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Small Molecule Binding to Proteins: Affinity and Binding/Unbinding

Dynamics from Atomistic Simulations

Danzhi Huang* and Amedeo Caflisch*®

Several experimental™? and computational® approaches to
fragment-based drug design have been developed during the
past 15 years. The experimental methods are still limited in
their temporal and spatial resolution, while the computational
techniques suffer from insufficient accuracy, particularly in the
evaluation of binding affinity. Recently, molecular dynamics
(MD) simulations have been used for flexible docking, i.e., to
determine the binding modes of low-molecular-weight frag-
ments to proteins;*>" however, binding affinity and kinetics
were not investigated. Simulations of biased unbinding of
small molecules from antibodies,® enzymes,”® and recep-
tors®'” have been reported but the external pulling force
alters the free-energy landscape
significantly.

In a previous work, we stud-
ied the free-energy surface and
pathways of unbinding of six
small ligands (4-11 nonhydro-
gen atoms) from the active site
of FKBP—the FK506 binding
protein that is also a peptidyl-
prolyl cis-trans isomerase —by
explicit solvent MD simulations
started from the X-ray structure
of the complex." Here, without
employing any information on
the binding mode, we deter-
mine the locations and resi-
dence times of dimethylsulfox-
ide (DMSO) on the FKBP surface
by means of multiple MD runs
using high concentrations of
DMSO in the simulation box.

Most of the following analysis
is based on ten independent
70ns MD runs at 310K with a
DMSO concentration of 0.44wm, i.e., 50 DMSO molecules and
one FKBP molecule in a 57 A-cubic box. Essentially identical re-
sults (binding modes, affinities, kinetics) were obtained in MD
simulations with DMSO concentrations larger or smaller by a
factor of two, as expected because of the very high solubility
of DMSO in water."? The simulations were started from ran-

experimental data,"'*"®
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domly dispersed DMSO molecules in the bulk water. The MD
sampling of 0.7 us required about two days on 80 processors
of type Xeon 5500 2.8 GHz (see Supporting Information for de-
tails of simulation protocols and analysis methods). The pro-
grams CHARMM"® and WORDOM" were used for the analysis
of the MD trajectories. The latter program was employed to
calculate the frequency of each DMSO/FKBP contact, which is
defined as an interatomic distance smaller than 6 A. [Note that
this analysis is robust with respect to the choice of distance
threshold (see Supporting Information).]

The mapping of the contact frequencies on the surface of
FKBP (Figure 1) indicates that the main location is at the active

Figure 1. Map of DMSO/FKBP contact frequencies. The surface of FKBP is colored according to the percentage of
MD snapshots in which the center of mass of any of the 50 DMSO molecules is within 6 A of any nonhydrogen
atom of FKBP. The active site (left) with Trp 59 at its bottom is the main binding site of DMSO, in agreement with
! while the second most frequent interaction site is at residue Phe 15, the side chain of
which is on the opposite region of the FKBP surface with respect to the active site (right).

site, and another minor location is close to Phe 15. In the main
binding mode, DMSO accepts a hydrogen bond from the back-
bone amide NH of lle56 and the DMSO methyl groups are in
van der Waals contact with the side chains of Tyr26, Phe 46,
Val55, Trp59, and Phe99, in agreement with the X-ray struc-
ture (Figure 2a ) and NMR spectroscopy data."? Furthermore,
the distance distribution of the second closest DMSO shows
that there is only one DMSO molecule in the active site (Sup-
porting Information). In the minor location, the DMSO methyl
groups interact with the phenyl ring of Phe 15, while the sulfi-
nyl oxygen atom points towards the solvent.

The large number of binding and unbinding events to and
from the active site (more than 100 in each direction) allows
the on- and off-rates to be extracted from the MD runs. The
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from unbinding events during
which the distance between the
centers of mass of DMSO and
the FKBP active site atoms tran-
siently exceeds the threshold
but DMSO stays in van der
Waals contact with the FKBP
surface.

Dissociation from the minor
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0.4 ns (Supporting Information).
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Figure 2. Main binding site and (un)binding kinetics. Top: a) The most populated DMSO binding mode observed
in the MD simulations (carbon atoms in green) is essentially identical to the binding mode in the X-ray structure

i 8 12 of dissociation from Phe15 is
Time / ns L.

similar to the one observed for

the fast phase of unbinding

from the active site as the same

(magenta; PDB: 1D7H"™). The surface of FKBP is colored according to atom type: carbon (yellow), nitrogen (blue),

oxygen (red). White patches correspond to hydrogen atoms bound to nitrogen and oxygen atoms. b) Time series
of distance between FKBP active site center and closest DMSO molecule from one of the ten MD simulations.
Bottom: Cumulative distribution f(t) of the ) binding time and d) unbinding time: f(t) = [;* p(t)dt, where p is
the probability distribution of the binding and unbinding time, respectively. Binding and unbinding events are de-
fined by a separation between the centers of mass of the FKBP active site and DMSO smaller than 4 A (binding)
and larger than 8 A (unbinding). These threshold values were chosen upon visual analysis of the time series, and
they are shown by horizontal lines in panel b. The same two-phase behavior and similar characteristic times are
obtained with slightly different thresholds, e.g., 5 A for binding and 9 A for unbinding. The stars represent the
binding and unbinding events (137 in each direction) observed in the ten MD runs. The solid lines are double-

exponential fits.

cumulative distribution of times of unbinding from the FKBP
active site shows a double-exponential behavior with charac-
teristic times of about 4 ns and 0.3 ns for the slow and fast
phases, respectively, and both have amplitudes of about 50%
(Figure 2d). Geometric clustering (Supporting Information) and
visual analysis of the trajectories suggest that the slow phase
of unbinding is due solely to events that start from specific
binding in the active site, i.e., from the binding mode with the
hydrogen bond between the sulfinyl oxygen and the amide
NH of lle56 (Figures 2 and 3). In contrast, the fast phase origi-
nates mainly from dissociation events that start from the
DMSO molecule involved in nonpolar interactions between the
DMSO methyl groups and the aromatic and aliphatic side
chains in the FKBP active site, but without the aforementioned
intermolecular hydrogen bond. This result explains why only
the slow phase was detected in a previous MD study in which
all MD runs started from the X-ray structure of the DMSO-
FKBP complex."" The cumulative distribution of times of bind-
ing to the active site shows also a double-exponential charac-
ter with characteristic times of about 2.6 ns and 0.2 ns for the
slow and fast phases, respectively (Figure 2c). The slow phase
has an amplitude of about 3/4, while the fast phase originates
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type of unspecific interactions
are involved.

The multiple events of rever-
sible (un)binding can be used
to extract the affinity of DMSO
for the main binding site. The
dissociation constant derived
from the fraction of MD snap-
shots in which a DMSO mole-
cule is close to either of the
carbon atoms of Val55 ranges from about 150 mm to 500 mm
depending on the choice of the distance threshold from 8 to
5 A, respectively. Using the DMSO distance from the center of
the active site (as in Figure 2), a dissociation constant of about
350 mm is obtained (Supporting Information, table S1).

The (un)binding kinetics extracted from the MD simulations
can be employed to determine the dissociation constant as
the quotient of on- and off-rates. A value of about 250 mm to
350 mMm, depending on the binding and unbinding distance
thresholds (Supporting Information, table S1), is derived from
the reciprocal of the characteristic time of the slow phase ob-
tained from the aforementioned fits of the cumulative distribu-
tion of binding and unbinding times, respectively. These two
ranges of values are consistent, which indicates that thermo-
dynamic and kinetic analyses yield similar dissociation con-
stants. Importantly, the values extracted from the MD simula-
tions are in agreement with the dissociation constant of
275 mm obtained by NMR chemical-shift change of one of the
methyl groups of Val 55 upon DMSO titration.""?

In conclusion, we have shown that explicit solvent MD simu-
lations can be used for determining the main site(s), affinities,
and kinetics (i.e., on- and off-rates) of DMSO binding to FKBP.
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b) Slow unbinding

design like structure-activity re-
lationship investigation by NMR
and X-ray crystallography.
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Figure 3. Slow and fast unbinding from the FKBP active site. a) Representatives of the four most populated clus-
ters (DMSO carbon atoms in green) and the binding mode in the X-ray structure (DMSO in magenta). The unbind-

ing events from the FKBP active site are divided into two groups depending on the presence (left panels) or ab-
sence (right panels) of a hydrogen bond with the amide NH of lle 56 in the preceding binding event. b) Cumula-
tive distribution of unbinding time. The two plots show the unbinding events along the MD simulations (stars)
and single-exponential fits (solid lines) for events started from the presence (left) or absence (right) of a hydrogen
bond with the NH of lle 56. See also the legend of Figure 2 for details of cumulative distribution.

Despite its small size and number of atoms (only four nonhy-
drogen atoms), DMSO is appropriate for mapping the physico-
chemical characteristics of the surface of a protein because its
sulfinyl oxygen is a good hydrogen-bond acceptor and its two
methyl groups can form hydrophobic contacts. In other words,
DMSO is one of the smallest molecules with amphipathic char-
acter, and it can be used to design larger inhibitors by pharma-
cophore search."” The MD simulations show that the main
binding mode of DMSO s in the active site of FKBP where the
amide NH of lle 56 acts as hydrogen-bond donor to the sulfinyl
oxygen, in agreement with the X-ray structure and NMR spec-
troscopy data. The constant of dissociation from the FKBP
active site was extracted from the multiple binding/unbinding
events and found to be in agreement with NMR data. The ki-
netics of DMSO unbinding from the FKBP active site show a
two-phase behavior with a slow and fast phases due to rup-
ture of the hydrogen bond with lle56 NH and loss of van der
Waals contacts with aromatic side chains, respectively. Given
their cost and time efficiency, it is likely that in the near future,
MD simulations will complement—or even supplement—the
state-of-the-art techniques used for fragment-based drug
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