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ABSTRACT OF THE THESIS 

 

De Novo Design of a Palladium-Containing Metallo-Enzyme 

 

by 

 

Daniel John Hatfield 

Masters in Chemistry 

University of California, Los Angeles 2018 

Professor Anastassia N. Alexandrova, Chair 

 

 

Protein design is a challenging endeavor that attempts to harness the power of nature and 

engineer it to a particular task. The use of a protein enzyme over a catalyst has both economical 

and environmental advantages. Discussed here are the initial steps and groundwork in 

redesigning a metallo-enzyme with the purpose of catalyzing an intramolecular hydroarylation of 

a carbon-carbon triple bond in the formation of a coumarin. The initial structure scaffold was 

chosen by comparing structures in the Protein Database. The chosen starting protein, pdb code 

1UDV, will be investigated to determine if mutations are necessary to ensure binding of 

palladium which is the catalyst for the coumarin formation, and folding of the protein. Palladium 

will be inserted into the active site of the protein and the protein stability will be compared to the 

corresponding native structure using ΔΔG as a metric. Experimental results will confirm the 

binding of palladium to the protein and the catalytic efficiency of the enzyme.  
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1. Introduction 

1.1 Background 

Protein design is a challenging endeavor, focused on using an understanding of protein 

structure and functionality to harness the power of nature for medical and pharmaceutical 

purposes. Protein design can either be a redesign of a known protein structure, or developed from 

scratch. Redesign of an existing structure offers several advantages. Adopting a redesign 

approach requires less trial and error in finding an amino acid sequence that yields a stable 

protein fold. Many existing native folds have evolved to resist changes in structure despite point 

mutations in amino acid sequence.1  This project aims to take an existing protein sequence and 

alter the chemical environment of the active site of the protein to enzymatically catalyze a 

carbon-carbon bond formation reaction.  

However, protein simulation presents a number of obstacles to overcome. A large 

challenge is the computational cost associated with modelling proteins. Accurate molecular 

dynamic simulations need to not only calculate information about the movement of atoms, but 

also need to incorporate quantum effects to accurately calculate energies. Higher levels of 

accuracy require a greater number of calculations. The number of calculations in some cases can 

scale on the order of N2, N representing the number of atoms in the simulation. 2  Because of the 

inherently macromolecular structure of proteins, the number of calculations required for quantum 

mechanical effects can balloon dramatically. On top of computational costs of large scale 

systems, proteins can adopt a massive number of possible conformations. Folding events are rare 

events that can take an incredibly long time scale to observe. Many simulations have difficulty 

running for longer than a microsecond of simulation time, while a folding event may only occur 

after a millisecond of simulation time has elapsed 3. To address the issue of simulation efficiency 
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and time scales, an innovative method called QM/DMD is used that melds accurate calculations 

of the active site region with efficient calculations of the surrounding protein scaffold and 

solvent. 

QM/DMD combines a quantum mechanical approach (QM) with discrete molecular 

dynamics (DMD). Discrete molecular dynamics makes use of square-well potential functions to 

describe forces between atoms in a system. As opposed to using Newtonian physics to describe 

motion, DMD uses ballistic equations to model dynamics. As a result, far fewer calculations are 

required and simulation times can be extended much further.4  QM/DMD combines these two 

methods in a “breathing”-like process. A simulation is allowed to run under DMD conditions for 

a set amount of steps, at which point the simulation is stopped and QM calculations are 

performed on the active site of the system.5,6  Adjustments are made between changes in the QM 

region and the DMD region and the process is repeated. The combination of QM and DMD 

allows for precise energy calculations of the area of peak interest, the active site, alongside 

efficient simulation of the surrounding protein structure.  

 

1.2 - Project Aims 

Ultimately, by understanding and targeting the factors the control protein stability and 

functionality, a new protein can be designed to carry out a specified task. This project is aimed at 

designing a palladium-containing metallo-enzyme with the intended function of catalyzing an 

intramolecular carbon-carbon bond in the formation of a coumarin compound. While this is a 

considerably time-intensive, large scale challenge, the preliminary process is outlined here. 

Coumarins are a class of organic compounds composed of a benzene and pyrone ring. 

Coumarins have a diverse set of applications, ranging from anticoagulants, to organic laser dyes, 
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to anticancer medication.7  The coumarin synthesis targeted by this project is an intramolecular 

hydroarylation of a carbon-carbon triple bond that uses palladium (II) acetate in a 

TFA/dichloromethane solvent developed by Fujiwara et. al.8  

 

 

Figure 1.1 Coumarin formation reaction schematic used by Fijuwara et. al.8 

 

In the Pd(OAc)2 catalyst, palladium is tetravalent, bound to the acetate ions, usually with 

a square planar geometry. However in the reaction mechanism, during the transition state, 

palladium adopts a tetrahedral geometry when bound to both the acetate and coumarin precursor 

compound, shown below.8  
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Figure 1.2 Transition state of the carbon-

carbon arylation reaction with Pd(OAc)2 

catalyzing the reaction9 

 

From the determined transition state, the  structure was fed into the Erebus search 

engine10 and from a large number of results, several candidates were chosen for closer 

inspection. Ultimately, protein 1UDV, a DNA binding protein, was determined as a scaffold 

based on the similarity of the active site of 1UDV to the transition state of the catalyzed 

coumarin reaction, in addition to its relatively small size. The active site of 1UDV features two 

aspartate residues bound to a zinc metal ion. The geometry of the aspartate/zinc active site is 

close to tetrahedral, but the zinc metal needs to be substituted for palladium. Substitution of a 

metal ion is relatively simple from a simulation standpoint and can be accomplished by a few 

key strokes. One goal of the project is to verify that the addition of palladium will successfully 

bind to the in vitro polypeptide chain.  
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MTEKLNEIVVRKTKNVEDHVLDVIVLFNQGIDEVILKGTGREISKAVDVYNSLKDRLG

DGVQLVNVQTGSEVRDRRRISYILLRLKRVY 

 

Figure 1.3 Sequence and structure of protein 1UDV. Highlighted in green is the 11 amino acid 

sequence initially investigated, followed by the 27 amino acid sequence highlighted in orange. 
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Initial research was done to determine the length of polypeptide required to stably fold in 

order to bind to palladium. Experimental trials could be performed to verify successful binding 

of palladium with minimal resources used. An 11 amino acid sequence was initially of interest as 

that sequence contained the aspartate residues and the α-helix structure. In conjunction with 

Alexander N. Spokoyny’s laboratory, the 11 amino acid polypeptide was synthesized in vitro and 

analyzed as preliminary work. This 11 amino acid sequence was simulated first. 

In additional preliminary work done by the Spokoyny lab, two binding sites were 

observed in a short polypeptide segment that contained the two aspartate residues of the intended 

active site. An ideally designed protein structure would only have selectivity to bind palladium at 

one location. A secondary binding site would reduce the catalytic activity of the designed 

enzyme. If the location of the secondary binding site could be determined, a point mutation could 

be made to render the secondary binding site inactive.  
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2. Methods 

2.1 - QM/DMD Simulations 

Simulations involving either conformation of the 11 amino acid or 27 amino acid 

polypeptide sequences were only performed with discrete molecular dynamics (DMD) since 

palladium could not reliably be bound to the random coil conformation. Additionally, the task to 

determine if the peptide sequence would adopt the folded conformation could be addressed 

without palladium bound to the peptide. 

Simulations involving the full sequence with point mutations was performed with 

quantum mechanical (QM) treatment of palladium and the active site (aspartate residues) and 

DMD treatment of the rest of the protein. The QM region was treated with the TPSS functional, 

the dev2-TZVPP basis set for palladium, and the dev2-SVP basis set for nonmetal atoms.  

The COSMO model was used for implicit solvent in all simulations with a dielectric constant of 

ε = 4. Simulations were run for iterations of 0.5 ns with a timestep of 50 fs. Simulations were 

performed at a DMD temperature of 0.1, equivalent to 50 K. Simulations performed at 298K 

were given a DMD temperature of 0.596  
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3. Results 

3.1 - 11 Amino Acid Polypeptide 

 DMD simulations of the 11 amino acid polypeptide sequence of 1UDV were carried out 

to determine if a minimal amount of polypeptide could be synthesized to bind palladium. 

Simulations were performed at both 50 K which is a standard DMD temperature and 298 K to 

mimic laboratory condition. Simulations were provided initial structures of both a random coil 

and the fold from the native structure. Ideally, a folded state would be observed. Starting from an 

initial folded state, the polypeptide retained its structure at 50 K. However at 298 K the 

polypeptide adopted a random coil after 20 iterations of DMD, equivalent to 10 nanoseconds of 

simulation time. DMD energies show that at 298 K, there is no energetic favorability of either 

conformation.  
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11AA coil 50K 
11AA helix 50K 

 
11AA coil 298K 

 
11AA helix 298K 

Figure 3.1 Structures of the 11 amino acid polypeptide from an initial random coil and an 

initial helical structure at 50 K and 298 K at the end of 10 ns of simulation time 

 

 



10 
 

 

Figure 3.2 Energies from DMD simulations of the 11 amino acid polypeptide run for an 

equivalent of 10 nanoseconds 

 

3.2 - 27 Amino Acid Polypeptide 

 The 11 amino acid polypeptide was determined to be too short to form a stable folded 

conformation. Most α-helices require ~30 amino acids to be stable.11  A polypeptide consisting 

of 27 amino acids was investigated as a result. However the 27 amino acid polypeptide 

demonstrated similar results to the 11 amino acid polypeptide. Under DMD temperatures of 50 

K, the polypeptide retains a folded conformation beginning from an initial folded conformation. 

However, at 298 K both initial input conformations result in a random coil after 30 iterations, 
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equivalent to 15 nanoseconds. DMD energies reflect similar results to the 11 amino acid 

simulation, in that no energetic favorability is observed. 

 

 
27AA coil 50K 

 
27AA helix 50K 

 
27AA coil 298K 

 
27AA helix 298K 

Figure 3.3 Structures of the 27 amino acid polypeptide from an initial random coil and an 

initial helical structure at 50 K and 298 K 
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Figure 3.4 Energies from DMD simulations of the 11 amino acid polypeptide run for an 

equivalent of 15 nanoseconds 

 

3.3 Full Protein Sequence: Secondary Binding Site 

After neither the 11 amino acid nor the 27 amino acid polypeptide chain were able to 

retain a folded conformation at 298 K, the entire protein was simulated. At the same time, an 

effort was made to identify the secondary binding site that was experimentally observed by 

members of the Spokoyny lab. Within the 11 amino acid sequence where the second binding site 

was observed, only one other negatively charged residue exists, a glutamate, Glu 17. Ordinarily 

that glutamate exhibits side chain interactions with an arginine residue, Arg 56, on a different α-

helix and does not interact with the active site. In the 11 amino acid polypeptide, the glutamate 
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residues was free to interact with the metal cation and may have attributed to the secondary 

binding site.  
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Figure 3.5 Differences in Glu 17 interactions between the 27 amino acid polypeptide and the 

full protein sequence. In only the 27 amino acid sequence, Glu 17 is lacking its native side 

chain interactions.  

 

QM/DMD simulations of the full protein sequence in both an initial folded and random 

coil state and a structure with Pd bound to Asp 18 and Glu 17 were performed. DMD energies 

show that while the structure with Pd bound to aspartate and glutamate has higher DMD energies 

than the folded state, the DMD energies are still more favorable than a random coil 

conformation. Additionally, QM energies reflect that Pd bound to Glu 17 and Asp 18 exists at a 

lower energy state than Pd bound to Asp 22 and Asp 18.   
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Figure 3.6 DMD and QM energies of the entire 1UDV protein sequence. Structures with Pd 

bound to Asp 18 and Asp 22 were started from an initial folded and an initial random coil start. 

An additional structure was simulated with Pd bound to Asp 18 and Glu 17. 

 

3.4 - Full Protein Sequence: Swap Mutation 

 In an attempt to counteract the possibility of palladium binding to the aspartate and 

glutamate residues, the Glu 17 and Arg 56 residues locations were swapped. QM and DMD 

energies reflect that this exchange of locations between glutamate and arginine has minimal, if 

any effect, on the overall stability of the folded structure and the active site, as shown on the 

following plots. 
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Figure 3.7 DMD and QM energies comparing the folded and random coil simulations to a 

structure with Glu 17 and Arg 56 at swapped locations 

 

4. Conclusion 

4.1 Summary 

 While the 11 and 27 amino acid sequences would have been efficient polypeptides to 

synthesize for initial experimental confirmation of Pd binding and catalytic efficiency, ultimately 

the polypeptide length was too short to support a stable α-helix structure. DMD simulations at 

298 K show that the helix structure denatures. Based on the simulation results, in order to 

measure experimental catalytic activity, the entire protein sequence would need to be 

synthesized. A logical location for the secondary binding site observed experimentally would 
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involve the glutamate, Glu 17 residue. QM/DMD simulations showed that the QM energy of Pd 

in the binding pocket of Glu 17 and Asp 18 had a favorable energy compared to Pd bound to two 

aspartate residues, Asp 22 and Asp 18. Swapping positions of Glu 17 with Arg 56, which in the 

native structure demonstrate a side chain interaction, results in minimal effects on the protein 

stability while denying the ability of Pd to bind to the glutamate residue. 

 

4.2 Future Work 

 The next steps in the protein design process would be to determine the ΔΔG of folding 

between the native 1UDV structure and the newly designed, Pd-containing enzyme. ΔΔG can be 

calculated using Eris software.2  Eris uses the coarse-grained force field Medusa to predict the 

change in ΔG based on the difference between the ΔG of the mutant and the ΔG of the wild type 

protein. In addition to a comparable free energy of folding between the native and redesigned 

structures, experimental results showing catalytic activity of the palladium containing enzyme 

would be instrumental in concluding the project, alongside a successful coumarin formation 

reaction. 
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