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a b s t r a c t

The thiostrepton antibiotic inhibits bacterial protein synthesis by binding to a cleft formed by the ribo-
somal protein L11 and 23S’s rRNA helices 43–44 on the 70S ribosome. It was proposed from crystal struc-
tures that the ligand restricts L11’s N-terminal movement and thus prevents proper translation factor
binding. An exact understanding of thiostrepton’s impact on the binding site’s dynamics at atomistic res-
olution is still missing. Here we report an all-atom molecular dynamics simulations of the binary
L11 � rRNA and the ternary L11 � rRNA � thiostrepton complex (rRNA = helices 43–44). We demonstrate
that thiostrepton directly impacts the binding site’s atomic and biomacromolecular dynamics.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The GTPase associated region (GAR) on the 70S ribosome plays a
central role in peptide elongation by providing a docking site for
elongation factors and by coordinating GTP hydrolysis during pro-
tein synthesis.1–3 The GAR is primarily formed by the ribosomal
protein L11 and the helix 43–44 (H43–H44) substructure of the
23S ribosomal RNA. L11 is a highly conserved two-domain protein,
whose C-terminal domain (CTD) tightly binds to the compactly
folded rRNA and orients the N-terminal domain (NTD). The NTD it-
self makes very limited contacts with the rRNA.4 The detection of
different NTD orientations strongly suggests that its dynamic mo-
tion is critical for function and binding with elongation and initia-
tion factors.5,3

The importance of the bacterial GAR in protein synthesis, cou-
pled with the identification of potent natural product antibiotics
targeting it, renders this region an interesting target for drug devel-
opment.6 The thiopeptide antibiotic thiostrepton (TS)7,8 inhibits
bacterial protein biosynthesis by tightly binding to the cleft formed
by the GAR’s L11 protein and H43–H44 helices of the 23S rRNA.9–12

This ternary binding event was shown to be highly cooperative and
necessitates the presence of both rRNA and protein components.
ll rights reserved.

(K.N. Kirschner).
Furthermore, recent data suggest that TS binding impedes stable
binding of EF-G and EF-4.13 Interpretations of ribosomal crystal
structures in the 3.2–4.2Å resolution range have strengthened
the hypothesis that TS restricts the protein’s NTD movement, and
thereby prevents proper binding and processing of translation fac-
tors.14,3 However, the resistance data for thiopeptide antibiotics
cannot easily be aligned with a static lock-and-key model for
inhibitor binding.15 Obtaining atomic resolution data of the
L11 � 23S binding site dynamics and the effects of inhibitor binding
would improve our understanding of the multifaceted interaction
between ligand, protein and rRNA—and potentially guide further
drug discovery.

One possible mean for acquiring such data are molecular
dynamics (MD) simulations. Thereby insights into the structure
and dynamics of large biomolecular complexes can be provided in
silico at the atomic level that cannot be generated by other meth-
ods. When implemented and results interpreted carefully, MD sim-
ulations provide valuable qualitative and semi-quantitative
information about the structure and dynamics of folded RNA mole-
cules and protein–RNA complexes,16–19 especially when calibrated
by experimental observation. For example, simulations have
revealed functionally significant stochastic fluctuations of RNA
building blocks, where ribosomal kink-turns may play a role in
translocation.20,21 The intrinsic flexibility of H3822 and the
H42–H44 segment of the 23S rRNA have been described by
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simulations.23 More recent simulations on three rRNA three-way
junctions demonstrated significant anisotropic hinge-like flexibil-
ity between stacked stems.24 Whitford et al. performed an impres-
sive 2.1 ls worth of all-atom simulations of the 70S ribosome to
provide a relationship between computed free-energy profile for
elbow-accommodiation and its experimental kinetics.25

In the last decade, MD simulations of RNA–protein complexes
have been enriched by the growing number of high-resolution crys-
tal structures.17 These works include coarse-grained26 and all-
atom27,28 simulations of the entire ribosome, as well as simulations
of diverse protein–rRNA interactions,29–32 including the ligand-free
GAR.31 By using an MD simulation, Frank and co-workers identified
two L11 conformations that matched cryo-EM maps and were
interpreted as bound and unbound states to the aa–tRNA–EF–
Tu–GTP ternary complex.31 Thus, despite the ribosome’s challeng-
ing size and molecular complexity, MD studies have contributed
valuable insights into its functional properties.

Here we performed all-atom MD simulations of the binary
L11 � rRNA complex and the ternary L11 � rRNA � TS complex
(where rRNA is helix 43–44 of 23S) to investigate the ligand’s bind-
ing and its influence on the dynamics of the ribosomal protein–
RNA complex. We demonstrate that TS binding restricts the ther-
mal motion of the nearby NTD, its a1-helix secondary element,
and exerts weak but detectable dynamic coupling to the distant
CTD. To our knowledge, this is the first reported MD study that
models L11, a portion of 23S, and a natural product together, and
represents the foundation for our computational drug-design re-
search efforts involving thiopeptides.
2. Materials and methods

2.1. Biochemistry

Escherichia coli 23S rRNA fragments were prepared by T7
in vitro transcription and gel purified as described elsewhere.15

The 63nt sequence used for spectroscopy was 50-GGCCAGGAUG-
UUGGCUUAGA-AGCAGCCAUC-AUUUAAAGAA-AGCGUAAUAG-CUC
ACUGGUC-UAG-30 (E. coli sequence 1051–1108 in bold). rRNA con-
centration was determined by absorbance measurement at 260nM
using e260 ¼ 0:6404lmol�1 cm�1. Thermus thermophilus L11 pro-
tein was expressed as N-terminally His6 � tagged fusion construct
and purified using Ni2þ � NTA affinity chromatography.15 Protein
concentrations were determined by absorbance measurement at
280nM using computed extinction coefficients.33 Thiostrepton
was obtained from Calbiochem and used directly (HPLC purity
> 95%). TS stock solutions (100�) were prepared in trifluoroetha-
nol (TFE). Ligand concentrations were determined by absorbance
measurement at 280nM using e280 ¼ 0:027lmol�1 cm�1.34
2.2. CD-spectroscopy

All samples were prepared in 25mM Na2HPO4=NaH2PO4 buffer
(pH 8.0) supplemented with 10mM MgCl2, containing 1% TFE (v/v).
CD-spectra were recorded on a J-815 spectrometer (Jasco Deutsch-
land GmbH, Gross-Umstadt, Germany) at 5 �C (0.5nm steps, con-
tinuous mode, 0.5nm bandwidth, scan rate 100nm/min) using
quartz cuvettes (d ¼ 2mm). The spectra were analyzed using
the Jasco Spectra Manager software package (V1.0). Spectral signa-
tures were invariant to the presence of the His6 � tag and to the
presence of TFE in the medium (up to 5%).

For the CD titrations constant concentration of the 23S RNA
fragment (2lM) or L11 (3lM) alone, as well as equimolar
mixtures of the 23S RNA fragments and L11 (2lM), were mixed
with varying TS concentrations and incubated for 1h at 5 �C. The
CD-spectra of varying concentrations of TS without RNA or protein
were recorded for comparison. For each sample the averaged CD-
spectral sum (10 accumulations) was recorded from 350 to
200nm. The free ligand TS displayed a very weak CD-signature
only detectable at concentrations > 6 lM with two major peaks
at 210 and 250nm, respectively (Supplementary Figure. 1). Inter-
ference with the strong signals from RNA or protein could hence
be excluded.

2.3. Molecular dynamics simulations

To construct the computational models, the crystal coordinates
(PDB code 3CF5)14 of the TS-bound 50S subunit from Deinococcus
radiodurans were used. Only the atoms associated with the L11
protein, with helices H43–H44 of the 23S rRNA (i.e., residues
1051–1108), and of TS were extracted. For the simulation without
ligand, the resulting vacancy was filled with water. All simulations
were performed using AMBER9 and 11.35 The Parmbsc0 and
Parm99SB36 force fields37 were used for the rRNA and protein res-
idues. Throughout this paper the residue numbering is according to
the sequence given in Ref. 14.

The TS model preparation required special consideration due to
its constitution and large size. TS was separated into its constituent
residues as defined by Bond et al.38 Parameters for the standard
amino acid residues were taken from the Parm99SB force field.36

For the non-standard residues, atom-type appropriate intramolec-
ular and Lennard-Jones parameters were taken from the General
Amber Force Field (GAFF).39 Each non-standard residue was
capped using the nearest functional group present in the structure,
and terminated using a methyl group—as exemplified in Figure 1.
This was done to include any local electron delocalization present
in the macrocycle during the determination of a residue’s partial
atomic charges. These residue analogues were optimized at the
HF/6-31G(d) level of theory, and verified as minima using
frequency analysis. Molecular electrostatic potentials were
subsequently constructed using the CHELPG methodology.40 A
restrained electrostatic potential fit (i.e., RESP) was performed
using a 0.01 weighting factor to obtain partial atomic charges that
are compatible with Parm99SB.41 The capping groups were subse-
quently removed from each residue, and the remaining residual
charge were neutralized. All quantum mechanics calculations were
performed using GAMESS.42 Atom type assignment and the partial
atomic charges for TS can be found in Supplementary Table 1, with
corresponding atom labels is Supplementary Figure 2.

The protein–rRNA complex was neutralized using 50 sodium
ions and solvated in a truncated octahedron of TIP3P43 waters with
a 15Å padding in all directions. Our use of net-neutralizing sodium
ions rather than divalent ions or experimental salt conditions fol-
low the rationalization presented by Ŝponer and co-workers.23

The resulting model sizes were 55,186 and 50,435 atoms for the
L11 � rRNA and L11 � rRNA � TS systems. A series of minimizations
were performed on the model to an energy gradient convergence
of 0:6kcal�mol�1. Afterwards, three sequential MD simulations
were performed where the portion of allowed motion included
(a) just the water molecules and sodium ions, (b) water, sodium
ions, added hydrogens, and capping residues, and finally (c) the en-
tire system. Each simulation was heated from 5 to 310K in 100ps
and cooled back to 5K in another 100ps; for temperatures below
155K the simulations were performed at a constant volume, while
over 155K the simulations were at a constant pressure of 1bar. Fi-
nally, a constant pressure production run was conducted at 310K
without restraints. A chart describing this simulation protocol
can be found in Supplementary Figure 3.

Density, volume, and energy were monitored, as appropriate for
each stage, to ensure simulation stability. A cutoff of 9Å was used,
while the Particle Mesh Ewald method44 was employed to capture
the longer non-bonded interactions. Electrostatic and vdW
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Fig. 1. Illustration of substructure extraction from thiostrepton (TS) and illustration of capping nonnatural amino acid residues. Such a procedure is necessary for determining
TS’s partial atomic charges, which is part of the ligand’s force-field parameterization. In the case shown, the thiazoline-4-carboxyl residue (bracketed) is capped using the
nearest functional groups of TS (dehydrobutyrine and thiostreptine).
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interactions between atoms separated by three bonds were re-
duced by factors of 1.2 and 2.0. Temperature regulation was con-
trolled using Langevin dynamics with a collision frequency of
1ps�1 and a unique random-prime-number seed was used at each
restart point.35 The SHAKE algorithm45 was used to constrain
bonds involving hydrogen atoms, and subsequently these bonds
were excluded from the force evaluation. A time step of 1fs was
used during equilibration and increased to 2fs during the produc-
tion run. Coordinates were recorded every 1ps. To help substanti-
ate our observations, each of the two simulations was repeated for
another 40ns using the same protocol, but starting with different
random number seeds, resulting in a total of 80 ns worth of data
per model.

2.4. Analysis of MD trajectories

All analyses were performed on the trajectory data generated
from the production simulations for both models. Prior to each
analysis, the structures within each trajectory were aligned using
the backbone atoms (i.e., Ca, C, N for the protein and P, C30, C40,
C50, O30; O50 for the rRNA) to the X-ray structure, except when sta-
ted otherwise. Such preanalysis alignment removes system-wide
translational and rotational movements.

2.4.1. RMSD and RMSF:
The root-mean-squared deviation (RMSD) and fluctuations

(RMSF) were calculated for the protein and rRNA backbone atoms
using the PTRAJ module of AMBER.35

2.4.2. Cross-correlation analysis:
For the dynamic cross-correlation analysis, the covariance

matrices were computed using PTRAJ. The corresponding dynamic
cross-correlation maps (DCCMs) were plotted using the statistics
package R (V2.10).46

2.4.3. Principal component analysis and clustering:
Principal component (PC) analysis47,48 was done using R and the

bio3d package,49 which was developed specifically for analyzing
biomolecular data. For this analysis, only Ca and P atoms were con-
sidered. The snapshots were clustered along the PC subspace
spanned by the first three PCs using the K-means method, as
implemented in R. (The full details of clustering the different PC
subspaces can be found in Ref. 50.) The resulting clusters were
mapped back onto the RMSD versus time plot to provide trajectory
time-frames for cluster existence. Subsequently, the conforma-
tional representatives of each cluster were obtained by selecting
the conformational snapshot with the lowest RMSD value to the
cluster centroid (i.e., the average conformation).

2.4.4. Secondary structure:
The protein secondary structure was computed throughout

each simulation using the DSSP method,51 as implemented in
PTRAJ.

2.4.5. rRNA conformations:
The v� angle and sugar pucker of all nucleic acids were moni-

tored throughout both simulations. The v� angle was defined by
the O40 � C10 �N9� C4 torsion, while the sugar puckering was
characterized via the pseudorotational phase angle P as defined
by Altona and Sundaralingam.52 Two additional water solvated
simulations were performed on the adenosine (A) monomer and
the AAA trimer, whose results were used to help validate the find-
ing in the ribosome simulations.

3. Results

3.1. CD-spectroscopy

To identify if conformational changes occur upon ligand bind-
ing, we reconstituted the L11 � 23S Thermus thermophilus complex
under close-to-native conditions in vitro and conducted CD titra-
tions at low lM concentrations where TS does not precipitate.12,34

The sole 23S rRNA fragment displayed the typical CD signature of a
predominant A-form RNA helix with maxima at 210 and 265nm
(Fig. 2A).53 Titrations of the fragment with increasing TS concentra-
tions (up to a fivefold excess) had no detectable effect on the rRNA
CD spectrum (Fig. 2A) and and hence on its overall conformation.

The T. thermophilus L11 protein displayed the CD signature of a
predominantly a� helical fold with typical maxima at 200, 210,
and 220nm53 (Fig. 2B), congruent with the available structural data
of similar homologs.14,4,5 Titrations of L11 with increasing TS con-
centrations (up to a twofold excess) did not affect the protein’s CD
spectrum. Hence the overall conformation of the isolated L11 pro-
tein remains unaffected by TS.

As expected, stoichiometric complexes of the 23S rRNA frag-
ment and L11 showed a characteristic sum spectrum of the RNA
and protein CD contributions, with RNA–protein sum maxima at
210 and 220nm, and an RNA-derived maximum at 265nm. In



Fig. 2. CD titrations with TS. (A) Isolated rRNA fragment (2lM) with
0;0:16;1;3;6; and10lM TS; (B) isolated L11 protein (3lM) with
0;0:5;0:8;2:2;4; and6lM TS; (C) reconstituted L11 � 23S complex (2lM) with
0:1;0:8;1:5; and2:2lM TS. Filled arrows indicate characteristic band shifts upon
increasing ligand concentration. Circle marks isosbestic point at 254nM.

A

B

Fig. 3. Root-mean-squared deviation from the X-ray structure over simulation
time. Red solid line: simulation without TS, run I; dark-red dashed line: simulation
without TS, run II; gray solid line: simulation with TS, run I; black dashed line:
simulation with TS, run II. Data points smoothed using Bezier curves.
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contrast to the individual components, the titration of these
complexes (Fig. 2C) with increasing concentrations of TS in-
duced significant changes throughout the CD spectrum, even
at 0.1 M equiv of TS, and reached saturation at 1:1:1 stoichiom-
etry of rRNA, protein, and TS. An isosbestic point at 254nM
indicated an apparent 2-state transition, and rules out dilution
or medium change effects for this weak, but detectable
transition.

3.2. Model and simulations stability

Simulation equilibration, general stability, and occurrence of
dynamic events were monitored by computing the coordinates’
relative deviations from the X-ray input structure as a function
of simulation time. Figure 3 shows the RMSD of the protein and
rRNA’s backbone atoms for all four trajectories. All simulations dis-
played a prompt, characteristic deviation up to �3Å from the input
coordinates after removing the restraints. Such RMSD profiles are
not unexpected when using a medium-resolution crystal structure
as input (3CF5: 3.3Å),14 and also represent the structure’s local
reorganization from the packed solid to the solution phase. After
this initial relaxation, the simulations with TS maintains a stable
trajectory with RMSD values of 3:2� 0:18Å and 3:7� 0:8Å. The
simulations without TS have a slow, but noticeable, RMSD increase
throughout the trajectory, rising from �2.8Å to values between 3.4
and 4.0Å

Based upon the investigations of the RMSD and the radius of
gyration over simulation time (see Supplementary Fig. 4) we
decided that the production-run data began at 7 and 2.5ns for
the simulations with and without TS. In general, the second simu-
lation runs provide similar data that support our drawn conclu-
sions. For simplicity and clarity we will discuss our results and
findings on the basis of the first set of simulations, with exceptions
noted.

3.3. Large-scale motion

TS binding likely affect L11 � rRNA dynamics and conformations
on different time scales and system sizes. PC analysis allows us to
investigate the effect that TS binding has on large-scale protein–
rRNA conformational changes, which take place on the order of
tens of nanoseconds. Thus, data from 7 to 40ns and from 2.5 to
40ns for the simulations with and without TS were used for PC
analysis, whose results are presented in Figures 4 and 5.

For the simulation without TS, the first three components ex-
plain 60% of the complete variance (see Supplementary Fig. 5).
The residue-wise loadings for PC1 (Fig. 4D) resemble the overall
residue fluctuations (Fig. 6A), suggesting that the NTD contribution
dominates this component. Within the NTD, the largest contribu-
tions map onto the terminus, the a1� helix (residues 14–27)
and the loop connecting a2� b2 elements (residues 43–51). Apart



Fig. 4. Principal component analysis for the simulation without TS. (A) Clustering in supspace spanned by first three PCs. Clusters 1, 2, 3 and 4 are colored as blue, light-blue,
red and dark-red. (B) RMSD plot color-coded according to clusters. (C) Cluster representatives of the NTD, color-coded according to clusters. rRNA and CTD are the ones from
cluster representative three. (See Supplementary Fig. 6 A for enlarged structure images.) The motion observed along the first PC is indicated by the arrows. (D) Residue-wise
loadings (contributions) in Å to the first PC.

Fig. 5. Principal component analysis for the simulation with TS. (A) Clustering in supspace spanned by first three PCs. Clusters 1, 2 and 3 are colored as blue, light-blue and
red. (B) RMSD plot color-coded according to clusters. (C) Cluster representatives of the NTD, color-coded according to clusters. rRNA and CTD are the ones from cluster
representative two. (See Supplementary Fig. 6B for enlarged structure image.) (D) Residue-wise loadings (contributions) in Å to the first PC.
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Fig. 6. Root-mean-squared fluctuations of residue backbone atoms. (A) Simulation
without TS, evaluated at time frames 2.5–10ns (blue), 10–17.5ns (light-blue
dashed), 17.5–25ns (red dotted), and 32.5–40ns (dark-red). (B) Simulation with TS,
evaluated at time frames 7–16.5ns (blue), 16.5–25.5ns (light-blue dashed), and
25.5–35ns (red dotted).

Table 1
Root-mean-squared deviation (Å) of the NTD’s backbone atoms for the PC analysis
cluster representatives, using the X-ray14 conformation as a reference

Cluster 1 Cluster 2 Cluster 3 Cluster 4

Simulation without TS 3.11 4.00 5.10 5.05
Simulation with TS 4.15 4.18 4.62 —
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from the terminal residues, the CTD and the rRNA contribute little
to the motion described by PC1.

The trajectory snapshots clearly form a semicircle, or U-shape,
pattern within the PC1 and PC2 projected plane, as seen in
Fig. 4A. As Hess pointed out, such a pattern likely indicates random
diffusion within the simulation, and interpretable as thermal mo-
tion along a relatively flat free-energy landscape.54,55 While such
a result does not inform us of large-scale conformational changes
within the system, it does inform us of the more accessible de-
grees-of-freedom for thermal motion along our investigated time
scale.54

To compare the conformations sampled during the thermal dif-
fusion, we clustered the trajectory’s conformations in the subspace
spanned by the first three PCs into four clusters (Fig. 4A and B). The
conformational differences between the resulting structural repre-
sentatives can be described as an NTD rotational movement with
respect to the CTD (as indicated by the arrows). Their main differ-
ences are in the position of the N-terminus, the nearby loop con-
necting the b2��b3 strands, and the two loops connecting the
helices with the b� strands at the far end of the NTD’s binding site.

The PC analysis of the second run without TS allows similar con-
clusions to be drawn (Supplementary Fig. 7). The first three PCs,
explaining 61% of the overall variance, clearly separate the snap-
shots into two distinct K-means determined clusters (Supplemen-
tary Fig. 7A and B). The representative structures of the two
clusters identified in the second simulation align very well with
cluster one and three identified in the first simulation (Supplemen-
tary Fig. 8). In both sets of clusters, one can clearly see a difference
in the NTD orientation relative to the rRNA, validating the observed
conformational states. As in the first simulation, the NTD contrib-
utes the most to PC1.
The first three PC for the trajectory containing TS explains a lit-
tle less overall variance (48.9%, see Supplementary Fig. 5B). The
residue contributions are distributed in a broader manner through-
out the L11 � rRNA complex (Fig. 5D). Notable differences occur
within the NTD, which form sharp peaks around residues 20 and
62. These residues help form the loops connecting b1 to a1 and
connecting b2 to b3. Clustering the conformations in the PC1 to
PC3 subspace revealed conformationally similar representatives
(Fig. 5C).

The differences between the NTD conformations described by
PC1 are further underlined through an RMSD comparison of this
domain to the X-ray structure for the different cluster representa-
tives, whose values are seen in Table 1. Whereas the RMSD is
nearly the same for all cluster representatives of the simulation
with TS (DRMSD of 0.5Å), the RMSD of the first three cluster rep-
resentatives without TS each differ by � 1 Å (DRMSD of 2.0Å).

3.4. Local residue motion

The dynamic influence that TS has on the L11 � rRNA complex
can be investigated by computing each residue’s RMSF. Due to
our observations in the PC and clustering analysis, we analyzed
the obtained clusters separately. We will hereafter consider
four equal-length time frames for the simulation without TS
(2.5–10ns, 10–17.5ns, 17.5–25ns, and 32.5–40ns) and three time
frames for the simulation with TS (7–16.5ns, 16.5–25.5ns, and
25.5–35ns).

When comparing the RMSF per residue between the two simu-
lations (Fig. 6), the overall pattern is similar, but differences are
visible at specific and important positions. The fluctuations within
the rRNA and CTD are nearly identical between both simulations
with one exception. Within the CTD, the loop (residues 112–122)
connecting the a4��a5 helices shows a consistently high fluctu-
ation when TS is present (Fig. 6B), whereas in the simulation with-
out TS this loop’s fluctuation progressively decreases with time
(Fig. 6A).

The most notable difference in fluctuations between the two
systems occurs in the NTD, where TS’s presence stabilizes its
dynamics. Particularly noteworthy stabilizations occur in the N-
terminus (residues 1–6), a1;a2, and the turn connecting these
two helices (residues 14–48). These differences are most pro-
nounced early in the simulations (blue curves), but are still visible
towards the end (red curves) when the fluctuations are drastically
reduced in the simulation without TS. Exceptions to the general
lower fluctuations observed in the simulation with TS are the con-
sistently high fluctuations around residue 62 in the NTD and a fluc-
tuation increase of the A1067 base, plus the already mentioned
loop in the CTD.

3.5. rRNA residue conformation

Overall, the rRNA conformation remained fairly compact and
immobile throughout all simulations, indicating a stable fold. With
the exception of a few nucleotides, all maintained an anti base con-
formation and a C30-endo puckering. The exceptions are listed in
Table 2 and Supplementary Table 2, along with the percentage of
base conformation and sugar puckering adopted during both sim-
ulations. Of these, the v� angle of A1086 and A1088 maintain



Table 2
The population percentage of v� angle sampled during the simulations with and
without TS bound

Simulations (without TS jwith TS) X-ray

Anti High-anti Syn

A1067 4 j 70 3 j 2 93 j 28 Anti
G1068 84 j 99 16 j 1 0 j 0 Anti
U1082 100 j 88 0 j 12 0 j 0 Anti
C1083 100 j 62 0 j 38 0 j 0 Anti
A1084 4 j 4 34 j 75 62 j 21 Anti
A1085 98 j 28 2 j 54 0 j 18 Anti
A1086 2 j 0 0 j 0 98 j100 Syn
G1087 35 j 34 64 j 66 1 j 0 Anti
A1088 2 j 0 0 j 0 98 j100 Syn
A1095 36 j100 27 j 0 37 j 0 Anti
A1096 67 j100 33 j 0 0 j 0 Anti
U1097 79 j100 21 j 0 0 j 0 Anti

The residues listed are either involved in the binding of TS or showed interesting
conformational sampling.
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their crystal conformation of syn, while their linking residue G1087
quickly switches from an anti to a stable high-anti conformation.

There are three loop apexes within the rRNA that displayed dif-
ferent v� angle conformations and dynamic motion that are
dependent upon TS’s presence. Interestingly, one apex is near the
CTD and the loop connecting a4 and a5 elements, an area that is
far from TS’s binding cleft. Significant conformational changes were
also observed at the apexes of the two helices that participate in TS
binding, namely at bases A1067, G1068, A1095, and A1096. Both
G1068 and A1096 predominately maintain an anti conformation
during the simulation with TS, but adopt a small percentage of
high-anti (16% and 33%) conformation during the simulation with-
out TS. The largest changes are seen in A1067 and A1095, which are
the two residues that interact directly with TS. In the simulation
with TS, A1067 maintains the crystallographic anti conformation
for � 28ns, and then samples the syn conformation for the remain-
ing time (see v� angle in Supplementary Fig. 10 C), which corre-
sponds to the higher fluctuation of this nucleotide at the
simulation’s end (cmp. Fig. 6). Likewise, A1095 maintains the crys-
tallographic anti conformation throughout simulation with TS.
However both residues behave differently in the simulation with-
out TS. A1067 quickly adopts a dynamically stable syn conforma-
tion, while A1095 adopts both anti and high-anti conformation for
� 24ns and then adopts a syn conformation for the remaining �
16ns. Note that in the second simulation without TS both nucleo-
tides sample the same v� angle conformations but with different
lifetimes, with the exception that A1095 does not significantly sam-
ple any anti or high-anti conformation (Supplementary Fig. 10). For
both residues a range of sugar puckers are sampled in the simula-
tion without TS, while C30-endo and C20-exo are the predominate
puckerings in the simulation with TS (see Supplementary Table 2.

3.6. Dynamic cross-correlations and protein secondary
structure

Dynamic coupling between residues within the L11 � rRNA com-
plex was investigated in both simulations by computing covari-
ance matrices56 and visualized as dynamic cross-correlation
maps (DCCMs). As done in the RMSF analysis, separate DCCMs
were computed for each cluster, resulting in the maps shown in
Figures 7 and 8. Each DCCM can be separated into three distinct
areas, corresponding to rRNA–rRNA, rRNA–protein, and protein–
protein cross-correlation.

The percentages of the protein’s secondary elements, as com-
puted for each residue, are shown alongside each DCCM. In the
simulation without TS, the protein’s secondary structure appears
to be very stable, with the exception of the NTD’s a1 and
a2� helices. These two secondary elements become more stable
in the simulation with TS.

3.6.1. Protein � protein coupling:
In nearly all DCCMs shown, the secondary elements within the

CTD are positively correlated (Figs. 7 and 8), with minor exceptions
occurring within loops and the C-terminus. The motion within the
NTD displays both positive and negative correlation when TS is not
present, and almost exclusively positive-correlated motion when
TS is present. Another general observation is that a coupled move-
ment between the two protein domains exists almost exclusively
as anti-correlated motion.

3.6.2. Protein � rRNA coupling:
The largest correlations between the protein and rRNA are

found in the C-terminal loop connecting a3��b4 elements (resi-
dues 86–96) with the rRNA residues that form the A1067 apex.
This loop makes a significant number of salt bridges and hydrogen
bonds to the rRNA,4 and was shown to undergo an induced fit
conformational change upon rRNA binding as revealed by NMR
studies.5 Furthermore, this loop shows very little fluctuations
(Fig. 6) and and its local dynamics and conformation are unaffected
by TS binding. In general, the C-terminal and rRNA residues that
interact through close-range non-bonded interactions are posi-
tively correlated, apart from a few anti-correlated residues associ-
ated with the protein and rRNA termini. These negatively
correlated residues associated with the rRNA termini could be arti-
facts due to our truncation of the rRNA during our model building.
Conversely, the N-terminal and rRNA residues predominately have
negative correlation, with the notable reoccurring exception of the
positive correlation occurring between A1095 and the b1 structural
element.

3.6.3. rRNA � rRNA coupling:
Considering only the nucleic acid structure, positive correlation

exists between rRNA residues, with minor exceptions at the termi-
nal residues where the rRNA was artificially truncated for model
creation. Consistently occurring in both simulations are two small
peaks arising from the interaction of residues near A1067 and
A1095. These residues (A1070 and A1096) are part of the rRNA
helices that present A1067 and A1095 at their apexes.

3.6.4. ½Protein � rRNA� � thiostrepton coupling:
The correlated motions of TS with the L11 � rRNA complex is

shown in Fig. 8D for the considered time frames. The correlation
coefficients between L11 � rRNA’s residues and TS (Fig. 8D) range
between -0.2 and +0.4, and are thus significantly lower than those
observed within the L11 � rRNA biomacromolecule. TS’s positive
correlation with the N-terminal a1� helix (residues 25–35) is
present in all time frames at varying magnitudes, and is probably
due to its close spatial proximity to TS. Also notable is that both
A1067 and A1095 become positively correlated with TS simulation
progresses in time, while the rest of the rRNA becomes anti-corre-
lated (apart from the termini).
4. Discussion

4.0.5. Experimental observation

The CD spectral data revealed the influence of TS on the isolated
rRNA, the isolated protein species, and the L11 � 23S complex—TS
addition did not affect the CD signatures of the isolated compo-
nents. While minute conformational changes on the single nucleo-



Fig. 7. Dynamic cross-correlation maps for the simulation without TS. rRNA and protein residues are divided within the plots using solid black lines, the two protein domains
are further divided by dashed gray lines. Cyan colors represent positive correlations, magenta anti-correlations (see color bar at the bottom). The percentage of protein
secondary structure occupation during the simulation are displayed by light gray bars (strands) and in dark gray (helices). (A) Analysis performed from 2.5 to 10 ns. (B)
Analysis performed from 10 to 17.5 ns. (C) Analysis performed from 17.5 to 25 ns. (D) Analysis performed from 32.5 to 40 ns.

A. Wolf et al. / Bioorg. Med. Chem. 20 (2012) 7194–7205 7201
tide level cannot be excluded, as they cannot be resolved by CD
spectroscopy, it is very unlikely that stable associations occur in
these cases. This implies that TS only affects the conformation of
the assembled complex, as indicated by the observed L11 � 23S
spectral shift. Because the 265nm peak characteristic for the rRNA
contribution decreased, it could be argued that TS binding has a
detectable influence on the 23S conformation in the L11 � 23S com-
plex, potentially by unstacking the 23S nucleobases. The protein
component was also affected, as indicated by the characteristic
submaximum change at 220nM, which primarily arises from the
protein component. These observations possibly conform to a gen-
eral tightening of the complex as suggested earlier by other
groups.5,11 Vice versa, the complex should detectably reorganize
upon ligand release, and then reach a slightly more A-form-like/
a� helical state.

Based on these critical observations, MD simulations were initi-
ated to provide atomic resolution information on how TS influ-
ences the L11 � 23S complex. The ligand-bound state extracted
from the X-ray crystal structure of the TS-bound 50S subunit of
D. radiodurans14 was chosen as the starting point for computational
modeling.

4.0.6. Comparison to previous MD simulation

An all-atom 15ns MD study of the ribosomal L11 � rRNA sub-
unit, based on a crystal structure of the isolated Thermotoga mari-
tima complex (PDB code 1MMS4) and without a bound ligand, has
been previously reported by Frank and co-worker.31 While the
1MMS and 3CF5 crystal structures originate from different organ-
isms, were determined in different settings (protein � rRNA com-
plex vs 50S subunit) and the 3CF5 crystal structure resolved an
additional ten termini amino acids, we find both similarities and
characteristic differences between these data and our simulation
without TS bound (Table 3). Foremost, the overall RMSF patterns
are comparable, with low and high fluctuations occurring within
the C- and N-terminal domains. Especially good RMSF agreement
is seen within the rRNA, where five characteristic peaks centered
at nucleotides A1067, A1074, A1084, A1095, and C1110 were
observed with nearly identical intensities. Our RMSD profile and
magnitude (2.5–3.1Å) is similar to the previous simulation
(2–3Å) for the initial � 15ns, which is the extent the previous
simulation was conducted—however, this agreement ended after
our simulation underwent a dynamic event at 14.5ns (see
Fig. 4B). We also confirmed Frank and co-worker’s observation31

that A1067 predominately populated the syn conformation instead
of the crystallographic anti conformation.4,14

4.0.7. Current MD simulations

Stability and convergence of MD simulations is always a con-
cern when interpreting trajectory data. As shown in the PC analysis
projection plot of the simulation without TS and the RMSD plot of
the simulation with TS, the simulations do not sample large confor-
mational changes with respect to relative L11 and rRNA domain
positions. While observing different stable large-scale conforma-
tions, particularly in the simulation without TS, is interesting for
a number of reasons, such sampling was not needed in the present
investigation. The purpose of this study was to explore if natural



Fig. 8. Dynamic cross-correlation maps for the simulation with TS. (A) Analysis performed from 7 to 16.5 ns. (B) Analysis performed from 16.5 to 25.5 ns. (C) Analysis
performed from 25.5 to 35 ns. (D) Dynamic correlations of TS with 23S/L11 residues for the time frames analyzed in A, B and C, respectively.
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product binding alters local dynamics and the conformations of the
’loose’ heterogeneous interfacial L11 � rRNA binding site.

Aside from verifying the sampling of selected torsion angles
(data not shown) for convergence, one can separately analyze dif-
ferent time frames within the trajectories to see if the resulting
data and drawn conclusions are similar. Our clustering of PC sub-
space, subsequent projection onto the RMSD plot, and extraction
of representative conformations was an attempt to provide a sys-
tematic procedure for generating these different time frames. For
the observables measured herein, we see sufficient sampling
(e.g., v� angles) and general convergence in data (e.g., DCCM, pro-
tein secondary structure) between the different time frames for
each model simulation.

In the simulations without TS, the PC analysis revealed a signif-
icant amount of thermal diffusion by the L11 � rRNA backbone
atoms. An overlay of the simulation’s macromolecular representa-
tive structures (Fig. 4C) and and PC animation (data not shown) re-
vealed that this thermal motion primarily resides within the NTD.
Thus, it appears that the free energy surface for this local move-
ment is relatively flat and accessible at body temperature.54,55 Fur-
ther support of this localized motion comes from the RMSD data,
where a small dynamic event takes place during the simulation
that raises the RMSD by an additional 1Å (Fig. 4B).1 Large-scale
protein flexibility within the ligand free L11 � rRNA has previously
been found in experimental structural studies, accompanied by the
suggestion that the L11 protein can adopt ’bound’ and ’unbound’
conformations.57,5,14 These experimental studies, which presumably
sample long time scales motion (i.e., Pls), and our MD simulations
1 A similar RMSD increase occurs in the second L11 � rRNA simulation, but at a later
time period.
collectively support the idea that significant NTD motion exists
when a natural product is not bound.

In the simulations with TS, the distribution of conformational
snapshots in the PC subspace supported three clusters. However,
these clusters are very similar to one another, as shown in the col-
or-coded RMSD plot and the overlay of their representatives struc-
tures (Fig. 5B and C). Most of the differences reside in the loop
structure connecting a1 to a2. With regard to the binding cleft
characterization, one macromolecular conformation is essentially
sampled throughout the simulation. The presence of TS clearly sta-
bilizes L11 � rRNA thermal motion, restricting the NTD motion of
the local ’ligand-free’ free energy surface.

The dynamic effect that TS binding exerts on residues within
the system’s separate subdomains (i.e., rRNA, CTD and NTD) was
investigated by computing residue-wise RMSF and dynamic
cross-correlation maps (DCCMs). In each of the simulations (with
and without TS), the rRNA residues had little fluctuations, apart
from a few small prominent peaks (Fig. 6). Similarly, the CTD res-
idues displays low fluctuation apart from a prominent peak occur-
ring in the loop (residues 112–122) connecting the a4-a5 helices,
which decreases as the simulation progresses. For the simulation
without TS, the NTD residues shows the greatest fluctuations in
the L11 � rRNA.

Thiostrepton binding has a significant impact on the residue
dynamics within the protein domains. The overall RMSF within
the NTD is reduced, while leaving three loop structures with high
fluctuations relative to the other amino acids. Surprisingly, there
is an increase in fluctuations around the loop (residues 112–122)
connecting the C-terminal’s a4� a5 helices. This loop makes di-
rect contacts to the rRNA and the NTD of the ribosomal protein
L10 within the assembled 50S subunit.2,3 Hypothetically, when in
the presence of L10 this conformational transmission may become



Table 3
Root-mean-squared deviation (Å) between simulation cluster representatives and available crystal structures 3CF5 and 1MMSa

1MMS Simulation without TS Simulation with TS

1 2 3 4 1 2 3

3CF5 2.0 j2.3 2.3 j2.7 2.5 j3.3 2.9 j4.2 3.0 j4.5 2.7 j3.2 2.7 j3.3 3.0 j4.0
1MMS — 1.8 j2.4 2.0 j3.1 2.1 j3.0 2.1 j3.1 2.0 j2.2 2.0 j2.2 2.3 j2.9

Backbone RMSD jNTD RMSD (with fitting to complete backbone).
a Only residues common to all structures were considered, that is, nucleotides 1051–1108 for 23S rRNA, and residues 7–139 for L11.
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more pronounced and could productively contribute to a hinge-
like motion of the GAR, potentially coupling EF-G and TS binding
to the L7/L12 stalk. Stabilization of the protein’s secondary struc-
tures is also observed upon TS binding, particularly with the
a1� helix (Fig. 8A–D). In the ligand-free state, the residues com-
posing this helix have significant dynamic motion over all time
periods sampled—causing disorder to occur within the secondary
element (Fig. 7A–D).

Determining the cross-correlation coefficients between the res-
idue motions provided understanding into the collective motion
within the L11 � rRNA complex, revealing the dynamic relation-
ships between residues, secondary structure elements, and do-
mains. Without a bound ligand, the motions between the C- and
N-terminal domains are predominately anti-correlated. Within
the CTD, positive correlation dominates the motion, and the same
is true within the rRNA structure. The motion between the rRNA
and CTD is predominately positively correlated, while between
the rRNA and NTD the motion is nearly all anti-correlated. How-
ever, a reproducible complex coupling of both negatively and pos-
itively correlated motions characterizes the NTD when TS is absent.

In the presence of TS, the overall correlated motion of the
L11 � rRNA macromolecule is reduced (Fig. 8). The concerted mo-
tion between the C- and N-terminal domains loose their weak po-
sitive correlation, and become entirely anti-correlated. There is
also little effect on the correlated motion within the rRNA, upon li-
gand binding. The most significant change occurs in the correlated
motion within each protein domain where they become entirely
positively correlated, which is especially pronounced within the
NTD. The correlated motion between each of the protein domains
with the rRNA is also noticeably reduced. Furthermore, the motion
between TS and A1067 and A1095 are slightly positively correlated
(Fig. 8D). Consistently throughout the simulation, TS’s motion is
positively correlated with the a1� helix, which itself shows corre-
lation with various other secondary elements in both the C- and N-
terminal domains.

On the local level TS clearly effect the conformations of nearby
residues, especially prominent in an altered A1067 and A1095
v� angle preference and increased a1� helix stability. The ex-
posed nucleobase A1067 has been assigned multifunctional roles
in tRNA and elongation factor recognition.31,3,13 Both syn and anti
conformations of its v� angle were sampled during a simulation
by Frank and co-workers in the absence of a ligand. [31] Our sim-
ulation without TS confirms this property, but we find a stronger
syn preference. In contrast to their finding, we observed A1067’s
v� angle fluctuations throughout the trajectory (see Supplemen-
tary Fig. 10A), and found no correlation between its conformation
and the N-terminal loop movements that connects the b2� b3
strands. Interestingly, in the simulation containing TS this
v� angle is strongly positioned in an anti conformation
(187� 10�) for � 27ns, and aligns well with the value observed
by X-ray crystallography (174�). TS clearly stabilizes A1067’s anti
conformation, but does not entirely inhibit the nucleobase from
adopting a syn conformation. This base-flipping event is preceded
by a loss of the hydrogen bond formed between an amide group
of TS’s macrocycle A and N3 of A1067, whose presence probably
fixes the base in the anti conformation (see Supplementary Fig.
11A). Instead, we see the formation of a hydrogen bond to N7 at
the opposite side of the base, stabilizing the syn conformation sam-
pled later in the simulation (Supplementary Fig. 11B). Furthermore,
A1095 samples anti, high-anti, and syn conformations when TS is
not present, but only the anti conformation when TS is bound.

Due to the implicated importance of these residues to TS bind-
ing, we performed two additional simulations for validation—one
on an adenosine monomer and the other on a trimer. The
v� angles observed during these two simulations are shown in
Supplementary Fig. 12. In the adenosine monomer simulation, the
syn preference was reproduced. However, the preference shifted
to the high-anti conformation when flanked on each side by an addi-
tional adenosines (trimer). This suggests that A1067’s base is steri-
cally unhindered by its surrounding environment in the absence of
TS. To a lesser extent, TS appears to also influence the base orienta-
tions of U1082, C1083, A1084, and A1085, which are located near
the protein’s CTD. As a caveat, it cannot be completely ruled out that
the preference for high-anti over anti conformations we observed
for some nucleobases is due to parameterization error within the
Parm99SB and Parmbsc0 force fields.[58,59

A previous computational study of allowed conformations in nu-
cleic acid monomers indicated that the adenosine v� angle prefer-
entially adopts a syn conformation with a C20-endo sugar pucker,
and to a lesser extent when the sugar puckering is C30-endo.60

The anti conformation is populated when the sugar puckering is
either C20- or C30-endo. Consistent with this notion, we found the
C20-endo (50%) and closely related C10-exo (20%) to be the predom-
inant conformations for A1067’s ribose in the simulation without li-
gand (Table S1), and its base had a strong syn v� angle preference
(Table 2). However, when TS is bound, A1067’s ribose preferentially
adopts the C30-endo (42%) and C20-exo (29%) conformations, along
with a high-anti population of the v� angle. The A1095 sugar pop-
ulates several puckerings—C20-exo (38%), C10-endo (17%), C20-endo
(14%), C10-exo (12%), and C30-endo (8%)—when TS is not present,
coinciding with diverse sampling of its v� angle. When TS is
bound, the puckering predominately becomes C20-exo (66%) and
C30-endo (31%), along with its anti v� angle.

Within the ribosome a strong propensity for antibiotic binding
sites to locate at non-paired bases, at syn-configured RNA bases,
and at C20-endo and C40-exo sugar pucker sites was found. 61

A1067’s conformational parameters conform to these general prop-
erties of ribosomal ligand binding sites. However, the binding site
reorganizes when TS is bound. Since the actual binding event can-
not be simulated for such a large system without inappropriate
simplification, it remains unclear if this reorganization takes place
during or after the ligand binding. This switch-like conformational
reprogramming of A1067 and its surroundings might be an impor-
tant part of the molecular activity of the thiopeptides. This property
might also relate to the observed resistance pattern and specific
mutations, which allow protein biosynthesis to proceed while TS
is bound.15 Furthermore, the natural mechanism of self-resistance
features a crucial methylation of the 2’OH group at A1067. Beyond
the breaking of apparent hydrogen bond network within the bind-
ing site, 62 this modification could drive the conformational prefer-
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ences of A1067 toward a state unreceptive for thiostrepton bind-
ing, potentially by indirectly modulating the sugar pucker and/or
the syn/anti preference of the projected nucleobases.[63,64
5. Conclusion

By embedding all components of the ternary L11 � rRNA � TS
ribosomal complex in an all-atom solvated MD simulation, a trun-
cated computational model of the binding environment and the lo-
cal dynamics of the GAR was created. Starting from an X-ray crystal
structure of the ligand-bound state14 an advanced and highly inte-
grated target model was realized. We found, that TS binding locally
rigidifies the thiopeptide binding area on the L11 protein and char-
acteristically reprograms the conformation of the apical nucleotide
A1067, which mediates contacts to tRNA and incoming ribosomal
factors. Otherwise, rRNA conformation is not detectably affected
by TS binding. Removing TS from the L11 � rRNA complex, immers-
ing it in solvent, and heating it to room temperature resulted in
significant thermal motion of the NTD with respect to the CTD
and rRNA. In the presence of TS, the overall dynamic motions
and correlations thereof of the L11 � rRNA complex became more
stable. Principal component and dynamic cross correlation analy-
ses of TS bound and unbound states located regions of fold change
and of coupled motions.

These results align with CD spectroscopy data, which clearly
showed a two-state transition of the protein–rRNA complex upon
ligand binding. However, the ligand-free CD-spectrum of the
L11 � rRNA complex likely includes additional conformational
states which have not been sampled by our MD trajectories. In
the ribosomal X-ray crystallography work, a shift in the distal por-
tion of L11 (i.e., N-terminus and Glu62 turn) was noted when com-
paring the unbound and TS-bound form.14

Considering the energetics of ligand binding, a balance must ex-
ist between the binding enthalpy of the ligand and the entropy in-
crease or decrease that occurs across the entire target and in the
solvation shell. On the one hand, the NTD gains an entropy decrease
due to stabilization in its residue fluctuations, while on the other
hand it has an entropy increase due to a reduction of overall corre-
lated motions. The design and optimization of new inhibitors of the
GAR will likely need to take both the binding enthalpy and the
resulting entropy effects on the L11 � rRNA macromolecule into ac-
count. The data presented herein should aid this process by having
identified crucial properties of the complex target, and provide a
validated model basis for ligand discovery strategies in silico.
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