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Molecular mechanics (MM) methods, such as docking and molecular dynamics (MD), can assist 
photopharmacology in both the a priori design and the a posteriori rationalization of the performance 
of light-controllable tools. In this chapter, we report the implementation of these computational 
methodologies for a variety of photopharmacological studies. Docking analysis guided the design of 
photocaged ligands (for the control of protein-protein interactions or as photochemical probes for 
cGAS) and the rationalization of the biological activities of photoswitchable kinase inhibitors. 
Furthermore, MM conformational searches and MD simulations were used for the computer-aided 
design of photoswitchable amino acid linkers and DNA glues. 
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2.1 Introduction 

With the continuous improvement of algorithms and the emergence of high-performance 
computing, molecular simulations are increasingly able to provide key insights by 
integrating laboratory experiments with theory.1 Contemporary drug discovery makes 
extensive use of  computational techniques for the design of novel molecular entities and 
the interpretation of biological results.2 As we discussed in Chapter 1, the progressive 
implementation of such methodologies in photopharmacology3–5 offers promising 
opportunities for predicting (a priori) and explaining (a posteriori) light-induced differences 
in biological activity.6 

Because of their size, biological systems can be treated with molecular mechanics (MM) 
or mixed quantum mechanics/molecular mechanics (QM/MM), while they are inherently 
too large for the current QM approaches. MM methods use force fields to compute the 
potential energy of a system as a function of the nuclear coordinates. Force fields consist 
of a mathematical expression of the interatomic potential energy and a corresponding set 
of parameters.7 In particular, the total potential energy is divided into contributions of 
bonded and not bonded atoms, as follows: 

𝐸 𝐸 𝐸  

𝐸 𝐸 𝐸 𝐸 𝐸     

 

The considerable simplifications of MM allow high-throughput yet increasingly accurate 
calculations that tackle ongoing challenges in drug discovery, such as conformer 
generation8 (see section 2.5 for the conformational search of azobenzene-based amino 
acids) and the prediction of ligand-target binding modes. In fact, MM represents the 
foundation for the most common computational methods in drug design,9 i.e., molecular 
docking10 and molecular dynamics (MD) simulations.11,12 

Molecular docking aims at predicting the binding conformation of a ligand inside the 
binding site of a biological target.13 Multiple types of software have been developed for this 
purpose, with the application of a variety of different algorithms.14 In this chapter, we 
describe docking studies performed with Glide, which uses a “funnel” algorithm to identify 
the best conformation, orientation and position of a ligand within the rigid 3D structure of 
a known binding pocket.15,16 We applied Glide XP16 for the design of a photoprotected 
MDM2 inhibitor (section 2.2) and for the interpretation of the differences in potency 
between the photoisomers of a kinase inhibitor (section 2.4). Besides treating the protein 
target as a rigid structure, a certain degree of flexibility can be introduced to it in Glide XP 
with the induced fit docking method (IFD),17 which was employed for the structure-based 
design of photochemical probes for cyclic GMP-AMP synthase (cGAS, section 2.3).  

Whereas docking calculations treat the biological target as (mostly) static, MD simulations 
provide a more dynamic description of the ligand-target complex, and have assumed a 
prominent role in drug discovery.18 In section 2.6, we performed a thorough MD 
investigation of DNA complexes to rationalize our findings with a novel DNA glue. 
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2.2 Structure-based design of a photocaged MDM2 inhibitor19 

Cancer is one of the major causes of death in the developed world. Long-standing 
drawbacks of cancer chemotherapy are its inherent toxicity and associated adverse 
effects. To fight these selectivity issues, targeting pathways that are exclusively needed 
for cancer cell survival have been explored.20,21 One way of controlling these cellular 
pathways is by interfering with cancer cell-specific protein–protein interactions (PPIs). 
Interestingly, by controlling PPIs, remote control of a specific protein can be achieved, 
which opens up new targeting strategies in anticancer treatment.  

The best known tumor suppressor protein, p53, is heavily involved in PPIs and plays an 
important role in cell-cycle control, apoptosis, DNA repair and cellular stress 
responses.22,23 Activation of p53 by various types of stress can drive cellular senescence, 
which is an irreversible cell-cycle arrest, to prevent potential transformation of the 
damaged cell. Utilizing its role in apoptosis and senescence, reactivation of the p53 
signaling pathway remains a preeminent target for cancer treatment.24,25 A major concern 
in p53 reactivating therapies is its effect on normal cells, since upregulation of p53 protein 
expression by itself is sufficient to induce senescence or apoptosis in all cycling cells.26,27 
Therefore, the selective activation of the p53 pathway in cancerous tissue is a key 
challenge, as it would greatly increase the potential success for therapeutical application. 

One of the main repressors of p53 activity is the MDM2-protein. MDM2 interacts with p53 
to promote its ubiquitylation, making it a target for degradation by the proteasome.28–30 
The regulatory PPI between p53 and MDM2 makes the latter an interesting target in 
anticancer drug development. Recently, a class of MDM2 inhibitors (nutlins) have been 
developed allowing the selective activation of the tumor suppressing p53 pathway.31–33 
Nutlins bind to the p53-binding site of MDM2, inhibiting proteolytic breakdown of p53, 
resulting in the stabilization of p53 which arrests rapid cell division and can induce 
senescence.26 

Herein, we describe the design of a photoactivatable MDM2 inhibitor. The caged inhibitor 
is not capable of blocking the MDM2–p53 PPI, resulting in p53 degradation. 
Photochemical release of the MDM2 inhibitor prevents MDM2–p53 binding, triggering 
senescence or cell death. The system described herein allows, for the first time, the 
selective light-activation of tumor-arresting p53 in living cells. 

Our molecular design was based on a recently developed MDM2 inhibitor, idasanutlin 
(compound 1, Figure 2.1A), which showed high potency, moderate selectivity and good 
bioavailability.24,31,33 From limited SAR studies,34 it can be concluded that the m-
methoxybenzoic acid group plays a potential role in binding affinity, cellular 
potency/stability and pharmacokinetic properties (Figure 2.1A, marked in red). Synthetic 
modification of the m-methoxybenzoic acid potentially renders the nutlin derivative 
inactive. The possibility to alter the activity of idasanutlin by masking of this functional 
group was further established by docking studies suggesting that a potential charge-
assisted hydrogen bond with Lys90 is prevented in the protected compound (Figure 2.1A 
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and Figure 2.2B-C). In fact, photocaging the benzoic acid removes the negative charge, 
transforming a salt bridge into a regular hydrogen bond.  

 

Figure 2.1. Strategy toward photocleavable idasanutlin derivatives. (A) Idasanutlin 
(compound 1), a potent MDM2 inhibitor allowing the stabilization of p53 levels in tumor 
cells. (B) Molecular docking showcases the possible interaction with Lys90 as a potential 
site to alter the activity. (C) Irradiation of PPG-1 led to the formation of 1 and PPG as the 
sole products. 

Since no crystal structure of MDM2 complexed with Idasanutlin was available, the binding 
mode of a highly similar pyrrolidine inhibitor (PDB ID: 4JRG34) was used as a reference. 
The protein was prepared through the Protein Preparation Wizard in Maestro: this tool 
interactively allows the assignment of bond orders, hydrogens addition, hydrogen bonds 
definition and optimization, waters removal and restrained minimization with OPLS3 force 
field. All water molecules were removed, except for three and two molecules in chain A 
and B, respectively, that were judged important for the binding mode prediction because 
of hydrogen bonds with the pyrrolidine head. The grid was created through the Receptor 
Grid Generation, picking the ligand to define the centroid of the receptor box. MacroModel 
was used to minimize the ligands (force field: OPLS3, solvent: water, method: TNCG with 
2500 maximum iterations), and to create conformers (same settings as above, 
conformational search method: Mixed torsional/Low-mode sampling). These conformers 
were docked with Glide XP,16 flexible, writing out at most 5 poses per ligand and 
performing post-docking minimization. Glide gscore was used as the scoring function. 

Redocking of the co-crystallized ligand was carried out on chains A and B, both with and 
without the above-mentioned water molecules. The best result (RMSD = 1.284 Å) was 
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achieved with chain A including the bridging water molecules (Figure 2.2A), which was the 
structure of choice for the further steps. As with other Nutlin analogues, the 4-chloro-
phenyl rings fit the Trp23 and Leu26 pockets, while the neopentyl group occupies the 
Phe19 pocket near Met62. A hydrogen bond is formed between the amide and His92, and 
three waters mediate the interaction between the pyrrolidine ring and Gln55 and Tyr51. 

 
Figure 2.2. (A) Redocking (purple) of co-crystallized ligand from PDB ID: 4JRG (green). 
Hydrogen bonds are depicted as yellow dashed lines. (B) Docking of compound 1 (red) 
compared to the co-crystallized ligand (green). (C) Multiple docking poses of PPG-1. The 
cores are represented as lines until the amide bond, while the remaining parts are showed 
as sticks. 

Docking of compound 1 resulted in poses that were very similar to the co-crystallized 
ligand (Figure 2.2B) and suggested a solvent-exposed salt bridge between the carboxylate 
group and Lys90 (3.9 Å), which was consistent across all the predicted binding modes. 
The PPG-1 docking poses showcased the great flexibility of the photoprotecting group part 
of the chain (Figure 3), which gave only nonspecific interactions with the outer surface of 
MDM2, including a sub-optimal (not linear and highly solvent-exposed) hydrogen bond 
between Lys90 and the lactone group of coumarin. Protection of meta-methoxybenzoic 
acid blocks the salt bridge formation and causes the miscellaneous positioning of coumarin 
(Figure 2.2C). 

Encouraged by these preliminary docking studies, we designed a photoactivatable 
idasanutlin (PPG-1) which would potentially show a difference in activity between the 
protected and photodeprotected forms. We selected the coumarin scaffold as the PPG of 
choice, which is known to allow for a fast deprotection with biocompatible visible light (λ > 
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400 nm) without the generation of toxic side products. The hydroxymethylcoumarin was 
preferred over the normal hydroxycoumarin because of its improved hydrolytic stability 
and increased rate of photocleavage. 

PPG-1 exerted no functional effect on cellular outgrowth, but allowed for the selective, 
noninvasive activation of antitumor properties upon irradiation with visible light, 
demonstrating activation with micrometer, single cell precision. The generality of this 
method has been demonstrated by growth inhibition of multiple cancer cell lines. 
Stabilization of p53 and consequent cell growth arrest could be obtained by MDM2 
inhibition upon photoactivation with biocompatible 400 nm light. Excitingly, spatiotemporal 
control was achieved with microsecond irradiation at micrometer, single-cell resolution. 
This constitutes, to the best of our knowledge, the first system that externally and indirectly 
controls p53 levels with light. Next to a promising concept toward selective anticancer 
therapy, the designed system can also function as a molecular tool to investigate MDM2–
p53 interactions as well as selectively interfere with the numerous cellular processes 
regulated by p53. Light activation to regulate protein–protein interactions between MDM2 
and p53 offers exciting opportunities to control a multitude of biological processes. To 
circumvent common selectivity issues in antitumor drug development, further studies are 
needed to enable activation with visible or near- IR light. 

2.3 Toward the rational design of photochemical probes for 
cGAS 

Cyclic GMP-AMP synthase (cGAS) is a cytosolic DNA sensor that activates the innate 
immune system as a reaction to the presence of dsDNA in the cytosol.35 Although initiation 
of the cGAS pathway is crucial for immunity defense against pathogens, its uncontrolled 
activation has been linked to inflammatory diseases such as systemic lupus 
erythematosus.36 Therefore, cGAS inhibitors have great potential for therapeutic 
applications.36 

PF-06928215 (compound 2, Figure 2.3) was recently reported to inhibit cGAS with an IC50 
value of 4.9 μM (0.2 μM of binding affinity).37 A key interaction with the target protein is the 
salt bridge between the carboxylate unit (Figure 2.3A and red unit in Figure 2.3B) of the 
inhibitor and the Arg376 and Lys362 side chains of cGAS (Figure 2.3A). Hence, we 
envisioned that installing a photolabile protecting group (blue units in Figure 2.3B) would 
block this interaction, inactivate the so-formed molecule and hence, allow for 
photocontrolled release of a potent inhibitor. 
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Figure 2.3. (A) Salt bridge between 2 and Arg376 and Lys362 side chains of cGAS (PDB 
ID: 6NAO). (B) Molecular structure of 2 and two photocaged analogs 3 and 4. (C) 
Redocking (purple) of the co-crystallized ligand 2 (green, PDB ID: 6NAO). (D) IFD pose of 
3 (cyan) superposed with 2 (green). B. Docking pose of 4 (cyan) superposed with 2 
(green).  

We investigated the effect of shielding the carboxylate group on binding of compound 2 to 
cGAS through IFD into cGas crystal structure (PDB ID: 6NAO). The protein was prepared 
through the Protein Preparation Wizard in Maestro, performing the assignment of bond 
orders, hydrogen addition, hydrogen bonds definition and optimization, removal of water 
molecules and ions, and restrained minimization with the OPLS3e force field.38 All water 
molecules were removed and chain A was selected. LigPrep was used to prepare the 
ligands and to generate possible states at pH 7.0 ± 2.0 with Epik. The ligands were docked 
with Induced Fit Docking XP16,17 with standard protocol. The ligand was picked to define 
the centroid of the receptor box, the option “Enhance planarity of conjugated pi groups” 
was selected, and the side chains were trimmed based on their B-factor.  

First, the protocol was validated through redocking of the co-crystallized ligand, which 
resulted in a root-mean-square deviation (RMSD) of 1.9 Å (Figure 2.3C). Subsequently, 
the top-ranked poses of compound 3 and 4 (Figure 2.3D) showed that the disruption of 
the salt bridge with Arg376 and Lys362 altered the original binding mode. Although the 
protocol allows for protein flexibility, the photocaged ligands could not form the interactions 
of inhibitor 2 with the target observed in the crystal structure. Because of the large 
differences in predicted binding, the docking poses indicated that the molecular design 
could lead to an effective control of biological activities upon irradiation.  

According to our design, supported by molecular docking studies, introducing photolabile 
protecting groups onto compound 2 gave two molecules that liberated the cGAS inhibitor 
upon irradiation with light. Time-resolved UV-Vis spectroscopy and QY determination 
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showed that 4 was the more promising compound as it allowed a fast and clean release 
of 2 in both DMSO and DMEM. However, biological evaluation of both the parent 
compound and the photocaged analogous did not result in a biological response of any of 
the investigated compounds. A photochemical release of 2 under biological assay 
condition was consequently not conduced.  

2.4 Rationalization of the light-controlled inhibition of BRAFV600E 
kinase with molecular docking39 

Metastatic melanoma is amongst the most difficult types of cancer to treat, with current 
therapies mainly relying on the inhibition of the BRAFV600E mutant kinase. However, 
systemic inhibition of BRAF by small molecule drugs in cancer patients results – 
paradoxically – in increased wild-type BRAF activity in healthy tissue, causing side-effects 
and even the formation of new tumors. Here we show the development of BRAFV600E 
kinase inhibitors of which the activity can be switched on and off reversibly with light, 
offering the possibility to overcome problems of systemic drug activity by selectively 
activating the drug at the desired site of action.  

Our design of a photoswitchable BRAFV600E inhibitor was based on compound 5 (Figure 
2.4A), which was found upon optimization of vemurafenib.40 We selected compound 5 as 
a starting point to design photoswitchable analogs. This compound contains three 
aromatic moieties coupled by either an amide or a sulfonamide linker. Both linkers provide 
a site for replacement by a diazo group to generate inhibitors with an azobenzene 
photoswitch. Yet, when comparing into the binding mode of inhibitors in co-crystals with 
the BRAFV600E mutant, it became apparent to us that the two aromatic rings coupled by 
the amide are in one plane or deviate only slightly from this plane. Replacement of this 
amide by a (E)-isomer of the azobenzene functionality would provide inhibitors that retain 
the orientation of these rings. In crystal structures, the two aromatic rings coupled by the 
sulfonamide adopt a bent conformation. Therefore, we anticipate that replacement of the 
sulfonamide by the (Z)-isomer of the azobenzene functionality would retain the bio-active 
conformation. Since the concept of photo-activation requires activity of the (Z)-isomer and 
inactivity of the (E)-isomer, we chose to replace the sulfonamide functionality of 5 by a 
diazo group. We note, however, that the sulfonamide is involved in binding to the 
BRAFV600E kinase and we, therefore, anticipated a decrease of activity. 
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Figure 2.4. (A) Compound 5 has been reported as an improved Vemurafenib analog. 
Inspired by compound 5, photoswitchable BRAFV600E inhibitor 6 was designed. Upon 
irradiation with light of wavelength λ1, (E)-6 can be switched to (Z)-6. (B) Binding site of 
BRAFV600E co-crystallized with compound 5 (PDB ID: 3SKC, protein in grey and ligand in 
green), superimposed with the redocking pose (violet). (C) Docking poses of (E)-6 (cyan) 
and (Z)-6 (red) compared to the co-crystallized ligand 5 (green). 

The most promising inhibitor (compound 6, Figure 2.4A) showed an approximately 10-fold 
increase in activity upon light-activation. To rationalize such difference in BRAF inhibitory 
potency between the two isomers of inhibitor 6, we performed molecular docking studies 
on the crystal structure of BRAFV600E (PDB ID: 3SKC). For the reference compound, the 
sulfonamide nitrogen was kept deprotonated as described in literature.41 The 
pyrazolopyridine ring of compound 5 forms two hydrogen bonds with the Cys532 backbone 
and the amide NH group forms one with the hydroxyl group of Thr529 (Figure 2.4B). The 
sulfonamide moiety interacts with the Asp594, Phe595 and Gly596 backbones through 
hydrogen bonds with the sulfonyl oxygen and the deprotonated nitrogen. The prepared 
ligands were docked with Glide XP,16 flexible, performing post-docking minimization on 30 
poses and writing out at most 20 poses per ligand. The protocol was validated by redocking 
the co-crystallized ligand, which resulted in an RMSD of 0.435 Å (Figure 2.4B).  

Compounds (E)- and (Z)-6 were prepared as described above and both tautomers of the 
pyrazolopyridine ring were considered for our calculations. Compound (E)-6 showed a 
variety of low-score binding modes (the reader is referred to our publication for more 
experimental data39). The more linear structure of (E)-azobenzene prevented the 
formation of the hydrogen bond pattern of the pyrazolopyridine head and the amide linker 
with Cys532 and Thr529. On the other hand, the top-ranked docking pose of compound 
(Z)-6 is highly superimposable with compound 5, as the bent structure of (Z)-azobenzene 
almost perfectly overlaps with the biaryl sulfonamide.  

However, due to the replacing the sulfonamide for a diazo bridge, the interactions with the 
Asp594, Phe595 and Gly596 backbone are no longer present, which could explain the 



 

130 

Rational drug design in photopharmacology 

drop in potency of compound 6 compared to compound 5. Still, (Z)-6 and 5 are 
spectacularly close in conformation, demonstrating that (Z)-azobenzenes are suitable for 
mimicking biaryl sulfonamide moieties in drugs. Also (E)-6 was docked into the same 
crystal structure, as shown in Figure 2.4C. Compound (E)-6 docked into a conformation 
that is completely different from the original compound 5, thus indicating binding of this 
isomer to the kinase active site is perturbed. The docking data of (E)-6 suggest that bulky 
groups at the para position of azobenzene n might disfavor binding of the (E)-isomer and 
decrease the activity, which could potentially improve the difference in activity between 
(E)- and (Z)-6. 

This research offers inspiration for the development of therapies for metastatic melanoma 
in which tumor tissue is treated with an active BRAFV600E inhibitor with high spatial and 
temporal resolution, thus limiting the damage to other tissues. 

2.5 Azobenzene-based amino acid linker for polyglutamate 
(polyQ) aggregation42 

Proteins can create insoluble aggregates because of misfolding, instability or errors in the 
protein sequence.43  The formation of these aggregates is involved in the development of 
different diseases, e.g., amyloidosis and several neurodegenerative disorders, including 
Huntington’s disease.44,45 One of the recognized causes of protein aggregation is the 
occurrence of long polyglutamine (polyQ) chains, which promote the generation of toxic 
insoluble fibril aggregates.46–49 However, the detailed mechanism of polyQ aggregation is 
not fully understood, and model peptide systems controllable with an external stimulus 
would be highly beneficial for the study of the aggregation process. To allow reversible 
control of such systems with light, we designed an azobenzene-based amino acid. Its 
inclusion into a polyQ peptide was envisioned to enable the formation of amyloid fibrils 
through the light-indued constitution of β-hairpin motifs. 

Previous azobenzenes incorporated into peptide backbones (compound 7 and 8, Figure 
2.5A) had a suboptimal spatial arrangement and unsatisfactory photochemical properties. 
In particular, their irradiation resulted in only partial enrichment of the (Z)-isomer (7: 56-80 
%, 8: 65-84 %)50–53 and they exhibited low to medium quantum yields (7: 0.2 and 0.7, 8: 
0.02-0.2).54,55 Our design (9) features an alkyloxy para-substituent, which is known to 
provide high PSDs and quantum yields (Figure 2.5A).56–59 To find the best position for the 
other substituent, molecular modeling studies were performed. 
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Figure 2.5. (A) Previous work on azobenzene-based amino acids 7 and 8 and our 
proposed design 9. (B) Examples of 3D structures of the conformational search results, 
illustrating the measurement of the C-N distance (dashed line). (C) Violin plots 

The conformational search on both photoisomers of the azobenzene-based amino acids 
7, 8 and 9 was carried out with MacroModel with no constraints (Figure 2.5B). OPLS3e 
force field was used to perform an enhanced sampling, with the following parameters: 
method = TNCG, 50000 max iterations, convergence threshold 0.05, 62.8 kJ/mol window, 
elimination of redundant conformers with max atom deviation of 0.5 Å. Subsequently, the 
C-N distance was measured for all conformers and the distributions were visualized 
through violin plots (Figure 2.5C). The computational results indicated that the meta,para-
substitution pattern of compound 9 would allow the formation of a β-hairpin in the (Z)-form, 
by covering a broader C-N distance compared to previous designs (Figure 2.5C). 

The photoswitch was equipped with five glutamine groups on each side via SPPS 
synthesis to obtain AzoPolyQ to serve as a model peptide to study aggregation into β-
fibrils (Figure 2.6). AzoPolyQ also contained two positively charged amino acids (Lys) and 
two negatively charged groups (Asp) to facilitate β-hairpin formation in the cis 
conformation. In contrast to our expectations, both isomers facilitated aggregate formation 
and a fibrillar structure was confirmed for (E)-AzoPolyQ by transition electron microscopy 
(TEM, for the experimental data see the PhD Thesis of Jana Volarić42). Furthermore, it 
was observed that (E)-AzoPolyQ aggregated more rapidly. Therefore, we proposed a new 
mechanism of fibril formation for this system where (Z)-AzoPolyQ assembles into β-
hairpins and (E)-AzoPolyQ stacks on top of each unit with revered end charges (Figure 
2.6). 
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Figure 2.6. Proposed photoswitchable polyQ model peptide which does not form fibrils in 
the (E)-state, while upon irradiation the (Z)-isomer forms the β-hairpin motif which further 
continues to assemble into polyQ fibrils. (By courtesy of Jana Volarić) 

While the amyloid nature of the aggregates of AzoPolyQ remains unclear, further 
measurements are currently taking place to study all obtained aggregates as well as to 
observe the initial stages of aggregation. A model azopeptide with longer Q chains has 
been synthesized and will be tested in the near future. 

In conclusion, we designed a new azobenzene-based amino acid with improved 
photochemical properties which can potentially serve as a β-turn mimetic. Incorporation of 
our photoswitch in a polyQ chain is promising model for studying polyQ aggregate 
formation upon irradiation with light.  

2.6 Rational design of a photoswitchable DNA glue59 

Deoxyribonucleic acid (DNA) is a biomacromolecule with a defined supramolecular 
architecture, i.e., determined by selective hydrogen bond interactions and π stacking.60 
Formation of a three-dimensional helical structure is crucial for its biological function, 
frequently involved in disease-related malfunctions, and represents a key-organization 
element in DNA-based nanomaterials.60–62 Small molecules, decorated with suitable 
substituents, can interact with DNA,63 and consequently affect its properties, such as 
sequence-specific hybridization, without introducing chemical modifications onto DNA. For 
example, mismatch-binding ligands (MBLs) influence DNA hybridization and its secondary 
structure by enhancing the stability of the duplex DNA.64 Several selective MBLs have 
been developed that discriminate, for instance, AA65 or GG homo mismatches.66,67 

Such MBLs are typically DNA intercalators, which possess hydrogen-bonding groups 
complementary to the mismatched bases. A molecule with this property is 2-
carbonylamino-1,8-naphthyridine (Figure 2.7A), a small chromophore that recognizes 
guanine (G), and its covalent dimer was the first ligand reported for GG mismatch 
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binding.66 A naphthyridine carbamate (NC, Figure 2.7A) was found to be a better G 
recognition unit in terms of binding affinity to a GG homo mismatch and chemical stability 
of the molecule. Figure 2.7B displays a few examples of MBLs based on NC units 
introduced by Nakatani and coworkers.66,68–71 

Specifically, a naphthyridine carbamate dimer (NCD) was the first MBL reported as a 
molecular glue for DNA.68 A 2:1 ratio of NCD to dsDNA stabilized a GG mismatch by ΔTm 
(difference in melting temperature of DNA) of more than 30 °C in an appropriate 11-mer 
duplex DNA.68 Hence, it can function as molecular glue between DNA strands that do not 
hybridize spontaneously in a certain range of temperatures.68 Subsequently, both TD (a 
thermally degradable NCD analog) and NCDA3 (a photoswitchable derivative of NCD) 
were developed (Figure 2.7B).69,70 In NCDA3, an azobenzene scaffold was employed as 
the photochromic core structure.70,71  

 
Figure 2.7. (A) Naphthyridine carbamate (NC) units selectively bind to GG homo-
mismatches. (B) Structures of diverse (activatable) MBLs. (C) Overview of the current 
work. 

However, the E→Z photoisomerization the previously reported MBLs was inefficient and 
several minutes of irradiation with UV light were required to induce sufficient isomerization. 
Moreover, extensive spectral overlap of the various chromophores involved prevented 
detailed spectroscopic studies and effective isomerization.70,71 These drawbacks impair 
the use of NCDA3 in rapidly responding DNA-based systems. Development of 
photoswitchable MBLs with precisely tuned photoisomerization properties would pave the 
way toward regulation of biological processes by targeting endogenous DNAs and 
RNAs.72 
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We focused on tuning the photochemical properties of the azobenzene core structure to 
adjust them to the requirements of the system, which enabled fast dynamic control of DNA 
double helix formation and real-time studies. Careful design of a suitable photoactuator 
furnished a highly sensitive ligand (Figure 2.7C) featuring i) excellent band separation, ii) 
quantitative photoisomerization, iii) high quantum yield (QY), iv) fast response, and v) 
excellent dsDNA assembly ability. Additionally, we provide in-depth insight of the mutual 
interaction of the photoswitchable MBLs and the dsDNA, based on extensive 
spectroscopic and computational studies. In particular, we present the discovery of a 
highly effective photoswitchable DNA glue. This work highlights major steps toward the 
development of photoresponsive, fully reversible MBLs and important advances toward 
the rational design of light-responsive systems for future non-invasive control of biological 
function with potential for nanomaterial assembly. 

All ligands showed a stabilization effect on the dsDNA after irradiation with 365 nm light 
indicated by increasing Tm. The use of compound 11, which contains a C3-linker, resulted 
in the highest ΔTm value. After photoirradiation, (Z)-11 stabilized the target DNA duplex by 
up to ca. 16 °C (from 27.5 to 43.3 °C), while the (Z)-isomers of 10 and 12 showed smaller 
ΔTm values than for 3, raising the temperature by 11 °C (from 27.6 to 38.4 °C) and 9 °C 
(from 27.8 to 37.0 °C), respectively. The observations are supported by molecular 
dynamics (MD) simulations which are in agreement indicating that the DNA double helix 
in the (Z)-11-dsDNA complex is consistently the most stable one over 300 ns in 
temperature-dependent simulations (see section 2.5.3). 

 

Figure 2.8. (A) Unbiased equilibrium of interconverting helical conformers. (B) DNA-
induced biased equilibrium favoring Z(P) configuration in the alkoxy azobenzene-based 
MBLs 10–12. (C) Calculated structure of (Z)-11 in DNA (note two molecules of (Z)-11 bind 
to form stable dsDNA). (D) Experimental CD spectrum of compound 11 (10 mM) in the 
presence dsDNA (50-d(CTAACGGAATG)-30/30-d(GATTGGCTTAC)-50, 5 mM) in 
phosphate buffer at the thermal equilibrium (grey solid line) and after E-to-Z isomerization 
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at the PSS365nm cyan solid line), which corresponds well with the computed CD spectrum 
of Z(P)-OCH3 (red dotted line, TD(25 states)-PBE0/6-311+G(2d,p) level of theory using 
the SMD implicit model for water). (E) Violin plot of the energy and distribution of two 
molecules of (Z)-11 in a 2 : 1 complex to mismatched DNA adopting (PP)Z, (PM/MP)Z, 
and (MM)Z configuration. 

Subsequently, we focused on studying the origin of the observed Cotton effect around 
440 nm in the Z isomers (Figure 2.8D) in more detail aiming to elucidate whether the signal 
is derived from the excitonic coupling between the chromophores or from DNA imprinting 
its chiral information in the (Z)-azobenzenes. The transfer of chirality works through 
energetical discrimination of the enantiomers of the Z-azobenzene inducing a bias in the 
equilibrium between Z(M)and Z(P) helical configuration (Figure 2.8B) and can be 
approximated by theoretical calculations.73–75 Consequently, we performed a thorough 
computational investigation models of MBLs 10–12 in a 2:1 complex with the DNA 11mer. 
The DNA complexes were built by modifying a similar structure that was previously 
released (PDB ID: 1X26).65 To minimize any bias originated by the selection of the initial 
structures, we performed a preliminary energy minimization with the OPLS3e force field 
and subsequently we performed multiple 300-ns MD simulations with the parmbsc1 force 
field. Randomly sampled structures were finally optimized with Grimme’s GFN force field.76 
Figure 2.8C shows as an example the optimized geometry of 11 bound to dsDNA (note 
that two molecules of 11 are bound to dsDNA). We analyzed the frequency and energy 
distributions of both Z(P) and Z(M) configurations present in the two MBLs. As two ligands 
are required to stabilize the mismatched DNA, the two azobenzenes can either both exhibit 
P (PP), both M (MM), or a mixed configuration (PM or MP). In most cases, the two 
azobenzenes in the MBLs adopted a PP or a mixed MP/PM helicity in the Z configuration 
over the MM one (see Figure 2.8E and section 2.5.4). These results suggest that the 
system biases the formation of PP helicity over MM helicity in the two azobenzenes (Figure 
2.8B). To support the interpretation of a preference in the helicity of the switches, we 
calculated the CD spectrum of (Z)-OCH3 in its P form, that matched the Cotton effect 
observed experimentally (Figure 2.8D, red dotted line for the simulation, cyan line for the 
experiment). 

These results indicate that the dsDNA and the MBL show a highly mutual supramolecular 
interaction: on the one hand, the Z form of the MBL can provide enhanced stabilization of 
the helical structure of DNA. On the other hand, the DNA is translating its chirality onto the 
Z isomer of the azoswitch (inducing right-handed (P) helicity in the dynamic helical 
system). To the best of our knowledge this has only been observed so far in azobenzenes 
with a covalently attached stereogenic element,73–75,77–79 and in supramolecular host-guest 
assemblies based on anion binding stilbenes.80 DNA was up to now only used to template 
the formation a preferred enantiomer during an electrocyclic reaction in DAE 
photoswitches,81 but never to induce a biased equilibrium in rapidly interconverting helical 
conformers such as in Z(P)-11 discussed in this work. 

In summary, we used rational design aided by computational analysis to tune the 
photochemical properties of the azobenzene core structure for the next generation of 
photoswitchable DNA mismatch binding ligands. TD-DFT calculations suggested 
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employing the 4,4'-di-alkoxy substituted azobenzene core to improve the spectral band 
separation of the involved chromophores. Compared to the MBLs based on classical 
azobenzene, the present ligands exhibit improved photophysical and photochemical 
properties, such as up to 75 times higher E-to-Z photoisomerization quantum yields. 
Moreover, the improved band separation in the UV-Vis absorption spectra between the 
various chromophores involved resulted in PSDs up to >95% for the new system we 
developed (in contrast to ca. 50% in NCDAs). These beneficial properties allowed to 
induce close to quantitative E-to-Z photoisomerization within a few seconds, a central 
premise for rapidly responding systems. 

Detailed studies using various complementary techniques revealed that the (Z)-isomer of 
the new MBLs stabilized dsDNA more than the (E)-form. Among the tested ligands, 
compound 11 with a C3 linker showed the best stabilization effect on dsDNA containing a 
GG mismatch showing a light-induced ΔTm of 16 °C. 

Photoswitchable MBL and mismatched DNA strands have a distinctive mutual interaction 
in which the photoswitches serve as DNA glue while the nucleic acid induces a transfer of 
chirality onto the switch. These findings present an important step toward fully dynamic 
and external control in reversibly photo-responsive DNA-based architectures, with 
prospects for adaptive nano systems, and genetic regulation and demonstrate the 
potential of rational design in the context of photo-responsive systems. 

2.6.1 Preparation of the models 

The model of the glue-DNA complex was built by modifying a similar structure that was 
previously released (PDB ID: 1X26).65 Five structures were chosen out of the 30 NMR 
conformers using Clustering of conformers in Maestro (Hierarchical sampling, on atomic 
RMSD for heavy atoms, RMSD in place, linkage method: Ward, output: 5 clusters). The 
structure which was the closest to the centroid of each cluster was selected, i.e., 
conformers 3, 11, 13, 23 and 28. The molecular glues of these five complexes were 
manually modified to compound (Z)-10, (Z)-11, and (Z)-12, then prepared with the Protein 
Preparation Wizard (restrained minimization to 0.8 Å RMSD) and finally minimized with 
MacroModel (method: TNCG, 50000 max iterations). Concurrently, the molecular glues of 
the 5 selected complexes (conformers 3, 11, 13, 23 and 28) were deleted to produce 5 
complexes without any photoswitchable glue. In total, this workflow generated 15 
complexes with photoswitchable glues (Z)-10, (Z)-11 and (Z)-12, and 5 complexes with no 
photoswitchable glue.  

2.6.2 Conformational search 

The conformational search on the 15 complexes with photoswitchable glues (Z)-10, (Z)-
11 and (Z)-12 was carried out with MacroModel (OPLS3e force field). The DNA atoms 
were kept frozen and a distance constraint (1000 kJ/mol) was applied between the DNA 
and the glue atoms involved in a hydrogen bond (enhanced sampling, method: TNCG, 
50000 max iterations, convergence threshold 0.05, 62.8 kJ/mol window, redundant 
conformers with max atom deviation of 0.5 Å were eliminated). Finally, the complexes 
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were minimized with MacroModel with no constraints. The potential energies calculated in 
this last step were visualized through violin plots (Figure 2.9). The complexes with (Z)-12 
consistently resulted in higher energies, thus suggesting that complexes with (Z)-10 and 
(Z)-11 would be energetically more favorable. 

 

Figure 2.9. Violin plots of the potential energy calculated with the conformational search. 
of the photoswitchable glue-DNA 2:1 complexes with (Z)-10 (2C), (Z)-11 (3C), and (Z)-12 
(4C). From left to right: conformer 3, 11, 13, 23 and 28. 

2.6.3 MD simulations 

All the models prepared in the first subsection (15 complexes with and 5 complexes 
without photoswitchable glue) were further studied with MD. The parameter files for the 
MD simulations were prepared using the tLeap module of Ambertools and the DNA.bsc1 
force field for DNA. Glue parameters were obtained using the Antechamber module82 and 
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AM1-BCC charge methods. The dihedral parameters for the azobenzene moiety were 
adapted from a previous study.83 The general outlook of the dihedral section of the .top 
files is as follows: 

ai aj ak al funct c0 c1 c2 

c N N c 9 0.0 31.5 1 

c N N c 9 180.0 60.0 2 

N N c c 1 180.0 16.0 2 

N N c c 1 180.0 0.0 2 

c c N N 1 180.0 16.0 2 

c c N N 1 180.0 0.0 2 

 
The starting structures were immersed in a pre-equilibrated cubic box of around 10000 
TIP3P water molecules with 0.1 M NaCl, and sodium ions were added to maintain the 
electrical neutrality. The systems were minimized over 50000 steps of the steepest 
descent algorithm before MD simulations were performed. The minimized structures were 
used as a starting point for the MD simulations at increasing temperatures (300, 325, 350, 
400 and 500 K). During the equilibration steps, the heavy atoms of the DNA-glue complex 
were kept fixed with a constraint of 1000 kJ/mol. In the first step, a constant volume 
simulation (NVT) was performed, during which the system was heated from 0 K to the 
target temperature over 100 ps. In the second step, an isothermal and isobaric simulation 
(NPT) was performed using the Berendsen algorithm for 100 ps. After the equilibration 
steps, the systems were further relaxed with 1 ns of unrestrained MD, using the Parrinello-
Rahman algorithm for pressure coupling. Finally, 300 ns MD production trajectories were 
run without restraint, collecting frames at 100 ps intervals and using a 2 fs time step. 
Particle mesh Ewald (PME)84 was used to treat the long-range electrostatic interactions. 
All bonds were constrained using the LINCS algorithm. Gmx rms was used to calculate 
the RMSD of the DNA heavy atoms after least square fitting to the DNA heavy atoms. The 
complexes with (Z)-11 consistently showed a higher stability (RMSD < 1.5 Å) than the 
other complexes throughout 300 ns MD simulations at increasing temperatures (Figures 
2.10-14). 
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Figure 2.10. RMSD of DNA throughout the 300 ns MD simulation at increasing 
temperatures for conformer 3. From left to right: complexes with (Z)-10, (Z)-11, (Z)-12, and 
with no glue.  

 

 
Figure 2.11. RMSD of DNA throughout the 300 ns MD simulation at increasing 
temperatures for conformer 11. From left to right: complexes with (Z)-10, (Z)-11, (Z)-12 
and with no glue.  
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Figure 2.12. RMSD of DNA throughout the 300 ns MD simulation at increasing 
temperatures for conformer 13. From left to right: complexes with (Z)-10, (Z)-11, (Z)-12, 
and with no glue.  

 

 
Figure 2.13. RMSD of DNA throughout the 300 ns MD simulation at increasing 
temperatures for conformer 23. From left to right: complexes with (Z)-10, (Z)-11, (Z)-12, 
and with no glue.  
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Figure 2.14.  RMSD of DNA throughout the 300 ns MD simulation at increasing 
temperatures for conformer 28. From left to right: complexes with (Z)-10, (Z)-11, (Z)-12, 
and with no glue.  

2.6.4 Analysis of (M)Z and (P)Z helical configurations 

Gmx trjconv was used to extract 301 snapshots (every 1 ns) from the 300 ns MD runs at 
300K. The structures without the explicit solvent shell were then optimized at the GFN-FF 
level, using the Born implicit solvent model for water. All the optimization were carried out 
with the xTB software package.76 

The output structures were analyzed through KNIME to measure the ccNN dihedral angles 
with the measure_by_smarts.py script by Schrödinger. The helicity around the cis-azo 
double bond for each photoswitchable glue molecule was defined based on the 
ccNN/NNcc dihedral angle ϕ, as follows: 

 

Helicity Φ (°) 
M -90 < x < -10       v      90 < x < 170 
P 10 < x < 90       v     -170 < x < -90 
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A           B  

Figure 2.15. The dihedral angle used for the definition of the helicity. A. (M)Z-azobenzene. 
B. (P)Z-azobenzene. 

The systems could adopt three different configurations: (PP)Z, a mixed (PM/MP)Z, and 
(MM)Z. Based on these three configurations, the energies obtained at the GFN-FF level 
were visualized through violin plots (Figures 2.16-20). The complexes showed a 
preference for (PP)Z, especially compared to the (MM)Z configuration.  

  

Figure 2.16. Conformer 3. Violin plots of the energy and distribution of two molecules of 
Z-2 (left), Z-3 (center) and Z-4 (right) in a 2:1 complex to mismatched DNA adopting (PP)Z 
(red), (PM/MP)Z (gray), and (MM)Z (cyan).  

 

Figure 2.17. Conformer 11. Violin plots of the energy and distribution of two molecules of 
Z-2 (left), Z-3 (center) and Z-4 (right) in a 2:1 complex to mismatched DNA adopting (PP)Z 
(red), (PM/MP)Z (gray), and (MM)Z (cyan).  
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Figure 2.18. Conformer 13. Violin plots of the energy and distribution of two molecules of 
Z-2 (left), Z-3 (center) and Z-4 (right) in a 2:1 complex to mismatched DNA adopting (PP)Z 
(red), (PM/MP)Z (gray), and (MM)Z (cyan).  

 

Figure 2.19. Conformer 23. Violin plots of the energy and distribution of two molecules of 
Z-2 (left), Z-3 (center) and Z-4 (right) in a 2:1 complex to mismatched DNA adopting (PP)Z 
(red), (PM/MP)Z (gray), and (MM)Z (cyan).  

 

Figure 2.20. Conformer 28. Violin plots of the energy and distribution of two molecules of 
Z-2 (left), Z-3 (center) and Z-4 (right) in a 2:1 complex to mismatched DNA adopting (PP)Z 
(red), (PM/MP)Z (gray), and (MM)Z (cyan). 
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