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ABSTRACT 

 

 

Quantum chemical analysis of ligand binding in the dopa decarboxylase active site and in 

silico design of novel ligands with improved active site binding affinity  

 

by 

 

       Caroline Elizabeth Lee  

 

Serotonin and dopamine are two neurotransmitters that are crucial to brain activity. An 

imbalance of serotonin and dopamine in the brain can lead to a variety of disorders such 

as serotonin syndrome or Parkinson’s disease, respectively.  DOPA decarboxylase is the 

enzyme that catalyzes the final step in the synthesis of serotonin and dopamine; inhibitors 

of and mutations to the active site of DOPA decarboxylase may alter the catalytic activity 

of the enzyme. Previously, the author has studied how mutations to the DOPA 

decarboxylase active site affect the binding of the ligand pyridoxal phosphate (an enzyme 

cofactor used in serotonin and dopamine synthesis) and carbiDOPA (a Parkinson's drug).  

In this work, the author performs a high accuracy quantitative study of how 5-HT and L-

DOPA (pre-cursors to serotonin and dopamine), as well as several inhibitors of DOPA 

decarboxylase (methylDOPA, carbiDOPA, and benserazide) bind to the active site. Using 

the data concerning the binding of these ligands, the author has designed and docked 

novel ligands with optimal binding affinity, which may competitively inhibit the activity 

of the enzyme, thus preventing production of serotonin and dopamine. Interaction 

energies between all docked ligands and residues in the enzyme active site are calculated 
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using counterpoise-corrected MP2 and Density Functional Theory calculations.  The 

results for two DOPA decarboxylase inhibitors, carbiDOPA and methylDOPA, agree 

with experimental evidence that they are potent inhibitors, and the results for the author’s 

newly designed ligands show that they may be potent inhibitors as well.   
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1. Introduction 

This work focuses on the biosynthesis of the biological molecules serotonin and 

dopamine; specifically, it examines the weak interactions between the enzymes in their 

synthesis pathways and these enzymes’ small-molecule ligands.  Serotonin and dopamine 

are essential neurotransmitters, which if present in abnormal concentrations, can have 

severe psychological and physiological effects on the body.   Serotonin is synthesized 

through a simple pathway.  First dietary tryptophan is hydroxylated by tryptophan 

hydroxylase producing 5-Hydroxy-tryptophan (5-HT)
1
.  Aromatic amino acid 

decarboxylase (AAAD), also known as dopa decarboxylase, then removes a COO- group 

from the (5-HT), yielding serotonin
1
.  Pyridoxal phosphate, which is the active form of 

vitamin B6, is essential for the final conversion of 5-hydroxy-tryptophan to serotonin
1
.  

 Serotonin plays an integral role in signaling gastrointestinal motility, peripheral 

vascular tone, cerebral vascular tone, platelet formation and has some effect on mood 

disorders, migraines, irritable bowel syndrome, and hypertension
1
.  Clearly then, when 

serotonin levels are imbalanced, many physiological processes are affected.  Depression, 

which may result from a decrease in serotonin, is often treated with a selective serotonin 

reuptake inhibitor (SSRI) or monoamine oxidase inhibitors (MAOIs)
2
.  SSRIs act by 

inhibiting the serotonin transporter (SERT) in neurons, causing more serotonin to reach 

its receptors
2
.  In some cases, drugs such as SSRIs are used to increase serotonin levels 

through increasing serotonin production, increasing release from storage, and decreasing 

serotonin reuptake; this can sometimes lead to an over abundance of serotonin in the 

synapse
1
. This may lead to disorders such as serotonin syndrome which usually results 

from combination of antidepressant drugs interacting with each other, leading to an 

overabundance of serotonin
1
. Serotonin syndrome is clinically manifested through intense 
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skeletal muscle contraction causing tremors, hyperreflexia, tremors, hypothermia, 

diarrhea, and overall agitation
2
.  The first method of action to treat serotonin syndrome is 

through temporarily terminating the use of antidepressants that affect serotonin levels
1
. A 

second option for treatment could be to use a drug that inhibits one of the enzymes in the 

serotonin synthesis pathway, resulting in a temporary decrease in serotonin production.   

 Dopamine is synthesized through a pathway similar to serotonin.  Dietary tyrosine 

is first hydroxylated by tyrosine hydroxylase to form L-DOPA
3
.  L-DOPA is further 

converted to dopamine when it is decarboxylated by AAAD
3
.  Several complications 

arise when there is an imbalance of dopamine.  Specifically, Parkinson’s disease may 

result due to a significant decrease in dopamine levels, which often occurs with the death 

of dopamine containing cells in the mid-region of the brain known as the substantia 

nigra
3
.  The death of these cells occurs during the aging process, which is why 

Parkinson’s is most prevalent in the elderly population
3
.  Recent evidence suggests that 

specifically targeting dopa decarboxylase for treatment may allow improvement in 

abnormal concentrations of dopamine, and perhaps serotonin as well.   In an examination 

of treatment of Parkinson’s disease, Burkhard et al. explains that dopamine cannot pass 

through the blood-brain barrier so the addition of dopamine would not be useful in 

increasing dopamine levels in the brain
3
.  L-DOPA, on the other hand, can cross the 

blood-brain barrier, yet most of it is rapidly converted to dopamine in the blood
3
.  By 

administering a dopa-decarboxylase inhibitor, which cannot cross the blood brain barrier, 

L-DOPA is able to enter the brain and be converted to dopamine
3,4

.  Furthermore, when 

the dopamine-producing cells begin to die off, the body often compensates by producing 

more dopamine receptors that enable greater sensitivity to dopamine
3
.  This increase in 
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dopamine receptors is another factor that enables treatment with L-DOPA to work so 

effectively
3
.   Psychological disorders such as schizophrenia have also been related to 

dopamine levels
5
.  More specifically, patients with schizophrenia have dopamine or D2 

receptors that are hyper-sensitive to dopamine
5
.  A common treatment is to prescribe an 

antagonist for the D2 receptors
2,5

.  Nevertheless, perhaps along with the dopamine 

receptor antagonists, an inhibitor could be prescribed to suppress an enzyme in the 

dopamine synthesis pathway; this could lead to less dopamine production and fewer 

available dopamine receptors, thus lowering the side-effects associated with 

schizophrenia
5
.   

1.1   DOPA decarboxylase 

 The enzyme dopa decarboxylase (figure 1) is a dimer that acts on multiple 

substrates, including the endogenous ligands 5-hydroxy-tryptophan (the precursor of 

serotonin) and L-DOPA (the precursor of dopamine) as well as various exogenous 

ligands, including carbiDOPA, methyldopa, and benserazide.   Its activity is dependent 

on the cofactor pyridoxal phosphate (PLP; the active form of vitamin B6) for proper 

functioning.  The largest domain in the active site, which contains the active site where 

PLP binds, contains a seven stranded Beta-sheet combined with 8 alpha-helices
3
.  PLP is 

bound to the active site through multiple bonds.  It is bound covalently to the Lys303 

residue and its phosphate group allows it to hydrogen bond extensively with multiple 

residues in the active site
3
.   
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Figure 1: Crystal structure of dopa decarboxylase (left) and crystal structure with the 

competitive inhibitor carbiDOPA bound in the active site (right). 

The active site of dopa decarboxylase, where its products serotonin and dopamine 

are produced, is near the monomer-monomer interface and the majority of the active site 

consists of residues from one monomer
3
.  The main residues that are involved in binding 

from the less involved monomer are from ile1012’ and phe1032’
3
.  Both of these residues 

are known to interact with the aromatic ring of the ligands that bind in the active site 

through van der Waals forces
3
.  In order to gain a general understanding for how each of 

the ligands bind to the active site, Burkhard et al. studied the interactions between the 

residues in the active site and the competitive inhibitor cariDOPA
3
.  First, the hydroxyl 

group of the residue thr82 in the active site accepts a hydrogen bond from the 42 

hydroxyl group of the inhibitor (see Figure 2)
3
.  Second, the phosphate group of PLP 

accepts a hydrogen bond from the 32 hydroxyl group on the aromatic ring of 

carbiDOPA
3
.  Third, his192 hydrogen bonds to the carboxyl group on carbiDOPA

3
.  

Interestingly, his192 is highly conserved throughout the decarboxylase enzyme family 

that is dependent on PLP.  His192 is also known to form an even stronger bond with one 

of its natural ligands, L-DOPA and has a significant role in the catalytic activity of dopa 

decarboxylase.  Indeed, a mutation from histidine to alanine at the 192 position renders 
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the enzyme inactive.  Results from the author’s early work support this conclusion as 

well (the work we describe is for his668 which is the analog of his192 in the adjoining 

monomer). Finally, the residue lys303 is important in the enzyme’s ability to release its 

product from the active site, as demonstrated by mutations to the residue.  Structural 

similarities between carbiDOPA and the other ligands (see Figure 2), would imply that 

the same binding schemes applied here would be applicable to all ligands
3
.   

 
 

a.   b.        c.         

d.             e.                                                    

f.              g.  

Figure 2: Molecular structures of serotonin (a), 5-HTP (b), dopamine (c), L-DOPA (d), 

carbiDOPA (e), methyldopa (f), benserazide (g) 

1.2 Dopa Decarboxylase Inhibitors: Experimental Evidence  

 Multiple dopa decarboxylase inhibitors have been tested in vivo in an effort to 

discover a way to decrease overproduction of serotonin and decrease peripheral 

dopamine synthesis, thus increasing dopamine production in the brain.  Several well 

known inhibitors for dopa decarboxylase include benserazide, methyldopa, and 



6 
 

carbiDOPA, each of which has several structural similarities to the endogenous ligands 5-

HTP and L-DOPA (see Figure 2).  Each of the inhibitors has a single aromatic ring with 

at least 2 hydroxyl groups, which is more similar in structure to L-DOPA than 5-HTP. 

Slight structural differences include an extra nitrogen molecule as an addition to the 

structure of L-DOPA, forming methyldopa, as well as another amino group on the drug 

carbiDOPA.  Benserazide is the drug that differs most from the endogenous ligands, as it 

has 3 hydroxyls on its aromatic ring and has an amide group rather than a carboxyl group 

on its tail moiety.  Interestingly, experimental studies suggest that benserazide is perhaps 

the most effective dopa decarboxylase inhibitor.  A study by Soares-da-Silva et al., tested 

the inhibitory affects of 3-O-methylated methyldopa, benserazide, and 5-HTP on the 

production of dopamine
6
.  They concluded that both benserazide and 5-HTP significantly 

decreased the ability of dopa decarboxylase to act on L-DOPA
6
.  More specifically, 

benserazide caused a 49% reduction in brain dopa decarboxylase activity
6
.  Nevertheless, 

3-O-methylated-L-DOPA had no affect on decreasing dopa decarboxylase function
6
.  The 

methyldopa used in this study is methylated on the tail moiety instead of on the ring, like 

the methyldopa in the Soares-da-Silva et al. study.  A second study by Boomsma et al. 

examined the affects of benserazide and carbiDOPA on dopa decarboxylase function
7
.  

They also show that each of these inhibitors, when given in combination with L-DOPA, 

increases dopamine in the brain
7
.  By comparing the experimental results with the 

author’s computational results, perhaps an even more successful inhibitor of dopa 

decarboxylase may be created.   
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1.3 Previous Research  

Previously this author examined the interaction between the cofactor PLP and the 

active site of dopa decarboxylase.  It was determined that certain mutations to the 

enzyme’s active site for PLP may decrease its affinity for PLP, thus inhibiting function of 

the enzyme.  Certain residues within the PLP active site of dopa decarboxylase were 

mutated  and the effects of PLP’s ability to bind to the altered active site were examined.   

While PLP eventually binds covalently to AAAD, the interactions examined in the 

previous work on this enzyme by Hofto et al. are noncovalent interactions that draw PLP 

to the active site initially; specifically, ring-ring interactions involving electrostatic 

hydrogen bonding, dipole-dipole, and dispersion interactions.  Therefore, the four 

residues selected to undergo mutations, including his778, his668, his192, and phe785, 

bind non-covalently to PLP (see Figure 3), 3 of which will be discussed. The mutations 

chosen for histidine at the 668, 778, and 192 positions include glycine, alanine, 

asparagines, glutamine, and arginine.  The mutations for phenylalaine include glycine, 

alanine, leucine, and isoleucine.   
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Figure 3: Complexes of PLP with various amino acid residues in the wild type AAAD active 

site: his192 and b. pyridoxal phosphate (top left), a. his778 and b pyridoxal phosphate (top 

right), a. his668 and b. pyridoxal phosphate (bottom) 

1.3.1 Histidine 778 and PLP 

  In the image of his778 and PLP in Figure 3, and from the calculated interaction 

energies shown in Table 1, it is clear that the hydrogen from the PLP interacts well with 

the nitrogen of the histadine residue forming a hydrogen bond.  To ensure the interaction 

energy occurs between the side-chain and PLP rather than the back bone, the 5-membered 

histadine side-chain was removed and replaced it with glycine (see Figure 4).  The 

interaction chained decreased significantly from -12.03 kcal/mol to 0.41 kcal/mol, causing 

repulsion between PLP and the backbone. This change may be due to the fact that PLP is 

too far away from the backbone when there is a mutation to glycine.  Therefore, it may be 

determined that the backbone has no attraction to the hydrogen on the PLP.  Next a 

a 

b 

a 

b 

 a 

b 
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mutation from histadine to alanine was performed in order to further prove that the 

interaction with PLP is due to the side-chain rather than the backbone (see Figure 4).  

When the methyl group was added the interaction energy was 0.40 kcal/mol.  Again, there 

is no dispersion because the methyl group side-chain is too far away from the PLP and 

there is no electrostatic interaction because there is no charge-repulsion. Finally, mutations 

from histadine to each of the three mutations that may occur in the body were performed 

(see Figure 4).  The calculated interaction energy between asparagine and PLP was 0.42 

kcal/mol.  Interestingly, while there are more eletronegative atoms present in the side-

chain, as shown in figure 8, the optimization made them point away due to the large 

amount of negative charge.  A mutation to asparagine in the body would cause all binding 

energy to be lost, which we predict would result in the loss of serotonin and dopamine 

production.  Mutations from histadine to glutamic acid and histadine to arginine were also 

performed.  As shown in table 1, the interaction energies both decrease when these 

mutations occur, though not drastically, and perhaps serotonin and dopamine would still 

be produced if mutations to glutamic acid and arginine were to occur in the body.   

  HIS778 GLY778 ALA778 ASN778 GLN778 ARG778 

MP2 -12.03 0.41 0.40 0.42 -2.79 -11.44 

SVWN -14.81 0.45 0.47 0.50 -2.94 -19.82 

B3LYP -11.47 0.50 0.52 0.56 -2.43 -11.76 

HCTH -11.30 0.45 0.47 0.49 -3.01 -10.78 

Table 1: Interaction energies (kcal/mol) between residues at the 778 position and PLP in 

kcal/mol using the 6-311++G**basis set. 

  While the MP2 method is the most accurate for calculating the interaction 

energies, the interaction energies were also calculated using three DFT methods, including 
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B3LYP, SVWN, and HCTH.  All three DFT methods do a fairly accurate job in matching 

the interaction energy calculated by MP2 between the histadine 778 residue and PLP as 

well as the mutations and PLP; DFT generally calculates accurate interaction energies 

accurately if the dominant force is hydrogen bonding.  See the next section on 

computational methods for a more in-depth discussion of these methods.  

 

   

             

Figure 4: Complexes of pyridoxal phosphate (PLP) with various mutant amino acid 

residues in the AAAD active site: his778gly b. PLP (top left), a. his778arg and b. PLP (top 

middle), a. his778ala and b. PLP (top right), a.his778asn and b. PLP (bottom left) a. 

his778gln and b. PLP (bottom right) 

1.3.2 Histidine 778 and PLP 

  The interaction between histadine 668 and PLP, which is another ring-ring 

interaction, was also examined (see Figure 3). A mutation to glycine was performed in 

order to determine how much of the interaction is due to the side chain and backbone (see 

Figure 5).  As the interaction energy changed from -6.7 kcal/mol in the wild-type form to 

a 
a 

a 

a 

a 

b 

b 

b 

b 

b 
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around -1 kcal/mol, we can see that most of the interaction occurs because of the side 

chain and is not due to the backbone.  A mutation to alanine causes the interaction energy 

to be around -1.5 kcal/mol, which, again, shows that the interaction energy is due to the 

side chain (see Figure 5).  Mutations to asparagine and arginine would both cause the 

binding energy to decrease by about half (see Figure 5).  This could affect the production 

of serotonin and dopamine compared to the wild-type, but the decrease would not be 

significant enough for production of serotonin to stop.  As seen in table 2, we were unable 

to obtain an MP2 value for glutamic acid, but as we know from previous work, SVWN 

predicts the interaction energies relatively well for dispersion and ring interactions
9
.   

Interestingly, the interaction energy for glutamic acid increases from the wild-type MP2 

value of -6.73 kcal/mol to -8.22 kcal/mol, which indicates stronger binding; this could be 

due to the interaction between the nitrogen and oxygen with the PLP molecule compared 

to the two nitrogen atoms that interact with PLP in the non-mutated form.  The interaction 

between PLP and his668 demonstrates that B3LYP and HCTH are not good methods for 

predicting interaction energies when the main forces are due to dispersion and induction. 

 

                  

                                                                                                                      

                                   

 

 

Table 2: Interaction energies (kcal/mol) between residues at the 668 position and PLP in 

kcal/mol using the 6-311++G** basis set.   

 

 HIS668 GLY668 ALA668 ASN668 GLN668 ARG668 

MP2 -6.73 -0.72 -1.41 -3.83 n.a. -4.33 

SVWN -5.81 -0.49 -1.74 -5.37 -8.22 -5.35 

B3LYP 0.17 -0.19 0.52 1.58 -1.31 1.12 

HCTH -1.07 -0.70 -0.57 1.85 -1.05 -0.04 



12 
 

         

                                     

Figure 5: Complexes of pyridoxal phosphate (PLP) with mutant amino acid residues in the 

AAAD active site: his668gly b. PLP (top left), a. his668asn and b. PLP (top middle), a. 

his668ala and b. PLP (top right), a.his668arg and b. PLP (bottom left) a. his668gln and b. 

PLP (bottom right) 

1.3.3 Electrostatic Potential Maps for his778 and his668 in the AAAD active site 

Electrostatic potential (ESP) maps were also created in order to gain a qualitative 

picture of how a single mutation in the PLP active site affects the rest of the active site.  

While calculating the interaction energies is a precise way to determine the interaction of 

the ligand-residue, it takes a significant amount of time to obtain each individual 

interaction energy. Therefore, when the goal is to determine the affect a small change in 

the active site, such as a single mutated residue, has on the overall binding of a ligand, 

ESP maps may be a more economical choice.  Indeed, by comparing an ESP map of a 

mutated active site to the ESP map of a wild-type active site, changes in charge and shape 

may be seen.  More importantly though, when compared to the interaction energies, the 

results obtained from the ESP maps seem to correlate well with the results that certain 

b b b 

b 

b 

a 

a 

a 

a 

a 
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mutations in the active site will inhibit proper binding of PLP in the active site.  

 The wild-type AAAD active site containing His668 and His778 can be viewed in 

Figure 6.  Regions of yellow and green are neutral, while regions of blue (positive 

charges) and red (negative charges) indicate hydrophilic regions  Therefore, the wild-type 

active site is relatively neutral and lipophilic, with only a slight negative charge (red) as 

seen in the back view.  The cofactor PLP has a relatively hydrophobic ring and a 

hydrophilic section where the phosphorus is located.   

               
Figure 6: The AAAD active site for PLP including residues his668 and his778; 

electrostatic potential maps front (left) and back (right) view . 

 Figure 7 shows the affects of mutating his778 to asparagine, arginine, and 

glutamic acid on the active site.  The interaction energy for his778 is around -12 

kcal/mol, but when it is mutated to asparagine its interaction energy is close to zero and 

slightly positive.  As shown on the electrostatic potential map the hydrophilic charges, 

which were originally evenly spread out on the active site, are now localized in the 

mutated active site. This would have a significant impact on the binding of the 

hydrophobic PLP ring group and perhaps even more on the hydrophobic region of the 

PLP, thus impacting serotonin and dopamine production.  When his778 is mutated to 

glutamic acid the interaction energy decreases to around -3 kcal/mol.  The mutated active 
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site has less evenly distributed charges like the original active site, but there is an increase 

in positive charge on the front of the electrostatic map.  Much of the hydrophilic negative 

charges are no longer present; this is especially apparent on the back view of the mutated 

active site (Figure 7) where a negative region that would have had significant interaction 

with the cofactor PLP is no longer present upon mutation.  Finally, because the 

interaction energy between arginine and PLP is similar to that of the wildtype, we expect 

the electrostatic map with arginine to remain similar to the wildtype electrostatic map.  

As seen in Figure 7, the front of the mutated molecule is similar as it maintains slight 

polar charges.  The back of the active site appears to change shape, yet there are still 

polar charges.  Nevertheless, there is less negative charge and more positive charge 

present.  

 

 
Figure 7: The AAAD active site for PLP mutated at the His778 residue; electrostatic 

potential maps for his778gln front (top left), his778gln back (top middle), his778arg front 

(top right), his778arg back (bottom left), his778asn front (bottom middle), and his778asn 

back (bottom right).  
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 The electrostatic potential maps that have mutations at the his668 position differ 

significantly from the wild-type maps.  The interaction energy drops by about half (-6 

kcal/mol to -3 kcal/mol) when there is a mutation to asparagine.  The front of the map 

changes only slightly from that of the wild-type, as there is less negative charge and the 

active site becomes more lipophilic.  If more negative charges did form in the back of the 

binding site, then the cofactor, which has a negative charge due to the phosphate, would 

have a more difficult time binding to the active site, thus decreasing the binding.  More 

positive charges in the back of the active site might allow PLP to form a stronger 

interaction.  Nevertheless, when mutated to asparagine, there are no significant changes 

to the wild-type active site. Furthermore, when his668 is changed to alanine, the 

interaction energy increases from around -6 kcal/mol to around -1 kcal/mol, respectively.  

As expected, the electrostatic potential map changed significantly; the front of the active 

site became significantly more hydrophobic, as much of the negative charges from the 

wild-type were missing.  There is still a positive region in the binding site which is 

similar to the region in the wild-type ESP map.  Nevertheless, there is a larger polar 

charge that may have a greater impact on PLP’s ability to bind, as the phosphate contains 

a negative charge.  The back of active site exhibits much less evenly distributed negative 

charge, but instead contains localized positive charges.  Finally, a mutation to arginine 

causes the active site to become much more lipophilic.  There are barely any negative 

charges and the amount of positive charges increase. It seems that because the interaction 

energy does not significantly decrease the active site will still be able to bind PLP. 

 From the above results a clear relationship between changes in ESP maps and 

changes in the interaction energies due to mutations may be observed.  Electrostatic 
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potential maps can thus be used to predict trends in binding in protein-ligand interactions.  

Furthermore, ESP maps are more cost effective than calculating each interaction energy 

and might be used in place of calculating binding energies to determine how mutations 

affect binding sites. 

 

 

 
Figure 8: The AAAD active site for PLP mutated at the His668 residue; electrostatic 

potential maps for his668asn front (top left), his668asn back (top middle), his668ala front 

(top right), his668ala back (bottom left), his668arg front (bottom middle), and his668arg  

back (bottom right).   

                                                                                                                                                                       

1.4 Computational Methods 

As previously mentioned, the ligands (L-DOPA and 5-HTP) and cofactor (pyridoxal 

phosphate) contain aromatic rings and are partially held in place due to induction and/or 

dispersion interactions with residues in the enzyme binding site.  All of the interactions 

examined here are non-covalent interactions; specifically, most of the interactions 

involve electrostatic hydrogen bonding and dispersion interactions.  Previously, studies of 
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non-covalent interactions were difficult to do with a high degree of accuracy
8,9

.  These 

calculated interaction energies are much more accurate than in the past because improved 

DFT methods have enabled more accurate results for problems including non-covalent 

interactions
8,9

.           

 Induction and dispersion forces depend on the modeling method’s ability to 

predict how electron density will move in response to other electron densities.  This 

phenomenon is referred to as electron correlation.  Multiple methods were created to take 

into account electron correlation, including MP2 and DFT methods such as B3LYP
10

. 

Hartree-fock is the basis for the method MP2, as it allows the molecular orbitals to be 

determined
10

.  This quantum mechanical method assumes certain things.  First, as the 

system consists of electrons and nuclei, Hartree-fock assumes that the system’s electrons 

may be found in a field of static nuclei
10

.  Second, it assumes the overall molecular wave-

function can be written as the product of all the orbitals in the system
10

: 

.   1) 

Hartree-fock does not take into account electron correlation
10

. Therefore, the 

method MP2 was created so that electron correlation could be determined
10

. Not only 

does it take into account where electrons are in the ground state (as HF does), but MP2 

also takes into account the electrons’ excited states
10

. More specifically, MP2 allows up 

to two electrons to be in an excited state at a time (doubly excited states)
10

: 
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Other methods, such as coupled cluster singles, doubles, and perturbative triples 

[CCSD(T)], provide more accurate calculations, but are expensive and not realistic for 

such large protein-ligand systems such as in the dopa decarboxylase system
10

.  For 

purposes of determining general trends and results that are most similar to [CCSD(T)], 

MP2 is a sufficient method
10

.          

 Another goal is to identify methods that are even less expensive MP2 and are 

single-determinant methods (i.e., they just use the ground state orbitals)
10

.  Single-

determinant methods, such as DFT methods, do not take into account the electrons’ 

excited states and therefore take less time to calculate interaction energies
10

.  DFT 

methods calculate a correlation potential, which is an extra potential energy term that 

models an electron aiming to avoid other electrons, more so than Coloumb’s Law 

predicts
10

.  DFT methods (described by the equations below in atomic units) are accurate 

for some types of interactions, such as hydrogen bonds, but not others
10

.   

    3)  

 

         4) 

 

Here,  is the electron density obtained from summing over the squares of the Kohn-

Sham orbitals, KS, and the subscripts in Eq. 4 refer to T, the kinetic energy, J, the 

coulomb energy, ext, the external potential, and XC, the exchange/correlation energy. 

Zhao and Truhlar have shown that DFT methods tested for dispersion underestimate 

the non-covalent interaction energies
9
.  An exception to this was local DFT, such as 

SVWN
9
.  This data is consistent with our results concerning mutations to the PLP active 

site, which show that the DFT methods B3LYP and HCTH underestimate the interaction 

],[][][][],[   XCextJT EEEEE

 22 KS
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energies
9
.  Furthermore, in complexes where dispersion interactions are dominant, MP2 

and the DFT method SVWN do an excellent job in predicting interaction energies while 

B3LYP and HCTH do not perform as well for these types of complexes
9,11

.  Our results 

as well as those of Zhao and Truhlar, show that some DFT methods can be used for 

examining interactions for non-covalent molecules.      

 Recent studies suggest that “noncovalent interactions between aromatic molecules 

are believed to contribute significantly to the stability and conformational variability of 

many biomacromolecules”
12

.   The systems the authors group has worked with include 

the present dopa decarboxylase, as well as phenylalanine hydroxylase and tyrosine 

hydroxylase, which are all within the range of macromolecules
13,14

.  In this author’s 

earlier work, four specific residues from the dopa decarboxylase active site, his778, 

his66, his192, and phe785, that each form noncovalent bonds with the cofactor PLP were 

chosen for study.  Similar to the work of Melis et. al., who used DFT methods to 

calculate binding energies between 5-HTP and various mutations to multiple tyrosine 

residues, this author previously performed mutations on each of the above mentioned 

residues
15

.  This author then used MP2 and various DFT methods to calculate binding 

energies and examine the effects of each mutation on ligand binding.  This author’s 

group’s previous work on aromatic-type binding in phenylalanine hydroxylase (PheOH) 

and tyrosine hydroxylase (TyrOH) has demonstrated that changes in the electronic 

interaction energies between aromatic residues and aromatic ligands upon mutation can 

be correlated with clinical and experimental loss of protein function
13,14

. In that work it 

was shown that a mutation-induced decrease in electronic interaction energy between the 

single aromatic residue and the ligand 80% correlates well with known protein-function 
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loss 
13,14

. We continue to use this threshold to analyze interactions in the current dopa 

decarboxylase- ligand interactions.       

2.  Methods  

The crystal structure for the enzyme dopa decarboxylase was obtained from the 

Brookhaven Protein Databank (1JS6, ligand free AAAD)
3
. The active site with nine 

amino acid residues, including 2 phenylalanines, threonine, isoleucine, tyrosine, 

tryptophan, proline, lysine, and histidine, was identified.  Protons were added to the 

crystal structure, and each ligand was docked in the active site using Arguslab (GADock 

docking engine, and A-score scoring function). These ligands included the precursors, L-

DOPA and 5-HTP, and products, dopamine and serotonin, the exogenous ligands, 

carbiDOPA, methyldopa, and benserazide, and the novel potential inhibitor molecule.  

The positions of the protons were optimized with AM1.  After optimization, the ligand 

and each amino acid residue in turn were isolated. Counterpoised corrected interaction 

energies between the ligand and each amino acid residue were calculated using MP2 and 

B3LYP using the 6-311++G** basis set for each residue-ligand system.    

 Electrostatic potential maps were also generated for the empty active site and the 

precursors L-DOPA and 5-HTP docked in the dopa decarboxylase active site using HF/3-

21G orbitals.  All interaction energies were calculated using the PQS software and 

electrostatic potential maps were calculated using Gaussian03
16,17

.  

3. Results and Discussion 

3.1 Docking results 

Each ligand was docked in an orientation that seemed satisfactory for its interaction with 

the active site.  Concurrently, each of the ligands was oriented in a similar orientation to 
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each of the other ligands in order to have a basis for comparison across each ligand-

protein structure.  

a.                   b.  

c.              d.    

e.    f.   
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g.  

Figure 9: Ligands docked in the AAAD active site. L-DOPA (a), serotonin (b), 5-HTP (c), 

dopamine (d), carbiDOPA(e), methyldopa (f), benserazide (g) 

3.2 Interaction Energies 

MP2 trp lys his iso tyr phe1 phe2 thr pro Total 

L-Dopa  12.53 -4.90 5.84 -2.72 20.21 -0.33 2.58 14.98 -49.29 -1.09 

serotonin 22.33 -2.78 -1.39 -2.89 -1.37 n/a 0.96 0.36 -6.72 8.50 

5htrp 1.00 -0.56 -0.96 18.67 9.62 1.27 10.24 6.02 -2.26 43.04 

dopamine 17.40 11.06 -1.39 -1.59 4.09 -0.083 3.60 -0.54 n/a 32.55 

carbiDOPA  -1.50 5.43 -0.75 4.97 -2.87 -0.62 -3.10 2.29 2.05 5.90 

methyldopa 1.18 10.98 -2.94 -0.86 -3.55 0.36 -4.39 -4.45 11.34 7.67 

benserazide  -1.73 50.88 -2.36 -1.91 0.23 -0.32 -1.73 -1.51 -1.19 40.36 

benserazide*  -1.73 3.20 -2.36 -1.91 0.23 -0.32 -1.73 -1.51 -1.19 -7.32 

Table 3: Interaction energies (kcal/mol) between endogenous and exogenous ligands and 

amino acid residues in the AAAD active site using MP2 and the 6-311++G** basis set.  

Individual energies are shown along with total interaction energies in the final column.   

The interaction energies between each amino acid residue and ligand were 

calculated using the method MP2, which is considered the standard method for protein-

ligand systems in this work.  In order for dopa decarboxylase to release the product and 

act on more pre-cursor molecules, it was expected that the overall interaction between the 
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active site and the products, dopamine and serotonin, would be positive, indicating a 

repulsion from the active site. This hypothesis was correct, as serotonin has an overall 

interaction energy with the active site of 8.50 kcal/mol, while dopamine has an even 

stronger repulsion, around 32.55 kcal/mol.  It was expected that the precursors, L-DOPA 

and 5-HTP, would have an overall attraction to the residues in the active site so that the 

enzyme could properly perform its function.  While L-DOPA did form an attraction to 

the active site, 5-HTP had an interaction energy of 43.04 kcal/mol, indicating a repulsion 

from the active site (see discussion of docking above).    

 The competitive inhibitors carbiDOPA and methyldopa had an overall positive 

interaction energy, indicating a slight repulsion from the active site.  Nevertheless, both 

carbiDOPA and methyldopa were less repulsive than the endogenous ligand, 5-HTP, 

indicating that they may be good inhibitors for production of serotonin.  Benserazide was 

only slightly more attractive than 5-HTP, with an overall interaction energy of 40.36 

kcal/mol.  Experimental evidence suggests that benserazide is one of the best inhibitors 

(cite), while these results found it to be the third best inhibitor; a closer look at the 

individual residue-benserazide interactions was warranted. Interestingly, seven of the 

nine residues in the active site experienced an attraction to the ligand benserazide.  The 

interaction between the residue lysine and benserazide was 50.88 kcal/mol, which is 

significantly larger than each of the other lysine-ligand interaction examined.  In viewing 

the placement of lysine and benserazide in the active site and in their relation to one 

another, it seems that the docking orientation for benserazide may not have been the most 

optimal.  The amino group on the end of lysine’s tail region is wedged between 

benserazide’s aromatic ring and two of the nitrogen atoms on its tail region, which would 
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cause a strong repulsion.          

 In order to determine a more accurate overall interaction between the active site 

and benserazide, the average of each of the other interactions between the ligands and 

their lysine residues was taken.  When this value, 3.20 kcal/mol, was calculated into the 

overall interaction between benserazide and the active site, benserazide formed a strong 

attraction to the active site.  More importantly, these results follow the results of 

experimental evidence that suggest benserazide is one of the best dopa decarboxylase 

inhibitors. Overall, while the exact values of interaction energies for each ligand-protein 

system are not known experimentally, the trends shown in this work follow what can be 

surmised from previous experimental evidence discussed above. By taking a closer look 

at specific residue-ligand interactions, certain residues may be identified that had the 

largest impact on the overall interaction of the ligand-protein system.   

 

Figure 10: The benserazide molecule in complex with the lysine residue from the AAAD 

active site.   

3.2.1 L-DOPA/AAAD interactions 

The overall interaction between proline and L-DOPA, was around -49 kcal/mol, 

which has a significant impact on the overall interaction of the ligand and active site.  

Through analysis of the Mulliken charges of each atom in the complex, it was determined 

that the oxygen at the 41 position on proline had the strongest partial negative charge in 
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the system, while the hydrogen 42 had the strongest partial positive charge in the system. 

Thus, a strong hydrogen formed between the oxygen at the 41 position on proline and the 

hydrogen at the 26 position on L-DOPA.  A second hydrogen bond formed as the 

hydrogen at the 42 position donated to the oxygen at the 17 position on L-DOPA.  While 

normally, the oxygen at the 41 position would be a nitrogen atom, we expect the 

interaction to remain similar due to nitrogen being electronegative as well.   

 The interaction between L-DOPA and tyrosine contributes a large, positive 

interaction.  As shown in Figure 11, there is a cluster of hydrogen atoms all interacting 

with each other.  Because the hydrogens all donate positive charges, there are too many 

similar charges in one region, thus causing steric repulsion.   

    

Figure 11: The L-DOPA molecule in complex with the proline residue from the AAAD 

active site (left).   The L-DOPA molecule in complex with the tyrosine residue from the 

AAAD active site (right). 

3.2.2 5-HTP/AAAD interactions 

It was expected that the endogenous ligand 5-HTP would form an attraction to the 

active site of dopa decarboxylase.  Theoretically, this would allow 5-HTP to be held in 

place so that dopa decarboxylase could decarboxylate it, forming the product serotonin.  

Nevertheless, 5-HTP had one of the most positive interaction energies of the system of 

ligands studied. This is due in part to docking results (see above), resulting in two 
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residues having particularly large, positive interaction energies.  As seen in Figure 12, 

both isoleucine and 5-HTP have two hydrogen atoms oriented towards each other, 

forming a cluster of 4 positive charges, thus causing repulsion between the two 

molecules.  In examining the apparent interaction between 5-HTP and phenylalanine, it 

seems that the hydrogen bonds formed with the amino group on phenylalanine would 

cause some attraction between the molecules.  Yet any attraction due to these bonds is 

overruled due to the orientation of the two oxygen atoms and multiple hydrogen atoms in 

close proximity to one another, causing steric repulsion.   

    

Figure 12: The 5-HTP molecule in complex with the isoleucine residue from the AAAD 

active site (left). The 5-HTP molecule in complex with the phenylalanine residue from the 

AAAD active site (right). 

3.2.4 Serotonin/AAAD interactions 

Most of the interactions between the active site residues and serotonin are 

relatively similar in their interaction, contributing a slightly negative interaction energy. 

The interaction between tryptophan and serotonin is the biggest contributor to serotonin 

having an overall positive interaction energy.  Similar to the interaction between tyrosine 

and L-DOPA, there are four hydrogen atoms clustered together, causing steric repulsion.   
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Figure 13: The serotonin molecule in complex with the tryptophan residue from the AAAD 

active site. 

3.2.5 Dopamine/AAAD interactions 

As expected, the product dopamine was not attracted to the active site.  The 

interactions between dopamine and tryptophan and dopamine and lysine are the main 

contributors that cause the overall interaction energy to be positive, indicating repulsion 

from the active site.  Two partially positive hydrogen atoms from tryptophan are aligned 

with two hydrogen atoms on the aromatic ring, causing steric repulsion.  In the 

interaction between lysine and dopamine, the electronegative nitrogen atom on the tail 

moiety of lysine is placed over the negative electron pi cloud, causing repulsion between 

the molecules.   

                

Figure 14: The dopamine molecule in complex with the tryptophan residue from the AAAD 

active site (left). The dopamine molecule in complex with the lysine residue from the AAAD 

active site (right). 
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3.2.6 Methyldopa 

The majority of interactions between methyldopa and the residues in the active 

site are slightly attractive.  Nevertheless, interactions between methyldopa and lysine, 

which contributes a positive interaction of 10.98 kcal/mol, and between methyldopa and 

proline, which contributes 11.34 kcal/mol, causes the overall interaction energy to be 

slightly positive, indicating a repulsion of the ligand from the active site.  Due to the 

particular docking orientation of methyldopa in the active site, the amino group on the 

tail region of lysine is placed over the aromatic ring of methyldopa.  While the partially 

positive hydrogen atoms may form an attraction to the negative electron pi cloud formed 

by the aromatic ring on methyldopa, the electronegative nitrogen atom of the amino 

group experiences a repulsion from this negative region, causing the overall interaction 

energy to be positive.  Furthermore, the interaction energy between proline and 

methyldopa also contributes a positive interaction, indicating a repulsion between the 

residue and ligand, due to the three electronegative oxygen atoms all placed in close 

proximity to one another.  

  

Figure 15:  The methyldopa molecule in complex with the lysine residue from the AAAD 

active site (left). The methyldopa molecule in complex with the proline residue from the 

AAAD active site (right). 
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3.2.7 Novel Ligand 

  After determining the interaction between each of the endogenous ligands and the 

current competitive inhibitors for dopa decarboxylase, a new molecule was created that 

contains similar structural motifs to both the endogenous ligands and the drugs.  A single 

aromatic ring was chosen instead of a double ring system, due to attractive binding of L-

DOPA and the three known inhibitors.  Furthermore, three electronegative atoms were 

placed on the carbon tail of the novel ligand in an effort to mimic the tail regions of the 

molecules that are known to be effective inhibitors.   

 

Figure 16: The novel ligand molecule (left) and novel ligand docked in the AAAD active site 

(right). 
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3.2.8 Density Functional Theory Calculations (B3LYP) 

B3LYP trp lys his iso tyr phe1 phe2 thr pro Total 

L-Dopa 17.66 1.82 8.44 0.64 25.66 0.47 6.02 6.02 5.09 71.82 

serotonin 27.42 0.97 0.22 0.12 0.96 n/a 6.12 2.00 -4.36 33.45 

5htrp 8.03 2.28 -0.55 22.13 n/a 12.58 14.64 8.01 -1.29 65.83 

dopamine 20.94 12.88 n/a 0.33 10.14 0.19 9.13 0.7 1.32 55.63 

carbiDOPA 0.71 10.27 0.11 8.04 0.75 n/a n/a 3.81 3.69 27.38 

methyldopa 0.325 19.35 -1.56 1.59 -0.47 n/a n/a -2.57 12.82 29.49 

benserazide 0.35 61.75 -104.48 0.43 2.98 0.59 0.0072 0.45 0.29 -37.63 

Table 4: Interaction energies (kcal/mol), using the method B3LYP, between endogenous and 

exogenous ligands and amino acid residues in the AAAD active site using the 6-311++G** 

basis set.  Individual energies are shown along with total interaction energies in the final 

column.   

Calculations using the DFT method B3LYP were performed to compare with 

MP2, because this DFT method is faster and requires fewer resources.  The overall 

interaction energies for each ligand- dopa decarboxylase active site system using B3LYP 

did not follow a similar pattern to the values calculated for MP2.  As previously stated, 

B3LYP does not work well for systems where induction and dispersion interactions 

dominate, but performs better for systems dominated by hydrogen bonds.  Van Sickle et 

al. show that B3LYP produces inaccurate results for any system containing an aromatic 

ring, such as the ligand- dopa decarboxylase system.   

3.2.9 Electrostatic Potential Maps 

The ESP maps calculated for dopa decarboxylase correlate well to the interaction 

energies calculated for 5-HTP and L-DOPA.  This follows previous results that suggest 

that ESP maps may be created instead of calculating time consuming interaction energies.  
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The ESP map of the empty active site of dopa decarboxylase (see Figure 17) shows the 

precise location where the aromatic ring with hydroxyl groups bind.  As shown in Figure 

17b, the back of the empty active site contains two red regions, indicating negative 

charge.  The ligands are placed in the active site in an orientation such that their hydroxyl 

groups can form hydrogen bonds with the residues that create these negative charges.  

When L-DOPA, which has the strongest attraction to the dopa decarboxylase active site, 

is docked, the overall charge distribution  and shape of the ESP map does not change 

significantly.  Interestingly, when 5-HTP, which was repelled from the active site, was 

docked, the ESP greatly changed from the empty active site.  The empty active site 

contains very few blue regions, indicating positive charge, whereas the active site with 5-

HTP contains multiple regions of positive charges.  As previously discussed, the docking 

orientation could have some impact on these changes, along with the fact that perhaps L-

DOPA has a slightly stronger attraction to the active site.  The change in shape can be 

correlated with poor interaction energies. 
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Figure 17: Electrostatic potential maps of the AAAD active site bound with L-DOPA (right) 

and 5-HTP (left), and the empty active site (middle). Calculated with HF/3-21G. 

 

4. Conclusions 

While the substrate L-DOPA was the only substrate with an attraction to the dopa 

decarboxylase active site, the general trends for each ligand’s affinity to the dopa 

decarboxylase active site agrees with experimental results.  Indeed, the products 

serotonin and dopamine show an overall repulsion from the active site, as the enzyme 

must release the product to act on more substrate.  Perhaps the strong repulsion of 5-HTP 

and benserazide from the active site is due to the particular docking orientation selected.  

Nevertheless, the exogenous substrate benserazide shows evidence of being the most 

attractive ligand in the system, which agrees with experimental evidence; and given the 

current results, it seems the exogenous substrates carbiDOPA and methyldopa could be 

good inhibitors of 5-HTP in vivo, given that their interaction energies are small, positive 
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values compared to 5-HTP.  As was shown in previous work, B3LYP was inconsistent 

and incorrect for the most part, while the energies calculated with MP2 modeled the 

system rather well.  This follows previous results which suggest B3LYP is not an 

accurate method for systems with aromatic rings and induction and dispersion 

interactions.  Finally, electrostatic maps seem to correlate well with interaction energies 

and may be a more cost effective way to determine interactions. 
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