Thr-AMP (Fig. 3). The detailed comparison
of the crystal structure of the MST1-SAM binary
complex with that of MST1-TAM provides an
explanation as to why MST1 hydrolyzes Ser-
AMP more rapidly. In the crystal containing the
MST1-TAM binary complex, a water molecule
is bound in the active site near the Thr-AMP
analog, but is not positioned properly for a
nucleophilic attack. In contrast, in the MST1-
SAM crystal, the same water molecule (Watl) is
positioned at an optimal angle (Fig. 5), albeit not
at the optimal distance (4.5A), for the attack
onto the mimic of the phosphoryl group. A
structural comparison shows that the binding of
SAM induces a conformational change in the
active site that promotes the repositioning of
Watl. In particular, the active-site lid adopts a
more closed conformation in MSTI-SAM
compared to MSTI1-TAM (Fig. 4). The lid
residues move towards the active-site groove
and this movement brings Tyr109 and Lys273
closer to Watl. Interestingly, Tyrl09 and
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Lys273 are highly conserved among ThrRSs
(Figs. 5 and S3),] and, therefore, could be
essential catalytic residues. Thus, we propose
that SAM binding promotes rearrangements of
the putative catalytic residues, Tyrl09 and
Lys273, which in turn, orient the putative
hydrolytic water molecule for the nucleophilic
attack onto the phosphoester linkage between
the aminoacyl group and AMP. This
conformation is stabilized in the presence of Ser-
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domain is capable of preventing the
misacylation events and the subsequent
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FIGURE LEGENDS

Fig. 1. Activation and editing of Ser by WT MST1. (A and B) Hydrolysis of [7-32P]ATP by MST1 (9
puM) in the presence of amino acids (20 mM each) with or without yeast mitochondrial tRNA™ (3 uM).
The experiment was repeated three times with standard deviations indicated. (C) Serylation of two
mitochondrial tRNA™ species (3 pM) by MST1 (3 uM).

Fig. 2. Kinetic scheme of pre-transfer editing by MST1. k, represents the dissociation rate of an aa-
AMP from MST1, and £; is the rate of enzyme-catalyzed hydrolysis of aa-AMP.

Fig. 3. Formation of Thr-AMP, Ser-AMP and AMP by WT MST1. (A) Hydrolysis of [a-32P]ATP by
MST1 (9 uM) in the presence of either Thr or Ser (20 mM). (B and C) The product formation was
quantified over time. The final results were the average of three measurements with standard deviations
indicated.

Fig. 4. The Ser-AMP analog binds to two sites in MST1 and stabilizes the “closed” conformation of
the aminoacylation domain. (A) Ribbon diagram of the crystal structure of the MSTI-SAM binary
complex determined at 2.87-A resolution. SAM 1 is bound to the aminoacylation site along with a Zn*
ion (orange sphere), whereas SAM 2 binds to the site in the anticodon-binding domain implicated in the
anticodon sequence recognition (see SI for more details). Helices, strands, and loops are dark red, grey,
and olive, respectively. SAM molecules are shown as blue sticks. (B) Superimpositioning of the apo
MST1 structure (beige; PDBID: 3UGQ) onto MST1-SAM (dark red) reveals a structural rearrangement
of the active-site lid. In particular, loop B5-f6 becomes disordered and helix a4 breaks into two smaller
helices (labeled here as 04 and a4’), which are now positioned at an angle of ~90°. (C) Comparison of
the crystal structures of MSTI-SAM (dark red) and MSTI1-TAM (grey; PDBID: 3UHO) reveals that
helices 04 and a4’ move closer to the active site when MST1 binds SAM. SAM (blue balls-and-sticks)
and Zn>" (orange sphere) are shown as reference points.

Fig. 5. Structural rearrangements in the active site of MST1 promoted by SAM binding. (A)
Structural comparison between MST1-TAM (grey; 3UHO) and MST1-SAM (dark red) reveals that a
number of side-chains and water molecules adopt a different orientation when SAM (blue balls-and-sticks)
binds to the active site of MST1. The side chains of Tyr109 and Asp112 (gold sticks) from helix a4’ and
water molecules, Watl and Wat2 (red spheres), are positioned closer to SAM then to TAM (grey balls-
and-sticks). Watl, the putative hydrolytic water, is positioned differently in MST1-TAM; the water in that
complex is designated as Watl’ and is shown as a grey sphere. (B) The hydrogen-bonding network in the
active site of MST1 complexed with SAM positions the putative hydrolytic water (Watl) at a distance
and an angle proper for nucleophilic attack onto the mimic of the phosphorus atom. All hydrogen bonds
are shown as dashed lines.

Fig. 6. Inhibition of MST1 aminoacylation by SAM and TAM. The aminoacylation was performed in
the presence of 20 uM ["*C]Thr. V; and uM Vj, are the initial velocities of aminoacylation in the presence
and absence of the inhibitor, respectively. The results were the average of three measurements with
standard deviations indicated.
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TABLE

Table 1. Pyrophosphate exchange by MST]1 in the presence of either Thr or Ser

keu (min™) K, (mM) kea/ K (MM min™) Selectivity
Thr 199 + 41 0.30 +0.03 671 + 123 1
Ser 110+ 4 120 £ 19 0.94 +0.20 710

The results are the average of three measurements with standard deviations indicated.
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