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ABSTRACT. The cytochromeébo; ubiquinol oxidase complex frorescherichia colicontains two binding

sites for ubiquinone(ol) (UQ(})). One of these binding sites, the ubiquinol oxidation site, is clearly in
dynamic equilibrium with the UQ(b) pool in the membrane. The second site has a high affinity for
ubiquinone (UQ), stabilizes a semiquinone species, and is located physically close to the low-spin heme
b component of the enzyme. The UQ molecule in this site has been proposed to remain strongly bound
to the enzyme during enzyme turnover and to act as a cofactor facilitating the transfer of electrons from
the substrate ubiquinol to hente[Sato-Watanabe et al. (1994) Biol. Chem 269 28908-28912]. In

this paper, the steady-state turnover of the enzyme is examined in the presence and absence of inhibitors
(UHDBT and NQNO) that appear to be recognized as ubisemiquinone analogs. Itis found that the kinetics
are accounted for best by a noncompetitive inhibitor binding model. Furthermore, at high concentrations,
the substrates ubiquinol-1 and ubiquinol-2 inhibit turnover in an uncompetitive fashion. Together, these

observations strongly suggest that there must be at least two H@(htling sites that are in rapid
equilibrium with the UQ(H) pool under turnover conditions. Although these data do not rule out the
possibility that a strongly bound UQ molecule functions to facilitate electron transfer to ethiey are

more consistent with the behavior expected if the two U @thding sites were to function in a QfH

loop mechanism (similar to that of the cytochrolmg complex) as originally proposed by Musser and
co-workers [(1993)FEBS Lett 327, 131-136]. In this model, ubiquinol is oxidized at one site and
ubiquinone is reduced at the second site. While the structural similarities of the heme-copper ubiquinol
and cytochrome oxidase complexes suggest the possibility that these two families of enzymes translocate
protons by similar mechanisms, the current observations indicate that th§IQ@id proton translocation
mechanism for the heme-copper ubiquinol oxidase complexes should be further investigated and

experimentally tested.

The Escherichia colicytochromebo; ubiquinol oxidase
(UQO) complex is a member of the superfamily of respira-
tory terminal oxidase complexes. These enzymes are

and reduction center, a low-spin heme mediating electron
flow, and the capability to translocate protons against
transmembrane electrical and pH gradients. This superfamily

characterized by a binuclear heme-copper dioxygen activationconsists of two families of enzymes: the quinol oxidase
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complexes and the cytochroneeoxidase complexes (Cal-
houn et al., 1994; GarmaiHorsman et al., 1994). While the
method of dioxygen activation and reduction is apparently
quite similar in these two families on the basis of CO-flash
studies (Puustinen et al., Svensson & Nilsson, 1993) as well
as the similar behavior of mutants (Hosler et al., 1993),
different electron and proton transfer mechanisms have been
observed (Halle et al.,, 1993; Wang et al., 1995). The
different electron donors (ubiquinol and ferrocytochroche

are expected to dictate alternate electron input mechanisms
(Musser et al., 1993). The proton translocation mechanisms
are usuallyassumedo be identical in the two families of
enzymes based on the high structural similarities (Brunori
& Wilson, 1995; Trumpower & Gennis, 1994; Wikstroet

al., 1994) but there are virtually no experimental data which
address this issue. It is certainly possible that sequence
differences may accommodate the different electron donors
and couple the highly exergonic dioxygen reduction reactions
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to similar proton translocation machineries. On the other (on 5

hand, radically different proton translocation mechanisms are  cH;0 -35+ (CH,)sCH,

possible. Cij
Quinone(ol) (Q(H)) binding proteins often have two CH0 N } 7

Q(H,) binding sites in order to facilitate the coupling of one- o n OH

electron redox chemistry to an two-electron acceptor/donor e, ,onated ubiquinol (n = 1-10) NQNO

(Kotlyar et al., 1990; Miki et al., 1992; Suzuki & King, 1983;

Trumpower, 1990; Warncke, et al. 1994; Westenberg et al., 0 0-

1993). Typically, one of these binding sites is primarily CH30 N3+ ,(CHp)gCHs

responsible for stabilizing the semiquinone radical whereas CH;0 N @j

the other acts as the electron input/output site. Based in part OH } S

on this fact, Musser and co-workers (1993) suggested that n

the UQO complex has two ubiquinone(ol) (UQ)jHinding protonated ubisemiquinone

sites. Subsequently, Sato-Watanabe and co-workers (1994b)

reported a tightly-bound ubiquinone-8 (J@nolecule in the

as-isolated UQO complex that could not be removed by high ~ €H30 S Y

concentrations of ubiquinol-1 (U®,) or inhibitors. These CH;0 § } <\N
o

o

investigators concluded that the Y®inding site was not (CHy)1oCH3

the ubiquinol oxidation site and that there were in fact two
UQ(H,) binding sites on the UQO complex, in agreement ubisemiquinone anion ﬁ UHDBT
with the proposal of Musser and co-workers (1993). These

data were interpreted to imply that the tightly-bound 0 o
ubiquinone acts as an intermediate electron acceptor from  €H:0 S 0"
ubiquinol subsequently passing electrons on to hdme CH50 N <\N

According to this model, the electron input reactions of the o (CHz)10CH3
UQO complex are similar to the electron output reactions n 0

of photosynthetic reaction centers. It has been found, ubiquinone

however, that UQ UQs, and UQ as well as 2,6-dichloro- , . - . .

. L : . Ficure 1: Chemical structures of ubiquinone in various redox states
4-nitrophenol (an inhibitor) can be reconstituted into enzyme 54 of the inhibitors NQNO and UHDBT. For U@nd UQ, nis
with an empty UQbinding site (Puustinen et al., 1996; Sato- 1 and 2, respectively. Note that UHDBTKp= 6.5) (Trumpower
Watanabe et al., 1994b). These data suggest that the UQ& Haggerty, 1980) is ionized under the conditions of the turnover
binding site is fairly accessible from the solvent. It is 2?%?”'23?5(p¢h7e'42,'h§%ﬁ§'2§'yg§f, %ﬁO{ r?gobfttloo rrgliglej?grf#‘éi: of
pOSS|bI_e, therefore, that this ublqw_none binding site is UHD.I13T is es:terified with a methyl group in Me-UHDBT. Thus,
accessible from the UQ@ipool on the time scale of enzyme  \e_UHDBT can act only as a ubiquinone analog.

turnover.

Clearly, the basic biochemistry of UQO turnover must be 9€nts n-dodecyl f-o-maltoside (DDM) andn-octyl /-p-
understood in greater detail before the proton translocation 91Ucoside were purchased from Anatrace. o
mechanism of this enzyme can be comprehended. In this Prote:‘m_Punﬂcau?n Growth ofE. coli cells and |splat|on
study, UQO activity was investigated at high concentrations of th_e H|s-tagged UQO complex was accomplished es-
of ubiquinol and it was observed that ubiquinol acts as an Sentially according to Morgan and co-workers (1995). The
uncompetitive inhibitor under these conditions. Furthermore, Un|_v_erS|ty of I_I!|n0|s (Urbana-Champaign) fermentation
two common UQ(H) analogs, 2s-nonyl-4-hydroxyquino- facility was utilized for cell gro_vvth. Cells (200 _g) were
line-N-oxide (NQNO) and Sx-undecyl-6-hydroxy-4, 7-di- treated with 0.5 g of Iysozym_enz L of 20(_) mMTris, 2.5
oxobenzothiazole (UHDBT) Figure 1), act as potent inhibi- mM EDTA’O pH 7.5, for 15 min and centnfuged_ fd h at
tors in a noncompetitive fashion. These data indicate that 1370®. 4 °C. The pellets were suspended in 1.1 L of
there are two UQ(b) binding sites in dynamic equilibrium osmotic lysis bgffer (10 mM Tris, 2.5 mM EDOTA’ pH 7.5),
with the UQ(H) pool during enzyme turnover. One of these Stired for 30 min, and centrifuged at 3040@ °C, for 4 h.
binding sites is clearly the ubiquinol oxidation site whereas The membranes were r(_esuspended o an equal volume of
the other site is likely to be the U®inding site found earlier 100 mM NaCl, 5 mM |m|da;_ole, 25 mM T_rls, pH 7'8'. The
(Puustinen et al., 1996; Sato-Watanabe et al., 1994b). TheUQO complex was solubilized from this suspension by

implications of these findings on the QfHoop hypothesis  2ddition of an eighth volume each of 10% DDM and 10%
initially proposed by Musser and co-workers (Musser et al., n-octyl 8-np-glucoside (final concentration of each detergent
1993) are discussed. was 1%) followed by stirring on ice for 1 h. After

ultracentrifugation at 907@) 4 °C, for 30 min, the red
EXPERIMENTAL PROCEDURES supernatant was diluted with an equal volume of distilled

water and applied to a 100 mL Ni-NTA-agarose (Qiagen)

Reagents UHDBT and 5n-undecyl-6-methoxy-4,7-di-  column equilibrated with 25 mM Tris, 0.1% DDM, pH 7.8

oxobenzothiazole (Me-UHDBT) were synthesized as de- (Buffer A). The column was washed with (1) 200 mL of
scribed by Selwood and Jandu (1988). The synthesis andBuffer A; (2) 200 mL of Buffer A supplemented with 300
characterization (NMR, high-resolution mass spectroscopy) mM NaCl; and (3) 200 mL of Buffer A supplemented with
of ubiquinone-1 (U@ and ubiquinone-2 (Ug will be 20 mM imidazole. Pure four-subunit enzyme was eluted
described elsewhere. NQNO was kindly provided by Ber- with Buffer A supplemented with 200 mM imidazole.
nard Trumpower (Dartmouth Medical School). The deter- Fractions containing pure enzyme were pooled and concen-
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trated with a Filtron 100 kDa membrane. A 20-fold dilution 0.006

with Buffer A and subsequent reconcentration cycle allowed :MMM

removal of excess imidazole. The enzyme was aliquoted, 0.005 3

frozen in liquid nitrogen, and stored at30 °C until use. 5 0004 ]M"‘(’—H‘H—O—O—O—o—o——
Extinction Coefficients UHDBT concentration was de- % - 1

termined in 0.1 mM ethanolic N}¥®H using ezg0 = 15.6 3 ﬁg 0003 3

mM~1cm™! (Trumpower & Haggerty, 1980). Me-UHDBT  § = 0.002 1

concentration was estimated in ethanol uséing = 12.2 23 ]

mM~1 cm™, the extinction coefficient for the protonated %  0-001 | messs—a—a—a—s—a—a—e—a—sa—s

form of UHDBT (Trumpower & Haggerty, 1980). NQNO 0 1 pegon o o oGt

concentration was determined in 1 mM NaOH usiag = ]

9.45 mMt cm! (van Ark & Berden, 1977). Ubiquinone -0.001

(UQ: and UQ) and ubiquinol (U@H, and UQH;) concen-
trations were determined in 80% ethanol uséiag = 14.0
mM~tcm ! andezgs = 4.14 mM 1 cm3, respectively (Rich, 292 nm

0.0016

1984). Enzyme concentration was determined by the pyri- § 0.0012 ]

dine hemochrome method usin§g g, = 68.4 mM? £ _ 1

cmt (Berry & Trumpower, 1987). The use of this value & ¢

assumes that there are two hemes B in the cytochtmmge £ _° 0008 { !6™™ ~_
complex. While it is true that the absorption spectra of the 2 s ]

pyridine hemochrome of hemes B and O are slighty % 2 412nm

different, the pyridine hemochrome spectra of these two &  0.0004

hemes are sufficiently similar (Puustinen & Wikstrp1991) A ]

that this extinction is an adequate approximation.
0 T T

Activty Assay Approximately 10 mg of ubiquinone was 0 50 100 150 200 250 300 350 400
solubilized in about 20@L of dimethylformamide (DMF)
and added to an equal volume mixture of water and diethyl

ether (total volumev 3 mL). After the ubiquinone (yellow) F'G;FEJEéH (T(Op) EX““CgO? goeﬁiCi]?”tsiQ for LfJQZ (fiIIedts;imbo.Is)loo
Lo e an 2 (Open symDbols) as a function ot concentration in
was completely reduced to ubiquinol (colorless) by addition \,\i Naphos. 0.1% DDM, pH 7.4 at 292 nm (circles), 316 nm

of excess solid_ sodium dithionite, the organic phase was (squares), and 412 nm (triangles). (Botto® for UQ, minus
washed once with an equal volume of water and evaporatedUQ.H, at these same three wavelengths using the second-degree

completely under vacuum. The ubiquinol residue was Polynomial fits shown in the top panel.
dissolved under a nitrogen atmosphere in DMF. Enzyme

Ubiquinone(ol) Concentration (LM)

o o . EOS +S = ESS
catalyzed ubiquinol oxidation was monitored spectrophoto-
metrically in freshly-made 100 mM Na-phos, 0.1% DDM, ky | ko ks “ ks
pH 7.4, using a Hewlett-Packard 8452 diode array UV/vis S s
spectrophotometer. Ubiquinol was added directly to the K. + KT ke
assay reaction mixture from the anaerobic DMF stock EIO - I+E20+s . Eio— EOO +P
6 -1

solution, and the solution was allowed to stabilize (flat base

line) before addition of enzyme~@4 nM) to the stirred ! !

cuvette. For a given set of turnover measurements, the total k| ke ks | ks

DMF concentration was kept constant and was usually kept EOL+§ =—— ESI

below 0.8% of the total assay volume. The oxidized minus

reducedAe for ubiquinone was found to vary as a function Ky = k“‘:k“‘ ~Kp = [Eg;)(])[S] =% K =%=i—"‘—
of total ubiquinone concentration in the UV region of the [EOO]][S] ., (ESOT [éSO][]H k45
optlca}l spectrum (Flggre_ 2). This qbservatlon is simply Ksi= OS] Kz = BT ks
explained by aggregatiefinduced exciton interactions be- _[ESOIS] ko (EOONT] k¢
tween ubiquinone molecules within the detergent micelles. Xs: TTESS] ks ©=TIEIO] | ke

For example, theAe at 292 nm for UQ minus UQH, Ficure 3: Simplified kinetic scheme used for interpretation of the

decreasedy approximately a factor of 2 from 0 to 400/ steady-fast turnover data. EOO denotes the enzyme without
Conversely, theAe at 316 nmincreasesover the same  ubiquinol or inhibitor in either of the two binding sites; S, ubiquinol;
concentration range. At 412 nm, however, theremains P, ubiquinone; and I, an inhibitor. Using the experimental values
constant and is approximately 0.49 mMcm for UQ, obtained here (Table 1) and estimatiagas at least Ix 108 M1

) ¢ < . e
minus UQH, and 0.44 mNt* cmr* for UQ, minus UQH,. s 1, the assumptioi, ~ Kp is accurate to within a factor of 2.

All turnover numbers reported here were calculated by \yhereas the second “O” is the alternate substrate binding
estimating the initial slope of the kinetics monitored at 412 gje. Thus, ESO and EIO denote substrate and inhibitor in
nm. the catalytic substrate binding site, respectively, whereas EOS

Kinetic Model The kinetic model and notation used in and EOI denote substrate and inhibitor in the alternate
describing the observed kinetics are shown in Figure 3. In substrate binding site, respectively. Typical Michaelis
this kinetic scheme, the symbol EOQO is used to denote theMenten analysis of = d[P])/dt = k.o{ESQ] and the steady-
enzyme without bound inhibitor or ubiquinol substrate; the state assumption d[ESO{/d~ 0 vyields the following
first “O” represents the catalytic substrate binding site, expression of the initial rate of ubiquinol oxidation:
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[S1, [0 , [ 3000
v=(V S])/K(l+—+—+ +
ma)l m KSl KIC Klul 2500
[S], 1 %
[S](l +—=+—=—" (1) z ]
Ks2 K g 2000
whereVmax = Kea{ Ewotal]-  AS there is no way to distinguish Z 1500
kinetically between EIO and EOI, the average binding §
constanKae = (KicKu)/(Kic + Kyuz) is introduced to simplify £ 1000 5
the kinetic expression: T 500 ]
[S], [0
=V  JS)IK [1+-——+—"—|+ 04— ' ' ' '
V= (VimalSD [ m( Ks: Ku 0 500 1000 1500 2000
S | Initial Ubiquinol Concentration (UM)
s 20
S2 lu2 Ficure 4: UQH; (filled circles) and UGH, (open circles) activity

N . f the cytochromeb lex. The dat fitted usi 3
Also, theKs; term was found to be kinetically unimportant ?0 yi;; i;i@ﬂ;gf OQ:“ p:exlzs M‘K/l, ir?dﬁ‘:;e: '3800[;;5,{;,1 ?qu

for the UQO complex: UQ:H; andkes = 3090 s1, Ky = 70.1uM, andKs, = 296 uM for
0 [S] ] UQ:H,. Turnover number v/[Eqa] wherewv is in units of uM
— Y S I U e /s. The dashed curves describe the expected activity assuming
v= (Vmax[s])/[Km(l T K ) t [S](l T Ksz+ KIuZ)] ) no substrate inhibition occurs and were simulated usingkthe

av andK,, values from the eq 3 fit.

Note thatcompetitie inhibitors bind to the catalytic substrate
binding site with a binding affinity described by the inhibition Table 1: Summary of Kinetic Parameters

constantK,.. Kinetically, these inhibitors increase the UQ:H- UQ:H>
effectiveK, but do not affecVnax because the effect of the Keat 3030+ 370 (6) 2450k 260 (3)
inhibitor can be obviated by high substrate concentration. Km 65.44 13.6 (6) 1724+ 52 (3)
Uncompetitie andnoncompetitie inhibitors do not bind to Ks2 320+ 132 (6) 29704 790 (3)
the catalytic substrate binding site but rather decrease enzyme NQNO UHDBT
activity when bound to another site on the enzyme. Since Kave 0.270+ 0.075 (4) 2.78+ 0.26 (4)
these types of inhibitors can bind to both free enzyme, EOO, Kz 1.58+ 0.69 (4) 6.70+ 2.26 (4)

as well as the enzymesubstrate complex, ESO, two aValues are given as average standard deviation (number of
inhibition constants are requwed per inhibitor in the kinetic independent data sets). Units fggare s. All other values are given
model K1 andK,; for the inhibitor, |, andKs; andKs; for in units of uM. Each of the values is averaged over data from two
the substrate, S, where the subscripts 1 and 2 are used tdifferent preparations of enzyme. The inhibitor binding constants were
denote the dissociation constant when there is not and wher"€2sured with U as the substrate.
there is substrate in the catalytic site, respectively). Un-
competitive inhibitors are defined as those which bind much concentrations of U¢H, or UQ:H,. For both ubiquinols, a
stronger to ESO than to EO®(;; > Ky2; Ks1 > Ksp) while good fit to the data was obtained using eq 3. When the
noncompetitive inhibitors bind to both ESO and EOO with constantks; was included in the fitting algorithm as in eq
approximately equal affinityK,; andK,, are comparable; 2, the values obtained for this constant were highly variable
Ks1 andKs; are comparable). Note that ki, < Ky, the and typically exceedingly large. The magnitude and high
inhibitor behaves competitively; it must be determined by variability of Ks; imply that this constant is kinetically
other means whether the inhibitor binds to the substrate unimportant (i.e., the ubiquinol substrate acts as an uncom-
binding site or to an alternate site. Kinetically, uncompetitive petitive inhibitor). The large difference betweé&r; and
inhibitors decreas&ax and Ky, by the same factor (& Kszindicates, however, that strong allosteric interactions exist
[1/Kiw2). In contrast, noncompetitive inhibitors decredsgx between the two ubiquinol binding sites. The valuesdayr
by the factor (1+ [l)/ Ky2) but Ky, remains the same since Ky andKs; found in this study are tabulated in Table 1.
these inhibitors bind equally well to both EOO and ESO.  The shapes of the best-fit curves for U and UQH,
The number of constants required to fit the data and whereare clearly similar yet they differ dramatically in scale along
they are required allows assignment of the inhibitor type for the ubiquinol concentration axis. This difference results from
a given inhibitor. Note that an inhibitor can behave the difference in partition coefficients describing the distribu-
noncompetitively and yet not bind to the enzyme according tion between the aqueous and micellar phases for the two
to the classical definition given above (i.e., that; = Kiy). ubiquinols due to the extra isoprene moiety of HR(Rich
For example, an inhibitor that binds competitively (e.g., at & Harper, 1990). Under the conditions of the turnover
the catalytic site) and also binds uncompetitively (e.g., to experiments, the reduction rates of U@nd UQ by
ESO) will behave kinetically as a noncompetitive inhibitor dithiothreitol (DTT) differ by about an order of magnitude
(Cleland’s Rules). In this work, the data were fitted with (data not shown). As DTT partitions preferentially into the
Kaleidagraph using least-squares regression. aqueous phase and this is where ubiguinone reduction occurs,
UQ; clearly is more soluble in the aqueous phase. The
RESULTS AND DISCUSSION solubility limit of UQ,H; under the experimental conditions
was found to be about 400M whereas that for UgH; is
greater than 2 mM. The difference in partition coefficients
Figure 4 shows that enzyme activity is inhibited by high for the two ubiquinones also explains the difference in their

Substrate Inhibition



898 Biochemistry, Vol. 36, No. 4, 1997 Musser et al.

oxidized minus reducede at 412 nm (see Experimental 2000
Procedures). The more hydrophilic environment experienced
on average by UQand UQH, lowers the absorption
extinction coefficients of these molecules relative to JUQ
and UQH,, respectively.

The high concentrations of ubiquinol used in these
experiments are expected to lead to nonideal solution
behavior. One might question, therefore, whether the kinetic
effect observed arise at least in part from nonideal behavior
of the UQ(H) in solution. The hyperchromic and hypo-
chromic interactions observed in the UV region of the optical
spectrum (Figure 2) indicate that the UQfHmolecules
interact electronically with each other. This interaction
occurs most likely through-stacking of the chromophores
which in turn can decrease the activity of the ubiquinol in
the buffer solution. However, since the extinction coef-
ficients for the ubiquinones vary by at most about 20%, the
activity coefficients are not expected to deviate from unity
by greater than 2630% (Ts'o & Chan, 1964). In any case,
the values foKs; determined here are upper limits for this "
constant.

Figure 4 also shows the simulated Michaelidenten 500
curves (dashed lines) assuming no substrate inhibition occurs
using thek.o: andKp, values determined from the eq 3 fit of
the data. The difference between the observed and the 0 1 e M
expected enzyme activity at relatively low ubiquinol con- 0 50 100 150 200 250 300 350 400
centrations (e.g., 10&M UQ.H, and 400uM UQ:H,) Initial UQ,H, Concentration (uM)
dramatically demonstrates that substrate inhibition occurs N .
even at these low ubiquinol concentrations. The-26% E'GU.RE.S:. NQNO and UHDBT inhibition of UgH, activity. (Top)

o . L - o inhibitor (filled circles), 0.5uM NQNO (filled squares), and
variation in the UQ and UQH, extinction coefficients 1.0 uM NQNO (open squares). (Bottom) No inhibitor (filled
(Figure 2) is insufficient to explain the approximate 2-fold circles), 4.1uM UHDBT (filled squares), and 8.2M UHDBT
difference between the observed and expected enzymeopen squares). The data were fitted using eq 3.
activity at the higher initial UGH, concentrations (e.g., 350

Turnover Number (s-1)

uM). data indicates that NQNO and UHDBT must bind to a site
on the enzyme distinct from the ubiquinol oxidation site.
Inhibition by NQNO and UHDBT Since these two inhibitors are UQ{Hanalogs and, as such,

are expected to bind at UQgHbinding sites, it is reasonable
to conclude that these inhibitors bind to the low-affinity
ubiquinol binding site. Sato-Watanabe and co-workers found
a UQ molecule strongly bound to the wild type UQO
complex as isolated that could not be removed by either
excess U@H; or inhibitors (Sato-Watanabe et al., 1994b).
When the UQO complex is isolated using DDM for
membrane solubilization according to the procedure used in
Shis study, the enzyme obtained contains thissW@lecule
(Morgan et al., 1995) as we have independently confirmed
(data now shown). If the binding site for the J@olecule
corresponds to the inhibitor binding site (or the low-affinity
%biquinol binding site), then the strongly bound &Q
molecule must exchange with the UQjHpool under
turnover conditions. This UQ binding site has been
previously shown to be accessible in the oxidized enzyme,
though not in rapid exchange with species in solution
(Puustinen et al.,, 1996; Sato-Watanabe et al., 1994b).
Unfortunately, at this juncture, we cannot rule out the
possibility that there are three UQ{tbinding site (the U@

The substrate inhibition of UQO activity at high concen- binding site plus the two sites found here under turnover
trations of UQH, and UQH, implies that ubiquinol can bind  conditions). However, we favor the simpler two-binding-
two different locations on the enzyme complex. One of these site scenario. It is quite possible that the long isoprene tail
sites is clearly the ubiquinol electron input site (high-affinity of UQg is wrapped tightly around the hydrophobic trans-
ubiquinol binding site) while the other must be a distinctly membrane domain of the enzyme (as is found in photosyn-
different site (low-affinity ubiquinol binding site). The fact thetic reaction center structures). The head group of such a
that two inhibition constants are required to fit the inhibitor strongly-bound ubiquinone molecule could potentially move

The inhibition of UQO activity by NQNO and UHDBT
is demonstrated in Figure 5. The kinetic constdgts K,
andKs, for UQ,H, determined in the absence of inhibitor
were used to fit the data obtained in the presence of inhibitor.
Importantly, for both inhibitors, the inclusion of bo#uye
and K, was required to fit the data adequately. This is
dramatically shown in Figure 6 where the best fit to the data
with either one of these constants alone is shown. The value
for Kave and K2 found in this study are also tabulated in
Table 1. The turnover measurements conducted in the
absence of an inhibitor can be considered as control
experiments for the same measurements conducted in th
presence of an inhibitor. The ubiquinol self-interactions
present in solution are expected to be present to ap-
proximately the same extent in both situations at the low
concentrations of inhibitor examined relative to the ubiquinol
concentrations used here.

Ubiquinol Binding Sites



Cytochromebo;s: Inhibition by UHDBT and NQNO Biochemistry, Vol. 36, No. 4, 1997899

1200 of UHDBT which can only act as a ubiquinone analog, is
less than 10% as effective as UHDBT as an inhibitor (data
1000 - not shown} These observations rule out scenario (1) leading

us to surmise that the UHDBT tautomer that is chemically
similar to ubisemiquinone is the inhibitory form of this
inhibitor. As the noncompetitive nature of UHDBT inhibi-
tion indicates that UHDBT binds to the low-affinity ubiquinol
binding site, this site must therefore stabilize ubisemiquinone.
Note that the enzyme’s affinity for both NQNO and UHDBT
is stronger than that for the ubiquinol substrates (by at least
10-fold) and both act noncompetitively. It is quite likely,
then, that NQNO is recognized by the enzyme as a
ubisemiquinone analog as well. As thi of ubiquinol is

800 1

]
600
400

200

0

Turnover Number (s-1)

1200 about 10 (Ksenzhek et al., 1982) and thus ubiquinol is fully
] protonated under the turnover conditions utilized here, it is
1000 + unlikely that scenario 2 is a valid explanation of the NQNO
e Ty inhibition data. Thus, scenario 3 alone appears to be the
800 7 P . o most reasonable explanation of the inhibition data. Whether
] A T T UHDBT and NQNO bind both competitively (e.g., to the
600 7 catalytic site) and uncompetitively (e.g., to ESO) and
400 therefore yield a noncompetitive binding signature or whether
they bind to EOO and ESO with approximately equal affinity
200 (classical noncompetitive inhibitor) cannot be determined
1/ from the data here. However, it is clear that both inhibitors
0 "’.'..,..........,.T.T,mT.ﬁmm — must bind to a site that is distinct from the ubiquinol
0 50 100 150 200 250 300 350 400 oxidation site. The above analysis suggests that this alternate

Initial UQ,H, Concentration (uM) binding site recognizes these inhibitors as stable ubisemi-

Ficure 6: UQ:H, activity in the presence of 1 NQNO (top) quinone analogs.
and 8.2uM UHDBT (bct}t/tom). Tphe solid Iinesﬂgﬂre the best ?it to Matsushita and co-workers (1984) and Sato-Watanabe and
eq 3 with bothKa,e andK.2 included. The dashed curves are the co-workers (1994a) observed that HQNO (same as NQNO
best fits when only one of these constants is included. Same databut with a shorter hydrocarbon tail) noncompetitively inhibits
as shown in Figure 5. UQO turnover in agreement with the studies reported here.
) _ i o The latter workers tested the inhibitory effects of an extensive
relatively freely into and out of its binding pocket but = series of benzophenols and found that the inhibition kinetics
exchange between detergent micelles is expected to beg,5ries dramatically. For example, changing both of the
severely inhibited due to the extreme hydrophobicity and promine substituents of 2,6-dibromo-4-dicyanovinylphenol
large size of the Ugmolecule. Therefore, itis notsurprising {5 jodine alters the observed inhibitory mechanism from
that tlghtly-bognd uQ cannot be removed fro_m the UQO noncompetitive to competitive; changing a single bromine
complex by simply washing the enzyme with detergent gypsiituent to a methoxy group results in an uncompetitive
buffer. inhibitor. All three of these benzophenol inhibitors have a
The chemical nature of NQNO and UHDBT offers some p|50 = 4.1-4.2 (FjSO = |Og of the reciproca| of the molar
insight into the structural features of the low-affinity concentrations of the inhibitors required to halve the full
ubiquinol binding site. The chemical structures of these enzyme activity). Noncompetitive and uncompetitive inhibi-
inhibitors and the various oxidation states of ubiquinone are tors clearly must bind to a site different from the ubiquinol
shown in Figure 1. UHDBT has a phenolic proton with a oxidation site. Also, an inhibitor can behave competitively
PKa of 6.5 (Trumpower & Haggerty, 1980). Thus, under and yet not bind to the substrate binding site (ekg,: <
the conditions of the inhibition experiments, UHDBT is Ki2); for example, 2,6-dichloro-4-nitrophenol behaves as a
ionized and two tautomers are present in solution. One of competitive inhibitor and yet binds to the Y®inding site
these tautomers behaves as an ubiquinone analog, and thgsato-Watanabe et al., 1994a,b). As phenols are chemically
other behaves as a ubisemiquinone anion analog. NQNOsjmilar to ubisemiquinones, it is reasonable to assume that
can behave as a deprotonated ubiquinol molecule or athese benzophenol inhibitors bind to the low-affinity ubiquinol
protonated ubisemiquinone analog. Therefore, three sce-hinding site found here. Thus, the three benzophenol
narios explaining the observed inhibition can be distin- jnhibitors mentioned above likely all inhibit turnover by
guished: (1) UHDBT is recognized as a ubiquinone analog; hinding to the low-affinity ubiquinol binding site but the
(2) NQNO is recognized as a deprotonated ubiquinol analog; variation in substituents alters the relationship betwégn
and (3) both inhibitors are recognized as stable ubisemi- andK,,, dramatically. Note that a difference k. andKi.

quinone analogs. In each of these scenarios, the presenceequires allosteric interactions between the two ubiquinol
of an inhibitor in the low-affinity ubiquinol binding site slows  pinding sites.

enzyme turnover [slow reduction of UHDBT may occur
under these conditions as &7 = —40 mV (Trumpower

2 Attempts to determine accurately the inhibition constants of UQ

& Haggerty, 1980)]. High concentrations of ubiquinone (at
least 100uM UQ,) are required in order to inhibit U,
oxidation (data not shown). Further, Me-UHDBT, a form

and Me-UHDBT were unsuccessful because the high concentrations
that are required perturb the activity coefficient of ubiquinol in an
unknown manner.
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Mechanism of Proton Translocation

The structural similarities of the ubiquinol and cytochrome
¢ oxidase complexes lead naturally to the hypothesis that
both families of enzymes catalyze proton translocation via
similar mechanisms. The observed overatl/éf stoichi-
ometry for the UQO complex has been found to be 2
(Puustinen et al., 1989). Half of the protons translocated
most certainly arise from the scalar release of protons from
the ubiquinol oxidation chemistry and the uptake of protons
from the opposite side of the membrane to electrically

balance the dioxygen reduction chemistry. A cytochrame "-.‘ / _ffl.*" LY "'.r_,-' cytoplasm
oxidase-type proton pump mechanism may account for the I."“—-"'H + IU- |
other protons: i, z \
p H H,0
+ /- .
2QH2++.4H. (inside-scalary- O, :r | Q site i ilie
4H" (inside-pump)— 2Q + 4H" (outside-scalar}
2H,0 + AHT (outside-pump) (4) B Ug, ) (LIHIES ™ = 10 mM"
K (UG HL ) 2.597 mbd* 0.172 mM°

While only one UQ(H) binding site is required to satisfy

the chemistry of this turnover cycle, the finding that there PR —— subiumit 11

are two UQ(H) binding sites on the UQO complex does _

not imply that this proton translocation mechanism is F'Gt_URE 7 ShChE?mat'Cf ?rz theytproﬁosrgdes QOH00|IO pfoéon t;ant'-»"fo-

H i ~ cation mechanism o e cytocnro complex. ee text 1or

incorrect.  For example, Sato-Watanabe and €0 Workersdetails. Notes: (a) from Sato-Watanabe ane-eworkers (Sato-

(1994b) postulated that a strongly bound ubiquinone mol- watanabe et al., 1994b). This value is certainly much lower for

ecule (at the @ site) mediates electron input from ubiquinol  UQg; (b) on the basis of the difference in UQ{Hbinding affinities

(at the Q site). The ubiquinone binding site (Qite) could of_the Q s!te _and the apparent absence of ubiquinone in_hibition,

certainly, in fact is expected to, stabilize a ubisemiquinone ngsxﬁ:?negf %?('y)topﬁleo?{ﬁ:;eef tg?n%rilntocgnn’\élt;aﬁ?sd a(rCe) lt)hvlfe;/\?gfrk
. . S 2 o m 2~ Kp).

species. Howe\_/er, this .ublqw_n.on.e bln(_jmg site nist UQuHs (this work) and UQ (expected).

expected to be in dynamic equilibrium with the UQJH

pool as it is unreasonable to postulate that & W@lecule addition of UQ to the ubiquinone-free enzyme (Sato-
acting simply as an electron-accepting prosthetic group would \watanabe et al., 1994b) support this postulate. The two
exchange with the UQ(hpool during turnover. Such an  yhiquinol electrons split at the Aite. Under steady-state
hypothesis is tantamount to postulating that a heme or copperconditions, one electron is tranferred to the dioxygen binding
ion diffuses in and out of a binding pocket during turnover. and reduction site, whereas the other is donated to the
Note that the Qquinone in baCteria| I’eaCtion Centers, Wh|Ch Cytochromeb/ubiquinone Shunt_ Th|s mode| predicts that
functions as a transient electron acceptor, remains tightly the @ site stabilizes a ubisemiquinone intermediate and
bound throughout enzyme turnover and is actually quite therefore agrees well with the stable ubisemiquinone species
difficult to remove or reconstitute (Warncke et al., 1994). found by a number of investigators (Ingledew et al., 1995;
Thus, this model does not predict uncompetitive substrate gato-Watanabe et al., 1995). In order for net proton
inhibition or noncompetitive inhibition by UQ(l analogs.  translocation to occur during enzyme turnover, all protons
A third UQ(H) binding site could be involved in regulating  released from the Qsite must exit on the periplasmic side
enzyme turnover. There would then be two UQ(binding  of the membrane whereas the protons required at #st®
sites in dynamic equilibrium with the UQghpool in must originate on the cytoplasmic side of the membrane.
addition to the site that Strongly binds Ubiquinone. Accord- The experimenta”y observed 2k Stoichiometry (Puust_

ing to the data presented here, however, such a regulatoryipnen et al. 1989) is thus fully accounted for by the QH
UQ(Hz) binding site would have to strongly stabilize loop hypothesis:

ubisemiquinone. Such a scenario would be unprecedented.

| Musser and ((j:o—yvorkers (1993f) ;;ostljlg\toed thatlazt)}(: 4QH, (Q, site)+ 4H" (scalary+ O, + aHt (Qg site) +
oop operates during turnover of the complex. Ac- . . + .

cording to this Q(H)-loop model, the two Q(b) binding 2Q (Q; site)— 4Q (Q, site)+ 8H" (Q, site) +

sites are termed the Qsite and the @ site (Figure 7). 2H,0 + 2QH, (Qg site) (5)
Ubiquinol oxidation occurs at the{¥ite, formed at least in

part by the transmembrane segments of subunit Il, by analogyBoth of these UQ(k) binding sites are necessarily in
with the Cu electron input site of the cytochronsexidase dynamic equilibrium with the UQ(k) pool and the binding
complexes. Studies with a photoreactive azidoubiquinone of ubiquinol or inhibitors to the @ site are expected to
derivative support this hypothesis (Welter et al., 1994). perturb the oxidation kinetics of ubiquinol at the Gite. It
Ubiquinone reduction occurs at the &ite which is located is therefore unnecessary to postulate a third Ufptihding
near cytochromeb, by analogy with the @ site of the site to explain the data reported here: the high-affinity
cytochromebc, complex (Trumpower, 1990). The blue-shift ubiquinol binding site is equivalent to the,Qite, whereas
of the Soret absorption band and the perturbations to the low-affinity ubiquinol binding site is equivalent to the
resonance Raman lines for heimbut not for hemed; upon Qg site. In this scenario, the Michaelis constaris) for
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UQ:H, and UQH, determined here (Table 1) are good
estimates of the Qsite binding affinities for U@H, and

Biochemistry, Vol. 36, No. 4, 199901

inherent in eq 4. If it is assumed that a cytochrome
oxidase-type proton pump mechanism is responsible for the

UQ-H,, respectively, whereas the uncompetitive substrate translocation of 2F/e™ for the third and fourth electrons of

inhibition constants Ks;) are a measure of the binding
affinity of the @ site for UQH, and UQH, (Figure 7). Sato-

the dioxygen chemistry, then there is no thermodynamic
reason why 1F/e~ cannot be pumped for the first two

Watanabe and co-workers (1994b) obtained a dissociationelectrons via partially uncoupling the same translocation

constant of 2.5tM for UQ; bound to the U@binding site;
according to this Q(k)-loop model, then, this dissociation
constant describes the affinity of they ®ite for UQ. The
large difference in the gXsite binding affinities for UQand
UQ:H,, as well as the lack of ubiquinone inhibition (except

mechanism. If protons are pumped for the first two electrons
of the catalytic cycle in this manner, the overall number of
protons released on the periplasmic side of the membrane
would be 10H/4e™ (4 scalar protons and 6 pumped protons,
two for the first two electrons, four for the last two electrons).

at, perhaps, very high ubiquinone concentrations), suggestsThe fact that the cytochromr; and cytochrome oxidase

that the dissociation constant for Y@ the Q site is quite
large (e.g.,>10 mM) (Figure 7). While from a structural
standpoint there is good reason to presume a cytochmome
oxidase-type proton pump mechanism for the ubiquinol
oxidase complexes, this QfHloop proton translocation

complexes acting in tandem translocate 12t~ indicates
from athermodynamistandpoint the UQO complex could
certainly translocate the same number of protons. However,
the observed stoichiometry is 8Hle~ (Puustinen et al.,
1989). Note that the proton translocation efficiency of the

mechanism offers an alternative model that is consistent with proposed Q(k)-loop cannot beincreasedfor the more

the experimental data.

Energetics of the Turner Cycle

It is imperative to question whether it is thermodynami-
cally feasible for the UQO complex to catalyze proton

energetic third and fourth electrons. Thus, this gfldop
proton translocation mechanism rationally explains why the
UQO complex translocates 8le™ despite the thermody-
namic possibility of translocating 10te™ or even 12H/
4e . It is certainly possible, however, that mechanistic

translocation for every electron input to the enzyme according limitations preclude coupling the first two electrons of the

to the above Q(k)-loop mechanism. The cytochronte

oxidase complexes pump protons only during the second half

of the dioxygen reduction cycle (Wikstmg 1989). This
feature of cytochrome oxidase activity is explained by the
thermodynamics of the chemistry: the,®4/H,O redox
couple is much more exergonic than the/lQO, redox
couple &1 V vs =500 mV, respectively) (Musser & Chan,
1995). However, whereas cytochromehas a reduction
potential of about 250 mV (Rodkey & Ball, 1950), ubiquino-
ne has a reduction potential of about 70 mV (Rich, 1984).
Assuming a similar potential for thefH,0, redox couple

in the ubiquinol and cytochromezoxidase complexes(500
mV) (Musser & Chan, 1995), more than 400 meV of redox
free energy is available to translocate’2ét against a typical
200 mV proton motive force (Rottenberg, 1979; Wikstro

& Saraste, 1984) for the first two electrons of the dioxygen
reduction cycle. This analysis implies that essentially all of
the redox free energy would be conserved {2H200 meV

= 400 meV) by the proton translocation reactions. Energy
to drive this process may ensue from a high ubiquinol:
ubiquinone ratio and/or from a greater functional potential
of the QJ/H,O, redox couple. Note that for the exergonic
dioxygen reduction reactions to be coupled to the proton
translocation reactions of the proposed @fldop mecha-
nism, proton uptake at theg@ite must occur subsequent to
dioxygen binding, that is, after two-electron reduction of the
heme 0;—Cus binuclear center. Cytochromb may be
utilized to temporarily store an electron so that the two-
electron reduction of the £Xsite ubiquinone in the absence
of proton uptake is not required. Thus, it is thermodynami-
cally reasonable that all four electrons of the UQO dioxygen

reduction cycle are coupled to proton translocation reactions.

Since the dioxygen chemistry of the ubiquinol and
cytochromec oxidase complexes is so similar, it is certainly

catalytic cycle to proton translocation.

Physical Basis of Substrate Inhibition

In the experiments reported here, enzyme turnover is
monitored after mixing of enzyme and ubiquinol. There is
no exogenous ubiquinone (there are approximately 2 equiv
of UQs bound to the enzyme, however, at timhe= 0).
Considering that the observed enzyme turnover is at least
500 s and the enzyme concentration is about 4 nM,
micromolar concentrations of ubiquinone are expected to
arise within the 23 s mixing time in the stirred cuvette.
This concentration of ubiquinone is sufficient for coupled
turnover (i.e., the proton translocation mechanisms are
operational) according to the QfHloop model presented
here. At low initial ubiquinol concentrations, turnover
proceeds as expected: ubiquinol binds preferentially to the
Qa site and ubiquinone binds preferentially to theg te. It
is thus apparent that in the kinetic model described here,
ESO must denote the enzyme species with a ubiquinone (or
ubisemiquinone) molecule in thegGite and a ubiquinol
molecule in the Q site. However, the gsite’s affinity for
ubiquinone is much higher than the, @ite’s affinity for
ubiquinol (ensuring that a ubiquinone molecule is present at
the @ site when a ubiquinol molecule binds to thg §lte)
(Figure 7). As a consequence, the &ite’s affinity for
ubiquinol is higher than the £xite’s affinity for ubiquinone.

At a UQ,H, concentration of 20@M, then, UQH, mol-
ecules can effectively compete with micromolecular con-
centrations of UQfor the Q; site. Enzyme with ubiquinol
molecules in both the Qand @ sites cannot turnover
because the Q-Qg electron transfer path is inhibited (the
Qs—hemeb site cannot accept another electron). Thus, self-
inhibition by UQH, is observed at high initial UQH
concentrations; any slower turnover that does occur when

expected that the third and fourth electrons input to the UQO UQH; is bound to the @ site is most likely to result of
complex are energetic enough to drive the translocation of electron leakage. In contrast, 1L0® UQ, cannot effectively

3H*/e~ (one of which is a scalar proton; the other two could
arise from a cytochrome oxidase-type proton pump

mechanism). This is the electron-dependent stoichiometry electron input at the £ site.

compete with 106M UQ-H; for the Q, site; the UQ/UQ,H,
ratio must be much higher before ubiquinone can inhibit
The Q(H)-loop model
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presented here therefore explains both why substrate inhibi- J., Tecklenburg, M. M. J., Babcock, G. T., & Gennis, R. B.

tion is observed as well as why product inhibition rist (1993)J. Bioenerg Biomembr 25, 121-136.
observed. Ingledew, W. J., Ohnishi, T., & Salerno, J. C. (1990r. J.

Biochem 227, 903—908.
Kotlyar, A. B., Sled, V. D., Burbaev, D. S., Moroz, I. A,, &
CONCLUDING REMARKS Vinogradov, A. D. (1990FEBS Lett 264 17—20.

The turnover kinetics of the cytochrorbe; complex are ng{éiqgléirc%hiéh;gg%?g 95 1’%}_&1;(2'0‘3'3’&2*‘”3" M. V. (1982)
clearly more complicated than originally envisioned. The Matsushita, K., Patel, L., & kaback, H. R. (198Bjochemistry

keat and K, determined from the experimental data are 23 4703-4714.

significantly higher (2-3-fold) when it is recognized that  Miki, T., Yu, L., & Yu, C.-A. (1992) Arch. Biochem Biophys 293
substrate inhibition occurs and the data are fitted with a  61-66. _ o
model that takes into account this fact. The inhibition of Morgan, J._E.,hVer_khovsky, M. |, Puustinen, A., & WikstnoM.
ubiquinol oxidase activity by high concentrations of ubiquinol Mgggﬁ)glo& eg%ﬁ;?ésﬁss(légg%bhysical 168 2543
and by the inhibitors NQNO and UHDBT indicates thatthere ~ 5555 T '

are two UQ(H) binding sites in dynamic equilibrium with ~ Musser, S. M., Stowell, M. H. B., & Chan, S. |. (199BEBS Lett
the UQ(H) pool during enzyme turnover. The uncompeti- 327 131-136.

tive nature of the observed substrate inhibition and the Puggstigig,z_Aélcgé(\S/Vikst‘rm, M. (1991)Proc. Natl. Acad Sci U.SA.
differences betweeki,; andK,, for a number ofinhibitors b\ Ginen A Finel, M., Virkki, M., & Wikstio, M. (1989)FEBS
indicates that there are allosteric interactions between the | ot 249 163-167.

two UQ(H,) binding sites. Since ubiquinone inhibition is  puustinen, A., Verkhovsky, M. I., Morgan, J. E., Belevich, N. P.,
not observed (except, perhaps, at very high concentrations), & Wikstrém, M. (1996)Proc. Natl. Acad Sci U.SA. 93, 1545~
it is clear that the ubiquinol oxidation site {Gite) has a 1548.

- PR i PR Rich, P. R. (1984Biochim Biophys Acta 768 53—79.
low affinity for ubiquinone. The low-affinity ubiquinol Rich P. R., & Harper, R. (199(5EBS Lett 269, 139-144.

binding site (@ site) binds UQH, with a dissociation — goqyey, F.'L., & Ball, E. G. (1950). Biol. Chem 182, 17-28.
constant of 32kM and UQH, with a dissociation constant  Rottenberg, H. (1979Methods Enzymob5, 547—560.

of 2970 uM (Ksp). This Qs site is likely to be the site  Sato-watanabe, M., Mogi, T., Miyoshi, H., lwamura, H., Mat-
occupied by a U@molecule in the DDM-isolated enzyme. sushita, K., Adachi, O., & Anraku, Y. (19944) Biol. Chem
The high affinity of the @ site for ubisemiquinone analogs 269 28899-28907.

- . - . P Sato-Watanabe, M., Mogi, T., Ogura, T., Kitagawa, T., Miyoshi,
indicates that this UQ(b) binding site strongly stabilizes H., lwamura, H., & Anraku, Y. (1994bY. Biol. Chem 269,

ubisemiquinone, in agreement with previous EPR studies 2g8908-28912.

(Ingledew et al., 1995; Sato-Watanabe et al.,, 1995). A Sato-Watanabe, M., Itoh, S., Mogi, T., Matsuura, K., Miyoshi, H.,
turnover cycle in which all protons are translocated via a & Anraku, Y. (1995)FEBS Lett 374 265-269.

Q(Hy)-loop mechanism is considered the most reasonableselwggd' D. L., & Jandu, K. S. (1988)eterocycles 271191~

explanation for these data, a_lthough a_cyt(_)chmmeidase- Suzuki,lH., & King, T. E. (1983)). Biol. Chem 258 352-358.
type proton pump mechanism (functioning to translocate syensson, M., & Nilsson, T. (199Biochemistry 325442-5447.
perhaps only some protons) cannot be ruled out. The currentTrumpower, B. L. (1990). Biol. Chem 265, 11409-11412.

work indicates the need for further experimentation to Trumpower, B. L., & Haggerty, J. G. (1980)Bioenerg Biomembr

distinguish these proton-pumping mechanisms. 12, 151-164. , ,
Trumpower, B. L., & Gennis, R. B. (1994nnu Rev. Biochem
63, 675-716.
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