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The kinetic mechanism of the flavoprotein 2-aminobenzoyl-CoA monooxygenase lreductase with its 
natural substrates 2-aminobenzoyl-CoA, NADH and 0, has been investigated using the stopped-flow 
technique. Initial rate measurements indicate the formation of a ternary complex between oxidized en- 
zyme and the two substrates 2-aminobenzoyl-CoA and NADH, a turnover number of =40 m i x '  was 
found at pH 7.4 and 4°C. 2-Aminobenzoyl-CoA binds to oxidized enzyme to form a complex which is 
in a =1:  1 equilibrium with a second, spectrophotometrically distinguishable one. Binding of 2-amino 
benzoyl-CoA to reduced enzyme is, in contrast, a simple second-order process. Reduction of oxidized 
enzyme, both uncomplexed and in complex with 2-aminobenzoyl-CoA, by NADH is strongly biphasic. 
The first fast phase yields enzyme in which 50% of the total FAD is reduced to the FADH, state. This 
rate is not affected by the presence of 2-aminobenzoyl-CoA. In contrast, 2-aminobenzoyl-CoA enhances 
-100-fold the second phase, the reduction of the residual 50% FAD. This second phase of reduction 
(kobs = 2.0 s-') is partially rate-limiting in catalysis. The oxygen reaction of uncomplexed, reduced en- 
zyme is also biphasic and no oxygenated intermediate was detected. Reoxidation of substrate-complexed, 
reduced enzyme involves three spectroscopically distinguishable species. The first observable intermedi- 
ate is highly fluorescent suggesting that it consists largely of flavin-4a-hydroxide. Thus, insertion of 
oxygen into 2-aminobenzoyl-CoA is essentially complete at this point and has a k,, 2-80 s-I. The subse- 
quent phase is accompanied by formation of the main product, 2-amino-5-oxocyclohex-1 -enecarboxyl 
CoA. This step consists in a hydrogenation of the primary, oxygenated and non-aromatic CoA intermedi- 
ate; it has a rate ~ 1 . 3  s-', which is thus the second rate-limiting step in catalysis. As a side reaction of 
the oxidized enzyme and at low NADH concentrations the initially formed product disappears at a very 
slow rate (kbs = 0.05 s?). This third 'post-catalytic' process is not relevant for catalysis. The primary 
product 2-amino-5-oxocyclohex-I -enecarboxyl-CoA is dehydrogenated by the oxidized enzyme to yield 
the aromatic 2-amino-5-hydroxybenzoyl-CoA as secondary product. The reduced enzyme formed in this 
process is reoxidized by 0, to form H,O,. This explains the formation of different products depending 
on the actual concentration of NADH in the catalytic system, which has been reported previously [Buder, 
R., Ziegler, K., Fuchs, G., Langkau, B. & Ghisla, S. (1989) Eur J. Biochern. 185, 637-6431. A kinetic 
mechanism is proposed based on the concept that aminobenzoyl-CoA monooxygenaselreductase has two 
active sites which catalyze independently monooxygenation and hydrogenation of substrate or intermedi- 
ate. 
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2-Aminobenzoyl-CoA monooxygenaselreductase (ABzCoA- 
M/R) is a flavoprotein from Pseudomonas sp. KB 740- which 
catalyzes the oxygenation of 2-aminobenzoyl-CoA (ABzCoA). 
Three products, derived from monooxygenation at the substrate 
position 5 @-position to the amino group), are formed which 
differ in their states of ring reduction (Langkau et al., 1990). 
The ratio of product distribution was found to depend markedly 
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on the particular experimental conditions, i.e. on the relative 
concentrations of reactants and on incubation times (Buder et 
al., 1989). ABzCoA-MIR is most unusual in that it catalyzes 
two mechanistically different reactions and appears to have two 
separate active centers, built up by two identical protein chains 
and forming a dimer with two FAD molecules (Langkau et al., 
1995). Only one molecule ABzCoA or analogous CoA ester is 
boundtwo enzyme FAD molecules, indicating the presence of 
only one binding siteldimer. Substrate is presumably in contact 
with the flavins of both active sites, which were referred to as 
sites E' and El1. These observations prompted a detailed investi- 
gation on the kinetic mechanism of ABzCoA-M/R. 

In the preceding paper [in this journal (Langkau et al., 
1995)], a kinetic scheme was elaborated for enzyme turnover 
which is consistent with the low NADH oxidase activity of 
ABzCoA-M/R as compared to the high turnover with NADH 
and the artificial electron acceptor N-ethylmaleimide (MalNEt). 

http://www.blackwell-synergy.com/loi/ejb
http://www.ub.uni-konstanz.de/kops/volltexte/2008/5268/
http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-52682
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In the work described in this paper steady-state, pre-steady-state 
and post-steady-state reactions of ABzCoA-M/R have been 
studied using the stopped-flow technique. Based on these results 
and on those of the preceding paper (Langkau et al., 1995), a 
more detailed mechanistic scheme is proposed, in which the re- 
actions occumng on the monooxygenating site (E') take place 
independently from those at the hydrogenating site (E") and con- 
verge in forming the final products. Terms and values for k,,, 
K,(NADH), K,(ABzCoA) and K,(Oz) have been derived. 

MATERIALS AND METHODS 

Materials. NADH (grade I, sodium salt), FAD (sodium salt), 
CoASH, glucose oxidase and catalase were purchased from 
Boehringer (Mannheim). Protocatechuate dioxygenase was a 
generous gift from Dr D. P. Ballou (University of Michigan, 
Ann Arbor MI, USA). Protocatechuate and anthranilic acid were 
obtained from Sigma Chemical Co. All other chemicals were 
from Riedel-de-Haen or Merck. Gases were obtained from SWF 
(Friedrichshafen). 

Growth of organisms, enzyme purification and enzyme 
assays. 2-Aminobenzoyl-CoA monooxygenase/reductase 
(ABzCoA-M/R) was isolated from Pseudomonas sp. KB740- 
which was grown aerobically at 28°C in a minimal medium 
using anthranilate as single carbon and energy source (Brown 
and Gibson, 1984). The enzyme was purified according to Buder 
and Fuchs (1989). Activity of ABzCoA-M/R was assayed by 
following the disappearance of NADH at 340 nm using either 
ABzCoA (Buder and Fuchs, 1989) or MalNEt (Langkau et al., 
1995) as substrates. H,O, was determined enzymically accord- 
ing to Lockridge et al. (1972). 

Enzymic syntheses. 2-Aminobenzoyl-CoA (ABzCoA) was 
synthesized enzymically (Ziegler et al., 1987) using (CoAS), in 
combination with a 10-fold excess of dithiothreitol instead of 
CoASH. The crude product was purified by preparative HPLC 
(Langkau et al., 1990: RP-18 Spherisorb, 250 . 20 mm column 
and a gradient of 20-55% (by vol.); 20 mM sodium phosphate, 
pH 6.0/methanol. 2-Amino-5-hydroxybenzoyl-CoA (ABzOH- 
CoA) was obtained by selective conversion of ABzCoA in the 
presence of an NADH-regenerating system using ABzCoA-M/ 
R and formate dehydrogenase (Langkau et al., 1990). 

Selective conversion of ABzCoA to 2-amino-5-oxocyclo- 
hex-1-enecarboxyl-CoA [A(OH)H,CoA] and 2-amino-S- 
hydroxycyclohex-1-enecarboxyl-CoA [A(OH)H,CoA]. A so- 
lution of NADH (200 pM) and ABzCoA (100 pM) was reacted 
in 20 ml sodium phosphate, pH 7.8 at 37°C with =l U purified 
and FAD-saturated ABzCoA-M/R. The enzymic conversion was 
monitored spectroscopically at 365 nm. When ~ 9 0 %  of 
ABzCoA had reacted (t < 5 min), the enzyme was immediately 
denaturated by addition of 1 % SDS to prevent the post-catalytic 
rearomatization to ABzOHCoA (Ama = 379 nm). The enzyme 
was separated by ultrdiltration (Centriprep Amicon) and the 
CoA ester products were separated by HPLC from excess 
ABzCoA, NADWNAD' and hydrolysis products. As also 
pointed out previously (Langkau et al., 1990), a separation of 
the different products is not feasible with the HPLC system used 
in this work. However, a spectroscopic determination of the thio- 
ester absorption ratio (A320/A379) which reflects the product dis- 
tribution of A(OH)H,CoA vs ABzOHCoA indicated a purity of 
> 98 % A(OH)H,CoA. A(OH)&CoA was obtained by the same 
procedure when a =lOO-fold excess sodium borohydride was 
added to the product mixture at the end of the enzymic reaction. 

Kinetic measurements. All experiments were performed at 
4°C in 50 mM potassium phosphate pH 7.4, containing 10 mM 
EDTA in the cases where the enzyme was reduced photochemi- 
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Fig. 1. Time course of ABzCoA-M/R enzyme flavin absorbance dur- 
ing turnover of ABzCoA, NADH and 02. The reactions were per- 
formed aerobically in the stopped-flow apparatus at 4°C and as indicated 
in A and B. Final concentrations were 1.85 pM E-FAD, 50pM 
ABzCoA, 100 1M NADH and 408 pM 0, in 50 mM sodium phosphate 
pH 7.4. Spectra were taken in the stopped-flow normal mode using dif- 
ferent time scales and the traces shown reflect the changes at 454 nm. 
The curves are averages of at least two experiments. The arrows indicate 
the initial absorbance of E, and the estimated absorbance of E-,. The 
path length of the cell is 2.0 cm. 

cally prior to the experiment. Anaerobiosis and photoreduction 
of ABzCoA-M/R was achieved as described previously (Lang- 
kau et al., 1995), but using special tonometers by which the 
solutions were transferred to the stopped-flow syringes. Unless 
otherwise noted, all concentrations mentioned in the context of 
stopped flow experiments are those of the reagent after mixing, 
i.e. 1 : 1 dilution. Different concentrations of 0, were acquired 
by equilibration of solutions with air (21% 0,) commercially 
available nitrogedoxygen mixtures (90/10, 50/50 by vol.) and 
pure 0,. Single-turnover and steady state experiments were per- 
formed in a thermostatted stopped-flow spectrophotometer 
which has a 2.0-cm path length cell (Raichle, 1981) and which is 
equipped with a diode array detector (Spectroscopy Instruments, 
Gilching) and interfaced with a MacIntosh IIcx computer; the 
POSMA 2.3 k software was used for data acquisition. Rapid re- 
actions were routinely recorded in the range 300-650 nm using 
the normal scan mode with a scan time of 10 mskpectrum and 
with a resolution of 2 pixelshm. For reactions proceeding with 
a kobs > 50 s-' a so-called 'fast access' routine was used, which 
has an acquisition time of 1.8 ms/spectrum and a resolution of 
5 nm. For a detailed description of the stopped-flow setup see 
Langkau (1993) and Raichle (1981). The 'A' program (Dr D. P. 
Ballou, University of Michigan, USA) and KaleidaGraph from 
Synergy Software were used for data analysis and fitting of ki- 
netic traces. 

RESULTS 
Enzyme monitored turnover. Fig. 1 shows stopped-flow ex- 
periments in which the three substrates, ABzCoA, NADH and 
oxygen are reacted under turnover conditions. The progress of 
the reaction was followed by monitoring the interconversion of 
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Fig. 2. Steady-state reactions of ABzCoA-M/R and analysis. Enzyme 
(0.25 pM E - FAD, before mixing, in the presence of 2 pM FAD) was 
reacted with mixtures of ABzCoA and NADH in the stopped-flow appa- 
ratus at 4OC, pH 7.4 and at a [O,] 408 pM. The course of the reactions 
was monitored as described in Fig. 1 and analysis of initial rates was 
performed at 365 nm. (A) Double-reciprocal representation of primary 
data as a function of [NADH] and at the indicated concentrations of 
ABzCoA. e is the concentration of the enzyme dimer and v the reaction 
velocity. (B), (C) The secondary plots of the data obtained from A. 

oxidized and reduced enzyme as reflected by their relative ab- 
sorbance at 454 nm, according to the method of Gibson et al. 
(1964). Under these conditions ABzCoA is hydroxylated as well 
as hydrogenated to yield essentially stoichiometric quantities of 
the product A(OH)H,CoA (Buder et al., 1989; Langkau, 1993). 
In view of the findings of Powlowski et al. (1989a), that anthra- 
nilate hydroxylase from Pseudomonas requires activation by 
substrate for efficient catalysis, the effect of preincubation of 
ABzCoA-M/R with substrate was investigated. ABzCoA-M/R 
was preincubated with ABzCoA, and then reacted aerobically 
with 2 mol NADWmol (Fig. 1A). A fast decrease of the E,, 
absorbance occurs, the extent of which corresponds to -50% 
reduction of the total enzyme flavin and the system then enters 
a steady-state phase. In a companion experiment uncomplexed 
enzyme was reacted with a mixture of ABzCoA and NADH as 
shown in Fig. 1 B. The reaction time course observed is similar 
overall to that of Fig. IA,  the initial approach to steady state, 
corresponding to 4 0  % reduction is, however, about 4-fold 
slower. These results show that ABzCoA-M/R is different from 
anthranilate hydroxylase (Powlowski et al., 1989a) in that en- 
zyme reduction depends only to a minor extent on the preincuba- 
tion with substrate. The difference in reduction rates is probably 
due to the fact that the ABzCoA-M/R . ABzCoA complex con- 
sists of a 1 : 1 equilibrium of two species, which interconvert at 
a relatively slow rate (cf. below), and which might differ in their 
reactivity towards NADH. 

Unlike the pre-steady-state processes just described, the 
steady-state and post-steady-state parts of both reactions in 
Fig. 1A and B are essentially identical in terms of the time de- 
pendence of the observed changes at 454 nm. During turnover, 
which lasts from approximately 0.1 s (A) or 0.4 s (B) up to 
-40 s, the enzyme remains in a state which corresponds to 55 % 
reduction, suggesting rate-limiting steps of similar magnitude in 
both the reductive and oxidative half-reactions. Importantly, the 
final reoxidation of the enzyme deviates markedly from the ex- 
pected return to 100%. Instead, the absorbance increases to an 
intermediate maximum at around 120 s and then decreases again 
to a value corresponding to -85 % the absorbance of Eox. From 
parallel experiments in which [NADH] < [ABzCoA] (not 
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Fig.3. Kinetics of ABzCoA binding to E,, and induced spectral 
changes. Oxidized enzyme (7.65 pM E - FAD, final concentration) was 
reacted in the stopped-flow apparatus (cell = 2.0 cm) with various con- 
centrations of ABzCoA at 4°C and pH 7.4. Traces for the reaction with 
22.6 pM ABzCoA followed at 492 and 441 nm (kob,-8O and 7.6 SKI) and 
corresponding fits are shown. The insert shows the difference spectra 
calculated by subtraction of the spectra obtained at 10, 21, 31, 93, 247 
and 966 ms upon mixing with the first one ( t  = 3-4 ms). The arrow 
indicates a time-dependent shift of the longest-wavelength minimum 
from 492 nm, corresponding to changes occurring during the fast phase, 
to 497 nm for the slow phase. Concomitantly there is a shift of the isos- 
bestic point at 480 nm to 490 nm. 

shown) and which exhibit the same behavior, it is concluded that 
this is a slow reduction of E,,, which does not depend on the 
presence of NADH. A plausible explanation for this observation 
will emerge in the context of further results. 

Steady-state reactions. Turnover parameters for the three 
ABzCoA-M/R substrates have been reported earlier at pH 7.8 
and 37°C (Buder and Fuchs, 1989). A determination at pH 7.4 
and 4°C was required in order to relate them to the individual 
rate constants determined at the lower temperature. Since the K,,, 
for oxygen is 6 5  pM the steady-state was analyzed first at oxy- 
gen-saturating conditions (408 pM). When varying the concen- 
trations of ABzCoA and NADH within a factor of 4 around the 
expected K,,, values of 25 pM and 42 pM determined by Buder 
and Fuchs (1989), non-linear double-reciprocal plots were ob- 
tained indicating interdependent substrate inhibition with both 
ABzCoA and NADH at high concentrations. [ABzCoA] and 
[NADH] were thus selected in a range where essentially linear 
plots were obtained as shown in Fig. 2. This behavior is compat- 
ible with formation of a ternary complex between enzyme, 
ABzCoA and NADH, while the involvement of 0, in a quater- 
nary complex cannot be excluded at this point. The parameters 
derived from this and from the secondary plots of Fig. 2B and 
2C were within 10% difference of the corresponding kinetic co- 
efficients (@), Michaelis constants (K,,,) and turnover numbers 
(V,,,,,) obtained from a primary plots of elv versus l/[ABzCoA] 
(not shown). Thus the median values of the data obtained from 
the two sets of plots are listed in Table 1. Noteworthy, the K, 
-1.2 pM for ABzCoA (Table 1) coincides quite well with the 
K,+l pM determined for the binding of ABzCoA to E& in static 
titration experiments (Langkau et al., 1995). 

Binding of ABzCoA to fully oxidized enzyme. The association 
of ABzCoA to E,, goes along with marked perturbations of the 
flavin chromophore, with a maximal dA at 441 nm (Langkau et 
al., 1995). When the time course of binding was monitored at 
this wavelength a monophasic process was observed (Fig. 3). As 
shown in Fig. 4, however, a plot of kobr versus [ABzCoA] exhib- 
ited the typical dependence (Strickland et al., 1975) of a process 
in which binding (steps k , ,  k,) is followed by equilibration with 
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Table 1. Comparison of the kinetic ammeters obtained from steady-state, rapid-reaction and titration data. The equations (kinetic equivalent) 
were derived for the proposed mechanism depicted in Schemes 1 and 2 according to Cleland (1975). The steady-state values are taken from slopes 
and intercepts of Fig. 2 according to the method of Dalziel (1969) when not indicated otherwise. The stopped-flow data used for calculating 
parameters are listed in Table 2. 

Kinetic parameter Kinetic equivalent Steady-state and Calculated from 
titration values stopped-flow data 

2.5 X lo-' min (1.5 s) 
1 1 1 1 1  -+-+-+-+- 1.9X10-2min 

k3 ki kii ki3 k i i a  

(ll@o) 53 min-' 41 min-' (0.68 s-') 

- 3.7 X lo-' M min 4 X lo-' M min (2.4 X 10 M s) 

b - 

1.2 pM 

2.0 pM 

5.4 X M2 min (3.2X lo-'' M' s) 

2.1 X M min (1.25X 10-'M s) 

0.45 pM 

1.6 pM 

Km ( 0 2 )  <5 p M b  0.8 pM 

Kd(ABzCoA),, 0.95 pMc 1.4 pM 

51.8 pM' 1 .O pMd 

4.7 pM' 

K,(NADH") ki d k i 5 a  6-7 pMf 

k&,kiki7, + k A b k i 6 ,  + k+Wi&i7a + k3k&i&7a + (k& + k&)ki,&ii, 
k3kk7ki,akii, 

Variation of [O,] in the micomolar range using appropriate concentrations of NADH and ABzCoA did not yield reliable data, the estimated 

Langkau et al. (1995). 
From the ratio slopelintercept of Fig. 5, insert. 
From the ratio slopelintercept of Fig. 7 (slow phase) assuming k, B k7 and corrected for [NADH] bound to site E'I. 

K,(Oz) is from Buder and Fuchs (1989). 

* From the ratio slope/intercept of Fig. 7 (fast phase) assuming k,,, % k,,,. 
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Fig.4. ABzCoA dependence of kobs for the slow changes occurring 
upon binding to Eox. The conditions were as described in Fig. 3;  k,, 
measured at 441 nm is plotted versus [ABzCoA]. (M) Average of 3-5 
single measurements, the actual scatter of the values being shown by the 
error bars. The curve is the best fit obtained using the equation derived 
from the kinetic setup of Eqn (1) and according to Strickland et al. 
(1975) for which at [ABzCoA]+O, kobs extrapolates to k4. The estimated 
values are k,=2 s-' ; h e 6 . 5  and k,lk,=3.5 pM (R2 = 0.94). 

a second species, the rates of interconversion (k3, k4) being of 
similar magnitude (Eqn 1). 

kt k3 
E,, + ABzCoA E,, - A B z C o A Y  E,Y, - ABzCoA . (1) 

However, in some spectral areas a shift of the isosbestic points 
between intermediate spectra occurs during binding as evi- 
denced in the long-wavelength segment of the spectrum. Such a 
shift from 492 nm to 497 nm is indicated by the arrow in the 
inset of Fig. 3. Accordingly, the time course of the spectral 
changes at 492 nm is strongly biphasic, the slow changes having 
similar rates to those determined at 441 nm (kobs~~low =5-8 SK'). 
The velocity of the fast phase was linearly dependent on 
[ABzCoA] suggesting a second-order reaction (not shown), 
attributable to formation of the Michaelis complex (steps k , ,  k2, 
Eqn 1). The slower main phase observed at 441 nm would then 
correspond to steps k3, k4, which represent the interconversion 
to a different complex E$x - ABzCoA. The rate constants are 
listed in Table 2. It should also be noted that from the [ABzCoA] 
dependence of the spectral changes attained at the end of the 
reaction (not shown) that binding of 1 mol ABzCoN2 mol en- 
zyme flavins, (i.e. a 0.5 stoichiometry) with a Kd -1.1 pM re- 
sults. This is in good agreement with the value of = 1 pM de- 
duced from static titrations (Langkau et al., 1995). The value of 
kJk,  obtained from a primary plot of the fast phase (6.5 pM) is 
also in reasonable agreement with the saturation constant (Kd = 
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Table 2. Kinetic constants obtained from rapid-reaction studies. For 
the assignment of constants to individual steps see Scheme 1. 

0.024 
Kinetic Value Unit Comments 
constant (see below) 

=3 X loh 
0.9 X lo6 
=5 
4.6 
5.1 
4.2 
2.0 
<0.02 
>8 x los 

-80 
1.3 
60-70 
22 

1.1 x 103 

g 
h 
i 
k 
1 
m 
n 

a Slope of the plot k,, versus [ABzCoA] from the fast phase of 
binding of ABzCoA to E,, (not shown). 

Slope of the plot in Fig. 5 (insert). 
y-axis intercept of the plot as in (a) above. 
y-axis intercept of the plot in Fig. 5 (insert). 

y-axis intercept of the plot in Fig. 7 (slow phase). 
' From Fig. 4. 

g Rate of the slow phase of reduction of E,, with NADH (not 

Rate of the first phase of reoxidation of E,, - ABzCoA with 0.1 - 

From the [OJ dependence of the rate of reoxidation of E,,, fast 

shown). 

1.0 mM 0, analyzed at 450 nm (not shown). 

phase, in the absence of ABzCoA. 
' Rate of increase of fluorescence, Fig. 11. 

Rate of decrease of fluorescence, and rate of the second phase of 
reoxidation of E, - ABzCoA with 0, analyzed at 322 nm, Fig. 11 .  

y-axis intercept of the plots of the fast phases, Fig. 7. 
From the [OJ dependence of the rate of reoxidation of E,,, slow 

phase, in the absence of ABzCoA. 

k,lk, ~ 3 . 6  M) derived from the plot of the slow phases depicted 
in Fig. 4 and according to the method of Strickland et al. (1975). 
The latter value, together with the value of kJk4 obtained from 
the same plot, yields an overall binding constant Kd=l. l  pM 
(Table 1). 

Kinetics of ABzCoA binding to fully reduced enzyme. Simi- 
larly the binding of ABzCoA to reduced enzyme was studied; 
this is associated with an increase of absorbance at 389nm 
(Langkau et al., 1995). In contrast to the two-step binding de- 
scribed above, a simple reversible equilibrium was observed as 
shown by traces (a-d) in Fig. 5, which were fitted by single 
exponential functions. A direct plot of kohs versus [ABzCoA] 
was linear up to 35 pM (Fig. 5,  inset), i.e. well above the Kd 
value of ~ 1 . 8  pM calculated from static titrations (Langkau et 
al., 1995). Thus, a second-order binding appears to take place; 
the estimated values for k,, and kZh (cf. also Scheme 1) are listed 
in Table 2. 

Anaerobic reduction of uncomplexed, fully oxidized enzyme 
by NADH. As documented in the preceding paper (Langkau et 
al., 1995), this process occurs in (at least) two well separated 
phases, the first, fast phase corresponding to reduction of flavin 
involved in 'hydrogenation'. Fig. 6 A  shows the time course of 
reduction followed at 454 nm. In the first phase =45 % of the 
total oxidized enzyme flavin is reduced. A second, intermediate 
phase, ~ 1 0 %  of the total absorbance changes ensues; its rate 
can only be estimated crudely as =5 (? 3 )  s-'. The dependence 

$ 0.012 
K m 
0 
0" 0.006 

2 

a 

h 

0.018 

Ill / x -  I 

0 20 40 60 
[ABzCoA] (pM) 

I I I I 

0 0.2 0.4 0.6 0.8 1 
Time (s) 

Fig.5. Kinetics of ABzCoA binding to E,. The enzyme solution, 
9.8 pM (total E - FAD, after mixing, further conditions as described in 
the legend of Fig. 3) was made anaerobic, photo-reduced and reacted 
with anaerobic solutions of ABzCoA in the stopped-flow spectropho- 
tometer. Traces (a-d) are the time courses of the reaction recorded at 
386 nm for [ABzCoA] = 5.5 pM, 9 pM, 17 pM and 70 pM and the cor- 
responding fits. Data for [ABzCoA] = 34.4 pM are not shown for clar- 
ity. The insert displays the dependence of kobs on [ABzCoAJ. The data 
for [ABzCoA] = 70 pM (curve d) were not used for the correlation since 
a kobr > 50 s-' is beyond the time resolution of the instrument under the 
given conditions. Note that 0.5 mol ABzCoA bind/mol E - FAD. 

of kohr,fast (first phase) from [NADH] in the range 13.5-204 pM 
is depicted in Fig. 7. Hence, this first fast phase is attributed to 
reduction of E"-Fl,,, step k17a (cf. Table 2 and Scheme 1). 
Whether the slopelintercept ratio of this plot corresponds to the 
term (k16a+ k17a)/k15a or to k,,,/k,,,=K,(NADH) (see Eqn 2) will 
depend on the ratio k,,,lk,,, (Strickland et al., 1975). The value 
of Kd(NADH)=15 pM should thus be regarded as an upper 
limit. 

kiss '178 

EZx + NADH [Efx - NADH] - EKd + NAD' . (2) 

The third, last phase is much slower (kohs, slow G0.02 s-') and is 
attributed to reduction of E' - FI,, step k,, i.e. of the flavin in- 
volved in 'hydroxylation'. This rate is too slow by at least 100- 
fold to be catalytically significant. The second, intermediary 
phase cannot be assigned with certainty to individual steps or 
species, it might correspond to interconversions such as those 
described above for the two E,, . ABzCoA species. 

Anaerobic reduction of the fully oxidized enzyme - ABzCoA 
complex by NADH. This reaction is also biphasic as shown by 
the traces of Fig. 6B. The rate of the first, fast phase (Fig. 6B, 
upper trace) is similar to the corresponding one of uncomplexed 
enzyme (compare to Fig. 6A, upper trace), and its amplitude 
contributes to 4 0 %  of the estimated, total absorbance changes; 
an intermediate phase was not observed. This fast phase is attrib- 
uted to the reduction of E"-Fl,, in the complex E1-FIOx-- 
ABzCoA - E" - Fl,, (k,,,, Scheme 1), i.e. to the same step as in 
the case of uncomplexed enzyme. In contrast to the observation 
of essentially no effect on the fast phase, the velocity of reduc- 
tion by NADH in the slow phase (Fig. 6B, lower trace) is 4 0 0 -  
fold enhanced to 2.0 s-' (k,, Scheme 1) as compared to that 
observed in the absence of ABzCoA (k,J. The [NADH] depen- 
dence was similar for both phases; it exhibits saturation (Fig. 7), 
consistent with a Michaelis complex on the reaction path (steps 
k&, and k,,Jk,,,, Scheme 1). The parameters obtained are listed 
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Scheme 1. Kinetic mechanism and steps for the conversion of ABzCoA catalyzed by ABzCoA-M/R. Intermediates which could not be detected 
spectrally, but which are required by the kinetic mechanism are shown in parentheses. Pathways proposed to be involved in catalysis are denoted 
by full arrows (-), whereas dashed arrows (----) stand for possible side reactions. The wiggled arrow (--->) symbolizes the interaction of 
reduced site E" with ABzOHCoA* which leads to hydrogenation of the latter. E* denotes a species formed by interconversion ascribed to conforma- 
tional changes. Note that although substrate ABzCoA is depicted as binding and interacting first at site E', this does not imply that there is no 
occupancy or interaction with site E". However, site E" acts on the intermediate ABzOHCoA*, i.e. on modified ABzCoA only when monooxygena- 
tion catalyzed by site E' is complete. 

binding site 

ABzCoA 
kl 

k2 
EIoX b Elor - ABzCoA 

iz 

Eox* - ABzCoA 

? 

in Tables 1 and 2. When the reaction course is monitored at 
650 nm a fast absorbance increase first occurs, which is essen- 
tially complete within 10 ms, and which is followed by a 
decrease (k,,,=lO sP) .  This is attributed to formatioddecay of 
the charge transfer complexes E' - Fl,, - NADH - ABzCoA and 
E' - Fl,, - NAD' - ABzCoA, as observed with other flavin-de- 
pendent monooxygenases (Schopfer and Massey, 1979). 

Reaction of uncomplexed, fully reduced ABzCoA-M/R with 
0,. The basic observation of a very fast reactivity of the 'mo- 
nooxygenation' site El- Fl,, with 0, as opposed to a sluggish 
one of site E"-Fl,, has been reported (Langkau et al., 1995). 
The rapid reaction studies shown in Fig. 8 document that E,, is 
formed biphasically via the half-oxidized species (Etx/E!Ld), there 
is no evidence for the occurrence of intermediates. Both phases 
exhibit a marked dependence on [O,] as illustrated by the lower 
and upper traces in the inset of Fig. 8. Fitting of the primary data 
with a two-exponential function yields rates kobs which show a 
linear correlation with [O,]. The lack of observable intermedi- 
ates suggests that any steady-state concentration of oxygenated 
flavin species remains very low throughout the whole reoxida- 

t 

tion process, i.e. that its decay must be faster than its formation. 
The slopes of the primary plots of these data (not shown) are 
thus interpreted as corresponding to k9, (fast phase) and to k,9, 
(slow phase) (Table 2). 

Reaction of ABzCoA-complexed, fully reduced, ABzCoA- 
M/R with 0,. This reaction is complex and involves at least 
three different, spectrally discernible, steps (Fig. 9A and B). The 
initial spectrum (a) (Fig. 9A) obtained immediately upon mixing 
contains up to =5 % reoxidized enzyme species. During the very 
first phase of the reaction [spectrum (b) minus spectrum (a) in 
Fig. 9A, and (-) in Fig. 9B] the observed spectral changes are 
small, being characterized by an increase centered around 
463 nm and a decrease maximal at 369 nm. The rates of this 
phase measured at 454 nm are oxygen-dependent and have val- 
ues of 80-120 s-' in the range of 0.1-1.0 mM 0,. The subse- 
quent phase [Fig. 9A, spectra (b) and (c), Fig. 9B, (----)I is 
characterized by (re)formation of most of the original E - Fl,, 
absorbance and it is accompanied by the appearance of an ab- 
sorption maximum at =322 nm. This latter absorption is attrib- 
uted to formation of the hydroxylated and hydrogenated product, 
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Fig. 6. Time course of anaerobic reduction of ABzCoA-M/R by 
NADH in the absence (A) and presence of ABzCoA (B). (A). Condi- 
tions: enzyme (8.7 pM E- FAD) and 13.5 pM NADH (final concentra- 
tions) were made anaerobic separately in the presence of 20 mM glucose, 
2 U/ml glucose oxidase and 1 pg/ml catalase in standard buffer pH 7.4 
and mixed in the stopped-flow instrument at 4°C. The reaction was 
monitored with the fast-access mode (time resolution 1 ms). The time 
courses at 454nm and superimposed fits are shown on two different 
time scales. Arrows indicate the estimated absorbance of oxidized and 
reduced enzyme species. (B). Conditions as under A except that the 
enzyme was preincubated with ABzCoA. Final concentrations were 
9.7 pM E- FAD, 16.2 pM ABzCoA, 16.0 pM NADH 50 mM glucose, 
5 U/ml glucose oxidase and 4 pg/ml catalase. A two-exponential fit is 
superimposed on the time course of the spectral changes observed at 
454 nm. 
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Fig.7. Dependence of ABzCoA-MfR reduction rate on [NADH] in 
the presence and absence of ABzCoA. The reciprocals of primary data 
obtained from experiments such as described in Fig. 6A and B are plot- 
ted versus 1/[NADH]. The data points observed in the presence of 
ABzCoA are (0) for the fast phase and (0) for the slow (third) phase 
of reduction; those for the (fast) phase in the absence of ABzCoA are 
denoted by (A). Note that NADH for the slow phase is corrected for the 
amount of NADH consumed during the fast phase. The lines are the 
least-square fits of all data points with the exception of those for the fast 
phase at the lowest concentration of NADH in the absence of ABzCoA 
since in this case [NADH] = [ABzCoA-M/R] and thus pseudo-first-order 
conditions are not fulfilled. See text for further explanations. 

A(OH)H,CoA. This interpretation is based on comparison with 
the spectrum of purified A(OH)H,CoA, which is centered 
around 320 nm (Langkau et al., 1990). The formation of this 
species is [OJ-independent and has a rate ~ 1 . 3  s-' (= k , ? ) ;  the 
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Fig. 8. Time course of reoxidation of uncomplexed reduced ABzCoA- 
M / R  at varying [O,]. An anaerobic solution of ABzCoA-M/R (15.8 pM 
E -FAD before reaction) was reduced photochemically in the presence 
of 1OmM EDTA in standard buffer pH7.4 and at 4°C. The reduced 
enzyme was reacted in the stopped-flow instrument with solutions of 
oxygenated buffer which had been equilibrated with lo%, 21 %, 50% 
and 100% 0, at 4°C. Curve 1 is the spectrum obtained immediately 
upon mixing Ere, with 21 % 0, (10-20 ms from beginning of the reac- 
tion ; t = 0) ; the species contains some 5 - 10 % reoxidized enzyme. The 
following spectra 2-6 were recorded at 62 ms, 193 ms, 4.9 s, 26.2 s and 
>200 s after spectrum 1. The insert displays the time courses on two 
different time scales recorded at 454 nm for the reaction of E,, with 
204 pM (. . . . . .), 486 pM (---) and 971 pM (-) 0, (all final concen- 
trations). Traces for 97 pM 0, are omitted in order to facilitate compar- 
son. Note that the lower and upper sets of curves have different time 
scales to illustrate the [O,] dependence of the fast and of the slow phases 
of reoxidation. 

rate for the appearance of E - Fl,, measured at 454 nm is essen- 
tially the same. 

The point should be stressed that transfer of reducing equiva- 
lents from the El1 - Fl,, to an intermediate requires that the latter 
is formed from ABzCoA in a preceding step at a sufficiently 
fast rate, probably within the occurrence of spectrum (b) 
(Fig. 9A). This intermediate is assumed to be the non-aromatic, 
hydroxylated ABzOHCoA". Consequently the spectral interme- 
diate(s) represented by curve (b) should also contain a large frac- 
tion of the flavin-4a-hydroxide formed from the corresponding 
4a-hydroperoxide at the enzyme site E'. 

In order to verify this assumption we have monitored the 
course of the reaction fluorimetrically based on the observation 
that the protein-bound 4a-hydroxyflavin chromophore can be 
highly fluorescent (Ghisla et al., 1977; Detmer and Massey, 
1984; Maeda and Massey, 1993). The observed fast increase of 
fluorescence emission ( 4 0  s-', Fig. 10) shows essentially no 
[O,] dependence, occurs without an observable lag, and is as- 
signed to formation of the 4a-hydroxyflavin (Scheme 1, k,,,. 
From this it follows that substrate hydroxylation is essentially 
complete within =40 rns. Therefore, the absorbance changes oc- 
curring within this first, rapid phase, which lead to the interme- 
diate spectral curve (b) (Fig. 9A), represent a superposition of 
several steps involved in monooxygenation. In the terminology 
of Entsch et al. (1974, 1976) they are formation of E--1-4a- 
OOH (intermediate I), oxygen insertion into aromatic substrate 
(intermediate 11) and formation of E - F1-4a-OH (intermediate 
111). Inspection of the course of fluorescence emission (Fig. 10) 
and comparison with spectral intermediate (b) (Fig. 9A), which 
was recorded 130 ms after mixing, also confirms that the latter 
must contain a large fraction of E - Fl-4a-OH, i.e. intermediate 
111. It also explains the [O,] dependence of the initial, very rapid 
spectral changes (k  > 80 s-') and the subsequent independence 
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Fig. 9. Spectral course of the 0, (re)oxidation of reduced ABzCoA- 
M/R complexed with ABzCoA and detection of intermediates. Condi- 
tions: 20.6 pM E - FAD (before reaction) was made anaerobic in the 
presence of 10 mM EDTA, 100 pM protocatechuate and 0.46 m u  proto- 
catechuate dioxygenase in standard buffer pH 7.4; the solution was kept 
overnight at 4°C in order to remove traces of residual oxygen. After 
photoreduction, 32.8 pM ABzCoA was added which yields a ratio 
ABzCoA/(E - FAD)z = 3.2, and results in > 90% formation of the com- 
plex E, - ABzCoA. This solution was reacted with various oxygen con- 
centrations at 4°C (cf. legend of Fig. 8 for conditions). Spectra were 
recorded in the normal mode of the stopped-flow spectrophotometer 
(time resolution =I0 s). (A): Spectrum (a) is the first one obtained 
within 10 s upon mixing the reactants at a final concentration of 204 pM 
0,. This species does not show major spectral changes compared to 
E,, - ABzCoA implying the presence of mainly reduced flavin forms 
including 4a,5-dihydro-flavin derivatives such as the 4a-00H and 4a- 
OH adducts. In separate experiments relying on the photometer fast- 
access mode (time resolution 1.8 ms) the time courses at single wave- 
lengths were also recorded. The first absorption spectrum obtained this 
way was similar to that of E,,, - ABzCoA. Spectra (b), (c) and (d) were 
recorded after 130 ms, 6.7 s and at the end of the reaction, i.e. approxi- 
mately 10 min. (B) Difference spectra of absorbance changes occurring 
within the phases shown in panel A. Curve (-) represents changes oc- 
curring during the first phase (traces b-a; isosbestic points denoted by 
oblong circles) ; curve (- - -) (traces c-h, circle), and curve (- . . -) those 
of the third phase (traces d-c, squares). 

of the E - FlOH formation, the latter being the slowest step in 
this sequence at [O,] 20.1 mM. 

The rate of the subsequent decay of E - FlOH fluorescence 
(k,,=1.3 s-') corresponds to that of the absorbance increases in 
the 450-nm region which reflects E-Fl,, formation, as was 
found with other flavoprotein monooxygenases (Taylor and 
Massey, 1990). 

Enzymic conversion of A(OH)H,CoA to (aromatic) ABzOH- 
CoA. Of particular mechanistic significance are the spectral 
changes occurring in the third phase of the reaction depicted in 
Fig. 9 (spectra d-c in A, -. .- in B): In the spectral region 
/I > 400 nm the observed changes could reflect reoxidation of 
some residual E -Fl,ed. However, the major changes occur in 
the 320-nm spectral region and must therefore be connected with 
changes involving A(OH)H,CoA. While this species is known 
to be rather labile (Langkau et al., 1990), the observed, [OJ- 
independent rate (0.006-0.01 s?, measured at ,I = 445 nm) is 
far too high for a non-enzymic decomposition. On the other 
hand, this reaction is too slow by at least 100-fold to be relevant 
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Fig. 10. Time course of absorbance and fluorescence changes occur- 
ring during the first and second phases of reaction of the complex 
ERa- ABzCoA with 0,. Conditions and experimental setup as de- 
scribed in the legend of Fig. 9, with the following differences. Spectral 
and fluorescence changes were detected simultaneously using the pho- 
tometer in the fast-access mode at a scan rate of 1.8 ms. Fluorescence 
emission was recorded at 1 > 400 nm and excitation was with a halogen 
12-V/75-W lamp using either a BG24A or a NGIl  filter (Schott). The 
experimentally determined time courses are illustrated by symbols and 
are superimposed by fits (-) for biphasic reactions. See Table 2 for 
values. 
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Fig. 11. Spectral and time course of the reactions occurring post- 
catalytically and involving conversion of A(OH)H,CoA to ABzOH- 
CoA. A typical reaction was performed in a spectrophotometric cuvette 
at the same final concentrations of substrate, pH and temperature as de- 
scribed in Fig. 1. It was stopped at 4 8 0  s, when most spectral changes 
had ceased; formation of A(OH)H,CoA was almost stoichiometric com- 
pared to ABzCoA and NADH, and formation of ABzOHCoA was negli- 
gible. At this point 0.5 vol. of the reaction mixture was ultrafiltered 
(Centricon) to separate enzyme and this half was used as a spectral refer- 
ence. Difference spectra were then recorded at 4°C initially at intervals 
of 0.5 h, later of 2.0 h and up to 37 h (cf. insert). The spectra shown 
were recorded at 0.5, 3.0, 5.0, 9.0, 13.0, 19.0 and 37.0 h. Isosbestic 
points indicated by arrows are at 282 nin arid 343 nm. The insert depicts 
the time course of the absorbance changes occurring at 318 and 379 nm. 
The data points were fitted by a single exponential function (-) corre- 
sponding to a t,,* =I4  h at both wavelengths. 

for catalysis. This prompted a study of the fate of the product 
A(OH)H,CoA upon catalytic formation. 

First, conditions were worked out which allow the isolation 
of appreciable amounts of A(OH)H,CoA. A mixture of NADH 
(100 pM) and ABzCoA (50 pM) was reacted aerobically in the 
presence of 1.85 pM enzyme and the reaction followed spectro- 
scopically (Langkau et al., 1995) until it was complete ( 4 8 0  s). 
At this point all the NADH had been consumed with formation 
of essentially stoichiometric amounts of A(OH)H,CoA, and 
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Scheme 2. Sequences of substrates and product binding and dissociations in the ABzCoA-M/R-catalyzed conversion of ABzCoA at the 
enzyme sites E' and E". The exact points of dissociation of NAD' could not be determined experimentally, they were located as shown (- - -+) 
by comparison with the reaction of E" with MalNEt (Langkau et al., 1995) and by analogy with other hydroxylases in the case of E' (Husain and 
Massey, 1979; Strickland and Massey, 1973). The path of conversion of ABzCoA to A(OH)H,CoA is indicated by the bold line. 

A(OH)H,CoA , hydrogenation 
site E" 

NADH,, NAD+ 

I 
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without significant formation of the previously described (Lang- 
kau et al., 1990) aromatic side product, ABzOHCoA. Further 
incubation of this mixture lead to increasing formation of a prod- 
uct which is spectrally indistinguishable from aromatic ABzOH- 
CoA (Amax = 379 nm). To assess the role of ABzCoA-M/R and 
the fate of the reducing equivalents produced by this conversion, 
the same experiment was repeated with the following difference. 
Upon completion of A(OH)H,CoA formation, one part of the 
incubation was separated from protein by ultrafiltration within 
15 min at 4°C and placed in the reference cuvette of the spectro- 
photometer and the further course of the reaction was followed 
as described in the legend of Fig. 11. The results clearly show 
that the enzyme catalyzes the conversion of A(OH)H,CoA to 
ABzOHCoA, the observed difference spectra being compatible 
with decrease of the former and increase of the latter. Hence, it 
is deduced that oxidized ABzCoA-M/R dehydrogenates 
A(OH)H,CoA according to Eqn (3a). 

E - Fl,, + A(OH)H,CoA -t E - Fl,,, + ABzOHCoA (3 a) 

E - Fl,, + 0, + E - Fl,, + H,O, . (3 b) 

NAD' is not an acceptor since H,O, is formed according to 
Eqn (3b), the whole process representing catalytic turnover of 
A(OH)H,-CoA by the enzyme with 0, as electron acceptor. In 
agreement with this, HPLC-purified A(OH)H,CoA reacts with 
oxidized ABzCoA-M/R in the absence of NAD+. No (fast) 
spectral perturbations occur upon mixing with this compound in 
contrast to that which was observed upon binding of ABzCoA 
to either oxidized or reduced enzyme. The ensuing reaction con- 
sists in a continual decrease at 2 = 322 nm with a k,,<0.005 
s-' accompanied by an increase of absorbance in the 340-420- 
nm region, which corresponds to formation of aromatic ABzOH- 
CoA. The extent of final enzyme reduction ( ~ 1 5  %) corresponds 
approximately to that which is observed in the post-steady state 
part of Fig. 1. 

DISCUSSION 

General mechanism of action of ABzCoA-M/R. In the preced- 
ing paper (Langkau et al., 1995) it has been shown that forma- 
tion of the hydroxylated and reduced product, A(OH)H,CoA, 
occurs via the putative, non-aromatic, hydroxylated intermedi- 
ate, ABzOHCoA*, i.e. that monooxygenation precedes hydroge- 
nation (Langkau et al., 1990) (see also Scheme 1). Evidence for 
a stoichiometry of ABzCoA binding to ABzCoA-M/R = 0.5 : 1 
and for the existence of two different active sites E' and EL', each 
of which catalyzes either monooxygenation or hydrogenation 
was also presented (Langkau et al., 1995). 

All this taken together leads to the proposal that ACoA is 
converted to A(OH)H,CoA within one catalytic cycle, and that 
ABzCoA is oxygenated by the flavin site E' and subsequently 

hydrogenated at the flavin site E" as depicted in Scheme 1 which 
involves all detected catalytic steps and probable side reactions. 
The corresponding rate constants are listed in Table 2. Three 
fundamental postulates underlay the mechanism: (a) reactions 
proceeding at one catalytic site have negligible influence on the 
reactivity of the other; (b) the monooxygenation and the hydro- 
genation sites possess one FAD-binding and probably one 
NADH-binding pocket each, but (c) there is only one binding 
site specific for the aromatic CoA thioester, which is in contact 
with both flavin sites. 

The validity of the first postulate is supported by the possi- 
bility of performing the reductase activity of site E" indepen- 
dently from monooxygenation using MalNEt, while the hydrox- 
ylase activity of E' can be uncoupled when FAD is removed 
specifically from the hydrogenation site E" (Langkau et al., 
1995). The second, with respect to FAD, is supported by the 
experiments described earlier (Langkau et al., 1995), and two 
binding sites for NADH are also in agreement with the stoichi- 
ometry of static experiments (Buder et al., 1989) with the find- 
ing of two kinetically different phases of FAD reduction (Fig. 6), 
and also with the lack of rapid exchange of redox equivalents 
between the two sites. The third assumption is rather specula- 
tive; however, the only alternative would consist of two binding 
sites for ABzCoA which have strong negative cooperativity, 
which, for most mechanistic purposes, would be equivalent. This 
alternative, however, would also require a non-rate-limiting in- 
terchange of substrate between the two sites. 

Determination of reaction sequences from steady-state and 
rapid-reaction data. The present system is the first example of 
a flavoprotein-catalyzed reaction involving four substrates 
( 2  mol NADH, 1 mol ABzCoA and 1 mol 0,). The mechanism 
for monooxygenation site E' is proposed to be analogous to that 
being found with all other flavoprotein hydroxylases, namely a 
concerted-substitution mechanism, type IIb (Dalziel, 1969). The 
combination of the two processes is shown on Scheme 2. 

Steady-state analysis is consistent with the formation of 
the ternary Michaelis complex E' - Fl,, - ABzCoA - NADH 
(Fig. 2A), but does not provide information on whether 
ABzCoA and NADH bind in random or sequential order. The 
good agreement of the K,(ABzCoA),, values obtained from 
titration and rapid-reaction studies with the K, from steady-state 
experiments (cf. Table 2) is consistent with ABzCoA being the 
substrate first bound in a sequential mechanism. Since 0, does 
not react with oxidized flavin, E' - Fl,, - ABzCoA - NADH has 
to be converted to EL - Fl,,, - ABzCoA - NAD+ first. Whether 
0, reacts with the latter or with E' - Fl,,,-ABzCoA (k9, Scheme 
l) ,  i.e. upon dissociation of NAD+, cannot be decided from the 
present data. The NAD(P)+ release in flavin-dependent mono- 
oxygenases is generally fast with rates typically between 16- 
54 s-' and precedes reaction with 0, (Strickland and Massey, 
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Scheme 3. Mechanisms of formation of ABzOHCoA as a side product and comparison with the normal reaction of ABzCoA-M/R. Rearomati- 
zation (R) of the intermediate ABzOHCoA* proceeds only in the absence of intact holo-E". With integral and fully active ABzCoA-MR, hydrogena- 
tion (H) of ABzOHCoA occurs which is followed by two subsequent tautomerizations (TI) and (T,) to yield the physiological (primary) product 
A(OH)H,CoA. The post-catalytic dehydro genation of the latter is assumed to occur via (D). 
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1973: Husain and Massey, 1979: Detmer and Massey, 1984; 
Powlowski et al., 1989b). In analogy with these results we thus 
favor the second alternative. 

The rates of A(OH)H,CoA formation via hydrogenation of 
5H-2-imino-5-hydroxybenzoyI-CoA [ABzOHCoA*] monitored 
by the increase of absorbance at /232Znm (k,,=1.3 s-I) is coinci- 
dent with the appearance of E - FI,, and the decay of the fluo- 
rescence emission of E - Fl-4a-OH). This is consistent with the 
stabilization of the flavin 4a-OH species by the bound product 
and a subsequent fast decay upon release of product as found, 
for example, with phenol hydroxylase (Maeda-Yorita and Mas- 
sey, 1993). For hydrogenation (step ,&) ABzOHCoA" has to 
interact with the E" site as denoted by the (---) line in Scheme 
1. Whether this involves moving ABzOHCoA" from the E' to 
the E" site, as denoted by the arrow interconnecting the E' and 
the E" sites in Scheme 2, or an equivalent process such as a 
conformational change, cannot be decided from the present re- 
sults. In summary, the overall mechanism of ABzCoA-M/R ap- 
pears to be consistent with Scheme 2,  which is a simplification 
of Scheme 1. 

Identification of single steps. The equilibration observed upon 
binding of ABzCoA to E - Fl,, is attributed to an interconver- 
sion of E - Fl,, - ABzCoA and E* - FI,, - ABzCoA (k3, k,, 
Fig. 4) and is assumed to correspond to a conformational 
change. Only upon formation of the latter species can efficient 
reduction of site E' by NADH occur (compare k, and k,a, Table 
2). A similar conformational change has been postulated for 
anthranilate hydroxylase (Powlowski et al., 1989a, 1989b). In 
contrast to the noticeable effect on E', the presence of ABzCoA 

H O V  

@ ABzOHCoA 

4 

does not cause significant changes on the rate of reduction of 
site E" by NADH (Fig. 7). 

Binding of ABzCoA to E-Fl,, is a one-step reversible 
equilibrium. The results of Fig. 5 (inset) are consistent with the 
Kd value of Gl.8 pM determined previously by static. titration 
(Table 1). Since reduction of uncomplexed E' - Fl,, by NADH 
(k7J is very slow, it follows that the path over k7ai and k,, is not 
relevant for catalysis. Conceivable nonproductive side reactions 
are unlikely to play any role since k9 is very fast (180 s? at 
[0,]20.1 mM) compared to k,, which has a rate S5 s-' (Fig. 5 ,  
insert). The 0, reactivity of E' - FI,,, - ABzCoA (k,) is at least 
104-fold higher than that of El1 - Fired (kI9& This is as expected 
in view of the different functions of the two sites. 

From the results depicted in Figs 9 and 10 it is clear that 
all steps involved in monooxygenation of ABzCoA are largely 
complete within =40 ms ( k ,  ,280 SS'). The primary oxygenated 
flavin species formed from an assumed E' - FI,,, - 0, - ABz- 
CoA encounter complex, although not observable, is proposed 
to be the flavin 4a-hydroperoxide (corresponding to 'intermedi- 
ate 1': Entsch et al., 1974, 1976). Since the rate of appearance 
of the fluorescence of the flavin 4a-hydroxide is 2 8 0  s-' at the 
lowest [O,] used (0.1 mM), and since there is no lag phase (in 
this appearance), all previous steps must be at least as fast and 
the minimal rate for binding of 0, to E' - FI,, - ABzCoA (k,) 
must be 2 8  . 10-5M-' s?. During the hydrogenation of ABz- 
OHCoA* to A(OH)H,CoA there is no indication that the former 
dissociates from E' and subsequently rebinds to E". This is in 
agreement with a single CoA thioester binding site shared by EL 
and EL'. If dissociation followed by rebinding was to occur, the 
latter would be a second-order process and a dependence of turn- 
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over on the enzyme concentration might be expected, as well as 
competition with binding of excess substrate ABzCoA. Experi- 
mental results contradict the last assumption : turnover rates ob- 
tained from steady state ([E]=10-7 M) are very similar to the 
values obtained from rates determined in stopped flow experi- 
ments ([E]=10-' M) and no effect of ABzCoA on the ratio of 
hydrogenation ( k J  versus formation of the aromatic side prod- 
uct, ABzOHCoA, was observed. 

Comparison of steady-state and rapid-reaction data. In the 
following the rates obtained from stopped-flow measurements 
(Table 2) are compared with the corresponding terms derived by 
the method of Cleland (1975) for the catalytic setup of Scheme 
1, with the two pathways of sites E' and E" interacting very 
rapidly, and with rate determined by the rate of reduction of site 
E" by NADH (k1,J. The steady-state rate equation, expressed 
in the formalism of Dalziel (1969) yields the various kinetic 
parameters (@) listed in Table 1. 

Support for the validity of the overall mechanism comes 
from the good agreement of the substrate-dependent kinetic co- 
efficients derived from rapid-reaction data with those resulting 
from turnover measurements as listed in Table 1. 

Mechanistic conclusions. In an earlier paper (Langkau et al., 
1990) the formation of ABzOHCoA under NADH-limiting con- 
ditions was formulated as a side reaction originating at the locus 
of a common primary oxygenated intermediate, and due to its 
impaired hydrogenation. Occurrence of a (re)aromatization of 
ABzOHCoA* (step R, Scheme 3) was indeed confirmed in ex- 
periments, where approximately 90% of the flavin had been re- 
moved specifically from the hydrogenation site E", leaving E' in 
an active form (Langkau et al., 1995). The present results, how- 
ever, indicate that the predominant path for formation of 
ABzOHCoA with intact holo-ABzCoA-M/R consists in the 
dehydrogenation of A(OH)H,CoA. This is assumed to occur due 
to the practical irreversibility of the reactions represented by 
Eqns (3a) and (3b). 

We have shown (Langkau et al., 1995) that in the catalytic 
turnover of [5-2H]ABzCoA with NADH and oxygen small 
amounts of H,O, are formed which are not perceptible during 
the reaction with unlabelled ABzCoA. This suggests a substan- 
tial isotope effect for the first tautomerization (T,) of the primary 
hydroxylated and hydrogenated intermediate, A(OH)H,CoA** 
(Scheme 3). If the life time of this species is enhanced in the 
case of the deuterated substrate, a noticeable partitioning be- 
tween path (TI) and (D1) might occur, whereas with unlabelled 
ABzCoA the dehydrogenation to ABzOHCoA would be negligi- 
ble at this stage of the reaction. Our data do not provide direct 
information on the mode of oxygen transfer from the flavin 4a- 
hydroperoxide to the substrate, although they are consistent with 
the mechanisms discussed by Rietjens et al. (1994) and Veeger 
et al. (1994). On the other hand, the hydrogenation (step H) is 
an efficient, internal trap of the primary oxygen insertion prod- 
uct, the structure of which must consequently be that of a non- 
aromatic, 5-hydroxylated-cyclohexadiene (Scheme 3, structures 
in the large brackets). This is in full agreement with the recent 
structural proposal for intermediate I1 involved in flavin-depen- 
dent hydroxylations by Maeda-Yorita and Massey (1993). 

The present data, together with information from previous 
work (Fuchs et al., 1994), indicate that ABzCoA-M/R discloses 
a novel pathway located between aerobic and anaerobic cata- 
bolic pathways of anthranilate catabolism by facultative anaero- 
bic Pseudornonas strains. In this a novel type of mechanism ap- 
pears to be operative in which the resonance energy of the aro- 
matic substrate is overwhelmed by a combination of oxygena- 
tion and hydrogenation. 
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