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Abstract
Regulators of G protein signaling (RGS) proteins are key players in regulating signaling via G
protein-coupled receptors. RGS proteins directly bind to the Gα-subunits of activated
heterotrimeric G-proteins, and accelerate the rate of GTP hydrolysis, thereby rapidly deactivating
G-proteins. Using atomistic simulations and NMR spectroscopy, we have studied in molecular
detail the mechanism of action of CCG-50014, a potent small molecule inhibitor of RGS4 which
covalently binds to cysteine residues on RGS4. We apply temperature-accelerated molecular
dynamics (TAMD) to carry out enhanced conformational sampling of apo RGS4 structures, and
consistently find that the α5-α6 helix pair of RGS4 can spontaneously span open-like
conformations, allowing binding of CCG-50014 to the buried side-chain of Cys95. Both NMR
experiments and MD simulations reveal chemical shift perturbations in residues in the vicinity of
inhibitor binding site as well as in the RGS4-Gα binding interface. Consistent with a loss of G-
protein binding, GAP activity, and allosteric mechanism of action of CCG-50014, our simulations
of the RGS4-Gα complex in the presence of inhibitor suggest a relatively unstable protein-protein
interaction. These results have potential implications for understanding how the conformational
dynamics among RGS proteins may play a key role in the sensitivity of inhibitors.

G protein-coupled receptors (GPCRs) are membrane proteins of profound clinical relevance
because they mediate cellular responses to a variety of hormones, neurotransmitters, and
extracellular ligands.1 GPCR signaling pathways are negatively modulated by a class of
intracellular proteins known as the regulators of G protein signaling (RGS).2,3 RGS proteins
directly associate with the GTP-bound Gα subunits of activated G-proteins and accelerate
the rate of GTP-hydrolysis, leading to the rapid deactivation of Gα and termination of GPCR
signaling. The crystal structure of RGS4, an R4 subfamily member,2 bound to Giα1 (PDB
code 1AGR) provides molecular details on this protein-protein interaction. Specifically, a
conserved ~120 residue core domain of RGS4 (also known as the “RGS-box”)2,4 with a

*To whom correspondence should be addressed: brookscl@umich.edu, Phone: (734)-647-6682. Fax: (734)-647-1604.
†University of New Hampshire, Durham, NH
‡University of Michigan, Ann Arbor, MI
¶Michigan State University, East Lansing, MI
§University of Michigan, Ann Arbor, MI
||co-first author

Supporting Information Available
Methodological details of simulation set-up and execution as well as NMR experiments along with additional results appear in the
supplemental material. This material is available free of charge via the Internet at http://pubs.acs.org/.

NIH Public Access
Author Manuscript
ACS Chem Biol. Author manuscript; available in PMC 2014 December 20.

Published in final edited form as:
ACS Chem Biol. 2013 December 20; 8(12): . doi:10.1021/cb400568g.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://pubs.acs.org/


typical helical fold5 (Figure 1a) directly contacts three switch regions of Gα and stabilizes
them in a transition state configuration for catalysis (Figure 1b).6 Given the direct role of
RGS proteins in regulating GPCR signaling, they have emerged as potential drug
targets,7–10 and significant efforts are underway to design potent small molecule inhibitors
targeting these proteins.11–16

Protein-protein interactions (PPIs) similar to that between RGS and Gα represent critical
therapeutic targets for their direct role in abnormal signaling mechanisms in disease,17

although targeting PPIs is a significant challenge.12,18–20 These challenges arise from
difficulty in overcoming the binding energy associated with PPIs by a small molecule and
targeting the large, relatively featureless interaction interfaces that commonly lack well-
defined pockets into which small molecules can be targeted. Alternatively, targeting
allosteric sites may provide greater specificity, and importantly remove the need to compete
with the protein binding partner. The RGS4 allosteric site (also known as the “B-site”),7

located away from the Gα binding site (termed as the “A-site”), is a promising alternative
because physiological regulators of RGS4 directly interact with the B-site.21,22 However,
there is currently no structural data on RGS4 bound to an inhibitor molecule, making it
difficult to pursue structure-based drug design strategies targeting the RGS4 B-site to
modulate function.

CCG-50014 (Figure S1) is a potent (IC50 = 30 nM) and selective inhibitor of RGS4 that was
discovered in a high-throughput biochemical screen.23 Like all previously reported RGS
inhibitors, it acts by forming a covalent adduct to cysteine residues in RGS proteins.15,16,23

We have previously proposed15 a docked model of CCG-50014 binding to RGS8 (a
homologue of RGS4), which suggested that the inhibitor molecule docks near the Cys107
residue of RGS8 (Cys95 in RGS4; Figure 1). In this model, the reactive group of
CCG-50014 is located ~8–13 Å away from two cysteine residues in RGS8, where formation
of a covalent adduct is unlikely. Therefore, we hypothesized that a conformational change in
the helix bundle occurs to allow binding of the inhibitor molecule to the buried side-chain of
Cys95/Cys107 in RGS4/RGS8. In this work, we expose the existence of a previously
uncharacterized open-like conformation of RGS4 using atomistic simulations and NMR
experiments. In characterizing the molecular mechanism of CCG-50014, we show that the
compound acts as a chemical probe of this novel conformational state, which may provide
an invaluable model for structure-based design of novel inhibitors.

1 RESULTS AND DISCUSSION
Using two independent starting structures of RGS4 (PDB codes 1AGR and 1EZT),6,24 we
first conducted molecular dynamics (MD) simulations (Table S1) of apo wild-type RGS4,
and a mutant form of RGS4, where all cysteine residues except Cys95 were mutated to Ala.
The single-cysteine mutant was created to specifically understand the effect of CCG-50014
binding to Cys95 on RGS4, and was also used in the NMR experiments (vide infra). These
conventional MD simulations reveal no significant differences in the overall structure of
RGS4 (Figure 2a and S2a), given the relatively low root-mean-squared-deviation (RMSD;
Cα) from starting structures (red and green traces in Figure 2c and S2c). To probe the
solvent-accessibility of the residue Cys95, we measured the buried surface area (BSA)
between the α5-α6 helix pair and the rest of RGS4 (red and green traces in Figure 2d and
S2d) along with the solvent-accessible-surface-area (SASA) of residue Cys95 (Figure S3).
Throughout each 20-ns MD simulation, we observe no change in the aforementioned BSA,
and the SASA of residue Cys95 remains negligible (~2–3 Å2). Therefore, the underlying
dynamics of RGS4 that facilitate access to Cys95 are not yet clear. However, this is not
surprising because long time-scale conformational flexibility in proteins is seldom revealed
using short unbiased MD simulations due to the underlying free-energy barriers. Therefore,
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we used an enhanced sampling algorithm for proteins25 based upon temperature-accelerated
molecular dynamics (TAMD)26,27 to carry out conformational sampling of RGS4 (see
Supporting Information for details). In this algorithm, enhanced conformational sampling of
proteins is achieved by exploring the dynamics of relatively rigid subdomains (spatially
contiguous groups of residues) by accelerating via high fictitious temperature the Cartesian
coordinates of the centers-of-mass (COM) of subdomains as collective variables (CVs).28–32

We conducted four independent TAMD simulations (Table S1) of RGS4 at fictitious
thermal energies of β̄−1= 2 and 3 kcal/mol, where β̄ =1/kBT̄, kB is Boltzmann’s constant, and
T̄ is the fictitious temperature. The RMSD and BSA data (magenta traces in Figure 2c and
2d) from a typical TAMD run at β̄−1= 3 kcal/mol reveal the existence of relatively large-
scale conformational flexibility in the α5-α6 helix pair, where these helices span open-like
conformational states away from the rest of RGS4 (Figure 2b). However, similar data from a
TAMD run at a lower β̄−1= 2 kcal/mol (blue traces in Figure 2c and 2d) suggest that the
conformational change in the α5-α6 helix pair cannot be observed on similar time-scale with
thermal energies lower or comparable to 2 kcal/mol, which also explains why this
conformational change was not observed in conventional MD simulations (vide supra). We
note that this conformational change is reproducibly observed in multiple independent
TAMD simulations of RGS4 (Figures S2 and S4).

It is well established that large-amplitude collective motions in proteins are governed by
their intrinsically accessible low-frequency normal modes,33–37 and conformational
sampling via TAMD in Cartesian CVs is also governed by these modes.30 Therefore, we
carried out a Cα-based elastic network normal mode analysis (NMA) of RGS4 with both
initial structures (PDB codes 1AGR and 1EZT), and computed the individual and
cumulative projections or overlaps (θm) for 20 low-frequency (non-zero) normal modes of
apo RGS4 onto the functional displacement vector (d⃗) between initial and final
conformations generated by a typical TAMD simulation of each structure (Figure 3). These
data suggest that low-frequency modes 1, 3 and 5 consistently contribute to this
conformational change (see overlaps, θm, for these modes in Figure 3), while either mode 7
(Figure 3b) or modes 8, 9, and 10 (Figure 3a) can contribute significantly to this
conformational change. Also, the first 10 low-frequency modes can describe the majority of
the conformational change in the α5-α6 helix pair, as indicated by the cumulative overlap
traces (red dotted lines in Figure 3). These results reinforce the point that the conformational
flexibility observed in the TAMD simulations is intrinsic to the structure of RGS4 due to the
presence of such low-frequency (high-amplitude) modes. This also means that our NMA
analysis supports the definition of subdomain COM as our collective variables in TAMD
since both calculations show significant overlap in conformational changes.

A key implication of the conformational change in the α5-α6 helix bundle is that the side-
chain of residue Cys95 is now accessible, and the inhibitor molecule could be successfully
accommodated in the TAMD-generated conformations of RGS4 (Figure S5). To understand
specifically the effect of CCG-50014 binding to Cys95, we carried out seven independent
40-ns long MD equilibration trajectories (Table S1) of the single-cysteine mutant of RGS4
with a colvalently-linked inhibitor. In 6 out of 7 simulations, we observe that intercalation of
CCG-50014 into the helix bundle restricts closure of the α5-α6 helix pair (Figure 4a, S6a–b,
and S7a–c), as indicated by a nearly constant BSA between these two helices and the rest of
RGS4 (magenta traces in Figure 4d, S6a–b, and S7a–c). This is primarily because the
covalently-linked (to Cys95) inhibitor molecule experiences only small conformational
rearrangements due to minor rotations of aromatic groups (Figure S8, and top three panels in
Figure S9). However, in one simulation, we observe that CCG-50014 rotates (around the
disulfide bond) by ~90° with respect to its initially docked conformation (lowest panel in
Figure S9), which also allows partial closing of the α5-α6 helix pair (see snapshots, and the
BSA trace in Figure S7d). To further understand the role of the inhibitor in keeping the α5-
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α6 helix pair in a relatively open conformation, we also carried out a 40-ns long MD
equilibration of the TAMD-generated open-conformation of RGS4 in the absence of
CCG-50014. The data from this simulation showed a spontaneous recovery of the α5-α6
helix pair to a near crystallographic conformation (snapshot in Figure 4b, and green traces
for RMSD and BSA in Figure 4c–d) unlike the inhibitor-bound simulation (magenta traces
for RMSD and BSA in Figure 4c–d). This suggests that apo-RGS4 likely exists
predominantly in a closed-conformation, but the open-conformation that exposes Cys95 is
favored when RGS4 is bound to CCG-50014.

To further dissect the effect of inhibitor binding on the structure of RGS4, we computed the
root-mean-squared-fluctuation (RMSF) per residue from three independent MD simulations
of mutant-RGS4 with and without CCG-50014 (Figure S10). Based upon these data, we
show a change in RMSF per residue on binding of the inhibitor (Figure 5). On inhibitor
binding, simulations from both RGS4 structures (PDB codes 1AGR and 1EZT) reveal a
consistent and significant increase in the fluctuations of residues located in the α1-helix (51–
60), as well as residues (~110 to 135) in the helices α5, α6, and the loop region connecting
these two helices (see Figure 1a for designation of helices). Additionally, simulations of the
NMR structure (PDB code 1EZT) suggest increased flexibility in the C-terminus of the α3-
helix, and helices α7 and α8 (bottom panel in Figure 5) on binding of CCG-50014. These
results have potential implications for the interaction of inhibitor-bound RGS4 with the
activated Gα -subunit because the residues in the helices α3, α7, α8 of RGS4 directly contact
switch-I and switch-II regions on Gα, while residues in the loop region connecting helices
α5 and α6 directly contact the switch-III region on Gα (see Figure 1b for RGS4-Gα
complex). The increase in the fluctuations of residues located away from the inhibitor
binding site suggest an allosteric effect of CCG-50014 binding, which may contribute to an
unstable RGS4-Gα interface.

Using NMR methods for RGS4,24,38 we further carried out a detailed structural analysis of
the effects of CCG-50014 on RGS4 (see Supporting Information for methodological
details). Specifically, we recorded 1H-15N HSQC spectra (Figure S11) for two different
constructs of RGS4 (cysteine-less RGS4, cysless-RGS4; and single-cysteine RGS4, Cys95-
RGS4) in the presence of CCG-50014 at a 1:1 molar ratio. The absence of peak shifts, new
peaks, or significant change in signal intensity in the HSQC spectrum of cysless-RGS4 in
the presence of CCG-50014 (top panel in Figure S11) suggest that the compound is not
interacting with the protein. This is consistent with the mechanism of (cysteine) thiol
modification necessary for activity of CCG-50014.15,16 However, CCG-50014 modification
of Cys95-RGS4 produces significant perturbations in the HSQC spectrum in the form of
attenuation of existing peaks and the appearance of new peaks, as observed in the spectral
overlay of CCG-50014-treated protein with the DMSO-treated reference sample (bottom
panel in Figure S11). The appearance of new peaks with lower dispersion in the presence of
CCG-50014 demonstrates that the perturbed regions of the structure undergo greater
conformational averaging than in apo-RGS4. Consistent with extensive conformational
changes in the presence of CCG-50014, the normalized intensity ratios of the HSQC peaks
before and after the CCG-50014 modification (Figure 6) indicate that signal intensity
decreased for most of the peaks between residues 61 and 182 (Figure 6b) with the exception
of those in the unstructured portion of the C-terminus of RGS4 starting with Gly184.

In the presence of the covalent inhibitor, where koff ≪ the chemical shift timescale,
structural perturbations or inhibitor interactions result in partial or full attenuation of peaks
as they are split between two (or possibly more) chemical states.39,40 Therefore, we
computed % attenuation in peak intensity per residue on CCG-50014 binding (Figure 6c),
and mapped residues experiencing above-average structural perturbations on the RGS4
structure (Figure 7a). These data suggest significant perturbations in many residues (91, 101,
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110, 142, and 153) in the vicinity of Cys95 (Figure S12), which is likely a result of direct
interaction with the aromatic rings of the inhibitor, as seen in MD simulations (Figures S7
and S8). It is worth noting that the most perturbed peak in the HSQC spectrum comes from
Phe91 (Figure 6c), a residue located exactly below Cys95, and in direct contact with one of
the phenyl rings of CCG-50014 in our simulations (Figures S7 and S8). Consistent with
RMSF results (Figure 5), additional significant perturbations are also seen in residues (61,
63, 64, 66, 77, 167, and 178) in the N- and C-terminal helices of RGS4, as well as residues
(124 and 126) in the the loop region connecting helices α5 and α6. Based upon our MD
trajectories, we also carried out a theoretical chemical shift perturbation (CSP) analysis (see
methods in Supporting Information) using software packages SHIFTX241 (Figure S13) and
SPARTA+42 (Figure S14). The residues that are predicted by these software as perturbed
more than average are compared to the NMR data in Table S3. A subset of experimentally-
observed residue perturbations is compared to those perturbed in simulations (Figure 7b).
Overall, we find that ~66% of perturbed residues seen in NMR experiments are also
consistently observed in MD simulations. Remaining residues are not captured in theoretical
CSP analysis, but some of those residues indicate increased flexibility in the RMSF data
(Figure 5). Some disagreement between the experimental observations and predictions from
simulations may be due to a variety of factors such as difficulty in unambiguously resolving
overlapping peak positions in the NMR spectra, and the absence of certain rotameric
conformational states of residues that occur on long time-scale.43 Consistent with a loss of
G-protein binding and GAP activity,15 residues in the G-protein binding interface, such as
Thr124 and Glu126, are perturbed both in experiments and simulations in the presence of
CCG-50014.

Finally, we carried out MD simulations of the RGS4-Gα complex with and without inhibitor
to better understand the role of CCG-50014 in inhibiting this protein-protein interaction. For
each simulation, we assess the stability of interaction between RGS4 and Gα by measuring
(a) BSA between the entire RGS4 and Gα structures in the complex; and (b) total non-
bonded interaction energy and its components between key residues (see Figure 8a) in the
RGS4-Gα interface. These metrics, computed from a 20-ns MD equilibration of the apo
crystal structure of RGS4-Gα complex (PDB code 1AGR), indicate that the interface
between RGS4 and Gα remains preserved (Figure 8b, red trace for BSA in Figure 8d, and
the interaction energy traces in Figure 8e). The interaction energy traces (Figure 8e) suggest
that electrostatic interactions significantly contribute to the total non-bonded energy.
Because the conformation of RGS4 used in the inhibitor-bound complex simulation was
generated via TAMD, we enforced restraints (on all Cα atoms) for the first 20 ns of MD
simulation to maintain the integrity of RGS4-Gα interface, and thereafter continued a 25-ns
long free (unrestrained) MD equilibration. We observe that although RGS4-Gα interface
remains largely intact during the 20-ns long restrained simulation (green trace in the gray
background in Figure 8d, and snapshots in Figure S15), it gradually becomes unstable on
removing the restraints (green trace in the white background in Figure 8d, and Figure 8c)
due likely to a loss of dominant electrostatic interactions in this interface (Figure 8f). These
data further suggest that binding of CCG-50014 to Cys95 on RGS4 results in allosteric
perturbations to residues in the RGS4-Gα interface thereby inhibiting this protein-protein
interaction.

2 CONCLUSIONS
In summary, we have studied the effect of CCG-50014 (a covalent inhibitor) binding to
RGS4 as well as on the interaction of RGS4 with the Gα-subunit. Enhanced conformational
sampling of RGS4 using TAMD consistently reveals the existence of open-like
conformations of the α5-α6 helix pair, which facilitates binding of CCG-50014 to the buried
side-chain of Cys95. We can further consistently identify a large number of key perturbed
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residues from NMR experiments and MD simulations, especially in the vicinity of the
inhibitor binding site and in the RGS4-Gα interface. The steric effects of CCG-50014
interacting with specific residues in α4-α7, particularly with Phe91, contribute to the
stabilization of the RGS4 open-conformation by restricting the closure of the α5-α6 helix
pair. This allosteric effect translates into structural perturbations downstream in the Gα
binding interface of RGS4. Finally, results from a simulation of the RGS4-Gα complex in
the presence of CCG-50014 suggest a relatively unstable interface between RGS4 and Gα,
unlike the simulation of the apo complex where a stable interface is observed.

3 METHODS
We generated all simulation trajectories using NAMD44 and the CHARMM force-field with
CMAP correction.45,46 VMDv1.9 was used for system creation and protein rendering.47 We
carried out all MD and TAMD simulations of RGS4 structures in explicit TIP3P water with
two different initial structures (PDB codes 1AGR and 1EZT). Details of all simulations
appear in Table S1. We computed the eigen-values and eigen-vectors corresponding to the
first 20 non-zero normal modes of RGS4 for each of the two structures (PDB codes 1AGR
and 1EZT) using their Cα-based elastic network models with the help of AD-ENM server
(http://enm.lobos.nih.gov/).48,49 Overlap analyses were carried out using tcl-scripts under
VMD. Data from overlap analyses are shown in Fig. 3. Details on protein expression,
purification, and NMR HSQC experiments are also described in the supplemental material.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Cartoon representations of (a) the box domain of RGS4; and (b) the RGS4-Giα1 complex.
Each of the nine helices of RGS4 is distinctly colored and labeled. The Cα atoms of four
cysteine residues in RGS4 are shown as yellow spheres, while the buried residue Cys95
(C95) is labeled and highlighted in a dotted circle. In panel b, three switch regions of Giα1
are shown as magenta cartoons and labeled, and the GDP molecule is rendered as green
space-filling spheres.
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Figure 2.
MD and TAMD simulation data for RGS4 runs with initial coordinates from PDB code
1AGR. (a and b) Overlay of cartoon representations of apo-RGS4 (red, beginning; blue, end
of simulations). All helices of RGS4, except the α5-α6 pair, are shown in white cartoons. (c)
The Cα -RMSD traces with reference to starting conformations. (d) Buried surface area
(BSA) between the α5-α6 helix pair and the rest of RGS4.
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Figure 3.
Individual (bars) and cumulative (red dotted line) projections of 20 low-frequency normal
modes of RGS4 onto TAMD generated conformations; projection of the nth mode θmn is the
normalized scalar product between the eigen vector (I ⃗n) of the corresponding mode and
functional displacement d⃗ i.e θmn = I ⃗n·d⃗/(|I ⃗n|×|d⃗|), while the cumulative overlap is

. The functional displacement vector d⃗ is defined as the vector
difference between starting and ending conformations from a typical TAMD simulation.
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Figure 4.
Data from MD equilibrations of TAMD-generated conformations of RGS4 (PDB code
1AGR) with (panel a) and without (panel b) CCG-50014 (red, beginning; blue, end of
simulations). (c) RMSD with reference to the crystallographic conformation of RGS4 (PDB
code 1AGR). (d) Same BSA as in Figure 2d are shown.
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Figure 5.
Change in RMSF per residue (ΔRMSF) on binding of CCG-50014 to two different
structures of RGS4. Data represent difference in RMSF from at least three independent MD
simulations, each for apo and inhibitor-bound structures, of RGS4. See also Fig. S10 in the
supplemental material.
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Figure 6.
Effect of CCG-50014 on the 1H-15N HSQC spectra of RGS4. (a and b) Normalized intensity
ratios of the HSQC peaks after and before CCG-50014 modification as a function of residue
number for the Cysteine less (Cysless) and single Cysteine (Cys95) RGS4. (c) Percentage
attenuation in peak intensity for each residue after treatment with CCG-50014. Solid and
dotted horizontal lines indicate values at mean and 1 standard deviation (SD). See Figure 7
for residue mapping.
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Figure 7.
Perturbed residues are mapped on the crystal structure of RGS4 (PDB code 1AGR): (a)
measured (from NMR experiments); and (b) computed (from MD simulations). Red labeled
spheres indicate residues with % peak attenuation larger than 1 SD, while small blue spheres
are residues with % peak attenuation between mean and 1 SD in NMR experiments. Residue
Cys95, which is covalently modified by CCG-50014, is shown as a labeled yellow sphere.
Protein backbone is rendered as a transparent white cartoon.
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Figure 8.
Snapshots of RGS4-Gα complex in (a) crystallographic conformation (PDB code 1AGR);
and conformations at the end of MD equilibrations without (b) and with (c) inhibitor. The
Cα -atoms of key interacting residues in the RGS4-Gα interface are labeled (panel a), and
rendered as space-filling spheres in each snapshot. (d) Traces of BSA between RGS4 and
Gα in the complex (green, with inhibitor; and red, without inhibitor). (e–f) Traces for non-
bonded interaction energy and its components computed between residues of RGS4 and Gα
(see panel a) from MD simulations without (panel e) and with (panel f) inhibitor. (Gray
background in panels d and f) The first 20 ns of restrained MD simulation with inhibitor.
See Figure S15 for additional snapshots from the inhibitor-bound simulation. The red trace
in panel d is deliberately shifted by 20 ns to highlight the fact that simulation was not
restrained.
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