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ABSTRACT: The binding of small molecules (e.g., natural ligands,
metabolites, and drugs) to proteins governs most biochemical pathways
and physiological processes. Here, we use molecular dynamics to investigate
the unbinding of dimethyl sulfoxide (DMSO) from two distinct states of a
small rotamase enzyme, the FK506-binding protein (FKBP). These states
correspond to the FKBP protein relaxed with and without DMSO in the
active site. Since the time scale of ligand unbinding (2−20 ns) is faster than
protein relaxation (100 ns), a novel methodology is introduced to relax the
protein without having to introduce an artiﬁcial constraint. The simulation
results show that the unbinding time is an order of magnitude longer for
dissociation from the DMSO-bound state (holo-relaxed). That is, the actual
rate of unbinding depends on the state of the protein, with the protein
having a long-lived memory. The rate thus depends on the concentration of
the ligand as the apo and holo states reﬂect low and high concentrations of
DMSO, respectively. Moreover, there are multiple binding modes in the apo-relaxed state, while a single binding mode
dominates the holo-relaxed state in which DMSO acts as hydrogen bond acceptor from the backbone NH of Ile56, as in the
crystal structure of the DMSO/FKBP complex. The solvent relaxes very fast (∼1 ns) close to the NH of Ile56 and with the same
time scale of the protein far away from the active site. These results have implications for high-throughput docking, which makes
use of a rigid structure of the protein target.

1. INTRODUCTION
The association of endogenous ligands to enzymes and
receptors regulates a large variety of biochemical pathways.
Small-molecule drugs act by speciﬁc binding to a target protein
to modulate their function, which is usually deregulated in the
pathological state. Thus, the detailed analysis of ligand binding
and the response of the target protein are expected to give
insights useful for the understanding of biochemical processes
(e.g., enzymatic reactions and signaling cascades) in the healthy
and disease states.1−4
Here, we analyze the kinetics and thermodynamics of DMSO
unbinding from FKBP by explicit solvent molecular dynamics
(MD) simulations. We have selected the 107-residue protein
FKBP since there exists a high-resolution crystal structure of
the complex with DMSO (PDB code 1D7H; Figure 1).5 FKBP
is a peptidylprolyl isomerase (PPIase), whose name originates
from the fact that it binds the immunosuppressant drug FK506
(also called tacrolimus). PPIases are present in many diverse
organisms. There are two main classes of PPIases: FKBPs6−8
and cyclophilins. These two classes are deﬁned in terms of their
artiﬁcial ligands, the natural products FK506 and cyclosporin A.
These macrocyclic immunosuppressants inhibit the rotamase
activity of their respective class but have no inﬂuence on the
other class. Experimental evidence indicates that inhibition of
the PPIase activity is not related to immunosuppression.9 On
© 2016 American Chemical Society

the other hand, PPIases are important for accelerating the
folding of some proteins10,11 for which the rate-limiting step
involves the trans to cis isomerization of proline peptide
bonds.10−12 Thus, FKBP is involved in protein folding and at
the same time is an important small-molecule drug target.
In previous simulation studies, we have shown that
unbinding of DMSO from FKBP required about 4 ns at
310 K, and multiple binding modes in the FKBP active site
were observed.13,14 As an extension of that work, we present
here multiple independent simulations of spontaneous DMSO
unbinding starting from a protein ensemble that has been
carefully equilibrated with either a DMSO molecule bound (i.e.,
in the holo-relaxed state) or in its apo-relaxed state. The
simulations show that unbinding from the holo-relaxed state is
an order of magnitude slower with the binding mode stabilized
by a hydrogen bond with the backbone NH of Ile56. On the
other hand, multiple binding modes are observed in the aporelaxed state. We will furthermore show that upon unbinding
from the holo-relaxed state the rearrangement of the FKBP
binding site and water network are coupled, that is, both show
similar relaxation kinetics. Moreover, the protein and water
response is signiﬁcantly slower than the DMSO unbinding
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That was hampered by the fact that the average unbinding time
of the unrelaxed protein was k−1
off = 15 ns (Figure S1, Supporting
Information), which turned out to be signiﬁcantly too short to
relax the protein. We therefore developed the following
protocol: The simulation was run until the DMSO−protein
distance exceeded some threshold. To that end, we used two
distances, the distance rTrp59 of the S atom of the DMSO
molecule to the center of the second ring of Trp59 as well as
the hydrogen bond distance rIle56 of the O atom of DMSO to
the amide-proton of Ile56 (Figure 1), and we assumed
unbinding when both distances exceeded 12 Å. Once unbinding
occurred, we traced back the trajectory until both rTrp59 < 3.5 Å
and rIle56 < 1.9 Å. At that point of the trajectory, we reassigned
new random velocities to all atoms of the simulation box
according to a Boltzmann distribution at the same temperature
T = 273 K (note that since kinetic and potential energy
contributions to the partition function are separate reassigning
new velocities and keeping the positions unchanged results in a
canonical ensemble). With that initial condition, the MD
simulation was launched again until the next unbinding event
occurred, which is diﬀerent and tentatively later than the
previous one (Figure 2) since the new run produces a diﬀerent
trajectory. The procedure was continuously repeated.

Figure 1. Crystal structure of the complex between FKBP and DMSO
(PDB code 1D7H5). The DMSO molecule and side chains of Ile56,
Trp59, and Tyr82 are shown in sticks. The hydrogen bond of DMSO
to the backbone NH of Ile56 is shown by dotted lines. Also shown are
the Cα atoms of Phe46, His87, Asp37, and Val55, the distances
between which deﬁne the deformation of the binding groove after
unbinding.

time. The results thus suggest that ligand unbinding is nonMarkovian, and the term koff becomes rather meaningless as the
rate depends on the state of the protein, which in turn relaxes
slower than unbinding itself.

2. METHODS
2.1. MD Setup. All the MD simulations involved in this
study were performed using GROMACS 4.6.15 We used the
CHARMM27 force ﬁeld16,17 for the protein and CGENFF
force ﬁeld18 for the small molecule DMSO. The starting
conformation was taken from the ﬁrst chain of the X-ray crystal
structure 1D7H (which has a DMSO molecule bound), and the
water molecules close to the protein surface were kept. The
system was solvated in a rhombic dodecahedron box with
≈7600 additional TIP3P water molecules19 together with
150 mM NaCl to neutralize the simulation box. We used 2 fs as
the integration time step and the LINCS algorithm20 to
constrain the covalent bonds involving hydrogen atoms.
Electrostatic interactions were approximated using the
Particle-Mesh Ewald (PME) summation method,21 and van
der Waals interactions were truncated with a cutoﬀ of 10 Å.
Before relaxation of the protein, the solvent was equilibrated for
1 ns with all the heavy atoms of the complex ﬁxed around their
position with a force constant of 1000 kJ/mol nm2. All
simulations were run as an NPT ensemble at a pressure of
1 atm using a Berendsen barostat with coupling time 2 ps and
at a temperature of 273 K using velocity rescaling with a
stochastic term22 with coupling time 0.1 ps. The low
temperature is necessary to fully equilibrate the DMSObound state (see next subsection) because of previous
unbinding simulations at 310 K, from which a k−1
off of about
4 ns was determined.13,14 Note that the freezing point of TIP3P
water is signiﬁcantly lower than 273 K in the CHARMM27
force ﬁeld.23
2.2. Relaxation of Bound State. Starting from the
solvent-equilibrated state, the goal was to relax the protein in
its holo form (i.e., DMSO−protein complex) under the
particular force ﬁeld used in the simulation (which might
result in a structure that deviates from the X-ray structure).

Figure 2. Example of four consecutive trajectories during the
relaxation of the bound state, colored in black, red, green, and blue,
showing the distances of the O atom of DMSO to the amide-proton of
Ile56, rIle56 (top), and that of the S atom of the DMSO molecule to the
center of the 6-ring of Trp59, rTrp59 (bottom).

Following that protocol, we enable the protein to fully relax
with DMSO bound to the protein all the time along that chain
of simulations without having to invoke an artiﬁcial constraint
to force the DMSO molecule to stay in the binding pocket. At
the same time, the starting points of the individual simulation
pieces serve as an ensemble of bound conﬁgurations used as
starting points for the nonequilibrium simulations described in
the next paragraph. In total, 116 such bound conﬁgurations
have been collected from two independent chains of
trajectories, each ≈1.4 μs long. Bound conﬁgurations from
the ﬁrst 200 ns were discarded to ensure that there is no bias
from the initial X-ray structure.
2.3. Unbinding Simulations. Starting from the aforementioned 116 bound conﬁgurations, trajectories of 150 ns
length have been simulated with 1 ps saving time and
subsequently 500 ns with 10 ps saving time. By construct,
this constitutes an ensemble of nonequilibrium trajectories
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have B-factor smaller than 30 Å2) and hardly changes during
unbinding and during the relaxation of the protein; hence, the
protein remains equally rigid at all times. This in turn evidences
that the alignment procedure does not cause artifacts in the
calculation of the water density around the protein.

since all these 116 trajectories start from a bound state, while
the equilibrium lies strongly on the unbound side. The kon time
for rebinding of the DMSO molecule is in the order of a few
microseconds. Hence, out of the 116 trajectories, ﬁve such
rebinding events occurred after the ﬁrst 150 ns, and those
trajectories have been discarded. For the remaining 111
trajectories, the DMSO has been removed and replaced by
three water molecules after 150 ns to prevent rebinding within
the subsequent 500 ns. The three water molecules replacing the
DMSO molecule were placed at the positions of the oxygen
atom and carbon atoms of the methyl groups. The three water
molecules were then minimized and equilibrated by a MD run
of 1 ns with the rest of the system frozen.
The ﬁnal trajectories were synchronized by searching for the
time point when both distances rTrp59 and rIle56 ﬁrst exceeded 20
Å (a looser criterion was used here to minimize events of
immediate rebinding). From that time point, we traced back
until both distances are still below 6 Å, which we deﬁned as the
time point of unbinding.
2.4. Rebinding Simulations. In order to also determine
the unbinding constant for the apo-relaxed protein, the
endpoint conﬁgurations of the 111 unbinding simulations
described in the previous paragraph have been considered, all of
which haven been in the apo state for at least 500 ns, which is
long enough to assume that the protein is indeed relaxed. A
DMSO molecule has been reintroduced into these endpoint
conﬁgurations replacing three water molecules, which form a
triangle with their length all below 3.6 Å. Furthermore, in order
to speed up the time for rebinding, only waters in the vicinity of
the binding pocket were considered (i.e., with 13-21 Å from the
Cα atoms of Asp37, Phe46, Val55, and His87). These three
water molecules have been replaced by the oxygen and carbon
atoms of the DMSO molecule with the RMSD minimized.
Subsequently, the DMSO molecule as well as all water
molecules and ions within 6 Å of the DMSO have been
minimized and equilibrated for 1 ns, keeping all other atoms
ﬁxed. From that point, 30 ns long simulations were launched
with random velocities assigned to all atoms. Typically ≈7% of
those simulations rebind during 30 ns, using a threshold of 6 Å
for both rTrp59 and rIle56 to determine binding. Trajectories that
did not bind within 30 ns were relaunched with a new set of
random velocities. That procedure was repeated seven times,
collecting 58 rebinding events, whose subsequent unbinding
was simulated as well. A table listing all simulations used for the
study is given in Table S1 of the Supporting Information.
2.5. Solvation Layer. In order to determine the water layer
around the protein after unbinding from the holo-relaxed form,
an average structure was ﬁrst calculated from all snapshots
before the time point of unbinding by aligning them upon each
other, minimizing the RMSD of all Cα atoms. That average
structure was considered to be the reference structure.
Snapshot structures after the unbinding event were aligned to
that reference structure and averaged in time bins on a
logarithmic time axis (i.e., 10 bins per decade). Whenever
aligning the protein backbone, the surrounding water molecules
and the DMSO molecule were moved accordingly, and their
densities have been calculated by binning them into cubes of 1
Å3. Figure S2 of the Supporting Information shows the RMSD
of the structures within one time bin relative to the average in
the same time bin, while the point at zero combines all
structures before the unbinding event. The RMSD is quite
small throughout (0.4 Å, which is consistent with the small Bfactors in the 1D7H crystal structure,5 as 87% of the Cα atoms

3. RESULTS
3.1. Unbinding Constant and Binding Modes. Unbinding from the holo-relaxed state is about an order of magnitude
−1
slower (k−1
off = 23 ns) than from the apo-relaxed state (koff =
2.2 ns) (Figure 3). Assuming that binding is diﬀusion-

Figure 3. Fraction of bound DMSO molecules as a function of time,
using a threshold of 12 Å for both rTrp59 and rIle56 as a criterion of
unbinding. The solid lines represent exponential ﬁts with unbinding
−1
constants k−1
off = 23 ns (red) for the holo-relaxed protein and koff = 2.2
ns (blue) for the apo-relaxed protein.

controlled and hence the same in both cases, the slow down
by a factor 10 corresponds to a stabilization of the binding free
energy in the holo-relaxed state by ≈ 2.3 kBT ≈ 1.3 kcal/mol.
This diﬀerence is signiﬁcant given that the free energy of
binding is only −0.8 kcal/mol as measured by nuclear magnetic
resonance spectroscopy24 or −2.3 kcal/mol measured by
tryptophan ﬂuorescence.5
Figure 4 shows projections of the free energy onto the two
distances rTrp59 and rIle56 evaluated along the trajectory
segments during which the DMSO molecule is bound. Note
that these free energy projections are not rigorously deﬁned
since the system is not in equilibrium during these time periods.
These two-order parameters can resolve the various binding
modes of the DMSO molecule reasonably well. That is, for the

Figure 4. Histogram-based two-dimensional projection of the free
energy along the two distances rTrp59 and rIle56 for DMSO bound to the
holo-relaxed protein (a) and apo-relaxed protein (b). Contour lines
are separated by 0.5 kBT, starting from the corresponding minimum.
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structural changes are small, that is, ≲1 Å, but clearly resolvable.
The relaxation process takes a few 100 ns to ﬁnish and
proceeds in a nonexponential manner. Globally ﬁtting the two
distance traces with a stretched-exponential function S(t) =
A exp(−(t/τ)β) + A0 reveals a time constant of τ = 65 ns and a
stretching factor of β = 0.77 that deviates signiﬁcantly from 1.
With these values, we obtain for the mean relaxation time ⟨τ⟩ ≡
−(t/τ)β
∫∞
dt = τ/β·Γ(1/β) = 75 ns.25 Importantly, the mean
0 t·e
relaxation time is signiﬁcantly slower than the unbinding
constant k−1
off = 23 ns.
The side chain of Trp59, which forms the “ﬂoor” of the
DMSO (and substrate) binding site (Figure 1), changes its
orientation upon DMSO unbinding with a time scale that is
slower than the dissociation but slightly faster than the
relaxation of the binding site. The reorientation of the Trp59
side chain, namely, the changes of χ1 from gauche− to trans and
χ2 from about 40° to 0° (Figure S4), is completed in about
100 ns and can be ﬁtted by a single-exponential function with a
time constant of 36 ns (Figure 5c). The single-exponential
ﬁtting is consistent with a single free energy barrier between the
two rotameric states of the Trp59 side chains.
3.3. Solvent Relaxation Coupled to the Protein
Response. The temporal evolution of the radial distribution
function of the water molecules around the NH of Ile56
(Figure S5a) shows that the rearrangement of the ﬁrst solvation
layer around the Ile56 amide, that is, binding of two to three
water molecules, occurs almost simultaneously with the
unbinding of DMSO, and is nearly 2 orders of magnitude
faster than the full relaxation of the protein. In striking contrast,
the relaxation of the solvation layer far away from the DMSO
binding site is slow and keeps evolving on a few 100 ns time
scale (Figure S6). At about 50 ns, the water density has started
to change almost everywhere around the protein, as exempliﬁed
for Gly62 and Tyr26 both of which are situated on the protein
surface opposite from the binding pocket (Figure S5bc). The
change of water density integrated over the whole protein
surface shows that this change proceeds essentially simultaneously as the protein undergoes its conformational transition.
As a matter of fact, it can be ﬁtted with the same stretchedexponential function with time constant of τ = 65 ns and
stretching factor of β = 0.77 (Figure 5b).
To further investigate the relationship between protein and
solvent responses, an additional set of unbinding simulations
was carried out with restraints on the protein backbone. In the
active site, water still exchanges with DMSO, leading to
qualitatively similar results for the water density as in the
unrestrained simulations, but essentially nothing happens later
on around the protein (Figure S7). These control simulations
provide additional evidence that the change in the protein
solvation shell and the protein conformation itself are
inherently coupled to each other.

holo-relaxed protein (Figure 4a), the most populated binding
mode (around rTrp59 ≈ 3.5 Å and rIle56 ≈ 2.2 Å) corresponds to
the crystal structure (PDB code 1D7H) in which the oxygen
atom of DMSO is involved as acceptor in a hydrogen bond
with the NH group of Ile56 (Figure 1). The free energy surface
is quite diﬀerent in the apo-relaxed form (Figure 4b). The
minimum with hydrogen bond to the NH of Ile56 still exists
but is less populated as only 3 out of 58 trajectories visited that
minimum (Methods section). Importantly, a new metastable
state is populated (rTrp59 ≈ 5.8 Å and rIle56 ≈ 5.0 Å) in which
the oxygen atom of DMSO accepts a hydrogen bond from the
hydroxyl group of Tyr82 (see Figure 1 as well as Figure S3,
Supporting Information). This state is essentially absent for the
holo-relaxed protein. The free-energy diﬀerence from the
minimum with hydrogen bond to Tyr82 to a fully dissociated
state is only ≈1.5 kBT, along the “channel” guiding toward the
top-right corner of Figure 4b, which explains at least in part the
faster unbinding from the apo-relaxed state.
3.2. Slow Response of the Protein. The actual event of
unbinding takes roughly a nanosecond (Figure 2). Subsequently, the binding groove relaxes by becoming a bit larger
in the one direction (Phe46−His87), and a bit smaller in a
perpendicular direction (Asp37−Val55) (Figure 5a). The

Figure 5. Protein and water relaxation upon DMSO unbinding from
the holo-relaxed state. (a) Time dependence of the average Cα−Cα
distance between two pairs of amino acids (Phe46−His87 and Asp37−
Val55) across the binding groove. The bars indicate the ± σ-interval of
the ﬂuctuations around the average. (b) Squared water density change
Δρ2 integrated around the protein. In panels (a) and (b), the solid
lines show a global stretched-exponential ﬁt to the data, revealing a
time constant of τ = 65 ns and a stretching factor β = 0.77. The data
<20 ns in panel (b) were discarded, as the initial small drop in Δρ2 is
an artifact from the decreasing background noise due to the better
averaging in the exponentially increasing time bins. (c) Time
dependence of the population of the gauche− conformer of the
Trp59 χ1 dihedral angle. The solid line is a single-exponential ﬁt with
time constant of 36 ns.

4. DISCUSSION AND CONCLUSION
We have carried out multiple MD simulations of DMSO
unbinding from two distinct conformations of FKBP, namely,
the apo state and DMSO-bound or holo-relaxed state. The MD
trajectories were used to extract the unbinding kinetics and
analyze the response of the protein and change of the solvent
density around it. Four main observations emerge from our
simulation study:
(1) Despite the fact that the structural changes of the binding
pocket are relatively small (≲1 Å), they have a signiﬁcant
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eﬀect on the DMSO unbinding constant (Figure 3). The
diﬀerences in the binding site inﬂuence the relative
weights of the binding modes of DMSO, which are
diﬀerent in the holo-relaxed and apo-relaxed states
(Figure 4). The binding mode in the holo-relaxed state
is dominated by the direct hydrogen bond to the NH
group of Ile56, which is consistent with the X-ray
structure (PDB code 1D7H) and previous atomistic
simulations carried out at a DMSO concentration of
0.44 M.14 In the apo-relaxed state, there is a highly
populated binding mode in which the DMSO molecule
acts as hydrogen bond acceptor for the side chain
hydroxyl of Tyr82. This binding mode is kinetically less
stable than the one with the hydrogen bond to the NH
group of Ile56 (Figure 4).
It is interesting to analyze the mechanism of DMSO
(L) binding to FKBP (P), which on the basis of the
simulation results can be described by
PL ⇌ P + L ⇌ P b + L ⇌ P bL

equilibration procedure, the use of the equilibrated
bound state is more appropriate and will result in less
false negatives than the use of the crystal structure of the
apo protein. For ligands that have slow unbinding times
(≳1 μs), it is probably suﬃcient to equilibrate the bound
state in a single run starting from the crystal structure of
the complex.
(3) With a mean relaxation time of ⟨τ⟩ = 75 ns, the
rearrangement of the protein and its solvation layer is
nearly 2 orders of magnitude slower than the actual
process of unbinding (≈1 ns) and also signiﬁcantly
slower than the dissociation time k−1
off = 23 ns. This
renders the process non-Markovian, and terms like kon
and koff become essentially meaningless, as the actual rate
depends on the conformational state of the protein (to
which it relaxes with the ligand either bound or
unbound), which in turn has a long-lived memory.
Importantly, the unbinding time becomes a function of
the ligand concentration; it is signiﬁcantly longer at high
concentration of DMSO (holo-relaxed) than at low
concentration (apo-relaxed).
(4) The ﬁrst layer of water molecules and atoms on the
protein surface relax concomitantly. Thus, the ﬁrst
solvation layer has to be viewed as an integral part of
the protein.32 In other words, the relaxation of the
protein surface is not governed by solvent (or vice versa).
The relaxation is rather a coupled rearrangement of
hydrogen bonds of water molecules and polar groups of
the protein (intraprotein and protein−water). The
question of the size and properties of the solvation
layer has been investigated extensively and discussed in a
rather controversial manner over the past years using, for
example, NMR spectroscopy,32 THz spectroscopy,33 and
MD simulations.34−36 In particular, our results are
congruent with the concept of the “slaving” of water
and protein motions originally introduced by Frauenfelder, Wolynes, and co-workers.37,38
Overall speaking, the response we see here for unbinding of
DMSO from FKBP is precisely the same as that for a
photoswitchable PDZ2 domain that we have studied
recently.39,40 In that PDZ2 domain, an azobenzene derivative
has been covalently linked across its binding groove in a way to
mimic a structural change that roughly equals that upon ligand
binding/unbinding of the native system. While that molecular
construct has been artiﬁcial, it has the feature that it can be
triggered by light on a picosecond time scale and as such
allowed us to study the time response experimentally by
transient IR spectroscopy. In ref 39, we obtained a semiquantitative agreement between the experiments and accompanying MD simulations, which in turn compare well with the
MD simulation of the present study for FKBP. That is, we
observe the same 100 ns time scale for the response of the
binding pocket in both cases, relaxation proceeds in a
nonexponential manner, and the size of the structural change
is also very comparable with about 1 Å. Also the response of the
ﬁrst solvation layer (Figure S6) is qualitatively the same. This
agreement evidences that on the one hand the molecular
construct of ref 39 mimics the dynamics of ligand binding
reasonably well and on the other hand suggests that the 100 ns
time scale is rather general, at least for single-domain proteins
of about 100 residues.

(1)

b

where P and P represent the apo and ligand-bound state,
respectively. Because the unbinding time from the apo
state (2.2 ns) and from the holo state (23 ns) are faster
than the relaxation of the protein (middle double arrow,
75 ns), the saturation (Y) of the protein has a hyperbolic
dependence on the ligand concentration [L], that is, Y =
[L]/(KD + [L]), both at low and high concentrations of
the ligand but with diﬀerent values of the dissociation
constant (KD). In other words, the equilibrium is shifted
almost completely to the left or right of eq 1 at low or
high concentration of DMSO, respectively. Crucially, at
intermediate concentrations of the ligand, for example,
during a rapid switch in concentration, memory eﬀects
will inﬂuence the ligand saturation. On the other hand,
FKBP is not an hysteretic enzyme in its original
deﬁnition26 because the time scale of relaxation upon
ligand (DMSO) unbinding (75 ns) is much faster than
the reciprocal of the turnover number of the
peptidylprolyl isomerase reaction, which is about
10 ms.27
(2) The binding/unbinding of DMSO, a small molecule of
only four non-hydrogen atoms, has a sizable eﬀect on the
protein structure. This observation has important
consequences for automatic docking, which is usually
performed with a single rigid structure of the protein
receptor. In the literature, there are a few examples of
high-throughput docking campaigns that made use of
multiple protein structures originating from MD
simulations and diﬀering from the crystal structure (see
ref 28 for a recent review). Crucially, the small-molecule
inhibitors identiﬁed in those docking campaigns do not
ﬁt sterically into the binding site of the original crystal
structure.29−31 In other words, the active compounds
discovered in our previous studies, in which the binding
site was previously relaxed by MD, would have been false
negatives if the docking would have used the rigid crystal
structure. Here, we have introduced an MD simulation
protocol to “prepare” a protein for docking by relaxation
of its complex with a small molecule. The protocol,
which consists of the iterative restarting of MD
simulations of unbinding, generates a fully relaxed
bound state. For the docking of a library of fragments
that are similar to the small molecule employed in the
1397

DOI: 10.1021/acs.jctc.5b01052
J. Chem. Theory Comput. 2016, 12, 1393−1399

Article

Journal of Chemical Theory and Computation

(2) Henzler-Wildman, K.; Kern, D. Dynamic personalities of
proteins. Nature 2007, 450, 964−972.
(3) Seo, M.-H.; Park, J.; Kim, E.; Hohng, S.; Kim, H.-S. Protein
conformational dynamics dictate the binding affinity for a ligand. Nat.
Commun. 2014, DOI: 10.1038/ncomms4724.
(4) Plattner, N.; Noe, F. Protein conformational plasticity and
complex ligand-binding kinetics explored by atomistic simulations and
Markov models. Nat. Commun. 2015, 6, 7653.
(5) Burkhard, P.; Taylor, P.; Walkinshaw, M. D. X-ray structures of
small ligand-FKBP complexes provide an estimate for hydrophobic
interaction energies. J. Mol. Biol. 2000, 295, 953−62.
(6) Siekierka, J. J.; Hung, S. H. Y.; Poe, M.; Lin, C. S.; Sigal, N. H. A
cytosolic binding protein for the immunosuppressant FK506 has
peptidyl-prolyl isomerase activity but is distinct from cyclophilin.
Nature 1989, 341, 755−757.
(7) Harding, M. W.; Galat, A.; Uehling, D. E.; Schreiber, S. L. A
receptor for the immuno-suppressant FK506 is a cis-trans peptidylprolyl isomerase. Nature 1989, 341, 758−760.
(8) Clardy, J. The chemistry of signal transduction. Proc. Natl. Acad.
Sci. U. S. A. 1995, 92, 56−61.
(9) Schreiber, S. L.; Crabtree, G. R. The mechanism of action of
cyclosporin A and FK506. Immunol. Today 1992, 13, 136−142.
(10) Fischer, G.; Wittmann-Liebold, B.; Lang, K.; Kiefhaber, T.;
Schmid, F. X. Cyclophilin and peptidyl-prolyl cis-trans isomerase are
probably identical proteins. Nature 1989, 337, 476−478.
(11) Tropschug, M.; Wachter, E.; Mayer, S.; Schonbrunner, E. R.;
Schmid, F. X. Isolation and sequence of an FK506-binding protein
from N. crassa which catalyses protein folding. Nature 1990, 346,
674−677.
(12) Lang, K.; Schmid, F. X.; Fischer, G. Catalysis of protein folding
by prolyl isomerase. Nature 1987, 329, 268−270.
(13) Huang, D.; Caflisch, A. The free energy landscape of small
molecule unbinding. PLoS Comput. Biol. 2011, 7, e1002002.
(14) Huang, D.; Caflisch, A. Small molecule binding to proteins:
Affinity and binding/unbinding dynamics from atomistic simulations.
ChemMedChem 2011, 6, 1578−1580.
(15) Van Der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A.
E.; Berendsen, H. J. C. GROMACS: Fast, flexible, and free. J. Comput.
Chem. 2005, 26, 1701−1718.
(16) MacKerell, A. D.; Feig, M.; Brooks, C. L., III Extending the
treatment of backbone energetics in protein force fields: Limitations of
gas-phase quantum mechanics in reproducing protein conformational
distributions in molecular dynamics simulations. J. Comput. Chem.
2004, 25, 1400−1415.
(17) Mackerell, A. D.; Bashford, D.; Bellott, M.; Dunbrack, R. L.;
Evanseck, J. D.; Field, M. J.; Fischer, S.; Gao, J.; Guo, H.; Ha, S.;
Joseph-McCarthy, D.; Kuchnir, L.; Kuczera, K.; Lau, F. T. K.; Mattos,
C.; Michnick, S.; Ngo, T.; Nguyen, D. T.; Prodhom, B.; Reiher, W. E.;
Roux, B.; Schlenkrich, M.; Smith, J. C.; Stote, R.; Straub, J.; Watanabe,
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It is interesting to relate these results to commonly discussed
mechanisms of ligand binding, that is, “induced ﬁt” versus
“conformational selection”.41 According to Onsager’s regression
hypothesis, the relaxation of a nonequilibrium ensemble toward
equilibrium equals the equilibrium correlation function,
⟨x(t)⟩nonequ ∝ ⟨x(0)x(t)⟩equ.42 To that end, it is important to
note that the holo-relaxed state eﬀectively constitutes a
nonequilibrium ensemble (at low concentration of DMSO),
which relaxes toward equilibrium after unbinding of the DMSO
molecule. But the size of the structural change on average is of
the same order of magnitude as the ﬂuctuations once
equilibrium is reached (see bars in Figure 5a); hence, linear
response theory applies. We thus can assume that the relaxation
kinetics of the opposite process, that is, upon ligand binding,
would be the same as that upon ligand unbinding, which we
investigated here (just that the DMSO molecule would not stay
long enough for full relaxation to occur; Figure 3, blue). In that
sense, what we observe here is an “induced ﬁt” mechanism.41
That is, the protein adapts to a binding event only relatively
slowly by lowering the binding free energy and thereby
stabilizing the bound state. The question whether it is an
induced ﬁt mechanism, however, depends on time scales and
concentration of the ligand. DMSO has a very small binding
aﬃnity. Hence, its residence time at the protein is short, and
the slow relaxation of the protein does indeed matter. On the
other hand, for a ligand with much higher binding aﬃnity, the
residence time will be signiﬁcantly longer. Once it exceeds the
relaxation time of the protein, the process is eﬀectively
Markovian. As the structural change upon ligand binding is
smaller than the equilibrium ﬂuctuations, the holo-structure of
the protein will occasionally appear even in the apo-relaxed
form. The mechanism of ligand binding then turns into
“conformational selection”.41
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