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Abstract

Enzymes play important roles in many biological processes. Amino acid residues in the active site pocket of an enzyme,
which are in direct contact with the substrate(s), are generally believed to be critical for substrate recognition and catalysis.
Identifying and understanding how these “catalytic” residues help enzymes achieve enormous rate enhancement has been
the focus of many structural and biochemical studies over the past several decades. Recent studies have shown that enzymes
are intrinsically dynamic and dynamic coupling between distant structural elements is essential for effective catalysis in
modular enzymes. Therefore, distal residues are expected to have impact on enzyme function. However, few studies have
investigated the role of distal residues on enzymatic catalysis. In the present study, the effects of distal residue mutations
on the catalytic function of an aminoacyl-tRNA synthetase, namely, prolyl-tRNA synthase, were investigated. The present
study demonstrates that distal residues significantly contribute to catalysis of the modular Escherichia coli prolyl-tRNA

synthetase by maintaining intrinsic protein flexibility.
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1 Introduction

Aminoacyl-tRNA synthetases (ARSs) are essential enzymes
that catalyze the covalent attachment of amino acids to their
cognate transfer-RNA (tRNA). This reaction is known as the
aminoacylation of tRNA and is a crucial step in protein syn-
thesis in all living organisms. ARSs are large proteins, com-
prised of multiple domains [1]. Structural and biochemical
characterization of the active sites of many enzymes, includ-
ing ARSs, has revealed that only a small percentage (<2%)
of residues are directly involved in substrate binding and
catalysis [2, 3]. It is not yet fully understood why ARSs are
so large when only a small number of residues are directly
involved in substrate recognition and catalysis. Earlier
studies from our group revealed that various structural ele-
ments of ARSs are dynamically coupled [4-6], and coupled
motions are correlated to the catalytic efficiency of ARSs.
Recent studies on enzyme systems such as protein kinase
A, nitrile hydratase, and alkaline phosphatase revealed that
residues distal to the active site also participate in the bio-
chemical function and assist enzymes to achieve their cata-
lytic power [3, 7]. In the present study, we investigated the
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role of distal residues on the catalytic function of the ARS,
prolyl-tRNA synthetase.

Prolyl-tRNA synthetases (ProRSs) are class II synthetases
that are responsible for ligating proline to tRNAP™ in a two-
step reaction:

Pro + ATP + ProRS = Pro-AMP - ProRS + PP; (1)

Pro-AMP - ProRS + tRNA"® — Pro-tRNA® + AMP + Proés)

ProRSs from all three kingdoms of life are known to mis-
activate noncognate alanine and cysteine, which results in
the formation of mischarged alanyl- and cysteinyl-tRNA®
[8-10]. To maintain high fidelity in protein synthesis, some
ProRSs have acquired pre- and/or post-transfer editing mech-
anisms to prevent misaminoacylation of tRNAP® [9-11].
Based on sequence alignments, ProRSs are classified into
two broad groups—*‘‘eukaryotic-like” and “prokaryotic-like”
[12, 13]. Escherichia coli (Ec) ProRS, a representative mem-
ber of the prokaryotic-like group, is a multi-domain protein
like most ARSs (Fig. 1). The catalytic domain (motifs 1, 2
and 3; residues 6481, 128—164, and 435-465) catalyzes
the activation of proline and the aminoacylation of tRNAF™;
the anticodon binding domain (residues 506—570) is critical
for recognition of cognate tRNA; the insertion domain (also
known as editing domain) (INS; residues 224407, located
between motifs 2 and 3 of the catalytic domain) is the post-
transfer editing active site that hydrolyzes mischarged Ala-
tRNAP™ [14, 15]. In contrast to the Ec ProRS INS domain,
some species have a free-standing editing domain known as
YbaK that hydrolyzes Cys-tRNAF™ [16, 17]. Furthermore,
unlike prokaryotic-like ProRSs, eukaryotic-like ProRSs do
not possess an INS domain, but in some cases, encode free-
standing editing domain homologs [18].

In addition to post-transfer editing, the INS domain of Ec
ProRS also assists in amino acid binding and activation [19].
Deletion of the editing domain (residues 232-394) of Ec
ProRS resulted in a 200-fold increase in the Ky, for proline
and the overall efficiency of proline activation was reduced
by ~ 1200-fold relative to the wild-type (WT) enzyme [19].
Previous studies have established that coupled domain
dynamics play an important role in catalytic function of the
multi-domain Ec ProRS [5]. More specifically, the anticor-
related motion between the INS domain and the catalytic
domain is believed to assist in substrates binding and product
release [20]. It has also been shown that the catalytically
important proline-binding loop (PBL), which undergoes
substantial conformational change upon substrate binding
[21], is engaged in correlated motions with catalytic domain
elements and anticorrelated motions with the INS domain
[5]. Although dynamic coupling between these structural
elements is crucial for Ec ProRS function, the role of many
“non-catalytic” distal residues that are not directly involved

in substrate recognition and binding has remained unex-
plored. In the present study, the effect of a select few “non-
catalytic” distal amino acid residues on the catalytic activity
of Ec ProRS was investigated. In particular, three sets of
residues were investigated for their impact on enzymatic
function: (i) the hinge residues (ALA238 and VAL391),
(ii) residues in the vicinity of or within the PBL (THR199,
SER201, and HIS208), and (iii) the non-catalytic residues
that are proposed to be involved in maintaining coupled
dynamics between INS and the catalytic domain (LEU281,
LEU304, and VAL411) (Fig. 1) [6]. The two hinge residues
between the INS domain and the catalytic domain of Ec
ProRS, ALA238 and VAL391, were chosen to explore how
the substitution of these two distant residues with a bulky or
a small amino acid impacts the protein flexibility and cataly-
sis. Similarly, it was unclear how much influence the polar
residues that exist in the vicinity of the PBL, like THR199,
SER201, and HIS208, have on catalysis. Also, the muta-
tional effect of coevolved nonpolar residues like LEU281,
LEU304, and VAL411 in bacterial ProRSs family [6], which
are not directly involved in the two-step aminoacylation
reaction but promote dynamic coupling between domains,
remained unknown. Therefore, in the present study, site-
directed mutagenesis and kinetic studies were performed to
examine the impact of these distal residues on the prolyl-
adenylate formation (Eq. 1) and aminoacylation of tRNAF™
(Eq. 2). Mostly alanine-scanning mutagenesis was carried
out except for two cases; ALA238 and VAL391 (the two
hinge residues) were substituted with a bulky proline and a
small glycine, respectively. Changes in protein stability and
flexibility were also analyzed using molecular simulations to
examine if site-directed mutations of distal residues had any
effect on dynamics, which is correlated to the catalytic rate.
The results of the present study suggest that residues distal
from the active site contribute significantly to the catalytic
activity of Ec ProRS.

2 Methods

2.1 Materials

Proline, ATP, and other reagents including metal salts and
buffers were from Sigma (>99% pure). [y->?P]-ATP and
[32P]-PPi were from Perkin Elmer. Primers for site-directed
mutagenesis and PCR were from Integrated DNA Technolo-
gies. Inorganic pyrophosphatase (PP;ase) and reagents for
in vitro transcription were from Fisher Scientific.

2.2 Enzyme Preparation

Overexpression and purification of histidine-tagged
WT and mutant Ec ProRS were performed as described
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Fig. 1 Structural model of E.
coli ProRS. Homology model
was derived from P. aeruginosa
ProRS. a The editing domain,
proline-binding loop, catalytic
domain, and anticodon binding
domain are shown in orange,
pink, red, and blue, respectively.
b Distal residues that are probed
for their role in catalysis. Hinge
residues include ALA232

and VAL391 (shown in black
spheres). Proline-binding

loop residues include HIS208,
SER201, and THR199 (shown
in yellow spheres). Coevolv-
ing residues include LEU281,
LEU304, and VAL411 (shown
in green spheres) (Color figure
online)

previously [22, 23]. Plasmids encoding T199A, S201A,
H208A, A238P, L281A, V391G, L304A and V411A Ec
ProRS were generated by site-directed mutagenesis of
pCS-M1S [23] using primers listed in Table S1. Results
of mutagenesis were confirmed by DNA sequencing (Uni-
versity of Wisconsin, Biotechnology Center-Madison).
Protein expression was induced in Ec SG13009 (pREP4)

@ Springer

competent cells with 0.1 mM isopropyl b-bp-thiogalacto-
side for 4 h at 37 °C. Histidine-tagged proteins were puri-
fied using a Talon cobalt affinity resin and eluted with
100 mM imidazole. Protein concentrations were deter-
mined initially by the Bio-Rad assay (Bio-Rad Laborato-
ries) followed by active-site titration [24].
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2.3 RNA Preparation

Ec tRNAP™ was transcribed using T7 RNA polymerase from
BstN1-linearized plasmid as described [25] and purified by
denaturing 12% polyacrylamide gel electrophoresis.

2.4 Enzyme Assays

The ATP-PP; exchange assay was performed at 37 °C
according to the published method [26]. The concentrations
of proline ranged from 0.05 to 2 mM. The enzyme concen-
trations used were 10—40 nM for proline activation. Kinetic
parameters were determined from Lineweaver—Burk plots
and represent the average of at least three determinations.
Aminoacylation assays were performed following the
procedure described by Cestari and Stuart [27] at 37 °C
in a reaction mixture containing 30 mM HEPES (pH 7.5),
140 mM NaCl, 30 mM KCl, 40 mM MgCl,, 1 mM DTT,
0.2 mM ATP, 2 mM proline, 2 p/ml inorganic pyrophos-
phatase (PP;ase), 8 mM tRNAP™, and 4 mM WT and mutant
variants of Ec ProRS. Briefly, the two-step aminoacyla-
tion reactions (50 ml) were conducted in 96-well plates
and measured the amount of inorganic phosphate that was
formed due to the cleavage of pyrophosphate in the presence
of inorganic phosphatase. Aminoacylation reactions were
incubated for 30 min at 37 °C and then quenched by the
addition of malachite green solution (100 ml), which reacts
with the inorganic phosphate to give a shade of green. The
absorbances of the solutions were measured at 620 nm to
determine the amount of inorganic phosphate formed, which
correlates with the amount of prolyl-tRNAP™ formed.

2.5 Homology Modeling

PSI-BLAST [28] was used to identify a reliable template
to build a three-dimensional model structure of Ec ProRS.
Homology modeling was carried out using Swiss Model and
Pseudomonas aeruginosa ProRS (PDB code: SUCM) as a
template [29, 30].

2.6 Flexibility Analysis

The impact of point mutations on Ec ProRS stability and
flexibility was analyzed using the web server—DynaMut
[31]. DynaMut employs normal mode analysis and pro-
vides an assessment of the effect of a point mutation on
a protein’s stability and flexibility. DynaMut utilizes two
approaches, Bio3D and a coarse-grained elastic network
contact model (ENCoM) and enables rapid analysis of the
effect of point mutations on protein flexibility (AAS) and
stability (AAG) resulting from vibrational entropy changes
[31]. For assessing the effects of mutations on protein flex-
ibility and stability, the server requires the PDB file or

PDB accession code of the protein and the point mutation
is specified as a string containing the WT residue one-let-
ter code, its corresponding residue number, and the mutant
residue one-letter code.

2.7 Protein Visualization

The 3D model generated from Swiss Model was visualized
through Visual Molecular Dynamics (VMD) software [32].
The WT protein and locations of the mutations were ana-
lyzed to examine possible interactions between the targeted
residues with their neighboring residues and the effect of
mutations on those noncovalent interactions.

3 Results
3.1 Homology Modeling

PSI-BLAST [28] search resulted in a pairwise alignment
of the Ec ProRS (target protein) with the prolyl-tRNA syn-
thetase from Pseudomonas aeruginosa (PDB ID: SUCM),
which served as the template protein for the homology
modeling. Pairwise sequence alignment showed 71% iden-
tities and 83% similarities. Using the template protein and
Swiss-Model [29], the three-dimensional model structure
of 577-residue Ec ProRS was developed (Fig. 1). The struc-
tural assessment of the model yielded a global model quality
estimation (GMQE) value of 0.86 (Table 1); GMQE score
is expressed as a number between 0 and 1, higher num-
bers indicate higher reliability [30]. Also, QMEAN, which
measures the “degree of nativeness,” i.e. how comparable
the model structure is to the experimental structure, was
— 0.56 for the model structure [30]. A QMEAN Z-score
close to zero indicates good agreement between the model
structure and experimental structures of similar size [30].
Pairwise structural alignment using DALI [33] resulted in
an RMSD of 0.2 A and a Z-score of 57.3; a higher value
of DALI Z-score indicates greater similarity between two
protein structures (Table 1). Stereochemical parameters ana-
lyzed for the target protein showed 95.51% residues with
favorable dihedral angles (Ramachandran favored), 0.88%
residues with non-favorable dihedral angles (Ramachandran
outliers), 1/9098 unfavorable bonds, and 25/12328 unfavora-
ble angles. Stereochemical analysis of the template pro-
tein resulted in 97.15% residues with favorable dihedral
angles, 0.0% residues with non-favorable dihedral angles,
1/8814 unfavorable bonds, and 3/11970 unfavorable angles
(Table 1, Fig. S1). Taken together, the structure assessment
results suggested that the model structure of Ec ProRS is
reliable.
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Table 1 Homology and stereochemical parameters of the homology model structure of Ec ProRS and template protein structure [ProRS of Pseu-
domonas aeruginosa (PDB ID: SUCM)]

Homology parameter Value
SWISS Model QMEAN -0.56
SWISS Model GMQE 0.86
DALI RMSD 0.20
DALI Z-Score 57.3
Stereochemical parameter Homology model Template (SUCM)
Ramachandran favored 95.51% 97.15%
Ramachandran outliers 0.88% 0.00%

Bad bonds 1/9098 1/8814

Bad angles 25/12328 3/11970

Table2 Steady state kinetic parameters for proline activation by 3.2 Proline Activation
wild-type and mutant variants of Ec ProRS

ProRS K, (mM) ke (570 ko Fold-decrease 10 explore the role of the distal residues on ProRS functions,
Ky(s~'mM™ site-directed mutagenesis of a few selected distal residues
was conducted. Steady-state kinetics were performed to
WT 0.392+0.001 9.1+09 23.+2 1.0 . . . . ..
examine the impact of mutations on proline activation. The
A238P 1.6+02 56+04 35+05 6.6 . . . . . a1
impact of single-point mutations on protein flexibility was
V391G 1.9+01 45+06 24+03 9.6 .
analyzed using Dynamut [31].
T199A 31+08 24+05 0.77+03 29.9
S201A  0.703+0.008 54+04 7.7+0.6 3.0 . .
3.2.1 Hinge Residues (ALA238 and VAL391)
H208A 49+04 1.8+0.1 0.37+0.03 62.2
L281A 2+05 55+0.38 3+1 7.7 . . .
Two hinge residues of Ec ProRS were subjected to
L304A  0.17+0.01 19+02 11.%+13 2.1 . . . .
VALIA 20402 454104 22403 105 mutagenesis. Proline activation efficiency (k. /Ky;) was
I i i ’ reduced by 6.6- and 9.6-fold for A238P and V391G,
Fig.2 Comparison of kinetic 14
parameters. Ky, k., and &,/
K, for Pro-AMP formation by i a K, (mM)
WT and mutant variants of Ec o 12
ProRS. Relative Ky, k., and 3 B ki (57)
k../Ky displayed on the y-axis 1
were normalized to the Ky, ";2 10 W ke (5)/ Ky (mM)
ko and k /Ky values of WT .
enzyme. The average values and 3
standard deviations are reported 8 8
in Table 2 =]
=
S 6
2]
2
- 4
<
—
]
¥ 2
0 |_|_ I Mﬁ. I
WT A238P V391G TI199A S201A H208A L281A L304A V411A
+—> < > < >
Hinge PBL Coevolved
residues residues residues
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Table 3 Impact of mutation of distant residues on protein stability
(AAG) and flexibility (AAS)

ProRS AAG (kcal mol™") AAS (kcal
mol™' K1)

WT - -
A238P 0.521 -0.514
V391G —-0.760 0.381
T199A —-0.796 0.498
S201A 0.447 -0.126
H208A —-1.125 0.501
L281A —0.458 0.446
L304A —2.447 0.532
V411A —2.867 0.544

respectively (Table 2 and Fig. 2). The K, for proline was
increased by ~ four—fivefold for these two mutant vari-
ants. There was a significantly less impact on k., which
was decreased only by ~0.5-fold for A238P and V391G
compared to WT enzymes (Table 2). The substitution of
alanine with a bulky proline (A238P) caused a decrease in
flexibility (AAS=— 0.514 kcal mol~! K™!), whereas sub-
stitution of valine with glycine (V391G) resulted in an
increase in protein flexibility (AAS=0.381 kcal mol~™' K1)
(Table 3). A238P was found to be a stabilizing mutation
(AAG =0.521 kcal mol™"), while V391G was destabilizing
(AAG =— 0.760 kcal mol™") (Table 3).

3.2.2 PBL Residues (THR199, SER201, and HIS208)

Three residues within the PBL region of Ec ProRS—
THR199, SER201, and HIS208—were mutated to ala-
nine. Reduced catalytic efficiency of proline activation
was observed for all three mutants, but to a lesser degree
for S201A (Table 2). The K, for TI99A was increased by
eightfold, k., was decreased by fourfold, and the k., /Ky,
was decreased by 30-fold with respect to WT enzyme
(Table 2 and Fig. 2). In the S201A mutant, the K,; was
increased by twofold, k., was decreased by ~ twofold, and
the k., /Ky, was reduced only by threefold relative to the
WT enzyme (Table 2, Fig. 2). In the H208 A mutant, the
Kywas increased 12-fold, k_,, was decreased fivefold, and
the k., /Ky, was drastically decreased by 62-fold (Table 2
and Fig. 2). The alteration in protein flexibility was less
for S201A (AAS=— 0.126 kcal mol~! K1) compared to
T199A (AAS=0.498 kcal mol~! K™!). S201A resulted in
an overall stabilizing effect (AAG =0.447 kcal mol™"),
while T199A resulted in an overall destabilizing effect
(AAG = — 0.796 kcal mol~!). H208A caused overall desta-
bilization (AAG = — 1.125 kcal mol™") in the system as well
as increased protein flexibility (AAS=0.501 kcal mol~' K1)
(Table 3).

3.2.3 Coevolving Residues (LEU281, LEU304, and VAL411)

Substitution of alanine for leucine at positions 281 and
304 resulted in decreased catalytic efficiency (7.7- and
2.0-fold decrease, respectively) (Table 2 and Fig. 2).
L304A was shown to cause destabilizing effects to a much
greater degree than L281A (AAG = — 2.447 kcal mol™!
vs. AAG = — 0.458 kcal mol™!). However, increase in pro-
tein flexibility (AAS) was comparable for both mutants
(Table 3). V411A results in destabilization and an increase
in protein flexibility (AAG = — 2.867 kcal mol™! and
AAS =0.544 kcal mol~! K~1), coinciding with a 10.5-fold
decrease in catalytic efficiency (Table 2 and Fig. 2).

3.3 Aminoacylation of tRNAP™

The hinge mutants, A238P and V391G, had a 20% and
40% reduction in product (Pro-tRNAF™) formation, respec-
tively, compared to WT enzyme (Fig. 3). Aminoacylation
of tRNAP™ was reduced by ~60% in the case of TI99A,
S201A, and H208A. A more drastic impact on product
formation was observed for L281A and L304A with 70%
and 80% reductions, respectively. V411A resulted in a
40% reduction in product formation. Taken together, the
decreases in aminoacylation efficiency in mutant variants
were 1.5- to fivefold due to single point mutation. In par-
ticular, there was a significant decrease in aminoacylation
activity due to the mutation of residues in the PBL region
and in the editing domain.

1.50
2
=
S 1.00 -
<
P
2
= 0.50
o)
=7
0.00
S K < DAY Y AT A WY
QR N S D D W
LR R RN
Hinge PBL Coevolved

residues residues residues

Fig.3 Aminoacylation of tRNAP™ with proline by WT and mutant
variants of Ec ProRS. The assay was performed at 37 °C with 8§ pM
tRNAP™ and 4 pM enzymes. These results are the average of three
determinations for all but H208A; the percent error is 0.5 for H208A.
Relative catalytic activities displayed on the y-axis were normalized
to the activity of WT enzyme
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4 Discussion

Proteins are intrinsically dynamic, and their conforma-
tional dynamics are intricately linked to their functions
[34]. Earlier studies revealed that the editing domain of Ec
ProRS is involved in anticorrelated motion with respect to
the catalytic and anticodon binding domains, while intra-
domain motifs are mainly engaged in correlated motions
[5, 20, 35]. Furthermore, coupled domain dynamics and
domain-domain cross-talks are mediated by networks of
interacting residues engaged in correlated motions [6].
Since these dynamics and cross-talks are essential for the
function of Ec ProRS, it was hypothesized that distal resi-
dues would also contribute to enzyme catalysis. To test
this hypothesis, several single-point mutant variants of Ec
ProRS were constructed and their catalytic efficiencies
in proline activation (Eq. 1) and aminoacylation (Eq. 2)
were investigated.

4.1 Proline Activation

The impact of mutation of distal residues on proline activa-
tion efficiency was investigated. All mutants investigated had
decreased proline activation efficiency, but several mutants
showed significantly lower activation efficiencies compared
to WT ProRS (Table 2). The impact of mutation of each of
these distal residues are elaborated below.

4.1.1 Hinge Residues (ALA238 and VAL391)

The two hinge residues, ALA238 and VAL391, of Ec ProRS
(Figs. 1 and 4) were identified using the web server HINGE-
prot for protein hinge prediction [36]. These residues were
either made more rigid (A238P) or flexible (V391G) and
their impact on prolyl-adenylate formation was assessed.
Using the ATP-PP; exchange reaction, we found that the
alteration of the flexibility of these two hinge sites had sig-
nificant impact on the catalytic efficiency of Ec ProRS. Ear-
lier studies have shown that the INS domain and PBL loop
is engaged in anticorrelated motions [5]. Any disruption in

Fig.4 A238P and V391G muta-
tions. Key residues involved in
noncovalent interactions with
the hinge residues ALA238
and VAL391 are shown. a
ALA238 is shown to interact
with ARG351 and ASP386. b
A proline substitution is shown
to not significantly alter the
interactions with residue 238.
¢ VAL391 is shown to interact
with ASP394. d Regions
proposed to be impacted by

a mutation of residue 391 are
highlighted in orange. Residue
391 may play a key role in the
stability of the loop from resi-
dues 391 to 394 (Color figure
online)

276 A

ALA238

/334 A

ARG351

ASP386

PRO238

&

ASP39%4

» VAL391
o ¥

N/
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the coupled motion between these two structural elements
had impact on substrate binding. Introducing a bulky or a
small amino acid at the hinges between the INS and catalytic
domain (Fig. 1) results in alteration of the protein flexibility,
as revealed from Dynamut analysis [31]. Stabilization due to
the A238P mutation appears to reduce flexibility by substi-
tuting alanine with proline. Structural assessment suggests
that ALLA238 interacts with surrounding residues ARG351
and ASP386 via hydrogen bonding (Fig. 4a), and neither
interaction appears to be compromised following a muta-
tion to proline at residue 238 (Fig. 4b). The VAL391 resi-
due involves in hydrogen bonding interactions with ASP394
(Fig. 4c¢). Substitution of glycine at position 391 did not alter
these interactions. However, the substitution of the larger
valine with the smaller glycine has increased the flexibility
of the loop consisting of residues 391-394 (Fig. 4d). Despite
the opposing nature of these mutations (reduced flexibility at
position 238 and increased flexibility at position 391), cata-
lytic efficiency was decreased in both cases. These results
suggest that mutations of the hinge residues of Ec ProRS
perturb the intrinsic flexibility of distal sites. More specifi-
cally, these mutations disrupt the mobility present in the WT
enzyme that is conducive for substrate binding and catalysis
is disrupted due to such mutations.

4.1.2 PBL Residues (THR199, SER201, and HIS208)

The proline-binding loop (residues 199-206) undergoes
substantial conformational change upon substrate binding.
In the absence of bound ligand, the PBL is in a disordered
“open” conformation. In the presence of prolyl-adenylate,
the loop undergoes a transition of 8 A and attains a well-
ordered “closed” conformation [21]. Structural analysis of
prokaryote-like ProRSs has shown that two highly conserved
flanking motifs, 174-YxxxxxAYxxxFxR-187 and 208-H/
KEF-210, firmly anchor the PBL in the catalytic domain,
which allows substantial movement upon substrate bind-
ing [21]. To investigate the role of residues in and around
the PBL, which are not directly involved in substrate bind-
ing and catalysis, alanine-scanning mutation of three resi-
dues—THR199, SER201, and HIS208 was performed and
the effect of mutations on catalytic activity was examined.
The kinetic parameters for proline activation were deter-
mined for these mutants and compared with WT Ec ProRS.
Analysis of protein flexibility and stability using DynaMut
revealed that the mutation of PBL residues have more impact
on catalysis if there is an increase in overall flexibility. Sub-
stitution of SER201 with alanine resulted in an increase in
protein stability, likely due to the release of strain present
in the WT enzyme. This decreased impact on the catalytic
efficiency of S201A is believed to be due to less alteration
in protein flexibility compared to T199A (Table 3). THR199
and SER201 are both implicated in the stability of the PBL,

contributing to a network of interactions also including
ASP198, GLY203, and LYS311 (Fig. 5). An alanine muta-
tion of SER201 does not seem to significantly compromise
these interactions (Fig. 5a, b), explaining the small change
in flexibility and overall stabilizing effect. Substitution of
THR199 with alanine, however, appears to eliminate the
hydrogen bonding present in the WT (Fig. 5c, d). Decreased
catalytic efficiency is likely due to destabilization and
increased protein flexibility. HIS208 appears to be a crucial
residue in the stability of a helix from residues 166—189 and
interacts with two tyrosine residues (174 and 178) located on
a prominent helix found within the catalytic domain (Fig. 6).
These interactions are shown to be compromised follow-
ing an alanine mutation at residue 208 (Fig. 6a, b). Thus,
these PBL residues, even though not directly involved in any
interactions with proline, favor substrate binding and prolyl-
adenylate formation. Distal mutations have been shown to
elicit similar effects on the activity of E. coli DinB (DNA
polymerase IV) [37].

4.1.3 Coevolving Residues (LEU281, LEU304, and VAL411)

An earlier computational study demonstrated that the INS
domain of prokaryotic-like ProRSs is engaged in coupled
motion with various structural elements of the catalytic
domain including the PBL [5]. The collective dynam-
ics of the PBL were altered by the deletion of the INS or
point mutation at the INS-aminoacylation domain junction
[5]. Using statistical thermal coupling analysis, the pre-
existing residue-residue interactions between the INS and
aminoacylation domains of Ec ProRS that modulate PBL
dynamics were identified [6]. Residues 281 and 304 appear
to be implicated in a similar network of interactions, involv-
ing VAL298, PHE321, and ILE387 (Fig. 7a—e). Structural
analysis reveals that LEU281 may favorably interact with
ALA304 (Fig. 7c, d), limiting the decrease in catalytic effi-
ciency following mutation. While both mutations resulted in
increased flexibility, L304A caused destabilizing effects to a
much greater degree than L281A (Table 3). LEU304 appears
to be involved in interactions between two unique loops via
PHE321 and ILE387 (Fig. 7c). Loss of contact with residues
321 and 387 may result in the observed increased flexibility
and decreased stability. This suggests that the interactions
between these distal LEU281 and LEU304 residues are cru-
cial to proline activation, and concurrent mutations of both
residues may result in an even more pronounced decrease in
catalytic efficiency. V411A results in the most destabilizing
effect and greatest change in flexibility of the tested muta-
tions (Table 3). Residue 411 appears to be involved in the
stabilization of helices from residues 166—189, similar to
HIS208, as well as a smaller helix from residues 448-459
(Fig. 8). The combined results from H208A and V411A
suggests that the catalytic domain helix from residues
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L Lys3i [

\

GLY203

A\

THR199

&

Fig.5 S201A and T199A mutations. Key residues involved in the sta-
bilization of the proline-binding loop are shown. a SER201 is shown
to interact with LYS311, THR199, and ASP198. b An alanine substi-
tution does not significantly alter the interactions present with resi-
due 201. ¢ THR199 is shown to interact with SER201, GLY203, and

LYS311. d An alanine substitution at residue 199 results in complete
loss of hydrogen bonding interactions at this site. Residue 199 may
play a crucial role in the stabilization of the proline-binding loop. e
The proline-binding loop, initially proposed to be impacted by muta-
tions at residues 201 and 199, is shown in pink (Color figure online)
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Fig.6 H208A mutation. Key residues involved in noncovalent inter-
actions with the PBL residue HIS208 are shown. a HIS208 is shown
to interact with TYR178 and TYR174. b The mutation of residue 208
to alanine results in disruption in pi—pi interactions between HIS208,

@ Springer

TYR178, and TYR174. ¢ Regions proposed to be impacted by a
mutation of HIS208 are highlighted in orange. Residue 208 may play
a key role in bringing stability to the helix formed of residues 166—
189 (Color figure online)
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Fig.7 L281A and L304A mutations. Key residues involved in the
stabilization of the editing domain are shown. a LEU281 is shown
to interact with PHE321 and VAL298. b An alanine substitution at
residue 281 results in loss of contact with VAL298 and an increased
distance from PHE321. ¢ LEU304 is shown to interact with PHE321
and ILE387. d An alanine substitution at residue 304 results in loss

of contact with PHE321 and an increased distance from ILE387.
LEU281 may provide a compensatory effect, limiting the destabi-
lizing effect of this mutation. e Regions proposed to be impacted by
mutations at residues 281 and 304 are shown in orange (Color figure
online)
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c il )

& Y \ 459

/

Fig.8 V411A mutation. Key residues involved in noncovalent inter-
actions with the coevolving residue VAL411 are shown. a VAL411
is shown to interact with PHE185, VAL212, and ALA454. b An ala-
nine substitution at residue 411 results in an increased distance from

166-189 plays a critical role in proline activation. Analy-
ses of LEU281, LEU304, and VAL411 suggest that distal
coevolving residues are involved in maintaining the overall
stability and catalytic efficiency of Ec ProRS.

PHE185, VAL212, and ALA454. ¢ Regions proposed to be impacted
by a mutation at residue 411 are highlighted in orange. Residue 411
may play a key role in the stability of helices from residues 166—189
and 448-459 (Color figure online)

4.2 Aminoacylation of tRNAP™

As discussed earlier, the mutation of distal residues can
impact protein flexibility and stability, thereby impacting
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enzyme activity. This observation is reflected in the ami-
noacylation reaction results of the mutants studied here. A
decrease in aminoacylation activity was observed for each
of the eight mutants (Fig. 3). Alterations in the flexibility
of the hinge residues, ALA238 and VAL391 had relatively
less impact on Pro-tRNAP™ formation. Mutations of resi-
dues in and around the PBL had significant impact on over-
all enzymatic function. A greater impact was observed for
the mutation of two residues in the INS domain, which are
believed to be important for domain-domain communica-
tion. These decreases in aminoacylation efficiency in the
mutant variants strongly suggest that the distant residues
are important for catalysis. Taken together, the present study
suggests that perturbations at distant sites impact both pro-
lyl-adenylation and aminoacylation reactions that take place
at the catalytic domain. In particular, alteration in the protein
flexibility due to a mutation resulted in decreased catalytic
efficiency. In most cases, the catalytic efficiency decreased
with the increase in flexibility in the mutant variants. The
interplay between protein flexibility and catalytic efficiency
is reported elsewhere [38].

5 Conclusions

By employing site-directed mutagenesis and steady-state
enzyme kinetics, we found that mutations of distal residues
have significant impact on the catalytic activity of Ec ProRS.
Earlier studies have shown that the efficient aminoacyla-
tion of tRNA for most synthetases require communication
between domains [39]. A previous study described how
point mutations in the anticodon-binding domain of syn-
thetases often lead to severely reduced catalytic efficiency
[39]. In the present study, it was observed that the mutation
of the two residues (LEU281 and LEU304) within the INS
domain, which are known to be involved in maintaining cou-
pled dynamics between domains, resulted in decreased pro-
line activation and tRNA aminoacylation efficiencies. This
observation highlighted the importance of distal residues in
catalysis. Distal residues have been shown to affect the cata-
lytic efficiency of other enzymes, in addition to ARSs. For
example, single mutations outside the active site affect the
substrate specificity of B-glycosidase [40]. Distal residues
play an essential role in regulating human monoacylglycerol
lipase (hMGL) catalytic activity, where a critical tryptophan
residue acts as a long-range communicator and is essential
for maintaining the structure and functional dynamics of
hMGL [41]. The HIS208 residue of Ec ProRS was shown
to have crucial interactions with the aromatic TYR174 and
TYR178 and is critical for maintaining the protein flexibil-
ity. Mutation of HIS208 had drastic impact on both flex-
ibility and stability. Similarly, hinge residues as well as the
neighboring residues of PBL are crucial to maintain the

@ Springer

intrinsic flexibility of Ec ProRS. Taken together, the present
work gives additional insights into the role of distal residues
in maintaining the flexibility and stability, and therefore,
the catalytic activity of ProRSs. As aminoacyl-tRNA syn-
thetases are potential drug targets, the present study may
provide alternative drug design possibilities.
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