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Bacterial transpeptidase and transglycosylase on the surface are
essential for cell wall synthesis, and many antibiotics have been
developed to target the transpeptidase; however, the problem
of antibiotic resistance has arisen and caused a major threat in
bacterial infection. The transglycosylase has been considered to be
another excellent target, but no antibiotics have been developed
to target this enzyme. Here, we determined the crystal structure
of the Staphylococcus aureus membrane-bound transglycosylase,
monofunctional glycosyltransferase, in complex with a lipid II ana-
log to 2.3 Å resolution. Our results showed that the lipid II-con-
tacting residues are not only conserved in WT and drug-resistant
bacteria but also significant in enzymatic activity. Mechanistically,
we proposed that K140 and R148 in the donor site, instead of the
previously proposed E156, are used to stabilize the pyrophosphate-
leaving group of lipid II, and E100 in the acceptor site acts as general
base for the 4-OH of GlcNAc to facilitate the transglycosylation re-
action. This mechanism, further supported by mutagenesis study
and the structure of monofunctional glycosyltransferase in com-
plex with moenomycin in the donor site, provides a direction for
antibacterial drugs design.
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Transglycosylase (TG; also known as peptidoglycan glycosyl-
transferase or murein synthase) and transpeptidase (TP) are

the two crucial membrane-bound enzymes for the synthesis of
bacterial cell wall, which is an essential structure in scaffolding
the cytoplasmic membrane and maintaining structural integrity of
the bacteria (1). Most antibiotics such as β-lactams (e.g., penicillin
and methicillin), glycopeptides (e.g., vancomycin and teicopla-
nin), and glycolipopeptides inhibit the activity of TP (2). How-
ever, because of the mutation on TP and other changes under the
pressure of such antibiotics, new bacteria, such as methicillin-
resistant Staphylococcus aureus and vancomycin-resistant Entero-
coccus, emerge and spread (3). In contrast, none of current anti-
biotics is available to target the other essential and extracellular
enzyme TG, perhaps because of the lack of detailed understand-
ing of the transglycosylation process (4–6). Multiple sequence
alignment analyses reveal that five motifs of TG in various
methicillin-resistant S. aureus and drug-resistant Gram-negative
bacteria (e.g.,Acinetobacter baumannii,Escherichia coli,Klebsiella
pneumoniae, and Pseudomonas aeruginosa) and Mycobacterium
tuberculosis are highly conserved (SI Appendix, Fig. S1), and the
polysaccharide backbone of the peptidoglycan always remains
unchanged in WT and resistant strains (7). Thus, new antibiotics
that target the transglycosylation step may be less prone to re-
sistance development.
In the synthesis of bacterial cell wall, the peptidoglycan trans-

glycosylation by the enzyme TG takes place through polymeriza-
tion of lipid II substrates (8). The substrate-binding site of TG
has been proposed to consist of a glycosyl acceptor site, where the
disaccharide monomer lipid II binds, and a glycosyl donor site,

where another lipid II binds and accommodates the growing sugar
chain (9, 10). The only known natural product that directly inhibits
the function of TGs is moenomycin (11), which binds to the gly-
cosyl donor site (12–15). Unfortunately, moenomycin cannot be
given to humans because of its poor pharmacokinetic properties
(16). The molecular interaction between lipid II and the glycosyl
acceptor site of TG is needed to elucidate the mechanism of
lipid II polymerization and also, serve as a new basis for the de-
velopment of inhibitors of TG. In this study, we designed lipid II
analogs and used them to cocrystallize with S. aureus membrane-
bound monofunctional glycosyltransferase (MGT) by bicelle
method (17) to unveil the structure of MGT and together with
mutagenesis analysis, elucidate the mechanism of transglycosyla-
tion reaction.

Results
Importance of Transmembrane Helix and Strategy for Crystallization.
To maintain the structural integral of the interaction between
S. aureus MGT (referred to as SaMGT) and lipid II analogs, we
used the protein construct of SaMGT containing both the TG
domain and the transmembrane (TM) helix for structural and
functional analysis. The catalytic activity of SaMGT using lipid II as
substrate was measured to be kcat (s

−1) = 0.40 ± 0.063, Km (μM) =
9.6 ± 0.76, and kcat/Km (M−1s−1) = (4.15 ± 0.46) × 104 (SI Ap-
pendix, Fig. S2). When the TM helix was removed from the
SaMGT (referred to as SaMGTΔTM), it was found that the en-
zymatic activity, measured with the initial velocity, dropped
10 times lower (SI Appendix, Fig. S3). For comparison, we also
looked into the penicillin-binding protein 1b fromE. coli (referred
to as E. coli PBP1b) and used isothermal titration calorimetry to
determine the energetic contribution of the TM helix to the
binding of moenomycin (SI Appendix, Fig. S4).With the TMhelix,
SaMGT andE. coli PBP1b exhibited higher entropy of interaction
with moenomycin than without the TM helix in SaMGTΔTM and
E. coli PBP1bΔTM, suggesting that the TM helix contributes to
the hydrophobic interaction. We postulate that the SaMGT, in
which the TM helix maintains the proper membrane orientation
for enzymatic activity, may facilitate the cocrystallization with the
substrate 6-[N-(7-nitrobenzyl-2-oxa-1,3-diazol-4-yl) amino] hex-
anoyl (NBD)-lipid II (referred to as NBD-lipid II) and lipid II
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analogs (Fig. 1A and SI Appendix, Fig. S5) (13). Similar to the
previously solved E. coli PBP1b structure, we observed that the TM
domain maintains a proper membrane orientation in the structures
solved in this study: SaMGT-analog (SaMGT in complex with a
lipid II analog 3), SaMGT-substrate (SaMGT in complex with
NBD-lipid II), SaMGT-moenomycin (SaMGT in complex with
moenomycin), and SaMGT-apo (SI Appendix, Fig. S6).

Overall Structure of SaMGT in Complex with Lipid II Analog. To un-
derstand how NBD-lipid II and other lipid II analogs bind to TG
at glycosyl acceptor site, the X-ray diffraction data of SaMGT-
substrate and SaMGT-analog were collected to 3.2 and 2.3 Å
resolutions, respectively (SI Appendix, Table S1). The electron
density of NBD-lipid II in SaMGT is superimposable with analog
3 in SaMGT (SI Appendix, Fig. S7), which suggests that analog 3
is located at the substrate-binding site. The TG domain (residues
D71 to R269) of SaMGT-analog exhibits similar 3D fold with
other TGs in E. coli PBP1b (13), A. aeolicus peptidoglycan gly-
cosyltransferase (PGT) (14), S. aureus PBP2 (12), and S. aureus
MGTE100Q (15) (SI Appendix, Fig. S8). The lipid II analog 3
binds to a position near residues E100 surrounded by helices
H3–H5, which has been proposed as the glycosyl acceptor site of
TG where lipid II substrate binds (12, 18) (Fig. 1B).
The nine interacting residues in SaMGT surrounding analog 3

within the hydrogen-bonding distance of 3.5 Å can be clearly

observed on the 2Fo-Fc electron density map, and the structure
of analog 3 can be clearly defined by an omit map generated
from analog 3-deleted SaMGT model (Fig. 2A). In the lipid II-
analog binding pocket of SaMGT, E100, G130, S132, and R241
bind to the GalNAc residue, in which G130 and S132 bind to
the GalNAc through backbone amide group (Fig. 2B). The R241
also forms the salt bridge with E100 as observed in the structure
of S. aureus PBP2 (12). R103 and R117 both interact with the
pyrophosphate of lipid II analog 3, and R117 also interacts with
the β1–4 glycosidic oxygen of lipid II analog 3. Although K113
is near the pyrophosphate, it is not clearly shown in the elec-
tron density map (SI Appendix, Fig. S9). Surprisingly, the D-lactyl
ether moiety of MurNAc, which is part of the pentapeptide and
supposed to participate in the transpeptidation reaction (1),
interacts with K248 in the TG domain of SaMGT; moreover,
K248 also binds to the N-acetyl group of MurNAc. Two possible
Mg2+ cations can be identified in the electron density difference
map (σ-cutoff ∼ 4.8σ) with an octahedral coordination manner
(O···Mg···O angles near 90° and Mg···O distances near 2.4 Å in
SaMGT-analog). One binds E102 and the backbone carbonyl
group of S98 with the 5-CH2OH groups and the ester oxygen O1
of MurNAc (Fig. 2B and SI Appendix, Fig. S10). The other Mg2+,
which is close to the analog 3 binding pocket of SaMGT, does
not directly bind to analog 3; instead, it interacts with T115,

Fig. 1. Structures of lipid II, lipid II analogs, and SaMGT-analog complex. (A) Chemical structures of lipid II and lipid II analogs. The portion of analog 3 that
can be observed on the electron density map is shaded in gray. (B) An overall structure of SaMGT-analog. The TM helix, jaw subdomain, and head subdomain
are color-coded in yellow, light green, and dark green, respectively. The lipid II analog 3 is shown as van der Waals spheres. Putative active site, E100 of
SaMGT, and aromatic residues are located near the water–membrane interfaces, which are shown as sticks in red and black, respectively. The numbering of
helices of SaMGT is indicated as H1–H11. The proposed membrane location is indicated by an orange shaded rectangle. The dissociation constant of analog
3 is ∼12.9 μM.
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G131, and Q136 near H4 (SI Appendix, Fig. S10), in which Q136
has been shown to be important for the activity of SaMGT (15).

Sequence Alignment, Structural Alignment, and TG Activity of Lipid II
Analog-Contacting Residues of SaMGT. To understand the signifi-
cance of the lipid II analog-contacting residues, we compared
those residues in five conserved motifs of TG (1, 19, 20) and
created the mutant within the lipid II analog-contacting residues
to determine the TG activity (Fig. 3). The sequence alignment
showed that seven residues (S98, E100, E102, R103, G130, S132,
and R241) of SaMGT have the corresponding residues in E. coli
PBP1b, A. aeilocus PGT, and S. aureus PBP2 (Fig. 3A) that are
aligned in the structures (Fig. 3B). However, R117 and K248
do not exactly align in the TG sequences (Fig. 3A); the nearby
residues can substitute their functions and also superimpose in
the structural alignment (Fig. 3C). We created mutations at the
lipid II analog-contacting residues of SaMGT and measured the
TG activity of each mutant protein. All mutants at the lipid II
analog-contacting residues of SaMGT reduced the TG activity
in vitro (Fig. 3D). We also created the mutants of each corre-
sponding lipid II analog-contacting residues in E. coli PBP1b and
measured the complementary activity in E. coli JE5702, which is
a PBP1b-defective/PBP1a temperature-sensitive strain (SI Ap-
pendix, Fig. S11A). Almost all mutants, E233Q, R235A, H236A,
R250A, G264A, S266A, R372A, and R378A have reduced ac-
tivity in E. coli JE5702 compared with the WT E. coli PBP1b.
The essential role of the lipid II analog-contacting residues in
sequence alignment and structural superimposition of TGs are
consistent with the activity assay of each mutant protein in
SaMGT and E. coli PBP1b, suggesting that these residues play an

critical role for maintaining the activity of TG to catalyze the lipid
II polymerization.

Discussion
Comparison of Binding Modes Between TG-Moenomcin and TG-Lipid
II. To understand the binding modes between TG-moenomycin
and TG-lipid II analog, we compared the structures of TG-moe-
nomycin with SaMGT-analog. Both the lipid II analog and moe-
nomycin binding pockets of TGs are conserved (SI Appendix, Fig.
S12). Comparing the binding modes of TGs-moenomycin and
SaMGT-analog, the binding interactions are similar in the phos-
phate moiety of moenomycin and lipid II analog 3. The electro-
static surface of SaMGT clearly shows two positively charged
patches (SI Appendix, Fig. S13A), one surrounding the phosphate
of the moenomycin (where K140 and R148 are located) and the
other surrounding the pyrophosphate of the lipid II analog 3
(where R103, K113, and R117 are located) (SI Appendix, Fig.
S13B). In addition, the binding interaction in the sugar moieties of
moenomycin, which are thought to mimic the sugars of lipid IV,
has more hydrogen-bonding interactions with the TGs than lipid
II analog 3 (SI Appendix, Fig. S12), suggesting that the stronger
binding force in the glycosyl donor site may help stabilize the
growing sugar chain and facilitate the growing sugar to shuffle to
the glycosyl donor site from the acceptor site after transglycosyl-
ation reaction.

K140 and/or R148 as the General Acid in the Bacterial Transglycosyla-
tion Reaction. To clearly define the mechanism of transglycoysl-
ation reaction, we reexamined the residues of general acid from
the previously proposed TG-moenomycin structures. The E156
has been thought to be the general acid to protonate the pyro-
phosphate or through a divalent metal cation, coordinate with the
pyrophosphate moiety at the glycosyl donor site in the transgly-
cosylation reaction (12, 19). However, from the available crystal
structures (12–15), E156 of SaMGT and the corresponding resi-
dues in other TGs are too far away to interact with the phosphate
moiety of moenomycin, which is thought to mimic the pyro-
phosphate of lipid II or lipid IV (distance is 6.6 Å in SaMGT,
7.2 Å in E. coli PBP1b, 8.1 Å in S. aureus PBP2, and 6.6 Å in
A. aeolicus PGT), and enzymatic assay indicated that E156Q did
not abolish the TG activity (Fig. 3D). From the TG-moenomycin
structures, the K140 in SaMGT and the corresponding residues in
other TGs are closer to the phosphate moiety of moenomycin
(distance is 3 Å in SaMGT, 3.4 Å in E. coli PBP1b, 3.3 Å in S.
aureus PBP2, and 3.3 Å in A. aeolicus PGT), and the R148 has
been thought to stabilize by E156 to interact with the pyrophos-
phate (15). Therefore, we measured the TG activity of K140A,
R148A, E156A, and E156Q in SaMGT (Fig. 3D). The K140A
resulted in lower activity than E156A, E156Q, and R148A;
however, the K140A still has 20% TG activity. We thus proposed
that K140 and R148 both are used to stabilize the pyrophosphate-
leaving group in the transglycosylation reaction, and the double
mutant, K140A and R148A, was created to support their role in
the transglycosylation reaction. Indeed, the double mutant,
K140A and R148A, showed undetectable TG activity (Fig. 3D
and SI Appendix, Fig. S11B). Structurally, the hydrophobic resi-
dues, V138 and V139, and the aromatic residues, Y142, F143, and
Y144, surrounding the K140 would make it easier to protonate
the pyrophosphate leaving group.

Mechanism of Lipid II Polymerization. With the comprehensive
crystal structures of SaMGT-analog and SaMGT-moenomycin
available, we propose a schematic model for the transglycosyla-
tion (Fig. 4). The lipid II substrate or the growing glycan chain
at the glycosyl donor site (12, 18) is represented by the moeno-
mycin, where GlcNAc and MurNAc correspond to the rings
E and F of moenomycin, respectively. The pyrophosphate and
undecaprenyl moiety of lipid II or the growing glycan chain

Fig. 2. Stereo and schematic view of interaction between SaMGT and an-
alog 3. (A) An electron density map of binding interaction between analog 3
and SaMGT. The analog 3 and the nine SaMGT residues around the analog 3
are shown as sticks in blue and gray, respectively. The Mg2+ is shown as a ball
in green. The 2Fo-Fc map for lipid II analog-contacting residues (σ-cutoff =
1σ) is shown in green mesh. The omit map for analog 3 (σ-cutoff = 3σ) is
shown in red mesh. (B) Hydrogen-bonding networks between SaMGT and
lipid II analog. R1 and R2 represent portions of analog 3 that cannot be
observed in the electron density map. Hydrogen bonds (distance ≤ 3.5 Å)
and interactions around Mg2+ are shown as dashed lines in black and red,
respectively.
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corresponds to the phosphate and moenocinol groups. More-
over, lipid II at the glycosyl acceptor site is represented by analog
3, where the GlcNAc corresponds to GalNAc. The substrate-
binding site of TG can be divided into the glycosyl acceptor site
S1 and glycosyl donor site S2 (Fig. 4A). The catalytic residue
E100 is located in S1, and K140 and R148 are located in S2.
In the first step of transglycosylation, S98, E102, R103, R117,
S132, R241, and K248 of SaMGT interact with lipid II at the
glycosyl acceptor site (S1), stabilizing through Mg2+ cations (Fig.
4A). The residues (G130, Q137, K140, N141, R148, and N224)
around the conserved motifs II, III, and IV are important for
binding lipid II or the growing glycan chain to the glycosyl donor
site S2 (12–15, 19–21). The loop from G130 to S132 is used to
stabilize the substrate at both S1 and S2. The 4-OH of GlcNAc
in lipid II in the S1 site is deprotonated by E100, which is then
stabilized by R241 followed by a simultaneous reaction with the
C1 of lipid II (or growing glycan chain) in S2 (9) (Fig. 4B), and
the K140 and R148 both facilitate the departure of the pyro-
phosphate leaving group (Fig. 4B). After lipid II (or growing
glycan chain) at the glycosyl donor site (S2) is transferred to the
lipid II at the glycosyl acceptor site (S1) by forming a β1–4-linked

glycan chain (Fig. 4C), the product lipid IV (or growing glycan
chain) is shuffled to the glycosyl donor site (S2) (Fig. 4D), and a
new lipid II is bound to the glycosyl acceptor site (S1) again (Fig.
4E) for another transglycosylation reaction.

Mechanism of Inhibition by Lipid II Analog 3. From the crystal
structure of SaMGT in complex with a lipid II analog, we pro-
posed a design for the lipid II substrate-based antibiotics. By
inverting the position 4-OH in the GlcNAc group of lipid II to
form GalNAc of analog 3, the binding distance between 4-OH
and G130 is reduced (SI Appendix, Fig. S14); therefore, analog 3
can be bound more tightly in the lipid II binding pocket but
cannot serve as substrate catalyzed by the E100. The SaMGT-
analog structure not only confirms the central importance of
the E100 for the deprotonation of 4-OH of GlcNAc in lipid II
but also provides insights into lipid II-based antibiotics design.
In summary, although inhibitors are available to interfere with

lipid II binding (e.g., Vancomycin, Lantibiotics, Ramoplanin, and
Mannopeptimycins), no antibiotics have been developed as TG
inhibitors except moenomycin, which is used in animals (4). Re-
cent efforts directed to the synthesis of moenomycin and

Fig. 3. Sequence alignment, structural alignment, and TG activity of lipid II analog-contacting residues of SaMGT. (A) Sequence alignment of SaMGT-analog
with TGs from E. coli PBP1b, A. aeilocus PGT, and S. aureus PBP2. The typical five conserved motifs of TG are enclosed in red squares. Residues that have the
potential to interact with analog 3 are shaded in black, and the residues of SaMGT are indicated in green. The helices H1–H11 of SaMGT are indicated above
the sequence alignment. (B and C) Structural alignment of SaMGT-analog with TG from E. coli PBP1b (PDB ID code 3FWM, rmsd = 1.694 Å), A. aeilocus PGT
(PDB ID code 3D3H, rmsd = 1.020 Å), and S. aureus PBP2 (PDB ID code 2OLV, rmsd = 1.635 Å). Residues from E. coli PBP1b, A. aeilocus PGT, S. aureus PBP2, and
SaMGT-analog are color-coded in black, blue, red, and green, respectively. All of the corresponding residues from four TGs are indicated, except the missing
G264 and S266 of E. coli PBP1b. (D) Activity of the mutant SaMGT proteins compared with WT SaMGT. The activity of WT SaMGT (WT) is normalized to 100%.
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derivatives (22), elucidation of the moenomycin biosynthetic
pathway (23, 24), and crystal structure as well as mechanistic
studies on the TG-moenomycin complex (12–15) have opened the
door to the design of TG inhibitors (25). In this study, we further
design a lipid II analog for the cocrystallization and structural
determination of the SaMGT membrane enzyme to reveal the
glycosyl acceptor site and elucidate (supported by mutagenesis
study) the mechanism of TG reaction. With a better un-
derstanding of how lipid II substrates interact with the acceptor
and donor sites in the enzyme and the mechanism of the trans-
glycosylation reaction, new structure-based antibiotics targeting
this enzyme may be developed.

Materials and Methods
Cloning, Expression, and Purification. Full-length SaMGT was easily degraded
into a slightly smaller protein. After N-terminal sequencing and molecular
mass determination by MALDI-TOF MS, we identified the more stable region
of SaMGT, which contained amino acids Q28–R269. The DNA of the stable
region (residues Q28–R269) of SaMGT was amplified from S. aureus Mu50
genomic DNA and cloned into the pET15b (EMD Biosciences) at the NdeI
and BamHI restriction enzyme sites. BL21-CodonPlus (DE3)-RIPL E. coli host
cells transformed with expression vectors were grown at 37 °C until O.D.600
(optimal density at 600 nm) reached 0.6; then, protein expression was in-
duced with 1 mM isopropyl-β-D-thiogalactopyranoside (Anatrace) for 3 h.
Cell pellets were resuspended in 20 mM Tris·HCl, pH 8.0, 200 mM NaCl, 0.2
mM lysozyme, 2 mM PMSF, and 20 mM N-decyl-β-d-maltopyranoside (DM)
(Anatrace). Cell lysate was centrifuged, and supernatant was loaded onto
a Ni-NTA (nickel-nitrilotriacetic acid) affinity column, which was washed with
an imidazole gradient from 50 to 150 mM using 20 mM Tris·HCl, pH 8.0, and
200 mM NaCl (Buffer A) in the presence of 2 mM DM. Then, the protein was
eluted with 300–500 mM imidazole gradient in the Buffer A in the presence
of 2 mM DM. Purified protein was desalted in Buffer A in the presence of
2 mM DM and concentrated by Amicon Ultra Centrifugal Filter Devices
(MW100K cutoff; Millipore). The N-terminal (His)6 tag was removed by
thrombin cleavage (Sigma–Aldrich) at 25 °C overnight. Finally, the size-

elusion column (Superdex 200 10/300 GL; GE Healthcare) was used to remove
aggregation of the protein for additional assay or crystallization.

Crystallization and Cryoproection. Crystals were grown by using the handing-
drop vapor diffusion method. Tag-free SaMGT was mixed with lipid II analog
in a ratio of one to five and mixed with a 20% (wt/vol) (3:1) DMPC (dimyr-
istoylphosphatidylcholine)/Chaps bicellar solution, making a 15.0 mg/mL
complex protein/3% (wt/vol) bicelles mixture (17). The SaMGT and lipid II
analog mixture were mixed with the equal volume of reservoir solution [100
mM MgCl2, 100 mM Hepes, pH 8.0, 25% (wt/vol) PEG400]. Then, the disk-like
crystal formed after 14 d at 4 °C. After the crystal had formed, the reservoir
solution was added with PEG400 (Sigma) at a final concentration of 30%
(wt/vol), and crystal drop was diffused for 3–7 d before X-ray diffraction. The
crystals were immersed in cryoprotectant solution [36% (wt/vol) PEG400]
and followed by flash cooling in liquid nitrogen.

Data Collection and Structure Determination. SaMGT-analog and SaMGT-apo
datasets were collected by beamline BL44XU at Japan Synchrotron Radiation
Research Institute, SPring-8 (Hyogo, Japan). SaMGT-substrate and SaMGT-
moenomycin datasets were collected at beamline BL13B1 and BL13C1, re-
spectively, at National Synchrotron Radiation Research Center (Hsinchu, Tai-
wan). The datasets were indexed, integrated, and scaled by HKL2000 (26).
Molecular replacement was used to search the solution by program PHASER
(27). TGdomainof 3HZS (15) and TMhelix of 3FWM(13)wereusedas themodel
templates. The model was manually built using COOT (28). Refinement was
performed by Phenix (29) and Refmac (30), with the individual atomic dis-
placement parameters, TLS (Translation, Libration, Screw), and target weight
options turned on. The structural figures were generated with the programs
PyMOL (www.pymol.org) and ChemDraw (www.cambridgesoft.com).

TG Activity Assay for SaMGT. For SaMGT activity assay, purified protein was
concentrated in Buffer A in the presence of 2 mM DM. NBD-lipid II was used
as a substrate to measure TG enzymatic activity with a similar approach as
described in our previous studies (13, 31). Assays were performed by in-
cubating NBD-lipid II (1–100 μM), 60 nM S. aureus MGT, 50 mM Tris·HCl, pH
8.0, 10 mM MnCl2, 0.085% Decyl PEG (Anatrace), and 15% (vol/vol) MeOH

Fig. 4. Proposed mechanism for lipid II polymerization by TG. (A) Two substrate binding sites: glycosyl acceptor (S1; shaded in red) and donor site (S2; shaded
in red). The lipid II polymerization is initiated by accepting two lipid II substrates. (B) The 4-OH of GlcNAc of the lipid II (S1) is deprotonated by E100 (red stick)
followed by a simultaneous reaction with the C1 of lipid II (or growing glycan chain) in S2, and the K140 and R148 (green stick) both facilitate the departure of
the pyrophosphate-leaving group. (C) Lipid II (or growing glycan chain) at the glycosyl donor site (S2) reacts with the acceptor site of lipid II to form a β1–4-
linked glycan chain. (D) The newly formed lipid IV is shuffled to the glycosyl donor site. (E) A new lipid II is docked at the glycosyl acceptor site (S1) again.
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for 0–30 min at 37 °C. The reactions were stopped by adding 200 μM moe-
nomycin, and the polymerized products were digested by adding 13 μM
muramidase (Sigma-Aldrich) into the reaction buffer. The NBD-labeled
substrates and products were detected and analyzed by anion-exchange
column SAX1 (Supelco) on HPLC (Hitachi), and these reactions were moni-
tored at λexcitation = 466 nm and λemission = 535 nm. The elution procedure was
a linear gradient of ammonium acetate (20 mM to 1 M) in MeOH. The kinetic
parameter was estimated by following the Michaelis–Menten equation.

Assay for Comparing the Activity of SaMGT With or Without TM and Mutant
SaMGT Proteins. For the effect of TM helix of TG in the TG reaction assay, the
SaMGT and SaMGTΔTM (residues M1–L64 were removed) were extracted
by Buffer A in the presence of 13 mM FOSCHOLINE-14 (Anatrace) and then
purified by the same procedures as previously described. The purified
SaMGT and SaMGTΔTM were concentrated in Buffer A in the presence of
2 mM DM. The mutant SaMGT proteins of lipid II analog-contacting residues
were extracted and purified by Buffer A in the presence of DM (Anatrace) as
previously described. The activity assay was carried out by using the fol-
lowing condition: 12 μM NBD-lipid II, 60 nM protein, 50 mM Tris·HCl, pH 8.0,
10 mMMnCl2, 0.085% decyl PEG, and 15% (vol/vol) MeOH at 37 °C for time =
0–30 min. The initial velocity was used to compare the activity of SaMGT
with SaMGTΔTM.

Isothermal Titration Calorimetry. The SaMGT and SaMGTΔTM were extracted
by Buffer A in the presence of 13 mM FOSCHOLINE-14 (Anatrace) and then
purified by the same procedures as previously described. The purified
SaMGT and SaMGTΔTM were concentrated in Buffer A in the presence of
2 mM DM. The E. coli PBP1b and PBP1bΔTM (residues M1–L87 were re-
moved) (13) were extracted by 20 mM Tris·HCl (pH 8.0) and 300 mM NaCl
in the presence of 13 mM FOSCHOLINE-14 (Anatrace) and concentrated
in 20 mM Tris·HCl, pH 8.0, 300 mM NaCl, and 1 mM N-dodecyl-β-d-

maltopyranoside (DDM) (Anatrace). The moenomycin was diluted in the
same buffer with protein. The moenomycin (700 μM for SaMGT and 500 μM
for E. coli PBP1b) was titrated to the protein (50 μM for SaMGT and 30 μM
for E. coli PBP1b) at 25 °C for 2 μL for 19 cycles by isothermal titration cal-
orimeter iTC200 (MicroCal). In addition, the moenomycin was diluted in the
buffer as the reference to substrate of the experiment data. The results were
analyzed by the MicroCal Origin version 5.0 software accompanied with
the instrument.

Site-Directed Mutagenesis. Mutations of lipid II analog-contacting residues
were generated in E. coli PBP1b and S. aureus MGT by site-directed muta-
genesis. Other than E100Q and E156Q of S. aureusMGT and E233Q and A231L
of E. coli PBP1b, others lipid II analog-contacting residues were changed
to Alanine.

Complementary Activity Assay. The plasmids of encoded PBP1b mutant pro-
tein were created by site-directed mutagenesis. Each mutant plasmid was
transformed into JE5702 (ponB353, ponAts, and Str), which is a PBP1b-de-
fective/PBP1a temperature-sensitive E. coli host strain [National BioResource
Project (NIG, Japan): E. coli]. The 30 °C overnight-cultured transformants
were diluted 1:100 with the fresh LB liquid media and then cultured with 0.5
mM isopropyl-β-D-thiogalac-topyranoside at 30 °C and 42 °C. Bacterial
growth was examined by O.D.600 for 4 h. The expression level of various
mutated PBP1b was detected by the anti-E. coli PBP1b monoclonal antibody.
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