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§John von Neumann Institute for Computing (NIC), Jülich Supercomputing Centre (JSC) and Institute for Complex Systems -
Structural Biochemistry (ICS 6), Forschungszentrum Jülich GmbH, Jülich, Germany
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ABSTRACT: Drug optimization is guided by biophysical methods
with increasing popularity. In the context of lead structure
modifications, the introduction of methyl groups is a simple but
potentially powerful approach. Hence, it is crucial to systematically
investigate the influence of ligand methylation on biophysical
characteristics such as thermodynamics. Here, we investigate the
influence of ligand methylation in different positions and combinations
on the drug−kinase interaction. Binding modes and complex
structures were analyzed using protein crystallography. Thermody-
namic signatures were measured via isothermal titration calorimetry
(ITC). An extensive computational analysis supported the under-
standing of the underlying mechanisms. We found that not only
position but also stereochemistry of the methyl group has an influence on binding potency as well as the thermodynamic
signature of ligand binding to the protein. Strikingly, the combination of single methyl groups does not lead to additive effects.
In our case, the merger of two methyl groups in one ligand leads to an entirely new alternative ligand binding mode in the
protein ligand complex. Moreover, the combination of the two methyl groups also resulted in a nonadditive thermodynamic
profile of ligand binding. Molecular dynamics (MD) simulations revealed distinguished characteristic motions of the ligands in
solution explaining the pronounced thermodynamic changes. The unexpected drastic change in protein ligand interaction
highlights the importance of crystallographic control even for minor modifications such as the introduction of a methyl group.
For an in-depth understanding of ligand binding behavior, MD simulations have shown to be a powerful tool.

In the process of drug design and drug optimization, lead
structures can be decorated with a broad range of functional

groups and chemical building blocks in order to improve
binding potency and biophysical characteristics. As a matter of
fact, design that simultaneously considers well-tailored
biophysical properties has become increasingly popular over
the past years.1−6 This development is based on the
assumption that additional binding characteristics such as
binding thermodynamics and kinetics may help to accelerate
and improve the development and prediction of clinically
successful drugs. Thereby, the introduction of a methyl group
to a ligand is a simple but potentially highly effective approach.
The importance but also the enormous popularity of methyl
groups in drug design has been reported and reviewed
previously.7,8 The replacement of a hydrogen by a methyl
group can significantly alter structure−activity relationships.
These changes have the goal to improve electrostatics,
modulated polarity, and steric complementarity as well as to
tailor conformational energetics and restrict the ligand’s
geometry in the bound state. Moreover, ordered water

molecules in the protein active site that are replaced or shifted
as a consequence of the presence of a methyl group can take a
major impact on structure−activity relationships.7 In rare
cases, the introduction of an additional methyl group can even
boost activity of a ligand 500 fold.7,9 On the other hand, it can
also reduce activity drastically if added at the wrong position.7

Here, we present a study where the influence of methyl
groups on drug−kinase interactions is thoroughly investigated.
Therefore, cAMP-dependent protein kinase (PKA) is used as a
model protein, allowing the use of a wide range of
experimental techniques. The ligands presented in this study
comprise two prominent kinase inhibitors: Fasudil and H-
1152.10−17 In addition, we studied “chimeric” ligands showing
methyl groups at different positions of the parent scaffold. An
overview of the chemical structures of all five ligands is given in
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Figure 1. H-1152 (1) represents a dimethylated analogue of
fasudil (5), the latter being the nonmethylated reference ligand

presented previously.18 The two different singly methylated
ligands that derive from H-1152 are 2 and 3. Ligand 2 is
methylated at the 4-position of the isoquinoline portion, and 3
is methylated at the 2-position of the homopiperazine ring.
The latter methyl group in 3 introduces a stereogenic center
which exhibits for both 1 and 3 an S configuration. In order to
evaluate the influence of this methyl group in an inverted
configuration, 4 with an R configuration was added to the
panel.
Crystal structures of all ligands depict differences in binding

modes and suggest nonadditivity with respect to the geometric
influence of the added methyl groups. Nonadditivity is also
observed for the binding thermodynamics. Thermodynamic
data were measured using isothermal titration calorimetry
(ITC). Not only is the binding potency ΔG influenced by the
different methylation patterns but also the partitioning in
enthalpic and entropic contribution is modulated. The crystal
structure of the dimethylated H-1152 reveals an alternative
binding mode compared to fasudil. Multiple crystal structures
of bovine PKA, bovine PKA mutants, and rho-kinase 1 in
complex with H-1152 have been published; however, none of
them reports this alternative binding orientation as described
in this report.14,19,20 Most interestingly, this binding mode is
similar to that found with the kinase Roco4 in complex with H-
1152. Roco4 is a model protein for the human leucine-rich-
repeat kinase 2 (LRRK2) which has been described to be
involved in late-onset Parkinson’s.21

Strikingly, this alternative binding orientation is not
observed for any other ligand of this series in complex with
PKA. This drastic change in protein−ligand interaction is likely
to cause a strong difference in ligand binding properties toward
PKA.

To better understand the conformational properties of the
studied ligands in solution and the impact that the methyl
groups attached at different sites have on the structural
dynamics, we performed molecular dynamics (MD) simu-
lations expanding over several microseconds. We used three
characteristic motions to describe the ligands’ conformational
spaces: (i) rotations about the two adjacent dihedral angles
connecting both ring systems via the central sulfur atom, thus
determining the relative orientation of the two ring moieties,
(ii) the puckering of the seven-membered homopiperazine
ring, and (iii) a bending motion of the isoquinolinyl moiety
that manifests the out-of-plane movement of the attached
substituents, R1, and the central sulfur atom. We characterized
the three motions by computing the conformational Gibbs free
energies of the conformers found in the crystal and in the free
solution forms. Furthermore, we estimated the conformational
entropy resulting from the three motions to investigate by how
much the methylation pattern restricts the accessible
conformational space in solution.

■ RESULTS AND DISCUSSION
Crystal Structures Reveal Surprising Binding Mode.

Co-crystal structures with resolutions between 1.4 and 1.5 Å
could be obtained. The crystal structure of 5 has already been
published by us in a previous contribution.18 All structures
were deposited in the Protein Data Bank (PDB). The
respective PDB codes are listed in Table 1.

An overview and superposition of the different ligands is
depicted in Figure 2. The hinge binding modes of ligands 2, 3,
4, and 5 are all, as expected, similar (Figure 2A). Surprisingly,
ligand 1 deviates from this pattern and populates two distinct
binding poses (Figure 2B). Apart from the first orientation,
which agrees with the hinge binding mode observed for the
other ligands, 1 exhibits a second, alternative interaction
pattern with the hinge, where the ligand is flipped over and
rotated, with respect to the first, by about 60°. Figure 3
displays a schematic overview of the hinge binding portion of
the different ligands for ease of visualization. Interestingly, the
alternative binding orientation of 1 is the only case where a
hydrogen bond between one of the sulfonyl oxygens and
Thr183 of the protein is formed.
A superposition of all five ligands (Figure 2C) shows that

also the homopiperazine moiety of the ligand adopts different
ring conformations depending on the methylation (see Results
on homopiperazine puckering for a detailed discussion). This,
in turn, has severe consequences on the hydrogen-bonding
pattern formed by the respective ligands (Figure 4). While the
homopiperazine portions of 1 (Figure 4A), 2 (Figure 4B), and
5 (Figure 4E) form several direct hydrogen bonds to the
protein, none are formed by 3 (Figure 4C) and 4 (Figure 4D).
However, all ligands form in all adopted poses a hydrogen
bond between their respective isoquinoline nitrogen and the

Figure 1. Overview of all ligands discussed. Different methylation
positions were investigated. Ligand H-1152 (1) displays two
methylated sites, one at the isoquinoline moiety and a second at
the homopiperazine portion. These two sites were separately
investigated via analysis of 2 and 3. In order to examine the influence
of the spatial position of the methyl group of 3, its stereoisomer 4 was
additionally studied. Fasudil (5) was used as the nonmethylated
reference. Table 1. Protein Data Bank (PDB) Codes of All Five Co-

Crystal Structures

ligand PDB code

1 5M6V
2 5M6Y
3 5M75
4 5M71
5 5LCP
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backbone nitrogen of Val123, which is part of the hinge region
of the protein (Figure 4F). Interestingly, one of the
configurations of homopiperazinyl of 1 resembles the one of
3, which is in line with the identical stereochemistry of the
attached methyl group. However, the hydrogen bond of 1, the
homopiperazinyl nitrogen to the carboxylate group of Glu127,
does not occur in the complex with 3. This is due to the
absence of the second alternative side-chain conformation of
Glu127 in the complex of 3 (Figure 4A,C). It must be noted
that homopiperazinyl positions 3 and 7 of the two bound
conformations of 1 coincide (Figure S13). As a consequence,
positions 4, 5, and 6 of the homopiperazinyl ring cannot be
unequivocally assigned to the different configurations. Thus,
two potential pairs of configurations exist, A/B and A′/B′,
which only differ in these three positions (Figure S13).
Configurations A/B have been chosen due to the better
observed densities after refinement.
For 4, the inverted enantiomer of 3, the homopiperazine

ring adopts a flipped conformation, which is highly similar with
respect to the occupied space compared to fasudil (5), but the

Figure 2. Cocrystal structures of the different ligands. (A)
Superposition of complex structures of ligands 2, 3, 4, and 5. All
ligands share a common hinge binding mode. (B) Complex structure
of 1. Ligand 1 binds in two different conformations. (C)
Superposition of all ligands 1−5 (colors according to the color
codes used for the formulas on the right, heteroatoms type-coded, N
blue, O red, S yellow).

Figure 3. Schematic hinge binding pattern. All five ligands show a
common basic hinge binding pose. However, ligand 1 shows an
additional alternative pose where the ligand is flipped over and rotated
by about 60° which is 41% populated. Color coding corresponds to
the ligand numbering scheme.

Figure 4. Protein−ligand hydrogen bonding patterns. Dotted lines
indicate hydrogen bonds. (A) 2-fold methylated ligand 1 in complex
with PKA, both conformers form three different hydrogen bonds with
the protein. Respective occupancies are 51% of conformation A and
49% of conformation B. (B) Ligand 2 in complex with PKA. A total of
four hydrogen bonds are formed. (C) Complex structure of S-
configurated 3, only one hydrogen bond is formed to the hinge (see
F). (D) R-configured 4 complexed with PKA, also here one hydrogen
bond is formed to the hinge (see F). (E) Unmethylated 5 forms four
hydrogen bonds to PKA. (F) Superposition of the hinge-binding
motif of all ligands.
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nitrogen is located in a different position. This altered nitrogen
position of 4 leads to the disruption of the hydrogen bonds
observed in the complex structure of 1. This leaves both the
complexes of ligands 3 and 4 with a total of a single hydrogen
bond to the protein (Figure 4F).
Nonadditivity of the Thermodynamic Signatures.

ITC data were used to analyze the binding thermodynamics
of the different ligands to the protein. Figure 5 gives an

overview of the measured thermodynamic signatures. The
profile of the doubly methylated ligand 1 (H-1152) is not an
additive combination of the profiles of the two singly
methylated ligands 2 and 3. This is in accordance with the
crystallographic data that demonstrate a distribution of 1 over
two alternative binding modes, whereas 2 and 3 each adopt
only one orientation. This disorder provides ligand 1 with an
entropic advantage over the other two ligands, although other
effects concerning the unbound ligand or desolvation differ-
ences may contribute to the entropy differences.
Methylation at Isoquinoline Portion Is Most Favor-

able. When thermodynamic binding profiles of the three
differently singly methylated ligands are compared to that of
the nonmethylated fasudil (5), modulations in affinity as well
as in enthalpy and entropy are observed. Methylation solely at
the homopiperazine reduces enthalpic contributions and
overall affinity, while the entropic contributions slightly
increase. Methylation solely at the isoquinoline moiety, on
the other hand, leads to an improved affinity for enthalpy
reasons. The methyl group is placed in a highly hydrophobic
environment of the protein-binding site (Leu49, Phe327). This
enables the formation of additional van-der-Waals contacts
between ligand and PKA without displacing a water molecule.
Hence, this factor will promote enthalpy-driven binding.22

Next to the static observations in the crystal structures,
conformational dynamics of the ligands might influence the
thermodynamic profiles in addition to differences which might
arise for the desolvation of the individual ligands in solution
and the resolvation of the ligands in their protein-bound states.
These contributions need to be regarded if a quantitative
comparison with the experimental binding affinity is intended.
As the impact of methylation at the parent ligand scaffold was
put into focus in this contribution, we decided to investigate

for a qualitative comparison the conformational properties in
more detail. Therefore, to determine the conformational free
energy differences between the unbound and bound
conformations and the influence of the methylation patterns
on the conformational entropies, MD simulations of the
ligands in solution were performed.

Conformational Space of Unmethylated Fasudil
Reference. The overall conformation of the ligands under
investigation can be expressed by the dihedral angles θ1 and θ2.
These angles describe the orientation of the homopiperazinyl
and the isoquinolinyl ring relative to each other (Figure 6B).
Together, these angles allow the comparison of the observed
conformations in the crystal structures with the overall
accessible conformational space in solution. Figure 6A shows
the two-dimensional free energy landscapes for the θ1/θ2
angles, which were derived from the simulations of the
respective ligands.
For the unmethylated ligand 5, the θ1/θ2 space shows an

inversion symmetry around the origin with four local minima
(denoted I, II, I*, and II*, where I* and II* are mirror images
of I and II, respectively, Figure 6A, top left panel). This
inversion symmetry reflects the achirality of 5 and demon-
strates that our conformational sampling was sufficiently
exhaustive in regions up to ∼30 kJ mol−1 above the global
minimum. States I/II are located at θ1 = −60°/60°, such that
the ligand is in a “compact” conformation (Figure 6C). In this
conformation, one of the two sulfonamide oxygens is in-plane
with the isoquinolinyl moiety (Figure 6C). For θ2, values of
50°/−170° are preferred, but a rotation around the respective
bond is possible, which corresponds to an interconversion
between I and II as well as I* and II*, respectively (gray arrows
in Figure 6A, top left panel). The transition between the
symmetry-related groups (i.e., I/II to I*/II*) requires a
concerted motion, consisting of a θ1 rotation that brings the
molecule into an “extended” transition conformation. In this
extended conformation, the homopiperazinyl moiety points
away from the isoquinolinyl moiety (θ1 = 180° ± 60°).
Simultaneously, θ2 passes ±90° (gray arrows in Figure 6A, top
left panel). The PKA-bound conformation of 5 does not
correspond to a local minimum in the θ1−θ2 space but is
located along one of these transition paths. It is energetically
disfavored with respect to the global minimum (Figure 6A,
Figure 7A).

Influence of Methylation on Overall Conformational
Dynamics. The simulations of 3 and 4 reveal a similar shape
of the conformational space with respect to θ1 and θ2 and
identical localization of the minima as compared to 5 (Figure
6A, top middle and right panel). However, the chirality of 3
and 4 due to methylation at the homopiperazine scaffold (R2 =
Me) causes a loss of inversion symmetry, particularly visible for
states I and I*. As a consequence, the θ1/θ2 maps of both
enantiomers are mirror symmetrical, again demonstrating
converged conformational sampling in regions up to ∼30 kJ
mol−1 above the global minimum. Compared to the achiral 5,
the methylation hampers the θ2 rotation by increasing the
energy barrier at θ1 = θ2 = ± 90° (red dashed lines in Figure
6A, top middle and right panel). Similarly, the transitions along
θ1/θ2 = −150/70° and θ1/θ2 = 150/−70° for 3 and 4,
respectively, are disfavored (red arrows in Figure 6A, top
panel). This might contribute to the fact that 4 binds to PKA
with a flipped homopiperazinyl motif (θ2 = 70°).
Methylation at the isoquinoline scaffold (1, 2: R1 = Me)

leads to a more pronounced change in the conformational

Figure 5. Thermodynamic signatures for ligands 1−5. Binding
potency represented by Gibbs free energy (ΔG) and the partitioning
in enthalpy (ΔH) and entropy (−TΔS) changes as a consequence of
the attached methyl groups. Ligand 2 is the most potent and
enthalpically favored binder. The data of 5 have been added from a
previous study by us.18
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landscape. Two new local minima emerge (III and IV), along
with their symmetry-related ones (III* and IV*, Figure 6A,
bottom row). Like the methylation at R2, the methylation at R1
hampers the θ2 rotation, but to a larger extent (red dashed
lines in Figure 6A, bottom row). In 1, both methylations
contribute to this effect. As a result, two families of conformers
emerge, which are either I, IV, III*, and II* or I*, IV*, III, and

II. These families of conformers are separated by high energy
barriers. As a consequence, the interconversion between these
families is rarely observed, even during MD simulations
extending over microseconds (Figure 6D), which might
explain the existence of two conformers (one per family of
conformations) found for 1 in the crystal structure. The newly
emerging minima correspond to conformations, where the

Figure 6. Conformational behavior described by dihedral angles θ1 and θ2. (A) Two-dimensional free energy landscape obtained by mapping
conformations to the θ1/θ2 plane and applying eq 1. Panels are arranged such that compounds with R1 = H (5, 3, 4) and R1 = Me (2, 1) are shown
in the top and bottom row, respectively, and compounds with R2 = H/S-Me/R-Me (5, 2/3, 1/4) are located in the left/middle/right column,
respectively. Distinct states are enumerated from I to IV and their symmetry-related states from I* to IV*, respectively. The location(s) of the
crystal structures in the dihedral space are indicated by circles and annotated with the compound number. For 1, both crystal structure
conformations are indicated and annotated accordingly. Gray arrows in the top-left panel indicate exemplary pathways that allow interconversion (I
to II) and transition between symmetry related conformations (I* to I). Red dashed lines and arrows indicate restrictions in conformational space
upon methylation that hamper interconversions and transitions. (B) General structure of fasudil and derivatives, where bonds defining the θ1, θ2,
and ζ torsions are highlighted in red. (C) Representative conformations of the eight states (I−IV, I*−IV*) observed in the θ1/θ2 space.
Conformations were selected from the simulations of 5 (black) for states I−II and I*−II* and of 1 (purple) for states III−IV and III*−IV*.
Ligands are shown in stick representation such that the isoquinolinyl moiety is arranged horizontally with the line of sight along the isoquinolinyl−
sulfur bond. The carbon atoms carrying the variable substituents R1 and R2 (C4 of the isoquinolinyl and C2 of the homopiperazinyl) are
highlighted by sphere representation. (D) Dihedral state of compound 1 over the course of the combined simulation time. The four simulations are
separated along the x-axis by gray, vertical, dashed lines. Simulations 1 and 3 (starting at 0 μs and 8 μs, respectively) were started from ligand
conformation A in the crystal structure (corresponding to state IV), while simulations 2 and 4 were started from the B conformation (state IV*).
The respective starting geometries are indicated by black arrows.
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ligands adopt “extended” geometries (θ1 = 180° ± 60°, Figure
6C) and the methyl group occupies the space between the
sulfonamide oxygen atoms to minimize steric crowding. This
steric demand further induces out-of-plane bending motions of
the isoquinoline system (Figure S6), which increases the
calculated entropy in solution (Figure 7D). The extended
conformations resemble the geometries found for the different
ligands in the bound state and suggest that the conformers of 1
and 2 in the crystal are energetically favored, as indicated by
the lower ΔGdih values compared to those of ligands 3, 4, and 5
(Figure 7A).
Together, the methylation of the isoquinoline preorients the

ring systems in solution, which yields an extended ligand
conformation. This extended conformation is structurally close
to the bound and crystallized states, which indicates that this
methylation fosters binding. Counterintuitively, while this
methylation changes the conformational space, it does not
reduce the size of the accessible conformational space judged
from the conformational entropy of dihedral rotation TSdih
(Figure 7B). Instead, a steric conflict with the sulfonamide
oxygen atoms is induced, and the enforced bending of the
aromatic moiety increases conformational entropy (Figure 7D,
TStwist, 2 versus 5). Consequently, 2 has the largest
conformational entropies of θ1/θ2 rotation and twisting (as
well as puckering, see next section) in a solution of all five
ligands. Thus, it supposedly experiences the largest loss in
entropy upon binding. This is consistent with the ITC data,
where 2 has the lowest entropic contribution to binding of all
five ligands.

Influence of Methylation on Homopiperazinyl Puck-
ering. Next, the puckering states of the homopiperazinyl ring
were evaluated. The considered states that can exist in seven-
membered rings are chair (C), twisted-chair (TC), boat (B),
and twisted-boat (TB), each comprising 14 possible
substates.10 In the free ligand simulations, TC is the most
abundant form, populated at 75% of the simulation time,
followed by C (about 25%), whereas TB and B are rarely
found (each about 0.5%; Supporting Information Figure S7).
The ligands with the unmethylated, i.e., unrestrained,

homopiperazinyl moiety (2 and 5) bind to PKA with the
puckering state TC10, which is supposedly the energetically
best state in complex with PKA and allows hydrogen-bond
formation with Asp184 as discussed above (Figure 4). In
contrast, 3 and 4 bind to PKA with the symmetry-related
puckering states TC5 and TC12, respectively, which disallows
the formation of these hydrogen bonds. The simulations of
unbound 3 and 4 show that the puckering space in solution is
strongly dominated by these two states TC5 and TC12
(Supplementary Figure S8). This indicates that the methyl-
ation at R2 causes a strong restriction of the puckering space.
In turn, conformational entropy of puckering (TSpucker, but also
TSdih) and hence the entropy loss upon binding is reduced.
Thus, 3 and 4 are entropically favorable upon binding
compared to ligands 2 and 5, which is again consistent with
the ITC data. Furthermore, the differences in puckering free
energy between bound and unbound states (Figure 7A,
ΔGpucker) are small and promote binding which is counteracted
by less favorable interactions with PKA in the bound state.
Interestingly, TC5 and TC12 are also the favored puckering
states for 2 and 5 in solution, but TC10 (found in the bound
state) is disfavored (Supporting Information Table S4). Yet,
this energetic penalty is close to thermal energy at T = 300 K
and may be compensated by interactions with Asp184.
For 1, as for 3, the most abundant puckering state in

solution is TC5 (consistent with the S-configuration of the
methyl group in both ligands), while the bound conformations
of 1 adopt the puckering states TC4 (A) and TC11 (B).
However, as discussed above, the assignment of the observed
electron densities to discrete configurations is difficult. The
hypothesized configuration A′ would correspond to the regular
hinge binding mode in combination with the most favorable
puckering state TC5 (identical binding pose as 3). As in 3, this
configuration cannot form a salt bridge with Asp184 (but with
Glu127). Configuration B′ on the other hand would
correspond to the alternative hinge binding mode in
combination with the energetically disfavored puckering state
TC12 (Supporting Information Table S4) and could form the
compensatory salt bridge with Asp184. However, due to the
variability of the observed conformations in the crystal
structure, a reliable decomposition into the different
contributions is not possible.
In all cases, the homopiperazinyl methylation disfavors the

extended conformations of the bound state, resulting in a less
favorable ΔGdih (Figure 7A, 3 and 4 versus 5 and 1 versus 2),
which could be the cause for the reduced enthalpic
contribution to binding as observed in the ITC data.
Overall, 2 is the most potent inhibitor of this series. This

ligand profits from a beneficially positioned methyl group in
the small hydrophobic niche, which simultaneously locks the
ligand in an energetically favorable conformation in solution.
Furthermore, it can maintain favorable H-bonds with Asp184.
On the other hand, its methylation does not reduce the

Figure 7. Computed conformational free energies and conformational
entropies. (A) Bar plots of conformational free energies of the crystal
structures of the five ligands for dihedral state (ΔGdih), puckering
state (ΔGpucker), and the twisting motion (ΔGtw). Error bars indicate
standard error of the mean over four independent simulations in kJ
mol−1. For 1, the two conformations in the crystal structure are
plotted separately and indicated by A and B, respectively. (B−D)
Computed conformational entropies over dihedral states (B),
puckering states (C), and twisting states (D) for the five ligands.
Error bars as in panel A. Significance levels: ***p ≤ 0.001, **p ≤
0.01, *p ≤ 0.05, (−) p > 0.05.
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conformational space in solution, making the binding of 2 the
least entropically favored one.
On the contrary, the methyl groups introduced at the

homopiperazinyl portion of 3 and 4 reduce binding potency.
While the conformational entropy in solution is reduced,
which makes binding entropically more favorable, the
homopiperazinyl ring has to adopt in both cases an orientation
that ruptures favorable H bonds to be formed to Asp184 and
Asn171, which is detrimental to the enthalpic contribution to
binding. Additionally, both show an unfavorable conforma-
tional free energy. Remarkably, fasudil (5), which does
establish these H bonds, experiences an enthalpic advantage
compared to 3 and 4, which can presumably be attributed to
more favorable conformational free energy. 1 exhibits the
profile with the enthalpically least favorable binding and
highest entropic benefit. The methylation at R2 partly
counteracts the enthalpically beneficial effect of the methyl-
ation at R1, by slightly forcing the bound geometry away from
the conformational optimum. Additionally, it causes a partial
loss of interactions of the homopiperazinyl moiety in the
bound state, depending on the configuration, as seen for 3 and
4. However, the disorder over two binding modes provides this
ligand with an entropic advantage.

■ CONCLUSION

Our study shows that not only the region but also the
stereospecific attachment of methyl groups matters for binding
potency and the thermodynamic inventory. Combination of
different ligand methylation sites does not necessarily lead to
an additive effect on binding properties observed for the single
methylation sites. Although the ligands in question are rather
small, the influence of the methylation patterns is surprisingly
complex. As observed in our case, a combination can alter the
ligand binding mode in a hardly predictable way. Specifically,
the data reveal the importance of regio- and stereospecificity as
well as the combination of both by methylating one ligand.
However, the results underline that it is crucial to factorize in
such potentially large effects of small modifications during
ligand optimization. Hence, continuous control of binding
modes by crystallography is highly advised in the interpretation
of experimental data in drug design, even for such small ligand
alterations as methylations. Furthermore, MD simulations are a
means to unravel the influence of ligand conformational
dynamics in the unbound state on the binding potency. In that
respect, we identified the preorganization of the ring systems
with respect to each other as well as the puckering of the
saturated ring as most relevant motions that are modulated by
methylation. A surprising observation is the fact that ligand 1
populates in solution two families of conformers, separated by
a high energy barrier with rare interconversion rate. This might
explain why for this ligand two different conformers, each
being representative for one of the families, are found bound in
the complex structure with the kinase. Possibly this mirrors an
interesting finding often seen in crystallographic studies but
rarely accountable by specific properties of the ligands.
Furthermore, the comprehensive and integrative analysis of

MD simulations with biophysical data and crystallography
allows the investigation of protein−ligand binding from a
different perspective, yielding a more complete picture than
any of the methods could yield on its own.

■ METHODS
Protein Expression and Purification. The method of protein

expression and purification was previously described.18,23

Crystallization. Co-crystallization of 5 has been presented
previously.18 Co-crystallization was performed using the hanging
drop method at 4 °C. The crystallization drops contained the
following ingredients: 10 mg mL−1 PKA (240 μM), 30 mM MBT
(MES/Bis-Tris Puffer pH 6.9), 1 mM DTT, 0.1 mM EDTA, 75 mM
LiCl, 0.03 mM Mega 8, 0.07 mM PKI (Sigma: P7739), 1.2 mM ligand
dissolved in DMSO from a 50−100 mM stock. The well contained a
mixture of methanol in water with varying methanol concentrations
(v/v) for the different ligands (1, 18% methanol; 2, 20% methanol; 3,
16% methanol; 4, 19% methanol). In the crystallization setup, streak-
seeding was performed with apo crystals with the help of a horse hair
in order to initialize crystal growth. For crystal mounting, crystals
were cryo-protected in 5 mM MBT (MES/Bis-Tris buffer pH 6.9), 1
mM DTT, 0.1 mM LiCl, 1.2 mM ligand dissolved in DMSO from a
50−100 mM stock, 16% (v/v) methanol, 30% (v/v) MPD, and flash
frozen in liquid nitrogen.

Crystallography. Diffraction data of PKA-2 and PKA-3 were
collected at the storage ring Bessy II Helmholtz-Zentrum Berlin,
Germany at Beamline 14.1 on a Pilatus 6 M pixel detector. Data of
PKA-1 were collected at the European Synchrotron Radiation Facility
(ESRF) Grenoble, France at Beamline BM14. The structure of PKA-5
has been presented previously by us.18

Processing, molecular replacement, and refinement were performed
as previously described.18

Programs used are XDS,24 CCP4 Phaser25 with PDB-structure of
PKA from Bos taurus 1Q8W, Phenix,26 Coot,27 PROCHECK,28

Moleman,29 and grade Web server.30,31 Crystallographic tables as well
as mFo-DFc-densities of the different ligands are listed in the
Supporting Information. Figures were prepared using Pymol.

Isothermal Titration Calorimetry. This method for ITC
measurements was previously described.18 All measurements were
repeated three to five times. Buffer dependency was tested for all
ligands, and no significant buffer dependence could be detected. ITC
data were analyzed using NITPIC and Sedphat.32,33 Raw data and
exact values and standard deviations for ΔG, ΔH, and −TΔS are
reported in the Supporting Information.

Compound purity was analyzed as described18 using quantitative
nuclear magnetic resonance spectroscopy (qNMR), and in the case of
deviation, ligand concentration was corrected accordingly.34

Ligands. Ligand 5 was purchased from Uorsy and ligand 1 from
Toronto Research Chemicals (TRC). Ligands 2, 3, and 4 were
synthesized similarly as previously described.18

Molecular Dynamics Simulations. MD simulations were
performed using the Amber16 suite of programs.35 All ligands were
considered protonated at the amine nitrogen in the bound as well as
unbound state, as supported by our previous study.18,36 Five input
conformations were generated for each ligand with Openeye’s Omega
software37 version 2.5, invoking the enumNitrogen and enumRing
options. For these, multiconformational RESP charges were calculated
using the R.E.D. server.38 Force-field parameters were assigned based
on the GAFF force field.39 Simulation runs were set up with the tleap
module as follows. The ligands were placed in truncated octahedral
boxes of TIP3P water40 with a minimal distance between the solute
and the box edges of 15 Å distance. The systems were charge-
neutralized by adding a chloride ion. The simulation runs were
thermalized according to ref 41 except that a Langevin thermostat
with a collision frequency of 2 ps−1 was used. Snapshots were saved
every 2 ps. Productive simulations were performed with the GPU-
accelerated version of PMEMD.42 For each ligand, four independent
simulations were run over 4 μs each, except for 5, which was
simulated for 2 μs. The expanded simulation time of 1−4 was applied
to take into account the impeded conformational sampling due to
methylation (see Results). For 3−5, the crystallized conformations
were used as starting points for the simulations. For 1, two alternative
conformations were used as starting points, twice each for the four
simulations. For 2, two simulations were started from the crystallized
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conformation. The other two simulations were initiated from a
conformation that was manually generated from the crystal conformer
by a θ2 rotating of approximately 180° (yielding dihedral state III, see
Results), in order to explore conformation space more efficiently.
Analysis of Ligand Conformational Dynamics. The dihedral

angles θ1 and θ2 and the twisting angle ζ were calculated using the
cpptraj module of Amber16.43 ζ is defined as the dihedral (R1, C4, C5,
S) with all atoms being part of the isoquinoline moiety (Figure S6).
Cremer and Pople puckering parameters44 were calculated from the
trajectories using the pytraj interface to cpptraj. The algorithm for the
calculation was adapted from ref 45. The discrete puckering assigned
to each conformer was inferred from the values of the puckering
parameters as defined as discrete puckering states in ref 46 (see
Supporting Information for details). The accordingly considered ring
conformer forms were chair (C), twist-chair (TC), boat (B), and
twist-boat (TB). For each form, 14 different puckering states are
possible.
Relative conformational free energies were calculated according to

eq 1,47,48 where R is the gas constant, T = 300 K, pi is the occurrence
probability of a given conformation in microstate i, and pref is the
respective largest probability.

Δ = −G RT p pln( / )i ref (1)

The microstates were defined as follows. The conformational free
energy of puckering, ΔGpucker, was calculated over the 56 possible
puckering states (14 states for each of the four forms). The dihedral
free energy, ΔGdih, was calculated by binning θ1 and θ2 into bins of 4°
width (90 bins along each axis), resulting in a total of 8100 states. For
the twisting free energy, ΔGtwist, the twisting angle ζ was binned using
the same binning parameters as for the dihedral angles.
Conformational entropies were calculated according to eq 2,47

where the sum runs over the n discrete microstates as defined above.

∑= −
=

RT p pTS ln
i

n

i iconf
1 (2)

Sconf depends on the partitioning of the configuration space.
47 The bin

width of 4° used here is within the recommended range of 1° to 5°.48

Furthermore, an assessment of the bin width influence demonstrated
that, while the absolute conformational entropy increases with an
increasing number of bins, as expected (Figure S5, left panel), the
relative conformational entropies remain nearly constant for different
ligands for bin sizes between 1° and 10° (Figure S5, right panel);
these bin sizes are similar to values recommended in the literature.48

Importantly, entropy is defined in terms of the probability density
functions over atomic positions in Cartesian space, and conversion to
other coordinate systems usually requires a Jacobian.47,49,50 For
configurational entropies calculated from torsions, this Jacobian
depends only upon bond lengths and angles, which are rather rigid
and can therefore be omitted.49,51 This assumption is not valid for the
puckering entropies such that these values were calculated by Jacobian
scaling as described in the Supporting Information. Nevertheless, it
must be noted that the resulting entropies TSpucker, TStwist, and TSdih
are calculated for different microstates and are thus quantitatively not
comparable between each other, such that only differences between
ligands are meaningful. Finally, note that the calculation of (absolute)
free energies and entropies from MD simulations is a generally
difficult problem.52 This is particularly true for entropic contributions
calculated via eq 2, because here ln pi has to be computed, for which
the value of pi depends not only on microstate i but also on the entire
ensemble via the partition function, and conventional MD simulations
may not adequately sample high-energy microstates. The problem is
alleviated if relative free energies and entropies are considered for
similar systems and long MD simulations are used that cover the
relevant microstates.52 Still, considering all this, we only make
qualitative comparisons between conformational free energies and
entropies between ligands.
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