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Recombinant lysine : N 6-hydroxylase (rIucD) requires the cofactors FAD and NADPH for
its catalytic function of the conversion of L-lysine to its N 6-hydroxy derivative. In the presence
of high concentration of chloride ions ($ 600 mM), the protein exists in a reversible inactive
conformation. Depending on the oxidation state of its thiol functions, rIucD can bind 2,6-
dichlorophenol indophenol (DPIP), either covalently or noncovalently, the former type of
interaction occurring with protein preparations possessing unmodified thiol groups. Both
covalent and noncovalent complexes of rIucD and DPIP appear to be capable of NADPH
oxidation in the presence of exogenous DPIP by a phenomenon of exchange of reducing
equivalents between the protein-bound dye and that free in the medium. In the presence of
FAD, the latter type of complex has been found to function as a diaphorase. The diminution
in the catalytic activity of rIucD observed at high concentrations of the flavin cofactor does
not appear to be due to an uncoupling of the processes of NADPH oxidation and lysine : N-
hydroxylation caused by an exchange of reducing equivalents between the enzyme-bound
FAD and that free in the medium.  1996 Academic Press, Inc.

INTRODUCTION

Lysine : N 6-hydroxylase (IucD)2 catalyzes the conversion of L-lysine to its N 6-
hydroxy derivative, the initial step in the biosynthesis of aerobactin, a siderophore
that functions as a virulence determinant in many septicemic organisms (1–4). This
enzyme normally occurs in a membrane environment, a feature that has precluded
characterization of both its physicochemical properties and its catalytic function (5,
6). Recently, a gene fusion approach has led to the production of cytoplasmic rIucD
preparations, and two of these rIucD439 and rIucD398, have been isolated as
apoproteins (7, 8). These rIucD preparations catalyze the conversion of L-lysine to
its N 6-hydroxy derivative on supplementation with NADPH and FAD, with the
process of NADPH oxidation being coupled to that of lysine : N-hydroxylation. In

1 To whom correspondence should be addressed. Fax: (519) 746–0435.
2 Abbreviations used: rIucD, recombinant cytoplasmic lysine : N 6-hydroxylase; FAD, flavin adenine

dinucleotide; NADPH, nicotinamide adenine dinucleotide phosphate (reduced form); NADP1, nicotin-
amide adenine dinucleotide phosphate (oxidized form); NADH, nicotinamide adenine dinucleotide
(reduced form); DPIP, 2,6-dichlorophenol indophenol; G-6-P, glucose 6-phosphate; G-6-P deH2 , glucose-
6-phosphate dehydrogenase; DTT, dithiothreitol; ESMS, electrospray mass spectroscopy; NEM, N-
ethylmaleimide; DTNB, 5,59-dithiobis(2-nitrobenzoic acid); NTCB, 2-nitro-5-thiocyanobenzoic acid;
BSA, bovine serum albumin; ADPR, 59-adenosine diphosphate ribose; SDS–PAGE, sodium dodecyl
sulfate–polyacrylamide electrophoresis.
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the absence of hydroxylatable substrate, rIucD-mediated oxidation of NADPH is
slow and the process is channeled toward H2O2 production (8). Current studies
concern further characterization of rIucD and its electron transfer reactions.

MATERIALS AND METHODS

FAD, NADP1, NADPH, DTNB, NTCB, iodoacetate, G-6-P, G-6-P dehydroge-
nase, DTT, and mercaptoethanol were purchased from Sigma (St. Louis, MO).
DPIP and guanidine hydrochloride (ultrapure) were obtained from J. T. Baker
(Phillipsburg, NJ). [14C]Iodoacetate was purchased from Amersham Life Science
Inc. (Arlington Heights, IL). Dyemātrex Orange A affinity gel was purchased from
Amicon (Beverly, MA). Bio-Gel P4 was obtained from Bio-Rad (Richmond, CA).

The isolation and purification of lysine : N 6-hydroxylase (rIucD439) were achieved
by employing procedures documented in the literature (7, 8). The concentration
of rIucD was determined spectrophotometrically using an «m value of 6.75 3 104

M21 cm21.

Determination of Enzymatic Activity

The protocol employed for the measurement of lysine : N 6-hydroxylase activity
was similar to that reported previously (9). A typical assay in a final volume of 5
ml consisted of potassium phosphate (100 mM, pH 7.2), L-lysine (1 mM), FAD (40
eM), NADP1 (80 eM), G-6-P (1 mM), G-6-P dehydrogenase (1.25 units), and rIucD
(83.3 nM). Following incubation at 378C for 15 min, the reaction was terminated
by the addition of a slurry of Dowex 50W-X8 (200–400 mesh, H1 form) resin in
distilled water. The entire mixture was transferred to a 1.2 3 25-cm glass column
and washed with HCl (40 ml, 0.2 N) prior to elution with 25 ml of HCl (6 N). The
effluent was taken to dryness and the residue was dissolved in water and used for
the determination of N 6-hydroxylysine by the iodine oxidation procedure (10).

Determination of H2O2

The procedure described by Hildebrandt et al. (11) was used. In a typical experi-
ment, the assay mixture in a final volume of 20 ml consisting of NADPH (200 eM),
FAD (33 eM), potassium phosphate (100 mM, pH 7.2), and rIucD (83.3 nM) was
incubated at 378C. At desired intervals, an aliquot (1.5 ml) was removed and treated
with an equal volume of trichloroacetic acid (3%). The mixture was centrifuged
(5000g, 5 min) and the clear supernatant was treated with ferrous ammonium sulfate
(0.5 ml, 10 mM), followed by potassium thiocyanate (0.2 ml, 2.5 M). After 10 min
at room temperature, the absorbance at 480 nm was recorded. This analytical
procedure is not influenced by the presence of NADPH, which has been found to
interfere in the alternative method of estimation involving the use of peroxidase
(12).
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Determination of Sulfhydryl Groups

The thiol content of rIucD was determined by titration with DTNB (13) either
under native or under denaturing conditions. In a typical experiment, a solution of
rIucD (1 ml, 7–12 eM) in potassium phosphate (200 mM, pH 7.6) was treated with
DTNB (100 el, 10 mM), and the increase in absorbance at 412 nm was recorded.
An «M value of 14,150 M21 cm21 (14) was used to quantitate the number of thiol
groups in the protein. Similar experiments performed in the presence of guanidine
hydrochloride (4 M) provided an estimate of the number of thiol groups in the
denatured rIucD preparation.

In some instances, the thiol content of rIucD was determined by titration with
NTCB (15). The experimental conditions were identical to those described above
except for the replacement of DTNB with NTCB.

Alkylation of rIucD

The cysteine content of rIucD was assessed by alkylation with [14C]iodoacetate.
In a typical experiment, rIucD (40 nmole) in potassium phosphate (200 mM, pH
7.0) containing guanidine hydrochloride (4 M) was treated with an aliquot of an
aqueous solution of [14C]iodoacetate to achieve a 20-fold molar excess of the reagent
over that of the cysteine residues present in the protein. After 20 min of incubation,
the reaction was terminated by the addition of DTT (equimolar to that of iodoace-
tate). The reaction mixture was dialyzed extensively against distilled water. The
protein (which was precipitated on dialysis) was collected and dissolved in guanidine
hydrochloride (4 M) prior to assessment of radioactive label with the aid of a
Beckman Model 5000TD liquid scintillation counter. The number of cysteine resi-
dues in rIucD was determined from the radioactive label incorporated into the
protein.

Isolation of Covalent DPIP–rIucD Complex

rIucD (20 nmol) in 1 ml (200 mM potassium phosphate, pH 7.0) was treated with
an aliquot of an aqueous solution of DPIP (1 mM) to achieve a final concentration
of 100 eM with respect to the reagent. After 10 min of standing at 258C, the
DPIP–rIucD complex was recovered by chromatography on 1 3 10-cm column of
Bio-Gel P4 with 200 mM potassium phosphate, pH 7.0, serving as both an equilibra-
tion medium and an elution medium.

Preparation of 2-Mercaptoethanol–DPIP Conjugate

Ten milliliters of DPIP (10 mM) in 30 mM potassium phosphate, pH 7.0, was
treated with an aliquot of 2-mercaptoethanol to achieve a final concentration of 20
mM with respect to the reagent. Addition of the thiol agent resulted in a rapid
bleaching of the dye due to its conjugation with the thiol functions (16–18); however,
on standing, the reaction mixture turned blue presumably due to the oxidation of
the conjugate. After 12 h of standing, the reaction mixture was diluted to 100 ml.
This preparation served as the source of 2-mercaptoethanol–DPIP conjugate used
in these investigations.
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RESULTS

Characteristics of rIucD Preparation

The recombinant lysine : N 6-hydroxylase preparations (rIucD439), used in the
current investigation should, in the absence of post-translational processing, com-
prise 439 amino acid residues, 13 of which are contributed by the b-galactosidase
fragment and the rest are those of the iucD gene product (7). ESMS analyses of
these preparations (homogeneous by SDS–PAGE) reveal a molecular weight of
48815 6 5 Da. Since the primary translation product, rIucD439, is expected to have
a molecular weight of 50,270, the observed lower value would suggest that the
protein has been processed by a post-translational mechanism. The occurrence of
such a phenomenon, which leads to the deletion of the b-galactosidase peptide
segment from rIucD439, has been confirmed by analysis of the N-terminal amino
acid sequence of the protein (19). Removal of 14 amino acid residues from the N
terminus of rIucD439 by a post-translational processing event would be compatible
with the observed molecular weight for the rIucD preparation.

The final step in the purification of rIucD involves chromatography on Dyemātrex
Orange A, and the lysine : N 6-hydroxylase activity is usually recovered in the frac-
tions eluted with buffer containing high concentrations of NaCl ($750 mM). Al-
though rIucD has been found to be capable of its normal catalytic function of
lysine : N 6-hydroxylation at concentrations of Cl2 ions #50 mM (a situation that
prevails under assay conditions), a comprehensive study of the effect of these anions
was initiated especially in view of their adverse action on a number of flavin-
dependent monooxygenases (20–23). Such information may prove useful in identi-
fying the conditions that would promote the maintenance of rIucD in its native
conformation, a prerequisite for the production of the crystals for the elucidation
of the three-dimensional structure of the protein. For these experiments, the enzyme
preparations were rendered free of chloride ions by chromatography on a 1 3 10-
cm column of Bio-Gel P4 with 200 mM potassium phosphate, pH 7.0, serving as
both equilibration and elution medium. The enzymatic activity was assessed as a
function of increasing concentration of chloride ions in the assay. These results
were compared with those obtained in the experiments performed in the presence
of either phosphate or sulfate ions under conditions of identical ionic strength. As
shown in Fig. 1, the enzymatic activity of rIucD is not influenced by either phosphate
or sulfate ions. In contrast, the catalytic activity of rIucD declines steadily with
increasing concentration of Cl2 ions in the assay, with almost complete loss of
activity noted at a 600 mM concentration of the anion (Fig. 1). Since enzymatic
activity is regained on dilution (to 50 mM or less), rIucD appears to be in a reversible,
inactive conformation in a medium high in NaCl concentration ($600 mM). The
destabilizing influence of Cl2 ions is further indicated by the observation that rIucD
in a medium containing NaCl ($600 mM) loses .75% of its enzymatic activity on
freezing in liquid nitrogen, whereas similar treatment performed in the presence
of phosphate ions (P200 mM) results in the retention of .70% catalytic function.

During storage in a medium of high ionic strength $0.25, pH 7.0, the enzyme
preparation undergoes loss in enzymatic activity that can be restored by treatment
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FIG. 1. Influence of various anions for similar ionic strengths on the lysine : N-hydroxylase activity of
rIucD: Assays for lysine : N-hydroxylase activity were performed at pH 7.0 (see text for details) in the
presence of various anions as indicated. r, Phosphate ions; j, sulfate ions; d, sodium chloride.

with thiols like DTT (1 mM). This observation, taken together with the inactivation
of the enzyme by thiol modifying agents (7, 8), suggests that these function(s) may
play an indispensable role in rIucD’s catalytic mechanism. Two approaches were
employed to determine the number of free thiol functions in the rIucD preparation.
The first pertained to the titration by DTNB (13) or NTCB (15). Treatment of the
native protein preparation with either DTNB or NTCB indicated the presence of
three titratable thiol functions per rIucD monomer. Of these, two thiol groups
reacted rapidly with DTNB while the reaction of the third one was slow, requiring
approximately 10 min for completion of the reaction. Repetition of the experiment
in the presence of guanidine hydrochloride (4 M) revealed the presence of approxi-
mately five DTNB-titratable thiol groups per rIucD monomer. These results are
presented in Table 1. Similar results were obtained when experiments were per-
formed with rIucD preparations exposed to high concentrations of NaCl, i.e., the
presence of three DTNB titratable thiol functions per rIucD monomer in the native
conformation and five such functions on denaturation of the protein.

Alkylation of the protein with [14C]iodoacetate in the presence of guanidine
hydrochloride, pH 7.0, revealed the incorporation of approximately 4.8 6 0.3 mol/
mol of rIucD monomer. These observations are consistent with the presence of
five cysteine thiol functions per rIucD monomer. Thus, of the six cysteine residues
reported to be present in the iucD gene product (24), only five are amenable to
modification by either DTNB or iodoacetate. Details regarding the relative reactivi-
ties of the various thiol functions will be presented elsewhere.

Reaction of rIucD with DPIP

DPIP in 100 mM potassium phosphate, pH 7.0, absorbs maximally at 600 nm and
there is no detectable change in absorbance over an extended period. On addition
of rIucD, however, the absorbance at 600 nm declines steadily, reaching a constant



LYSINE : N 6-HYDROXYLASE 309

TABLE 1
DTNB-Titratable Thiol Groups

in rIucD Preparationsa

Number of thiol functions
per rIucD monomer

Sample Native Denatured

rIucD 3.04 6 0.15 5.05 6 0.27
DPIP–rIucD n.d. 2.89 6 0.28

a The thiol content of rIucD preparations was de-
termined both in the native and in the denatured
(4.0 M guanidine · HCl) state by titration with DTNB
(see text for details). Values represent averages of
determinations, in duplicate, on three different rIucD
samples prepared during this study. n.d., not deter-
mined.

value after approximately 5 min, and the magnitude of this decrease in absorbance
value is proportional to the concentration of rIucD. On chromatography of the
reaction mixture on Bio-Gel P4 matrix, the protein is recovered as a blue-colored
complex with the dye, which cannot be removed by extraction with ethanol. These
observations are consistent with a covalent modification of rIucD by DPIP. The
DPIP–rIucD complex is characterized, in addition to its typical uv absorption band
at 280 nm, by a visible absorption band with a lmax value at 654 nm. This observed
red shift in lmax of the dye appears to be specific to its interaction with rIucD since
DPIP bound to BSA retains its typical spectral features (Fig. 2, inset). Calculations
based on the «m values of 6.75 3 104 and 2 3 104 M21 cm21 for the protein and the
dye, respectively, suggest the incorporation of 1 mole of DPIP per rIucD monomer,
and the dye in the complex appears to be distributed equally between its reduced
and oxidized states.

Since DPIP has been shown to conjugate with mercaptans (16–18), the thiol
content of rIucD was assessed by titration with DTNB or NTCB both prior to and
after its interaction with DPIP. As noted before, rIucD preparations used in this
investigations are characterized by the presence of five DTNB (or NTCB)-titratable
functions per monomer; three of these are accessible in the native conformation,
and the remaining two become susceptible to modification only on denaturation
of the protein. Analyses of the DPIP–rIucD complex revealed the presence of
approximately three DTNB-titrable groups per rIucD monomer under denaturing
conditions (Table 1). These observations indicate that two of the thiol functions
present in the native conformation of rIucD are participating in the oxidative
substitution of DPIP, the phenomenon being analogous to that recorded with mer-
captans (16–18). This view is consistent with the observation that modification of
rIucD by DTNB results in a loss in its ability to form a covalent conjugate with DPIP.

The conjugation of rIucD with DPIP is accompanied by a loss in its ability to
catalyze N-hydroxylation of lysine when assayed in the presence of FAD and
NADPH cofactors normally required for this function of the protein; however,
DPIP–rIucD complex either isolated or generated in situ is capable of promoting
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FIG. 2. Spectral and catalytic properties of DPIP–rIucD complex. DPIP–rIucD complex was prepared
by treatment of rIucD (15 nmole) with DPIP (100 eM) in potassium phosphate (200 mM, pH 7.0) and was
isolated by chromatography on Bio-Gel P4 (see text). For comparison, DPIP–BSA complex was also
produced by a similar procedure. Spectra of DPIP–rIucD complex (r) and DPIP–BSA complex (j) are
shown in the inset. The main figure illustrates the ability of DPIP–rIucD complex to catalyze NADPH-
dependent reduction of exogenous DPIP. 1, DPIP in potassium phosphate (100 mM, pH 7.0); 2, reaction
with rIucD leading to the formation of DPIP–rIucD complex; 3, NADPH-dependent reduction of exoge-
nous DPIP mediated by the DPIP–rIucD complex. The introduction of rIucD and NADPH is indicated by
the first and second arrows, respectively. 4, Reaction of DPIP with NADPH in the absence of DPIP–rIucD
complex shown for comparison. The DPIP–rIucD complex recovered from the reaction mixture was also
found to exhibit the ability to promote NADPH-dependent reduction of exogenous DPIP.

NADPH oxidation in the presence of exogenous DPIP (Fig. 2). The DPIP–rIucD
complex (4 eM) effects approximately a threefold increase in the rate of NADPH
oxidation relative to that noted with DPIP alone. The process appears to involve
an exchange of reducing equivalents between the protein-bound DPIP and that
free in the medium. Further studies of the above-noted phenomenon of reducing
equivalent exchange have revealed the process to require unmodified DPIP, since
its conjugate with 2-mercaptoethanol fails to elicit NADPH oxidation by rIucD.
Furthermore, rIucD preparations that do not show the presence of DTNB-titrable
thiol groups and are devoid of lysine : N 6-hydroxylase activity (a situation that
develops on prolonged storage of the protein) have been found to catalyze NADPH
oxidation in the presence of DPIP. Similarly, rIucD preparations with thiol functions
modified by either DTNB or NTCB still retain their ability to promote DPIP-
dependent NADPH oxidation. Hence, it would appear that a noncovalent interac-
tion between rIucD and DPIP could result in the formation of a species that is also
capable of promoting NADPH oxidation. It has not been possible, however, to
demonstrate the formation of such a noncovalent complex between the protein and
the dye presumably due to its facile dissociation even under mild conditions em-
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ployed for its isolation. Finally, as reported before (17) NADH can also undergo
a slow rate of oxidation in the presence of DPIP; however, this process is not
enhanced by rIucD. Thus, the promotion of DPIP-dependent NADPH oxidation
by rIucD is in accordance with the preference for this particular cofactor in its
catalytic function.

Influence of FAD on the Interaction between DPIP and rIucD

The observations recorded above pertained to the reactions between DPIP and
rIucD performed in the absence of FAD. Hence, experiments were designed to
assess the influence of the flavin cofactor on the interaction between DPIP and
rIucD.

FAD, if present, would appear to cause a diminution in the amount of DPIP
bound to rIucD. Thus, under experimental conditions involving an incubation period
of 5 min, the amount of DPIP bound in the presence of FAD (200 eM) corresponds
approximately to 0.6 mole per mole of rIucD, compared with the value of 1 mole
per mole of protein noted in the experiments performed in the absence of the flavin
cofactor; however, in view of the covalent nature of its interaction, DPIP would
appear eventually to overcome the interference by FAD which can bind the protein
only reversibly. In the light of these findings, the effect of FAD at various stages
after the initiation of the interaction between DPIP and rIucD was investigated.
These studies revealed that the introduction of FAD immediately after the start
of the reaction would result in a stimulation of NADPH oxidation, with the rate
of the process being considerably higher relative to that noted in experiments with
DPIP serving as the sole electron acceptor. The ability of FAD to stimulate NADPH
oxidation was found to diminish progressively with the increase in the duration of
the interaction between the dye and the protein. Thus, the enhancement of NADPH
oxidation by FAD was considerably less with preparations of rIucD and DPIP
preincubated for 5 min relative to that observed with those after just 1 min of
interaction. FAD had marginal influence on NADPH oxidation mediated by the
preparations of DPIP and rIucD which had been allowed to interact for 15 min.
These results are shown in Fig. 3. As noted earlier, rIucD preparations with thiol
groups modified (due to oxidation or chemical modification) are also capable of
mediating the DPIP-dependent NADPH oxidation and this process has been found
to be further enhanced in the presence of FAD. Since preincubation of rIucD with
DPIP leads to the formation of a covalent conjugate, the above findings suggest
that the stimulation of NADPH oxidation by FAD can occur only in the absence
of a covalent interaction between the dye and the protein. Thus, the covalent
modification of rIucD by DPIP is accompanied by a decline in the FAD-dependent
activity of NADPH oxidation, presumably due to a loss in its ability to interact
with the flavin cofactor.

Reduction of the Flavin Cofactor

Previous studies (8) have shown that (1) in the absence of a hydroxylatable
substrate, the rate of NADPH oxidation is very slow and the process is channeled
toward the production of H2O2 ; and (2) the rIucD-catalyzed lysine : N 6-hydroxyla-
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FIG. 3. Influence of FAD on the NADPH oxidase activity of rIucD in the presence of DPIP. rIucD
was incubated with DPIP and the effect of FAD, added at different time intervals of the initiation of
the reaction on NADPH oxidation, was determined. d, No FAD (20.06 DA/min); m, FAD after 1 min
(20.105 DA/min); r, FAD after 5 min (20.085 DA/min); j, FAD after 15 min (20.073 DA/min).

tion occurs maximally at FAD concentrations of approximately 35–40 eM, with a
steady decline being noted with further increases in the cofactor concentration (8).
The observation that DPIP–rIucD complex can promote NADPH oxidation via
reducing equivalent exchange between the enzyme-bound DPIP and that free in
the medium prompted an assessment of whether such a phenomenon could also
be occurring during its normal function of lysine : N-hydroxylation, especially at
high concentrations of the flavin cofactor. Hence, the process of rIucD-mediated
NADPH oxidation was monitored both in the presence and in the absence of L-
lysine and also as a function of FAD concentration. The rates of NADPH oxidation
in the presence and in the absence of substrate were estimated by the production
of N 6-hydroxylysine and H2O2 , respectively. Results presented in Fig. 4 show that
the rate of NADPH oxidation in the absence of lysine corresponds approximately
to 5–6% of that observed in the experiments with lysine present. Furthermore, the
profile of H2O2 production as a function of FAD concentration corresponds closely
to that of N 6-hydroxylysine formed under identical experimental conditions except
for the inclusion of L-lysine in the assay. These observations indicate the absence
of exchange of reducing equivalents between enzyme-bound FAD and that free in
the medium.

DISCUSSION

Availability of recombinant cytoplasmic forms of IucD allowed for an unequivocal
demonstration of the participation of FAD in the catalytic mechanism of the protein,
a feature consistent with the extensively documented evidence for the pivotal role
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FIG. 4. Production of N 6-hydroxylysine and H2O2 by rIucD. Assays for monitoring H2O2 production
consisted of potassium phosphate (100 mM, pH 7.0), NADPH (200 eM), FAD (33 eM), and rIucD (83.3
nM). For recording N 6-hydroxylysine production, assays were the same as above except for the inclusion
of L-lysine (1 mM). j, H2O2 ; d, N 6-hydroxylysine. Inset: Production of H2O2 and N 6-hydroxylysine
over a range of FAD concentrations. Assay conditions are the same as above except for the change in
FAD concentration as shown. H2O2 and N 6-hydroxylysine were determined as described in the text.
j, H2O2 ; d, N 6-hydroxylysine.

of flavins in the activation of molecular oxygen (25–30). As in the case of other
flavin-dependent monooxygenases, the catalytic cycle of lysine : N 6-hydroxylase is
a multistep event involving several reactants. The initial step of FAD-dependent
NADPH oxidation is linked to lysine : N-hydroxylation with 4a-peroxyflavin, pro-
duced by the interaction of the reduced flavin cofactor with molecular oxygen,
serving as the oxygenating agent (Scheme 1). In the absence of a hydroxylatable
substrate, the process of NADPH oxidation is channeled toward H2O2 production
(8). X-ray crystallographic studies of p-hydroxybenzoate hydroxylase (31) and its

SCHEME 1. General mechanism for rIucD-mediated N-hydroxylation of lysine.



MARRONE, BEECROFT, AND VISWANATHA314

mutein (32) have aided in the elucidation of the details of the catalytic mechanism
of the enzyme. Needless to mention that a similar achievement in the case of rIucD
has to await the successful completion of the recently initiated studies for the
elucidation of its three-dimensional structure.

The catalytic function of many flavin-dependent monooxygenases has been shown
to be adversely affected by monovalent anions such as SCN2, Cl2, and N2

3 . These
enzymes include phenol hydroxylase (20–22), p-hydroxybenzoate hydroxylase (23),
and salicylate hydroxylase (33), and there appears to be considerable debate con-
cerning the basis for the adverse effects exerted by these monovalent anions. Thus,
in the case of phenol hydroxylase, studies by Massey and co-workers suggest that the
adverse influence of Cl2 ions may be due to their ability to retard the regeneration of
the flavin cofactor from its 4a-hydroxy derivative, the terminal step in the catalytic
mechanism of the protein (20). On the other hand, Neujahr and associates attribute
the inhibition of this enzyme by Cl2 ion to its ability to function as a chaotrope
and perturb the hydrophobic environment of its FAD binding domain (21, 22). In
contrast to the above-mentioned proposals, investigations on p-hydroxybenzoate
hydroxylase by Müller and co-workers indicate that the inhibitory action of Cl2

ion may be due to its ability to compete for the NADPH binding domain and to
interfere in the turnover of the cofactor (23). Current studies have shown that
rIucD is susceptible to the adverse actions of Cl2 ions although the concentration
required for the inactivation is considerably higher than that observed with the
enzymes mentioned above. Both phosphate and sulfate ions have no inhibitory
effect on rIucD, an observation in accordance with their position in the Hoffmeister
series which is a reflection of the chaotropic abilities of the various ions, the basis
for which has been recently addressed (34).

Modification of thiol groups of flavin-dependent enzymes has been found to be
accompanied by profound changes in the catalytic function of the proteins. In
the case of lipoamide dehydrogenase, which serves as a classic example for the
demonstration of the phenomenon, oxidation of its thiol groups is accompanied by
a loss of its normal function as a dehydrogenase with a concomitant enhancement
of the diaphorase activity (35, 36). Other examples include xanthine dehydrogenase
and phenol hydroxylase. In the former case, modification of thiol groups of the
enzyme results in its conversion to an oxidase with altered affinities for the cofactor
and the substrate (37). With phenol hydroxylase, thiol modification leads to a loss
of catalytic activity due to a displacement of its flavin cofactor (38). As recorded
earlier, treatment of rIucD with thiol-modifying agents results in a loss of the
lysine : N 6-hydroxylase activity (19). In the assessment of the action of DPIP, its
ability to serve in a dual capacity needs to be considered. First, it can function as
a thiol-modifying agent by virtue of its ability to conjugate with mercaptans (16–18).
This feature of DPIP would appear to prevail during its interaction with rIucD
preparations possessing unmodified thiol functions. The second role of DPIP con-
cerns its ability to serve as a terminal electron acceptor in the studies designed to
demonstrate the diaphorase activity of dehydrogenases. Such a function of DPIP has
been widely documented, with lipoamide dehydrogenase (36), glutathione reductase
(39), and D-amino acid oxidase (40) serving as typical examples of the phenomenon.
In all these instances, the electron transfer reactions involve the intermediacy of a
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flavin cofactor; however, the situation with rIucD would appear to be distinct from
the examples cited above. Both the covalent and the noncovalent complexes of
DPIP and rIucD appear to be capable of mediating NADPH oxidation in the
presence of exogenous dye by a mechanism involving a reducing equivalent ex-
change between the protein-bound DPIP and that free in the medium. FAD en-
hances the rate of NADPH oxidation mediated by the latter type of complex
between rIucD and DPIP, rendering the system to function as a diaphorase analo-
gous to that recorded in the case of lipoamide dehydrogenase (36). These reactions
are illustrated in Scheme 2. In contrast, FAD has little influence on the NADPH
oxidation mediated by the covalent DPIP–rIucD conjugate. These observations,
taken together with the ability of the flavin cofactor to interfere in the process of
the formation of the covalent protein–dye conjugate, raise the possibility of DPIP
and FAD competing for the same site in rIucD, a view that would appear to be
consistent with the similarity in the structural features of the redox segments of
the two electron acceptors (Fig. 5).

The observation that rIucD-bound DPIP can facilitate NADPH oxidation via
the phenomenon of reducing equivalent exchange with its counterparts in the
medium raises the possibility whether such a process can occur with FAD as the
cofactor similar to that reported in the case of salicylate hydroxylase (41). This
aspect is of considerable importance since FAD binds rIucD noncovalently and
concentrations of the flavin cofactor . 40 eM result in the inhibition of lysine : N-

SCHEME 2. Mechanism for NADPH-dependent reduction of exogenous DPIP by rIucD. (A) Reaction
catalyzed by covalent complex of rIucD and DPIP. (B) Diaphorase activity of noncovalent rIucD–
DPIP complex.
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FIG. 5. Similarities in the structural features of DPIP and the isoalloxazine segment of FAD.

hydroxylation activity. Examination of the rIucD-mediated oxidation of NADPH
in the presence of FAD has revealed that the rate of the process in the absence of
lysine corresponds to approximately 5% of that noted in the presence of lysine (Fig.
4). Furthermore, a close correspondence is noted in the profiles of N 6-hydroxylysine
and H2O2 produced in the presence and in the absence of lysine, respectively (Fig.
4, inset). These observations would appear to rule out the occurrence of reducing
equivalent exchange between the enzyme-bound flavin and that free in the medium.
It would appear that conformational changes accompanying the interaction of the
ADP segment of the flavin cofactor with its specific bab domain (42) in the protein
may lead to a shielding of isoalloxazine moiety from the aqueous environment and
thereby prevent the process of reducing equivalent exchange with the flavin in
the medium.
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