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Editing/proofreading by aminoacyl-tRNA synthetases is an impor-
tant quality control step in the accurate translation of the genetic
code that removes noncognate amino acids attached to tRNA.
Defects in the process of editing result in disease conditions includ-
ing neurodegeneration. While proofreading, the cognate amino
acids larger by amethyl group are generally thought to be sterically
rejected by the editing modules as envisaged by the “Double-
SieveModel.” Strikingly using solutionbaseddirect binding studies,
NMR-heteronuclear single quantum coherence (HSQC) and isother-
mal titration calorimetry experiments, with an editing domain of
threonyl-tRNA synthetase, we show that the cognate substrate
can gain access and bind to the editing pocket. High-resolution
crystal structural analyses reveal that functional positioning of sub-
strates rather than steric exclusion is the key for the mechanism
of discrimination. A strategically positioned “catalytic water”mole-
cule is excluded to avoid hydrolysis of the cognate substrate using
a “RNA mediated substrate-assisted catalysis mechanism” at the
editing site. The mechanistic proof of the critical role of RNA in
proofreadingactivity is a completelyunique solution to theproblem
of cognate-noncognate selection mechanism.

aminoacyl-tRNA synthetases ∣ editing ∣ double-sieve model ∣ enzyme
mechanism ∣ X-ray crystallography

Proofreading mechanisms play a crucial role in the faithful flow
of information as dictated by the genetic code. Proofreading

occurs at two important steps in the cell, one during DNA repli-
cation and another during translation, and is essential for the
transfer of genetic information (1). Such mechanisms require that
the noncognate substrate is specifically recognized while rejecting
the cognate substrate at the editing site. A high fidelity is ensured
during aminoacylation of tRNA by editing/proofreading modules
either free standing or covalently attached to aminoacyl-tRNA
synthetases (aaRSs) (2, 3). The proofreading activity is crucial
as editing defective aaRS leads to misincorporation of noncog-
nate amino acids into proteins. Such statistical proteins may have
altered function or misfold triggering cellular apoptosis thereby
leading to various diseases including neurodegeneration (4, 5).
Moreover, editing defective aaRS can lead to oxidative stress (6)
and also heritable genetic changes that can be linked with genetic
diseases (7).

AaRSs charge cognate amino acid on the corresponding
tRNA. However, the inherent ability of smaller or isosteric amino
acids to bind in a pocket designed for the cognate amino acid
poses an obstacle in the correct aminoacylation of tRNA, e.g., Val
(noncognate) and Ile (cognate) in the case of Isoleucyl-tRNA
synthetase (IleRS) or Thr (noncognate) and Val (cognate) in the
case of Valyl-tRNA synthetase (ValRS). This fundamental inter-
molecular recognition problem on an important and essential
biological process was originally invoked by Linus Pauling (8).
Alan Fersht proposed a simple and elegant “Double-Sieve
Model” for aaRSs that face such a scenario, explaining the fidelity
of aminoacylation reaction (9). The Double-Sieve Model posits
that the catalytic site acts as a coarse sieve that attaches cognate
as well as smaller or isosteric noncognate amino acids on tRNA
while rejecting amino acids that are larger than cognate. The

editing domain acts as a “fine” sieve and selectively binds only
to the noncognate amino acid removing it from tRNA. Therefore,
aaRSs use the small structural differences between similar
substrates twice thus obtaining “hyperspecificity” (10). Hence,
chemical discrimination in the case of isosteric and steric discri-
mination in the case of smaller noncognate amino acids are
considered to be the major factors determining the fidelity of this
process (10–12).

The first structural basis of the Double-Sieve mechanism for
amino acids differing by a methyl group came with the structures
of IleRS in complex with Ile and Val. The electron density for
Ile was observed in catalytic domain only whereas the electron
density for Val was observed in both catalytic and editing domain
in respective complexes (13). The absence of Ile from the editing
pocket of IleRS was considered to be the result of steric rejection.
On similar lines, the discrimination of cognate substrate, differing
by a methyl group, at the editing site has been reported on the
basis of steric hindrance for different editing modules of aaRSs
over the last few years (13–17) and also explained in biochemistry
text books (9, 18).

We reasoned that the substrates for editing domains are either
noncognate aminoacyl-adenylate (aa-AMP) for pretransfer edit-
ing or noncognate aminoacyl-tRNA (aa-tRNA) for posttransfer
editing whereas free noncognate amino acids are end products.
The cognate aa-tRNA/aa-AMP is not hydrolyzed to form free
cognate amino acid at the editing site. Thus, the fact that cognate
amino acid could not be observed in the editing pocket is not
surprising as it is neither the substrate nor the product of the
reaction.

The active sites of editing domains have evolved for acting
on aa-tRNA/aa-AMP rather than to bind free amino acids when
compared with the catalytic domains. Hence, simplification of
editing pockets as pockets for smaller noncognate amino acid
may not accurately depict the scenario as the editing pockets
are large enough to accommodate aa-AMP or amino acid
attached to terminal adenosine of tRNA (14–17). An extra methyl
group in the case of a free amino acid adds significantly to its
bulkiness when compared with an extra methyl group on aa-
tRNA/aa-AMP, where either the tRNA or the AMP is expected
to dominate the binding. Therefore, we hypothesized that steric
hindrance that is sufficient to discriminate against bigger amino
acid at the catalytic site may not be adequate to reject cognate
aa-AMP/aa-tRNA in the editing pocket as the adenosine/tRNA
is expected to make several identical contacts with the enzyme
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when compared to noncognate aa-AMP/aa-tRNA. All aa-tRNAs
are scanned by the cis-editing domains either by acceptor arm
flipping or by tRNA resampling mechanism (19), where the ami-
noacylated-tRNA is captured back by the aaRS competing with
elongation factors to recheck the accuracy. Therefore, we set out
to understand the mechanism of how the editing domain discri-
minates cognate and noncognate aminoacyl moiety differing by
a methyl group using solution based direct binding assays and
high-resolution structural data.

Results
The editing domain of threonyl-tRNA synthetase (ThrRS) from
Pyrococcus abyssi (Pab-NTD) was chosen for the study because of
our ongoing studies on its editing mechanism (16, 20). ThrRS
discriminates cognate threonine against noncognate smaller
serine and isosteric valine. A conserved zinc ion present in the
catalytic site completely prevents misactivation of isosteric valine
(21) whereas smaller serine is mischarged on tRNAThr and is
removed by its editing domain (15, 22, 23). Detailed mutational
and structural analysis on Pab-NTD led us to elucidate the editing
mechanism for the mischarged Ser-tRNAThr (16) (Fig. S1). Steric
hindrance was proposed for the discrimination of Thr-tRNAThr

based on structural analysis of Pab-NTD complexed with post-
transfer substrate analog mimicking Ser-tRNAThr (16), as in the
case of other editing domains (14, 15, 17). To capture the editing
complexes, we have used nonhydrolysable posttransfer analogs
mimickingGly, Ser, and Thr charged on 3′OHof tRNA,Gly3AA,
Ser3AA, and Thr3AA respectively (Fig. 1A) and pretransfer
analog, ThrAMS, mimicking Thr-AMP.

Binding Studies of Cognate and Noncognate Substrate Analogs in
Editing Domain.The binding of substrate analogs in U-15N labeled
Pab-NTD was initially screened by two-dimensional 15N-1H
HSQC experiments. As expected, titration of Ser3AA showed
chemical shift perturbations for several resonances indicating

its binding. However, surprisingly, titration of Thr3AA showed
similar chemical shift perturbations for several resonances to that
observed in the case of Ser3AA titration (Fig. 1B and Fig. S2A).
The finding showed that the cognate substrate is not sterically
excluded from binding to the editing pocket. The striking similar-
ity in the pattern of chemical shift perturbations implies that the
site of binding of Ser3AA and Thr3AA in the editing pocket of
Pab-NTD is identical.

In order to find out the difference in the binding affinities
of Ser3AA and Thr3AA with Pab-NTD, we performed direct
binding studies using isothermal titration calorimetry (ITC)
experiments. Ser3AA showed a binding to Pab-NTD with a dis-
sociation constant (Kd) of 3.4 μM whereas Thr3AA showed a
weaker binding with a Kd in the range of 36.2 μM (Table 1
and Fig. S2B). It is difficult to assume that the discrimination
of cognate substrate is based only on a 10-fold difference in affi-
nity of cognate and noncognate substrates as this would mean
hydrolysis of a considerable fraction of the pool of cognate
Thr-tRNAThr. However, deacylation of Thr-tRNAThr by the edit-
ing domain of ThrRS is not observed (15, 16, 22, 23) suggesting
the presence of an alternate strategy in the editing domain to
discriminate the cognate substrate.

Structural Complexes of Editing Domain of ThrRS with Cognate and
Noncognate Substrate Analogs. In order to know the exact mode
of binding and the discrimination mechanism of Thr-tRNAThr,
high-resolution crystal structures of Pab-NTD in complex with
Ser3AA and Thr3AA were solved at 1.86 Å resolution. Ser3AA
structure was rerefined using data collected from improved qual-
ity crystals that resulted in a higher resolution and a better redun-
dant dataset in the same space group as Thr3AA to avoid crystal
contact artifacts (Table S1). The electron density for the analogs
and water molecules are extremely clear in the unbiased differ-
ence maps (Fig. 2). Different ratio of protein:ligand used in
cocrystallization experiments show that Thr3AA can be captured
in the editing pocket even at 1∶4 ratio as compared to 1∶2 for
Ser3AA (Table S2). Multiple datasets for each complex were
collected and the best datasets are presented here as the overall
picture presented by all is identical as described below (Table S3).

The Pab-NTD-Thr3AA complex presents a glimpse of the
cognate substrate analog captured in an editing domain of the
translational machinery (Fig. 3). The binding mode of adenosine
as well as aminoacyl moiety of Thr3AA is similar to that of
Ser3AA in Pab-NTD and is predominantly mediated through
main chain atoms lining the editing pocket (Fig. S3 A and B). The
side chains of invariant Val45, Ala82, Ala94, and Phe117 define
the adenine pocket while Phe117 also provides a hydrophobic
platform for binding the adenosine moiety. The α-amino groups
as well as the side chain hydroxyls of Ser3AA and Thr3AA are
recognized similarly in both the complexes by a conserved water
molecule, W2, as well as main chain atoms of Pro80 and Lys121
respectively (Fig. S3 A and B). In Thr3AA complex, there is only
a minor movement of main chain as well as side chain atoms of
residues in the editing pocket. However, a subtle repositioning
of the threonyl moiety of Thr3AA and a small rotation around
its C-Cα axis, when compared with Ser3AA allows the extra
methyl (γ-methyl) group in Thr3AA to be accommodated in the
pocket without any steric hindrance. The γ-methyl group of
threonyl moiety is in the range of van der Waals interaction dis-

Fig. 1. Binding of cognate (Thr3AA) and noncognate (Ser3AA) substrate
analogs in the editing domain (Pab-NTD). (A): Ribbon representation of a
model of archaeal ThrRS with tRNAThr to indicate that Ser3AA and Thr3AA
mimic Ser-tRNAThr and Thr-tRNAThr respectively that flip from catalytic to
editing domain of ThrRS. The flipping of 30 end of tRNAThr to the editing
domain is shown in red. (B): Superposition of 15N-1H HSQC excerpts obtained
during titration of U -15N labeled Pab-NTD (200 μM) with increasing concen-
trations (0 μM: Black, 100 μM: Red, 500 μM: Blue) of Ser3AA and Thr3AA.

Table 1. The thermodynamic parameters of binding of substrate
analogs with Pab-NTD carried out at T ¼ 303 K

Ligand
ΔH

Kcal∕mole
−TΔS

Kcal∕mole
ΔG ¼ ΔH − TΔS

Kcal∕mole Kd μM

Ser3AA −7.49� 0.20 −0.01 −7.50 3.4 ± 0.3
Thr3AA −0.86� 0.08 −5.30 −6.16 36.2 ± 10.0
Gly3AA −9.58� 0.62 3.33 −6.25 33.3 ± 2.0
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tance (3.5–4.1 Å) with Tyr120 Cα as well as its side chain. Tyr120
side chain is comparatively moved away (0.54–1.39 Å) from the
pocket in Thr3AA complex because of the extra methyl group
interaction (Fig. 3C).

The most crucial repositioning is that of the invariant Lys121
side chain that comes closer to a distance of 3.39 Å and 3.80 Å
with 2′OH of Thr3AA in the two monomers present in the asym-
metric unit (Fig. 3C). Such a movement of Lys121 side chain
towards the ribose 2′ OH is not observed in both monomers
of Ser3AA complexes where the distance between 2′ OH and
Lys121 ϵ-amino group are 4.38 Å and 4.06 Å. As a result of this
movement, the water molecule (W1) (Fig. S1) that is observed
in Ser3AA complex is expelled out in Thr3AA complex (Fig. 2
and Table S4). W1 was earlier proposed to be essential for the
removal of serine attached to tRNAThr and the Thr3AA complex

provides direct evidence that in its absence the cleavage reaction
does not proceed. The absence of catalytic water explains the
discriminatory mechanism through a nonproductive mode of
binding for Thr3AA in Pab-NTD. It is important to note that the
extra methyl group of Thr-tRNAThr does not occupy the position
of catalytic water or pose any steric hindrance to it. Thus, the
Lys121 side chain that positions the catalytic water W1 along with
2′ OH of ribose in the case of Ser3AA complex is repositioned
in Thr3AA complex and sterically excludes the catalytic water
(Fig. S3C). The movements caused by the extra methyl group
of threonine on Tyr120 are transmitted to Lys121 directly influ-
encing the repositioning observed. The subtle repositioning
presents an elegant mechanism by which nature discriminates a
cognate aminoacyl-tRNA at the editing site.

Smaller Noncognate Substrates in the Editing Domain. As smaller
substrates are expected to bind in a pocket designed for bigger
substrates, Gly3AA also showed clear binding with Pab-NTD
with a Kd of 33.3 μM albeit with a 10-fold reduction when com-
pared to Ser3AA (Table 1). We determined the Pab-NTD-
Gly3AA complex at 2.4 Å (Fig. 2). The Cα of Gly3AA is posi-
tioned away when compared with that of Ser3AA suggesting
the role of side chain in appropriate anchoring of substrate in
the editing pocket (Fig. S3D). The Lys121 side chain is positioned
as that observed in the case of Ser3AA along with the catalytic
water (W1) coordinated by 2′ OH of the ribose, indicating that
tRNAThr mischarged with glycine can be deacylated. However,
it has been shown that the catalytic domain of ThrRS does not
misactivate glycine to detectable levels (21) and Gly-tRNAThr

may not be formed in the real scenario. Therefore, this study gives
us a perspective of binding of smaller aminoacyl moiety in the
editing pocket. More importantly, the Pab-NTD-Gly3AA com-
plex further confirms the earlier conclusion that repositioning
of Lys121 side chain to expel the catalytic water is due to the pre-
sence of extra methyl group in the case of Thr3AA complex.

The invariant Lys121 in Pab-NTD plays a crucial role in the
recognition of the substrate as all its anchoring points; i.e., α-ami-
no group, main chain carbonyl, and side chain ϵ-amino group are
utilized to interact with the side chain hydroxyl, α-amino group,
and 2′ OH of the analog respectively, either directly or by water-
mediated interaction (Fig. S3E and Table S5). The side chain
ϵ-amino group also makes a van der Waals interaction with the
Cα of the analog. These interactions are conserved in all the com-
plexes suggesting a decisive role played by Lys121 in recognition
of the substrate and positioning or expelling the catalytic water
accordingly.

Furthermore, we also determined the structure of Pab-NTD
with cognate pretransfer analog, Thr-AMS. The complex shows
that Thr-AMS is bound with its threonyl moiety positioned out of
the editing pocket (Fig. S4). Similar conformation for Ser-AMP
analog, SerAMS, was observed earlier suggesting lack of pre-
transfer editing in this editing module (16) (Fig. S4).

Discussion
The study opens up an interesting question on the fundamental
mechanism of discrimination of cognate amino acids at the proof-
reading step. The editing domains have been proposed to dis-
criminate noncognate amino acids that are isosteric or smaller
in size by chemical or steric discrimination mechanisms, respec-
tively. For example, in the case of ValRS, that discriminates Val
against isosteric Thr, the editing domain uses chemical discrimi-
nation as the cognate and noncognate amino acids differ in the
polarity of the side chains. Similar strategy is also used by PheRS
to discriminate Phe against Tyr and by AlaRS to discriminate
Ala against Ser. However, when the chemistry of the side chains
cannot be exploited for discrimination then the size of the side
chain comes into picture as in the case of IleRS, LeuRS, and
ThrRS. Generally, cognate amino acids larger by a methyl group

Fig. 2. Unbiased electron density of Ser3AA, Thr3AA and Gly3AA in the
editing pocket of Pab-NTD. Unbiased electron density maps (Fo − Fc map
at 2.0σ in pink and 2Fo − Fc map at 1.0σ in blue) for substrate analogs,
W1, W2, Tyr120, and Lys121 side chain in respective complexes. No density
corresponding to W1 was observed in both Fo − Fc and 2Fo − Fc maps in
Pab-NTD-Thr3AA complex.

Tyr120 Tyr120

Lys121 Lys121

W1 W1

W2W2

A B

C

Fig. 3. Cognate posttransfer analog captured in the editing domain of
archaeal ThrRS. (A): Surface representation of Pab-NTD-Thr3AA complex.
Thr3AA is shown in stick representation bound to the editing pocket of
Pab-NTD. (B): A closer view of the bound Thr3AA in the editing pocket.
(C): Superposition of the Pab-NTD-Ser3AA complex (darker shade) on Pab-
NTD-Thr3AA complex (lighter shade) shows similar positioning of Ser3AA
and Thr3AA as well as of residues in the editing pocket. A closer view of the
superposition highlighting the movement of the side chains of Tyr120 and
Lys121 is shown. Subtle change in the aminoacyl moiety of Ser3AA and
Thr3AA can also be seen. W1 and W2 shown in the figure correspond to
Pab-NTD-Ser3AA complex. W1 is absent in Pab-NTD-Thr3AA complex.
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are thought to be sterically rejected from binding during proof-
reading (3, 9, 11–17). Our results show that steric rejection of
cognate substrate by editing domains may not be sufficient, at
least in a few cases. We show that the penalty of binding Thr-
tRNA in a pocket designed for Ser-tRNA at the editing site is
around 50-fold less than that observed for Thr in a pocket de-
signed for Ser at the catalytic site in Seryl-tRNA synthetase
(24). It goes in accordance with the current view that proteins,
particularly their side chains, are more dynamic in nature rather
than being considered having a rigid position. The solution based
binding studies in conjunction with the high-resolution structural
information presented here reaffirms such a subtle, but critical,
mobility of residues lining the active site. While the binding affi-
nities at the editing site are lower by 10-fold for Thr3AA/Gly3AA
when compared to Ser3AA, underlining the selection mechan-
ism, it does not completely rule out the binding of cognate sub-
strate. Moreover, Ser3AA and Thr3AA are anchored in a near
identical conformation in the editing pocket as opposed to differ-
ent nonproductive conformations proposed for the binding of
bigger noncognate amino acids in the catalytic domain (24).
Therefore, as originally envisaged in the double-sieve model,
the structural differences between Ser and Thr have been used by
the proofreading module to present a productive vs nonproduc-
tive mode of binding and thus avoiding the removal of the cog-
nate amino acid from the tRNA.

In this context, the case of CP1 domain, responsible for proof-
reading in various Class I aaRSs, is interesting as it is used to
discriminate Val/Leu/Ile differing by a methyl group. Moreover,
nature has designed changes in this editing pocket to reject a
particular amino acid in one context and recognize it in another;
e.g., Ile is recognized in editing domain of Leucyl-tRNA synthe-
tase (LeuRS), whereas it is rejected at the editing site of IleRS.

The structural complexes of CP1 domains with pre and posttrans-
fer substrate analogs show that the hydrophobic side chains of
substrate analogs are anchored by weak van der Waals interac-
tions only and thereby adopt different conformations within the
editing pocket (14, 17) (Fig. S5). Although, each structure inde-
pendently explains the cognate discrimination mechanism, our
analysis of all the known substrate complexes together suggests
that the editing pocket in both Class I and Class II aaRSs may
bind the cognate substrates (Fig. S5). It would be interesting to
have a holistic view of the discrimination mechanism in all proof-
reading modules and could any other editing domain share a
similar mechanistic mode of discrimination for cognate substrate
like Pab-NTD remains to be explored.

Furthermore, the possibility of Pab-NTD being an exception
in the mode of cognate amino acid discrimination is not ruled
out, because of its proposed evolutionary link with D-aminoa-
cyl-tRNA deacylase (DTD) (16, 20, 25). The unique mode of dis-
crimination might suggest that the primordial editing domains
utilized similar means of discrimination of cognate and noncog-
nate substrate that has been preserved in archaeal ThrRS.
Another possibility is that the editing domain of ThrRSs have
been evolved also for rejecting valine, as it is isosteric to threo-
nine, in addition to serine and hence the module binds threonine.
However, considering the fact that valine is not activated by the
catalytic domain to detectable levels and that both serine and
threonine hydroxyl groups are involved in a network of hydrogen
bonding interactions in the editing site, it is unlikely to be the
scenario. In any case, aaRSs have been the paradigm for studying
enzyme specificity and the strategy of cognate discrimination in
Pab-NTD presents a unique mode of discriminating substrates. It
is worth noting that nature is finding it difficult to evolve a design
mechanism for a pocket to sterically exclude Thr from Ser com-

Fig. 4. Double-sieve model with reference to Archaeal ThrRS. The catalytic site acts as a coarse sieve and discriminates against larger Phe based on size and
isosteric Val as it lacks β-hydroxyl group. Cognate Thr as well as noncognate smaller Ser is (mis)charged on tRNAThr to form Thr-tRNAThr or Ser-tRNAThr,
respectively. The Editing domain acts as a fine “functional” sieve hydrolyzing only Ser-tRNAThr into Ser and tRNAThr and not cognate Thr-tRNAThr.
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pletely, particularly when it is part of a larger molecule, like
tRNA, and rather rely on an intricate mode of discrimination.
This paradox apparently arose due to large editing pockets to
accommodate its substrates where steric hindrance is insufficient
to totally discriminate substrates differing by a methyl group. The
mechanistic analysis underscores a unique mode for cognate sub-
strate discrimination while proofreading by aaRS for maintaining
a high fidelity during translation of the genetic code.

Our mechanistic study shows the crucial role played by the
tRNA in substrate-assisted catalysis by positioning the catalytic
water along with protein side chain (Lys121). Such an active role
played by the tRNA molecule, which is the substrate itself, seems
to be essential for providing the discriminatory role by excluding
the catalytic water. It is interesting to note that tRNA-mediated
proofreading of noncognate substrate has been implicated in
PheRS (26) and CP1 domain of LeuRS (27). Moreover, a thor-
ough analysis of all the structural complexes of proofreading
modules provides strong evidence that such a mechanism may
exist in other editing modules as well. Thus, the mechanistic proof
of the critical role of RNA, through substrate-assisted catalysis,
to the problem of cognate-noncognate substrate selection is a
completely unique solution for proofreading during translation.

Overall, the study shows that cognate substrate can be accom-
modated in the editing pocket thus questioning the paradigm that
it is rejected by the editing domains. The study also implies that
these mechanisms are designed in such a tipping point that a
mutation in the editing modules even far away from the editing
site could lead to deleterious consequences especially in the light
of a recent study that showed that proofreading modules of aaRS
recheck the fidelity of the aminoacylation process by capturing the
elongation factor bound aminoacylated-tRNA before it reaches
the ribosomes (19). Because cognate aa-tRNAs are normally
enriched in the cellular pool, in conjunction with our study, it

would imply that a small mutational perturbation in the editing
domain may result in hydrolysis of the cognate amino acid from
tRNA thus depleting the correctly charged tRNA pool which
results in disease conditions (28). Generally, editing defects are
defined on the basis of efficiency of deacylation of mischarged
tRNA. However, another important aspect of editing is the ability
to not to act on correctly charged tRNA. Any mutation that leads
to deacylation of the cognate aa-tRNA or even worse if a cross
reaction occurs with other species of aa-tRNA, it would deplete
its cellular pool resulting in disease conditions.

Materials and Methods
Binding Studies. The nonhydrolyzable analog Thr3AA was bought from
Jena Biosciences while Ser3AA, Gly3AA, and ThrAMS were purchased from
RNA-Tech. The binding of substrate analogs with Pab-NTD was checked using
HSQC titrations and chemical shift perturbations in U-15N Pab-NTD upon
titration of analogs were monitored. ITC was used to determine the thermo-
dynamic parameters of these bimolecular interactions. The experimental
details are mentioned in the SI Text.

Crystallization, Structure Determination, and Refinement. Pab-NTD was puri-
fied and the complexes were crystallized in similar conditions as mentioned
earlier (16). The X-ray diffraction datasets were collected on the in-house
X-ray facility. The structures were solved by molecular replacement using
the Pab-NTD coordinates (PDB ID: 1Y2Q). Detailed descriptions of the struc-
ture determination of the complexes are mentioned in the SI Text.

Accession Codes. The coordinates of Ser3AA, Thr3AA, Gly3AA and ThrAMS
complex with Pab-NTD have been deposited in the Protein Data Bank with
access codes 3PD2, 3PD3, 3PD4, and 3PD5 respectively.
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