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Parametrization details for methylated A2058

Parametrization of the N6-mono- and N6,N6'-dimethyl adenine moieties followed the

CGenFF optimization protocol.[1] For efficiency, the ribose and phosphate groups were removed

and N9 was capped with a hydrogen atom.  Initial parameters were obtained from the CGenFF

program, version 0.9.1, via the ParamChem interface (available online).[2,3] Mol2 files were

generated using MOE (Molecular Operating Environment[4]). Charges obtained from

ParamChem were replaced by standard charges from the CHARMM36 nucleic acid force

field[5-8] for all atoms with the exception of the exocyclic N6 and N9, the latter of which whose
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ParamChem “guess” charge was maintained because of the capping hydrogen atom.  Structures

were initially generated in CHARMM[9] using initial guess parameters, then the geometry

optimized at the quantum mechanical (QM) MP2 level of theory with the 6-31G* basis set and

tight optimization with the program Gaussian03.[10] Charges were first optimized by

comparison of QM and (CHAR)MM interaction energies with water.  QM interaction energies

were calculated using Gaussian03, with the Hartree-Fock level of theory and 6-31G* basis set as

previously described.[1,8]  Because methylation occurs at the exocyclic N6 and presumably

would have little effect on the charges of other atoms, the charges for all other adenine atoms

were maintained and only the methyl carbon and N6 charges were optimized.  Hydrogens of the

exocyclic methyl group were maintained at 0.09.  Table S2 and S3 show the interaction energies

and distances for N6-mono and N6,N6'-dimethyl adenine and water in various geometries,

respectively.  Only the most favorable geometries were selected as target QM data.

 Bond lengths and angle parameters for the exocyclic methyl groups were optimized

using the QM target geometry.  The N6-monomethyl adenine molecule was optimized first and

the parameters transferred to the dimethyl analog.  In general, the CGenFF parametrization

protocol permits deviations of 3° for the angles and 0.03 Å for the bonds.  However, the

difference in the angle N1-C6-N6 was found to be 3.7°.  The associated parameter belongs to the

existing parameters within the nucleic acid force field and not subject to optimization, therefore

the slight increase in deviation was deemed acceptable.  For N6,N6'-dimethyl adenine,

parameters for the bond and angle lengths were initially directly transferred for the monomethyl

analog.  However, because the agreement with QM data for the bonds and angle was poor, the

second methyl group was defined as a unique atom type from the first methyl carbon, allowing

the dimethyl analog to be specifically parametrized separately.  Again, deviations between the
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QM and MM bond and angle lengths for the atoms of interest were found to be less than 3° for

the angles and 0.03 Å for the bonds, with the exception of N1-C6-N6 which was found to be

4.7°, see Figure S1 for atom numbering.

Bond and angle force constants were optimized by comparison of vibrational spectra for

the QM and MM geometries, in which QM frequency values were scaled by 0.943.[11]

Vibrational spectra were calculated via the MOLVIB module in CHARMM.  Frequencies and

contributions of the internal degrees of freedom were compared for both the QM and MM

geometries and bond/angle force constants were manually optimized until the vibrational spectra

were in good agreement, Table S4 and S5 for the mono- and dimethyl adenine molecules.

The force constants for the dihedral angles C5-C6-N6-C7A and C5-C6-N6-C7B, where

C7A/B represent the methyl carbons, were optimized using potential energy surfaces (PES).  QM

scans were performed with Gaussian03[10] from 0° to 180° in 12 steps of 15° for each targeted

dihedral.  CHARMM was utilized to generate the MM PES. The relative energies at each scan

point were compared between QM and MM and the force constants and phases were manually

changed until good agreement was achieved (Figure S2).  Phases were constrained to 0° or 180°

as per the CGenFF convention.  During the optimization emphasis was placed on the low energy

regions of the PES as these are sampled during the MD simulations.

Because optimization of the dihedral yielded high potential energy barriers for this

dihedral, it was necessary to consider two separate conformations for the N6-monomethyl

mutant, one in which the methyl group was oriented cis to the N1 atom and the other in which

the methyl is trans.  QM and MM energies were calculated for both orientations, in which the

methyl group oriented cis to N1 was designated MAD1 and trans to N1 as MAD2.  Table S6

shows the QM and MM energies for both orientations.  QM energies were obtained using
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Gaussian03[10] using the MP2 level of theory and 6-31G* basis set and tight optimization.  MM

energies were obtained in CHARMM using the optimized parameters aforementioned and

performing an energy minimization in vacuo with conjugate gradient for 200 steps and and

Newton-Raphson minimization for 50 steps with a tolerance of 0.00001 using infinite non-bond

cutoffs.

System Set-up and Equilibration

Simulations of the entire ribosomal complex are computationally expensive- e.g.

solvating the complex within a box of water would result in a system of over 1 million

atoms.[12,13] Since only atoms pertaining to the telithromycin binding site are of interest for the

present study, a stochastic boundary approach[14-18] is utilized whereby atoms of interest

encompassing the telithromycin binding site “see” an external field that is representative of

atoms outside of the region of interest.  Furthermore, because of the buried nature of the binding

site and the fact that it is inaccessible to the bulk region, a Grand Canonical Monte Carlo-

Molecular Dynamics (GCMC/MD) approach is employed.[19,20] GCMC/MD allows for the

number of waters to fluctuate during the course of the simulation resembling an open system at a

constant chemical potential.  Hence it is utilized here as a means to robustly determine the degree

of hydration within the telithromycin binding site during the simulation.  GCMC/MD is divided

into two stages.  In the first (GCMC) waters are inserted, deleted, rotated, or translated according

to a Metropolis acceptance criterion[21] that is dependent on the excess chemical potential of

water and the change in energy between the putative position and existing position.  The second

stage (MD) allows for subsequent relaxation of the system's dynamic regions, including the

newly placed waters.  These stages are repeated iteratively until the number of waters within the
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system reaches convergence, with this stage of the simulation considered equilibration.  All the

systems (i.e. WT, mutant, and modifications) were treated in this manner and found to reach

convergence similarly.  Shown in Figure S3 are the number of waters as a function of simulation

time for all the systems studied.  The number of active GCMC waters approaches convergence

by 5 ns (a total of 250 GCMC/MD cycles) and this portion of the trajectory is considered

equilibration.  At this point, the running average of GCMC waters within the 35 Å sphere was

determined to be 2115 with a standard deviation of 2 water molecules for WT.  Equilibration of

the system was confirmed by root mean square deviation analysis (Figure S4), which shows that

the ribosome (RNA and protein) is stable and has relaxed around the newly placed waters by 5

ns.  Though the dynamics is not continuous as in standard molecular dynamic simulations,

because the positions of the system (namely, RNA, protein, and ligand) are unchanged during the

GCMC portion, it is treated as continuous for the purposes of analysis.  From the RMSD, the

deviation is less than 2.5 Å in all cases and was assumed to be adequately converged by 5 ns

such that the remaining 25 ns was considered production and was used for analysis.  As a check,

the potential energy as a function of cycle was calculated and was also found to stabilize by 250

cycles (or 5 ns dynamics time, Figure S5).  Following equilibration, production GCMC/MD is

performed which allows the systems to sample a range of conformations and degrees of

hydration.

Molecular dynamics using longer MD simulations during each GCMC/MD iteration.

The convergence of the GCMC/MD simulations was confirmed by running multiple

simulations using longer MD during the GCMC/MD cycles.  The number of MC steps remained

unchanged at 10,000.  Starting from the coordinates obtained after the initial hydration phase
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(which involves 20 cycles of GCMC/MD with restraints/constraints as defined in the methods),

these additional simulations consisted of an initial 100 cycles of GCMC/MD using 10,000 steps-

20 ps MD per cycle for a total of 2 ns.  At this point the majority of GCMC waters were inserted.

The coordinates were then used to start 4 separate simulations in which the number of MD steps

was increased to 25,000 steps, 50,000 steps, 250,000 steps, or 500,000 steps for total dynamics

simulation times of 50 ps, 100 ps, 500 ps, and 1 ns per cycle, respectively.  A fifth GCMC/MD

simulation was also performed using the same number of MD steps per cycle (10,000 steps/20

ps) so as to test the original simulation protocol.  GCMC/MD simulations were continued for 28

ns bringing the total dynamics time to 30 ns with the last 25 ns used for analysis.  This procedure

was applied to all the WT and A2058 mutant/modified systems.

Analysis showed the number of waters inserted during GCMC to be correlated to the

length of the MD, Figure S6.  Thus, the longer MD simulations appear to allow for additional

relaxation of the structure allowing for a higher number of waters to be inserted overall. To

determine whether this effect would alter the dynamics within the macrolide binding pocket, the

number of waters within 10 Å of telithromycin was counted over the last 25 ns and averaged for

each simulation (Table S7).  Waters were counted if the oxygen atom resided within 10 Å of the

center and the final snapshot of each trajectory was used to determine the water coordinates.  The

number of waters was found to be similar irrespective of the length of MD and therefore not

likely to affect the dynamics within the pocket.  RMSD analysis was also performed for the

varying MD simulations and found to be within 2.5 Å (not shown).

The impact of the length of the MD simulations, as well as convergence of the sampling,

was also assessed by analyzing probability distributions of the telithromycin 2'-OH to N1/N6

A2058/A2059 distances for the wild-type and mutant simulations (Figure S7).  Overall, good
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agreement was observed between the simulations using different duration MD simulations

indicating that the ensemble of conformations sampled during the different simulations were

sampling similar, though not identical regions of conformational space.  For this reason, the

conformations from all of the simulations were combined and used for analysis, which yielded a

total of 150 ns cumulative sampling time for each of the studied systems.

Root mean square fluctuations to determine conformational flexibility

Root mean square fluctuations (RMSF) were calculated for RNA and protein within 10 Å

of telithromycin as well as telithromycin to determine whether A2058 modification impacts the

conformational flexibility of the macrolide binding pocket or of the macrolide. RMSF values

were calculated for non-hydrogen atoms of the nucleotide (including base, sugar, and phosphate

group).  B-factors are also shown for completeness and are calculated by averaging over the

atomic B-factors for each nucleotide.

Figure S8 shows that RNA and protein are in general more conformationally flexible in

the WT ribosome.  Moreover, Figure S9 indicates that the arm of telithromycin is more flexible

in the WT and A2058G mutant and that this increased flexibility coincides with the B-factors

from the crystal structure as discussed in the text.
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Figure S1.  2D representation of N6-monomethyl adenine (left) and N6,N6'-dimethyladenine

(right) showing the numbering scheme pertaining to the parametrization.

Figure S2. Potential energy scan for (left) N6-monomethyl adenine for the dihedral C5-C6-N6-

C7A and (right) N6,N6'-dimethyl adenine dihedral C5-C6-N6-C7B, where C7A/B represent the

exocyclic methyl carbons as shown in Figure S1.
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Figure S3.  The number of GCMC waters as a function of dynamics simulation time for each

system studied.  Number of GCMC waters were those present at the start of MD during each

cycle.  WT=wild-type (black), A2058G=A2058 mutated to G (red), MAD1/MAD2= the N6-

monomethyl adenine with the methyl cis (green) and trans (blue) to the N1 atom, DMAD=

N6,N6'-dimethyl adenine (magenta).
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Figure S4. The RMSD (in Ang) for RNA (top panel), protein (middle), and telithromycin

(bottom) for the WT and mutant/modifications over the 30 ns GCMC/MD simulation.  WT is

shown in black, A2058G in red, MAD1 in green, MAD2 in blue, and DMAD in magenta.
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Figure S5. The potential energy as a function of cycle for the WT and mutant/modifications over

the 30 ns GCMC/MD simulation.  1500 cycles is equivalent to 30 ns dynamics simulation time.

WT is shown in black, A2058G in red, MAD1 in green, MAD2 in blue, and DMAD in magenta.
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Figure S6.  The number of GCMC waters as a function of time for varying lengths of MD

performed to check for convergence.  Original refers to the GCMC/MD simulation in which all

1500 cycles were run continuously using 10,000 MC steps and 20 ps MD.  The 20, 50, 100, 500

ps, and 1 ns lines refer to the GCMC/MD simulations used to test for convergence and were

performed by first running 100 cycles of GCMC/MD (10,000 MC steps/20 ps MD), then using

the final snapshot to start 5 separate GCMC/MD simulations with varying MD steps as described

in the text.  For this reason, the number of GCMC waters in the latter GCMC/MD simulations

are shown starting at 2 ns with the number of GCMC waters during the first 2 ns shown in cyan.

The Original starts at the origin.
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Figure S7. The probability distributions of the telithromycin 2’OH to N1, N6 (A2058) and N6

(A2059) for the various lengths of molecular dynamics simulations performed to determine

convergence.  The 2'-OH – N1 (A2058) is shown in black, 2'-OH to N/O6 (A/G2058) in red, and

2'-OH to N6 (A2059) in green.  Corresponding crystal structure distances are illustrated as

vertical lines using the same color scheme.   The two GCMC/MD simulations obtained with 20

ps MD are shown.  Original refers to the GCMC/MD simulation in which all 1500 cycles were

run continuously using 10,000 MC steps and 20 ps MD.  The second simulation in which the

coordinates were obtained from an initial 100 cycle GCMC/MD simulation is designated as such

and is described in the text.
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Figure S8. RMS Fluctuations (Å) for RNA (top panel) and protein (bottom panel) within 10 Å

of telithromycin in the WT and mutant/modifications. WT is shown in black, A2058G in red,

MAD1 in green, MAD2 in blue, DMAD in magenta, and crystal structure values in orange.

RMSF values reported are for the entire nucleotide or residue (including backbone).
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Figure S9. RMS Fluctuations (Å) for telithromycin in the WT and mutant/modifications. WT is

shown in black, A2058G in red, MAD1 in green, MAD2 in blue, DMAD in magenta, and crystal

structure values in orange. RMSF values reported are for non-hydrogen atoms only.
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Figure S10.  The probability distributions of distances for A2059 C2 to A2062 N6. WT is shown

in black, A2058G in red, MAD1 in green, MAD2 in blue, and DMAD in magenta.  The crystal

structure distance is shown as a black vertical line.
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Figure S11. The probability distributions for the distances between telithromycin O16 to A2059

P (black), O16 to Lys90 NZ (red), and O18 to A2062 N6 (green). Corresponding crystal

structure distances are illustrated as vertical lines using the same color scheme.  The inset figure

illustrates the distances and orientations of the atoms from the crystal structure.  O16 refers to

C16-ketone, O18 refers to C9-ketone.   
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Figure S12.  The probability distribution of distances between 2058 N6/O6 and a nearby Mg2+

ion that chelates the phosphate groups of G2056 and G2057 and two crystallographic waters.

Note that Mg2+ and crystallographic waters were included in the simulations.  Waters are

excluded in the image for clarity. WT is shown in black, A2058G in red, MAD1 in green, MAD2

in blue, and DMAD in magenta.  The crystal structure distance is shown as a vertical black line.
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Table S1. MIC values (ug/mL) for telithromycin and erythromycin (in parentheses) against WT,
A2058G mutant, and mono/dimethyl modifications.  References are reported with the values.
For details of measurements and species-specific information (i.e. strain, plasmids for
methylation, etc.), please refer to the references.

Species WT A2058G N6-monomethyl N6,N6'-dimethyl

E. coli [22] 0.5 (0.5) 2 (128) 512 (1024)

M. smegmatis [23] 0.25 (16) 128 (>1024)

Table S2. Interaction Energies (kcal/mol) and Distances (Å) for N6-monomethyl Adenine and
Water Complexes.

Interaction geometry ∆E
(HF)*

∆E
(36NA)

∆∆E
(36NA-HF)

r
(HF)

r
(36NA)

∆r
(36NA- HF)

H71...OHH -1.71 -1.54 0.17 2.65 2.65 0.00

H72...OHH 0.06 -0.32 -0.38 2.77 2.71 -0.06

H73...OHH -0.78 -0.32 0.46 2.75 2.71 -0.04

H62...OHH -1.74 -1.51 -0.23 2.17 2.02 -0.15

N6.....HOH -2.88 -2.95 -0.07 2.35 2.31 -0.04

AD
RMSD
AAD

0.08
0.29
0.26

* HF energies are scaled by a factor of 1.16.  Water interactions are shown only for a subset of
atoms pertaining to the added methyl group and surrounding atoms.  Included are average
deviation (AD), root mean square deviation (RMSD), as well as absolute average deviation
(AAD). Atom numbering is as follows (Figure S1): H71, H72, and H73 correspond to the
exocyclic methyl hydrogens, H62 is the exocyclic amine hydrogen, and N6 is the exocyclic
amine nitrogen.
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Table S3. Interaction Energies (kcal/mol) and Distances (Å) for N6,N6'-dimethyl Adenine and
Water Complexes.

Interaction geometry ∆E
(HF)*

∆E
(36NA)

∆∆E
(36NA- HF)

r
(HF)

r
(36NA)

∆r
(36NA- HF)

H71...OHH -1.59 -1.13 0.46 2.67 2.70 0.03

H72...OHH 0.64 0.31 -0.33 3.28 2.85 -0.43

H73...OHH -0.74 -0.13 0.61 2.79 2.76 -0.03

H74...OHH -1.37 -1.29 0.08 2.69 2.69 0.00

H75...OHH -0.94 -0.16 0.78 2.78 2.74 -0.04

H76...OHH -1.51 0.64 2.15 5.68 2.82 -2.86

N6.....HOH -2.28 -2.80 -0.52 2.33 2.19 -0.14

AD
RMSD
AAD

0.46
0.82
0.71

* HF energies are scaled by a factor of 1.16.  Water interactions are shown only for a subset of
atoms pertaining to the added methyl group and surrounding atoms.  Included are average
deviation (AD), root mean square deviation (RMSD), as well as absolute average deviation
(AAD.  Atom numbering is as follows : H71, H72, and H73 correspond to the exocyclic methyl
hydrogens for the methyl group C7A; H74, H75, and H76 correspond to the exocyclic methyl
hydrogens for the methyl group C7B; and N6 is the exocyclic amine nitrogen.  See Figure S1.
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Table S4. N6-monomethyl Adenine QM and MM Vibrational Spectra for the modes involving
the methylated amino group.

MP2/6-31G* CGenFF

Assignment Frequency % Frequency %

sN6-H 3437.7 100 3503.6 100

sN6-C7A
994.5
1127.6
1174.3

47
19
16

955.2
1087.9

16
37

sC7A-H
2925.8
3011.2
3050.4

100
100
99

2978.5
3022.2
3022.9

99
100
100

dC6N6C7A 170.9
326.7

20
34

184.5
334.0

32
37

dN6H 1447.8 22 1385.3
1507.2

18
23

wN6H62 82.2
428.6

44
23

417.3
471.8

52
19

dsC7AH 1411.6 67 1449.9 98

daC7AH 1479.7
1502.6

57
25 1406.3 84

daC7AH' 1454.1 86 1413.6 84

rC7AH 1072.3
1174.3

25
33

1043.6
1098.4

32
27

rC7AH' 1116.6 78 1065.5
1413.6

81
15

torN6-C6 82.2
428.6

25
53

129.2
280.4
332.5

26
39
27

torN6-C7A 96.2 73 96.0 99
* MP2/6-31G* values are scaled by 0.943[11]
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Table S5. N6,N6'-dimethyl Adenine QM and MM Vibrational Spectra for the modes involving
the methylated amino group.

MP2/6-31G* CGenFF

Assignment Frequency % Frequency %

sN6-C7A(B)

830.3
914.0
1049.7
1245.2

15
38
23
46

913.6
1289.8
1335.0

34
53
19

sC7B-H
2899.3
2985.5
3071.2

98
100
99

2977.7
2978.4
3020.0
3020.8
3023.4

79
20
48
93
54

dN6C7A 368.7 50
331.0
349.3
488.1

34
18
20

dN6C6 356.6 50
229.4
334.4
359.0

17
19
34

wN6C6
91.5
203.0
224.3

28
24
20

208.0
378.9

21
22

dsC7BH 1423.7 79
1462.0
1483.9

44
28

daC7BH
1474.4
1477.3

56
20

1411.5 62

daC7BH'
1462.6
1477.3

17
51

1418.5
1425.2

56
18

rC7BH
1090.8
1133.2

20
26

1041.9 47

rC7BH'
1090.8
1133.2

21
23

1022.1
1094.6

47
30

torN6-C6 67.4 80 74.9 78

torN6-
C7A(B)

124.5
148.1
231.2

77
60
18

122.6
148.9

75
94

* MP2/6-31G* values are scaled by 0.943. [11]
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Table S6. QM versus MM relative energies for MAD1 versus MAD2.

Energy Type (kcal/mol)* MAD1 MAD2

QM 0.00 1.25

MM 0.00 1.30
* Energy values shown are relative to MAD1.

Table S7. The number of GCMC waters within 10 Å of telithromycin averaged over the last 25
ns of GCMC/MD for varying lengths of MD.  Water molecules with oxygen atoms within 10 Å
of the center are considered.

System # waters

Original (MD=20 ps) 52

New MD=20 ps 42

MD=50 ps 42

MD=100 ps 43

MD=500 ps 42

MD=1 ns 42
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