University of Crete Postgraduate Course: Protein Engineering
Department of Chemistry

Metabolic pathway of dopamine

Nektaria Chaido Liakouli (chemp1207edu.chemistry.uoc.gr)

Postgraduate students :

Maria Aikaterini Giannakaki (chemp1212@edu.chemistry.uoc.gr)

Supervisor :
Associate Professor loannis Pavlidis (ipavlidis@uoc.gr)




Dopamine

» Neurotransmitter produced in the substantia nigra,

ventral tegmental area, and hypothalamus of the
brain.

» Regulates cardiac, vascular, endocrine function
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» Synthesized from phenylalanine or tyrosine
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» Precursor in the biosynthesis of other
catecholamines (norepinephrine and epinephrine)

» Arvid Carlsson was awarded in 2000 Nobel prize for

proving dopamine as neurotransmitter
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Effects of dopamine in humans
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Dopamine metabolism pathways

| poramiNERGIC syNApsE |
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Fathologies associated with aopamine
(DA)

» Dopamine deficiency: neurological, physiological, psychological symptoms

Desease/disorder Cause D

Increase DA (L-dopa)

*PARKINSON’S DISEASE Death of dopaminergic ek 5 rauEle

8.5m neuron/Decreased DA Inhibitors for MAO

*SCHIZOPHRENIA 24 m Increased DA Block DA receptors
DEPRESSION Decreased DA Prevent DA degradation, inhibitors

for MAO

Block the reuptake of DA (stays

DRUG ADDICTION . .
longer in synaptic cleft)

ADHD Decreased DA Amphetar-mn.esj: DA reuptake
inhibitors

*https://www.who.int/news-room/fact-sheets/detail/schizophrenia 5
*httos://www.who.int/news-room/fact-sheets/detail/parkinson-disease



https://www.who.int/news-room/fact-sheets/detail/schizophrenia

Levodopa and blood-brain barrier

v’ Levodopa: utilizes a receptor on the BBB known as Large amino acid

transporter (LAT)

v’ Dopamine: too polar of a molecule to move through the lipid membrane

v’ Use of L-dopa as medicine for dopamine production
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Tyrosine metabolism
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Dopamine synthesis

O O
oy L1031 LI4181 HO oH _ 4125 HO NH,
NH 1.14.16.2 1.11.2.6 NH 4.1.1.28/105
HO 2 . HO 2 HO
Oxidoreductases Lyases
L-Tyrosine Levodopa (L-dopa) Dopamine
J EC.1.10.3.1 Polyph.enol Oxidase 1 EC.4.1.1.25 Tyrosine decarboxylase
J EC.1.14.18.1 Tyrosinase 0 EC.4.1.1.28/105 Aromatic L — Amino acid

 EC.1.11.2.6 L -Tyrosinase Peroxygenase



EC.1.10.3.1 Polyphenol Oxidase
T En

L_. Oxidoreductases

» |Acting on diphenols and related substances as donors

With O, as an acceptor
%[Catechol Oxidase (Polyphenol Oxidase)

0 0
1.10.3.1 HO
5 OH —— 5 OH
NH, NH,
HO HO
0,

» Type lll copper protein

PN
@ ChemDraw’



EC.1.14.18.1 Tyrosinase
ECA14/ag.)

t_. Oxidoreductases

Acting on paired donors with incorporation or reduction of O,

{With another compound as one donor and ]

incorporation of one atom of O, into the other donor

Tyrosinase

O 0
1.14.18.1 HO
OH

'
NH; NH,
HO HO

02 H20

OH

» Type lll copper protein

SR
@ ChemDraw’ 10



EC.1.14.16.2 Tyrosinase 3 — Monooxygenase
g@m@

Oxidoreductases

v

Acting on paired donors with incorporation or reduction of O,

{With reduced pteridine as one donor and ]

incorporation of one atom of O, into the other donor

Tyrosinase 3 - Monooxygenase

> The active center

0,
Q 0
@/\HKOH 114162 HOWW contains mononuclear
Ho \*: o Ny iron(ll)

» The enzyme is

HN)‘j[“j'/b NJ{EH% activated by
HZN)\N N G HZN)|\N/ N o phOSphory|ati0n

Tetrahydrobiopterin 4a - Hydroxytetrahydrobiopterin

11
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EC.1.11.2.6 L -Tyrosinase Peroxygenase
-

—»|Oxidoreductases

Acting on a peroxide as an acceptor

Peroxygenases

—{L — Tyrosine Peroxygenase

0 0
1.11.2.6 HO
OH > OH
NH; NH,
HO HO
H,0

H,0,

» Co - factor: heme b

P\
@ ChemDraw’ | *2



EC.4.1.1.25 Tyrosine decarboxylase
ECALIZS

L—» Lyases

Carbon — Carbon lyases

Carboxy - lyases
%[Tyrosine decarboxylase

@)
HO HO NH,
o 41125
NH, \,
HO HO
CO,

» Co - factor: Pyridoxal-phosphate (PLP)

@ ChemDraw’ 13



EC.4.1.1.28/105 Aromatic L— Amino acid /
L — Tryptophan decarboxylase

EC@[1[1)28

L—» Lyases

Carbon — Carbon lyases

Carboxy - lyases

{Aromatic L — Amino acid decarboxylase

L— Tryptophan decarboxylase]

» Co - factor: Pyrldoxal phosphate (PLP)
» 4.1.1.28 : acts on a variety of aromatic L-amino acids

14
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Chemical ways of L — DOPA synthesis

v’ 3 different chemically
synthetic ways

v’ Synthetic goal of
pharmaceutical
companies

v’ Demanding synthesis —
limited yields

O
+ /JL\
Ph N
H

COOH

Hoffmann La - Roche

) + ACzO

Monsato

MeO CHO NH,
* |\ * Ac,0O
D/ COOH
HO
vanillin O
* %NH Sankyo
HN
)
Characteristics | Sankyo Roche Monsanto (‘Ajinomoto
Number of 7 4 4 1
steps
Atom 0.158 0.123 0.294 0.719
Economy
Synthetic 29% 90% 90% 100%
ideality

N

15



L-DUFA proauction using a pacterial
enzyme
Tyrosine phenol-lyase (Tpl)

HO

COOH
tyrosme phenol lyase
j@ e
HO

v Recombinant E. coli cells
v Optimum T: 15 °C and pH 8.0

v’ [L-DOPA] reached 120 g/L with
pyrocatechol conversion higher than
96% (15 L reaction)

>

OH
+ H,0

Chemical method Enzymatic method

Vanillin, hydantoin, :
>yruvate, ammonia,

Main raw materials hydrogen gas, acetic

] pyrocatechol
anhydride
Reaction units 8 2
2 Ammonia,
Side products i g H>0
acetic acid, CO»
Optical resolution  Required Not required
Working days 15 days 3 days

Impurities

Tyrosine,
3-methoxytyrosine, :

) [-tyrosine
3,4,6-trihydroxy-

phenylalanine




Searching for another synthetic way

v ) - Step reaction L 100g : 88 6*
g : oo.

v’ Need of 2 well 100g : 904€

characterized

enzymes

. ,A
v Chea pest way Decarboxylation
Amina/Aon (TPL)
v No side products 100mg : 225€
100g : 225 X103

@ o\ | 100g : 53.2¢
OH
:




Enzyme of interest

» Amination step is well — defined and widely used (L — dopa synthesis)
» Studying the carboxylation step

» Enzyme with a bacterial origin — more manageable in a biochemical lab
» Heterologous Expression in E.Coli

» Researching interest (Pharmaceutical)



EC.4.1.1.25 Tyrosine decarboxylase (TDC)

Enzyme

Tyrosine decarboxylase (TDC) is a pyridoxal 5-phosphate (PLP)-dependent enzyme
and is mainly responsible for the synthesis of tyramine, an important biogenic amine

L-Tyrosine...
0+

L-DOPA Dopamine

v Heterologous Expression in E.Coli
v’ pH stability

v’ Temperature stability

v’ Many Citations

Structure of tyrosine decarboxylase complex with PLP at
1.9 Angstroms resolution

PDB "

PROTEIN DATA BANK



N

Decarboxylation mechanism

OH

HO—P—0O N
Decarboxylation (dopa decarboxylase) | 7\
Enzyme Enzyme Enzyme
Lys ~ o . (o] OH
P - ” Pyridoxal phosphate
\./t‘\-«/\}/f\o'
A HOo~ > _N
/\/[ o . HO~ A~ C02" P ) P HO~ A~ -NHs* -
®) g + | J ] NN e 0 ] internal aldimine
-/ \4.,.‘ Ho/\-f’ NH;* - (P) ‘ ‘_—"\{ - £/ P ‘-*:( HO/\"'"// + formed againin
NTS SN regenerated enzyme
H H Dopamine
Internal aldimine L-dopa External aldimine Quinonoid intermediate

Formation of internal aldimine between PLP and lysine residue

Formation of PLP — levodopa intermediate (external aldimine)

PLP: stabilizes the carbanions generated adjacent to the Schiff base in the external aldimine intermediate by
delocalization of the developed negative charge into the extended p bonded system:leaving of the CO2
group Protonation of the imine bond — formation other imine bond through electron / bond delocalization
Regeneration of internal aldimine and formation of the decarboxylated product (dopamine)



TDC activity
[ commres W) (e e 4

e :| L\ TDC -7T L — dopa —» T Dopamine production
g a= DopamirF:e =
— L-DOPA/Carbidopa = Transporter L-DOPA/Carbidopa -
- Prolonged L-DOPA 1§ G 6 o\® ® Al ‘A\
(X X} treatment
+ | TTDC -l L —dopa — | Dopamine production
A
N
12 b:c?eciia No inhibiti % A %
et Nonion \A v, B Lol @ . 4> Abundance of TDC in the small
A Lol . . . . . « e
oo WA A‘, ,‘u intestine contributes to interindividual
transporter O A

variation in drug efficacy and explains
the requirement for an increased

dosage regimen of L-dopa treatment
in Parkinson's disease patients

bioavailabilit#

L-DOPA
bioavailability

Brain

Van Kessel, El Aidy, S. Et al.(2019). Gut bacterial tyrosine decarboxylases restrict levels of levodopa in the treatment of Parkinson's disease. Noture
communications, 10(1), 310.



Organisms with TDC

TDCs have been identified from different organisms, such as plants, insects
and different microorganisms including :

Enterococcus
faecalis

Methanocaldococcus &
jannaschii

Lactobacillus brevis

22



Choosing the right gene

» Organism where the protein is naturally expressed
» Choosing the right strain (citations)

— Vmax, Km, Kcat

— Exclusive substrates — enzyme preference

— Available X ray structure

» Annotation score 5/5
» Necessary condition: expression in E.coli



Gene of interest

>ASWP01000005.1:31334-33196 Enterococcus faecalis V583 acyDH-supercont2.4.C5,

whole genome shotgun sequence
ATGAAAAACGAAAAATTAGCAAAAGGCGAAATGAACCTTAATGCACTATTCATTGGGGACAAAGCCGAAA
ACGGACAATTATATAAAGACTTGTTGATCGACTTAGTAGATGAACATTTAGGATGGCGTCAAAACTACAT
GCCACAAGACATGCCAGTTATCTCTTCTCAAGAACGCACATCTGAAAGCTACGAAAAAACTGTCAACCAT
ATGAAAGATGTATTGAATGAAATCTCTTCTCGCATGCGTACACATTCAGTTCCATGGCATACAGCAGGTA
GATATTGGGGACATATGAACTCAGAAACATTAATGCCTTCTCTATTAGCTTACAACTTTGCAATGCTATG
GAACGGGAACAACGTTGCCTATGAATCTTCTCCAGCAACTTCTCAAATGGAAGAAGAAGTAGGACATGAA
TTTGCTCACTTAATGAGCTACAAAAATGGTTGGGGACACATCGTTGCTGATGGTTCTTTAGCTAACTTAG
AAGGCTTATGGTATGCCCGTAACATTAAATCATTACCATTTGCTATGAAAGAAGTAAAACCAGAATTAGT
TGCTGGCAAATCAGATTGGGAACTATTGAACATGCCAACAAAAGAAATTATGGACTTATTAGAATCAGCT
GAAGATGAAATTGATGAAATCAAAGCTCATTCAGCTCGTTCAGGTAAACATTTACAAGCAATCGGTAAAT
GGTTAGTTCCACAAACTAAACACTATTCTTGGTTAAAAGCTGCTGATATTATCGGTATCGGTTTAGATCA
AGTTATCCCAGTACCAGTTGACCATAACTACCGTATGGATATCAACGAATTAGAAAAAATCGTTCGTGGC
TTAGCAGAAGAACAAATTCCAGTGCTAGGTGTTGTCGGTGTAGTTGGTTCTACTGAAGAAGGTGCCGTTG
ACTCAATCGATAAAATTATTGCTTTACGCGATGAATTAATGAAAGACGGTATTTACTATTATGTACACGT
TGATGCTGCTTATGGTGGTTATGGACGTGCCATCTTCTTAGACGAAGACAACAACTTCATCCCTTACGAA
GATTTACAAGATGTTCACGAAGAATACGGTGTCTTCAAAGAGAAAAAAGAACACATTTCAAGAGAAGTGT
ATGATGCATATAAAGCAATCGAATTAGCAGAATCAGTAACAATTGACCCTCATAAAATGGGTTATATCCC
TTATTCAGCTGGTGGTATCGTTATCCAAGATATCCGTATGCGCGACGTTATTTCTTACTTCGCAACTTAC
GTATTTGAAAAAGGTGCCGATATTCCTGCGTTACTAGGTGCTTATATCCTTGAAGGTTCAAAAGCTGGTG
CAACAGCTGCTTCTGTATGGGCTGCACATCACGTTTTACCTTTAAACGTTGCAGGTTATGGTAAATTAAT
TGGTGCTTCAATTGAAGGATCACATCATTTCTATAACTTCTTGAATGATTTAACATTCAAAGTTGGCGAC
AAAGAAATCGAAGTCCACACATTAACTCATCCAGACTTCAACATGGTTGACTATGTGTTTAAAGAAAAAG
GCAACGATGATTTAGTAGCAATGAACAAATTAAACCATGATGTATATGACTATGCATCATACGTTAAAGG
AAATATTTACAACAACGAATTCATTACTTCACATACTGACTTTGCTATTCCAGATTATGGCAACAGCCCA
TTAAAATTTGTAAACAGCTTGGGATTTAGTGACGAAGAATGGAACCGTGCAGGTAAAGTAACTGTGTTAC
GTGCTGCTGTAATGACTCCATACATGAACGATAAAGAAGAATTTGATGTTTACGCTCCTAAGATTCAAGC
TGCTTTACAAGAAAAATTAGAACAAATTTACGACGTAAAATAA

v' In gut microbiota this enzyme is in fact
exclusively responsible for the
decarboxylation of levodopa, and thus
reduces in situ levels of levodopa in the
treatment of Parkinson's disease.

v’ Activity regulation

Levodopa decarboxylation is not inhibited by
carbidopa, benserazide, and methyldopa, that
are three human L-dopa decarboxylase
inhibitors

v Kinetics
Km 3mM, Kcat 3531 min! (at pH 5.0)

v" Annotation score: 5/5



Amino acid Sequence and Protein

Characteristics

>AA080459.1:17-636 decarboxylase,
faecalisVb583]

MKNEKLAKGEMNLNALEFTIGDKAENGQLYKDLLIDLVDEHLGWRONYMPQDMPVISS
QERTSESYEKTVNHMKDVLNEISSRMRTHSVPWHTAGRYWGHMNSETLMPSLLAYN
FAMLWNGNNVAYESSPATSOMEEEVGHEFAHLMSYKNGWGHIVADGSLANLEGLWY
ARNIKSLPFAMKEVKPELVAGKSDWELLNMPTKEIMDLLESAEDEIDEIKAHSARS
GKHLOATGKWLVPQTKHYSWLKAADIIGIGLDQVIPVPVDHNYRMDINELEKIVRG
LAEEQIPVLGVVGVVGSTEEGAVDSIDKIIALRDELMKDGIYYYVHVDAAYGGYGR
ATFLDEDNNFIPYEDLODVHEEYGVFKEKKEHISREVYDAYKATELAESVTIDPHK
MGYIPYSAGGIVIQDIRMRDVISYFATYVFEKGADIPALLGAYILEGSKAGATAAS
VWAAHHVLPLNVAGYGKLIGASIEGSHHFYNFLNDLTFKVGDKEIEVHTLTHPDEN
MVDYVFKEKGNDDLVAMNKLNHDVYDYASYVKGNIYNNEFITSHTDFAIPDYGNSP
LKEVNSLGEFSDEEWNRAGKVTVLRAAVMTPYMNDKEEFDVYAPKIQAALQEKLEQT
YDVK

putative [Enterococcus

Job ID: 9992e83a85

Sequences:

O
Zg SOLU

Protein Solubility

AAO80459.1:17-636 0.800

Solubility score above 0.5 (towards green color) indicates soluble expression, score below 0.5 (towards red color) indicates insoluble expression
in Escherichia coli.

VYV V V

Expasy*

Number of amino acids: 620
Molecular weight: 70053.18

Theoretical pl: 4.99

Extinction coefficients: Extinction
coefficients: (M1 cm )at 280 nm
measured in water.

Ext. coefficient 112650 Abs 0.1%
(=1 g/l) 1.608

Phe (F) 19 3.1%

Trp (W) 11 1.8%

Tyr (Y) 35 5.6%

Instability index: The instability
index (Il) is computed to be 35.61
This classifies the protein as
stable.
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Thank you for your attention

That one molecule of Dopamine

trying to keep me going throughout  \ [4AT GIVES PEOPLE My last dopamine receptor not giving
the day up on me be like:

FEELINGS OF POWER




