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ABSTRACT. Spectral and kinetic studies were performed on enzyme forms of soluble glucose dehydrogenase
of the bacteriunmAcinetobacter calcoacetic{sGDH) in which the PQQ-activating €awas absent (Holo

X) or was replaced with B (Ba-E) or in which PQQ was replaced with an analogue or a derivative
called “nitroPQQ” (E-NPQ). Although exhibiting diminished rates, just like sGDH, all enzyme forms
were able to oxidize a broad spectrum of aldose sugars, and their reduced forms could be oxidized with
the usual artificial electron acceptor. On inspection of the plots for the reductive half-reaction, it appeared
that the enzyme forms exhibited a negative cooperativity effect similar to that of sSGDH itself under turnover
conditions, supporting the view that simultaneous binding of substrate to the two subunits of sGDH causes
the effect. Stopped-flow spectroscopy of the reductive half-reaction of Ba-E with glucose showed a
fluorescing transient previously observed in the reaction of SGDH with glucaseviiereas no intermediate

was detected at all in the reactions of E-NPQ and Holo X. Using hydrazine as a probe, the fluorescing C5
adduct of PQQ and hydrazine was formed in sGDH, Ba-E, and Holo X, but E-NPQ did not react with
hydrazine. When this is combined with other properties of E-NPQ and the behavior of enzyme forms
containing a PQQ analogue, we concluded that the catalytic potential of the cofactor in the enzyme is not
determined by its adduct-forming ability but by whether it is or can be activated with, @ativation

being reflected by the large red shift of the absorption maximum induced by this metal ion when binding
to the reduced cofactor in the enzyme. This conclusion, together with the observed deuterium kinetic
isotope effect of 7.8 on transient formation in Ba-E, and that already known on transient decay, indicate
that the sequential steps in the mechanism of sGDH must be (1) reversible substrate binding, (2) direct
transfer of a hydride ion (reversible or irreversible) from the C1 position ofta@omer of glucose to

the C5 of PQQ, (3) irreversible, rate-determining tautomerization of the fluorescing, C5-reduced PQQ to
PQQH and release (or earlier) of the produbtgluconoé-lactone, and (4) oxidation of PQQHby an
electron acceptor. The PQQ-activating?Careatly facilitates the reactions occurring in step 2. His144
may also play a role in this by acting as a general base catalyst, initiating hydride transfer by abstracting
a proton from the anomeric OH group of glucose. The validity of the proposed mechanism is discussed
for other PQQ-containing dehydrogenases.

Soluble quinoprotein (PQQ-containing) glucose dehydro- are involved in dimerization of the subunits, two in activating
genase of the bacteriuActinetobacter calcoaceticsGDH} the two PQQ molecules).
EC 1.1.99.17) converts a broad spectrum of aldose sugars Catalysis by the enzyme under turnover conditions pro-
into the corresponding lactones which are hydrolyzed to the ceeds according to a ping-pong mechanism in which substrate
aldonic acids§-glucose inta-gluconoé-lactone, which is inhibition by glucose and a negative cooperativity effect are
hydrolyzed to gluconic acid). In view of its high turnover displayed 10). The latter can be described by two sets of
number () and its broad artificial electron acceptor specific- kinetic parameters, one set applying at low concentrations
ity (2—4), the enzyme is well suited for analytical applica- of glucose and the other at high concentrations. In view of
tions, exemplified by its use as a sensor in glucose test stripsthe highk.,: values that were found [1600 and 18 000,s
and biosensors fabricated for diabetic patieriz (The respectively 7)], catalysis by sSGDH is extremely efficient,
enzyme consists of two identical subuni, (six C&* ions especially when the cooperativity effect is operational. The
(7, 8), and two PQQ moleculedl), Four of the C&" ions underlying mechanism for this behavior is at present

unknown. Stopped-flow spectroscopy of the oxidation of

*To whom correspondence should be addressed. Fg31 15 gIUCQS.e-ld by SGDH reveale_d that under noncooperativity
2782355. E-mail: J.A.Duine@stm.tudelft.nl. conditions, a reversible reaction occurs between the enzyme

! Abbreviations: sGDH, soluble quinoprotein glucose dehydrogenase; and substrate, leading to the formation of a fluorescing

Holo X, sGDH in which the activating Ca is lacking; Ba-E, hybrid ; ; ; ; ; P
form of sGDH in which dimerization and activation are carried out by intermediate [with a deuterium kinetic isotope effect (KIE)

C&" and B&", respectively; NPQQ, nitroPQQ; E-NPQ, sGDH inwhich  Of 1.5] which decomposes irreversibly to the reduced enzyme
PQQ is replaced with NPQQ; KIE, deuterium kinetic isotope effect. and gluconolactonerj. The decomposition step, having a
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KIE of 6.1, appeared to be the rate-determining step, not PQQ is replaced by “nitroPQQ” (NPQQ) was interesting to
only for the reductive half-reaction but also under turnover investigate since it was found that the derivative is not
conditions in the assay witN-methylphenazonium methyl  susceptible to nucleophilic attack, i.e., does not form adducts
sulfate (PMS). The simplest kinetic mechanism (Scheme 1) at the C5 position. Since the adduct-forming ability of the
cofactor could be an important parameter for discriminating

Scheme 1: Previously Proposed Scheme for the Kinetic between the two possible mechanisms, nucleophilic, non-
Mechanism of sGDH substrate compounds were tested, eventually (methyl)-
K, ks hydrazine appearing to be a suitable probe for this.

The preliminary characterization of the artificial enzyme
forms described here provided insight into those properties
ks of PQQ and the activating metal ion that is decisive for the

mechanism of action of sGDH. Furthermore, it showed that

in agreement with this assumes that a reversible reactionBa-E was suited to being used in stopped-flow experiments
between enzyme (E) and substrate (S) leads to formation ofwith undeuterated substrates. Since the exploratory investiga-
the fluorescing transient (ES) which decomposes irreversibly tions on the pre-steady-state kinetics of Ba-E provided one
to reduced enzyme (E). Two different chemical mecha- of _the cl_ues in deC|d_|ng wh|qh of the two proposed mech-
nisms were proposed)which can explain this behavior of ~@nisms is correct, this work is also presented here.
sGDH. The first is covalent catalysis, consisting of the
following steps: enzyme reacting with glucose giving a EXPERIMENTAL PROCEDURES
fluorescing complex (the adduct of glucose and PQQ, the NitroPQQ (NPQQ) S ; -
S . < ynthesi®QQ (15 mg) was dissolved
8? Cg;)buopn jllt é?gugt fpggtg)r_l ;;dglgr?c;rsrz Vr:gsclglr;g i"r‘]’;trgr;hoe_ in 5 mL of noiltration agznt (a mixtured ofhequal volumes of
e o concentrate and HNQ), and the mixture was
lecular rearrangement (an additiooxidation—elimination incubated on igﬁ%}r 15 min.Qé)ep-Pak Plusgt€artridges
T L et e eveanenea, ates) vere vashed i 10 ok up volumes of methanl
. o ’ S .. (HPLC-grade) and subsequently with the same volume o
being the rate—de.termmmg step. The secpnd IS dlrec'g hydr!dewater (milliQ-quality). The incubation mixture was diluted
transfer, proceeding as follows: a reversible process inwhich 14 times with water and brought to the pretreated C

glucose binds to the enzyme after which a hydride ion ¢ ,jqges. The cartridges were washed with water, and the
coming from the C1 position of glucose reduces PQQ at the orange-colored NPQQ was eluted with methanol. The

C5 position, forming a fluorescing species; and tautomer- o5 containing solution was brought to a reversed-phase
ization of this species in an irreversible, rate-determining step column (2 cmx 30 cm, containing preparatives 125 A
to PQQH. The difficulty identifying the nature of the pore size, particle size of 58,05 xm, from Waters)

fluorescing transiert the uncertainty of whether a-€H pretreated with methanol/water washings as described for
_bond breaking step oceurs in ts formation (the KIE of 1.5 4,0 cartridges. The column was washed with water (200 mL
Is close to the_ upper limit of a sgcondgry KIE), and the_ at a flow rate of 3.0 mL/min) and a linear gradient of 12.5
absence of evidence for the step in which the substrate ISthM potassium phosphate buffer (pH 2.0) and 12.5 mM
actually oxidizeq prevented_a conclusion from being drawn potassium phosphate buffer (pH 8.0) (200 mL at a flow rate
on the mechams_m at that time. . of 3.0 mL/min) applied. The absorbance of the eluate was
Due to the high turnover number of SGDH, it was mqnitored with a photodiode array detector. NPQQ eluted
technically impossible to determine the individual numerical ¢ apout pH 7. On the basis of the perfect overlay of the
rate constants for undeuterated substrates with our stopped—Spectra taken by the detector throughout the peak corre-
flow equipment 7). To enable such studies, therefore, in sponding to the eluting NPQQ, the compound was pure.

the first instance, we focused on how to circumvent this Enzvme Preparationgs GDH w repared from th

problem. In this context, we attempted to prepare artificial Esch )r/i :’i e?ra a r?{binpcr)ljts train asép eﬂz% rovi el

enzyme forms with a substantially lower catalytic perfor- scherichia colreco ant strain as gescribed previously
(1). Holo X was preparedd)j from apo-sGDH by converting

mance than their natural counterpart. For this purpose, athe latter into “dimer preparation” (the procedure consisting
reviousl| ri nzyme form, th -called Hol . .
previously described enzyme form, the so-called HOI@) ( of removal of any adhering €4 other than that involved

in which the PQQ-activating Ca ions are lacking, was in dimerization, which could lead to activation of the

investigated. In addition, a new hybrid enzyme form (denoted : . :
Ba-E) gwas constructed in whic}; the di%]erization( of the subsequently added cofactor) and adding PQQ dissolved in
Ca'-free buffer in an amount equimolar to the subunit

subunits is furnished by Gabut the activation of PQQ by ; .
Ba*". PQQ analoguesl() were tested for their ability to ?g%‘;ﬁi?]tgra\}\"ggj gagf;?f o?tgz)e%s? l\\;IVSISDSp r&%?éf(zpm 7thoe)
bind to the apoenzyme and holoenzymes which were formedWas gently shaken for 2 days with 10 g of Serdolit ion

for their performance in catalyzing glucose oxidation. S 7
o L ; exchanger (Naform, SERVA), after which filtration gave
Derivatization of PQQ by nitration has been descritig) ( the indicated buffer. Ba-E preparations were prepared by

Although the structure of the derivative has not been . : X :
eIucidzgted yet, an enzyme form (denoted E-NPQ) in which adding BaGi (1 ”?'V' final concgntratlon) anq PQQ (eqwmp—
' lar to the subunit concentration) to the dimer preparation,

and incubating the mixture for 30 min. E-NPQ and the

2 Since C5-reduced PQQ is in fact an adduct of PQQ and a hydride ;
ion, it can be anticipated that knowledge of the spectral properties of holoenzyme forms of the PQQ analogues were prepared in

the intermediate will not enable discrimination between the two the same way except that Ba@hd PQQ were replaced with
possibilities. CaClb and NPQQ or the analogue, respectively.

E+S =——ES —— EP
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Standard AssayThe assay is based on determining the
reduction rate of 2,6-dichlorophenolindophenol (DCPIP),
using PMS as the primary electron acceptor. The assay
mixture was prepared by mixing the following solutions (the
sequence of addition as indicated here): g40f 50 mM
potassium phosphate buffer (pH 7.0),/800f 1 M glucose,

50 uL of 1 mM DCPIP, 50uL of 20 mM PMS, and 1QiL
of an enzyme solution containing the appropriate amount of
enzyme activity unitsX).

Pre-Steady-State Measuremernithie experiments were
performed at 20C with a stopped-flow reaction analyzer
(SX-18MV) from Applied Photophysics. To detect any
transients in the reductive half-reaction, Ba-E, Holo X, or
E-NPQ (30u«M) was mixed with glucose (50 mM) and the
mixture monitored for changes in fluorescence intensity
(excitation at 360 nm, emission at 470 nm) and absorbance
intensity (absorption spectra taken from 270 to 600 nm with
the photodiode array spectrophotometer at time intervals of
10 ms). To determine the mechanism of Ba-E, the traces
representing the formation and decay of the fluorescing
intermediate observed in its reaction with substrates were
fitted with the KINSIM/FITSIM programs13—15) as well
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as with the method previously usef),(applying equations
derived from the mechanisms presented in Schemes 1 and
2. To generate the experimental data, enzyme concentrations

Scheme 2: Newly Proposed Scheme for the Kinetic
Mechanism of sGDH
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were used in the range of #@0 xM and substrate v/ [glucose] (UmgM ™)

concentrations in the range where the cooperativity effect is Ficure 1: Eadie-Hofstee plots for the reductive half-reaction of
still absent. Holo X (A) and Ba-E (B) and for the steady-state kinetics of E-NPQ
Sugar solutions were allowed to mutarotate to the equi- (C) with glucose. All reactions were carried out in’Gdree buffer,

. . . except in the case of Ba-E where it contained 1 mM BaEhzyme
librium mixture of thea- and-anomers before using them concentrations varied between 5 and 20l and the glucose

in kinetic.experiments. All kine;ic data are exp.re.ssed in terms concentrations between 1M and 0.5 M. The progression of the

of analytical sugar concentrations, although it is known that reaction for Holo X and Ba-E was monitored with the rapid-scan

SGDH has an absolute preference for the anomer which hagand with the fluorescence spectrophotometer device, respectively.
: ; ~ Panel B shows the plot fdgys 3 but that forkg,s 2 (see the legend

:)hoesitsigrzn(?) H/OH configuration g3-p-glucose at the C1 of Figure 3 for the nomenclature) exhibited a similar profile. The

steady-state kinetics of E-NPQ were determined in the standard
Spectrophotometric Measuremerfiéfuorescence and ab-  assay with a varying glucose concentration.
sorption spectra were recorded with a Shimadzu RF-5001PC
and a Hewlett-Packard 8453 diode array spectrophotometer
respectively. To investigate the adduct-forming ability of the
cofactor in the enzyme forms, aliquots of a freshly prepared

solution of hydrazine in Ca-free buffer were added.

mediates were detected, neither by rapid scanning nor by
monitoring for fluorescence. Just as for sGDH under steady-
state conditions1(0), Holo X exhibited a negative cooper-
ativity effect in the reductive half-reaction with glucose
(Figure 1). Although the overall rate of the reductive half-
reaction of Holo X was only 0.05% of that of SGDH under
similar conditions (Table 1), surprisingly the switch from
SGDH in Which the Acatiating C&" Is Lacking (Holo X) the mechanism operating at low to that operating at high
As has been reported previously,(upon addition of glucose  concentrations occurred at the same order of magnitude as
to Holo X its absorption spectrum slowly changes. Although has been found for sGDH under turnover conditioh),(
the original and final spectra resemble those of free PQQ not only for Holo X but also for Ba-E and E-NPQ (Figure
and PQQH, respectively, the resemblance is not caused by 1). All these enzyme forms oxidized the same spectrum of
dissociation of the cofactor since the fluorescence of PQQ sugars, although the ratios of the specificity constant values
in Holo X is the same as in sGDH (about 10% of that of were not constant (data not shown).
free PQQ), and gel filtration of Holo X does not remove the ~ SGDH in Which the Actating C&" Is Replaced by Ba
cofactor. When the reaction of glucose with Holo X was (Ba-E). As has been demonstrated by gel filtrati®), (no
followed in the stopped-flow apparatus, no spectral inter- stable dimer is formed when Bais added to a monomeric

RESULTS
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Table 1: Activities of Different Enzyme Forms with Glucose in the SGDH +hydrazine
Reductive Half-Reaction and in the Standard Assay 200 4

enzyme Kobt (57 standard assyunits/mg) SGDY ydrazine

sGDH nd 6400

Holo X 0.3 Icf
Ba-E 64 100
E-NPQ 340 320

2 The kops values were determined with the stopped-flow technique
by mixing the enzyme form with glucose (1 mM). The reaction of Holo
X was monitored at 307 nm with 2.5 s time intervals, that of Ba-E by
following the fluorescence intensity, and that of E-NPQ using the
photodiode array spectrophotometer?Chiee buffer was used, except
in the case of Ba-E where it was supplemented with 1 mM BacCl
bRates in the standard assay were measured using the appropriate
enzyme concentratiod.nd, cannot be determined due to the high
turnover number? Id, low but detectable activity. FIGURE 2: Fluorescence spectra of SGDH and sGDH treated with
hydrazine. The fluorescence excitation and emission spectra (excita-

. . . tion at 360 nm and emission at 470 nm) were recorded fqrNIO
enzyme preparation. In agreement with this, when a monomer¢gpH in 20 mM MOPS/NaOH buffer (pH 7.0) and after addition

preparation (prepared from apo-sGDH; see #fwas of hydrazine (to a final concentration of 20M) and incubation
incubated with PQQ and B, no activity was found in the  for 45 min.

standard assay and the fluorescence of PQQ hardly decreased,
indicating that it was not bound. However, upon titration of
Holo X (prepared with C&) with a BaC} solution in the
presence of glucose, the following observations were made.:
At sub-millimolar BaC} concentrations, spectra indicated that
only Holo X.eqWas present, that at a concentration of 1 mM
50% Holo X.q and 50% of an enzyme form spectrally
resembling sGDHy were present, and that at 20 mM the
previous ratio had changed to 10:90. This indicated that the
affinity of Holo X for Ba?* is rather low, as was confirmed
by gel filtration of Ba-E, showing that it reverted to Holo X
under this condition. However, the typical spectrum of 04 \ \ ‘ ;
SGDHeq 0btained at a sufficiently high Bagtoncentration 0 0.1 0.2 0.3 0.4 05
indicates that BH is able to induce the same spectral red
shift as Ca" (1) with respect to the maximum of the _ _ )
absorption spectrum of PQQlh the enzymd although it Ficure 3: Formation and decay of the transientREin the

- . reductive half-reaction of Ba-E with glucose, as measured with
should be noted that the maximum of the absorption Spectrumstopped-flow fluorescence spectroscopy. Experiments were carried

of Ba-Eeq is 2 nm blue-shifted as compared to the value oyt by mixing the contents of syringe 1 (Containing glucose i#fCa

[338 nm Q)] for SGDHeg} . free buffer) with those of syringe 2 (containing Ba-E in the same
On testing several nucleophilic compounds, we found that buffer with 1 mM BaC}). Ba-E (5.0uM) was mixed with the

hydrazine gave competitive inhibition with respect to glucose following concentrations of glucose: 50 (a), 100 (b), and 58D

. . . . (c). The traces represent the fluorescence intensity observed after
in the reaction with SGDH. Since not only glucose but also iving (excitation at 360 and emission at 470 nm). The traces were

gel filtration completely abolished the inhibition displayed fitted (drawn line) with the double exponential equatios A; x
by the hydrazine-treated enzyme, this indicated that a exp(—kopst) + Az x exp(—kops 1) + E, wherey is the fluorescence
dissociable complex was formed between the enzyme andintensity,Ais the amplitude of the signaiopsis the observed rate,
hydrazine. Fluorescence spectroscopy revealed that a slow S the time axis, and is the end point.
increase in fluorescence intensity occurred when hydrazine(Table 1), this enzyme form seemed to be suited for those
was added to Holo X, Ba-E, or sGDH, the intensity stopped-flow experiments which can technically not be
eventually becoming 50 times higher than the original value performed with sGDH. Just as for sGDH with glucosé-1-
of sGDH. Since the spectral characteristics of hydrazine- (7), a fluorescing transient was observed in the reaction of
treated SGDH (maximaeyx. = 370 NM,Aem = 450 nm; see Ba-E with glucose, the height and the shape of the traces
Figure 2) were similar to those of hydrated, free PQQ being affected by the concentrations as depicted in Figure
(maximadexc = 371 nm,Aem = 464 nm) (6) and a PQQ 3. Using thekyys values derived from the traces generated
adduct in methanol dehydrogenase (MDH) (maxitga = by glucose and glucosed,-fitting according to the mech-
375 nmAem = 446 nm) (L7), this strongly suggested thatan anism shown in Scheme 1 revealed a very large KIE value
adduct was formed between hydrazine and PQQ at the C5for the formation rate of the fluorescing transient [when this
position. Structural investigations on crystals of sGDH is expressed askay, value, as has been done in iefa KIE
soaked in a methylhydrazine-containing solution have, value of 39.5 was calculated for Ba-E whereas a value of
meanwhile, proven that the hydrazine is indeed bound to 1.5 has been found for normal sGDH)]; Together with
PQQ in the enzyme in this wayl. §). other arguments, this leads to the conclusion that the
Ba-E exhibited only 1.5% of the activity of SGDH in the mechanism proceeds according to the direct hydride transfer
standard assay (Table 1). Since this low rate stems from themechanism (see below). As a consequence, the previously
low overall rate of the reductive part of the catalytic cycle proposed mechanism (Scheme 1) is too simple and the most

225 +
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0 t t t t
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Table 2: Numerical Rate Constants for Ba-E with Various
Substrates and Conditichs

le’-l/(kZ + &) 1.2 +
substrate (buffer) (mM~ts) ks (s79) '

glucose (MOPS at pH 7.0) 532 6 10.0£0.1 §
glucose-1d (MOPS at pH 7.0) 68 1 2.60+ 0.01 S 084
KIE 7.8 3.8 2
glucose (MES at pH 4.5) 481 14 5.71+0.18 <
glucose (Tris-HCl at pH 9.0) 5679 257 7.90+0.12
mannose (MOPS at pH 7.0) 12430.1 15.6+ 0.1 0.4+

aThe values were calculated by fitting with an equation for the newly
proposed kinetic mechanism (Scheme 2).

0 t f t
270 320 370 420 470 520 570

i Wavelength (nm)
FIGURE5: Absorption spectra of E-NPQ enzyme forms. Absorption

1_.;7,,,,,,,, -

081 i spectra were taken in €afree buffer of apo-sGDH (dimer
} preparation, 16:M) after addition of a stoichiometric amount of
9 o064 NPQQ, yielding the Holo X form of E-NPQ (a); then after the
§ solution was brought to 1 mM Caglyielding E-NPQ (b); and
5 subsequently after the solution was brought to 10 mM glucose,
2 047 yielding reduced E-NPQ (c).
0.2+ A Ri COOH

0 : : : t : 3
250 300 350 400 450 500 550 600

Wavelength (nm)

Ficure 4: Absorption spectrum of NPQQ. The absorption spectrum
of 30 uM NPQQ in C&*-free buffer was recorded. The molar
absorption coefficient of NPQQ at 370 nm is 24000 #m—1
(derived from the titration of apo-sGDH with NPQQ, the amount
of E-NPQ formed determined with the standard assay).

logical explanation of the observed phenomena is the
mechanism depicted in Scheme 2 (see below), in whiéh E
stands now for the fluorescing transient and tor the
reduced enzyme. On the basis of this mechanism, the rate
of transient formation is given biks/(kz: + ks) and the rate

of decay byks. Values for these kinetic parameters derived

for different substrates and conditions are given in Table 2. _';'GURElﬁi St“zgt)m(is) gf PSS 5mp(gjlits %ngoguss (é“\) afgﬁ ?;58 and
: : : - ' its analogues (B). or , R1 and RH. For 3-methy ,
SGDH in Which PQQ Is Replaced with NitroPQQ (E-  23= /Pt Ro= ) For 3-propylPQQ, Ri= CH,CH,CHs and

NPQ) The structure of nitroPQQ (NPQQ) is under inves- g — 1 For N1-methylPQQ, R2= CH; and R1= H. For N1-
tigation. The procedure described here for preparing the ethylPQQ, R2= CH,CHs and R1= H. (B) For PQ, R1= H. For
derivative was reliable, as judged from the fact that it was 5-hydroxyPQ, R1= OH. For 5-methoxyPQ, R¥ OCHs.

obtained in good yield on several occasions and by several

persons. A preparation of NPQQ was stable on storage, andsGDH, Table 1) is not due to traces of contaminating, unde-
no free radical was observed in it with EPR spectroscopy. fivatized PQQ since the spectrum of glucose-reduced E-NPQ
A solution of NPQQ does not fluoresce, and in accordance (Figure 5) is completely different from that of sGRH

with this, varying the temperature did not affect the absorp- E-NPQ does not fluoresce and does not react with hydrazine,
tion spectrum [as it does for a solution of PQQ since the and no intermediate was observed in its reaction with glu-
ratio of PQQ to the fluorescing, hydrated PQQ is shifted by cose, neither by absorption nor by fluorescence spectroscopy.
this (16)]. The absorption spectrum is clearly distinct from SGDH in Which PQQ Is Replaced with One of Its
that of PQQ and has a maximum at 370 nm (Figure 4). AnaloguesAll PQQ analogues (Figure 6A) and also 5-hy-
NPQQ is more loosely bound to the apoenzyme than PQQdroxyPQ (Figure 6B) became bound to the apoenzyme [as
since E-NPQ partially lost NPQQ on gel filtration and has also been found in the case of quinohemoprotein alcohol
titration of the apoenzyme with NPQ enabled determination dehydrogenasel)], since the enzyme forms did not lose
of the dissociation constant (BV), whereas this value is so  the analogues or 5-hydroxyPQ on gel filtration and the
low in the case of PQQ that it cannot be measuBdAlso fluorescence of the analogues was significantly lower when
for NPQQ, C&" appears to be able to induce the typical red they were bound to the enzyme than when in the free form.
shift (Figure 5) when activating the cofactor in the enzyme, However, probably due to its abnormal structure, precluding
as judged from the maximum at 400 nm for E-NR@nd an appropriate fit, activation by €awas not observed in
that at 420 nm for E-NPQ (glucose addition to the “Holo  the case of 3-propylPQQ, the absorption spectra of this
X form” of E-NPQ, did not result in any spectral changes). enzyme form being similar to those of Holo X, and the
The activity obtained in the standard assay (5% of that of activity in the standard assay being only 0.3% of that of
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Table 3: Activities of Enzyme Forms Containing a PQQ Analdgue

PQQ analogue activity (%) PQQ analogue activity (%)
3-methylPQQ 11 N1-methylPQQ 10
3-propylPQQ 0.3 N1-ethylPQQ 13

a Apo-sGDH was reconstituted with PQQ analogues in the presence

of 1 mM CaC}in 20 mM MOPS/NaOH (pH 7.0), and activities were
measured in the standard assay. The activity of sGDH under this
condition is taken as 100%.

SGDH (Table 3). On the other hand, the enzyme forms
prepared from 3-methylPQQ and N1-methylPQQ behaved
normally, as judged from the absorption spectra being similar
to those of sGDH, and the relatively good activities in the
standard assay [11 and 10% of the value of sGDH,
respectively (Table 3)].

DISCUSSION

Comparison of the Performance of the Artificial Enzyme
Forms with That of sGDHIn contrast to some other PQQ-

Biochemistry, Vol. 39, No. 31, 200®389

bound to PQQ in an identical way in sGDIg, 23) and in
MDH (24, 25), this means that B4 has the potential to
activate PQQ, but apparently subtle differences in the active
site of PQQ-containing enzymes determine the way and the
extent to which the activation is expressed.

Comparison of the kinetic parameter values of glucose and
mannose (Table 2) indicates that thevalues do not differ
so much, whereas a large difference exists between the values
for the rates of fluorescent intermediate formation. It has
been previously concluded that tHey values for the
substrates (thg-anomers of aldoses that exhibit@;-chair
conformation, i.e3-D-glucose and its structural homologues)
of SGDH are the same, although great variation exists in the
values for the specificity constani)( Thus, this is another
indication that Ba-E and sGDH have the same overall
mechanism. It has been reported that sGDH has a pH
optimum of about 7 for the reductive half-reaction as well
as for assays in which an artificial electron acceptor is used
which reoxidizes the reduced enzyme at a rate which is
higher than that of the rate-determining step of the reductive

containing dehydrogenases, e.g., the alcohol dehydrogenasgajf-reaction 7). The data in Table 2 show that Ba-E exhibits

from Pseudomonas aerugino§20), the activating CH ion
in sGDH is not crucial for binding of PQQ, as deduced from
the fact that PQQ remained bound on gel filtration of Holo
X. Thus, this type of C& ion is primarily involved in
activating PQQ in sGDH. The importance of this is illustrated
by the very low reaction rate of Holo X in the reductive

more or less similar behavior since for the three pH values
that were tested, a slight optimum is observediipat pH

7 [the more pronounced optimum obtained for sGOMHi§
most probably due to the use of potassium phosphate buffer
since it is known to enhance the value of the rate-determining
step by a factor 3.5 in comparison with “Good” buffers such

half-reaction and in the standard assay. Since PQQ in Holoas Tris or MOPS 10)]. On the other hand, the values for

X is easily converted into PQQtHby reducing substances,

the rate of fluorescent intermediate formation increases with

the very low rate (and the absence of a detectable intermedi-pH, especially when going from pH 7 to 9, suggesting that
ate in the reductive half-reaction, caused by a very low rate an amino acid residue could be involved in a catalytic step
of fluorescing intermediate formation) must be due to the jn this process. In the absence of such data for sSGDH, it

nearly complete inability of Holo X to become reduced by
glucose. Thus, the absence of the PQQ-activating" Ca
apparently results in the nearly complete inability of Holo
X to oxidize substrate. These observations are in line with
the results from model studies on the reaction of PQQ
derivatives with alcohols in the presence of bivalent metal
ions, showing that G4 accelerates alcohol oxidatio21).
Since Ba-E was found to be active, it can be concluded
that a metal ion which is inactive in dimerization of the
subunits can nevertheless activate PQQ in sGDH. In view
of the different ligands involved in binding of the “two
different types of C&” in sGDH, this is not surprising. The
decrease in activity of nearly 2 orders of magnitude is
surprising, however, since substitution of the activatingCa
with S did not change the specific activity of the enzyme
(10). Substitution of C&" with Ba?" and St has also been
carried out for MDH 22). However, for this PQQ-containing
enzyme, the substitutions led to strongly increased maximal

cannot be decided yet whether this is unique for Ba-E.

The properties exhibited by E-NPQ show that the inability
of a cofactor to form adducts does not result in insignificant
catalytic activity or in the inability to become activated by
C&". Thus, activation and activity seem to be correlated, as
confirmed by several other examples: the enzyme form
containing 3-methylPQQ shows good activity and spectra
indicating activation; the enzyme form containing 3-propyl-
PQQ shows neither of these, although the free cofactor is
normally hydrated; Holo X shows very low activity because
PQQ initis not activated. In view of the substantial activity
in the assay, and the absence of indications that the overall
mechanism is basically different, the inability to detect an
intermediate in the reaction of E-NPQ with glucose suggests
that once the adduct is formed (from NPQ and the hydride
ion, i.e., C5-reduced NPQQ; see below), it rapidly tautomer-
izes to NPQQH The low stability of the adduct proposed
here probably also applies in other cases, explaining why

rate andKy values under steady-state conditions. Since the ¢qo NPQQ does not form an adduct with® and NPQQ
same fluorescing species was seen in the reaction of Ba-E, E-NPQ does not react with hydrazine.

and sGDH with glucose and no other intermediate was

observed, both enzymes have the same overall mechanism.

However, from the data in Table 2, it appears that the KIE
values for the formation and decay rates of the fluorescing

intermediate are 7.8 and 3.8, respectively, whereas these ar

1.5 and 6.1 for sGDH7). Thus, the difference betweenBa
and C&" in activating the enzyme concerns not only the
rate-determining stepk{) but also the two €&H bond

breaking steps taking place in the reaction mechanism (see

All PQQ analogues and NPQQ were bound to the
apoenzyme. Since also 5-hydroxyPQ was able to do so,
apparently an intacb-quinol moiety is not required for

ginding. In addition, the spectral red shift accompanying the

conversion of Holo X4to sSGDHeqWwas also observed when
Ca" was added to the complex of the apoenzyme and
5-hydroxyPQ, not with that containing 5-methoxyPThus,

below). Together with the fact that the activating?Cas

3A. J. J. Olsthoorn and J. A. Duine, unpublished results.
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Scheme 3: Chemical Mechanism of Glucose Oxidation by sGDH
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for the spectral red shift to occur, an unmodified OH group with glucose and that on the rate of its decay in Ba-E as
at C5 is required, in line with the fact that €ds bound to well as in sGDH indicate that €H bond breaking occurs
the C5 group of reduced PQQ, in MDI24, 25) as well as in both processes. Since-E bond breaking will not take
in sGDH @3). Most probably, the red shift originates from place when PQQ in sGDH forms a hemiketal adduct with
replacement of the proton in the OH group at C5 of PQQH glucose, the fluorescing intermediate must be C5-reduced
with C&", C&" acting as a strong acid. Since the value of PQQ. The conclusion that the mechanism proceeds according
the rate-determining step in the conversion of glucose-1- to direct hydride transfer is supported by the fact that the
with Ba-E was much lower than that for sGDH, it is clear adduct-forming ability of the cofactor in the enzyme is not
that the type of metal ion affects the decay rate of the related to its catalytic performance. Although in theory
intermediate. However, although €ais apparently better  substrate oxidation could also proceed via sequential one-
than B&" in enhancing this, as illustrated by Holo X, electron transfer steps, the absence of a detectable spectral
reduction of PQQ to PQQ}tan proceed in the absence of intermediate resembling the semiquinone form of PQQ
a bivalent metal ion. On the other hand, as discussed above[similar to that occurring in MDH 27)] implies that if it
the metal ion has a tremendous effect on the formation rateoccurs, it can experimentally not be distinguished from
of the intermediate in the reductive half-reaction, possibly hydride transfer.
by polarizing the carbonyl group of PQQ at C5. However,  The large variation in specificity constant values of sGDH
the position of the cofactor in the enzyme should not be (7) and the large difference in rates of fluorescing intermedi-
distorted too much or the effect will not occur, as illustrated ate formation from glucose and Ba-E (Table 2) could be due
(Table 3) by the enzyme form containing 3-propylPQQ to either a large variation in substrate affinity for the enzyme
which is not activated by G4, whereas this occurs in the (ki/k: values) or a variation in hydride transfer ratés (
one containing 3-methylPQQ (suggesting that the bulky values). Since all the substrates have the same H/OH
propyl group prevents proper positioning, leading to subop- configuration at the site where the hydride is removed but
timal polarization). The fact that the enzyme form containing differ from glucose only in having an opposite H/OH
N1-methylPQQ showed reasonable activity is an argument configuration at another site (this is at least the case for
to exclude mechanisms of sSGDBE) in which deprotonation ~ hexose sugars), the latter possibility seems unlikely. The
at N1 (intramolecular general base catalysis) or formation availability of Ba-E, with which stopped-flow studies can
of a p-iminoquinone structure is required. be performed with undeuterated substrates, opens avenues

All enzyme forms exhibited the negative cooperativity now for further investigations on this aspect.
effect at about the same glucose concentration, implying that The proposed sequence of events and also several obser-
the switch in mechanism related to this phenomenon is notvations are not compatible with the previously proposed
governed by the type of cofactor or activating metal ion kinetic mechanism (Scheme 1), but they are with the new
present in the enzyme. No abnormalities were seen with theone (Scheme 2). In the latter, the enzyme and substrate form
enzyme forms having low activity when studying their a complex (ES), after which deprotonation and hydride
reductive half-reactions (in case the switch in redox state is transfer take place, leading to formation of the fluorescing
the underlying cause, the slow change in redox state of theintermediate (FP). Whether the transfer is reversible and
subunits occurring during the reduction of these enzyme whether the product is already released cannot be decided
forms would be easily seen as changes in the rate constanyet [release of product in the reductive half-reaction has been
during the conversion). Therefore, the observations describedproven by product analysi®®) and is also suggested by
here support an already proposed id&@) (hat concomitant  the ping-pong mechanism in steady-state kinetics]. However,
binding of two substrate molecules to the dimeric SGDH the fact that glucon@-lactone is not an inhibitor7( 29)
induces the negative cooperativity effect. Since the turnover suggests that either the reaction step is irreversible or it is
number of Ba-E is so low that stopped-flow experiments can reversible but the product is still attached to the enzyme (the
be performed, even in the high substrate concentration rangelatter possibility is depicted in Scheme 2). Subsequently, the
it becomes feasible now to investigate the reason for thefluorescing intermediate irreversibly tautomerizes to the
change in mechanism. reduced enzyme (B.

Implications of the Catalytic Mechanisfiihe substantial When the kinetic mechanism is taken into account, the
KIE on the rate of fluorescent intermediate formation of Ba-E chemical mechanism must be as shown in Scheme 3. It is
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known for several bivalent cations, including €athat

Biochemistry, Vol. 39, No. 31, 200®391

activator (ammonia or an amine) and a high pH for activity,

although they are biochemically redox inactive, they can while sGDH does not. Moreover, the model studies on PQQ
nevertheless assist in enzymatic redox catalysis by activatingand methanol41) are in line with a mechanism proceeding

the substrate. The role of &aas proposed here for the

via a PQQ-methanol adduct, and recently, it has been

oxidoreductase sGDH is different from that as it concerns reported that even structural evidence exists for this in MDH

activation of a cofactor.

(30). However, just as for mGDH, from the lack of relevant

The structural information is completely in line with the kinetic data, we conclude it is too early to predict a
chemical mechanism presented here. Studies on the complexnechanism for MDH and for the other types of PQQ-

of SGDHeq With glucose revealed) that the-anomer of
glucose is situated more or less parallel to the plane of PQQ

containing alcohol dehydrogenases.

in such a way that the anomeric H, not the OH, is pointing ACKNOWLEDGMENT

(at a short distance) to the C5 of PQQ, the OH group
interacting among others with His144. Thus, unless it is
assumed that glucose becomes bound to sgGDH a
different way or that thgg-anomer turns into the-anomer
during the reaction (highly unlikely in view of the interac-
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