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Acid—Base Chemistry of the Reaction of AromatiiAmino Acid Decarboxylase
and Dopa Analyzed by Transient and Steady-State Kinetics: Preferential Binding of
the Substrate with Its Amino Group Unprotondted
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ABSTRACT: Transient and steady-state kinetic analysis of the reaction of aromatic L-amino acid
decarboxylase (AADC), a pyridoxal-phosphate- (PLP-) dependent enzyme, with its substrate dopa was
carried out at various pH. The association of AADC and dopa to form the Michaelis complex and the
subsequent transaldimination reaction to form the dopa-PLP Schiff base (external aldimine) were followed
with a stopped-flow spectrophotometer. Combined with the steadyistatealue, we could present a
minimum mechanism for the reaction of AADC and dopa. In the mechanism, the association of the
aldimine-protonated form of the enzyme (EHand theo-amino-group-unprotonated form of the substrate
(S) is the main route leading to the Michaelis complex. In addition, the association‘cditHtheo-amino-
group-protonated form of the substrate (kb form a Michaelis complex EHSH' was also found as

a minor route. The I, of the a-amino group of dopa was expected to be decreased in the Michaelis
complex, promoting the conversion of EFBH"™ to EH™S, the species that directly undergoes
transaldimination to form the external aldimine complex. The association tfdEH S had been identified

as a minor route for the reaction of aspartate and aspartate aminotransferase (AspAT), which has an
unusually low X, value of the aldimine and can use the aldimine-unprotonated form (E) of the enzyme
for adsorbing the prevalent species ‘SpHayashi and Kagamiyama (199Bjochemistry 3613558
13569]. The present study implies that, in most PLP enzymes that have akighlpe of the aldimine

like AADC, S preferentially binds to the enzyme (EH The minor route of EM + SH™ in AADC may

be related to the flexibility of the protein in the Michaelis complex, and a simulation analysis showed that
the presence of this route decreaseskthevalue while increasing thie../Km value. It also suggested that
AADC has evolved to suppress the minor route to the extent necessary to obtain the niaxivadlie

at neutral pH.

In the catalytic process of pyridoxalphosphate- (PLP) of the enzyme (E) accepts tleeamino-group-protonated
dependent enzymes, the substrate amino acid forms a Schifform (SH")? of the substrate aspartate to form a Michaelis
base (aldimine) with PLP, and the electrophilicity of the PLP complex (ESH"). The proton on the ammonium group of
pyridine ring plays important roles in the subsequent catalytic the substrate is transferred onto the imine group of the
steps. Because PLP forms an aldimine with thamino aldimine, the basicity of which is increased through the
group of a lysine residue at the active site of the unliganded enzyme-substrate interaction, to form the second Michaelis
enzyme, a transaldimination reaction between the PLP-Lys complex (EHS). This complex, with the lone-pair electrons
aldimine and the substrate-amino group occurs. This  on the substrate amino group unmasked and the electrophi-
reaction has been extensively studied for aspartate aminodicity of the imine group increased by protonation, is the
transferase (AspAT; refs—5). In AspAT, the PLP-Lys258  species that directly undergoes transaldimination. This route,
aldimine has an unusually lowKp of 6.8 and is largely first presented by Karpeisky and lvand),(accounted for
unprotonated at neutral pH. The aldimine-unprotonated form the significance of the low i, value of the PLP aldimine
of AspAT in accepting the amino-group-protonated form of

* This work was supported by research grants from the Japan Society@spartate, the prevalent form at neutral pH. However, most
for the Promotion of Science (“Research for the Future” Program PLP enzymes have higliKpvalues of the aldimine, generally

96L00506 and Grant-in-Aid for Scientific Research 00183913) and a ; i
SUNBOR Grant from the Suntory Institute for Bioorganic Research. over 10, as judged from the spectroscopic measuremigats (

*To whom correspondence should be addressed: TeIephoneTherefore’ th_e KarpeiSkylvanov mechanism of AspAT
+81-726-84-6416; Fax +81-726-82-6851; e-mail med001@ cannot be directly applied to the other PLP enzymes.
art.osaka-med.ac.jp. Recently, we showed the presence of a second route for the

1 Abbreviations; AADC, aromatic L-amino acid decarboxylase L . .
(aromatic L-amino acid carboxy-lyase, EC 4.1.1.28); AspAT, aspartate e_lssomatlon of aspartate and AspAd),(that is, the associa

aminotransferase (aspartate:2-oxoglutarate aminotransferase, EC 2.6.1.1§ion of the aldimine-protonated form of the enzyme (GH
EDTA, ethylenediaminetetraacetic acid; K-Potassium phosphate
buffer; MES, 4-morpholineethanesulfonic acid; PIPES, 1,4-pipera-
zinebis(ethanesulfonic acid); TAPS, 3-[[tris(hydroxymethyl)methyl]- 2The amino group is protonated and the two carboxyl groups are
amino]-1-propanesulfonic acid. deprotonated.
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and theo-amino-group-unprotonated form of the substrate
(S) to form directly the Michaelis complex EFS. Although

this route has an auxiliary significance in the reaction
mechanism of AspAT, it was highly expected that in many
PLP enzymes, which have a higKgvalue of the aldimine,

this route may be the main pathway of the catalytic reaction.
Alternatively, we can consider a scheme in which the amino-
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group-protonated substrate binds to the enzyme and, after%
deprotonation of the amino group, undergoes transaldimi- &

nation. To examine which mechanism works for PLP

enzymes in general, we set out to investigate the reaction of

aromatic L-amino acid decarboxylase (AADC) with its
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Ficure 1: (Left) Time-resolved spectra for the reaction of AADC
and dopa at pH 7.1. Enzyme (30) and dopa (0.5 mM) were

substrate 3,4-dihydroxyphenylalanine (dopa). The advantagereacted in 50 mM PIPESNaOH, pH 7.1 at 298 K. Bold dotted
of using AADC for this study is that it is one of the enzymes line represents the spectrum of AADC in the absence of dopa. After

for which the enzyme substrate association process can be the a?gi%%n of dotpa, Sipef(:ga r\]'\tl;eg% taken btt?]twfef? 1.28 fﬂﬂ 4tf9t-h92

H ms at £2.90-ms Intervails. [0} ame as the left excep a e
followed spectroscopicallyd). reaction was carried out in 50 mM PIPESaOH, pH 6.1. In each
EXPERIMENTAL PROCEDURES

panel, the bold line and the bold dashed line represent the spectrum
of the Michaelis complex and the external aldimine complex
Enzyme Rat liver AADC was expressed iBscherichia calculated from the time-resolved spectra (see text).
coli MD55 (8) transformed with pKKAADCII Q). The
purification procedure was modified from the previous one
(9) as follows. All the procedures were carried out at40
°C. Buffers contained 0.1 mM dithiothreitol, 0.1 mM EDTA,
and 5uM PLP as stabilizing agents. Thirty gramsfcoli
cells was suspended in 70 mL of 20 mM potassium
phosphate buffer (K4} pH 7.0, and the cells were disrupted
at 0°C for 10 min with a Branson Sonifier model 350 set at ? -
output 6 and 50% duty. Cell debris was removed by Centrations were generally {B) x 10°° M, which were
centrifugation (10006, 40 min). Solid ammonium sulfate ~ determined spectrophotometrically. The apparent molar
was added to 25% saturation while the pH was maintained extinction coefficient at 280 nm was, = 7.9 x 10* M™*
at 7.0 with 1 M KHPQ;. Insoluble proteins were removed cm ™ (9). _
by centrifugation (1000 10 min), and the supernatantwas ~ Kinetic Analysis Stopped-flow spectrophotometry was
applied to a Phenyl-Sepharose CL-4B column 2.85 cm) performed on an Applied Photophysics (!_eatherhead, U.K.)
equilibrated with 20 mM K-P pH 7.0, containing 25% SX.17MV system at 298 K. The dead time was generally
saturated ammonium sulfate. The proteins were eluted with 2-3 MS under a gas pressure of 500 kPa. The exponential
a linear gradient formed with 500 g of 20 mM K;BH 7.0, absqrptlon 'change's were analyzed by using the program
containing 25% saturated ammonium sulfate, and 500 g of Provided with the instrument. Tlme-res_olved s_pectra were
1 mM K-P, pH 7.0. After the gradient was over, the elution Ccollected on the SX.17MV system equipped with a photo-
was continued with 1 mM K-PpH 7.0. After about 80 mL diode array accessory and the XScan (version 1.0) control
elution of the 1 mM buffer, fractions with intense brown Software. o o
color emerged and lasted for about 40 mL. These fractions FOr steady-state kinetics, enzyme activity was measured
contained high AADC activity. The fractions were combined, PY the fluorometric method8], in which the product
concentrated te-10 mL, dialyzed against 500 mL of 5mMm ~ dopamine is separated from dopa with a cation-exchange
K-P;,, pH 7.0, for 3 h, and applied to a DEAE-Toyopearl resin colu_mn,_ denvgtlzeq mtp a fluoresc_en'g compound
650M column (2.5x 25 cm) equilibrated with 5 mM K-P through oxidative conjugation with ethylenediamine, and then
pH 7.0. The column was washed with 100 mL of the 5 mM guantified. The cataly_tic reactiqn; were carried outin 1 mL
buffer, and the proteins were eluted with a 1-L linear gradient ©f 50 mM buffer solution containing 0.1 mM EDTA, &V
of 0—0.1 M NaCl in 5 mM K-R, pH 7.0. The first protein P_LP, and various concentrations of do_p_a. _PLP was added
peak, which emerged at around 300 mL elution, contained S|multaneously_ with the enzyme, to minimize the Pietet
mainly AADC. The high-purity fractions were combined, SPengler reaction between dopa and PL8).(
concentrated to about 10 mL, and applied to a hydroxyapatiteRESUL.I.S

column (2.5x 25 cm) equilibrated with 5 mM K-P pH
7.0. AADC was eluted with a 1-L linear gradient formed Transition of the Spectrum of AADC upon Reaction with
with 5 and 100 mM K-R pH 7.0. AADC was eluted at about Dopa AADC has a large absorption band at 335 nm and a
500 mL elution. The final preparation~60 mg) was smaller one at 425 nm, irrespective of the solution 9 (
essentially homogeneous as judged from sodium dodecylWhen AADC was reacted with dopa, a rapid increase in the
sulfate—polyacrylamide gel electrophoresis (data not shown). 425 nm absorbance and a concomitant decrease in the 335
This simplified purification procedure requires no desalting nm absorbance were initially observed. This was followed
of the enzyme solution for the next step, and the entire by a slow decrease in intensity of the two absorption bands
purification can be done within 3 days. and concomitant emergence of a new absorption band at 380
Chemicals L-3,4-Dihydroxyphenylalanine (dopa) was nm (Figure 1). The emergence of the 380-nm absorption band
obtained from Nakarai Chemicals (Kyoto, Japan). L-Dopa was more apparent at higher pH (Figure 1). This can be

methyl ester was from Sigma. All other chemicals were the
highest grade commercially available.

Spectroscopic Analysidbsorption spectra were measured
on a Hitachi U-3300 spectrophotometer at 298 K. The buffer
solution contained 50 mM buffer component(s) and 0.1 mM
EDTA. The buffer components used were MBESaOH,
HEPES-NaOH, and TAPSNaOH. Enzyme (subunit) con-
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Ficure 2: Time course of the absorption change during the reaction the apparent rate constant for the fast phase of the spectral change
of AADC and dopa. Enzyme (38M) was mixed with 0.4 mM (kas)- Thekestvalues were obtained by fitting the absorption change
dopa in 50 mM PIPES, pH 7.0, and the absorbance at 420 nm was@t 430 nmtoeq 1. The pH values of the solution are, with increasing
monitored. The flow was stopped at 2.0 ms. Curve-fitting (dotted Slope of the plots, 6.1, 6.6 7.0, 7.3, 7.7, 7.9, and 8.2. (B) Plots of
line) was performed by use of eq 1 within the region between log ki, determined from the slope of the plots in panel A against
2.0 and 100 ms. The values of the parameters obtained after thePH- (C) Plots of logk—, determined from the intercepts at the
fitting procedure weré\,gt = —0.176+ 0.0005,kiast = 192 + 1 abscissa in panel A against pH. In panels B and C, bars represent
5L, Agow = 0.149+ 0.0005,ksjon = 33.8+ 0.1 5L, and Ags = SD.

0.108 0.0001. dependency on [$, which conformed well to eq 3. Thiey;

attributed to the pH-dependent change in the equilibrium andk-; values were obtained from the slope and the intercept
between the external aldimine complex and the two structureson the ordinate, respectively. Apparently, the valuekof
of the Michaelis complex (see Absorption Spectra of the was increased with increasing pH, that is, the association of
Reaction Intermediates). After the slow phase was over, thedopa and AADC became faster by increasing the fraction
absorption spectrum did not change, reflecting that the of the species of dopa with unprotonateémino group (S).
reaction reached steady state. The biphasic change in thdf only S binds to the enzyme and Stdoes not, we should
absorbance could be fit to a biexponential equation (Figure 2): obtain a slope of 1 for the plot of log.; in the pH region
sufficiently lower than 8.7, the gy, value of thea-amino
A= Afaslefkfasur Aslo\,vef"s"’wvL Asg 1) group of dopa 11). However, as shown in Figure 3B, the
slope was smaller than unity. This indicated that"Stdn
where the first and second terms represent the absorptionalso, although more weakly, bind to the enzyme. The
change in the fast phase and the slow phase, respectivelyassociation of dopa and AADC should then be analyzed on
andAssis the absorbance at steady state. The valuégsf  the basis of the following scheme:
andkgow Were independent of the wavelength between 300

and 550 nm, as reflected by the presence of an isosbestic X kS X K ks .

point in the fast phase and two isosbestic points in the slow EH +$ — EH™-S _k<—2’ ES, —~ EH+P

phase. The reaction was followed at pH values between 5.9 .« 1 - u K™ ) (5)
and 8.2, and théy,s: andksow Values were obtained at each SH

pH. The pH dependency of the values was analyzed asEH'+SH" =——= EH"SH"
follows. ko

pH Dependency of k and k ;. The biexponential transi-
tion of the spectra can be analyzed on the basis of the two-
step mechanismdy:

whereK® andK" indicate the proton dissociation constant
for the a-amino group of dopa and that in the Michaelis
complex. The superscript int wtz indicates that the rate
constant is the intrinsic one for the transaldimination reaction
from EH'-S to ES. Theky; andk_; values obtained from

the slope and the intercept on the ordinate, respectively, of
where EH, S, ES, ES, and P represent the unliganded Figure 3A are expressed as:

enzyme, the free substrate, the Michaelis complex, the

external aldimine complex, and the product, respectively. The B 10 PKé
symbols EH and S have been modified from the previous +1
ones. EH indicates that the aldimine of AADC is always
protonated. Sincludes both S and SH because at present

k K, K,
EH' + S == ES <~ES,—EH +P  (2)

10"
© aPH —Ku(KSH T -
10 P74 107 10"+ 107"

<KD ©)

—pKgM —pH
we have no information about the protonation state of the | L= 10° (k) 10° (kf'z)
substrate that reacts with AADC. Thgs and Ksow values 10°PH + 107PKe" 107 PH 4+ 107 PKe"
are related to the individual rate constants as follo@)s ( (7)
_ o The X3 value is known to be 8.7. Fitting of eq 6 to the
Koo = KalST ks G data yieldedS, = (1.3 + 0.06) x 10° M1 st and k! =
Keow = Kip + K_p + Ko (4) (1.0 £ 0.08) x 10® Mt s% As shown in Figure 3A, the

value of the intercept on the ordinate was around 2&ad
The [S] and pH dependency of thi,s; value is shown in was essentially independent of the solution pH between 5.9
Figure 3A. At each pH, thés value showed a linear and 8.2 (Figure 3C). The simplest interpretation of this
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Ficure 4: (A) Plots ofkgow (= k2 + k—» + ki3) versus pH of the
solution. (B) Plots ok;,k;3 versus pH of the solution. The value
of ki2k43 at each pH was calculated from the valuégf, obtained
from the transient kinetics ankl,; from the steady-state kinetics
using eq 8. In each panel, the solid line is the theoretical curve
derived from egs 10 and 11 (see text). Fitting was performed
simultaneously fokgow andk, k3. Bars represent SD.

9.0

observation is that botk®, andk®; have the same value of
28+ 1 5% The K2 value is then determined to be 66
0.07 from the thermodynamic cycle of eq 5. Another
possibility is thatk®; is much higher thak®, and K is
sufficiently lower than 5.9 so th&t ; has an almost constant
value above pH 5.9. If this is the case, the Michaelis complex
exists predominantly as the form of EFB. Accordingly,

the spectrum at steady state in the presence of a sufficien

concentration of dopa, which is a mixture of the spectra of
the Michaelis complex and the external aldimine, should be

constant irrespective of pH. That the spectrum at steady state
has a smaller absorption band at 380 nm at lower pH (Figure

Hayashi et al.
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Ficure 5: Plots ofk_, versus pH of the solution. Thie_, value
was calculated from the value Rfiow (= ki2 + k- + ki3) and the
values ofk;, andk;3 obtained from Figure 4. Bars represent SD.

Equation 10 can explain the decrease in khgk s value
with decreasing pH in the acidic region. However, the
decrease in the.kiz value with increasing pH in the
alkaline region cannot be explained by eq 10. This must be
ascribed to the pH-dependent changé.ig

It is now known that dopa with itsa-amino group
unprotonated reacts with AADC to form the external
aldimine. This indicates that even if the product dopamine
goes out of AADC with itsa-amino group unprotonated, a
proton that is used for protonation of the quinonoid inter-
mediate must enter the active site somewhere in the catalytic
cycle. As bothk; andky, increases with increasing pH (see
above), it is reasonable to consider that the entrance of the

tproton to the active site occurs after the decarboxylation step.
=

herefore k3 can be expressed as follows:

H+
K= Kocku[H']

= 11
koc + ku[H ] -

1) excludes the second mechanism described immediately

above.
pH Dependency ofk, k_,, and k.3. Transient kinetics of

Herekpc andky are the rate constants for the decarboxylation
and the entrance of the proton to the active site, respectively,

a pre-steady-state reaction alone cannot determine all of the; g the transaldimination to release the product amine from

kinetic parameters and requires combination with steady-

the aldimine is assumed to be fast compared to the steps of

state kinetics. We determined the kinetic parameters otherkDC and ky. Simultaneous fitting of the theoretical lines

thanky; andk_; as follows.
The transient kinetic analysis could determine the value
of kyz + k2 + ks (= ksow). The pH dependency of the

value is shown in Figure 4A. On the other hand, the steady-

state kinetics gave the valueslgf;andK., which are related
to the parameters of eq 2 by the following equatio®is (

oKk
T Kp kg kg

_ kot kokis T kikis
" Kia(kip +kp +Kig)

(8)

(9)

derived from egs 10 and 11 to the datekgf, (= k2 + k-2

+ ky3) andki2k+3 (Figure 4) yielded the following values:
K5 =31+4s! koc=8.04+1.0s% ky=(6.2+ 1.0) x
1M 1s1 andk_, = 3.5+ 0.3 s'*. During the fitting, we
assumed that_, is independent of pH. If we consider that
k_, is dependent on pH, it should be expressed as follows:

k_2 — (kli_n;,acid lo—pH + kli_n;,alkali lo—ngpr)/(lo_pH T
107 (12)

where K52 and K" are the acidic and alkaline
limiting values ofk_,. However, for any fixed K5*° values

As dopa undergoes a nonenzymatic condensation reactionevery 0.25 between 6.0 and 9.0), fitting to the dat&s@f,

with PLP (Pictet-Spengler reactiont0), the concentration
of dopa in the assay solution is difficult to control. Therefore,
the Ky, values could not be obtained with high accuracy and

(= ki2 + k-2 + ki3) andkk.3 resulted in almost identical
values ofK" and K" (around 3.5 %), indicating
that it is not necessary to consider that is dependent on

were not used for the subsequent analysis. On the contrarypH. Consistent with this, thke_, value calculated from eqgs
thekearvalue could be obtained precisely from the zero-order 10 and 11 and the values Kfb, koc, andks, determined as
catalytic reaction in the presence of a high concentration of gpoye, was essentially independent of the solution pH (Figure

dopa. The value ok k3 was obtained by using egs 4 and
8 at each pH. Theki ki3 value showed a bell-shaped
dependency on pH (Figure 4B). From eq 5, the pH
dependency of th&,, value is expressed as

10—6.6
107864 107PH

(K (10)

+2

5). Becausek ; is the rate constant for the reverse trans-
aldimination from the external aldimine complex to the
Michaelis complex, this suggests that the external aldimine
has only one protonation structure or is composed of
structures that have the same number of protons.

The above results conform to the reaction mechanism
shown in Scheme 1, in which the microscopic kinetic
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Scheme 1: Proposed Mechanism for the Reaction of AADC with Bopa
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a2 The kinetic parameters determined in this study are shown. The pyridine nitrogen of PLP is considered to be protonated, because AADC has
an aspartic acid residue (Asp271) corresponding to Asp316 of ornithine decarboxy@gsehich is known to interact with the pyridine N and is
proposed to stabilize the positive charge of the protonated pyridid®NRroton transfer within the quinonoid intermediate and protonation of the
unprotonated external aldimine of PLP-dopamine are still hypothetical, although this can explain the experimental results of this studyse®) Discu

2 04—t 1 1 is expected to be lower than that calculated from the amount

o of dopa added to the assay solution. This can be the cause

of the apparent largK, values obtained experimentally at
-1 - -3 L

-
1
T
[}
-
I
T

© higher pH.

Absorption Spectra of the Reaction Intermediateg-
trapolation tot = o« of the spectral change during the fast
phase yields the apparent spectrum of the equilibrium mixture
of EH" and ES. The absorbance value of the mixture,

log(kzar / 57"}
o
1

log(K,,, / mM)
[
1
T

55 60 65 7.0 75 80 85 9.0 55 60 65 7.0 7.5 B0 85 9.0 designated asiim sy iS expressed as follows:
pH pH
Ficure 6: Comparison of the steady-state kinetic parameigrs Ky ki4[S]

andK, obtained experimentallyQ) and those calculated from the Alim fast = K.4[S] + k_ (AEH+) k., [S] + Kk (AESI) (13)
microscopic parameters and eqs®l.. Bars represent SD. 1 -1

parameters are also shown (for the protonation of the whereAen+ andAgs, are the absorbance values of the free
quinonoid intermediate, see Discussion). enzyme and the Michaelis complex, respectively. The
Validity of the Kinetic Parameterdhe microscopic kinetic ~ absorption spectra of the Michaelis complex could be
parameters determined as above were used to simulate théalculated from eq 13Aey+, and the microscopic kinetic
pH dependency of the steady-state kinetic parameters (FigureParameters. The spectra of the external aldimine were
6). The value ok calculated from eq 8 showed excellent obtained from the kinetic parameters and the spectra of the
fitting to the experimental values. This can be anticipated, Michaelis complex and those at steady state, from
because the experimental; values and eq 8 were used to
obtain the microscopic kinetic parameters (see above). _ (Ko Ky + K g)Ass = (Ko + Ky 9)Ajim fast
However, it should be noted that ti&, value calculated = K,
from eq 9 also showed good fitting to the experimental
values, which had not been used for obtaining the micro- whereAgs, andAssare the absorbance values of the external
scopic parameters. Deviation of the experimeHKtalvalues aldimine and the apparent absorbance value of the enzyme
from the theoretical values was observed at higher pH. In at steady state, respectively. The results are summarized in
this pH region, the PictetSpengler reaction between dopa Figure 1. The Michaelis complex showed a large absorption
and PLP readily occurs, and the concentration of free dopaband at 430 nm, reflecting the conversion from the enolimine

(14)
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form of the Schiff base to the ketoenamine for@) for a nitude, are interpreted to be due to the unfavorable interaction
detailed discussion of the two tautomeric forms seel &f of the protonated amino group with the hydrophobic active
The external aldimine has an absorption band only at 380 site.

nm. The spectra of the two intermediates are essentially The external aldimine complex, which is formed from
independent of the solution pH (Figure 1). This is consistent EH'-S by transaldimination, is expressed as a single species
with the mechanism of eq 5, in which the PLP aldimine has in eq 5. This has been supported by the pH-independent value
a single protonation structure in both the Michaelis complex of k—,. However, this does not rule out the presence of more
and the external aldimine. Decreasing the pH increases thethan one species that have an identical number of protons.
amount of EH-SH™ and increases the fraction of the In the external aldimine of the AspAT2-methylaspartate
Michaelis complex (including both EHS and EH-SH") complex, the proton shuttles between the imine N of the PLP-
in the steady state. This can explain the pH-dependent shift2-methylaspartate aldimine and th@amino group of Lys258

in the steady-state spectra, that is, the decreasing of the 380(the PLP-binding lysine in the unliganded enzyme), and

nm absorption band with decreasing pH (Figure 1). therefore, the external aldimine is composed of two structures
having different protonation state§)( We can consider a
DISCUSSION similar combination of structures for the external aldimine

of AADC and dopa, as shown in Scheme 1. The absorption
spectrum of the external aldimine is pH-independent and has
a large absorption band with /gax of 380 nm (Figure 1).

The previous kinetic study at pH 7.0 showed that the
association of AADC with dopa and further processing of

the enzymesubstrate complexes can be followed in a 1nigapsorption band is not that of typical protonated PLP
stopped-flow spectrophotomete®)( The association rate  igimines, which have usually large absorption bands at

constant for AADC and dopa was found to be of the order 410-430 nm, but resembles that of unprotonated PLP

of 10° M~ s7* (9). This was a curious finding, because the 5 4imines, which have absorption bands at around 360 nm

enzyme-substrate association rate constants of many en-(7). Therefore, the absorption spectrum suggests that the
zymes have been reported to be on the order ¢f-10° external aldimine complex exists preferentially as the

M™*s (13). The present results showed that there are Wo gircture HE=S, the unprotonated aldimine form. The
routes for the association of AADC and dopa. The first s ra450n for the 20-nm red shift of the external aldimine of

the association of the-amino-group-unprotonated form of - AApc from the ordinary unprotonated PLP aldimine is not
dopa and the enzyme to form a Michaelis complex (route A 05, ¢ present. The unprotonated PLP aldimine has a

in Scheme 1) that directly undergoes transaldimination yonqency to adopt a conformation in which the imine bond
reaction to form the external aldimine complex. The second is perpendicular to the pyridine ring) Accordingly, if we

is the association of the-amino-group-protonated form of s me that the imine bond of the external aldimine of
dopa anq the enzyme tq form another Michaelis complex AADC resides in the plane of the pyridine ring through

(route B_|n _Sch_eme 1). 'I_'h|s complex cannot d|_rectly _undergo conformational constraints imposed by the active site, the
transaldimination and is converted to the first Michaelis z-overlap between the pyridine ring and the imine would

complex _by deprotonation (Scheme .1).. The rate ConStantsincrease, and this may account for the red shift of the
for the first and the second association processes Wereabsorption bands of the external aldimine.

i Y 11 11
obtameq to be 1.3 10" M™ s 'and l'OX. 1.06 M= s, . In AspAT, H'E=S is catalytically inert, because the
respectively. The valu_e for the first association process Is a ._gmning group is the catalytic base that abstracts the proton
reasonable one for a bimolecular association reaction. It thenfrom the substrate in the external aldimir®. (Therefore
became clear that the abnormally low value of the bi- \qyAT is naturally designed to decrease the fraction of
molecular association rate constant at pH 7.0 was due to th *E=S in the external aldimine5]. In decarboxylases
small fraction of the reactive form of the substrate at this . over thee-amino group of the lysine residue is not

pH. The active site of AADC is considered_to _be hydrophobic necessary for decarboxylation of the external aldimi®. (
compare_d to other PLP enzymes, as ”Fd'cated from the g may allow the catalytic reaction to proceed from
observation that the tautomeric equilibrium of the PLP- H*E=S, the main species in the external aldimine of AADC
Lys303 aldimine is shifted toward the enolimine form, the 570 ’other hand, the absence of a proton on the imine .N
prevarl]ent ﬁpemesfmhapolag envwonmgﬁtssq. Thedobserva- (or on O3) decreases the electrophilicity of the coenzyme
tion that t € W of the su .stratem-ammo group egfeases and can be an unfavorable factor for catalysis. Therefore,
b{MZ pH units upon binding to AADC (compai€; and the driving force that promotes catalysis may be provided
Ka )and_that the bimolecular association rate constant for py the decarboxylation reaction itself, which is highly
the a-amino-group-protonated dopa is lower than that for exergonic as compared to deprotonation.
the a-amino-group-unprotonated dopa by 2 orders of mag-  The protonation of the quinonoid intermediate is another
important issue. If we assume that the rate conskant

3 As ki3 contains bothkoe and ky, the absorption spectra of the ~ corresponds to the step of protonation of the qumonqd
external aldimine obtained at high pH values are considered to be intermediate, this intermediate would be accumulated at high
mixtures of the external aldimines of PLP-dopa and PLP-dopamine. pH. However, at pH 7.1, wherl, is 50 s’ (compared to
At pH 7.1, the PLP-dopamine is calculated to occupy 14% of the _ ’ .
mixture koc = 8.0 st andky[H'] = 49 s%). The complete absence Koc = 8'0 s'%), no absorption was qbse_rved at f’%“?“”d 500
of the absorption at around 425 nm (and no shoulder at around 335nm (Figure 1). As the molar extinction coefficient for
nm) shows that the PLP-dopamine aldimine, like the PLP-dopa quinonoid intermediates at this wavelength is arouns 4

aldimine, exists as an unprotonated Schiff base. This is consistent with -1 -1 i i i
the mechanism shown in Scheme 1, in which the proton is transferred 10 M~ em (7)’ we should detect the SPECIES with hlgh

intramolecularly from O3of the quinonoid intermediate tooto form sensitivity. Even at pH 8.0, whele is expected to have a
the PLP-dopamine aldimine unprotonated at the imine N. value of 6.2 s, no apparent accumulation of the species
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Ficure 7: Simulation of the pH dependency of the steady-state kinetic parankeigts,, andk../Km. Solid lines are those obtained by
using egs 811 and the microscopic kinetic parameters obtained in this study. Dotted lines are thoslé'jran@, and dashed lines are
those fromk$H = 1.3 x 107 M1 571, while the other parameters are the same as those used to draw the solid lines.

was observed (data not shown). Therefore, we shouldincreasing stringency of the enzyme that selectively accepts
consider that the quinonoid intermediate accepts a protonthe substrate with an unprotonateeamino group, and on
rapidly from a neighboring protonated base. To explain the the contraryk../Kn, increases with decreasing stringency of
rapid and stoichiometric disappearance of the quinonoid the enzyme. The latter indicates that when the enzyme
intermediate, this base must be fully protonated when the substrate association becomes partially rate-determining in
quinonoid intermediate is formed. The hydroxyl (@3 the overall catalytic reaction, such as when the substrate
group of the quinonoid intermediate can be a candidate for concentration is extremely low, binding of any substrate
this protonated base. If this is the case, ¢r@mino group species to the enzyme, even if the species is unfavorable for

of Lys303 may act as a catalyst for the proton transfehren, subsequent catalysis, increases the catalytic efficiency. In
ky can be considered to correspond to the protonation of thefact, as the concentration of dopa within cells such as neurons
external aldimine of PLP-dopamine (Scheme 1). in the striatum is considered to be of the order of millimolar

Contrary to the external aldimine, the Michaelis complex (17), well above theK, value at physiological pH, the
of AADC exchanges a proton with the solvent (eq 5 and evolutional constraint is imposed on the enzyme to increase
Scheme 1). This is in contrast with the Michaelis complex k., and notk.,/Kn. Accordingly, AADC has been evolved
of AspAT, which is composed of two structures with an to carry out discrimination of the protonation state of the
identical number of protong]. The Michaelis complex of  substratex-amino group. However, at pH 7.4, decreasing
AspAT has the closed conformation of the protein identical the k5 value below 1.0x 10° M~! s™! does not increase
to that of the external aldimine complex. Due to this rigid further the k..: value (Figure 7). Therefore, it can be
structure, the substrateamino group and the PLP-Lys258  considered that the rate of evolution of AADC has slowed
aldimine are in close proximity to each other, and the proton after k3! became as low as 1.0 1P M~ s™L,
shuttles between the two bases, with no net exchange of |, symmary, the present study showed thatdh@mino-
protons with the solvent. It is, therefore, interesting 10 groyp-unprotonated form of substrate preferentially binds to
consider the conformational difference between the Michaelis AADC, which has a protonated PLP-Lys303 aldimine. This
complex and the external aldimine in AADC. AADC has a s i contrast to the binding of aspartate to ASpAT, in which
flexible region that is easily cleaved by proteases (.6). a combination of the reverse protonation state of the PLP
This region can still be cleaved in the Michaelis complex  g\gimine and the substrate is significant. AADC still allows
but not in the external aldimine, indicating that the region e pinding of thea-amino-group-protonated form of the
retains its flexibility in the Michaelis complex and becomes  ¢,pstrate. This route merges to the main catalytic route by
rigid upon formation _of the external aldimin&@). '_I'aking deprotonation of thea-amino group in the Michaelis
the present observations together, we can consider that the,omplex. There seems to be no catalytic significance for the
flexibility of the enzyme protein of the Michaelis complex presence of this auxiliary route, and this seems to be the
allows the solvent to access to theamino group of dopa.  consequence of the minimum evolution of the enzyme

In other words, thew-amino group of the substrate and the - gfficient for carrying out catalysis under physiological
imine N of the internal aldimine of the Michaelis complex ~onditions.

are not as close in AADC as those in AspAT.
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