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ABSTRACT. Flavocytochromey, from Saccharomyces cerisiae couplesL-lactate dehydrogenation to
cytochromec reduction. At 25°C, 0.10 M ionic strength, and saturatingactate concentration, the
turnover rate is 20773 [per cytochromee reduced; Miles, C. S., Rouviere, N., Lederer, F., Mathews, F.
S., Reid, G. A,, Black, M. T., & Chapman, S. K. (199Rijpchem. J. 285187-192]. The second-order

rate constant for cytochromereduction in the pre-steady-state has been determined by stopped-flow
spectrophotometry to be 34.8(0.9) uM~* s71 in the presence of 10 mMtlactate. This rate constant

has been found to be dependent entirely on the rate of complex formation, the electron-transfer rate in the
pre-formed complex being in excess of 1000 sInhibition of the pre-steady-state reduction of cytochrome

¢ by either zinc-substituted cytochrorgeor ferrocytochromee has led to the estimation ofk&, for the
catalytically competent complex of @V, and from this the dissociation rate constant of 289 a value

much less than the actual electron-transfer rate. The inhibition observed is only partial which indicates
that electron transfer from the 1:1 complex to another cytochrooa® occur and that alternative electron
transfer sites exist. The cytochroradinding site proposed by Tegoni et al. [Tegoni, M., White, S. A.,
Roussel, A., Mathews, F. S., & Cambillau, C. (19938pteins 16 408-422] has been tested using site-
directed mutagenesis. Mutations designed to affect the complex stability and putative electron-transfer
pathway had little effect, suggesting that the primary cytochrerhading site on flavocytochromb;

lies elsewhere. The combination of tight binding and multiple electron-transfer sites gives flavocytochrome
b, a low K, and a highk.a; maximizing its catalytic efficiency. In the steady-state, the turnover rate is
therefore largely limited by other steps in the catalytic cycle, a conclusion which is discussed in the
preceding paper in this issue [Daff, S., Ingledew, W. J., Reid, G. A., & Chapman, S. K. @@@&emistry

35, 6345-6350].

Over recent years there has been a huge amount of research982) where it catalyzes the oxidationiefactate to pyruvate
directed at understanding the rate and specificity of inter- with subsequent electron transfer to cytochrani@ppleby
protein electron transfer (Marcus & Sutin, 1985; McLendon & Morton, 1954). The crystal structure of flavocytochrome
& Hake, 1992; Chapman & Mount, 1995; Moser et al., b, determined to 2.4 A resolution (Xia & Mathews, 1990)
1996). To date much of the work done to address this shows that each subunit consists of two distinct domains:
guestion has been based on the reactions of the promiscuouan N-terminal domain containing protoheme Dbfheme
protein cytochromec, with both its physiological (e.g., domain”) and a C-terminal domain containing flavin mono-
cytochromec peroxidase) and nonphysiological (e.g., cyto- nucleotide (“flavin domain”). It has been shown that direct
chromebs) redox partners. In this paper, we discuss the electron transfer from FMN to cytochroneas insignificant

less well characterized interaction of cytochromevith (Forestier & Baudras, 1971; Iwatsubo et 4977; Balme et
another of its physiological partners, flavocytochrome al., 1995), and that the role of the-heme domain is to
Flavocytochroméb, (L-lactate:cytochrome oxidoreduc- mediate this process. Therefore, the route of electron transfer

tase, EC 1.1.2.3) from baker's yea§agcharomyces cer- in this system is-lactate—~ FMN — b,-heme— cytochrome
evisiag) is a homotetramer of subunit molecular weight C. The intraprotein FMN— heme electron transfer reactions
57 500 (Jacq & Lederer, 1974). It is a soluble component of S. cereisiae flavocytochromeb, have been extensively
of the mitochondrial intermembrane space (Daum et al investigated (Capeille-Blandin et al 1975; Pompon et al
1980; Miles et al 1992; Walker & Tollin, 1991; Hazzard
R . et al, 1994; White et al 1993; Sharp et g11994; Chapman
and Biological Sqience Resarch Coundi (UK., which iso provided €t al, 1994; Daff et al 1996). However, the rather more
studentships for R.E.S., and D.M.S., and by The European Commissionintractable problem of investigating the interprotein electron
(FLAPS Network) and the Engineering and Physical Sciences Researchiransfer to cytochrome has been performed with flavocy-

Council (U.K.), which provided a studentship for S.D. I,
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chromec, Tegoni et al(1993) have proposed a hypothetical substituted cytochromeas described by Vanderkooi et al
complex for the interaction between crystalline flavocyto- (1976). The Zn-cytochromewas dialyzed into 10 mM Tris,
chrome b, and cytochromec. The model binding site  HCI buffer, pH 7.5 0.10, and concentrated using Centricon
consists of an electrostatic interaction in which the positively tubes (Amicon) to approximately 25tM. Aliquots were
charged side chains of cytochromé@Arg13, Arg38, Lys54, stored at—20 °C. Concentrations were calculated from
and Lys79.) are positioned in the immediate vicinity of acidic previously reported extinction coefficients (Vanderkooi et
flavocytochromeb, residues, and several hydrogen bonds al., 1976).
are developed. Residue Glu9l of flavocytochromeis Kinetic Analysis All kinetic experiments were carried out
|mpl|pated_|n a number of these interactions an(_j plays akey at 25+ 0.1 °C in 10 mM Tris-HCl at pH 7.5/ 0.10. The
role in defining the model. As well as presenting a model 1 ffer consisted of 10 mM HCl titrated against Tris solution
binding site, Tegoni et a(1993) suggest a possible pathway 4 pH 7.5 and adjusted t00.10 by addition of NaCl. For
for electron transfer. This pathway proceeds fromithe  eyperiments involving ionic strength effectayas adjusted
heme through residues 561 and emerges on the enzyme 1,y aqgition of the appropriate amount of NaCl. Steady-state
surface at the side chain of Phes2. kinetic measurements involving the enzymatic oxidation of
In this paper we (i) report new solution studies on the | -|actate were performed using a Shimadzu UV2101PC or
fIavocytochrom%-cytochroma:interaction and (II) test the a Beckman DU62 Spectrophotometer_ Horse-heart Cyto-

hypothetical complex using site-directed mutagenesis. chromec (type VI, Sigma) was used as the electron acceptor.
Collection and analysis of the steady-state data was as
MATERIALS AND METHODS previously described (Miles et.all992). TheKy, andkea

DNA Manipulation, Strains, and GrowthSite-directed parameters were determined using nonlinear regression

mutagenesis was performed by the Kunkel method of analysis.
nonphenotypical selection (Kunkel, 1985) using the oligo-  Pre-steady-state kinetics were performed on an Applied
nucleotides G1194 (GTTATCAAGGCTAATGCCGG) and Photophysics SF.17 MV stopped-flow spectrofluorimeter as
G1193b (ATGCCTCCTAAACTTGTCTG) to construct F52A  previously described (Miles et.all992; Sharp et g11994).
and E91K, respectively (Oswel DNA Service, University of Cytochromec reduction by prereduced flavocytochrorne
Edinburgh, Edinburgh, Scotland, U.K.). Standard methods was monitored at 416.5 nm, a flavocytochromeheme
for growth of Escherichia coli plasmid purification, DNA isosbestic point. To ensure that the reduction occurred under
manipulation, and transformation were performed as de- pseudo-first-order conditions, flavocytochrotmevas always
scribed in Sambrook et a(1989) E. coli strains AR120 present in excess. Reduction was carried out over a range
and TG1 were used for expression of mutant and wild-type of flavocytochromeb, concentrations, typically 210 uM.
flavocytochromed,, respectively. The cytochrome concentration was AM after mixing. The
Enzymes. Flaocytochrome $ Wild-type and mutant  traces were fitted to monophasic exponentials by nonlinear
flavocytochromes, expressed ifE. coliwere isolated from ~ regression analysis. At least five runs were performed at
cells which had been stored a20 °C. The purification each flavocytochromé, concentration. Throughout each
procedure was essentially as described previously (Brunt etset of experiments involving ionic strength variatiodactate
al., 1992; Black et a) 1989). Purified enzyme preparations Was added to the flavocytochrorbgsolution to a concentra-
were either stored in the reduced state under a nitrogention of 2 mM (before mixing), to fully reduce the enzyme.
atmosphere at 2C as precipitates from 70% saturated OVver the time scale of the experiment (5 min) no autooxi-
(NH4)2SO, solution or as concentrated aliquots (approxi- dation of the enzyme occurred and it remained fully reduced.
mately 10QuM) in the oxidized state, snap-frozen, and stored For all other experiments thelactate concentration was 10
in liquid nitrogen. Under the former conditions, the enzymes MM after mixing. For cytochrome reduction byb,-core,
retained full activity for several weeks and indefinitely when 0.1 4M wild-type flavocytochromeb, (a catalytic amount)
frozen in liquid nitrogen. Enzyme concentrations were Was added to achieve fudb-core reduction prior to mixing.
calculated using previously published extinction coefficients Precautions were taken to prevent aerobic oxidatiob,of
(Pajot & Groudinsky, 1970). core by handling all solutions under an, ldtmosphere.
Zinc-Substituted Cytochrome ®orphyrin cytochrome ~ Second-order-rate constants were determined by pldiliag
was prepared essentially as described by Vanderkooi and©" cytochromec reduction against flavocytochrom,
Erecinska (1975). Approximately 100 mg of freeze-dried concentration and fitting the data to a linear regression
horse-heart cytochrome (Sigma) was placed in an open analysis.
PTFE test tube and cooled in liquid nitrogen. HF gas was Inhibition of pre-steady-state cytochrornegeduction by
then condensed onto the cytochroowhile stirring with a reduced or zinc-substituted cytochrornewas performed
PTFE rod. The HF was generated by bubbling nitrogen gas essentially as described above, except that the pre-reduced
through a HF-saturated pyridine solution (Sigma) contained flavocytochromeb, was mixed with a known concentration
in a sealed PTFE vessel, the only exit from which led directly of reduced or zinc-substituted cytochrome Flavocyto-
to the cytochromec via a length of PTFE tubing. This chromeb, was kept at approximately 8M and inhibitor
apparatus was contained within a well ventilated fume hood. concentration was varied from 2 to 1@® (after mixing).
Once the cytochrome was covered entirely by solid HF,  Cytochromec reduction (2«M after mixing) was monitored
the flow was stopped and reaction tube removed from liquid at 544.8 nm, ab,-heme isosbestic point. The inhibition
nitrogen. While stirring, the HF was evaporated in a steady constant for cytochrome reduction was determined by
stream of nitrogen gas. Purification was conducted as plotting the rate of cytochrome reduction against the
described by Vanderkooi and Erecinska (1975). The por- concentration of inhibiting cytochrontand the data fitted
phyrin cytochromec was converted entirely to zinc- to the equation shown in Chart 1.
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Ficure 1: Determination of the second-order rate constant for
cytochromec reduction by pre-reduced wild-type flavocytochrome
b, performed at 25C in 10 mM Tris—HCI buffer, pH 7.5, 0.10,
containing 10 mML-lactate. kyps is the pseudo-first-order rate
constant for cytochrome reduction derived from stopped-flow
spectrophotometry at 416.5 nm (see Materials and Methods). The
data are fitted by linear regression analysis. The gradtient34.8
+09uM-1sL

Scheme 1: Pre-Steady-State Reduction of Cytochrotme
Excess Flavocytochrom under Standard Conditions
Follows a Single-Exponential Functidn

Fast

—

(i) Fe8He + cyte [FeHecyte] Slow | [FeH cytce]

.. S Fast
(i) F8He + cyte === [F8Hecyte] ——— [F8H cytce]

binding electron transfer

aThis is only possible if one of the two schemes illustrated above
is satisfied by the reaction mechanism. Therefore either (i) cytochrome
¢ binding is fast and reversible and electron transfer slow by comparison,
or (ii) cytochromec association/ dissociation is slow and electron
transfer is fast. F, flavin mononucleotide; bj;heme; cytc, cytochrome
c; @, represents an electron thereby indicating redox state.

Reduction of wild-type flavocytochromds,-heme by
L-lactate in the presence of zinc-substituted cytochrame
was monitored by stopped-flow spectrophotometry at 557
nm as described previously (Miles et,a992). The final
concentrations were &M flavocytochromeb,, 10 mM
L-lactate, and 0, 10, and 201 Zn-cytochromec. Each trace
shown in Figure 5 is an average of at least five different
runs.

All data fitting was conducted by least-squares regression
analysis using either Applied Photophysics software or Origin
(Microcal).

RESULTS

Pre-Steady-State Reduction of CytochromédReduction
of a substoichiometric amount of cytochroméy reduced
flavocytochromeb, was monitored by stopped-flow spec-
trophotometry as described in Materials and Methods. Figure
1 shows a plot of the observed rate constant against wild-
type flavocytochromé, concentration, which shows a linear
dependency up to 10M, with the rate constant approaching
400 st. Each of the generated traces fitted well to a single-
exponential function (see Figure 3a), indicating that the
reduction process is controlled by a single rate-determining
step. The two possibilities for this mechanism are shown
in Scheme 1. Either (i) complex formation is rapid and
reversible, while electron transfer within the pre-formed
complex is slow, or (ii) cytochrome binding is slow while
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Table 1: Second-Order Rate Constants for the Reduction of
Cytochromec by Pre-Reduced Wild-Type and Mutant
Flavocytochrome$,?

second-order rate
constantgM~1s™)

wild-type 34.8+ 0.9
E91K 37.7+£ 1.2
F52A 343+ 14
b,-core 16.2+ 0.3

a All experiments were performed at 2% in 10 mM Tris-HCI
buffer, pH 7.5,] 0.10 containing 10 mM-lactate. The second-order
rate constants were determined as described in Materials and Methods
and as illustrated in Figure 1. Errors represent standard deviations from
least-squares fit.

lg(ks)

0.2

0.0 0.4

Ficure 2: Log of the second-order rate constda} for cytochrome

¢ reduction by wild-type flavocytochromb, plotted against the
square root of buffer ionic strength (10 mM T+BICI, pH 7.5+
NaCl+ 1 mM L-lactate). ) Fit to the Debye-Huckel equation
(log ko = log ko° + 2AZ.Z_+/1) gradient (2AZZ_) = —5.9+ 0.1
(NBJFit restricted to five data points 0.10-0.20); (---) Fit to
parabolic curve (lod, = log k;° + 2AZ.Z_+/I| — BI) gradient at
10 (2AZ,Z_) = —12.14+ 0.5. Errors represent standard deviations
from a least-squares fit.

electron transfer is faster than both binding and dissociation.
Model (i) would generally produce a hyperbolic curve
saturating at the electron-transfer rate With = Ky for the
bound complex. The linear region observed in Figure 1
would therefore have to occur at concentrations much less
than theKqy for the bound complex. Model (i) would
generate a linear plot until the rate of binding approached
the rate of electron transfer at which point single-exponential
functions would no longer fit to the experimental traces. The
second-order rate constant for cytochromesduction by
wild-type flavocytochromeb, derived from Figure 1 is
presented in Table 1 along with comparable values for the
mutant enzymes E91K, F52A, ang-core (the separately
expressed heme domain; Brunt et &092). Neither point
mutation has any effect on the rate of cytochrameduction,
whereas thd,-core mutant has a second-order rate constant
less than half that of the wild-type value. Therefore residues
E91 and F52 are unlikely to be important components of
the cytochromee binding site.

Variation of the Second-Order Rate Constant for Cyto-
chrome ¢ Reduction with lonic Strengtfihe second-order
rate constants for cytochrome reduction by wild-type
flavocytochromeb, at different ionic strengths are plotted
in Figure 2. The straight line fit for log, versus+/|
according to the DebyeHickel equation has a gradient
2AZ,Z_ = —5.9 £ 0.1, indicating a positive/negative



6354 Biochemistry, Vol. 35, No. 20, 1996 Daff et al.

(@) (b) (©) (d)

0.00 +
-0.01
-0.02
Abs.

0.03

-0.04

0.00 0.020.00 0.02 0.00 0.02 0.04 0.06 0.00 0.02 0.04 0.06 0.08 0.10

Time (s)

Ficure 3: Stopped-flow traces showing pre-steady-state reductioru® tytochromec by 8 uM reduced flavocytochromb, at 25°C,

in 10 mM Tris-HCI buffer, pH 7.5, containing 1 mMtactate at four different ionic strengths (adjusted by addition of NaCl). Each trace
is fitted by nonlinear least-squares regression analysis to a monophasic exponential function (shown) with rat&k@msenplitudeA.

(@)1 0.075,k = 280 s'*, A= 0.060; (b)I 0.050,k =171 s%, A= 0.051; (c)l 0.025,k =72 s1, A= 0.031; (d)l 0.010,k =24 s A

= 0.015.

interaction at the cytochromebinding site. However, it is 350+ (a)
clear from Figure 2 that the fit is far from satisfactory, 3004

deviating strongly at high ionic strength. This is not 5501

surprising in view of the well documented nonideal behavior ) ¢

exhibited during proteifrprotein interactions (Koppenol, 2001

1980; Koppenol et al 1978). Further, the ionic strength 1501

region studied (0.£0.5) is well outside the range considered 100

reasonable for an ideal solution (Robinson & Stokes, 1959). 4. 504

By introducing a term linearly dependent on ionic strength Kobs (s7) 0

(with coefficientB) to the fitting function, a parabolic curve 300

is generated. This fits better to the data andl &t0 has a 250 (b)
gradient of 2AZZ_ = —12.1+ 0.5, which again indicates

a significant positive/negative interaction. The theoretical 200

basis of this equation is also limited, as the coefficiBnt 150]

has no simple physical meaning (Perimutter-Hayman, 1973). 1001

Its use in this case demonstrates the magnitude of uncertainty 50+

in the value of ZZ_ derived from Figure 2. Alternative 0 — . .
more elaborate approaches use additional information to 0 20 40 60 80 100
calculate the magnitude of chargeharge stabilization in a [Inhibitor] (uM)

complex [e.g., Watkins et a(1994)]. Howeve_r, for the FIGURE 4: Rate constants observe#l,f) for pre-steady-state
flavocytochromes,—cytochromec complex the binding site reduction of ferricytochrome (2 xM) by wild-type flavocyto-
location is unknown and such methods therefore inaccessible chromeb, are shown plotted against inhibitor concentration. (a)

At lower ionic strength the stopped-flow method used to Inhibitor is ferrocytochrome and concentration of flavocytochrome

. b, is 8.3 uM. (b) Inhibitor is zinc-substituted cytochroneand
obtain second-order rate constants becomes unusable. Theoncentration of flavocytochronte is 8.0uM. Both data sets are
cytochrome ¢ reduction traces no longer fit to single- fitted to the equation in Chart 1 by nonlinear least-squares regression
exponential functions, suggesting that the reaction is now analysis; (aKi = 8.8 + 2.3uM (b) Ki = 7.3+ 0.9 uM.
dependent on multiple rate-determining steps. Figured3a o .
shows four stopped-flow traces at different ionic strengths, ~ Inhibition of Cytochrome c ReductionPre-steady-state
each fitted to a single-exponential function. At lower ionic Cytochromec reduction by wild-type flavocytochronte was
strength the amplitude of the observed reaction decreasednhibited by the addition of either zinc-substituted cyto-
and the apparent rate of reaction becomes slower, althougiehromec or ferrocytochromee to the prereduced enzyme.
the fit quality is poor. The decrease in amplitude indicates The inhibition curves generated are plotted in Figure 4. The
that a larger proportion of the reaction is occurring within general similarity of the two data sets indicates that the use
the stopped-flow dead-time and is therefore happening tooOf the redox-inactive Zrncytochromec is unnecessary for
fast to be observed fully. This effect is to be expected if this type of experiment. The electrode potential of cyto-
the trend of increasing second-order rate constant with chromec (Loach, 1976) is some 270 mV more positive than
decreasing ionic strength was continued as in Figure 2. Thethat of theb,-heme (White et a] 1993), and it is therefore
appearance of a slow phase indicates that not all theunlikely that a significant reverse reaction would occur. Both
cytochromec is reduced by this rapid step, but a proportion systems appear to exhibit partial inhibition such that at high
is delayed possibly by an inhibitory binding process. Such inhibitor concentration a significant rate constant is still
a deviation from pseudo-first-order behavior seriously limits observed (around 20% of the maximum value). This
the range of ionic strengths which can be used for the indicates that although the primary binding site is occupied
Debye-Hiuckel plot. rapidly by the inhibitor, cytochromereduction still occurs,
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Chart B

Kobs = KrEr + 2 (ka - ke)( Er - Iy - K; /(Er - It - Ki)* + 4E1K}")

Second-order rate constant at Iy = 0.

Residual second-order rate constant (at It = ).
Total enzyme concentration.

I Total inhibitor concentration.

Dissociation constant for inhibitor at primary binding site.

a Cytochromec reacts at a single primary binding site per flavocy-
tochromeb, subunit with second-order rate constlstk. It also reacts
at alternative positions whether the primary site is occupied or not.
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The cumulative effect of these electron-transfer encounters is accountedr g re 5: b,-heme reduction traces for wild-type flavocytochrome

for by introducing a residual second-order rate condtarthe potential

b, (5 uM) on mixing with L-lactate (10 mM) in the presence of

binding properties of these alternative electron-transfer sites are ignored,jnc_supstituted cytochrome (—) 0 uM; () 10 uM; (++) 20

for simplicity. Inhibitor binds to the primary binding site with
dissociation constari; and prevents further reaction at this position.
Sincelr is not a lot greater thaRr, it is considered inappropriate to
use a classical Michaetidvienten function for the fitting process.

Table 2: Inhibition ConstantX() and Residual Second-Order Rate
ConstantsKg) Calculated for Inhibition by either Zinc-Substituted
Cytochromec or Ferrocytochrome of the Pre-Steady-State
Reduction of Ferricytochrome by Both Wild-Type and Mutant
(E91K) Flavocytochromeb,?

enzyme inhibitor Ki (uM) ke (uM~1s7)
wild-type zinc-cytochrome 7.3+£0.9 4.9+ 0.6
wild-type ferrocytochrome 8.8+ 2.3 45+ 2.0
E91K ferrocytochrome 6.0+ 2.0 7.5+ 0.8

aPerformed at 25C in 10 mM Tris-HCI buffer, pH 7.51(0.10),
containing 10 mMc-lactate. Rate constants generated by fitting

uM. The traces were collected at 557 nm using stopped-flow
spectrophotometry at 28 in 10 mM Tris—HCI buffer, pH 7.5,1
0.10.

made interpretation difficult. For example, stoichiometries
reported vary between one cytochroroeper flavocyto-
chromeb, tetramer to one per subunit (Tegoni et 4993).
Previous studies on the flavocytochrotsdrom H. anomala
(60% sequence identity with ti® cereisiaeenzyme; Black

et al, 1989) have led to the conclusion that the cytochrome
¢ binding site involves both flavin ant,-heme domains
(Thomas et a) 1983a,b; Capeille-Blandin & Albani, 1987).

A similar conclusion can be drawn for tHe. cereisiae
enzyme since the isolated heme domain-dore) has a
second-order rate constant for cytochrarmeduction which

stopped-flow data to monophasic exponential functions were plotted is less than half the value for the intact enzyme (Table 1).
against inhibitor concentration, and fitted to the equation in Chart 1 by In addition, Capeillee-Blandin (1982) reported that the

nonlinear regression analysis (as in Figure 4). Errors represent standar

deviations from the least-squares fit.

chatalytically competenH. anomalaflavocytochromeb,—

cytochromec complex is stabilized by electrostatic attraction.
Similar conclusions hold for th&. cereisiae enzyme (see

albeit more slowly. K; values for both curves in Figure 4 rigyre 2 and Results). In line with the above results, Tegoni
are presented in Table 2 along with the residual second-orderg; 5 (1993) proposed a model for the complex between

rate constantkg). The model used to calculate these values
assumes a single cytochroradinding site per subunit of
flavocytochromeh, and introduces a residual second-order
rate constankg to account for the minimum rate constant
observed. Both Zrncytochromec and ferrocytochrome

flavocytochromeb, and cytochromes dominated by elec-
trostatic interactions and involving both heme and flavin
domains. They also imposed a stoichiometry of one cyto-
chromec per subunit. We have constructed mutants of
flavocytochromeb, to test this model. E91K reverses the

appear to cause partial inhibition with a dissociation constant charge of a flavocytochromb, residue postulated to be

of around 8«M at the primary binding site. The additional
data in Table 2 refer to the mutant E91K which shows no
significantly different behavior with regard to inhibition by
ferrocytochromec, further supporting the view that this is
not an important residue for binding cytochrome

Effect of Zinc-Substituted Cytochrome ¢ Binding en b
Heme ReductionFigure 5 shows threb,-heme reduction
traces for wild-type flavocytochrom® generated by mixing
with excess_-lactate in the presence of 0, 10, and 2@
zinc-substituted cytochrome The Zn—cytochromec is at

involved in an electrostatic interaction critical to cytochrome
¢ binding, and F52A removes a phenyl ring suggested to be
a crucial part of the electron transfer pathway between the
two hemes. If the hypothetical model were correct, both
mutations would be expected to have a profound effect on
the cytochromec reductase ability of the enzyme. The
results in Table 1 show that this is not the case.

Since the Tegoni model is unlikely to be correct, we have
analyzed the flavocytochrom®—cytochromec interaction
in more detail. For wild-type flavocytochront®, the rate

high enough concentrations to ensure that a significant congtant for electron transfer frob-heme to cytochrome
proportion of the binding sites are occupied (shown by the \yithin the pre-formed complex has been estimated by
inhibition studies). The three traces overlay almost exactly, photochemical excitation to be 20&:(80) st at 25 °C

which indicates that there is no significant affect on either

(McLendon et al 1987). For theH. anomalaenzyme, the

FMN to b-heme electron transfer or on the preceeding step, rate constant has been determined from stopped-flow/ionic

FMN reduction.

DISCUSSION

strength experiments to be 380'sat 5 °C (Capeillee-
Blandin, 1982). In our experiments on ti& cereisiae
enzyme (at 25C), cytochromec reduction occurs at rates

There have been several attempts to characterize thebeyond the reliable range of the stopped-flow technique and

complexation between flavocytochrorhgand cytochrome

must be in excess of 1000%s While the second value is

¢; however, the lack of correlation between these studies hasnot inconsistent with this (in view of the lower temperature
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used and different enzyme form), it seems unlikely that the steady-state reaction. As explained in Results, this model
electron-transfer rate constant could be as low as 2b8s requires thatkqy > 10 uM. Model (ii), Scheme 1 can
determined by photochemical excitation. At low ionic therefore be used to explain some of the effects already
strength biphasic kinetic behavior is observed (Figure 3), the described. The rate constant for electron transfer has already
slow phase of which is probably caused by the inhibitory been shown to be-1000 s?, which is consistent with this
binding of cytochrome to low activity sites on flavocyto-  model. The rate constant for cytochromassociation would
chrome by, as weaker electrostatic forces become more be equal to the second-order rate constant for cytochome
significant. Atl 0.01 the amplitude is greatly diminished reduction (i.e., 34.8M~*s™%). Finally, the dissociation rate
as the fast phase can no longer be resolved. Using themust be less than the electron-transfer rate. By using the
Debye-Hiuickel equation to calculate a rate constant at this association rate constant and the inhibition constant, the
ionic strength (based on Figure 2), we can estimate that for dissociation rate constant can be estimated to be 280 s
a 8uM enzyme solutiork,ps= 7500 s*. This would clearly Although this value is significant when compared to the rate
not be observed in a stopped-flow experiment with a dead- of enzyme turnover (2078 (Miles et al, 1992), the
time of 1 ms. inhibition constant on which it is based is derived from partial

In order to resolve the confusion regarding cytochrame inhibition. So although cytochromedissociation may be
binding to flavocytochromeb,, kinetics can be used to slow, the presence of alternative electron transfer sites means
discriminate for interactions at the catalytically active binding that at high concentration the turnover rate remains unaf-
site. Vanderkooi et al1980) used iron free cytochronee fected, whereas at low cytochrone concentrations the
to inhibit the steady-state turnover of flavocytochroime binding affinity for cytochromec remains high.
and obtained aK; = 13 uM. The catalytic cycle for The possibility that inhibition by ferro-/Zacytochrome
flavocytochromeb;, is discussed in Daff et a{1996), and it  cin the steady-state may not be entirely competitive in nature
is clear from the model presented that competitive inhibition was examined by monitoring flavocytochrorgreduction
would only occur at low cytochrome concentrations. To by L-lactate in the presence of Zytochromec. Sinceb,-
demonstrate this, we conducted several steady-state assayseme reduction requires that both FMN reduction and FMN
in which redox-inactive zinc-substituted cytochromwas to b,-heme intramolecular electron transfer take place, this
used as an inhibitor. Zacytochromec has been widely used  was considered an appropriate experiment. Particular interest
in place of ferrocytochrome to study binding interactions  lies in the intramolecular electron transfer step which
and electron transfer [e.g., Thomas et(&B83a,b), McLen- presumably depends on the relative orientation and position
don et al (1987) and Alleyne et al(1992)] and has been of the two domains. The traces displayed in Figure 5 overlay
shown to be structurally identical to the native protein (Anni almost exactly suggesting either that the presence of bound
et al, 1995). At high concentrations of ferricytochrome  Zn—cytochromec has little affect on the enzyme’s other
(>100uM) assays containing an equimolar amount of-Zn  catalytic processes or that the oxidized enzyme has a
cytochromec retained at least 90% of the rate observed in substantially lower Zrcytochromec binding affinity than
the absence of Zncytochromec. Inhibition by Zn- the reduced form. Our current research is directed toward
cytochromec was also followed in the pre-steady-state to defining the precise location for cytochrorngeduction on
ensure that the inhibition constants were as close as possiblélavocytochromeb,.
to dissociation constants. Figure 4 panels a and b plot
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