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ABSTRACT. Amadoriase is a flavoenzyme that catalyzes the oxidative deglycation of Amadori products
(fructosyl amino acids or aliphatic amines) to yield free amine, glucosone, and hydrogen peroxide. The
mechanism of action of amadoriase | fraxspergillus sphas been investigated by stopped-flow kinetic
studies using fructosyl propylamine and &s substrates in 10 mM Tris HCI, pH 7.9;°€@. Using both
substrate analogues and fast kinetic techniques, the active configuration of the substrate was found to be
the-pyranose form. Stopped-flow studies showed that the reductive half-reaction is triphasic and generates
intermediates that absorb at long wavelengths and is consistent either with (i) the reaction of the substrate

with the flavin followed by iminium deprotonation or hydrolysis and then product release or with (ii) the
formation of flavin reduction intermediates (carbanion equivalents or adducts), followed by product release.
The rate of product release after flavin reduction is lower than the aerobic turnover rate;*14uggesting

that it is not involved in the catalytic cycle and that reoxidation of the reduced enzyme occurs in the
Ereq—product complex. In the oxidative half-reaction, the reduced flavin is oxidized by @ single

phase. The observed rate constant has a linear dependence on oxygen concentration, giving a bimolecular
rate constant of 4.% 10* M—! s~1in the absence of product, and 3x610* M~ s 1 when the product

is bound. The redox potentials of amadoriase have been measured at pH°7dlyidg values of+48

and —52 mV for the oxidized enzyme/anionic semiquinone and anionic semiquinone/reduced enzyme

couples, respectively.

Amadoriase is a flavoprotein that catalyzes the oxidation accumulate in long-lived proteins2{4) and has been
of Amadori products by oxygen to yield glucosone, an amine implicated in the development of diabetic complications and

and hydrogen peroxidel).
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The Amadori product is the initial product of the Maillard

the aging proces${-8). Previously, we reported the isolation
and cloning of two amadoriase isoenzymes fraspergillus

sp. from soil which we named amadoriase | and Il (1). These
enzymes are monomers of molecular mass arount580
kDa containing FAD as the cofactor. Amadoriase | has one
FAD covalently bound to cysteine 349)(

Amadoriase catalyzes the FAD-dependent reaction,of O
and Amadori products to the corresponding imine and
hydrogen peroxide. In this paper, we address the mechanism
of the amadoriase | by employing stopped-flow spectropho-
tometry and JH]- and PH_J-fructosyl n-propylamine (PAAP)
as substrate. Steady-state kinetics, the reductive half-reaction,

glycation reaction of proteins, produced when glucose reactsand the oxidative half-reaction have been analyzed. We

nonenzymatically with amino groups in proteins to form
ketoamino-linked 1-deoxyfructosyl adducts. It is the precur-
sor of protein cross-links and glycoxidation products that
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propose a minimal kinetic scheme for this enzyme that
involves a charge-transfer intermediat®)( We also identi-
fied the substrate configuration recognized by the enzyme.

EXPERIMENTAL PROCEDURES

Materials. 2,5-Anhydro mannitol, 1,5-anhydro mannitol,
fructose, and glucose were purchased from Sigma (St. Louis,

1 Abbreviations: amadoriase, fructosyl amino acid oxidase (EC
1.5.3); ABTS, 2,2azine-bis(3-ethylbenzthiazoline-6-sulfonic acid);
HRP, horseradish peroxidase; PAAP, fructasyropylamine; NaOD,
sodium deuterioxide; DCI, deuterium chloride; NMR, nuclear magnetic
resonance; PCA, protocatechuate; PCD, protocatechuate dioxygenase;
DTT, dithiothreitol.
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MO). Hydroxyapatite matrix was from Bio-Rad (Hercules, to 10.4. After incubating overnight at 25rotons on C1 of
CA), and Ni-NTA Superflow resin was from Qiagen PAAP exchanged with solvent deuterium. The pD was
(Valencia, CA). All the other chemicals were from Sigma. titrated to 8.1 with DCI, and the solution was lyophilized
Fructosyl propylamine was synthesized as reported in Ta-for storage and later dissolved with 10 mM Tris HCI buffer
kahashi et al. X). Methyl g-fructofuranoside and methyl (pH 7.9, #) at the desired concentration immediately before
o-fructofuranoside were prepared according to the publisheduse to prevent the back exchange of protons. The structure
methods 84—36). In brief, a fructose solution in anhydrous  of [?H,]-PAAP was confirmed by mass spectroscopy (LCQ,
methanol containing 1% TFA was kept for 4 days at room ThermalQuest, FL) an#fC NMR.

temperature, and then neutralized with anionite (@éfm). Stopped-Flow KineticdRapid reaction measurements and
Separation of the methyl fructosides was achieved on aturnover experiments were carried out in a Kinetic Instru-
column packed with Bio-Rad AG % 8 resin (OH-form), ments stopped-flow spectrophotometer, a Hi-Tech SF-61
with water as eluent. stopped-flow spectrophotometer/fluorimeter, or a Hi-Tech

Enzyme Purification Expression of recombinant ama- SF-61 DX-2 instrument equipped with a diode-array detector.
doriase | fromAspergillus spand purification by Ni-NTA The spectral acquisition time of the diode array instrument
Superflow FPLC column (Pharmacia) were performed as was 1.5 ms. For anaerobic experiments, oxygen was scrubbed
described by Wu et al9]. Proteins were dialyzed overnight from the driving syringes by PCA/PCD2%). Enzyme
against 10 mM sodium phosphate buffer (pH 7.4) and applied solutions were made anaerobic in tonometers on ice by at
to a hydroxyapatite column (1€ 10 cm) equilibrated with least 10 cycles of evacuation followed by filing and
the same buffer. After the column was washed with 300 mL equilibrating with purified argon. Substrate solutions were
of equilibration buffer, elution was carried out with a 1000- made anaerobic by bubbling with argon for at least 10
mL linear gradient of sodium phosphate buffer (pH 7.4), from minutes. The kinetics of the reductive half-reaction was
10 to 200 mM with a flow rate of 5 mL/min. Fractions with  monitored at 453 and 550 nm after mixing oxidized enzyme
enzyme activity were pooled and concentrated with an with buffer (10 mM Tris HCI, pH 7.4) containing various
Amicon Centriprep using YM-10 membrane (Millipore, concentrations of PAAP. The steady-state kinetic analysis
Bedford, MA). Proteins were dialyzed against 10 mM Tris was carried out at pH 7.9,°C, using the enzyme monitored
HCI buffer (pH 7.4). turnover method as described by Gibson et B2).(

Determination of the Extinction Coefficient of Amadoriase.  The oxidation of the reduced enzyme was investigated as
The extinction coefficient was determined by titrating the follows. The oxidized form of the enzyme was made
reduced enzyme with potassium ferricyanide. Enzyme (200 anaerobic in a tonometer and reduced by adding an equiva-
uL) was mixed with 100@:L of 8 M guanidine hydrochloride  lent of PAAP. The reduced enzyme was mixed with an equal
and 10 mM EDTA in a glass vessel and was made anaerobic.volume of buffer containing oxygen in the stopped-flow
The enzyme was then fully reduced by strong white light instrument, and the increase in the absorbance at 453 nm
radiation @7). Potassium ferricyanide solution with a was measured. Different oxygen concentrations were ob-
concentration of approximately 1 mM was bubbled with tained by bubbling syringes of buffer with,ON, mixtures
purified argon and loaded into a syringe for the titration. obtained from Matheson. All reactions were carried out at 4
Spectra were recorded after eachl5addition of potassium  °C.
ferricyanide until the absorbance at 453 nm reached a Analysis of Stopped-Flow Tracestopped-flow traces for
maximum. The concentration of potassium ferricyanide was the reduction and oxidation experiments were analyzed by
determined using its extinction coefficient at 420 nm (1000 fitting to the sum of exponentials:

M~tcm).

Determination of Redox Potentialhe redox potentials A = A + C, exp(—k;t) + C, exp(—kyt) + ... +
of amadoriase were determined at°Z5using the xanthine/ C,expkqt) (2)
xanthine oxidase reduction system of MassEl).(For this, N
20—30uM enzyme in 0.1 M potassium phosphate, pH 7.0, ) ) i
together with 0.2 mM xanthine and an appropriate amount Where A is absorbancek; is a (pseudo) first-order rate

o ; i . lamp, a
of redox indicator dye were mixed together and made constant, andCi is a constant The program S.C -
anaerobic in a cuvette. To ensure rapid equilibration of derivative of CLAMP @4) from David Myszka, University
reducing equivalents, M benzyl viologen was also of Utah, was used for the simultaneous fitting of a series of

included. The reaction was started by adding xanthine reaction trace at different PAAP concentrations. Simulations

oxidase (16-50 nM) from the sidearm of the cuvette, and Were also performed using Berkeley Madonna 8.0.1.
absorbance spectra were collected at various times. RESULTS

Inhibition AssaysEnzyme activity was determined by the
ABTS assay that measures hydrogen peroxide. Reaction Extinction CoefficientDenatured reduced enzyme was
mixtures contained 96L of 10 mM HEPES, pH 8.0, 3@L titrated with 1.03 mM potassium ferricyanide anaerobically.
of 10 mg/mL ABTS, and 2 mg/mL peroxidase mixture, 30 From the equivalence point, the extinction coefficient of
uL of purified enzyme solution, and 50L of substrate amadoriase was determined as 12 500" i (data not
(fructosyl e-amine caproic acid)/inhibitor mixture in a total shown).

volume of 200uL in a 96-well microplate. After 20 min, Redox PotentialsThe flavin redox potentials were deter-
the absorbance at 415 nm was measured on a microplatenined using the method described by Massti).(When
reader (model 450, Bio-Rad, CA). the xanthine oxidase-mediated reduction of amadoriase was

Synthesis ofPH,]-PAAP. Fructosyln-propylamine (PAAP) monitored in the absence of a reference dye, the initial
was dissolved in BO and NaOD was used to adjust the pD formation of a one-electron-reduced flavin species was
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06 Table 1: Apparent Steady State Kinetic Parameters for the Reaction

of Amadoriasé
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‘é a All experiments were performed at pH 7.9:@. [O;] = 1.95 mM,
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Ficure 1: Spectral changes during the anaerobic xanthine oxidase—durlng turr_10ver {2). Oxidized e“?Yme t15 uM final
mediated reduction of amadoriase (see Experimental Procedures)concentration) that had been equilibrated under an atmo-
Spectra were obtained at regular time intervals (5 min) during the sphere of 100% @on ice was mixed with 5 mM substrate
reduction of 27uM enzyme in 0.1 M phosphate buffer, pH 7.0, at  (PAAP), also equilibrated on ice under an atmosphere of
25°. Inset, absorbanc_e at 453 nm versus the absorbance at 376 nm oo Q, giving an Q concentration of 1.95 mM im-
throughout the experiment. mediately after mixing in the stop-flow instrument at@.
observed (Figure 1), which had absorbance peaks at 378At 453 nm, a rapid decrease of oxidized flavin absorption
401, and 478 nm, characteristic of anionic (red) flavin was followed by a steady-state phase and then by a further
semiquinoneX3). It was estimated that the maximal amount decrease to reach the final reduced state after oxygen was
of flavin radical formed during the reduction process was consumed. The analysis of these traces was done according
70% (Figure 1, inset), allowing us to calculate a separation to the method of Gibson et all?). Table 1 lists the
of 80 mV for the redox potentials of the oxidized/semi- corresponding steady-state coefficients fot;]- and PH,]-
quinone couple K;) and the semiquinone/hydroquinone PAAP, respectively. Because the concentration of PAAP that
couple €,) (14). By using thionin (-60 mV) and indigo was used (5 mM) was much higher than e of PAAP
tetrasulfonate €46 mV) as reference dyes, the two redox (0.049 mM) @), the apparenk., (14.4 s*) represents the
potentials could be determined separately. The redox poten-turnover number extrapolated to infinite substrate concentra-
tial of the enzyme was calculated by plotting log([ox]/[red]) tion. An isotope effect of 2.9 was observed kg
for the enzyme versus the corresponding log([ox]/[red]) value = Reductie Half-Reaction When amadoriase and PAAP
of the dye (5). The two redox potential&; and E; were were mixed in the stopped-flow spectrophotometer under
+48 and—52 mV, respectively. These values are in line anaerobic conditions af4pH 7.9, three reaction phases were
with the above-mentioned estimated separation of the twoobserved at 453 nm (Figure 2). A large decrease in
redox potentials. Data obtained by reducing the enzyme in absorbance was observed in the first reaction phase, sug-
the presence of methylene blueX1l mV) also agreed with  gesting that the flavin might be reduced in this reaction. The
these results. The two-electron midpoint redox poterfig) ( observed rate constant for the first phase increased to a
of amadoriase is-2 mV [E, = (E1 + E»)/2] (14). limiting value of 652 s at high PAAP concentrations, and

Reduction by DithiothreitolIn the early stages of our anonzero intercept of 58 swas evident as the concentration
work, we observed that solutions of Amadoriase would form of PAAP approached zero (Figure 3). The nonzero intercept
anionic semiquinone during the process of removing oxygen indicates that this reaction is reversible, while the saturating
and prior to the addition of reductants in our experiments. PAAP concentration dependence indicates that the reaction
We determined that dithiothreitol (DTT), which we originally responsible for the absorbance change being monitored is
included in our buffers, could reduce the enzyme. This was preceded by the binding of PAAP. A half-saturating total
documented by making a solution of amadoriase (&1 PAAP concentration of 1.77 mM was obtained. The second
in 10 mM Tris HCI, pH 7.4, anaerobic in the absence of reaction phase had about one-third of the amplitude of the
DTT. No reaction was observed after incubating for an hour first phase, and its observed rate constant increased with
at 25. At this time, an aliquot of a concentrated DTT PAAP concentration in a hyperbolic fashion, reaching a
solution was added from a sidearm of the cuvette to give a limiting value of about 25 s. The value of the observed
final concentration of 1 mM. Anionic semiquinone started rate constant of the third phase decreased slightly as PAAP
to form immediately and reached a maximum level after 2.5 concentration increased, to a limiting minimum value at 3.5
h. The semiquinone was subsequently converted to fully s™%. A decreasing concentration dependence suggests that a
reduced enzyme after40 h. Presumably DTT reacts with  unimolecular step precedes a concentration-dependent event
amadoriase through a two-electron reaction to form the flavin and becomes rate-determining at high PAAP concentrations
hydroquinone. However, the initial reaction product that was (30). In the present case, the slow reaction represents the
observed was the flavin semiquinone, implying that the dissociation of the product from the reduced enzyme, which
reaction between oxidized enzyme (which is initially in large is followed by the trapping of the free reduced enzyme by
excess) and reduced enzyme is rapid and highly favored.the large excess of unreacted PAAP. Thus, the value of 3.5
When most of the enzyme is in the semiquinone state, thes™* represents the rate constant for product dissociation from
small amount of oxidized enzyme present will continue to the reduced enzyme; this value is too small to be catalytically
be converted to fully reduced enzyme, pulling the equilibrium relevant, and we conclude that free reduced enzyme is not a




Mechanism of Amadoriase | Biochemistry, Vol. 40, No. 43, 200112889

0.20 0.08 700
A 454 nm

0.18 -
600 ~ .

0.16
500

(=4

o

'y
L

e
o
N

400 -

o
2
o
)
8ouessalon|4

Absorbance
Kobs (s™)

300

b 200 -
fluorescence

100 -
0.02 ‘ , , ~ 0.00 -

0 : : , ‘ .
t(s) 5 10 15 20 25

PAAP (mM)

Ficure 3: Observed rate constant for the first phase in the reduction
of amadoriase with varying concentrations &fl{-PAAP. The
anaerobic reduction experiments were performed in 10 mM Tris
HCI buffer, pH 7.9, at £C. Reaction of the flavin was monitored
at 453 nm. Each point on the plot is one mixing experiment.
Concentrations are for total PAAP, not reactive isomer. The arrow
indicates the value found for the reverse reduction rate.
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Ficure 2: (A) Time course of anaerobic reduction of amadoriase,

followed by a stopped-flow instrument. 5 mMMH_]-PAAP was

mixed with 20uM amadoriase. The experiments were performed

in 10 mM Tris HCI buffer, pH 7.9, at £C, and the reported 0
concentrations are the values after mixing. The same concentrations

and conditions were used to collect the fluorescence trace (excitation 300 400 500 600 700

at 350 nm, emission above 500 nm). The 550 nm trace has been Wavelength (nm)

multiplied by 10 to facilitate comparison. Note the logarithmic time  Ficure 4: Absorption spectra of amadoriase during the reductive

scale. (B) Simulated reaction traces. Reaction traces u&i [ half-reaction. Spectral deconvolution was based on the simulation
PAAP are shown overlayed with traces from numerical simulations according to eq 3 of the diode_array Spectra obtained from the
using the rate constants listed in Table 2. PAAP concentrations for gnaerobic reaction of amadoriase and PAAP as substrate in 10 mM
curves k7 are 0.125, 0.25, 0.5, 1, 2, 5, and 12.5 mM. Concentra- Tris HCI buffer, pH 7.9, at 2C. 1, Bx~S; 2, Ber~l; 3, Eea~P; 4,

tions are for total PAAP, not reactive isomer. Note the logarithmic g, ~S.

time scale.

e
=

Absorbance

increased with an observed rate constant of 34 es-

catalytic intermediate. We also followed the reduction at 550 sentially the same value obtained for product dissociation.
nm (Figure 2A) and observed the formation and decay of Thus, we found that the reduced enzyme is more fluorescent
intermediates that absorb at long wavelengths. The ratethan the oxidized enzyme or any of the reaction intermedi-
constants for the changes in absorbance at 550 nm agreedtes. An excitation spectrum of the mixture in the stopped-
with those obtained at 453 nm, although they were less flow instrument immediately after the reaction paralleled the
reliable due to the smaller amplitudes. Absorbance in this absorbance spectrum of reduced enzyme obtained indepen-
spectral region could indicate either a charge-transfer interac-dently, confirming that the reduced enzyme was indeed the
tion between the reduced flavin and the produat (L8), or fluorescent species (data not shown). To our knowledge, only
the presence of a neutral (blue) flavin semiquinone. However,one other flavoproteitrlactate monooxygenaséias been
traces obtained at 600 nm and longer wavelengths showedeported to be more fluorescent in the reduced state than in
no absorbance changes, ruling out the presence of neutrathe oxidized state2@8).
semiquinone. The reductive half-reaction was also investi- The reduction withH,]-PAAP also had three phases, with
gated using a diode-array detector (Figure 4). Spectral lower observed rate constants for the first two steps, with
features that are characteristic of flavin semiquinone were values for the observed rate constants of 140 and%.ats
not observed. saturating deuterated substrate concentrations for the first and

The same reaction was observed in a stopped-flow second phases. A concentration of 0.32 mM PAAP produced
instrument using fluorescence detection to observe changes value of the first observed rate constant equal to half the
in flavin fluorescence during the reaction. Interestingly, there saturated maximum, which is an isotope effect of 5.5 on this
was no appreciable change until the fluorescence started tgparameter. The observed rate constant of the last phase was
increase after~60 ms (Figure 2A). The fluorescence not affected by the isotopic substitution (Table 2), in accord
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Table 2: Kinetic Parameters Obtained from Simulations for the

Reductive Half-Reaction of Amadoriase with PAAP 0.20 - " =
— 1
s . 0.18 -

substrate ki (M~1sY) k. ko ko ks ks E o6
[HJ-PAAP>  3.69x 1P 1740 476 123 234 33 3 '
[2Ho)-PAAPE  3.69x 10° 1740 448 109 234 33 o 014

a All experiments were performed at pH 7.97@. Varying the rate § 0.12 - -
constants by more thas: 10% yielded simulations that deviated '-g |
unacceptably from the data, as judged by visual inspectidhe values 2 0107
for [*H,]-PAAP were obtained by matching simulated reaction traces < ‘

to experimental dat&. The values for JH,]-PAAP were obtained by 0087 = 10 J
0

only varyingk, andk-; in simulations. 0.06 - 00 02 04 06 08 10
[02] (mM)
. . . 0.04 T T T — T
with the hypothesis that the third observed step represents 00001 0.001 0.01 0.1 1 10 100
product release. t(s)
FicUrRe 5: Time course of anaerobic oxidation of reduced ama-
s P doriase followed at 453 nm in a stopped-flow instrument. Ama-
Ept S e By S e £ ks £ op\kt o 3) doriase was reduced by PAAP anaerobically and mixed with buffers
x K, o K.y red red red containing different concentrations of,OThe experiments were

made in 10 mM Tris HCI buffer, pH 7.9, at*€. O, concentrations
. . for curves 5 are 0.975, 0.61, 0.32, 0.128, and 0.061 mM. In the
Equation 3 represents the working model used to analyzeinset, the plot of [@] versus observed rate constants fitted from

the kinetic data, wheredgrepresents the oxidized enzyme, the reaction traces. Values of {Qare those after mixing.

Eeq represents the reduced enzyme, S represents the active

isomer of the substrate (see section below), | represents an The spectra of the species in eq 3 were calculated by
intermediate, and P represents the product. Because théleconvoluting spectra obtained in the diode-array experi-
scheme has a sequence of reversible reactions, an exadnents using {Hz]-PAAP as substrate. The spectra of the
solution to the differential equations governing the kinetics starting oxidized enzyme and the final reduced enzyme were
is not possible. As a first approximation, the concentration considered to be known, and the spectrum of the free reduced
dependence of the observed rate constant for the first phas@nzyme was omitted from the calculation because this species
was analyzed according to the rapid equilibrium formalism never accumulated in reaction simulations. Three unknown
of Strickland et al. {6), giving a flavin reduction rate  spectra-those of Ex~S, Bes~l, and Ees~P—remained to
constant of 594 ¢ (k;) and a reverse reaction rate constant be calculated. The concentrations of all species in eq 3 at 2,
of 58 s1 (k_,). However, if the initial binding of PAAP were 6, and 102 ms were obtained by solving numerically the
truly a rapid equilibrium process, the apparéht values differential equations describing the reaction sequence. The
should have been identical for the protio and deutero absorbance at each time obeys Beer's law, giving three
substrates; instead, a 5.5-fold isotope effect was observedsimultaneous equations in three unknowns, which was solved
This suggested that the rapid equilibrium condition was not to produce the spectra shown in Figure 4. The spectrum of
obeyed for PAAP binding, i.ek-; was not much larger than  Eox~S shows a decrease in extinction and a slight shift to
k.. This has been noted in other cases for amine oxidationthe peak absorbance of the oxidized flavin. The spectrum of
by flavoenzymes 19—22). Because the rapid equilibrium  Era~P has broad absorbance in the 4530 nm region due
approximation was deemed invalid, the values of the rate to a reduced flavin-product charge-transfer transition. The
constants were adjusted to satisfy the expressions deriveddroad absorbance spectrum @f4l is not easily understood

by applying the steady-state approximation to the intermedi- but appears to be a mixture of several species, with some
ates in eq 3 and assuming an arbitrary value-@f® M1 characteristics of reduced flavin, a C4a adduct (peak at 400
s 1 for ky. These values were then used as initial estimatesnm), and oxidized flavin.

for globally fitting the differential equations describingeq 3  Oxidative Half-ReactionAt 4 °C, PAAP-reduced anaero-
using a data set consisting of absorbance traces obtained atic enzyme was mixed with Tris buffer, pH 7.9, containing
453 nm, with the total concentration of PAAP varying from different oxygen concentrations. The oxidation of the enzyme
125uM to 25 mM. (As described in the section below, the by oxygen exhibited a single phase over a wide range of
active isomer of PAAP is 75% of the total.) The values oxygen concentrations (0.6®.975 mM). The reaction was
obtained by this procedure are listed in Table 2 and were followed by measuring the increase in flavin absorption at
used to calculate the traces in Figure 2B. A value of 426 s 453 nm. Analysis of the time courses based on eq 2 described
was obtained for the rate constant for the conversion of the in the Experimental Procedures gave a single first-order rate
Michaelis complex to the first intermediate. This intermediate constantky,s The plot ofk.ps versus [Q] was linear (Figure
converted to the reduced enzym@roduct complex with a 5, inset), giving a bimolecular rate constant of 4910*

rate constant of 23.4"& These values were then used as M1 s™L The strictly second-order reaction of the enzyme
starting estimates for simulating traces obtained in the with O, over all attainable concentrations is typical for flavin
reaction of fHy-PAAP. It was possible to satisfactorily —oxidases and oxygenasexby.

simulate the JH,]-PAAP data by changing only the rate As described above, product release from the reduced
constants governing the interconversion gfEs and B ; enzyme is too slow to be catalytically relevant. Insteagl, O
a kinetic isotope effect of 11 was calculated for the formation must react with the reduced enzymgroduct complex. We

of Eeq~| (Table 2). examined this directly in double-mixing stopped-flow experi-



Mechanism of Amadoriase |

B-pyranose analogs

Biochemistry, Vol. 40, No. 43, 200112891
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FiGure 6: Structures of the substrate analogues used in inhibition study.

3

ments by first mixing anaerobic oxidized enzyme with an
anaerobic solution containing one equivalent of PAAP. The
enzyme was allowed to become reduced (390 ms), and,
before the product dissociated to a significant extent, the
reduced enzymeproduct complex was mixed with buffer
solutions containing various amounts of oxygen. The ob- -
served rate constant for the oxidation of the enzyme was
linear, giving a bimolecular rate constant of 3610* M ™!
s Thus, the presence of the product barely alters the 2 .
reaction rate of @ confirming that the reduced enzyme
product complex is a catalytically competent intermediate.
Inhibition Studies with Substrate Analogués solution
of ketose at equilibrium contains a mixture of and
B-pyranoses and a mixture af andj-furanoses in addition 0 . ; ‘ : :
to the acyclic form. Generally, the furanose anomers are Als (mM)

favored kinetically, whereas pyranose anomers are favored R . -

. FIGURE 7: Inhibition of amadoriase activity by substrate analogues.
thermodynamically and thus are more abundant underpoypie-reciprocal plot of the relationship between substrate con-
equilibrium conditionsZ3). p-Fructose at room temperature  centrations and the rates of;®, formation. Experiments were
is 69.6% f-pyranose, 3%u-pyranose, 21.1%g-furanose, conducted at room temperature in 10 mM HEPES buffer, pH 8.0
5.7% o-furanose, and 0.5% open chain forms, whereas (se€e Experimental Procedures).

Amadori products at room temperature show approximately
61% p-pyranose, 6%o-pyranose, 15%j3-furanose, 16%
o-furanose, and 2% keto form23). Reducing the carbonyl  a-pyranose analogues due to their lack of availability.

to a hydroxyl on the Amadori product will prevent it from Direct Kinetic Determination of Substrate Specificity.
forming a cyclic hemiketal. The borohydride-reduced Ama- Besides inhibition studies using fructose analogues, kinetic
dori adduct, 1-deoxy-glucitoyl propylamine, is neither a measurements were also used to determine which isomer of
substrate nor an inhibitor (9), suggesting that the enzymethe substrate is recognized by amadoriase. To perform such
does not recognize the acyclic form of the substrate. It was a study, an excess of enzyme over substrate was used in
also discovered that fructose, part of the substrate structureanaerobic mixing experiments. The reactive anomer of the
serves as an inhibitor of the enzyme. Since fructose alsosubstrate should react rapidly, while the other isomers will
consists of pyranose and furanose forms in solution, com- first need to isomerize, causing the rate of reduction after
pounds that are analogues of either of those ring forms butthe initial fast reaction to be determined by the rate of the
are locked chemically into a given configuration were tested resupply of the reactive form of the substrate by the
as inhibitors. The compounds used and the results obtainedemaining substrate pool.

are shown in the Figure 6. From this inhibition study, we  Various concentrations of amadoriase70—110 uM
found that none of the furanose analogues is an inhibitor of before mixing) were mixed with 5atM PAAP (before
amadoriase, while thg-pyranose analogues 1,5-anhydro- mixing) in the stopped-flow apparatus under anaerobic
p-mannitol and methyp3-fructopyranoside (Figure 7) are condition at 4°C. Reactions were followed at 453 and 550

control (substrate only)

2.5 mM fructose

12.5 mM methyl a-fructofuranoside
12.5 mM methyl p-fructofuranoside
12.5 mM methyi B-fructopyranoside
12.5 mM 2,5 anhydro mannitol
12.5 mM 1,5 anhydro mannito!

eImJI 400

2

-
c
E
=

2
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inhibitors but weaker than fructose. We did not test any
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FiGure 8: Kinetic determination of the reactive configuration of PAAP. An excess of amadoriasd {PQ«M) was mixed with 50uM
[*H,]-PAAP. The experiments were in 10 mM Tris buffer, pH 7.9, &G} and the results are summarized in Table 3.

Table 3: Kinetic Constants for the Reaction of Excess Amadoriase substrate that is recognized by the enzyme, which is

with PAAP, at pH 7.9, £C? consistent with the results from inhibition studies.
enzyme concyM) 109 100 74.6 DISCUSSION
A 0.10 0.11 0.12
ki(s™) 313 26.2 18.7 Our results suggest that amadoriase bindgtpgranose
@2 o 2-28 2-27 2-26 isomer of PAAP. This conclusion is based on the inhibition
AZS(S ) 0.06 0.07 0.07 data, which indicated that a pyranose ring is required for
ke (s°9) 0.12 0.15 0.16 ligand binding, and by our kinetic data on anomer preference.
a Substrate concentration is ¥ after Mixing. k is the observed We found that 75% of PAA_P redqced the enzyme _rapldly,
rate constant of each phase and A is the amplitude while 25% of PAAP slowly isomerized before reducing the

enzyme. The apparent rate constant-@f.15 s at 4° for

nm for 40 s, until the absorbance was constant (Figure 8). the replenishment of theé-pyranose isomer of PAAP is close
Analysis of the traces gave two relatively fast phases to what might be expected given the values measured for
followed by a very slow third phase (Table 3). Data at 550 other sugars at 25e.g., 8.1 s for fructose-1,6-bis phosphate
nm showed formation and decay of an intermediate within (29). The amount of$-pyranose isomer of the Amadori

1 s. The first two phases represent the binding of the product has previously been determined by NMR as 61%,
substrate, reduction of the flavin, and product release. (At in rough agreement with our kinetic estimate. We attribute
the concentrations of reactants used here, the reactions aréhe small difference between the NMR determination and
no longer resolved, as they were in the studies describedour kinetic result to the different conditions used in the two
above for the reductive half-reaction.) The third phase is measurements, especially the temperature. If the difference
much slower {£0.15 s) than the product release step (3.5 in equilibrium positions is due to temperature effects alone,
s™1) that we observed during the reductive half-reaction and then a van’t Hoff analysis gives an estimate of 1.6 kcalthol
occurs after the decay of the charge transfer complex (Figureas the enthalpy difference between fh@yranose anomer

8). Thus, it is unlikely to be involved in any catalytic and the ensemble of the other isomers.

reactions. We attribute this phase to the spontaneous conver- Three reactions were observed after the binding of PAAP
sion of other isomers of the substrate into the one that is to amadoriase. The last reaction represents product dissocia-
recognized by the enzyme. Table 3 lists the observed ratetion, while the two preceding reactions result in flavin
constants of three phases and their amplitudes using differentreduction. The mechanism of flavin reduction by PAAP, and
enzyme concentrations. The rate of the last reaction wasthe identity of the species we have designateg~H, are
essentially independent of enzyme concentration, consisteninot immediately apparent. The calculated absorbance spec-
with it being the substrate interconversion step. A comparison trum of Eeq~l does not correspond to any known flavin
of the amplitudes of each phase reveals that approximatelyderivative but appears to be due to the presence of several
75% of the substrate reacts in the fast initial reactions, species (Figure 4). The broad absorbance from 345 to 385
whereas 25% of the substrate can only be oxidized after it nm is suggestive of reduced flavin or an N5 adduct. The
spontaneously isomerizes. On the basis of the compositionpeak at 400 nm suggests either anionic semiquinone or a
of the equilibrium mixture of Amadori products in solution C4a adduct, but the absorbance at 380 nm is too low as
(23), we conclude that thg-pyranose isomer, the most compared to the absorbance at 400 nm for there to be anionic
abundant configuration in the solution, is the form of the semiquinone, so the possibility of a flavin radical may be
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Scheme 1: Possible Mechanisms for PAAP Oxidation by Amadoriase |
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eliminated. The absorbance shoulder at 456 nm suggests thatecently is a hydride transfer mechanism, in which the flavin
oxidized flavin could be contributing to the spectrum. The is reduced without intermediate2?j. Other mechanisms for
complex spectrum obtained for -l cannot yet be ex-  flavin reduction by amines have been proposed for mono-
plained, but three possibilities are suggested here. (i) Perhapamine oxidase32). It should be stressed that in all these
the species that we have denoted asrE is actually a proposed mechanisms, the formation of the intermediates (if
rapidly equilibrating mixture of species, so that kinetically present) is assumed to be rate-determining, accounting for
it forms and reacts as a single species but has the spectrathe fact that none of the proposed intermediates have ever
properties of the components. A number of chemical been directly observed. Any of these mechanisms could be
intermediates have been invoked in reactions that form operational in amadoriase ifdg~| represents the enzyme
reduced flavin, but these intermediates are rarely (if ever) after flavin reduction, as in scenario (ii) above. On the other
thought to be observed spectrally. It is conceivable that | hand, it is conceivable that scenario (i) applies, ang~HE
represents such a redox intermediate. (ii) Alternatively, the is one of the intermediates described above, excluding the
unusual spectrum of J&~I could be due to an unusual hydride transfer mechanism. Carbanionic intermediates are
interaction between the reduced flavin and the initial reaction generally unstable species, and the pyranose form of PAAP
product, which is presumably the iminium cation. In this offers no inherent stabilization. The keto form of PAAP could
scenario, any intermediates on the pathway to reduced flavinstabilize some of the intermediates described above. A
(if they occur) would be kinetically invisible, and any of carbonyl group would acidify the protons on the adjacent
the large number of flavin reduction mechanisms that have carbon, assisting the carbanion mechanism through the
been proposed would be consistent with our results. (iii) Last, formation of an enolate intermediate. However, our data
it should not be forgotten that the spectra in Figure 4 have indicate that it is the pyranose form of the substrate that is
been calculated based on the scheme in eq 3. If thisrecognized by the enzyme. This does not exclude an enzyme-
mechanism is not correct, then the resulting spectra will also catalyzed ring-opening reaction, generating the keto group
be incorrect. at the active site prior to redox chemistry. If this were the
The chemical mechanism of the reduction of flavins by case, then the lack of inhibition by the acyclic substrate
amines and alcohols has been the subject of intense researcanalogue would imply that the protein has a strict requirement
for several decadedl8, 33, 38). Several mechanisms for for the cyclic conformation to bind the sugar.
the reduction of flavins by amines have been proposed If scenario (i) above were operational, thegqsE! would
(Scheme 1). The amino acid oxidases had been thought tarepresent one of the reduction intermediates described above
oxidize amino acids to imino acids by first deprotonating or a rapidly equilibrating mixture of some of these species.
the substrate with an active site base, forming a carbanion-It must be remembered that -1 does not have the
equivalent as an intermediat87. The electron-rich nu-  spectrum of the anionic or neutral flavin semiquinone, nor
cleophilic intermediate would then rapidly reduce the flavin, would a single electron-transfer reaction have a large
either by forming a covalent adduct between the amino acid deuterium isotope effect associated with it, eliminating
and N5 of the flavin followed by elimination, or by rapid mechanisms that would form semiquinone. This leaves the
single electron transfers. A nucleophilic mechanism has alsopossibility of either a PAAP-flavin C4a adduct or a carbanion
been proposed where the amine of the substrate attacks C4aechanism if an enzymatic base initiates the redox chemistry.
of the flavin, followed by base catalyzed oxidative elimina- In either case, the unusual absorbance spectrum calculated
tion. An alternative to this mechanism that has gained favor for Es~l would be at least partially due to interactions
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Scheme 2: Proposed Kinetic Mechanism for the Catalytic
Cycle of Amadoriase |
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between the intermediate and the flavin. Enofdtavin
interactions are imaginable in the case of a carbanion
mechanism, as are amin#lavin interactions in the case of
nucleophilic mechanism. In either case, the reduced enzyme
product complex would be formed upon complete reduction
of the flavin.

If scenario (ii) above is operational, then the first phase
would then represent the reduction of the flavin by a hydride
equivalent-by an undetermined mechanistfrom C1 o
PAAP, forming an iminium ion as the immediate product.
The conversion of g1 to Eqe~P would then represent
either the deprotonation of the iminium cation to the imine,
or the hydrolysis of the iminium species to the glucosone
product while it is still bound to the enzyme. The unusual
spectrum calculated for.&g~1 would then be due to unusual
interactions between the reduced isoalloxazine and the
iminium cation.

The rate constant for product dissociation (3.%) svas
lower than the overall turnover number of the enzyme (14.4
s™1), indicating that molecular oxygen reacts with the reduced
enzyme-product complex rather than the free reduced
enzyme. Our double-mixing experiments demonstrated that
this was a catalytically relevant pathway, since the reaction
of the reduced enzymeproduct complex with @occurred

H,0,

0,
kg

~1 % . E~FL_~P
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with nearly the same rate constant as the reaction of the free
enzyme. We propose the total kinetic mechanism in Scheme g

2, where thicker arrows represent the actual pathway
followed during turnover. Using the net rate constant method
(31), an expression fda (eq 2) was derived for the catalytic
pathway in Scheme 2.

K ,+ Ky
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1
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at

(4)

k;

The value ofk. is determined by the rate constants for the
reaction of the Michaelis complex to form the first interme-
diate, the rate constant for the conversion of this intermediate
to the charge transfer complex, and the rate constant for
product release. From our experiments, we have directly
estimated values fde, k—,, andks, but product release from
the oxidized enzymek{) was not directly observable. To
obtain the observed value of 14.24*$or k.o, a value of 42.6

s 1 must be used fok, the rate constant for product release.
Thus, the overall turnover number at pH 7.9,appears to

be determined by two steps: the conversion of the first
intermediate into the reduced enzysm@oduct charge-
transfer complex and the release of product from the oxidized

enzyme. In the case of the dideuterated substrate, the

reduction of the flavink;) becomes 11-fold slower, causing
this step to also become partially rate-determining. However,

the values for the rate constants obtained from the reductive

Wu et al.

half reaction using?H,]-PAAP, combined with the value
for k; estimated for JH,]-PAAP, predict a value ok that
is 2-fold higher than the value actually measured fét;]-
PAAP, suggesting either a large degree of error in our
estimate or a more complex kinetic scheme.

Amadoriase goes through an ordered ternary complex in
turnover, despite the constdgi/K, for O, at different levels
of PAAP that is normally characteristic of a ping-pong kinetic
mechanism. Such apparently contradictory observations have
been made in the past with other flavoprotein oxidadé} (
and have been explained by a thermodynamically irreversible
step prior to the reaction of OThe two electron reduction
potential of amadoriase is relatively highZ mV), making
this a very plausible explanation.
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