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REVIEW ARTICLE

Distribution of PASTA domains in penicillin-binding
proteins and serine/threonine kinases of Actinobacteria

Hiroshi Ogawara'?

PASTA domains (penicillin-binding protein and serine/threonine kinase-associated domains) have been identified in penicillin-
binding proteins and serine/threonine kinases of Gram-positive Firmicutes and Actinobacteria. They are believed to bind p-lactam
antibiotics, and be involved in peptidoglycan metabolism, although their biological function is not definitively clarified.
Actinobacteria, especially Streptomyces species, are distinct in that they undergo complex cellular differentiation and produce
various antibiotics including g-lactams. This review focuses on the distribution of PASTA domains in penicillin-binding proteins
and serine/threonine kinases in Actinobacteria. In Actinobacteria, PASTA domains are detectable exclusively in class A but not
in class B penicillin-binding proteins, in sharp contrast to the cases in other bacteria. In penicillin-binding proteins, PASTA
domains distribute independently from taxonomy with some distribution bias. Particularly interesting thing is that no
Streptomyces species have penicillin-binding protein with PASTA domains. Protein kinases in Actinobacteria possess O to 5
PASTA domains in their molecules. Protein kinases in Streptomyces can be classified into three groups: no PASTA domain,

1 PASTA domain and 4 PASTA domain-containing groups. The 4 PASTA domain-containing groups can be further divided into
two subgroups. The serine/threonine kinases in different groups may perform different functions. The pocket region in one of
these subgroup is more dense and extended, thus it may be involved in binding of ligands like p-lactams more efficiently.
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INTRODUCTION

PASTA domains (penicillin-binding protein and serine/threonine
kinase-associated domains) were first identified in the C terminus of
Streptococcus pneumoniae penicillin-binding protein PBP2x.! In the
crystal structure, van der Waal’s interactions between the f-lactam
ring of cefuroxime, a second-generation cephalosporin, and one of
two PASTA domains in PBP2x were observed.? In view of the
structural similarity of the f-lactam ring of cefuroxime to the
p-alanyl-p-alanine residues of the stem pentapeptide of peptidoglycan
precursors, Yeats et al.> proposed that PASTA domains bind uncross-
linked peptidoglycan. Subsequently, these domains were found in a
variety of high MW penicillin-binding proteins (PBPs) as well
as in serine/threonine kinases (STPKs) mainly from Gram-positive
Firmicutes and Actinobacteria. The domains consist of 60—70 amino-
acid residues and occur singly or as a few successive copies. Although
PASTA domains show low amino-acid sequence similarity, they share
strong structural conservation. Each domain has a globular fold
consisting of three p-strands and one a-helix.

As for the interaction between PASTA domains in PBPs and
fB-lactam compounds, several studies have been published. The PASTA
domains in PBP2x of S. pneumoniae bind the f-lactam antibiotic
cefuroxime and a fluorescent penicillin Bocillin FL.2* Furthermore,
localization of PBP2x together with FtsZ and FtsW to cell division sites
depends on its PASTA domains, but not on its transpeptidase
activity.>® As PASTA domains bind uncross-linked peptidoglycan,’

it is suggested that localization of PBP2x is dependent on the
localization of its substrate. In addition, alanine707 within the PASTA
domain is important for stabilization.® On the other hand, the PASTA
domain of Mycobacterium tuberculosis PBP PonA2 does not bind
muropeptide nor does it bind the two p-lactam antibiotics cefuroxime
and cefotaxime, or polymeric peptidoglycan.” In Bacillus subtilis,
among 16 different PBPs only 2 of them, PBP2b and SpoVD, contain
PASTA domains: two PASTA domains in PBP2b and one PASTA
domain in SpoVD. However, the PASTA domain in SpoVD is not
essential for cortex biosynthesis and not important for targeting
SpoVD to the forespore outer membrane during sporulation.!?
Therefore, functionality of PASTA domains in PBPs remains
controversial.

The functions of the PASTA domains in STPKs are more clear.' 112
S. pneumoniae possesses only a single STPK StkP with four PASTA
domains in its C-terminal region, and its corresponding phosphatase
PhpP forms a functional pair with StkP.!>!4 The PASTA domains of
StkP in S. pneumoniae were shown to bind synthetic and native
peptidoglycan and f-lactam antibiotics.” In response to the binding,
the PASTA domains are involved in the activation of StkP and
substrate recognition.!® Activated StkP phosphorylates cell division
proteins DivIVA and FtsZ. FtsZ is a prokaryotic tubulin homolog.!>~18
Depending on the extracellular PASTA domains, StkP is recruited to
cell division sites, interacts with FtsZ and is involved in the regulation
of cell division and bacterial growth.!®20 Therefore, cell wall
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biosynthesis and uncross-linked peptidoglycan are the signals for StkP
to localize to cell division sites and stimulate its autophosphorylation
activity.!

PknB (Rv0014c) is one of 11 STPKs but the only PASTA-containing
STPK in M. tuberculosis”'=23 The PknB of M. tuberculosis has four
PASTA domains.?* The extracellular PASTA domains bind muropep-
tides depending on the presence of specific amino acids at the second
and third positions of the stem peptide.?” In addition, the extracellular
PASTA domain is required for proper localization of PknB to the
mid-cell. The PASTA domains also have a role in stimulating growth
by binding exogenous peptidoglycan fragments and are suggested to be
a sensor for a signaling molecule that promotes initial growth.2*
PknB phosphorylates the DivIVA ortholog Wag31 in M. tuberculosis
and Corynebacterium glutamicum,*>*” and this phosphorylation may
trigger remodeling of bacterial morphology.?® Peptidoglycan fragments
can induce germination of dormant B. subtilis spores through
interactions with the PASTA domain-containing STPK, PkrC in
B. subtilis and the serine/threonine kinase PrkC from Staphylococcus
aureys can induce germination of dormant spores in B. subtilis
through interaction with peptidoglycan fragments.!?°

Actinobacteria, especially Streptomyces species, are unique in that
they are filamentous, soil-dwelling, Gram-positive bacteria and are
characterized by their ability to undergo complex cellular differentia-
tion similar to filamentous fungi.>® Furthermore, Streptomyces species
produce a wide variety of secondary metabolites including p-lactam
antibiotics and enzymes.>! Previously, roles of PBPs in Actinobacteria
were reviewed®? and STPKs in Streptomyces coelicolor A3(2) were
discussed from an evolutionary point of view.>> PASTA domains, as
the name implies, are domains that suggest some type of relationship
between PBPs and STPKs. Accordingly, the distribution of PASTA
domain in PBPs and STPKs in Actinobacteria is of interest from the
point of views of their functional role in peptidoglycan metabolism
and their evolutionary origins. This review paper deals with this topic.

DISTRIBUTION OF PASTA DOMAIN IN PBPS

Table 1 summarizes the genome size (Mb), G+C%, the number of
proteins, the number of putative class A and class B PBPs, PBPs
with PASTA domain, the number of putative STPKs and STPKs
with PASTA domain(s) in 95 species of Actinobacteria. PBP and
STPK genes were selected at two steps. From the database
(Microbial Genomes in NCBI, http://www.ncbi.nlm.nih.gov/
genomes/MICROBES), putative PBP and STPK genes were screened
with keywords ‘PBP’, ‘penicillin-binding protein’, ‘STPK’ and ‘protein
kinase’ at the first step. For each species, the screened sequences were
analyzed at the second step by aligning and constructing phylogenetic
trees by using ClustalW as implemented by MEGA together with the
representative sequences of PBPs and STPKs.

It is intriguing that PBPs with PASTA domains are detected only in
class A PBPs in Actinobacteria. No class B PBPs in Actinobacteria
contain PASTA domains. This is in sharp contrast to the cases in
B. subtilis, Clostridium perfringens and S. pneumonia. All of the PBPs
with PASTA domains in these bacteria, that is, PBP2b (GenBank
accession number: BSU15160, the same thereafter) and SpoVD
(BSU15170) in B. subtilis, SpoVD (BAB80270), SpoVD (BAB81569)
and SpoVD (BAB81586) in C. perfringens and PBP2x in
S. pneumoniae belong to the class B PBPs. Class A PBPs have both
transglycosylase and transpeptidase domains, whereas class B PBPs
have only transpeptidase domain. Therefore, it is interesting to know
the interaction between transglycosylase and PASTA domains in
Actinobacteria.
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In Actinobacteria, most PBPs with PASTA domains possess only one
PASTA domain, with the exceptions of Beutenbergia cavernae DSM
12333 BCAV_4182, Clavibacter michiganensis subsp. michiganensis
NCPPB 382 CMM_0919, Isoptericola variabilis 225 ISOVA_3000,
Leifsonia xyli subsp. xyli str. CTCB07 LXX_03600, Tropheryma
whipplei str. Twist TWT_0705 and T. whipplei TW08/27 TW_0722,
where each has two PASTA domains. In contrast, BSU15160 in
B. subtilis subsp. subtilis str. 168, BAB80270, BAB81569 and BAB81586
in C. perfringens str. 13 and PBP2x in S. pneumoniae R6 each possess
two PASTA domains, whereas only BSU15170 in B. subtilis subsp.
subtilis str. 168 has one PASTA domain. These two features, that is,
that PBPs with a PASTA domain belong absolutely to class A PBPs,
and that there is only one PASTA domain in PBPs, are quite
characteristic properties in PBPs in Actinobacteria. In addition, none
of the Streptomyces species analyzed here has PBPs with PASTA
domains (Figure 1 and Table 1) as discussed later.

Genome sizes and G+C contents are not apparently related to the
presence of PBPs with PASTA domain(s). For example, some bacterial
species with small genome sizes such as Bifidobacterium adolescentis
(2.09 Mb), Mobiluncus curtisii (2.15Mb) and Olsenella uli (2.05 Mb)
have PBPs without PASTA domains, but Propionibacterium acnes
(2.49 Mb) and T. whipplei (0.93 Mb) each have a PBP with a PASTA
domain. On the other hand, bacterial species with large genome sizes
such as Amycolatopsis  mediterranei  (10.24 Mb),  Catenulispora
acidiphila (10.47 Mb) and Streptosporangium roseurm (10.37 Mb) have
no PBP with PASTA domains, whereas Actinosynnema mirum
(8.25 Mb) and Actinoplanes missouriensis (8.77 Mb) each have a PBP
with a PASTA domain. Similarly, some bacterial species with high
G+C contents such as Clavibacter michiganensis (72.5%), I. variabilis
(73.9%) and Nocardiopsis dassonvillei (72.7%), and some with low
G+C contents such as T. whipplei (46.3%) have a PBP with
PASTA domains, whereas others with high G+C contents such as
Geodermatophilus obscurus (74.0%), Micrococcus luteus (73.0%) and
Streptomyces griseus (72.2%) or with low G+C contents such as
Atopobium parvulum (45.7%) and Gardnerella vaginalis (41.2%) have
PBPs without PASTA domains. Moreover, the presence of PBPs with
PASTA domains seems to be distributed independently from
taxonomic classification with some distribution bias (Figure 1).
All species belonging to Propionibacteriales, Corynebacteriales and
Micromonosporales possess PBPs with a PASTA domain. However,
PBPs in Micrococcales species are divided into two groups: PBPs with a
PASTA domain and those without a PASTA domain. Similarly,
in Pseudonocardiales (Saccharopolyspora erythraea NRRL 2338 and
A. mirum DSM 43827) and Coriobacteriales (Eggerthella lenta DSM
2243), some PBPs have PASTA domains but others do not. Of
particular interest is that none of the Streptomyces species analyzed
here has PBPs with PASTA domains (Figure 1 and Table 1). However,
antibiotic production, which is a notable feature of many Streptomyces
spp., is presumably not related to this phenomenon, because
Saccharopolyspora erythraea, which produces erythromycin, possesses
a PBP with a PASTA domain. The reason for the lack of PASTA
domains in the PBPs of Streptomyces spp. remains to be clarified.
Furthermore, no PBP with PASTA domain was detectable in orders
Bifidobacteriales and Pseudonocardiales.

The PASTA domains were searched for in the PBPs of all of the
Actinobacteria analyzed in this paper by Blast analysis of NCBI. The
secondary structures of these PASTA domains were analyzed by using
PSIPRED software (http://bioinf.cs.ucl.ac.uk/psipred/). The 51 PASTA
domains detected by these analyses each comprise a small globular
fold consisting of three B-sheets and one o-helix (Figure 2). The
lengths of amino-acid residues in the PASTA domains are similar to
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Figure 1 Phylogenetic tree of 95 species of Actinobacteria on the basis of nucleotide sequences of their 16S ribosomal RNA. Bacterial species having
penicillin-binding proteins (PBPs) with PASTA domain (penicillin-binding protein and serine/threonine kinase-associated domains) are marked with red. The
tree was constructed by using ClustalX 2,54 and B. subtilis ribosomal RNA as the outgroup. Bootstrap probabilities are indicated at the nodes. The names of
actinobacterial species, strain numbers, accession numbers and number of base pairs of 16S ribosomal RNAs are listed in Supplementary Table S2. A full
color version of this figure is available at the Journal of Antibiotics journal online.
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DP-ATGTPVSKGT
AP--NGSAIP-GS
SP-RQRDGAPEGS

NP--KTTALP-GG
SG--EGSTVPPGS

NP--SGRTIK-GG
NP-GSGAEVEPGS
TDP-SPGSSVPQGT
DP--SGRTVK-NG
SP--DGRTAK-GS
DP-PAGSTVYVGN
DP--EGSAHA-GA
NP-AAGTLVDGGA
DP--EGSAHA-GA
SP-APGGPVSINT
SP-APGSEVSLNT
TDP-SPGSSVPQGT
DP-GAGTEVVVGS
SP-GPGDEIEPGG
DP--AGGTAPRGS
SS--TG-QVPVGS
DP-GGGATVEPGS
LP-GVGTSISSNS
SP--NGFAAP-GA
SP--SGSAIP-GS
TP--GGRTAK-GS
SP--SGQTIP-GS
TP--SGATIP-GS
SP--DGRTIK-GG
SP--SGQTIP-GS
P--QGAVLIDGG
DP--AAGQQS—-SGP
TP--RGSALQ-GT
DP-TPGTDLPEGE
LP-GVGTSISSNS
AP--SDSALP-GS
DP-AEGSRVRPGT
TPPGGGNSVVPGV
TP--RGFALP-GE
SP--SGFTQP-GS

EP-GAGSAARPGT
SA-TL---APRGS
AEEGKNLAPNQ
AP-AEGSSAPEGS
SP-GPGSRVEPGI
NP-DPGTRLPEGA
DP-GAGANAARGS
EP-GEGTTLAAGA

Figure 2 Amino-acid alignment of 51 PASTA domains (penicillin-binding protein and serine/threonine kinase-associated domains) in penicillin-binding
proteins (PBPs) of Actinobacteria. The amino-acid sequences are aligned by using ClustalX 2.54 The conserved amino acids are marked with red and colon.
a-Helix are marked with yellow, and three p-sheets are with cyan, green and magenta, respectively. A full color version of this figure is available at the

Journal of Antibiotics journal online.

other PASTA domains, that is, from 40 (Kineococcus radiotolerans
KRAD_0429 719-758, the numbers at the end indicate the number of
amino-acid sequences of the PASTA domain, the same hereafter) to 62
(Acidothermus cellulolyticus ACEL_2004 703-764; Cellulomonas flavi-
gena Cfla_3701 701-762; C. michiganensis CMM_0919 710-771 and
Thermomonospora curvata TCUR_4921 666-727) (Supplementary
Table S1). In addition, conserved amino-acid residues, shown in red
and marked with colons in Figure 2, are detectable in most PASTA
domains. Moreover, helical domains are also preserved (Figure 2). A

phylogenetic tree was constructed on the basis of their amino-acid
sequences (Figure 3). Many PASTA domains from the same order
form clusters in the tree: PASTA domains within the Micrococcales
group into four clusters with T. whipplei (four domains) forming one
cluster, C. michiganensis and C. flavigena in a second cluster,
Xylanimonas cellulosilytica, I. variabilis and B. cavernae (one domain
each) in a third cluster and B. cavernae (two domains) and
C. michiganensis (one domain) in a fourth cluster; Micromonosporales
are represented in a single cluster comprising Salinispora tropica,
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0.1

A

100

Streptococcus_pneumoniae_R6_637_690_54aa
ITropherymafwhipplei70722775478 12_59aa )

100

ITropheryma_whipplei_0705_8 14_872_59aa

— Micrococcales
|Tropherymaﬁwhipplei70722,690,745,56aa

ITropherymafwhipplei70705j507805,56:13

Segniliparus_rotundus_05555_709_768_60bp
98 Salinispora_tropica_4354_728_779_52aa )
Salinispora_arenicola_4796_725_783_5%aa

Micromomonospora_aurantiaca_5927_722_... — Micromonosporales

Actinoplanes_missouriensis_78300_728_...

Actinoplanes_missouriensis_60090_728

Kribbella_flavida_0444_696_756_61aa

Thermomonospora_curvata_1026_675_732_...

Cellulomonas_flavigena_3099_742_799_58aa

Nocardiopsis_dassonvillei_5307_699_75...

Sanguibacter_keddieii_37820_774_833_60aa

Nocardioides_0326_704_764_61aa

Clavibacter_michiganensis_0919_710_77... .
: Micrococcales
Cellulomonas_flavigena_3701_701_762_62aa

Corynebacterium_glutamicum_0274_695_7...

100

Corynebacterium_diphtheriae_0298_692_... Corynebacwriales
Kineococcus_radiotolerans_0429_719_75...
Actinosynnema_mirum_0235_716_772_57aa
Nocardia_farcinica_03390_697_754_58aa
Rhodococcus_erythropolis_04630_694_75... Corynebacteriales

Amycolicicoccus_subflavus_0253_717_77...

Tsukamurella_paurometabola_3939_729_7...

Nakamurella_multipartita_0707_697_755...
Leifsonia_xyli_03600_782_837_56aa
Brachybacterium_faecium_26280_757_817...

|Propionibacleriumfacnesf2 149_709_766_...

Ipropionibacterium_acnes_22310_709_766... } Propionibacteriales

Thermomonospora_curvata_4921_666_727_...

Saccharopolyspora_erythraea _0314_715_...

Gordonia_polyisoprenivorans_07230_729...

Xylanimonas_cellulosilytica_16845_705...
|—Isoptericolafvariabilisf3000766877267.“

Micrococcales

Beutenbergia_cavernae_4182_684_742_59aa

Acidothermus_cellulolyticus_2004_703_...

Leifsonia_xyli_05450_735_795_61aa
Leifsonia_xyli_03600_717_776_60aa

|—Frankia_sp_Ccl3_4277_753_81 1_59aa

—

— Frankia_alni_6546_792_851_60aa
Isoptericola_variabilis_3000_734_794_...
Eggerthella_lenta_02953_668_717_50aa
Beutenbergia_cavernae_4182_770_829_60aa

Beutenbergia_cavernae_0604_732_789_58aa Micrococcales

Clavibacter_michiganensis_0919_784_84...
Mycobacterium_leprae_2308_702_748_47aa

Mycobacterium_avium_0446_680_738_59aa

Mycobacterium_tuberculosis_3682_703_7... Corynebactenales

Mycobacterium_bovis_3742_703_761_5%a

Figure 3 Phylogenetic tree of 51 PASTA domains (penicillin-binding protein and serine/threonine kinase-associated domains) in penicillin-binding proteins
(PBPs) of Actinobacteria on the basis of their amino-acid sequences. Bacterial species in Figure 1 are marked in circled numbers. Actinobacterial orders are
indicated. The tree was constructed by using MEGA4,55 and S. pneumonia R6 637-690 as the outgroup. Bootstrap probabilities are indicated at the nodes.
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[IA]

TStreptomvees rimosus SRIM 07363 T 306 369 64
Streptomyees cattleva Scat 3033 1 472 335 6da

Streptomyces sp PAMC26508 T750 3512 1 476 535 Glaa.
{Streptomyees clawvuligerus Sclav 2991 1 545 595 Slaa

1Streptomyces venezuele SVEN 3392 1 487 349 63aa
{Streptomyces hygroscopicus SHIG 5252 1 478 540 63aal
{Streptomyces collinus B446 19450 1 469 337 69aa)
{Streplomyces zmemresistens SZN 21616 1 473 320 57w
{Streptomyces davawensis BN159 4396 1 469 537 69aa | 7 Cluster 1
{Streptomyces_shanaensis SSFG 03552 1 472 340 (9% |
Streptomyees viridochromogenes SSQG 03996 1 476 344 69
Streptomyces griseoflavus SSRG 03115 1 475 544 Tlaa
tontyces [yvidans SLIV 19175 1 482 550 6Y%aa
eptomyces coclicolor Seo3s21 1 482 350 6%
Streplomyees seabier SCAB 45201 1 481 543 63da
Streptomyees avermitilis Sav 4371 1 483 545 6dan

{Streptomyees albus Xnr 3064 1 483 544 f2aa | _
{Tsukamurella paurometzbola Tpau 2669 3 545 603 59

Corynebacterium_gutamicum NCol2095 3 553 614 62aa

Conexibecter woeset Cwoe 0017 2 413 475 Glaa

1Conextbacter woesel Cwoe (017 3 483 542 6llaa
{ Clavibacter michiganensis CMM 1873 3 511 378 68
{ Nakamurella multipartita Namu 3222 4 393 633 6laa
| {Strentosporangium toseum Sros 2780 1 368 417 50a
{Kribbella Tavida KTla 7845 3 35T 610 60aa_|
{Saccharopalvspora erythraca Sace 1710 3 529 578 S0aa
Saccharomonospora viridis Svir 27990 3 535 596 laa

1Saccharomonospora azurea Sacaz 01512 3 536 397 62aa

JAmy coluiopsis mediterranei AMED 2318 3 543 694 Su

1Actinosynnema muum Amir 1396 3 719 781 63aa
{Nocardia farcinica Nfa 17330 3 527 588 62a
Kincocoecus radiotolerans Krad 0072 2 462 323 62a
Cryptobacterium curtum Ceur 03300 1 366 426 6laa
Beutenbergia cavernae Beav 0026 2 447 510 64aa |
[Frankia sp Francei3 4436 1 425 481 56ea
{Frankia alni FRAAL 6735 1 420 481 62aa
{Sryeole modiicrranci AMED 0051 | 360 431 72 |
{Kineococeus radiotolerans Krad 0072 | 395 438 44aa |
Acidothermus_cellulolvtiens Acel 0986 2 411 474 6daa
{Thermobispora bispora Tbis 1337 1 375 434 60aa

— Cluster 2

{Amycolicicoccus subllavus ASIA 1301 3 526 386 6laal
Tsukamurella paurometabola Tpau 0027 4 598 662 65aa

1Actinosynnema mirum Amir 0021 1 396 464 6%
{Thermomenospota curvata Teur 0063 3 510 570 6laa

{Frankia alni FRAAL 4020 7 513 372 6l
1Conexibacter woesel Cwoe 0017 1 349 407 59%a

e r n % = T

1Gordonia polyisprenivorans GPOL 00220 3 499 538 60aa |
Brevibacterium casei C272 12727 1 414 472 59

1Actinoplanes missouriensis AMIS 470 2 440 499 fllaa

i\‘v{iuuuu.w luteus Mlut 00750 3 581 642 62aa |
{Acidimicrobium ferrooxidans Afer 1553 2 427 484 38an

Renibacterium salmoninarum RSal33209 1800 2 367 423 57aa ]
[Koeuria rhizophila KRH 20660 1 417 479 63z
[Renibacterium_salmoni RSal33209 2892 | 443 493 Staa|
[Rothia_dentocarfosa HMPREFUT33 10547 T 12T 475 35aa)
vaﬂun\.m.w. luteus Mlue 007601 457 510 $4aa
{Geodermato_obseurus GOBS RS 00320 1 391 441 5Taa]
T {Frankia sp Franccld 4436 7 493 550 éllaa |
1 Thermobispora bispora This 0055 2 452 508 S7aa + Cluster 3

{Frankia sp Francci J077 3 361 624 Gdaa |
{Frankia alni FRAAL 3081 3 604 668 65

Kribhella flavida Kila 0060 2 446 509 fdaa

\Frankia alnt FRAAL 3851 2 046 707 O3aa
1 Acidothermus cellulolyticus Acel 0019 2 422 482 6laa |
Streptosporangium roseum Sros 1975 | 447 506 6laa |

wnmmms Qe 1TE A E11 SN Alen

Figure 4 Phylogenetic tree of 677 PASTA domains (penicillin-binding protein and serine/threonine kinase-associated domains) in serine/threonine kinases
(STPKs) on their amino-acid sequences. These sequences are tentatively classified into 21 clusters. Position 1 PASTA domain (PASTA 1) were marked with
yellow, position 2 PASTA (PASTA 2) with blue, position 3 PASTA domains (PASTA 3) with green, position 4 PASTA domains (PASTA 4) with red and PASTA
5 with white, respectively. The numbering of the PASTA domains are from N- to C-terminal regions in STPKs. The tree was constructed by using ClustalX
2.54 A full color version of this figure is available at the Journal of Antibiotics journal online.
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{Acidothermus cellulolyticus Acel 0019 2 422 482 6laa 0.1

Streptosporangium roseumn Stos 1975 1 447 506 6l

Streptosporangium_roseum_Sros_1975 2 511_370_60aa

1

{Kribbella flavida Kila 2845 7 484 544 6Taa |

{Thermobifida fusca Tfu 3066 2 428 488 62

Kocuria thizophila KRH 149702 501 560 60aa

1Streptosporangum roseum Sros 0111 3 512 571 6laa

{Rubrobacter wylanophilus RwT G021 4 547 606 6024 | ~ Cluster 3

Eggerthella lenta ELEN RS15240 3 503 567 63aa

tNakamurella multipartita Nan_2392 3 301 361 6laa

Nal lla multipartita Namu 0077 3 504 564 6laa

0
Rentbacterium salmoninarum RSal33209 2512 2 503 363 6lag]

TArthrobacter_aureseens AAUR 1694 2 496 536 6Taap

Salinispora tropica Strop 3253 3 538 98 6laa
Sz]inis ora_arcnicola Sare 3480 3 536 599 bdm
Micromonospora_aurantiaca Micau 4500 3 540 599 60aa

Actmoplancs mussouriensis AMIS 147400 3 540 399 60aa ]

Rhodococeus_erythropolis Rer 35760 3 563 625 6laa

icrococens lutens Mlut 00750 2 517 575 59aa

Leifsonia xvli Lod)0210 1 368 428 6laa

—{Tropheryma whippler TW 789 2 413 967 Slaa

Tropheryma whippler TWT 778 2 413 464 $2aa
Arcanobacterium haemolyticum ARCH RS00525 2 443 505 6dea

{Thermobispora bispora This 0055 | 380 441 62aa

'mcgm porangium roseum Sros 0111 [ 381 441 6laa

Egoerthella lenta ELEN RS15240 2 437 498 6laa

{Cryptobacterium curtum Ceur 03300 2 433 494 62aa |

Olsenella uli OLSU RS 08825 2 440 301 62aa

1Atopobium parvulum Apar 13435 2 443 504 62aa

{Senguibacter keddiell Sked 00180 2 455 517 63|

{Celllomongs flavigena Cfla 0025 2 451 517 6Jaa

cLsoni XVl LAUUZ U 2 400 =38

Jongsia denitrificans JDEN RS 0860 2 438 519 62

~Cluster 4

{Gardnerella vaginalis HMPREFU2T 20147 7 64 55 62aa]

Gardnerella vaginalis HMPREF923T 0017 7 464 525 62ad]

{Bifidobacterium adulescentis BAD 0038 2 466 533 GRaa

Micrococeus Tuteus Mlut 13750 1 441 499 5%

{Jonesia_dentrificans JDEN RS 00860 1 388 430 63ua)

1A rcanobacterium hagmolyticum ARCH RS00525 3 519 576 38aa

]X;‘mu{muna.\ cellulosilytica XCEL RS 00100 | 406 462 58aa

I7

0019 1 398 450 53aa

4| Gardnerella vegmalis TMPREF9231 0017 1 403 457 S3aa |
{Bifidobacterium adolescentis BAD 0038 | 402 464 63aa |

lsoptericola_variabili
Gardnerella. vagmalis

PREF0421 20142 1 405 457 3

{Brachybacterium faccium Bfae 26990 2 476 333 60a |

{Mobiluncus curtisn [IMPREFUSTS T06d6 T 39T 457 6Taa]

[Arcanobacterium haemolyticum ARCI RS00525 1 374 435 62ua |
Actinomyees urogenitalis AUCO0266G0004 1 381 442 62aa

1Rhodococcus erythropolis Rer 35760 4 629 684 36aa

{Brachybacierium Taecium Bfae 14200 2 531 59T 6laa]

1Rubrobacter xylanophilus Rxyl 0021 3 485 540 S6a |

{Rothia dentocariosa HMPREF0733 10946 2 497 566 T0aa |

Renibacterium salmoninarum RSal33209 2893 2 480 542 63aa

Tropheryma whipplei TW 555 3 475 334 6lka

[Tropheryma whipplei TWT 216 3 475 534 60aa |
1Nocardioides JS614 Noca 0022 1 357 417 6laa |

{Actinomyces_urogenttalis AUCDD9S6GON03 I 336 407 62a]

{Saccharopolyspora erythraea Sace 0044 3 438 498 6laa
— Cluster 5

Leifsonia xyli L0220 1 404 470 67a

{Sanguibacter keddieil Sked 00180 3 315 585 (laa

Beutenbergia cavernae Beav 0026 3 516 573 38aa

Frankia sp Franceid 4436 3 $57 615 59

ankia alni FRAAL 6735 3 537 6

{Leifsania sl Lo00210 3 504 360 STaa

Figure 4 Continued

{Tonesia_denfirificans_JDEN_RS DUS60_3 324 383 60aa |
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—{Leiforia sy LoD0210 3 504 560 STaa |~ | 01

tlonesia_ denitnficans JDEN RS 00860 3 524 583 60aa

1Cellulomonas flavigena Cfla 0025 3 518 373 56an
{Saccl viridis Svir 00360 3 513 371 3%a

{Saccharomonospora azurea Sacaz 02811 3 514 572 60aa

JAmy colatopsis mediterranci AMED 0051 3 509 568 60aa

Slackia heliotrinireducens Shel 27070 4 580 637 58aa

Kitasatospora setae KSE 39400 2 482 539 S8aa L Cluster 5

1Catenulispora acidiphile Caci 6001 2 482 340 $9%aa
PAtopobium paryulum Apar 1343 4 578 634 57

Kineococeus radiotolerans Krad 3232 3 499 3538 60aa

Renibacterium salmoninarum RSal33209 2512 3 570 631 62aa

|Arthrobacter aurescens AAUR 1694 3 563 624 62aa

{Slackia_hefiotrinired Shel 27070 3 509 368 60az |

[Olsenella uli OLSU RS 08825 3 508 567 60aa

1Atopobium parvulum Apar 1345 3 512 570 5%

| Brachvhacterium faecium Bfae 14290 3 508 657 60aa

1Acdothermus cellulolvticus Acel 0986 3 481 341 6laa | —
Streptomyces cattleyn Seat 3089 1 381 439 60m

s vees zinciresistens SZN 17937 1358 417 G0aa]

D

'Slregtozmces sviceus SSEG 02705 1 376 437 GM

{Streptomyces davawenss BNT39 4479 T 379 437 S9ma

treptomyces ariseotlavus SR 9 1 34 Wi

{Streptomyces chanaensis SSFG 03588 1 379 439 6Taa |
Streptomyces fividans SLIV 19030 1 384 444 6laa |

HSlrwlom\-ccs coclicolor Sco3$48 1 384 444 6laa |

{Sireplomyces colmus B30 19315 T 380 430 6ka)

1Streptomyces hvgroscopicus SHIG 5218 1 379 439 6laa |

{Streptomyoes avermitilis Sav 4338 1 381 439 3% |

{Streplomyces sp PAMC26508 Fi30 3547 1 383 #43 6lan

Streptomyces SirexAA E SACTE 3284 1 382 441 60aa

Streptomyees griseus SGR 3725 1 384 443 6laa

1Streptomyees venezuelae SYEN 3632 1 391 453 63a

{Streptomyees clavuligerus Sclav 2946 1 381 440 60aa)

{Streptomvees albus Xnr 3037 1 381 445 632

Streptomyces bingchenggensis SbI 15406 1 376 44T boaa

mreﬁtom\-‘ces rimosus SRIM 00070 1 378 437 é0aa

Streptomyces albulus 4186 | 380 438 59

{Streptomyces_scabiei SCAB 0931 | Blaa

{Rubrabacter xyTanophilus RayT TUZT T 348 406 3Waa
Propionibacterium acnes Ppa 0184 3 525 385 6laa

Propionibacterium acnes Paz 01970 3 523 385 6laa

1Slackia heliotriniredugens Shel 27070 2 440 301 62aa

ﬁ(ﬂa alospora setag KSE 39400 1 409 471 63ua |

{Actinosynnema mirum Amir 0021 2 472 533 62aa |

{Slackia heliotrinireducens Shel 27070 1 372 433 62aa

1Egeerthella lenta FLEN RSIS240 T 370 430 6Tsa |

1 Corynebacterium gutamicum NCel2095 1 419 479 6laa |

{Corynebacterium diphtheriae DIP 1615 | 407 467 6laa

Salinispora tropica Strop 3253 1 421 462 d2aa
Salinspora_arenicola_yire 3480 1 403 432 6llaa
Micromonospora_aurantiaca Micau 4309 1 406 465 60ad

\ctinoplanes missouriensis AMIS 14740 1 406 463 60an

Stackehrandia nissavensis Suas 6471 2 420 480 61| |

{Stackebrandtia 15 Snas 6471 T 354 417 3aa]

Streptomy ces albus Xnr 3037 3 520 378 blaa

1 Leifsonia xyli Ll 3400 3 504 564 6laa

{Saceharopolyspora ervthraea Sace 0044 1 370 421 52aq

0lsenella uli OLSU RS 08825 1 368 430 63aa

Nocardiopsis_dassonvillei Ndas 3246 3 501 561 6laa — Cluster 7

{Cryptobacterium_curtum Ceur 03300 4 572 631 6llaa

\Janibacter INB 13208 1 387 447 6laa

JAtopobium parvulum Apar 1345 1 371 433 63aa |

[Nekamurella multpertita Namu 4030 T 366 443 T8aal

{Nakamurella multipartita Namu 2392 1 367 426 60aa |

671

[ ———— = TTEFTE
Streplomyees violaceusniger Strvi 0274 1 382 443 62ua — Cluster 6
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Figure 4 Continued

01

{Nakanurella multipartita Namu 0077 1370 479 60aa |
{anibacter JNB 13208 2 454 515 62aa |

{Rhodocoecus erythropalis Rer 00280 2 435 495 flaa
Nocardia farcinica Nfa 800 2 429 490 62aa
tMobiluncus curtisii HMPREF0S73 10646 2 460 520 6laa
{Emycolicicoccus subflavus ASUA 0031 2 422 483 62aa
Tanibacter JNB 13208 3 520 580 6laa

hermobispora bispora This 2915 | 447 505 $9aa
. Frankia_alni FRAAL 3851 3 713 768 36aa
{vakamurella multipartita Namw 2392 2 435 493 $9aa

Kocuria_rhizophila KRH 14970 1 432 493 62a

{Microcoecus Toreus MIut 00730 T 346 506 6laa |

Isoptericola variabilis [sova 0019 2 45§ 518 6laa

Clavibacter michiganensis CMM 1873 2 444 308 65aa
Cellulomonas flavigena Cfla 2064 2 458 530 Taa
{Thermobifida fusca Tfu 1041 1 397 459 6daa |

{Nocardiopsis dassonvillei Neas 3119 1 401 461 6laa |

Salinispora tropica Strop 3253 2 470 530 flaa

Salinspora arenicola Sare 33802 4707530 6Taa

Micromonospora aurantiaca Micau 4309 2 3
Actinoplancs missouricnsis AMIS 14740 2 472 533 62a
Nocardiopsis_dassonviller Ndas 0036 3 439 518 60aa
{Beutenbergia_cavernae Beav 1908 1 394 433 60ea |
Sanguibacter keddicii Sked 13820 3 592 637 Gbaa
Nocardiopsis_dassonvillei Ndas 0036 1 325 386 flaa |
Acidothermus_cellulolyticus Acel 0986 1 343 44 63&‘4]
{Thermomonospara curvata Teur 3036 1 375 434 6lan

Streptomyces davawensis BNISY 479 4 582 638 $Taa
Streptomyces collinus B446 19315 4 590 638 49aa
Streptomyces violaceusniger Strvi 0274 4 587 643 $Taa
Streptomyces avermifilis Sav 4338 4 581 636 Staa
SlrepLomy ces bmgthengnsis Shi 05406 4 387 642 S6aa
Streptomyces albus Xnr 3037 4 383 642 38aa
Sutpwm} ces venezuele SVEN 3632 4 398 649 S2aa
Streptomyces sp PAMC26308 F750 3547 4 385 643 3%aa
| Sireplomyces griseus SGR 3725 4 589 643 S5
Streptomyces_cattleva Sear 3089 4 583 641 3%an
{Bilidobacterium adofescentis BAD U193 1 316 3 an

Rhodococeu mlhTOpOli% Rer 35760 2 510 357 4%aa
Corynebacterium_glutamicun NCel2095 2 484 546 63a
3

Corynebacterium diphtheriac DIP 1615 2 472 534 63aa
Ay coicieoceus subliavis ASSA 1301 2 466 517 S2an
Renibacterium salmoninarum RSal33209 2892 2 502 556 36aa
Nocardia farcinica Nfa 17330 2 460 517 58
Saccharopolyspora erythraea Sace 1710 2 457 521 65aa
Saccharomonospora viridis Svir 27990 2 464 526 63aa
Sacchare pora azurea Sacaz 01512 2 465 527 63aa
m Amycolatopsis_mediterranei AMED 2318 2 473 § '_
Tsukamurella pauromelaboia “Tpau’ 3
Avtinosvonema mirum Am 13% 2 648 712 (waa

|X\lammunas cellulosilytica XCEL RS 10040 1 438 499 62aa
|au|Du|ua fer kedfien Sked 13820 1 460 321 62a |

||wp\tnwm variabilis Isova [812 1 412 472 Mﬂ.ﬂl
{Cellulomonas Taviena Clla 206+ | 396 535 G0aa |

N; |lumurella mulu artita \Iamu 392 1 367 4’6 60aa —_—

Nakarmurell mulipartia Namy 0077 2 438 496 9 - Cluster 7
Thermobifida fusca Tfu 3066 3 495 5353 $9%aa
{Rothia dentocariosa M PREFOTS3 1096 3 571 632 62aa]
{Kocuria thizophila KRH 20670 3 336 598 63aa |
1 Brevibacterum casei C272 12732 3 517 579 63aa |
{Renibacterium salmoninarum RSal33209 2893 3 547 609 G3aa]
JArthrobacter aurescens AAUR 0028 3 564 605 42aa
ispora tropiea Strop 0048 T 364 423 0aa
| Salinispora_arenicola_Sare 0053_1_363 423 61aa
{Micromonospora_aurantiaca Micau 0100 1 369 438 60aal
lanes missouriensis AMIS 470 1 372 428 $7aa
Nakamurella multipartita Namn 2392 5 639 698 60aa
{Acidimicrobium ferrooxidans Afer 1533 4 559 627 68aa| |

— Cluster 8
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DANGUIDACIET_KeUUIEN SKEW 10820 1 40U )21 DZud
{lsaptericola variabilis Tsova 1812 1 412 472 Glaa]
TCellul flavigena Cfla 2064 1 396 355 60aa
Mobiluncus curtisii HMPREF0373 11797 2 471 532 63aa

Xyl cellulosilytica XCEL RS 10040 2 530 568 3%aa
Isoptericola variabilis Isova [812 2 479 541 63aa
Beutenberga cavernae Beav 1908 2 460 521 ﬁhaa
~Salinispora tropica Strop D048 2 431 49T 61aa
Salinispora arenicola Sare 0033 2 431 491 61&;1
Micromonospora_aurantiaca Micau 0100 2 441 496 33m
Gardnerella_vaginalis_HMPREFU421_20142 3 530591 _62aa
'Gardnerella vaginalis EMPREF9231 0017 3 330 591 62a
Bifidobacterium adolescentis BAD 0038 3 337 399 63a

Microcoecus futeus Mlut 00760 2 520 576 57aa
1 Propionibacterium acnes Ppa 0184 2 452 520 69%aa

Propionibacterium acnes Paz 01970 2 452 520 6%a
{Frankia alni FRAAL 4020 | 445 303 6laa |

Sanguit keddieir Sked 15820 2 528 590 63a)
Jongsia_ denitrificans JDEN RS 07220 2 502 564 63aa
Gardnerella vaginalis HMPREFO421_20603 2 484 635 53aa
Actmomyces_urogenitalis. AUCO0266G0004 4 385 642 58aa
[Trophervma whipplet TW 789 T 349 208 6l | B
| Tropheryma_whipplei TWT 778 | 349 408 6lina |
Rothia dentocariosa HMPREFOT33 10947 2 482 547 61m
Nak lla multipartita Namu 3222 3 528 589 621
tMobiluneus curtisii IMPREFOST3 11797 1 407 464 58]
Nakamurella multipartita Namu 3222 7 4H7 521 40aa
{ Brevibacterium casei C272 13024 1 §
{ Actinosy nnema minm Amir 1396 | 3
Segniliparus rotundus SROT RS 01870 3 494 354 lad
Rhodococeus_ervthrapolis Rer 35760 1 431 490 ()03a|
{Tsukamurella pavrometzbola Tpau "669 1 410 470 6]:14]
{Amycolicicoccus subtlavus AS9A 1301 1 393 432 39aq
Kocuria thizophila KRH 20670 2 469 531 63aa
Arthrobacter aurescens AAUR 0028 2 477 540 odaa

TNk Tl multipartita Namo 3222 1 399 433 3%aa |

Actmomyces urogertalis AUC0O0266G0004 3 516 577 624
Thermobifida fusca Tfu 1041 2 466 527 62aa
Nocardiopsis_ dassonvillel Ndas 3119 2 463 331 6%a
Nocardiopsis_dassonvillel Nddas 1036 2 394 454 6Taa
Segniliparus rotundus SROT RS 01870 2 424 487 fdaa
Sanguibacter keddicii Sked 00180 4 391 650 60aa
{ Renibacterium RSa33200 1800 1 300 360 6lza]
Thermobispora bispora This 1337 2 443 504 62a
Streptosparangium roscum Sros 2780 2 437 497 6lad
{Kribbella flavida Kfla 2845 1 417 476 60ca]
Frankia sp Franccid 3077 2 494 554 6laa
Frankia alni FRAAL 5081 2 536 597 62aa
fLeifsonia syl Lix[3400 1 366 426 61aa |

0.1

=

E

fAcidimicrobium ferrooxidans Afer T553 T

1338 418 6Tad _

TGordonia_polyisoprenivorans G 20 1365 4
{Clasibacter_mick CMM I873 1 "'6 436 (}llﬁl
Xylanimonas cellulosilytica XCEL RS 00100 2 473 335 60aa
Nocardioides JSG14 Noca 0022 2 430 483 St
{Brevibacterium casel CI72 12732 T 384 347 6laa]
Brachybacterium faecium Bfae 26990 4 610 669 6020
Carynebacterium_diphtheriae_DIP_1615_3 341 _601_0laa
T Arcanobacterum_haemolyticum ARCH RS03830 T
| Thermobifida fusca 1fu 3066 1 338 421 b |
Nocardiopsis_dassonvillel Ndas 5246 2 433 494 62aa
{Nocardiopsis dassonvillei Ndas 5246 1366 426 61aa]
t Saccheromonospora viridis Svir 00360 T 365 435 Tlad

T Saccharomonospora azurea Sacaz 02811 1 365 436 Tlaa|

My cobacterm Teprae ML 0016 3 497 337 6l
M veobacterium tuberculosis Rv (0014 3 497 336 60aa

385 445 6Taa |

M\wbduenum avium 104 MAV 0017 3 496 336 6laa

’, "My cobacterium_bovis JTYV 0014 3 497 556 60aa |

|Mycobaclerium {uberculosis Ry 0014 2 428 488 6laa
Ifuenhantorinm havie TV 0014 2 478 488 Rlaa
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— Cluster 10
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Figure 4 Continued

———— Mcobacterium avium 104 MAV 0017 3 496 336 6lan 0.|
Mycobacterium {uberculosis Ry 0014 2 428 488 6l
My cobacterum bovis JTY 0014 7 428 488 61aa

|_|:M\'cobac1&rmm leprae ML 0016 2 429 45% blaa
Mycobacterium avium [04 MAV (017 2 428 438 61aa

|Mvcobacterium tuberculosis Ry 0014 1 361 421 6laa |
\ {Myeobacterium bavis JTY 0014 1 361 421 6laa |

M veobacterium leprae ML 0016 1 337 417 6laa |
Myeobacterium avium 104 MAY 0017 1 361 421 6laa|

Tsukamurella paurometahola Tpau 0027 2 465 526 62aa

Gordonia_polyisoprenivorans GPOL 00220 2 432 492 6laa

S

{Renibecterium salmoninarum RSal33209 2577 T 435 495 6laa

{Amy colicicoeeus subflavus ASA 0031 1 362 415 350

Corvnebacterium diphtherize DIP 0053 1 393 433 6laa

Thermobifida fusea Tfu 1041 3 531 591 6laa

Nocardiopsis dassonvillei Ndas 3119 3 535 395 6laa

Xylanimonas cellulosilytica XCEL RS 10040 3 580 636 57aa

Tsoptericola variabilis Tsova 1812 3 548 609 62aa

{ Corynebacterium_glutamicum NCg0040 T 371 430 60aq]

Acidothermus celfulolyticus Acel 0019 3 487 546 6laa

ITropheryma whipplet TW 555 2 408 460 53aa

‘Truphcrymu whipplet TWT 216 2 408 460 33aa

Leifsonia xyli Lix13400 2 433 474 42aa

{Brachybacterium Taecium Bfae 7290 1 367 324 flaa |

Nocardioides JS614 Noca 3086 2 464 524 6laa

Breyibacterium casei C272 13024 2 593 633 Glaa

Isoptericola variabilis Isova 0019 4 391 650 60aa -
Corynehacterium_ghutamicum NCAD040 2 438 499 62aa
Corynebacterium diphtheriae DIP 0053 2 460 522 63aa
Jonesia denitrificans JDEN RS 07220 3 566 631 6aa
Cellulomonas flavigena Cfla 2064 3 337 397 6laa
(Gardnerella vaginalis HMPREFO421 20603 1 503 361 37 |
{Bifidobacterium adolescentis BAD 1014 T 471 510 40aa |
Mobiluncus curtisit IMPREF0S73 11797 3 539 399 flaa
Beutenherga cavernae Beav 1908 3 528 390 63a
A rcanobacterium haemolyticum ARCH RS03830 3 5207580 61 aa
Gardnerella vaginalis HMPREF0421 20603 3 643 702 60aa
Bifidobacterium adoleseentis BAD 1014 2 593 653 6laa
Nocardioides JS614 Noca 3086 3 531 592 62aa

Areanobacterium_haemolyticum ARCH RS03830 2 432 513 62aa

Streptomyees venezuelae SVEN 1769 2 4353 514 62aa
Streptomyces SirexAA E SACTE [542 7 444 505 62aa
Streptomyees sp PAMC26508 F750 1978 2 45 506 62aa
Streptomyces griseus SGR 5391 2 447 507 62aa
Strepfomyces clavuligerus Sclav 13267 4507310 6aa)

Streptomyces scabiel SCAB 67711 2 445 50 62aa
Streptomyces viridochromogenes SSQG 02054 2 439 519 6laa
Strepfomyces zinciresistens SZN 080092 345 505 6laa = Cluster
Streptomyces griseoflavus SSRG 04610 2 153 213 6laa
Streptomyees lividans SLIV 27155 2 463 524 (daa

Streptomyces coelicolor Sco2110 2 473 334 62aa

Streptomyees sviceus SSEG 06024 2 461 522 62aa

Streptomvces hveroscopicus SHIG 3594 2 462 522 Glaa
Streptomyces collinus B446 11080 2 436497 62aa

Streptomyees avermitilis Sav 6092 2 452 513 62aa

Streptomyces davawensis BN159 6328 2 431 512 62aa

Streptomyces albus Xnr 4768 2 433 494 62aa

Streptomyees violaceusniger Strvi 7194 2 447 508 62aa
Streptomyees bingchenggensis Sbi 07851 2 452 513 62aa

Streptomyees cattleya Scat 1232 2 445 505 6laa

’—47 Streptomyees_rimosus_SRIM_24996 2 47

The Journal of Antibiotics

Actinomyces urogenitalis AUCON956GO003 3 482 544 63m | -

R 188 6la: = Cluster 10

Rhodococeus ervthropolis Rer 00280 1 366 427 62m
{Nocardla farcinica Na 800 1 363 427 60aa |
\Tsukamurella 1 bola Tpau 0027 1 397 457 Glaa |
Jonesta denitrificans IDEN RS 00860 4 592 652 61aa
{Nocardia farciniea Nfa 17330 1 395 454 60aa

i Cluster 11
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Streptomyees Timos ursiSRll\-‘[j49967274?27533_762&&
Streptomyces albulus 2393 2 62 122 6laa

Kitasatospora setae KSE 21520 2 456 517 62aa

Thermomonospora curvata Teur 3036 2 443 504 62aa

Brevibacterium easei C272 13024 3 660 720 6laa

1 Thermomonospora curvata Tewr 0063 1 371 432 62aa |

Kineococcus radiotolerans Krad 3232 2 430 491 62aa

1Actinomyees urogenitalis. AUC00936G0003 2 414 475 62an

Ifiurptuum.m violaceusniger Strvi 7194 1 380 440 6laa |

-

{Streptomyees bingchengeensis Shi 07851 T 383 445 6laa |

reptomyces cattleva Scat 1232 1 378 437 6laa

Nocardiowdes J3014 Noca 3086 | 397 456 0laa

{Streptomyces sp PAMC26308 F750 1975 | 378 438 6laa
4‘_|:‘St‘repmm\-ces SirexAA T SACTE 1542 1 376 437 62aa]

Streptomyees_griseus SGR 39T T 379 37 6Taa |

Streptomyees scabiet SCAB 67711 1 378 438 6laa |

Streptonryces davawensis BN159 6328 1 384 444 6laa
{Streptomyces hygroscopicus SHIG 3564 1393 454 6laa

LIeplontyces Zmeiresisiens J

675

0.

— Cluster 12

Streptomyees viridochromogenes SSQG 02054

1 390 451 62aa

treplommyces sviceus SSEG 06024 T 394 454 6Taa|
[Streptomy ces Tividans SLIV 27135 T 395 436 0Zaa |
|Slrepmmvces coelicolor Seo2110 1 405 466 62aa |
Rtreptomyces collinus B446 11080 1 368 429 62aa
Streptomyces avermitilis Sav 6092 1 384 445 62 |

Streptomyees albus Xnr 4768 1 366 426 6laa |

1Streptomyees venezuclaz SVEN 1769 | 386 446 6laa |

Stroptomyees rimosus SRIM 24996 | 403 465 6laa |

Streptomyces albulus 2595 1134 ddaa
EE—

1Streptomyees clavuligerus Selav 1326 1 382 442 6laa

{Kineococeus radiotolerans Krad 3237 T 363 473 aa |

PAXY

{Kitasatospora setae KSE 2150 1 389 449 Glaa

"tenuli

C pora acidiphila Caci 6001 1 415 474 60aa

Birevibucterium casel C272 12132 2 452 512 61

{Brachybacterium faecium Biae 26990 1 409 469 61aa |

egliparus rotundus_SKOT KS 01870 T 358 417 ﬁl]ﬂ.ﬂl

— Cluster 13

1Saccharopolyspora_erythraca Sace 1710 | 387 45 6baa

—Saccharomonospora viridis Svir 27990 [ 400 439 60aa
L {Succharomonospora azurca Sucaz 01512 1 401 460 biaa |

TRenibacterium salmonimarum RSal33209 2803 1 413 413
[Arthrobacter aurescens AAUR 0028 1 411 470 6la

3 0laa

{Tonesia denitrificans JDEN RS 07220 1 436 495 60 |

[Sanguibacter keddien Sked 00180 1 387 448 62aa|

|Cellulomonas flavigena Cfla 0025 1 384 444 6laa

{Beutenbergia_cavernae Beav 0026 1 380 440 fllaa

{Kocuria rhizaphila KRH 20670 T 403 367 llax |

1Rothia dentocariosa HMPREF(733 10946 1 431 490 60aa

Acidimicrobium ferrooxidans Afer 1553 3 514 551 38aa |

Acidimicrobium ferrooxidans_Afer 0088 2 442 502 6laa

{Acilmicrobium Terrooxidans Aler 0088 T 375 435 6laa |

Acidimicrobium ferrooxidans Afer 0087 3 504 364 blaa

Cryptobacterium curtum Ceur 03300 3 502 562 6laa

{Acidmicrobum ferrooxidans Afer U087 T 377 450 Yaa

Thermobispora bispora This 1337 3 309 567 $9aa R

Streptosporangium roseum Sros 2780 3 501 560 60aa

Kribbella flavida Kila 0060 3 516 577 62aa

{Kincococcus radintolerans Krad 0072 3 528 589 62

Figure 4 Continued

{Kribbella Navida Kfla 0060 1 380 439 60z

Frankia sp Franced 3077 [ 425 486 6laa
———————{Frunkia ulni FRAAL 3081 1 468 320 6aa |

{Thermomonospora curvata Teur 3036 3 508368 blaa

Kvtococeus sedentarius Ksed 00180 1 628 687 62aa| :

Micrococcus luteus Mut 13730 2 506 567 62aa |

{Frankia alni FRAAL 4020 3 378 636 3%

—{Salinispora tropica Strap 0048 3 497 357 6lea |
l—Sahmsnora arenicola Sare 0033 3 497 557 6laa

'|-'\m\-‘cnlzmpsis mediterranei AMED 2318 | 409 468 60aa

= Cluster 14
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{ e

Micromonospora aurantiaca Micau 0100 3 502 363 62aa

—{Streptosporangium roseum Sros 1975 3 575 635 62aa

woesel Cwoe 0017 4 548 608 6laa

C

S ces hysroscopieus SHIG 3218 3 512 574 64aa

—|—S[rcmom\-‘cm collinus B446 19315 3 513 574 62
s

Ptreptomyces lividans SLIV 19030 3 517 578 62aa
L —{Streptomyoes coclicalor Sco3848 3 517 578 blaa — Cluster

Streptomyces griscoflavus SSRG 03159 3 514 574 blea)

Streptomvees shanaensis SSFG 03588 3 314 374 6laa
Streptomyees sviceus SSEG 02705 3 512 572 62aa
Streptomyees viridoch genes SSOG 03936 3 "\H 375 blaa
Streptomyces davawensis B\IIS‘) 4479 3 512 572 6laa
Streptomyces zinei SN 17937 3 490 550 Olaa
Streptomyces avermitilis Sav 4338 3 512 572 6laa
Kitasatospora setae KSE 39400 3 551 603 55aa |
Amycolatopsis mediterranet AMED 0051 2 440 301 62aa -
|Streptosporangium roseum Sros 8314 1 474 534 6laa | o

1

[[Fropheryma whipplei TW 355 1 341 397
'Tropherymy whipplel TWT 216 [ 341 397 57aa

1Amy {Amyeolato psis mediterranei AMED 0051 4 578 640 63aa

'ae@ﬂigmls rotundus SROT RS 01870 4 561 626 69aa |
{Cory nehacterium elutamicum NC040 4 560 636 68aa
1Corynebacterium _diphtheriae DIP 0033 4 593 659 67m

Streptomy ces

| M ycobacterium tuberculosis Rv 0014 4 562 622 61

fycobacterium bovis JTY 0014 4 562 622 6laa |
[Mycobacierium avium [04 MAV 0077 4563 622 6llaa
{Nakanrella multipartita Namu 2392 4 367 633 67aa

attleva Seat 3089 2 446 508 63aa
Mycobacterium leprac ML 0016 4 358 618 6laa

Nakamurella multipartita Namu 0077 4 570 635 6baa

{Nocardia farcimica Nfa 800 4 364 629 faa |

{Rhodococcus erythrapolis Rer 00280 4 369 633 65aa |
{Amyeolicicoceus subllavus AS9A 0031 4 556 619 6daa
{Gordonta polvisoprentvorans GPOL 00220 4 564 627 Gdaa
MLL}WIU olvspora ervthraea Sace 0044 4 572 633 62aa
o vinidis Svir 00360 4 580 641 62aa

weniola Sare 0053 3 497,537 6laa _

14

— Cluster 15

|Succhammonnspma azurca Sacaz 02811 4 580 642 63ea
pctincs\,m]em mirum Amir 0021 4 606 667 61aa

iSuLplumvw: caltleya Scal 1232 3 511 533&' M

{Streptomyces venezuelae SVEN ]rﬁ‘) 3 521 581 6laa

A Streptomyces SirexAA E SACTE 1542 3 512 577 6laa |
4,_(:181@:10“% 5 PAMCI6508 F130 1975 3 313 573 flaa]
inl[cpl\)l[l\‘(le.i grisens SGR_3391 3 514 574 blaa
Bireptomyees davawensis BN130 6328 3 517 981 6aa
Streptomyecs sviceus SSEG 06024 3 529 589 fﬂaa]_‘
Streptomyces zinciresistens SZN 08009 3 512 572 6laa
tomyces griseoffavus SSRG 04610 3 220 280 6laa

Streptomyees hyeroscopicus SHIG 3594 3 529 589 61aa |
{Streptomyces collinus 5496 TTUST 3 304 363 60aa]
nes SSQG 02054 3 526 587 6laa

Streptomyces_viridochromo,

ﬁrepmmw:es coelicolor ScoZl10 3 41 601 6laa |
1 2 s scabiel SCAB 67711 3 513 573 6laa |

{Streptomyees avermilifis Sav 6092 3 519 582 6daa |

{Streptomyces albus Xnr 4768 3 500 561 6laa |

{Streptomyees_clavuligerus Sclav 1326 3 516 377 6laa

(replomyees rmosus 4

Streptomyees albulus 7)‘}5 = 179 89 flaa |
{Thermobispora bispora This 0035 3 514 573 60aa |

T hermon curvala Tour 0063 2 443 502 6lha |

Figure 4 Continued

Streptomyces violaceusniger Strvi 7194 3 515 377 63aa

Nocardiopsis_dassonvillei Ndas 3119 4 603 628 26aa

1Actinosynnema mirum Amir 0021 3 541 599 5%
{Saccharopolyspara erythraca Sace 0044 3 507 365 65a

{ Corynebacterium diphtheriae DIP 0053 3 530 387 S8aa |

The Journal of Antibiotics

[Streptomyces Tvidans SLIV 27155 3 531 397 63aa | L Cluster 16

pnehacterfum_slutamicum NCal040 3 507 564 SRea|
|Corynebacterium gjq amicum _gl 0 al | Cluster 17
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OAUIALUPULY SPULA_E1Y LLILAE_dLE_WUHH+_J_JU1_Jud_Uddd 0l

Corynebacterium glutamicum NCl0040 3 507 364 58aa | o

{Corynebacterium diphtheriae DIP 0053 3 530 587 58aa |

{Acidothermus cellulolyticus Acel 0019 1 335 415 6a]

{Stackebrandtin nassavensis Snas 6471 3 486 548 63

{Nocardioides JS614 Noca 0027 3 488 548 6laa

{Kilasatospora setae KSE 21520 3 523 578 36aa |
lStreiglosporangjum roseum Sros 0111 2 448 506 60aa

{ Leifsonia xyli LxxI5400 4 377 628

{Clavibacter michiganensis CMM 1873 4 586 643 S8aa |

{Kcifimicrobium ferroosidans Afer 0087 4 570 626 572a |
{Strepfomyces viridochromogenes SSQG 03956 2 448 S08 62 |
{Streptomyces ghanaensis SSFG 03388 2 447 507 6laa |
—

Streptomyees svicens SSEG 02705 2 443 505 6laa
e 8

Streptomyces davawensis BN139 4479 2 445 305 6

treptomyces [vidans SLIV 19030 2 452 510 59

teptomyces coelicolor Sco3848 2 432 510 39aa

Streptomyces hygroscopicus SHIG 5218 2 446 503 6Daa|

{Streptomyces collimus B446 19315 2 447 505 39aa |

Streptomyees zinciresistens SAN 17937 2 423 483 $9aa
Streptonyees ariseoflavus SSRG 03159 2 448 507 60za |
Streptomyees avermitilis Sav 4338 2 447 505 59aa

{Streptomyces albus Xnr 3037 2 452 512 flaa |

lilrcp[omvccs rimosus SRIM. 00070 2 446 50 6laa | — Cluster 17
Streptomyees albulus 4186 2 447 507 6laa |

{Sireptomyces venezuelse SVEN 3632 2 460 519 60aa

1Streptomyces SirexAA B SACTE 3284 2 448 307 baa

L

Sireplomyces sp PAMC26508 F730 3547 2 450 309 60aa

{Streptomyces ariseus SGR 3725 2 450 509 6llan

Streptomyces clavuligerus Sclav 2946 2 447 507 6laa

1Rubrobacter xvlanophilus Rsyl 0021 2 411 468 58

{Tsukamurella paurometabola Tpau 0027 3 534 392 59
_| ioucplumwc venezuelae SVEN 3632 3 525 585 6]3.&'

fStreptomyces SirexAA E SACTE 3284 3 516 572 5Taa
_:{Slreplomvces sp_PAMC26308 F750 3547 3 515 375 flaa
Sireplomyces griseus SGR 3723 3 513 373 6laa |

IBM\.‘LW'LJOA,WI[U\H faecium Bfae 26990 3 542 602 6laa

Streptomyces rimosus SRIM 00070 3 513 573 6laa

{Streptomyces albulus 4186 3 514 574 6lan

Streptomyces clavuligerus Sclov 2946 3 513 572 6laa

1Streptomyees caitleya Scat 3089 3 315 375 blaa

1 Actinoplanes missouriensis AMIS 14740 4 606 658 53ua)

Rhodocaccus_erythropolis Rer 00280 3 504 362 393
P

{Nocardia farcinica Nfa $00 3 499 538 blaa

|Amycolicicoceus_subflavus ASYA 0031 3 492 350 Yaa

[

{Frankia_alni FRAAT 3857 T 580 640 6Taa |

{ Acidimicrobium ferrooxidans Afer 0087 2 437 496 Glaa =

Stackebrandiia nassauensis Snas 2236 1 463 322 60ua |

{Stackebrandiia nassauensis Suas 2077 | 426 490 65ua

Btackebrandtia nassavensis Snas 5303 1 496 535 6laa

tackebrandtia nassauensis Snas 1807 1 305 561 57aa

{Stackebrandtia_nassauensis_Snas 2079 1 427 487 flaal

1Sackebrandiia nassaucnsis Snas 3361 1 414 475 62aa

{Stackebrandtia nass s Snas 2132 1 420 488 69

{Stackebrandiia nassaucnsis Snas 1251 1 497 555 5%a |
[Sacel pora virklis Svir 27990 4 600 636 57aa | o

Saccharomonospora azurea Sacaz 01312 4 601 637 36aa

{Nocardivides JS614 Noca 3705 1 330 386 5Taa

Corynebacterium_diphtheriae DIP_1615 5 672 725 54aa

{Tsukamurella_paurometabola Tpau 2669 4 607 663 5%a |

{Corynehacterium chnamieum NCal2095 4 619 671 $3aa
Corynebacterium diphtheriae DIP_1615 4 605 668 6daa

{Frankia sp Franced 3623 1 565 025 6laa ™ Cluster 19

{Catenulispora_acidiphifa Caci 6007 3 547 601 35aa |

{Tropheryma whipplei TW 555 4 542 598 $7aa

{Stackebrandtia_nassauensis_Snas_3T30_T_449 T8 6la |

1Stackebrandlia nassavensis Snas 2149 1 408 468 6laa

Tsukanurella paurometabola Tpau 2669 5 669 725 57aa

Mohihmens enrtisn HMPREEDST3 11707 4 607 667 Shaa

677

Cluster 18
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{Stackebrandiia nassauens’s Snes 2149 1 08 465 0laa |
—

Tsul lla paurometabola Tpau 2669 § 669 725 $Tas

{Mobiluneus curtisit H'MPREF0573 1]797 4 607 66“ 6aa |

Streptomyces claw]l;v:mi Sclay 7946 4 ‘80 636 STaa

Streptomyees hygroscopicus SHIG 5218 4 384 641 Ma

[Syeptomyees [rvidans SLIV 19030 4 586 614 292 |

repfomyees coelicolor_Seod 2
Streptomyces viridochromogenes SSQG 0)956 4 583 043 SBaa

{Streptomyces zinciresistens SZN 17937 4 359 619 6laa

Streptomyces sviceus SSEG (2705 4 580 643 bdan

LFEPLOMYCES FIMOSUS / | A
Streplomyces albulus 4186 4 582 641 6laa
\Frankia sp France3 3623 2 632 691 00aa

TKocuria shizophile KR 14970 3 367 617 32 |

{Gardnerells vaginalis HMPREFO421 20603 4 709 772 6

{Bifidobacterium adolescentis BAD 1014 3 660 724 63 |

Corynebacterium gutamicum NCg2093 5 685 737 S5

Tankia sp rranccls U7/ ) ALt

— Cluster 19

{Frankia_alni FRAAL S081 4 700 747 48aa

T Amycolatopsis mediterransi AMED 2318 4 607 663 61aa|

{Saccharopolyspora ervthraea Sace 1710 4 594 630 S7aa|

i.)a\.\.‘umuln\niu.pﬂrﬂ viridis Svir 00360 2 443 305 63aa l

{ Saccharomonaspora azurea Sacaz (2811 2 445 506 62aa

1Streptomyces violaceusniger Strvi 0274 3 519 579 6laa
{Streptomyces bingchengensis Shi 03406 3 515 577 63amp |

Figure 4 Continued

WNakamurella_multipartita Nanm 3222 3 639 716 582

{Nocardia farcinica Nfa 17330 4 392 648 57

{Amycolicicoceus subflavus AS9A 1301 4 91 646 S6aa

Actinosynnema mirum Amir 1396 4 786 841 S6aa |

rPropionibacterium acnes Ppa 0184 1 385 445 olaa |

Propionibacterium aencs Paz ¢01970 1 385 445 6laa|
Actinoplancs missouriensis AMIS 470 3 506 563 f0a]

Salinispora tropica Strop 3253 4 605 657 35aa
Salinispora arenicola Sare 3480 4 603 637 33aa

M icromonospora aurantiaca Micau 4509 4 607 630 $3aa |

y—|C dnerella vagmalis HMPREF(421 20142 4 598 657 60z |

HGardnerella vagnalis HMPREF9231 0017 4 398 637 6laa |

{Streptomyces violceusniger Strvi 0274 2 453 512 flaa

treptomyces bingchengeensis Sbi 03406 7 4507309 60aa

Cellulomonas ﬂaviéna Cfla 2064 4 604 661 S7aa

Bifidobacterium adolescentis BAD 0038 4 601 660 60aa

{Kineococeus radiotolerans Krad 3237 4 360 627 f3aa

um RSal33200 2512 4 639 694 S6aa |

Thon' o
| Renibactermm

{Arthrobacter aurescens AAUR 1694 4 631 687 STaa |

{Bentenberaia cavernae Beay 1908 4 597 654 58a

Arcanobacterum_haemoly ticum ARCH RS03830 4 582 644 6aa

pctmomxccs wrogenitalis AUCTIVSRGUNNS 4 35 608 63ea

ibacter keddieii Sked 15820 4 064 721 38

1Brachy bacterum [aecium Blae 14290 4 664 722 $%a

{Streptomyces violaceusniger Strvi 7194 4 384 641 $Taa

1
_|—|Stpeplom\ ees bingehengaensis Sbi 07831 4 388 643 6aa |
ces scabiel SCAB 67711 4 580 638 S%a |

JEEE

Mluﬂn ces collinus B446 11080 4 570 628 59%aa |

fSireplcmvoes ainciresistens SZN 08009 4 579 637 J%ai

{Streptomyces davawensis BN159 6328 4 587 645 59

Streptomyces griseoflavus SSRG 04610 4 287 345 39a
Streptomyces hygoscopicus SHIG 3394 4 591 654 6daa |
Streptomyees sviceus SSEG 06024 4 396 654 60aa |
[treptomyees lividans SLIV 27155 4 598 656 58aa]

LE eptomyces coelicolor Sco2 (104 608 666 SVaa_|
| Streptomyees viridochromogenes SSQG 02054 4 594 652 3%aa

—————{Sireptomyces avermitlis Sav 6092 & 389 647 SV
Streptomyees SirexAA E SACTE 1542 4 580 634 San

Streptomyces sp PAMC26508 F750 1975 4 580 635 S6aa
Slmplorm ces_grlscua SGR 5391 4 582 636 S5 |

Ve AQ N E00 AN Ei

oo R st
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tomyces albus Xor 4768 4 368 623 36aa

‘—1 JLL:}JWN_‘ 1% :Z'_I:JJ!TU}_JU l\._.‘.‘: l_"_.‘ Q ._U.'V‘_‘.'M
B 2
treptomyees nimosus 24906 4 Yz

Streptomyess atbulus 2305 4 196 233 0aa |

{Streptomyees venezuelae SVEN 1760 4 388 645 38a
{Streptomyees clavuherus Selav 1326 4 334 641 D3z

~ Cluster 20

Xylanimonas cellulosilytica XCEL RS 10040 4 643 698 S6aa

[soptericola vanabilis Isova 1812 4 617 671 aa

{Tonesia densinficans JDEN RS 07220 4 638 693 38aa
Acidothermus cellulobyticus Acel 0986 4 364 609 46aa =
Shegtoimmzium roseum Sros 2780 4 388 641 Maa

{Themobispora bispora This 1337 4 383 643 S3a]

{ Thermobsfida fusea Tru 1041 4 398 631 Yiaa|

{Streptomyces cattleva Scat 1232 4 380 634 33aa|

Cluster 21

{Micrococcus Intens Miut 13730 3 374 633 62aa |

{Thermomonospora curvata Teur 3036 4 392 646 36aa
Kribbella flavida Kfla 284 4 618 668 Slaa

Figure 4 Continued

Salinispora arenicola, Micromonospora aurantiaca and A. missouriensis
(two domains). Corynebacteriales group into three clusters
with C. glutamicum and Corynebacterium diphtheria domains in
one subgroup, Nocardia farcinica, Rhodococcus erythropolis and
Amyecolicicoccus  subflavus  domains in a second subgroup, and
Mpycobacterium leprae, Mycobacterium avium, Mycobacterium tubercu-
losis and Mycobacterium bovis domains as the third subgroup.
Finally, P. acnes (two domains) forms another subgroup (the order
Propionibacteriales). Interestingly, there are numerous examples: two
domains each in C. flavigena, C. michiganensis, I variabilis and
T. curvata , and three domains in L. xyli of domains that are found
in a single species, but are located within different clusters. In addition,
PBPs in Micrococcales and Corynebacteriales form several branches in
the tree, respectively. Taken together with the fact that conserved
amino-acid residues appear in most PASTA domains (Figure 2), these
results suggest that some domains evolve independently from taxo-
nomic classification, whereas others evolve vertically along with the
species. Similar topological trees were obtained by using maximum
parsimony and UPGMA (Unweighted Pair Group Method with
Arithmetic Mean) methods.

On the other hand, a phylogenetic tree constructed by using the
amino-acid sequences of PBPs excluding PASTA domain shows
clusters following taxonomic classification (Supplementary Figure S1).
This is also the cases with trees constructed using transglycosylase
(Supplementary Figure S2) as well as transpeptidase (Supplementary
Figure S3) domains, confirming that at least some PASTA domains
evolve independently of taxonomy and the amino-acid residues in
both transglycosylase and transpeptidase domains are more conserved
than those in PASTA domains.

DISTRIBUTION OF PASTA DOMAIN IN STPKS

In comparison with the PBPs, all bacterial species analyzed in this
paper contain 1 to 11 protein kinases,** and each of these can have
0 to 5 PASTA domains (Table 1). That is, STPKs can be divided into
two groups: PASTA-containing STPKs and those without PASTA
domains. In general, however, most STPKs do not have PASTA
domains. The STPKs in S. coelicolor SCO4423 (AfsK), SCO6681
(RamC), SCO3821 (PksC), SCO2110 (PkaF) and SCO3848 (PknB)
have 0, 0, 1, 4 and 4 PASTA domains, respectively. Figure 4 shows a
phylogenetic tree constructed by using amino-acid sequences of the
677 PASTA domains of STPKs in Actinobacteria. These PASTA
domains were searched for in the STPKs of all of the Actinobacteria
analyzed in this paper by Blast analysis. The secondary structures of

these PASTA domains were analyzed by using PSIPRED software
(http://bioinf.cs.ucl.ac.uk/psipred/). Similar to the STPKs with PASTA
domains of other bacteria, all of the STPKs with PASTA domains in
Actinobacteria detected in this work comprise the serine/threonine
protein kinase domain in the N-terminal region, and the PASTA
domains locate in the far most C-terminal region. The number of
amino-acid residues in PASTA domains and the composition of the
secondary structures in PASTA domains are also similar (e.g.
Figure 5). When these 677 sequences are tentatively categorized into
21 clusters, PASTA domains from the same relative positions within
the STPKs in Actinobacteria have a tendency to be located within the
same clusters. For example, many PASTA domains from position 1
(PASTA 1) fall into clusters 1, 6, 9, 10 and 13, with clusters 1 and 13
being especially prominent; those from position 2 (PASTA 2) fall into
clusters 3, 4, 8, 9, 12 and 17, with 4, 9, 12 and 13 being especially
prominent; those from position 3 (PASTA 3) fall into clusters 2, 3, 5,
7,10, 11, 14, 16 and 17, with 5, 11, 14 and 16 especially prominent;
and those from position 4 (PASTA 4) fall into clusters 8, 15, 19, 20
and 21, with 19, 20 and 21 being prominent. This is in accordance
with the suggestion of Jones and Dyson® that individual PASTA
domains evolve position-dependently. Cluster 18 consists of only
PASTA domains from Stackebrandtia, but these STPKs contain only
one PASTA domain. STPKs, P. acnes Ppa_0181, P. acnes_Paz c01970
and A.  missouriensis  AMIS_470 from cluster 20 and
M. luteus Mlut_13750 in cluster 21 have only three PASTA domains.
Therefore, their amino-acid sequences are more similar to those of
position 4 (PASTA 4) instead of position 1 (PASTA 1) or 3 (PASTA
3), although they group into cluster 20 or 21, which consists of many
position 4 (PASTA 4) sequences. Similarly, position 2 PASTA (PASTA
2) and position 1 PASTA (PASTA 1) domains of M. luteus
Mlut_13750 belong to clusters 14 and 4, respectively. Similarly,
STPKs, Stackebrandtia nassauensis Snas_5130, S. nassauensis Snas_2149
and Nocardioides JS614 Noca_3705 group with cluster 19, although
they have position 1-type PASTA (PASTA 1) domains. These STPKs
possess only one PASTA domain. Although some position 2 and
position 3 PASTA domains of Streptomyces violaceusniger (Strvi_7194
and Strvi_7194, respectively) and of Streptomyces bingchenggensis
(Sbi_07851 and Sbi_07851, respectively) cluster together with other
position 2 or position 3 PASTA domains of Streptomyces species
(cluster 12 and cluster 16, respectively), other position 2 and position
3 PASTA domains of S. violaceusniger (Strvi_0274 and Strvi_0274,
respectively) and of S. bingchenggensis (Sbi_05406 and Sbi_05406,
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PASTA 1 PASTA 2
AVVIWYV FT: VH’VLALTQDEAGKRLRAAGLGV SFGEA-WSETVAKGRVVSTDPGP——GARTRGN-GTVRVVVSRGP— GQPLI T-PGT AGSVISTDPA
VVGLVLAL "' GVGTWY FTKMPYL KDAGLEV-KTTRE-FSDVVDKGKV IKTDPGG———~GKQTRNT( GTVTIHISDGP-—-PRTQVPNVVGMPLKQARRQISDANLS VGEVTKEFRDETPQGSVISTDPR
ATALAAGVWYT: AQF TEVFPVLRKTQAEAAKKLHGAGLDV KVVNE-FSDVIPKGKV IGSKPGF ERVRDT-GTVTIRVSQGP———PRAEVPNVVGMPLAEAKRKIADQGLT-IGKVIRRFSSETAQDSILSTSPV

AGTPLADARRKLRDLGLV-PGTETRTFSDEVAKGSVIRTDPA
ATGRSGAVAGLLRARRKAVSTVAAVLLVLGVGAGVWY INS—————GQFTTVPAVLDMTQAKAEKTLRAEGLNV-EVKHA-FSPNVERGHVMATTPEN- GKRIRGT-GTVVITLSKGP——EIVQVPELAGTPVADAKRKLRDLGLT-VGTVRKEFSDEVAKGSVISTDPA
TVLGVLLALGIGSGVWYINS— GQFTRVPAVLGQTEAAATRRITDAGLEVGSTKRA-] FSDVYERGTVMAVDPAP GERLRGN-GTVTLTLSRGP-~~ETVKVPNLKNKPLAEAKRTLEREGLA-TGVVTTAFSEGVPQGAVISSDPE

VLLVLGVGTGVWYTN FTRVPAV ERAGL RR T ERTRGN-GSVTLVVSR ‘RVPPVKGRTLADAERELERVGLA-PGMVTREFNATVPQGSVVRTEPE

GIGTGVWYINS: FTRVPSLLGQTQQTAEKRLSDEGLGLKGVERV-] FSDTVERGSVV&SDPAS GDRTRGN- GSVKLVVSRGP”*EIVRVPDVAGRSLADARRSLKKVGLV PGMVTREFSEDVARGEVIRTDPR
LGAGAGVWYIN: |TRVPALLGKTQSAAEERLADEGLDLKGVERA YSDTVRRGTVISSDPGS- GERTRGN-DAVKLVISRGP—ETVKVPDVEGLALADARRELKKWGLA-PGMATREFSEETIDRGKVIRTDPR
FTQVPSL EDAGLGL ERGKVL TRGN-GSVKL! TVKVPDVEGLASADARRELKKAGFE-QGMVTREFSEETARGEVVRTDPA
'"TRVPPLLAKTEDEARQRLADAGLKVGGVDKA YSDTADRGTVTKTDPGT- ~PGMVTRAFSDSVAKGEVVSTDPS

LLVLGVGAGVWYINS: FTRVI EDAGLEVGKVDRA-FSDTVKRGQV ISTDPAV-

GAGYWYIN: '"TQVPPLLGKTEAQARDRLEQAGLDTGAVGRA YSDTVKRGTVISSDPGT-
RGPLATVVAVLLVLGLGAGVWY INS-———-GQFTEVPPLLAKTQAQAEDRLEDAGLDLGKVEHA-YSDTVDRGTVISSDPKT-
———VVAVLLALGVGTGVWY INS—————GQFTKVPPLLAKTEKEARDRLATAGLDVGEVNEA-FSDTVERGTVISTDPKA-
-APPPAPSPSRRLRLRRGPLTIVVAVLLVLGIGTGVWY INS————-GQFTKVPPLLSKTEAQARDRLDDAGLDVGKVRHA-YSDTVERGKV ISTDPGV-
RLRLRRGPLTIVVAVLLVLGIGTGVWY INS——~-~GQFTKVPPLLSKTEAQARDRLDDAGLDVGKVRHA-YSDTVERGKVISTDPGV-
'AAVLLVLGLGAGVWYIN FTKVPPVLAKTQVEATAQLEKAGLDVKQVRHD-YSDTVKRGTV IRSDPKP-

N FTKVPPLLAKTEKQAEARLRASGLDVKQVENE-YSDTVKSGTVIRTDPKP-

RPPRAVLAVIAAVLVVF FTKVPPLLAKTEAQARERLKAAGLDVGQVKRA-YSDTVERGTVIGSDPAP-

EVVKVPDLEGYRLDKARELLAGAGLE-PGMVTREFSDSVARGSVISTDPT
RTVAVPALQGYPLAKARTELKNSGLQ-PGMVTREFSDDVTRGSVVSSDPG
RNVRVPALAGQKLDEARSLLKDDGLE-PGMVTREFSEDVPKGSVISARPA
GARTRSH-DPVALTLSKGP——ETVRLPDLDGYPLDKARDVLKDEGLE-PGMVTREFSDGVPRGSVISTKPG
GDRIRKN-DSVSLTVSDGP-~-DTVKLPDVTGYKLDKARTLLEDEGLE-PGMVTRAFSDEVARGFV ISTKPG
DTVKLPDVTGYKLDKARTLLEDEGLE-PGMVTRAFSDEVARGFVISTKPG
GARTRDN-DSVTLTISDGP——RTVKVPDLAGLPLSKARAELKADGLA-PGMVSRAVSDDVPKGSVISTDPA
GARTRSN-DSVTLVISRGP——EVVKVPDLRGVPLAKARARLKAAGLE-PGLVNRAFSDSVARGSVVGTDPG
-GARIRDH-DSVTLTVSLGP——QTVDVPDVAGQSLAKARARLKADDLE-PGMVTRAFSEDVPRGSVIGTTPE

nIFIGKSLFAD”VPNANRIKAPm RGETL KVTKGGDD-YCD-QDKGKICSQDPQS: GTAMDKG-QTITVVISKGA-——KPVE QSKGFTNT., VLSQDPS
FIGKATF RN TGSPTFCDDAKKNTVCKQSA' ENATERDTGTVELTMSKGPKPAEKVEVPDY EAKGFK-VTQKTEE——SDQTPGKVTDQDPK
VGATFTGKSLI VPNLVGKTL. SK-FCENADKDTVCI TKRY-GVVELTMSKGPKPAARVEVPDVLNVQYASAKDQLEAKGFK-VEQKTQQ--SDQTAGKV IDQNPK
ATFTGKAMFSG—GTKNNTTSVPNLVGKTL DNAKKGQT TEQDPAA-——DEKVDKG-TTVKVTMCSGA-—VKVTVPDVQGMPFDAAEQELKSKGFQ—NTTKTEEVSDRTPGVVTKQDPK
TFIGKAMFT TGKTFEQAKA TKGGST-PCENAEKGQVTKQDPAA-———GQTVGKD-TPVKVTMCTGP———EKVTTPDVTGLTFDKAKEDLKNKGFE—DVQKTERVSDRPEGTVVDQDPK
ATFTGKSLF '\ A‘VGSTLSEAKKKAGNVDLELNVSARE ECEDQPAKHICSQDPEPGGGDGAKVERG-STVSVVVSTGA:

VGAILIGK' VPAFI( 'L-TFKQQ-ECEDQPKGNICAQDPKQ GTDVDKE-STVNLVVSTGA-

PKVAVPNVIDKNIDEAKKQLEDKGFE-VETKQTE--SSQDEGTILSQNPD

LVGATLIGKYAFSGDGGPGNDKVPVPAFTGL VL-TFKQQ-ECEDQPKGNICAQDPKQ- GTDVEKE-STVNLVVSTGA-——PKVAVPNVIDKNIDEAKKQLEDKGFE-VETKQTE-~SSQDEGT ILSQNPD
TLIGKWAF’ FKi KLAPPTRK-PCANQPKGNVCSQDP INIVVSTGA- EAKGFT-VDKKT! VIAQDPA
TLIGMYAFGGD- T KV-AVTKK-PCEDQATGNVCSQDPQP———DAKVEKN-STVNLVISTGA-—PKVQVP E-VEKKTQV--STQTPDVVISQDPE
TLIGKWIFDGD- RAANDTVPAPNF GL ’" ~STTKK-PCEDQAKGNVC: KTKVKKN-SLVNLVLSTGA-~~PKTAVPDVTGLTFGKAKSQLEDKGFR-VEKKTEV--SDQTPGVVTAQDPS
DDGGY! TLLAVAGVLVLVGATLIGKWVFAGE- \PSLVGETQDSAKELLANVDLKLGQVTTK-ECDNQPKNRICSQNPEA- KTKIDKG-STIDVVVSTGA-——PKVSVPDVTGLKFNKAKDELERKGFV-VEQKTKE——SDRTPGVVISQDPE
il STKAPALIGLTLPEAEKLAKNAEVKL-ESTEK-PCEDQTKGKICSQTPTQ: GTTVDKN-STIEIVVS SVLGDDFEDAKATLEGDK! VTAQDPE
ATLIGRWA NFVGETKADAEKLAVNGDLKL-SFVEK-PCEDQSKGKICDQDPEA- GTKVDKE-STVNLTVSTGA-——PKVTVPDVQGLTYEKAKSQLEDKGF T-VEQKNEV——SDQTPGVVIGQADPG
TLIGRWVFSGD- KL-SFEEK-PCENQSKGRICEQDLKP- ETPAEKG-DTVNLVVSTGA--—PKVAVPSVIGLSLEDAKAKLEGDDYQ-LKTETQARESSETPNSVLEQNPP
ATLIGRYAFSGD—( m“vmmLVGETVATARQLAKNSDLKL STTNK-PCENQSKGKICI N 'KVKKG-DTINLVVSTGA———PKVAVP QADAKATLTGDKYQ-FEVKT! GTVLEQNPT
TGAVLIARAVFGD VGKTPAEAQRLADNAEVTLTQSGAE-RCD-QPKGRICSQIP: DGTVSKG-DTVTYVLSE TEKSLDSAREQLTRKGFK VEVDEVE-STSEDPGTVIEQRPR
LLVLAGILVLVGATFIGVSLFDD--KDGARQVTVPQLVGQTVEGAKGLARNAEV TVQEAGTE-RCD-QPKNSTCRQSPAADG—TSKMETG-GTIQVYVSEGA-—PLIEVPDVI] 'EQEE——SDEDPGTVLRQNPQ
LIGRTVFTS——DSGSDEIPAPKVVGYT TLKVGAKE-ECENQAEGK ICSQDPAA- DATMKKG-] UAVIVW TGA PKVEVPDVLEKSQESAQK!LEDKGFT VKVESVE”SDSTFDTVTKQSFE
LIGATLIGRVMFSP NLVGSTVQQAEKLAARTDVTVKVGAEE-PCEEQEKGE ICSQDPAA- DALMDKN-G’ A PKIEIPNVI EKKGFT-VNVTTEE—SEKTEGTVIQQDPK
ATLIGMTLI PNMVGSTVEQAQRLAENSE IVLKVGSKE-PCEAQEKGKICSQSP( QEQMATG- ETVTVVV?T(‘A ”PK\’EVFDVLEKSEESAKKALEDKGFI' VNVKTAE**@EKTFDSVIWDPE
PASTA 3 PASTA 4
KGT/ FTVSK-GRPVPVPDVTGKTVSDAEQALTGAG-LK—VEVSGTPVYSDAVPKDSVAQQSF ﬂHG*TMMGDTVTLTVSKCFWQQLFKVP DVTGKDVDEATRILQQAGF KVSVIQV—-FFTGKVFNQSPGGGSTQPK—NTTITLWAR
AGTTRRPNTTVGIVVSR-GPETDIPDV FK——VKI. DGDTKGAKGDTTTLTLSK( EMIEVP-D! LEAAGF-EVDVDKPLL-FPGDTVT GSSTTIKFK-GVF
GSVRRPETPVSTVVSK-GQPVGIPDV FK—VKIADRQVFSEE- VTLTVSKG— VQMIEVP DVTGMTADDAKAQLEEAGF KVNVEKALL-FF K TITIKIKGGVF—
AGSTRRPDTAVALT' TTLGKGDTVTLTL ADATKALTAL TITIRLK-GAL-
AGSKRRPDTAVALTVSR-GAAVDVPDV L FD——VKTADGTVHSPH: KQGKGDTVTLTL! PEMVAVP-DVTGKST EVEVKKPFL-FP AK—GSKITTRLE-SAL-
PGTGRAPDSATALVVSK-GAPTDVPDVTGETVDAATATLQDAG- LK~ VVLAPERINSSE-AAGSVAAQSL-AEG-SRAAKGDTVTLTVSKG——~PKLVEVP-DVTGEKLDDARTALI TAPE-~GSTVTITIK-GL-
AGVRRGPESAVALVVSK-GAPVEVPGVTGSALQEARDELEGAG-FT—~VEVASGRVHSAQ-EPGTVARQSA-PAG- TELATGDTVTLTVSK(‘r”PRTATVP DVTGQGAGAARDTLESAGF RVKTEKNFP- YL(:lJln,o PGGGDRAPE- TVTIKIK-GL-
AGTDRNPDTAVAFVVSK-GAPTDVPDVTGLSAEEATAELEAEG-LK—~AEVL EGDTTELT' ~SFSDTIL TITIKTI
AGTERHTDSAVALVVSK-GSPVDVPDVTGLSVDDATAALDEAG-LK——AEVLPERVNSAE ADGEIARQTP%}SG AEAAEGDTVELTVSKG”*PRMLQVP DVTGKDVDEARSTLEDAGF EVKVDRPFL-SFSDT AE—GSTITIRTK-AL-
TGTERHAGSAVALVVSK-GSPVDVPDVTGLDVEDATAELKEAG-LK-~AEVLI ~SFSDT
AGTERRGGSAVALVVSK-GAPVEVPDVAGSSLQKATEALKEAG-LK——VSTADERTFSEH-EKGAVAAQSP-KPG-TELAKGGEVELTLSKG——PDLVEVP-] DVTGQKEDEARKTLEGAGF KVDVSRW-——FFGDT
AGTERRSGS, VVSK-Gl TGESLDDARAELDEVG-LK--VKV T EAD- VVGDTVTLTLSK PEMVEVP- ELEAAGF-EVEEDRGLLGLFGDT
DGT VVSK-GSPVDVP EESG-LR—VRI! E( AAEGDTVTLTLSK PEMIEVP-DVV ARLEA. LGLFGDT
DGTKVRAGTAVALVVSK-GSPIDIPDVTGADLADARSELEGAG-L} EGDTVTLT' TEVP-DVVGD! TRTL LGL
KGTKVRAGSAVALTVSK-GSPVDVPDVTGDDLADARAGLEEAG-LK——VKTAPERVNSEH: EG-RQVAEGDTVTLTLSKG———PEMVEVP-D! - LGLFGDT
SGTTVRAGSAVALVVSK-GSPVDVPDVTGDDLDEARAELEGAG-LK--VKTADERVNSEY-DSGRVARQTP-EPG-GRAAEGDTVTLTVSK( PRMIEVP-D! EDAGF-EVDEDRGLLGLFGDT APE--GSTVTITIR:
SGTTVRAGSAVALVVSK-GSPVDVPDVTGDDLDEARAELEGAG-LK—VKT DSGRVARQTP- EPG%}RAAEGDTVTLTVSKG”*PRMIEVP DI LGLFGDT A}‘L"GSTVTITL
AGTERRGGSATAFTVSK-GSP EDAG-LK- VTLTISKI -PE! LEDAGF -] EVDKDRGLL
TGTERHAGSATALLVSK— GNPIDVPDVTGEDLDSARODLEGAG LK”VSVSARQVHSDF DKGOVAQQSP ANG”RAAEGDTVTLTLSL(‘r”PEMVEVP DVVGSSVDDATKRL LGLFGDT "“K”GSTITITI.
AGTERHAGSATALTVSK-GSPIDVPDVTGEDLESAKQELTDAG-LK- RQAAEGDTVTLTLSD PEMVEVP- EDAGF-EVKEDRGLLGLFGDT TITITIR
AGSSVAKDTKITLTVAAAPQQLTVPDVTNKP *FQVQTKTQESTTVAPD””TVISDSP GPN-NQAPYNSTITLTVAKAP-—SGGGTVPGDTLGHKLSDVQSELSSLSG-VTVNVQGPQ-DENAVVVGSDPKPGSQVQP— *GQTITLQTL DNP
GGEKVAPGTEITLTVARAQSKVTVPDVTTKKLADATSTLEDLG-LK—VQTTI PNTTVTLTVAKAI RGQKLKDAKKALEAVGL-TVGT' VLFSDPTEGSQ! N
GGKKVAKGATITLTVAEAQQKVTVPDVTTQKVADATAALQGKG- LK*”VQTQEVDVGDVEAGTVTDM'P KGG-QEVLPGSTVTLTVAKAA-—AENVPVP-NLGGQKLKDAKKALQDLGL-NVGNITGPQ-DDEAT QVPK- YIVLITVAGQ N NGN
GQAETTKDTQITLTVAKAAPKSTVPDV QDLG-FT--VNRT \QSSTVTLTVGK; VP STTVTLTTM-GGN-—-ND-~-GNNDG
GQSEGTKKSKITLVVAKKSPTTTVPQV’ FQ vTK.Nl:QM DPN- QVGKVI P-NGN-TQARPGSTITLTVGKA——AEQKTVP-GVVGQTVKDAKKALQSAGF vluururml DP-GSTTVTLTT! PSGDD- DD
RDSEVEKGTTITLTVAKEKAMT QLEGSD-LK—ANG TVTLKIAKA-——AEKVKVPGGLRGQKLGDVKKALTDAGL-TVG) P-DDNALVAALDPGEDAEVPK--GTAVNLTTV-GPP——GED-
PGKELEKGSTVTLEVAKAEEKATVPDVVGRTCDEAKAQVESGGDLT AVCTDQPT}\DP‘I OVGKVISTTP OSS TQVDPGSKVTIVVGKA**VEKTKVP EVRGKTLAEARQILQQSGF AATPITLMTV-PGD- N NGGN
PGKELEKGSTVTLEVAKAEEKATVPDVVGRTCDEAKAQVESGGDLT——AVCTDQPTNDPN-QVGKV ISTTP-QSG-TQVDPGSKVTIVVGKA-—-VEKTKVP-EVRGKTLAEARQTLQQSGF \TPITLMTV-PGD-
GGTSKEKGTTITLT! TGKSCDEAKS ILQSKG-LAPNANCNDVAVTDPG-QDGKVQNTTP-AAG-QQVSKNTPVATNVGKAG VQVP-QV KDARKMLEQLGL-QVNV-QGAQ-DDNAVVLTSNPAPGSNVNQ-—GDTVTLETV-DQG—
GGSSKEKGTTITLTVAKPEEKVTVPDVTGKSCDEAKAELQAKG-LAPNSSCTETPVTDPA-QDGKVANTNP-SAG-QQVSKNTPTAINVGKAQQ-PQQKPVP-NVAGQPLKQAQQILQQAGF TQTQ-VNGPN-DDKARV 1QQTPPQGTQADP-AGTQIVLTTA-DFG-—GGN
GDSERQKGTTITLTVAAEAQKVTVPDVTI KSC LT-—GNCTEVDTSDAS-QAGKVIQTSP-TAG-TEVKKNSAVDIQVGKA—-PQQVAVP-NLGGQSLKDAKKALQDAGL-NVGNITGSQ-1 DDNAIVIASDPOAGTQVAQ *GTAVNLTAA GGN—NNN-——GGNNN
TITLTVAKEEAKSTVPDVAGR ~LT—GTCTEVETQDPN-QVGKV ISTSP-EAG-SEADRNSTVTIQVGKQA-—QQKTQVP-NVVGQTVGQAKQILQGGGH
LGEEVEKGSTITLTVAKAEEKATVPDVIGQTCDAAKTL]MTASD LV=—GECTEVDTQDPN-QVGKVIATTP-GAG-QTADPGSTVNIQIGKQAV-NEQVQVP-QTVGQKLKDAKKMLEQAGL-APGNTQGSQ-! NDDATVFSSNPTPGTTVNK *GQTVDIIAV EDG”GGN*”GGND*
TITLTVAKEADKATVPDVTNRTCI ~L.V—GNCVDVETDNPA-LVGKVIGTDP-QQG-TQLAKNSPVTIQIGKAKE-EQKFAMP-KVTGMTVAQAKQVLAGAGL—-QLDKVQGGG-DDNAVVLQSNPQEGQEVKK-——GDKVTLVAL- Al N
TTLVIAKEEARSTVPDVIGKSC V~—=GNCTEQETDDPN-QVGKVISTTP-SAN-TPTGKGSQVQIVVGKAKQ-EEKFGMP-] KVTQMTVGWQALAQAGL-N TLIA
Lbk:i:VEKGSTITLTIAKAEAKSTVPDVVGQSCDQAKAQMTAND*LV*&NL1., 'DTQDDN-QVGKV IATTP-QAG-SSVDKNSSVNIQIGKKQ-—KQKTRVP-QVVGQTVGQAKQTLAQA TLQTT
GASMAEKNTTVTLTVAK-QALKTVPFVEGNPYP VNVEYVDSDKPR-——DQVLTQKP-AGN-SQAPENSTVTLTVSKGP——EQVITVP-] PLTGKTLGEAKLLLSOAGL ELGDVTGPD- DDNARVIDQNPKGGGQPGE”EKKVDVTTL DLGGGDI\'N*”GNNSD
EGTKAEQNSEVTITVAK— QKLSDLPDVKNRT\’DQAVLQLNGV(FFT**KITREDVDSDQ PAGTVIDM'P QGP- SDQFKDVQITLKVSKGPQ KTQVQIPL EALGL—VVVQQGSD-KEDATVFGSTPPAGSMVNT mVNVMTv - RN
PGDKAERESEVTTTVAK-EKLLDLP-VLNRTYDEAVSQL! VGQT! SNKTLAEAKAALAQAGL:
ITITVAV-QATDPMPDVRTI NQLG-FT- PAGE! IEQTP AGP- SKQAKDAQIVLKVSKGPAQFEQVQIFGDIGNRFYQDVKGQLEGLGF VVALAFNSVDKFNAR‘IITSTFAFTTQAFK *GSTVTLVTI EGG—GNG——G-NG—
GGSKVEKDTEVTITVAK KTTEPMPDVRTRP? NGLG-FT- VLKVSKGPAQPEQVTVPGDIVGKRFQDAKGALEGLGL VVAL:
e ox B : : .

GKGHGGGG-WGGTFGG:
GGGDGGTTPFGGPSGGPAT—
GGGDGGGT-FGGNGF——
T-FGGPFGNGKKH—

GN-—G-GA-TAGLPGF-
NG--GPNI-FGGVGG
NG—G-GF-FGGIG-
GG—T-TF-FGGATGTAFRTED—
GNNGG-GF-FGGLTGTSTRTEH-—
——G-GI-FGGYNGVTFRTED
SD——G-GI-FGGPSGG—RGDD:
~G-GF-FGGLTGG—RGDD—
GN-—G-GI-FGGLT-G——RNED——
NGNQGNNGNNGDPGNGEEDSDGGWNPFAGLR

Figure 5 Amino-acid alignment of 41 PASTA domains (penicillin-binding protein and serine/threonine kinase-associated domains) in serine/threonine kinases
(STPKs) of Streptomyces. The amino acid are aligned by using MUSCLE.®® Approximately four PASTA regions are indicated. Four a-helix are marked with
yellow, and the two classes in Table 2 are shown in green and blue, respectively. The conserved amino-acid residues are indicated with dot, colon or star.
A full color version of this figure is available at the Journal of Antibiotics journal online.
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Table 2 Distribution of PASTA domains of STPKs of Streptomyces species in the phylogenetic tree

STPK Position 1 Position 2 Position 3 Position 4

Class 1
Streptomyces albulus 4186 62 17 17 19
Streptomyces albus 3037 6 17 7 8
Streptomyces avermitilis 4338 6 17 14 8
Streptomyces bingchenggensis 05406 6 20 20 8
Streptomyces cattleya 3089 6 15 17 8
Streptomyces clavuligerus 2946 6 17 17 19
Streptomyces coelicolor 3848 6 17 14 19
Streptomyces collinus 19315 6 17 14 8
Streptomyces davawensis 4479 6 17 14 8
Streptomyces ghanaensis 03588 6 17 14 19
Streptomyces griseoflavus 03159 6 17 14 19
Streptomyces griseus 3725 6 17 17 8
Streptomyces hygroscopicus 5218 6 17 14 19
Streptomyces lividans 19030 6 17 14 19
Streptomyces rimosus 00070 6 17 17 19
Streptomyces PAMC26508 3547 6 17 17 8
Streptomyces SirexAA 3284 6 17 17 NoneP
Streptomyces venezuelae 3632 6 17 17 8
Streptomyces violaceusniger 0274 6 20 20 8
Streptomyces viridochromogenes 03956 6 17 14 19
Streptomyces zinciresistens 17937 6 17 14 19

Class 2
Streptomyces albulus 2595 13 12 16 20
Streptomyces albus 4768 13 12 16 20
Streptomyces avermitilis 6092 13 12 16 20
Streptomyces bingchenggensis 07851 13 12 16 20
Streptomyces cattleya 1232 13 12 16 21
Streptomyces clavuligerus 1326 13 12 16 20
Streptomyces coelicolor 2110 13 12 16 20
Streptomyces collinus 11080 13 12 16 20
Streptomyces davawensis 6328 13 12 16 20
Streptomyces griseoflavus 04610 13 12 16 20
Streptomyces griseus 5391 13 12 16 20
Streptomyces hygroscopicus 3594 13 12 16 20
Streptomyces lividans 27155 13 12 16 20
Streptomyces rimosus 24996 13 12 16 20
Streptomyces PAMC26508 1975 13 12 16 20
Streptomyces SirexAA 1542 13 12 16 20
Streptomyces venezuelae 1769 13 12 16 20
Streptomyces violaceusniger 7194 13 12 16 20
Streptomyces viridochromogenes 02054 13 12 16 20
Streptomyces zinciresistens 08009 13 12 16 20

Abbreviations: PASTA domains, penicillin-binding protein and serine/threonine kinase-associated domains; STPK, serine/threonine kinases.

aNumber of cluster in Figure 4.
bPosition 4 is missing.

respectively) behave independently from other position 2 or position 3
PASTA domains of Streptomyces species and belong to cluster 20.

C. diphtheria DIP_1615, C. glutamicum NCgl_2095, Nakamurella
multipartite Namu_2392, N. multipartite Namu_3222 and Tsukamur-
ella paurometabola Tpau_2669 each have five PASTA domains. The
position 5 PASTA domains of these species typically fall into cluster 19
or cluster 20, which are otherwise dominated by position 4 PASTA
domains, indicating that most position 5 PASTA domains are similar
to those of position 4. Only N. multipartite Namu_2392 forms an
exception by falling into cluster 7.

The position 1 PASTA domains (PASTA 1) of Streptomyces cluster
into clusters 1, 6 and 13 in Figure 4; position 2 domains fall into

clusters 12 and 17; position 3 domains into clusters 14, 16 and 17; and
position 4 domains into clusters 8, 19 and 20. Interestingly, all STPKs
having position 1-type PASTA domains that cluster into cluster 1, in
Figure 4, retain only one PASTA domain. The other STPKs of
Streptomyces can be divided into two classes (Table 2): PASTA 1 of
one class group with cluster 6 (see Figure 4), while those of the second
class cluster into cluster 13 in Figure 4. For those STPKs in which
PASTA 1 cluster to cluster 6, their PASTA 2 clusters to cluster 17 or
20, their PASTA 3 cluster to clusters 7, 14, 17 or 20 and their PASTA 4
cluster to cluster 8 or 19 (Table 2). On the other hand, when PASTA 1
clusters to cluster 13, the PASTA 2 clusters exclusively to cluster 12,
PASTA 3 absolutely to cluster 16 and PASTA 4 to cluster 20 or 21 (see
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Figure 6 Comparison of the secondary and quaternary structures of serine/threonine kinases (STPKs) of S. coelicolor SCO3848 and S. coelicolor SCO2110
by using Phyre2,37 and M. tuberculosis of PknB (PDB code number, 2KUI) as a template. (a) Comparison of the secondary structure of S. coelicolor
SC03848 and the template. Blue arrows indicate p-sheets, and green coils show a-helix. Light brown and brown indicate inserted and deleted residues.
(b) Comparison of the secondary structure of S. coelicolor SCO2110 and the template. Symbols are the same as in a. (c) ProQ2 quality assessment of
S. coelicolor SCO3848. ProQ2 is a model quality assessment algorithm that uses support vector machines to predict local as well as global protein models.5”
N and C terminals are indicated. (d) ProQ2 quality assessment of S. coelicolor SCO2110. (e) Pocket detection of S. coelicolor SCO3848 by using fpocket2
program.32 Only pocket-detected regions are shown. (f) Pocket detection of S. coelicolor SCO3848 by using fpocket2 program.39 A full color version of this
figure is available at the Journal of Antibiotics journal online.
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Figure 6 Continued

Figure 4). A S. coelicolor STPK (SCO3848, PknB) in class 1 and that
(SCO2110, PkaF) in class 2 (Table 2) are reported to be involved in
the regulation of central carbon metabolism, carbon flux and of
biosynthesis of the antibiotic actinorhodin and in the regulation of
morphogenesis and actinorhodin production, respectively,®>3 indicat-
ing that STPKs in class 1 and class 2 in Table 2 show different
functions and those in the same group may carry out similar biological
functions. These STPKs have four PASTA domains. No report has
been published on the biological function of another STPK (SCO3821,
PksC) in S. coelicolor carrying one PASTA domain.

A phylogenetic tree constructed by using the amino-acid sequences
of these PASTA domains in Streptomyces shows that these sequences
are clearly divided into two classes (Supplementary Figure S4), which
correspond to the classes in Table 2. Furthermore, the amino-acid
sequence alignment of the PASTA domains of these STPKs also shows
two classes (Figure 5), indicating that some parts of the amino-acid
sequences evolved from at least two origins. However considering that
certain amino-acid residues are conserved throughout the sequences
(Figure 5), one original PASTA domain is presumed to have been
quadruplicated to form the four prototype PASTA domains, and then
some parts were further modified in two independent directions,
indicating that the PASTA domains in STPKs of Streptomyces species
evolved position-dependently. However, when a phylogenetic tree was
constructed with PASTA domains in STPKs of five Streptomyces
species, some close interrelationships were observed between different
positions (Supplementary Figure S5), that is, PASTA domains in
different positions were located close together in the phylogenetic tree.
For example, PASTA domains in position 1 (cluster 6 in Figure 4) and
position 3 (cluster 14) of class 1 and, those in position 3 (cluster 16 in
Figure 2) and position 4 (cluster 20 in Figure 4) and those in position
2 (cluster 17 in Figure 4) and position 3 (cluster 17 in Figure 4) of

class 2 (Table 2). Similar phenomena are also observed in Figure 4.
These results indicate that the PASTA domains in STPKs of
Streptomyces species evolved position-independently as well and
support the idea that one original PASTA domain is presumed to
have been quadruplicated to form the four prototype PASTA
domains.

Another interesting observation is that almost the entire amino-acid
sequences of two STPKs, Streptomyces albulus DC74 2595 and
Streptomyces griseoflavus SSRG_04610, are occupied by four PASTA
domains. The secondary structures of these PASTA domains are
similar to other PASTA domains, that is, that they are composed of
one o-helix and three P-sheets. However, in the case of S. albulus
DC74_2595 (Supplementary Figure S6A), the gene sequence for this
kinase is preceded on the chromosome by another protein kinase
encoding gene and the genes overlap by 3 bp. (Supplementary Figures
S6A-C), suggesting that these protein kinases interact with each other.
On the other hand, in the case of S. griseoflavus SSRG_04610
(Supplementary Figure S7A), the gene encoding this protein kinase
has an atypical start codon (GAG) (Supplementary Figures S7B and C)
and the preceding putative open reading frame ends (TAG) just before
the putative start codon (GAG) of SSRG_04610 (Supplementary
Figure S7C). This preceding putative open reading frame
(Supplementary Figure S7D) apparently also encodes a protein kinase
from its Blast analysis (Supplementary Figure S7E). These results
suggest that S. albulus DC74_2595 and S. griseoflavus SSRG_04610 are
not protein kinases but complex PASTA domains, and have their roles
by acting in concert with the preceding protein kinases, respectively.

SECONDARY AND QUARTERNARY STRUCTURE PREDICTION
When the secondary and quarternary structures of S. coelicolor STPKs

SCO3848 and SCO2110 were analyzed using Phyre2,%” as
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representatives of these two classes, the NMR structure of the PASTA
domain of M. tuberculosis of PknB (PDB code number, 2KUI) was
selected as a best fit template in both cases. In addition, the secondary
structures of both sequences fit very closely to that of template in both
cases (Figures 6a and b), and the ProQ2 quality assessments®® were
also very similar (Figures 6¢ and d). Significant difference were only
observed in Pocket detection,3® where the pocket region in SCO2110
was more compact and extended than that in SCO3848 (Figure 6f),
suggesting that the SCO2110 pocket may bind fp-lactam antibiotics
more efficiently. These pocket regions are within the PASTA 4
domains.

CONCLUSION
PASTA domains are detected in PBPs as well as STPKs. They are
proposed to bind p-lactam antibiotics and peptidoglycan fragments,
and also to be involved in cell wall metabolism. However, the
functions of PASTA domains in PBPs and those in STPKs are thought
to be different. For example, the PASTA domain of S. prneumoniae
PBP2x (2 PASTA domains) binds to p-lactam antibiotics as well as
peptidoglycan fragments,” whereas that of M. tuberculosis PBP PonA2
(1 PASTA domain) does not bind p-lactam antibiotics, muropeptides,
nor polymeric peptidoglycan. No report has been published on the
binding property of other PBPs. However, it is interesting to know
whether the PASTA domains in PBPs with two PASTA domains such
as B. cavernae DSM 12333 BCAV_4182, I. variabilis 225 ISOVA_3000
bind f-lactam antibiotics and muropeptides. On the other hand,
PASTA domains of STPKs such as M. tuberculosis PknB with four
PASTA domains are proposed to bind p-lactams and peptidoglycan
fragments.>* While the PASTA domains of S. pneumoniae PBP2x
form a compact conformation, those of STPKs display an extended
conformation.”* The conformational differences between PASTA
domains in PBPs and those in STPKs and the number of PASTA
domains may reflect their functional differences. Considering that
Actinobacteria, especially Streptomyces species, show complex morpho-
genesis and produce various antibiotics including B-lactam antibiotics,
and that STPKs with PASTA domains are involved in the signal
transduction leading to morphogenesis, cell wall metabolism!740-44
and microbial resistance,*>? it is of interest to know the distribution
of PASTA domains in PBPs and STPKs in Actinobacteria. The results
showed that PASTA domains in PBPs distribute independently of
taxonomy with some distribution bias. Intriguingly though, no
Streptomyces species possess PBPs with PASTA domains. In contrast,
STPKs in Streptomyces do contain PASTA domains, and on this basis,
can be divided into three groups: one PASTA-containing STPKs, four
PASTA-containing STPKs and those without PASTA domain. Four
PASTA-containing STPKs can be further resolved into two classes.
Only a few reports have been published on their biological function.
SCO4423 (AfsK) without PASTA domain is a global regulator of
secondary metabolism in S. coelicolor.>! SCO6681 (RamC), another
STPK without PASTA, is reported to be involved in aerial mycelium
formation and sporulation but not in secondary metabolism.>%>3
SCO2110 (PkaF), a 4 PASTA-containing STPK, is related to morpho-
genesis and actinorhodin biosynthesis but not to undecylprodigiosin
production,35 and SCO3848 (PknB), another 4 PASTA-containing
STPK, is reported to deregulate central carbon metabolism, with
carbon flux diverted to biosynthesis of actinorhodin.>® PknB
(Rv0014c) of M. tuberculosis, a 4 PASTA domain-containing STPK,
phosphorylates Wag31 and triggers remodeling of bacterial
morphology.”® No report has been published on the function of
SCO3821 (PksC), a 1 PASTA domain-containing STPK. Therefore,
available data are too limited to conclude definitely the functional roles
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of PASTA domains in PBPs as well as in STPKs at the present time.
The pocket region in SCO2110 (PkaF) was more compact and
extended than that in SCO3848 (PknB) and might bind f-lactam
antibiotics more efficiently. Further research is needed on PASTA
domain to clarify the biological functions of PBPs and STPKs in
Actinobacteria, especially in the field of cell wall metabolism and
antibiotic resistance.
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