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DOPA decarboxylase (DDC) is responsible for the synthesis
of the key neurotransmitters dopamine and serotonin via
decarboxylation of L-3,4-dihydroxyphenylalanine (L-DOPA)
and L-5-hydroxytryptophan, respectively. DDC has been
implicated in a number of clinic disorders, including
Parkinson’s disease and hypertension. Peripheral inhibitors
of DDC are currently used to treat these diseases. We present
the crystal structures of ligand-free DDC and its complex
with the anti-Parkinson drug carbiDOPA. The inhibitor is
bound to the enzyme by forming a hydrazone linkage with
the cofactor, and its catechol ring is deeply buried in the
active site cleft. The structures provide the molecular basis
for the development of new inhibitors of DDC with better
pharmacological characteristics.

Parkinson'’s disease (PD) is a chronic, progressive neurological
disorder characterized by tremor, bradykinesia, rigidity and pos-
tural instability. Although its exact cause is not yet known, PD is
thought to be the result of degeneration of dopamine-producing
cells in the substantia nigra of the brain'-*. Human cells synthe-
size endogenous dopamine from L-3,4-dihydroxyphenylalanine
(L-DOPA, also called levodopa) (Fig. 1), which is derived from
dietary tyrosine. The conversion of L-DOPA into dopamine is
catalyzed by the vitamin Bg-dependent enzyme aromatic amino
acid decarboxylase, also called DOPA decarboxylase (DDC,
EC 4.1.1.28), which is abundant in the nervous system and the
kidney!. Externally supplemented L-DOPA is rapidly converted
to dopamine; therefore, administration of L-DOPA remains the
most effective symptomatic treatment for PD.

Dopamine itself, however, cannot pass the blood-brain barrier
and, thus, cannot be utilized as a drug in the treatment of PDF.
However, administration of dietary L-DOPA bypasses the rate-
limiting step in dopamine biosynthesis and increases the amount
of synthesized dopamine in the nerve cell. Newly synthesized
dopamine is stored in granulae in the dopaminergic nerve termi-
nals and is released into the synapse following electric stimula-
tion from the axon. PD is accompanied by a gradual loss of the
number of dopaminergic nerve cells’. In order to sustain its
function, the brain compensates for this in part by developing
new synaptic contacts on remaining neurons (‘sprouting’)® and
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Fig. 1 The chemical structures of the substrates L-DOPA and 5-hydroxy-
tryptophan and the inhibitors carbiDOPA and benserazide (in its cleaved
form).

also by increasing the sensitivity and number of dopamine
receptor cells, creating supersensitivity. These mechanisms are
most likely the explanation for the very good results of treatment
with L-DOPA.

Because 1-DOPA is rapidly converted to dopamine in the
blood stream when administered as a drug, only a small percent-
age of a given dose will reach the nervous system. By adding a
DDC inhibitor, as is the case in the most commonly used
L-DOPA products carbiDOPA? or benserazide!® (Fig. 1), greater
amounts of L-DOPA can reach the brain, causing the level of
dopamine there to be substantially increased. Simultaneously,
dopamine-related side effects (nausea, daytime sleepiness,
orthostatic hypotension, involuntary movements, decreased
appetite, insomnia and cramping) and side effects due to a high
concentration of L-DOPA in the blood stream are diminished.
Here we present the crystal structures of pig kindey DDC alone
and in complex with carbiDOPA at 2.6 and 2.25 A resolution,
respectively. These structures reveal the mode of binding of the
inhibitor and suggest ways to design even more specific DDC
inhibitors, which might be of great benefit to patients suffering
from PD and possibly other neurological diseases.

Overall topology

We determined the three-dimensional structure of DDC in its
ligand-free form and in complex with the anti-Parkinson drug
carhbiDOPA (Tables 1, 2; ref. 11). DDC is a tightly associated
oz-dimer, which is the typical fold of the c-family of pyridoxal-
5'-phosphate (PLP)-dependent enzymes!? of which aspartate
aminotransferase (AAT) " is the prototype!*'6. Each of the two
monomers is composed of three distinct domains (Fig. 2). The
structures of two other members of this family with decarboxy-
lase activity have been determined so far: bacterial ornithine
decarboxylase (OrnDC)' and dialkylglycine decarboxylase
(DGD)®. The large domain of DDC contains the PLP binding
site and consists of a central, seven-stranded mixed P-sheet
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surrounded by eight o-helices in a typical o/f fold. The
C-terminal small domain comprises a four-stranded antiparallel
[B-sheet with three helices packed against the face opposite the
large domain.

In addition to these two domains, found in all enzymes of the
o-family, DDC contains an additional N-terminal domain
(residues 1-85). This domain is composed of two parallel helices
linked by an extended strand. This structure lies like a flap over
the top of the second subunit and vice versa, with the first helix of
one subunit aligning antiparallel to the equivalent helix of the
other subunit (Fig. 2). The residues 75-77 of this N-terminal
domain together with the residues 433-435 of the small domain
form a short two-stranded B-sheet. The N-terminal domain is
unlikely to represent an autonomous folding unit but is most
likely stable only in the context of the dimer by extending the
interface between two monomers (Fig. 2). A similar domain
swap was found in DGD, where a shorter N-terminal segment
forms a clamp to the neighboring subunit, and an additional
four-stranded [-sheet is formed. Although the topologies of the
large and the small domains in DDC and in OrnDC are very
similar, their N-terminal domains differ significantly, and the
C-terminal domain of OrnDC (residues 620-730) is not present
in DDC at all. Looking from the N-terminus, structural equiva-
lence between DDC and OrnDC starts from residue 114 within
the forth c-helix of DDC, whereas DDC and DGD demonstrate
structural equivalence starting from residue 86 within c-helix 3

of DDC.

The active site
The active site of DDC is located near the monomer-monomer
interface but is composed mainly of residues from one monomer
(Figs 2, 3). In the internal aldimine form of the ligand-free DDC,
the cofactor PLP binds to Lys 303 through a Schiff base linkage.
The salt bridge between the carboxylate group of Asp 271 and
the protonated pyridine nitrogen of the cofactor provides a
strong electron sink capable of stabilizing the obligatory carban-
ionic intermediates'®, The cofactor, especially its phosphate
group, is further anchored to the protein through an extended
hydrogen bond network (Fig. 3b). The positive pole of the helix
dipole from a large domain helix balances the negative charge of
the phosphate moiety, in a motif also found in the B-family of
PLP-dependent enzymes'.

The only two active site residues provided by the adjacent
monomer, [le 101° and Phe 103, belong to the substrate binding
pocket and are in van der Waals contact with the catechol ring of
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Fig. 2 Stereo view ribbon diagram of the polypeptide backbone
of DDC. The view is directly down the two-fold symmetry axis.
One monomer is completely red, whereas the other is green
(N-terminal domain), cyan (large domain) and blue (small
domain). The cofactors (PLP) and the inhibitors (carbiDOPA) are
shown in ball-and-stick representation in yellow. The N-terminal
domain of one monomer packs on top of the other monomer,
resulting in an extended dimer interface. The picture was drawn
with MOLSCRIPT*® and RASTER3D*.

the inhibitor carbiDOPA (Fig. 3b). In both structures, the
sulfhydryl group of Cys 100/, the residue preceding Ile 101", is
only 4.1 A apart from that of Cys 111’. Replacement of Cys 111
by an Ala residue®, as carried out by Dominici et al?", or forma-
tion of a disulfide bridge between these residues would, there-
fore, perturb the active site geometry and reduce or even abolish
enzyme activity.

Inhibitor binding

The inhibitor carbiDOPA binds to the enzyme by forming a
hydrazone linkage with the PLP cofactor through its hydrazine
moiety, mimicking the external aldimine enzyme-substrate
intermediate. The catechol ring of carbiDOPA is deeply buried
in the active site cleft and penetrates behind the cofactor ring
plane (Fig. 3). The 4’ catechol hydroxyl group of the inhibitor is
hydrogen bonded to the hydroxyl group of Thr 82, which is
located at the very bottom of the active site cleft. The phosphate
group of the cofactor is also involved in substrate binding,
because it receives a hydrogen bond from the 3" catechol hydrox-
yl group of carbiDOPA. Stacked in front of the cofactor pyridine
ring is the imidazole ring of His 192, a highly conserved residue
among the sequences of PLP-dependent decarboxylases?!,
Consequently, the same residue is also found in the structure of
OrnDC?, whereas in DGD, this residue is a Trp?® because this
enzyme belongs to the transaminases of the o-family of PLP-
dependent enzymes but displays an additional decarboxylase
activity. His 192 in DDC forms a hydrogen bond to the carboxy-
late group of carbiDOPA (Fig. 3a). The carboxylate group of the
natural substrate L-DOPA is expected to be located even closer to
Ne2 atom of His 192 because the carbiDOPA-PLP adduct con-
tains an additional N-N bond, compared to the Schiff base com-
plex with .-DOPA (Fig. 1), and an additional covalent bond
between the C=N double bond and its carboxylate group.
Therefore,His 192 could play a role in the catalytic mechanism
of the enzyme, because the H192A mutant looses catalytic activ-
ity completely?!. This residue could ensure protonation of the
quinonoid Co's, However, recent findings than an H192Q
mutant of DDC* and mutation of the analogous residue
(His 167) in glutamate decarboxylase to Asp? are still catalyti-
cally active rule out such a a function of His 192. Rather, this
residue may assist a catalytically active water molecule — or pos-
sibly the side chain of Tyr 332 (see below) — which can be
accomplished by Asn or Gln residues but not by an Ala. From
the structure of DDC, the other His residue, His 302, is shown
not to be a catalytic residue as postulated earlier?®, This has also
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Fig. 3 Activessite cleft of DDC in complex with carbiDOPA. g
a, Stereo view of the electron density of the inhibitor
carbiDOPA. The difference electron density (|F.| - |F.| map Taz
with the inhibitor excluded from the phase calculation) in
red, contoured at 4 o, is superimposed onto the inhibitor H 302
model. Nitrogen, phosphate and oxygen atoms are .
marked blue, cyan and red, respectively. Carbon atoms
are colored in yellow for the enzyme, in magenta for the
PLP-carbiDOPA complex and in orange for the residues of
the other monomer. Hydrogen bonds are indicated in
green dotted lines. b, Detailed view of the hydrogen
bond interactions, including all structural water mole-
cules in the active site. Color code as in (a).
¢, A model of modified carbiDOPA with an additional
2" hydroxyl group (cyan). The newly established hydrogen
bonds to the structural water molecules and the hydra-
zone nitrogen are indicated as dotted lines (cyan).
Otherwise, the color code is as in (a). The picture was
drawn with MOLSCRIPT%® and RASTER3DS".

been confirmed by the mutation analysis of a
H302Q mutant enzyme?®'. Finally, the active site
residue Lys 303 presumably displaces the amino
group of the product by nucleophilic attack on the
imine bond (transaldimination) and, thus, is
responsible for product release as shown by the
mutation analysis of a K303A mutant?. Except for
a His residue in front of the cofactor A-face, which
has a very similar conformation in both DDC and
OrnDC, the remainder of the active site cleft differs
considerably in the two enzymes.

According to the model for control of the reac-
tion specificity of PLP-dependent enzymes pro-
posed by Dunathan®, the scissile bond of the
external aldimine intermediate must be oriented
perpendicularly to the coenzyme m-bonding sys-
tem. In this way, the 6—m orbital overlap in the
transition state is maximized, leading to an opti-
mized reaction rate. In the structure of the
DDC-carbiDOPA complex, the carboxylate moi-
ety of the inhibitor is clearly in an orientation
with the Ca-CO; bond approximately orthogo-
nal to the plane of the coenzyme ring (Fig. 3a,b).
This orientation in the real external aldimine
intermediate would allow the reaction to take
advantage of the stereoelectric effects, which were
proposed by Dunathan to play a major role in
control of the reaction specificity in PLP-depen-
dent enzymes®. The inhibitor complexes of
DGD? are bound in a conformation as required for transami-
nation rather than decarboxylation. Accordingly, these
inhibitors have their carboxylate group not orthogonal to the
ring system of the cofactor.

Flexible loop

In the structures of all three crystal forms of DDC, a short
stretch of 11 amino acids (residues 328-339) is invisible in the
electron density map. These residues belong to a mobile loop
that seems to be important for the catalytic mechanism?-,
Recombinant DDC lacking this loop was found to be catalyti-
cally inactive. Ishii et al® have shown that these residues are
prone to cleavage by proteases, indicating their flexibility in the
ligand-free form of DDC, whereas they are not cleaved in the
inhibitor complex of DDC with L-DOPA methyl ester. During
catalysis, this loop is expected to adopt a less solvent- and pro-
tease-exposed conformation. The loop is located at the dimer
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interface and possibly extends towards the active site of the
other monomer in a closed conformation. In such a conforma-
tion, it could occlude the active site cleft from the solvent dur-
ing catalysis and some loop residues could even take part in the
catalytic mechanism.

The active site of DGD is more open and lacks any similar
loop protecting or closing down the active site cavity during
catalysis. In contrast, in AAT the small domain acts as a hinge in
substrate binding and occludes the active site cavity from the
solvent to enhance catalysis®!. In OrnDC, the additional C-ter-
minal domain (residues 569-730) is located close to the active
site cavity, with residues 660-664 of this domain being in close
proximity of the active site PLP.

Also in other PLP-dependent enzymes, the active site is
occluded from the solvent during catalysis either by a mobile
loop (as in glutamate 1-semialdehyde aminotransferase)* or by
a movable subdomain (as in O-acetylserine sulfhydrylase) . A
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Table 1 Data collection and phasing statistics

CarbiDOPA Native TagBry; Native TagBry; low TagBr; high
Crystal form D1 D2 D2 D3 D3 D3
Space group P6, P6, P6, P6,22 P6,22 P6,22
Unit cell (A)

a=b 154.36 152.86 152.66 302.33 304.99 304.07
c 86.78 86.6 86.77 178.08 179.74 178.71

Monomers / au 2 2 2 8 8 8
Soaking concentration 200 mM = half saturated - saturated half saturated

(Carb|DOPA) {Ta[,Bru) (TasBrlz) (Ta{,Brlz}
Soaking time (h)

24 - 8 - 8 8

Data collection
Resolution (A) 2.25 26 2.6 2.56 3.65 2.5
Unique reflections 53,622 31,347 63,038 148,258 97,358 247,025
Completeness (%) 95.8 88.4 90.3 97.5 93.7 71.2
Roym! 5.6 8.6 10.6 7.6 15.7 12.2
Rueriv® = - 15.9 o 36.3 33.9
Phasing
Resolution (A) - N 4.1 - 3.65 2.56
Heavy atom sites - - 2 - 8 8
Reunis - - 0.9 - nat 0.98
Reunis anomalous - - 0.93 - 0.87 0.83
Phasing power® = = 0.43 - na? 0.26
Phasing power-anomalous - - 0.42 - 0.90 0.69

Rym=Z |- <I>|/ XL

?Rdenv = Z ”FPH | ™ |F|" ” Jrz |F|" |

3R<‘.u|lis - Z ”FPII | = |FP F FH” !Z IlFI-'Ill = |FP ||

‘na = not applicable

*Phasing power = (X [Fy| ?/ Z(|Feu | - [Fp [)?)"2.

similar function of mobile regions in proteins has been demon-
strated for several other enzymes, including triosephosphate
isomerase®, tyrosyl-tRNA synthetase®, glutathionine syn-
thase® and ribulose biphosphate carboxylase®. In each of these
enzymes, several amino acids in the lid are highly conserved and
essential for catalytic activity®, Also in the flexible loop of DDC
are highly conserved residues essential for the catalytic reac-
tion?!. Tyr 332 is highly conserved, and residue 334 is in most
PLP-dependent decarboxylases either as a Lys or an Arg
residue?!. These conserved residues are located in the middle of
the flexible loop, which in a closed conformation could place
these residues in close proximity to the active site cleft. Because

Table 2 Model building and refinement

CarbiDOPA Native
Crystal form D1 D2
Resolution (A) 2.25 26
R-factor (%)’ 14.4 20.5
Riree (%6)7 18.7 25.7
Bond Distances (A)? 0.009 0.009
Bond Angles (°)° 1.478 1.418
Number of water molecules 445 95
Average B-factor (A?)
Protein 23.0 33.6
PLP-carbiDOPA 22.2 28.3
Solvent 307 28.9

R-factor = ¥JF,| - |F| / Z|F -
‘R.m.s5. error.
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the carboxylate moiety of the inhibitor is solvent exposed in the
crystal structure (Fig. 3b), Lys 334 may form a hydrogen-bond-
ed ionic interaction with the carboxylate group of the substrates
by replacing the two structural water molecules. Because there
are no obvious differences between the ligand-free and the
complex structures, which could explain such a loop move-
ment, an interaction of some loop residues with the inhibitor
itself is likely to cause this conformational change. In such a
conformation of the flexible loop, the highly conserved Tyr 332
could also be located close to the substrate. Tyr residues have
been shown to act as a proton donor during catalysis®; hence,
Tyr 332 could act as a possible proton donor for the quinonoid
Ca. In agreement with this, the conservative Y332F substitu-
tion resulted in a catalytically inactive enzyme?!, an indication
that this residue is important for the enzymatic activity of

DDC.

Inhibitor design

In the carbiDOPA-inhibitor complex structure, five structural
water molecules interact with the cofactor and the inhibitor
(Fig. 3b). Notably, benserazide has an additional 2 hydroxyl
group on the phenyl ring compared to carbiDOPA (Fig. 1).
When adding an analogous hydroxyl group to carbiDOPA in the
conformation observed in the crystal structure, this group can
form hydrogen bonds to two of these five structural water mole-
cules without shifting their position (Fig. 3¢). This additional
2’ hydroxyl group explains the strong binding of benserazide to
DDC. Furthermore, an additional intramolecular hydrogen
bond between this group in carbiDOPA and a nitrogen atom of
the hydrazine group can be established. However, this will be a
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weaker hydrogen bonding interaction, because the nitrogen is
not exactly coplanar with the inhibitor phenyl ring. Therefore,
we propose that such a modification of carbiDOPA would
improve its binding properties due to these three additional
hydrogen bonds.

In summary, the crystal structure of DDC would assist in the
design of more potent DDC inhibitors than carbiDOPA or
benserazide. Such new drugs with better pharmacological char-
acteristics would allow the reduction of the large dose (up to
1 g d!) of L-DOPA needed for efficient treatment of PD and,
thus, reduce the very undesirable side effects of the drugs most
commonly® used in its treatment.

Methods

Crystallization. Crystals of form D1 were grown according to
Malashkevich et al."", and crystals of form D3 were grown according
to Malashkevich et al.*® Crystals of form D2 were grown in 24-well
Limbro plates by vapor diffusion using the hanging-drop method*!.
The 1 ml well solution contained 30% (w/v) polyethylene glycol
monomethyl ester (PEG MME) 5000, 50 mM 2-morpholinoethane-
sulfonic acid (MES)-KOH, pH 6.5, and 400 mM ammonium sulfate.
The 4 ul drop contained 2 pl enzyme at a concentration of
30.0 mg ml-' and 2 pl well solution. Crystals grew within one month
to asize of 0.5 0.2 x 0.2 mm?. The crystals belong to the hexagonal
space group P6, with unit cell dimensionsa =b = 152.65 Aand ¢ =
86.77 A, and contain one dimer per asymmetric unit, corresponding
to a Matthews volume Vy, of 2.9 A Da-'.

Data collection, processing and phasing. The X-ray diffraction
data sets from the native protein in crystal form D3 and from the
TagBr,; derivative of crystal form D2 were collected at 100 K on the
X11 beam-line (EMBL, DESY Hamburg) at % = 0.91 A, close to the
absorption edge of bromine (L = 0.92 A). The low resolution and the
high resolution MAD data sets from the Ta;Br,, derivative of crystal
form D3 were collected at 100 K on the X31 beamline (EMBL, DESY
Hamburg) and the BW6 beamline (MPG-ASMB, DESY Hamburg),
respectively, at a wavelength of % = 1.25 A, close to the absorption
edge of Ta. Data were processed, integrated and scaled using either
DENZO and SCALEPACK*?, or MOSFLM** and the CCP4 suite*!. Initial
heavy atom positions were obtained from anomalous difference
Patterson maps. Heavy atom parameters were refined using a mod-
ified version of SHARP'®, including a cluster refinement procedure.
Phasing was further improved by multiple crystal averaging, solvent
flattening and histogram matching using DMMULTI from the CCP4
suite®t.

Model building and refinement. The partial initial atomic
model was ‘automatically’ built in the crystal form D1 with
wARP*¢. The model was further improved in a cyclic procedure of
(i) model building using 0", (ii) refinement using REFMAC®* and
(iii) multiple crystal averaging using the model phases of the most
recently refined model in crystal form D1 with phases obtained
from the TasBr,; derivatives of the two other crystal forms using
DMMULTI*. The final model, which was refined using CNS" to an
R-factor of 14.4% (20.0-2.2 A) and an Ry, of 18.7%, comprises one
dimer of DDC, two cofactors (PLP), two inhibitors (carbiDOPA),
four sulfate ions and 455 water molecules. R.m.s. deviations from
ideality in bond lengths and angles are 0.009 A and 1.478°, respec-
tively (Table 2).

Coordinates. Coordinates have been deposited in the Protein Data
Bank (accession codes 1JS6 (ligand-free DDC) and 1J53 (DDC in com-
plex with carbiDOPA)).
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