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ABSTRACT: Diphenylamine (DPA), a known inhibitor of polyene and isoprene biosynthesis, is shown to
inhibit flash-activatable electron transfer in photosynthetic membranBhoflobacter capsulatuPA

is specific to the @ site of ubihydroquinone:cytochromeoxidoreductase, where it inhibits not only
reduction of the [2Fe-237 cluster in the FeS subunit and subsequent cytochromesluction but also
hemeb, reduction in the cytochromie subunit. In both cases, the kinetic inhibition constagj (s 25+

10 uM. A novel aspect of the mode of action of DPA is that complete inhibition is established without
disturbing the interaction between the reduced [2Fe-28ister and the @site ubiquinone complement,

as observed from the electron paramagnetic resonance (EPR) spectral line shape of the reduced [2Fe-2S]
cluster, which remained characteristic of two ubiquinones being present. These observations imply that
DPA is behaving as a noncompetitive inhibitor of the &te. Nevertheless, at higher concentrations
(>10 mM), DPA can interfere with the &site ubiquinone occupancy, leading to a [2Fe-2S] cluster EPR
spectrum characteristic of the presence of only one ubiquinone indls@& Evidently, DPA can displace

the more weakly bound of the two ubiquinones in the site, but this is not requisite for its inhibiting
action.

Ubihydroquinone:cytochrome oxidoreductase (cytoc convert the redox potential differences into a transmembrane
complex in most organisms, ¢y f in chloroplasts) com-  electrochemical gradient(2).

prises the central portion of electron transfer chains in all  Fq one complete turnover of the dyt; complex to occur,
energy—transducmg organelle_s. The Qte is t_he locus of o QH, molecules must be oxidized at the Gite 3, 4).

the primary energy conversion steps within the ogi The conventional model depicts the ®ite as binding one
complex and initiates the conversion of the free energy g, at a time and performing two separate, serial oxidations.
between ubihydroguinone (QH and ferricyt ¢ into a However, there is some controversy with regard to the Q
transmembrane_ el_ectrochemlcal gradlent. of protons. In gjte reaction dynamics, as well as the actual numbergf Q
prokaryotes, this site is located at the periplasmic face of sjte ypiguinone occupants. The advent of crystal structures
the cytoplasmic membrane and in eukaryotes on the cytosolicy¢ cyt be, complexes from various species with bound Q

side of the mitochondrial inner membrane (facing the gjie specific inhibitors has assisted in defining the general
intermembrane space). Qixidation is catalyzed by coop- o site locality; however, in the native structures without
eration of two single-electron transfer chains which flank inpipitors present, no electron density was identified that
the  site and transport the electrons in different directions. ~,.id be ascribed to ubiquinon&-8). There are several
The redox cofactors closest to the site are the [2Fe-2S] 5 sible mechanisms for bifurcation of the electron transfer
cluster, the first cofactor in the high-potential chain which (o5ction in the Q site ©). These include (a) a double-Q

guic_jes electrons to cyh and t_hen to cytochromesin the occupancy modell0, 11) invoking formation of a highly
periplasm (or the mitochondrial intermembrane space); and ,ystaple ubisemiquinone transition statel,(12) or a

cyt by, the first in the low-potential chain that through cyt inhvdrone-like intermediatel{, 13); (b) a proton-gated
by and the @site drives electrons across the membrane to d y ; ' f proton-ga ¢
H charge transfer mechanism, where the activation barrier for
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b; cyt by, high-potential cytochromé; DPA, diphenylamine; EPR, ; ;
electron paramagentic resonance; [2Fe-2S],-sudfur cluster of the a distance of about 15 A between the Qite and cyic,
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A crucial aid in defining the function of the cybc
complex has been the use of specific, tight binding inhibitors,
classified according to whether they affect catalysis at the
Qo or @ site (L7). Another essential part of the progress
into the @ site character has been provided by the electron
paramagnetic resonance (EPR) spectral line shape of the
reduced, paramagnetic [2Fe-2S] cluster. This has proven to
be highly sensitive to the degree and nature of thesife
occupants (Q/QHKor inhibitors) (0, 11). Dutton and co-
workers have proposed a working model, based ersi@
occupancy and kinetic analysis of wild-type and mutant cyt
bc; complexes, that is entirely consistent with the basic
precedents of the Q-cycle hypothesi§,(11). These studies
indicated that the @ site is able to accommodate two
ubiquinone molecules within two distinct binding domains,
one of which was determined to have a high affinity and
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the other a lower affinity for Q/QkKHand were accordingly 200
designated the & (strong) and Qw (weak) domains,

respectively. On the basis of this, a plausible model for one

complete turnover of the cyc, complex was presented

which only required exchange of ubiquinone in thewQ 500

domain with the Qo
Diphenylamine (DPA) is a well-known inhibitor of caro-

FenO'd (8,19 and ublqu!noneZO) synthesis whose aCtlon_ Ficure 1: Effect of diphenylamine (DPA) upon the dyt; complex

is clearly observed during the growth of photosynthetic Qo site function with the Q. fully oxidized. The chromatophores
prokaryotes. It has also been demonstrated that DPA canwere suspended to a reaction center concentration gi.2nd
act as an inhibitor of the cyic; complex in vitro @1), as poised at a redox potential of 200 mV to establish the fully oxidized
well as an effective inhibitor of photosystem II, but not Qeeor Valinomycin (5uM) was added as an uncoupler. (A) Flash-

. . activated total cytc absorption changes (55640 nm) in the
photosystem | in chloroplast23). This report focuses on absence of antimycin, illustrating the inhibition of @te-reduction

the nature of DPA inhibition of the cybc complex in by increasing concentrations of DPA. The numbers beside the traces
cytoplasmic membranes of the photosynthetic prokaryote denote the DPA concentration in micromolar. (B) Flash-activated
Rhodobacter capsulatusVe show that DPA is most likely ~ cytb absorption changes (56670 nm) obtained under conditions

; TR v ; identical to those described for panel A, exceptuM antimycin
ﬁgwgtﬁs ?nnhﬁgﬁ%mpgg?i\éi Ir}Z:]bcljt:rsJ th%r?tteoa?ﬁedlzgﬁje- was added to inhibit cytt reoxidation by the Q cycle. The dynamics
g9 pp of the flash-induced absorption changes of cytochromesd ¢

occupancy mechanism. were best described by biphasic exponential decays (data not
shown). Each trace is the sum of 20 individual flashes. Sufficient

EXPERIMENTAL PROCEDURES time was allowed between each flash for the system to return to
equilibrium.

Chromatophore preparation and extraction of ubiquinone
from lyophilized chromatophores using isooctane were were added as solutions in dimethyl sulfoxide; at the
performed as previously describet). concentrations used, this solvent has no effect upon the cyt
EPR measurements were performed on a Bruker ESP300Ebc; complex kinetic activity or the [2Fe-2S] cluster EPR
spectrometer23). Temperature control was maintained by spectrum 0).
an Oxford ESR model 900 continuous flow cryostat inter-
faced with an Oxford model ITC4 temperature controller. RESULTS

The frequency was measured by a Hewlett-Packard model |nhibition of Qo Site Function by DPA with the @, Fully
5350B frequency counter. Typical operating parameters wereoyidized Prior to Actiation. When the Quyis fully oxidized

as follows: sample temperature, 20 K; microwave frequency, prior to flash activation, the @site contains only oxidized
9.474 GHz; microwave power, 2 mW; modulation frequency, ypjiquinone (Q) at the time of activation and the substrate
100 kHz; modulation amplitude, 19.8 G; and time constant, QH, is provided by the @site of the photosynthetic reaction

164 ms. Sample concentrations were typically A0l center. Under these conditions, the Qidleased from the
reacyon genter. .Further specific experimental details are Qe site must diffuse to the site and displace the resident
provided in the figure legends. Q prior to being oxidized itself. Figure 1 shows the effect

Flash-activated turnover of the cyic; complex was  of DPA upon the kinetics of the cyic; complex, where
performed on a Biomedical Johnson Foundation single- incremental additions of DPA exert a parallel effect upon
wavelength spectrophotometer (University of Pennsylvania) the re-reduction of cytochromesand the reduction of cyt
fitted with an anaerobic redox cuvette as previously describedpy,. In both cases, DPA decreases the rate constants but not
(23). the overall amplitude of the reduction (dytor re-reduction

All chemicals were purchased from Aldrich Chemical Co. (cytochromeg) processes, respectively. These observations
(Milwaukee, WI), except for the cyivg inhibitors stigma- imply that DPA appears to be behaving as a typical
tellin and antimycin, which were purchased from Sigma competitive inhibitor of the @ site. Figure 2 shows the
Chemical Co. (St. Louis, MO). All mediators and inhibitors inhibition profile of DPA fitted to a simple inhibition
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Ficure 2: lllustration of the cybc; complex @ site inhibition by
DPA when the Q.o is fully oxidized. The rate constants for
reduction of cytochromedsandc were obtained from the dominant
fast phase of biphasic exponential fits to the experimental traces
shown in Figure 1. The data were fit to a simple inhibition equation
(dashed line, cytochrome; solid line, cytb): kopps = ko/[1 +
(IDPAJ/K))], wherekgyys is the measured rate constantis ko is

the rate constant in the absence of inhibitor*s[DPA] is the
concentration of added DPA (M), ari{ is the concentration of
DPA required to produce 50% inhibition (M). Thi& values
obtained from the data for cytochrombsand ¢ are indicated in
the figure.

equation for both the cyb and c reduction data when the
Quool is fully oxidized prior to flash activation. It is clear
that DPA inhibits cytb reduction and cyt re-reduction in
the same fashion, and the inhibition constarks) (are
identical within experimental error (2% 10 uM).

Inhibition of @ Site Function by DPA with QHin the
Qpool Prior to Activation. Figure 3 shows the effect of DPA
upon the kinetics of the cyic; complex when the Qo is
half-reduced. In this case, upon flash activation,,@kher
is initially present in the @ site or is derived directly from
the Qoo hence, the overall kinetics are faster than those
requiring diffusion of QH generated at the gsite, as
described above. Figure 3A illustrates the behavior of the
total cytc re-reduction kinetics under multiple flash turnover

Sharp et al.
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Ficure 3: Effect of DPA upon cybc, complex @ site function

with ubihydroquinone (Qb) present in the Q. Initial experi-
mental conditions were exactly as described for Figure 1, except
the redox potential was poised at 100 mV under which conditions
the Qo comprises an equal amount of @nd Q. (A) Flash-
activated total cytc absorption changes (55640 nm) in the
absence of antimycin, illustrating the inhibition of cytochrome
re-reduction by increasing amounts of DPA. The sample was
subjected to two successive exciting light flashes 0.2 s apart,
indicated on the figure with asterisks. The numbers beside the traces
denote the DPA concentration in micromolar. (B) Flash-activated
cyt b absorption changes (5670 nm) obtained under conditions
identical to those described for panel A, exceptuM antimycin

was added to inhibit cyit reoxidation by the Q cycle and only one
exciting flash per cycle was delivered. The dynamics of the flash-
induced absorption changes of cytochronteand ¢ were best

conditions. From a comparison of the kinetic traces presenteddescribed by monophasic and biphasic exponential decays, respec-

in Figures 1 and 3, it is apparent that the inhibition of
cytochromesb and c follows the same pattern and is
independent of the g, redox state. This observation is
confirmed in Figure 4, where the inhibition profile of DPA
is fitted to the inhibition equation for both cyit reduction
and cytc re-reduction when the £, is half-reduced prior
to flash activation. The value d; for both cytochromes
andc is the same within experimental error as that obtained
when the Qqq is fully oxidized (Figures 2 and 4).

Evidence for Specific Inhibition of thedBite by DPAIt
is clear from the total cyt re-reduction traces presented in
Figure 3A that DPA inhibition over the concentration range
investigated is manifested at the level of the £te and not
at the Q or Qs site of the reaction center. Protocols
facilitating a closer examination of the inhibition at thg Q
site are well-establishe®4, 25). If DPA had affected the
function of the Q@ or Qg site, then upon addition of
increasing amounts of DPA under multiple saturating flash
turnover of the reaction center (as is occurring in Figure 3A),
the amplitude of the total cyt oxidation signal with
successive light flashes would dramatically decrease, which
is clearly not the case. Analysis of the rate constants for
charge recombination to the bacteriochlorophyll special pair

tively (data not shown).

(P") provides direct information with regard to the reaction
center @ site occupancy by ubiquinone. The charge
recombination is more rapid when the @ite is inhibited,
since the process occurs directly from ubiquinone in the Q
site (14.4 vs 0.99) (10, 26). Addition of 1 mM DPA has
no effect on the charge recombination kinetics, providing
further evidence that DPA does not inhibig ®ite function
(data not shown). Examination of the inhibition of the cyt
bc, complex Q site was also followed by established
methodology based on the reverse electron transfer reaction
from QH, to cyt by at pH 9.0, where this process becomes
thermodynamically favorable2f). There was no evidence
for DPA inhibiting the cytbc, complex Qsite over the same
concentration range as they@ite (up to 1 mM DPA, data
not shown). Thus, even though DPA is a weak binding
inhibitor of the cytbc, complex, its inhibitory action is
specific to the @ site.

EPR Spectral Changes of the [2Fe-2S] Cluster Induced
by Inhibiting Amounts of DPAFigure 5 shows the concen-
tration dependence of the DPA effect upon the EPR spectral
line shape of the [2Fe-2S] cluster. In the absence of DPA,
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Ficure 6: Comparison of the effect of DPA upon the dyt;
complex [2Fe-2S] cluster EPR spectrum in chromatophores con-

W taining wild-type levels of ubiquinone {al) and partially extracted

ubiquinone, such that only thes@domain of the @ site is occupied
(e—h). Sample preparation and EPR conditions were as described

mM in the legend of Figure 5. Spectra a and e are typical for two
100.0 ubiquinone molecules in thedXsite gk resonance at 1.800) and
10.0 one ubiquinone molecule in theg@ domain of the @ site (@
2.0 resonance at 1.783), respectively. The effects on the EPR spectra
0.5 are shown for successive additions of 1 mM DPA (b and f), 100
0 mM DPA (c and g), and 0.1 mM stigmatellin (d and h).
Qo site and displacing Q from thed@ domain results in an
FIGURE 5: Titration of the DPA-induced cybc; complex [2Fe- EPR spectral line shape reporting the occupancy of only the

2S] cluster EPR spectrum in chromatophores containing wild-type Qo5 domain by Q. One line of evidence that DPA does not

levels of ubiquinone. All samples were suspended to a reaction ; ; : _ :
center concentration of 1@M and poised at 200 mV. Each interact directly with the [2Fe-2S] cluster, even at high

spectrum is a sum of five successive scans. The numbers refer to°0ncentrations, is that in extensively Q-extracted chromato-
the concentration of added DPA, resulting in the loss ofdhe  phores (such that the {site is devoid of Q), no change

resonance at 1.800 and the appearance ofyttedgnal at 1.783  occurs in the EPR spectral line shape of the [2Fe-2S] cluster
upon saturation with DPA. The inset shows simulations of typical (g« resonance at 1.765), even at 100 mM DPA. Furthermore,

[2Fe-2S] cluster EPR spectra with various ubiquinong sgte - "
occupancies, as obtained with thg,Qoxidized and the [2Fe-2S] as shown in Figure 6, addition of up to 100 mM DPA has

cluster reduced, generated using the program EPRSim XOP forNO e_ffect on the [2Fe-2S] cluster EPR spectral line shape in
Igor Pro (J. Boswell, Oregon Graduate Institute, Beaverton, OR). partially Q-extracted chromatophores, such that only the Q

domain of the @ site is occupied by Qg resonance at
the [2Fe-2S] cluster EPR line shape is characteristic of the 1.783), thus demonstrating that DPA does not mimic the EPR
native @ site fully occupied by ubiquinone with ay effect of Q in the @w domain. In light of this result, it seems
resonance at 1.800. Significantly, there is no detectable clear that explanation (b) is correct. Although DPA appears
change in the [2Fe-2S] EPR spectrum at DPA concentrationsto displace Q from the @y domain at high concentrations,
which completely inhibit the @site kinetics (20-fold higher it does not do so at sub-millimolar concentrations, since if
than theK; value). However, the [2Fe-2S] cluster EPR this were to occur, the [2Fe-2S] cluster EPR spectral line
spectral line shape induced by higher concentrations of DPA shape would be indicative of one Q in thegdomain of
(>10 mM) is very similar to that obtained for Q-extracted the @ site @« at 1.783), which is clearly not the case (Figure
chromatophore membranes, when there is only one Q presen6). Under all conditions, addition of the tight binding Cat
in the Qs domain of the @ site (L0). In both cases, the 0.1 mM) site specific inhibitor, stigmatellin to chromato-
line shape and position of thgg resonance are the same and phores produced the characteristic stigmatellin-induced [2Fe-
are at a value of 1.783. There are two possible explanations2S] EPR spectral line shape with a promingntesonance
for this. (a) At high concentrations, the DPA-induced EPR at 1.785 {0, 28), implying that stigmatellin overrides the
spectral change could be due to DPA itself interacting DPA effect, even in the presence of 100 mM DPA (Figure
directly with the [2Fe-2S] cluster and coincidentally yielding 6). The effect of high concentrations of DPA 10 mM)
the same line shape. (b) Alternatively, DPA binding in the upon the [2Fe-2S] cluster EPR spectral line shape is not
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. Qo site of the cytbc, complex when the [2Fe-2S] cluster is
g in the reduced state.
3 no DPA DISCUSSION
S 06 320my . R .
g7 Mechanism of @ Site Inhibition by DPAFigure 8 shows
8 04 a schematic representation of DPA interacting with the Q
& ] site and depicts a possible mechanism for the inhibition
02 | 100 mM DPA process, based on the two-Q/@site model of Ding et al.
: 350 mV (10, 11). In part A, the arrow indicates the rapid equilibrium
04 o°o3% for exchange of Q/QHin the Qw domain of the @ site
DU RS NSRS with the Qo (10, 11), with the rate of exchange governing
130 2000230 30% (m3\,5)0 100 w0300 the turnover kinetics of the cyic; complex. Part B illustrates

Ficure 7: Redox midpoint potential of the chic; complex [2Fe- th_e_ honcompetitive .@ site inhibition exertgd by SUb
25] cluster in the absence (O) and presence of:MMPA (®). millimolar concentrations of DPA, where the interaction of
The fraction reduced was determined from the peak to trough Q/QH; in the @ site with the [2Fe-2S] cluster is not
amplitude difference of thg, resonance, and the data were fit to  disrupted, but Qkloxidation is impeded by DPA binding at
the Nernst equation for a one-electron couple, with the indicated a tertiary position in or near thed3ite. As yet, we are unsure

midpoint potentials (standard errar 10 mV). Chromatophores
were suspended to a reaction center concentration @M,0and
the EPR conditions are as reported in Experimental Procedures.

directly relevant to the mechanism ofo(site kinetic
inhibition by DPA, since the concentration ranges over which

of the actual physical mechanism fop@ite inhibition by
DPA; however, it cannot solely be due to DPA impeding
exchange of Q/QHin the Qw domain with the Gy, since
the inhibition kinetics are independent of the oxidation state
of ubiquinone in the Q site. Part C shows displacement of

these effects are manifested are well resolved from one Q/QH, in the Qw domain by high concentrations of DPA,

another. Therefore, sub-millimolar concentrations of DPA
can bind to the @ site and affect Q site function without
disrupting the interaction of Q with the [2Fe-2S] cluster,
implying that the @ site can accommodate a full comple-
ment of Q/QH and also bind DPA. From these conclusions,
it is apparent that DPA is not behaving as a typical
competitive inhibitor, by displacing Q/QHrom the @ site,
but rather more likely as a noncompetitive inhibitor.
Effect of DPA on the [2Fe-2S] Cluster Redox Midpoint
Potential The effect of saturating amounts of DPA (100
mM) on the cytbc, complex [2Fe-2S] cluster redox midpoint
potential is illustrated in Figure 7. The midpoint potential
of the one-electron [2Fe-28]" couple is slightly elevated
by about 30 mV in the presence of DP2g]. This implies
that DPA binds with an about 5-fold greater affinity to the

onol B
yb
o
l\‘e’s Qos Qow Fe,S Qos  Qow
@ Ep, =200 mV @ Ep, =200 mV
g« = 1.800 gy = 1.800

Qo site active Qo site inactive

where the [2Fe-2S] cluster EPR spectral line shape reports
the occupancy of the § domain by Q/QH and an empty
Qow domain. It should be noted from the data summarized
in Figure 7 that the model of DPA inhibition is also
compatible with a high degree of plasticity with respect to
the number of Q/Qkloccupants of the &y domain within

the @ site. In light of the obtained results, the most important
point to arise from this report is that the effect of DPA upon
Qo site catalysis is quite readily explained in terms of the
double-occupancy model as originally proposed by Ding et
al. (10).

Comparison of @ Site Inhibition by DPA with Other
Inhibitors. Qo site specific cythc; complex inhibitors have
been conveniently grouped according to their inhibiting
action (7). Group | includes thgg-methoxyacrylates, for

C

excess
DPA ubiquinone
°Y”’ Q eyth,
O
,Fr
,S Qos  Qow
@ Ep =200 mV
gx = 1.783

Qo site inactive

FiGURe 8: Schematic representation of the bgt complex depicting the effect of DPA on the ubiquinone binding capacity of theitg.

The @ site is flanked by the [2Fe-2S] cluster of the FeS subunit and Hgnoéthe cytb subunit (also shown are the liganding histidine
imidazole groups). (A) Two Q molecules bound at the ste, producing the characteristic reduced [2Fe-2S] cluster EPR spectrum with
a prominenigy signal at 1.800. (B) Upon addition of DPA<(.0 mM), no change in the [2Fe-2S] EPR spectral line shape occurs,dout Q
site catalysis is inhibited, presumably by noncompetitive inhibition. (C) When excess DPA is adti@édnM) to the inhibited cybc,
complex, the [2Fe-2S] cluster EPR spectral line shape changes, with the progirarit.800 being replaced by a shallower feature at
1.783. This is depicted as being due to displacement of Q in gaed@main by DPA. It should be noted that DPA inhibits electron transfer
to the [2Fe-2S] cluster and cht, and the fact that the figure shows DPA binding proximal tollhéeme does not indicate that only cyt

b heme reduction is inhibited. The figure is discussed in the text.
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example, myxothiazol29) and methoxy-acrylate-stilbene
(30—33), which typically bind with sub-nanomolar dissocia-

tion constants and inhibit electron transfer from Qblthe
[2Fe-2S] cluster of the FeS subunit and onto lgybut, in

the case of myxothiazol at least, do not inhibit reduction of
cytochromesg by the [2Fe-2S] cluster (not yet determined
for MOA-stilbene). Group Il includes the hydroxyquinone
analogues, for example, 5-undecyl-6-hydroxy-4,7-dioxoben-
zothiazole (UHDBT) 84) and 3-alkyl-2-hydroxy-1,4-naph-
thoquinones (alkyl HNQ) 35), which bind with a lower
affinity than the group I inhibitors and specifically affect

the properties of the [2Fe-2S] cluster but not byt They

act by inhibiting electron transfer from the [2Fe-2S] cluster
to cyt ¢;, as well as onto cyb.. The chromone inhibitors
typified by stigmatellin exhibit properties of both group |

and 1l inhibitors, binding tightly with sub-nanomoldgy
values and inhibiting electron transfer from @td the [2Fe-
2S] cluster and cytb, and [2Fe-2S] to cyt; (36). From the

properties of DPA presented in this paper, it is clear that
this inhibitor cannot be exclusively classified into any one

1.

2.
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