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Quality analysis of force field parameters for linezolid

In order to investigate the quality of the force field parameters used in the MD simulations for
the oxazolidinone antibiotic linezolid, structures of this antibiotic optimized at the molecular
mechanical and the quantum mechanical level were compared. The optimization at the
molecular mechanical level consisted of 200 steps conjugate gradient minimization with sander
(1) applying the same parameters as in the H50S-linezolid MD simulations. The optimization
at the Hartree-Fock (HF) level was conducted with the 6-31G* basis set using Gaussian09 (2).
Comparison of the optimized structures yielded root mean-square deviations of 0.019 A and
1.6° for bond lengths and angles, respectively.

In addition, energy profiles calculated at the molecular mechanical or quantum mechanical
level of selected torsion angles of linezolid (Figure S1) were compared. For this, substructures
of linezolid in which the respective torsion angle was changed (and constrained) in intervals of
5° were optimized at the HF/6-31G* level using Gaussian09 (2). The resulting energies were
compared to those obtained at the molecular mechanical level, applying parameters for the
fragments according to those of the H50S-linezolid MD simulations. Charges of atoms of the
substructures that were not present in linezolid were chosen such that the overall molecular
fragments were neutral. For torsion angles C13-N3-C12-C9 (r?> = 0.86; see torsion profiles in
Figure S2), 02-C4-C3-N1 (r* = 0.84), C6-C4-C3-N1 (r* = 0.95), and C4-C3-N1-C2 (r* = 0.97)
good correlations were found between the quantum mechanical and molecular mechanical
energy profiles. For the C8-C7-N2-C5 torsion the molecular mechanics energy profile was
considerably affected by large repulsive van der Waals interactions in the quantum
mechanically optimized structures at 0° and 180°. However, the quantum mechanical and the

dihedral energy profiles were well correlated, too (r* = 0.89).
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Supplementary Tables

Table S1: Nucleotides mediating linezolid resistance (Table adapted from ref. (3)).

E. coli ®b D. radiodurans ¢ H. marismortui ¢
2032 2015 2073
2062 2045 2103
2447 2426 2482
2452 2431 2487
2453 2432 2488
2499 2478 2534
2500 2479 2535
2503 2482 2538
2504 2483 2539
2505 2484 2540
2576 2555 2611

* E. coli numbering
> From ref. (3)
¢ Taken from http://www.riboworld.com/nuctrans/



Long-distance effects of mutations on linezolid resistance — S. Fulle, J. Saini, N. Homeyer, H. Gohlke 4

Table S2: Nucleotide differences in the first and second shell of the linezolid binding site of

bacterial, archaeal, and eukaryotic ribosomes.*

Bacteria Archaea Eukarya
Nucleo-
) _ D. T. M. H. S.
tides E. coli®
radiodurans®  thermophilus®  smegmatis® marismortui® | cerevisiae®
A2451 A A A A A
C2452 C C C C C
U2504 U U u U U
First-shell
G2505 G G G G G
U2506 U U U U U
U2585 U U U U U
C2055 C C C A A
G2447 G G G G G
Second-
A2453 A A A A U
shell
U2500 U U U U U
A2572 A A A U A

* E. coli numbering.

® Used PDB codes: D. radiodurans (3DLL), T. thermophilus (2J01), H. marismortui (3CPW), and
S. cerevisiae (3U5D).

¢ Taken from ref. (4).
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Table S3: Root-mean square atomic fluctuations (RMSF) on a per-nucleotide and on a per-

nucleobase level for linezolid-H50Swt and linezolid-H50Smu.

Nucleotide no.? Linezolid-H50S,. Linezolid-H50S A H50Smu-H50S,¢
First shell Per- Per- Per- Per- Per- Per-
nucleotide | nucleobase | nucleotide | nucleobase | nucleotide | nucleobase
A2451 0.69 0.69 1.13 0.98 0.44 0.29
C2452 0.79 0.60 0.89 0.83 0.10 0.23
U2504 0.55 0.57 0.51 0.61 -0.04 0.04
G2505 0.68 0.90 1.53 2.66 0.85 1.76
U2506 0.91 1.42 1.10 1.36 0.19 -0.06
U2585 1.27 1.85 2.67 3.74 1.40 1.89
Second shell
A2055 0.52 0.49 0.44 0.49 -0.08 0.00
G2447 0.44 0.44 0.40 0.41 -0.04 -0.03
A2453 0.61 0.49 0.59 0.45 -0.02 -0.04
U2500 0.40 0.43 0.35 0.39 -0.05 -0.04
U2572 0.71 0.97 0.47 0.45 -0.24 -0.52
Third shell
G/A2032 0.81 0.85 0.49 0.41 -0.32 -0.44
C/A2449 0.48 0.53 0.41 0.45 -0.07 -0.08

 E. coli numbering.

®In A.
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Table S4: Components of the effective energy for linezolid binding to H50S.?

Linezolid-HS50S Linezolid-H50S nut A H50Smut — HS0Sw¢
Contribution®

Mean® ¢! Mean® ¢! Mean® ¢!
AHelec -2.96 0.03 1.34 0.10 4.30 0.10
AHvaw -40.56 0.14 -32.77 0.21 7.79 0.25
AHgas -43.52 0.14 -31.43 0.17 12.09 0.22
AGpB 47.33 0.17 42.36 0.61 -4.97 0.63
AGnonpolar -3.61 0.01 -3.55 0.02 0.06 0.02
AGeffective 0.20 0.20 7.38 0.74 7.18 0.77

* Gas phase and solvation free energy contributions were determined by the MM-PBSA approach,
considering 500 snapshots from the last 10 ns of MD simulations of the linezolid-H50S complexes.

® Heec : electrostatic energy; Hyaw : van der Waals energy; Hg,s : gas phase energy; Gpp : polar part of
the solvation free energy; Gnonpolar : NON-polar part of the solvation free energy; Gefreciive : effective
energy.

¢ Mean contributions in kcal mol™.

4 Standard error in the mean values in kcal mol™.
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Table S5: Effective binding energy contributions between linezolid-H50Smut and linezolid-

H50Swt on a per-nucleotide level.?

Nucleotide Linezolid-H50Sw | Linezolid-H50Smu® AP H50S mue® —
no.? H50Sw
A2451°¢ -0.12 0.14 0.26
C2452°¢ -5.54 -0.29 5.25
U2504¢ -2.41 0.54 2.95
G2505°¢ -0.19 -0.41 -0.22
U2506° -1.79 -0.80 0.99
U2585°¢ 0.02 -2.84 -2.86
X first shell 6.37
A20554 0.29 0.16 -0.13
G24474 0.17 0.30 0.13
A24534 0.23 0.32 0.09
U25001 0.11 0.20 0.09
U25724 0.80 0.27 -0.53
¥ second shell -0.35
G/A2032°¢ 0.44 0.13 -0.31
C/A2499° 0.46 0.19 -0.27
% third shell -0.58

* Effective binding energies for first and second shell nucleotides of the ligand binding site were
computed by the MM-PBSA approach considering 500 snapshots from the last 10 ns of MD simulations
of the linezolid-H50S complexes. In kcal mol™'. The standard error of the mean (SEM) varies between
0.001 and 0.046 kcal mol™.

® Nucleotide number according to E. coli numbering.

° Nucleotides of the first shell of the ligand binding site.

4 Nucleotides of the second shell of the ligand binding site.

¢ Nucleotides of the third shell of the ligand binding site.

fWild type H50S in complex with linezolid.

¢ H50S with G2032A-C2499A double mutation in complex with linezolid.

" Difference between mean effective binding energies for linezolid-H50S .y and linezolid-H50S.
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Table S6: Summary of the structural analysis of linezolid-H50Sw: control simulations.*

Trajectory no. | RMSD°® Stacking interaction ° Overall stability ¢
Oxazolidinone core | Fluoro-phenyl ring

prod 01 Stable Stable Stable Stable
prod 02 20 ns 20 ns 2 ns Instable
prod 03 Stable Stable Stable Stable
prod 04 Stable Stable Stable Stable
prod 05 Stable 2 ns Stable Stable
prod 06 Stable Stable Stable Stable
prod 07 Stable Stable Stable Stable
prod 08 Stable Stable Stable Stable
prod 09 Stable Stable Stable Stable
prod 10 5ns 35ns 38 ns Instable

*In three of the trajectories, stable hydrogen bonds were formed either between linezolid’s acetamide
NH group and the oxygens of the phosphate group of G2505 (as present in the X-ray structure; prod_06)
or with O2' of U2504 (as present in the initial linezolid-H50S, trajectory; prod 04 and prod 07).
Hydrogen bonds were defined by a distance cutoff of 3.2 A and an angle cutoff of 120° and were
considered stable if their occupancies attained > 60 % (percent of simulation time in which the hydrogen
bond is formed) during the last 20 ns of the trajectory.

> RMSD values of linezolid with respect to the starting structure were considered stable if they stayed
below 4 A during the last 10 ns of the respective trajectory (Figure S7). Otherwise, a time point of the
MD simulation is provided when the RMSD starts exceeding 4 A.

¢ Stacking interactions between the oxazolidinone core or the fluoro-phenyl ring and the nucleobase of
U2504 or A2451/C2452, respectively, were defined by a distance cutoff of 5.0 A from one ring center
to another and considered stable if their occupancies attained > 60 % during the last 20 ns of the
trajectory. Otherwise, a time point of the MD simulation is provided when the stacking interaction
ceases to exist. In the case of stacking interactions with the fluoro-phenyl ring, the smallest distance to
the nucleobases of A2451 and C2452 was considered, respectively.

4 The binding mode was considered stable if the RMSD values and the stacking interaction with the
fluoro-phenyl ring were stable.
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Table S7: Summary of the structural analysis of linezolid-H50Smut control simulations. *

Trajectory no. | RMSD°® Stacking interaction ° Overall stability ¢
Oxazolidinone core | Fluoro-phenyl ring

prod 01 Stable Stable 2 ns Instable
prod 02 Stable Stable Stable Stable
prod 03 Stable 10 ns Stable Stable
prod_04 5ns 5ns 5ns Instable
prod 05 20 ns 30 ns Stable Instable
prod 06 Stable Stable Stable Stable
prod 07 Stable 30 ns Stable Stable
prod 08 35ns 37 ns Stable Instable
prod 09 I ns 1 ns Stable Instable
prod 10 25 ns 25 ns 5ns Instable

* In none of the trajectories were stable hydrogen bonds formed between linezolid’s acetamide NH
group and the oxygens of the phosphate group of G2505 (as present in the X-ray structure) or with O2'
of U2504 (as present in the linezolid-H50S. trajectory). Hydrogen bonds were defined by a distance
cutoff of 3.2 A and an angle cutoff of 120° and were considered stable if their occupancies attained
> 60 % (percent of simulation time in which the hydrogen bond is formed) during the last 20 ns of the
trajectory.

> RMSD values of linezolid with respect to the starting structure were considered stable if they stayed
below 4 A during the last 10 ns of the respective trajectory (Figure S7). Otherwise, a time point of the
MD simulation is provided when the RMSD starts exceeding 4 A.

¢ Stacking interactions between the oxazolidinone core or the fluoro-phenyl ring and the nucleobase of
U2504 or A2451/C2452, respectively, were defined by a distance cutoff of 5.0 A from one ring center
to another and considered stable if their occupancies attained > 60 % during the last 20 ns of the
trajectory. Otherwise, a time point of the MD simulation is provided when the stacking interaction
ceases to exist. In the case of stacking interactions with the fluoro-phenyl ring, the smallest distance to
the nucleobases of A2451 and C2452 was considered, respectively.

4 The binding mode was considered stable if the RMSD values and the stacking interaction with the
fluoro-phenyl ring were stable.
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Supplementary Figures
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Figure S1. Schematic representation of linezolid. Atoms of studied torsion angles are marked

by colored cycles, and bonds around which rotation occurs are indicated by arrows.
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Figure S2. Quantum mechanical (QM) and molecular mechanical (MM) energy profiles for
the torsion angle C13-N3-C12-C9. Both energy profiles were normalized to zero.
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Figure S3: Root mean-square deviations of all-atoms, core-atoms, and the ligand with respect
to the starting structure. (A) RMSD of C, and phosphorous atoms of all residues (dashed lines)
and the ‘core residues’ (solid lines) along the MD trajectories of linezolid-H50Swt (blue) and
linezolid-H50Smut (grey) complex structures. The ‘core residues’ were defined as those residues
with the 90% lowest RMSF of the Cq and phosphorous atoms. (B) RMSD of nucleotides forming
the ligand binding site (1% and 2™ shell) along the MD trajectories of linezolid-H50Sw: (blue) and
linezolid-H50Smut (grey) complex structures. (C) RMSD of linezolid along the MD trajectories of
linezolid-H50Sw: (blue) and linezolid-H50Smut (grey) complex structures after fitting to the Cy and

phosphorous atoms of the ‘core residues’.
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Figure S4: Distances monitoring hydrogen bond formation for linezolid-H50Sw¢ (blue)
and linezolid-H50Smu¢ (grey). The monitored distances are ordered according to the number
of the acceptor base: i.e. between: (A) G2447@O06 and A2451@N6; (B) C2499@02 and
A2453@N6; (C) A2451@N7 and G2447@N1; (D) C2452@O0O2P and A2451@02’; (E)
A2453@N1 and U2500@N3; (F) U2500@02 and A2032@N6; (G) U2500@0O2 and
A2055@N6; (H) U2500@04 and C2452@N4; (I) U2500@04 and A2453@N6; (J)
U2500@05’ and G2447@02’; (K) U2504@04 and C2452@N4; (L) U2504@04 and
U2500@N3; (M) U2504@O1P and U2500@02’; (N) G2505@O1P and U2504@02’; (O)
U2572@O02P and G2032@N2; (P) U2572@04’ and G/A2032@N1. In the case of the mutated
nucleotides C/A2499 and G/A2032 distances are only shown if the respective hydrogen bond

is possible.
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Figure S5: Distances monitoring aromatic stacking interactions for linezolid-H50Sy
(blue) and linezolid-H50S 4 (grey). The distances were determined between the centers of
mass of nucleobases (A) G/A2032 and A2055, (B) A2055 and U2504, (C) G2447 and U2500,
(D) A2451 and C2452, (E) C2452 and A2453, (F) C/A2499 and U2500, and (G) G2505 and
U2506.
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Figure S6: Time series of effective binding energies.

The time series were calculated for 500 snapshots extracted in 20 ps intervals from the last 10
ns of the MD simulations of linezolid-H50Swt (blue) and linezolid-H50Smut (grey). The drifts
in the effective binding energies, determined from the slopes of the linear regression lines for

linezolid-H50Swt and linezolid-H50Smut, are 0.32 kcal mol! ns' and 3.62 kcal mol! ns’!,

respectively.
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Figure S7: Structural analysis of linezolid-H50Svw: control simulations.

(A) and (B) Distances monitoring stacking interactions between the centers of mass of the
oxazolidinone core and the nucleobase of U2504 (A) and between the fluoro-phenyl ring and
the nucleobase of A2451/C2452 (B). (C) RMSD of linezolid along MD trajectories of
linezolid-H50Sw: complex structures after fitting to the C, and phosphorous atoms of the ‘core
residues’. Note that the trajectories are assigned to the left (right) panel if the interaction is
stable (instable).

Stacking interactions between the oxazolidinone core or the fluoro-phenyl ring and the
nucleobase of U2504 or A2451/C2452, respectively, were defined by a distance cutoff of 5.0
A from one ring center to another and considered stable if their occupancies attained > 60 %
during the last 20 ns of the trajectory. In the case of stacking interactions with the fluoro-phenyl
ring, the smallest distance to the nucleobases of A2451 and C2452 was considered,
respectively. RMSD values were considered stable if they stayed below 4 A during the last 10

ns of the respective trajectory.
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Figure S8: Structural analysis of linezolid-H50S ¢ control simulations.

(A) and (B) Distances monitoring stacking interactions between the centers of mass of the
oxazolidinone core and the nucleobase of U2504 (A) and between the fluoro-phenyl ring and
the nucleobase of A2451/C2452 (B). (C) RMSD of linezolid along MD trajectories of
linezolid-H50Smut complex structures after fitting to the C, and phosphorous atoms of the ‘core
residues’. Note that the trajectories are assigned to the left (right) panel if the interaction is
stable (instable).

Stacking interactions between the oxazolidinone core or the fluoro-phenyl ring and the
nucleobase of U2504 or A2451/C2452, respectively, were defined by a distance cutoff of 5.0
A from one ring center to another and considered stable if their occupancies attained > 60 %
during the last 20 ns of the trajectory. In the case of stacking interactions with the fluoro-phenyl
ring, the smallest distance to the nucleobases of A2451 and C2452 was considered,
respectively. RMSD values were considered stable if they stayed below 4 A during the last 10

ns of the respective trajectory.
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Figure S9: Structural analysis of radezolid-H50S ¢ and tedizolid-HS50Smu: simulations.

(A) Distances monitoring hydrogen bond formation between radezolid’s acetamide NH group
and 02’ of G2505 (radezolid-H50Smut: dark-grey; occupancy 60 %) and between tedizolid’s
OH group and the oxygens of the phosphate group U2504 (tedizolid-H50Smut: turquoise; only
the smallest distance found in each snapshot is plotted; occupancy 100 %). Furthermore,
corresponding distances with the oxygens of the phosphate group of G2505, as observed in the
crystal structure (5), are shown in grey. (B-D) Distances monitoring stacking interactions
between the centers of mass of the oxazolidinone core and the nucleobase of U2504 (B),
between the fluoro-phenyl ring and the nucleobase of C2452 (C), and between tedizolid’s
tetrazole ring and U2585 (D). (E) RMSD of radezolid and tedizolid along the MD trajectories
of radezolid-H50Smut and tedizolid-H50Smut complex structures after fitting to the C, and

phosphorous atoms of the ‘core residues’. (F) Chemical structures of radezolid and tedizolid.
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