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The inherent reactivity of free- or enzyme-linked pyridoxal 5-phosphate (PLP) in the presence of catechol
compounds with an aminic group is known and leads, after the formation of a Schiff base, to an irreversible cyclic
adduct, called the Pictet-Spengler condensation product. In PLP-dependent aromatic amino acid decarboxylase
(AADCQ), the protein scaffold protects PLP, preventing its leakage as a cyclic adduct complexed with the L-Dopa
substrate. Here, we demonstrate that a group of AADC deficiency enzyme variants can undergo this unproductive
reaction at a high rate. By using computational modeling, spectroscopic and functional studies with twelve
pathogenic variants, we uncovered the basis of the variants' ability to synthesize this adduct. Since the metabolic
conditions present in patients (high PLP amount as medical treatment and high L-Dopa concentrations as a
consequence of enzyme impairment) may trigger Pictet-Spengler adduct synthesis, we modeled the possible
oxidative effects played by this compound on a-synuclein (Syn) in solution and in neuroblastoma SH-SY5Y cells,
given the known sensitivity of this protein to dopamine or dopa-related compounds. By multiple experimental
approaches including chromatographic analysis, colorimetric assays, native mass spectrometry, dynamic light
scattering and isothermal titration calorimetry, transmission electron microscopy, as well as cytotoxicity assays,
we determined that the Pictet-Spengler adduct is not toxic to cells, exhibits a dose dependent inhibition of Syn
fibrillation, and promotes Syn oxidation. These observations suggest that the AADC pathogenic variants un-
dergoing Pictet-Spengler condensation could synthesize the biologically active adduct enhancing oxidative stress
in neuronal cells, thereby contributing to the worsening of the phenotype.

1. Introduction

The formation of a cyclic tetrahydroisoquinoline adduct (also called
the Pictet-Spengler condensation product) is an irreversible step of the
rearrangement of the Schiff base between Dopa (either the L- or the D-
enantiomer) and pyridoxal [1] or pyridoxal 5-phosphate (PLP) [2]. In
detail, the C6 of Dopa undergoes a nucleophilic attack on the imine
carbon atom of the coenzyme, leading to a cyclized compound with a sp®
configuration on C4’ (Fig. 3A). In the presence of free PLP, the reaction
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with Dopa is fast (~ 0.2 min~! [3]), irreversible, and leads to the
complete conversion of PLP to the cyclic adduct [3]. In PLP-enzymes
employing aromatic amino acids as substrates, the cofactor is buried
in the active site, preventing or minimizing any possible side activity
[4], including this irreversible non enzyme-driven reaction. The case of
aromatic amino acid decarboxylase (AADC) is exemplary: mammalian
AADC can undergo Pictet-Spengler condensation with D-aromatic amino
acids or amines [2], while in the presence of the natural substrate L-
Dopa less than 1% of the original enzyme-bound PLP is recovered as
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Pictet-Spengler adduct [5] with a calculated exponential rate constant of
about 0.02 min~! [6]. This behavior witnesses how the protein scaffold
maintains PLP reaction intermediates at the active site, protecting them
from solvent exposure and keeping them in a closed conformation to
ensure efficient catalysis [7]. The fact that even wild-type (WT) AADC
can produce a small amount of cyclic adduct is an inevitable conse-
quence of the reactivity and versatility of the PLP coenzyme.

Active site variants of human AADC, built to study the role of the
corresponding residues at the binding/catalytic cleft, display an
enhanced rate of Pictet-Spengler condensation than WT. This is due to a
structural damage at the active site, which prevents the enzyme from
reaching a catalytically competent conformation, and leaves the
external aldimine intermediate insufficiently shielded to proceed with
catalysis, instead escaping as a stable cyclic adduct [8-10].

Interestingly, the formation of the cyclic adduct is not restricted to
artificial AADC variants. Some (but not all) pathogenic human AADC
variants (p.Ala91Val, p.Gly102Ser, p.Alall0Glu, p.Serl47Arg, p.
Phe309Leu, p.Pro330Leu and p.Leu353Pro), causing the severe neuro-
transmitter rare disease AADC deficiency [11,12], were reported to be
able to synthesize it [3,6,13,14] at rate comparable to (2-fold increase)
or even exceeding (5-fold increase) that of the WT, leading to PLP
irreversible depletion. The rationale for this behavior has not yet been
determined, although the resolution of the crystal structure of the
human AADC enzyme in the external aldimine conformation, with a
closed active site, may shed light on the requirement for active site
integrity to prevent nonenzymatic reactions [7].

The fact that some AADC deficiency variants can synthesize the
adduct is particularly interesting, given that all patients are supple-
mented with pyridoxine, the precursor of PLP, yet not all derive clinical
benefit from this dietary intervention [11]. To the best of our knowl-
edge, the Dopa-PLP cyclic adduct has never been investigated as a
possible biomarker for some clusters of variants. In addition, its highly
oxidation-prone chemical features have never been characterized.

To monitor its effects, if endogenously synthesized, we chose
a-Synuclein (Syn) as a target. Syn is mainly localized in the same pre-
synaptic nerve terminals of AADC, and is predominantly abundant in the
central nervous system (CNS) where it is involved in synaptic vesicle
trafficking, neurotransmission, and synaptic plasticity [15]. It was
shown that Syn co-immunoprecipitates with AADC in rat striatum [16]),
thereby reducing its activity. This implies that reduction of local con-
centration of Syn, whether due to reduced expression or aggregation,
may lead to selectively disruption of DA homeostasis. In addition, some
catabolites of dopamine such as 3,4-dihydroxyphenylacetaldehyde
(DOPAL), 3,4-dihydroxyphenylacetic acid (DOPAC), and 3,4-dihydroxy-
phenyl ethanol (DOPET) affect Syn aggregation and its neurotoxic
properties [17-20]. Notably, L-Dopa catabolites alone have been shown
to react via a similar condensation mechanism with acetaldehyde, to
form salsolinol, which has been detected in the urine of Parkinson's
Disease patients [21]. Syn represents the major proteinaceous compo-
nent of aggregates that constitute the neuropathological hallmarks of
several neurodegenerative diseases known as a-synucleinopathies,
including Parkinson's disease, dementia with Lewy bodies, and multiple
system atrophy [22]. Interestingly, AADC deficiency also belongs to the
group of infantile Parkinsonism-dystonia disorders for symptoms, even
though it is not a neurodegenerative disease [23].

Since the reaction of AADC with L-Dopa is faster (on the order of
magnitude of s’l) than the irreversible condensation of free PLP with L-
Dopa (on the order of magnitude of min_l), we focused our attention on
the loss-of-function AADC variants for their ability to synthesize the
Dopa-PLP cyclic adduct, given their impacted decarboxylase reaction.
Furthermore, we investigated the biological effects of this compound on
Syn in neuroblastoma SH-SY5Y cells, leading to a new interpretation of
the effects of vitamin Bg supplementation and paving the way for further
diagnostic and pharmacological treatments.
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2. Experimental section
2.1. Chemicals

PLP, L-Dopa (Merck), Thioflavin T (ThT) and other chemicals and
reagents were of analytical grade and were obtained from Merck
(Darmstadt, Germany). Bicinchoninic acid (BCA) assay Kkit, fetal bovine
serum and DMEM/F-12 HEPES medium (Cat. No. 31330-038) were
purchased from Thermo Fischer Scientific (Waltham, Massachusetts,
USA). Neuroblastoma SH-SY5Y cells were obtained from AATC (LGC
Standards S.r.l., Italy). Membrane soluble tetrazolium salt (MTS) re-
agent kit (CellTiter 96® AQueous One Solution Cell Proliferation Assay)
was obtained from Promega, Madison, WI, USA. OZBlue cell viability kit
was purchased from OZ Biosciences, San Diego, CA 92126, USA.

2.2. Synthesis and characterization of the Pictet-Spengler adduct

The PLP-L-Dopa adduct was synthesized by adding 2 mM L-Dopa to
different PLP concentrations (1-100 pM) and following the decrease of
absorbance at 388 nm (free PLP) and the increase at 328 nm, typical of a
c4 sp3 species in 100 mM potassium phosphate buffer, pH 7.4 [2]. The
calculated molar extinction coefficient is 7076 M~! em L. For the adduct
synthesis and purification, PLP and L-Dopa were incubated at a 1:4 M
ratio (2.5 mM PLP and 10 mM L-Dopa) in 100 mM potassium phosphate
buffer (pH 7.4) at 37 °C with shaking at 300 rpm. Reaction progress was
monitored using a Jasco V-750 spectrophotometer by following the
disappearance of the PLP absorbance band at 388 nm. After 1 h, the
reaction was quenched by addition of 10% (w/v) trichloroacetic acid
(TCA). The mixture was injected multiple times onto a Gemini C18
column (150 10\, 4.6 mm, Phenomenex, CA, USA) using a Jasco PU-2080
Plus HPLC system equipped with a UV-1570 detector set at 295 nm.
Initial purification was performed using water as the mobile phase at a
flow rate of 1 mL/min. Under these conditions, the Pictet-Spengler
adduct eluted at 6 mL, while free L-Dopa eluted at 8 mL. Collected
fractions containing the adduct were lyophilized, resuspended in water,
and quantified spectrophotometrically using 7076 M~ * cm ™! at 328 nm.
Purity was assessed with the same Gemini C18 column with 100 mM
potassium phosphate (pH 2.35) as mobile phase. The adduct elutes as a
single peak and is >95% pure. The PLP-Dopa adduct has already been
identified by nuclear magnetic resonance analysis [2,3].

2.3. Cloning, expression, and purification of recombinant AADC
deficiency variants

AADC variants (p.Tyr20del, p.His70Arg-Trp71del, p.Trpl105Cys, p.
Gly146Arg) were obtained by site-directed mutagenesis as described
[3]. The appropriate oligonucleotides (Table S1) and their complements
were used for each mutagenesis reaction employing the Quick-Change II
kit (Agilent Technologies). The mutations were confirmed by DNA
sequence analysis of the whole ORF. Variants p.Alal10Glu, p.Pro330-
Leu, p.Arg347Gln and p.Leu353Pro are already available [3,14,24].
Expression and purification have been carried out as described [3].

2.4. Alpha-fold structural models of WT and variant AADC enzymes

The human AADC crystal structure (pdb:8ora) was used as template.
Several independent in silico approaches were used to evaluate the ef-
fects of the AADC variants on protein stability AAGgq (FoldX [25],
DynaMut2 [26], DUET [27]). For FoldX calculations, the mutations were
introduced simultaneously in both subunits with five BuildModel runs,
while for DynaMut2 and DUET analyses were performed using their
standard workflows. Positive FoldX AAG values and negative DynaMut2
and DUET scores indicate decreased protein stability compared to the
WT. In-frame deletion variants p.Try20del and p.His70Arg/Trp71del
models were generated using AlphaFold [28] together with WT dimeric
AADC for comparative analysis. WT model was evaluated by comparing
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the root mean square deviations (RMSD) with respect to the crystal
structure (pdb:8ora). Thereafter, the stability of unfolding (AGgeq) of
these AlphaFold models was then analyzed using FoldX. Images were
rendered by the software PyMOL (Version 2.2.3, Schrodinger, Limited
Liability Company; New York, NY, USA).

2.5. Expression and purification of Syn

Recombinant Syn was produced in Escherichia coli BL-21 following an
established purification procedure previously reported by [17]. After
cell harvesting, periplasmic extraction was performed and the soluble
fraction was subjected to heat treatment, ammonium sulfate fraction-
ation (50% saturation), and ion-exchange chromatography. The identity
and molecular integrity of the purified protein were verified by mass
spectrometric analysis.

2.6. Chromatographic analyses

2.6.1. Reverse phase (RP)-HPLC analyses of coenzyme modification and
activity measurement for AADC deficiency variants

AADC variants were incubated at 10 pM protein concentration with
2 mM L-Dopa in 100 mM potassium phosphate buffer, pH 7.4 at 25 °C.
Concentration-time curves were followed by withdrawing aliquots at
time intervals and quenching the reaction by adding trichloroacetic acid
to a final concentration of 10% (w/v). Proteins were then precipitated in
ice and removed by centrifugation. Supernatants were analyzed by
HPLC as described [5] using a Gemini C18 column (150 A, ~ 4.6 mm,
Phenomenex, CA, USA) and performed 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 peak area as a function of coenzyme or cyclic
adduct concentration were prepared with commercially available PLP
and coenzyme adducts obtained by synthesis (see Results section). Ac-
tivity was determined at 2 mM L-Dopa concentration in triplicate with
the procedure already reported [14] and quantified by determining the
initial rate PLP decay or cyclic adduct increase.

2.6.2. RP-HPLC of Syn in the presence of the Pictet-Spengler adduct
Unless otherwise stated RP-HPLC analysis of Syn were carried out as
described elsewhere [17]. Syn samples collected from the aggregation
mixture at pH 7.4 were centrifuged, injected into a Jupiter C18 column
(4.6 x 250 mm, 5.0 pm; Phenomenex, Torrence, CA, USA) and eluted
using a water/acetonitrile 0.1% trifluoracetic acid gradient of 5 to 38%
in 5 min and 38 to 43% in 15 min measuring at a wavelength of 226 nm.
Identity of protein species collected under the peaks was controlled by
electrospray ionization (ESI) mass spectrometry (MS) on a Xevo® G2-XS
ESI-Q-TOF mass spectrometer (Waters Corporation, Milford, MA, USA).

2.7. ThT binding assay of the Pictet-Spengler adduct with Syn

The formation of amyloid-like aggregates was monitored using Thi-
oflavin T (ThT) fluorescence. At each sampling time, 15 pL of aggrega-
tion mixture was added to 235 pL of 25 uM ThT prepared in 20 mM
sodium phosphate buffer (pH 6.0). Fluorescence spectra were acquired
at 25 °C using an excitation wavelength of 440 nm and collecting
emission between 450 and 600 nm. Control measurements containing
only the Pictet-Spengler adduct were recorded to evaluate possible
interference with the fluorescent signal. Data are reported as the mean
value of three replicates + standard deviation (SD).

2.8. BCA assay for quantifying protein amount

The BCA assay was performed on a NanoDrop system. The fresh BCA
working reagent was prepared using a 50:1 ratio of the kit reagents A:B.
The calibration curve was measured by using bovine serum albumin at
different concentrations (0, 0.25, 0.5, 0.75 and 1 mg/mL) as a standard.
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For each standard/sample 10 pL of solution/supernatant were mixed
with 200 pL BCA working reagent mixture. Standards and samples were
incubated at 37 °C for 30 min and then cooled to room temperature. The
absorbance of the BCA/copper complex was measured at 562 nm. For
the measurement 2 pL of sample were used.

2.9. Aggregation kinetics and isolation of Syn components during
aggregation

Syn aggregation in the presence or absence of the Pictet-Spengler
adduct was monitored by checking for ThT fluorescence, circular di-
chroism (CD) spectroscopy and concentration of soluble protein at
different time points (0 h, 48 h, 96 h and 168 h) for seven days as
described above. Syn at 70 pM (1 mg/mL) concentration (total volume
= 300 pL) in 20 mM sodium phosphate buffer (pH 7.4 and pH 6) was
incubated in a 1.5 mL microcentrifuge tube at 37 °C under agitation
(700 rpm) for each time point under different conditions: Syn alone, Syn
with 70 pM Pictet-Spengler adduct (1:1) and Syn with 350 pM Pictet-
Spengler adduct (1:5). In addition, as a control samples of 70 pM and
350 puM of the cyclic adduct alone were put under the same treatment.
Briefly, at each time point an aliquot (15 pL) was taken for the ThT
measurement. The rest was centrifuged at 15000 rpm for 30 min to
pellet down the fibril fraction and separate the monomeric Syn in the
supernatant. The amount of formed fibrils was determined by sub-
tracting the concentration of protein left in the supernatant from the
initial protein concentration. For the samples containing only Syn the
concentration was determined by absorption measurements at 280 nm
using a double-beam Jasco V-730 spectrophotometer. The molar ab-
sorptivity (g) of Syn is 5960 M~ em ™. For the samples containing Syn
and the Pictet-Spengler adduct, the concentration was measured per-
forming a BCA assay with a Nanodrop system. BCA assay was also done
with the samples containing only Syn alone. Since the Pictet-Spengler
adduct interferes both with UV-spectrophotometry at 280 nm and
with the BCA assay, the concentration measured for the samples con-
taining Syn and the adduct was always corrected by subtracting the
contribution from the Pictet-Spengler adduct obtained by performing a
BCA assay on samples only containing 70 pM and 350 pM adduct. To
check if at the aggregation time point oxidized forms of Syn were pre-
sent, the aggregation mixtures at pH 6 and pH 7.4 were buffer
exchanged with water with centrifugal filters and analyzed with mass
spectrometry.

2.10. Circular dichroism (CD) spectroscopy of AADC variants and Syn

Near UV-visible CD spectral measurements of AADC deficiency
variants were recorded at an enzyme variant concentration of 5 pM in
100 mM potassium phosphate, pH 7.4, at 25 °C with a Jasco J-710
spectropolarimeter at a scan speed of 50 nm/min, bandwidth of 2 nm in
the presence of 10 pM exogenous PLP. Far UV CD measurements of Syn
were conducted as described previously unless otherwise stated [29].
Briefly, supernatants of the centrifuged aggregation mixtures were
diluted to obtain a concentration of 7 pM. The pellets on the other hand
were resuspended in 200 pL, which is the minimal volume needed for
the CD measurement. Data were collected in the wavelength range of
195-250 nm. Five accumulations were measured for all samples, which
were successively averaged and blank subtracted. From the samples
containing the Pictet-Spengler adduct, a blank containing 70 pM and
350 pM adduct diluted in the same way as their corresponding super-
natant was subtracted. Only data with high tension voltage <600 V were
collected to avoid too noisy signals. The mean residue ellipticity [0]
(degree cm? dmol ™! residue™!) was calculated from the following Eq.
[30]:

Oops MRW
o1 = 10 I

@
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where 0,ps is the observed ellipticity in degrees; MRW is the mean res-
idue molecular weight of the protein (g/mol), 1 in the optical path length
(cm) and c is the protein concentration (g/mL).

2.11. Transmission electron microscopy (TEM)

Aggregate morphology was examined after 192 h of incubation by
transmission electron microscopy. Samples were deposited onto Butvar-
coated 400-mesh copper grids and negatively stained with 1% (w/v)
uranyl acetate. Images were collected using a Tecnai G2 12 Twin mi-
croscope (FEI, Hillsboro, OR, USA) operated at 100 kV.

2.12. Dynamic light scattering (DLS)

Particle size distributions were determined by dynamic light scat-
tering using a Zetasizer Ultra instrument (Malvern Instruments, UK).
Samples were analyzed in UV-transparent disposable cuvettes with a
0.45 cm optical path. Instrument attenuation was automatically opti-
mized during acquisition. Measurements were performed in triplicate
and processed using ZS Xplorer software, with results reported as
number-weighted distributions. Data on particle size are reported as
mean + SD of a triplicate, each one consisting of 30 repetitions.

2.13. Native mass spectrometry (native MS)

Native MS measurements were carried out using the same instrument
setup and general workflow as described previously [17]. In brief, prior
to analysis, Syn and Syn incubated with 350 pM Pictet-Spengler adduct
were subjected to purification by size exclusion chromatography (SEC)
using a Superdex™ 200 Increase 10/300 GL column (Amersham Bio-
sciences, Uppsala, Sweden). Following SEC, the proteins were
exchanged into 200 mM ammonium acetate buffer (pH 7.0) and
concentrated to a final protein concentration of 10 pM using Amicon
Ultra-0.5 centrifugal filters (Merck Millipore, Ireland).

Samples were introduced by direct-infusion electrospray ionization
(ESI) on a Xevo G2-S Q-Tof mass spectrometer (Waters). Measurements
were carried out in nanoflow ESI mode using in-house pulled quartz
emitters prepared with a P2000 laser pipette puller (Sutter Instruments,
Novato, CA, USA). Each emitter was loaded with up to 5 pL of sample
using gel-loading pipette tips, and a stainless-steel wire inserted at the
rear of the emitter was used to apply an ionization voltage between 1.0
and 1.6 kV. The source temperature was maintained at 30 °C, with a
desolvation voltage set to 40 V. All spectra were acquired in positive ion
mode.

Data analysis was performed using MassLynx software (v4.2,
SCN781; Waters). The relative populations of conformational states
were determined by integrating the signal intensities corresponding to
each species across datasets. Quantification was carried out using
custom MATLAB scripts (R2016b), and results were expressed as per-
centage distributions to enable comparison between experimental
conditions.

2.14. Isothermal titration calorimetry (ITC)

Thermodynamic characterization of the interaction between Syn and
the Pictet-Spengler adduct was performed using a VP-ITC microcalo-
rimeter (Malvern Panalytical). Protein solution (70 pM) was placed in
the sample cell and titrated with 1 mM adduct solution through 27
sequential injections of 5 pL separated by 480 s intervals. Experiments
were conducted in 20 mM phosphate buffer (pH 7.4) at 25 °C. Heat
contributions arising from ligand dilution were measured independently
and subtracted from the raw thermograms.
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2.15. Cytotoxicity assays with Syn in the presence of the Pictet-Spengler
adduct

Cytotoxicity of Syn in both oligomeric and fibrillar states was
assessed using the human neuroblastoma SH-SY5Y cell line. Cells were
cultured in DMEM/F-12 HEPES medium (Cat. No. 31330-038, Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal
bovine serum (FBS; Thermo Fisher Scientific), 2 mM t-glutamine, and
antibiotics (100 U/mL penicillin and 100 pg/mL streptomycin), and
maintained at 37 °C in a humidified atmosphere containing 5% CO.. For
experimental treatments, cells were seeded in 96-well plates at a density
of 10,000 cells per well and allowed to adhere for 24 h. The culture
medium was then replaced with medium containing 1% FBS to minimize
serum-related interference in toxicity measurements.

Cells were exposed to 7.0 pM Syn oligomers or fibrils, either in the
absence or presence of 350 pM Pictet-Spengler adduct. Cell viability was
evaluated after 24 and 48 h of incubation using the MTS assay (CellTiter
96® AQueous One Solution Cell Proliferation Assay, Promega, Madison,
WI, USA). Briefly, 20 pL of MTS reagent was added to each well, fol-
lowed by incubation for 2-4 h at 37 °C and 5% CO: according to the
manufacturer's instructions. Absorbance was measured at 492 nm, cor-
responding to the formation of formazan by metabolically active cells.
Results are presented as mean + SD from a single experiment performed
in sextuplicate.

The cytotoxicity of Pictet-Spengler adduct was tested as cell viability
assay using the OZBlue cell viability assay (OZ Biosciences) [24].
Briefly, SH-SY5Y cells were seeded in 96-well plates at a density of 15 x
102 cells per well and treated with varying concentrations of the adduct
for 24 or 48 h. Following treatment, 5 pL of OZBlue reagent was added to
each well and cells were incubated for 1 h under standard culture con-
ditions. Fluorescence was then recorded at 590 nm with excitation at
560 nm using a multimode microplate reader (GENios; Tecan). Data are
reported as mean + SD from three independent experiments.

3. Results

3.1. Predicted structural effects of the AADC deficiency variants by in
silico analyses

We selected loss-of-function AADC deficiency variants (residual
decarboxylase activity < 2% (Table 1)) from the literature
[3,6,13,14,31] and from the Pediatric Neurotransmitter Database (PND)
for AADC deficiency (Biopku) (https://www.biopku.org/pnd/). The
selected variants refer to amino acids spread at the interface between the
two identical monomers composing the AADC functional dimer (Fig. 1A,

Table 1
Residual activity of AADC deficiency variants measured in the presence of
saturating L-Dopa concentrations.

# Residual decarboxylase
activity (%)

Initial rate of Pictet-Spengler adduct
formation (min~)"

WT 100 +£ 0.1 <0.002
p.Tyr20del 0.26 + 0.01 0.050 + 0.004
p.Leu38Pro 0.013 + 0.002 0.035 =+ 0.002
p.His70Arg/ 0.012 + 0.001 0.047 + 0.003
Trp21del

p.Ala91Val 0.0085 =+ 0.0005 0.028 + 0.004
p.Trp105Cys 0.046 + 0.003 0.025 + 0.003
p-Alal10Glu 0.0013 £ 0.0004 0.033 £ 0.003
p.Gly146Arg 1.4+ 0.1 0.025 + 0.003
p.Ser147Arg 0.05 + 0.01 0.073 + 0.005
p.Phe309Leu 24+04 0.09 £+ 0.01
p-Pro330Leu 0.67 £ 0.03 0.007 + 0.001
p.Arg347GIn 0.14 + 0.01 0.012 + 0.002
p.Leu353Pro 0.015 £ 0.001 0.003 £ 0.002

# The initial rate of 10 pM free PLP in the presence of 2 mM L-Dopa is 0.2
min . Values are reported as the mean + SD of three independent experiments.


https://www.biopku.org/pnd/

P. Trolese et al.

E

PLP-DME

loop2

Subunit A
Subunit B

Gly/Arg146

/
Phe/Leu309

Trp/Cys105’

Ala/Va91’

International Journal of Biological Macromolecules 379 (2026) 153968

B
PLP-DME ¢ ‘/, Ser147

Phe309 ¢{ Gly146
Trp71 ([ DR X e Aozt
4 J . \ o )
| ) L prosso
His70 ' > “-lé
AN 7Y Leu353
X0 Trp105
Ala110

Alag1 PLP’-DME

PLP’-DME

Leu/Pro353

WT ipharold vs WT pdb:gora = 0.345 A

Aphafold v WT appharoid = 0.116 A

e Met20 }rZO(
(o ARK

\; NS S r, A] reduced rise

T reduced pitch

G

H70R/W71 de|A|phaF0|d Vs WTAIphaFoId = 0.237 A

Trp71 g’
r/‘\/

PLP-DME

His72/His71

(caption on next page)



P. Trolese et al. International Journal of Biological Macromolecules 379 (2026) 153968

Fig. 1. Localization of the AADC residues involved in pathogenic substitutions and in silico mutagenesis. (A) Dimeric AADC structure (pdb:8ora) is shown as
surface, and the two subunits A and B are colored in white and blue, respectively. (B) The localization of residues involved in the pathogenic substitutions is
highlighted in red on subunit A. The PLP-DME external aldimine is shown with sticks and colored in white (subunit A) and blue (PLP’-DME, subunit B; the prime
denotes a residue or the coenzyme belonging to the neighboring subunit). (C) Residues Gly146, Ser147, and Phe309 belonging to the same subunit of the conserved
PLP-binding residue Lys303 are shown together with the PLP-DME. WT protein is colored in white; substituted residues obtained using FoldX are colored in yellow.
The active-site pocket is shown with a grey circle for simplicity. (D) PLP’-DME of subunit B is shown together with residues Pro330, Arg347, and Leu353 belonging to
loop3 of subunit A. Loop3 is indicated. (E) Residues Trpl05° and Alal10’ of subunit B and Leu38 are shown together with PLP-DME. Loop2 is indicated. (F)
AlphaFold models of WT (green) and p.Tyr20del (yellow) are superposed and compared to the crystal structure of WT AADC (white, pdb:8ora). The RMSD between
the structures is reported. The effect of the deletion on the pitch and rise of helix1 is shown. (G) The AlphaFold model of p.His70Arg/Trp71del (cyan) is superposed
on AlphaFold model of the WT (green) and of the crystallographic WT (white, pdb:8ora). The RMSD between the structures is reported. Residues are shown as sticks.
(‘For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

B). The predicted effects of the missense variants obtained from the Ala-to-Val and Ala-to-Glu substitutions and to the disruptive effect of the

computational tools (FoldX, DynaMut2 and DUET) show that all of them Leu-to-Pro substitution on the helical structure.

are destabilizing (Table 2). To model the structural modifications of the The variants characterized by an amino acid deletion, p.Tyr20del

substituted variants, we carried out in silico mutagenesis. and p.His70Arg/Trp71del, were modeled using AlphaFold, and their
First, we examined the residues located at/near the PLP binding site: stability was evaluated with FoldX (Fig. 1F, G and Table 2). In frame

Gly146 and Ser147 are involved in the anchoring of the phosphate group deletion of Tyr20 is predicted to alter helixl (residue 1-25) geometry

of PLP [7], represented in its external aldimine conformation with the L- with reduced pitch and rise of downstream region 19-25 compared to

Dopa analog dopa methylester (DME), while Phe309 is in contact with WT (Fig. 1F). The AlphaFold model of p.His70Arg/Trp71del shows that
residues directly binding the catechol moiety of the substrate [6], as the overall backbone of loopl (residues 66-84) is altered, and that
shown in Fig. 1C. The p.Ser147Arg and p.Gly146Arg variants are pre- deletion of Trp71 would result in the loss of a short motif harboring

dicted to cause increased steric hindrance and a change in polarity, Trp71 (involved in substrate hydrophobic stabilization) and His72
affecting the active site of the same subunit by, as well as the dimer (Fig. 1G).

interface. Interestingly, Glyl46 maps in a central cavity of AADC be- Overall, p.Tyr20del and p.His70Arg/Trp71del are predicted to affect
tween the two active sites [7], and substituted arginine could be placed structural elements, as p.Leu38Pro, p.Ala91Val, and p.Alal10Glu.

in this cavity, explaining the smaller AAG with respect to p.Ser147Arg
(Table 2). p.Phe309Leu may induce a local perturbation, with a possible
effect on substrate binding site. Notably, the PLP-binding lysine 3.2. Incompetent AADC deficiency variants with altered PLP

(Lys303) of the resting enzyme maps upstream on the same loop, and microenvironment synthesize the Pictet-Spengler adduct
could be affected by the Phe309-to-Leu substitution (Fig. 1C).

Pro330, Arg347, and Leu353 belong to loop3, a flexible motif con- All the purified variants are folded since they exhibit far UV CD
taining the catalytically essential residue Tyr332 [7]. During catalysis, spectra similar to that of the WT (data not shown). However, they differ
loop3 of one subunit closes upon the neighboring active site of the other in the extent of decrease of the dichroic band at 280 nm compared with
subunit to properly position Tyr332 for the decarboxylase reaction the WT. Some variants showed almost no (p.Pro330Leu and p.

(Fig. 1D, [7]). The effects of the p.Pro330Leu, p.Arg347Gln, and p. Arg347Gln) or slight changes (p.Trp105Cys, p.Gly146Arg, p.Ser147Arg,
Leu353Pro variants have been already described [14,24] and do not p-Phe309Leu, and p.Leu353Pro), whereas others exhibited pronounced
seem strictly related to a structural alteration, rather to an overall decreases (p.Tyr20del, p.Leu38Pro, p.His70Arg-Trp71del, p.Ala91Val,

reduced mobility of the catalytic loop [7]. p.Alal10Glu) (Fig. 2A). This band reflects the environment of buried

Trpl05 maps on loop2, a structural element of the neighboring aromatic amino acids and serves as an indication of tertiary structure.
subunit associated with substrate binding. Its substitution to Cys would Thus, variants with a markedly reduced or absent band appear to have
affect the flexibility of loop2 with effects similar to those of the variants more compromised tertiary conformations relative to the WT. Interest-
mapping on loop3 (Fig. 1E). ingly, the calculated AAGgoq of missense variants (Table 2) shows a

On the contrary, p.Leu38Pro, p.Ala91Val, and p.Alal10Glu may correlation with the measured dichroic signal at 280 nm (r = —0.817),
differently cause a strong perturbation of the bulky microenvironment suggesting that variants predicted to be more destabilizing (p.Leu38Pro,
of the secondary structural elements to which they belong (Fig. 1E). p-Ala91Val, and p.Ala110Glu) also show higher structural alterations in
These effects are due to the increased steric hindrance introduced with solution (Fig. 2B).

Changes in the aromatic environment are accompanied by

Table 2

Predicted stability effects of the AADC variants using independent computational approaches.
# FoldX (dimer) AAGgyq (kcal/ DUET AAGgq (kcal/ DynaMut2 AAGgq (kcal/ FoldX AGg,q AlphaFold model (kcal/ Overall

mol) mol) mol) mol) prediction
WT (alphaFold model) —281.4
p-Tyr20del nd nd nd -279.1 destabilizing
p.Leu38Pro 21.5+23 -1.737 —0.98 destabilizing
p-His70Arg/ nd nd nd —263.7 destabilizing
Trp71del

p-Ala91val 20.2 £ 0.5 —0.466 -1.13 destabilizing
p.Trp105Cys 10.9 £ 0.1 —2.023 —2.22 destabilizing
p-Alal10Glu 13.0 £ 2.6 —2.841 -1.15 destabilizing
p.Gly146Arg —0.13 + 0.98 -0.774 -0.77 destabilizing
p-Ser147Arg 11.3 £ 0.6 —0.04 0.07 destabilizing
p-Phe309Leu 0.29 £+ 0.04 —1.476 -1.83 destabilizing
p-Pro330Leu 4.6 +£0.3 —0.333 —0.47 destabilizing
p-Arg347GIn 0.47 + 0.42 —1.502 —0.62 destabilizing
p.Leu353Pro 7.4+0.1 —1.698 —0.85 destabilizing

nd, not determinable.
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Fig. 2. Near UV-Vis CD spectra and coenzyme modifications during the reaction of AADC deficiency variants with L-Dopa. Variants are colored-coded as
either highly structurally affected (red) or minimally/not structurally affected (blue). The colour shades are consistent with the localization of the variant on the
AADC primary sequence (from darker to lighter red or blue colors referred to amino acids located from the amino to the carboxy terminal). The colors shading is
shown at the right of the panels. (A) Near UV-Vis CD spectra of AADC deficiency variants at a concentration of 5 yM in 100 mM potassium phosphate buffer, pH 7.4,
at 25 °C (WT AADC is reported as a reference, dashed line). (B) Correlation plot of the dichroic signal at 280 nm and the predicted AAGg,q (Table 2). (C) Correlation
plot of dichroic signals at 280 nm and the dichroic ratio 335/420 nm for each AADC variant. The decrease of PLP (D) and the increase of the Pictet-Spengler adduct
(E) were monitored during the reaction of AADC deficiency variants (10 pM) with L-Dopa (2 mM) in 100 mM potassium phosphate buffer, pH 7.4, at 25 °C by RP-
HPLC. Data for the variants are colored according to the legend. The control containing free PLP and DOPA is colored in dark blue. (F) Correlation plot of the rate of

adduct formation versus the dichroic signal at 280 nm for each AADC variant.

All symbols represent the mean value of three replicates, and the error bars represent SD. In the correlation plots the grey-shaded area refers to 95% confidence
interval. All Pearson coefficients and P values were determined with Prism, 8.4.0 (GraphPad). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

alterations in the PLP microenvironment, as evidenced by a shift in the
internal aldimine tautomeric equilibrium toward the ketoenamine form
in the five most affected variants (Fig. 2A). There is a strong correlation
(r = 0.98) between the dichroic signal at 280 nm and the 335/420 nm
dichroic ratio (Fig. 2C). This suggests that an alteration in the protein
folding is strongly associated to an alteration in the PLP binding pocket.

In the presence of L-Dopa, all these loss-of-function variants undergo
Pictet-Spengler condensation reaction, clustering in two groups char-
acterized by a faster (p.Tyr20del, p.Leu38Pro, p.His70Arg-Trp21del, p.
Ala91Val, p.Alal10Glu, and p.Gly146Arg, p.Ser147Arg, p.Phe309Leu)
or slower (p.Trpl05Cys, p.Pro330Leu, p.Arg347GIn and p.Leu353Pro)
rate of PLP-L-Dopa cyclic adduct formation (Fig. 2D,E and Table 1). The
anomalous behavior of p.Phe309Leu variant is due to its decarboxylase
rate leading to L-Dopa consumption in about 15-20 min, thereby stop-
ping PLP condensation reaction with L-Dopa.

Overall, the variants that are more prone to release their coenzyme
as cyclic adduct with L-Dopa are also those showing the most marked
alterations in spectroscopic features (Fig. 2F, r = —0.83), with the
exception of p.Ser147Arg and p.Phe309Leu which retain their spectro-
scopic features, but synthesize the Pictet-Spengler adduct at high rates.
It can be inferred that these variants, although not particularly affected
from a structural point of view, push the synthesis of the irreversible
adduct, since the modifications introduced directly disturb PLP and
substrate stabilization.

3.3. Production and characterization of the Pictet-Spengler cyclic adduct

The Pictet-Spengler adduct was successfully generated by nonenzy-
matic condensation of L-Dopa and PLP and purified as described in the
Materials and Methods. We first evaluated the chemical stability of the
cyclic compound under different experimental conditions. Upon pro-
longed incubation (up to 168 h) in 20 mM sodium phosphate buffer at
pH 7.4, an additional absorption band is visible in the UV-Vis spectrum
at approximately 420 nm (Fig. 3B, top). This observation indicates that
the dominant chemical behavior of the compound is governed by its
catechol functionality, suggesting that the cyclic adduct behaves pri-
marily as a free catechol in solution. Notably, the intensity of the 420 nm
band is lower at higher compound concentrations compared to 70 pM
(Fig. 3B, bottom), consistent with a concentration-dependent shift to-
ward rapid secondary reactions that consume quinones intermediates
through polymerization. This behavior places the Pictet-Spengler adduct
in the same reactivity class as dopamine, DOPAC, and DOPAL, which are
known to undergo auto-oxidation at pH values above 7, generating
quinones and reactive oxygen species [32,33]. The yellowing of the
solution observed over time is in agreement with this oxidative chem-
istry. Mass spectrometric analysis further supports this interpretation:
while freshly purified PLP-Dopa adduct displays the expected m/z of
427, prolonged incubation at pH 7.4 does not result in a discrete quinone
species (m/z 425), but rather in the formation of heterogeneous poly-
merized products (Fig. 3C). This behavior is consistent with catechol-
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Fig. 3. Chemical characterization and pH-dependent stability of Pictet-Spengler adduct. (A) Schematic representation of the nonenzymatic Pictet-Spengler
condensation between L-Dopa and PLP, yielding a cyclic adduct, through a Schiff base intermediate. (B) UV-Vis absorption spectra of the cyclic adduct at 70 pM (top)
and 350 pM (bottom) incubated in sodium phosphate buffer (pH 7.4) for increasing times (0, 24, 48, and 168 h). UV-Vis data are reported in the same scale. The
progressive appearance of an absorption band at ~420 nm and visible yellowing of the solution indicate the formation of oxidized and/or polymeric species. (C) Mass
spectra of freshly prepared adduct (top), adduct incubated for one week at pH 7.4 (center), and adduct incubated for one week at pH 6 (bottom). Incubation at
physiological pH results in heterogeneous polymeric species, whereas the cyclic adduct remains chemically stable under mildly acidic conditions.

driven oxidative pathways analogous to those underlying dopamine
melanogenesis [34]. In contrast, both oxidation and polymerization are
strongly suppressed at pH 6 (Fig. 3C, bottom), where catechol groups
remain largely protonated and chemically stable. Taken together, these
observations indicate that the pH- and concentration-dependent spectral
changes of the Pictet-Spengler adduct reflect the transient accumulation
of catechol-derived oxidation intermediates that are rapidly consumed
through secondary reactions, rather than a simple increase in overall
oxidation.

3.4. Syn aggregation is inhibited by the Pictet-Spengler adduct

To investigate the effect of Pictet-Spengler adduct on Syn aggrega-
tion, the compound was added to protein solutions at pH 7.4 and pH 6
using Syn/adduct molar ratios of 1:1 and 1:5 (Fig. 4A,B). Aggregation
kinetics were monitored by ThT fluorescence, while TEM was used to
evaluate aggregate morphology. At pH 7.4, where the cyclic adduct is
chemically unstable, Syn fibrillation was inhibited in a dose-dependent
manner. TEM images collected after 168 h show the presence of mature
fibrils in samples containing Syn alone (Fig. 4E), whereas samples
incubated with Pictet-Spengler adduct at a 1:5 ratio predominantly
contained smaller, oligomeric species (Fig. 4F). In contrast, at pH 6,
where the adduct remains chemically stable, no inhibition of fibrillation
was observed, with ThT fluorescence intensities more than twofold
higher than those measured at pH 7.4. The presence of large aggregated
species in Syn-only samples and smaller oligomeric species in the pres-
ence of the Pictet-Spengler adduct was further confirmed by DLS mea-
surements (Fig. 4C). Far UV CD spectroscopy revealed that the Pictet-
Spengler adduct does not induce p-sheet formation in monomeric Syn

over time, but rather stabilizes a disordered conformational ensemble
distinct from that of the native monomer (Fig. 4D). When aggregation
experiments were performed in the presence of catalase (Fig. S1), which
scavenges reactive oxygen species and prevents Syn oxidation, no dif-
ferences in aggregation kinetics were observed relative to control sam-
ples, and a dose-dependent inhibition of fibrillation was retained. This
indicates that oxidation of Syn is not required for the observed inhibi-
tion, suggesting that chemically unstable species derived from Pictet-
Spengler adduct, rather than the adduct itself or oxidative modifica-
tion of the protein, are responsible for the altered aggregation behavior.
Collectively, these results indicate that Pictet-Spengler adduct-mediated
inhibition of Syn fibrillation is closely linked to its chemical instability at
physiological pH.

To further characterize the molecular nature of Syn species formed
during incubation, samples containing Syn alone or Syn with the adduct
at 1:1 and 1:5 ratios were analyzed by RP-HPLC at 0, 48, and 168 h
(Fig. 5). At pH 7.4, additional peaks eluting before native Syn appeared
over time in Pictet-Spengler adduct-containing samples and were iden-
tified by mass spectrometry as oxidized Syn species (Table 3). This effect
was more pronounced at a 1:5 ratio, where Syn molecules bearing up to
four oxidative modifications were detected. In contrast, under moderate
acidic conditions (pH 6), only unmodified Syn was observed by mass
spectrometric analysis. These findings indicate that the chemical insta-
bility of the Pictet-Spengler compound not only correlates with fibril-
lation inhibition but also promotes progressive oxidation of Syn, which
may contribute to the accumulation of smaller, oligomeric species.
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Fig. 5. Oxidative modification of Syn induced by Pictet-Spengler adduct during incubation. RP-HPLC chromatograms of Syn alone (A) or incubated with the
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with increasing Pictet-Spengler adduct concentration and were identified by mass spectrometry as oxidized Syn species. Oxidative modifications are absent under
conditions in which the adduct is chemically stable (pH 6, not shown). Deg, species derived from degradation; ox, oxidized species of Syn; the number indicates the
extent of modification; PsP, Pictet-Spengler adduct.



P. Trolese et al.

Table 3

Chemical characterization of the protein material corresponding to the major
peaks in the chromatograms shown in Fig. 5. The adduct refers to the Pictet-
Spengler condensation cyclic adduct.

Sample Time RT” (min) Experimental Mass” (Da) Species

Syn 0h 25.6 14,459.04 + 0.03 Syn

Syn + adduct 48 h 25.1 14,475.12 + 0.19 Syn + 1 ox*
Syn + adduct 48 h 25.0 14,491.97 £+ 0.22 Syn + 2 ox
Syn + adduct 168 h 23.9 14,508.08 + 0.11 Syn + 3 ox
Syn + adduct 168 h 22.9 14,524.35 + 0.09 Syn + 4 ox

2 RT, RP-HPLC retention time.

b mass determined by ESI-MS.

¢ ox, Syn containing a Amass of +16 Da due to one to four methionine residue
(s) oxidation.

3.5. Interaction of Syn with the Pictet-Spengler adduct probed by native
MS and ITC

Native MS provides insight into the conformational ensemble of Syn
by analyzing its charge-state distribution under non-denaturing condi-
tions, which reflects interconversion between distinct conformational
states [17]. In this framework, lower m/z values correspond to more
extended conformations due to increased solvent exposure of proto-
natable groups. At 0 h (Fig. 6A,B), Syn alone displays three inter-
converting conformational populations, corresponding to extended,
intermediate, and compact states. Upon addition of the Pictet-Spengler
adduct at 0 h, the populations corresponding to the most extended
and most compact conformations markedly decrease in favor of the in-
termediate state (Fig. 6A,B), suggesting a redistribution of the confor-
mational ensemble and a kinetic stabilization of this intermediate
conformation. Despite this, no complex between the adduct and Syn was
detectable. Interestingly, the small molecule was still detected in the
native MS spectrum after SEC purification of the protein (Fig. $2). This
indicates that any interactions between Syn and the adduct do not
persist through transfer to the gas phase, even under native MS condi-
tions. Nevertheless, despite the absence of a detectable complex, the
adduct clearly alters the conformational landscape of Syn.

ITC measurements (Fig. 6C) were performed to further characterize
this interaction and revealed a thermogram with negligible enthalpic
contribution, consistent with the absence of a stable, specific binding
event. Together with the native MS data, these results suggest that the
observed conformational rearrangement is driven by weak, non-specific
interactions that are predominantly entropic in nature. One possible
explanation is a transient hydrophobic interaction between the adduct
and the non-amyloid component region of Syn (amino acids 61-95),
leading to compaction in solution. Such interactions are expected to be

International Journal of Biological Macromolecules 379 (2026) 153968

lost during ionization and gas-phase transfer, where hydrophobic effects
are abolished and electrostatic interactions dominate [35], providing a
plausible explanation for the lack of detectable Syn-adduct complexes
by native MS.

3.6. Cytotoxicity of Syn formed in the presence of the Pictet-Spengler
adduct

Notably, the Pictet-Spengler adduct alone did not exhibit cytotox-
icity toward SH-SY5Y cells, causing only a modest (~10%) reduction in
cell viability at the highest concentration tested (350 pM). (Fig. 7A).
Given that the Pictet-Spengler adduct stabilizes Syn in fibril-
incompetent, oligomeric states, we next assessed the cytotoxicity of
Syn species formed in the presence of the cyclic compound. Syn incu-
bated alone for 48 h (oligomer-enriched) or 168 h (fibril-enriched)
induced moderate toxicity in SH-SYSY cells following 24 h exposure (75
and 88% cell viability) (Fig. 7B). In contrast, Syn samples generated in
the presence of the Pictet-Spengler adduct for the same incubation times
did not induce detectable cytotoxicity under these conditions. Interest-
ingly, upon prolonged exposure (48 h), Syn-adduct samples exhibited
toxicity comparable to that of Syn oligomers and fibrils, although a bit
lower (Fig. 7C). The initial absence of toxicity followed by a delayed
onset, in contrast to Syn alone which displays toxicity already at early
time points, suggests that the Pictet-Spengler adduct may modulate the
interaction of Syn assemblies with cells. In particular, the adduct may
slow down the cellular uptake or membrane interaction of toxic Syn
species, thereby delaying the manifestation of cytotoxic effects.

4. Discussion

This study identifies a connection between the structural impair-
ments of AADC and the generation of a chemically reactive metabolite
capable of modulating Syn behavior. Specifically, we show that a subset
of catalytically affected AADC deficiency variants promotes the forma-
tion of the Pictet-Spengler cyclic adduct between L-Dopa and PLP, a
reaction that is negligible in the WT enzyme. The Pictet-Spengler
condensation effectively converts the enzyme-bound cofactor into a
dead-end product, irreversibly depleting PLP from the active site. These
findings may have potential therapeutic implications. Vitamin Bg (pyr-
idoxine, precursor of PLP) supplementation is currently recommended
as a treatment for AADC deficiency [11], and raises the possibility that it
may enhance the propensity of some variants to undergo this unpro-
ductive reaction, under conditions in which L-Dopa level increases, due
to the metabolic block caused by the genetic variants.

The ability of the AADC variants to produce the cyclic adduct ap-
pears to be tightly linked to structural perturbations affecting the active
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Fig. 6. Probing the interaction between the Pictet-Spengler adduct and Syn. (A) Native mass spectra of Syn alone (top) and Syn upon the addition of adduct at a
1:5 M ratio (bottom). Charge-state distributions reveal a shift toward more compact conformational populations upon the Pictet-Spengler compound addition. (B)
Quantification of extended and compact conformer populations for Syn alone (black) and in the presence of the Pictet-Spengler adduct (grey), showing an increase in
population 2 and decrease of 1 and 3. (C) ITC thermogram obtained by titrating the Pictet-Spengler adduct into Syn at pH 7.4, after subtraction of adduct dilution

heat.
PsP, Pictet-Spengler adduct.
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Fig. 7. Cellular effects of the Pictet-Spengler adduct alone or in the presence of Syn aggregates. (A) Cell viability of SH-SY5Y neuroblastoma cells treated with
increasing concentrations of the Pictet-Spengler adduct (0-300 uM) for 24 h (black) and 48 h (red), measured by metabolic activity assay.

The viability of SH-SY5Y cells treated with Syn incubated for 48 h (oligomer enriched) and 168 h (fibril enriched) in further 24 h (B) or 48 h (C) time exposure in the
absence or in the presence (1:5) of the Pictet-Spengler adduct. Abbreviation: NT, not treated; PsP, Pictet-Spengler adduct. *P < 0.05, ***P < 0.001, ****P < 0.0001.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

site. In the WT enzyme, PLP is maintained in a microenvironment that
protects the cofactor from solvent exposure and undesired side re-
actions, as in all PLP-dependent enzymes [4]. By contrast, the investi-
gated loss-of-function AADC variants can be classified into two groups:
(i) variants resembling the WT, which do not produce significant
amounts of the cyclic adduct, and (ii) variants that irreversibly convert
PLP into the Pictet-Spengler product, with reaction rates significantly
higher than the WT (Table 1). This distinction is based on several factors.
First, in silico structural modeling shows that the variants mapping on
loop3 (p.Pro330Leu, p.Arg347GIn and p.Leu353Pro) may affect the
flexibility of this loop, preventing catalysis, without major structural
crashes. Instead, the other variants are predicted to present structural
impairments. Interestingly, structural dynamics of AADC regions far
from the active site, has been demonstrated to be essential for the cat-
alytic loop closure upon the active site [7], underscoring how the global
structural integrity of the protein can trigger active site functionality.
Second, we observed that the extent of the destabilization induced by
the amino acid modifications is associated with a signal indicative of
folding (Fig. 2B and Table 2). The higher the destabilizing effect, the
lower the dichroic signal at 280 nm. Consistently, the same dichroic
signals, indicative of alterations in the microenvironment of aromatic
residues, correlate with the catalytic PLP center (Fig. 2C), indicating the
association among subtle structural perturbations and cofactor micro-
environment. Interestingly, the initial rate of the Pictet-Spengler
condensation reaction correlates with the alteration of the dichroic
signal at 280 nm (Fig. 2F) which, in turn, is correlated with the alter-
ation of the cofactor binding mode. Notably, Ser147Arg and Phe309Leu,
even if not so much compromised in folding, are able to synthesize the
cyclic adduct at high rates, mainly due to the fact that their amino acid
substitutions directly affect PLP and L-Dopa stabilization.

Notably, the Pictet-Spengler adduct has not previously been re-
ported or investigated as a potential biomarker in AADC deficiency
patient samples. Even though its formation or accumulation in vivo as
well as its possible biological effects have not yet been directly
demonstrated, further studies are required to assess its physiological
relevance.

To explore the potential biological effects on biological macromol-
ecules, we investigated Syn, a protein with a key role in Parkinson's
Disease, as a target of the Pictet-Spengler adduct, due to its presynaptic
localization and its established ability to interact with catechol-moieties
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[17-20]. Our results show that the Pictet-Spengler adduct inhibits Syn
fibrillation in a dose-dependent manner and, under the same experi-
mental conditions, promotes oxidative modification of the protein.
Under the same conditions, the adduct is chemically unstable, as indi-
cated by the progressive yellowing of the solution. Our previous studies
demonstrated that catechol-containing compounds interact with Syn
through both covalent and non-covalent mechanisms. These molecules
stabilize Syn conformers that are otherwise prone to aggregation under
equilibrium conditions in solution, thereby reducing their aggregation
propensity. In addition, we showed that catechols attenuate the pro-
duction of reactive oxygen species (ROS) induced by Syn aggregates and
diminish their interaction with cellular membranes [17,19,29,36].
Given the structural similarity between the Pictet-Spengler adduct and
other catechol-containing compounds, it is reasonable to propose that,
similarly to these molecules, the adduct binds Syn through a combina-
tion of electrostatic interactions, mediated by its negatively charged
group, and hydrophobic contacts involving its aromatic catechol ring.
Such interactions may alter the long-range intramolecular contacts be-
tween the N- and C-terminal regions, as well as between the nonamyloid
beta component (NAC) region and the C-terminus, which are known to
play a key role in maintaining the conformational ensemble of mono-
meric Syn [37]. Perturbation of these long-range interactions could shift
the conformational equilibrium toward species with reduced aggrega-
tion propensity, consistent with the effects previously reported for other
catechol-containing molecules.

Control experiments indicate that hydrogen peroxide-dependent
oxidation is not required for aggregation inhibition, as inhibition was
maintained in the presence of catalase, whereas chemical instability
appears to contribute to the inhibitory effect, as no inhibitory activity
was observed at pH 6, where the adduct remains stable [17,19,38-41].
Therefore, we cannot exclude the possibility that one or more species
generated during adduct decomposition contribute to the observed ef-
fects, as these products could not be isolated and characterized
individually.

Syn exhibits a notable affinity for catechol-containing molecules,
which can lead to diverse biological effects in vivo [42,43]. This inter-
action is particularly relevant because catechol compounds (such as
dopamine, DOPAL, DOPAC, DOPET) can influence its functional prop-
erties [17,44]. Depending on the conditions, catechol binding can either
inhibit fibril formation by stabilizing soluble intermediates or promote
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the accumulation of modified oligomeric species. In addition, these in-
teractions may alter neurotransmitter homeostasis by sequestering
catechol molecules or promoting their oxidation, leading to the gener-
ation of reactive quinones. These reactive species can further modify Syn
and other cellular components, potentially contributing to oxidative
stress. Overall, the affinity of Syn for catechol-containing compounds
suggests a dual role: it may exert protective effects under certain con-
ditions by limiting aggregation, but it may also contribute to cellular
dysfunction through the formation of toxic intermediates and disruption
of normal biochemical pathways.

Overall, we propose that loss-of-function AADC variants with an
altered PLP-binding site are prone to undergoing the nonenzymatic
Pictet-Spengler condensation. The resulting product is not inert but may
exert biological effects due to its pro-oxidant nature, thereby potentially
modulating the disease phenotype. Importantly, this mechanism may
extend beyond this early-onset non-progressive monogenic infantile
Parkinsonism [23,45,46]. In patients with late-onset neurodegenerative
Parkinson's Disease treated with L-Dopa, similar irreversible condensa-
tion reactions have been reported with reactive aldehydes or pyridoxine
derivatives [21], possibly contributing to disease complexity. Although
the adduct does not engage in specific molecular interactions with Syn,
its chemical instability may contribute to the disruption of cellular redox
balance, adding to the oxidative stress that drives Syn pathology.
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