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Computational Methods

The outline of procedures to model and simulate Txb-lipid II complex is described in the Result
section and illustrated in Fig. 2 of the main article. Listed below are the detailed protocols to
conduct system construction, MD simulations, and data analysis.

General Protocols of MD simulations

NAMD [1] (version 2.12) was used to perform MD simulations and the CHARMM36 force field
was used to describe biological molecules, with parameter sets for proteins [2], lipids [3], carbohy-
drates [4], and lipid-linked oligosaccharides [5], which also include parameters from the CHARMM
General Force Field, CGenFF [6]. The TIP3P [7] model was used for water since standard
CHARMM force field parameters are developed based upon interactions with TIP3P water. Ad-
ditional force field parameters were constructed using procedures described above for functional
groups not included in existing CHARMM36 parameter sets.

All systems were simulated as NPT ensembles at constant temperature T = 310 K and pres-
sure P = 1.01325 bar (N ∼93,200 atoms for membrane systems containing Txb-lipid II complexes;
N = 73,398 atoms for lipid II in membrane; and N = 20,268 atoms for Txb and lipid II head group
in solution). The thermostat utilizes a Langevin dynamics with a damping coefficient γ= 0.5 ps−1,
and the Langevin piston Nosé-Hoover method [8, 9] was used for the barostat. In order to account
for the different compressibility along the membrane surface from that of the aqueous solution,
a semi-isotropic pressure coupling scheme was applied when a lipid bilayer was included in the
simulation system, in which the pressure was only coupled at the xy dimensions. Simulations were
integrated at 2-fs time steps except for the initial model preparation of the lipid bilayers, where
a 1-fs time step was used. Pairwise non-bonded interactions were calculated using a 12 Å cutoff
distance with a switching function employed between 10–12 Å; long-range electrostatic interactions
were calculated using the particle mesh Ewald (PME) method [10]. Simulation trajectories were
collected every 5 ps.

Development of Force Field Parameters

Several molecular components of Txb are not readily available for simulation in CHARMM36: the
methylated N-terminus, the ester linkage between D-Thr8 and the C-terminus, and the side chain
of L-allo-enduracididine (allo-End). Similarly, topology and parameters are required for lipid II at
the N-acetylmuramate (MurNAc), its peptide link to the N-terminus of the pentapeptide, and the
γ-peptide linkage within the pentapeptide chain. The paragraphs below describe the procedures to
determine the topology and parameters of these chemical components.

Lipid II. The residue topology required for lipid II was developed solely based on molecular
analogy. The saccharide MurNAc was created by merging the topology of N-acetylglucosamine
(GlcNAc) with that of 2-methoxy-propionate, both of which are available from the CHARMM36
carbohydrate force field [4] (residue AGLCNA in top all36 carb.rtf and residue AMOP in
toppar all36 carb model.str, respectively). Parameters for the two non-proteinogenic peptide
linkages in lipid II were adopted from the corresponding terms in the CHARMM36 protein force
field [2], and partial charges were redistributed among the relevant atoms following the consistent
trend among all peptide groups: N (-0.47 e), H (0.31 e), C (0.51 e), O (-0.51 e). Note that the novel
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atom type CT2A was introduced into the CHARMM36 protein force field to address the χ1/χ2

dihedral rotations of anionic side chains. Since the formation of the γ-D-Glu peptide bond renders
the side chain neutral, the carbon atoms of the D-Glu residue were re-typed as ordinary CT2 and
assigned -0.18 e partial charges.

Teixobactin: N-terminus. The partial charges at the methylated N-terminus of Txb were
assigned based on the analogy to the side chain of methylated lysine in the CHARMM36 protein
force field [2] (residue MLYS in toppar all36 prot model.str), while the angle and dihedral terms
were determined using the Force Field Toolkit (ffTK) [11]. The force constant of the CH3–NH2–Cα

angle was fitted to the quantum mechanical Hessian calculation of N-isopropylmethylammonium
ion, whereas the force constants of dihedrals associated with the NH2–Cα bond were fitted to the
QM dihedral scanning results of N-methylated D-Ala dipeptide at its φ dihedral. The program
Gaussian 09 [12] was used to perform QM calculations of both compounds, where the 6-31G* basis
set and the MP2 level of theory were used.

Teixobactin: Ester. Ester atoms at the D-Thr8–C-terminal linkage were assigned atom types
from the esterization C-terminal patch of the CHARMM36 protein force field [2] (patch CT1 in
top all36 prot.rtf). The partial charges at this ester group were adopted from the ester groups
in the CHARMM36 lipid force field [3] instead of the aforementioned protein patch since Txb is
expected to partition into the phospholipid bilayers to interact with lipid II, and the dipole of this
ester group should resemble more a phospholipid than a freely soluble ester (e.g., methyl acetate,
from which parameters of the CT1 patch were based upon).

Teixobactin: L-allo-enduracididine. The detailed procedures to develop parameters of allo-
End side chain will be described in greater detail in another manuscript. In short, the standard
topology/parameters for protein backbone atoms are preserved in allo-End, while the side chain pa-
rameters were optimized using ffTK [11]: firstly, partial charges and in-ring bond/angle/dihedral pa-
rameters were optimized according to QM calculations of a side chain analog (S )-4-methylimidazolidine-
2-iminium, followed by optimization of χ1/χ2 dihedral parameters based on the potential energy
surface obtained from a two dimensional QM dihedral scan, where the backbone φ/ψ dihedrals
were fixed at angles corresponding to the cyclodepsipeptide ring geometry.

Construction and Simulation of Membrane Systems

To construct the simulation system of the membrane-bound lipid II, the coordinates of the lipid II
head group were adopted from the solution structure of the nisin-lipid II complex (PDB: 1WCO [13],
model #1 of 20) and the undecaprenyl tail appended. To generate the coordinates for the unde-
caprenyl group, atomic coordinates of the first 5 carbon atoms of the farnesyl pyrophosphate were
preserved from the NMR structure, and the atomic coordinates of the rest of the undecaprenyl
group were calculated according to the internal coordinates provided for undecaprenyl pyrophos-
phate [5] (with two dihedral internal coordinates corrected1). The generated full-length lipid II with

1The lipid-linked oligosaccharides stream file from the CHARMM36 force field contains two internal coordinates
causing misplaced atoms: one creates a trans-isoprene at the 8th subunit and the other creates a methyl group where
the three hydrogen atoms are separated by only 60◦ dihedral.
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fully extended undecaprenyl tail was placed over a non-equilibrated bilayer of 1-palmitoyl-2-oleoyl-
phosphatidylethanoamine (POPE), which was generated from the Membrane plugin of VMD (145
POPE molecules per leaflet, ∼100×100 Å2 before equilibration, see Fig. 2 of main article). Due to
the length of the fully extended undecaprenyl group, the lipid II head group was placed away from
the membrane surface and only the last four isoprene subunits (#8–#11) were inserted into the
top leaflet (in parallel to other non-equilibrated acyl chains of POPE). This POPE bilayer with a
partially inserted lipid II was then solvated with ∼100 mM NaCl solution into a ∼100×100×80 Å3

periodic box. Similarly, systems exploring the membrane-bound conformations of the Txb/lipid II
complex were constructed by extending the polyprenyl chain from the modeled head group com-
plexes obtained from solution simulations (described later), followed by the same procedures of
membrane insertion and solvation with a ∼100 mM saline solution.

The equilibration of all membrane containing systems start with a “tail-melting” step for 0.5 ns,
during which all atom coordinates remain fixed except for the acyl chains of the lipids and the
undecaprenyl group of lipid II. The “melted” bilayers were then simulated without any constraint,
during which the initially solution-exposed parts of the undecaprenyl group partitioned into the
membrane rapidly (on the order of ∼10 ns). The system with isolated membrane-bound lipid II
was simulated for 1µs, whereas systems including both Txb and lipid II were simulated for either
50 ns or 500 ns.

Modeling the Complex of Teixobactin and Lipid II

The construction of a preliminary model of an analog complex between the Arg10 mutant of Txb
and a nerylneryl-pyrophosphoryl-N-acetyl-α-D-glucosaminide (C20H33 –P2O7

2– –GlcNAc) molecule
will be described in greater detail in a separate manuscript. In brief, the two molecules were first
simulated for 100 ns in aqueous solution with a harmonic restraint applied between the center of
mass of each molecule. The trajectories were clustered to identify the top 5 representative confor-
mations, and the complexes of each conformation were further simulated for 500 ns in equilibrium
without the harmonic restraint. The interaction energy between the two molecules in all the 5 tra-
jectories was analyzed to determine the most energetically favorable complex conformation, and the
lowest energy conformation was selected as the basis to construct the initial model of the complex
between the wild type Txb and the head group of lipid II.

The modeled analog complex was superimposed onto the 1µs trajectory of membrane-bound
lipid II from earlier simulations at the pyrophosphate group, and the conformation of the lipid II
head group with the fewest steric clashes to the Arg10-Txb (no atomic contact within 1.8 Å dis-
tance between Arg10-Txb and either the dissacharide or the pentapeptide; atomic contacts to the
undecaprenylpyrophosphate ignored) was selected for further modeling along with the “bound”
Arg10-Txb. The undecaprenyl chain of lipid II in the modeled complex was truncated except for
the first isoprene subunit, and the Arg10 residue of the mutant Txb was replaced with the wild-type
allo-End residue using the coordinates from QM-optimized conformation of the allo-End dipeptide.
The newly placed allo-End side chain was then minimized for 3,000 steps in vacuum while all other
atoms of the modeled complex were fixed. The resulting binary complex between the wild-type
Txb and the dimethylallyl derivative of lipid II was solvated into a 60×60×60 Å3 periodic box
containing ∼100 mM NaCl solution.

To sample the interactions between Txb and the lipid II head group and identify the most
probable bound forms, the modeled complex in solution was subjected to 1µs of adaptive tem-
pering simulations [14], where the system temperature fluctuated in the range of 298–450 K (in
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304 bins). During the adaptive tempering simulations, the branching carbon of the dimethylallyl
group remained fixed at its initial coordinates near the origin of the periodic box (i.e., only the
Txb molecule was freely diffusing, Fig. S3), to limit translation of the lipid II head group to allow
convenient post hoc analysis.

The trajectories of the 1µs adaptive tempering simulations were divided into many short sec-
tions, each accounting for one encounter between the two molecules. An encounter is defined when
any atom (including hydrogens) of one molecule is located within 3.0 Å from any atom of the other
molecule and lasts until no atom can be found within a 3.0 Å cutoff. A representative complex
model was generated for each encounter, based on the snapshot with lowest potential energy be-
tween the two molecules during the encounter. The resulting complex models were then ranked
based their potential energy, as well as the lifetime of the encounter they were representing (i.e.,
the lowest interaction energy and the life time of the transient complex). A total of 10 highest
ranked complex models were selected to have the undecaprenyl chain extended from the dimethy-
lallyl group, inserted into and equilibrated with POPE bilayers following the procedures described
above. All of these membrane systems were simulated for 50 ns, each in two replicas using the same
initial structure but different initial velocities generated with different random seeds. Two of the
10 systems where most of the initial contacts were maintained after 50 ns were extended to 500 ns
for both replicas from the same initial structure.

Trajectory Analysis

The MD trajectories were analyzed using VMD [15] and its plugins. The interaction energy between
Txb and lipid II was calculated using the NAMD Energy plugin of VMD. The relative positions
of chemical components with respect to the lipid bilayer were computed as follows: the trajectories
were first re-centered to the center of mass of all the POPE molecules, and the membrane surface
was determined using the mean z-coordinate of all the phosphorus atoms of POPE molecules in the
cis leaflet, while the z-position of each component was represented by either the center of mass of
an amino acid (Txb or lipid II pentapeptide), the geometric center of a pyranose ring (MurNAc and
GlcNAc), or the phosphorus coordinate of a phosphate moiety. The lifetime of a hydrogen bond was
recorded with the starting and termination time points, using a criterion of 2.5 Å distance cutoff
between the proton and its acceptor, according to the analysis by R. E. Hubbard [16, 17]. Here in
the simulation systems, the polar proton refers to any hydrogen atom with partial charge >0.16 e,
while oxygen atoms are the only hydrogen bond acceptors present. For simplicity of computation,
the relative orientations between the hydrogen bond donors and acceptors (angles and dihedrals)
were not taken into account in the criterion. The apparent t1/2 of a hydrogen bond was determined
by the median lifetime of all the hydrogen bonds formed between the same proton:acceptor pair.
Hydrophobic contacts were calculated in similar manner using the 2.5 Å distance cutoff between
non-polar protons from either Txb or lipid II.
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Supporting Figures

Figure S1. List of hydrogen bonds between Txb and lipid II at t= 0 or 50 ns of the 10 modeled
complexes simulated in membrane. The 10 modeled complexes were constructed based on the 10
highest ranked conformations captured in the 1µs adaptive tempering simulation in solution. The
hydrogen bonds are categorized by the involvement of either the cyclodepsipeptide ring amindes,
the allo-End10 side chain, or others, and are listed in three blocks, respectively. For clarity,
hydrogen bonds at t= 50 ns of the third block are listed only if it is retained from t= 0 (thus
Y/N retention) or involves phosphate binding (P1 or P2). Hydrogen bonds are listed as residue
names of the donor/acceptor, where P1 denotes any hydrogen-bond accepting oxygen atom of the
polyprenyl-connecting phosphate (including the bridging oxygen between the two phosphates), and
P2 denotes the other oxygen atoms of the saccharide-connecting phosphate (including the bridging
oxygen between phosphate and MurNAc). Hydrogen bonds retained at t= 50 ns of both runs are
highlighted in bold.

Figure S2. Atom numbering and naming schemes for parts of Txb and lipid II. Atom names are
derived from standard nomenclature of amino acids and saccharide rings.

Figure S3. Close-up view of Txb-lipid II hydrogen bonds in the top 10 modeled complexes from
the 1µs adaptive tempering simulations in solution (the end of step iii and the beginning of step
iv). The general atomic coloring scheme in the main article is followed. See Fig. S1 (t= 0) for the
list of hydrogen bonds illustrated here.

Figure S4. Hydrophobic/non-polar contact probabilities between components of Txb and lipid II
in both runs of Systems 1 and 6. Contact probabilities were calculated between t= 50 ns and
t= 500 ns using a 2.5 Å cut-off distance between non-polar hydrogen atoms of Txb and lipid II. The
color scheme of Fig.4a of the main article is followed. SC, side-chain.
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Figure S2: Atom names of some components of teixobactin and lipid II.
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Figure S3: Teixobactin-lipid II hydrogen bonds in the top 10 complexes of solution simulations.
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System 1-1 System 6-1
Teixobactin Isoprenes Disaccharide Pentapeptide Teixobactin Isoprenes Disaccharide Pentapeptide
D-Phe1 (Hα) 0.000 0.143 0.002 D-Phe1 (Hα) 0.000 0.000 0.019
D-Phe1 (sc) 1.744 11.868 18.234 D-Phe1 (sc) 1.618 0.216 2.030

Ile2 (Hα) 0.000 5.818 1.592 Ile2 (Hα) 0.000 0.000 0.000
Ile2 (sc) 0.260 35.498 13.103 Ile2 (sc) 4.229 0.001 0.010

Ser3  (Hα) 0.000 28.520 0.000 Ser3  (Hα) 0.000 0.000 0.026
Ser3 (sc) 0.000 5.172 0.174 Ser3 (sc) 0.000 0.000 0.410

D-Gln4 (Hα) 0.039 0.001 0.000 D-Gln4 (Hα) 0.000 1.080 0.001
D-Gln4 (sc) 0.780 55.244 0.000 D-Gln4 (sc) 1.136 55.058 38.652

D-allo -Ile5 (Hα) 0.000 0.041 0.000 D-allo -Ile5 (Hα) 0.000 0.002 0.000
D-allo -Ile5 (sc) 15.041 1.362 0.000 D-allo -Ile5 (sc) 26.617 8.949 0.009

Ile6 (Hα) 0.422 0.000 0.000 Ile6 (Hα) 3.661 30.177 0.000
Ile6 (sc) 88.447 0.024 0.000 Ile6 (sc) 78.364 0.826 0.038

Ser7 (Hα) 50.958 0.003 0.000 Ser7 (Hα) 0.000 0.000 0.158
Ser7 (sc) 0.014 44.427 0.000 Ser7 (sc) 0.000 59.102 2.002

D-Thr8 (Hα) 26.419 0.000 0.000 D-Thr8 (Hα) 0.016 0.000 0.420
D-Thr8 (sc) 6.283 0.211 0.000 D-Thr8 (sc) 0.682 0.000 0.838
Ala9 (Hα) 0.753 0.000 0.000 Ala9 (Hα) 0.000 0.042 0.537
Ala9 (sc) 74.000 0.000 0.000 Ala9 (sc) 0.000 4.776 1.986

allo -End10 (Hα) 0.000 0.000 0.002 allo -End10 (Hα) 0.000 0.000 0.000
allo -End10 (sc) 0.029 6.579 26.644 allo -End10 (sc) 28.282 0.029 0.000

Ile11 (Hα) 0.001 0.000 0.004 Ile11 (Hα) 0.027 0.000 0.000
Ile11 (sc) 0.000 76.734 14.643 Ile11 (sc) 88.621 0.000 0.000

System 1-2 System 6-2
Teixobactin Isoprenes Disaccharide Pentapeptide Teixobactin Isoprenes Disaccharide Pentapeptide
D-Phe1 (Hα) 0.000 0.009 0.013 D-Phe1 (Hα) 0.000 0.000 0.017
D-Phe1 (sc) 17.912 50.502 26.938 D-Phe1 (sc) 6.230 2.619 9.740

Ile2 (Hα) 0.000 2.103 0.009 Ile2 (Hα) 0.123 0.649 0.176
Ile2 (sc) 0.000 49.718 14.363 Ile2 (sc) 14.560 6.541 5.547

Ser3  (Hα) 0.000 2.173 0.008 Ser3  (Hα) 0.000 0.000 0.332
Ser3 (sc) 0.000 3.497 0.047 Ser3 (sc) 0.183 0.030 8.674

D-Gln4 (Hα) 0.000 0.000 0.000 D-Gln4 (Hα) 0.431 0.018 1.210
D-Gln4 (sc) 0.000 0.260 0.000 D-Gln4 (sc) 0.006 14.796 15.781

D-allo -Ile5 (Hα) 0.002 0.000 0.000 D-allo -Ile5 (Hα) 0.000 0.000 0.000
D-allo -Ile5 (sc) 6.559 0.000 0.000 D-allo -Ile5 (sc) 39.591 24.651 15.703

Ile6 (Hα) 0.001 0.000 0.000 Ile6 (Hα) 2.603 1.339 0.011
Ile6 (sc) 91.160 0.000 0.000 Ile6 (sc) 82.591 3.351 0.000

Ser7 (Hα) 52.421 0.000 0.000 Ser7 (Hα) 0.121 0.000 0.029
Ser7 (sc) 0.098 0.000 0.000 Ser7 (sc) 0.000 0.647 12.452

D-Thr8 (Hα) 20.441 0.000 0.000 D-Thr8 (Hα) 0.002 0.000 0.000
D-Thr8 (sc) 6.350 0.000 0.000 D-Thr8 (sc) 2.444 0.000 0.000
Ala9 (Hα) 0.859 0.000 0.000 Ala9 (Hα) 0.000 0.000 0.000
Ala9 (sc) 68.118 0.000 0.000 Ala9 (sc) 0.000 0.000 0.094

allo -End10 (Hα) 0.000 0.000 0.001 allo -End10 (Hα) 0.000 0.000 0.000
allo -End10 (sc) 0.000 60.098 12.879 allo -End10 (sc) 22.404 5.561 0.000

Ile11 (Hα) 0.000 0.000 0.000 Ile11 (Hα) 0.003 0.000 0.000
Ile11 (sc) 0.011 76.733 0.051 Ile11 (sc) 81.729 0.000 0.000

Hydrophobic Contact to Lipid II (%) Hydrophobic Contact to Lipid II (%)

Hydrophobic Contact to Lipid II (%)Hydrophobic Contact to Lipid II (%)

Figure S4: Probability of non-polar/hydrophobic contacts between Txb and lipid II components.
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