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Supplementary Methods 

Statistical measures for evaluation of performance by SVM and HMM 

The values for SN, SP, ACC and MCC were computed using the standard formulae as: 

Sensitivity=  
TP

TP+ FN
∗ 100 

Specificity=  
FP

FP+ TN
∗ 100 

Accuracy=  
TP+ TN

TP+ FN + FP+ TN
∗ 100 

MCC =  
�TP∗ TN� − �FP∗ FN�

��TP+ FN� ∗ �TN + FP� ∗ �TP+ FP� ∗ �TN + FN�
∗ 100 

where, for a given family True Positive (TP) is number of sequences which were correctly 

predicted family members; False Positive (FP) is number of sequences belonging to other 

families which were wrongly predicted as family members; True Negative (TN) is number of 

sequences belonging to other families which were correctly predicted as non-family members 

and False Negative (FN) is number of   sequences belonging to the given family which were 

wrongly predicted as non-family members.   

Apart from the above mentioned performance measures, it was also tested whether the 

predictions made by the classifiers were significantly better than random classifications. For this 

the number of sequences expected to be predicted correctly by a random predictor, R we first 

calculated using the formulae 1: 

R =  
FP)(TN*FN)(TN  FP)(TP*FN)(TP +++++

TN  FPFNTP +++
 

Then the performance of the classifier compared to random predictions i.e. normalized 

percentage better than random (S) was evaluated as:   

S =  
�TP+ TN� − R

TP+ FN + FP+ TN − R
∗ 100

 



The measure S is independent of total sample size and a score of S=0% represents totally random 

classifier whereas a score of S=100% represents perfect classifier. 

Predictions were also benchmarked using another robust statistical measure F1 which is the 

trade-off between precision and recall.  F1 measure is the harmonic mean between precision and 

recall and was computed using the formulae: 

F1 =  
2 ∗ TP

2 ∗ TP+ FN + FP+ TN
∗ 100 

Based on the above measures optimum SVM and HMM were chosen for in silico 

classification of AMPylation domains. 

Principal Component Analysis 

Principal Component Analysis (PCA) is a statistical procedure that reduces the dimensionality of 

high-dimensional data while capturing largest part of variance in the data. PCA analysis was 

used on various features of SVM to find which feature provides maximum discriminative power 

to SVMs. Principal Components (PCs) were calculated using stats::prcomp function of R 

package and the scatter plots were visualized using ggplot2 of R package 2. 

Chromosome mapping of Fic/Doc and GS-ATase gene products 

In order to know on which part of the chromosome, with respect to the origin of replication 

(oriC), genes for AMPylating enzymes are located, we downloaded the DoriC database3 which 

contains predicted oriC regions of approximately 2700 bacterial genomes and 100 archaeal 

genomes. The database gives the information like accession number of genomes, start and stop 

positions of oriC and length of genome. Search for Fic, Doc and GS-ATase sequences in these 

2700 bacterial genomes using the developed HMMs yielded 484 Fic sequences (from 310 

genomes), 184 Doc sequences (from 167 genomes) and 632 GS-ATase sequences (from 546 

genomes) were also obtained. The region coding these genes (start and stop positions) were 

obtained by querying the NCBI database using in-house Perl script. To calculate the distance 

between these genes and oriC mid-points or center-points of genes and oriC was considered. 

Hence, the absolute distance between genes and oriC (D) can be calculated as: 

	 = |G − C| 



where, G is the center point of gene and C is the center point of oriC. 

As the distance from oriC of different AMPylating enzymes needs to be compared, therefore the 

obtained distance, D, was normalized and normalized distance(ND) was calculated.  

If D  ≤L/2, 

ND =  
D
L

∗ 100 

Else,  

ND =  
L − D

L
∗ 100 

where, L is the length of genome. An ND value of 50 would indicate genes  farthest from oriC , 

i.e. near the termination site, and an ND of 0 would indicate genes closest to oriC. 

Normalized distance was calculated for 484 Fic sequences, 184 Doc sequences and 632 GS-

ATase sequences. For each family of enzymes percentage population in the normalized distance 

bracket of 0-5, 5-10, 10-15 and so on was calculated and represented as a plot using ggplot2 

package of R. 

Supplementary Results 

Horizontal gene transfer in eukaryotes 

Eukaryotic Fic proteins have been transferred from various bacterial sources via different HGT 

event. Some of the eukaryotic Fic proteins belonging to Basidiomycota division of fungi (E1) are 

sister to proteins from cyanobacterial species. Interestingly, Basidiomycota and cyanobacteria are 

known to be the main components of lichens. Though HGT between components of symbionts is 

rarely seen4, sharing of same niche disposes them to be recipients of related gene groups by same 

or similar bacterial donors. Therefore, we hypothesize that two separate events of HGT from a 

prokaryotic donor to cynobacterial and Basidiomycota might have occurred. In E2 clade a group 

of amoeba (Dictyostelium species), plant and fungal Fic proteins are clubbed together with 

proteins of bacterial origin. Gene transfer from bacteria into social amoeba Dictyostelium 

discoidium has been described earlier5 based on the “you are what you eat” hypothesis6. The 

endosymbiotic gene transfer would have occurred in Dictyostelium or its ancestor and then was 



vertically transferred to fungal and plant species. Fic/Doc proteins from metazoan classes of 

eukaryotes like ant, sea squirts and humans (E3) show an evidence of evolution through a 

separate prokaryote-to-eukaryote HGT event. Some fungal proteins (E4) show evidence of Doc-

like proteins being laterally transferred from bacterial donors via a discrete HGT event.  

Chromosome mapping of Fic/Doc and GS-ATase gene products 

As laterally transferred genes are usually weakly expressed, it has been suggested that horizontal 

gene transfer occurs farthest from the origin of replication (oriC) or near the terminus7. Fic and 

Doc enzymes, which show evidences of horizontal gene transfer, should cluster furthest from the 

oriC. Therefore, we performed chromosome mapping of AMPylating enzymes. Normalized 

distance (Supplementary method) from oriC was calculated for AMPylating enzymes. The 

distribution (Figure S5) of the normalized distance from OriC for the genes encoding these 

ethree AMPylating enzyme (Fic, Doc and GS-ATase), did not show any trend of clustering near 

the oriC or near the terminus. It may be noted that in an earlier study on organization of bacterial 

genomes7, even though Rocha et al did observe underrepresentation of HGT elements in the 

vicinity of oriC,  they failed to observe any tendency of HGT elements to cluster near the 

terminus.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



SUPPLEMENTARY TABLES 

Supplementary Table 1: Fivefold cross validation results for various classifiers of Fic/Doc and AvrB 

family 

 

 

 

 

 

 

C Family Sensitivity Specificity Accuracy MCC F1 %S 

Amino acid 

composition 

0.001 Fic 93.58 36.11 82.50 35.87 89.62 100.22 

0.001 Doc 33.33 94.36 83.57 34.41 41.77 32.91 
0.001 AvrB 66.67 99.46 98.93 66.12 66.67 66.12 

  Avg 64.53 76.64 88.33 45.47 66.02 66.42 

Dipeptide 

composition 

0.1 Fic 97.57 29.63 84.46 40.30 91.02 100.19 

0.1 Doc 30.30 97.61 85.71 40.88 42.86 36.26 
0.1 AvrB 22.22 100.00 98.75 46.84 36.36 35.99 

  Avg 50.03 75.75 89.64 42.68 56.75 57.48 

Tripeptide 

composition 

0.001 Fic 98.89 12.04 82.14 24.45 89.94 100.21 

0.001 Doc 11.11 98.92 83.39 22.96 19.13 14.95 

0.001 AvrB 22.22 100.00 98.75 46.84 36.36 35.99 

  Avg 44.08 70.32 88.10 31.42 48.48 50.38 

Tetrapeptide 

composition 

0.01 Fic 95.13 57.41 87.86 58.05 92.67 100.16 

0.01 Doc 57.58 95.23 88.57 57.87 64.04 57.35 

0.01 AvrB 55.56 100.00 99.29 74.27 71.43 71.10 

  Avg 69.42 84.21 91.90 63.40 76.05 76.20 

Amino acid + 

Dipeptide 

composition 

0.001 Fic 93.36 58.33 86.61 54.81 91.84 100.18 

0.001 Doc 56.57 94.14 87.50 54.44 61.54 54.14 

0.001 AvrB 77.78 99.46 99.11 73.34 73.68 73.23 

  Avg 75.90 83.98 91.07 60.86 75.69 75.85 

Amino acid + 

Tetrapeptide 

composition 

0.01 Fic 94.91 44.44 85.18 46.67 91.18 100.19 

0.01 Doc 42.42 95.66 86.25 46.30 52.17 44.64 

0.01 AvrB 66.67 99.46 98.93 66.12 66.67 66.12 

  Avg 68.00 79.85 90.12 53.03 70.01 70.32 

Amino acid 

+Dipeptide 

+Tetrapeptide 

composition 

0.001 Fic 95.35 50.93 86.79 53.31 92.09 100.17 

0.001 Doc 48.48 95.66 87.32 51.56 57.49 50.33 

0.001 AvrB 77.78 99.82 99.46 82.23 82.35 82.08 

  Avg 73.87 82.14 91.19 62.37 77.31 77.53 

HMM 

  Fic 81.20 97.27 84.29 65.57 89.26 61.03 

  Doc 88.89 94.14 93.22 78.90 82.54 78.38 

  AvrB 100.00 100.00 100.00 100.00 100.00 100.00 

  Avg 90.03 97.14 92.50 81.49 90.60 79.80 



Supplementary Table 2: Fivefold Cross Validation results for various classifiers for AR and AT 

domains of  GSATase. 

 

 
Family Sensitivity Specificity Accuracy 

Matthews 
Correlation 
coefficient 

F1 %S 

 

Averages 

AT 94.45 98.89 95.79 90.85 96.87 90.46 

AR 98.89 94.45 95.79 90.85 93.57 90.46 

Avg 96.67 96.67 95.79 90.85 95.22 90.46 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

Supplementary Figure S1: Fido (blue) and GSATase (orange) fold (B) Though Fido and 
GSATase fold proteins usually catalyze AMPylation they share no fold level similarity. The Fido 
fold itself is highly diverged, with proteins containing additional helices, insertions and 
deletions. 



 

Supplementary Figure S2: PCA analysis of various SVM classifiers (A) Amino acid 
composition, (B) dipeptide composition, (C) tripeptide composition and (D) tetrapeptide 
composition. Principal Component Analysis (PCA) was done in feature vector space to 
understand which classifier can separate Fic, Doc and AvrB sequences to maximum extent. The 
top two principal components have been plotted as scatter plot. Each point is labeled by an 
alphabet corresponding to initials of Fic, Doc and AvrB. Fic sequences are represented in blue 
color, Doc in green and AvrB in red.    



 

 

Supplementary Figure S3: The three dimensional structure (residues 96-107 in 2F6S) of the 
sequence stretch HPFLEGNGRATR in HpFic (Fic domain from Helicobacter pylori) 
corresponding to the conserved sequence motifs shown in Figure 4. The active site residues are 
shown in bold font.   

  



 

Supplementary Figure S4: Proteins in genomic neighborhood of Fic/Doc proteins.  
Occurrence of proteins containing different Pfam domains in the synteny of Fic/Doc proteins 
depicted as a graph having Pfam domains as nodes. An edge between Fic/Doc domain and a 
given Pfam domain indicate occurrence of the corresponding Pfam domain in the genomic 
neighborhood of Fic/Doc proteins.  The size of nodes represents the frequency of occurrence of 
the corresponding domains. Blue and red color on node represents literature based evidence for 
evolution of the corresponding Pfam domain through horizontal gene transfer (HGT). 

 

 

 

 

 

 

 



 

 

Supplementary Figure S5: Chromosome location of AMPylating enzymes. The plot represents 
population distribution of AMPylating enzymes based on their normalized distance from origin of 
replication (oriC).  

 



 

Supplementary Figure S6: Alignment of HMM profiles. HMM profiles of AT and AR 
domains of GS-ATase were aligned using HHalign software8.  The red colored box indicate residue 
which is conserved in a class specific manner. The consensus sequence and secondary structures have 
also been depicted in the alignment.   

 



 

Supplementary Figure S7: Substrate specificity of DrrA (A) Phylogenetic tree of Rab proteins with 

leaves colored based on whether the corresponding Rab protein is AMPylated (Blue) by DrrA or not 

AMPylated (red).  (B) Multiple sequence alignment (MSA) of switch 1 and switch 2 regions of Rab 

proteins. The column depicted in red color represents the tyrosine which is AMPylated in Rabs. substrates 

of DrrA. Cyan represents residue stretch 53 – 58 which has more number of positively charged residues in 

Rabs which are AMPylated by DrrA compared to the Rab proteins which are not AMPylated. 

AMPylation compatible and non-compatible Rab proteins have been marked in blue and red, respectively. 
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