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In phosphatidylcholine (PC)-containing bacteria, PC is syn-
thesized by phospholipid N-methyltransferases (Pmts) and
plays an important role in the interactions between symbiotic
and pathogenic bacteria and their eukaryotic host cells. Pmts
catalyze the SAM-dependent three methylation reactions of the
head group of phosphatidylethanolamine (PE) to form PC
through monomethyl PE and dimethyl PE. However, the pre-
cise molecular mechanisms underlying PC biosynthesis by
PmtA remain largely unclear, owing to the lack of structural
information. Here, we determined the crystal structures of
Agrobacterium tumefaciens Pmt (AtPmtA) in complex with
SAH or 50-methylthioadenosine. Crystal structures and NMR
analysis revealed the binding mode of AtPmtA to SAH in so-
lution. Structure-based mutational analyses showed that a
conserved tyrosine residue in the substrate-binding groove is
involved in methylation. Furthermore, we showed that differ-
ences in substrate specificity among Pmt homologs were
determined by whether the amino acid residues comprising the
substrate-binding groove were isoleucine or phenylalanine.
These findings provide a structural basis for understanding the
mechanisms underlying Pmts-mediated PC biosynthesis.

Phosphatidylcholine (PC) is one of the most abundant
phospholipids in the biological membranes of eukaryotic cells,
and can be synthesized via two different pathways: the CDP-
choline (or Kennedy) and N-methylation pathways (1). How-
ever, most bacterial membranes lack this phospholipid. For
example, in the gram-negative model bacteria Escherichia coli,
the cytoplasmic membrane consists mainly of three phos-
pholipids: phosphatidylethanolamine (PE, 75%), phosphati-
dylglycerol (20%), and cardiolipin (5%) (2, 3). However,
approximately 15% of all bacteria can produce PC; these
include photosynthetic or symbiotic and pathogenic bacteria
that interact with eukaryotic hosts (4–6). Bacterial PC func-
tions primarily in interactions between symbiotic and patho-
genic bacteria and their eukaryotic host cells (6–8). Moreover,
mutants defective in PC synthesis have been reported in
several bacterial species. The elimination of PC synthetic ac-
tivity in the plant-pathogenic bacterium Agrobacterium
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tumefaciens inhibits tumor formation in host cells, as PC-
deficient mutants are incapable of producing the type IV
secretion system necessary for the transfer of T-DNA to host
cells (9). In the microsymbiotic nitrogen-fixing bacterium
Bradyrhizobium diazoefficiens (formerly Bradyrhizobium
japonicum), a reduction in PC levels impairs efficient symbi-
osis with its soybean host (10).

In PC-forming bacteria, this phospholipid is mainly syn-
thesized by the PC synthase or N-methylation pathways or
both. PC synthase, an integral membrane protein, catalyzes the
conversion of CDP-diacylglycerol and choline to PC and CMP
in the PC synthase pathway (11, 12). In the N-methylation
pathway, phospholipid N-methyltransferases (Pmts), which are
cytosolic proteins, catalyze the methylation of the head group
of PE using SAM as a methyl group donor to form PC via
monomethyl (MMPE) and dimethyl PE (DMPE) (13).

Pmts are encoded by several PC-forming bacteria and
classified into two groups based on sequence similarity: the
Rhodobacter-type (R-type) and Sinorhizobium-type (S-type)
(5). A. tumefaciens has an S-type Pmt called PmtA, which was
most intensively characterized by Narberhaus et al. (14–18).
This PmtA catalyzes all three methylation reaction steps
required for PC formation from PE via MMPE and DMPE (14,
15). Pmt homologs possess an N-terminal amphipathic helix
that is involved in membrane binding and remodeling, along
with a Rossmann fold domain containing a SAM-binding
motif. (16–19). B. diazoefficiens possesses PmtA (BdPmtA)
and three additional Pmts (BdPmtX1, BdPmtX3, and
BdPmtX4). However, Pmts from B. diazoefficiens differ in the
substrate specificity of the methylation reaction for PC syn-
thesis. S-type BdPmtA predominantly catalyzes the methyl-
ation of PE to MMPE, whereas R-type BdPmtX1 uses MMPE
as a substrate to form DMPE and PC (10, 20, 21). R-type PmtA
from thermophilic bacteria, Rubellimicrobium thermophilum,
catalyzes all three methylation reactions (22).

Recently, the crystal structure of the R. thermophilum–
derived R-type PmtA with DMPE and SAH provided insights
into substrate recognition, membrane binding, and catalytic
mechanisms (23). However, the precise molecular mechanisms
underlying PC biosynthesis and the substrate specificity of S-
type PmtA remain largely unclear because of the lack of its
structural information. In this study, we report the structural
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Structure of a bacterial phospholipid N-methyltransferase
and functional analyses of A. tumefaciens PmtA (AtPmtA). We
determined the crystal structures of AtPmtA lacking the N-
terminal amphipathic helix in complex with SAH or 50-
methylthioadenosine at 1.96 Å and 2.04 Å resolutions,
respectively. NMR analyses of apo and SAH-bound forms of
AtPmtA showed the precise molecular mechanism of SAM
recognition. Structure-based mutational analyses provided the
structural insights into the differences in substrate specificity
of PmtA between A. tumefaciens and B. diazoefficiens. Our
findings provide a structural basis for the molecular mecha-
nisms underlying PC biosynthesis and the differences in sub-
strate specificity among S-type PmtA homologs.
Table 1
Data collection, phasing, and refinement statistics

Parameters AtPmtADN25-SAH AtPmtADN25-MTA

Data collection
Space group P21 P21
Cell dimensions

a, b, c (Å) 69.94, 76.38, 87.19 69.61, 76.39, 87.23
a, b, g (�) 90.0, 105.8, 90.0 90.0, 105.6, 90.0

Dataset
Wavelength (Å) 1.00000 1.00000
Resolution range (Å) 50.0–1.95 (2.07–1.95) 50.0–2.04 (2.16–2.04)
Rmerge 0.348 (2.105) 0.322 (2.055)
Rmeas 0.387 (2.333) 0.358 (2.275)
I/sI 6.8 (1.0) 7.1 (1.1)
Completeness (%) 99.5 (97.9) 99.3 (98.1)
Redundancy 5.2 (5.3) 5.3 (5.4)
CC1/2 0.979 (0.454) 0.984 (0.409)

Refinement
Resolution (Å) 46.6–1.95 46.7–2.04
R/Rfree 0.187/0.227 0.170/0.209
No. atoms

Protein 5162 5145
Ligand 104 80
Water 620 499
Sulfate ion 5 -

B-factors (Å2)
Protein 28.6 31.0
Ligand 27.9 35.8
Water 36.7 56.8
Sulfate ion 40.6 -

RMSDs
Bond lengths (Å) 0.007 0.007
Bond angles (�) 0.8 0.8

Ramachandran plot
Favored (%) 98.0 97.4
Allowed (%) 2.0 2.6
Outliers (%) 0.0 0.0

PDB accession code 9KO3 9KO5

Values in parentheses represent the highest resolution shell.
Results

Crystal structure of AtPmtA

AtPmtA consists of 197 amino acids and has an N-terminal
amphipathic helix (amino acid 5–24) that is responsible for
membrane binding (17). In addition, it has a C-terminal cat-
alytic domain containing a highly conserved SAM-binding
motif (E/DXGXGXG; amino acid 58–64) (24). To elucidate
the structural mechanism underlying PC synthesis by AtPmtA,
we first attempted to determine its crystal structure at full
length. However, it failed to crystallize. Because the N-terminal
amphipathic helix is involved in membrane binding and is
predicted to be intrinsically disordered, six N-terminal trun-
cated mutants were constructed: DN5, DN10, DN15, DN20,
DN25, and DN30 lacking the N-terminal residues 5, 10, 15, 20,
25, and 30, respectively. Among these constructs, the solubility
and expression levels of AtPmtADN20, AtPmtADN25, and
AtPmtADN30 in E. coli cells were markedly improved
(Fig. S1). Thus, we used the three constructs for crystallization
trials. We successfully obtained well-diffracted crystals of
AtPmtADN25 through cocrystallization with SAH. The crystal
structure of AtPmtADN25 containing SAH was determined by
the molecular replacement method using the structure pre-
dicted by AlphaFold2 as the search model (25, 26). We sub-
sequently refined it to a resolution of 1.96 Å (Table 1).

The crystallographic asymmetric unit contains four AtPm-
tADN25 molecules that have similar conformations, with a
rmsd of 0.18 to 0.30 Å for 135 Ca atoms. Three of the four
AtPmtADN25 models lacked eight N-terminal residues (resi-
dues 26–33) because of an undefined electron density, which is
consistent with the prediction that the N-terminal is intrinsi-
cally disordered. In addition, AtPmtADN25 consisted of a core
Rossman-fold domain composed of a seven-stranded b-sheet
(b1–b7) surrounded by five a-helices (a1–a5) (Fig. 1A). A
query to the DALI server (27) revealed several SAM-
dependent methyltransferases that were structurally similar
to AtPmtADN25. The DALI search identified the following
methyltransferases as structurally related: the tRNA:m2G6
methyltransferase TrmN (PDB code 3TMA; 2.4 Å rmsd; 15%
identity) (28), RsmD-like methyltransferase (PDB code 3P9N;
2.8 Å rmsd; 18% identity) (29), tetrahydroprotoberberine N-
methyltransferase (PDB code 6P3O; 2.7 Å rmsd; 12% identity)
(30), and phosphoethanolamine methyltransferase (PMT)
(PDB code 3UJ7; 2.7 Å rmsd; 17% identity) (31) from Thermus
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thermophilus, Mycobacterium tuberculosis, Glaucium flavum,
and Plasmodium falciparum, respectively. All four AtPm-
tADN25 molecules in the asymmetric unit contained SAH
molecules with clear electron densities. Similar to other SAM-
dependent methyltransferases, SAH bound close to the
conserved Gly-rich loop region between b1 and a2 (Fig. 1B).
Furthermore, we successfully cocrystallized AtPmtADN25
with SAM under similar crystallization conditions as the SAH-
bound form of AtPmtADN25. The structure was determined
at 2.04 Å resolution through molecular replacement using the
structure of SAH-bound AtPmtADN25 as the search model
(Table 1). Only partial electron density of the SAM molecule
was observed in the crystal structure (Fig. 1C). Due to SAM
instability, it undergoes cleavage to 50-methylthioadenosine
(MTA) and homoserine lactone (32). Therefore, we assigned
the electron density to MTA.
NMR analysis of the interaction of AtPmtA with SAH

We performed NMR studies on AtPmtADN25 to elucidate
the mechanism underlying SAH recognition by AtPmtA in
solution. The 1H-15N heteronuclear single quantum coherence
(HSQC) spectra of the apo- and SAH-bound forms of
AtPmtADN25 with backbone resonance assignments are
shown in Figure S2. Both forms of AtPmtADN25 exhibited
broad chemical shift dispersion in the 1H-15N HSQC spectra,
suggesting that they both form a well-folded domain. However,
resonances corresponding to 21 of the 157 nonproline residues
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Figure 1. AtPmtADN25 structure. A, a ribbon diagram of the SAH-bound AtPmtADN25 structure, colored blue to red from the N terminus to the C
terminus. Secondary structural elements are labeled. The bound SAH molecule is shown in stick and ball representation. B–C, electron density maps of SAH
(B) and MTA (C). The simulated annealing mFo-DFc difference Fourier maps were calculated by omitting the SAH and MTA molecules and are shown as blue
meshes contoured at 3.0s. MTA, 5-methylthioadenosine.
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in the apo-form of AtPmtADN25 were missing from the
1H-15N HSQC spectrum. The missing assignments may be due
to the fast exchange of amide protons with the solvent or local
exchange broadening. In contrast, resonances corresponding
to 14 of the 21 AtPmtADN25 residues appeared in the 1H-15N
HSQC spectrum upon binding with SAH. Eight of the 14
residues for which NMR signals were observed upon SAH
binding clustered around the SAM-binding motif (E/
DXGXGXG; amino acid 58–64) (Fig. 2A). Furthermore, some
NMR signals showed considerable chemical shift changes
upon SAH binding (Fig. 2A). Residues whose resonances
appeared upon binding to SAH and those exhibiting consid-
erable chemical shift changes were mapped to the crystal
structure of AtPmtADN25-SAH (Fig. 2B). These residues were
clustered at the binding interface with SAH. These observa-
tions suggest SAH-induced conformational changes in
AtPmtADN25 to a rigid conformation, consistent with the
requirement of SAH or SAM for the crystallization of
AtPmtADN25.
Structural basis of the AtPmtADN25–SAH interaction

The detailed interaction between AtPmtADN25 and SAH is
shown in Figure 3A. The adenine group of SAH is well-
recognized by Glu84, Tyr85, Asp106, Ala107, Phe108, and
Val129 in the crystal structure of the AtPmtADN25–SAH
complex. In addition, it is within a distance that allows the
formation of hydrogen bonds with the side chain of Asp106
and the main chain nitrogen atoms of Glu84 and Ala107. The
ribose and homocysteine groups of SAH were located near
Thr36, Gly60, Gly62, Val65, Ile66, Glu84, and Ala128. More-
over, the 20 and 30 hydroxyls of the ribose group were within a
distance that allows the formation of hydrogen bonds with the
side chain of Glu84. The main chain of Gly60 and side chain of
Thr36 can form hydrogen bonds with the homocysteine group.
To further investigate the cofactor recognition mechanism, we
substituted Thr36, Glu84, and Asp106, which can form
hydrogen bonds with the homocysteine, ribose, and adenine
groups, respectively, and with alanine residues (T36A, E84A,
and D106A). Ala107, which is located near the adenine group,
exhibited the largest chemical shift upon SAH binding
(Fig. 2A). Therefore, we constructed a mutant in which Ala107
was substituted with a phenylalanine residue (A107F). The
enzyme activity of AtPmtA mutants was assessed by express-
ing them in E. coli cells without MMPE, DMPE, and PC.
Expression patterns of AtPmtA mutants are shown in
Figure 3B. Additionally, total phospholipids in AtPmtA
mutants-expressing cells are shown in Figure 3C. PE was
primarily detected in E. coli cell membranes harboring the
empty vector, but the methylated PE derivatives—MMPE,
DMPE, and PC—were not detected. In contrast, the mem-
branes of E. coli cells expressing WTWT AtPmtA contained
PE, MMPE, DMPE, and PC. However, only trace amounts of
DMPE were present, indicating that WT AtPmtA catalyzed all
three methylations from PE to PC. E. coli cell membranes
expressing the AtPmtA T36A mutant also contained PE,
MMPE, DMPE, and PC, although the amount of PC in E. coli
cells expressing the AtPmtA T36A mutant was slightly lower
than that in cells expressing WT AtPmtA. This suggests that
the T36A mutation had little effect on the catalytic activity of
AtPmtA. PE methyltransferase activity was almost completely
lost in the E84A and D106A mutations and dramatically
reduced in the A107F mutation. This suggests that Glu84,
Asp106, and Ala107 are important for PE methyltransferase
activity.
Putative substrate phospholipid binding site

In order to investigate the substrate recognition mechanism,
we tried to determine the ternary complex crystal structure of
AtPmtA with SAH and PE or PC. However, we could not
obtain crystals of the ternary complex by soaking or cocrys-
tallization. Therefore, we performed a docking simulation
using the AutoDock Vina suite (33) to model the ternary
J. Biol. Chem. (2025) 301(5) 108507 3
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Structure of a bacterial phospholipid N-methyltransferase
complex of AtPmtADN25-SAH and phosphocholine (pCho), a
PC head group. Although several orientation models were
generated, the pose in which the amino group of pCho and the
sulfur atom of SAH are in close proximity was selected, based
on the catalytic mechanism. Additionally, considering that in
phospholipids the diacylglycerol backbone is linked to the
phosphate group, we selected orientations in which the
phosphate group is exposed. pCho was docked to the putative
substrate-binding site near SAH in the crystal structure of the
AtPmtADN25–SAH complex (Fig. 4A). In the docked model,
the nitrogen atom of pCho is close to the sulfur atom of SAH,
and the distance between two atoms is 3.9 Å (Fig. 4B). This
suggests that the docking model is reasonable. pCho is located
near the main chains of Ala32, Ile33, Val34, Pro35, Thr36,
Ala128, and Ile186 and the side chains of Thr36, Thr63, Phe89,
Ala128, Ile159, and Tyr161. Additionally, the trimethylamine
moiety is accommodated in the groove formed by Ala128,
Ile159, and Tyr161 (Figs. 4C and S3).
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We also performed a docking simulation to model the
ternary complex of AtPmtADN25–SAH and the following
phospholipid head group molecules: phosphoethanolamine
(pEA), phosphomonomethylethanolamine (pMMEA), and
phosphodimethylethanolamine (pDMEA) (Fig. 4, D–F). In the
docking models, the nitrogen atoms of pEA, pMMEA, and
pDMEA were close to the sulfur atom of SAH, and the dis-
tances between two atoms were 4.3 Å, 3.8 Å, and 4.0 Å,
respectively. Similar to pCho, the amine moieties of pEA,
pMMEA, and pDMEA were accommodated in the groove
formed by Ala128, Ile159, and Tyr161. These results suggest
that AtPmtA catalyzes a three-step methylation reaction at a
common substrate-binding site.
Substrate phospholipid recognition mechanism

AtPmtA catalyzes a three-step methylation reaction that
produces PC from PE via MMPE and DMPE. In contrast,
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BdPmtA predominantly catalyzes the methylation of PE to
MMPE with little subsequent reaction with DMPE and PC
(20). Therefore, we compared the crystal structure of the
AtPmtADN25–SAH complex and the AlphaFold2-predicted
structure of BdPmtA to investigate the substrate specificity
of AtPmtA and BdPmtA. The predicted BdPmtA structure is
similar to the crystal structure of the AtPmtADN25–SAH
complex (1.2 Å rmsd for 148 Ca atoms; 32% identity) (Fig. 5A).
Among the residues that may be involved in the recognition of
the amine moiety of substrate phospholipids, Tyr161 was
conserved (Tyr163 in BdPmtA). However, Ala128 and Ile159
were substituted with glycine and phenylalanine, respectively
(G130 and F161 in BdPmtA) (Fig. 5, B and C). We substituted
tyrosine residues with alanine or phenylalanine (Y161A and
Y161F in AtPmtA, or Y163A and Y163F in BdPmtA) and
assessed the enzyme activity of AtPmtA or BdPmtA mutants
by expressing them in E. coli cells. The expression patterns of
these mutants in E. coli cells are shown in Figure 5D. Thin-
layer chromatography (TLC) analysis of phospholipids from
E. coli cells expressing AtPmtA mutants showed that methyl-
ation activity was severely reduced in the Y161A mutant and
significantly reduced in the Y161F mutant (Fig. 5F). The
expression of WT BdPmtA mainly led to the production of
MMPE and slight production of DMPE. Similar to AtPmtA,
the methylation activity of BdPmtA was almost completely lost
in the Y163A mutant and significantly reduced in the Y163F
mutant. These results suggest that the conserved tyrosine
residues in the groove (Tyr161 in AtPmtA and Tyr163 in
BdPmtA) are important for PE methylation activity.

In the docking model, the trimethylamine moiety of pCho
fits into the groove formed by Ala128, Ile159, and Tyr161 in
AtPmtA. In contrast, the bulky Phe161 in BdPmtA, which
replaces Ile159 in AtPmtA, appears to sterically hinder the
binding of pCho (Fig. S3). To evaluate the roles of Ile159 in
AtPmtA and Phe161 in BdPmtA in substrate specificity, we
substituted these residues with phenylalanine and isoleucine,
respectively (I159F in AtPmtA and F161I in BdPmtA). The
expression levels of these mutants in E. coli cells are shown in
Figure 5E. TLC analysis of E. coli–derived phospholipids
showed that expression of the AtPmtA I159F mutant led to the
accumulation of MMPE and reduction of PC compared to that
of WT AtPmtA (Fig. 5G). However, expression of the BdPmtA
F161I mutant led to an increase in DMPE and PC and a
reduction in MMPE compared to WT BdPmtA. These results
indicate that Ile159 in AtPmtA and Phe161 in BdPmtA are
responsible for substrate specificity.
Discussion

The phospholipid N-methylation pathway, which is cata-
lyzed by SAM-dependent Pmts, is a major PC biosynthesis
pathway in PC-containing bacteria. In this study, we primarily
investigated the S-type AtPmtA and determined its crystal
structure using SAH or MTA. We also performed NMR
analysis of AtPmtA in the apo- and SAH-bound forms and
structure-based mutational analyses using E. coli cells
expressing PmtA mutants. Although we used AtPmtADN25,
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which lacks the N-terminal amphipathic helix involved in
membrane binding, for X-ray crystallography and NMR ana-
lyses, structure-based functional analyses have provided
structural insights into the molecular mechanisms underlying
PC biosynthesis, substrate recognition, and specificity of S-
type PmtA.

Our substrate-docking models indicated that the hydroxyl
group of Tyr161 in AtPmtA is close to the amine moiety of the
substrate phospholipids (Fig. 4). Salsabila and Kim (23)
determined the crystal structure of R. thermophilum–derived
R-type PmtA in complex with SAH and DMPE and revealed
that the tyrosine residue near the substrate phospholipids was
involved in the activation of the amine through deprotonation.
SAM-dependent PMTs, which catalyze the methylation of
phosphoethanolamine to pCho for membrane biogenesis in
plants, nematodes, and Plasmodium apicomplexan parasites,
also require a hydroxyl group of tyrosine residues near the
amine of the substrate for methylation (31, 34, 35). Our
mutational analyses showed that Tyr161 in AtPmtA and
Tyr163 in BdPmtA played important roles in methylation
(Fig. 5F), suggesting that conserved tyrosine residues in S-type
PmtA are also involved in the activation of the amine moiety of
substrate phospholipids. However, mutations in these tyrosine
residues did not completely abolish methylation. Similar to
PMTs from P. falciparum and Haemonchus contortus (31, 34),
water molecules in the active sites may be involved in the
deprotonation of the amine of the substrate.

We also found that Ile159 in AtPmtA and Phe161 in
BdPmtA were involved in substrate specificity (Fig. 5G).
AtPmtA and BdPmtA form substrate-binding grooves
comprising isoleucine (Ile159) and phenylalanine (Phe161)
residues, respectively. The substrate-binding groove of
AtPmtA was wide enough to accommodate the head groups of
DMPE and PC (Figs. 5H and S3). In contrast, the substrate-
binding groove of BdPmtA was narrow; therefore, it did not
accommodate the head groups of DMPE and PC (Figs. 5I and
S3). Functional analyses of the substrate specificity of several
S-type PmtA homologs have been reported. PmtA from
Sinorhizobium meliloti catalyzes all three methylation re-
actions from PE to PC (36). BdPmtX3 catalyzes two methyl-
ation reactions from PE to DMPE, whereas BdPmtX4 and
PmtA from Xanthomonas campestris catalyze predominantly
the initial methylation from PE to MMPE (20, 37). PmtA from
S. meliloti and BdPmtX3 possess isoleucine residues equivalent
to Ile159 in AtPmtA, whereas BdPmtX4 and PmtA from
X. campestris possess phenylalanine residues equivalent to
Phe161 in BdPmtA (Fig. S4). These findings indicate that the
substrate specificity of S-type PmtA is determined by the size
of the substrate-binding groove, which is defined by whether
the residues in the groove are isoleucine or phenylalanine.

In yeast, the integral membrane enzymes Cho2 and Opi3
catalyze three SAM-dependent methylation reactions of PE to
synthesize PC. Cho2 catalyzes the first methylation of PE to
synthesize MMPE, whereas Opi3 catalyzes the second and
third methylations to synthesize PC via DMPE from MMPE
(38, 39). In mammals, PEMT, which is a PE N-methyl-
transferase homologous to Opi3, catalyzes all three
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Figure 5. Substrate specificities of AtPmtA and BdPmtA. A, superposition of the crystal structure of the AtPmtADN25–SAH complex and the AlphaFold2-
predicted structure of BdPmtA. AtPmtADN25 and BdPmtA are colored in light blue and pink, respectively. SAH bound to AtPmtADN25 in shown in stick and
ball representation. B-C, magnified views of the putative substrate binding sites of AtPmtA (B) and BdPmtA (C). Residues suggested to be involved in the
recognition of the amine moiety of substrate phospholipids are shown in stick forms and labeled in magenta. D-E, E. coli cells harboring expressing plasmids
encoding N-terminal His6-tagged AtPmtA mutants or BdPmtA mutants, or the empty vector, were cultured at 37 �C. When the OD600 reached �0.5, IPTG
was added to a final concentration of 0.1 mM and cultured at 25 �C for 18 h. Cell lysates were subjected to SDS-PAGE, followed by immunoblotting with
anti-6x histidine antibody. F-G, total phospholipids were extracted from E. coli cells expressing N-terminal His6-tagged AtPmtA mutants or BdPmtA mutants
and separated using TLC, followed by detection using 20 ,70-dichlorofluorescein. A part of a TLC plate showing PC is shown with high contrast in the middle
panel (G). The relative amount of MMPE, DMPE, and PC was quantified using the ImageJ software and shown in the lower panel. H–I, putative phospholipid-
binding models of AtPmtA (H) and BdPmtA (I). The substrate phospholipid-binding groove containing Ile159 of AtPmtA can accommodate the head group
of PC in the membrane. In contrast, the substrate-binding groove containing Phe161 of BdPmtA cannot accommodate the head group of PC, owing to
steric inhibition, but can accommodate the head group of MMPE. BdPmtA, Bradyrhizobium diazoefficiens PmtA; AtPmtA, Agrobacterium tumefaciens PmtA;
PC, phosphatidylcholine; MMPE, monomethyl phosphatidylethanolamine; DMPE, dimethyl phosphatidylethanolamine; N.D., not detected.
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SAM-dependent methylations of PE to PC (40). Eukaryotic PE
N-methyltransferases such as bacterial Pmts may also have
substrate specificity, which is determined by the size of the
substrate-binding region. Therefore, future structural studies
on eukaryotic PE N-methyltransferases provide the structural
basis of their substrate specificity.

In this study, we determined the crystal structure of
AtPmtA through the molecular replacement method using the
AlphaFold2-predicted structure as the search model. The
predicted structure of AtPmtA was markedly similar to the
crystal structure of AtPmtA in the Rossmann-fold domain
(r.m.sd of 0.426 Å for 148 Ca atoms) but different in the N
terminal (Fig. S5). Ile33 in the predicted structure was too
close to the SAM-binding region, whereas it was further away
from the SAM-binding region in the crystal structure. This
suggests that the actual orientation of the N-terminal amphi-
pathic helix was different from that in the predicted structure.
The N-terminal amphipathic helix of AtPmtA is required for
PE methylation, membrane binding, and remodeling (Fig. S1)
(17–19). Salsabila and Kim (23) showed that the membrane
binding of R-type PmtA from R. thermophilum required not
only the N-terminal helix but also other helices, which are
conserved in R-type PmtA homologs. Except for the N-ter-
minal helix, the helices involved in membrane binding are not
structurally conserved in AtPmtA. This suggests that the N-
terminal helix of AtPmtA is the only membrane-binding re-
gion, and that membrane-binding mechanisms differ between
AtPmtA and R-type PmtA. Thus, the full-length structure of
AtPmtA, including the N-terminal helix, requires further study
to elucidate the molecular mechanism underlying PC biosyn-
thesis at the membrane-water interface.

In conclusion, the crystal structure of AtPmtA provides not
only a structural basis for the molecular mechanism underly-
ing PE methylation and the substrate specificity of S-type
PmtA, it also paves the way for future studies on biogenesis of
cell membrane and endomembrane.
Experimental procedures

Construction of expression plasmids

The AtPmtA DNA fragment was amplified from the
genome of A. tumefaciens NBRC 15193 using PCR and cloned
into the pETDuet-1 vector to construct the E. coli expression
plasmid for full-length AtPmtA with an N-terminal His6-tag.
The E. coli expression plasmids for AtPmtADN5, AtPm-
tADN10, AtPmtADN15, AtPmtADN20, and AtPmtADN30
were constructed by inverse PCR using pETDuet-1-AtPmtA as
the template. To construct the E. coli expression plasmid for
AtPmtADN25 with an N-terminal His6-tag, the DNA fragment
for AtPmtADN25 was amplified via PCR using pETDuet-1-
AtPmtA as the template and cloned into the pETDuet-1
vector. To construct the E. coli expression plasmid for
AtPmtADN25 (lacking a.a. 1–25) with a cleavable N-terminal
His6-tag, the human rhinovirus 3C protease recognition site
was inserted between the His6-tag and AtPmtADN25 in this
plasmid using inverse PCR using pETDuet-1-AtPmtADN25 as
the template. The BdPmtA DNA fragment was amplified from
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the genome of B. diazoefficiens and cloned into the pETDuet-1
vector to construct the E. coli expression plasmid for BdPmtA
with an N-terminal His6-tag. Mutations in the described
amino acid substitutions were introduced using PCR-based
site-directed mutagenesis. All constructs were sequenced to
confirm their identities.

Protein expression and purification

AtPmtADN25 was expressed in E. coli C43 (DE3) cells
(Lucigen), cultured in LB medium supplemented with 100 mg/
ml ampicillin at 37 �C. When OD600 reached approximately
0.8, IPTG was added to a final concentration of 0.1 mM and
cultured at 25 �C for 18 h to induce protein expression. Next,
the cells were harvested, resuspended in lysis buffer (50 mM
Tris–HCl [pH 8.0], 500 mM NaCl, and 20 mM imidazole),
disrupted via sonication, and centrifuged at 20,000g for 40 min
to pellet the insoluble debris. The supernatant was loaded onto
a nickel-nitrilotriacetic acid agarose column (QIAGEN)
equilibrated with lysis buffer. The column was washed with
wash buffer (50 mM Tris–HCl [pH 8.0], 500 mM NaCl, and
20 mM imidazole), and His-tagged AtPmtADN25 was eluted
using elution buffer (50 mM Tris–HCl [pH 8.0], 100 mM
NaCl, and 250 mM imidazole). The eluate was treated over-
night with human rhinovirus 3C protease at 4 �C to cleave the
His6-tag. The protein was purified using a HiTrap SP HP
cation-exchange column (GE Healthcare) with a linear
gradient of 0 to 1000 mM NaCl in 50 mM sodium phosphate
(pH 7.0). It was further purified through size-exclusion chro-
matography using a Superdex 200 Increase column (GE
Healthcare) with an elution buffer of 20 mM Tris–HCl (pH
8.0) and 150 mM NaCl. For NMR analyses, uniformly labeled
AtPmtADN25 was expressed and purified as described above,
except that an M9 medium containing 15N-ammonium chlo-
ride and [D-13C] glucose was used. The NMR samples were
prepared in 20 mM Hepes-NaOH (pH 7.0) and 150 mM NaCl.

Crystallization and X-ray crystallography

A crystallization trial was performed at 20 �C using the
sitting drop vapor diffusion method. A purified AtPmtADN25
solution was mixed with SAH or SAM at a 10:1 ligand-to-
protein molar ratio to prepare the complex between AtPm-
tADN25 and SAH or SAM. Drops (0.5 ml) of the mixture
(approximately 27 mg/ml AtPmtADN25 in 20 mM Tris–HCl
[pH 8.0] and 150 mM NaCl) were mixed with a reservoir so-
lution (0.2 M lithium sulfate, 0.1 M Tris–HCl [pH 8.0], and
25% polyethylene glycol 3350) and equilibrated against 70 ml of
the same reservoir solution using vapor diffusion. The crystals
were soaked in a reservoir solution supplemented with 15%
ethylene glycol, flash-cooled, and stored in a stream of nitro-
gen gas at 100 K during data collection. X-ray diffraction data
were collected at the SPring-8 beamline BL32XU with a
10 × 15 mm (width × height) microbeam using the helical data
collection method. The diffraction data were collected using
an automated data collection system ZOO (41). Data pro-
cessing was performed using the KAMO (42) and XDS (43)
software. Structures were determined through molecular
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replacement using PHASER (44), for which the structure
predicted by AlphaFold2 (25, 26) was used as a search model.
Further model building was performed manually using COOT
(45), and crystallographic refinement was performed using
PHENIX (46). MolProbity (47) was used to assess the quality
and geometry of structural models. Detailed data collection
and processing statistics are shown in Table1.

NMR spectroscopy
13C/15N-labeled AtPmtADN25 (0.3 mM) was prepared in

20 mM Hepes-NaOH (pH 7.0), 150 mM NaCl, 0 or 3 mM
SAH, and 10% d6-dimethylsulfoxide. NMR experiments were
performed using a Bruker AVANCE NEO 800 MHz spec-
trometer equipped with a CPTCI probe, a Bruker AVANCE III
HD 600 MHz spectrometer equipped with a TBI probe, and an
Agilent Unity INOVA 600 MHz NMR spectrometer equipped
with a TR5 probe. The experiments were performed at 10 �C
for the apo-form of AtPmtADN25 and at 25 �C for SAH-
bound AtPmtADN25. The spectra were processed using
TopSpin (Bruker Co. Ltd) and NMRPipe (48) and analyzed
using Sparky software (Goddard and Kneller, Sparky 3, https://
www.cgl.ucsf.edu/home/sparky/). Backbone assignments of
apo- and SAH-bound AtPmtADN25 were obtained from the
two-dimensional 1H-15N HSQC and three-dimensional
HN(CO)CA, HNCA, CBCA(CO)NH, HNCACB, and 15N-
NOESY (mixing time 150 ms) spectra. All three-dimensional
spectra except for 15N-NOESY were recorded using the 25%
nonuniform sampling method. Nonuniform sampling spectra
were reconstructed with a compressed sensing algorithm using
qMDD (49) in the TopSpin program.

NMR titration experiments for SAHwere performed at 10 �C.
1H-15N HSQC was measured at 0, 0.33, 0.67, 1, 2, 3, 5, and 10 M
equivalents of SAH conditions. Chemical shift changes in the
amidemoiety between SAH-free (0 eq.) and SAH-bound (10 eq.)
AtPmtADN25 were normalized using the following equation:

Dd¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
Dd

�
1H

�2þ�
Dd

�
15N

��
c
�2r

c = Dd15Nave/Dd
1Have

where Dd15Nave and Dd1Have were average of Dd
15N and Dd1H,

respectively.

In silico docking

AutoDock Vina (33) was used as the docking tool to
generate a putative AtPmtADN25–SAH complex bound to
pCho. The input files were prepared using AutoDock Tools.
The AtPmtADN25–SAH complex structure was set as rigid
during docking, and a 8 × 8 × 8 Å grid box was placed into the
substrate-binding site. All AutoDock Vina parameters were
maintained at their default values.

Separation of soluble and membrane fractions

Separation of the soluble and membrane fractions from
E. coli lysates was performed as previously described, with
several modifications (50). E. coli C43 (DE3) cells carrying the
expression plasmids of AtPmtA or BdPmtA mutants were
cultured in 50 ml LB medium at 37 �C. When the OD600

reached approximately 0.5, IPTG was added to a final con-
centration of 100 mM and the cultures were grown at 25 �C for
18 h to induce protein expression. Next, the cells were har-
vested, resuspended in lysis buffer (20 mM Tris–HCl [pH 8.0]
and 150 mM NaCl), disrupted through sonication, and
centrifuged at 5000g for 10 min to pellet the insoluble debris.
The samples were ultracentrifuged at 120,000g for 1 h. The
supernatant and pellet fractions were defined as soluble and
membrane fractions, respectively.

TLC analysis of phospholipids

The membrane fractions from 50 ml E coli cultures were
suspended in 500 ml of lysis buffer using sonication to measure
the PE N-methylation activity of PmtA mutants. One hundred
microliters of the membrane fraction suspension was mixed
with 900 ml chloroform/methanol (2:1, v/v) and vortexed for
15 min. Two hundred microliters of water was added to the
samples, which were then vortexed for 10 min. The organic
phase was separated via centrifugation at 1000g for 2 min,
collected, and dried under N2 gas. The resulting lipid films
were dissolved in chloroform (80 ml). Twenty-microliter ali-
quots of the samples and 20 mg each of tetraoleoyl cardiolipin,
18:1 to 18:1 phosphatidylglycerol, 18:1 to 18:1 PE, 18:1 to 18:1
MMPE, 18:1 to 18:1 DMPE, and 18:1 to 18:1 PC were loaded
and analyzed via TLC using n-propanol/propionic acid/chlo-
roform/H2O (3:2:2:1). The TLC plate (Merck Millipore) was
then dipped in ethanol containing 0.0002% 20,70-dichloro-
fluorescein for phospholipid detection. Fluorescence signals
were detected using Typhoon FLA 9500 (GE Healthcare).
Phospholipids were purchased from Avanti Polar Lipids, Inc.

Immunoblotting

Mouse monoclonal anti-6x histidine antibody (9C11) was
purchased from FUJIFILM Wako. The antibody was used in
1:2000 dilution for immunoblotting. Proteins were visualized
with a fluorophore-conjugated secondary antibody, goat anti-
mouse IgG (H+L) cross-absorbed secondary antibody,
cyanine5 (A10524; Life Technologies) used in 1:2000 dilution.
The signals were analyzed using Typhoon FLA 9500 (GE
Healthcare).

Amino acid sequence alignment

The amino acid sequences of AtPmtA and its homologs
were analyzed using Clustal Omega (51) and ESPript 3.0 (52).

Data availability

The data used in this study are available upon request from
the corresponding author. The atomic coordinates and struc-
ture factor files were deposited in the Protein Data Bank under
the accession codes 9KO3 (AtPmtADN25 with SAH) and
9KO5 (AtPmtADN25 with MTA). The assignments of the
backbone resonances were deposited in the Biological Mag-
netic Resonance Bank under the accession numbers 52730
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(apo-form of AtPmtADN25) and 52731 (SAH-bound form of
AtPmtADN25).
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