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A B S T R A C T

The recently discovered antibiotic teixobactin is produced by uncultured soil bacteria. The antibiotic inhibits cell
wall synthesis of Gram-positive bacteria by binding to precursors of cell wall building blocks, and therefore it is
thought to be less vulnerable to development of resistance. Teixobactin is synthesized by two nonribosomal
peptide synthetases (NRPSs), encoded by txo1 and txo2 genes. Like other NRPSs, the Txo1 and Txo2 synthetases
are large, multifunctional, and comprised of several modules. Each module is responsible for catalysis of a distinct
step of teixobactin synthesis and contains specific functional units, commonly including a condensation (C)
domain, an adenylation (A) domain, and a peptidyl carrier protein (PCP) domain. Here we report the structures of
the C-A bidomains of the two L-Ser condensing modules, from Txo1 and Txo2, respectively. In the structure of the
C domain of the L-Ser subunit of Txo1, a large conformational change is observed, featuring an outward swing of
its N-terminal α-helix. This repositioning, if functionally validated, provides the necessary conformational change
for the condensation reaction in C domain, and likely represents a regulatory mechanism. In an Acore subdomain, a
well-coordinated Mg2þ cation is observed, which is required in the adenylation reaction. The Mg2þ-binding site is
defined by a largely conserved amino acid sequence motif and is coordinated by the α-phosphate group of AMP
(or ATP) when present, providing some structural evidence for the role of the metal cation in the catalysis of A
domain.
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et al., 2017). The newly discovered nonribosomal compound teixobactin,
produced by an uncultured soil beta-proteobacterium, Eleftheria terrae,
represents the first of a new class of antibiotics against Gram-positive or-
ganisms (Ling et al., 2015;Girt et al., 2018) that kills important pathogens,
including methicillin resistant Staphylococcus aureus (MRSA),
vancomycin-resistant Enterococci (VRE), penicillin-resistant Streptococcus
pneumoniae (PRSP), and Mycobacterium tuberculosis without detectable
resistance, although it is expected that resistance will eventually develop
in clinical settings. Teixobactin also shows some activity against Clos-
tridium difficile, which is known to cause nosocomial diarrhea, and Bacillus
anthracis. Teixobactin is thought to bind highly conserved
prenyl-pyrophosphate-saccharide regions of lipid II and related
membrane-bound cell wall precursors (Ling et al., 2015; Homma et al.,
2016).

Teixobactin is a cyclic peptide comprised L- and D-amino acids
(N–Me-D-Phe1, L-Ile2, L-Ser3, D-Gln4, D-allo-Ile5, L-Ile6, L-Ser7, D-Thr8, L-
Ala9 and L-allo-enduracitidine10) synthesized by two mega NRPSs, Txo1
(6422 a.a.) and Txo2 (6375 a.a.) (Fig. 1A). Txo1 and Txo2 contain six and
five functional modules, respectively. Like other NRPSs, each module
contains a C domain, an A domain, and a PCP domain (Challis & Nai-
smith, 2004). In addition, Txo1 contains a methylation (MT) domain and
Txo2 has two thioesterase (TE) domains (Mandalapu et al., 2018). Indi-
vidual domains share structural similarity with other NRPS domains but
show varied degrees of sequence divergence. The COMD domain located
at the C-terminus of Txo1 and the COMA domain located at the N-ter-
minus of Txo2, which are essential for Txo1 and Txo2 to recognize and
associate with each other to ensure the assembly of defined product
(Hahn & Stachelhaus, 2006; Dehling et al., 2016), await further
investigation.

The A domain is responsible for selective substrate binding, substrate
adenylation, and transfer of the adenylated substrate to the thiol of the
pantetheine cofactor of the PCP domain (Mootz & Marahiel, 1997; Conti
et al., 1997; Stachelhaus et al., 1999; Bloudoff et al., 2016; Drake et al.,
2016). The adenylation reaction involves ATP and Mg2þ. The binding
sites of ATP and AMP (the product of adenylate- and thioester-forming
reactions) have been extensively studied in several NRPSs (Conti et al.,
1997; May et al., 2002; Yonus et al., 2008). A magnesium ion is required
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in the adenylation reaction (Airas, 2007; Schmelz & Naismith, 2009).
However, in currently available A domain structures, Mg2þ-binding sites
are poorly defined with weak electron densities for the metal ion and an
incomplete coordination sphere (Conti et al., 1997; Drake et al., 2016;
Gulick et al., 2003). In addition, it has been proposed that A domain
undergoes a large conformational rearrangement during the catalytic
reaction, with a particularly significant reorientation between its large
(Acore) and small (Asub) subdomains (Yonus et al., 2008; Strieker et al.,
2010; Gulick, 2016; Mitchell et al., 2012).

There is less information about the conformational changes of C
domain itself and other members of the C domain superfamily (Bloudoff
et al., 2016; Bloudoff et al., 2013; Bloudoff & Schmeing, 2017; Chen
et al., 2016; Dowling et al., 2016; Zhang et al., 2016). The catalytic site of
C domain is located in a narrow tunnel between its two subdomains, the
N-terminal (CNterm) and the C-terminal (CCterm) halves (Bloudoff &
Schmeing, 2017). It is believed that a “latch” above the catalytic site
needs to open for substrates to access key active site residues, including
the second His residue within the highly conserved sequence motif
HHxxxDG (Samel et al., 2007). Thus far, very limited relative orientation
changes between the two subdomains from different NRPS C domains
have been reported (Bloudoff et al., 2013; Bloudoff & Schmeing, 2017),
and none of these conformations are associated with the opening of the
“latch” above the catalytic site. According to a modeling of the catalytic
mechanism (Bloudoff et al., 2013; Bloudoff & Schmeing, 2017; Samel
et al., 2007), upstream (donor) substrate and downstream (acceptor)
substrate approach an active site from the two opposite directions of the
narrow tunnel between the two subdomains (Fig. 1B). Available struc-
tures with small acceptor substrate molecules in the tunnel suggest the C
domain can accommodate small substrates without a major conforma-
tional change of the domain (Bloudoff et al., 2016; Drake et al., 2016). On
the other hand, the mechanism by which donor PCP positions its
attached substrate inside the tunnel still remains unknown. As peptides
grow larger, especially during the later stages of NRPS reactions, the
tunnel seems to be too narrow to accommodate a growing peptide
attached to the donor PCP domain at one end of the tunnel. This also
applies to the elongated peptide after condensation, attached to the
downstream acceptor PCP domain. It is supposed to move through the
Fig. 1. Antibiotic teixobactin synthesizing genes,
Txo1 and Txo2 and a proposed catalytic model for
condensation (C) domain. (A) Domain arrangement
of non-ribosomal peptide synthetases Txo1 and Txo2
(Ling et al., 2015). C domains, adenylation (A) do-
mains, peptidyl carrier protein (PCP) domains,
methylation (MT) domain and thioesterase (TE) do-
mains are colored differently as indicated. The COMD

domain located at the C-terminus of Txo1 and the
COMA domain located at the N-terminus of Txo2 were
not shown in the diagram. The two protein expression
constructs, Txo1_C1-A3core and Txo2_C1-A1, are
mapped to the domain's arrangement diagram. (B) A
proposed model of amide bond formation within a C
domain. Rnþ1ONH2 represents the cognate amino acid
of the current subunit. RnONHR represents the inter-
mediate product from upstream subunit.
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tunnel for its release at the other end (Fig. 1B). The protein conforma-
tional changes during catalytic cycle cannot be accurately modelled
because only a close conformation of the C domain has been reported.

It is believed that the teixobactin is synthesized in stepwise fashion.
To initiate synthesis, the first module of Txo1 (Txo1_A1_MT1_PCP1)
produces a N-methylated phenylalanine and attaches it to the first PCP
domain (Ling et al., 2015). The second module adds L-Ile. The third
module of Txo1 is a serine condensing (Ser)-module adding L-Ser3,
including the second C domain (Txo1_C2), the third A domain (Txo1_A3)
and the third PCP domain (Txo1_PCP3) (Ling et al., 2015). There is also a
Ser-module in Txo2 responsible for addition L-Ser7. This is the first
module in Txo2 and, like Txo1, it includes a C domain (Txo2_C1), an A
domain (Txo2_A1) and a PCP domain (Txo2_PCP1) (Ling et al., 2015).
The A domains of the two Ser modules, Txo1_A3 and Txo2_A1, are
essentially alike with a sequence identity of 99.6% (SI Fig. 1). This is not
surprising because the role of both A domains is the same, i.e., they need
to recognize and activate serine with high reliability. The C domains of
the two Ser modules, Txo1_C2 and Txo2_C1, have a sequence identity of
80.1% (SI Fig. 2). Although, in both cases the adenylated serine is
attached to the acceptor PCP domain, the peptides attached to the donor
PCP domains are in different stages of elongation (3rd and 7th
respectively).

In our studies of Txo1 and Txo2, which are community nominated
targets of the Center for Structural Genomics of Infectious Diseases
(CSGID), multiple constructs of the two Ser-modules were designed and
expressed. Diffraction quality crystals were obtained for constructs
Txo2_C1-A1 (residues D45-L1005) and Txo1_C2-A3core (residues P2140-
G3009). In the Txo1_C2-A3core construct, the C-terminal Asub subdomain
(residues L3010-V3109) is truncated. Their structures were subsequently
determined as described in Materials and Methods. In order to explore
the ligand binding properties of an A domain, we also obtained co-
crystals of Txo1_C2-A3core with AMP and Mg2þ and determined their
structures. Here we focus on an open conformation of a C domain
(Txo1_C2), as well as a well-defined Mg2þ-binding site in an A domain
(Txo1_A3core).

2. Materials and methods

2.1. Cloning and protein expression

The gene constructs for the Txo1 (AJF34463) Sermodule C-A bidomain
of (Txo1_C2-A3core, residues P2140-G3009) and the Txo2 (AJF34463) full
length Ser module C-A bidomain of (Txo2_C1-A1, residues D45-L1005)
from Eleftheria terrae (genomic DNA kindly provided by Dr. Kim Lewis)
were PCR amplified. Purified PCR products were treated with T4 DNA
polymerase in the presence of dCTP (Eschenfeldt et al., 2010) according to
vendor specification (New England Biolabs, Ipswich, Massachusetts, USA)
and cloned into expression vector pMCSG56 using ligation independent
cloning (Aslanidis & de Jong, 1990; Eschenfeldt et al., 2009). Vector
compatible primers for amplification of DNA fragments coding for the
subunits were designed using the online tool (https://bioinformatics.anl.
gov/targets/public_tools.aspx) (Yoon et al., 2002). The expression vec-
tors were then transformed into E. coli pGro7-K cells. The starter cultures
were grown at 37 �C overnight in 500 mL bottles containing 25 mL of
modified M9 media (Stols et al., 2004). The cultures were then transferred
to a 2 L bottle containing 1 L of the same media for growth to an OD600 of
1.4. They were cooled down to 18 �C for 15 min before inhibitory amino
acids (25 mg each of L-valine, L-isoleucine, L-leucine, L-lysine, L-threonine,
L-phenylalanine), 60 mg selenomethionine (Medicillin, Inc., for
SeMet-labeled protein only), and 1 mM IPTG were added to the culture.
Cultures were then grown overnight at 18 �C and harvested the next
morning. Cells were harvested from 2 L of culture by centrifugation and the
cell pellet was re-suspended in 60 mL of lysis buffer containing 50 mM
HEPES pH 8.0, 500mMNaCl, 5% (v/v) glycerol, 10mM imidazole, 10mM
β-ME, and 1 protease inhibitor cocktail tablet (Complete, Roche).
Re-suspended cells were stored at �80 �C before processing.
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2.2. Protein purification

Frozen cells were thawed and sonicated on ice with one protease
inhibitor cocktail tablet (Complete, Roche) per liter of cell culture.
Lysates were sonicated for 5 min by means of a program or with manual
control using a 4-s on and 20-s off mode and power/voltage settings
according to the manufacturer's instructions and centrifuged at
30,000 g for 60 min, followed by syringe filtration (0.45 μm). Clarified
lysate was loaded onto a 5-mL nickel HisTrap HP column (GE Health-
care Life Sciences) and the His6-tagged protein was released with
elution buffer (500 mM NaCl, 5% glycerol, 50 mM HEPES, pH 8.0,
250 mM imidazole, and 10 mM 2-mercaptoethanol). This step was
followed by size exclusion chromatography on a Superdex 200 HiLoad
26/60 column (GE Healthcare Life Sciences) in crystallization buffer
(250 mM NaCl, 20 mM HEPES pH 8.0, 2 mM DTT). All these steps were
performed on an €AKTAxpress system (GE Healthcare Life Sciences). The
fusion tag was removed by a 48 h digest with recombinant His7-tagged
Tobacco Etch Virus (TEV) protease. The digestion was verified by SDS-
PAGE and showed complete removal of the His6-tag. Nickel affinity
chromatography was used to remove the His6 tag, uncut protein, and
His7-tagged TEV protease (Blommel & Fox, 2007). The proteins were
then concentrated and buffer-exchanged with a crystallization buffer
via ultrafiltration.

2.3. Protein crystallization

Both wild-type and SeMet-labeled proteins were screened for crys-
tallization conditions with the help of a Mosquito nanoliter liquid
handler (TTP LabTech) using the sitting drop vapor diffusion technique
in 96-well CrystalQuick plates (Greiner). For each condition, 0.5 μl of
protein (at ~40 mg/ml for Txo1_C2-A3core and ~90 mg/ml for Txo2_C1-
A1) and 0.5 μl of crystallization formulation were mixed; the mixture was
equilibrated against 150 μl of the crystallization solution in each reser-
voir well. The MCSG-1-4 (Microlytic) crystallization screens were used
for the screening at temperature of 16 �C. Crystals appeared under
multiple conditions and diffraction quality crystals leading to structure
determination were from several conditions. Examples of crystallization
conditions for SeMet-labeled and native Txo1_C2-A3core were: A) 0.1 M
MES:NaOH, pH 6.0 and 1.26 M (NH4)2SO4; B) 1.6 M MgCl2 and 0.1 M
MES:NaOH, pH 6.5; and C) 0.1 M HEPES pH 7.5 and 1.26 M (NH4)2SO4.
Crystals from conditions (B) and (C) were also used for AMP soaking by
transferring crystals to their soaking buffers (mother liquid plus 25 mM
AMP) for 30 min. The best crystallization condition for wild type
Txo2_C1-A1 was 0.2 M sodium citrate, 0.1 M Tris:HCl pH 8.5, 15% (v/v)
PEG400. Prior to X-ray diffraction data collection, all crystals were
treated with a cryoprotectant solution (mother liquid plus 30% glycerol)
for seconds and cryocooled directly in liquid nitrogen.

2.4. X-ray diffraction and structure determination

Single-wavelength X-ray diffraction data were collected near the se-
lenium absorption peak (12.66 keV) at 100 K from crystals of SeMet-
labeled Txo1_C2-A3core, native crystals of Txo1_C2-A3core and Txo2_C1-
A1. The data were obtained at the 19-ID beamline of the Structural
Biology Center at the Advanced Photon Source, Argonne National Lab-
oratory using the program SBCcollect (Rosenbaum et al., 2006). The
intensities of each data set were integrated and scaled with the HKL3000
program suite (Minor et al., 2006) (Table 1). The structure of
SeMet-labeled Txo1_C2-A3core was determined first using
single-wavelength anomalous dispersion (SAD) method. There was one
Txo1_C2-A3core monomer in one asymmetric unit. Selenium sites were
first located using the program SHELXD (Schneider & Sheldrick, 2002)
and they were used for phasing with the programMLPHARE (Winn et al.,
2011). After density modification, partial models were built in cycles of
automatic model building using HKL Builder. All of the above programs
are integrated within the program suite HKL3000. The final
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Table 1
Data collection and refinement statistics.

Data collection Txo2_C1_A1 Txo1_C2_A3core Txo1_C2_A3core þ AMP Txo1_C2_A3core þ Mg2þ Txo1_C2_A3core þ AMP þ Mg2þ

Space group C2221 C2 C2 C2 C2
Unit Cell Dimensions
a, b, c (Å) 110.9, 399.9, 144.1 153.0, 90.75, 98.22 154.7, 90.86, 98.18 154.5, 90.66, 98.80 154.2, 90.83, 98.46
α, β, γ (�) 90, 90, 90 90, 106.0, 90 90, 106.7, 90 90, 106.0, 90 90, 106.1, 90
Protein MW Da (# of residues) 105,717.9 (961)a 97,306.9 (880)a 97,306.9 (880)a 97,306.9 (880)a 97,306.9 (880)a

Wavelength (Å) 0.9717 0.9792 0.9792 0.9792 0.9792
Resolution (Å) 47.2–2.95 43.1–2.10 47.5–2.18 47.5–2.15 46.1–2.10
Number of Unique reflections 66,302 75,359 65,631 70,542 73,508
Completeness (%) 97.8 (99.1)b 98.9 (98.0)c 96.8 (82.0)d 98.6 (92.3)e 96.3 (82.2)f

Redundancy 3.4 (3.3)b 3.4 (3.3)c 3.7 (3.3)d 4.3 (3.3)e 3.6 (3.2)f

Rmerge 0.111 (0.837)b 0.060 (0.766)c 0.060 (0.618)d 0.082 (0.785)e 0.053 (0.652)f

CC1/2 0.901 (0.710) 0.955 (0.628) 0.976 (0.714) 0.983 (0.699) 0.997 (0.692)
I/σ(I) 10.6 (1.3)b 20.4 (1.2)c 19.2 (1.7)d 28.9 (1.3)d 22.6 (1.1)f

Solvent content (%) 67.3 63.5 64.1 65.7 65.4
Wilson B-factors (Å2) 54.1 22.7 29.1 49.5 49.0
Phasing
Resolution (Å) 47.2–3.00 43.1–3.00 47.5–3.00 47.5–2.15 46.1–3.00
CullR_ano (%) 0.85
FOM before DM 0.15
Correlation coefficientg coefficient 0.44 0.68 0.67 0.66
Refinement
Resolution 47.2–2.95 43.1–2.10 47.5–2.18 47.5–2.15 46.1–2.10
No. reflections/Test set/Test (work/test) 66,102/3241 66,186/3285 57,192/2810 70,279/3391 73,414/3670
Rwork/Rfree 0.226/0.267 0.186/0.214 0.192/0.218 0.201/0.231 0.208/0.236
No.of atoms
Protein/Water/Others 14,876/77/104 6527/406/107 6363/277/49 6209/117/237 6431/157/129
B-factors (Å2)
Protein/Water/Others 73.1/43.2/73.2 54.9/37.2/88.3 61.3/39.8/57.5 85.6/57.2/111.8 82.5/53.1/123.4
R.m.s deviation
Bond length (Å) 0.002 0.003 0.002 0.002 0.002
Bond angle (�) 0.458 0.559 0.487 0.477 0.485
Ramachandran Plot (%)
Favored regions 96.96 95.63 96.24 97.43 96.65
Outliers 0.37 0.71 0.24 0.37 0.60
PDB ID 6P1J 6OYF 6OZV 6P3I 6P4U

a Not including three N-terminal vector-derived residues, SNA.
b Last resolution bin, 2.95-3.04 Å.
c Last resolution bin, 2.10-2.14 Å.
d Last resolution bin, 2.18-2.22 Å.
e Last resolution bin, 2.15-2.2.19 Å.
f Last resolution bin, 2.10-2.14 Å.
g Molecular replacement.
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Txo1_C2-A3core model was completed after alternative cycles of manual
building using the program COOT (Emsley & Cowtan, 2004) and re-
finements using the programs of Phenix.Refine (Afonine et al., 2012)
(Table 1). The individual domains (Txo1_C2 and Txo1_A3core) resolved in
the Txo1_C2-A3core structure were the best search templates in the
structure determination of Txo2_C1-A1 using molecular replacement
method with MolRep (Vagin & Teplyakov, 2010). The structures of
Txo1_C2-A3core crystals soaked with AMP were determined using the
Txo1_C2-A3core bidomain as search template. The subsequent re-
finements of these structures were completed in a similar procedure as
mentioned above for the Txo1_C2-A3core structure. Structure validation
was performed using the programMolProbity (Williams et al., 2018). The
atomic coordinates and structure factors have been deposited in the
Protein Data Bank (PDB) (Table 1).

3. Results

3.1. Txo2_C1-A1 structure

As mentioned earlier the Txo2 starts with a serine module, including
Txo2_C1, _A1 and _PCP1 domains. We have determined the structure of
the Txo2_C1-A1 bidomain construct at 2.95 Å, using molecular replace-
ment method (Table 1). In the crystal of Txo2_C1-A1, there are two
monomers (A and B) in one asymmetric unit. They are packed in a pseudo
2-fold symmetry without any recognizable dimerization interface
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between each other. The structures of the two monomers are nearly
identical with a RMSD value of 0.42 Å when they are superimposed by
using secondary-structure matching (SSM) (Krissinel & Henrick, 2004).
In the following description and discussion, only monomer A will be
used.

The overall structure of C1 domain resembles other condensation
domains available at the PDB (Samel et al., 2007; Keating et al., 2002;
Tanovic et al., 2008). Its two structurally similar subdomains, N-terminal
subdomain (Txo2_C1Nterm) and C-terminal subdomain (Txo2_C1Cterm)
have a chloramphenicol acetyltransferase (CAT) fold, which typically
consists of a six-stranded β-sheet and five-helices packed against one face
of the sheet (Leslie et al., 1988) (Fig. 2A and B). The two subdomains are
in a V-shape arrangement with their linker region forming a “floor”
(Fig. 2B). There are also two crossovers from Txo2_C1Cterm to
Txo2_C1Nterm. The first one (α-crossover) is within the linker between β8
and β9 strands of Txo2_C1Cterm, contributing a short helix (310-helix) to
Txo2_C1Nterm (Fig. 2B and SI Fig. 2). The second one (β-crossover) is
within the linker between β10 and β12 strands of Txo2_C1Cterm, donating
typically two strands (such as β11-strand, Fig. 2A) onto one side of the
central β-sheet of Txo2_C1Nterm (Drake et al., 2016; Bloudoff et al., 2013;
Samel et al., 2007; Reimer et al., 2016). The edge strand of the two
strands could be in the form of a coil in some structures (Keating et al.,
2002; Haslinger et al., 2015). In Txo2_C1-A1, the edge strand (or coil)
can't be modelled due to weak electron density. The β-crossover that
bridges the two subdomains has been proposed as a possible “latch” that



Fig. 2. Structure of Txo2_C1-A1 bidomain construct. (A) A ribbon diagram of Txo2_C1-A1 structure. The C1Nterm subdomain is colored in yellow, except for the α1
helix that is colored in red to highlight a different orientation. The C1Cterm subdomain is colored in pink. The A1core and A1sub domains are colored in light cyan and
orange, respectively. The catalytic residue of C1 domain H176 is drawn in stick format to highlight its position. (B) The Txo2_C1 domain is re-oriented to show the
tunnel between its two subdomains. The connection region between two subdomains is called the floor of the tunnel. Alongside the first crossover (α-crossover) from
C1Cterm to C1Nterm, the second crossover (β-crossover) is called the roof of the tunnel. The roof has been proposed to function as a “latch”. The opening of the “latch”
provides access to the catalytic site of the C domain. (C) The hydrogen bond interactions involved in the N-terminal region up to the α1 helix. For clarity, the hydrogen
bond between S50 and Y271 are not shown. The hydrogen bonds displayed in figures or mentioned above have their bond distances less than 3.5 Å. All the residues
involved in these interactions are conserved in Txo1_C2 domain. Figs. 2–6 and SI Figs. 3–8 are prepared with the program PyMOL (http://www.PyMOL.org).
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forms the “roof” of the active site (Samel et al., 2007) (Fig. 2A). The
opening and closing of this “latch” during catalysis of the C domain could
regulate access of the substrates to the active sites residing in the middle
of the tunnel.

The two C subdomains are hold together by α- and β-crossovers that
also help to limit their relative movement. It is noticed that the interac-
tion between the N-terminal α1 helix (from S50 to M62, SI Fig. 2) and the
rest of the C domain is predominantly hydrophobic with an interface area
of about 840 Å2 (Krissinel & Henrick, 2007). The interface residues
include Y51, A52, Q53, L56, W57 and L69 from the α1 helix, in which
only Q53 contributes a few hydrogen bonds at the beginning of the α1
helix (Fig. 2C). This structural feature will be elaborated on later.

Like a typical A domain (Conti et al., 1997), Txo2_A1 is comprised of a
large N-terminal subdomain (or Acore subdomain) and a small C-terminal
subdomain (or Asub subdomain), Fig. 2A. Acore can be further divided into
three parts, characterized by two central β-sheets (A and B) and a dis-
torted β-barrel (C) (Conti et al., 1997). In the Txo2_C1-A1 bidomain
construct, the C and A domains are closely associated, with an interface
area of about 553 Å2 (Krissinel & Henrick, 2007) (SI Table I) without
considering the contribution from the linker between the two domains
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(Q476 to L484). Txo2_C1Nterm makes no contact to Txo2_A1. It is the
Txo2_C1Cterm that uses its α6_β7, α8_β8 and β9_α9 loops as well as its last
helix, α11 (SI Fig. 1) for the C1-A1 contact. On the A domain side, about
53% (291 Å2) of the bidomain interface is contributed by the Txo2_A1core
domain, Fig. 2A. The contribution of Txo2_A1core primarily comes from
the β-barrel C, including the C2_C3 loop, and C5_C6 loop and its prox-
imities. The relative B-factor ratios of these subdomains (C1Nterm:
C1Cterm: A1core: A1sub ¼ 1.83 : 1.00: 1.58 : 2.27) seemingly indicate
higher mobility of C1Nterm and A1sub in respect to C1Cterm and A1core.

Multiple conformations have been proposed for the reaction cycle
catalyzed by A domain (Yonus et al., 2008; Strieker et al., 2010). The
Txo2_A1 adopts a closed conformation (potentially adenylate-forming
conformation) (Fig. 2A). Other structural models of representatives of
an closed state include the structure of the N-terminal
phenylalanine-activating A domain (PheA) of gramicidin S NRPSs (Conti
et al., 1997) and the crystal structures of the stand-alone aryl acid acti-
vating domain of NRPS DhbE that initiates the bacillibactin synthesis
(May et al., 2002). A superposition of Txo2_A1 and DhbE (PDB ID: 1MDF)
(Krissinel & Henrick, 2004) yields a RMSD value of 2.5 Å with 444 res-
idues from each A domain (~550 a.a.) aligned in spite of their low

http://www.PyMOL.org
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sequence identity (20.5%) and different substrate specificities. The
enterobactin synthetase EntF A domain is another structurally available
serine specific A domain (Drake et al., 2016). The EntF A domain (PDB
ID: 5T3D) is in a thioester-forming conformation with a rotation of its
Asub about 140� away from its position in an adenylate-forming confor-
mation. When the Acore of the EntF A is aligned with Txo2_A1core, the
resulting RMSD value is 1.36 Å with 375 residues from each Acore (~420
a.a.) aligned, and a sequence identity of 47.7%.

3.2. Open conformation of C domain in Txo1_C2-A3core structure

Multiple constructs were designed to obtain the crystal structure of
the serine module of Txo1, including Txo1_C2, _A3 and _PCP3 subunits.
The construct that produced the best crystals had small Asub subdomain
deleted, which enabled us to determine its structure with SAD (Table 1).
Subsequently, the structure of Txo1_C2-A3core was used as a template for
the determination of other crystal structures, including Txo2_C1-A1
presented above.

In the crystal of Txo1_C2-A3core, there is one monomer in the asym-
metric unit (Fig. 3A). Interestingly, the monomer and one of its
symmetry-related monomers swap their N-terminal α1 helices of
Txo1_C2 domain (Fig. 3B), forming a dimer-like assembly. It is known
that NRPSs are monomers in solution. The structure reveals the mobility
of the α1 helix relative to the rest of the C domain. Txo1_C2 and Txo2_C1
both catalyze the addition of L-Ser to a growing peptide, but at different
Fig. 3. Structure of Txo1_C2-A3core bidomain construct. (A) A ribbon diagram of
the α1 helix that is colored in blue for highlighting. The C2Cterm subdomain is colored
domain H2268 is shown in stick format. (B) The swapping of α1 helix of the Txo1_C
yellow with its α1 helix shown in dark yellow. The two monomers form a dimer-lik
illustration of the exchange of the α1 helix from its position in Txo2_C1 to its positi
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stages. Their acceptor substrate (L-Ser) is the same, while their donor
substrates are different. The donor substrate of Txo2_C1 is four residues
longer than that of Txo1_C2. The two C domains have 80.1% sequence
identity (SI Fig. 2). When the divergent sequences are mapped onto the
molecular surface of one C domain, the acceptor PCP domain docking site
(Drake et al., 2016; Kreitler et al., 2019) is obviously more conserved
than the docking site of donor PCP domain (Samel et al., 2007; Tarry
et al., 2017) (SI Fig. 3). The two C domains can be superimposed with an
RMSD value of 1.25 Å (Krissinel & Henrick, 2004) without apparent
conformational changes between each other, excepting the orientation of
the N-terminal α1 helix (Fig. 3C). However, if only C2Cterm is used for an
alignment, a small rotation (~5�) of C2Nterm in relation to C2Cterm is
observed between Txo1_C2 and Txo2_C1 (SI Fig. 4). C2Nterm also has a
larger average B-factor in comparison to C2Cterm and A3core subdomains
with ratios of C2Nterm: C2Cterm: A3core ¼ 3.84 : 1.99: 1.00.

The α1 helix in the Txo1_C2 structure swings out (Fig. 3A–C),
exposing the active site inside the tunnel of the C domain (SI Fig. 5). In
the following discussions, we will refer the Txo1_C2 conformation as an
open conformation of the C domain. For comparison, we will refer the
conformation of the C1 domain in the Txo2_C1 structure described earlier
as a closed conformation of C domain.

The unexpected α1 helix out-movement exposes the mostly hydro-
phobic interface between the helix and the rest of the C domain. Addi-
tionally, part of the loop following the α1 helix in Txo2_C1 (closed
conformation) becomes helical; this consequently elongates the α1 helix
Txo1_C2-A3core structure. The C2Nterm subdomain is colored in light blue except
in green. The A3core subdomains are colored in cyan. The catalytic residue of C2
2-A3core with a symmetry-related molecule Txo1_C2-A3core, which is colored in
e assembly in crystal. (C) The structural alignment of Txo2_C1 and Txo1_C2 for
on in Txo1_C2.
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from 3.3 turns to 5 turns in Txo1_C2 (open conformation) (see Fig. 3 and
SI Fig. 2). This open conformation is stabilized by the swapping of the α1
helix between two symmetry-related monomers. This molecular packing
implies that the opening of the C domain is likely transient, representing
one of many steps in the cycle of peptide bond-formation activity of the C
domain.

As mentioned earlier, substrates carried by donor PCP and acceptor
PCP enter C domain from two sides of the domain for peptide elongation
(Fig. 1A). The functional docking of acceptor PCP to C domain has been
well studied (Drake et al., 2016; Kreitler et al., 2019), while the active
interaction of donor PCP to C domain needs to be further investigated
(Samel et al., 2007; Tarry et al., 2017). To examine the relevance of the
α1 helix motion to substrate entrance/exit of C domain, a docking mode
of acceptor PCP on Txo1_C2 domain is modelled from the four-domain
(C-A-PCP-TE) structure of NRPS AB3403 (Drake et al., 2016), Fig. 4. In
the AB3403 structure, the acceptor PCP domain interacts with C domain
and inserts a phosphopantetheine cofactor attached to its pan-
tetheinylation site into the active site of the C domain (Fig. 4A). One side
of the tunnel for the co-factor and its attached substrate is formed by α1
helix, especially at the entrance of the tunnel on this side, Fig. 4D. The α1
helix apparently limits the size of tunnel, and thus limits the size of the
molecules able to pass in and out of the active site. However, when α1
helix opens up, as seen in Txo1_C2 (Fig. 4E), access to the active site for
substrate before condensation reaction or the exit from active site for
elongated peptide after the reaction become much less limited.

3.3. Acore domain and AMP-binding in the absence of Mg2þ

Txo1_A3 and Txo2_A1 are nearly identical in sequence (99% identity,
SI Fig. 1), they use the same substrate (L-Ser), and their core structures
(Txo1_A3core and Txo2_A1core) can be superimposed very well with an
RMSD value of 0.65 Å. The absence of Txo1_A3sub in the Txo1_C2-A3
construct (Fig. 3A) apparently does not have any substantial impact on
Fig. 4. Modeling of acceptor PCP domain docking on Txo1_C2. (A) The docking o
(PDB ID: 4ZXI) (Drake et al., 2016). (B) A C domain structural alignment between AB
out of about 410 residues from each one aligned and a sequence identity of 24.9%. (C
is replaced by Txo1_C2. (D) Zoom-in view of the acceptor PCP docking on C domain
catalytic histidine are drawn in stick format. (E) Zoom-in view of the acceptor PCP do
tunnel to the active site of C domain.
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the conformation of Txo1_A3core. However, Txo1_A3core moves closer to
Txo1_C2 with a rotation of about 17� (SI Fig. 6). The interface area be-
tween Txo1_C2Cterm and Txo1 A3core increases to 371 Å2 compared to the
interface area (291 Å2) between Txo2_C1Cterm and Txo1 A1core (SI
Table I). It is not clear if the conformation change between CCterm and
Acore in these C-A bidomain constructs is related to the presence/absence
of Asub domain. Though the C-A interdomain linker limits the relative
motion of the two subdomains, their interacting surface area (excluding
linker contribution) seems to be quite dynamic (SI Table I) (Bloudoff &
Schmeing, 2017).

To examine the mode of substrate binding in an A domain lacking the
Asub subdomain, particularly in the absence of the strictly conserved Asub
lysine residue (K3091 in Txo1_A3, SI Fig. 1), we further co-crystallized
Txo1_C2_A3core with L-Ser and AMP. The invariant lysine is believed to
be important in stabilizing and activating substrate (or intermediate)
(Conti et al., 1997; Gulick et al., 2003). Although no serine was observed
in the substrate-binding site, the electron density for AMP is well-defined
(Fig. 5A and B) indicating that Asub (including K3091) may play role in
positioning the substrate serine.

The AMP-binding mode in Txo1_C2_A3core is quite similar to what
was reported for other AMP-binding A domains, particularly for the
adenosine moiety (Fig. 5A and B) (Conti et al., 1997; May et al., 2002).
Furthermore, the absence of Asub does not affect AMP binding mode
within Acore. The adenine ring of AMP is bound inside a largely hydro-
phobic pocket, surrounded by the side chains of two tyrosines (Y2893
and Y2997), and a loop (in red) containing a sequence motif of
S2868GER (Fig. 5B). At the bottom of the pocket, the nitrogen atomN6 of
adenine forms a hydrogen bond with the side chain of conserved aspar-
agine N2891 that is part of strand B7. A water bridge is also found be-
tween the N1 of adenine and asparagine N2891. The two interactions are
well conserved in all reported A domain complexes with AMP/ATP
(Conti et al., 1997; May et al., 2002; Yonus et al., 2008; Mitchell et al.,
2012). There is a hydrogen bond between the N6 of adenine and a main
f acceptor PCP domain on C domain from the crystal structure of NRPS AB3403
3403 and Txo1_C2. The alignment results in an RMSD value of 2.25 Å with 338
) A docking model of acceptor PCP domain on Txo1_C2 when AB3403 C domain
in AB3403. The phosphopantetheine (Ppant) attached to PCP domain and the
cking on Txo1_C2 domain. The swiping out of α1 helix apparently opens up the



Fig. 5. AMP-binding in Txo1_C2-A3core subdomain in the absence of Mg2þ. (A) A ribbon diagram of Txo1_A3core in complex with AMP. A 2Fo-Fc difference
electron density map for AMP is drawn in blue mesh at 1σ contour level to highlight its position between the β-sheet B and the distorted β-barrel C. The labeling of the
secondary structures of the Txo1_A3core largely follows that described in PheA structure (Conti et al., 1997). Two loops, the red one between the strand B6 and the
helix α11 and the cyan one between the strands B7 and B8, are highlighted. The p-loop (Saraste et al., 1990) between the strands A5 and A6 is indicated by an arrow.
(B) AMP-binding site in Txo1_C2-A3core subdomain. Key residues and water molecules involved in AMP-binding are represented by stick and sphere formats,
respectively. For clarity, the 2Fo-Fc difference electron density map at countour level of 1σ is shown for AMP and two water molecules. (C) The AMP-binding site in
Txo1_C2-A3core in the absence of AMP, showing solvent structure. (D) A modeling of serine binding in A domain based on an A domain structural alignment with PheA
(PDB ID: 1AMU) (Conti et al., 1997). All hydrogen bonds displayed in figures have their bond distances less than 3.5 Å.
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chain carbonyl oxygen (L2892). There is also a water bridge between the
N3 of adenine and the hydroxyl group of Y2997 (Fig. 5B). The AMP
ribose ring forms two hydrogen bonds with the side chain of the highly
conserved aspartate (D2985) that is part of strand C5 (Fig. 5B). These two
hydrogen bonds are also well-conserved in the A domain complexes with
AMP/ATP (Conti et al., 1997; May et al., 2002; Yonus et al., 2008;
Mitchell et al., 2012). The structure of Txo1_C2-A3core/AMP complex
reported here indicates that the positioning of AMP (or ATP) doesn't
require the presence of Asub.

The α-phosphate group of AMP forms a hydrogen bond with
conserved threonine T2896, and is water-bridged to the invariant
glutamate (E2897) (Fig. 5B) (Marahiel et al., 1997). The two residues
are in the loop (in cyan) between the strands B7 and B8. The B7_B8
loop also harbors a well-conserved GP sequence motif (G2894P, see
SI Fig. 1) (Marahiel et al., 1997). The presence of the proline residue
forces the carbonyl group of the glycine to point up with a rotation of
about 60� (Fig. 5B and C). Consequently, this carbonyl group, with
the carbonyl group from a residue on the other side of the loop
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(V2900), along with the carboxyl group of an aspartate (D2798)
create an environment for binding a positively charged atom such as
a cation like Mg2þ or an amide group from a substrate as showed
below.

Since the substrate serine was not observed in structure though the
amino acid was used in co-crystallization, a model was created based on
an alignment of Txo1_A3core to a known substrate-binding A domain
(PheA) (Conti et al., 1997) to evaluate a possible binding mode of the
serine in Txo1_A3 and Txo2_A1, which are both serine-specific A do-
mains. In the model shown in Fig. 5D, the selectivity-conferring residues
(Stachelhaus code) (Stachelhaus et al., 1999) seem to define a pocket
larger than the size of the small amino acid substrate. The side chain of
the serine could potentially form hydrogen bonds with S301/S2869
(Stachelhaus code numbering/Txo1) and/or D331/D2901 with a bond
length of about 2.6 Å. As discussed above, the amide group of the amino
acid interacts with highly conserved D235/D2798 (Stachelhaus code
numbering/Txo1) with a similar bond distance. The carbonyl group of
serine could interact with the α-phosphate group of a bound ATP/AMP
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(not shown in the figure).

3.4. Acore domain and its AMP-binding in the presence of Mg2þ

The position of the Mg2þ required for adenylation reactions (Airas,
2007; Schmelz & Naismith, 2009), has been ambiguous since the first
reported A domain structure (Conti et al., 1997). Txo1_C2-A3core crystals
obtained from Mg2þ-containing crystallization solutions contained
bound Mg2þion in the structure. The Mg2þ ion displaced the water
molecules discussed earlier (Wa and Wb in Fig. 5C) (Fig. 6A). In addition
to two carbonyl groups from G2894 and V2900, three water molecules
contribute to magnesium coordination (W1, W2 and W3), while the sixth
position of the Mg2þ octahedral coordination sphere is occupied by an
oxygen atom from the sulfate group of a MES molecule, a component of
the crystallization buffer (Fig. 6A). The similarity of a sulfate group to a
phosphate group implies that the Mg2þ could potentially interact with a
nucleotide phosphate group.

When the structure of Txo1_C2-A3core/AMP complex crystal grown
from aMg2þ-containing buffer was determined, the α-phosphate group of
AMP was indeed found interacting with Mg2þ (Fig. 6B). Compared to the
AMP-binding in the absence of Mg2þ (Fig. 5B), a bending of the
α-phosphate group towards to Mg2þ-binding site was observed without
significant impact to the interaction pattern of the adenine ring with its
surroundings (SI Fig. 7). Only the water that bridges the N3 of adenine
and the hydroxyl group of Y2997 in the structure of Txo1_C2-A3core/AMP
(Fig. 5B) moved more than 0.4 Å away from the N3 atom. The well-
defined Mg2þ-binding site observed in the Txo1_C2-A3core/AMP/Mg2þ

structure and interaction with AMP (a product of acetylation), we
believe, may represent part of an intermediate state of the ATP- and
Mg2þ-dependent catalysis of A domain.

4. Discussions

A conformational change of a C domain, involving an opening of a
“latch” or a “lid” above the tunnel between two subdomains, had been
proposed years ago (Samel et al., 2007). The assumption was based on
Fig. 6. Mg2þ-binding site and its interaction with AMP. (A) The Mg2þ-binding site
map is not shown. Key residues in the binding site are drawn in stick format. An anion
also drawn in stick format. The morpholine ring of MES is partially disordered. The th
spheres. The six coordinate bonds to Mg2þ are drawn as grey dashed lines with thei
applied in structural refinement. The three hydrogen bonds with three water molecu
AMP. A 2Fo-Fc difference electron density map at 1σ contour level is drawn as the pin
the map. All hydrogen bonds associated with AMP binding are drawn in magenta das
ion range from 1.99 Å to 2.19 Å without geometry restraints used in structural refin
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the requirement that both donor and acceptor substrates need access to
the active site for the reaction to proceed (Fig. 1B). As described earlier,
there are two crossovers between CCterm and CNterm subdomainsan
α-crossover and a β-crossover (Fig. 2B). The β-crossover that covers the
top of tunnel was initially proposed as a possible “latch” for the opening
of the tunnel (Bloudoff et al., 2013; Samel et al., 2007). Such β-crossovers
resemble a lid covering an active site, as observed in the structures of
NRPS peptide-cyclizing thioesterase domains (Bruner et al., 2002; Samel
et al., 2006) as well as in common lipases (Holmquist, 2000). However,
the opening of the “latch” in NRPS C domains has never been observed
and the β-crossover is quite divergent in both sequence and structure (SI
Fig. 2). In some structures of C domain, the edge strand of the β-crossover
becomes part of a loop (Keating et al., 2002; Tanovic et al., 2008;
Haslinger et al., 2015), indicating its high mobility.

The α-crossover together with β-crossover apparently help hold the
two subdomains together in a specific conformation (Fig. 2B). Whether
the latch, the β-crossover, could be opened so that substrates can access
the active site remains to be determined. From all known structurally
characterized C domains, no significant orientation change between two
subdomains has ever been observed for a given C domain. Only limited
orientation differences between two subdomains in different C domains
were described when they are superimposed with an alignment of their
CCterm subdomains (Bloudoff et al., 2013).

Though a partially degenerated α1 helix was found in NRPS EntF C
structures (Miller et al., 2016), the open conformation of C domain in the
Txo1_C2-A3core, if functionally validated, may represent the first obser-
vation of a conformational change of any structurally known C domains.
It is possible that the open conformation of the α1 helix represents a state
within a C domain catalytic cycle. The interface between α1 helix and the
rest of condensation domain is predominantly hydrophobic, as described
earlier. This provides a structural basis for the mobility of the helix and
its potential functional regulation, as observed in other proteins. We have
noticed the C-terminal α7 helix of integrin I-domain exhibits a similar
predominantly hydrophobic interaction with the rest of I-domain. The α7
helix moves down and up along a side of I-domain, mediating the
opening and closing of the metal ion-dependent adhesion site (MIDAS)
associated with the loop between B7 and B8 strands. For clarity, electron density
ic 2-morpholinoethanesulfonic acid (MES) molecule from crystallization buffer is
ree water molecules (W1, W2 and W3) coordinated to Mg2þ are drawn as green
r bond lengths ranging from 2.02 Å to 2.21 Å. No bond geometry restraint was
les are drawn in magenta dashed line. (B) The interactions between Mg2þ and
k mesh for Mg2þ, AMP and three water molecules to demonstrate the quality of
hed line. The bond length between the six coordinating oxygen atoms and Mg2þ

ement.
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and dramatically affecting the binding affinity of MIDAS to ligand (Luo
et al., 2007). Remarkably, the α7 helix of I-domain has also been
observed to swing out in an αL integrin I domain complex with ICAM-5
(Zhang et al., 2008). The swung out α7 helix inserts into the α7 helix
site of a neighboring symmetry-related I-domain in crystal packing,
which is analogous to the α1 helix swapping between two
symmetry-related Txo1_C2-A3core molecules in the crystal packing
arrangement. In both cases, the swinging out of the domains’ terminal
helices demonstrates the high mobility that would allow them to serve a
regulatory function. Therefore, we believe that the open conformation
observed in Txo1_C2-A3core structure may represent a long-awaited open
conformation of C domain, and that the outward movement of its
N-terminal helix represents the transition from a closed to an open
conformation. It is worth mentioning that a regulatory helix in amidase
AmiB is also believed to block/open access to the active site of the
enzyme by switching its positions (Yang et al., 2012). Interestingly, the
interaction between this helix and the active site is also predominantly
hydrophobic. Another example of molecular switching that involves
displacement of a helix relative to its core domain includes
light-activated kinase phototropin (Harper et al., 2003).

In NRPSs, A domain catalyzes the adenylation of an amino acid
substrate through the formation of a phosphodiester bond between a
hydroxyl group of the amino acid and an AMP derived from an ATP. A
metal ion, usually Mg2þ is required for the activity of adenylate-forming
enzymes (Airas, 2007; Schmelz & Naismith, 2009). Aside from its role in
neutralizing the charge of ATP and the leaving group pyrophosphate, the
metal ion is also expected to stabilize the negatively charged pentavalent
phosphorus, a critical intermediate in the catalytic cycle. However, the
number of metal ions necessary for the reaction and their possible
binding-sites in an A domain had remained unanswered even after re-
ports of several other A domain structures (Conti et al., 1997; Drake et al.,
2016; Kaljunen et al., 2015).

The observation of a well-defined Mg2þ-binding site in the
Txo1_A3core subdomain provides valuable insight. First, the binding site
is associated with the loop between the B7 and B8 strands. A part of the
loop itself was regarded as one of the functional coding regions of the A
domain (Stachelhaus et al., 1999). Therefore, we believe this region
helps define the Mg2þ-binding site of A domain. Second, the Mg2þ from
the binding site can interact with the α-phosphate group of a bound AMP
or ATP. It can also potentially interact with the β-phosphate group of
ATP. Therefore, it is possible that the Mg2þ can play the important role in
neutralizing the negative charge of ATP and the leaving pyrophosphate.
Moreover, the positioned Mg2þ would be able to stabilize the interme-
diate pentavalent phosphorus at the center of adenylation reaction.

Interestingly, when we superimpose the Mg2þ-binding Txo1_A3core
with some substrate-binding A domains, the Mg2þ site essentially over-
laps with the amide group of phenylalanine (PDB ID:1AMU) (Conti et al.,
1997), valine (PDB ID:3VNS), or glycine (PDB ID:4ZXI) (Drake et al.,
2016), presumably hydrolyzed from phenylalanyl- or valyl- or
glycyl-adenylate, respectively (SI Fig. 8). The amide of the valine moiety
from inhibitor Val-AVS (valine-adenosine vinylsulfonamide) is also
positioned at the Mg2þ site (PDB ID:4DG9) (Mitchell et al., 2012) (SI
Fig. 8). It is also true for the α-amino acid substrate adenylation enzyme
(PDB ID:3WV5) (Miyanaga et al., 2014). We have noticed that Mg2þ was
assigned at the same site in the structures of a bi-specific A domain from
anabaenopeptin synthetase in complex with ATP analog ANP (phos-
phoaminophosphonic acid-adenylate ester) (PDB IDs: 4D4G and 4D4I)
(Kaljunen et al., 2015). However, the density for the metal ion and its
coordination geometry are far from optimal in either case.

Surveying the corresponding Mg2þ-binding site in known A domain
structures (Conti et al., 1997; Drake et al., 2016; Yonus et al., 2008;
Mitchell et al., 2012; Tanovic et al., 2008; Reimer et al., 2016; Kaljunen
et al., 2015) revealed several properties. In apo forms of the A domain,
the metal-binding site is unoccupied such as in the apo Txo1_C2_A3core
structure (Table 1), even when water molecules are present nearby.
When a substrate or an inhibitor is present in structure, the positively
23
charged amide group of the substrate or the inhibitor will occupy this site
(SI Fig. 6). However, in the absence of substrate or inhibitor, and when
Mg2þ is present, the metal ion will move into the site as in the
Txo1_C2_A3core/Mg2þ structures (Table 1). The mutual exclusion of
Mg2þ and the amide from a substrate at the same site in a structure seems
to indicate that these two structures, substrate-occupied and
Mg2þ-occupied, may correspond to two separate states of the A domain
adenylation reaction.

In summary, we believe the Mg2þ-binding site identified in Txo1_-
C2_A3core structures provides insights into the catalytic mechanism of the
adenylation reaction carried by A domain. However, to answer the
question why this Mg2þ-binding mode was never observed in other A
domain structures will require further investigation.
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