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Abstract: The essential process of protein biosynthesis in the cell often gets stalled due to the premature abortion of the 
translation process and generates a byproduct of peptidyl-tRNA molecules. This defect is corrected by peptidyl-tRNA 
hydrolase (Pth) by hydrolyzing peptidyl-tRNA to yield tRNA and peptides. In order to understand the mechanism of catalytic 
action and detailed stereochemical features of the substrate binding site, the structure of Pth has been determined at 1.00 Å 
resolution. The Pth enzyme from Acinetobacter baumannii (AbPth) was cloned, expressed, purified and crystallized. The 
structure was refined to Rcryst and Rfree values of 0.145 and 0.157 respectively. The electron densities were observed for many 
hydrogen atoms in the structure. In AbPth, the residues, Asn12, His22, Asn70, Asp95 and Asn116 are involved in the catalytic 
process. The structure determination revealed that His22 Nᵟ1 forms a hydrogen bond with Asp95 Oᵟ2 while His22 Nε2 is 
hydrogen bonded to Asn116 Nᵟ2. In this case, the side chain of Asn116 adopts a conformation with χ value of 65°. Upon ligand 
binding, Asn116 adopts a different conformation with χ value of -70⁰. In the present structure, the conformation of Tyr68 is 
observed in the disallowed region of Ramachandran’s plot with φ, ѱ values of 80⁰, 150⁰. However, it is observed that Tyr68 
adopts both disallowed and allowed conformations in Pth enzymes indicating a structural flexibility. The structure 
determination also revealed multiple conformations of the side chains of a number of amino acid residues. 
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1. Introduction 

Petidyl-tRNA hydrolase (Pth, EC 3.1.1.29) catalyzes the 
hydrolysis of peptidyl-tRNA molecules for separating the 
peptide and tRNA components. The peptidyl-tRNA 
molecules are produced due to a prematurely terminated 
translation process during protein biosynthesis [1-4]. This 
undesirable byproduct results in the loss of tRNA and amino 
acids which adversely affects the process of protein 
biosynthesis eventually leading to cell death [5-8]. The 
stalled process of protein biosynthesis in the cell is restored 
by Pth enzyme which is an esterase and cleaves the peptidyl-
tRNA molecule at the ester bond between tRNA and peptide 
component. It ensures the continuous supply of required raw 
material of tRNA and amino acids so that the process of 

protein biosynthesis continues without disruptions. In view of 
this, the role of Pth enzyme is essential in the regulation of 
protein biosynthesis in the cell. 

Initially Pth was identified in Escherichia coli [9-11]. 
Later on, it was reported in yeast [12-15] as well as in several 
other bacteria [16-21]. There is more than one type of Pth 
enzymes in different living organisms. In the beginning, it 
was reported as Pth1 in bacteria and eukaryotic cells [14, 22-
23] and Pth2 in archaea and other eukaryotes [15, 24, 25]. In 
addition to Pth1 and Pth2, Pth-like enzymes are also present 
in eukaryotes [15, 25, 26]. Pth1 is an essential enzyme in 
bacteria for maintaining the translation function of ribosome 
while it is not absolutely necessary in eukaryotes [14-15, 27]. 
Furthermore, Pth1 is neither chemically nor structurally 
identical to Pth2 [28]. The structural differences between 
Pth1 and Pth2 clearly indicate that the inhibitors of Pth1 will 
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be harmful mainly to bacteria with limited effect on the 
humans. Thus, the design of inhibitors of Pth1 will be useful 
for drug design against bacterial infections. Since only Pth1 
will be discussed in the present study, it will be referred to 
hereafter as Pth. 

The crystal structures of Pth enzyme from nearly a dozen of 
bacteria including Acinetobacter baumannii (AbPth) [28], 
Pseudomonas aeruginosa (PaPth) [29], Escherichia coli 
(EcPth) [11], Salmonella typhimurium (StPth) [30], 
Burkholderia structome (BtPth) [31], Vibrio cholerae (VcPth) 
[32], Francisella tularensis (FtPth) [33], Mycobacterium 
tuberculosis (MtPth) [17], Mycobacterium smegmatis (MsPth) 
[34], Staphylococcus aureus (SaPth) [35], Thermus 
thermophilus (TtPth) [36], Streptococcus pyogenes (SpPth) [37] 
are known. First seven structures of Pth from the above list are 
from Gram-negative bacteria while the last four structures 
belong to Gram-positive bacteria. Most of these structures 
have been determined at moderate resolutions except the 
structures of EcPth [11], the complex of AbPth with 
cyatarabine [38] and TtPth [36], which were determined at 
1.20 Å, 1.10 Å and 1.00 Å respectively. Here, we report a 
structure of AbPth at 1.00 Å resolution giving several new 
insights. 

2. Material and Methods 

2.1. Gene Cloning Expression, Purification and 

Crystallization 

The cloning, expression and purification of AbPth were 
carried out as described previously [19, 28]. The genomic 
DNA from Acinetobacter baumannii was isolated and Pth 
gene was amplified using forward and reverse primers (Pthf: 
5-GGAATTCCATATGTCAAATATTT CGCTAATTG-3′) 
and (Pthr: 5-
CCGCTCGAGTTAAGCTGGTTTATACGCATT-3′) 
respectively. After further steps, the construct obtained with 
pET 28a was transformed in E. coli (Bl21 DE3) cells for 
expression of AbPth. After additional steps, a single fresh 
colony obtained after transformation in E. coli (BL21 DE3) 
cells was inoculated in LB medium supplemented with 50 
mg/ml kanamycin and grown at 37°C. Cells were harvested 
by centrifugation at 6000g for 5min at 4°C. Approximately 
5g of the wet pellet was suspended in 15-20ml of 50mM 
Tris HCl buffer containing 150 mM NaCl, pH 8.0 (lysis 
buffer). After sonication, the ruptured cells were 
centrifuged at 13000g for 30min at 4°C. The cleared lysate 
was loaded on a Ni-NTA Super-flow column (Qiagen, 
Germantown, MD, USA) which was pre-equilibrated in 
lysis buffer. The protein samples were further purified 
using stepwise washing with 30mM imidazole in lysis 
buffer followed by 300mM imidazole in lysis buffer. The 
protein samples of each fraction were evaluated on 11% 
sodium dodecyl sulfate - polyacrylamide gel electrophoresis 
(SDS-PAGE). The fractions corresponding to molecular 
mass of approximately 20kDa were pooled. The imidazole 
was removed by dialysis in lysis buffer and the sample was 

concentrated using centricon with molecular mass of 3 kDa 
cut-off (Millipore, Middlesex Tumpike, MA, USA). The 
concentrated protein was further purified using Fast protein 
liquid chromatography (Bio-rad Laboratories, Hercules, CA, 
USA) using superdex G75 column in buffer containing 
20mM Tris. HCl, 50 mM NaCl, 1mM Ethylene diamine 
tetra acetic acid (EDTA), and 5mM of 2-mercaptoethanol, 
pH7.5. The eluted protein samples were again concentrated 
using a centric on ultrafiltration with a molecular mass cut 
off of 3 kDa (Millipore, Middlesex Tumpike, MA, USA). 
The purity of protein samples was confirmed using SDS-
PAGE. 

The purified protein samples were dissolved in 0.3M 
HEPES buffer, pH7.0 at a concentration of 15mg/ml which 
were kept for crystallization using hanging drop vapour-
diffusion method at 298K using 24 well linbro crystallization 
plates. Crystals were obtained by equilibrating 10µl protein 
drop against a reservoir solution containing 12% PEG-1500 
in 0.3M HEPES buffer at pH 7.0. Crystals grew in two weeks 
to approximate dimensions of 0.4 × 0.4 × 0.2 mm3. 

Table 1. Data collection and refinement statistics of Peptidyl-tRNA 
hydrolase from Acinetobacter baumannii at 1.00 Ǻ resolution (values in 
parentheses are for the highest resolution shell). 

Data collection  
Resolution range (Ǻ) 33.13 – 1.00 
Beam line (ESRF, France, Italy) ID23-1 
Wavelength (Ǻ) 0.97 
Space group P 21 21 21 

Unit-cell parameters (Ǻ) 
a = 33.99, b = 66.26, c = 
76.19 

Number of molecules in the asymmetric unit 1 
Vm (Ǻ3/Da) 2.0 
Solvent Content (%) 40.0 
Total number of reflections 761316 
Number of unique reflections 79893 
Overall completeness (%) 97.3 (98.8) 
Rmerge(%) 9.3 (79.8) 
Rpim (%) 3.8 (26.3) 
I / σ(I) 11.1 (2.4) 
CC(1/2)(%) 99.6 (74.3) 
Redundancy 9.5 (8.5) 
Refinement statistics  
Rcryst (%) 14.5 
Rfree (3% data) (%) 15.7 
Assigned residues  -2 to 0 and 1 to 193 
Number of protein atoms 1536 
Number of water molecules 239 
R. m. s. deviations  
Bond length (Ǻ) 0.018 
Bond angles (⁰) 2.093 
Dihedral angles (⁰) 12.565 
Mean B-factor (Ǻ2)  
Wilson B-factor 7.3 
Main chain atoms 12.2 
Side chains and water molecules 16.7 
Overall 17.0 
Ramachandran plot statistics  
Residues in the most favored region (%) 93.0 
Residues in the additional allowed region (%) 5.7 
Residues in the generously allowed region (%) 0.6 
Residues in the disallowed region (%) [Tyr68] 0.6 
PDB ID 7CSN 
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Data collection and processing 
Crystals of AbPth were stabilized by transferring them to 

reservoir solution to which 25% glycerol was added. Crystals 
were mounted in a nylon loop and flash frozen for data 
collection at 100K. X-ray diffraction intensity data were 
recorded on MAR-225 CCD detector (Marresearch, 
Norderstedt, Germany) using beamline, BM14 at the 
European Synchrotron Radiation Facility (ESRF), Grenoble, 
France. A total of 400 images were collected using an 
oscillation range of 1° with an exposure time of 4s per image 
with a wavelength of 0.98Å. It gave a complete data to 0.95Å 
resolution. The data were processed using XDS [39]. Crystals 
belonged to orthorhombic space group P212121 with unit cell 
dimensions of a = 33.99Å, b = 66.26Å, c = 76.19Å. The 
Matthews constant Vm [40] was 2.0 Å3/Da which 
corresponded to a solvent content of 39%. The data were 
processed and scaled using XDS and XSCALE [39] from 
XDS package. The summary of the data collection, 
processing and refinement is given in Table 1. 

 

Figure 1. The initial (2Fo - Fc) electron density map at 1.5σ for selected 
residues indicating dual conformations. These maps were drawn using 
COOT [47]. 

 

Figure 2. The omit (Fo - Fc) electron density map at 2σ (green) is 
superimposed on (2Fo - Fc) electron density maps contoured at 1.5 σ (black) 
and 5 σ (pink) indicating the positions of hydrogen atoms and accurate 
positions of non-hydrogen atoms for selected residues. 

2.2. Structure Determination and Refinement 

The structure was refined using REFMAC5.8.0.2 [41] 
using the coordinates of a previously determined structure of 
AbPth which has similar unit cell dimensions (PDB ID Code: 
4JX9). Initially, the structure was refined for 25 cycles. The 
electron density maps were calculated using (2Fo - Fc) and 
(Fo - Fc) coefficients. The model was adjusted manually 
using COOT [42]. This was followed by another 10 rounds 
of refinements. When the Rcryst/Rfree factors dropped to 0.21/ 
0.24, a difference Fourier map (Fo - Fc) was computed from 
which positions of 239 water oxygen atoms were determined. 
After further adjudgments of the protein chain as well as by 
including the coordinates of 239 water oxygen atoms, the 
values of Rcryst and Rfree factors dropped to 0.157 and 0.177 
respectively. The difference (Fo - Fc) Fourier map calculated 
at this stage showed electron densities for multiple 
conformations for a number of residues (Figure 1). With 
these inputs, the structure of AbPth was further refined for 15 
cycles including anisotropic refinement for non-hydrogen 
atoms. The refinement finally converged to values of 0.145 
and 0.157 for Rcryst and Rfree factors respectively. After 
completing the refinement, the final (2Fo-Fc) and (Fo-Fc) 
Fourier maps were computed. An examination of the (Fo-Fc) 
map indicated electron densities for a number of hydrogen 
atoms at 2σ cut offs (Figure 2). The validation of structure 
was carried out using program PROCHECK [43]. The final 
refined model of AbPth consisted of 1496 protein atoms and 
239 water oxygen atoms. The data quality and final 
refinement statistics are listed in Table 1. The coordinates 
and structure factors have been deposited in the protein data 
bank with accession code of 7CSN. 

3. Results and Discussion 

3.1. Structure Analysis 

The structure of AbPth consists of 196 residues from the 
amino acid sequence of Gly-2 - Ser-1 - His- 0 - Met1 to 
Ala193 (Figure 3) in which the first three residues are from 
the signal peptide. The structure has been determined at 1.00 
Å resolution and refined to values of 0.145 and 0.157 for 
Rcryst and Rfree factors respectively. In this structure, 93.1% 
residues are present in the most favored regions of the 
Ramachandran’s ϕ, ψ map44 (Figure 4). There are 5.7% 
residues in the additionally allowed regions and Met1 (0.6%) 
is present in the generously allowed region while 0.6% 
(Tyr68) is observed in the disallowed region [43] (Figure 4). 
It may be mentioned here that Tyr68 is not strictly conserved 
at position 68 as out of the known structures of Pth enzyme 
from twelve different bacteria, six of them [17, 28-29, 31, 33, 
36] have Tyr68 while four of them [11, 30, 32, 37] have 
Phe68. The remaining two have Ser68 [34] and Met68 [35] 
respectively. Both Ser68 and Met68 are observed in the 
allowed regions. Out of the remaining ten, seven of them [11, 
28, 30-31, 33, 36-37] were reported with disallowed 
conformations for residues at position 68 (Table 2) while in 
three of them [17, 29, 32], the residues at position 68 were 
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present in the allowed regions of the Ramachandran’s φ, ѱ 
map [44] (Table 2). This shows that both conformations of 
Tyr68/Phe68 can occur in the structures of Pth indicating a 
structural flexibility of Tyr68/Phe68. This means that the 

conformations of Tyr68/Phe68 are more commonly observed 
in the disallowed regions. A comparison of electron densities 
of Tyr68 for its conformations in the disallowed (present 
structure) and allowed [29] regions is shown in figure 6A. 

 

Figure 3. Comparison of amino acid sequences of Pth enzymes from those bacteria whose crystal structures are known including AbPth, PaPth, EcPth, StPth, 
BtPth, VcPth, FtPth, MtPth, MsPth, SaPth, TtPth, and SpPth. The top seven sequences are for Pth enzymes from Gram negative bacteria while the bottom four 
are from Gram positive bacteria. The sequence of MtPth is also given. In case of BtPth, an extra segment of 10 amino acid residues, DMIPESARAG from 140 
to 149 has been excluded from figure for clarity. Five loops, Sandwich (cyan), Base' (grey), Gate (magenta), Base (green) and Lid (red) are indicated. The 
active site residues are highlighted in yellow. The secondary structure elements such as α-helices and β-strands are indicated at the top of sequences. 

Table 2. Characteristic distances between the active sit loops in Pth enzymes from different bacterial. The first seven proteins are from Gram-negative bacteria 
while the last four are from Gram-positive bacteria. MtPTH does not belong to either of them. The torsion angles (Φ,Ψ) of Tyr68 are listed in the last column. 

Protein Name PDB - ID 
Distance (Å) 
(Gly113Cα- Asp98Oδ2) 

Distance (Å) 
(Gly113Cα- Ser146Cα) 

Distance (Å) 
(Gly113Cα- His22Cε1) 

Torsion Angles of Tyr68 (°) 
Φ Ψ 

AbPTH 7CSN 7.85 14.91 10.63 80 150 
PaPTH 4FYJ 6.08 13.25 10.09 -67 139 
EcPTH 2PTH 6.66 14.93 10.84  93 148 
StPTH 4P7B 5.74 14.37 10.24  78 151 
BtPTH 3V2I 4.97 13.22 10.35  75 152 
VcPTH 4ZXP 6.60 13.54 10.37 -54 148 
FtPTH 3NEA 6.84 15.02 11.60  78 153 
MtPTH 2Z2I 3.33 11.41 9.41 -73 154 
MsPTH 3P2J 3.98 11.12 9.70 -60 141 
SaPTH 4YLY 6.56 15.29 11.17 -91 177 
TtPTH 5ZX8 6.81 15.32 11.40  83 151 
SpPTH 4QT4 8.78 13.02 10.38  86 145 
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Figure 4. Ramachandran’s φ, ѱ plot44 as drawn using PROCHECK43. 

 

Figure 5. The final (2Fo - Fc) electron density map at 1.5 σ cut off (black) 
for residues in the catalytic site. The (Fo - Fc) electron density at 2.0 σ cut 
off (green) calculated at the end of the refinement. The electron density for 
hydrogen atoms is observed at His22 Nᵟ1 and His115 Nε2. 

In the state of disallowed conformation (present structure), 
Tyr68 N forms a hydrogen bond with water molecule, W356 
which in turn is hydrogen bonded to Thr67 Oᵞ and Gly11 O. 
On the other hand, in the structure of PaPth [29] where Tyr68 
adopts an allowed conformation, Tyr68 N is not involved any 

interaction. Instead, the neighboring residue, Thr67 O forms 
a hydrogen bond with a corresponding water molecule, 
W262 which in turn forms two hydrogen bonds with Pro65 O 
and Gly11 O (Figure 6B). It is further seen that Tyr68 
(present structure) is involved in a number of other 
interactions as it occupies an ith position in a segment, Tyr68 
- Met69 - Asn70 - Arg71 which adopts a tight type 1 β-turn 
conformation. In this arrangement, Tyr68 O forms a 
hydrogen bond with Arg71 N at a distance of 3.02 Å. The 
corresponding hydrogen bond in PaPth [29] is 2.89 Å. Tyr68 
O is also hydrogen bonded to Thr67 Oᵞ1 at a distance of 2.85 
Å. The corresponding hydrogen bond in PaPth [29] is 3.17 
Å. The OH of the side chain of Tyr68 is linked to the side 
chain carboxylic group of Glu16 via a bridging water 
molecule, W332. The corresponding interaction in PaPth 
[29] is not observed because of disordering in the side chains 
of both Tyr68 and Glu16. The side chain of Tyr68 is flanked 
with the side chain of Pro13 to form van der Waals contacts. 
The similar interactions in PaPth [29] are weak due to the 
disordering in the side chain of Try68. Therefore, it may be 
concluded that the observed disallowed conformation of 
Tyr68 in Pth enzymes may be a preferred conformation. Thus 
the presence of a residue in the disallowed regions may not 
always be related to the quality of the structure but it may be 
a design of the structure for supporting the stability and 
function of proteins. 

 

Figure 6. (A). The conformation of Tyr68 was observed in the disallowed 
region of the Ramachandran’s φ, ѱ map in the present structure of AbPth. 
Similar conformations were observed in some other structures of Pth28, 30-
31, 33, 36-37. (B.) The conformation of Tyr68 was observed in the allowed 
region of the Ramachandran’s φ, ѱ map in the structure of PaPth17. Similar 
conformations were observed in some other structures of Pth29, 32, 34-35. 

The backbone of AbPth adopts a β/α fold with seven β-
strands and six α-helices, β1 (Ser5 - Leu10), α1 (Ala24 - 
Tyr36), β2 (Lys41 - Asp43), β3 (Gly48 - Arg52), β4 (His58 - 
Leu64), α2 (Ser72 - Phe82), β5 (Ala89 - Glu94), β6 (Val103 - 
Thr108), α3 (Leu118 - Ile125), β7 (His130 - Ile136), α4 
(Ser146 - Gly151), α5 (Asn156 - Gln179) and α6 (Pro181 - 
Asn188) (Figure 7). The seven β-strands are bundled in to a 
twisted β-pleated sheet in the center of the molecule while six 
α-helices are arranged to surround the β-pleated sheet from 
all sides except the side of the substrate binding site. Overall, 
the structure of AbPth contains a highly ordered core with B-
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factors ranging from 7.0Å2 to 10.0Å2 (Figure 8). The values 
of B-factors of the outer part of the structure vary from 
11.0Å2 to 20.0Å2 (Figure 8). However, the values of B-
factors of a segment, (Gly140 - His148) which belongs the 
flexible loop, (Gly137 - Ala153), are more than 33.0Å2 
(Figure 8). 

 

Figure 7. Ribbon diagram of AbPth with secondary structure labels. N and 
C terminals are also indicated. Five loops, Gly11 - Ala24 (Sandwich loop, 
yellow), Pro65 - Arg71 (Base' loop, brown), Asp95 - Gly102 (Gate loop, 
green), Gly109 - Gly117 (Base loop, blue) and Gly137 - Ala153 (Lid loop, 
red) are also shown. 

 

Figure 8. The backbone tracing of AbPth indicating different ranges of B-
factors. The blue colour corresponds to the values of B-factors in the range 
of 7.0 Å2 to 10.0 Å2. The green corresponds to a range of 11.0 Å2 to 20.0 Å2 
while red is for above 33.0 Å2. 

So far, structures of Pth from 12 different bacteria have 
been determined. There are seven structures from Gram-
negative bacteria which include the current structure of 

AbPth and that of PaPth [29], EcPth [11], StPth [30], BtPth 
[31], VcPth [32] and FtPth [33]. Four structures are from 
Gram-positive bacteria which include structures of MsPth 
[34], SaPth [35], TtPth [36] and SpPth [37]. The structure of 
MtPth [17] is also available. The r.m.s. deviations for the Cα 
positions of AbPth, when superimposed on the structures of 
Pth enzymes from other Gram-negative bacteria, vary from 
0.62Å to 0.83Å (Figure 9A). The r.m.s. deviations for the Cα 
tracing of AbPth, when superimposed on the Cα tracings of 
Pth enzymes from the Gram-positive bacteria, vary from 
1.03Å to 1.48Å (Figure 9B) while the corresponding r.m.s. 
deviation when compared with MtPth is 1.24Å (Figure 9C). 
This shows that the structure of AbPth is more similar to the 
structures of Pth from Gram-negative bacteria than those 
from Gram-positive bacteria. The largest variations are 
observed in the conformations of a long loop, Gly137 - 
Ala153 which acts as a lid in Pth enzymes. 

 

Figure 9. Superimpositions of Cα traces of AbPth (green) on the Cα traces 
of Pth enzymes from (A) other Gram-negative bacteria including PaPth 
(red), EcPth (blue), StPth (cyan), BtPth (yellow), VcPth (grey) and FtPth 
(magenta). (B) Gram-positive bacteria including MsPth (magenta), 
SaPth(red), TtPth (blue) and SpPth (yellow) and (C) MtPth (blue). The 
largest variations are observed in the conformations of the Lid loop (Gly137 
- Ala153). 

3.2. Water Structure in the Binding Site 

The positions of a total of 239 water oxygen atoms have 
been determined. As seen from figure 10A, a novel 
arrangement of 18 water molecules, W329, W493, W416, 
W476, W488, W502, W336, W505, W393, W446, W378, 
W322, W461, W477, W492, W357, W444 and W405 has 
been observed. These water molecules are linked linearly 
through hydrogen bonds as W329---W493---W41---W476---
W488---W502---W336---W505---W393---W446---W378---
W322---W461---W477---W492---W357---W444---W405. 
Apart from the inter-water linear hydrogen bonds, there are 8 
additional hydrogen bonds with amino acid residues, Asn70, 
Met69, Asn12, Asn116, Glu96, Asp98, His138 and Asn100. 
Starting point of this water chain is located at the mouth of 
the substrate binding site with W329 which is hydrogen 
bonded to Asn70 Oᵟ1. W416 forms three hydrogen bonds 
with Asn70 N, Asn70 Nᵟ2 and Met69 N. Another water 
molecule from the chain, W476 is hydrogen bonded to Asn12 
Oᵟ1. W336 forms a hydrogen bond with Asn116 Nᵟ2 where as 
W446 is hydrogen bonded to Leu97 N. W378 forms two 
hydrogen bonds with Glu96 Oε1 and Oε2 while W477 is 
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hydrogen bonded to Arg133 N as well as to Asp98 Oᵟ1. 
W444 interacts with His138 N and the last water molecule in 
the chain, W405 forms a hydrogen bond with Asn100 Oᵟ1. As 
seen from figure 7B, the water chain begins from Asn70 on 
one side of the protein and ends at Asn100 which is located 
on the other side of the molecule (Figure 10B). The linear 
distance between the two ends from Asn70 Oᵟ1 to Asn100 

Oᵟ1 is 26.0Å (Figure 10B). It may be of interest to note that 
the observed water chain runs across the catalytic site and 
separates the Lid loop from rest of the protein molecule. The 
two active site residues, His22 and Asp95 are inside of this 
chain while rest of the catalytically important residues such 
as Asn12, Asn70 and Asn116 are on the outside. 

 

Figure 10. (A) The hydrogen bonded linear chain of 18 water molecules. The amino acid residues which form hydrogen bonds with these water molecules are 
also shown. The dashed lines indicate hydrogen bonds (B). The positions 18 linearly hydrogen bonded water molecules are displayed in the GRASP 
representation of protein molecule. The residues, Asn70 and Asn100 are also shown. 

3.3. Structures of Active Site Loops 

Previously, three loops were considered to discuss the 
flexibility in the structures of Pth enzymes [3, 28, 29, 36]. 
However, after a further critical examination of the active site 
region in Pth structures, two more loops related to active site 
region are included for critical analysis. In the further scheme 
of thing, five loops have been identified as (i) Sandwich loop, 
(Gly11 - Ala24) between β-strand, β1 and α-helix, α1, (ii) 
Base' loop, (Pro65 - Arg71) between β-strand, β4 and α-
helix, α2, (iii) Gate loop, (Asp95 - Gly102) between β-
strands, β5 and β6, (iv) Base loop, (Gly109 - Gly117) 
between β-strand, β6 and α-helix, α3, and (v) Lid loop, 
(Gly137 - Ala153) between β-strand, β7, and α-helix, α5 
(Figure 7). The Sandwich loop is located between the Gate 
and Lid loops (Figure 7). This loop is anchored at two ends 
by β-strand, β1 and α-helix, α1. The first segment, Gly11 - 
Asn12 - Pro13 - Gly14 of this loop adopts an extended 
conformation while the next three overlapping segments, 
Ser15 - Glu16 - Tyr17 - Ala18, Tyr17 - Ala18 - Gln19 - 
Thr20 and Thr20 - Arg21 -His22 - Asn23 adopt tight β-turn 
conformations. The first segment forms a type 3 β-turn 
structure while the next two segments adopt type 1 β-turn 
conformations. The active site residue, His22 is part of the 
last tight type 1 β-turn structure. The Base' loop is tightly 
held at two ends by β-strand, β4 and α-helix, α2. The two 
segments Pro65 - Met66 - Thr67 and Tyr68 - Met69 - Asn70 
- Arg71 are interconnected through a hydrogen bond, Thr67 

Oᵞ --- Tyr68 O = 2.85Å. The second segment adopts a tight 
type 1 β-turn conformation. Asn70 of Base' loop plays an 
important role in the catalytic action. The Gate loop is held at 
two ends by two antiparallel β-strands, β5 and β6. The two 
segments, Glu96 - Leu97 - Asp98 - Met99 and Asn100 - 
Pro101 - Gly102 - Val103 of this loop adopt tight type 1 and 
type 2 β-turn conformations respectively. The Base loop is 
located at the bottom of the active site (Figure 7). The two 
overlapping segments in this loop, His112 - Gly113 - Gly114 
- His115 and His115 - Asn116 - Gly117 - Leu118 adopt type 
1' β-turn and type 3 β-turn conformations respectively. The 
overall structure of this loop is a highly ordered. Asn116 of 
this loop is involved in catalytic reaction. The Lid loop is a 
relatively long loop consisting of 17 amino acid residues. It is 
located on top of the active site (Figure 7). It has three 
distinct segments, (1) Gly137 - His138 - Pro139 - Gly140, 
(2) Ser141 - Lys142 - Gly143 - Arg144 and (3) Val145 - 
Ser146 - Gly147 - His 148 - Val149 - Leu150 - Gly151- 
Lys152 - Ala153. Segment (1) is a relatively flexible 
structure while segment (2) adopts a tight type 3 β-turn 
conformations while segment (3) consists of an α-helix, α4 
for the subsegment, Ser146 - Gly151. 

It is noteworthy that all the five loops have at least one 
segment with a tight β-turn structure indicating that the parts 
of these loops have relatively rigid structures. These loops 
are also interconnected through inter-loop hydrogen bonds 
including Asn12 Oδ1 --- Met69 N = 2.79Å (between 
Sandwich and Base' loops), His22 Nε2 --- Asn116 Nε2 = 
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2.77Å (between Sandwich and Base loops), Met99 O --- 
Gly137 N = 2.82Å (between Gate and Lid loops) and Asp95 
Oδ1 --- His115 Nε2 = 2.82Å (between Gate and Base loops). It 
is noteworthy that the partners in these hydrogen bonds, 
generally, involve residues either from the beginning of the 
loops or from the ending stretches of the loops. The positions 
of these loops determine the overall stereochemical features 
of the substrate binding site including the plasticity of the 
active site region. The observed distances between loops in 
the structures of Pth from various bacteria may provide the 
information about their arrangements in the active site 
region. One such parameter pertains to comparing the 
distance between atoms Gly113 Cα (Base loop) and Asp98 
Oδ2 (Gate loop) which is estimated to be 8.25Å in the present 
structure of AbPth (Table 2). The corresponding distances in 
PaPth, EcPth, StPth, BtPth, VcPth, FtPth, MtPth, MsPth, 
SaPth, TtPth and SpPth, were 6.08Å, 6.66Å, 5.74Å, 4.97Å, 
6.60Å, 6.84Å, 3.33Å, 3.98Å, 6.56Å, 6.81Å and 8.78Å 
respectively (Table 2). Similarly, another distance between 
the Base and the Lid loops in the present structure of AbPth 
as measured between the atoms Gly113 Cα and Ser146 Cα 
was 13.47 Å while the corresponding distances in PaPth, 
EcPth, StPth, BtPth, VcPth, FtPth, MtPth, MsPth, SaPth, 
TtPth and SpPth, were 13.25Å, 14.93Å, 14.37Å, 13.22Å, 
13.54Å, 15.02Å, 11.41Å, 11.12Å, 15.29Å, 15.32Å and 
13.02Å respectively (Table 2). Also the distance between the 
Base and Sandwich loops in the present structure of AbPth as 
measured between Gly113 Cα and His22 Cε2 is 11.41Å while 
the corresponding distances in PaPth, EcPth, StPth, BtPth, 
VcPth, FtPth, MtPth, MsPth, SaPth, TtPth and SpPth, were 
10.09Å, 10.84Å, 10.24Å, 10.35Å, 10.37Å, 11.60Å, 9.41Å, 
9.70Å, 11.17Å, 11.40Å and 10.38Å respectively (Table 2). 
Yet another distance of interest is between Asn70 Cα (Base' 
loop) and Asn116 Cα (Base loop) which is 5.11Å in AbPth 
while the corresponding values in PaPth, EcPth, StPth, BtPth, 
VcPth, FtPth, MtPth, MsPth, SaPth, TtPth and SpPth were 
5.24Å, 5.34Å, 5.40Å, 5.01Å, 4.69Å, 4.85Å, 5.49Å, 6.06Å, 
5.17Å, 5.07Å and 5.11Å (Table 2). As seen from the above 
values, the distances of Gate, Lid and Sandwich loops from 
Base loop vary from 3.33Å to 8.78Å, 11.12Å to 15.32Å and 
9.41Å to 11.40Å respectively while the distances between 
Asn70 Cα (Base' loop) and Asn116 Cα (Base loop) vary from 
4.69Å to 6.06Å. These values indicate that the loops in the 
structures of Pth enzymes occupy significantly different 
positions. All the loops have one or more tight β-turns and 
also have one more intra-loop hydrogen bonds indicating the 
limited intra-loop flexibilities. The first four loops are loosely 
packed with each other in the active site region and may 
move significantly with respect to each other. On the other 
hand, the Lid loop represents a relatively longer segment 
(Gly137 - Ala153) and also protrudes out of the main body of 
the protein molecule. Because of its isolated position, it has a 
limited scope of grabbing interactions with other parts of the 
protein molecule. Thus the Lid loop can move more freely. It 
is noteworthy that the B-factors of atoms of the farthest 
segment in this loop, Gly140 - His148 have considerably 
higher values as compared to other parts of the loop. Also, 

the changes in the values of B-factors are abrupt. The B-
factor of Pro139 is 17.5 Å2 while the value for the next 
residue, Gly140, is 33.1 Å2. Similarly, the B-factor for 
Val149 is 13.1 Å2 while the value for the next residue, 
His148, is 59.2 Å2. The values of B-factors for the rest of the 
residues, Ser141, Lys142, Glu143, Arg144, Val145, Ser146, 
Gly147 of the segment, Gly140 - His148 show narrow 
variations indicating a rigid body type movement from the 
hinge. This may allow the Lid loop to adopt open and close 
conformations. 

A comparison of amino acid sequences of Pth enzymes 
from 12 different bacteria, whose structures are known, is 
shown in figure 2. The overall sequence identities of AbPth 
when compared with other Pth enzymes vary from 58% to 
33%. The sequences identities of AbPth within the category 
of Gram-negative bacteria vary from 58% to 44% while the 
sequence identities of AbPth, when compared with those 
from Gram-positive bacteria, vary from 41% to 33%. It may 
be noted here that the residues involved in the catalytic 
process in AbPth are Asn12, His22, Asn70, Asp95 and 
Asn116. These residues are highly conserved in Pth enzymes 
of bacteria barring one exception in TtPth where Asn116 is 
replaced by Arg116 (Figure 2). It is also of interest to note 
that these five residues belong to four loops. The residues, 
Asn12 and His22 belong to loop, Gly11 - Ala24 while Asn70 
is part of loop, Pro65 - Arg71 and residues, Asp95 and 
Asn116 are parts of loops, Asp95 - Gly102 and Gly109 - 
Gly117 respectively. 

 

Figure 11. The final (2Fo-Fc) electron density map at 1.5 σ cut off (black) 
for residues in the catalytic site. Hydrogen bonds are indicated by dashed 
lines. 

3.4. Catalytic Site 

The residues involved in the catalytic activity in AbPth 
include Asn12, His22, Asn70, Asp95 and Asn116. The roles 
of Asn12, Asn70 and Asn116 have been described in earlier 
reports where Asn12 is said to be involved in the recognition 
of peptidyl-tRNA molecules while Asn70 and Asn116 
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participate in stabilizing the structures of catalytic 
intermediates [11, 36, 45-47]. As seen from final (2Fo-Fc) 
electron density map (Figure 11), the positions of all the non-
hydrogen atoms in residues, Asn12, His22, Asn70, Asp95 
and Asn116 were determined accurately. However, at this 
resolution, the electron density for the hydrogen atom in the 
catalytically important residue, His22 was not clearly 
observed. It may be mentioned here that three other 
structures of AbPth were also refined at 0.95Å (PDB ID, 
6J93), 0.97Å (PDB ID, 6JJ1) and 0.99Å (PDB ID, 6JJQ) 
resolutions but these PDBs were not been used because of 
low completeness in the high resolution shells. Nevertheless, 
a difference Fourier (Fo - Fc) map computed using PDB ID, 
6J93 has shown clear density at 2.5σ cut off for the hydrogen 
atom at Nᵟ1 of His22 (Figure 5) indicating that Nᵟ1 is 
protonated. 

As seen from figure 9A, Asp95 Oᵟ2 forms a hydrogen bond 
with His22 Nᵟ1 at a distance of 2.62 Å while His22 Nε2 is 
hydrogen bonded to Asn116 Nᵟ2 at a distance of 2.77 Å. 
However, when a ligand is bound at the active site and 
interacts with His22, the side chain of Asn116 moves away 
considerably to interact with the bound ligand [28] (Figure 
12B). In the native structure of AbPth, the torsion angle χ (N 
- Cα - Cβ - Cᵞ) for Asn116 is 65º while the value of the 
corresponding torsion angle in the complex28 is -75º. It shows 
that the side chain of Asn116 is present in a flexible 
environment as both conformations with χ values of around 
60º [17, 34, 37] and -70º [11, 17, 29-36] are observed. In the 
complex, Asn12, Asn70 and Asn116 form hydrogen bonds 
with ligand (Figure 9B) thus indicating their roles in 
stabilizing the catalytic intermediates. 

 
Figure 12. (A) The interactions involving catalytic residues in AbPth are shown. The hydrogen bonds are indicated by dashed lines. Asp95 Oᵟ2 forms a 
hydrogen bond with His22 Nᵟ1 and His22 Nε2 forms a hydrogen bond with Asn116 Nᵟ2. (B) Catalytic residues in the structure of the complex of AbPth with 
uridine (PDB ID, 4JX9) are drawn. The hydrogen bonds are indicated by dashed lines. Asp95 Oᵟ2 forms a hydrogen bond with His22 Nᵟ1 and His22 Nε2 
forms a hydrogen bond with uridine instead of Asn116 Nᵟ2. 

The stringent structural environment for a favorable 
stereochemical arrangement of His22 and Asp95 can be 
understood by examining the interactions of both His22 
which acts as a catalytic base and Asp95 which controls the 
protonation state of His22. As seen from the structure of 
AbPth (Figure 7), His22 is a part of a well-ordered Sandwich 
loop which is held firmly between β-strand, β1 and α-helix, 
α1. Similarly, Asp95 is the first residue of a tightly formed 
Gate loop between two antiparallel β-strands, β5 and β6. It 
may also be noted here that the neighboring His115 is 
flanked on one side of His22 and Asp95 (Figure 12A). As 
seen from figure 12A, His115 Nε2 forms a hydrogen bond 
with Asp95 Oᵟ1 at distance of 2.82 Å while Nᵟ1 forms two 
hydrogen bonds with donor backbone nitrogen atoms of 
Gly117 and Leu118. On the other hand, Asn70 is aligned 
with Asn116 so that Asn116 attains a stereo chemically 
favorable disposition so that it can interact with His22 in the 
native state and move away to interact with the ligand upon 
complex formation (Figure 12B). On the other side, Val149 
O forms a hydrogen bond with His22 N while the side chain 

of Val149 provides the stabilizing van der Waals contacts 
with other side chain atoms of His22. All these interactions 
contribute to create an overall favorable stereochemical 
arrangement of catalytic residues. 

4. Conclusions 

AbPth hydrolyzes the substrate, peptidyl-tRNA by 
cleaving the ester bond between the C-terminal carboxyl 
group of peptide and tRNA to generate the free tRNA and 
peptide molecules. The electron densities for hydrogen atoms 
in the rigid parts of the structure have been clearly observed. 
Although the electron densities for hydrogen atoms of 
residues in the active site region were not observed in the 
present structure but there were clear indications that Nᵟ1 of 
His22 (PDB ID, 6J93) was protonated. The hydrogen bond 
was formed between Asp95 Oᵟ2 and His22 Nᵟ1 while His22 
Nε2 formed a hydrogen bond with Asn116Nᵟ1. This high 
resolution structure has also revealed that the side chains of 
several amino acid residues adopt multiple conformations. 
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The conformation of Tyr68 in the disallowed region is related 
to structural stability and functional requirement because 
Tyr68 is part of the substrate binding cleft. The observation 
of a chain of 18 linearly hydrogen bonded water molecules is 
novel. The conformations of Sandwich, Base', Gate and Base 
loops and their association in the active site region provided 
the structural basis of the understanding of plasticity in Pth 
enzymes. The large scale conformational flexibility of the 
Lid loop indicates the existence of both, the open and closed 
states. The structural differences between AbPth and other 
enzymes of Gram-negative bacteria are less pronounce than 
those observed between Abpth and enzymes of Gram-
positive bacteria. 
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