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Interrupted adenylation (A) domains are key to the immense structural diversity seen in the
nonribosomal peptide (NRP) class of natural products (NPs). Interrupted A domains are A domains that
contain within them the catalytic portion of another domain, most commonly a methylation (M) domain.
It has been well documented that methylation events occur with extreme specificity on either the
backbone (N-) or side chain (O- or S-) of the amino acid (or amino acid-like) building blocks of NRPs.
Here, through taxonomic and phylogenetic analyses as well as multiple sequence alignments, we
evaluated the similarities and differences between interrupted A domains. We probed their taxonomic
distribution amongst bacterial organisms, their evolutionary relatedness, and described conserved motifs
of each type of M domain found to be embedded in interrupted A domains. Additionally, we categorized
interrupted A domains and the M domains within them into a total of seven distinct families and six
different types, respectively. The families of interrupted A domains include two new families, 6 and 7,
that possess new architectures. Rather than being interrupted between the previously described a2-a3
or a8-a9 of the ten conserved A domain sequence motifs (al-al0), family 6 contains an M domain
between a6-a7, a previously unknown interruption site. Family 7 demonstrates that di-interrupted
A domains exist in Nature, containing an M domain between a2-a3 as well as one between a6-a7,
displaying a novel arrangement. These in-depth investigations of amino acid sequences deposited in the
NCBI database highlighted the prevalence of interrupted A domains in bacterial organisms, with each

Received 10th June 2020, family of interrupted A domains having a different taxonomic distribution. They also emphasized the

Accepted 4th August 2020 importance of utilizing a broad range of bacteria for NP discovery. Categorization of the families of
interrupted A domains and types of M domains allowed for a better understanding of the trends of
naturally occurring interrupted A domains, which illuminated patterns and insights on how to harness

them for future engineering studies.
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modern medicine, leading to life-saving medications such as
vancomycin and paclitaxel." These biologically active molecules

Introduction

Historically, natural products (NPs), secondary metabolites
made by plants, bacteria, and fungi that are not essential for
normal growth and development, have been the foundation for
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domains, and identification of M domain conserved domain motifs and assign-
ment of M domain types. Detailed information of all families 1-6 (Tables S1-S7),
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are produced by these organisms via biosynthetic pathways,
a set of proteins that work together to create the final NP,
encoded in their genome. With the boom in genomic data
available over the last few decades, we are beginning to under-
stand and harness the full potential of these biosynthetic
pathways. It is now understood that, even with all the incredible
work that has been done, we have barely scratched the surface
in terms of understanding the intricacies and nuances of NP
production.

Nonribosomal peptides (NRPs) are one of the major classes
of NPs. They are biosynthesized using amino acid (or amino
acid-like) building blocks by nonribosomal peptide synthetase
(NRPS) mega-enzymes in an assembly-line fashion. Each NRPS
mega-enzyme can be divided into modules, and those modules
are further subdivided into domains. It is these domains that

RSC Chem. Biol., 2020, 1,233-250 | 233


http://orcid.org/0000-0003-4518-7270
http://orcid.org/0000-0002-7961-5555
http://crossmark.crossref.org/dialog/?doi=10.1039/d0cb00092b&domain=pdf&date_stamp=2020-08-13
http://rsc.li/rsc-chembio
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cb00092b
https://pubs.rsc.org/en/journals/journal/CB
https://pubs.rsc.org/en/journals/journal/CB?issueid=CB001004

Open Access Article. Published on 18 August 2020. Downloaded on 6/18/2026 12:34:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

are responsible for carrying out individual biosynthetic steps.
Each module is comprised, at minimum, of an adenylation (A),
a condensation (C), and a thiolation (T) domain. The NPRS
cycle? starts with amino acid activation by the A domain via
adenylation. Each A domain is specific for a particular amino
acid or a set of structurally similar amino acids. This specificity
is dictated by the binding pocket of the A domain, which
accommodates the variable side chains of amino acids.® The
T domain must be converted from its inactive (apo) to its active
(holo) state by the addition of a 4’-phosphopantetheine (Ppant)
prosthetic arm, transferred from coenzyme A (CoA) by a
4'-phosphopantetheinyltransferase.* This Ppant arm of the T
domain is long and flexible, and once the activated amino acid
is covalently attached, the T domain transfers the amino acid to
subsequent catalytic pockets, such as that of the C domain,
where condensation of amino acids takes place. Further
modifications of the NRP can be done through the action of
auxiliary domains that decorate the NRP substrate with additional
chemistry. These auxiliary domains, such as methylation (M),
epimerization (E), halogenation (HAL), ketoreduction (KR), and
oxygenation/monooxygenation (Ox/MOx) domains, are vital in
providing structural complexity and diversity amongst NRPs.>®
In recent years, A domains have proved to be complex and
fascinating, especially with regard to interrupted A domains.
Generically, the structure of A domains (Fig. 1A) contains a core
N-terminal domain and a small C-terminal subdomain as
well as ten conserved sequence motifs (a1-a10).>” In order to
perform its functions, the core and subdomain cycle through
open, closed, and thiolation conformations.*™*® Interrupted A
domains are A domains that harbor the catalytic portion of
an auxiliary domain within their structures, creating a multi-
functional protein that can adenylate and derivatize amino acid
substrates. The most common type of interruption observed
is an M domain, however there have been reports of KR and
Ox/MOx domains within A domains.®'""*> Recently though,
it was shown that KR domains are not true interruptions of

A. A domain
Proposed a6-a7 interruption point

o Y
T Established a8-a9 interruption point
)

Proposed a2-a3 interruption point
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A domains, but instead, consist of an intact A domain with a
KR domain immediately after followed by a “pseudo-A sub-
domain”."® In 2018, the first structure of an interrupted A
domain that embeds an M domain was published (Fig. 1B),**
which illuminated two key aspects of interrupted A domains:
(i) the overall folding and placement of the core and subdomain
of A domains was maintained, allowing them to function
normally, and (ii) the M domain contains a Rossmann-like
fold, characteristic of class I methyltransferases (Fig. 1B, light
green outline). There are five structurally different classes (I-V)
of methyltransferases (Fig. 2C), of which class I S-adenosyl-i-
methionine (SAM)-dependent methyltransferase is the most
common class.">"®

Interruptions within A domains are known to occur in
specific locations. There have been reports of interrupted A
domains with embedding M domains between the a2-a3'’">°

142122 regions of A domains. Originally, A domains
23,24

and a8-a9
interrupted between a2-a3 were proposed to be inactive.
The M domains between a8-a9 were originally reported to be
located between the A and T domains.>® Additionally, there
have been reports of two back-to-back M domains between
a8-29.°° Recent work has demonstrated that interrupting
M domains can perform backbone N-methylation (My,) or side
chain O- or S-methylation (Mj(o) and M), respectively).'*" 7182226
In order to assess the true prevalence and abundance of these
interrupted A domains, we set out to search the National Center
for Biotechnology Information (NCBI) database for the purpose of
identifying, categorizing, and establishing the distribution of
interrupted A domains exclusively amongst bacteria, although
interrupted A domains from fungi do exist.** Through our efforts,
we were able to identify seven distinct families (1-7, of which
families 2 and 5 were further divided into two (2a and 2b) and
three (5a, 5b, and 5c) subfamilies, respectively) of interrupted A
domains containing six types of interrupting M domains (I-VI)
(Fig. 2A). The families of interrupted A domains were classified
based on the position of interruption as well as methylation

B. Interrupted A domain representative

Fig. 1 Crystal structure of (A) non-interrupted A domain EntF(A) (PDB ID: 5T3D)® and (B) interrupted A domain TioS(AgMAg)4 (PDB ID: SWMM).* In the
EntF(A) structure (panel A), a2-a3, a6—a7, and a8-a9 conserved sequence motifs of A domains where M domain interruptions are observed/proposed,
are colored light yellow, orange, and purple, respectively. In the TioS(AgM Ag)4 structure (panel B), the partner protein, MbtH-like protein (MLP, TioT), of
TioS(AgM|Ag)4 is colored red. The M domain interrupted between a8—-a9 motifs is colored purple where the class | methyltransferase conserved region is
light purple and the region for a structural purpose is dark purple. The ligands, L-Val-AMP in the A domain active site and S-adenosylhomocysteine (SAH)
in the M domain active site, are colored green. The Rossmann-like fold of the M domain structure is highlighted in light green.
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A. Summary of families of interrupted A domains and types of M domains within them

NOMENCLATURE | FAMILY OF INTERRUPTED A DOMAINS | REPRESENTATIVE | TYPE(S) OF M DOMAINS | TYPE(S) OF METHYLATION
AMA, [ A @Al | TioS(AMA,), @ ! N- of backbone of aa
: a8 a9 i f H
AM, ; sormnnPs 3 2a E KtzH(A,M,A,), 5 @ E O- of Ser/Thr or related aa
| a8 a9 i i i
AM, oA, | 2b ! ThxA2(AM,A), | @ ! 0-of Tyr or related aa
: ® E i 5
AM, A, '3 ! TioN(A,M,A,) ; @ | S-of Cys or related aa
: a2 a3 : H 4
AMA, Pa | TtbB(AM,A,), (m,) ! N- of backbone of aa
I a2 a3 ! : i
AM o omMA, (52 [ A [m)@) A | colcaMMA) | (m) @) ! O- of Ser/Thr or related aa, N-
3 a8 a9 E Z E
AM, o MA, so [ A ()@ A | DidyAMMA), | (W) @) ! O-of Tyr or related aa, N-
! a8 a9 | ! d
AM o sumPeMA, | 5c [ A (M)A @) A] ! FrscaMA, MA), @@ ! O- of Ser/Thr or related aa, N-
! a8 a9a10 a9 ! ) |
AM,; omP; 3 6 E None reported E @ E O- of hydroxylated aromatic
; a6 a7 ' i i
AMA M ;. omB, 1T “ “@“ i None reported i .@ i N-, O- of hydroxylated aromatic
! a2 a3 a6 a7 | ' i

B. Representation of the types of M domains and where they interrupt A domains

M domains @ @
(w,) () ()
v v v

a2 a3 a6 a7 a8 a9

C. Classes of methyltransferases

Class I: Rossmann-like fold ***
Class II: TIM-barrel

Class llI: Tetrapyrrole

Class IV: SPOUT fold

Class V: SET domain

Fig. 2 A representation of (A) the seven families of interrupted A domains, nomenclature used, representative for each of the known families, type of M
domain, and the type(s) of methylation they carry out, (B) a schematic showing where in the A domain each type of M domain is found in this manuscript,

and (C) the five classes of methyltransferases. Note: aa indicates amino acid.

regiospecificity (N-, O-, or S-). Of these families of interrupted A
domains, family 1 is the only one with a known structure."*
Families 1, 2a, 3, and 5a contain representative interrupted
A domains that have been biochemically characterized.'*"7'82%2¢
Families 2b, 4, 5b, and 5c have the interrupted A domains
published in a biosynthetic pathway for a known natural
product. Though the interrupted A domain itself in these
families have not been studied individually, their substrate
and methylation activity were inferred based on elucidation
of the pathway and/or creation of knockouts of those
proteins."®***#73%3% Families 6 and 7 represent never before
identified interrupted A domains’ architectures. Family 6 contains
an M domain not between the previously reported a2-a3 or a8-a9,
but between a6-a7 of the ten conserved A domain motifs. Family 7
comprises di-interrupted A domains with two M domains, one
embedded between a2-a3 and the other between a6-a7.
We established nomenclature for each family of interrupted A
domains as indicated in Fig. 2A. The subscripts of the A domain
represent the interruption point by M domains (e.g., AgMxAg
means that the My domain is embedded between a8-a9), and
the subscripts of M domains depict methylation site of
the substrate, where “b” and ‘“s” indicate backbone and side
chain methylation, respectively. Specific information about the

This journal is © The Royal Society of Chemistry 2020

regiospecificity of side chain methylation is displayed in paren-
theses (e.g., M(o,ser/Thr) indicates that this M domain catalyzes
side chain O-methylation on Ser or Thr). For simplicity, the
information about the M domains is replaced with types (I-VI)
of M domains in the representative interrupted A domains. The
M domain types were categorized based on similarities of
amino acid sequences. Each type of M domain is proposed to
have specific substrate and interruption point in the A domain
(Fig. 2A and B), which is discussed in detail in the “Phylogenetic
tree analyses” section in the results and discussion.

Results and discussion

Construction of data sets for taxonomic and phylogenetic tree
analyses

To bioinformatically study interrupted A domains, we first
created data sets of interrupted A domain protein sequences
by obtaining information from the NCBI database by protein
BLAST (basic local alignment search tool) search on the Genome
Workbench software. The BLAST searches were performed using
characterized and/or reported interrupted A domains for each family
(Fig. 2A) (TioS(AsMAo)s,"* KtzH(AgMpAo)s>*/ThxA2(AsMijAg)e,>

RSC Chem. Biol., 2020, 1,233-250 | 235
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TioN(A;MpA;),"” TthB(A;MyAz)s,"”*° and ColG(AgMM;Ay)*%/
DidJ(AsMmMjAo)y4,>° for families 1 (AgMpAo), 2a/b (AgMg(0)Ao),
3 (AsMg(5)A5), 4 (A;MpA;), and 5a/b (AgMg(0)MpAs), respectively) as
query sequences. The newly discovered families 6 (AsMy(o,arom)A7)
and 7 (A;MpAs sMg0arom)A7) Were identified during this process
while investigating family 4. The data sets were shaped by setting a
threshold of real (true interrupted A domain)/random hits by the
“Query Cover” values (the percentage of the query sequence that
overlaps with the reference sequence) for the four most common
families of interrupted A domains (families 1-4) or by examining
top hits individually for the three uncommon families of inter-
rupted A domains (families 5-7). The duplicated NCBI IDs, proteins
from unknown (environmental) sources, as well as proteins from
other families were removed from each data set. These analyses
resulted in sample sizes of n = 536 for family 1, n = 149 for family
2a, n = 79 for family 2b, n = 64 for family 3, n = 188 for family 4,
n =11 for family 5a/b, n = 14 for family 6, and n = 3 for family 7.

From these data sets, we found that almost all family 3
(A2Mg(s5)A;) and many of family 4 (A,MpA;) are stand-alone
(i.e., not a part of an NRPS module) interrupted A domains.
Most of the interrupted A domains in the remaining families
are paired with other NRPS domains, such as C and T domains.
This trend suggests that the A domain’s interaction with other

View Article Online
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domains is maintained when the interruption occurs in the
later part of the A domain (between a6-a7 or a8-a9). Such
plasticity is best preserved in family 1 (AsMpAy). There are many
NPRS proteins that contain multiple family 1 interrupted A
domains. The most dramatic display of this is accession
number AIW58892.1, which contained six interrupted A
domains in a single protein. This feature of family 1 results in
many huge proteins that have more than 1 MDa molecular weight.
We also found two (WP_084161146.1 and WP_134733373.1)
and one (WP_087914619.1) proteins that contained multiple inter-
rupted A domains of families 2a (AgMy(o,serrhr/Ao) and 4 (A,MpAs),
respectively. No proteins in these families were found to consist of
more than two interrupted A domains. There was one protein
(WP_141643221.1) that contained families 2a and 6 (AsMg(o,arom)A7)
interrupted A domains.

Taxonomic tree analyses

To analyze how widespread interrupted A domains are amongst
bacteria, we created taxonomic trees of each family of inter-
rupted A domains from the data sets obtained above (Fig. 3 and
Fig. S1-S7, Tables S1-S7, ESIf). Family 5c¢ (AgMg(o,ser/Thr)
Ag_10MpAg) was not subjected to taxonomic analysis because it
only has one member. Family 7 (A;MpA;_6Mj(0,arom)A7) Was not

FCB group . Actinobacteria Other terrabacteria
. Proteobacteria Cyanobacteria - Bacilli
Other hydrobacteria Firmicutes Streptomyces

Fig. 3 Taxonomic trees of interrupted A domains for (A) family 1 (n = 536), (B) family 2a (n = 149), (C) family 2b (n = 79), (D) family 3 (n = 64), (E) family 4
(n = 188), (F) family 5 (n = 11), and (G) family 6 (n = 14). Phyla of FCB group, Proteobacteria, Actinobacteria, Cyanobacteria, and Firmicutes are colored
turquoise, light purple, dark orange, light orange, and light peach, respectively. Other hydrobacteria and terrabacteria are colored light grey and light
yellow, respectively. The class of Bacilli and the genus of Streptomyces are colored dark grey and light olive, respectively. The NCBI ID numbers, range of
sequences used for these analyses, and organisms are available in Fig. S1-S7 and Tables S1-S7 (ESI+).
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subjected to taxonomic analysis either because all three examples
found were in the phylum of FCB (Fibrobacteres, Chlorobi, and
Bacteroidetes) group. These taxonomic analyses showed that the
interrupted A domains are commonly found in five bacterial phyla:
Actinobacteria, Cyanobacteria, Firmicutes, Proteobacteria, and FCB
group, where three of these (Actinobacteria, Cyanobacteria, and
Firmicutes) and two others (Proteobacteria and FCB group) are
broadly categorized as terrabacteria and hydrobacteria, respectively,
depending on where they were exposed to environmental pressure
during evolution. It is important to note that (i) although there are
fungal interrupted A domains, such as a family 1 (AsMpA,) inter-
rupted A domain in the NRPSXY protein in Xylaria sp. BCC1067,*"
they were not included in our analyses as the focus of this
manuscript is bacterial interrupted A domains, and (ii) there
are a few family 4 (A,MpA;) interrupted A domains found in
genome sequencing data from sponges (such as XP_028402765
and XP_031561672), which could have originated from symbio-
tic bacterial species since these genes are found in NCBI under
“unplaced genomic scaffolds” of whole genome sequencing
data.®® However, since the source of these interrupted A domain
genes is not experimentally confirmed to be sponge or bacteria,
these data were not included in our analyses. It was found that
the distribution of organisms that contain interrupted A domains
is significantly diverse and not equal between families of inter-
rupted A domains. For example, the majority (95%) of family 1
interrupted A domains are found in Actinobacteria. The ratios of
actinobacterial interrupted A domains are lower in other families,
for example, families 2a (AgMg(o,serrhnAo)y 2b (AgMg(o1ynAs),
3 (AsMy(s)As), 4 (A;MpAs), 5 (AsMoMpAo), and 6 (AMgo arom)A7)
contain 59%, 61%, 0%, 3%, 0%, and 21%, respectively. In these
families of interrupted A domains, ratios of other bacterial phyla
are observed at a higher percentage, such as FCB group, Proteo-
bacteria, Cyanobacteria, and Firmicutes. Intriguingly, Firmicutes
in family 4 accounts for a large portion (43%) of the organisms
(of that 43%, 81% are from the class of Bacilli), although
Firmicutes are rare in other interrupted A domain families, there
are none in families 1, 2b, and 5, 0.7% in family 2a, 22% in family
3, and 7% in family 6.

Interestingly, the bacteria that contain family 6 (AsM(o,arom)A7)
interrupted A domains are very diverse and observed in four
different phyla: FCB group, Proteobacteria, Actinobacteria, and
Firmicutes, even though the sample size of this family is very
small (n = 14). These phyla diversity are greater than that
observed for family 1 (AgMpAq), which was discovered in only
three phyla: Proteobacteria, Cyanobacteria, and Actinobacteria,
even though this family contained the largest sample size (n = 536).
These taxonomic analyses could also explain why family 1 has been
studied and reported the most and why families 2b (AgMg(o,1yrAs)
and 4 (A;MpA;) have been described the least in the literature within
the four common families (families 1-4), even though the BLAST
search results of family 4 are greater in number (n = 188) than that
of families 2a (AsMgo serrhifo) (2 = 149) and 3 (AMysAs) (1 = 64).
Interrupted A domains in families 1, 2a, and 3 are well distributed
within Actinobacteria, such as Streptomyces species, which have
been extensively studied as NP producers because this genus has a
great number of NP gene clusters and is easy to cultivate in standard

This journal is © The Royal Society of Chemistry 2020
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laboratory settings.** However, families 2b and 4 are not found in
this genus and, thus, have not been well studied.

Phylogenetic tree analyses

To better understand the diversity of each family of interrupted
A domains, phylogenetic trees were constructed by utilizing the
data sets obtained above (Fig. 4 and Fig. S6-S12, Tables S1-S7,
ESIt). The phylogenetic trees show that the interrupted A
domains in the same bacterial phylum are relatively homo-
logous to each other. This suggests that interrupted A domain
genes tend to be transferred within the same phylum and/or
that the species are further diversified after obtaining these
genes. However, there are some interrupted A domains, which
are in the same phylum, significantly separated on the phylo-
genetic tree. Examples include Proteobacteria in family 1
(AsMpA,), FCB group/Proteobacteria in family 2a (AgMgo,ser/
thr)Ag), and FCB group in family 4 (A,M}A;). This indicates that
the above inter-phyla evolutionally events happened multiple
times while exchanging biosynthetic genes, including those for
interrupted A domains.

Based on phylogenetic tree analyses, pairs of interrupted A
domains that reside on the same proteins can be categorized
into two subgroups, which could have evolved by two distinct
pathways. In the first subgroup, a pair of interrupted A domains
in a single protein is highly homologous (sitting next to or very
close to each other on the phylogenetic tree) (burgundy
balloons in Fig. S8, S9, and S12, ESIt). This suggests that the
origin of these interrupted A domains is identical and copied
one from the other, or that genes coding interrupted A domains
were duplicated during a gene transfer event. Interrupted A
domains of the first subgroup were found in families 1
(AsMpAg), 2a (AgMg0 ser/ThrjAs), and 4 (A,MpA;). In the second
subgroup, interrupted A domains that lie on the same protein
are heterologous (significantly separated on the phylogenetic
tree), implying that interrupted A domains in this subgroup
were derived from independent sources. Interrupted A domains
of the second subgroup were found exclusively in family 1
(orange balloons in Fig. S8, ESIT). These two subgroups of
interrupted A domain pairs are likely the result of different
evolutionary pathways.

In an effort to better understand the similarities and differ-
ences in the M domains found embedded within A domains,
we expanded the phylogenetic analysis to compare M domains
from the seven different families of interrupted A domains. The
sequences of the M domains from each family of interrupted A
domains were extracted (using the M domain regions specified
by the multiple sequence alignments; Fig. S13-S21, ESI{) and
aligned to construct a phylogenetic tree (Fig. 5). This phylo-
genetic tree revealed six distinct clusters of M domains, which
we designated as types I-VI (Fig. 2A). We assigned type I M
domain to the M, domains of families 1 (AgMpAg) and 5
(AsMg0)MpAo). It was revealed that there are two distinct types
of Mg domains in families 2a/b (AgMg(0)Ao) and 5a/b depending
on substrate specificity (Ser/Thr vs. Tyr). We assigned type II to
the Mo ser/Thr,as-a0) domain of families 2a and 5a, and type III
to the Mo 1yr,as-ag) domain of families 2b and 5b. The M

RSC Chem. Biol., 2020, 1, 233-250 | 237
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FCB group Actinobacteria Other terrabacteria
. Proteobacteria Cyanobacteria . Bacill
Other hydrobacteria Firmicutes Streptomyces

Fig. 4 Phylogenetic trees of interrupted A domains for (A) family 1 (n = 536), (B) family 2a (n = 149), (C) family 2b (n = 79), (D) family 3 (n = 64), (E) family 4
(n = 188), (F) family 5 (n = 11), and (G) family 6 (n = 14). Phyla of FCB group, Proteobacteria, Actinobacteria, Cyanobacteria, and Firmicutes are colored
turquoise, light purple, dark orange, light orange, and light peach, respectively. Other hydrobacteria and terrabacteria are colored light grey and light
yellow, respectively. The class of Bacilli and the genus of Streptomyces are colored dark grey and light olive, respectively. The NCBI ID numbers, range of
sequences used for these analyses, and organisms are available in Fig. S6—-S12 and Tables S1-S7 (ESI¥).

domains from families 3 (A,Mgs)A;) and 4 (A;MpA;) also
formed their own clusters, which led us to assign type IV to
the M) domain of family 3 and type V to the M}, domain of
family 4. We found that the M domains between a6-a7 in
the newly identified families 6 (AsMgoaromA7) and 7
(AsMpA;_6Mg0,arom)A7) also formed their own cluster.
We appointed this M domain type VI. The phylogenetic analysis
of the M domains also depicted the relatedness between the
different M domain types. For example, M}, domains of families
5 and 7 di-interrupted A domains were found very close to or
within the clusters of those of families 1 and 4, respectively
(which are types I and V M domains, respectively), which
strongly suggests that M}, domains of families 5 and 7 were
derived from those of families 1 and 4. The novel family 7
interrupted A domains are di-interrupted ones with a2-a3
interruption of type V and a6-a7 interruption of type VI, thus,
are strongly suggested to be derived from combinations of
families 4 and 6.

Interestingly, the Mgy domains of families 2 (AsMg0)Ao)
and 5 (AgMg(0)MpAq) could be divided into two distinct clusters
(M domains from subfamilies 2a/b and 5a/b as discussed
above) based on their amino acid sequences depicted by the
phylogenetic tree of the M domains (Fig. 5). One cluster is

238 | RSC Chem. Biol., 2020, 1, 233-250

comprised of M) domains of those members homologous to
KtzH(AgMpAy), (family 2a) and two members (out of a total of
11) of back-to-back interrupted A domains (ColG(AgMM;Ay)
and an uncharacterized protein RKH86437.1) (family 5a).
However, the M) domains homologous to ThxA2(AgMy;jAq)s
(family 2b) and nine other members of back-to-back
interrupted A domains (family 5b) formed an independent
cluster, reflecting an independently unique type (III) of
O-methyltransferase. While both types (II and III) of M domains
are predicted O-methyltransferases, the difference between
them can be attributed to their substrate specificity. Type 1I
likely carries out O-methylation of 1-Ser/L.-Thr, whereas type III
likely carries out O-methylation of L-Tyr (or related non
canonical amino acids). We reached this conclusion by a
combination of substrate predictions, alighments, and known
substrates of characterized interrupted A domains or those with
the published NP biosynthetic pathway. The representative for
type II M domains, KtzH(AgMyA,)s,>> has the same 1-Ser
substrate as ColG(AgMyM;Ay), the representative for family
5a.%° The conserved motifs for type II M domain can only be
found in the two members of family 5a, whereas type III M
domains have a different set of M domain motifs (Fig. 7, 9,
Fig. S14, S15, S18, and Table 1). For type III from family 2b

This journal is © The Royal Society of Chemistry 2020
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Type | from family 5

Type V from families 4 and 7

Type IV from family 3

Type VI from families 6 and 7

Type Il from families 2b and 5b

Fig. 5 Phylogenetic tree of M domains embedded in interrupted A domains. The M domains used in this analysis were extracted from interrupted A
domains family 1 (n = 499), family 2a (n = 148), family 2b (n = 79), family 3 (n = 63), family 4 (n = 188), family 5 (n = 11 for each M domain), family 6 (n = 14),
and family 7 (n = 3 for each M domain). Clusters for My,g-a0) (type 1), Mg ser/Thr.ag-a0) (type ), Mg(o Tyr.ag-a0) (type l11), Mg(s a2-a3) (type V), Mga2-a3) (type V),
and Mo arom.a6-27) (type VI) domains are colored light purple, light blue, light green, light yellow, light pink, and light orange, respectively.

interrupted A domain ThxA2(AgMi;Aq)s as well as two of the
nine members of family 5b, DidJ(AsM;MjAq) and VatN(AgMMAy),
the NP biosynthetic pathways are published,*®****> which indicate
their substrate to be L-Tyr. Additionally, the substrates of several
members of family 2b and all nine members of family 5b were
predicted (using exclusively the A domain portion of the amino
acid sequence, without the M domain portion, designated by
the alignments) by the website Non-Ribosomal Peptide
Synthase Substrate Predictor (NRPSsp)*® to be mostly 1-Tyr or
t-Phe (with high values of prediction-conditioned fall out
(higher probability of errors)), which indicates that their sub-
strates are likely .-Tyr or its analogues. The same reasoning and
analyses were also performed for families 6 (AsMg(0,arom)A7) and
7 (AsMpA;_¢M(0,arom)A7). The M domains of family 6 formed
their own cluster in the phylogenetic analysis of the M
domains, indicating that it is not the same as types I-V M
domains. However, since there is no known representative or
corresponding NP, we relied on substrate predictions by
NRPSsp, conserved M domain motifs, and NCBI's “Identify
Conserved Domains” function. We predicted the substrates of
the A domains and found that most of their substrates were
1-Phe with high values of prediction-conditioned fallout.

This journal is © The Royal Society of Chemistry 2020

Additionally, aside from the SAM binding motif (present in
all class I methyltransferases), there were no conserved motifs
from any other types I-V M domains. When predicted with the
NCBI's “Identify Conserved Domain” function, type VI M
domains had three of five conserved domains (amino acid
regions that dictate specific family of enzymes) identified as
O-methyltransferases related to those involved in ubiquinone
biosynthesis (Table S8, ESIt). These predictions suggest that
the substrates for type VI M domains from families 6 and 7 are
hydroxylated aromatic molecules, likely derived from other
biosynthetic pathways, such as polyketide synthases (PKSs).
In fact, when looking at other genes surrounding family 6
or 7 interrupted A domains, there are genes that encode PKSs
and/or oxidoreductases in many cases. Therefore, we hypo-
thesize that type VI M domains are a type of M) domain,
which act on hydroxylated aromatic substrates.

Interestingly, type IV M(s a2_a3) domains are highly related to
type V Mp(az-a3) domains. This was also implied by a BLAST
search using the family 3 interrupted A domain TioN(A,MA3)
as a query sequence, which had significant numbers of hits
that overlapped with another BLAST search using family 4
TtbB(A,MyA;)s. However, these overlapped hits were apparently

RSC Chem. Biol., 2020, 1, 233-250 | 239
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Table1 Summary of the six types of M domains found in the seven families of interrupted A domains. The bolded residues in the Mpag-ag) aNd Mp@a2-a3)
motifs are conserved in both types. The motifs that contain the conserved SAM binding site motif in all class | methyltransferases is denoted with
an asterisk (*). In the cases where there were three or more of the following amino acids (V, I, L, M, or A), 8 was used instead. N/A indicates not

applicable
Type of Previously # of amino acids
M domain = Nomenclature Core called/published Conserved sequence per M domain
I Mb(ag-a0) Mp(ag-a0)l Motif 1%° (D/L)Fx(GWxS)(S/N)Y 390 + 21
My (ag-ao)ii Motif 2%°/Motif 1°° S(L/X)E(I/L)GXGXG*
Mp(ag-ag)ili Motif 11/y>° x(Y/1)(W/x)(G/A)(T/1)DxS
Mp(ag-a0)lV Motif 3>°/Motif TV*®  Dx(V/1)35(N/S)S(V/1)5QYFPxxxYL
Mp(ag-ao)V Motif 4%° (E/D)XELS3(D/A/S)Px(F/W/L)F
Mp(ag-a0)Vi Motif 5 NE(L/M)x(K/R/Q)(F/Y/H)RY
II Ms[O,Ser/Thr,as—aQ) ms(O,Ser/Thr,as—aQ)i N/A EIFXxxxYxxxG 290 + 13
My(o,ser/thr,as-ao)il  Motif I*° (V/T)(F/1/V)DVGxX(N/H)XG(L/M)F(S/T)L*
ms(O,Ser/Thr,aS—ag)iii N/A EPBP(E/P)XXXXX(R/A/E)XN
ms(O,Ser/Thr,aS—aQ)iV N/A FT(Y/F)YPXX(S/T)X(L/M)SG
ms(O,Scr/Thr,asfaQ)V N/A (I/V)DLLKBD(V/A)EXXE
ms(O,Ser/Thr,asfag)Vi N/A WXXIXQ6XXEVH
111 M;(0,1yr,28-29) M0, 1yr,a8-a0)1 Motif 1°¢ V(V/L)(E/D)(I/V)GXxGxxA* 350 4+ 10
M0, 1yr,a8-a0)il N/A GD&xxSx(L/T)PEx(A/V)(D/E)XC(V/I)SEI(V/I/F)GxI
M(0,Tyr,a8-a0)ill N/A (I/V)FxxxxxxFDLR
My(0,Tyr,a8-a9)iV N/A WLPV(F/Y)(F/L)P3
v Ms(s,a2-a3) M(s,a2-a3)l N/A VLESGXGxG* 260 + 25
M5, 02 a3l N/A DS(V/T)3(LMAS(T/V/A)SQF(F/L)PxxxY(L/T)
My(s,a2-a3)l1i N/A X(E/V)LxxR(Y/F)D
\ Mbp(az-a3) Mp(az-a3)l Motif 1 xxGGWx(S/N)x(Y/F) 270 £ 6
Mp(az-a3)il Motif 2>°/Motif I*® (V/D)LE(I/L)Gx(A/S/G)xG*
Mp(az-ag)iil Motif 11/Y>® XY(V/Y/L)(G/A)(T/V/I)DS(S/T/A)
Mp(az-a3)lV Motif 3°%/Motif IV>®  Dx(V/I)(V/I)3NSV(V/I)(Q/E)XFxGx(N/G)Y(L/F)
Mp(ao-a3)Vi Motif 4%° (N/F/P/S)(E/D)Lxx(F/Y)x(F/Y)
VI M;(0,arom,a6-a7) Mg(0,arom,a6-a7)l N/A G(V/A/T)(D/E)(F/I/L)GXxGxG* 300 + 4
ms(O,arom,aG—a7)ii N/A GXXXXGS(D/E)XXPXX(V/I)
ms(O,arom,367a7)iii N/A DF(A/V)5(S/T)X(L/M)XLD(R/Q)
ms(O,arom,a67a7)iV N/A G(R/K)F(A/S) (I/L)(Q/G)TSLP

all members of family 3. Such high degree of overlaps in BLAST
searches were not observed for any of the other common
interrupted A domains.

Sequence analyses and comparisons of the families of
interrupted A domains

In order to identify patterns and common trends in the amino
acid sequences of these interrupted A domains, we constructed
a multiple sequence alignment for each of the seven families of
interrupted A domains. The entire sequence alignments can be
found in the ESIt (Fig. S13-S21), but here we present shortened
versions highlighting important features, such as A and M
domain boundaries, conserved sequence motifs, and residues
involved or suspected to be involved in substrate or SAM
binding (Fig. 6-10). We found, based on conserved regions
and the presence of the hallmark SAM binding motif,'® that all
types of M domains inserted into A domains fall under the
broad umbrella of class I SAM-dependent methyltransferases.
For family 1 (AgMpAy) interrupted A domains, this was
verified by the structure of the representative of this family,
TioS(AgMAo)s,* which shows that the type I M domain contains
the core Rossmann-like fold consisting of a seven stranded
B-sheet sandwiched between three o-helices on each side
(Fig. 1B). Overall, we can separate the M domains of interrupted
A domains into two broad categories, those that do backbone
N-methylation and those that do side chain O- or S-methylation.
In the following sections, each type of M domain will be

240 | RSC Chem. Biol., 2020, 1, 233-250

discussed in detail, but for simplicity, we present a summary
table of the M domains (Table 1).

Interrupted A domains with a single M domain: backbone
N-methylation

There are two types of backbone N-methylating M domains,
types I and V, contained within A domains. Type I M domain is
found in family 1 (AgMpA), the only family with an accompanying
representative structure,"* which yields valuable insight into the
residues that are important for activity and substrate binding.
Type I M domains are very well conserved amongst interrupted A
domains. These M domains contain six previously reported motifs
for N-methylating M domains (Fig. 6A, Fig. S13, ESIt and
Table 1).>>*® Type V M domains are found in family 4, and its
representative, TtbB(AgMyAy)s, was shown to be responsible for
N-methylating 1-Tyr.”® Although types I and V M domains are in
fact very similar in amino acid sequences, there are a few
differences worth noting as they yield insight into the difference
of interruptions between a2-a3 (My) and a8-a9 (M) (Fig. 6). The
conserved motifs myi-iv and vi are present in both types of M
domains, however, motif myv is absent from type V M domain
(Fig. 6 and Table 1). The presence of these same motifs, which
contain some identical residues determined to be involved in
binding of either SAM or the amino acid bound Ppant arm, likely
indicates similar structures. Perhaps the most notable difference
in these types of M domains is their size. The average number of
amino acids in type I M domains is 390 £ 21 amino acids, but it is

This journal is © The Royal Society of Chemistry 2020
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A. Multiple sequence alignment of family 1 interrupted A domain representatives
AIM

boundary

b(a8-39)

“““““\555

Ia. 407
Ib. 427
Ic. 418
Id. 430
Ie. 420
If. 418
Ig. 423
Ih. 421
Ii. 402
I9. 402

Ia. 509
Ib. 526
Ic. 528
1d. 536
Te. 521
If. 516
Ig. 525
Th. 523
Ti. 501
1. 522

b(as a9)

M, (ag-ag)!

b(aB aQ)

M, (ag-a9)V

Ia. 627
Ib. 643
Ic. 648
Id. 660
Ie. 641
If. 637

Ig. 644
Th. 642
Ii. 618
Ij. 634

M (as-a9)V

b(aB 39)

. vMb(aa_mIA' boundary
PAAARRVSRLPSWLREEL
PAAAGRIGVLVGALRGYL
PGAGGR. .. .AAELRSFV
PGSFDRLSELRQHAQRHL
PSVSYHAGTFLESVRTHL
PAGARRTGELAVSLRRFA
PAAGRDTGKLVSELKERA
PGAARATGPLVSALREHV
PALAKTIGPLLSELPGYL
PGLARGIGTLMESARRRL

795
818
825
844
832
815
818
807
777
803

B. Multiple sequence alignment of family 4 interrupted A domain representatives

. vAIMb(az_m l_)oundary
Va. 101 CPGVRDLVCLD 159
Vb. 101 SKTVTDILCLD 159
Ve. 101 159
vd. 101 159
Ve. 102 161
vE. 102 161
Vg. 102 CKGLSAFVSLD 161
Vh. 101 CPCLERVICLD 159
Vi. 102 CSTFRTYACLD 161
Vj. 102 TAGLESFVLVD 161
mb(az-al)l
Va. 180 244
Vb. 180 244
Ve. 180 247
vd. 180 244
Ve. 182 246
vE. 182 246
vg. 182 247
Vh. 180 244
vi. 182 246
vi. 182 246
mb(.z-.:)" mb(.z-.:)'" mb(az-.:)lv
. . M, .2..5/A boundary
Va. 350 382 APRPAAAPLPA. ...
Vb. 342 374 NAANDQRPATE. . ..
Ve. 329 363 LLDPAP.PADR. . ..
vd. 343 379 NQYSHRESICE. ...
Ve. 345 381 NRYRNDRFHSQ. . ..
vE. 343 379 LEYSSGDLDLQ. . . .
Vg. 346 381 .DVDCDFIAPA. ...
Vh. 345 379 DTQSAAAVEAT. . ..
Vi. 341 377 LSEDPMAPETL. .
Vi. 358 397 AHLSTENLDNTGRFAADG
mh(iZ-aS)VI

Fig. 6 Multiple sequence alignments of (A) family 1 (type | M domain) interrupted A domain representatives as noted in Fig. S1 (ESIt), and (B) family 4 (type
V M domain) interrupted A domain representatives as noted in Fig. S5 (ESI). Types | and V M domains are highlighted in light purple and light pink,

respectively. The A domain is highlighted in light grey. The red and dark purple

balloons in panel A correspond to residues involved in SAM and amino acid

bound Ppant arm binding, respectively, according to the structure of TioS(AgMAg)4.X* The identical corresponding residues in type V M domain are also
indicated in the same way. The conserved M domain motifs for types | and V M domains are underlined in dark purple and dark pink, respectively. The
boundaries between the domains are indicated by a triangle. Breaks in the sequences are indicated by two parallel bars. The full sequence alignments and

accession numbers are presented in Fig. S13 and S16 (ESIT).

270 + 6 in type V. This difference in length corresponds to the last
~120 amino acids of type I M domains, which based on the
crystal structure, were proposed to be a unique region of the M
domain co-opted for structural purposes,'* possibly serving as a
bridge between the A and M domains (Fig. 1B and Fig. S13, ESIt).

This journal is © The Royal Society of Chemistry 2020

Therefore, we can postulate that this missing region in type VM
domains is related to the fact that those are inserted in the A
domain between a2-a3 rather than a8-a9 and could be required for
proper functionality for family 1 interrupted A domains, but not
family 4. Both types I and V M domains appear in other interrupted
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vA/Msm Ser/Thr, a8-a9) boundary
ITla. 412 LVAYAVADPGTAAPAAT ||463 LYDEIFVRDEYLRAGVSLPERPCVVDVGGHVGLFSLF || 510 YAFEPIPELAEMFRINAEL
ITb. 403 LAGYLVVDSEVAPAVAR ||454 LYDEIFQRGEYARGGVTVGDGACVVDVGGHVGMFGLW || 501 YACEPMPESAEFYRINAYL
IIc. 425 LTAQLTLDSRVAPGADR ||476 MFREIFEDEVYVQQGVTVPDGGCVLDVGANIGLFTLF || 523 YACEPVPEVFDVLRRNVNL
IId. 428 LVAWFSPDARHARAILK |[479 LYQEIFEDNGYLKHGLAVLPGDCVFDVGANIGLFSLC ||524 HAFEPMPEVYEVMRLNTRM
ITe. 430 LVAYVTPNASQGAKLGR ||481 LHKEIFSDKCYAKHGIRIGPGDCVFDVGANIGMFSLY || 528 FAFEPIPEVFEALRANAAL
IIf. 450 LVAYIVPDEKQAAPVLQ [|501 VYQEIFEQLSYLRHGITINDGDCIFDVGANIGLFTLF || 548 YAFEPIPPVFELLRLNTDL
IIg. 446 LVAYLTPDTTTAAPVAR |[[499 LYQEIFANTEYVRGGIHLDPGAVVIDVGGHVGLFSLF || 546 YAFEPIPELARLYRLNTAL
ITh. 435 LVAYLVPDPRFAPVAAK ||486 LYEEIFETEEYCHGGVTIPGDGCIVDIGAHVGMFSLY || 533 FAVEPMPELRRMYAANAAL
ITi. 432 LVSYIVPKPSRAPTIAG ||470 LYKEIFEVKAYLKHGITIKDGDCIFDVGTNIGLFSLF || 518 YGFEPNPFVFEILELNTKL
IIj. 423 LAAYVVPSPKGSPAALG ||461 LYEEIFRKKTYSLYGIEIPRGAVVFDVGANIGMYSLY || 509 FAFEPLAPIYATLAANAAL
msm, Ser/Thr, asvas)l msil‘)‘ Ser/Thr, aa»aﬁi” msm, Ser/Thr, anaQDIII
Ila. 546 TARFTYYPDMSMLSGR..FADER || 608 DRIDLLKIDAEKSELDVVRGI ||640 EPEHWAIVRQVVAEVH DIDGRLKV
IIb. 537 RAEFTYYPEMSLMSGR..FADEA || 611 TVVDLLKVDAEKSELAALRGI |[632 EPEHWPIIRQVVAEVH. .DIDDRVAV
IIc. 560 SADFTYYPGVSIISGR..YASTA || 638 DRVSLLKIDAERSELDVLAGI ||659 EDRHWALIDQVCLEVH. .DSDGRPDR
IId. 560 QETFTYYPNVTILSGA..HADLE || 636 KTIDLLRKIDVEKMEHKVIEGI ||657 AAKDWPKIRQMVIEVH. .DIENRAQQ
ITe. 564 LVTFRYYPHATVLSGM....GGA ||635 ERIDLLKIDVENAEFEVLQGI |[|656 EELDWSKIEQLVVEVH. .DVDDRRRK
IIf. 584 EAKFTYYPHVSVISGR..FADAS ||660 EQIDLLKIDVEKSELEVLNGI |[|681 KEEHWQKIKQIVVEVH. .DRDGRLAE
IIg. 582 VAEFTYYPEMSIMSGR..FADQD || 655 ARVDLVRKVDVEKSELDVLRGV ||676 RDEHWPRIGQVVAEVH. .DAQGRLAG
IIh. 569 TDTFTYYPEMSVLSGR..GTGSR || 645 GHIDLLKLDVEGSELDALHGI ||666 EARHWPLIDRMVIEVN. .DVEYRLAR
IIi. 554 TANFTFYPKFSFLSGL..YADTA || 634 EHIDLLKINVEKSEWDVLAGI ||655 AEADWHKIHQIALEVH..... DINGRLEQ
IIj. 545 TVAFTYYPRYSMMSGAEAFARPE || 625 DHIDLLKVDVQRAEMHVLRGL || 646 TAGDWKIIDQVVMEVHAAEGQESEGRLEE
ms{D, Ser/Thr, aaraSDIV ms{O, Ser/Thr, aﬂraS}v ms(D‘ Ser/Thr, aB'EQ}V

v s(0, Sqr/Thr, aarasylA boundary
IIa. 712 TWYDPDRLADDLRAR
IIb. 704 GWHSPARLIHAVRAH
IIc. 733 AFLD..ELLTEIRDK
IId. 728 [ WYNRAGLVRDIELH
Ile. 725 LLASPNRWVEELREL
IIf. ‘755 SWNSKNTLIRDIRDR
IIg. 751 DPGVGPGGRAVRWWNPGQLVGSVRET
ITh. 741 TWSAPGALGALMRER
IIi. 728 KLQEPILTCSELRDF
IIj. 726 DEARPV.SPGALRDH
B. Multiple sequence alignment of family 2b interrupted A domain representatives

. . .vAlMs(O, Tyr, as-a9) POUNdaAry . . .
IITa. 400 ACVVPWQRGEGALDLAAYVIERSR. .. ..VEPWPS || 460 RSLAGKTVVEIGPGPHAILSRMCVEAGARR
IITb. 408 AVVTTQRDANGQNALCAYYTRAKK. .. ..VELFPS || 468 KVLNGKTVVEIGPGPEVILSRLCLEAGAEK
IITc. 413 VVVLPKKDQDGNSFLAAFIEKKKR. .. ..VFLTPS || 473 QLLKDKVVLDLGAGGDAILSQFCIEAGAKK
IITd. 421 AIVMAREDAPGDPRLAAYVTATDR ...VELWPS || 481 RHLPGKTVVEIGPGPHAVLSRMAIDAGARK
IITe. 414 AVVIDREDTPGNKRLVAYFVPEPE...LEQNIQKMKG. .. .. IELWPS || 484 QLVKDRVVVEIGTGKDAILARFCAQAGANK
IIIf. 427 AVVVTREDQPDNKRLVAYVVPEQK...NLESSQVAENLSTDKVELWPS ||502 QLVLDKIVVEIGTGKDAILSRFCAQGGAKK
IITg. 427 AAVLPVGEGDATS. LVAFVVPDHGA..RPAAKP ......... QEWWPS || 492 AMVPGRVVLEVGTGPEALLSRFCVEAGARK
IITh. 438 AAVLVQGERPEDKRLTAYLVLQPE...QEK............ VELWPS |[|501 QTVAGKIVVDVGTGRNAILARLCVEAGAKR
IITi. 430 SAVVCRRDASGDNRLFGYVVPIPEYADAPKKQSTANADDHDRIELWPS 508 QHVRDRVVVDIGTGQDALLARFCVEAGARK
IITj. 433 AAVALRSDYGGEPRLVGYVVPHAGLLPEPAT.......... RPEFWPS || 501 RSVRGKVVLDIGTGEHALLARMCIDAGAHK
ms(o, Tyr, aa-as)'
IIIa. 516 ITVVHGDVREVELPEPADWCVSEIVGGIGGS || 595 YVERIFEAEGGPFDLRVCMKHLS || 675 LDSQESWLPVFIPVSVEG
IIIb. 524 IQLIHGNAMTTELPEKVDYCISEIVGGIGGS || 604 YVERIFTQVGYPFDLRLCVKNFA || 684 LYSQDSWIPVYLPVSITG
IIIc. 529 IILIHGDISNIQLPEEVDYCVSEIVGSIGGS || 609 YVKRVFDYVGYQFDMRMCVENFP || 689 LNEKYNWLPIYLPVFYDN
IIId. 537 IVVLHGDATRIELPEPVDYCISEIIGNIAGS || 617 YVRKIFEETGSPFDLRICVKDLP || 697 LADQGSWLPVYFPAFPEG
IIIle. 540 IEIIHGDAMTVNLPELADVCVSEIVGAIGGS || 621 YTQKIFEQVGYPFDLRVCIKGFP || 701 IEHEHSWLPVYFPVFEPG
IIIf. 558 ITVIHGDATLVDLPELADVCVSEIVGAIGGS || 639 YTKEIFKQVGYPFDLRVCLKKFP ||719 LEHEHCWLPVYFPLFEPG
IIIg. 548 ITVIHGDATEVTLPEPAEVCVSEIVGAIGGS || 629 YVHRIFEEIGYPFDLRLCVRGLD || 709 LDHEHCWLPVFFPAFHPG
IITh. 557 IKVLHGDATQVQIPELAEVCVSEIFGAIGGA || 638 YVSQVFAQVGAPFDLRLCIMNFP ||718 LQGRYSWLPVYFPVFSPG
IITi. 564 IDVIHGDATRLQLPEPAEVCVHGLFGNIGSA || 645 YVKRVFQHVGRRSDLRLCVRNFP |[725 LEHSHGWLPVIFPISDTG
IITj. 557 IIVMQGDMASVDLPERVDVCTQGIIGNIGSA || 638 YAEQVFDRFDRRFDIRLCISDLP || 718 RRTQRAWLPVEFFPLGETG
ms(o‘ Tyr, a8»a9)“ msw, Tyr, akag;'” ms(o, Tyr, aa-zaylv
. 's(0, Tyr, za-ae)IA boundal:yv

IITIa. 750 [EYERLFPRGUIIIN EVPVAAPLDVE.......
IITb. 759 EYQRLFAENA .QIPLRPMLAVE.......
IITc. 764 FYKKLFEKE. ....EVQVRETISAG.......
IITd. 772 FYARLFADGE........ IPVQAKLSPG.......
IITe. 776 FYQRLFAETETVSPYDLQLLNQESVVTGNGNNPLS
IIIf. 794 |[ENGC RSN .NTKNNKPGN. .....
IIIg. 784 FHHAFFHDGE. . IPLVEPAAPA. ......
IITh. 793 EFYQRLFAEDS IRIRPQQGQA. ......
IITi. 800 IHRLLF........... DDLDRADLSVT. ......
IITj. 804 LYRALWHEAS....... DHPDGDSLAHE. ......

Fig. 7 Multiple sequence alignments of (A) family 2a (type || M domain) interrupted A domain representatives as noted in Fig. S2, ESI+ and (B) family 2b
(type Il M domain) interrupted A domain representatives as noted in Fig. S3 (ESIT). Types Il and Il M domains are highlighted in light blue and light green,
respectively. The A domain is highlighted in light grey. The conserved M domain motifs for types Il and Il M domains are underlined in dark blue and dark
green, respectively. The boundaries between the domains are indicated by a triangle. Breaks in the sequences are indicated by two parallel bars. The full
sequence alignments and accession numbers are presented in Fig. S14 and S15 (ESI¥).

A domains embedding multiple M domains, families 5a/b and 7,
respectively, which is discussed below in the “Interrupted A
domains with multiple M domains: backbone N- and side chain
O-methylation” section.

Interrupted A domains with a single M domain insertion: side
chain O- and S-methylation

Side chain methylation can be categorized by type of methylation,
O- or §-. Also, O-methylation can be further divided based on the

242 | RSC Chem. Biol., 2020, 1, 233-250

substrate getting methylated: 1-Ser/t-Thr (type II) vs. 1-Tyr (type III)
vs. hydroxylated aromatic residues (type VI). Interestingly, unlike
backbone N-methylating types I and V M domains, which are
found between a8-a9 and a2-a3, respectively, the M domains that
carry out side chain O- or S-methylation, are so far, confined to
their specific interruption locations: a2-a3 (type IV), a6-a7
(type VI), or a8-a9 (types II and III). Of the side chain O-methyla-
ting M domains, we can see a clear distinction in both the location
of interruption, observed between a6-a7 and a8-a9, and the

This journal is © The Royal Society of Chemistry 2020
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. V.A/Ms(s‘ a2.03 POUNdary .
IVa. 120 LRSMQELRWQVRSLRHVLCPDIAEEFSW 209
IVb. 120 LPSVQEFRWEVPSLRHVLCPDIPEEFSW || 209
IVe. 119 ARLAEEATWLGAPDARLVLMDTATPA. . 201
IVd. 120 ARRAEEAGQLAGTGVRLVCTDLRAAAPD || 207
IVe. 119 LPTLQTLQWQVPELTNILCLDVQTPDPP || 208
IVE. 119 LRTVQELQWRHPQLTQTLYLDVDTSELP 208
IVg. 119 LNMVREMQWSLPCLTDVVCMDVEDEEIP 208
IVh. 119 FRPFEAFKWTLPQLRDIILLDEEKPHAE 208
IVi. 119 LGRVEEMRWRLPALSGVVSLGIAEPEPP || 208
IVj. 124 LNSFRHAKWLDGNIDRFIVMDALSRRLP 213
s(S, a2 al\l
. . . MS(S‘ a2-a3)
IVa. 350 RQVETFTGELAQRYDA ||/ 366 VIRVAPSGDRPAS. ..
IVb. 350 RRAEEFTGELAERYDA 366 VIRVAPSRDRAEL. .
IVc. 342 RTGPHWPEVLGRRYDV 358 VLRPVT.AATGYA. .
IVd. 347 RGGDGWPPVLRDRYDV 363 MLRPAPSRDI AV A
IVe. 374 KREAGFDSELRYRYDV 390
IVE. 374
IVg. 374 HREDEFDNELAYRYDV || 390 LIEKGHAEKEEYLSRLS.
IVh. 373 RRTDDFPNELQYRFDI 389 IMQRTDLAVAQPAPNV. .
IVi. 364 HRIEGFANELGLRYDV 380 LLSEMDLVPAEE. ...
IVj. 378 SRENDFDDELQYRFDV 394 MO C SR D e

m i

(S, a2-a3)

PSILEIGSGSGLIV 271 QGP.FDVILLASTVQFLPDLDYLLSVLGSLL
PSVLEIGCGSGLIV 271 SGP.FDVVVLASTVQFLPDLDHLTGVLDSLL
RSVLEIGCGTGLLA 263 AGQVFDVVVLSSVVQFFPGPDYTRTVLREAV
PRVVEVGCGAGLIA 266 APAGADVVLLASVAQFFPGFEYLRSVLRDAV
KRVLEIGCGSGLIM 270 DSTQFDLIILASTVQFFPGYLYLQHIMEMVL
KRVLEIGCGSGEIM 271 QDGFFDLIILASTIQFFPGTVYLRQVITEAI
KKVLEIGCGSGTVM 270 CQDSYDVVIIASTVQFFPGYVYLERTIEKAL
SRVLEIGCGAGLIM 270 TDASFDAIVIASAAQFFPGYRYLEAVIAECR
ARVLEIGNGSGLLL 272
AHVLELGCGSGLIA 274

RDERFDLILLASTVQFFPGPRYLERVLRWAL
PPESLDLILLASTAQFFPGYCYTESVIASLV

s(S, a2-a3)

/A boundary V.

........... GREPLWTGHHIELRPSEPLATG

.GREPLWTGHHVGLRPADPLAAG
.LEPRVLTWHDVA.ARASTPPRR
.HTPVISTWSEVEEARALPLPAG

HERKKKS AVGDIPV D PSS TR SSCRE S SRKNIWTNWHINQQGVGNPVTA
KRDEGFDNELGYRYDV 390 VIETTQTEVNAEPSRVTATNQAPLSQQENARKHWWTNWHVSQQATHNPELM
.......... KRRNDWTLWHISKYSGENLDIE

....REWTGWHLGGYETADPACP
.RRRCLWTGWHVDLQPAGRLPQV

.............. LVTTKWHQQQQPSDNLDVT

B. Multiple sequence alignment of family 6 interrupted A domain representatives

. . . . AlMs(O,arom.aG-a‘l.i boundary . .
VIa. 316 VSGELAISGIGLARGYLNRPALNFDKFRPNRFDLADYCQELGEV...LVPSALKEIEQFKQMV || 460 LTGVDFGCGSGEILQ
VIb. 317 HTGEIYISGPGIARGYLNKPGITATKFLPNPFLIYEYFEEKEILDAGITKQQLRDFAQTARAY || 466 VKGVDFGFGNGEILQ
VIc. 319 VITGEIYICGQGVARGYLNKPGATATKFVPNPFLIHDAFEEHEPADTRIGEAELREFERAARAG || 468 ARGVDFGFGNGEILK
VId. 323 VMGELYLAGAGLARGYLNRPELTAEKFIPNPFAAYTRYRYRGVLAD..PGAMHSPLAASAETN 470 IKGVDFGFGNAEVLR
VIe. 322 VPGEIYISGMGMAKGYLRNNLMSLSHFLPNPFTLSAKCTFGEFSE...PASVRSDIERFKER. 467 LKGVDLGFGNGEVME
VIf. 315 VAGEIYLSGEGIAKGYLNNINKSSMTFMVNPFNNLMNKYYEEV...... EYEFKDIEIDSKIE || 453 LSGVDFGFGNGEVLK
VIg. 314 VAGQIHLSGPGIARGYLGQPAATVDRFVPNPFVLRETFDDRGPLR...LESALADIARFATRH || 455 LTGVEIGCGNGEVLH
VIh. 316 VAGQIHLSGTGIARGYLGQPVATADRFVPNPFALRKVYEDQGPLR...LDSALSDIERFAARH || 457 LTGVEIGCGNGEVLR
VIi. 316 VAGQIHLSGTGIARGYLGQPVATADRFVPNPFALRKVYEDQGPLR...LDSALSDIERFAARH 457 LTGVEIGCGNGEVLR
VIj. 319 VRGELYLSGPGVAMGYFGRPDITSERFLPNPFADELPPPVDLDH. ... . PAAVHAVESFITS. 461 LKGTDLGFGGGEVLD
VIk. 323 AIGELYLSGGNLASGYHGHPALTAERFLPNPYAVGMALPQPLIL. ... . AEASQAIDRFKRK. 457 MNGADFGFGNGEVLT
VIl. 319 AVGEICLSGLGIAQGYTGNRGYDK..FLLNKQYIKDFITRCEFK...IEYEAFNSINCDDKPV || 462 LKGADIGCGAGEVLK
VIm. 319 AVGEICLSGLGIAQGYTGNRGYDK..FLLNKQYIKDFITRCEFK...IEYEAFNSINCGDKPV || 462 LKGADIGCGAGEVLK
VIn. 309 VEGDIYISGAGVANGYVSEKRWDNDNFILNKQIIDRNFTLSELK..... HDKLNNLRVTE. .V 449 CSGVDFCCGDGKSLS
a6 mﬂDJmmJ&ﬂ”
VIa. 477 THSGSVVAGIDINPLFIKQAR || 524 TNLDFVLSTLVLDRVS 540 KPLNLLKNLFYVLRAGGRFALQTLLPVVPVEDG.N
VIb. 483 NEMGADVVGLDFNPVFVQKAL || 530 NSQDFVISTLLLDRLA 546 NPHNMLKNFFELLKADGCFAIQTLLPVIGQDDG.D
VIc. 485 RDMGARMTGLDFNPVFVQKAR || 532 GSLDFAISTLLLDRLA 548 HPRNMLANFFASLKRGGRFAIQTLLPVVGVDDG.D
VId. 487 SELGASVVGLDISPIFVQRAR 534 ESLDFAISTLTIDRVE 550 QPVNLIKNIFSVLKPGGRFSIQTLLPVVAVEDG.D
VIe. 484 GMMGTDTIGIELSPFSVQRAR || 531 GSMDFAISNLVLDRVS 547 NPLNYIRNLVNVLKTGGRFALQTLLPVVPVDDG.E
VIf. 470 NKLGAEATGFDLSPSFVQCGR || 517 GTQDFVITNLTLDRLN 533 NPSNFIKNMFSVLKQGGRFAIQTLLPVNCIDDE.D
VIg. 472 AAAGAKAVGIDLSPFFVQALR || 519 GSLDFAVSTMVLDRTH 535 RPRHLLANMMAVLRPGGRFALQTVLPVVPLDDG.E
VIh. 474 TAAGAKAVGIDLSPFFVHALR || 521 GSLDFALSTMVLDRAH 537 RPRHLLANMMAVLRPGGRFALQTVLPVVPQDDG.E
VIi. 474 TAAGAKAVGIDLSPFFVHALR (| 521 GSLDFALSTMVLDRAH 537 RPRHLLANMMAVLRPGGRFALQTVLPVVPQDDG.E
VIj. 478 RAAGADVTGVDIGPWQVHRAR || 525 GSLDFALSSLVLDRVA 541 HPREFLRNLVEVLRPGGRFSLQLLLPHRAFD.SPD
VIk. 474 SEMGAIAKGVDYIPSFVDAAR || 521 GSLDFALSTLVLDRVA 537 DPKQLLLNIYTSLRQGGRFALQTLLPVIPLDDNPD
VIl. 479 TSLGCDVIGVDICPFFVNNLR || 526 RSLDFVISNLVLDRVA 542 DPYQYLVNMLRLVKPGGKFSIQTLLPIIVNGDG.D
VIm. 479 TSLGCDVIGVDICPFFVNNLR 526 RSLDFVISNLVLDRVA 542 DPYQYLVNMLRLVKPGGKFSIQTLLPIIVNGDG.D
VIn. 466 TELGANAVGLDISPTEVQNLT || 513 HSMDFAFSSLALDRVS 529 NPRNFLDNFLSSLKDNGRFGLLTILPVSPFDDG.D
ms(o, arom, a67a7)” ms(o,arom‘aﬁraﬂlll ms(o‘ arom, asranlv
. . ﬂ&amma&ﬁJA boundary i "
VIa. 619 YVVNSRDGLQEYVLWSFSGRK..RTVPFQ....PRYSRLYHTGDLARRLPDGNLE
VIb. 625 YAVVSRDGVQQYMVWSFTGRK..NSQAVKHLGTGRYQLMYKTGDLGRFLPDGEIE
VIc. 627 YAVMSRDGLQEYVVWSFTGLK..DDAAARGVGAGRYDVMYRTGDLGRFLPGGEIA
VId. 629 YIVRSRDGLQEYTVWCFSGCK..QPVDIQRMEDSR...LYKTGDLVVCRPDGNLE
VIe. 626 FVVSSRDGMQEYKMWSFSGLK..GAVPD..VKHQMLGCFYKTGDYGFYDKEGRIY
VIf. 612 YYVSTITKLNKYECWSFFGIY..RPDMENYGEDDFYSKMYKTGDLGKFDQNGNVE
VIg. 614 YIVASSDGVQRYELYSFSGVR..GHVSA...AERAYDLMYRTGDVGRWLPDGNLD
VIh. 616 YIVASSDGVQRYELHSFTGVR..GHVSA...TERAYDLMYRTGDVGRRLADGNLD
VIi. 616 YIVASSDGVQRYELHSFTGVR..GHVSA...TERAYDLMYRTGDVGRRLADGNLD
VIj. 620 YAIATSDGVERFTLWCVAG..... QRAR .VPSLQRHERMYRTGDLVSLRPDGALI
VIk. 617 YVVLSRDGLQEYDVWSFTGGKQVRQAARQAESSHRFSRMYRTGDLARYRSDGNIE
VILl. 621 YYVNSADGDQKYNVWSFSG....EIDLSFNIGKIDYTILYRTGDLGRILPDGELE
VIm. 621 YYVNSADGDQKYNVWSFSG....EIDLSFNIGKIDYTILYRTGDLGRILPDGELE
VIn. 608 YAVQCKDGYMEYSVWSFSGYH..SVENDFYSDISLYSLIYKTGDRGKFSSDGNLV

a7

Fig. 8 Multiple sequence alignments of (A) family 3 (type IV M domains) interrupted A domain representatives as noted in Fig. S4, ESIt and (B) family 6
(type VI M domains) interrupted A domains. Types IV and VI M domains are highlighted in light yellow and light orange, respectively. The A domain is
highlighted in light grey. The red and dark purple balloons in panel A correspond to residues suspected to be involved in SAM and amino acid bound
Ppant arm binding, respectively, based on similarities to TioS(AgM/Ag)4.** The conserved M domain motifs for types IV and VI M domains are underlined in
dark yellow and dark orange, respectively. The boundaries between the domains are indicated by a triangle. Breaks in the sequences are indicated by two

parallel bars. The full sequence alignments and accession numbers are presented in Fig. S16 and S20 (ESI).

substrate. Given the abundance of O-methylation across all
domains of life, it is no surprise that they have been studied in
great detail, especially with regard to plant O-methyl-
transferases.’” ™' Categorization of these plant O-methyltrans-
ferases is commonly based on phylogenetic relatedness and
their substrate.*>*" Thus, we have also divided the interrupting
M) domains by their relatedness (discussed above in the

This journal is © The Royal Society of Chemistry 2020

phylogenetic analyses of M domains) and substrate (hypo-
thesized or confirmed in those few cases where it is known or
inferred by the NP).

Type II M domains are found in family 2a (AgMg(o,ser/rhr)Ao)
(Fig. 7A and Fig. S14, ESIt). The substrate of the representative,
KtzH(AsMpA),, was shown biochemically to be 1-Ser.>* However,
aside from the classic SAM binding motif (Mg gerthr,as-a9)il),

RSC Chem. Biol., 2020, 1, 233-250 | 243
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vAIMsw)bound.ary . . . .
II/Ia. 428 LVAYIVPNZIIN KGSRQVKQLLQWEQ || 470 HLNQNETDFLYQ IRINEGD || 502
II/Ib. 428 LVAYVVPST. ....QEEDAQGRYA.. |[455 HINQHETRAVFE ITLEDDC || 487
III/Ic. 417 LVAYFVPEP. . .ELEQNIQKMKGIEL || 470 AINHLVKERVVVEIGTGKDAILARFCAQAGA || 520 VDKLGLSAQIEII
III/Id. 417 LVAYFVPEP. . .ELEQNIQKMKGIEL ||470 AINQLVKERV ILARFCAQAGA || 520 VDKLGLSAQIEII
III/Ie. 417 LVAYFVPEP. . .ELEQNIQKMKGIEL ||470 AINQLVKERYV ILARFCAKAGA || 520 VDKFGLSAQIEII
III/If. 417 LVAYFVPEP. . .ELEQNIQKMKGIEL ||470 AINQLVKERV 520 VDKLGLSAQIEII
III/Ig. 417 LVAYFVPEP. . .ELEQNIQKMKGIEL ||470 AINQLVKERYV 520 VDKLGLSAQIEII
III/Th. 436 L...... ES...... PINLEISTGK.IEL || 483 AINQLVKDKI ILSRFCVAGGA || 533 IEKLGLADRITII
III/Ti. 410 APA..DAGSGPAIALRPADALADGRRLEL || 469 AIRAAVPGKV ILARLCVEAGA ||519 VRRLGLDDRIIVV
III/Ij. 413 APA..DAGSGPAIALRPADALADGRRLEL || 470 AIRAAVPGKV ILARLCVEAGA || 520 VRRLGLDDRIIVV
III/Ik. 313 PPSADPTDGGSAIALRPADALADGRRLEL || 472 AIRAAVPGKVYV] ILARLCVEAGA || 522 VRRLGLDDRIIVV
s(0, Ser/Thr, as-asil ms(O, Ser/Thr, aﬂ-as)”
ms(o. Tyr, ag-a9)!
. . . .
II/Ia. 515 FASQQVKDLEIFAF] T T VAT SIKAVAIGT, S 565 VSGLYADQNQEQEMMKTFLSNKQ
II/Ib. 500 FVHDRCARPRVYSFEBVBPVEDVMARNVALHAPGATAMPF. ... .. 550 NSGLYADARTERALTERFLRNQS
III/Ic. 533 HGDAMTVNLPELADVCVSEIVGAIGGCEGAAVIINNTRRFLKPDGA 597 LLNQPRFTKVSGYYTQKIFEQVGYPFDLRVCI
III/Id. 533 GAIGGCEGAAVIINNTRRFLKPDGA 597 LLNQPRFTKVSGYYTQKIFEQVGYPFDLRVCI
III/Ie. 533 GAIGGSEGAAVIINNARRFLKPDGA 597 LLNQPRFTKVSGYYTQKIFEQVGYPFDLRVCI
III/If. 533 GAIGGSEGAAVIINNARRFLKPDGA 597 LLNQPKFTKVSGYYTQKIFEQVGYPFDLRVCI
III/Ig. 533 HGDAMTVNLPELADVCVSEIVGAIGGSEGAAVIINNARRFLKPDGA 597 LLNQPRFTKVSGYYTQKIFEQVGYPFDLRVCI
III/Th. 546 HGDATKVDIPELADVCVSEIVGAIGGSEGAAVIINNARRFLKPGGL 610 ILHNLKFAATPAHYTRKIFEEVGYPFDLRVCI
III/Ii. 532 EGDARRVTLPEPADICVSEIIGPIGGCEGSAVILNDVWRLLKPGAE 596 FREAPGFSSLTAGYVRRIFEDRGGPFDLRLCL
III/Ij. 533 EGDARRVTLPEPADICVSEIIGPIGGCEGSAVILNDVWRLLKPGAE 597 FREAPGFSSLTAGYVRRIFEDRGGPFDLRLCL
III/Ik. 535 EGDARRVTLPEPAD IGPIGGCEGSAVILNDVWRLLKPGAE 599 FREAPGFSGLTAGYVRRIFEDRGGPFDLRLCL
M0, 1yr, as-a) M (0, seriThr, as-as) M. (o, serihr, as-an!V M0, Tyr, as-ant!!
. . M, 5)/M, 5. boundaryy
II/1a. 640 VEQNNNNNEEENT EVLE . . .. ... ........ INGRLAA || 722 KEIDSQRS
II/Ib. 617 VEREEEN DVLS . . . . . . .. ....... IDGRVDT || 700 AHADGRA
III/Ic. 672 GFLVWLNLHTIEGECIDILEHEHC FEPGIDVSEGDVIEAFCSRKLCENNLNPDYATI 773 TETVSTSS
III/Id. 672 GFLVWLNLHTIEGECIDILEHEHS FEPGIDVSEGDVIEAVCSRKLCENNLNPDYATI 773 TETVSTSS
III/Ie. 672 GFLVWLNLQTIEGEYIDILKHEHC FEPGIEVSEGDVIEAVCSRKLCENNLNPDYATI 773 TETVSTSN
III/If. 672 GFLVWLNLHTIEGECIDILEHDHC FEPGIEVSEGDVIEAVCSRKLCENNLNPDYATI 773 TETVSIS
III/Ig. 672 GFMVWLNLHTIESECIDILEHEHCWLPVYFPVFEPGIDVSEGDVIEAVCSRKLCENNLNPDYATI 773 TETVSIS
III/Ih. 685 GFLVWLNLHTIAGQQIDILENEYCWIPVYFPVFEPGIEVEEGDIIRAVCTRTLCENNLNPDYAV 786 YDIASRN
III/Ii. 671 GLLVWLKLEAARGRVMDTLGEICCWLPVFLPVFGEGRPVAAGSRIAMTITRTLHANGINPDFRL ||774 TAVPDLPT
III/Ij. 672 GLTVWLKLEAARGRVMDTLGEICCWLPVFLPVFGEGRPVAAGSRIAMTITRTLHANGINPDFRL ||775 TAVPDLPT,
III/Ik. 674 GLTVWLKLEAARGRVMDTLGEICCWLPVFLPVIFGEGRPVAAGSRIAMTITRTLHANGINPDFRL ||777 TA.PALP
mle, Ser/Thr, as-as]v ms(O, Tyr, aB-aS)Iv ms[O, Ser/Thr, aS-aS)vl
II/Ia. 744 767 800
II/Ib. 727 750 783
III/Ic. 789 812 845
III/Id. 789 812 845
III/Ie. 789 812 845
III/If. 789 812 845
III/Ig. 789 812 845
III/Ih. 826 849 882
III/Ii. 816 839 883
III/Ij. 817 840 884
III/Ik. 818 841 885
mb(.x-as)' mh(.s-.S)” b(a8-a9)
. . .
II/Ia. 868 945 941
II/Ib. 851 928 961
III/Ic. 913 990 1023
III/Id. 913 990 1023
III/Ie. 913 990 1023
III/If. 913 990 1023
III/Ig. 913 990 1023
III/Ih. 948 1025 1058
III/Ti. 948 1022 1053
III/Ij. 949 1023 1054
III/Ik. 950 1024 1057
mb(aa-as)lv mn(as.as)v mh(a!-as)VI
Mhu&ﬂJA b°“Pda’Y . . .
II/Ia. 1131 PLSSQFRKELIPQLREYLQSRLPEYMVPSGLMVLSQLPLTPNGKVDRKALPAPD
II/Ib. 1110 PYLEERQAGLQHTVLERLREQLPAYMVPAHVVVLDALPLTPNGKVNKKALPAPD

IIT/Ic.1176
TET/Id.1176
III/Ie.1176
III/If.1176
III/Ig.1176
TET/Th:1223
III/Ii.1193
III/Ij.1194
III/Ik.1195

PLSSQLRKELIPQLREYIQSRLPEYMVPSGLMVLSQLPLTPNGKVDRKALPVPD
PLSSQFRKELIPQLREYLQSRLPEYMVPSGLMVLSQLPLTPNGKVDRKALPELD
PLSSQLRKQLIPQLREYLQSRLPEYMVPSGLMVLSQLPLTPNGKVDRKALPVPD
PLSSELGKQLVPQLREYLELRLPEYMMPSELMVLSQLPLTPNGKVDRKALPVPD
PLSFEVGKQLVPQLREYLELRLPEYMMPSELMVLSQLPLTPNGKVDRKALPVPD
PLYGKLVQKLVPQVRSFIEQKLPNYMVPQAFVLLNALPLTPNGKVDRRALPAPD
.LARRRKSALADRLRRRAREVLPAAMVPQAVMVLDRLPLGASGKLDRARLPRPE
.LARRRKAALADRLRRRAREVLPAAMVPQAVMVLDRLPLGASGKLDRARLPRPE
PLARRRKAALADRLRRRAREVLPAAMVPQAVMVL . ... ... ... ..t unnu...

a9

Fig. 9 Multiple sequence alignments of families 5a/b interrupted A domains. The A domain portion is highlighted in light grey. The O-methylating M
domain is highlighted in light blue. The conserved M domain motifs for type II M domains are boxed and underlined in dark blue. The conserved M
domain motifs for type Il M domains are boxed in light green and underlined in dark green. Type | M domain is highlighted in purple and the motifs
underlined in dark purple. The red and dark purple balloons correspond to residues involved in SAM and amino acid bound Ppant arm binding,
respectively, based on their correspondence to the same residues of TioS(AgMAg)4.* The boundaries between the domains are indicated by a triangle.
Breaks in the sequences are indicated by two parallel bars. The full sequence alignments and accession numbers are presented in Fig. S18 (ESI+).

there were no other strongly conserved motifs that match previously
published motifs for O-methyltransferase domains,***' possibly
because most that have been characterized are those that have large
aromatic substrates like catechol-O-methyltransferases.** Therefore,

244 | RSC Chem. Biol., 2020, 1, 233-250

we identified Mg ser/thr,as-a0)i and iii-vi as conserved motifs present
in all of the representatives from family 2a that were aligned
(Fig. 7A, Fig. S14, ESIT and Table 1). It is important to note that
the acidic E in mgp ser/mhras-ag)iil is possibly the conserved acidic

This journal is © The Royal Society of Chemistry 2020
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A. Multiple sequence alignment of family 5c interrupted A domain

VA/Ms(o ser/Thr, ag-as) boundary , i “ 5
II/Ia. 437 LVAYLQPSERTAAPLR || 487 FLYEEIFEDLVYFKHGIRLDDGACVFDVGANIGLFMLF 535 FAFEPIPPVFRTLTLNAEV
II/Ib. 411 LVAYAVADPGTAAPAA || 461 FLYDEIFVRDEYLRAGVSLPERPCVVDVGGHVGLFSLF |[509 YAFEPIPELAEMFRINAEL
II/Ic. 405 LVAYVVPERESSEEES |l B e || EER R s
ms(D, Ser/Thr, iﬂ-aS}i ms10, Ser/Thr, aa»as;ii ms(O, Ser/Thr, aB»aS'iii
II/Ia. 571 QERFTFYPNDTLISTSRNSPEAI || 645 DRIDLLKIDVENAEYNVLQGIVESDWPKIRQLVMEVHDVDGRLRRIVDLLLHRGY
II/Ib. 545 TARFTYYPDMSMLSGRFADEREE || 618 DRIDLLKIDAEKSELDVVRGIEPEHWAIVRQVVAEVHDIDGRLKVFLDLLRERGF
ms(O. Ser/Thr, asvaﬂjiv m s(0, Ser/Thr, aﬂ-aajv ms{O,Ser/Thr, aa-aS)Vi
v Ms(o Ser/Thr, a8- as)IA boundary .
II/Ia. 720 VHVSRDAEMRPGHHAENTSLFWNCRADLLRDVRANLRKRLPDYNQPNHMVLLDTFPLTPNGKLDRRALPAPEQAAMRVRDIEPA
II/Ib. 693 VRPG..AALAPMPAPADNSSTWYDPDRLADDLRARAKAQLPDYMVPAAVVVLDAFPTTANGKLDRAALPAPT. ... ........
a9 a10
AIM, . a9), boundary
II/Ia. 804 EIEAALCRHPLVSQAVVIAREDAPGHKQLVGYVVL
II/Ic. 378 .IRAALRKRDGVAQAVVVPRTDRLGERRLVAYVVP
M (as- ae)
II/Ia. 914 966 ||
iI/Tc, 486 539
mb(aﬂ-as)ii b(aﬂ 19)
II/Ia. 1015 1051 ||
II/Ic. 587 623
mb(aa-as)v mh(aBdS]Vi
Mb(as-aD)IA boupdary . . .
II/Ia. 1227 PANFEQFAAIRRYVGEQL....PDYMVPAALVLLEGLPLTPNGKLDRRALPAPE
II/Ic. 1788 PAAARRVSRLPSWLREELAAELPEHLVPGDIVVMERLPLTTNGKIDHSRLPEVE
a9 al10
B. Multiple sequence alignment of family 7 interrupted A domains
. ) . A{Mhm_w boun.daryv
v/VIa. 81 DILGIMKAGGAYVPLDVNTPEERLVYMLENSNAEVLFVEKELIELANKLQWRVA
V/Vib. 81 DILGIMKAGGAYVPLDVNTPEERLVYMLENSNAEVLFVEKELIELANKLQWRVYV
v/Vic. 81 DILGIMKAGGTYVPLDINSPEDRLVYILENSDVEVLITEKNLIEEANKLQWRVK
a2
. .
v/via. 175 215 278
V/Vib. 175 215 278
V/Vic. 175 215 278
mh(a?-al)i mb(aZ-al)ii a:l)iii mh(aZ-aJ)iv
an(az anlA boundary .
V/VIa. 380 401 KNKYQYDFNDVSKYETTPLHTNVTSDNLAYIIYTSGSTGRPKGVMIEHR
V/VIb. 380 401 KNKYQYDFNDVSKYETTSLQTNVTSDNLAYIIYTSGSTGRPKGVMIEHR
V/Vic. 380 401 KSKYQIDRSAINKYDFSKPSVHISGSDLAYIIYTSGSTGKPKGVMIEHK
mb(az-aa)Vi a3
. . AIMS(OVimm"‘s_‘,)boundary' . ) )
V/VIia. 618 VPGEIYLSGPGISRGYMNDPKRTFESFVPNKIYLENLFKDKG || 694 IALDFGCGSEELVKSIYDKGVENIRGLAINALQINN
V/Vib. 518 VPGEIYLSGPGISRGYMNDPKRTFESFVPNKIYLENLFKDKG || 694 IALDFGCGSEELVKSIFDKGVENITGLAINAMQINN
V/VIc. 518 IAGEICLSGYGISRGYLNNVKKTFESFVPNVTYLKMFFKDCD || 811 KGVDFGCGNGELVQRIFENGVKNIVGLDINPFFVNN
a6 M6, arom, as-a7) M _ (0, arom, as-ar) |
. . . . . 5(0, arom, sesarjl A boun.dary .
V/Via. 755 EMESADFVNSILTLDQVENPKNLLENMALSLKAGGRFILGTSLPLAETN || 858 FFCGVKKSDTGTKDY..YSKMYKTGDIAK
V/Vib. 755 EMESADFVNSILTLDQVENPKNLLENMALSLKAGGRFILGTLLPLAETN || 858 FFCGVKKSDTGTKDY..YSKMYKTGDIAK
V/Vic. 823 NPNSIDFAISILTLDRVQFPKNLMKNMAMSLKDDGRFVLGTLLPIVEFE || 935 FFCGIKQSKVINEEALKYTKLYKTGDMGR

a7

M0, arom, as-an)!! M0, arom, as-an)!V

Fig. 10 Multiple sequence alignments of (A) family 5c¢ interrupted A domain (sequence “a") alignment with representative type Il and type | M domains,

KtzH(M,))4 (sequence "b") and TioS(M))4 (sequence “c”), respectively, and (B) family 7 interrupted A domains. The A domain is highlighted in light grey and
conserved A domain motifs are underlined in dark grey. The My, is highlighted in light blue and the conserved motifs are underlined in dark blue. The M, is
highlighted in light purple, and the conserved motifs are underlined in dark purple. The red and dark purple balloons in panel A correspond to residues
involved in SAM and amino acid bound Ppant arm binding, respectively, according to the structure of TioS(AgMAg)4X* The identical corresponding
residues in type V M domain are also indicated in the same way. Type V M domain is highlighted in light pink and the conserved motifs are underlined in
dark pink. Type VI M domain portion is highlighted in light orange and the conserved M domain motifs are underlined in dark orange. The boundaries
between the domains are indicated by a triangle. Breaks in the sequences are indicated by two parallel bars. The full sequence alignments and accession
numbers are presented in Fig. S19 and S21 (ESIt).

residue seen at the end of the second f-sheet in the Rossmann-like
fold">*® following the GxGxG motif in class I methyltransferases,'®
in which case it would be analogous to the acidic D in motif
Mpy(es-ao)ill. However, this remains a speculation until a structure for
family 2a interrupted A domains is determined. While the SAM
binding motif of class I methyltransferases typically contains

This journal is © The Royal Society of Chemistry 2020

GxGxG, none of these Gs is universally conserved; substitutions
are typically those with small nonpolar replacements such as A.**
However, it is not unprecedented to see larger bulky groups (F or Y)
replacing the middle G, especially in O-methyltransferases.*
Therefore, it was unsurprising to find mgp ser/rhr,as-a0)ii to
contain .. .DVGx(N/H)xG. . . where the middle G has been replaced
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with N or H. This change did not impair methylation activity of
either KtzH(AgMpAo),>> nor ColG(AsMM;A,).>°

Type III M domains, Mo, 1yr,as-a0), are found in family 2b.
Like type II M domains, these M domains are found between
the a8-a9 conserved motifs of A domains, in almost identical
interruption points, and are predicted to O-methylate amino
acids. It is worth noting that all of the a8-a9 interruptions
have a strikingly similar, though not completely identical
(L(V/A/T)(A/G)(Y/F)xxx; where the last x is frequently, but not
always a P)*° region of the A/Mj, or A/M(o) boundary (Fig. 64, 7,
9, 10A and Fig. S13-S15, S18, S19, ESIt), which corresponds to
the last B-sheet before the M domain in TioS(AgM;A),."* The
GxGxG of the SAM binding motif is denoted as Mg 1yr,ag-as)i
with only GxG present (Fig. 7B), which is known to occur.®
Interestingly, none of these type III M domains contained the
third G, but had a conserved A after two amino acids from the
middle G. It is possible that there was a single residue insertion
here changing an original GxGxA to GXGxxA. However, like the
type II M domains, this change to the GxGxG does not appear
to impact the M domain activity as there are examples of
O-methylated r-Tyr connected to these M domains, indicating
they are still functional.> We suspect, based on NCBI’s detec-
tion of the SAM binding site, that the conserved acidic residue
is the D at the start of motif mg(o,1yr,as-ag)ii. However, we cannot
be sure until the structure is solved as the acidic residue
corresponds to a structural position in class I methyltrans-
ferases, the end of the second B-sheet in the Rossmann-like
fold.'>'® The remaining motifs (iii and iv) were assigned based
on the presence of conserved residues found in the type III M
domain of families 2b and 5b. As with type II M domains, with
the exception of the SAM binding motif, there were no other
strongly conserved motifs that match previously published
motifs for O-methyltransferase domains.>®**

Type VI M domains are found in family 6 (AsMg(o,arom)A7)-
To our knowledge, this represents the first report of this family
of interrupted A domains both in terms of the location of the
interruption as well as the type of M domain it contains (Fig. 8B
and Fig. S20, ESIt). We were able to identify the conserved
GxGxG SAM binding motif of class I methyltransferases and
have labeled it Mg arom,ac-a7)i- HOwever, there are two
sequences where one of the Gs has been swapped for an A or C.
As with type II M domains, we surmise based on conservation,
similarity, and proximity t0 Mg aromas-a7)i, that the con-
served acidic E/D of class I methyltransferases is present in
Mg(0,arom,a6-a7)ii analogous to the D in Mpgqo)iii. As described
in the “Phylogenetic analyses” section, we suspect that the
substrate of type VI M domains is some type of hydroxylated
aromatic molecule, resembling the substrate 2-polyprenyl-3-
methyl-5-hydroxy-1,4-benzoquinone of UbiG, a methyltransferase
with which it shares conserved regions (Table S8, ESIT). However,
since it was shown that interrupted A domains must first activate
the substrate, load it onto the T domain, then methylate it,** how
this occurs in families 6 and 7 remains to be answered.

M domains that carry out S-methylation (type IV) are found
in family 3 (A,Mgs)A;) interrupted A domains (Fig. 8A and
Fig. S16, ESIT). Intriguingly, the conserved motifs mg(s az-a3)i,
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ii, and iii, although not identical, bear a striking resemblance to
Mp(as-a9)/(a2-a3)il, 1V, and vi, respectively. This is in part expected
since Myg(s a2-a3)l is the SAM binding motif found in all class I
methyltransferases. Unexpected is the resemblance of
M(s,a2-a3)il tO Mp(ag_as)/(a2-a3)iV, but there is one key difference.
In TioS(AsMjAg),, the first N of .. .(N/S)S(V/I)3QY... is involved
in SAM binding (indicated by the red balloon in Fig. 6A and also
seen in type VM domains, red balloon in Fig. 6B), however in
type IV M domains, this critical N is instead a highly conserved
A (also marked with a red balloon in Fig. 8A). The third motif,
Mg(s,a2-a3)ill 1S similar to My(a5-a9)/(a2-a3)vi, however between the
conserved L and R (indicated by the purple balloons in Fig. 6),
there are three residues in types I/V M domains, but only two
residues in type IVM domains (Fig. 8A). It is generally accepted
that N-, O-, and S-methylations by class I methyltransferases all
occur via an Sy2 reaction where the orientation of the methyl
acceptor allows the lone pair of the nucleophile to point toward
the electrophilic methyl group of SAM.'>** Therefore, it is
plausible that a slight change in the substrate or SAM binding
position could flip the specificity from N- to S-, which could be
the route type IV M domains took, given their sequence and size
similarities and subtle differences to type VM domains. This is
also supported by the phylogenetic relatedness of types IV and
VM domains (Fig. 5). A similar architecture of these M domains
would also explain why we find both N- and S-methylation
domains between a2-a3, but do not find Mg in that location.
The a2-a3 insertion point (Fig. 1A) could be less forgiving than
the loop observed between a8-a9 (Fig. 1A), which accommo-
dates M), My, and two back-to-back M domains.

Interrupted A domains with multiple M domains: backbone
N- and side chain O-methylation

In order to incorporate both backbone N-methylation and side
chain O-methylation on a single amino acid in NRPs, Nature
has devised two families of interrupted A domains: (i) two back-
to-back M domains within a single interruption site between
ag-a9 (family 5), and (ii) a di-interrupted A domain with
interruptions between both a2-a3 and a6-a7 (family 7). Family
5 interrupted A domains can be further subdivided into three
subfamilies, 5a-5c. Families 5a and 5b both contain an
O-methylating M domain followed immediately by an
N-methylating M domain (type I) (Fig. 9 and Fig. S18, ESI¥).
The difference between families 5a and 5b depends on the type
of O-methyltating M domain. Family 5a contains a type II
(Mg(0,ser/Thr,as-a9) M domain, and the representative of
this family is ColG(AgMM;Ay), which has been shown to N,O-
dimethylate -Ser.”® Family 5b contains a type III (M(o,1yr,as-a0))
M domain, and the representatives of this family are Did]-
(AsMMAo)*° and VatN(AgMMjA,),>® as predicted based on
an N,0-dimethylated r-Tyr in their corresponding NPs. These
M, (o) and M}, domains contain the same motifs and boundaries
seen in their corresponding single M domain interrupted A
domains counterparts (Fig. 6A, 7, and Fig. S13-S15, ESIY),
indicating there were no special modifications to the M domains
required to accommodate the back-to-back interruptions in
families 5a and 5b. However, there is another unique family of

This journal is © The Royal Society of Chemistry 2020
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interrupted A domains related to family 5a, family 5c, that
to our knowledge only has one known member, FrsG(AsMpAy-
A10MAo)s.*° Based on the NP of this biosynthetic pathway, the
substrate of FrsG(AgMpAg-A;gM|Ag)g is 1-Thr. This interrupted A
domain is unique because, while it has both Mo ser/Thr,as-a9)
and Myp(a5-a0) domains between a8-a9, like family 5a, instead of
the Mypag_ag) immediately following Mo ser/Thr,as-a0), there is
what appears to be a spacer between the two M domains. This
spacer comprises what looks like the end of an A domain
complete with a9 and a10 motifs, but instead of going to a T
domain, there is an My ag-a0), Which then returns to the end of
the A domain, where another set of a9 and a10 motifs is present
(Fig. 10A and Fig. S19, ESIt). Aside from the spacer between the
M domains observed in family 5c, they are otherwise very
similar to those in family 5a. The same M domain motifs for
types I and II M domains are present (Fig. 6A, 7A, 10A, and
Fig. S13, S14, S19, ESIt). However, instead of having an M)/
Mp(as-a0) boundary (Fig. 9 and Fig. S18, ESIt) of families 5a/b,
there is an Mg ser/Thras-ag)/A boundary resembling that
observed in family 2a (Fig. 7A and Fig. S14, ESIY). The
A/Mg(0,ser/Thr,as-a0) aNd A/Mpag_a9) boundaries mirror those
observed in families 2a and 1 (Fig. 6A and 7A), respectively.
It is important to note that in all family 5 interrupted A
domains the O-methylating M domain comes first followed by
the N-methylating M domain. This is in stark contrast to the
arrangement of domains seen in family 7 (A,MpA;_sMs(0 arom)A7)
di-interrupted A domains (Fig. 10B and Fig. S21, ESIt). These
di-interrupted A domains contain an M) and My, domains, just
as the family 5, but instead of the M domains occurring back-to-
back within the same interruption site, they occur in separate
locations in the A domain. The N-methylating M domain in family
7 di-interrupted A domain is a type VM domain and is in fact,
essentially the same in terms of conserved motifs and arrange-
ment as that seen in family 4 (A,MA;) (Fig. 6B and Fig. S17, ESIT).
The same holds true for the second M domain, which is a type VI
M domain between a6-a7, as observed in family 6 (Fig. 8B and
Fig. S20, ESIT). These two interruptions in family 7 di-interrupted
A domains are so similar to their mono-interrupted counterparts
that it is easy to envision a situation where family 7 emerged from
combining families 4 and 6. However, this remains speculative
until families 6 and 7 are experimentally characterized. It is
interesting that these interrupted A domains with multiple M
domains only contained M) and My, but no M) domains. We
could envision that an interrupted A domain of this nature, based
on the trends we have observed here, would contain an Mg a2-a3),
as naturally found paired with an Mg a9 interruption. This
di-interruption is functionally possible as we showed this con-
formation can exist artificially,*® although we have yet to discover
a natural di-interrupted A domain like this.

Conclusion

In summary, we have systematically analyzed and characterized
seven distinct families of interrupted A domains along with
the six types of M domains that interrupt them. Each family

This journal is © The Royal Society of Chemistry 2020
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displays a unique taxonomic distribution amongst bacteria,
reinforcing the importance of exploring different phyla beyond
Streptomyces sp. in the search for structurally peculiar NPs.
Although each type of M domain belongs to the broad class I
methyltransferase, it is clear that these six types of interrupting
M domains display their own unique signature motifs that
allow us to make predictions as to their substrates and methy-
lation activity. All six M domains form separate clusters
on a phylogenetic tree, indicating that different evolutionary
pathways have resulted in the formation of distinct families of
interrupted A domains. These insights will help facilitate future
engineering of interrupted A domains. Previous work has
shown the malleability of interrupted A domains, in that they
can have their M domains exchanged,”” be created from
scratch,*® and be created to possess unnatural domain arrange-
ments (e.g., a2-a3 and a8-a9 di-interrupted A domains).*® Most
significantly, we have identified two new naturally occurring
families of interrupted A domains, containing unique architec-
ture and insertion sites. Family 6 interrupted A domains
contain an M domain between a6-a7, a site that was previously
unknown to withstand insertions. Family 7 interrupted A
domains contain two separate interruption sites, between
a2-a3 and a6-a7, representing the first examples of naturally
occurring di-interruptions. These new interrupted A domains
warrant substantial investigation of not only their activity, but
also their corresponding NPs. The families of interrupted A
domains and types of M domains we reported here may cover
all common Sy2 methylations that derivatize building blocks of
NRPs. Methylation can play an essential role in bioactivity and
bioavailability of NPs.**! Since there are not many examples
of stand-alone methyltransferases in NRP biosyntheses, one
could speculate that interrupted A domains are the most
efficient way to regiospecifically methylate amino acid-like
building blocks in NRPs. Therefore, it is important to further
investigate and better understand interrupted A domains func-
tionally and structurally for combinatorial biosynthesis of
methylated NRPs.
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HAL Halogenation

KR Ketoreduction

M Methylation

MLP MbtH-like protein

MOx Monooxygenation

NCBI National Center for Biotechnology Information
NP Natural product

NRP Nonribosomal peptide

NRPS Nonribosomal peptide synthetase
Ox Oxygenation

PKS Polyketide synthase

Ppant 4’-Phosphopantetheine

SAH S-adenosylhomocysteine

SAM S-adenosyl-.-methionine

Sn2 Nucleophilic substitution

T Thiolation

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This study was supported by a National Science Foundation
(NSF) CAREER Award MCB-1149427 (to S. G.-T.) and by startup
funds from the University of Kentucky College of Pharmacy
(to S. G.-T.). T. A. L. was in part supported by a 2019-2020
Pharmaceutical Sciences Excellence in Graduate Achievement
Fellowship from the College of Pharmacy at the University of
Kentucky as well as a 2019-2020 Pre-doctoral Fellowship in
Pharmaceutical Sciences from the American Foundation of
Pharmaceutical Education (AFPE).

References

1 D.]. Newman and G. M. Cragg, Natural products as sources
of new drugs over the 30 years from 1981 to 2010, J. Nat.
Prod., 2012, 75(3), 311-335.

2 C. T. Walsh, Insights into the chemical logic and enzymatic
machinery of NRPS assembly lines, Nat. Prod. Rep., 2016,
33(2), 127-135.

3 T. Stachelhaus, H. D. Mootz and M. A. Marahiel, The
specificity-conferring code of adenylation domains in non-
ribosomal peptide synthetases, Chem. Biol., 1999, 6(8),
493-505.

4 R. H. Lambalot, A. M. Gehring, R. S. Flugel, P. Zuber,
M. LaCelle, M. A. Marahiel, R. Reid, C. Khosla and
C. T. Walsh, A new enzyme superfamily - The phosphopan-
tetheinyl transferases, Chem. Biol., 1996, 3(11), 923-936.

5 C. T. Walsh, H. Chen, T. A. Keating, B. K. Hubbard, H. C.
Losey, L. Luo, C. G. Marshall, D. A. Miller and H. M. Patel,
Tailoring enzymes that modify nonribosomal peptides
during and after chain elongation on NRPS assembly lines,
Curr. Opin. Chem. Biol., 2001, 5(5), 525-534.

248 | RSC Chem. Biol., 2020, 1, 233-250

o))

10

11

12

13

14

15

16

17

18

19

View Article Online

RSC Chemical Biology

K. J. Labby, S. G. Watsula and S. Garneau-Tsodikova, Inter-
rupted adenylation domains: Unique bifunctional enzymes
involved in nonribosomal peptide biosynthesis, Nat. Prod.
Rep., 2015, 32(5), 641-653.

E. Conti, T. Stachelhaus, M. A. Marahiel and P. Brick,
Structural basis for the activation of phenylalanine in the
non-ribosomal biosynthesis of gramicidin S, EMBO J., 1997,
16(14), 4174-4183.

E. J. Drake, B. R. Miller, C. Shi, J. T. Tarrasch, J. A. Sundlov,
C. L. Allen, G. Skiniotis, C. C. Aldrich and A. M. Gulick,
Structures of two distinct conformations of holo-non-
ribosomal peptide synthetases, Nature, 2016, 529(7585),
235-238.

M. Strieker, A. Tanovic and M. A. Marahiel, Nonribosomal
peptide synthetases: Structures and dynamics, Curr. Opin.
Struct. Biol., 2010, 20(2), 234-240.

J. M. Reimer, M. N. Aloise, P. M. Harrison and T. M.
Schmeing, Synthetic cycle of the initiation module of a
formylating nonribosomal peptide synthetase, Nature,
2016, 529(7585), 239-242.

N. A. Magarvey, M. Ehling-Schulz and C. T. Walsh, Char-
acterization of the cereulide NRPS alpha-hydroxy acid spe-
cifying modules: Activation of alpha-keto acids and chiral
reduction on the assembly line, J. Am. Chem. Soc., 2006,
128(33), 10698-10699.

B. Silakowski, H. U. Schairer, H. Ehret, B. Kunze, S. Weinig,
G. Nordsiek, P. Brandt, H. Blocker, G. Hofle, S. Beyer and
R. Muller, New lessons for combinatorial biosynthesis from
myxobacteria. The myxothiazol biosynthetic gene cluster of
Stigmatella aurantiaca DW4/3-1, J. Biol. Chem., 1999, 274(52),
37391-37399.

D. A. Alonzo, C. Chiche-Lapierre, M. J. Tarry, J. Wang and
T. M. Schmeing, Structural basis of keto acid utilization in
nonribosomal depsipeptide synthesis, Nat. Chem. Biol.,
2020, 16(5), 493-496.

S. Mori, A. H. Pang, T. A. Lundy, A. Garzan, O. V. Tsodikov
and S. Garneau-Tsodikova, Structural basis for backbone
N-methylation by an interrupted adenylation domain, Nat.
Chem. Biol., 2018, 14(5), 428-430.

H. L. Schubert, R. M. Blumenthal and X. Cheng, Many paths
to methyltransfer: A chronicle of convergence, Trends Biochem.
Sci., 2003, 28(6), 329-335.

J. L. Martin and F. M. McMillan, SAM (dependent) I AM:
The S-adenosylmethionine-dependent methyltransferase
fold, Curr. Opin. Struct. Biol., 2002, 12(6), 783-793.

A. H. Al-Mestarihi, G. Villamizar, J. Fernandez, O. E. Zolova,
F. Lombé and S. Garneau-Tsodikova, Adenylation and
S-methylation of cysteine by the bifunctional enzyme TioN
in thiocoraline biosynthesis, J. Am. Chem. Soc., 2014,
136(49), 17350-17354.

T. Huang, Y. Duan, Y. Zou, Z. Deng and S. Lin, NRPS protein
MarQ catalyzes flexible adenylation and specific S-methylation,
ACS Chem. Biol., 2018, 13(9), 2387-2391.

A. C. Ross, Y. Xu, L. Lu, R. D. Kersten, Z. Shao, A. M.
Al-Suwailem, P. C. Dorrestein, P. Y. Qian and B. S. Moore,
Biosynthetic multitasking facilitates thalassospiramide

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cb00092b

Open Access Article. Published on 18 August 2020. Downloaded on 6/18/2026 12:34:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Chemical Biology

20

21

22

23

24

25

26

27

28

29

30

31

structural diversity in marine bacteria, J. Am. Chem. Soc.,
2013, 135(3), 1155-1162.

J. J. Zhang, X. Tang, T. Huan, A. C. Ross and B. S. Moore,
Pass-back chain extension expands multimodular assembly
line biosynthesis, Nat. Chem. Biol., 2020, 16(1), 42-49.

S. Mori, A. Garzan, O. V. Tsodikov and S. Garneau-Tsodikova,
Deciphering Nature’s intricate way of N,S-dimethylating
L-cysteine: Sequential action of two bifunctional adenylation
domains, Biochemistry, 2017, 56(46), 6087-6097.

O. E. Zolova and S. Garneau-Tsodikova, KtzJ-dependent
serine activation and O-methylation by KtzH for kutznerides
biosynthesis, J. Antibiot., 2014, 67(1), 59-64.

F. Lombo, A. Velasco, A. Castro, F. de la Calle, A. F. Brana, J. M.
Sanchez-Puelles, C. Mendez and J. A. Salas, Deciphering the
biosynthesis pathway of the antitumor thiocoraline from a
marine actinomycete and its expression in two Streptomyces
species, ChemBioChem, 2006, 7(2), 366-376.

M. A. Marahiel, T. Stachelhaus and H. D. Mootz, Modular
peptide synthetases involved in nonribosomal peptide
synthesis, Chem. Rev., 1997, 97(7), 2651-2674.

L. Rouhiainen, L. Paulin, S. Suomalainen, H. Hyytiainen,
W. Buikema, R. Haselkorn and K. Sivonen, Genes enco-
ding synthetases of cyclic depsipeptides, anabaenopepti-
lides, in Anabaena strain 90, Mol. Microbiol., 2000, 37(1),
156-167.

T. A. Lundy, S. Mori, N. Thamban Chandrika and
S. Garneau-Tsodikova, Characterization of a unique inter-
rupted adenylation domain that can catalyze three reactions,
ACS Chem. Biol., 2020, 15(1), 282-289.

K. Kleigrewe, J. Almaliti, I. Y. Tian, R. B. Kinnel,
A. Korobeynikov, E. A. Monroe, B. M. Duggan, V. Di Marzo,
D. H. Sherman, P. C. Dorrestein, L. Gerwick and W. H.
Gerwick, Combining mass spectrometric metabolic pro-
filing with genomic analysis: A powerful approach for
discovering natural products from Cyanobacteria, J. Nat.
Prod., 2015, 78(7), 1671-1682.

N. A. Moss, G. Seiler, T. F. Leao, G. Castro-Falcon, L. Gerwick,
C. C. Hughes and W. H. Gerwick, Nature’s combinatorial
biosynthesis produces vatiamides A-F, Angew. Chem., 2019,
58(27), 9027-9031.

Y. Xu, R. D. Kersten, S. J. Nam, L. Lu, A. M. Al-Suwailem,
H. Zheng, W. Fenical, P. C. Dorrestein, B. S. Moore and P. Y.
Qian, Bacterial biosynthesis and maturation of the didemnin
anti-cancer agents, J. Am. Chem. Soc., 2012, 134(20), 8625-8632.
A. Carlier, L. Fehr, M. Pinto-Carbo, T. Schaberle, R. Reher,
S. Dessein, G. Konig and L. Eberl, The genome analysis of
Candidatus Burkholderia crenata reveals that secondary
metabolism may be a key function of the Ardisia crenata
leaf nodule symbiosis, Environ. Microbiol., 2016, 18(8),
2507-2522.

J. Jirakkakul, J. Punya, S. Pongpattanakitshote, P. Paungmoung,
N. Vorapreeda, A. Tachaleat, C. Klomnara, M. Tanticharoen and
S. Cheevadhanarak, Identification of the nonribosomal peptide
synthetase gene responsible for bassianolide synthesis in
wood-decaying fungus Xylaria sp. BCC1067, Microbiology,
2008, 154(Pt 4), 995-1006.

This journal is © The Royal Society of Chemistry 2020

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

View Article Online

Paper

E. Oueis, T. Klefisch, N. Zaburannyi, R. Garcia, A. Plaza and
R. Muller, Two biosynthetic pathways in jahnella thaxteri
for thaxteramides, distinct types of lipopeptides, Org. Lett.,
2019, 21(14), 5407-5412.

G. M. Konig, S. Kehraus, S. F. Seibert, A. Abdel-Lateff and
D. Muller, Natural products from marine organisms and their
associated microbes, ChemBioChem, 2006, 7(2), 229-238.

R. E. Procopio, 1. R. Silva, M. K. Martins, J. L. Azevedo and
J. M. Araujo, Antibiotics produced by Streptomyces. Braz,
J. Infect. Dis., 2012, 16(5), 466-471.

C. Prieto, C. Garcia-Estrada, D. Lorenzana and J. F. Martin,
NRPSsp: Non-ribosomal peptide synthase substrate predic-
tor, Bioinformatics, 2012, 28(3), 426-427.

M. Z. Ansari, J. Sharma, R. S. Gokhale and D. Mohanty, In silico
analysis of methyltransferase domains involved in biosynthesis
of secondary metabolites, BMC Bioinf., 2008, 9, 454.

N. Lavid, J. Wang, M. Shalit, I. Guterman, E. Bar, T. Beuerle,
N. Menda, S. Shafir, D. Zamir, Z. Adam, A. Vainstein, D. Weiss,
E. Pichersky and E. Lewinsohn, O-methyltransferases involved
in the biosynthesis of volatile phenolic derivatives in rose
petals, Plant Physiol., 2002, 129(4), 1899-1907.

J. Wang and E. Pichersky, Identification of specific residues
involved in substrate discrimination in two plant O-methyl-
transferases, Arch. Biochem. Biophys., 1999, 368(1), 172-180.
K. C. Lam, R. K. Ibrahim, B. Behdad and S. Dayanandan,
Structure, function, and evolution of plant O-methyl-
transferases, Genome, 2007, 50(11), 1001-1013.

C. Zubieta, X. Z. He, R. A. Dixon and J. P. Noel, Structures of
two natural product methyltransferases reveal the basis
for substrate specificity in plant O-methyltransferases,
Nat. Struct. Biol., 2001, 8§(3), 271-279.

R. K. Ibrahim, A. Bruneau and B. Bantignies, Plant
O-methyltransferases: Molecular analysis, common signature
and classification, Plant Mol. Biol., 1998, 36(1), 1-10.

J. Siegrist, J. Netzer, S. Mordhorst, L. Karst, S. Gerhardt,
O. Einsle, M. Richter and J. N. Andexer, Functional and
structural characterisation of a bacterial O-methyltrans-
ferase and factors determining regioselectivity, FEBS Lett.,
2017, 591(2), 312-321.

P. Z. Kozbial and A. R. Mushegian, Natural history of
S-adenosylmethionine-binding proteins, BMC Struct. Biol.,
2005, 5, 19.

X. Hou, Y. Wang, Z. Zhou, S. Bao, Y. Lin and W. Gong,
Crystal structure of SAM-dependent O-methyltransferase
from pathogenic bacterium Leptospira interrogans, J. Struct.
Biol., 2007, 159(3), 523-528.

R. W. Woodard, M. D. Tsai, H. G. Floss, P. A. Crooks and
J. K. Coward, Stereochemical course of the transmethylation
catalyzed by catechol O-methyltransferase, J. Biol. Chem.,
1980, 255(19), 9124-9127.

T. A. Lundy, S. Mori and S. Garneau-Tsodikova, Probing the
limits of interrupted adenylation domains by engineering
a trifunctional enzyme capable of adenylation, N-, and
S-methylation, Org. Biomol. Chem., 2019, 17(5), 1169-1175.
S. K. Shrestha and S. Garneau-Tsodikova, Expanding substrate
promiscuity by engineering a novel adenylating-methylating

RSC Chem. Biol., 2020, 1,233-250 | 249


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cb00092b

Open Access Article. Published on 18 August 2020. Downloaded on 6/18/2026 12:34:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

NRPS bifunctional enzyme, ChemBioChem, 2016, 17(14),
1328-1332.

48 T. A. Lundy, S. Mori and S. Garneau-Tsodikova, Engineering
bifunctional enzymes capable of adenylating and selectively
methylating the side chain or core of amino acids, ACS
Synth. Biol., 2018, 7(2), 399-404.

49 H. B. Park, Y. J. Kim, J. S. Park, H. O. Yang, K. R. Lee and
H. C. Kwon, Glionitrin B, a cancer invasion inhibitory

250 | RSC Chem. Biol., 2020, 1, 233-250

View Article Online

RSC Chemical Biology

diketopiperazine produced by microbial coculture, J. Nat.
Prod., 2011, 74(10), 2309-2312.

50 J. Chatterjee, C. Gilon, A. Hoffman and H. Kessler, N-methy-
lation of peptides: A new perspective in medicinal chemistry,
Acc. Chem. Res., 2008, 41(10), 1331-1342.

51 J. Chatterjee, F. Rechenmacher and H. Kessler, N-methylation
of peptides and proteins: An important element for modula-
ting biological functions, Angew. Chem., 2013, 52(1), 254-269.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cb00092b



