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The monooxygenase, p-hydroxybenzoate hydroxylsse (4-hydroxybenzoate, NADPH:oxygen oxidoreductase (3-hydrox-
ylating), EC 1.14.13.2) has been isolated and purified from Pseudomonas aeruginosa. The reaction catalysed is linked to
the pathways for degradation of aromatic compounds by microorganisms. The enzyme has been quantitatively
characterized in this paper for use in the mechanistic analysis of the protein by site-directed mutagenvsis. This can be
achieved when the results presented are used in combination with the information on the sequence and structure of the
gene for this protein and the high-resolution crystallographic data for the protein from P. fluorescens. Tie protein is a
dimer of identical sub-units in solution, and has one FAD per polypeptide with a monomeric molecular weight of 45000.
A full steady-state kinetic analysis was carried out at the optimum pH (8.0). A V,,, of 3750 min~' at 25°C was
calculated, and the enzyme has a concerted-substitution mechanism, involving the substrates, NADPH, oxygen, and
p-hydroxybenzoate. Extensive analyses of the reactions of reduced enzyme with oxygen were carried out. The quality of
the data obtained confirmed the mechanisms of these reactions as proposed earlier by the authors for the enzyme from
P. fluorescens. 1t was found that the amino acid residue differences between enzyme from P. flucrescence and
aeruginosa do marginally change some observed transient state kinetic parameters, even though the structure of the
enzyme shows they have no direct role in catalysis. Thus, transient state kinetic analysis is an excellent tool to examine

the role of amino acid res*dues in catalysis.

Introducti. m

The monooxygenase, p-hydroxybenzoate hydroxyl-
ase (4-hydroxybenzoate, NAD*"1:0xygen oxidoreduc-
tase, (3-hydroxylating), EC *.- %.15.2}, has been isolated
from the Pseuaomonads, ™ - ...monas fluorescens [1]),
P. putida (2] and P. desmolytica [3] ¢! recently fiom
the unrelated organisim, Coryrebacter.um cyclohexani-
cum [4). This enzyrae is linked tc the pathways for the
degradation of aromatic compounds such as lignin in
soils. The reaction product, protocatechuate, feeds into
the B-ketoadipate pathway and can act as the sole
carbon source for these organisms. This pathway has
been studied extensively in P. putida and P. acruginosa
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pOHB, p-hydroxybenzoate; 2,4-DOHB, 2,4-dihydroxybenzoate;
pNH,B, p-aminobenzoate.
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[5,6}, and the latter organism is now the model for the
genetics of Pseudomonad: [7].

The hydroxylase from P. fluorescens has become the
prototype for understanding the reaction mechanisms of
a wide range of monooxygenases containing only flavin
as the prosthetic group [8,9]. A vigorous debate about
the mechanism of the hydroxylase continues in the
literature [10,11], and has been further stimulated by the
completion of refined structures of the =nzyme (at 1.9 A
resolution [12]). It is still not clear (from the pictures of
the active site) just how the protein side-chains are
involved in the reaction. We decided to investigate this
function by using site-directed 1uutagenesis.

P. aeruginosa was chosen as the source of the gene
fcr the enzyme. This organism is closely related to P.
fluorescens, based upon the analysis of rRNA [13].
Thus, we hoped for some useful information from a
comparison of protein seauences which had been sub-
jected to limited differential selection pressure. In ad-
dition, it was sensiblc to relate any genetic information
to the body of knowledge about P. aeruginosa. The
complete sequence of the gene pobA from P. aeruginosa
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has been published [14}. The gene for the protein from
P. fluorescens has not been studied. The protein se-
quence derived from the DNA sequence showed three
changes compared to the protein sequence (from peptide
analysis) published for the enzyme from P. fluorescens
{15). This is a very strong conservation of sequence even
for closely related organisms. One putative change may
not exist, based on the correction of the protein se-
quence published in 1986 [16) and the remaining dii-
ferences are both in the domain of the enzyme that
binds p-hydroxybenzoate. This close homology enabled
the structure of the P. aeruginosa enzyme to be predic-
ted by analogy to the refine structure for the enzyme
from P. fluorescens.

As a foundation to a planned programme of site-di-
rected mutagenesis, it was essential to establish the
quantitative properties of the wild-typc enzyme from P.
aeruginosa. This paper reports an improved purification
and basic properties of the enzyme from P. aeruginosa.
It thus establishes the close similarity (implied from
genetic analysis) of the protein to that from P. fluor-
escens. The oxygen reactivity has been determined in
some detail, since this is the aspect of the reaction
mechanism which is the target for analysis. Subtle dif-
ferences in the properties of these molecules are dis-
cussed in relationship to their amino acid sequences.

Materials

The following compounds were purchased from com-
mercial sources and then purified by recrystallization:
pOHB, 24-DOHB, 6-hydroxynicotinate, p-amino-
benzoate. Th following compounds were used as ob-
tained from the convmercial supplier: FAD, NADPH
(type 111, enzymatically reduced), acrylamide and bis-
acrylamide, sodium dithionite and sodium azide, pro-
tein standards for molecular weight determination (for
denatured and native protein analysis), and deoxyribo-
nuclea:e I from Sigma Chemical Co; and ammonium
sulphate (enzyme grade) from BDH Chemicals. Analyti-
cal gas mixtures of oxygen with nitrogen were supplied
by Matheson in the U.S.A. and by C.L.G. in Australia.

The following materials for protein chromatography
were used: hydroxylapatite (Bio-Gel HT) was from
Bio-Rad Labs.; DEAE-cellulose (DE-52) from What-
man; Sephadex G-25, Sephacryl S-300, and Blue Seph-
arose from Pharmacia.

Methods

Cell growth

Enzyme was obtained from Pseudomonas aeruginosa
PAOL. This strain was isolated by Holloway and has
been described in great detail [7]. A sub-culture of this
organism (PAO1C) was kindly supplied by Professor
R.H. Olsen, University of Michigan Medical School.

Cells were stored at —70°C for long periods, and
were revived by plating at 25°C for 2 to 3 days on a
minimal medium with pOHB as the source of carbon.
For enzyme preparations, cells were grown by a con-
tinuous culture technique. A vessel containing 400 to
500 ml of medium was stirred vigorously at 32°C and
supplied with oxygen-enriched air. The culture was kept
at a constant volume while medium was exchanged at
150 ml-h™'. Analysis <howed that the culture was
variably limited by O, and pOHB. The medium con-
taned the following chemicals i g - 17': NH,NG, (4.9),
NH,CI1 (1.0), MgSO, - TH.0 (0.22), K,HPO, (3.5), and
p-hydroxybenzoic acid (> 3). The pH was adjusted to
7.0 with NaOH. Iron was supplied as the EDTA com-
plex (0.5 mg-17!), and micronutrients were added as a
standard mixture containing Cu, Zn, Mn, Ca, Co and
Mo salts. The culwure could be maintained for several
days, and cells were harvested daily from a storage
container at 2°C. The yield was 7 to 8 g wet cells per 1
(or about 30 g cells per day).

Enzyme assay

The enzyme was routinely assayed spectrophotomet-
rically as described previously [17]. Optimum rates were
obtained with the following buffers: Tris-SOZ~, Tricine,
and Hepes (sodium salt) between 20 and 40 mM in
solution. In some steady-state kinetic analyses, the en-
zyme was assayed by the rate of cousumption of O, in a
Hansatech oxygen electrode vessel. Reaction conditions
were the same as for the spectrophotometric assay.

Purification of enzyme

The enzyme from P. aeruginosa was prepared by a
combination and modification of past procedures pub-
lished for the enzyme from P. fluorescens {18,19]. Since
the procedure is different from either published method,
it is summarized below.

The method was arranged for 50 to 100 g wet weight
of cells. Cells were thawed with 2 vol. of extraction
buffer (50 mM potassium phosphate, 0.5 mM EDTA,
0.5 mM pOHB (pH 7.0)) and 5 mg of deoxyribo-
nuclease was added. The suspension was sonicated rin
ice with the temperature always under 16°C until en-
zyme activity reached a maximum (in about 3 min).
After addition of a further 2 vol. of extractior buffer,
the mixture was centrifuged at 30000 X g for 30 min at
2°C. The supernatant was siphoned off and solid AS
added to bring the solution to 43% saturation at pH 7.0.
After equilibration to 15°C, the mixture was centri-
fuged at 30000 X g for 20 min at 15°C. Chromatog-
raphy was most effective at room temperature with no
loss of enzyme. The supernatant was loaded onto a
column of DEAE-cellulose (bed volume, 1.5-times origi-
nal cell mass) equilibrated with running buffer (25 mM
potassium phosphate, 1.0 mM EDTA, pH 7.0) with 45%
saturation of AS, all at approx. 20°C. The column was



then washed with 2 vol. of the same solution. The
enzyme fraction was then elu.ed with running buffer
containing 32% saturation of AS. A <slow flow rate at
elution flushed the enzyme off the column in about 2
bed volumes. Active fractions were combined and pro-
tein was precipitated by adding AS to a final concentra-
tion of 75% saturation at pH 7.0. The mixture was
cooled to 2°C and centrifuged at 15000 X g for 10 min
at 2°C. The protein was redissolved in affinity buffer
(10 mM Tris-maleate, 0.3 mM EDTA (pH 7.0), volume
approx. 0.5 original ceil mass) and dialysed against
affinity buffer at 4°C to remove the AS. The dialysed
solution was centrifuged to remove protein precipitate,
and then loaded onto a column of Blue Sepharose (bed
volume about the same as the original cell mass) equi-
librated with affinity buffer at about 20° C. The column
was washed with 1 vol. of affinity buffer. Protein was
eluted with affinity buffer containing a gradient of
0-0.3 M KCl (about 4 bed volumes). The fractions
containing enzyme were combined and loaded onto a
column of hydroxyapatite (bed volume, 30-40% of the
original cell mass) equilibrated with 7 mM potassium
phosphate buffer (pH 7.0) at 20°C. The column was
washed with 2 vol. of 8 mM potassium phosphate (pH
7.0), then the yellow enizyme band was eluted by flush-
ing the column with 48 mM potassium phosphate (pH
7.0). Fractions containing para-hydroxybenzoate hy-
droxylase with an absorbance ratio for 280,/450 nm of
<10 were used for experimental purposes. The com-
plete preparation takes 2 days if organized correctly,
with yields of at least 50%.

Enzyme can be stored indefinitely as a concentrated
solution (>2 mg-ml™') in 50 mM potassium phos-
phate, 0.5 mM EDTA (pH 7.0) at —-70°C. High purity
enzyme (> 95% protein as active enzyme) was prepared
by re-cycling the fractions above through the affinity
column and the hydroxyapa...c column. With the stan-
dard assay, pure enzyme has a molecular activity of

TABLE I

Purification of enzyme
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2900 to 3000 min~ !, when an extinction value of 11.3
mM™'-cm ™! is used for absorbance at 450 nm.

Prorein electrophoresis

Enzyme properties were examined in rod gels under
denaturing (10% acrylamide, sodium dodecyl sulphate)
and native (8% acrylamide) protein conditions. Molecu-
lar weight was estimated under denaturing conditions.
Procedures were taken from Chapter 1 of the laboratory
manual by Hames and Rickwood [20].

Transient state analyses

The procedures used to study the catalytic pathway
of the enzyme by stopped-flow spectrophotometry were
described in the paper by Entsch, Ballou, and Massev
concerning the mechanism of the enzyme from P. fluor-
escens [17]. Analysis of 1caction traces and calculation
of rate constants and spectral species are described in
Ref. 17. A further refinement of data reduction (used in
this paper) was possible with the equations to solve the
parameters in a reaction with three consecutive steps in
such systems [21]. The equipment used was a swpped-
flow spectrophotometer designed by Ballou [22] for the
study of enzymes under anaerobic conditions. The spec-
trophotometer had a digital data recording system.

Results

Purification of enzyme

The purification procedure used was a combination
and refinement of published methods for the prepara-
tion of enzyme from P. fluorescens, as described in
Materials and Methods. Thus, with only modest
amounts of cells, tlie procedure was optimized to yield
approx. 100 mg of enzyme. The fate of enzyme during
purification is shown in Table 1. P. aeruginosa pro-
duced a high level of enzyme when growing on pOHB

A total of 60-62 g (wet wt.) of packed cells were accumulated from continuous culture over 2.5 Lays. Ce ts were snap frozen in liquid nitrogen 2ad
stored at —70° C before extraction. Purification was carried out as described in Methods.

Stage in purification Volume Protein Activity Spec. Act. Recovery Purification
(mb) (mg) (units) (units-mg ™ 1) %) (-fold)

Supernatant from sonication 286 4720 7970 * 1.7 100 1

Supernatant from 43% AS 315 2760 7220 26 90 1.55

Eluate from DEAE-cellulose 238 915 5710 6.2 72 37

After dialysis 55 840 5500 6.55 69 39

Eluate from Blue Sepharose 54.5 172 5040 29 63 17

Eluate from hydroxyapatite 31 98 4800 49" 60 29°

* This value translated to enzyme approx. 1.5% of total czll protein.

% At these values, the enzyme was 80% of the protemn prescui. Pure enzyme has a specific activity of 62 to 63 (based on flavin content and
moleculai weight). Pure enzyme was obtained by cycling the product through the last two steps of the purification. with collection of peak

fracticns.
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ag carbon source {approx. 1.5% by weight of the total
cellular protein). At the end of the purification shown in
the Table, the enzyme was 80% of the total protein
present (the remaining 20% was other proteins). The
preparation was stable and suitable for most experimen-
tal work (there were no other components that inter-
fered with measurement of the flavin of the enzyme).
When needed, pure enzyme was obtained by recycling a
sample of the preparation through the last two steps in
the regular procedure (see Table I), with careful selec-
tion of only the cleanest enzyme fractions.

With handling and use, the enzyme preparation de-
veloped inactive forms, based on the specific activity
per unit flavin present. This material could be returned
to a fully active sample by passage through a small
column of hydroxyapatite, as used in the last step in the
purification procedure.

Molecular properties

The enzyme was subjected to electrophoresis under
denaturing conditions in polyacrylamide gels, and its
mobility was compared to both the same enzyme from
P. fluorescens, and to molecular weight standards. Since
the enzyme sampies had the same mobility within ex-
perimental error, the unknown had a single polypeptide
with an estimated molecular weight of 45000, The exact
molecular weight of the polypeptide from P. fluorescens
is 44320, as obtained from the amino acid sequence
[15). The molecular weight of the polypeptide from P.
aeruginosa, as calculated from the nucleotide sequence
[14], is 44, 324. When electrophoresis was carried out
under non-denaturing conditions, the enzyme slowly
lost the flavin cofactor (which migrates faster). The
apoprotein gradually precipitated in the gel, as shown
by the smear of protein down ihe gel upor: stzining.

The flavin cofactor was found to be FAD, afier
analysis of the protein-free cofactor by HPLC [23]. An
estimation was made of the dissociation constant for the
flavin-protein complex. Concentrated enzyme solution
was diluted to 2.0-10"® M at pH 8.0 and 25°C with
standard assay buffer. It was assayed at this concentra-
tion by the addition of a mixture of pOHB and NADPH.
The activity of samples was measured at times from the
moment of dilution until an apparent equilibrium was
reached (after about 5 min). An estimate was made of
the dissociation constant based on the assumption that
the rate of association and dissociation of FAD with
enzyme was slow compared to the time required to
measure the catalytic activity of holo-enzyme. Under
the conditions of the experiment, enzyme regained full
activity upon addition of a large excess of FAD. A
value of 5 to 6-10~? M was obtained for the apparent
dissociation constant. Miiller and Van Berkel [24] ob-
tained an apparent constant of 4-10~% M for enzyme
from P. fluorescens. However, they used separate pre-
parations of apoprotein and FAD, and had 0.1 M

phosphate and pOHB in the incubation solution. The
enzyme specifically uses NADPH rather than NADH as
electron donor substrate for the reduction of oxygen to
the peroxide level.

The pure enzyme is stable at 40 °C (pH 8.0), but has
a measurable rate of denaturation at 50 ° C over 30 mun.
The rate of decomposition at 50°C was slower in the
presence of pOHB. The enzyme was also stable at 25°C
over a pH range of 5.5 to 8.5. Slow denaturation was
observed at pH 4.5 and 9. These observations are in
agreement with the comprehensive new data published
for the effects of temperature on the enzyme from P.
fluorescens [25).

The behaviour of the enzyme in solution was ex-
amined by chromatography on a column of Sephacryl
S-300, with a running buffer of 0.2 M Na,SO,, 50 mM
phosphate as the potassium salt, and 0.5 mM EDTA
(pH 7.0). These conditions were necessary to maintain
the native enzyme mostly intact, and to compare be-
haviour with that of the enzyme from P. fluorescens
{19). At 23°C, both enzymes behaved in a similar
manner. Most of the enzyme ¢luted as a single peak, but
the enzyme from P. fluorescens had a secondary peak in
front of the main peak, as described by Miiller and
co-workers [19]. The molecular weight of the molecule
from P. aeruginosa was estimated by reference to stan-
dard proteins to be 75 000 + 5000 (well above the mono-
meric molecular weight). The published value for en-
zyme from P. fluorescens is 79000 + 3000 [19]. New
work just published for the protein from P. fluorescens
[26] has established that the principal peak eluted from
Sephacryl S-300 is the dimer seen in the crystallographic
structure. The low molecular weight estimate may be
due to the elongated shape of the dimer. Smaller en-
zyme peaks eluted before the dimer are due to larger
aggregates of the polypeptide — due to chemical changes
at Cys-116 after isolation. Thus, 1t is likely that the
enzyme from P. geruginosa is also a stable dimer in
solution, based on the results with Serhacryl.

Steady-state kinetics

The properties of the enzyme under study are very
close to the extensively analysed enzyme from P. fluor-
escens. The enzyme required an aromatic substrate or
analogue to stimulate the oxidation of NADPH.
Turnover rates from assays (at pH 7.1, 25°C) with
pOHB, 24-DOHB, pNH,B, and 2-hydroxypicolinate
were almost identical to those measured for the P.
fluorescens enzyme. The optimum pH for turnover with
pOHB was 8.0 to 8.1, with Hepes or Tris-SO;™ as
buffer (with a broad maximum).

The dependence of the reaction on natural substrate
conceatrations was studied at pH 8.0, with systematic
variation of the concentrations of pOl1B, NADPH, and
oxyger. The pattern of reciprocal piots obtained for
velocity against substrate concentration was qualita-
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tively identical to that published for the enzyme from
P. fluorescens [27,28). This established that the reaction
pathway is the same for both enzymes. In the terminol-
ogy of Dalziel [29}, the enzyme has a ‘concerted-sub-
stitution mechanism’ illustrated by the reaction pathway
in Scheme L

The basic features of the mechanism are first the forma-
tion of a ternary enzyme complex with NADPH and
pOHB. After this, the FAD of the enzyme is reduced by
NADPH, and the NADP™ is released from the enzyme.
The reduced enzyme in complex with pOHB then reacts
with oxygen, followed by liberation of product, 3,4-di-
hydroxybenzoate, and returr: of the original form of the
enzyme. The parameters obtained for each substrate
from the reciprocal plots are shown in Table II. The
values represent the optimum parameters for the en-
zyme at 25°C. Previous analyses of substrate kinetics
for any preparation of p-hydroxybenzoate hydroxylase
have not been under optimum conditions. The results
recorded in Table II yield a calculated V,,, of 3750

min~L

Oxygen reactivity (transient state analyses)

Detailed accounts of oxygen reactions with the en-
zyme from P. fluorescens (using transient state analyses)
have been published previously [17,30,10]. An im-

TABLE i1
Steady-state kinetic parameters for enzyme with pOHB as substrate

Paiamcters for the equation below were calculated from intercepts
and slopes of secondary plots of initial rate data treated as described
by Dalziel [29] for a three-substrate reaction, and specifically for
p-hydroxybenzoate hydroxylase by Husain and Massey {28). The
values apply to optimum conditions for the enzyme (33 mM Tris as
the SO7~ salt, 0.5 mM EDTA (pH 8.0) at 25°C)

PHOHB - NADPH

$poHB onappH |, POy
[FOHB] - [NADPH]

*%** [ronB] * NADPH] * [0;]

Coefficient in  Measured Substrate  Michaelis
equation value constant

" 2.67-10"* min - -

JpoHB 290-107° M-min  pOHB 1.09-107° M
DNADPH 6.2-10"% M-min NADPH 2.32-107°M
do, 9.9-107° M-min 0, 371-107° M
%OHB-NADPH 1.45'10_13 Mz-min - -

2 Vm=%0-=3750 min ! (V. is the maximum velocity of the

reaction at infinite concentrations of all three substrates).
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portant practical consideration was the early demon-
stration that hydroxylation of substraie occurs when
oxygen reacts with a complex of reduced (FADH™)
enzyme and pOHB which has remarkable kinetic stabil-
ity [17). The effective procedure for study is to isolate
the oxygen reactions of the catalytic cycle from the
reduciive segment. This has been accomplished by re-
ducing the enzyme flavin stoichiometrically with sodium
ditkicnite before reaction of the substrate complex with
oxygen. The reaction is monitored by stopped-flow
spectrophotometry over a range of wavelengths suitable
to characterise the FAD, and in some cases, the sub-
strate. The vast majority of studies of this reaction have
been carried out at pH 6.55 and 2 to 4°C. These
conditions were found to be optimum for the detection
and analysis of the transient phases of the reactica. The
original conclusions about the mechanism of the reac-
tion from stopped-flow spectrophotometry [17] have
been largely confirmed in many subsequent studies (see
review by Ballou [8]).

If the enzyme from P. aeruginosa was to be used for
genetic/structural analyses, then it was essential to
compare its transient state kinetic behaviour quantita-
tively with the enzyme from P. fluorescens under the
same conditions. Amino acid substitutions ir the pro-
tein could change the kinetic parameters of catalysis in
unexpected ways. In this study, we chose to examine the
reactions with the natural substrate (pOHB), with 6-hy-
droxynicotinate (known to stimulate turnover without
product formation), and with 24-DOHB (a substrate
which emphasizes the transient states in the catalytic
process).

Upon mixing the reduced substrate-free enzyme with
oxygen, the flavin changed from the reduced spectrum
to the oxidised spectrum in a single, pseudo-first-order
reaction. Oxygen dependence of this monophasic reac-
tion showed that it was a reversible second-order pro-
cess. The rate constant measured for this reaction is
recorded in Table I1I with the same measurement for
the enzyme from P. fluorescens. There was no stabiliza-
tion of an oxygenated flavin in the reaction as there is
in the presence of substrate. It is now known that there
are many differences in the active site arrangement of
amino acid groups in the presence and absence of
substrate [31). The reaction product was H,0, by anai-
ogy with earlier results with this enzyme.

In the next series of experiments, the enzyme was
reduced with dithionite as above, and then mixed with
6-hydroxynicotinate. The binding of this substrate ana-
logue to the enzyme was followed at 375 nm. The
cbserved rate of association was 53 M~1-s7! at 2°C.
The dissociation constant was determined from the
equilibrium changes in absorbance with different con-
centrations of hydroxynicotinate ~ Ky 1.6-107* M at
2°C. Thus, the dissociation rate constant was calculated
to be 8.5-1072 s~ 1. These rates of exchange are so slow
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TABLE 1
Summary of rate constants in oxygen reactions from transient siaie analyses

Reactions were carried out as outlined in Methods and Results. Final solutions contained 50 mM phosphate as the potassium salt, 1 mM EDTA
(pH 6.55). Each substrate or analogue was present in sufficient concentration to saturate the active site of reduced enzyme. Reactions were initiated
by the mixture of reduced enzyme with oxygenated buffer in the stopped-fiow apparatus. Temperature was slightly different with each reaction and
is listed for each set of rate constants. Results obtained in the past for enzyme from P. fluorescens {17) are presented in parentheses. Each rate
constant in the body of the table is the mean of multiple measurements taken under the conditions of each rcaction. The relative error in all cases is
such that the true values should be within +5% of the mean (greater than two standard deviations).

Temperature M st Reactions and rate constants
°0 s*? 57!
L FADH @ FADHOOH ® Fa0
3 .o,zs\ " € — s +H0,
o}”
18 256-10" Fost Fast
40) (2.5%.10% (Fast ) (Fast)
FADH™ FADHOOH cAD
L ¥ S 3 —_— + 10,
NICO NICO NICO
1.8 212-10° 87
(5.0 (1.82-10% 10.7)
FADH™ FACHOOH FADHOH FoHB FAD
E + 0, %€ — E/ E/ ¢ HO+P
POHR POHB \p \pOHB
20 2.73.10° 45 139
(35) {2.60-10% (48) (14.5)
FADH" FADHOOM® FadHOR [ DOHE.AD
E< . o,;:_"s/ o > E/ E/ +H,0+P
2,4-D0MB 2,4-DOHB N P 2,4-DOHB
15 5.9.10° 215 070 5! C124 s
(3.8) 14.8.10°) (30} (103 5 0.075 s™)

* The primary interaction with oxygen is thought to be formation of a radical pair [8]. This may be a reversible, second-order reaction which occurs
in all reactions in this column, but has been left out for convenience.

® The formation of a peroxyflavin is implied in this reaction, and was not detected because the rate constant for decay was larger than the
preceding rate constants. This intermediate has been detected on the reaction path under special conditions [17].

© When 2.4-DOHB was the substrate used, the peroxyflavin decayed by two divergent paths. One fraction (76%) formed hydroxylated product, and
the remainder (24%) formed H,0, and no product. Similar observations have been made with the enzyme from P. fluorescens [17).

9 The symbol II is used to refer to the high absorption intermediate (see Fig. 4), which may be a free radical pair between flavin and oxygenated
substrate [33).

Special abbreviations used in this Table: Nico, 6-hydroxynicotinate; E, enzyme; P, product (oxygenated substrate).

that the analogue could not exchange with the reduced The reduced enzyme in complex with 6-hydroxy-
enzyme in normal catalysis. This observation confirms nicotinate was reacted with oxygen (note that this com-
the kinetic stabilization of the complexes of reduced pound was not hydroxylated by the enzyme). The reac-
enzyme with substrate, which has been examined in tion was biphasic. The first phase was oxygen depen-
detail for the enzyme from P. fluorescens [17). The dent.t and the second phase was not. The rate constants
physical explanation for this slow binding phenomenon measured for these reactions are recorded in Table I1I.

remains elusive. The X-ray crystallographic data pro- The dependence of the reactions on wavelength was
vided by Schreuder [12] show no apparent difference in analysed to calculate the true spectrum of the transient

the aciive site of the enzyme between oxidised and flavin species defined by these consecutive reactions,
reduced enzyme complexes. However, the rate constant and recorded in Fig. 1. This pattern is analogous to the
for binding to oxidised enzyme is a factor of 10° greater reaction of the enzyme from P. fluorescens, and the

than that for binding to the reduced enzyme. intermediate species must be the flavin C-4a hydro-



peroxide. The stability of the putative hydroperoxide is
influenced by pH in this complex - ai higher pH (9.0),
the peroxide decomposes much more rapidly, and is
barely detectable in the reaction.

The next stage in analysis was to follow the reaction
of reduced enzyme with oxygen when the natural sub-
strate was hydroxylated. In this case, the absorbance
changes were readily interpreted as representing three
consecutive reactions. The first reaction in time was like
those in the preceding cases — oxygen dependent. This
dependence upon oxygen was studied over the widest
concentration range experimentally possible (see Fig. 2).
There was a clear linear relationship between observed
rate and oxygen concentration, with the line of best fit
showing a finite intercept on the Y-axis (Fig. 2). This
result is consistent witk. a second-order reversible reac-
tion with oxygen to form a complex [32]. This complex
is experimentally identical with the first observed
transient chemical species (the flavin C-4a hydro-
peroxide). The slope of *he line in Fig. 2 is a measure of
the second-order rate constant in the forward direction,
and its magnitude is recorded with other rate constants

250 400 450 500
Wavelength {nm)

Fig. 1. Absorption spectra of flavin species detected when reduced
enzyme in complex with 6-hydroxynicotinate was reacted with oxygen.
The solid curve represents the absorbance of reduced enzyme in
complex with nicotinate, and the dashed curve is the absorbance of
oxidised enzyme in complex with nicotinate (spectrophotometer re-
cordings). The points marked (e) which outline the third spectrum (a
transient flavin species in the reaction), represent calculated
absorbances obtained from analysis of reactions at each marked
wavelength, as described in Methods and Results. This spectrum
(absorbance maximum 382 nm) is characteristic of the flavin C-4a
hydroperoxide as shown in the reaction path recorded in Table II]
(nicotinate was not hydroxylated). Extinction values (¢) for key
absorption maxima are shown on the figure. The final reaction
solution in the stopped-flow spectrophotometer (path length, 2 cm)
contained 15.5 gM enzyme, 0.65 mM oxygen, 5.0 mM 6-hydroxy-
nicotinate, 50 mM phosphate (potassium salt), and 6.0 mM EDTA
(sodium salt) (pH 6.55) at 1.8°C.
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Fig. 2. The dependence on oxygen concentration of the rate of
formation of flavin C-4a hydroperoxide in the complex of enzyme
with pOHB. Reduced enzyme in complex with the substrate was
reacted with the concentrations of oxygen shown in the stopped-flow
spectrophotometer. The reaction was monitored in isolation at 388
nm, an isosbestic point for the hydroperoxide, the hydroxide, and
oxidised enzyme (see Fig. 3). Each point on the diagram represents
the mean of several reactions, and the standard deviation in each case
was no larger than the experimental points (o). The final reaction
solution in the spectrophotometer (path length, 2 cm) contained 12.6
M enzyme, variable oxygen, 0.75 mM pOHB, 50 mM phosphate

(potassium salt), and 1.0 mM EDTA (pH 6.55)at 2.0°C.

in Table III. Chemical studies have suggested that there
may be a free radical pair [8] as a compulsory inter-
mediate in the formation of the peroxide (a5 represented
in the top of Table III), but there is no kinetic evidence
for this in the data available.

The consequenc: of three observed consecutive reac-
tions involving the flavin is the presence of two detecta-
ble transient chemical species. A complete analysis of
the changes over a range of wavelengths led to the
calculation of two transient spectra (Fig. 3). These
species can now be identified by analogy to the reac-
tions of the enzyme from P. fluorescens as the flavin
C-4a hydroperoxide and hydroxide (the latter formed
from the former after tsansfer of one atom of oxygen to
the substrate). The formation of the hydroxide from the
peroxide involves a distinctive shift in the observed
absorption band from a maximum at 390 to 380 nm
(Fig. 3). This is consistent with measurements of
chemical models [8). There is no contribution to the
absorption spectra shown by either substrate or prod-
uct, which only start to absorb below 320 nm. The
flavin C-4a hydroxide then decays to the final spectrum
— oxidi.ed flavin in complex with pOHB. The reaction
is summarized with the measured rate constants in
Table III.

The final set of oxygen reactions reported in this
paper involve the transient states observed when the
enzyme is complexed with an alternate substrate, 2,4-
DOHB. In the reaction with the enzyme from P. fluor-
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escens, three transient chemical species were clearly
defined by the kinetics. The first and third species
detected have been equated with the flavin C-4a hydro-
peroxide and C-4a hydroxide as described above for the
reaction with natural substrate, pOHB. The second
transient, called intermediate II in the past [17], has
been difficult to identify. The best evidence currently
available suggests that it represents a free radical pair
between oxygenated flavin and oxygen-substituted sub-
strate [11,33). That is, an oxygenated substrate radical
intermediate makes a contribution to the observed spec-
trum. The reactions with the enzyme from P. aeruginosa
were qualitatively the same as earlier work, but the iotal
analysis of the kinetic traces (see Table III) showed
small, but significant quantitative differences in rate
constants. The transient species calculated from the
wavelength dependence of the reactions (Fig. 4) were
similar to earlier published observations. However, the
spectra have been calculated and presented for one set
of reaction conditions in Fig. 4. Earlier results for the
reactions with P. fluorescens enzyme have come from a
series of reaction conditions. Again, small, but signifi-
cant quantitative differences were detected in the spec-
tra. It should be noted that the first transient (the flavin
C-4a hydroperoxide) could not be calculated accuratelv
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Fig. 3. Absorption spectra of flavin species detected when reduced
enzyme in complex with pOHB was reacted with oxygen. The solid
curve represents reduced enzyme, and the dashed line represents
oxidised enzyme, both in complex with pOHB (spectrophotometer
recordings). The points marked (o) and (©) outline the spectra of the
transient chemical species detected in the reaction. Points represent
experimentally calculated absorbances of the transient species ob-
tained from analyses of reactions at cach marked wavelength, as
described in Methods and Results. The spectrum represented by
points e (absorbance maximum 390 nm) is characteristic of the flavin
C-4a hydroperoxide, and the subsequent specttum formed, O (ab-
sorbance maximum 380 nm) is characteristic of the flavin C-da
hydroxide. The reaction path (which includes the hydroxylation of
pOHB) is summarized in Table 111, and extinction values (z) for key
absorption maxima are shown on the figure. The final reaction
solution in the stopped-flow spectrophotometer is the same as in the
legend to Fig. 2, with 1.07 mM oxygen.

Absorbance

350 400 450 500
Wavelength (nm)

Fig. 4. Absorption spectra of chemical species detected when reduced
enzyme in complex with 2,4-DOHB was reacted with oxygen. The
solid curve represents reduced enzyme, and the dashed line represents
oxidised enzyme, both in complex with 24-DOHB. Note thai sub-
stra‘c binding induces changes in the quantitative parameters of the
spectrum of enzyme-bound flavin (compare the spectra in this Figure
with Figs. 1 and 3). The points marked (e, 4. and O) cutline the
spectra of the transient chemical species detected in this reaction.
Points represent experimentally calculated absorbances obtained from
analyses of reactions at each marked wavelength, as described in
Methods and Results. Points (@) approximately represent the first
intermediate formed (flavin C-4a hydroperoxide), and points (O)
represene the last intermediate formed, the flavin C-4a hydroxide
(absorbance maximum 382 nm). Note the similarity cf these transient
species to those for the pOHB reaction illustrated in Fig. 3. The
points (a) describe the high extinction intermediate formed (ab-
sorbance maximum 391 nm) upon oxygen transfer to 2,4-DOHB
(labelled 11 in Table III). This intermediate may consist of a flavin
C-4a derivative plus 2 contribution from a (ree radical intermediate in
product formation [33]. The reaction path is summarized in Table IIi,
and extinction values (¢) for prominent absorption maxima are shown
on the {igure. The final reaction solution in the stopped-flow spectro-
photometer (path length, 2 2m) contained 12.6 uM enzyme, 0.65 mM
oxygen, 2.5 mM 2,4-DOHB, 50 mM phosphate (potassium salt), and
1.0 mM EDTA (pH 6.55)at 35°C.

from the experimental data, since the combination of
amplitudes and rate constants did not permit full kinetic
isolation of the events. An approximation to the spec-
trum was obtained by plotting the spectrum of the
solution at a time 6 ms after the reaction commenced.
This should be approx. 4 half-lives along the reaction to
form the intermediate. Thus, the spectrum (e) in Fig. 4
should represent at least 90% of the enzyme as the
flavin hydroperoxide.

The oxygen reactions with 2,4-DOHB were also car-
ried out at pH 9.15, by imposing a pH jump on the
reaction from the oxygenated buffer component in the
stopped-flow spectrophotometer. This was done to ex-
arnine the spectrum of intermediate 11 at the higher pH.
Just as has been documented for the P. fluorescens



enzyme [34], the spectrum had changed substantiaiiy,
with the observation of a broader band with a maxi-
mum absorption at longer wavelength (Data not shown).

Discussion

The results presented in this paper provide a founda-
tion of information for future studies of modified forms
of the enzyme produced from the pob4 gene from P.
aeruginosa. It is a considerable advantage for mutagene-
sis studies that this enzyme can be produced in its
normal molecular structure in Escherichia coli (Entsch,
B., unpublished observation). Clearly, because of se-
quence homology and molecular and kinetic similarities
reported in this paper, much of the detailed information
available in the literature for the enzyme from P. flu-
orescence can be applied to the protein under study
here. However, there is also some useful new informa-
tion about the enzyme in this paper. The estimations of
the apparent dissociation constants for the combination
of FAD and apoprotein (5-10~° M in this study and
4-10~% M by Miiller and Van Berkel {24)) are surpris-
ingly high, given the large number of interactions be-
tween these molecules, as shown by the crystal structure
{15]. The explanation for this relatively weak binding
may come from the results of the high resolution picture
of the enzyme recently published [12]. The oxidised
state of the flavin ring is apparently held in a slightly
twisted (and strained) configuration in the enzyme ac-
tive site which is probably arranged to preferentially
stabilize the oxygenated (non-planar) flavin inter-
mediate. Thus, some of the potential binding energy for
FAD to enzyme may be used in promoting catalysis; a
general concept explained by Fersht {35].

The steady-state kinetic interactions between enzyme
and substrates at standard temperature and optirmum
pH (25°C and pH 8.0) have not been reported before.
The results presented show a theoretical maximum
velocity of 3750 min~!. This value is substantially higher
than any result reported previously for this enzyme
from any source. Earlier values reported were not ob-
tained at the pH optimum, enzyme was not saturated
with all substrates, or involved the use of solvent condi-
tions which were partially inhibitory. This turnover
number should be close to, if not identical to the value
for the enzyme from P. fluorescens (value unknown).
Based on earlier studies of the P. fluorescens enzyme,
the rate determining step at pH 8.0 is probably the
dissociation of NADP* from the reduced form of the
enzyme [1].

When the work reported in this paper commenced,
there was no knowledge of the degree of homology
between the structures of the enzymes from P. fluor-
escens and aeruginosa. As work progressed, the detailed
genetic information [14] became complete, and estab-
lished that the molecules were very close in amiuo acid
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sequence. The consequences were clear. All the struct-
ural information about the enzyme from P. fluorescens
could be translated with confidence to the molecule
from P. aeruginosa. Thus, the gene pobA from aeru-
ginosa was a perfect tool for directed mutagenesis.
However, it was necessary to show that the catalytic
process was identical.

There are two established differences in the se-
quences as measured. The information for P. fluorescens
comes from direct measurement of amino acid sequence
{15], while that for P. geruginosa comes from the DNA
sequence of pobA. This discussion treats the sequence
from P. fluorescens enzyme as the baseline. The first
difference is position 228 {Thr to Ser change). This
residue is in a loop between B-sheet B6 and a-helix H8
in the substrate-binding domain of the protein, where
its side-chain probably points into the cavity involved in
the binding of substrate (based on the refined, high-res-
olution structure recently published by Schreuder [12]).
However, this residue is not within contact distance
with the bound substrate. The second difference is
position 249 (Ala to Ser change). This residue is the first
amino acid of helix H9, which is a small structure at the
surface of the protein in the substrate domain. The
residue is in contact with solvent, and the substitution
does not significantly change the packing of the protein
(Drenth, J., personal communication).

Could such small changes have any secondary ¢ffects
on catalysis? The interesting conclusion is yes. It is clear
that large effects, caused by changes in enzyme contacts
in the active site, cannot occur. However, an interesting
result was detected in the interactions of enzyme with
2,4-DOHB. Some rate constants measured for the
oxygen reactions with this substrate were different in
magnitude from those for the reactions measured for
the P. fluorescens enzyme (see Table II1). The slowest
reaction does result in a faster turnover by the enryme
molecule under study, as it is the rate determining step.
The K, for oxidised enzyme with substrate is 4-fold
smaller for P. geruginosa enzyme under the same condi-
ticns. That is, 2,4-DOHB binds more tightly. There
seems to be a clear lesson from this work for protein
engineering. An amino acid residue can only be consid-
ered essential to catalysis by an enzyme if no structural
modification is caused upon its aliciaiion 10 another
residue, but the change causes major disruption to the
normal reaction path. Unrelated residues can cause
minor changes, as found in this work.

Change in surface polarity of a protein can have
dramatic and unexpected results, as-the case of the
relationship between hemoglobin and sickle-cell anemia
illustrates [36]. It is possible that the hydroxyl group of
Ser-249 of the P. aeruginosa enzyme (compared to
Ala-249 of the fluorescens enzyme) influences the solu-
tion behavior of the protein. Carcful studies by Miiller’s
group in Holland showed that the P. fluorescens enzyme
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forms dimers and alo higher ooder sssowiations of
molecules in solution [F9). It has now been establishad
that stable higher molecular weight species arise from
the muidative coupling of Cys-116 between dimmers ai the
surfgoe of (he protein [26], Cur results again provide
evidence for dimers with the P, acruginase enzyme, but
we did not observe higher order interactions under
comlitions which showed this phenomenon with the £
fhuarescens enzyme. This stems to be a reasonable con-
sequence of the amino acis! substitution. Pesidue 219 is
far removed from the surface portion of the proi-in
responsitle for the formation of dimer, but pravides
extra polaricy to the surface of the molecule from F.
acrigiezd, which may inhibit higher order associations
of Lthe protein which result in covalent <oupling under
some conditions.
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