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The computational methods regularly used in photopharmacology, such as molecular docking and 
unconstrained molecular dynamics (MD) simulations, allow qualitative predictions or interpretations 
of light-induced differences in biological activity. In this chapter, we explore the application of umbrella 
sampling (US) simulations for a posteriori, quantitative rationalization of the binding affinities of 
photoswitchable inhibitors. In addition to the intrinsic challenges of implementing such method, 
preliminary results indicate that an elaborate optimization of the protocol and more extensive 
simulations are needed to obtain better correlations with the experimental values. 
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6.1 Introduction 

It is universally recognized that drug discovery and development are laborious and time-
consuming endeavors that need profound reformation.1,2 Among other strategies, modern 
computational methods have emerged as effective tools to reduce costs and improve R&D 
productivity in the pharmaceutical industry.3–5 Indisputably, the holy grail of computer-
aided drug design is to obtain accurate estimations of binding affinity between a ligand 
and a target, which would greatly benefit hit identification, hit-to-lead and lead 
optimization.6,7  

A wide assortment of methods is available for the computational investigation of ligand-
target complexes. Molecular docking algorithms, which are commonly used to predict the 
binding mode of a ligand with its target,8 are endowed with great speed and simplicity, but 
their predictions of binding energies (i.e., docking scores) are inaccurate because they 
neglect effects rising from entropy, together with solvation and structural changes of the 
target upon binding.9–11 On the other hand, molecular dynamics (MD) simulations of 
ligand-target complexes are utilized not only to introduce target flexibility into docking 
calculations, but also to study in silico the thermodynamic and kinetic aspects of ligand 
binding.12 

Numerous MD-based methods have been developed for free energy calculations, usually 
with a trade-off between simplicity of use, computational resources and accuracy of 
results.13 The less complicated end point approximation methods,14 such as molecular 
mechanics Poisson-Boltzmann surface area (MM-PBSA), overestimate enthalpic benefit 
and underestimate entropic penalty, because they do not account for water movement or 
they do not sample all the relevant conformers, respectively.13 Conversely, the more 
elaborate free energy perturbation (FEP) methods offer accurate estimations of binding 
free energy, but are more complex to implement.15 

Umbrella sampling (US) represents a good compromise for a reliable calculation of the 
free energy of binding with a rather intuitive and simple approach.13 By pulling the ligand 
out of the binding pocket, the attractive force between ligand and target can be evaluated. 
US employs a sequence of equilibrium simulations (windows) at increasing distance from 
the binding site, in which harmonic potentials restrain the ligand at fixed positions of the 
unbinding pathway (Figure 6.1).16,17 This protocol allows the calculation of the potential of 
mean force18 (PMF) along the reaction coordinate (ξ), typically defined as the ligand-target 
distance. The results from the simulations in the US windows are combined by applying 
the weighted histogram analysis method (WHAM)19 to reconstruct the unbiased free 
energy profile. The binding free energy is estimated as the difference between the 
maximum and minimum values of the PMF curve. 

Despite widespread applications of unbiased MD simulations within photopharmacology,20 
US simulations have been used rarely and only in the context of glutamate receptors.21,22 
In this chapter, we explore the performance of US for different photopharmacological 
targets. In addition to molecular docking, quantum mechanics and unconstrained MD that 
we employed thus far in this thesis, we need methods to provide quantitative, reliable 
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estimations of the light-induced changes in activity of a photoswitchable ligand. Such 
predictions would empower rational design and interpretation of the observed differences 
in binding affinities between the photoisomers of a light-switchable drug. 

 

Figure 6.1. Conceptual basis of the US method. (A) The ligand (green) is pulled out of the 
binding pocket with a harmonic force. (B) US calculations apply harmonic (parabolic) 
constraints to fix the ligand at certain positions along the reaction coordinate (ξ), i.e., the 
ligand-target distance. 

6.2 Results and discussion 

For this study, we chose three azobenzene-containing photoswitchable ligands, targeting 
histone deacetylase-like amidohydrolase23 (HDAH, section 6.2.1), histone deacetylase 224 
(HDAC2, section 6.2.2) and lipoprotein-associated phospholipase A2

25 (Lp-PLA2, section 
6.2.3). We selected biological targets with solvent-exposed binding pockets, as this feature 
allows binding of a ligand with no significant conformational changes, thus enabling more 
reliable estimations of binding affinities through US calculations.26  

To probe the working range of the method, the starting structures for the US simulations 
were obtained by computational methods with increasing level of complexity. In all cases, 
molecular docking was used to generate the binding mode of the ligand. While the docking 
poses of the HDAH inhibitors could be validated by comparison with the available crystal 
structure of the complex (PDB ID: 5G3W), the docking poses of the HDAC2 inhibitors were 
predicted only computationally. Lastly, the initial system configurations for the Lp-PLA2 
inhibitors were obtained by a more elaborate protocol, namely induced fit docking (IFD) 
followed by MD simulations (see Chapter 4). Furthermore, the convergence of the US 
simulations was assessed by calculating the PMF curves with US windows of 10 and 50 
ns. 

6.2.1 HDAH 

Bordetella/Alcaligenes HDAH,27 an enzyme homologous to HDACs, catalyzes the 
deacetylation of acetylated lysine side chains of histone and non-histone proteins, and is 
a potential target for antibacterial therapies.23 Compound 1 was reported as a HDAH 
inhibitor with limited difference in potency between the photoisomers23 (Figure 6.2).  
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Although binding to the Zn2+ ion could lower the pKa of the hydroxamic acid,28 this moiety 
was kept in its protonated state, in accordance to previous computational studies.27 
Additionally, such simplification allowed to treat the hydroxamic acid uniformly both inside 
and outside the binding pocket.  

Redocking of the co-crystallized ligand enabled the experimental confirmation of the 
calculated binding mode, with a RMSD of 1.5 Å (Figure 6.5, section 6.6.1). The docking 
poses of (E)- and (Z)-1 were submitted to a 10 ns MD simulation prior to the start of the 
US protocol. Subsequently, the two isomers were forced to unbind from HDAH by applying 
a constant pulling force (Figure 6.8). From this trajectory, initial conformations were 
extracted for US simulations, and the PMF profile was obtained as a function of the ligand-
target distance ξ (Figure 6.2). 

 

Figure 6.2. (A) Photoisomerization of compound 1.23 (B) Starting structures for the pulling 
simulations obtained through docking into HDAH (PDB ID: 5G3W). PMF curves obtained 
for compounds (E)- and (Z)-1 with 10 ns (C) and 50 ns (D) US windows. (E) Comparison 
of experimental IC50 values23 and calculated ΔG values.  

In contrast to the experimental IC50 values, the US simulations indicated the (Z)-isomer of 
compound 1 as the more active form, with a ΔGUS of -130 kJ/mol (Figure 6.2E). 
Conversely, the (E)-isomer was calculated to be a weaker binder of HDAH, with a ΔGUS 
of ca. -40 kJ/mol. These PMF results were in line with the pulling force profile, as the (Z)-
isomer required a stronger force for its unbinding from the target (Figure 6.8). 

The discrepancies between calculations and experiments (Figure 6.2E) are challenging to 
interpret. Firstly, we exclude that this deviation derives from an inaccurate treatment of 
dipole moments, which were in good agreement with the experimental values (see section 
6.6.2). Since calculations with 10 and 50 ns windows did not show convergence, longer 
simulation times would be needed to draw informative conclusions. Nevertheless, there 
might be several reasons for the inaccurate results of our protocol. The treatment of the 
protonation state of the hydroxamic acid (vide supra) was expected to have a limited 
impact on the results. Because both isomers contain this moiety, its energetic contributions 
should be compensated when comparing the binding free energies of the two forms. On 
the other hand, the crystallization of the 1-HDAH complex as a dimer could influence the 
orientation of protein loops, which would require long simulations to equilibrate. 
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Significantly longer simulations (e.g., tens of µs as enabled by coarse-grained MD 
simulations29) could offer a possible solution to evaluate protein flexibility in a more 
thoroughly manner. 

6.2.2 HDAC2 

The HDAC class of enzymes is an established target for chemotherapy,30,31 and optical 
control of HDAC inhibition has been reported by our group.24,25 From these early 
photopharmacological studies, compound 2 (Figure 6.3) was chosen because of its 
remarkable difference in activity upon irradiation, as the irradiated, (Z)-enriched sample 
was determined to be > 35-fold more potent than the thermally adapted, (E)-containing 
sample.24 We envisioned that such large light-induced activation would be easier to 
appreciate with our computational protocol, as compared to the modest differences 
between the photoisomers of compound 1.  

Molecular docking was performed into HDAC2 (PDB ID: 4LXZ32) to generate the starting 
configurations for the US simulations. The obtained poses showed a plausible binding 
mode, with the hydroxamic acid chelating the Zn2+ ion (cf. Chapter 4). The docked 
complexes were then relaxed with a 10 ns MD simulation before starting the pulling and 
the subsequent US simulations. 

 

Figure 6.3. (A) Photoisomerization of compound 2.24 (B) Starting structures for the pulling 
simulations obtained through docking into HDAC2 (PDB ID: 4LXZ). PMF curves obtained 
for compounds (E)- and (Z)-2 with 10 ns (C) and 50 ns (D) US windows. (E) Comparison 
of experimental IC50 values24 and calculated ΔG values. 

The computational results showed similar trends as observed with HDAH (Figure 6.3). A 
higher free energy of binding was calculated for the (E)-isomer of compound 2, in 
disagreement with the reported IC50 values. The PMF profile displayed the same tendency 
as the pulling force graph (Figure 6.10). Similarly to the HDAH case, analogous 
considerations hold true for the HDAC system with regards to the deviation of the 
calculated binding affinities from the measured inhibition (see section 6.2.1).  
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6.2.3 Lp-PLA2 

The light-controlled inhibition of Lp-PLA2, a potential therapeutic target for 
atherosclerosis,33 was recently reported by our group (see Chapter 425). Compound 3,25 
designed through azologization of the biaryl sulfonamide moiety of compound 4,34 acted 
as a (Z)-active inhibitor with a > 10-fold difference in potency (Figure 6.4). The starting 
structures for the pulling trajectories were adopted from the simulations of Chapter 4, i.e., 
IFD followed by 100 ns MD simulations. 

Studying the complex of compound 3 with Lp-PLA2 allowed us to test whether a better 
outcome would be obtained when performing US simulations on a system with a buried 
azobenzene, as opposed to the solvent-exposed azobenzene moieties of the HDAH and 
HDAC inhibitors. Moreover, in this case we applied the US protocol on the template ligand 
4, thus enabling comparisons with a regular, non-photoswitchable inhibitor.  

 

Figure 6.4. (A) Photoisomerization of compound 3, whose design was based on template 
ligand 4 (see Chapter 425). (B) Starting structures for the pulling simulations obtained 
through docking into Lp-PLA2 (PDB ID: 5YEA). PMF curves obtained for compound (E)-3 
with 10 ns (C) and 50 ns (D) US windows, for compound (Z)-3 with 10 ns (E) and 50 ns 
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(F) US windows, and for compound 4 with 10 and 50 ns US windows (G). (H) Comparison 
of experimental IC50 values25 and calculated ΔG values. 

As initial structures for the pulling simulations of the (E)- and the (Z)-isomer of compound 
3, we chose three snapshots from the 100 ns MD simulations, seeking to sample different 
binding modes. Snapshots at t = 0, 45 and 80 ns were extracted for (E)-3 (Figure 6.11), 
while snapshots at t = 0, 56 and 96 ns were extracted for (Z)-3 (Figure 6.13). 

Selection of the snapshot highly influenced the US results (Figure 6.4), especially in the 
case of (E)-3. When the pulling started from the snapshot at 0 ns, a positive ΔGUS was 
obtained, indicating unfavorable binding. Furthermore, we observed great variability in the 
estimated binding affinities and in the shape of the PMF profile, depending on the chosen 
snapshot and on the simulation length of the US windows. Such high influence of the 
starting structure represents a clear indication of non-convergence of the calculations.35 
On the other hand, ligand 4 was correctly estimated to show the strongest binding to Lp-
PLA2, in accordance with its strong inhibition.25 

6.3 Conclusion 

Going beyond the qualitative predictions of rigid molecular docking and unrestrained MD 
simulations common in photopharmacology, we attempted to compute quantitative 
estimations of binding affinities of light-controlled ligands with US simulations. ΔGUS values 
were obtained as the difference between the largest and smallest values of the PMF 
profile, for photoswitchable ligands targeting HDAH, HDAC2 and Lp-PLA2. For all three 
systems, the calculated ΔGUS values did not show trends that corresponded to the 
experimental observations. Future work is needed to optimize and fine-tune the current 
protocol to achieve improved correlation with a more extensive sample of published 
biological activity data. One potential strategy would require the implementation of longer 
MD simulations (100-200 ns at least) to relax the complex before the ligand is pulled out 
of the target. Alternatively, longer US windows might be necessary to ensure convergence, 
which is crucial for consistent PMF profiles,35 and for molecular simulations in general.36 
For this purpose, coarse-grained MD simulations could be used to attain sensibly longer 
trajectories with reasonable computational cost. 
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6.6 Experimental section 

6.6.1 Structure preparation 

For general remarks about docking simulations, see Chapter 3. Glide XP37 was used for 
HDAH (PDB ID: 5G3W) and HDAC2 (PDB ID: 4LXZ), whereas induced fit docking38 was 
used for Lp-PLA2 (PDB ID: 5YEA). 

PDB ID: 5G3W23 

Chain A was selected. The co-crystallized ligand was redocked with root-mean-square 
deviation (RMSD) = 1.5 Å. 

 

Figure 6.5. Redocking (cyan) of the co-crystallized ligand 1 (green) into HDAH. 

PDB ID: 4LXZ32 

Chain B was selected. Despite its disputed protonation state,39,40 the hydroxamic acid was 
considered in its protonated form for simplicity. The Zn2+ and Ca2+ ions were kept during 
protein preparation. Also, two specific water molecules (described as WAT1 and WAT2 in 
a previous study39) were kept for 4LXZ. The co-crystallized ligand was redocked with 
RMSD = 0.6 Å. 

 

Figure 6.6. Redocking (purple) of the co-crystallized ligand (green) into HDAC2. 

PDB ID: 5YEA34 
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Chain B was selected for IFD calculations (see Chapter 4 for more details). During 
redocking of the co-crystallized ligand, the cNSc dihedral angle was constrained to 80°. 
This resulted in a successful redocking with RMSD = 1.7 Å. Subsequently, the ligand-
protein complexes with (E)- and (Z)-3 were submitted to 100 ns of unconstrained MD 
simulations (see Chapter 4 for more details). 

 

Figure 6.7. Redocking (purple) of the co-crystallized ligand 4 (green) into Lp-PLA2.  

6.6.2 Umbrella sampling 

The protocol was obtained by adapting a published procedure.26 

GROMACS 2018.4 was used for the simulations. The parameter files for the MD 
simulations were prepared using the tLeap module of Ambertools with the ff14SB force 
field. Ligand parameters were obtained as Generalized Amber Force Field41 (GAFF) 
parameters using the Antechamber module42 and the AM1-BCC charge method.43 The 
dihedral parameters for the azobenzene moiety (see chapter 2) were adapted from a 
previous study.44  The calculated dipole moments, i.e., 0 D for (E)-azobenzene and 3.5 D 
for (Z)-azobenzene, were in line with the experimental values of 0 D and 3 D, 
respectively.45 

The starting structures were immersed in a pre-equilibrated box of TIP3P water molecules, 
and sodium or chlorine ions were added to maintain electrical neutrality. The simulations 
parameters were taken from a previous study.26 The systems were minimized over 50000 
steps of the steepest descent algorithm, then they were equilibrated with NVT and NPT 
simulations at 300 K for 100 ps. During the equilibration steps, the heavy atoms of the Cα 
atoms of the proteins were kept fixed with a constraint of 1000 kJ/mol. The systems were 
submitted to additional 10 ns of unrestrained relaxation. Particle mesh Ewald (PME)46 was 
used to treat the long-range electrostatic interactions. All bonds were constrained using 
the LINCS algorithm.  

The structures resulting from the equilibration procedure were used as starting points for 
the pulling simulations. The reaction coordinate (ξ) was defined as the COM distance 

between the ligands and the specific residues (vide infra). The ligand was dissociated with 
a pulling simulation, which applied a harmonic force with a spring constant of k = 1500 

kJ/mol/nm2 along the reaction coordinate (ξ). The pulling speed was set as ν = 0.005 
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nm/ps,26 for a simulation time of 750 ps. The initial conformations for the US simulations 
were extracted from the unbinding trajectory with a spacing of 0.05 or 0.025 nm, on the 
basis of the overlap between adjacent histograms (Figure 6.9). These conformations were 
subjected to US simulations over 10 and 50 ns, applying a harmonic force with a spring 
constant of k = 15000 kJ/mol/nm2 along the reaction coordinate (ξ). The WHAM19 method 

was employed to calculate the PMF along the reaction coordinate (ξ), by means of the 

g_wham command implemented in GROMACS.47 The error was estimated over 100 
rounds of bootstrapping analysis.48 Pulling force and spacing of the windows along the 
reaction coordinate were optimized by a trial and error approach for each system. 

PDB ID: 5G3W 

The starting structures were immersed in a box (9.31 x 9.31 x 13.85 nm3) of ca. 38000 
TIP3P water molecules. The reaction coordinate (ξ) was defined as the COM distance 

between the ligand and the Zn2+ ion of HDAH active site. 54 snapshots were extracted 
from the unbinding trajectory.  

     

Figure 6.8. (A) Pulling force and (B) displacement of the ligand COM during the pulling 
simulations of compounds (E)- and (Z)-1 away from the binding pocket of HDAH. 

          

Figure 6.9. (A) Overview and (B) zoomed view of representative histograms of US 
simulations for compound (E)-1.  

PDB ID: 4LXZ 

The starting structures were immersed in a box (9.00 x 9.00 x 13.84 nm3) of ca. 35000 
TIP3P water molecules. The reaction coordinate (ξ) was defined as the COM distance 

between the ligand and the Zn2+ ion of HDAC2 active site. 26 snapshots were extracted 
from the unbinding trajectory.  

A B 

A B 
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Figure 6.10. (A) Pulling force and (B) displacement of the ligand COM during the pulling 
simulations of compounds (E)- and (Z)-2 away from the binding pocket of HDAC2. 

PDB ID: 5YEA 

The starting structures were immersed in a box (9.24 x 9.24 x 13.90 nm3) of ca. 38000 
TIP3P water molecules. The reaction coordinate (ξ) was defined as the COM distance 

between the ligands and Leu159 of Lp-PLA2 active site. 48 snapshots were extracted from 
the unbinding trajectory.  

                 

Figure 6.11. Snapshots from the 100 ns MD simulation for compound (E)-3, which was 
carried out before the pulling simulation. T = 0 ns (A), 45 ns (B), 80 ns (C). Structural 
alignment of the snapshot (protein in gray, ligand in cyan) with the initial crystal structure 
of Lp-PLA2 (protein in dark green, ligand in green). 

       

Figure 6.12. (A) Pulling force and (B) displacement of the ligand COM during the pulling 
simulations of compound (E)-3 away from the binding pocket of Lp-PLA2. 

 

A B C 

A B 

A B 
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Figure 6.13. Snapshots from the 100 ns MD simulation for compound (Z)-3, which was 
carried out before the pulling simulation. T = 0 ns (A), 56 ns (B), 96 ns (C). Structural 
alignment of the snapshot (protein in gray, ligand in red) with the initial crystal structure of 
Lp-PLA2 (protein in dark green, ligand in green). 

       

Figure 6.14. (A) Pulling force and (B) displacement of the ligand COM during the pulling 
simulations of compound (Z)-3 away from the binding pocket of Lp-PLA2. 

 

       

Figure 6.15. (A) Pulling force and (B) displacement of the ligand COM during the pulling 
simulations of compound 4 away from the binding pocket of Lp-PLA2. 
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