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Distribution of PASTA domains in penicillin-binding
proteins and serine/threonine kinases of Actinobacteria
Hiroshi Ogawara1,2

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 β-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 β-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 0 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 β-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.1 In the
crystal structure, van der Waal’s interactions between the β-lactam
ring of cefuroxime, a second-generation cephalosporin, and one of
two PASTA domains in PBP2x were observed.2 In view of the
structural similarity of the β-lactam ring of cefuroxime to the
D-alanyl-D-alanine residues of the stem pentapeptide of peptidoglycan
precursors, Yeats et al.3 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 β-strands and one α-helix.
As for the interaction between PASTA domains in PBPs and

β-lactam compounds, several studies have been published. The PASTA
domains in PBP2x of S. pneumoniae bind the β-lactam antibiotic
cefuroxime and a fluorescent penicillin Bocillin FL.2,4 Furthermore,
localization of PBP2x together with FtsZ and FtsW to cell division sites
depends on its PASTA domains, but not on its transpeptidase
activity.5,6 As PASTA domains bind uncross-linked peptidoglycan,7

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.8 On the other hand, the PASTA
domain of Mycobacterium tuberculosis PBP PonA2 does not bind
muropeptide nor does it bind the two β-lactam antibiotics cefuroxime
and cefotaxime, or polymeric peptidoglycan.9 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.10

Therefore, functionality of PASTA domains in PBPs remains
controversial.
The functions of the PASTA domains in STPKs are more clear.11,12

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.13,14 The PASTA domains of
StkP in S. pneumoniae were shown to bind synthetic and native
peptidoglycan and β-lactam antibiotics.7 In response to the binding,
the PASTA domains are involved in the activation of StkP and
substrate recognition.15 Activated StkP phosphorylates cell division
proteins DivIVA and FtsZ. FtsZ is a prokaryotic tubulin homolog.15–18

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.18–20 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.16

PknB (Rv0014c) is one of 11 STPKs but the only PASTA-containing
STPK in M. tuberculosis.21–23 The PknB of M. tuberculosis has four
PASTA domains.24 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.25 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.24

PknB phosphorylates the DivIVA ortholog Wag31 in M. tuberculosis
and Corynebacterium glutamicum,26,27 and this phosphorylation may
trigger remodeling of bacterial morphology.28 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
aureus can induce germination of dormant spores in B. subtilis
through interaction with peptidoglycan fragments.11,29

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.30 Furthermore, Streptomyces species
produce a wide variety of secondary metabolites including β-lactam
antibiotics and enzymes.31 Previously, roles of PBPs in Actinobacteria
were reviewed32 and STPKs in Streptomyces coelicolor A3(2) were
discussed from an evolutionary point of view.33 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.

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 (2.15 Mb) 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 (10.24Mb), Catenulispora
acidiphila (10.47 Mb) and Streptosporangium roseum (10.37Mb) 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 β-sheets and one α-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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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,

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.
α-Helix are marked with yellow, and three β-sheets are with cyan, green and magenta, respectively. A full color version of this figure is available at the
Journal of Antibiotics journal online.

PASTA domains in Actinobacteria
H Ogawara

667

The Journal of Antibiotics
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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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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.

PASTA domains in Actinobacteria
H Ogawara

669

The Journal of Antibiotics



Figure 4 Continued

PASTA domains in Actinobacteria
H Ogawara

670

The Journal of Antibiotics



Figure 4 Continued

PASTA domains in Actinobacteria
H Ogawara

671

The Journal of Antibiotics



Figure 4 Continued

PASTA domains in Actinobacteria
H Ogawara

672

The Journal of Antibiotics



Figure 4 Continued

PASTA domains in Actinobacteria
H Ogawara

673

The Journal of Antibiotics



Figure 4 Continued

PASTA domains in Actinobacteria
H Ogawara

674

The Journal of Antibiotics



Figure 4 Continued

PASTA domains in Actinobacteria
H Ogawara

675

The Journal of Antibiotics



Figure 4 Continued

PASTA domains in Actinobacteria
H Ogawara

676

The Journal of Antibiotics



Figure 4 Continued

PASTA domains in Actinobacteria
H Ogawara

677

The Journal of Antibiotics



Figure 4 Continued

PASTA domains in Actinobacteria
H Ogawara

678

The Journal of Antibiotics



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
Amycolicicoccus subflavus domains in a second subgroup, and
Mycobacterium 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,34 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 Dyson5 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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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.56 Approximately four PASTA regions are indicated. Four α-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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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

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 6a 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 Noneb

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.
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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
SCO3848 and the template. Blue arrows indicate β-sheets, and green coils show α-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.57

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.39 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 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,35,36 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 α-helix and three β-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 Phyre2,37 as

Figure 6 Continued
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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 assessments38 were
also very similar (Figures 6c and d). Significant difference were only
observed in Pocket detection,39 where the pocket region in SCO2110
was more compact and extended than that in SCO3848 (Figure 6f),
suggesting that the SCO2110 pocket may bind β-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 β-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. pneumoniae
PBP2x (2 PASTA domains) binds to β-lactam antibiotics as well as
peptidoglycan fragments,2 whereas that of M. tuberculosis PBP PonA2
(1 PASTA domain) does not bind β-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 β-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 β-lactams and peptidoglycan
fragments.9,40 While the PASTA domains of S. pneumoniae PBP2x
form a compact conformation, those of STPKs display an extended
conformation.24 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 β-lactam antibiotics,
and that STPKs with PASTA domains are involved in the signal
transduction leading to morphogenesis, cell wall metabolism17,40–44

and microbial resistance,45–50 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.51 SCO6681 (RamC), another
STPK without PASTA, is reported to be involved in aerial mycelium
formation and sporulation but not in secondary metabolism.52,53

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.36 PknB
(Rv0014c) of M. tuberculosis, a 4 PASTA domain-containing STPK,
phosphorylates Wag31 and triggers remodeling of bacterial
morphology.28 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

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 β-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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