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ABSTRACT: The 6-deoxyerythronolide B hydroxylase (EryF) is a soluble cytochrome P450 responsible for
the stereospecific C-6 hydroxylation of the erythromycin precursor, 6-deoxyerythronolide B. Using the
expression of the eryF gene in Escherichia coli [Andersen, J. F., & Hutchinson, C. R. (1992) J. Bacteriol.
174, 725-735] as the enzyme source, we examined the catalytic activity of the EryF protein toward several
macrolide substrates related to 6-deoxyerythronolide B. The results of these studies were compared with
measurements of the apparent dissociation constants for various substrates and with information from
molecular modeling studies of the substrates and the enzyme—substrate complex. Only minor changes in
the structure of 6-deoxyerythronolide B resulted in substrates with catalytic rates less than 1% of those seen
with the natural substrate. Although the 95 epimer of 9-deoxo-9-hydroxy-6-deoxyerythronolide B was
hydroxylated at a rate approximately equal to the natural substrate, the 9R epimer was hydroxylated at
a 2-fold lower rate. Examination of molecular models revealed that the position of the 9-hydroxyl oxygen
in the 9S epimer resembles that of the 9-0x0 oxygen in the natural substrate more closely than in the 9R
epimer. 8,8a-Deoxyoleandolide, which is identical to 6-deoxyerythronolide B except for the presence of a
C-13 methyl group, and its (95)-9-deoxo-9-hydroxy derivative were C-6 hydroxylated at a 4-fold lower rate
than the natural substrate, and the 9-oxo form showed a substantially larger apparent dissociation constant.
From these results, we postulate that the ethyl substituent at the 13-position of 6-deoxyerythronolide B is
important in the affinity of the substrate for the enzyme, possibly by interacting with a hydrophobic active-
site residue. This idea is supported by a molecular model of a possible enzyme—substrate complex, which
reveals the presence of several residues that may interact with the substrate, including Leu76 which may
be in a position to interact with the C-13 ethyl group. Interestingly, EryF has an Ala at the position
corresponding to Thr252 of P450..m. This Thr is conserved in all other cytochrome P450 enzymes and has

been thought to be essential for oxygen binding and cleavage.

Oxygenation of macrolide antibiotics can occur at positions
other than those resulting from incorporation of the acyl oxygen
atoms in the biosynthetic precursors. In the 14-membered
macrolides, oxygenation sites of this type are seen in eryth-
romycin, oleandomycin, and lankamycin (Nakagawa &
Omura, 1984). The 6-deoxyerythronolide B hydroxylase from
Saccharopolyspora erythraea (Safiee & Hutchinson, 1987;
Corcoran, 1981) is the only instance where an enzyme
responsible for a specific oxygenation event has been purified.
This soluble cytochrome P450 monooxygenase has been shown
to be responsible for the stereospecific hydroxylation of
6-deoxyerythronolide B at the 6-position (Shafiee & Hutch-
inson, 1987; Corcoran, 1981). Following hydroxylation, the

t This work was supported in part by NIH Grants GM 31529 (to
C.R.H.) and RR 05659 (to Ivan Rayment) for the FPS mini-super-
computer. J.F.A. was the recipient of a fellowship from the American
Foundation for Pharmaceutical Education.

* To whom reprint requests should be addressed at the School of
Pharmacy, University of Wisconsin, 425 N. Charter St., Madison, WI
53706; FAX: (608)262-3134.

tSchool of Pharmacy.

§ Present address: Department of Entomology, University of Arizona,
Tucson, AZ 85721.

I Department of Applied Chemistry.

1 Department of Bacteriology.

macrolide is conjugated with the deoxysugars mycarose and
desosamine to form erythromycin D (Corcoran, 1981). The
eryF gene encoding deoxyerythronolide B hydroxylase (EryF!
or CYP107A1) has been cloned along with other erythromycin
biosynthetic genes from the region of the erythromycin
resistance gene, ermE (Weber et al., 1991). EryF has been
expressed in Escherichia coli, and its function verified by in
vitro assay (Andersen & Hutchinson, 1992). A second
cytochrome P450, Orf405, has also been isolated from S.
erythraea and shows no activity toward 6-deoxyerythronolide
B despite being the most closely related member of the P450
superfamily to EryF (Andersen & Hutchinson, 1992).

Macrolides vary in their solution conformations and patterns
of substitution, both of which could potentially affect their
suitability as EryF substrates. In previous work, a 9-deoxy-
9-hydroxy form of 6-deoxyerythronolide B was found to be
a suitable substrate for the hydroxylase, suggesting that some

! Abbreviations: EryF, 6-deoxyerythronolide B hydroxylase; CD,
circular dichroism; DTT, dithiothreitol; GC, gas chromatography; HPLC,
high-performance liquid chromatography; NMR, nuclear magnetic
resonance; PAGE, polyacrylamide gel electrophoresis; PMSF, p-phenyl-
methanesulfonyl fluoride; Ry, relative mobility; TLC, thin-layer chro-
matography; TMS, trimethylsilyl.
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plasticity exists in the specificity of EryF (Shafiee &
Hutchinson, 1987; Corcoran, 1981). In the present study,
the catalytic activity of EryF with various macrolide substrates
was examined to determine its substrate specificity and,
thereby, its potential usefulness in the synthesis of novel
macrolide structures. Using the 1.6-A crystal structure of
cytochrome P450c., (Poulos et al., 1987) as a template, a
molecular model of EryF was constructed that is based on
sequence alignments of bacterial cytochromes P450. Residues
aligning with P450.,, regions known tointeract with substrate
were replaced with the corresponding EryF residues, a
substrate model was inserted in the active site, and the model
of the enzyme—substrate complex was subjected to energy
minimization. This analysis assisted the interpretation of the
substrate structure—activity data for EryF and revealed
potential sites for site-directed mutagenesis. Of particular
interest is the fact that EryF lacks a threonine residue that
corresponds to Thr252 of P450c,m. This residue is highly
conserved in P450 sequences and is thought to play a crucial
role in oxygen binding and cleavage (Poulos et al., 1987). In
EryF, amino acid alignments show that Thr252 has been
replaced by Ala245, a substitution known to reduce the
hydroxylase activity of P450,m drastically (Imaiet al., 1989).

EXPERIMENTAL PROCEDURES

Purification of Enzymes. EryF was purified from extracts
of the E. coli(pWHMS808) transformant (Andersen &
Hutchinson, 1992). Erlenmeyer flasks (2 L) containing 1-L
buffered 2X YT medium (Andersen & Hutchinson, 1992)
with IPTG (1 mM) and ampicillin (100 ug/mL) were
inoculated with 15 mL of a frozen suspension of this
transformant. The cultures were grown ca. 18 h, and the cells
were harvested by centrifugation (6000g). The cell pellet
was washed with 50 mM Tris-HCl (pH 7.5) and | mM EDTA
and recentrifuged (6000g). After resuspension of the cell
pellet in 50 mM Tris-HCI (pH 7.5), 1 mM EDTA, and 0.2
mM DTT (buffer A) containing 0.2 mM PMSF, lysozyme (2
mg/mL) was added, and the suspension was incubated at
room temperature for 30—45 min. Triton-X100 was added to
the suspension to facilitate lysis, followed by MgCl; (25 mM)
and a small amount of DNase I. After a 5-min incubation
at room temperature, the cellular debris was removed by
centrifugation at 39000g. Ammonium sulfate was added to
the supernatant to 30% of saturation, followed by 30 min of
stirring and centrifugation at 39000g. To the resulting
supernatant, solid ammonium sulfate was again added to 80%
of saturation, and after 30 min the mixture was centrifuged
at 39000g.

The 80% ammonium sulfate pellet was dissolved in buffer
A, dialyzed against two changes of buffer A, and applied to
a column of Q-Sepharose (Pharmacia). The column was
eluted batchwise with 0.1, 0.2, and 1.0 M KCl in buffer A
(approximately 100 mL each). Cytochrome P450 was present
in only the 0.2 M fraction as indicated by the presence of the
Soret absorbance of heme at 450 nm in the optical difference
spectrum of the oxidized and reduced, carbon monoxide-bound
P450 complex (Matsubaraetal., 1976). After 2-fold dilution,
the 0.2 M eluent was applied toa Mono-Q (Pharmacia) anion-
exchange columnand eluted witha 100-300 mM KCl gradient
in buffer A. The cytochrome P450 containing fractions were
pooled, concentrated ina Centricon-30 concentrator (Amicon),
and applied toa Superose-6 (Pharmacia) gel filtration column,
After elution with buffer A containing 100 mM KCl, the
fractions were analyzed by SDS-PAGE and pooled based on
the presence of the appropriate P450 band. Visible difference
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FIGURE 1: Structures of macrolides used as substrates in reactions
with EryF. 6-Deoxyerythronolide B (1), (95)-9-deoxy-9-hydroxy-
6-deoxyerythronolide B (2), 5,6-dideoxy-5-oxoerythronolide B (3),
(9R)-9-deoxy-9-hydroxy-6-deoxyerythronolide B (4), narbonolide (5),
oleandolide (6), (8 R)-8,8a-deoxyoleandolide (7), (8 R,95)-9-deoxo-
9-hydroxy-8,8a-deoxyoleandolide (8), (9R)-9-deoxy-9-hydroxy-8,8a-
dehydro-8,8a-deoxyoleandolide (9), and methynolide (10).

spectra (600-390 nm) of the purified EryF in its dithionite
reduced, carbon monoxide-bound P450 form displayed none
of the P420 form (Andersen, 1992). The P450 content was
determined from the optical difference spectrum of the pooled
fractions. Comparison of the total P450 content of the crude
cell extract (1.8 mg/L) with that of the material obtained in
the final purification step, which exhibited a single band in
Coomassie-stained SDS-PAGE gels (Andersen, 1992), in-
dicated that we obtained a 50% recovery of homogeneously
pure EryF.

Substrates for Structure—Activity Studies. The structures
used for experiments of substrate specificity are shown in
Figure 1. Compounds 1-3 were obtained from Jim McAlpine
(Abbott Laboratories, North Chicago, IL), and 1 was purified
by TLC. Compound 4 was prepared by reduction of
6-deoxyerythronolide B as described previously (Shafiee &
Hutchinson, 1987) and purified by preparative TLC. The
radiolabeled form of this compound, (9R)-[9-3H]-9-deoxy-
9-hydroxy-6-deoxyerythronolide B, was prepared by Shafiee
and Hutchinson (1987). Compound 5 was obtained from
Jaroslav Majer (Northwestern University, Evanston, IL) and
was purified by silica gel HPLC using a mobile phase of
CHCI3/MeOH (9:1, v/v). Compounds 6-9 were prepared
as previously described (Tatsuta et al., 1990). Compound 10
was prepared by hydrolysis of methymycin (obtained from
Satoru Masamune, MIT) by the method of Djerassi and Zderic
(1956) and purified by preparative TLC on silica gel.
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Assays of Enzymatic Activity. Kinetic data were obtained
with the substrate (9R)-[9-’H]-9-deoxy-9-hydroxy-6-de-
oxyerythronolide B. The assay mixture contained 20 mM
spinach ferredoxin, 0.25 unit of spinach ferredoxin:NADP*
oxidoreductase (EC 1.18.1.2), 0.8 unit of glucose-6-phosphate
dehydrogenase (EC 1.1.1.49), 1.4 mM NADP*, 7.6 mM
glucose 6-phosphate, and 3-4 pmol of cytochrome P450 in a
final volume of 0.5 mL (Andersen & Hutchinson, 1992). The
mixtures were incubated for 1 min at 30 °C, and the substrate
wasaddedin 5 uL of ethanol. Assay preparations were allowed
to react for 5 min, at which time the reaction was stopped by
quickly vortexing the solution with 1 mL of ethyl acetate. The
aqueous mixtures were thoroughly extracted with an additional
1 mL of ethyl acetate, and the combined extracts were dried
under vacuum. Reaction products were analyzed by TLC
and scintillation counting as described previously (Andersen
& Hutchinson, 1992).

Large-scale reactions for product isolation and character-
ization were performed in 2-mL volumes using the assay system
described above, with a substrate concentration of 4 mM. In
these instances, 3—5 nmol of cytochrome P450 was added to
the reaction mix, and the reactions were allowed to proceed
for 1-3 h. Reaction products from these incubations were
applied tosilica gel TLC plates and developed with chloroform/
ethanol (9:1). The recovered substrate and product bands
were scraped from the TLC plate and eluted with 20%
methanol in methylene chloride, and after the solution was
evaporated todryness, the residue was dissolved in ethyl acetate
and filtered through a glass frit. Recovered substrate was
then used to generate additional hydroxylated product by the
same method. For NMR spectroscopy, the vacuum-dried,
purified reaction products were dissolved in CDCIl; (100
atom%, Aldrich), and proton spectra were obtained on a Bruker
AM-300 spectrometer.

To obtain rate data for nonradiolabeled substrates, a gas
chromatographic analysis of reaction products was developed.
Assays were run as above at a substrate concentration of 100
mM, a reaction time of 10 min, and 7-10 pmol of enzyme in
atotal volume of 0.5 mL. Theethyl acetate extracts containing
the reaction produces were evaporated to dryness and treated
with Trisil solution (Pierce Chemical). Aftera 30-minreaction
period at room temperature, the trimethylsilyl derivatives were
analyzed by gas chromatography. Theanalysis was performed
on a Hewlett-Packard 5890A gas chromatograph equipped
with a hydrogen flame ionization detector and a 30-m X 0.25-
mm diameter AT-1 (Alltech) fused silica capillary column.
The injector and detector temperatures were set at 275 °C,
and the carrier gas was helium. The temperature program
consisted of an initial hold at 100 °C for 0.5 min followed by
a linear increase of 10°/min to 260 °C, with a final hold of
15 min at 260 °C. The retention times of residual substrate
peaks were determined by comparison with trimethylsilylated
authentic standards, and those of product peaks were deter-
mined either by comparison with authentic standards, or in
instances where standards were not available, by quantitative
measurement of the time course of product appearance. Peak
areas were determined by integration using a Hewlett-Packard
3392A integrator.

Determination of Dissociation Constants (Kp). Binding
of camphor to oxidized cytochrome P450.,n is associated with
a shift of the spin-state population of the ferric heme iron
from predominantly low spin to predominantly high spin
(Sligar, 1976). The change in spin state manifests itself as
a shift in the spectral Soret maximum of the oxidized enzyme
from near 418 nm to near 390 nm. The optical difference
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spectrum of bound versus unbound oxidized enzyme (type I
difference spectrum) can, therefore, be used to determine the
apparent Kp.

Substrates dissolved in ethanol were added to a solution
(0.5 mL) of purified enzyme (3.5-4.5 uM) in 50 mM Tris-
HCI (pH 7.5) containing 100 mM KCl at 25 °C. Spectral
scans from 500 to 380 nm were obtained at 25 °C on a Cary
14 double beam spectrophotometer fitted with an On-Line
Instruments Systems (Madison, WI) data system, Difference
spectra were obtained by subtracting the spectrum of the
unbound enzyme from spectra of enzyme incubated with
increasing concentrations of substrate. In all cases, normal
type I spectra with good isosbestic points were obtained; in
particular, the spectrum of oxidized EryF bound to 100 uM
1 exhibited an essentially complete shift of the 418-nm
{unbound) to 390 (bound) absorption maxima (Andersen,
1992).

Molecular Modeling of EryF and Its Substrates. Theactive
site of the EryF enzyme was modeled on the 1.6-A X-ray
crystal structure of cytochrome P450.,m obtained from the
Brookhaven Protein Database (Poulos et al., 1987). Thethree-
dimensional structure of the substrate 6-deoxyerythronolide
B was constructed from X-ray coordinates of erythromycin
A (Harris et al., 1965) obtained from J. McAlpine (Abbott
Laboratories, North Chicago, IL). NMR investigations have
previously demonstrated that the solution conformation of
the erythronolide B and 6-deoxyerythronolide B aglycons are
very similar to the macrolide portion of the erythromycin A
X-ray structure (Egan et al.,, 1973). Amino acid residues
known to lie in the active site of P450,,,, were replaced by the
corresponding residues in EryF based on a sequence alignment
using the GAP program of the University of Wisconsin
Genetics Computer Group software package with the default
settings (Deveraux etal., 1984). Thesubstitutions were made
using the program Sybyl 5.4 (Tripos Associates) ona Microvax
IT computer and an Evans and Sutherland PS390 graphics
workstation in the University of Wisconsin Molecular Mod-
eling Laboratory in the School of Pharmacy. The model was
minimized using the molecular mechanics minimization
module (min) of the program Amber 3.0 (Weiner & Kollman,
1981) run on an FPS Model 522 mini-supercomputer at the
University of Wisconsin Institute for Enzyme Research.

Graphical comparisons of macrolide conformations were
made using the programs Alchemy (Tripos Associates) and
Chem-3D (Cambridge Scientific Products). Crystal coor-
dinate data were obtained for erythromycin A (J. McAlpine),
p-bromobenzoyloleandomycin (Ogura et al., 1978), p-bro-
mobenzoylpikromycin (Furuhata et al., 1977), 5,6-dideoxy-
3a-mycarosyl-5-oxoerythronolide B (J. McAlpine), and
5-deoxy-3a-mycarosyl-5-oxoerythronolide B (J. McAlpine)
and then edited to create the aglycon structures 1, 3, 5-deoxy-
5-oxoerythronolide B, §, and 6. Conformational studies of 1
and 5 with NMR suggest that the crystal structures are quite
similar to the conformations seen in solution (Harris et al.,
1965; Ogura et al., 1981).

RESULTS AND DISCUSSION

Characterization of EryF. Hydroxylation of the 6-deoxy-
erythronolide B analog (9R)-[9-3H]-9-deoxy-9-hydroxy-6-
deoxyerythronolide B (3) by extracts of an E. coli strain
expressing the eryF gene was found to be dependent on
exogenous ferredoxin and NADP:ferredoxin oxidoreductase.
Previous results with this substrate (Shafiee & Hutchinson,
1987) showed the reaction rate to be linear for greater than
10 min, so end-point hydroxylation measurements were taken
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at 5min. Values for the apparent Ky, and Ve for the (9R)-
[9-3H]-9-deoxy-9-hydroxy-6-deoxyerythronolide B substrate
were determined to be 6.1 ukM and 65 min~!, respectively,
under conditions that gave the maximum observable rate with
the artificial electron transport proteins, spinach ferredoxin
and NADP:ferredoxin oxidoreductase (Corcoran, 1981; Ander-
sen & Hutchinson, 1992). [The natural electron donors to
EryF are not known, although suitable electron transport
proteins have been purified from S. erythraea (Shafiee &
Hutchinson, 1988). The gene for the FdxA ferredoxin
component of these proteins has been cloned, but we do not
know if it is essential for the function of EryF in vivo since
fdxA mutants could not be isolated (Donadio & Hutchinson,
1991).] The value for the apparent Ky, is similar to that seen
previously (Shafiee & Hutchinson, 1987), but the value for
Vmax is larger by a factor of more than 6000 than that reported
for the most active fraction of 6-deoxyerythronolide B
hydroxylase (Shafiee & Hutchinson, 1987). Thisdiscrepancy
can be explained by the recent finding that the EryF
hydroxylase copurifies with another more abundant but totally
inactive (in 6-deoxyerythonolide B hydrolase assays) cyto-
chrome P450 from S. erythraea extracts (Andersen &
Hutchinson, 1992).

Hydroxylation of 12- and 14-Member Macrolactones by
EryF. The ability of EryF to hydroxylate a variety of 12- and
14-member macrolactones was tested in order both to
determine the potential usefulness of this enzyme in the
production of novel macrolides and to probe the structure of
its substrate binding pocket by analysis of structure-activity
relationships. The products of EryF-mediated reactions were
initially examined qualitatively by TLC using 200 uM
substrate and ca. 0.1 nmol of enzyme. High levels of product
formation were seen only for 6-deoxyerythronolide B (1), (95)-
9-deoxo-9-hydroxy-6-deoxyerythronolide B (2), (9R)-9-deoxo-
9-hydroxy-6-deoxyerythronolide B (4), 8,8a-deoxyoleandolide
(7), and (8R,95)-9-deoxo-9-hydroxy-8,8a-deoxyoleandolide
(8). The reaction between EryF and $,6-dideoxy-5-oxoeryth-
ronolide B (3) produced a detectable spot with a mobility very
similar to that of erythronolide B (the product of reaction of
1 with EryF), but the quantities of this product were obviously
much lower than those obtained with 1, 2, 4, 7, and 8. This
is consistent with the relative amounts of 3 and its 6-hydroxy
derivative produced by a S. erythraea mutant (Donadio et al.,
1991; Katz & Hutchinson, 1992), which hydroxylated 3 only
to a small extent.

The reaction products obtained with compounds 1, 2, and
4 could be identified by comparison of TLC Ry and GC
retention times (see below) with authentic standards. No
standards were available for the products derived from the
oleandolide derivatives 7 and 8, however, so the product of an
EryF-mediated reaction with compound 8 was isolated and
the position of hydroxylation determined by 'H NMR.
Assignments for the ring protons were made based on published
data for the 3,5-benzylidine derivative of 8 and 6-deoxy-
erythronolide B (1). Hydroxylation at the 6-position of 8 by
EryF was indicated by the loss of the resonance at § 2.15 ppm
assigned to the C-6 proton in 8, and the absence of coupling
between the C-5 and C-6 protons was seen as a simplification
of the multiplet at 6 3.98 ppm assigned to the C-5 proton. The
coupling constant values reported for the 3,5-benzylidine
derivative of 8 are Jys = 1.0 and Jsg = 6.0 Hz (Tatsuta et
al., 1987), while the values for 8 observed here were J4 5 =
1.47and Jsg = 6.63 Hz. Inthespectrum of the hydroxylation
product of 8, only the smaller 4,5 coupling is seen. The C-8
proton resonance was concealed in the 'H spectra of 8 and its
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Table I: Hydroxylation and Binding of 1 and Its Analogs by EryF

compd® Keat® relative velocity® Kp? AG®
1 103.0 1.00 1.98 9 0.26 -3.69
2 106.0 1.02 523+0.19 =311
3 <1.00 <0.01 6.34 £ 0.47 -3.00
4 59.2 0.57 8.45+ 0.74 -2.83
7 23.7 0.23 142. £ 13. -1.15
8 26.4 0.26 ND/

aSee Figure 1 for the corresponding structures. * Average of two
replicates (min™!). ¢ Velocity relative to the natural substrate 1. 4 Dis-
sociation constant (uM). ¢ AG = RT In Kp (kcal mol-!). /ND = not
determined.

enzymatic product, but hydroxylation at C-8 could be
discounted based on the presence of both 8,9 and 9,10 H-H
coupling in the substrate and product spectra. For the 3,5-
benzylidine derivative of 8, the published coupling constants
for the C-9 proton are Jg¢ = 9.0 and Js 10 = 3.0 Hz (Ogura
et al., 1981), and those obtained for 8 in this study are Js o
=9.73 and Jg1p = 3.41 Hz. Both couplings are seen in the
hydroxylation product, indicating that the C-8 proton is
present. The coupling constants are also very similar to those
observed for the substrate 8.

Narbonolide (5), oleandolide (6), (9 R)-9-deoxy-9-hydroxy-
8,8a-dehydro-8,8a-deoxyoleandolide (9), and methynolide (10)
showed little conversion to more polar products by EryF in
the TLC assay. In each case a small amount of at least one
product spot could be seen on the TLC plate, but the identity
of these compounds was not determined.

Relative reaction rates for the six substrates that showed
significant conversion to more polar products in TLC assays
were determined by GC analysis of TMS derivatives of the
reaction products (Table I). The products of the reactions
for substrates 1, 2, and 4 were identified by comparison with
authentic standards (obtained from J. McAlpine), while the
product peaks for 7 and 8 were determined based on the
increase in peak area relative to substrate after extended
incubations (1 h) with enzyme (Figure 2).

The results of the GC assays showed the natural substrate
1 and the 9-deoxy-9-hydroxy derivative 2 to give the highest
rates of hydroxylation. The epimer of 2, (9R)-9-deoxy-9-
hydroxy-6-deoxyerythronolide B (4), was converted at about
halfthe rate of the natural substrate (Table I). Theoleandolide
derivatives 7 and 8 were converted at about one-fourth the
rate of the natural substrate (Table I), despite differing from
1 and 2 by only the length of the alkyl side chain at position
13 (Figure 1).

No obvious product peak could be detected by GC analysis
of the reaction of 3 with EryF, even if the assay mixtures were
left to incubate at 30 °C for 1 h. These data indicate that
while hydroxylation of 3 could be detected on TLC plates in
assays using large amounts of enzyme (20-fold more than in
the GC assay), turnover number for this substrate must be
somewhat less that 1 min~! (Table I).

Substrate Binding Studies. Binding of the naturalsubstrate,
6-deoxyerythronolide B (1), with EryF at a concentration of
100 uM caused a nearly complete shift of the Soret band from
418 to 390 nm. The apparent Kp for the natural substrate
1 was 2.6-fold smaller than that seen for the 95 epimer of
9-deox0-9-hydroxy-6-deoxyerythronolide B (2),and about 4.3-
fold smaller than the value seen with the 9R epimer (4) (Table
I). The reduced level of enzymatic hydroxylation of the 9R
epimer relative to the 95 and the apparent difference in binding
of these two substrates suggest that the structure of the 9§
epimer may more closely resemble that of the natural substrate
in the active site. Conformational models of the two 9-deoxy-
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8,8a-deoxyoleandolide

AXO30-2

E AXOHAAH-9

Jul.l

(8R, 95)-9-deoxo-9-hydroxy-8,8a-deoxyocleandolide

~N——

AX0O3a-9

—— AXOHUAH9

Retention Time
FIGURE 2: Gas chromatograms of the reaction products of 8,8a-
deoxyoleandolide (7) and (8R,95)-9-deoxy-9-hydroxy-8,8a-deoxy-
oleandolide (8). The chromatograms show the conversion of each
substrate to hydroxylated product over the period of 1 h. Substrate
concentrations were 100 mM.

FIGURE 3: Comparison of the three-dimensional structure of 1 (A)
with superimposed models of the epimers of its 9-deoxy-9-hydroxy
derivatives 2 and 4 (B). The boxed letters S and R indicate the
proposed positions of the C-9 oxygen in 2 and 4, respectively. The
positions of only the oxygen and hydroxyl atoms are indicated.

9-hydroxy epimers were constructed based on the crystal
structure of 1 (Figure 3). The conformation around C-9 of
the models agrees closely with the solution structures of the
two epimers deduced from NMR data by DeMarco (1969).
With the 95 epimer, the C-O bond at the 9 position is oriented
in a very similar manner to carbonyl C-O bond in 1, while in
the 9R epimer the C-O bond projects outward along the plane
of the macrolide ring. The similarity in the positioning of the
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C-9 oxygen in 1 and 2 may explain the superiority of 2 as a
substrate in comparison with 4 (Figure 3).

Despite differing from 1 only in the length of the alkyl
groupat C-13, the apparent Kp for 7 was substantially elevated
over that seen with the natural substrate, representing a loss
of about 2.54 kcal mol™! of binding energy (Table I).
Apparently, the length of the alkyl chain has a strong influence
on substrate binding, and the shortening of this chain by one
carbon is at least partially responsible for the 4-fold decrease
in the hydroxylation rate of 7 in comparison with 1. The
shortening of the C-13 alkyl group would not be expected to
greatly alter the conformation of the macrolide structure 1,
suggesting that a specific interaction exists between the alkyl
group and a hydrophobic active-site residue.

Spectral shift experiments with the 6-deoxyerythronolide
B derivative 3 showed levels of binding comparable to those
of substrates that are hydroxylated far more efficiently (Table
I). Values for the Kp of 3 with oxidized EryF were close to
those seen with 2, which is readily converted to a hydroxylated
product. Comparison of the three-dimensional models of the
natural substrate 1 with a structure of 3 shows the two to be
conformationally similar (Figure 4A,B). Both show a cis
orientation of the C-O bonds at C-1 and C-9 and are nearly
identical in the vicinity of C-6 despite the difference in
oxidation state at C-5. Thereason for the poor hydroxylation
rate of 3is not known, but a model of the hydroxylation product
of 3 based on the crystal structure of its 3a-mycarosyl
monoglycoside (Donadio et al., 1991) suggests that a major
conformational change occurs when 3 is hydroxylated (Figure
5). The result of this change is that the C-9 carbonyl group
is rotated nearly 90° from its position in 3 (Figure 5). NMR
and CD studies have shown the major conformers of 1 and
its hydroxylation product to be nearly identical (Egan et al.,
1973), suggesting that no major conformational change of
substrate or product would occur in the active site of EryF
during the normal course of the reaction. A large difference
in the stable conformation of 3 and its hydroxylation product
thus may contribute significantly to the low level of hydrox-
ylation observed with 3 in vitro and in vivo.

The weakly hydroxylated substrates 6 and 10 were tested
for binding with EryF. As expected, very small shifts in the
position of the Soret maximum were seen, in the presence of
high (2 mM) substrate concentrations. The crystal confor-
mation of 6 is reasonably similar to that of 1 (Figure 4C),
suggesting that major conformational differences of the
substrate are not responsible for the lack of binding of 6. It
is possible that a combination of the shortened alkyl side chain
at position 13 (as already demonstrated for 7) and the presence
of an extra substituent at position 8 act to weaken the affinity
to the point where binding is difficult to detect.

The unsaturated 14-membered macrolide narbonolide (5)
was not tested for binding. However, it is not hydroxylated
to a significant extent by EryF, and the comparison of the
structural model of § derived from the X-ray structure of
bromobenzoylpikromycin (Furuhata etal., 1977) suggests that
poor hydroxylation can be attributed toa very large difference
in preferred conformation between 5 and more suitable EryF
substrates (Figure 4D).

Ininterpreting the relationships between k.,: and Xp for all
of these substrates, we have assumed that no major alterations
in the substrate and enzyme conformations take place during
the initial stages of catalysis and that the rate of product
release is comparable for the substrates that underwent
hydroxylation. We, furthermore, have not determined if the
facility of electron transport or the amount of peroxide formed,
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FIGURE 4: Structures of 14-membered macrolides based on crys-
tallographic coordinates of their glycosides. (A) Structure of 1 based
on crystal structure of erythromycin A. (B) Structure of 3 based on
the crystal structure of 5,6-dideoxy-3a-mycarosyl-5-oxoerythronolide
B (coordinate data provided by Jim McAlpine, Abbott Laboratories,
North Chicago, IL). (C) Structure of 6 based on crystal data for
p-bromobenzoyloleandomycin (Ogura et al., 1978). (D) Crystal
structure of 5 based on the coordinate information for p-bromoben-
zoylpicromycin (Furuhata etal., 1977). Thestructuresarearranged
such that carbon 6 occupies the same relative position in each, and
the positions of only the oxygen and hydroxyl atoms are indicated.

if any [due to decoupling of oxygen activation and substrate
hydroxylation (Imai et al., 1989)], is different for different
substrates. These factors might affect the hydroxylation rate
data but were beyond the scope of the present investigation.

Modeling of the Active Site of EryF. Molecular modeling
of the active site of EryF was performed to determine the
possible positioning of the macrolide in the substrate pocket
and to examine any potential contacts of the substrate with
nearby amino acid residues. The 1.6-A resolution crystal
structure of cytochrome P450.,m has proven to be a suitable
template for the modeling of other P450 enzymes (Graham-
Lorenceetal., 1991; Laughton & Neidle, 1990; Poulos, 1991),
and site directed mutagenesis studies have generally supported
the idea of a common topological structure for P450 substrate
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FIGURE 5: Three-dimensional structures of 5,6-dideoxy-5-oxoeryth-
ronolide B (A) and 5-deoxy-5-oxoerythronolide B (B) based on the
X-ray structures of their 3a-mycarosyl monoglycosides. The positions
of only the oxygen and hydroxyl atoms are indicated.

binding sites (Graham-Lorenceetal.,1991). Usingthe Sybyl
program, the active-site residues of P450.,, were replaced by
the corresponding residues in EryF as determined by amino
acid alignment [with the PILEUP program (Devereux et al.,
1984)] of EryF, Orf405, P450.,m, and three P450 forms from
various actinomycete species (Figure 6A). EryFand P450¢,m
exhibit approximately 21% positional identity, including a
number of residues that are invariant in all P450 enzymes
sequenced to date. Amino acid replacements were made in
three areas of the P450.,m sequence (Figure 6B), including
all residues that were found to lie within 4 A of the camphor
substrate in the published crystal structure (Poulos et al.,
1987). Upon replacement, the internal coordinate positions
of the backbone atoms of the individual residues in P450cam
were maintained.

The first substituted region (Figure 6C) corresponds to a
portion of the distal helix I (Poulos et al., 1987) in P450cum
which contains Thr252, a residue thought to be involved in
the accommodation of molecular oxygen in the active site.
Interestingly, Thr252 itself is replaced in EryF by Ala245.
Inspection of published P450 sequence alignments reveals that
the occurrence of this residue is essentially invariant in both
prokaryotes and eukaryotes (Poulos et al., 1987) and that
EryF is a very rare example of substitution at this position.
All of the other actinomycete cytochromes P450 sequenced
todata contain a threonine residue at this position. The validity
of the alignment of Thr252 in P450.,r, and Ala245 in EryF
is based on the proximity of this residue to the sequence
LLAGFE244, which corresponds to the sequence in P450..m
of LVGGLD251 (Figure 6B). In P450.y, 2 hydrogen bond
between the side-chain hydroxyl group of Thr252 and the
carbonyl oxygen of Gly248 disrupts the normal «-helical
hydrogen-bonding pattern between residues 248 and 252
(Poulos et al., 1987). This disruption results in a kink or bend
in the helix around the GG dimer in the P450.., sequence,
which is thought to form a pocket for oxygen binding. All
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SUl DPRLSSNRTDDNFPATSPRFEAVRES

su2 DPRFSADAHRTGFPFLTAGGREIIGT 231 LTSIALVLLLAGFEASVSLIGIG 253 EryF
Cam DYRHFS. .. .SECPFIPREAGEAYDF 98 238 AKRMCGLLLVGGLDTVVNELSFS 260 Cam
ExryF LTSIALVLLLAGFEASVSLIGIGTY 287 PPETTT 294 EryF

Orf405 LIAMVFLLLVAGHETTVNLIGNCVL 293 SLVADG 298 Cam
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FIGURE 6: Alignment and modeling of the EryF active site. (A) Alignment of EryF with the actinomycete P450 sequences Orf405 (Andersen
& Hutchinson, 1992), SU1L (Omer et al., 1990), SU2 (Omer et al., 1990), and ChoP (Horii et al., 1990) and the P450.,, sequence by the
PILEUP program (Devereux et al., 1984), which uses the algorithm of Needleman and Wunsch (1970). Gaps are indicated by dotted lines
and the “Consen” line displays a capital letter whenever two or more identical residues are present in a column. The locations of three highly
conserved residues are indicated by a A. (B) Regions of five of these aligned sequences corresponding to the modeled region of EryF. (C)
The sequence substitutions made with the Sybyl program, with each residue of P450.., being substituted by the EryF residue shown directly
above it.

interaction with one of the propionate side chains of heme
(Poulos et al., 1987). In P450..,, this sequence contains

known P450 sequences contain either a GG or AG dimer at
this position, and the alignment shows a high degree of

similarity in this region of EryF with other actinomycete P450
sequences (Figure 6A).

The second P450.,r, sequence in which amino acid replace-
ments were made (Figure 6C) includes a portion of sheet 83
and the loop connecting sheet 33 to helix K directly N-terminal
to Arg299 (Poulosetal., 1987). Thisarginine residueis highly
conserved and is thought to be involved in an electrostatic

Val295, a residue that interacts with the geminal dimethyl
group of camphor. The third altered sequence (Figure 6C)
is contained within helix B’ (Poulos et al.,, 1987) and
surrounding residues and contains Tyr96, which interacts with
the carbonyl group of camphor via a hydrogen bond. This
region is highly variable in P450 sequences, making it difficult
to align precisely. However, the PILEUP alignment of six
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FIGURE 7: Model of the enzyme-substrate complex viewed per-
pendicular to the heme plane and showing residues having close
contacts with the substrate. Amino acid side chains are shown in
green, the heme is shown in blue, and the substrate is shown in
magenta.

bacterial P450 sequences suggests that Leu76 or EryF aligns
with Tyr96 of P450.m (Figure 6A).

The three-dimensional model of the substrate, 6-deoxy-
erythronolide B (1), was obtained from the crystal structure
of erythromycin A in which coordinate information for the
two deoxysugars, the C-6 hydroxyl group, and the C-12
hydroxyl group had been removed and replaced by hydrogen.
The substrate model was built from a coordinate file using
Sybyl and introduced into the active-site model of EryF that
also contained the structure of camphor in the same relative
position as is seen in P450.,, (Pouloset al., 1987). In P450cm,
the substrate has been proposed to approach the oxygen-bound
iron from the side, such that maximal interaction of the C-H
bond of the substrate with the oxygen p orbitals occurs (Poulos
etal., 1987). Thereactive oxygen abstracts the substrate C-5
exo hydrogen atom followed by collapse of the substrate radical
to form the hydroxylated product. The C-6 H bond of 1 was
directed toward the heme face, such that the C-H bond was
oriented similarly to the C-5 exo H bond in camphor, and C-6
of 1 was oriented to occupy the same spatial position as C-5
(the P450.,, oxygenation site) in camphor. This rationale
for substrate positioning has been used in the modeling of
other P450-substrate complexes (Graham-Lorence et al.,
1991; Poulos, 1991). The substrate was further positioned in
theactive site to occupy as little space as possible in the vicinity
of Ala245 (the positional analog of Thr252in P450¢ym), which
we assume to be the dioxygen binding site ( Poulos et al., 1987).
Taking all of these factors into account, the most likely
orientation of 1 in the hypothetical active site of EryF is that
shown in Figure 7.

After removal of the camphor coordinates, the EryF-
substrate complex active-site model was subjected to energy
minimization using the Amber 3.0 molecular mechanics
minimization module (Weiner & Kollman, 1981). Only the
substrate and amino acid sequence regions that were replaced
in P450.,m were included in the minimization, while all other
portions of the molecule, including the heme prosthetic group,
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were held fixed using the belly option of the Amber mini-
mization module. With this option the bonded interactions
of the fixed regions are not included in the calculations, and
only the nonbonded parameters of the fixed region influence
the energy-minimized structure. Most parameters for the
nonstandard residues, heme, and 1 were determined using the
standard Amber force field atom types defined by Weiner et
al., (1984), and partial charges were not calculated for these
residues. Because of limitations in computational capability,
the size of the enzyme had to be reduced. Residues were
removed from the N-terminus of the protein up to Ile71 in
P450..m, and from the C-terminus to Arg364. The eliminated
residues did not lie within 4 A of the camphor substrate in
P450cm and were not in the group determined by X-ray
crystallography to be involved in heme binding (Poulos et al.,
1987). Also, the helix I sequence included in the belly
minimization extended only from residues 240 to 255 of
P450..,m (see Figure 6A). This stretch of residues contains
all of the portion of helix I lying within 10 A of the camphor
substrate (Poulos et al., 1987). Finally, three dipeptide
sequences found to lie within 10 A of the camphor substrate,
but not within 4 A (Poulos et al., 1987), were not replaced
orincluded in the minimization. Thesesequencesare MT185,
AK197, and IV396. The modified P450 structure was
minimized by steepest descents for 50 iterations, followed by
conjugate gradient minimization until the RMS gradient was
less than 0.1 kcal mol™ A~!.

The model resulting from energy minimization of the altered
enzyme identifies a number of residues whose side chains
project into the active site and may interact with the substrate.
While specific interactions cannot be determined with cer-
tainty, the orientation chosen for the substrate macrolide
suggests that Thr291 may interact with the C-11 hydroxyl
group, Leu240 with the C-4 methyl group, and Val237 with
the C-2 methyl group (Figure 7). The side chain of Glu289
projects into the active site in the vicinity of the C-9 carbonyl
group of the substrate and would potentially be responsible
for the rate difference seen with the two epimers of the 9-deoxy-
9-hydroxy substrates 2 and 4, by interfering with the
positioning of the R epimer in the active site (Figure 7). The
side chain of Leu76 lies in a favorable position for interaction
with the C-13 ethyl group of the bound macrolide (Figure 7).
In substrate binding studies, a large difference in binding free
energy was seen between substrates 1 and 7 that differ only
in the length of the alkyl substituent at position 13 (Table I).
The shortened side chain would not be expected to change the
conformation of 1 significantly, so the AAG might be in large
part due to loss of an interaction of the protein with the alkyl
group, although the 2.54 kcal mol~! difference does seem large
for a hydrophobic bond. As discussed above, this portion of
the P450 protein is highly variable, but based on work with
other P450s, it appears to be extremely important in the
determination of substrate specificity (Kronbachetal., 1991).

Perhaps the most interesting feature of the EryF structure
is the replacement of Thr252 of P450..,m by Ala245. The
helical distortion caused by the hydrogen bonding of Thr252
in P450,m creates a space for the binding of molecular oxygen
and may be involved in a regulated delivery of protons to the
active site for use in the acid-catalyzed cleavage of molecular
oxygen (Raggetal., 1991). Site-directed mutagenesisstudies
with P450.m have shown that a Thr252 to Ala substitution
drastically reduces substrate hydroxylation rate, while oxygen
utilization is maintained at or near wild-type levels (Imai et
al., 1989). Production of large amounts of hydrogen peroxide
by this mutant suggested that Thr252 may play a direct role
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in oxygen cleavage (Imai et al., 1989). Raag et al. (1991)
have produced a 2.1-A crystal structure of the Ala252 mutant
showing that the pocket between Thr252 and Gly248 islarger
than that of the wild-type enzyme and can accommodate an
extra solvent molecule that may react with the oxy—heme
complex in the active site to produce peroxide. In EryF, the
presence of alanine at the putative oxygen binding site results
in a form of P450 which is quite efficient in oxygenation
reactions, showing a turnover number of greater than 100
min~! with the natural substrate. It is possible that evolution
has produced in EryF an alternative way to accommodate
and cleave molecular oxygen while providing an environment
for the stable maintenance of the oxy-heme complex. The
driving force for these changes may have been the need to
accommodate a bulky macrolide substrate in an orientation
that would impinge on a normally structured oxygen-binding
pocket. Preparation of the EryF Ala245Thr mutant and
comparisons of the relative rates of hydroxylation of 1 and
amounts of peroxide formation (if any) between the wild-type
and mutant enzymes should sheld light on this question.
Meanwhile, it is interesting to note that Orf405 and EryK
(Stassi et al.,, 1992), two other S. erythraea P450 proteins
that are closely related to EryF, contain a typically situated
threonine residue that aligns with Thr252 of P450.., (Figure
6A shows Orf405 only). The Orf405 enzyme has nodetectable
6-deoxyerythronolide B hydroxylase activity and shows little
or no spectral shift upon incubation with 1 (Andersen, 1992).
EryK, in contrast, is the C-12 hydroxylase that acts on
erythromycin D, a late intermediate of erythromycin bio-
synthesis (Stassi et al., 1992).
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