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The interactions of two pyridoxal-5-phosphate (PLP)–dependent enzymes, alanine
aminotransferase (ALT) and glutamate decarboxylase (GAD), with pyridoxal kinase
(PK) were studied by fluorescence polarization as well as surface plasmon resonance
techniques. The results demonstrated that PK can specifically bind to ALT and GAD.
Moreover, binding profiles of both enzymes to immobilized PK were altered by excess
amount of PLP. The equilibrium affinity constants for ALT in the absence and pres-
ence of PLP are 20.4 � 104 M–1and 6.7 � 104 M–1, and for GAD are 37 � 104 M–1and 20.8 �
104 M–1, respectively. It appears that specific interactions occur between PK and PLP-
dependent enzymes, and the binding affinities of PK for PLP-dependent enzymes
decrease in the presence of PLP. The results support our hypothesis that PLP trans-
fer from PK to PLP-dependent enzymes requires a specific interaction between PK
and the enzyme.

Key words: alanine aminotransferase, glutamate decarboxylase, pyridoxal kinase,
pyridoxal-5-phosphate–dependent protein, surface plasmon resonance.

Abbreviations: ALT, alanine aminotransferase; GABA, �-aminobutyric acid; AST, aspartate aminotransferase;
EDC, N-ethyl-N�-(3-diethylaminopropyl)carbodiimide; FMI, fluorescein-5-maleimide; GAD, glutamate decarboxy-
lase; NHS, N-hydroxysuccinimide; PK, pyridoxal kinase; PL, pyridoxal; PLP, pyridoxal-5-phosphate; SPR, surface
plasmon resonance.

Pyridoxal-5-phosphate (PLP) is the active form of vita-
min B6 [pyridoxal (PL), pyridoxine and pyridoxamine].
PLP is frequently described as nature’s most versatile
coenzyme and is required for numerous enzymes (PLP-
dependent enzymes) that catalyze a large array of reac-
tions in the synthesis, catabolism, and interconversion of
amino acids (1, 2). A recent study by Denesyuk et al. (3)
showed the importance of the phosphate group binding
cup for the catalytic activities of PLP-dependent
enzymes. The cellular content of PLP is determined by
the function of pyridoxal kinase (PK), pyridoxine-5-phos-
phate oxidase and phosphatases. The scheme for the
interconversion of B6 vitamers with their 5�-phospho
forms including the coenzyme PLP has been shown by
McCormick et al. (4) to illustrate the central role of both
the kinase and oxidase in vitamin B6 metabolism.

PK is an important enzyme that has been detected in
many different organisms and in virtually all mamma-
lian tissues including the brain (5). It is a dimer having
identical subunits of 40 kDa that consists of two domains
responsible for ATP and PL binding (6). The three dimen-
sional structures of sheep brain PK and its complex with
the nucleotide ATP were elucidated recently (7). PK

phosphorylates PL to form PLP in the presence of ATP
and a divalent cation (Zn2+) in liver, PLP is then released
to the bloodstream in association with albumin via
Schiff-base linkage (8). K+ was reported to have a stimu-
latory effect on PK in bovine brain (5), human erythro-
cytes (9), and porcine brain (10). Circulating PLP is
dephosphorylated by membrane-associated phospha-
tases before gaining entry to target cells (11, 12) and
being converted back to the active cofactor by intracellu-
lar PK after passing through the cell membrane.

A low PLP level is maintained in the cell by hydrolysis,
and yet a vast number of enzymes depend on PLP for
their enzymatic activities. Therefore, how PLP is trans-
ported to the PLP-dependent enzymes without depletion,
and how a single enzyme can react with such a large
number of diverse enzymes, are matters of interest. A
previous study had shown that PK interacts with aspar-
tate aminotransferase (AST) (13), indicating compart-
mentation of PLP might occur to prevent its degradation.

The delivery of PLP from PK to PLP-dependent apoen-
zyme is a crucial step for ensuring the proper functioning
of a large number of vitamin B6-dependent enzymes. We
hypothesize that specific interactions between PK and
PLP-dependent enzyme is essential for PLP transfer. In
this study, interactions of two PLP-dependent enzymes,
alanine aminotransferase (ALT) and glutamate decar-
boxylase (GAD), with PK were first studied by fluores-
cence polarization technique, followed by surface plas-
mon resonance (SPR) biosensor technology. GAD is a
Vol. 134, No. 5, 2003 731 © 2003 The Japanese Biochemical Society.

http://jb.oxfordjournals.org/


732 P.-Y. Cheun et al.

 at C
hanghua C

hristian H
ospital on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

hexamer having a molecular mass of 310 kDa (14) and
subunits of 50 kDa, each of which binds to one molecule
of PLP (15). It catalyzes �-decarboxylation of L-glutamic
acid to form �-aminobutyric acid (GABA), a major neuro-
transmitter in the vertebrate central nervous system
(16). ALT is a homodimer having a molecular mass of 100
kDa and subunits of 50 kDa, each of which binds to one
molecule of PLP. It catalyzes transamination between
alanine and 2-oxoglutarate to form pyruvate and gluta-
mate, which participates in nitrogen metabolism and
liver gluconeogenesis (17). Fluorescence polarization
study used fluorescent-labeled PK to monitor its interac-
tion with ALT or GAD in solution in the equilibrium
state, whereas the SPR biosensor could monitor biomo-
lecular interaction in real time and determine binding
kinetics and affinities without using radioactive or fluo-
rescent-labeled ligands (18, 19). The effects of PLP on
binding interaction of PK with ALT and GAD were also
investigated with the SPR biosensor. The SPR results
provide kinetic parameters related to the binding mecha-
nism of the enzymes. This information is invaluable for
understanding the regulatory pathway of PLP transfer.
The binding of these two PLP-dependent enzymes with
PK could also serve as models for studying the interac-
tion of PK with other PLP-dependent enzymes.

MATERIALS AND METHODS

Materials—The BIAcoreX™ instrument, sensor chip
(CM5, research grade), HBS buffer (10 mM HEPES, 150
mM NaCl, 3.4 mM EDTA, 0.05% P20, pH 7.4) and
the amine coupling kit containing N-hydroxysuccinim-
ide (NHS), N-ethyl-N�-(3-diethylaminopropyl)carbodiim-
ide (EDC) and ethanolamine hydrochloride were from
Pharmacia Biosensor (Uppsala, Sweden). Potassium
hydrogen phosphate, potassium dihydrogen phosphate,
potassium chloride, sodium dodecyl sulfate (SDS) and
hydrochloric acid were from Honeywell Specialty Chemi-
cals (Seelze, Germany). Porcine heart ALT, E. coli GAD
and PLP were from Sigma (St. Louis, MO, USA). Fluores-
cein-5-maleimide was from Molecular Probes (Eugene,
USA). Acetonitrile and formic acid were from Merck,
(Merck, Germany).

Purification of Recombinant Porcine PK and GAD—
Porcine PK was expressed in E. coli, and purified to more
than 95% purity according to the method developed in
our laboratory (10) through ammonium sulfate precipita-
tion (50 % saturation) and Q-Sepharose ion-exchange.

The purchased GAD was purified by passage through a
Superdex-200 prep grade HiLoad 16/60 column on an
ÄKTA explorer purification system (Amersham Bio-
sciences, Uppsala, Sweden). Purification was carried out
at 4�C. Purchased GAD was dissolved in the elution
buffer (PB, 50 mM potassium phosphate buffer contain-
ing 150 mM potassium chloride, pH 6.8) and loaded onto
the column. Elution was carried out at a flow rate of 1 ml/
min for 1.3 column volumes, and fractions of 1 ml were
collected. Protein concentration of eluted sample was
monitored at 280 nm throughout the elution process
using the ÄKTA explorer. More than 70% purity was
achieved after this step as judged by the SDS-PAGE.

Mass Determination of GAD and ALT—Electrospray
ionization time of flight mass spectrometry (Q-TOF II,

Micromass, Altrincham, U.K.) was used to determine the
mass of GAD and ALT to determine the ratio of the apo
and holo forms of the enzymes used in this study. Protein
sample (GAD or ALT) at a concentration of 10–4 M was
dissolved in 50% acetonitrile mixture acidified with 1%
formic acid and sprayed through a capillary elevated at a
potential of 2.2 to 3 kV. Horse heart myoglobin was used
as the standard for calibration and mass spectrum was
scanned between the range of 600–1,600 m/z.

Labeling of PK—PK (20 �M) was allowed to react with
5 mM fluorescein-5-maleimide (FMI) in 50 mM potas-
sium phosphate (pH 6.8). The mole ratio of enzyme : fluo-
rescein was approximately 1:10. The reaction was
allowed to proceed for 4 h at 4�C with stirring. Excess of
free reagent was removed by dialysis against the same
buffer at 4�C. The degree of labeling of PK was deter-
mined spectrophotometrically using an extinction coeffi-
cient of 83,000 M–1 cm–1 at 495 nm. The incorporation of
1.1 mol of dye/monomer does not affect the catalytic func-
tion of PK.

Fluorescence Polarization Study on the Interaction be-
tween PK and PLP-Dependent Enzymes—Labeled PK (1
�M) interacted with PLP-dependent enzymes ALT and
GAD at various concentrations (0–20 �M) in PB. The
mixture was allowed to stand for 5 min at 25�C after the
addition of ALT or GAD in order to reach equilibrium.
Fluorescence polarization intensity was measured by
means of fluorescence spectroscopy using an excitation
wavelength of 499 nm and an emission wavelength of 520
nm with a bandwidth of 5 nm. The fluorescence polariza-
tion intensity of labeled PK was used as the blank. Lys-
ozyme interaction with labeled PK was included as a neg-
ative control.

The fraction (�) of FMI-PK bound to ALT or GAD is a
function of Po (fluorescence polarization intensity of FMI-
PK alone), P (fluorescence polarization intensity of FMI-
PK-ALT/GAD) and Pm (maximum fluorescence polariza-
tion intensity). The following equations were used to ana-
lyze the interaction where the stoichiometry of the com-
plex was assumed to be 1:1.

� = (P – Po)/(Pm – Po) (1)

The apparent equilibrium constant (dissociation con-
stant) of the complex was determined by plotting 1/�
against 1/[A] using Eq. 2.

1/� = 1 + K/[A] (2)

Where [A] is the concentration of the PLP-dependent
enzyme and K is the apparent equilibrium constant. The
values of dissociation constants for the binding interac-
tion were obtained from duplicate experiments for each
concentration of ALT/GAD.

Immobilization of PK on CM5 Sensor Chip—The basic
principle of the SPR biosensor (BIAcore X) and some of
its applications have been described in detail in the
BIAtechnology Handbook (20) and elsewhere (18, 19, 21,
22). CM5 sensor chips are pre-coated with carboxymethyl
dextran, which can concentrate the ligand (PK) close to
the surface of the chip for coupling. The effect of electro-
static interaction was studied by injecting the ligand in
J. Biochem.
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coupling buffers at different pHs. The most suitable pH
for coupling was determined to be pH 4.0.

Immobilization of PK was carried out by the standard
amine coupling method as previously described (10, 23–
25). The immobilization procedures were carried out at
25�C at a constant flow rate of 5 �l/min. The carboxyme-
thyl dextran surface in channel one was first activated by
injecting 35 �l of 0.1 M EDC/0.1 M NHS premixed in 1:1
ratio prior to coupling. Then 35 �l of PK (10 �g/ml in 10
mM acetate coupling buffer, pH 4.0) was then injected
over the activated surface for coupling, followed by the
injection of 35 �l of 1 M ethanolamine to deactivate the
remaining active carboxyl groups on the sensor chip sur-
face. HCl (12 �l, 100 mM) was used to remove the
remaining non-covalently bound PK. Similar activation
and deactivation procedures were carried out for the con-
trol channel, except for the coupling procedure, where pH
4.0 coupling buffer was used in place of PK in order to
block the remaining binding sites on the sensor chip sur-
face and prevent non-specific binding. The control chan-
nel is used to correct non-specific binding and bulk
refractive index change interference. The sensor chip was
equilibrated at 5 �l/min with PB for 24 h before carrying
out binding assays.

SPR Binding Interaction for PK and PLP-Dependent
Enzymes—All binding experiments were carried out at
25�C with a constant flow rate of 8 �l/min using PB. ALT
or GAD in PB ranging from 5 �M to 20 �M was injected
over the sensor surface immobilized with PK for 3 min
(association phase), followed by a 5-min wash with PB
(dissociation phase). The sensor surface was then regen-
erated with either 100 mM HCl or 0.01 to 0.5% SDS. The
interaction of PLP-dependent enzymes with PK was also
studied in the presence of excess PLP (2 mM).

Kinetic Models and Data Analysis—The sensorgrams
were analyzed with BIAevaluation™ Software version 3.0
(26). Several binding models were used to fit the PK-ALT
or PK-GAD interaction data, including a simple one-to-
one binding model (Langmuir), a heterogeneous analyte
model (competing reactions) and a two state (conforma-
tional change) binding model with or without mass trans-
port limit (27). The degree of randomness of the residual
plot and the reduced �2 value were used to assess the
appropriateness of a model to the sensor data. The sim-
plest and the most appropriate model for each binding
interaction was used to derive the kinetic parameters. It
was found that the simple one-to-one binding model
(Langmuir) provides sufficient fitting for the PK-ALT
and PK-GAD interactions. This agrees with the fluores-
cence polarization study. The reaction equation for the
model is described below, and its rate equation is used to
fit the sensorgram data to derive binding kinetic con-
stants.
Reaction equation:

(3)

Rate equation:

 (4)

Where A represents analyte in solution, B represents the
ligand immobilized on sensor surface, AB is the complex

formed by A and B, and ka and kd are their respective
association and dissociation rate constants. The equilib-
rium affinity constant (KA) and equilibrium dissociation
constant (KD) are calculated based on the ratio of ka/kd
and kd/ka respectively.

Both the association and dissociation phases were fit-
ted simultaneously. Data were fitted globally (fitting all
concentrations simultaneously) and locally (fitting each
concentration separately) to find the optimal fit for each
binding interaction. Simultaneous local fit is optimal for
the binding interaction. The mean values of the associa-
tion and dissociation rate constants and equilibrium
affinity constant of the binding interaction were obtained
from duplicate experiments for each concentration of
ALT/GAD with or without the presence of PLP.

Heterogeneous analyte and two-state binding models
were also used to analyze the binding interaction. How-
ever, the use of these models did not improve the fitting
for the binding interaction. The residual plots for the het-
erogeneous analyte model are included in the diagram for
comparison. In simultaneous analysis, both association
and dissociation were analyzed simultaneously, and asso-
ciation rate calculation depends on the dissociation rate.
As the dissociation rate is very low, to eliminate the pos-
sibility of inaccurate calculation of association rate,
BIAevaluation™ Software version 2.2 (28) was used to
separately fit the association phase and compare the
results with those obtained in version 3.0 model. The
association model used was A + B = AB type 3. This
model calculates ks = kaCn + kd and initial binding rate r0
by fitting data to the following equation:

R = (r0/ks)[1 – e–ks(t–t0)] (5)

Where n is the steric interference factor (default 1). By
plotting ks, the observed rate constant, against C, the
sample concentration, ka and kd could be obtained.

RESULTS AND DISCUSSION

The cellular PLP level has been found to be very low,
which is probably due to the high catalytic activity of
both free and membrane bound phosphatases (13). This
is consistent with the fact that the kcat values of this large
family of enzymes are at least 30-fold higher than that
pertaining to pyridoxal kinase. It has been postulated
that the hydrolysis of phosphorylated vitamin B6 ensures
that a low concentration of around 1 �M PLP is present
in eukaryotic cells (29). Nevertheless, despite the exist-
ence of the active phosphatase, a considerable amount of
PLP generated by the kinase is still available for binding
to vitamin B6-dependent enzymes. The underlying mech-
anism for the transfer of PLP to specific vitamin B6-
dependent apoenzymes in the presence of phosphatase is
of interest.

Previous study by fluorescence spectroscopy showed
that AST interacts with PK (13), and it is suggested that
PLP transfer is achieved by compartmentalization. How-
ever, whether this interaction is specific to AST or gen-
eral to all PLP-dependent enzymes is unknown. In the
present study, fluorescence polarization study and SPR-
based protein-protein interaction assay were developed
for evaluation of the binding interaction between PK and

A B+ ZAB
ka

kd

d AB� �

dt
----------------- ka A� � B� � kd AB� �–=
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two PLP-dependent enzymes to determine whether the
interaction is general or specific.

Purification of PK and GAD—Changes in fluorescence
polarization intensity upon interaction of FMI-PK with
ALT or GAD reflect changes in molecular volume and
provide direct measurements of equilibrium binding. The
SPR biosensor measures the mass changes as the analyte
passes through the sensor chip surface. Both fluorescence
polarization and SPR binding interactions would be
affected by purity of the samples, because non-specific
interaction increases with increasing impurity. To mini-
mize non-specific interaction, samples of highest availa-
ble purity should be used. The purity of the interacting
proteins (PK, ALT, and GAD) is shown in Figure 1. PK
was purified to homogeneity according to the method
described. Both ALT and GAD were obtained commer-
cially. The ALT was of acceptable purity (80%) for the
analysis, and the GAD was too crude for the assay, and its
purity was improved to 80% by a one-step purification
using Superdex-200 prep grade column as indicated in
lane 3 and lane 4 in Fig. 1.

Fluorescence Polarization Study—The purified enzymes
were used in the fluorescence polarization study to deter-
mine if PK interacts with ALT or GAD. The fluorescence
polarization intensity of FMI-PK increases with the
increase in concentration of the PLP-dependent enzymes
(Fig. 2). Both of these enzymes interact with PK, indicat-
ing that there is a general interaction between PK and
PLP-dependent enzymes. The difference in molecular
weight between GAD and ALT may be one of the reasons
for the difference in fluorescence polarization intensity
change. Lysozyme, a non-PLP-dependent protein that
does not interact with PK was included as a negative con-
trol in the binding assay. By plotting 1/� against 1/[A],
the apparent equilibrium constants (dissociation con-
stant) obtained for PK-ALT and PK–GAD are 5.6 	 10–6

M and 2.3 	 10–6 M, respectively.
SPR Biosensor Study—Fluorescence polarization study

showed that there is a general interaction between PK
and PLP-dependent enzymes. However, this method only
studied binding interactions between enzymes at equilib-
rium. To monitor real-time binding interaction between
purified PK and PLP-dependent enzymes, SPR biosensor
study was performed. PK was immobilized onto the CM5
sensor chip using acetate coupling buffer at pH 4.0.
Approximately 3.5 ng/mm2 PK was immobilized based on
the estimation that 1,000 RU corresponds to 1 ng/mm2 of
surface mass (30). A control surface was also prepared to
correct for non-specific binding and bulk refractive index.
Signals for specific binding interactions between immobi-
lized PK and PLP-dependent enzymes (ALT and GAD)
were generated by subtracting the non-specific signals
from the control surface. This is the first time that quan-
titative kinetic profiles were obtained for the interactions
between PK and PLP-dependent enzymes.

The binding interactions between immobilized PK and
ALT or GAD were monitored in real time. Solutions of 5
�M ALT or GAD in the presence or absence of PLP were

Fig. 1. Purity of PK and PLP-dependent enzymes. Protein
samples of 5 �g were analyzed by 12% reducing SDS-PAGE and
stained with Coomassie Blue. Lane 1 is PK, lane 2 is ALT, lane 3 is
GAD before purification and lane 4 is the one-step purified GAD.

Fig. 2. Interaction of FMI-PK with PLP-dependent enzymes.
Interactions of FMI-PK with various concentrations of PLP-depend-
ent enzymes (0–20 �M) were monitored through fluorescence polar-
ization intensity changes. The fluorescence polarization intensity
was measured at an excitation wavelength of 499 nm and an emis-
sion wavelength of 520 nm with a bandwidth of 5 nm in PB contain-
ing a fixed concentration of FMI-PK (1 �M) at 25 �C. Fluorescence
polarization intensity of FMI-PK was set as the blank, and the lys-
ozyme interaction with FMI-PK was included as a negative control.
Each point indicates the mean of duplicate measurement.

Fig. 3. Chart showing the percentage response change for
binding interactions of ALT and GAD with the immobilized
PK. Solutions of 5 �M ALT and GAD were injected onto biosensor
chip surface immobilized with PK in the presence and absence of
excess PLP (2 mM). The interaction was carried out at a flow rate of
8 �l/min and with an association phase of 3 min and dissociation
phase of 5 min. Bar chart shows percentage response change for the
binding interaction of ALT, and GAD with PK in the absence and
presence of PLP after 3 min of binding. GAD interaction with PK
was set as the reference with a percentage response difference of
100%. Lysozyme was included as the negative control.
J. Biochem.
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injected onto the sensor surface. Specific binding of ALT
and GAD to immobilized PK is clearly shown in Fig. 3.
The result suggests that binding of PLP-dependent
enzymes to PK is a general event, and this finding agrees
with that of the fluorescence polarization study. It
appears that the higher molecular weight of GAD (as
compared to ALT) contributes to the higher observable
binding of GAD to immobilized PK (Fig. 3). In addition,
both enzymes could bind to PK in the presence of excess
PLP, which affected their binding interactions (Fig. 3).

We then determined the binding kinetics of ALT and
GAD for PK by monitoring the binding interactions of dif-
ferent concentrations of the two enzymes to immobilized
PK. Samples ranging from 5 �M to 20 �M were injected
either in the presence or absence of excess PLP (2 mM).
The interactions of PK-ALT and PK-GAD in the absence
(A) or presence (B) of PLP are shown in Figs. 4 and 5,
respectively. Both PLP-dependent enzymes bind to PK in
the presence or absence of PLP. The interaction between
PK with ALT and GAD increased with an increase in ALT
and GAD concentrations. When PLP was added, the
binding profiles of ALT and GAD with PK were affected.
Excess PLP was used to ensure all the enzymes are cova-
lently linked to their cofactor, as the majority of the
enzymes are in their apo form (31). In the presence of

Fig. 4. Sensorgrams showing the binding interactions of ALT
with the immobilized PK. Various concentrations of ALT (5–20
�M) were allowed to interact with immobilized PK in the absence
(A) or presence (B) of excess PLP (2 mM). The interactions were car-
ried out at a flow rate of 8 �l/min and with an association phase of 3
min and dissociation phase of 5 min. The residual plots with mini-
mum �2 values of fitting are shown in the lower panel. Non-linear
regression analysis of the association and the dissociation curves
was performed using the simple one-to-one binding model. Solid
lines are theoretical curves based on the one-to-one binding model.
The residual plot of the analysis using the heterogeneous analyte
model is included for comparison.

Fig. 5. Sensorgrams showing the binding interactions of
GAD with the immobilized PK. Various concentrations of GAD
(5–20 �M) were allowed to interact with immobilized PK in the
absence (A) or presence (B) of excess PLP (2 mM). The interactions
were carried out at a flow rate of 8 �l min and with an association
phase of 3 min and the dissociation phase of 5 min. The residual
plots with minimum �2 values of fitting are shown in the lower
panel. Non-linear regression analysis of the association and the dis-
sociation curves was performed using a simple one-to-one binding
model. Solid lines are theoretical curves based on the one-to-one
binding model. The residual plot of the analysis using the heteroge-
neous analyte model is included for comparison.
Vol. 134, No. 5, 2003
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PLP, the slopes of the association and dissociation phases
for both enzymes with PK were steeper than that in the
absence of PLP. Yet another study by Kawasaki (32) had
indicated that dopa decarboxylase was 90% saturated
instead of 10–20% saturated with PLP. Thus electrospray
ionization time of flight mass spectrometry (ESI-Q-TOF-
MS) was used to determine the mass of GAD and ALT to
see whether the majority of the enzyme is in apo or holo
form. As PLP is covalently bound to the enzyme, the con-
dition used for ESI-TOF-MS would not lead to its detach-
ment from the enzyme. If the enzyme is in holo form, it
would have a mass that is 247.1 Da greater than the apo
form. Figure 6 is the mass spectrum for GAD, which indi-
cates that GAD is entirely in the apo form. The result is
the same for ALT (data not shown). Though our result
showed that excess PLP affects the binding profile of PK
with PLP-dependent enzyme, we could not exclude the
possibility that the binding of PLP to the surface of GAD
or ALT might alter the conformation or charges of the
surface. The latter may affect the process of binding to
PK, as PLP is known to form a Schiff base non-specifi-
cally with the epsilon amino group of lysine residues of
proteins.

Kinetic parameters of the binding interactions were
derived from the sensorgram by non-linear curve fitting
with various kinetic models using BIAevaluation Soft-
ware 3.0. Base on our fluorescence polarization study, the
stoichiometry of the complex between PK and PLP-
dependent enzymes is 1:1. Our biosensor study also indi-
cated that the simple one-to-one binding model is ade-
quate to fit data for both PK-ALT and PK-GAD interac-
tions. Use of the heterogeneous analyte and two-state
models did not improve the result of curve fitting. The

association rate constant calculated using simultaneous
ka/kd models depends on the dissociation rate constant.
To prevent inaccuracy that might rise due to the low dis-
sociation rate constant, the kinetic parameters were also
determined by separate ka/kd evaluation model using
BIAevaluation software 2.2. The results are similar to
that derived from the simultaneous evaluation models.
Thus the simultaneous one-to-one binding model was
used to evaluate the kinetic parameters. The respective
residual plot and minimum �2 were included to indicate
the goodness of fitting for each pair of interactions (Figs.
4 and 5). The respective residual plot using the heteroge-
neous analyte model was also included in the figures (4
and 5) for comparison of fittings between different models.

The fitted kinetic values for PK-ALT and PK-GAD
interactions with and without PLP are summarized in
Table 1. For both PK-ALT and PK-GAD interactions, the
equilibrium affinity constants (KA) were decreased in the
presence of PLP (Table 1). The measured KA values are of
similar magnitude (104–105 M–1) to those for the interac-
tion between PK and its substrates (PL, pyridoxamine,
and pyridoxine) as measured previously by our group
(10). SPR results were consistent with the results
obtained in fluorescence polarization study.

Interaction of PK with PLP-Dependent Enzymes—Our
results from fluorescence polarization and SPR biosensor

Table 1. The association and dissociation rate constants and equilibrium affinity constants of alanine
aminotransferase (ALT) and glutamate decarboxylase (GAD) for pyridoxal kinase (PK) in the presence
or absence of pyridoxal-5-phosphate (PLP).

aApparent equilibrium constant obtained through fluorescence polarization study.

ka (M–1 s–1) kd (�10–4 s–1) KA (�104 M–1) KD (�10–6 M) �2

ALT 155 7.6 20.4 4.9 0.21
17.9a 5.6a

ALT + 2 mM PLP 175 26.3 6.7 15 0.33
GAD 274 7.4 37 2.7 0.55

43.5a 2.3a

GAD + 2 mM PLP 540 25.9 20.8 4.8 0.43

Fig. 6. Mass spectrum for GAD using ESI-Q-TOF-MS. GAD (10–4

M) was dissolved in 50% acetonitrile acidified with 1% formic acid
and sprayed through capillary at a voltage range from 2.2 to 3 kV.
Horse heart myoglobin was used as the standard for calibration,
and the mass was scanned between 600 and 1,600 m/z.

Fig. 7. Proposed model for PLP transfer from PK to PLP-
dependent enzymes. In the presence of ATP, PL is converted to
PLP and is ready for transfer. When the apo form of ALT or GAD is
present, their binding to PK will allow the transfer of PLP from PK.
After PLP transfer, the holo-enzyme ALT-PLP or GAD-PLP dissoci-
ates from PK, and PK is ready for another cycle of PLP transfer. In
the absence of PLP, ALT or GAD can still bind to PK, but the associ-
ation and dissociation rate constants are smaller than those in the
presence of PLP.
J. Biochem.
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studies showed that both PLP-dependent enzymes bind
to PK in the presence or absence of PLP. These results
support our hypothesis that PLP transfer requires the
direct interactions of PK with PLP-dependent enzymes
upon its biosynthesis by PK to prevent PLP depletion in
the cell by phosphatase. The association constants for the
interaction of PK with the two PLP-dependent enzymes
are of similar magnitude, suggesting that both enzymes
have similar affinity towards PK (Table 1). The affinities
of the two enzymes for PK were both decreased in the
presence of excess PLP, due to the dramatic increase in
dissociation rate of the interactions (Table 1). The results
suggest that PLP facilitates the dissociation of PLP-
dependent enzymes from PK, which may in turn facili-
tate the access of other PLP-dependent enzymes that are
in need of PLP. The slight difference between the KD
measured by the two methods might be due to the differ-
ence between the methods used i.e., fluorescence polari-
zation study involves the attachment of a fluorescence
probe to PK and is carried out in aqueous phase, while
the SPR biosensor involves the immobilization of PK and
is carried out on solid-liquid interface. In any case, the
binding interactions will be affected to different extents.

Previous study reported that AST, another PLP-
dependent enzyme, interacts specifically with PK (13).
Together with the results obtained in the present study,
the interaction of PLP-dependent proteins with PK is
likely to be a process for PLP transfer. Fig. 7 is a proposed
model that summarizes the major events for the coupling
of PLP production by PK to its delivery to PLP-dependent
enzymes. PL is converted by PK to PLP, which then inter-
acts with PLP-dependent enzymes for direct transfer of
PLP. In the presence of PLP, the dissociation of PLP-
dependent enzymes from PK is enhanced, allowing the
release of these enzymes from PK. In the absence of PLP,
the PLP-dependent enzymes could still bind to PK, but
with smaller association and dissociation rate constants.
Although our data demonstrate the direct interactions
between PK and PLP-dependent enzymes, it remains to
be determined if the domain for PK-PLP-dependent
enzymes interactions is superimposed with the catalytic
domain of PK. This information will further support our
hypothesis that the direct contact between PK and PLP-
dependent enzymes allows PLP transfer, and provides a
mechanism for how more than 100 different PLP-depend-
ent enzymes can obtain sufficient PLP in despite the
extremely low concentration of free PLP in the cell. Our
model provides a possible mechanism for PLP transfer to
prevent the access of existing phosphatases to the newly
synthesized PLP.
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would like to dedicate this manuscript to him in memory of
his invaluable comments on this study. This project was sup-
ported by the Areas of Excellence Scheme Established under
the University Grants Committee of the Hong Kong Special
Administrative Region, China [AOE/P-10/01], and by the Area
of Strategic Development Grant from the Hong Kong Poly-
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