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Supplementary Methods

Statistical measuresfor evaluation of performance by SYM and HMM

The values for SN, SP, ACC and MCC were computétyube standard formulae as:

Sensitivity= PrEN 100
Specificity = 100
= —_——
pecificity = =5——=

Accuracy= 5 ENT Fp+ TN 100

~ (TP* TN) — (FP* FN)
~ JaOP+FN) x (TN + FP) = (TP+ FP) = (TN + FN)

MCC * 100

where, for a given family True Positive (TP) is ren of sequences which were correctly
predicted family members; False Positive (FP) isnber of sequences belonging to other
families which were wrongly predicted as family nimsrs; True Negative (TN) is number of
sequences belonging to other families which wemeectly predicted as non-family members
and False Negative (FN) is number of sequenciEmgi@g to the given family which were

wrongly predicted as non-family members.

Apart from the above mentioned performance measitregs also tested whether the
predictions made by the classifiers were signifilyabetter than random classifications. For this
the number of sequences expected to be predictedctdy by a random predictor, R we first

calculated using the formulde

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

Then the performance of the classifier comparedrandom predictions i.e. normalized

percentage better than random (S) was evaluated as:

(TP+TN) —R
= *
TP+FN+FP+TN—R

100



The measure S is independent of total sample sid@a&core of S=0% represents totally random

classifier whereas a score of S=100% representsgbetassifier.

Predictions were also benchmarked using anotheusstostatistical measure F1 which is the
trade-off between precision and recall. F1 measutiee harmonic mean between precision and

recall and was computed using the formulae:

2% TP
= *
2+TP+FN+FP+ TN

F1 100

Based on the above measures optimum SVM and HMMe veliosen forin silico

classification of AMPylation domains.
Principal Component Analysis

Principal Component Analysis (PCA) is a statistimadcedure that reduces the dimensionality of
high-dimensional data while capturing largest pdrivariance in the data. PCA analysis was
used on various features of SVM to find which featprovides maximum discriminative power
to SVMs. Principal Components (PCs) were calculatsthg stats::prcomp function of R

package and the scatter plots were visualized ugiptpt2 of R package
Chromosome mapping of Fic/Doc and GS-AT ase gene products

In order to know on which part of the chromosom&hwespect to the origin of replication
(oriC), genes for AMPylating enzymes are located,dewnloaded the DoriC databsehich
contains predicted oriC regions of approximatel)@bacterial genomes and 100 archaeal
genomes. The database gives the information likession number of genomes, start and stop
positions of oriC and length of genome. SearchFior Doc and GS-ATase sequences in these
2700 bacterial genomes using the developed HMM&gde 484 Fic sequences (from 310
genomes), 184 Doc sequences (from 167 genomespahdsS-ATase sequences (from 546
genomes) were also obtainethe region coding these genes (start and stopiquos)itwere
obtained by querying the NCBI database using inskoBerl script. To calculate the distance
between these genes and oriC mid-points or cewietgpof genes and oriC was considered.

Hence, the absolute distance between genes and@yi€an be calculated as:

D=|G-C



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

As the distance from oriC of different AMPylatingzymes needs to be compared, therefore the
obtained distance, D, was normalized and normalitgdnce(ND) was calculated.

If D <L/2,
ND b 100
= — %
L
Else,
L—-D
ND = x 100

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

i.e. near the termination site, and an ND of O wantlicate genes closest to oriC.

Normalized distance was calculated for 484 Fic seages, 184 Doc sequences and 632 GS-
ATase sequences. For each family of enzymes pagemopulation in the normalized distance
bracket of 0-5, 5-10, 10-15 and so on was calcdlared represented as a plot using ggplot
package of R.

Supplementary Results

Horizontal genetransfer in eukaryotes

Eukaryotic Fic proteins have been transferred fuv@mous bacterial sources via different HGT
event. Some of the eukaryotic Fic proteins beloggaoBasidiomycota division of fungi (E1) are
sister to proteins from cyanobacterial speciegréstingly,Basidiomycota and cyanobacteria are
known to be the main components of lichens. ThddGiT between components of symbionts is
rarely seefy sharing of same niche disposes them to be retipaf related gene groups by same
or similar bacterial donors. Therefore, we hypotteeshat two separate events of HGT from a
prokaryotic donor to cynobacterial aBdsidiomycota might have occurred. In E2 clade a group
of amoeba Dictyostelium species), plant and fungal Fic proteins are cldbtogether with
proteins of bacterial origin. Gene transfer fronctbaa into social amoeb®ictyostelium
discoidium has been described earlidérased on the “you are what you eat” hypotffedite

endosymbiotic gene transfer would have occurreDiatyostelium or its ancestor and then was



vertically transferred to fungal and plant speciés/Doc proteins from metazoan classes of
eukaryotes like ant, sea squirts and humans (E@y sin evidence of evolution through a
separate prokaryote-to-eukaryote HGT event. Somgdiuproteins (E4) show evidence of Doc-

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

Chromosome mapping of Fic/Doc and GS-AT ase gene products

As laterally transferred genes are usually weakfyressed, it has been suggested that horizontal
gene transfer occurs farthest from the origin glication (oriC) or near the terminusFic and
Doc enzymes, which show evidences of horizontakdeamsfer, should cluster furthest from the
oriC. Therefore, we performed chromosome mappingAbfPylating enzymes. Normalized
distance (Supplementary method) from oriC was ¢aed for AMPylating enzymes. The
distribution Eigure S5) of the normalized distance from OriC for the gemmcoding these
ethree AMPylating enzyme (Fic, Doc and GS-ATas#&),nbt show any trend of clustering near
the oriC or near the terminus. It may be noted ithan earlier study on organization of bacterial
genome§ even though Rochet al did observe underrepresentation of HGT elementthén
vicinity of oriC, they failed to observe any tendg of HGT elements to cluster near the

terminus.



SUPPLEMENTARY TABLES

Supplementary Table 1. Fivefold cross validation results for various eifisrs of Fic/Doc and AvrB

family
C Family | Sensitivity | Specificity | Accuracy MCC F1 %S
Amino acid | 0001|  Fic 93.58 36.11 82.50 35.87| 89.62 100.22
 [0001] Doc 33.33 94.36 8357 3441 4177 32)91
composition 75551 Avrs 66.67 99.46 98.93 66.12 66.67 66112
Avg | 6453 76.64 88.33 4547 | 66.02 | 66.42
bipepide |01 F© 97.57 29.63 84.46 4030 | 9102 100.19
N 01| Doc 30.30 97.61 85.71 4088 | 42.86 36126
composition [ 01| AwB | 22.22 100.00 98.75 4684 | 3636 35p9
Avg | 5003 75.75 80.64 4268 | 56.75 | 57.48
0.001| Fic 98.89 12.04 82.14 2445|  89.04 100.21
Tripeptide 75501 Doc 1111 98.92 83.39 22.96| 19.13 14|95
composition 56011 AviB | 22.22 100.00 | 98.75 46.84| 36.86 3599
Avg | 4408 70.32 88.10 3142 | 4848 | 50.38
0.01| Fic 95.13 57.41 87.86 58.05| 9267 100.16
Tetrapeptide ™57 Dboc 57.58 95.23 88.57 57.87| 64.p4 57[35
composition 5 57T AUB | 55.56 100.00 | 99.29 7427 | 7143 7140
Avg | 69.42 84.21 91.90 6340 | 76.05 | 76.20
Amino acid +] 0-001|  Fic 93.36 58.33 86.61 5481| 9184 100.18
Dipeptide | 0001| Doc 56.57 94.14 87.50 54.44| 6154 54|14
composition | 0001 AwB | 77.78 99.46 99.11 7334 | 73.68 7313
Avg | 7590 83.98 91.07 60.86 | 7560 | 75.85
Amino acid +| 00| Fic 94.91 44.44 85.18 4667 | 9118 100.19
Tetrapeptide| 001] Doc |  42.42 95.66 86.25 4630 | 5217 44le4
composition | 001| AviB | 6667 99.46 98.93 66.12 | 66.67 6612
Avg | 6800 79.85 90.12 5303 | 7001 | 70.32
Amino acid | 0.001| _ Fic 95.35 50.93 86.79 5331| 9209 100.17
+Dipeptide [0.001] Doc | 4848 95.66 87.32 5156| 57.49 50[33
+Tetrapeptidg 0.001| AwrB |  77.78 99.82 99.46 8223 | 8235 8208
composition Avg 73.87 82.14 91.19 62.37 77.31 | 7753
Fic 81.20 97.27 84.29 6557 | 89.46 6103
HMM Doc 88.89 94.14 93.22 7890 | 8254 78B8
AviB | 10000 | 100.00 |  100.00 100.00]  100J00 100.00
Avg | 9003 97.14 92.50 8149 | 90.60 | 79.80




Supplementary Table 2: Fivefold Cross Validation results for various

domains of GSATase.

slifiers for AR and AT

Matthews
Family | Sensitivity | Specificity | Accuracy | Correlation F1 %S
coefficient
AT 94 .4¢ 98.8¢ 95.7¢ 90.8¢ 96.87 90.4¢
Averages| AR 98.8¢ 94 .4¢ 95.7¢ 90.8¢ 93.57 90.4¢
Avg 96.67 96.67 95.79 90.85 95.22 90.46




AnkX
IbBA PDB ID: 4BET
PDB ID: 3N3V (Legionella pneumophila)

(Haemaphilus somnus)

AvrB
PDB ID: 2NUN

(Pseudomonas syringae)

Death on curing (Doc)

PDB ID: 3DD7
(Bacteriophage P1)

GSATase -AR domain
PDB ID: 1V4A 3
(Escherichia coli)

I GSATase -AT domain
PDB ID: 3K7D

(Escherichia coli)

Supplementary Figure S1: Fido (blue) and GSATase (orange) fold (B) Though Fido and
GSATase fold proteins usually catalyze AMPYylatibayt share no fold level similarity. The Fido
fold itself is highly diverged, with proteins comng additional helices, insertions and
deletions.
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Supplementary Figure S2: PCA analysis of various SVM classifiers (A) Amino acid
composition, (B) dipeptide composition, (C) tripeet composition and (D) tetrapeptide
composition. Principal Component Analysis (PCA) wdsne in feature vector space to
understand which classifier can separate Fic, DacAa/rB sequences to maximum extent. The
top two principal components have been plotted cadteyr plot. Each point is labeled by an
alphabet corresponding to initials of Fic, Doc adB. Fic sequences are represented in blue
color, Doc in green and AvrB in red.
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Supplementary Figure S3: The three dimensional structure (residues 96-10ZFH@S) of the
sequence stretch HPFLEGNGRATR in HpFic (Fic domdiom Helicobacter pylori)
corresponding to the conserved sequence motifsrsi#igure 4. The active site residues are
shown in bold font.



@ HGT
@ No HGT

Supplementary Figure S4. Proteins in genomic neighborhood of Fic/Doc protens.
Occurrence of proteins containing different Pfanmdms in the synteny of Fic/Doc proteins
depicted as a graph having Pfam domains as node®dge between Fic/Doc domain and a
given Pfam domain indicate occurrence of the cpoeding Pfam domain in the genomic
neighborhood of Fic/Doc proteins. The size of reodEpresents the frequency of occurrence of
the corresponding domains. Blue and red color atenepresents literature based evidence for
evolution of the corresponding Pfam domain throbghzontal gene transfer (HGT).



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



Query 313673821_17_293

No Hit Prob E-value P-value Score 88 Cols Query HMM Template HMM
1 114776239 503_779 100.0 3.6E-67 3.6E-67 448.3 0.0 245 1-271 17-263 (276)

No 1
>114776239_503_779

Probab=100.00 E-value=3.6e-67 Score=448.29 Aligned cols=245 Identities=22% Similarity=0.270 Sum probs=208.5

Q 55 pred ChEHEhhhCHHHEHHHHHChHHHEHHEhccchhhhhhhh-HHEHHHEHhhhccccccccccccCHHEHHEEHHEHEHHHEHH

0 313673621 17 2 1 N RN R N N - N s NN - ENENEY EGENUN  7°

Q Consensus 1 ~L~~la~nSrn]vmnlvpePon] vn ] e e e e e s e e [ R e P e e 1 79
T o o N o o OO O TR o - O ceatatan ...\.++.+++\|+\|+++++

T Consensus 1T =l ] 1G] smos Tinete Pt | e T nemmmsinoonssnmmeneseion. B S L2 g e T R fpreppe ]| 84

T 114776239 _503_ 17 [fTcHEsAsHEIADETVEDE -REERPLIVESS ' 84

T 55_pred HHHHHHCcCHHHHHHHHHChHHHHHthccccccCcchhHHHHHHHH hcCCHHHEHHHHHHHHAHHAHA

Confidence 47899999999999999999999998887432222111 11111111 1115686399999999999999

Q ss pred HHHHHEHhcCCCCHHHHHHHHHHHHHEHEHHHHHEHHEHHEHHEh ccCCCCCcCCCCCeEEReccccCCac ccccceEER

Q 313673821 17 2 80 [EEAEEEMSREDUEEST~HSAHA S S WK ~ MSUEERY - RENDEEDRVEY s vi - i cRENE s <DIDIE 159

Q Consensus 80 rIa~~Dl~g~~~l~~¥~~~LS~1AdA~]1 v~@]l oo o ssmemr s e o s s e v VigMGKLGg~E SSDIDLIfv 159
[ e 5 8 o S T, o e e I e e e o e O o O = SELETT T LT 1E] <1 THIT] 1

T Consensus 85 ria~~dl~g~~~~~~vs5~~Lt~1RAeavl~~al~~a~~~l~——————~ e s favIig~GklGG~E[LG¥~SD1D1vEvy 155

T 114776239 503 85 EsaEABAHTABANTECCHEABEABAnToATEINCHREN 8] EERVAL Hclcs R BB 155

T 55 pred BHHHHHHhCCCCHEHHHHHHHHEHHHHHHHHHHEHEHHEHHHECC—————— CCCC---CCEEEEeccCcCCcc CcccceEEEE

Confidence 99999999999999999999999595999999999998776 2320 2779999999999999p9pP999999999

Q 55 pred ecCec-ceccccccccccchHHHEHEEHERARAREEh cCCCCceEREeeCCCCCCCCCCCeccCHHHHHEHERHENhHHHRH

0 31367502117 2 160 el HellrrossoHE- NN -SSR - e - B0l -0 >

Q Consensus 160 Y~~~v—vmmnvan s e f~rl~~~1i~~L~~~T~~G~W~YVD1RLRP~G~~GpPLV~Sl~a~e~Y¥YY~~~gr~WER~ 238
\++. oo S o W I S I S e el e o o0 s 1 o o s o o W

T Consensus 156 PL~g~ L Lot e~ LY VD~ ELRP~G~SG~LV~5 1l ~al ~~¥~~~~AW~-WE~Q 231

v 114776235 503 156 SVEBBESENEC-WISH- ool RMEORE Sy NENE- JlfE <o ScUEY =i of-ORE- iy 231

T 55 pred eeCCCccccecc-—chhHE--HEEHHEHHHHEHHhCcCcCcCCCCCeeeeeecCCcCCCCCCCCeceecHHHEHHRENhhhhhHEHH

Confidence 9887 542222 35666 '9999999999909999099099909999999999999999099096999999599999999990

Q 55 _pred HHEhcccccCCHEHHHHHHHhccCceEeccCch

Q 313673821 17 2 239 MEDfcTifincDEEECERCIRNERCEIEME-BE 271 (270

¢ Consensus 239 AliKAR~VAGA~~~~nnnnnn pfv~rr~1ld~ 271 (276)
(R NN NN RN PSS P +I Tlhot.=l.

T Consensus 232 AL~RAR~VAGd~~1~~~~mmn T lowmp~~ 263 (276)

T 114776239 503_ 232 RficfrlrfincEEan AA-—ISS. GEfEr 263 (276)

T 55 _pred HHHEhhcccoCCCHERHHHHHHh-hhhhcCCCCCo

Confidence 999999999995998888774 88888866444

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

(276)
(276)

(276)
(276)

(27¢6)
(276)

(276)
(276)

(276)
(276)

(276)
(27¢)



RABSA

N
A p 4
k3 7 >
Y 3 & AMPylated
&) >
J @ AMPy
% @» NonAMPylated
)
“Age )
54 g#ﬁ
RAR3Z
100 i
RABSA \ | :
. /100 / ~100
81 L
83
o /| 100
—RARI 4
RABBA-
-l
g@" -~ Ay
)
. 81,
ol
& Ni
& %,
- 3
o
é?' | 2
& 2
g 7
B ” 53 58 73
1 " 1 1 [} i L} 1
E RABTE G T | GVDFKIRTIEL-------- -~ AT Lo 1woTAGQERFRTIT S SEAY RGAHG |
‘w P RAB34/1220/1-45 TVGIDFKVKT IYR-------- - SN LQ IWDTAGQERYRTIITTAMY RGAMGF
= [ rab4b/1213/1-45 TIGVEFGSRVVNV--------—- A &L Q IWDTAGQERFRSITRSMAYRGAAGA
o [l RAB6A/1208/1-45 T1GIDFLSKTMYL---------- S B LQLWDTAGQERFRS[MIP S I RDSAAA
< [ R4B8A/1207/1-45 T1GIDFKIRT I EL--noonnm-- SN0 IWDTAGQERFRTHTTAMYRGAMG |
= P RAB114/1216/1-45T | GVEFATRS I1QV- -~ -~ -~ - - - Sl iAQ IWDTAGQERYRAIITSAlYRGAVGA
RAB13/1203/1-45 TIGIDFKIRTVDl------=---- S LQvWDTAGQERFKTIITTAY RGAMG |
RAB14/1215/1-45 TIGVEFGTRI IEV-=-======== eSO IWDTAGQERFRANTRSEYRCAAGA
RAB37/1216/1-45 TVGIGFTNK-VV--nnom--- T e ild Lo IWDTAGQERFRSIUTHAMYRDAQAL
T [ RABSA/1215/1-45 T IGAAFLTQTVCL-=-=ouuua- L RE A FEIWDTAGQERYHSAPMEY RGAQAA
D B RAB7A/1207/1-45 T 1 GADFLTKEVMY - -~ - - —— — - S REIMO IWDTAGQERFOSHGVA[YRGADCC
O W RAB9A/1201/1-45 T IGVEFLNKDLEV------———- SEERiMQ IWDTAGQERFRSIRTPAYRGSDCC
> W RAB22A/1194/1-45T | GAS FMTKTVQY--------—- A F L iwDpTAGQERFRAMMAPMEY RGSAAA
O W RAB23/1237/1-45 TIGVDFLERQIQVN-- - - -- o - LMLWDTAGQEEFDAMITKAMIY RGAQAC
= W R4B27A/1221/1-55TVG I DFR EKRVVYRASGP DGAT G o1 |LQLWDTAGQER FRSITTA{FR DAMGF
<C W RAB31/1194/1-45 T I GASFMTKTVPC---------- SR F L IWDTAGQERFHS[HAPMYRGSAAA
C W RAB32/1225/1-46 TIGVDFALKVLNWD--=------- SR LQLWD I AGQERFGNITRVEY K EAVGA
ZO RAB38/1211/1-46 T I GVDFALKVLHWD------——- DA ATILQLWD IAGQER FGNUTRVIAY R EAMGA

Conservation

232045659 6

278314

(<]

Supplementary Figure S7. Substrate specificity of DrrA (A) Phylogenetic tree of Rab proteins with
leaves colored based on whether the correspondaig fRotein is AMPylated (Blue) by DrrA or not
AMPylated (red).
proteins. The column depicted in red color represtre tyrosine which is AMPylated in Rabs. sulieta

(B) Multiple sequence alignmemMSA) of switch 1 and switch 2 regions of Rab

of DrrA. Cyan represents residue stretch 53 — 58twhas more number of positively charged residlies
Rabs which are AMPylated by DrrA compared to theb Raoteins which are not AMPylated.
AMPylation compatible and non-compatible Rab prigdiave been marked in blue and red, respectively.
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