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Abstract

especially at the genomic scale.

algorithms.

Background: Protein domains are the fundamental units of protein structure, function and evolution. The
delineation of different domains in proteins is important for classification, understanding of structure, function and
evolution. The delineation of protein domains within a polypeptide chain, namely at the genome scale, can be
achieved in several ways but may remain problematic in many instances. Difficulties in identifying the domain
content of a given sequence arise when the query sequence has no homologues with experimentally determined
structure and searching against sequence domain databases also results in insignificant matches. Identification of
domains under low sequence identity conditions and lack of structural homologues acquire a crucial importance

Findings: We have developed a new method for the identification of domains in unassigned regions through
indirect connections and scaled up its application to the analysis of 434 unassigned regions in 726 protein
sequences of Mycoplasma gallisepticum genome. We could establish 71 new domain relationships and probable 63
putative new domain families through intermediate sequences in the unassigned regions, which importantly
represent an overall 10% increase in PfamA domain annotation over the direct assignment in this genome.

Conclusions: The systematic analysis of the unassigned regions in the Mycoplasma gallisepticum genome has
provided some insight into the possible new domain relationships and putative new domain families. Further
investigation of these predicted new domains may prove beneficial in improving the existing domain prediction

Background

Domain assignment to the protein sequences has para-
mount importance in the post genomic era. Protein
domains are the structural, functional and evolutionary
units of proteins. Study of proteins at the domain level
has had a profound impact on the study of individual
proteins. Experimental and/or computational methods
can be used to identify domains in the given protein
sequence. Classification databases such as the Dali
Domain Dictionary[1], CATH[2], SCOP[3] and DIAL[4]
employ structural data to locate and assign domains.
Identification of domains at the sequence level depends
on the detection of global and local sequence similarities
between a given query sequence and domain sequences
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found in databases such as Pfam[5]. Due to high evolu-
tionary divergence, it is not always possible to identify
distantly related protein domains by sequence search
techniques. The realization of additional domains in
those circumstances can be tedious, involving manual
intervention, but can lead to better understanding of
overall biological function. We have recently introduced
an automatic multi-step approach, PURE for recognizing
such connections[6,7].

Mpycoplasma gallisepticum causes chronic respiratory
disease in chickens and other avian species. The infec-
tions result in considerable economic losses in poultry
production. This pathogen has a small genome with 726
proteins [8], but only 498 protein sequences have
known Pfam hits with 46% residue coverage [9]. The
gap in the annotation of this genome emphasizes the
need for further exploration for other methods for
domain assignment from sequence. We have recently
shown that it is possible to enhance prediction of

© 2010 Offmann et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
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domains in the unassigned regions by 25% through
indirect connections in the class III adenylyl cyclase
domain containing proteins [10]. Here, we demonstrate
that this method can be scaled up for whole genome
analysis, by taking Mycoplasma gallisepticum genome as
a specific example.

Results and Discussion

The procedure that was followed in this study and
overall results are described in Figure 1. Initially, there
are 726 proteins in the Mycoplasma gallisepticum gen-
ome; domains were assigned to the genome with
HMMpfam program of HMMER package [11] by
search against Pfam 21 databases [5,12] with expecta-
tion value cut off of 0.01. Only PfamA families are
used in HMMpfam search, since PfamB families were
generated automatically and have no associated anno-
tation, references and relatively low quality data than
PfamA families [12]. The regions in protein sequences,
which are associated with domains, are called ‘assigned
regions’; rest of the regions without PFAM domain

Page 2 of 10

assignment are called ‘unassigned regions’. There were
620 unassigned regions in the 726 proteins. To avoid
false positives in the similarity search, the unassigned
regions with at least 70 residues long were considered.
In our analysis, 434 unassigned regions have at least
70 residues long. Transmembrane, coiled-coils and low
complexity regions were excluded and only 364
sequences passed through this filtering step. A further
filter was placed to ensure adequate secondary struc-
tural content giving rise to 359 sequences. 15% cut-off
on predicted structural content was chosen as the
minimum value, consistent with our earlier work [13].
Only 230 out of 359 unassigned regions picked up at
least two hits in PSI-BLAST search; full-length
sequences for all the non-self hits were obtained and
used as query for HMMpfam search to assign domains
to the sequences. Only 62 of 230 unassigned regions
were associated with PfamA domains through homolo-
gous sequences and remaining 168 unassigned
sequences failed to pick up domain associations. These
62 unassigned sequences correspond to 71 newly

l

d

No hits-129

Methodology

Total 726 protein sequences with 620 unassigned regions, but only- 434
have alength >= 70 residues

Filtered for Transmembrane, coiled-coil regions- 364

Secondary Structure Prediction (PSIPRED)- 359

PSI-BLAST search against NR database with E value 0.001

HmmPfam search (E value < 0.1)

Picked up hits-230

|
o g

48 distinct domains{ Associated- 62 Not associated- 168

Figure 1 Methodology of the approach and statistics. Initially, 726 protein sequences were considered from Mycoplasma gallisepticum
genome, which have 620 unassigned regions of different lengths. 434 unassigned regions are at least 70 residues long. Out of 434, only 364
passed through transmembrane and coiled coil filtering and 359 sequences after secondary structure filtering. The remaining unassigned regions
(359) sequences were subject to PSI-BLAST searches, but only 230 unassigned regions picked up at least two hits. We extracted full-length
sequences for each hit in PSI-BLAST and used for HMMpfam search. Here again, only 62 unassigned regions were associated indirectly with pre-
existing domains which correspond to 48 different domain families.
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Table 1 Newly predicted domains in the Mycoplasma gallisepticum genome

S. Domain Name Description Full Partial
No.
1. AAA ATPase family associated with various cellular activities NP_853502.1 = 9-182 -
2. Anticodon_]1 Anticodon-binding domain. This domain is found valyl and leucyl  NP_852939.1 = 397-590 -
tRNA synthetases. It binds to the anticodon of the tRNA. NP_852935.1 = 55-218
NP_853215.1 = 620-850
3. ATP-synt_ab_C ATP synthase alpha/beta chain, C terminal domain. NP_853478.1 = 140-221 -
4. ATP-synt_ab_N ATP synthase alpha/beta family, beta-barrel domain NP_853438.1 = 4-126 -
NP_853439.1 = 2-125
5. BPD_transp_1 Binding-protein-dependent transport system inner membrane NP_853029.1 = 53-260 -
component. NP_853249.1 = 59-232
6. CHASE-3 # Cyclases/Histidine kinases Associated Sensory Extracellular) present NP_853387.1 = 55-582 -

in diverse receptor-like proteins with histidine kinase and
nucleotide cyclase domains

7. DUF-30 Domain of Unknown Function 30 NP_853479.1 = 370-770 -

8. DUF-31 Domain of Unknown Function 31 NP_853440.1 = 220-317 -
NP_853441.1 = 233-337
NP_853488.1 = 220-340

9. LMPS LMP repeated region. Found in the LMP group of surface-located ~ NP_853333.1 = 1260-1320, -
membrane proteins of Mycoplasma hominis. 1420-1580, 1600-1760

10.  Ferritin $ Ferritin-like domain is one of the major non-haem iron storage NP_852976.1 = 5-143 -
proteins in animals, plants, and microorganisms

11. GMP_synt_C $ GMP synthase C terminal domain. NP_852801.1 = 220-275 -

12. Helicase_C Helicase conserved C-terminal domain. Found in a wide variety of NP_852813.1 = 440-530 -
helicases and helicase related proteins. NP_853467.1 = 660-730

13. HGTP_anticodon Anticodon binding domain. tRNA synthetases, or tRNA ligases are  NP_852966.1 = 342-423 -
involved in protein synthesis. This domain is found in histidyl,
glycyl, threonyl and prolyl tRNA synthetases.

14, HHH # The helix-hairpin-helix DNA-binding motif is found to be NP_853482.1 = 589-619 -
duplicated in the central domain of RuvA. NP_853386.1 = 63-92, 98-127

15, HTH_11 # Helix-turn-helix domain present in a wide variety of proteins. NP_853136.1 = 28-73 -

16, HTH_12 # Ribonuclease R winged-helix domain. Found found at the amino  NP_853240.1 = 38-89 -

terminus of Ribonuclease R and a number of presumed
transcriptional regulatory proteins from archaea.

17. S1 The S1 domain occurs in a wide range of RNA associated NP_852895.1 = 140-210 -
proteins. It is structurally similar to cold shock protein which binds
nucleic acids. The S1 domain has an OB-fold structure.

18, KH_1 The K homology (KH) domain was first identified in the human NP_852895.1 = 333-393 -
heterogeneous nuclear ribonucleoprotein (hnRNP) K. It is a
domain of around 70 amino acids that is present in a wide variety
of quite diverse nucleic acid-binding proteins.

19. Lactamase_B Metallo-beta-lactamase superfamily. NP_852865.1 = 40-248 -
20. RMMBL RNA-metabolising metallo-beta-lactamase. NP_852865.1 = 320-360 -
21. Lipoprotein_17  Lipoprotein associated domain. NP_852799.1 = 49-160 -
22.  MatE Multi Antimicrobial Extrusion (MATE) family function as drug/ NP_853011.1 = 364-530 -
sodium antiporters.
23. Methyltransf_3 $  O-methyltransferase NP_852906.1 = 7-185 -
24. MFS_1$ Major Facilitator Superfamily NP_852970.1 = 480-922 -
25. NusB $ The NusB protein is involved in the regulation of rRNA NP_853291.1 = 13-130 -
biosynthesis by transcriptional antitermination.
26. Peptidase_M23 $ Peptidase family M23 NP_853190.1 = 484-657 -
27. PGM_PMM_IV §  Phosphoglucomutase/phosphomannomutae, C-terminal domain NP_853364.1 = 481-550 -
28. PTS_EIB phosphotransferase system, EIIB NP_853326.1 = 47-85 -

29. SBP_bac_1$ Bacterial extracellular solute-binding protein NP_852821.1 = 1-385 NP_852814.1 = 6-181
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Table 1: Newly predicted domains in the Mycoplasma gallisepticum genome (Continued)

30. Sigma70_r1_1 # Sigma-70 factor, region 1.1.

NP_853171.1 = 288-342 -

31, Sigma70_r1_2 $  Sigma-70 factor, region 1.2

NP_853171.1 = 357-398 -

32, Sigma70_r4_2 S  Sigma-70, region 4

NP_852863.1 = 120-170 -

33, TGSS ThrRS, GTPase, and SpoT domain.

NP_852968.1 = 417-487 -

34. THUMP §

thiouridine synthases, methylases and PSUSs domain.

NP_853282.1 = 78-170 -

35.  Transketolase_C
regulatory molecule binding site

The C-terminal domain of transketolase has been proposed as a

NP_852812.1 = 530-641 -
NP_853134.1 = 138-262

36. tRNA_anti OB-fold nucleic acid binding domain

NP_852876.1 = 230-310 -

37. VapD_N # Virulence-associated protein D

NP_853458.1 = 7-49 -

38. Lipoprotein_X Mycoplasma MG185/MG260 protein.

- NP_852988.1 = 247-404
NP_852899.1 = 257-414

39. Lipoprotein_10

Putative mycoplasma lipoprotein, C-terminal region

NP_852988.1 = 444-563 -

40. DEAD

Members of this family include the DEAD and DEAH box -

NP_852877.1 = 596-722

helicases. Helicases are involved in unwinding nucleic acids.

41.  ABC_membrane ABC transporter transmembrane region.

- NP_852786.1 = 2-126

42, ABC_tran ABC transporter - NP_853051.1 = 317-467
43, DUF258 Domain of Unknown Function 258 - NP_853404.1 = 7-104
44, GTP_EFTU - NP_853200.1 = 68-151
45, RecO # Recombination protein O - NP_853174.1 = 1-74

46. SBP_bac_5$

- NP_853298.1 = 461-889

47. Transposase_mut Transposase, Mutator family

- NP_852891.1 = 6-108
NP_853257.1 = 16-83
NP_852883.1 = 2-121

48. HNH 'S HNH endonuclease

NP_853456.1 = 650-708 -

Among probable new domains, some of the them are first time identified in Mycoplasma gallisepticum genome (indicated by $ or #). Among those unique
domains, some are not even present in other Mycoplasmas (indicated by #), while some of them are present in other Mycoplasmas (indicated by $). Second
column indicates the name of the domain, third column a brief description about the domain and fourth and fifth columns indicate the kind of association
which may be full association (we refer ‘fully associated’ when at least 75% of unassigned region is indirectly aligned with domain region) or partial association
(we call partial associated when at most 75% of unassigned region is indirectly aligned with domain region). Under full and partial columns, we indicate the

protein id and start and end residue number of probable new domain.

# Unique domain, this domain was not presently identified in entire Mycoplasmataceae family.

$ Unique domain but present in other Mycoplasmataceae family members.

predicted domains out of which 58 were fully asso-
ciated and 13 were partially associated. In the fully
associated domains, at least 75% of Pfam domain
should lie within the unassigned region, otherwise it is
called as ‘partially associated domain’.

These 71 newly predicted domains belong to 48
unique domain families, but among the newly predicted
48 unique domain families, only 22 unique domains
were initially not present in the Mycoplasma gallisepti-
cum genome; for the remaining 26 domains, one or
more copies already exist in the genome. Among the
new predictions, 22 domains appear specific to M. galli-
septicum genome, only 15 domains were present in
other Mycoplasmataceae members and remaining
7 domains are unique to the entire Mycoplasmataceae
family members (Table 1).

To validate the newly predicted domains, we gener-
ated multiple sequence alignments using CLUSTALW
program [14]. Inputs for multiple sequence alignment

are the unassigned sequence and the representative
sequences of the newly assigned domain obtained from
Pfam database. In most cases, only few family-specific
signature residues are conserved, suggesting extreme
levels of evolutionary divergence from classical members
of such Pfam families.

The number of newly predicted domains was substan-
tial; it raises an interesting question: why were these
domains not annotated in the initial search? It is likely
because of the poor sequences identities between query
and hit. Though sequence analysis-based remote-homol-
ogy detection approaches, such as Hidden Markov Mod-
els (HMMs), are powerful tools, these methods often
face limitations due to poor sequence similarities and
non-uniform sequence dispersion in protein sequence
space. Several interesting approaches have been
employed in different ways to detect remotely related
proteins; one such approach is based on the intermedi-
ate sequences. Intermediate sequence procedure
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substantially increases the ability to recognize the distant
evolutionary relationships[15].

There is relatively large number (63) of unassigned
regions, which has picked up at least five homologues
but not associated with any PfamA domain (Additional
file 1: Supplemental Table S1). We examined below few
examples of these regions, which can be regarded as
potentially putative new domain families. Search against
PfamB profile HMM of Pfam24 database showed that
20 unassigned regions, where putative new domain
families were predicted by us, were also associated with
at least one PfamB domain (Additional file 2: Supple-
mental Table S2). However, about two-third (43 out of
63 unassigned regions) neither have a hit in the PfamA
database nor in the PfamB database. These 43 regions
may indicate potential new domain families, which are
yet to be annotated in the Pfam database (Additional
file 2: Supplemental Table S2).

The NP_853398.1 protein (Figure 2, Figure 3)
sequence, which is 329 residues long, has a single
asparagine synthetase (AsnA) domain from 5 to 241
residues and one C-terminus unassigned region from
242 to 329. When the unassigned region of this pro-
tein (242-329) was analyzed, based on the intermediate
sequences using the methodology described above, 106
similar sequences were identified in the PSI-BLAST

Page 5 of 10

search and these hit sequences were from both prokar-
yotes and eukaryotes. In the HMMpfam search, how-
ever, it was not associated with any PfamA domain,
rather it was associated with PfamB_3316 domain.
This unassigned region has about 62% predicted sec-
ondary structural content with 5 helices and 3 B-
strands. More interestingly, the predicted B-3a-f-o-f3-
o secondary structure pattern is conserved in all the
homologous sequences. All the homologous sequences
have similar domain architecture. The crystal structure
of E.coli asparagine synthetase also showed the pre-
sence of this small subdomain[16]. Aspartate—ammonia
ligase (asparagine synthetase) catalyses the conversion
of L-aspartate to L-asparagine in the presence of ATP
and ammonia. AsnA structure revealed that AsnA
structure is similar to that of the catalytic domain of
yeast aspartyl-tRNA synthetase despite low sequence
similarity. These enzymes have a common reaction
mechanism that implies the formation of an aminoa-
cyl-adenylate intermediate. The cluster of highly con-
served residues (GGGIG) motif plays an important role
in the formation of a cavity which can accommodate
bound ATP in aspartyl-tRNA synthetase[16]. Since this
motif is conserved in the newly predicted putative
domain, it may play an important role in the ligand
binding.

Consensus : RV D o1 Ax R L}

ZP_00922764.1-Shigella AgE LS S M VDE AL EEEL s L EEEFl AR G SRL ML L¢ Wi RE
NP_290383.1-Escherichia A E L VDY SHALTG - D EERLQL E R AR GE ] R . P RES
NP_462776.1-Salmonella ARE L RV MREEALTG - D EREILQ L = [ AR G SRLEMMLLC ey Wi Es
YP_048135.1-Erwinia AgE 15 S 1A EAFTREFALT EEEILKL & IRl AR GE L RL ML T Q ;- Gille E
ZP_00822236.1-Yersinia A e 1 W3~ EAFK REFA LTA - D EEEILK L EQETs AN G R] [LL ]l E
NP_927428.1-Photorhabdus A e 15 S A EATE REFALT EERLO Y DEEF A G SR LML T, O Y S RET
ZP_00732648.1-Actinobacillus AJEL S KLJE T ATR REEA BT - D EEEION F A QTR0 MEN G SRLAMALT Q! sie ME
YP_087228.1-Mannheimia AgE v 5§ CNEZE T ATR KEHS IT EEEILK F DIl FEN 6 RLEWMMLLOE ¥ STAOP 1E
YP_719652.1-Haemophilus [A R v S MG IRV DERENT H830 LS A Jelab:In R iefoliahel £ O B, v Sl ehal: 5 R L WM AT, .  Fv il E
NP_246513.1-Pasteurella B G e T ATR KA LIN - N EERIL K 0 IR0 N G SRLGMML T SiP E
NP_218995.1-Treponema ARIEV S S e G AFR TIFAA L TG - DERES LA C S e N 6 SRLAMIALT.OR b SR E
ZP_01135749.1-Pseudoalteromonas v F Ok N3 KATO H A ITG - D EREILA F AGED i RI i I
ZP_01216389.1-Psychromonas hAdE 15 335 D AT KEHE ICC BRI H KL V| SRLAMMLT OK = Q
YP_341280.1-Pseudoalteromonas ARE LS i o RS ¥Ts - D BEEILE F D JEEdA I SRE LT OK sAlP
YP_155083.1-Idiomarina A M= L ) QA REFA» T80 - 0 EFILK . ¢ s BAA 6 SR Vi .08 i3 AEA
ZP_01043120.1-Ildiomarina JABET S A A AfK KEHE LT LKL AGEIIR @A AGE] SR gL.T. 0| > Tl E
YP_598893.1-Streptococcus AdE L ¢ 23)= EAFK REKGE MT jt.A 7 DRSS AN G R | 7. v il
Q8CWNB8-Lactobacillus i G BT B AR RENGE TG - D EREINE T £ JEESs @ 6 RMENMATT. G Wi
CAJ04936.1-Leishmania [ 20 EATR REHE 1T Ris5: Lokl Fi O ofv L. i SR} TR k- STRe
XP_824156.1-Trypanosoma SHEV | 5» EAFR 5 IS LTG - DDS LLK S EEER AN G S R M 1M T, R Y STEP KK
XP_804776.1-Trypanosoma v LEEE SR E T HR REHE T L EREIG v vEEIR A G SR sixe ROM
XP_625302.1-Cryptosporidium P 1ES W« ESH 1KFHE T RiSS8Ty S A L AN RL Sy I
ZP_00538878.1-Exiguobacterium L RE = TG YK [F EO VLY SRMISMEIL L) si E
NP_844231.1-Bacillus [SHIET W)s KsHo EFHT K 76 - EDF HRE'Y D HERSC HA R MM PgT R K Sime K
YP_589655.1-Acidobacteria R H G TRA ETHK QFHR A TN - 0EH F LN F P EEEIA[@AD 6 5 RISAMIL R K v K
NP_811042.1-Bacteroides [SHELS S R EATQ REFAR £ EN - E EERILK L v BEF3R M0 ¢ 5 R LG r RK SHIEE ELL
ZP_01168980.1-Bacillus SHE 155 RV DEFEIL R0 LIS NEEEINEL P EFEA D G SR LML L KK 7 ST DAl
NP_562894.1-Clostridium [AMELSSMG IR VDRIl B30 Ligs EEREL P EERMAEG R I gL RE 8 EEND
YP_696657.1-Clostridium AT ¢ RV D ispol i 30 L gk # EERIEL P EEE e 6 SR IuM gL RK Y- 1 ENI
ZP_00144165.1-Fusobacterium G U= KsHAD s SHx IaN - CE [rEOYIL] SR/ g o SE Qut
ZP_00800965.1-Alkaliphilus agleT 55 = AT REFSL EEE JFEORITL] SR T K AR K
ZP_01230225.1-Clostridium [AMIEL S SMG IRV DI BhIO LES Y EEEIREF DEER AN G SR TM ST O] G P
ZP_00322748.1-Pediococcus e 1 RV M 0 L i EBEITH L P EEITM AN H O R LI SIP E
ZP_00046862.2-Lactobacillus K L G ids = ESHK T 5 B T AN GE SR sHIP
NP_757535.1-Mycoplasma [AME L. 5 SMG TRV DT B0 IR jF HKHT SR ) AL Wi K
*NP_853398.1—MychIasma AMIE 1. 5 S MG TRV NISAT I 30 s RSB H K31, VRl RE ) Xt
NP_078197.1-Ureaplasma AME LS s xgoF 1K [vEOMTL] SR} sikge LK
NP_975979.1-Mycoplasma £ : RV DEREIT Bhalo b4 @ ol R L s KK
CAK98266.1-Spiroplasma A V] Ku A VT BERTE@PAKT S QL s K
YP_278461.1-Mycoplasma AR L ASLG IV 30| DTTLD - REEHEH 01 X

Figure 2 Multiple sequence alignment of unassigned region (NP_853398.1.-242-329) and its homologues obtained in PSI-BLAST
search. Unassigned region indicated by * mark and consensus sequence is shown on the top of the alignment. Species name is given along
with sequence ids. The highly conserved GGGIG motif is highlighted.
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In another example, NP_853462.1 protein has an
unassigned region (1-265) in the N-terminal region fol-
lowed by a C-terminal existing Peptidase_S8 domain.
All the PSI-BLAST hits were from prokaryotes. The
alignment (Figure 4) and conservation of secondary
structures in this region suggests the existence of func-
tionally unidentified domain that could augment the
basic peptidase activity. It is also interesting to note that
all the homologous sequences have similar domain
architectures.

In another protein NP_852844.1, we had analysed an
unassigned region from residues 38 to 109 and the gene
product already was associated with KOW domain at
the N-terminus (from 5 to 37 residues). 109 homologues
could be identified by PSI-BLAST and all homologues
belong to prokaryotic organisms (Figure 5). All the
homologous sequences have similar predicted secondary
structure content. Most of the homologues also have
similar domain architecture with N-terminal KOW
motif and C- terminus as an unassigned region. KOW



Reddy et al. BMIC Research Notes 2010, 3:98
http://www.biomedcentral.com/1756-0500/3/98

Page 7 of 10

Consensus

ZP_00229693.1-Listeria
ZP_00799834.1-Alkaliphilus
ZP_00062925.2-Leuconostoc
NP_976020.1-Mycoplasma
*NP_853462.1.1-265-Mycoplasma

*NP_853462.1.1-265-Mycoplasma

*NP_853462.1.1-265-Mycoplasma
Consensus

ZP_00229693.1-Listeria
ZP_00799834.1-Alkaliphilus
ZP_00062925.2-Leuconostoc
NP_976020.1-Mycoplasma
*NP_853462.1.1-265-Mycoplasma

Consensus

ZP_00229693.1-Listeria
ZP_00799834.1-Alkaliphilus
ZP_00062925.2-Leuconostoc
NP_976020.1-Mycoplasma
*NP_853462.1.1-265-Mycoplasma

Consensus

ZP_00229693.1-Listeria
ZP_00799834.1-Alkaliphilus
ZP_00062925.2-Leuconostoc
NP_976020.1-Mycoplasma

*NP_853462.1.1-265-Mycoplasma PSIGL

\

[GRAV PR THAD I RS SPYD E IhAFhOREe I HE K Y D THAN YE@{PV Phd

GVV PRSdTIID T INISIPWDETOEV VI TEIEKYD TEN Y )PV PV|
G IV PISNTIID IVEYSIPIADE T QFV LEJSTEEKYDT YN Y)\N4PV P I|
GIV PRl TEIEV TIgWPIiDETKFM IEIVEIEKYD SYN Y| JyPV P T|
GV V PRI TISD TTICIPIANE T KE T TIfel K YETF N YIp#P TP L|
MNEILKLRVNFSDAKENPHRASAANIPKYQSVDMKKHERLKNDLEFIVIEYWN

Consensus O AN KB P FR4A KINTHE{e Y F PESAS R NO GV DEEEEEE Y TNTELR{IP{F GRIPADIS:$:$:¢
ZP_00229693.1-Listeria N KERP FVA KINT L{o]Y F PEeISR NO GV DEEEEEEs YTNTEL|)IMF GR I Disr e
ZP_00799834.1-Alkaliphilus SPSD KEY:(PFTAKIAT Lol Y F PSSR NO GV DEEEEEE [YTNTELIJT[sJF GR LINE LGS
ZP_00062925.2-Leuconostoc KD SA - FERNEENFA [V i K TR S - - - - - - YTNTE LI I}AF GR LIAD\'2:¥:4¢]
NP_976020.1-Mycoplasma YAN KI:P FVA KT M[e Y F PEAYS R NQ GV D SEpp. YTNTEM] IIAF GK Ijifjig:qr]el

NVEOSLEIKPLINMHRKEL IFNSINREAKGLLENSSQKNNE S{ivV GARRFSEDDKH
S ¢.9:9.9:(Y MPAE E):A R RE(F (KW D NpAK H ThAE ):.qumummy 4
et iAW (Y I Y E EDJA R KEYFR KWW DN T K H TR |{FEEE]
e .4 B {FENW E E[pJAR RKIMFR KW DNV K H LEIE I-EE 4
(6392 (Y LY E E[NA R KIF QKW DNV K H I[e]E |.( Y B <)
- — - - DDN I SIFFIEGYA K IF A TE# QDL TA T
KHRITHCVERMVLVNALKRIQNV IFENESAQOFANK I THDBIMAI SSGOFINELF
XXXEXEAXAX XXX XX XWEX X XK XX X X XX X - - - X X X X[AAV X LIdX - - - - -

PR SEIGIAKYENR - - LWGM SHKKEESANA SDGE - - - GIRF[GARV TLIAE - - - = =
KSNEAE@RKHEEM GV - - L T CG THE@KH

ORKMVIEASHLNNHNPQOWGM SR TEEEAA SRDGE - - - GVRF[EVARV TLIAA - - - - -
NENISR PRESKQEQGYWGFNHIMKIFIAE KKK IK - - - NLEKY[EWAV SLIAS - - - - -
NNDEINESSKSSFINIIVDAYYVER@ISVQEEVSEIARNNEMT I YIITGYDLK
————————— XXXXNXIXXFIXXXXXRCHXAXRAT XXENXHAX XXX XXX XXX XX

--------- HNGVNRIDBFIQQCSLEGHLIENEINVENRMDHYQ TANE THDFE

Consensus X XRX XN XFREEX - - -
ZP_00229693.1-Listeria -VH#D S KFKEREIT - - -
ZP_00799834.1-Alkaliphilus -GHEKSIHBNF Y[ERES - - -
ZP_00062925.2-Leuconostoc DPHD PEYSPH[EFNV D - -
NP_976020.1-Mycoplasma vV KHE PINTKEREY - - -

————————— HDGVNRIEEEFINSA Y LEGHLATEAQOVENQMVMENKLNE EFIELD
————————— WIDNNNYYNDBJFIKNCQFRGHTHUNEEINLENMHD#YNR SQADMKFE
KLLNHLGLDELDSQIIDETTLMLE PRINFERLEEKA POQLHASTAVSDISLHEADNL

Figure 4 Multiple sequence alignment of unassigned region NP_853462.1.1-265 indicated by *’ in the alignment and its homologues
obtained in the PSI-BLAST search. Consensus sequence showed on the top the alignment and the species names given along with sequence ids.

motif is only about 35 residues long and links a bacterial
transcription factor with ribosomal proteins[17]. The
presence of conserved residues, with twice the size of
KOW motif at the C-terminal region, suggests the func-
tional role of C-domain in additionally stabilizing the
oligomeric assemblies and thereby perhaps contributing
to improved efficiency of protein expression.

The results presented in this paper, are based on
Pfam21 database with 8957 protein domain families;
updated version of Pfam database (Pfam23) has 10340
domain families. Comparison of 71 newly predicted
domains in the 62 unassigned regions to the updated
Pfam23 database revealed that 67 domains, out of 71,
still remain unassigned in the Pfam23 database.
Among four Pfam23 annotations, three are the same
as our earlier prediction and one annotation differs
from our prediction. Comparison of our results with
conserved domain database (CDD v2.16)[18] revealed
that 34 out of 71 unassigned regions remained

unassigned in the CDD database also, whereas remain-
ing 37 regions are annotated as domains. Out of these
37 annotated domains in the CDD database, 25
domains are the same as predicted by our method
described above. Assignments which differ from the
new Pfam database (Pfam23) and CDD (seeming false
positives and false negatives) were analyzed further. 12
out of 71 PURE predicted domains differ when com-
pared to CDD database (Table 2); These differences
could arise due to inherent differences in the meth-
odologies of CDD and Pfam database construction.
When compared with Pfam23 database, out of 71
PURE predictions, 67 still remain unassigned and three
agreed up on the PURE predictions. But, there is one
disagreement: 124 residue-long protein NP_853458.1
was full-length unassigned sequence and PURE method
assigned ‘VapD_N’ domain with E value of 0.006. In
the Pfam23 database, ‘CRISPR_Cas2’ domain is
assigned to the sequence with E value of 3.4 e*’. This
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homologues obtained in the PSI-BLAST search. Consensus sequence is shown on the top of the alignment.

Figure 5 Multiple sequence alignment of unassigned region NP_852844.1.39-109, (indicated by ‘*

’

in the alignment) and its

N

Table 2 Comparison of PURE predicted domains with CDD predicted domains

S.No Seq id PURE CDD
1 NP_852935.1 antocodon_1 - 55-218 MetG - 10-199
2 NP_853333.1 LMP - 1260-1320 SbcC - 1253-1856
LMP - 1420-1580
LMP - 1600-1760
3 NP_853467.1 Helicase_C - 660-730 Type | site-specific restriction-modification system- 2-1018
4 NP_852865.1 Lactamase_B - 40-248 MRNA degradation ribonucleases-23-594
RMMBL - 320-360
5 NP_853011.1 MatE - 364-530 NorM - 127-558
6 NP_852970.1 MFS_1 - 480-992 SecD - 359-574
7 NP_853282.1 THUMP - 78-170 PseudoU_synth - 112-167
8 NP_853404.1 DUF_258 - 7-104 YIgF - 12-174
9 NP_853458.1 VapD_N

Sequence id in the second column, PURE predicted domains in the third column, domain name followed by starting and ending residue of the domain shown.

In the last column CDD predicted domains name of the domain followed by domain range shown.
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could be due to the short length of “VapD_N’ (40 resi-
dues long) domain alignment and the borderline E-
value (0.006 and a cut-off 0.01). Moreover, the
‘CRISPR_Cas2’ (PF09827) domain family is defined
only in Pfam23, but not in Pfam21 database.

The nature of sequence/domain searches is such that
the databases are constantly going through updates
and it is inevitable that our new findings might appear
obsolete due to the constant updates of robust data-
bases such as Pfam and CDD. Where there is concur-
rence with the newer version of a database, they serve
to validate the approach. Where there is still new
information obtained from PURE approach, this clearly
suggests the value and novelty of the protocol due to
the early realization of additional domains. When the
newer entries are substantially high, this is very
encouraging for the development of the approach sug-
gesting that this has promise for discovering hitherto
unidentified domains.

Conclusions

Here, we present the results of the application of a new
method for domain identification to full genome of an
avian pathogen Mycoplasma gallisepticum. In spite of
filters, such as evolutionary conservation and high pre-
dicted structural content, about 20% of orphan proteins
contained in this genome could be annotated with a
known functional domain using our approach. Interest-
ingly, our analysis revealed several meaningful align-
ments, which could relate to as yet functionally
unidentified set of domains. This could be very useful as
a starting subset for further functional screening in wet
lab experiments. Several improvements of the methodol-
ogy will be addressed in future. Furthermore, cross-gen-
ome comparisons of the results from our procedure
between Mycoplasma gallisepticum and other Myco-
plasma species are currently being investigated.

Methodology

Complete protein sequences of Mycoplasma gallisepti-
cum (Strain R) were obtained from National centre for
Biotechnology Information website[19].

Extraction of Unassigned regions

Mycoplasma gallisepticum protein sequences were
scanned against a dataset of Hidden Markov Models
(HMMs) obtained from the PfamA database (Pfam ver-
sion 21.0)[5] which consists of 8957 families, employ-
ing the HMMpfam of the HMMER suite[11], with
E-value threshold set to 0.1. Sequences or sequence
regions, which are not associated with any domain in
the above search, were considered as unassigned
regions.
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Filtering of Unassigned regions
The unassigned sequences thus obtained were subjected
to different filtering steps.

a. To avoid false positives in the PSI-BLAST [20]
search, we considered only unassigned sequences
with at least 70 residues long.

b. Transmembrane regions were excluded by using
HMMTOP [21] and coiled-coil regions by using
COILS[22] from the unassigned sequences. The
above steps carried out to avoid non-specific hits in
the PSI-BLAST [20] search.

c. Standalone version of protein secondary-structure
prediction program PSIPRED[23] was used to predict
the a-helical, B-strand and coil (loop) content of dif-
ferent amino acids of unassigned regions. We employ
15% predicted secondary structural content as the
minimum value, consistent with earlier work [13].

PSI-BLAST searches

The unassigned sequences, which have fulfilled the fil-
tering criteria, were used to query non-redundant
sequence database [24] employing PSI-BLAST [20], with
low complexity filter turned on (E value cut off 0.001),
to obtain homologues.

HMMpfam search

Only regions of homologues that aligned well with the
query sequence were obtained from PSI-BLAST output
to scan against a dataset of Hidden Markov Models
(HMMs), which were obtained from the PfamA database
(Pfam version 21.0)[5] which consists of 8957 families,
employing HMMpfam of HMMER suite [11].

The indirect association of query sequence through
homologous sequences with HMMs in the Pfam database
gave rise to the definitions of full and partially associated
domains. At least 75% of HMM should indirectly align
with query to be considered as a fully associated domain
and rest were considered as partially associated domains.

Multiple sequence alignments

Multiple sequence alignments of the query unassigned
region and seed sequences of predicted domains which
were obtained from Pfam[9] were performed using CLUS-
TALW program [14]. Multiple sequence alignments of the
query unassigned region and hits in the PSI-BLAST were
also performed when unassigned regions, where hits were
obtained by PSI-BLAST search, but not in HMMpfam
search. When necessary, alignments were optimized by
manual editing. Phylogenetic trees were calculated using
Neighbor-Joining (NJ) method [25]. Phylogenetic tree was
plotted using MEGA package [26].
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Additional file 1: Supplemental Table ST1 Predicted putative new
domain families. In our analysis, some of the unassigned regions shared
homologues (at least 5 hits in PSI-BLAST search), but failed to associate
with any Pfam domain in Hmmpfam search. We performed multiple
sequence alignments to assess sequence conservation. 63 unassigned
regions showed good conservation which may indicate putative new
domain family. In the table, second column indicates the protein-id and
third column (UR = Unassigned Region) indicates the start and end
points of unassigned regions. Fourth column indicates the percentage
secondary structural content in the unassigned region by using PSIPRED
program. Fifth column indicates the total number of hits in the PSI-
BLAST search and the sixth column indicates the number of PDB hits in
PSI-BLAST search. Seventh column indicates the number of different
species among the PSI-BLAST hits and eighth column indicates number
of transmembrane helices which indicates whether protein is likely to be
membrane-bound or not.

Additional file 2: Supplemental Table ST1 PfamB associations in the
unassigned regions. 63 unassigned sequences were used to search
against PfamB database (Pfam 24), only 20 unassigned sequences were
associated with at least one PfamB domain. Unassigned sequence id
along with start and end residues are showed in column two, PfamB
start and end residue numbers are shown in column three, PfamB ids are
shown in column four and the Expectation values with which PfamB
domains associated are shown in the last column.
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