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ABSTRACT. The membrane-bound quinoprotein glucose dehydrogenase (mGEBgherichia colcontains
pyrroloquinoline quinone (PQQ) and participates in the direct oxidation-glficose top-gluconate by
transferring electrons to ubiquinone (UQ). To elucidate the mechanism of ubiquinone reduction by mGDH,
we applied a pulse radiolysis technique to mGDH with or without bound. W@ith the UQ-bound

enzyme, a hydrated electron reacted with mGDH to form a transient species with an absorption maximum
at 420 nm, characteristic of formation of a neutral ubisemiquinone radical. Subsequently, the decay of the
absorbance at 420 nm was accompanied by an increase in the absorbance at 370 nm. Experiments with
the PQQ-free apoenzyme showed no such subsequent absorption changes, although ubisemiquinone was
formed. These results indicate that a pathway for an intramolecular electron transfer from ubisemiquinone
radical at the UQbinding site to PQQ exists in mGDH. The first-order rate constant of this process was
calculated to be equal to 12 10° s™*. These findings are consistent with our proposal that during the
catalytic cycle of mGDH the bound UQnediates electron transfer from the reduced PQQ tg puls.

Ubiguinone (UQ) molecules are involved in many of the the low-affinity UQ bhinding site (Q) (5), where the two-
oxidation—reduction processes of respiration and photosyn- electron oxidation of UQHKltakes place. In these processes,
thesis in living cells. They are able to freely diffuse in the ubisemiquinone radical is formed as an intermediate, and
membranes (e.g., UQ pools) or able to bind to membrane appears to function as a gate for electron flow through the
proteins in the binding pockets where they act as one- or sequential one-electron transf&—10).

two-electron gatesljj. It has been shown that structurally Membrane-bound glucose dehydrogenase (mGDH.of
identical UQ can have very differer)t chemica.I properties coli, a member of the PQQ-containing quinoprotein family
when bound in different sites within a protei)( For (19" 19 catalyzes the direct oxidation af-glucose to
e.Xamp'e’ in the photosynthetic _reactlon center aQts asa p-gluconate, and concomitantly feeds electrons to ubiquinol
tightly bound on_e-electron carrier between pheophytin and oxidase through UQ in the respiratory chal8¢15). The

Qs, whereas @ is a two-electron and two-proton redoX —\\=hpyin B coli exists as an apoenzyme because of the
component and in dynamic equilibrium with the UQ pool absence of genes responsible for PQQ synthdsis1().

in the membrane 3. For the cytochromédc; complex L ) . .
: and the exogenous addition of PQQ with a divalent cation
(complex I1f), two UQ/UQH redox sites, Qand Q, are both leads to formation of the active enzynf8). The mGDH is

in dynamic equilibrium with the UQ pool, and the coordi- an 88 kDa monomeric protein with two distinct domains:
nated redox reactions are tightly coupled to vectorial proton . pr . L
an N-terminal hydrophobic domain and a large C-terminal

translocation via the proton-motive Q cyck).(In Escheri- ) . X i
chia colicytochromebo, bound UQ at the high-affinity UQ periplasmic domain). The latter dO”?a'” has ,éjsheet .
s propeller fold superbarrel structure that is a catalytic domain,

binding site (Q) serves as an electron gate and mediate including PQO {1 19) and C&" or Mg?* binding sites {6,

the sequential one-electron transfer to hefmesdo from . . .
q 17). The UQ reduction site for the bulk UQ pool in mGDH
has been shown to be located near the membrane surface

5 TThiSr‘]"’O"‘ pas fi“pgorted (ngigtz%%et’awii?'Ai%f?f SCi‘?”titf_ij? (21), an idea which was strengthened by the findings that
esearcn on pPriority Areas 0 K.K.) an or scienturic . . . . . . . .
research (B) (14380318 to K.K.) from the Ministry of Education, 'S C-terminal periplasmic domain, interacting peripherally

Science and Culture, Japan. with the membrane, possesses the UQ reduction 2ite (
* To whom correspondence should be addressed: The Institute of On the basis of EPR spectra and the effects of inhibitors on

Scientific and Industrial Research, Osaka University, Mihogaoka 8-1, i
Ibaraki, Osaka 567-0047, Japan. Telephone: 81-6-6879-8501. Fax: 81-UQZ reductase activity, we recently postulated that mGDH

6-6876-3287. E-mail: kobayasi@sanken.osaka-u.ac.jp. possesses two UQ-binding sites, fQr bound UQ and Q
zesaka Unriy(ﬂsity' _ for the bulk UQ pool 22), and it was found that a PQQ
amaguchi University. A i iti
1 Abbreviations: mGDH, membrane-bound glucose dehydrogenase;SemlqumOne radlc_al was formed by the additiomgfiucose
PQQ, pyrroloquinoline quinone; UQ, ubiquinone; DM;dodecyl$- to mGDH @2). This suggests that bound |d@ccepts one
p-maltoside; g, hydrated electron. electron from PQQkito form the PQQ semiquinone radical,
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though EPR signals of U§gemiquinone were not observed. 0.1% DM and 150 mM KCI. These concentrated materials
However, the mechanisms for the intramolecular electron were found to be approximately 95% homogeneous by
transfer between PQQ and Y@ mGDH are not well SDS-7% polyacrylamide gel electrophoresis and were used
characterized. as the purified wild-type and Ug&free forms of mGDH.

A powerful approach to investigating electron transfer  Preparation of Holomerized mGDH for Pulse Radiolysis.
within proteins is that of pulse radiolysis through which an Both UQs-free and UG@-bound mGDH were holomerized
electron can be introduced rapidly into one redox center of by incubation with an equimolar concentration of PQQ and
an enzymeZ3—29). Our previous study on cytochronh® 1 mM MgCl;, for 30 min at room temperature. The samples
revealed that theN-methylnicotinamide radical mediator were then immediately frozen in liquid nitrogen for later use
produced by pulse radiolysis caused rapid reduction of ain pulse radiolysis experiments. In all cases, this procedure
bound Q at the @, site, followed by intramolecular electron  resulted in at least 70% holomerization.
transfer to hemeb ando in the E. coli cytochromebo (28). Pulse RadiolysisPulse radiolysis experiments were per-
To dissect the intramolecular electron transfer process informed using a linear accelerator at The Institute of Scientific
PQQ-containing dehydrogenase, we applied pulse radiolysisand Industrial Research, Osaka Universigg{29). The
to E. coli mGDH. Differences in the reactions after pulse pulse width and energy were 8 ns and 27 MeV, respectively.
radiolysis occurring in the UQ-bound apoenzyme (lacking The sample was placed in a quartz cell with an optical path
PQQ), the UQ-bound holoenzyme, the UQ-free apoenzyme,length of 1 cm. The temperature of the sample was
and the UQ-free holoenzyme are reported. Here, we presenimaintained at 25C. The light source for the spectropho-
the formation of a ubisemiquinone neutral radical in MGDH tometer was a 200 W Xe lamp. After the light had passed
and the subsequent intramolecular electron transfer to PQQthrough an optical path, the transmitted light intensities were

analyzed and monitored by a fast spectrophotometric system
EXPERIMENTAL PROCEDURES composed of a Nikon monochromator, a photomultiplier
(Hamamatsu Photonics, R-928), and a Unisoku data analyz-
ing system. For the time-resolved transient absorption
spectral measurement, the monitor light was focused into a
quartz optical fiber, which transported the electron pulse-
einduced transmittance changes to a gated spectrometer
: o ; (Unisoku, TSP-601-02). The resolution time of spectropho-
;lrzeedn?cs;Sl(_)'strztsraén;i\l:glr)gé)rlflcatlon of wild-type and4JQ tometer is 10 ns. The concentration of hydrated electrons
o P o generated by pulse radiolysis was determined by the absor-
Purification of the Wild-Type mGDH and Ud@ree bance change at 650 nm using an extinction coefficient of

mGDH W3110 cells harboring pUCGCDB(D) and YU654 14.1 mMlcm? (32), and was adjusted by varying the dose
(ubiA::cml) cells harboring pUCGCD1 were grown in LB of the electron beam.

medium (1% bactotryptone, 0.5% yeast extract, and 0.5%
NaCl) containing ampicillin (5Q:tg/mL) for 12 h at 30°C

with aeration (200 rpm). Cells were collected by centrifuga-
tion and washed once with saline solution and twice with
potassium phosphate buffer (pH 7.0) containing 1 mM
MgCl,. Washed cells were disrupted by being passed twice
through a French pressure cell press at 16 000 psi. The
membrane fraction was recovered by ultracentrifugation
(8600Q for 90 min). The mGDH was purified from the
membrane fractions at 4C by column chromatography on
DEAE-Toyopearl (Toso) and ceramic hydroxyapatite (Bio- resyLTs

Rad) using a modification of the previously reported

procedure 16). Membrane fractions (approximately 10 mg/ Pulse radiolysis results in the instantaneous generation of
mL protein) were treated with 10 mM potassium phosphate hydrated electrons 4g), which in turn can reduce redox
buffer (pH 7.0) containing 0.0494-dodecylf-p-maltoside center(s) within a protein. Pulse radiolysis of the tigpund
(DM), and the resulting membrane fractions were subjected form of mGDH causes an increase in the absorbance at 420
to solubilization for 60 min in the presence of 10 mM nm with a half-time of 2us (Figure 1A). The kinetic
potassium phosphate buffer (pH 7.0) containing 0.2% DM difference spectrum 10s after pulse radiolysis (Figure 2A)
and 100 mM KCI. The suspension was centrifuged at 8§000 shows that the reaction intermediate has an absorption
for 90 min, and the resulting supernatant was dialyzed againstmaximum at 420 nm. In the U&free enzyme, on the other
the same buffer without DM. The dialysate was applied to hand, the absorption changes at 420 nm were considerably
a DEAE-Toyopearl column (1 mL bed volume; approxi- smaller (Figure 3). This indicates thaiyereacts with the
mately 10 mg of protein), followed by a ceramic hydroxy- UQg bound to the enzyme to form a ubisemiquinone radical.
apatite column (5 mL bed volume; approximately 5 mg of The transient spectrum in Figure 2A is similar to that of the
protein) as described previousli). Active fractions pooled  semiquinone neutral radical obtained upon pulse radiolysis
after the ceramic hydroxyapatite column were concentrated of free UQ in aqueous solutio38, 34). On the other hand,
using a DEAE-Toyopearl column (1 mL bed volume; the transient spectra of the Y@ee enzyme, which has
approximately 10 mg of protein) and elution with a small broad absorption below 350 nm, are thought to be due to
volume of 10 mM potassium phosphate (pH 7.0) containing the reaction of g~ with amino acid residues in mGDRY).

Bacterial Strains The E. coli K-12 strains used in this
study were W3110 [INrgnD-rrnE) rph-1] (30) and YU654
(W3110ubiA:cml) (22). YUB54 cannot produce UQ because
of a deletion in theubiA gene encoding 4-hydroxybenzoate
octaprenyltransferase. As described previously, these wer

Samples for pulse radiolysis were prepared as follows. The
enzyme solutions, which contained 10 mM potassium
phosphate (pH 68) and 0.1 Mtert-butyl alcohol (for
scavenging OH radicals), were subjected to repeated deaera-
tion, followed by flushing with Ar gas. The quartz cells had
a light path of 1 cm. Although pulse radiolysis did not
damage the enzyme, a fresh sample was used for each pulse.
Static absorption spectra were recorded with a Hitachi
U-3000 spectrophotometer.
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Ficure 1: Adsorption changes after pulse radiolysis of thegtQ
bound holoenzyme (AC) and the U@bound apoenzyme (D and
E). All samples contained 10 mM potassium phosphate buffer (pH
7.4), 0.1 Mtert-butyl alcohol, and 60.%M enzyme.
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FIGUrRe 2: Transient absorption spectra M) @nd 40Qus O) after
pulse radiolysis of the Ugbound holoenzyme (A) and the WYQ

bound apoenzyme (B). Pulse radiolysis was carried out as described

in the legend of Figure 1.
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Ficure 3: Absorption changes at 420 nm after pulse radiolysis of
the UQ-free holoenzyme (A) and the Udree apoenzyme (B).
Transient absorption spectra 1@®)(and 400us (O) after pulse
radiolysis of the U@free holoenzyme (C) and the WQee
apoenzyme (D). All samples contained 10 mM potassium phosphate
buffer (pH 7.4), 0.1 Mtert-butyl alcohol, and 12M enzyme.

Subsequently, in the Ugbound holoenzyme, a decay in
the absorption at 420 nm was observed on the millisecond
time scale (Figure 1B), indicating reoxidation of the ubisemi-
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Ficure 4: (A) pH dependence of the rate constants for intra-
molecular electron transfer. The rate constants were determined
from the recovery of the absorbance at 420 nm. (B) pH dependence
of the difference in the redox potential of the PQRRQ pair minus

that of the QMQ pair in mGDH. The difference was determined
from the ratio of the recovery of the absorbance to the initial
increase at 420 nm.

concluded that the U$bound by mGDH is first reduced
and that this is followed by reoxidation of the ubisemiquinone
radical and reduction of PQQ.

The reaction of g~ with mGDH obeyed pseudo-first-order
kinetics, when 0.58 uM e,y was generated in a solution
containing 68«M mGDH. The second-order rate constant
for the reaction of g~ with UQg in the enzyme was 5.2
10°°M~ts™ In contrast, the rate constants for the decrease
and increase in the absorbance at 420 and 370 nm were 1.2
x 10° st at pH 7.0 and were independent of the enzyme
concentration (data not shown). Therefore, we concluded that
this process is the intramolecular electron transfer from
ubisemiquinone to PQQ in mGDH.

Because the pH dependence of the redox properties of UQ
has been shown to be important for the function of UQ-
binding proteins §, 9, 10, 36, 37), we next examined the
effect of pH on the intramolecular electron transfer. Between
pH 6.0 and 8.0, there was no change in the initial transient
spectrum for mGDH with an absorption maximum at 420
nm (data not shown). This suggests that the ubisemiquinone
bound to mGDH forms the neutral radical in a manner
independent of the external pH. The rate constants for the
intramolecular electron transfer from ubisemiquinone to
PQQ, determined from the absorbance change at 420 nm,
decreased slightly as the external pH was increased from
6.0 to 8.0 (Figure 4A). A similar pH dependence of the rate
constants was obtained for the intramolecular electron
transfer from the ubisemiquinone radical to helme E.
coli cytochromebo (28).

quinone radical. Concomitantly, an absorbance increase atDISCUSSION

370 nm appeared 4Qs after pulse radiolysis (Figures 1C
and 2A). As in the case with the holoenzyme, ubisemi-
quinone was initially formed in the PQQ-free apoenzyme.
However, no subsequent absorption changes are observe
(Figures 1D,E and 2B). On the basis of these findings, we

Structure-function studies of the UQ/UQHredox sites
in E. colimGDH have revealed the presence and properties
of two UQ-binding sites in the enzym@3). One of these
sites is for bound UQ (), and the other is for the bulk UQ
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Table 1: Differences in Redox Potential and Intramolecular and 15 mV, which is similar to the values for bound £iQ
Electron Transfer Rate Constant for mGDH from the Recovery of ~ Cytochromebo (9) and cytochromédd (10) (22.5 mV).

the Absorbance at 420 nm The spectra of UQH(neutral semiquinone radical) and
pH AE; (mV) ke () Koo (s ) UQ™ (anionic radical) have absorption maxima at 420 and
60 13 19x 10° 7 5% 10 440 nm, respectively, and &pvalue of 5.9 when free in
6.5 13 1.1x 10 4.4% 10 solution @3, 34).
7.0 19 9.6x 12 5.1x 10? .
7.5 24 9.1x 1? 5.5x 1% ‘UOH="UQ +H
8.0 29 8.0x 1 5.3x 10? Q Q

_ UQ-binding proteins, however, form only neutral or anionic
pool (Qi). Because there is no UQ bound at thesie, the  semiquinone radicals in a manner independent of the external
data presented here directly demonstrate the involvement ofpH. These data show that the §te in mGDH stabilizes
the Q site in the intramolecular electron transfer process. the ubisemiquinone neutral radical, whereas most of the
Upon pulse radiolysis, the,¢ transferred one electron to  semiquinone radicals observed in EPR spectra were assigned
the bound UQ at the Q site to yield a ubisemiquinone as anionic forms §-10, 42—44). Our previous pulse
neutral radical, which, in turn, reduces PQQ on a millisecond radiolysis experiment for cytochronte also shows that the
time scale. This assignment is supported by the fact that suchanionic form of the ubisemiquinone radical, which exhibits
changes were not observed in the &f@e enzyme or in  an absorption maximum at 440 nm, is forme¥)( This
the PQQ-free apoenzyme. However, the assignment of thesuggests that the neutral or anionic radicals are stabilized
formation of the PQQ semiquinone is currently uncertain by the protein to which U@ is bound. The specific
because there have not been any reports of spectra for thenteractions are suggested to involve hydrogen bonds from
semiquinone form of PQQ in the PQQ-containing dehydro- the two carbonyl groups of UQ to the protein, as revealed
genase as a single species. The two absorption spectra eadby a pulsed EPR techniqudd—44).
for PQQH and PQQ semiquinone could not be differentiated  Interestingly, the interdomain electron transfer from the
during redox titration37, 38). On the other hand, two types  bound UQ to PQQ (1.2x 10 s %) is comparable to the
of free PQQ semiquinone have been obtained in aqueousintramolecular electron transfer from type | to type Il copper
solution by pulse radiolysis3@, 40). The protonated form in copper-containing nitrite reductase (1x410° s7%) (25)
of the PQQ semiquinone exhibits small absorptions at 480 and from hemec to hemed; of cytochromecd; nitrite
and 390 nm, whereas the unprotonated form has absorptiorreductase (1.4« 10° s1) (26). The distance between the
bands at 460 and below 380 nm. The spectrum of the two redox centers is 12.5 A¥) for copper-containing nitrite
protonated form is very similar to that observed for the reductase and 11 A46) for the heme-heme edge distance
species generated 4@8 after pulse radiolysis (Figure 2A).  of cd, nitrite reductase. Thus, the distance between ki@

Previous reports showed that the electron equilibrates PQQ in mGDH would be 1413 A.

between type | Cu and type Il Cu in copper-containing nitrite The @4 is a nonspecific reductant and is very reactive
reductase 25) and between copper A and tleeheme in  toward amino acid residues of proteins. Thus, when the redox
bovine cytochrome oxidaseg) following reductions of the site is not directly exposed to the solvent and is masked by
type | copper nitrite reductase or copper A of cytochrome the protein, g~ does not react with the redox site but rather
oxidase by pulse radiolysis. These results reflect the relativelywith the amino acid residues. A typical example is the
small differences between the redox potentials of the pairs reaction of g; With p-amino acid oxidase, a member of
of sites in these two enzymes. Similarly, in these experiments, the flavoprotein family 85). These data showed that thge

the electron transfer reaction in terms of rapid equilibrium did not react with PQQ of mGDH in the absence of 4JQ

is as follows: (Figure 3C). This is consistent with the proposal that PQQ
o . is buried in a hydrophobic pocket of mGDH), as
UQ---PQQ—— 'UQH---PQQk—1> UQ---"PQQH suggested by the three-dimensional structure of methanol
H* ~1

dehydrogenasel @, 48—50). In contrast, the g~ effectively
This was confirmed by the fact that the absorbance at 420"educed the enzyme-bound kl(@his result strongly suggests
nm did not return to its initial value. Therefore, the observed that the @site is located at the surface of the enzyme.
first-order rate constants consist of the sunkofforward) In summary, we report for the first time the transient
andk_; (backward). Electron transfer in mGDH is normally formation of the ubisemiquinone neutral radical at ambient

from PQQ to UQ, and the reverse process presented here idemperature and the subsgquent electron transfer to PQQ in
essentially an artificial process, which occurs only under MGDH. The electron equilibrates between the bound; UQ

specific conditions. However, the electron transfer is revers- at the Q site and PQQ. These findings are consistent with
ible, and the controlled factors are identical in both direction. OUr Proposal that during the catalytic cycle of the enzyme
The difference in the redox potentialAE) of PQQ/PQQ the bound UQ at the Gite medlate_s electron transfer from
and UQ/UQ pairs can be calculated from the recovery of the reduced PQQ to UQ at the, Qite.

the absorbance at 420 nm. Tkg k-;, and AE values are

presented in Table 1. The redox potential of the PRQQ ACKNOWLEDGMENT

pair in the soluble glucose dehydrogenase fAximetobacter We thank the members of the Radiation Laboratory at The
calcoaceticusas been determined to be 33 mV by continu- Institute of Scientific and Industrial Research, Osaka Uni-

ous-flow column electrolytic spectroelectrochemistB@)( versity, for assistance in operating the accelerator. We are

Consequently, in mGDH, the redox potential of the JQ indebted to Dr. Tatsushi Mogi of the Tokyo Instutute of
UQ pair in the bound U@was estimated to be between 0 Technology (Tokyo, Japan) for valuable advice and helpful



Pulse Radiolysis Studies on Quinoprotein Dehydrogenase

discussions. We also thank Ms. Sachiko Tojo of The Institute
of Scientific and Industrial Research, Osaka University, for
experimental support.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Deisenhofer, J., Epp, O., Sinning, l.
re

Hunte, C., Palsdottin, H. P., and Trumpower, B. L. (2003) Proton
motive pathways and mechanism in the cytochrdoimecomplex,
FEBS Lett 545, 39-46.

. Shinkarev, V. P., and Wraight, C. A. (1993) Electron and proton

transfer in the acceptor quinone complex of reaction centers of
phototrophic bacteria, inmThe Photosynthetic Reaction Center
(Deisenhofer, J., and Norris, J. R., Eds.) Vol. 1, pp 19235,
Academic Press, San Diego.

, and Michel, H. (1995)
Crystallographic refinement at 2.3 solution and refined model
of the photosynthetic reaction centre frdRhodopseudomonas
viridis, J. Mol. Biol. 246 429-457.

. lwata, S., Lee, J. W., Okada, K., Lee, J. K., lwata, M., Rasmussen,

B., Link, T. A.,, Ramaswamy, S., and Jap, B. K. (1998) Complete
structure of the 11-subunit bovine mitochondrial cytochrdroe
complex,Science 28164—71.

. Sato-Watanabe, M., Mogi, T., Ogura, T., Kitagawa, T., Miyoshi,

H., lwamura, H., and Anraku, Y. (1994) Identification of a novel
quinone-binding site in the cytochrombo complex from
Escherichia coli J. Biol. Chem. 26928908-28912.

. Crofts, A. R., Hong, S., Ugulava, N., Barquera, B., Gennis, R.,

Guergova-Kuras, M., and Berry, E. (1999) Pathways for proton
release during ubihydroquinone oxidation by th@ complex,
Proc. Natl. Acad. Sci. U.S.A. 960021-10026.

. Wakeham, M. C., Breton, J., Nabedryk, E., and Jones, M. R. (2004)

Formation of a semiquinone at the; Qite by A- or B-branch
electron transfer in the reaction center fr&hodobacter sphaeroi-
des Biochemistry 434755-4763.

. Ohnishi, T., Johnson, J. E., Jr., Yano, T., LoBrutto, R., and Widger,

W. R. (2005) Thermodynamic and EPR studies of slowly relaxing
ubisemiquinone species in the isolated bovine heart complex I,
FEBS Lett. 579500-506.

Ingledew, W. J., Ohnishi, T., and Salerno, J. C. (1995) Studies
on a stabilisation of ubisemiquinone Bscheirichia coliquinol
oxidase, cytochrombo, Eur. J. Biochem. 227903—908.

Hastings, S. F., Kaysser, T. M., Jiang, F., Salerno, J. C., Gennis,
R. B., and Ingledew, W. J. (1998) Identification of a stable
semiquinone intermediate in the purified and membrane bound
ubiquinol oxidase-cytochromied from Escherichia coli Eur. J.
Biochem. 255317—323.

Duine, J. A., Frank, J., and van Zeeland, J. K. (1979) Glucose
dehydrogenase frocinetobacter calcoaceticus ‘quinoprotein’,
FEBS Lett. 108443—446.

Ameyama, M., Matsushita, K., Ohno, Y., Shinagawa, E., and
Adachi, O. (1981) Existence of a novel prosthetic group, PQQ,
in membrane-bound electron transport chain-linked, primary
dehydrogenase of oxidative bactef@BS Lett 130, 179-183.

Van Schie, B. J., Hellingwerf, K. J., van Dijken, J. P., Elferink,
M. G. L., van Dijl, J. M., Kuenen, J. G., and Konings, W. L.
(1985) Energy transduction by electron transfer via a pyrrolo-
quinoline quinone-dependent glucose dehydrogena&séheri-
chia coli, Pseudomonas aerugingsandAcinetobacter calcoace-
ticus, J. Bacteriol. 163 493-499.

Matsushita, K., Nonobe, M., Shinagawa, E., Adachi, O., and
Ameyama, M. (1987) Reconstitution of pyrroloquinoline quinone-
dependenb-glucose oxidase respiratory chainkEgcherichia coli
with cytochrome o oxidasel. Bacteriol. 169 205-209.

Yamada, M., Sumi, K., Matsushita, K., Adachi, O., and Yamada,
Y. (1993) Topological analysis of quinoprotein dehydrogenase
in Escherichia coland its ubiquinone-binding sité, Biol. Chem.
268 12812-12817.

Hommes, R. W. J., Postma, P. W., Neijssel, O. M., Tempest, D.
W., Dokter, P., and Duine, J. A. (1984) Evidence of a quinoprotein
glucose dehydrogenase apoenzyme in several straiBsabferi-
chia coli, FEMS Microbiol. Lett. 24 329-333.

Matsushita, K., Arents, J. C., Bader, R., Yamada, D. M., Adachi,
0., and Postma, P. W. (199&}scherichia colis unable to produce
pyrroloquinoline quinone (PQQMicrobiology 143 3149-3156.
Ameyama, M., Nonobe, M., Hayashi, M., Shinagawa, E., Mat-
sushita, K., and Adachi, O. (1985) Mode of binding of pyrrolo-
quinoline quinone to apo-glucose dehydrogenasgric. Biol.
Chem. 4912271231

19.

20.

21.

22.

23.

24,

25.

26.

27.

29.

30.

33.

34.

36.

37.

Biochemistry, Vol. 44, No. 41, 2003.3571

Cozier, G. E., and Anthony, C. (1995) Structure of the quinoprotein
glucose dehydrogenase BEcherichia colimodelled on that of
methanol dehydrogenase froMethylobacterium extorquens
Biochem. J. 312679-685.

Miyoshi, H., Niitome, Y., Matsushita, K., Yamada, M., and
lwamura, H. (1999) Topographical characterization of the ubiquino-
ne reduction site of glucose dehydrogenasé&acherichia coli
using depth-dependent fluorescent inhibit@gchim. Biophys.
Acta 1412 29-36.

Elias, M. D., Tanaka, M., Sakai, M., Toyama, H., Matsushita, K.,
Adachi, O., and Yamada, M(2001) C-Terminal Periplasmic
Domain ofEscherichia coliQuinoprotein Glucose Dehydrogenase
Transfers Electrons to Ubiquinong, Biol. Chem. 2757321~
7326.

Elias, M. D., Nakamura, S., Migita, C. T., Miyoshi, H., Toyama,
H., Matsushita, K., Adachi, O., and Yamada, M. (2004) Occur-
rence of a bound ubiquinone and its functiorgscherichia coli
membrane-bound quinoprotein glucose dehydrogenhsBiol.
Chem. 2793078-3083.

Kobayashi, K., Une, K., and Hayashi, K. (1989) Electron transfer
process in cytochrome oxidase after pulse radiolysiBjol. Chem.
264, 7976-7980.

Kobayashi, K., Miki, M., Okamoto, K., and Nishino, T. (1993)
Electron transfer process in milk xanthine dehydrogenase as
studied by pulse radiolysig,. Biol. Chem. 26824642-24646.
Suzuki, S., Kohzuma, T., Deligeer, Yamaguchi, K., Nakamura,
N., Shidara, S., Kobayashi, K., and Tagawa, S. (1994) Pulse-
radiolyis studies on nitrite reductase frokeshromobacter cyclo-
clasteslAM 1013: Evidence for intramolecular electron transfer
from type 1 to type 2 CuJ. Am. Chem. Soc. 1161145-11146.
Kobayashi, K., Kopperileo, A., Ferguson, S. J., and Tagawa, S.
(1997) Pulse radiolysis studies on cytochrazdenitrite reductase
from Thiosphaera pantotrophaEvidence for a fast intramolecular
electron transfer fromc-heme to di;-heme, Biochemistry 36
13611-13616.

Kobayashi, K., Tagawa, S., and Mogi, T. (1999) Electron transfer
process in cytochromed-type ubiquinol oxidase frorescherichia

coli revealed by pulse radiolysi8iochemistry 385913-5917.

. Kobayashi, K., Tagawa, S., and Mogi, T. (2000) Transient

formation of ubisemiquinone radical and subsequent electron
transfer process in tHescherichia colicytochromebo, Biochem-
istry 39, 15620-15625.

Kobayashi, K., Tagawa, S., Daff, S., Sagami, I., and Shimizu, T.
(2001) Rapid Calmodulin-Dependent Interdomain Electron Trans-
fer in Neuronal Nitric-Oxide Synthase Measured by Pulse Radi-
olysis, J. Biol. Chem. 27639864-39871.

Yamada, M., Talukder, A. A., and Nitta, T. (1999) Characterization
of thessnAgene, which is involved in the decline of cell viability
at the beginning of stationary phase Escherichia coli J.
Bacteriol 181, 1838-1846.

. Yamada, M., Asaoka, S., Saier, M. H., Jr., and Yamada, Y. (1993)

Characterization of thgcd gene fromEscherichia coliK-12
W3110 and regulation of its expressiah,Bacteriol. 175568—
571.

. Gordon, S., and Hart, E. J. (1964) Spectrophotometric Detection

of Hydrated Electrons in C8y-Ray Irradiated Solutions]. Am.
Chem. Soc. 866343-5344.

Land, E. J., Simic, M., and Swallow, A. J. (1971) Optical
absorption spectrum of half-reduced ubiquindBiechim. Biophys.
Acta 226 239-240.

Patel, K. B., and Willson, R. L. (1973) Semiquinone free radicals
and oxygen. Pulse radiolysis study of one electron-transfer
equilibria, Trans. Faraday Soc. 6814-825.

. Kobayashi, K., Hirota, K., Ohara, H., Hayashi, K., Mira, R., and

Yamano, T. (1983) One-electron reduction mfamino acid
oxidase. Kinetics of conversion from the red semiquinone to the
blue semiquinoneBiochemistry 222239-2243.

Crofts, A. R. (2004) Proton-coupled electron transfer at the Q
site of thebc, complex controls the rate of ubihydroquinone
oxidation, Biochim. Biophys. Acta 16557—92.

Adelroth, P., Paddock, M. L., Sagle, L. B., Feher, G., and Okamura,
M. Y. (2000) Identification of the proton pathway in bacterial
reaction centers: Both protons associated with reductiongof Q
to QgH2 share a common entry poiftroc. Natl. Acad. Sci. U.S.A.
97, 13086-13091.

. Beer, R. D., Duine, J. A., Frank, J., and Westerling, J. (1983)

The role of pyrrolo-quinonline semiquinone forms in the mech-
anism of action of methanol dehydrogendser,. J. Biochem. 130
105-109.



13572 Biochemistry, Vol. 44, No. 41, 2005

39.

40.

41.

42.

43.

44,

45.

Sato, A., Takagi, K., Kano, K., Kato, N., Duine, J. A., and Ikeda,
T. (2001) C&" stabilizes the semiquinone radical of pyrrolo-
quinoline quinoneBiochem. J. 357893-898.

Faraggi, M., Chandrasekar, R., McWhirter, R. B., and Klapper,
M. H. (1986) The methoxatin semiquinone: A pulse radiolysis
study, Biochem. Biophys. Res. Commun. 1855-960.
McWhirter, R. B., and Klapper, M. H. (1990) Semiquinone radicals
of methylamine dehydrogenase, methoxatin, and related
quinones: A pulse radiolysis studgiochemistry 296919-6926.
Grimaldi, S., MacMillan, F., Ostermann, T., Ludwig, B., Michel,
H., and Prisner, T. (2001)& ubisemiquinone radical in tHeos-
type ubiquinol oxidase studied by pulsed electron paramagnetic
resonance and hyperfine sublevel correlation spectros®&ipy,
chemistry 4010371043.

Grimaldi, S., Ostermann, T., Weiden, N., Mogi, T., Miyoshi, H.,
Ludwig, B., Michel, H., Prisner, T., and MacMillan, F. (2003)
Asymmetric binding of the high-affinity @~ ubisemiquinone in
quinol oxidase i§os) from Escherichia colistudied by mutifre-
guency electron paramagnetic resonance spectrosBamhem-
istry 42, 5632-5639.

Dikanov, S. A., Samoilova, R. I., Kolling, D. R. J., Holland, J.
T., and Crofts, A. R. (2004) Hydrogen bonds involved in binding
the Q-site semiquinone in théc, complex, identified through
deuterium exchange using pulsed ERR,Biol. Chem. 279
15814-15823.

Fuop, V., Moir, J. W. B., Ferguson, S. J., and Hajdu, J. (1995)
The anatomy of a bifunctional enzyme: Structural basis for

46.

47.

48.

49.

50.

Kobayashi et al.

reduction of oxygen to water and synthesis of nitric oxide by
cytochromecd;, Cell 81, 369-377.

Godden, J. W., Turley, S., Teller, D. C., Adman, E. T., Liu, M.
Y., Payne, W. J., and LeGall, J. (1991) The 2.3 angstrom X-ray
structure of nitrite reductase fromichromobacter cycloclastes
Science 253438-442.

Elias, M. D., Tanaka, M., lzu, H., Matsushita, K., Adachi, O.,
and Yamada, M(2000) Functions of Amino Acid Residues in
the Active Site ofEscherichia coliPyrroloquinoline Quinone-
Containing Quinoprotein Glucose Dehydrogends®&iol. Chem.
275 7321-7326.

White, S., Boyd, G., Mathews, F. S., Xia, Z.-X., Dai, W.-W.,
Zhang, Y.-F., and Davidson, V. L. (1993) The active site structure
of the calcium-containing quinoprotein methanol dehydrogenase,
Biochemistry 3212955-12958.

Ghosh, M., Anthony, C., Harlos, K., Goodwin, M. G., and Blake,
C. C. F. (1995) The refined structure of the quinoprotein methanol
dehydrogenase frorMethylobacterium extorquenst 1.94 A,
Structure 3 177-187.

Xia, Z., Dai, W., Zhang, Y., White, S. A., Boyd, G. D., and
Mathews, F. S. (1996) Determination of the Gene Sequence and
the Three-dimensional Structure at 2.4 A Resolution of Methanol
Dehydrogenase fronMethylophilusW3A1, J. Mol. Biol. 259
480-501.

BI051347N



