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Abstract 

 

Bacillus anthracis Ser/Thr protein kinase PrkC is necessary for phenotypic memory and spore 

germination, and the loss of PrkC-dependent phosphorylation events affect the spore development. 

During sporulation, Bacillus sp. can store 3-Phosphoglycerate (3-PGA) that will be required at the onset 

of germination when ATP will be necessary. The Phosphoglycerate mutase (Pgm) catalyzes the 

isomerization of 2-PGA and 3-PGA and is important for spore germination as a key metabolic enzyme 

that maintains 3-PGA pool at later events. Therefore, regulation of Pgm is important for an efficient 

spore germination process and metabolic switching. While the increased expression of Pgm in B. 

anthracis decreases spore germination efficiency, it remains unexplored if PrkC could directly influence 

Pgm activity. Here, we report the phosphorylation and regulation of Pgm by PrkC and its impact on 

Pgm stability and catalytic activity. Mass spectrometry revealed Pgm phosphorylation on seven 

threonine residues. In silico mutational analysis highlighted the role of Thr459 residue towards metal and 

substrate binding. Altogether, we demonstrated that PrkC-mediated Pgm phosphorylation negatively 

regulates its activity that is essential to maintain Pgm in its apo-like isoform before germination. This 

study advances the role of Pgm regulation that represents an important switch for B. anthracis 

resumption of metabolism and spore germination.  

 

Keywords: Metabolism, Phosphoglycerate mutase, Phosphorylation, Ser/Thr Protein Kinase, Spore 

germination  
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INTRODUCTION 
 

Bacillus anthracis is an obligate human pathogen generating life-threatening cutaneous, gastrointestinal 

or pulmonary infections after contact with infected animals [1,2]. This pathogen is known for its 

remarkable ability to form spores and capacity to survive for extended periods of time in the 

environment. During the course of host infection, spores germinate and grow out as vegetative bacilli 

producing toxins and virulence factors [3,4]. Deciphering spore germination processes is a major area 

of research in bacteriology. The prerequisite for germination is to upstart the metabolism processes with 

the scarce resources available in the spore. Then, glycolysis is the first metabolic step to generate energy 

and it involves several metabolites and intermediates. For instance, 3-Phosphoglycerate (3-PGA) is the 

only known stable metabolite present in spores despite the presence of its catabolic/hydrolyzing 

enzymes. Bacillus sp. are known to store sufficient levels of 3-PGA depot during sporulation that will 

be required during germination [5-7]. The 2,3-biphosphoglycerate- independent phosphoglycerate 

mutase (Pgm) catalyzes the reversible hydrolysis of 3-PGA to 2-PGA and represents a key metabolic 

enzyme involved in 3-PGA metabolite pool accumulation in spores. The inactivity of Pgm during 

sporulation and its rapid activation for 3-PGA hydrolysis at the onset of germination requires a tight 

regulation that is critical for an efficient spore germination process [5,8].  

Previous studies confirmed the importance of Pgm in Bacillus spores, where its absence makes 

the Bacillus subtilis strain asporogenous [9], while its overexpression in B. anthracis decreases spore 

germination efficiency [10]. In Bacillus sp., the role of the Ser/Thr protein kinase PrkC in sporulation 

and germination events is well established [10-14]. In fact, we previously showed that the PrkC-

mediated phosphorylation of Eno was critical for phenotypic memory and spore germination in B. 

anthracis [10]. Phenotypic memory corresponds to the persistence of vegetative components into the 

spore that will be required for proper germination [10,15-18].  

 Interestingly, B. subtilis phosphoproteome studies identified Pgm as a phosphorylated protein 

[19,20]. Therefore, we hypothesized that Pgm could be regulated by phosphorylation via B. anthracis 

kinases like PrkC. Additionally, in order to explore the structural basis of Pgm phosphorylation and 

signaling, we generated in-silico phosphoablative and phosphomimetic mutants bound to 3-PGA and 

Mn2+.  Our structural investigations combined with biochemical analysis revealed the mechanistic 

insights of Pgm activation and inhibition, thus highlighting the mechanisms underlying 3-PGA 

accumulation and metabolic resumption in spores. 

 

MATERIALS AND METHODS 
 

Bacterial strains, and cloning and expression of B. anthracis genes 
The E. coli (DH5α and BL21(DE3)) and B. anthracis Sterne strains (wild type Bas-wt and BasΔprkC 

[11] were grown and maintained as described before [21]. The genes encoding prkC (catalytic domain 

(PrkCc), Bas3713), prkD (Bas2152) and prkG (Bas2037) were cloned as described previously [22,23]. 

The details of primers and plasmids are provided in Table 1. B. anthracis Pgm encoding gene (Bas4986, 

1-509 aa) was cloned into pPRO-Ex-Htc plasmid. The recombinant clones were confirmed with DNA 

sequencing (SciGenome). 

B. anthracis Pgm protein was overexpressed and purified in E. coli as described before [10,21]. 

The pgm gene Bas4986 was co-transformed with pACYC PrkC or pACYC PrpC [10]. For Pgm 

polyclonal antibody generation, the purified protein was used to immunize BALB/c mice as described 

before (n=3) (Animal House Delhi University, Delhi) [10]. Immune sera was tested for specificity and 

titrated by immunoblotting.  Standard protocols for immunoblotting were followed as described earlier 

[24,25]. The antibodies and dilutions used anti-Pgm antibody 1:20,000 dilution. Two-dimensional gel 

electrophoresis was performed as described earlier [21,24,25].  

 

Mass spectrometry  
Sliced gel pieces were trypsinized and the peptides separated were analyzed as described earlier [26].  

 

In vitro kinase assay 
PrkCc, PrkD and PrkG (0.5-0.8 μg) were used to phosphorylate Pgm (2-5 μg) [23]. Proteins were 

resolved by SDS-PAGE and analyzed. 
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Phosphoglycerate mutase activity assay 
The activities of Pgm-UP and Pgm-P (0.5 μg) were measured using the Phosphoglycerate mutase 

fluorometric/colorimetric activity assay kit as per manufacturer′s protocol (Biovision).  

 

Manganese binding assay 
The purified proteins were titrated with or without 10 μM 3-PGA (Sigma) with MnCl2 (0.5 mM). The 

emission spectra were recorded from 300 nm to 430 nm after excitation at 280 nm (Fluoromax-3 

spectrofluorometer; Jobin Yvon Horiba) with an integration time of 1 s [10,25].  

 

Structure modelling and validation 
Modeller 9v.24 was used to perform homology modelling of the wild-type Pgm structure using crystal 

structures obtained from RCSB as templates (PDB ID: 2IFY, 1EJJ, 1EQJ, 1O98, 1O99) [5,6,27,28].  

Mutants (T19A, T95A, T166A, T420A, T459A, T489A, T492A) and phosphorylated wild-type 

structures (T459 Phosphorylated) were generated using the BuildModel module of FoldX software suite 

and undergo further refinement [29,30].  

 

Docking 
Molecular docking was performed using AutoDock Vina [31,32] while receptor and ligand preparation 

was completed using AutoDockTools 4 [33]. The ligands were obtained from reference bound 

structures of Pgm [5,28]. The intermediate glycerate was constructed by manually removing the 

phosphate group from the 2-PGA structure in Avogadro and the geometry of the resulting structure was 

optimized using the UFF forcefield [34]. The bound structures were analyzed using KDEEP to obtain 

protein-ligand affinity [35]. 

 

Binding site interaction analysis 
Structures that demonstrated perturbed binding affinity (T459A) underwent binding site interaction 

analysis using the Arpeggio webserver [36]. Bond lengths were measured using PyMOL [28]. The 

effects of mutations and phosphorylation on the coordination of the Mn2+ ions were evaluated using 

metal-ion docking in KDEEP.  

 

Circular dichroism spectroscopy 
Conformational changes in the secondary structure of protein were monitored using J-815 CD 

spectropolarimeter [37]. 

 

Differential scanning calorimeter 
The thermostability of Pgm proteins was measured using a MicroCal PEAQ-DSC system using 12.5 

µM protein. Enthalpy change (∆Hcal) was measured as the area under the curve of the excess molar 

heat capacity (Cp, baseline corrected) of each transition [51].  

 

Evolutionary conservation 

To estimate the evolutionary conservation of amino acid positions in Pgm protein molecules, we aligned 

amino acid sequences of Pgm from 220 Bacillus sp. (Supplementary table S1) using MAFFT V.7.450 

software [38]. This multiple sequence alignment was used as an input to the ConSurf Server [39] 

(http://consurf.tau.ac.il/index_proteins.php) using B. anthracis Pgm (PDB-2IFY) as a reference 

structure with default parameters. For sequence alignment, the Pgm sequences from B. anthracis 

(Uniport ID Bas; Q81X7) and B. subtilis (Bsu; P39773) were aligned using Clustal omega version 1.2.1. 

 

RESULTS AND DISCUSSION 

 

Pgm is phosphorylated in B. anthracis 
The regulation of Pgm is important for 3-PGA accumulation in dormant spores and for energy needs in 

germinating spores. Our previous study revealed the role of PrkC in spore germination [10]. Also, a B. 

subtilis phosphoproteome study identified Pgm phosphorylation [20]. Therefore, based on Pgm 

homology in both species (~78% protein sequence identity, Supplementary Figure S1), we investigated 

http://consurf.tau.ac.il/index_proteins.php
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the phosphorylation status of Pgm in B. anthracis by using Bas-wt and BasΔprkC strains. Whole-cell 

protein extracts of Bas-wt and BasΔprkC were subjected to 2-D gel electrophoresis followed by 

immunoblotting with mouse anti-Pgm antibodies. In Bas-wt, four Pgm isoforms were identified, 

whereas only two Pgm isoforms were observed in BasΔprkC cells (Figure 1A and 1B). Of the four 

identified isoforms in Bas-wt, two were present at a pI similar to that in BasΔprkC strain, while the 

remaining two migrated at a higher acidic pI range (towards 3.0, Figure 1A). The expression levels of 

Pgm in both the strains was found to be similar (Supplementary Figure S2). Therefore, our data confirms 

that PrkC influences the phosphorylation status of Pgm in B. anthracis. 

 

Pgm is phosphorylated by PrkC 
In order to determine if PrkC can phosphorylate Pgm, we performed in vitro phosphorylation assay 

with the catalytic domain of PrkC (PrkCc) [23]. As shown in figure 1C, Pgm was phosphorylated by 

PrkCc. Moreover, reversibility of Pgm phosphorylation was confirmed in vivo in the E. coli surrogate 

host where Pgm was either co-expressed with PrkCc or with PrpC phosphatase, respectively. The 

purified Pgm proteins were subjected to phosphorylation-specific ProQ diamond staining (Figure 1D). 

Pgm was found to be phosphorylated when co-expressed with PrkCc (phosphorylated Pgm; Pgm-P), 

while no phosphorylation could be detected in Pgm co-expressed with PrpC (unphosphorylated Pgm; 

Pgm-UP). Therefore, these results demonstrate that the kinase-phosphatase pair PrkC-PrpC regulates 

Pgm phosphorylation reversibly. 

To further validate Pgm phosphorylation, purified Pgm-P and Pgm-UP proteins were subjected 

to immunoblotting using anti-pThr antibodies. pThr-specific antibodies recognized Pgm-P, whereas no 

phosphorylation was observed on Pgm-UP (Figure 1E), thus validating the reversible phosphorylation 

of Pgm. Interestingly, previous phosphoproteome studies in B. subtilis indicated that Pgm was 

phosphorylated only on serine residues [20], while our result indicates that B. anthracis PrkC can 

phosphorylate Pgm on threonine residues. Before investigating the phosphorylated Pgm residues by 

mass spectrometry, we first analyzed the stoichiometry of purified Pgm-P and Pgm-UP proteins by 2-

D gel electrophoresis followed by immunoblotting (Figure 1F). Multiple isoforms were detected for 

Pgm-P as compared to Pgm-UP, indicating that Pgm is phosphorylated on multiple residues.  

 

Pgm is phosphorylated by the dual specificity protein kinases, PrkD and PrkG 
PrkC is a membrane associated sensor kinase that responds to extracellular signals and mediates spore 

germination processes in B. anthracis [11,40]. Our previous study revealed the presence of the dual 

specificity protein kinases (DSPKs), PrkD and PrkG in B. anthracis [23]. Since Pgm is highly conserved 

and regulated, it is presumed that in the absence or inactive state of PrkC, the key phosphorylation 

events could be performed by PrkD and PrkG. Therefore, to check whether Pgm could represent a 

substrate for the two DSPKs, in vitro kinase assays were performed. As shown in Figure 2, Pgm was 

found to be phosphorylated by PrkD (Figure 2A) and PrkG (Figure 2B), respectively. Thus, we show 

that while Pgm is predominantly phosphorylated by PrkC, it can get phosphorylated by PrkD and PrkG 

dual kinases. These results are in agreement with presence of multiple isoforms of Pgm in Bas-wt and 

BasΔprkC strains (Figure 1A and 1F), that may correspond to DSPKs-mediated phosphorylation. 

Therefore, multiple protein kinases seem to play a similar role in the regulation of the Pgm enzyme in 

B. anthracis. 

 

Pgm is phosphorylated on threonine residues 

Once we identified Pgm phosphorylation, we sought to identify the specific residues modified by 

phosphorylation. Thus, purified Pgm-P and Pgm-UP proteins were subjected to mass spectrometry. 

While no phosphorylated residues were detected in Pgm-UP, we found seven phosphorylated threonine 

residues in Pgm-P, corresponding to Thr19, Thr95, Thr166, Thr420, Thr459, Thr489 and Thr492 (Figure 2C). 

Interestingly, the Ser61 phosphorylation was previously identified during the catalysis of 3-PGA and 2-

PGA by the transfer of a phosphate from the glycerate to the Ser61 residue [5,20,41], but this is the first 

time we report threonine phosphorylation on Pgm, which might play a role in protein activity. 

 

Pgm catalytic activity and stability of Pgm: MnCl2 complex is regulated by phosphorylation 

Pgm catalyzes the reversible conversion of 3-PGA to 2-PGA [42]. To determine the effect of 

phosphorylation on the catalytic activity of Pgm, we performed a fluorescence/colorimetric activity 
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assay. This assay measures the intermediate product formed during the catalytic conversion of 3-PGA 

to 2-PGA and showed that Pgm-P was 40% less active than Pgm-UP (Figure 3A). This result suggests 

that phosphorylation negatively regulates Pgm catalytic activity. 

Pgm is a metalloenzyme that absolutely and specifically requires Mn2+ as a cofactor for 

isomerization of 3-PGA to 2-PGA [5,43,44], and its activity is then highly dependent on the presence 

of free Mn2+ in spores [45]. Therefore, we decided to investigate the role of PrkC-mediated 

phosphorylation in the complex association of Pgm with its substrate (3-PGA) and metal cofactor 

(Mn2+). First, we analyzed the structural arrangement of Pgm-P and Pgm-UP by CD spectroscopy. 

Interestingly, both isoforms showed significant differences in their secondary structure content 

(Supplementary Figure S3). Pgm-P displays higher helical and beta content with lower random content 

(Figure S3B), making it more rigid and organized in comparison to Pgm-UP whose higher random 

organization leads to increased flexibility and probable active conformation (Figure S3C). This 

difference in the structural content could be attributed to the differences in phosphorylation status. To 

test the stability of the protein upon substrate/cofactor addition, we used the Tryptophan (Trp) 

fluorescence analysis [25,46-49]. The behavior of the two Trp residues present in each isoform was 

analyzed to identify conformational changes in the local environment of Trp upon MnCl2/3-PGA 

addition. As shown in Figure 3B, higher fluorescence of Pgm-UP: Mn2+ showed a more hydrophobic 

localization of Trp residue, and thus a more active conformation upon metal/substrate addition, whereas 

addition of substrate or MnCl2 had no effect on the fluorescence intensity of Pgm-P. Therefore, the 

unphosphorylated Pgm-UP isoform shows more structural rearrangement and flexibility upon metal 

addition in comparison to the Pgm-P phosphorylated isoform, as expected from our CD data.   

 Higher structural stability should lead to high thermal transition midpoint (Tm) and enthalpy 

of unfolding [50,51]. To verify this hypothesis, differential scanning calorimetry (DSC) was performed 

to calculate the difference in Tm and enthalpy (∆H) of unfolding for Pgm-P and Pgm-UP. During 

thermal denaturation, both isoforms displayed two states unfolding. The data revealed that Pgm-UP had 

a greater Tm and ∆H (Tm = 49.02 °C, ∆H=143.23±1.82 Kcal/mol) in comparison to Pgm-P (Tm = 

42.24 °C, ∆H=119.43±1.02 Kcal/mol) (Figure 3C). Overall, a higher amount of energy is required to 

unfold the native state of Pgm-UP thus indicating a higher proportion of folded domains in Pgm-UP as 

compared to Pgm-P. 

 

Effect of phosphorylation on the structure and function of Pgm 
To assess the role of the different phosphorylated residues, we generated a Pgm homology model with 

the 3-PGA and 2-PGA ligands, based on crystal structures obtained from RCSB as templates. The 

structures of Pgm and its mutant derivatives were generated for B. anthracis and Bacillus 

stearothermophilus and the phosphorylated residues were mapped [5,6,27,28]. The ligand 2-PGA/3-

PGA is bound in the protein catalytic site forming substrate-metal complex and is stabilized in the 

binding pocket through different polar interactions between the ligand and amino acids- Ser61, His122, 

Arg152, Arg184, Arg190, Arg260, Arg263, His406, and His461 (Figure 4A). Among the seven Thr 

phosphorylated residues, Thr459 was located inside the substrate/Mn2+-binding pocket of the protein, 

while the remaining residues were located on the outer surface (Figure 2C). Domain conservation 

analysis indicated the conserved nature of Thr459 amongst 220 Bacillus sp. which indicates the 

importance of this residue (Fig 4B, Supplementary Table S1).  

 To determine the role of the phosphorylation on these sites, we generated in-silico phospho-

ablative Thr→Ala mutants of all the phosphorylated residues, and compared their docked structures to 

the wild-type for their affinity towards Mn2+ and their ligand 3-PGA/2-PGA. Our docking studies 

revealed that of all the residues tested, T459A mutant structures exhibited maximum perturbations in 

ligand binding affinity, thus confirming the importance of the phosphorylation in Pgm activity. Our in-

silico analysis confirms that Thr459 is a key residue contributing to the network of hydrogen bonds 

involved in stabilizing the connection between the transferase and the phosphatase domains of Pgm. 

Thr459 is part of a conserved motif including the Mn2+ binding-His461 residue [5] (Figure 4B and S4). 

Mutating Thr459 to Ala alters the hydrophobicity of the residue thus affecting the overall hydrogen bond 

formation of Thr459 as illustrated in Figure 5. Moreover, during energy minimization of the in-silico 

generated phosphoablative T459A mutant protein, we observed that the nearby residue Asp443 

undergoes a bond rotation such that the distance between OD1 and Mn2+ extends from a length of 2.15-

2.21Å to around 3Å. Such an increase in the distance prompts the Mn2+ to coordinate with a much closer 
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OD2 of Asp443, which is only 1.87-1.89 Å away. Thr459 seems to influence the conformation of Asp443 

through its role in orienting a hairpin motif containing Asp443 towards the Mn2+ ions [5]. Such re-

orientation alters the domain-cleft and conformation of the catalytic site due to Thr to Ala mutation, 

leading to a decrease in 3-PGA binding affinity and distorted Mn2+ ion coordination (Figure 5 and 

Supplementary Figure S4). A similar effect was detected in the in-silico generated phosphorylated 

Thr459 ligand complex where Thr459-P mutant showed altered Mn2+ ion coordination and allows it to 

preferably coordinate with OD2 of Asp443. Thus, any change by mutation or phosphorylation of the 

Thr459 residue induces a similar negative effect on the Mn2+-binding cavity. Overall, our analysis 

suggested that such phosphorylated residues represent critical regulators of Pgm activity and supports 

our result showing that unphosphorylated Pgm is more active than phosphorylated one. 

 

Conclusion and Perspectives 
 

The recent concept of phenotypic and plasticity memory has broadened our understanding of bacterial 

adaptation and behavioral changes [10,17,52]. Phenotypic plasticity allows bacteria to adapt to new 

environments without changing their genetic makeup. Thus, the extracellular nutritional deficiency 

could trigger the bacterial memory response. The cofactor independent Pgm is one such enzyme that is 

essential for B. anthracis spore germination. The eukaryotic-like Ser/Thr protein kinases in Bacillus 

sense the random fluctuations in the bacterial environment and induce temporal changes inside the 

bacteria which are correlated to its past memory [10,17,52,53]. In our study, we demonstrated that the 

Ser/Thr protein kinase PrkC phosphorylates Pgm on Thr residues and decreases its catalytic activity. 

We therefore propose Pgm as a major component of the phenotypic memory whose presence and 

phosphorylation-mediated regulation is necessary for B. anthracis to withstand starvation.  
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TABLES 

Table 1. Strains, Plasmids and Primers used in this study 

Gene Vector Restriction 

Site 

Primers (5′→3′) Referen

ce 

pgm 

(bas4986) 

pProEx-HTc FP-BamHI GTTCTTAGGTCTTCTGGGATCCGTAAAATGA

GAAAG 

This 

Study 

RP-XhoI CTCTCCTTTTTATCTCGAGCAAATTATTTAAT

AATTG 

Duet-prkC pACYC 

Duet-1  

FP-NdeI GGGTTCGACAAACGAAAGCATATGAAGTGC

AACGTGCTG 

[21] 

 
RP-XhoI CTCTAGAAAGAAACTCGAGTGTATTCTTCTT

GTGTTGG 

prkCc 

(bas3713, 

1-1011 bp), 

kinase 

domain 

pProEx-HTc FP-BamHI TAGGTGAAGTGGATCCTGCTGATTGGAAAAC

GC 

[23] 

  RP-XhoI TGTAATTAAAATCTCGAGTCATTTATTACTTC

GTTTG 

PrkD 

(bas2152), 

Full length 

pProEx-HTc FP-BamHI GCCGTAGCTTCTTTTCAGGATCCTGATGAAA

TGGC 

[23] 

RP-XhoI GCATTACCAATACCCCCTCGAGCTAAAAACT

TTTGAAACATC  

PrkG 

(bas2037) 

Full length 

pProEx-HTc FP-BamHI ACGAGAGTAAGGGATCCAAATGGGATCCGA

CCAG  

[23] 

RP-XhoI GCTTTTGCATTTAAAATCTCGAGATCTATATC

AG  

eno 

(bas4985) 

pProEx-HTc FP-BamHI CTTATATAAAAAGGAGAGGATCCTTATGTCA

ACAATTATTGATG 

[10] 

RP-XhoI CAGTCGATTTTTTTCTCGAGATAATTATCGTT

TGATGTTATAAAAAG 

 

arestriction sites have been underlined 
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Figure 1

Figure 1. Pgm is phosphorylated by PrkC in Bacillus anthracis. (A) Whole cell lysates from Bas-wt and BasΔprkC were clarified and

subjected to 2-D gel electrophoresis followed by immunoblotting using anti-Pgm antibodies. Multiple species of Pgm were observed in Bas-wt

as compared to BasΔprkC and their relative intensities are calculated and plotted using GraphPad Prism (B). Bas-wt Phosphorylation was taken

as 100%. The error bars showing S.D. of three independent experiments. (C) Autoradiogram showing Pgm (2 µg) phosphorylation by PrkC (0.5

µg) (upper panel). The corresponding SDS-PAGE is shown (lower panel). (D) Pgm-P and Pgm-UP were run on SDS-PAGE followed by ProQ

diamond staining. The signal was analyzed using Typhoon imager (Upper panel). The proteins were stained by Coomasie brilliant blue for

loading control (lower panel). (E) His-tagged Pgm purified from E. coli expressing PrkC (Pgm-P) and PrpC (Pgm-UP) was subjected to SDS-

PAGE and probed with anti-pThr (upper panel) and anti-His HRP (lower panel). Pgm-P was found to be phosphorylated while there was no

phosphorylation observed on Pgm-UP. (F) E. coli purified Pgm-P and Pgm-UP were subjected to 2-D gel electrophoresis followed by

immunoblotting using anti-Pgm antibodies. Multiple species were observed in Pgm-P as compared to Pgm-UP confirming Pgm phosphorylation.
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Figure 3

A B

Figure 2. Pgm and Eno are phosphorylated by DSPK’s PrkD and PrkG in vitro. (A and B) Autoradiogram (upper panel) showing

phosphorylation of recombinant Pgm and Eno (5 µg) by PrkD (0.8 µg) (A) and PrkG (0.8 µg) (B) . The corresponding SDS-PAGE is shown

(lower panel). (C) Mapping of phosphorylated residues on Pgm. Cartoon representation of Pgm-P structure depicts phosphorylation sites

identified by mass spectrometry. Seven Thr residues (T19, T95, T166, T420, T459, T489 and T492) were identified and labeled above in the

respective domains. Metal ions and phosphorylated amino acid residues, in blue and orange color respectively, represented by ball and stick

model. (labeled as Tpo).
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Figure 3. Effect of Phosphorylation on Pgm activity. (A) Graph showing relative activity of Pgm-P and Pgm-UP. The activity was calculated

taking Pgm-UP as 100%. All experiments were performed thrice, and error bars represent SE of three independent values. *P ≤0.05, **P ≤0.01, ***P

≤0.001, as determined by two-tailed unpaired Student’s t test.(B) The interaction of Pgm-UP and Pgm-P (10 μM) with MnCl2 (0.5 M) was measured

in terms of tryptophan fluorescence. The fluorescence was recorded from 330 nm to 430 nm after excitaton at 280 nm. Buffer alone was taken as

control. (C) The enthalpy measurements of Pgm-P and Pgm-UP by Differential scanning calorimetry have been plotted with the Tm indication (by

arrows).
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Figure 4
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Figure 4. Pgm structure and domain conservation analysis. (A) 2D representation of Pgm-3-PGA interaction and the interacting residues. The

residues are mapped on the homology model generated based on available Pgm structures (PDB: 2IFY, 1EJJ, 1EQJ, 1O98, 1O99). (B) Cartoon

representation of binding site: The conservation of amino acids in Pgm is tested across 220 Bacillus sp. Ser61 and Thr459 (through His 461) are

involved in metal ligand interaction and are found to be conserved across different Bacillus species. The color label for conservation level is depicted

at the bottom.



Figure 5

Pgm-T459APgm-WT

Figure 5. Comparative analysis of Thr459 interaction in wildtype (WT) and mutant (T459A) Pgm. Thr459 residue in the Pgm-WT

develops stabilizing interactions with neighboring amino acid residues (A). However, the Thr to Ala mutation of T459 residue disrupts most

of the interactions potentially disrupting the hydrogen bonds with Arg152 which alters the domain cleft and conformation of the catalytic site

(B).
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