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A strongly conserved threonine residue in the I-helix of cytochrome P450 enzymes participates
in a proton delivery system for binding and cleavage of dioxygen molecules. 6-Deoxyerythronol-
ide B hydroxylase (P450eryF) is unusual in that the conserved threonine residue is replaced
by alanine in this enzyme. On the basis of crystal structures of substrate-bound P450eryF, it
has been proposed that the C-5 hydroxyl group of the substrate and serine-246 of the enzyme
form hydrogen bonds with water molecules 519 and 564, respectively. This hydrogen bonding
network constitutes the proton delivery system whereby P450eryF maintains its catalytic activity
in the absence of a threonine hydroxyl group in the conserved position. To further assess the
role in the proton delivery system of hydroxyl groups around the active site, three mutant
forms of P450eryF (A245S, S246A, and A245S/S246A) were constructed and characterized.
In each case, decreased catalytic activity and increased uncoupling could be correlated with
changes in the hydrogen bonding environment. These results suggest that Ser-246 does indeed
participate in the proton shuttling pathway, and also support our previous hypothesis that the
C-5 hydroxyl group of the substrate participates in the acid-catalyzed dioxygen bond cleavage
reaction. q 2000 Academic Press
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The mechanism of cytochrome P450-catalyzed monooxygenation of various sub-
strates is well characterized, and a complete reaction cycle common to all P450
enzymes has been proposed (1). The most crucial step in this reaction cycle is the
cleavage of a dioxygen molecule to produce an unusually highly oxidized ferryl
oxygen species which is responsible for the ultimate oxidation of the substrate. Many
studies have focused on the role of active site amino acid residues in binding and
cleavage of dioxygen molecules (2,3). In particular, the role of a strongly conserved
threonine residue in the I-helix has been well documented (1,2). For example, mutation
of the conserved threonine residue of P450cam resulted in reduced monooxygenation
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and increased uncoupling, leading to a net transfer of electrons to molecular oxygen
and production of hydrogen peroxide (4). This conserved threonine residue is thought
to participate in a proton delivery system which converts bound, iron-linked dioxygen
molecules to highly oxidized ferryl oxygen species (5).

However, not all P450 enzymes contain threonine at the conserved position in the
I-helix. For example, allene oxide synthase in the jasmonic acid biosynthetic pathway
and 6-deoxyerythronolide B hydroxylase (P450eryF) in the erythromycin biosynthetic
pathway both lack the conserved threonine residue (6,7). The conserved position is
occupied by alanine (Ala-245) in P450eryF. Since P450eryF is one of a very few
cytochrome P450s lacking the crucial threonine in the I-helix among hundreds of
known P450 enzymes, its active site structure, particularly around the I-helix, has
attracted numerous crystallographers. The crystal structure of P450eryF bound to
substrate indicated that the distal I-helix still maintains a complex hydrogen bonding
network involving two amino acid side chains, three water molecules, and the substrate
(6). Of the three water molecules, Wat564 hydrogen-bonded to the hydroxyl group
of Ser-246 takes the place of the missing threonine hydroxyl group, and Wat519
forms a hydrogen bond with the C-5 hydroxyl group of 6-deoxyerythronolide B
(6-DEB).

Following the solution of the crystal structure of P450eryF, mutant forms of
P450eryF (A245T and A245S) were constructed and their crystal structures were
compared with the wild-type enzyme (8). The A245S mutant retained the monooxy-
genation activity and showed a hydrogen bonding network around Wat519 and the
C-5 hydroxyl group of 6-DEB which was similar to that of the wild-type enzyme.
In contrast, the A245T mutant showed disruption of the hydrogen bonding network
around Wat564 and increased uncoupling. The hydrogen bonding network around
Wat519 and Wat564, including the hydrogen bond involving the C-5 hydroxyl group
of 6-DEB, thus appears to be essential for the catalytic activity of P450eryF. In an
effort to further elucidate the role of hydroxyl groups around the active site in proton
shuttling and cleavage of iron-linked dioxygen molecules, we prepared A245S, S246A,
and A245S/S246A mutants of P450eryF and determined their kinetic constants,
NADPH oxidation rates, and uncoupling rates.

MATERIALS AND METHODS

Chemicals and reagents. The Sculptor in vitro mutagenesis system and QIAEX
DNA purification kit were obtained from Amersham (Buckinghamshire, UK) and
Qiagen (Chatsworth, CA), respectively. Tri-Sil for GC analysis was purchased from
Pierce (Rockford, IL). All other chemicals were from Sigma-Aldrich (St. Louis, MO)
and were of the highest grade available.

Site-directed mutagenesis. Site-directed mutagenesis was carried out using the
Sculptor in vitro mutagenesis system according to the manufacturer’s instructions and
the following oligonucleotides: 58-TCA CCG ACG ACT CGA AAC C-38 (A245S),
58-TCA CCG CCG CCT CGA AAC C-38 (S246A), and 58-TCA CCG CCG ACT CGA
AAC C-38 (A245S/S246A) (mutated bases are underlined). A SacI–StyI fragment of
the P450eryF gene (9) in pWHM808 was cloned into the M13mp18 vector and single-
stranded DNA was used as a template for mutagenesis. Each mutated SacI–StyI
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fragment in M13mp18 was inserted into pWHM808 and transformed into Escherichia
coli DH5a MCR strain.

Expression and purification of P450eryF enzymes. Mutated P450eryF enzymes
were expressed and purified according to the method reported previously (10) with
slight modifications. Transformed E. coli were grown in 1 L of LB broth containing
ampicillin (100 mg/ml) for 2.5 h at 378C with shaking (150 rpm), and d-aminolevulinic
acid (79 mg) was added to the culture. Expression was induced by addition of 1 mM
IPTG after a further 30 min and the cells were grown for an additional 18 h. Cells
were harvested by centrifugation at 6000g for 20 min at 48C, washed with 50 mM
Tris–Cl (pH 7.5) containing 1 mM EDTA, mixed with lysozyme (2 mg/ml) and Triton
X-100 (0.1%), and sonicated for 3 min at 6-s intervals in 50 ml of buffer A (50 mM
Tris–Cl (pH 7.5), 1 mM EDTA, and 0.2 mM DTT) containing 0.2 mM PMSF. Cellular
debris was removed by centrifugation at 39,000g for 1 h at 48C and the remaining
proteins were precipitated with ammonium sulfate (30–80% saturation). The pellets
were dissolved in buffer A and dialyzed against two changes of buffer A for 8 h at
48C. The dialyzed crude extract was applied to a Q-Sepharose anion exchange column.
The column was washed twice with buffer A containing first 0.1 M KCl and then
0.2 M KCl, and bound proteins were eluted with a linear gradient from 0.2 M to 1
M KCl in buffer A. P450eryF fractions were collected by monitoring the absorption
ratio at 418/280 nm, pooled, concentrated by Centricon, and applied to a Mono-Q
anion exchange FPLC column. P450eryF enzyme was eluted with a linear gradient
from 0.1 M to 0.3 M KCl in buffer A.

Spectroscopy. Optical absorption spectra (700 to 360 nm) of ferric, sodium dithio-
nite-reduced ferrous, and CO-complexed ferrous P450eryF were obtained with a
Lambda 18 UV-Vis spectrophotometer (Perkin–Elmer). Appropriate amounts of ferric
P450eryF were dissolved in 0.1 M KH2PO4, pH 7.5, and reduced with 200 ml of
saturated sodium dithionite. CO complexes were prepared by vigorously bubbling
carbon monoxide through the reduced P450eryF solution. Circular dichroism (CD)
spectra of ferric P450eryF enzymes were obtained with a JASCO 715 polarimeter
(Shimadzu).

Enzyme assay. Stock solutions for kinetic analysis of P450eryF enzymes were
prepared as follows: 6-DEB, 10 mM in absolute ethanol; erythronolide B (EB), 10
mM in absolute ethanol; spinach ferredoxin, 20 mM in 0.1 M KH2PO4, pH 7.5;
spinach ferredoxin-NADP+ oxidoreductase, 0.01 U/ml in 0.1 M KH2PO4, pH 7.5;
NADPH, 100 mM in 0.1 M KH2PO4, pH 7.5. Assay mixtures contained O2-saturated
0.1 M KH2PO4, pH 7.5, 0.53 mM ferredoxin, 1 3 1024 U of ferredoxin-NADP+

oxidoreductase, 66 mM 6-DEB, 4 mM NADPH, and 1.88 mM P450eryF enzyme in
a total volume of 150 ml . The reaction was initiated by the addition of NADPH and
terminated after 0, 2, 5, 10, 20, or 30 min by the addition of ethyl acetate. The reaction
mixture was extracted twice with ethyl acetate and dried by evaporation under vacuum.

Derivatization of reaction products and GC analysis. Tri-sil solution (30 ml) was
mixed with the enzymatic reaction products and heated to 858C for 5 min, and the
silinated derivatives were subjected to analysis by gas chromatography using a GC-
17A instrument (Shimadzu) equipped with a 30 m 3 0.25 mm Rtx-1 capillary column
(Restek). The temperature program consisted of an initial incubation at 1008C for 1
min, a linear increase of 108C/min to 2608C, and a final incubation of 20 min at
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2608C. The temperatures of injector and detector were set at 2758C. Retention times
of trimethysilinated 6-DEB and EB were 25.7 min and 30 min, respectively. Km and
kcat values of P450eryF enzymes were obtained by reciprocal plot.

NADPH oxidation and formation of hydrogen peroxide. NADPH oxidation rates
were measured by monitoring absorbance at 340 nm. Reaction mixtures consisted of
O2-saturated 0.1 M KH2PO4, pH 7.5, 8 ml of 20 mM ferredoxin, 20 ml of 0.01 U/ml
ferredoxin-NADP+ oxidoreductase, 100 ml of 100 mM NADPH, and 8 mg of P450eryF
enzyme in a total volume of 2.5 ml. For quantitative analysis of H2O2 production,
the enzymatic reaction was terminated after 2, 5, 10, 20, or 30 min by the addition
of 5% trichloroacetic acid, and the absorption of red ferrithiocyanate complex formed
in the presence of peroxides was monitored at 480 nm (11). The amount of hydrogen
peroxide produced was determined by comparison with a standard curve.

RESULTS AND DISCUSSION

Purification of Mutant P450eryF Enzymes

The DNA sequence of each mutant P450eryF cDNA was confirmed by dideoxy
sequencing, and purified mutant P450eryF enzymes were analyzed by SDS–PAGE.
The purified proteins were homogeneous and the mobility of each mutant protein
exactly matched that of wild-type P450eryF (Fig. 1).

Spectral Properties of Mutant P450eryF Enzymes

Absorption spectra of P450eryF enzymes are shown in Fig. 2. All of the enzymes
showed a characteristic absorption at 418 nm in the ferric state, and the CO-complexed
reduced ferrous forms showed strong absorption at 450 nm. The difference spectra
between reduced and CO-complexed P450eryF enzymes also indicated that all of the
mutant P450eryF enzymes were functional cytochrome P450 proteins (Fig. 3). These
results indicated that all of the mutant P450eryF enzymes retained the characteristic
spectral properties of P450 enzymes. Possible alteration of the wild-type three dimen-
sional structure was further checked by analyzing CD spectra of the mutant enzymes.
No significant difference was observed by CD spectroscopy between any of the
mutants and the wild-type enzyme (data not shown). We therefore concluded that
mutation at A245 or S246 did not cause any significant three-dimensional structural
change, and that overall structure was maintained by all of the mutant enzymes.
Spectral changes induced by substrate binding are well characterized in all P450
proteins (8). Difference spectra of P450EeryF enzymes bound to substrate are shown

FIG. 1. SDS-PAGE of purified wild-type and mutant P450eryF proteins. Ten micrograms of protein
was loaded in each lane of a 12% SDS–polyacrylamide gel. M indicates ovalbumin (MW 5 45,000).
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FIG. 2. Optical absorption spectra of ferric (1), sodium dithionite-reduced (2), and CO-complexed
ferrous (3) forms of wild-type and mutant P450eryF proteins.

in Fig. 4. As expected, all difference spectra of P450eryF enzymes showed characteris-
tic peaks, with maximal absorption at 385 nm and minimal absorption at 420 nm.
However, relatively small spectral shifts compared with wild-type P450eryF were
induced by substrate binding in the A245S/S246A and S246A mutants. This result
indicates that S246A and A245S/S246A mutants may interact less strongly with the
substrate than the wild-type enzyme.

Steady-State Kinetic Analysis and Formation of Hydrogen Peroxide

The steady-state kinetic parameters of wild-type and mutant enzymes are summa-
rized in Table 1. Km values of the S246A and A245S/S246A mutants were larger
than those of wild-type P450EryF and the A245S mutant. This is consistent with the
observed spectral changes upon substrate binding (Fig. 4). NADPH oxidation by the
S246A and A245S/S246A mutants was also slow compared with the wild-type en-
zyme, although kcat values of all of the mutant enzymes were comparable to that of
the wild-type. The tendency to NADPH oxidation of mutant P450eryF enzymes
therefore appears to be closely related to substrate binding. However, hydrogen perox-
ide formation rates did not correlate in a linear fashion with NADPH oxidation rates
in each mutant. For example, the A245S mutant showed a fast NADPH oxidation
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FIG. 3. CO-difference spectra of wild-type and mutant P450eryF proteins.

rate and also a fast rate of hydrogen peroxide formation relative to the wild-type
enzyme. Thus, in the A245S and S246A mutant P450eryF enzymes, a large proportion
of the electrons supplied from NADPH appear to be consumed by the formation of
hydrogen peroxide, resulting in uncoupling, instead of being utilized for the formation
of ferryl-oxygen species.

TABLE 1

Steady-State Kinetic Parameters of Wild-Type and Mutant P450eryF Enzymes

K5
a

2 Km kcat kcat/Km d[NADPH]/dt d[H2O2]/dt
P450eryF mM mM min21 min21mM21 mM min21 mM min21

Wild-type 0.7 0.12 3.65 29.44 18.90 0.03
A245S 9.0 0.19 1.29 6.68 12.70 0.19
S246A 0.50 2.30 4.59 7.70 0.11
A245S/S246A 3.52 1.10 0.31 4.52 0.04

a Ref. (8).
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FIG. 4. Substrate-induced difference spectra of wild-type and mutant P450eryF proteins.

Mechanistic Implication of Hydroxyl Groups at 245 and/or 246

The oxidation of NADPH leads to the formation of twice-reduced dioxygen species,
and the protonated derivatives of these are partitioned into two pathways as shown
in Fig. 5 (12). One pathway forms the ferryl oxygen species responsible for the
catalytic conversion of 6-DEB into EB, and the other pathway forms hydrogen
peroxide and leads to uncoupling. It is also known from experimental studies of
P450cam that two protons are involved in the formation of reactive ferryl oxygen
species (producing a water molecule) or ferric species (producing hydrogen peroxide)
(12). Molecular dynamic simulation studies of twice-reduced dioxygen-bound
P450eryF (13) indicated that the mechanism of proton-assisted formation of ferryl
oxygen species would require two hydrogen bonds preferentially formed on the distal
oxygen atom of the twice-reduced dioxygen species. In contrast, formation of hydrogen
peroxide requires two protonations, one on the distal and one on the proximal oxygen
atom. Therefore, it is likely that the position of protonations on oxygen atoms in the
twice-reduced dioxygen species is an important factor in determining the efficiency
of catalytic conversion of 6-DEB into EB after the twice-reduced dioxygen species
are formed. Since crystal structures of substrate-bound P450eryF enzymes (8) strongly
indicate that the hydrogen bond network includes hydrogen bonds involving Wat519
and Wat564 with the hydroxyl groups of amino acid side chains at position 245 or
246, mutations at these positions would be expected to strongly affect the partition
ratio of twice reduced dioxygen species. Therefore, the high hydrogen peroxide
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FIG. 5. Proton-assisted pathway of formation of ferryl oxygen species and uncoupling pathway
leading to the formation of hydrogen peroxide from bound, twice-reduced dioxygen species.

formation rate of A245S and S246A mutant P450eryF enzymes (Table 1) indicates
that adding one hydroxyl group to the 245 position (A245S) or removing the hydroxyl
group from the 246 position (S246A) results in increased uncoupling. Interestingly,
the hydrogen peroxide formation rate of the A245S/S246A mutant was comparable
to that of the wild-type enzyme. This indicates that just one hydroxyl goup positioned
either at 245 (A245S/S246A) or 246 (wild-type) can efficiently form a hydrogen bond
with Wat519 or Wat564, and also supports our previous proposal that the C-5 hydroxyl
group of the substrate actively participates in the proton shuttling pathway.

Overall catalytic efficiency (kcat/Km) was decreased in mutant P450eryF enzymes.
However, the catalytic events leading to the formation of EB or uncoupling can be
separated from the binding event by expressing kcat or d[H2O2]/dt (the rate of hydrogen
peroxide formation) relative to the NADPH oxidation rate. This allows determination

TABLE 2

Ratios of Catalytic Turnover for the Formation of EB and Uncoupling Leading to the Formation of
Hydrogen Peroxide Relative to NADPH Oxidation

kcat kcat d[H2O2]/dt kcat

P450eryF Km d[NADPH]/dt d[NADPH]/dt d[H2O2]/dt

Wild-type 1.00 1.00 1.00 118
A245S 0.23 0.53 9.30 6
S246A 0.16 1.58 8.90 21
A245S/S246A 0.01 1.26 5.00 30
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of the partition ratio of twice-reduced dioxygen species in each mutant. Relative ratios
of catalytic turnover and uncoupling are summarized in Table 2. The ratio of kcat to
hydrogen peroxide formation rate decreased in all mutant P450eryF enzymes. How-
ever, the A245S/S246A mutant still showed the highest value of any mutant P450eryF
enzyme. In conclusion, the present results indicate that moving hydroxyl groups
around the active site amino acid residue (at positions 245 and 246 in the I-helix)
interrupts the hydrogen bonding network in the proton shuttling system and increases
protonations on both the distal and proximal oxygen atoms of the twice-reduced
dioxygen species, thereby driving the overall reaction toward uncoupling.
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