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ARTICLE INFO ABSTRACT
Keywords: Aromatic amino acid decarboxylase is a pyridoxal 5'-phosphate-dependent enzyme responsible for the synthesis
Phosphorylation of the neurotransmitters, dopamine and serotonin. Here, by a combination of bioinformatic predictions and

Pyridoxal 5-phosphate

Aromatic amino acid decarboxylase
Protein chemistry

Site-directed mutagenesis

analyses, phosphorylation assays, spectroscopic investigations and activity measurements, we determined that
Ser-193, a conserved residue located at the active site, can be phosphorylated, increasing catalytic efficiency. In
order to determine the molecular basis for this functional improvement, we determined the structural and kinetic
properties of the site-directed variants S193A, S193D and S193E. While S193A retains 27% of the catalytic ef-
ficiency of wild-type, the two acidic side chain variants are impaired in catalysis with efficiencies of about 0.15%
with respect to the wild-type. Thus, even if located at the active site, Ser-193 is not essential for enzyme activity.
We advance the idea that this residue is fundamental for the correct architecture of the active site in terms of
network of interactions triggering catalysis. This role has been compared with the properties of the Ser-194 of the
highly homologous enzyme histidine decarboxylase whose catalytic loop is visible in the spatial structure,
allowing us to propose the validation for the effect of the phosphorylation. The effect could be interesting for
AADC deficiency, a rare monogenic disease, whose broad clinical phenotype could be also related to post
translational AADC modifications.

neurometabolic pathways, it is curious that few data exist concerning its
regulation, especially at the protein level. The gene coding for AADC
maps on chromosome 7p12.2-p12.1 [4] and is organized in 15 exons,
with two alternative first exons. Two tissue-specific transcripts, one of
neuronal and the other of non-neuronal origin, under the control of their
respective promoters, are synthesized [5-8]. The group of Vassilaco-
poulou produced evidence for the presence of the neuronal mRNA also
in non-neuronal tissues, namely liver, kidney, placenta and leukocytes
([9] and references therein). In terms of transcription, some transcrip-
tion factors and regulators of chromatin remodeling have been claimed
to play a role in AADC neuronal promoter binding [10-12] producing a
ternary complex with two neuronal transcription factors present in
nerve cells during de-differentiation, thus launching the interesting idea
that this biological activity is under control targeting DDC gene
expression [10].

1. Introduction

Aromatic amino acid decarboxylase (AADC) is a key enzyme
involved in the synthesis of two essential neurotransmitters: dopamine
and serotonin. Such a fundamental enzyme is hinged in metabolic
pathways, leading to the formation of biogenic amines responsible for
complex neurotransmitter networks [1]. Fig. 1 shows the dopaminergic
and serotonergic pathways preceding and following AADC and the
strictly correlated metabolic linkages. Such a finely tuned equilibrium
among monoamine neurotransmitters necessitates of a deep regulative
control. Indeed, an alteration in the levels of both dopamine and sero-
tonin leads to severe motor and psychiatric disorders such as Parkinson’s
disease (PD) [2] or AADC deficiency, a form of infantile parkinsonism of
genetic origin [3]. Given the fundamental role played by AADC in
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Abbreviations

PLP pyridoxal 5-phosphate

PMP pyridoxamine 5-phosphate

AADC  aromatic amino acid decarboxylase
HDC histidine decarboxylase

WT wild-type

Tm melting temperature

CD circular dichroism

PD Parkinson’s disease

PKA protein kinase A

Considering possible regulation in terms of gene expression, alter-
ations are reported in several neurodegenerative and psychiatric disor-
ders and are present in neoplasia. A search into the PubMed database
reveals more than 200 reports relating DDC gene expression and several
forms of tumors, such as the recent reports [13-15], reaffirming the
relevance of neurotransmitter metabolism in cancer.

As far as the protein is concerned, it was reported that stimulation or
blockade of dopamine receptors may influence AADC activity in the
striatum [16-19]. In addition, vesicular monoamine transporter-2
(VMAT-2) has been demonstrated to physically and functionally
interact with AADC, and also with tyrosine hydroxylase, to couple
dopamine synthesis to transport into vesicles [20]. This interaction is
reminiscent of another protein-protein interaction study between AADC
and DJ1, the causative protein for the familial PD [21]. Moreover, a
functional interplay of a-synuclein with AADC has been advanced in the
context of the control of dopamine levels, which is lost in PD [22].
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In addition to these scattered data, we recently reviewed [23] that
AADC can be phosphorylated by both cyclic AMP-dependent kinase
(PKA) [24] and cyclic GMP-protein kinase G [25]. In both cases, phos-
phorylation results in an increase in decarboxylase activity. However,
this aspect should be more deeply investigated with special regard to the
pathological states in which AADC is involved. No reports are present in
the literature correlating the phosphorylation state and AADC modifi-
cation to the severity or the mildness of either PD or AADC deficiency. A
better understanding of the molecular effects induced by phosphoryla-
tion on the AADC protein is thus desirable.

Here, we carried out bioinformatic analyses to map possible phos-
phorylation sites of AADC, performed phosphorylation stimulation as-
says by using recombinant human AADC or histidine decarboxylase
(HDC), a highly homologous enzyme, as substrate, and identified a
possible target residue interestingly located at the active site. In order to
dissect the role of the residue subjected to modification, we character-
ized some site-directed variants and proposed a possible contribution for
phosphorylation in regulating AADC activity.

2. Materials and methods
2.1. Materials

All chemicals and reagents were purchased from internationally
established companies and were of the highest purity available.

2.2. Wild-type (WT) and AADC variants, WT HDC and PKA cloning,
expression and purification

WT AADC has been expressed and purified as reported [26]. The
enzyme concentration was determined using an gy of 1.42 x 10° M~}
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Fig. 1. Metabolic networks involving AADC. The intertwined networks in which AADC is involved in cells. Aromatic amino acids are in yellow (.-Phenylalanine, -
Tyrosine, L-Tryptophan, L-Dopa and L-5-hydroxytryptophan, L-5HTP); their metabolic derivatives, hallmarks for AADC deficiency, are in orange (3-O-methyldopa, 3-
OMD; vanillactic acid, VLA; homovanillic acid, HVA; 5-hydroxyindoleacetic acid, 5-HIAA, 3-methoxy 4-hydroxyphenylglycol, MHPG); other derivatives (dihy-
droxyphenylacetic acid, DOPAC; 3-methoxytyramine, 3-MT) are white; aromatic monoamines are in blue (dopamine, serotonin, norepinephrin, epinephrin); enzymes
are in grey (AADC; dopamine beta hydroxylase, DBH; phenylalanine hydroxylase, PH; tyrosine hydroxylase, TH; tryptophan hydroxylase, TPH; catechol O-methyl
transferase, COMT; monoamine oxidase, MAO); their respective cofactors (tetrahydrobiopterin, BH4; PLP; cupper, Cu; vitamin C) and methyl donor (S-adeno-
sylmethionine, SAM) in green. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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cm ! at 280 nm. Pyridoxal 5-phosphate (PLP) content was determined
by releasing the coenzyme in 0.1 M NaOH using ey of 6600 M~! cm ™! at
388 nm [27]. AADC variants were obtained by mutating the template
DNA on the pDDChis vector as previously described [26]. Each muta-
genesis reaction has been performed using the Quick-Change II kit
(Agilent technologies) wusing the appropriate oligonucleotides
(5'-CCGATCAGGCACACGACTCAGTGGAAAGAG-3' for S193D and
5'-CATCCGATCAGGCACACGAGTCAGTGGAAA-3' for S193E, and 5-
CCGATCAGGCACACGCCTCAGTGGAAAGAG-3’for S193A, and their
complements. The modified bases are underlined). All mutations were
confirmed by DNA sequence analysis of the whole ORF. The catalytic
subunit of mouse protein kinase A was expressed in E. coli BL21(DE3)
cells containing pRSETB/PKA (a generous gift of Professor Eileen Ken-
nedy of the Department of Pharmaceutical Sciences of the University of
Georgia) grown in Studier autoinduction medium [28]. Protein pro-
duction by auto-induction in high-density shaking cultures [28] was
performed at 37 °C. The enzyme was purified from cell free extracts by
chromatography with phosphocellulose P-11 [29].

2.3. Determination of the apparent equilibrium dissociation constant for
PLP in WT AADC and its variants and measurement of the kinetic
parameters for all AADC species and WT HDC

AADC apoenzyme was obtained by incubating 5 pM holoenzyme
with 10 mM hydroxylamine in 0.5 M potassium phosphate buffer pH 6.8
at 25 °C for 3 h. The solution was then loaded on a Desalting 26/10
column (GE Healthcare) preequilibrated with 0.5 M potassium phos-
phate buffer pH 6.8 and eluted at 1 mL/min. The eluted enzyme was
then concentrated on an Amicon Ultra 15 concentrator (Millipore) and
washed with 100 mM potassium phosphate buffer pH 7.4. The apparent
equilibrium dissociation constant for PLP, Kpprp), for all AADC species
was determined by measuring the quenching of the intrinsic fluores-
cence of 0.1 pM AADC apoenzyme incubated in the presence of PLP at
concentrations ranging from 0.005 to 20 uM for 3 h at 25 °C (in the dark)
in 100 mM potassium phosphate buffer pH 7.4. The data were fitted to
the following equation:

B+ [PLP), + Kopun)’ — 4[EL[PLP),
2]

Y=Yuyax ([E]f't‘ [PLP]I‘FKD(;:LP) -

where [E]; and [PLP]; represent the total concentrations of the enzyme
and PLP, respectively, Y refers to the intrinsic quenching changes at a
PLP concentration, and Ypax refers to the fluorescence changes when all
enzyme molecules are complexed with coenzyme. Curve fitting was
performed using Prism, 8.4.0 (GraphPad).

2.4. Decarboxylase assays and determination of coenzyme derivatives by
HPLC

The AADC decarboxylase activity was measured by a discontinuous
spectrophotometric assay, as described [30,31]. WT AADC or S193A
variant (0.1 pM concentration for both) was incubated for 1 h under
saturating PLP concentration (10 pM) and different L-Dopa concentra-
tions (from 0.025 to 3 mM) were added in a final volume of 250 pL in
100 mM potassium phosphate buffer pH 7.4 for a time within which a
linear product formation is observed. WT HDC was incubated for 1 h
under saturating PLP concentration (10 pM) and different r-histidine
concentrations in a final volume of 250 pL in 100 mM potassium
phosphate buffer pH 7.4 for a time within which a linear product for-
mation is observed, as reported in Ref. [32]. Thereafter, the procedure is
identical for the two decarboxylases. The reaction was then stopped by
heating at 100 °C for 2 min. Trinitrobenzene sulfonic acid (1 ml of a 4.3
mM solution) and toluene (1.5 ml) were added and the extraction of
trinitrophenyl-derivative was carried out at 42 °C for 45 min with
continuous shaking. The concentration of trinitrophenyl-derivative in
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the toluene layer was quantified using a prepared calibration curve of
absorbance at 340 nm as a function of trinitrophenyl-derivative con-
centration [31]. In the case of variants (S193D and S193E) forming
dopamine below the detection limit of the spectrophotometric assay,
kinetic parameters were determined by HPLC with an already published
procedure [33]. Each enzyme (at 5 pM concentration) was incubated in
the presence of 100 pM PLP and different .-Dopa concentrations (from
0.025 to 4 mM) in a final volume of 225 pL in 100 mM potassium
phosphate buffer pH 7.4 for a time within which a linear product for-
mation is observed. The reactions were quenched by adding 25 pL of a
100% trichloroacetic acid solution. Proteins were precipitated in ice and
removed by centrifugation. Supernatants were analyzed by using a
Gemini C18 column (150 x 4.6 mm, Phenomenex, CA, USA) on a Jasco
PU-2080 Plus HPLC system equipped with a UV-1570 detector set at
295 nm. Samples were eluted in 50 mM potassium phosphate, pH 2.35,
at a flow rate of 1 mL/min. Standard curves of dopamine peak area as
well as PLP, PMP, and Pictet-Spengler cyclic adduct were prepared as
reported [33] with commercially available compounds. The cyclic
adduct was synthesized by completely reacting free PLP with L-Dopa and
purifying it by HPLC. The kinetic parameters were determined by fitting
the data obtained to the Michaelis-Menten equation by non-linear
regression analysis using Prism, 8.4.0 (GraphPad).

2.5. Phosphorylation assays

Phosphorylation assays were performed in a thermostatic bath at
37 °C for 30 min. The standard phosphorylation mix was composed by
50 mM Tris-HCI pH 7.5, 1 mM MgCly, 1 mM ATP, and 1:10 ratio between
AADC or HDC and the catalytically active PKA. The kinetic parameters
of AADC and HDC were then calculated by adding an aliquot of this
mixture to a typical assay solution, as described [30-32]. Controls with
untreated AADC and HDC in the same experimental conditions were
carried out.

2.6. Bioinformatic predictions and analyses

Bioinformatic predictions of AADC and HDC for possible phosphor-
ylation sites were performed using NetPhos 3.1 free online server
(http://www.cbs.dtu.dk/services/NetPhos) using the corresponding
amino acid sequence of the cloned gene.

For in silico amino acid substitution analyses human AADC sequence
(EC: 4.1.1.28) was aligned with 75 homologs sequences retrieved from
Uniref-90 database by the homolog search algorithm PSI-BLAST and
aligned using Multiple Sequence Alignment software CLUSTALW on
ConSurf server (http://consurf.tau.ac.il). A conservation score (9 =
conserved, 1 = variable) was attributed to each residue. Structural
analysis of AADC and HDC was carried out using Pymol 2.2.3 (The
PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC) using
the PDB coordinates 1JS3 and 4E10, respectively. BindProfX was used
to predict changes in binding affinity upon mutations in the form of AAG
(change in free energy of binding) values. The algorithm combines the
FoldX physics-based potential with the conservation scores from pairs of
protein-protein interaction surfaces sequence profiles.

2.7. Mass spectrometry

AADC was incubated with PKA as described above. The phosphor-
ylated protein was then run on a polyacrylamide gel. After staining with
Comassie Blue, the AADC band was cut from the gel. The gel bands were
sliced into small pieces, and then rinsed with 50% acetonitrile/20 mM
ammonium bicarbonate (~pH 7.5-8) twice. The gel pieces were dehy-
drated by adding 100% of acetonitrile and dried out by a SpeedVac. A
various amount of Trypsin solution (0.01 pg/pL in 20 mM ammonium
bicarbonate) was added until the gel pieces totally absorb the Trypsin
solution. The tubes were placed in an incubator at 37 °C overnight. The
tryptic peptides were extracted from gel pieces by incubating with 50%
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acetonitrile/0.1% formic acid twice. The extracts were dried down by a
SpeedVac.

The mass spectrometry analyses were performed on a Thermo-Fisher
LTQ Orbitrap Elite Mass Spectrometer coupled with a Proxeon Easy
NanoLC system (Waltham, MA) located at Proteomics and Mass Spec-
trometry Facility, University of Georgia. The enzymatic peptides were
loaded into a reversed-phase column (self-packed column/emitter with
200 A 5 uM Bruker MagicAQ C18 resin), then directly eluted into the
mass spectrometer. Briefly, the two-buffer gradient elution (0.1% formic
acid as buffer A and 99.9% acetonitrile with 0.1% formic acid as buffer
B) starts with 0% B, holds at 0%B for 2 min, then increases to 30% B in
50 min, to 50% B in 10 min, and to 95% B in 10 min.

The data-dependent acquisition (DDA) method was used to acquire
MS data. A survey MS scan was acquired first, and then the top 8 ions in
the MS scan were selected for following CID MS/MS analysis. Both MS
and MS/MS scans were acquired by Orbitrap at the resolutions of
120,000 and 15,000, respectively.

Data were acquired using Xcalibur software (version 2.2, Thermo
Fisher Scientific). Proteins identification and modification character-
ization were performed using Thermo Proteome Discoverer (version
1.4) with Mascot (Matrix Science) and Uniprot database. The spectra of
possible modified peptides were inspected further to verify the accuracy
of the assignments.

2.8. Spectroscopic measurements and melting temperature determination

All spectroscopic measurements were acquired in 100 mM potassium
phosphate, pH 7.4, at 25 °C. CD measurements were recorded with a
Jasco J-710 spectropolarimeter at a scan speed of 50 nm/min with a
bandwidth of 2 nm at a protein concentration of 1-5 pM. Thermal
denaturation was performed by monitoring the CD signal at 222 nm of 4
pM enzyme on a 25-90 °C linear temperature gradient, with a temper-
ature slope of 1 °C/min. Exogenous PLP (100 pM) was added to the
holoenzymes. Analysis of the internal and external aldimine spectral
modifications has been carried out on a Jasco V-550 spectrophotometer
at a protein concentration of 5 pM in the absence or in the presence of
saturating concentration (2 mM) of the substrate analog dopa methyl-
ester (DME) and of -Dopa.

3. Results and discussion

3.1. Bioinformatic analysis and mass spectrometry reveal that Ser-193 is
an active site phosphorylation target of AADC

A search in the database predicts multiple potential phosphorylation
sites of AADC (Table 1) for many different kinases, including PKA,
protein kinase C (PKC), cell cycle control protein kinase 2 (cdc2), casein
kinase 2 (CK2), and p38 mitogen-activated protein kinases (p38MAPK).

Following previous reports in the literature [24,25], our attention
was focused on PKA and PKC predicted phosphorylation sites. The po-
sition of the target residues in the enzyme structures was analyzed, in
order to eliminate those located in the protein core or solvent inacces-
sible. Among the putative target sites, some of them (Ser-104, Ser-193
and Thr-323) are located at or in proximity to the active site (Fig. 2).

Table 1
Predicted phosphorylation sites of AADC.
Enzyme Kinase NetPhos score Amino acid
AADC PKA 0.757 Ser220
0.722 Ser416
0.663 Thr320
PKC 0.764 Thr323
0.711 Ser193
0.694 Ser104
0.583 Ser429

The underlined residues are located at or in proximity to the active site.
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Fig. 2. Visualization of the predicted phosphorylation sites of AADC. Predicted
phosphorylation sites on AADC. Dimeric porcine AADC (pdb: 1js3) is repre-
sented as cartoon and the two subunits are coloured white and cyan respec-
tively. The complex pyridoxal PLP-carbidopa is shown as sticks while the
putative phosphorylation sites are shown as spheres, in red the hydroxyl
groups. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

The in vitro phosphorylation assay mixture (prepared as reported in
Materials and Methods) was sent to the Proteomics and Mass Spectrometry
Core Facility of the University of Georgia (Athens, Georgia, USA) to
identify the involved residue(s). A tryptic peptide with the sequence
LVAYSSDQAH(S)SVER was identified by mass spectrometry as phos-
phorylated on Ser-193 in about 15% of AADC protein. A separate
experiment was performed, and the same peptide was again found to be
phosphorylated. In the second experiment, Ser-312 was found to be
phosphorylated at a low level, in addition to Ser-193 (Tables S1 and S2).
However, Ser-312 is not predicted as a phosphorylation site and is
buried. The low phosphate incorporation could be due to the lability of
the phosphorylated serine during gel electrophoresis, tryptic digestion,
or mass spectrometry or to differences in ionization efficiency. It is not
surprising that this serine residue, predicted as a phosphorylation site
for PKC, has been found phosphorylated following PKA stimulation,
given the similarity of the consensus sequence of the two kinases
requiring both basic amino acids close to the target serine on the sub-
strate. It is also interesting that several Met residues were consistently
found to be oxidized partially to sulfoxide (Tables S1 and S2).

Ser-193 is located at the active site of AADC at the dimeric interface
(Fig. 3A) and immediately follows His-192, an essential residue [34,35]
responsible for a stacking interaction with the pyridine ring of the
cofactor. Ser-193 is conserved among homologous proteins (conserva-
tion score of 9, ConSurf server; http://consurf.tau.ac.il). Its polar side
chain does not seem to be involved in any interaction; however, it is in
close vicinity to several residues located on loop3 (Arg-347', Leu-353°,
the prime denotes residues belonging to the opposite subunit), a struc-
turally flexible element responsible for the enzymatic activity of AADC,
since it comprises the catalytic loop (residues 328-339 [35]) bearing the
catalytic Tyr-332 [36]. Both Arg-347 and Leu-353 are substituted in
AADC deficiency, giving rise to R347Q, R347G, and L353P variants
whose molecular basis for the catalytical impairment has been already
investigated [26,37,38]. Interestingly, Leu-353 is immediately preced-
ing Gly-354, a residue suggested to control substrate preference in the
homologous HDC where it is replaced by a Ser residue [39].

3.2. Phosphorylation of Ser-193 enhances the catalytic efficiency of 1-
Dopa and L-5-hydroxytryptophan decarboxylation

AADC has been incubated with PKA as reported in the Materials and
Methods section in order to ensure total phosphorylation and then
assayed for decarboxylase activity. As shown in Table 2, 1-Dopa decar-
boxylation takes place with an increased catalytic efficiency mainly due
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A

Fig. 3. Localization of Ser-193 and proposed effect of S193D and S193E on
AADC active site. A) Ser-193 is located at the active site and its side chain is
near His-192 engaged in a stacking interaction with the pyridine ring of PLP. In
silico mutagenesis suggests that Asp (B) and Glu (C) variants could interact with
Arg-347' of the facing subunit, already observed to be highly sensitive to slight
alterations of the active site.

Table 2
Kinetic parameters of phosphorylated AADC (AADC-P) in the presence of .-Dopa
and L-5-hydroxytryptophan.

t-dopa L-5-hydroxytryptophan
kCﬂt Km kca/Km kCﬂt Km kcaz/Km
GH @ ¢! () (mM) G
mM b mM b
AADC 7.4+ 0.11 £ 67 £6 1.01 0.038 + 27 +£5
0.2 0.01 + 0.02 0.007
AADC- 8.6 + 0.032 + 269 + 76 1.10 0.013 + 85 + 27
P 0.3 0.009 + 0.07 0.004

10
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to K, decrease. Previous data collected on brain homogenates [25]
exhibited a slight increase of both Vp,q, and K, leading to an about 87%
of the catalytic efficiency of the sample not treated with protein kinase.
This slightly different effect is possibly due to different assay conditions
and samples.

The remarkable effect of recombinant AADC with 1-Dopa is also
mirrored by assaying decarboxylase activity of the other substrate, L-5-
hydroxytryptophan, where the calculated catalytic efficiency results in
this case increased by about 3-fold. Indeed, this enhancement is mainly
driven, again, by an increase in substrate affinity. One could speculate
on how the binding of the phosphate moiety at the active site could have
produced such positive regulation. In order to determine the relevance
of a negative charge (as introduced with phosphorylation) in this posi-
tion we built and characterized site-directed variants of Ser-193.

3.3. Ser-193 AADC variants are affected in catalysis but not in structural
signals

The S193A, S193D and S193E variants were generated in order to
dissect how a modification of the hydroxy group of Ser-193 impacts on
AADC activity. While the substitution with Ala totally withdraws the
polarity, the change with acidic side chains, as in Asp and Glu, would
mimic the negative charge of the phosphate moiety. The measured AAG
values are 0.798, 1.052 and 0.955 (calculated with BindProfX server, see
Materials and Methods section), respectively, indicating that a negative
charge or a change in side chain length or both introduce a destabili-
zation of the interface. Since the two active sites are facing each other at
the interface, this result predicts a negative effect on activity. It is
already known that pathogenic variants, such as those identified in
AADC deficiency, mapping at the interface have deleterious effects in
terms of catalytic competence of AADC [26]. A bioinformatic inspection
of the substitution of Ser-193 with Asp or Glu (Fig. 3B and 3C) shows, in
both cases, a rearrangement of residues at the active site leading the new
inserted negative charge to interact and displace Arg-347' whose role in
AADC catalysis has been recently clarified [38]. The subtle movement of
Arg-347' determines a restriction of the crevice at the active site [38]
where Gly-354" may control substrate selectivity. In addition, this
alteration at the active site determines a small change in the network of
contacts of His-192. It has been already demonstrated that this residue is
of particular importance for AADC [34] and other homologous decar-
boxylases [40], since it base stacks with the aromatic ring of the pyridine
cofactor. In fact, its substitution leads to almost complete loss of activity.
The substitution of Ser-193 does not lead to an altered equilibrium
binding constant for the coenzyme, thus indicating that the alteration of
the network with His-192 is not so severe in terms of PLP location.
Instead, the catalytic kinetic parameters display a difference (Table 3).

While substitution of Ser-193 with Ala slightly decreases the kg
keeping the K;, substantially unchanged, both S193D and S193E exhibit
a severe drop in k¢4 (resulting in 0.4% and 0.3% with respect to the WT
and an increase in K, (about 2.8-2.3-fold). In order to understand the
molecular basis for the catalytic incompetence of the negatively charged
variants we performed an extensive structural characterization. The far-
UV CD spectra do not show differences with respect to the WT, sub-
stantiating that there are no gross structural alterations (Fig. 4A) in the
secondary structure elements.

Table 3
Kinetic parameters and equilibrium dissociation constant for PLP of AADC Ser-
193 variants.

Enzyme ke (s Ko (mM) kear/Kem s ' mM ) Kpprp) (NM)
WT 7.4+0.2 0.11 £ 0.01 67 £6 101 + 10"
S193A 1.8 +0.1 0.096 + 0.020 18+5 92 +10
S193D 0.032 + 0.001 0.31 £ 0.04 0.103 + 0.004 84 +10
S193E 0.026 + 0.001 0.25 £ 0.03 0.104 £ 0.004 98 +£13

# As reported in [41].
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Fig. 4. Kinetic and spectroscopic features of apo and
holo WT and Ser-variants. Kinetic and spectral char-

acterization of S193A, S193D and S193E variants. A)
Initial velocity values (nmol dopamine/time/nmol
enzyme) on 1-Dopa concentration have been
measured and the experimental values have been
fitted to the Michaelis-Menten model for each AADC
species. R? value is shown for each fit. B) Far-UV CD
spectra of holo variants compared to holoWT.
Enzyme concentration was 1 mM in 100 mM potas-
sium phosphate buffer, pH 7.4 in the presence of 100
pM PLP; C) Near-UV visible CD spectra of holo vari-
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ants compared to holoWT. Spectra of the apo species
are reported in the inset. CD spectra are recorded at 5
pM protein concentration, in 100 mM potassium-
phosphate buffer, pH 7.4, in presence of 100 pM
PLP for the holo forms. D) Absorbance spectra of
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The thermal stability, Tm, measured as the dependence of the
dichroic signal at 222 nm as a function of temperature, shows that the
S193A variant is as stable as the WT, while both apo and holo species of
the negatively charged variants are slightly more stable than the WT
(Table 4).

Near-UV and visible CD (Fig. 4B), as well as absorbance spectra
(Fig. 4C), show no alterations in tertiary structure of both apo and holo
forms of all species with respect to the WT and a similar tautomeric
equilibrium of the internal aldimine, with a predominance of the eno-
limine over the ketoenamine, as for the WT. The formation of the
external aldimine has been monitored by adding the substrate analog
DME to the enzymatic solutions (Fig. 5A). This analog is unable to un-
dergo decarboxylation and can be used as a probe for integrity of active
site microenvironment. While it was known that the addition of DME to
WT AADC gives rise to a band at 395 nm (indicative of the external
aldimine) that remains unaltered with time [41,42], both S193D and
S193E in presence of DME show spectral modifications within 30 min
consistent with the formation of the external aldimine, peaking at 395
nm, and the observable 500 nm band relative to an equilibrium between
the external aldimine and a quinonoid species. This species has been
demonstrated to occur when the Ca-proton of a compound (amine or
substrate analog) bound to AADC is placed perpendicular [43] to the
pyridine-imine plane, and in the correct position to be removed, giving
rise to the oxidative deamination reaction that forms a ketimine inter-
mediate (pyridoxamine 5-phosphate (PMP) + carbonylic product)
observable as an increase at 330 nm [44,45]. It is well known that

Table 4

Tm values of apo and holo forms of Ser-193 variants at 222 nm.
Enzyme Tm (°C)

holo apo

WT 69.42 + 0.02 64.84 + 0.03
S193A 69.09 + 0.02 65.08 + 0.03
S193D 70.67 £ 0.02 67.55 £ 0.03
S193E 70.69 + 0.02 66.85 + 0.04

O T T T T T T T T T
250 300 350 400 450 500

Wavelength (nm)
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PLP-dependent enzymes are able to catalyze side reactions, in addition
to their main catalytic activities, given the extraordinary versatility of
their cofactor [46,47]. The fact that a quinonoid species appears in the
presence of DME with S193D and S193E suggests that the amino acid
substitution with a negative residue has determined a subtle alteration
at the active site, already visible following bioinformatic analyses, and
thus confirmed by spectral data displaying an incorrect placement of the
external aldimine intermediate.

When 1-Dopa is added to a reaction mixture containing S193D and
S193E, a modification of the spectrum of the internal aldimine occurs. At
first, there is an increase of the 420 nm band and a shift of the 335 nm
band to 329 nm. Then, more slowly, the 420 nm absorbance decreases
and the 329 nm band increases (Fig. 5B). The HPLC analyses of both
mixtures show that the coenzyme content remains almost unchanged
during 1h being only slightly converted into the unproductive cyclic
adduct of Pictet-Spengler and PMP, as the WT [33,48] (Fig. 5C). Thus,
the slow dopamine formation is not attributable to the total conversion
of the coenzyme into the irreversible cyclic adduct during reaction with
L-Dopa, as it occurs with some AADC deficiency variants [26].

3.4. The homologous HDC is phosphorylated on Ser-194 and catalytically
enhanced

Ser-194 in HDC is, as with AADC, predicted by bioinformatic analysis
as a putative phosphorylation target. Determination of the kinetic pa-
rameters following incubation with the phosphorylation mixture and
then isolation of the enzyme (see Materials and Methods) shows that
reduced HDC (the enzyme species more similar to the redox state of
AADG, since it has recently been demonstrated that HDC exists as an
equilibrium of mixture of reduced and oxidized species depending on
the redox conditions [32]), has a similar behavior in terms of the effects
carried out by phosphorylation (Table 5). Precisely, k. increases by a
factor of 1.5 and K;,, decreases by a factor of 2, making overall catalytic
efficiency (k.q/Km) increase about 3-fold. This effect induced by phos-
phorylation confirms the trend demonstrated by AADC in response to a
phosphorylation stimulus.
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Fig. 5. Spectral changes of incubation mixtures of
S193D or S193E in the absence or presence of DME
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Table 5 similar kinetic behavior in the presence of PKA. Interestingly, the cat-
Kinetic parameters of phosphorylated HDC (HDC-P) in the presence of i- alytic HDC Tyr-334 (Tyr-332 in AADC) has been seen to interact with
histidine. Ser-195 of the other subunit (Ser-194 in AADC), thus the substitution of
L-histidine the preceding HDC Ser-194 (Ser-193 in AADC) could disassemble some
p g
Kear (51 Km (mM) Kkeat/Km s ' mM ™) required interaction netvx.lork necessary for catalytic competence. .
In any case, the question remains open: How could phosphorylation
redHDC 0.70 + 0.02° 0.064 + 0.008 * 10.9 + 1.4" : Py s
redHDC.P 103 % 0.02 0.032 - 0.004 3219 4 4.07 by PKA decrease the K;; and increase k.? Our data seem to reject that

2 As reported in [32].
3.5. Role of AADC Ser-193 in the absence or presence of bound phosphate

The collected data regarding AADC Ser-193 variants indicate that
this conserved residue located at the active site does not play a crucial
role in catalysis, since the functional abilities of S193A are only slightly
affected. The combination of bioinformatic analyses, spectroscopic and
kinetic data, measured with S193D and S193E, provides evidence that
novel inter-subunit interactions between Asp or Glu-193 and Arg-347’
would contribute in anchoring loop3 in a sort of fixed conformation.
Since loop3 includes the mobile catalytic loop [35] and this stretch
contains the catalytic Tyr-332 residue [36], this interaction may be
related to the although small but measurable increased stability evi-
denced by higher Tm values and could account for the drop in catalytic
efficiency. Furthermore, in the homologous HDC we have observed a
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these results are due to the presence of the negative charge, unless we
propose that a polyanion (as in the phosphate anion but not in the
carboxylate one) could give rise to different behavior than a single
negative charge. The spatial structure [35] shows that Ser-193 is in close
proximity to His-192, an essential residue to stack with the pyridine ring
of the PLP cofactor, and keeping it in the correct position. In addition,
Ser-193 belongs to a region where the catalytic loop, invisible in the
electron density map, is expected to cover the active site as a lid once the
substrate is bound. Perhaps the presence of the phosphate on Ser-193
could somewhat stabilize a more catalytically efficient conformation.
We are aware that these effects are shown in vitro and no evidence for
active site Ser-193 phosphorylation of AADC in a cellular environment
has been yet determined. In addition, we realized that phosphomimic
substitutions do not reproduce the natural phosphorylated amino acids,
even if they are widely used to such scope. Anyway, the value here is to
point out that in the context of pathological defects found for AADC,
until now overlooked, the possibility for a regulation of AADC by
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phosphorylation should be reconsidered for both AADC deficiency var-
iants impaired in folding as well as in catalysis.
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