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Abstract

The genus Streptomyces produces two-thirds of microbially derived antibiotics. Polyketides form the largest
and most diverse group of these natural products. Antibiotic diversity of polyketides is generated during
their biosynthesis by several means, including postpolyketide modification performed by oxidoreductases,
a broad group of enzymes including cytochrome P450 monooxygenases (CYPs). CYPs catalyze site-specific
oxidation of macrolide antibiotic precursors significantly affecting antibiotic activity. Efficient manipulation
of Streptomyces CYPs in generating new antibiotics will require identification and/or engineering of mo-
nooxygenases with activities toward a diverse array of chemical substrates. To begin to link structure to
function of CYPs involved in secondary metabolic pathways of industrially important species, we deter-
mined the X-ray structure of Streptomyces coelicolor A3(2) CYP154A1 at 1.85 Å and analyzed it in the
context of the closely related CYP154C1 and more distant CYPs from polyketide synthase (EryF) and
nonribosomal peptide synthetase (OxyB) biosynthetic pathways. In contrast to CYP154C1, CYP154A1
reveals an active site inaccessible from the molecular surface, and an absence of catalytic activities observed
for CYP154C1. Systematic variations in the amino acid patterns and length of the surface HI loop correlate
with degree of rotation of the F and G helices relative to the active site in CYP154A1-related CYPs,
presumably regulating the degree of active site accessibility and its dimensions. Heme in CYP154A1 is in
a 180° flipped orientation compared with most other structurally determined CYPs.
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The genus Streptomyces produces a large number of sec-
ondary metabolites, including numerous medicinal antibac-
terial (Haydock et al. 1991; Inouye et al. 1994; Arisawa et
al. 1995), antifungal (Dairi et al. 1997), and anticancer (Mao

et al. 1999; Molnar et al. 2000; Cheng et al. 2002) com-
pounds, as well as immunosuppressant agents (Aparicio et
al. 1996; Molnar et al. 1996). Polyketides form the largest
and most diverse group of these natural products. Although
diverse in their structures, these molecules share common
features in their biosynthetic pathways. Polyketides are syn-
thesized by polyketide synthases (PKS). Antibiotic diversity of
polyketides is generated by several means, including post-
polyketide modification performed mainly by group trans-
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ferases and oxidoreductases, the latter being a very broad
group of enzymes consisting of oxygenases, oxidases, per-
oxidases, reductases, and dehydrogenases. Cytochrome
P450 monooxygenases (CYPs) are among the most com-
mon enzymes in PKS gene clusters and introduce oxygen-
containing functionalities into polyketide natural products.
Another group of biologically important secondary metabo-
lites consists of low molecular weight bioactive peptides,
such as vancomycin (Solenberg et al. 1997), complestatin
(Chiu et al. 2001), and teicoplanin (Pootoolal et al. 2002),
synthesized by nonribosomal peptide synthetases and fur-
ther tailored by CYPs catalyzing oxidative phenolic cou-
pling yielding a rigid cross-linked architecture.

CYPs constitute a superfamily of NADPH/NADH- and
O2-dependent heme-thiolate enzymes (Guengerich and
MacDonald 1990) that play important roles in the biosyn-
thesis of sterols, fatty acids, prostaglandins in animals, an-
tibiotics and other biologically active molecules in bacteria,
fungi, and plants, as well as in the metabolism of xenobiotic
drugs and toxic chemicals in most organisms (Guengerich
2002). Efficient manipulation of Streptomyces in generating
new antibiotics by a combinatorial biosynthesis approach
could be achieved through modification of postpolyketide
synthase tailoring steps (Rix et al. 2002), including those
catalyzed by P450 monooxygenases. Identification and/or
engineering of the monooxygenases with activities toward a
diverse array of chemical substrates would be beneficial in
the context of combinatorial biosynthesis to generate new
“unnatural” or “hybrid” natural products with potentially
greater or altered biological activities.

The ability to predict the 3D structure for a CYP with
chosen substrate specificity once the X-ray structure of one
family member is determined would undoubtedly be ben-
eficial for such a combinatorial biosynthesis approach, as
well as for building 3D models for physiologically impor-
tant mammalian CYPs whose structures have not yet been
determined. However, this goal is far from being achieved,
even though 12 CYP structures are available. CYP struc-
tures have demonstrated that on the one hand, a P450 struc-
tural fold is preserved during evolution and is almost cer-
tainly repeated in all of the more than 2500 members of this
superfamily currently available in genomic databases
(http://drnelson.utmem.edu/CytochromeP450.html). On the
other hand, they also demonstrate that fold similarity coex-
ists in P450 enzymes with notable local deviations in spatial
arrangements of helices and loops, which, together with
substitutions of residues directly interacting with a substrate
in the binding site, confers CYPs with an ability to metabo-
lize incredibly structurally diverse substrates. To better un-
derstand the relation between structure and function of P450
monooxygenases from secondary metabolic pathways of in-
dustrially important Streptomyces and related species, we
have initiated systematic structural evaluation of the CYP
complement from Streptomyces coelicolor A3(2).

S. coelicolor A3(2) has been investigated extensively as a
model system for the study of morphological and physi-
ological development of Streptomyces and for investigation
of the genetic control of antibiotic production (Hopwood
1999). Among about 8000 genes encoded by the ∼ 8.0-Mb S.
coelicolor A3(2) genome (Bentley et al. 2002) are 18 CYPs
(Bentley et al. 2002; Lamb et al. 2002) with high sequence
similarity to CYPs from antibiotic-producing pathways in
industrially important Streptomyces species. However, the
roles of CYPs in various metabolic functions of S. coeli-
color A3(2) remain largely unknown. Recently, we have
determined the structure of CYP154C1 from S. coelicolor
A3(2) (Protein Data Bank code 1GWI) as having multiple
hydroxylation functions toward 12- and 14-membered ring
macrolactones in vitro (Podust et al. 2003). Here we report
the 1.85 Å crystal structure of another member of this P450
gene family, CYP154A1 (Protein Data Bank code 1ODO),
which, however, catalyzes none of the same reactions of
CYP154C1. Comparison of these two structures with those
of other CYPs indicates regions located outside of the sub-
strate binding site that are predicted to influence the cata-
lytic specificity.

Results and Discussion

Comparison of overall structures for CYP154A1
and CYP154C1

This is the first time that 3D structures are reported for
CYPs assigned, based on sequence homology, to the same
CYP family. Protein identity of ∼ 40% is chosen as criteria
for family assignment for P450 monooxygenases. However,
assignment to the same CYP family does not always reflect
a similarity in function (Andersen and Hutchinson 1992),
which in the case of most of CYPs is simply unknown.
Although both CYP154A1 and CYP154C1 are assigned to
the same CYP family (42% sequence identity), their 3D
appearance reveals notable differences (Fig. 1A). Most pro-
nounced is closed access to the active site in CYP154A1 in
contrast to the open conformation of CYP154C1 owing to a
repositioning of the F and G helices. A superimposition of
just the F and G helices gives excellent alignment with a
root mean square (rms) deviation of 1.07 Å. This indicates that
the F/G helix region is repositioned as a single unit, similar to
what has been seen in the substrate-free and -bound
P450BM-3 structures (Li and Poulos 1997). The CYP154A1
structure is obtained in the presence of inhibitor 4-phenylim-
idazole bound to the heme iron in the substrate binding site,
whereas CYP154C1 is ligand free, a difference that by itself
might significantly influence the conformation of the F/G re-
gion, as previously was observed for CYP119 (Yano et al.
2000; Park et al. 2002). Additionally, analysis of aligned se-
quences shows that there are only two gaps longer than one
amino acid in the CYP154C1 sequence compared with
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Figure 1. Comparison of CYP154A1 and CYP154C1 structures. (A) Stereo view of superimposition between two structures,
CYP154A1 (in gray) and CYP154C1 (in green). Heme is in rose. Images here and in the following figures are generated using SETOR
(Evans 1993). Helices mentioned in the text are labeled with letters. (B) Sequence alignment between CYP154A1 and CYP154C1.
Residues interacting with 4-phenylimidazole in CYP154A1 are labeled with black triangles. The heme thiolate ligand is indicated by
a red star. Black stars in place of secondary structure elements indicate residues in alternate conformations. Gaps in CYP154C1 larger
than one residue are underlined in green. Black dots point at every tenth residue in CYP154A1 and CYP154C1 sequences. The
alignment was performed using BCM Search Launcher (Smith et al. 1996). The image was generated using the program ESPript (Gouet
et al. 1999) with secondary structure elements assigned based on 1GWI for CYP154C1 and 1ODO for CYP154A1.
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CYP154A1, which could have a potential impact on the
spatial arrangement of the F and G helices. They are located
in the HI loop (three-residue gap) and in the DE� loop
(two-residue gap; Fig. 1B). CYP154A1 does not contain
gaps longer than one residue, usually Gly, in its sequence
compared with CYP154C1.

Significant structural deviations between CYP154A1 and
CYP154C1 are also observed in the region of the BC loop
despite obvious conservation of residues in both amino acid
sequences (Fig. 2). The CYP154A1 BC loop is overall more
structured, owing to an extra 310 helix and an additional pair
of short �-helices compared with CYP154C1. The positions
and number of the glycines and prolines in this region,
however, are not conserved, which we believe affects local
helical propensities in the BC loop region and results in
displacement of those residues that are conserved and well
aligned between the two sequences. CYP154C1 has four
glycine and three proline residues in the BC loop compared
with two glycines and two prolines in CYP154A1. Residues
in positions corresponding Gly69 and Gly84 in CYP154C1
are missing in CYP154A1 and are represented by gaps in
the sequence alignment (Fig. 2). Gly and Pro residues in the
BC loop are distributed differently along the sequence, ex-
cept for G70 (G74 in CYP154C1) and P77 (P81 in
CYP154C1), which align well in both proteins. However, in

the structures, G70 and its counterpart in CYP154C1 are
separated in space by a distance of 7.4 Å, whereas P77 and
P81 in both proteins occupy closer positions with a distance
between � carbons of 1.5 Å. We assume that G69, G74,
P77, and P81 in CYP154C1 are responsible for the unstruc-
tured stretch of residues, which in CYP154A1 accommo-
dates the extra �B��� helix.

Substrate binding site of CYP154A1

The presence of 4-phenylimidazole in the CYP154A1 sub-
strate binding site allows us to locate amino acid residues
that are likely to participate in the binding of endogenous
substrates. Seven CYP154A1 residues are localized within
4 Å of 4-phenylimidazole, including four residing in the
middle portion of the I helix (Fig. 1B, labeled with black
triangles), two coming from the BC loop, and one from the
C terminus of the F helix. These same regions provide resi-
dues for interactions with the endogenous substrate 6-di-
oxyerythronolide B in EryF (Cupp-Vickery and Poulos
1995; Fig. 6, labeled with green triangles). Thus, the phenyl
ring of 4-phenylimidazole in CYP154A1 is gripped by three
aromatic residues, W81, F88, F175, and one nonpolar resi-
due, L238 (Fig. 3A), which build a hydrophobic cavity of

Figure 2. Superimposition and alignment of the BC loops in CYP154A1 and CYP154C1. CYP154A1 is in gray; CYP154C1, in green.
Positions of Pro residues and of Gly �-carbons are shown in gray for CYP154A1 and in red for CYP154C1. The residues noted in the
superimposition are highlighted in alignment with yellow boxes.

Podust et al.

258 Protein Science, vol. 13



about 340 Å3. The size of the cavity is larger than required
to accommodate 4-phenylimidazole, which occupies a vol-
ume of 125 Å3. Four residues interacting with 4-phenylim-
idazole, F175, L238, A242, and T246, are conserved be-
tween CYP154A1 and CYP154C1.

Despite the stabilizing role of the inhibitor in the active
site, residues in the middle portion of the I helix are not
stabilized in a single conformation. Alternative conforma-
tions were assigned to the residues E245, T246, and V248
(Fig. 1B, alternative conformations labeled with black
stars). The presence of alternative conformations in this
region is unusual and was not observed previously for other
CYPs. This region is one of the most conserved parts of the
protein core and reveals almost no deviations from one CYP
structure to another.

Heme orientation in CYP154A1

In nearly all reported P450 structures, the heme has been
found in a single orientation with respect to orientation
around the axis defined by the heme �- and �-meso carbons.
However, in the recently determined atomic resolution
structure of CYP121 from Mycobacterium tuberculosis,
heme was found in two distinct orientations in a ratio of
7 : 3 (Leys et al. 2003). CYP154A1 is the second example
of a CYP in which heme is in the flipped 180° orienta-
tion (Fig. 3B). However, in contrast to CYP121, no mixture
of conformers was observed at the available resolution. The
only difference between the two orientations is the posi-
tioning of two of the vinyl moieties in the heme binding
pocket, which certainly makes the issue of how these two
orientations are differentiated during biosynthesis quite in-
triguing.

Although only one specific heme orientation has so far
been observed in enzymes like peroxidases, and before
structures of CYP121 and CYP154C1 have been deter-
mined, the opposite of that in P450s, the phenomenon of the
mixture of two heme conformations was previously de-
scribed for the electron-transfer mediators cytochromes b5
(Keller and Wuthrich 1980; McLachlan et al. 1986; Banci et
al. 2000) and for the oxygen reservoir myoglobin (La Mar
et al. 1983; Aojula et al. 1986). The two forms of cyto-
chrome b5 have slightly different redox potentials, which is
thought not to be functionally relevant (Walker et al. 1988).
The two populations of myoglobin, which differ in the
orientation of the heme by a 180° rotation, have identical
absorption spectra and equilibrium-thermodynamic stabil-
ity, although their unfolding and refolding rate constants
differ by a factor of 10 (Moczygemba et al. 2000). The
question arises as to whether two different heme orienta-
tions might exist in cytochromes P450 in equilibrium, or
whether once incorporated, heme remains in the original
orientation. Further, what guides heme in one or another
orientation in CYP proteins? Analysis of the heme amino
acid environment in CYP154A1 and CYP121, and its com-
parison with other available CYP structures, does not pro-
vide a clue to understanding the reason for heme flipping in
CYPs. These questions may be answered with the accumu-

Figure 3. Substrate binding site and heme orientation in CYP154A1. (A)
Stereo view of 4-phenylimidazole binding in the active site of CYP154A1.
(B) Heme orientation acquired from molecular replacement model
CYP154C1. Fragments of Fo-Fc map (red and blue) indicate the require-
ment of a 180° heme rotation along the axis defined by the �- and �-meso
carbons, as schematically illustrated in the right part of the figure. Frag-
ments of electron density from 2Fo-Fc composite omit map are contoured
at 1.6� (gray), from Fo-Fc map at −3.4� (red), and 3.4� (blue). The colors
of the atoms are as follows: oxygen and iron, red; nitrogen, blue; sulfur,
yellow; carbon, gray.
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lation of more high-resolution CYP structures with clearly
resolved heme orientations and using techniques other than
X-ray crystallography (i.e., NMR).

Sequence homology of CYP154A1 and CYP154C1 with
selected monooxygenases

Most currently identified antibiotics are produced by genes
clustered on Streptomyces chromosomes, which has been
helpful in identification of CYPs involved in antibiotic bio-
synthesis (Haydock et al. 1991; Arisawa et al. 1995; Rod-
riguez et al. 1995; Molnar et al. 1996, 2000; Xue et al.
1998b; Mao et al. 1999; Chiu et al. 2001; Cheng et al.
2002). The closest homologs of CYP154A1 identified using
BLAST (Altschul et al. 1997) clearly point toward macro-
lide monooxygenases as the most related enzymes (Figs. 4,
5). The exact function of the majority of related CYPs
whose sequences are available in different databases re-
mains unknown. Hierarchical clustering of BLAST-selected
sequences performed using the program MULTALIN (Cor-
pet 1988) results in a sequence-based phylogenetic tree (Fig.
4), which, to a certain degree, predicts the evolution of this
group of enzymes and permits correlation of sequence simi-
larity with similarity of function, if the function is known.
For convenience of discussion, numbers were assigned to
the branches of sequences coming from the common root
primarily in those cases in which something is known about
function of the CYPs that constitute the branch, branch II
being an exception because no information on function is
available. Yet, it is of interest to present this branch because
the structures of two members, CYP154A1 and CYP154C1,
have been determined. CYPs constituting branch II exhibit
40%–50% identity with CYP154A1. They include CYP154C1
from S. coelicolor A3(2) (42% identity to CYP154A1) and
the orf16 product from the tylosin producer Streptomyces
fradiae (CYP154B1; 50% identity). Although known to be
part of the tylosin biosynthetic gene cluster in S. fradiae,
CYP154B1 has an elusive role because tylosin ring hydrox-
ylations are catalyzed by other enzymes (Bate et al. 1999;
Fouces et al. 1999). CYP154C1 possesses multiple catalytic
activities toward 12- and 14-membered ring macrolactones
in vitro (Podust et al. 2003). All three, CYP154A1,
CYP154B1, and CYP154C1, have notably high sequence
similarity to the product of MycG (CYP107E1) from the
mycinamicin producer Micromonospora griseorubida
(Branch IV). MycG possesses two separate activities, 12,
13-epoxidation and 14-hydroxylation on the same poly-
ketide ring (Inouye et al. 1994), which place it in the same
row with polyketide oxygenases catalyzing multiple hy-
droxylations, such as PikC (CYP107L1) of Streptomyces
venezuelae (Xue et al. 1998a) and CYP154C1 of S. coeli-
color A3(2) (Podust et al. 2003). Other members of branch
II come from the nitrogen-fixing symbiotic bacterium Me-

sorhizobium loti (Sullivan et al. 2002), and cellulose-de-
grading actinomycete Thermobifida fusca, where their bio-
logical roles also are unknown.

CYP154A1 and CYP154C1 share 35%–41% identity
with macrolide monooxygenases, which are divided in two
branches (Fig. 4, branches I and IV) based solely on the
algorithm of the alignment implemented in MULTALIN
(Corpet 1988). CYPs that catalyze oxidative phenol cou-
pling reactions in glycopeptide antibiotics produced by non-
ribosomal peptide synthetases form a separate branch III.
Despite the striking structural difference of products derived
from nonribosomal peptide synthetase and PKS gene clus-
ters (Fig. 5), the similarity of CYPs functionalizing gly-
copeptides fits within 33%–37% identity with macrolide
monooxygenases (Fig. 4).

At the level of sequence alignment, the differences be-
tween the branches are most prominent in the regions of the
BC and HI loops (Fig. 6A,B). The BC loop is known to be
involved in interactions with substrate and is defined as a
substrate recognition site (SRS1) in cytochromes P450
(Gotoh 1992). Accordingly, the BC loop lacks extensive
conservation of residues between branches. The length of
the BC loop also varies even within a branch, as for branch
I. As we have discussed elsewhere (Podust et al. 2003), the
length of the BC loop might be directly related to the size of
substrate and selectivity of the enzyme. The most prominent
reduction of the BC loop is observed for a number of mac-
rolide monooxygenases (Fig. 6A), including those that are
known to perform multiple hydroxylation reactions in vivo,
the PikC from S.venezuelae and MycG from M.griseoru-
bida. CYPs catalyzing reactions of oxidative phenol cou-
pling in glycopeptide antibiotics of the vancomycin-type
(Fig. 5) also have a relatively short BC loop (Fig. 6A),
which is consistent with the large size of the presumed
heptapeptide substrate (Zerbe et al. 2002).

In contrast to the BC loop, the HI loop that in some CYPs
accommodates the 2-stranded �-sheet 5, and the DE loop
are unlikely to be involved in direct interactions with sub-
strate, because of their remote locations in respect to the
substrate-binding site. However, the length of both loops
varies between proteins represented in the alignment (Fig.
6B,C), with residues in the HI loop demonstrating clear
conservation patterns within branches, which are notably
different from one branch to another. This fact indicates
that the HI loop is one of the signature regions for this group
of CYPs and might be one of the determinants for substrate
specificity of these enzymes. This is opposite to the DE
loop, where very similar residue patterns are observed for
macrolide monooxygenases from branch IV and vancomy-
cin-type monooxygenases from branch III (Fig. 7C). We
speculate that although the regions directly contacting
substrate mediate precise enzyme–substrate fit, the HI loop
might play a role as a course regulator, which roughly
dictates the size and shape of incoming substrate by posi-
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tioning the G and F helices relative to the substrate binding
site.

Presumed role of the HI loop in positioning of G and
F helices in CYP154A1, CYP154C1, EryF, and OxyB

Among the CYPs selected by BLAST based on 32% iden-
tity as a threshold (Fig. 4), four CYPs have known struc-
tures, CYP154A1, CYP154C1 (Podust et al. 2003), OxyB

(CYP165B3; Zerbe et al. 2002), and EryF (CYP107A1;
Cupp-Vickery and Poulos 1995). As noted earlier, the HI
loop sequence motifs are clearly distinguished between
branches, with the loop length largely preserved within
branches. The four structurally defined CYPs mentioned
earlier have different lengths of the HI loop, which is indi-
cated in the table inserted in Figure 7. CYP154A1 has the
longest HI loop, with EryF, CYP154C1, and OxyB follow-
ing. Superimposition of the four structures (Fig. 7A) shows

Figure 4. Hierarchical clustering of CYPs having highest homology with CYP154A1 and CYP154C1. Hierarchical clustering was performed using the
program MULTALIN (Corpet 1988; http://prodes.toulouse.inra.fr/multalin/multalin.html) for CYP154A1-related sequences identified by BLAST (Altschul
et al. 1997). An identity of 32% has been arbitrarily chosen as a threshold. The numbers above the lines are protein GI codes in the NCBI database and
percents indicating sequence identity with CYP154A1. CYPs with available 3D structures are labeled with an asterisk. Proteins are also labeled with the
protein or gene name, whichever is available, as well as with the organism of origin and the biosynthetic pathway if available.
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Figure 5. Chemical structures of selected antibiotics functionalized by CYPs. Examples of chemical structures of selected antibiotics functionalized by
CYPs represented in the alignment. Modification sites, if established, are highlighted in gray.
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that the degree of the G helix rotation directly correlates
with the length of the HI loop, resulting in a remarkable
difference between CYP154A1 and OxyB, which have a

twofold difference in the length of the HI loop, 10 versus 5
amino acids, respectively. Rotation of the G and F helices
out of the active site in OxyB results in a more open active

Figure 6. Fragments of CYP sequence alignment. (A) BC region, (B) HI region, and (C) DE region. The alignment was performed using MULTALIN
(Corpet 1988; Gouet et al. 1999) with a similarity global score of 0.3 and a differentiation score of 0.3. Residue colors are according to the following rules:
red box/white character, strict identity; red character, similarity in the group; blue frames, similarity across groups. Groups are defined based on similarity
scores calculated using the algorithm implemented in the program. Branches of sequences are separated by solid horizontal lines and numbered on the right.
Sequences are labeled at the left with the protein or gene name if available, and otherwise according to the biosynthetic pathway or organism of origin if
anything else is unknown. Residues interacting with 4-phenylimidazole in CYP154A1 are labeled with black triangles; those interacting with 6-deoxy-
erythronolide B in Eryf are labeled with green triangles. Secondary structure elements are assigned based on 1OXA for Eryf and 1ODO for CYP154A1.
Black stars in place of secondary structure element symbols label residues with alternate conformations. Black dots point at every tenth residue in the
CYP154A1 and EryF sequences. The image was generated using the program ESPript (Gouet et al. 1999) The full sequence alignment is represented in
the Supplemental Material.
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site compared with the other three CYPs (Fig. 8). As a result
of the G helix displacement, the F helix in all four structures
is also gradually displaced, reaching its extreme position in
OxyB, where the C terminus of the F helix is situated be-
tween the N terminus of the G helix and the middle part of
the I helix (Fig. 8). In contrast to the HI loop, the variations
in the length of the DE loop result in repositioning of the
loop itself, but otherwise the D and the E helices and the
�3–1 strand superimpose well in all four proteins.

As noted earlier, the presence of an inhibitor or substrate
in the substrate binding site may affect the conformation of
the F/G region. The fact that the structures of CYP154A1
and EryF were determined in the presence of an inhibitor
and a substrate, respectively, whereas the structures of
CYP154C1 and OxyB have the substrate binding site
empty, complicates analysis of conformational differences
between these proteins because structures of none of them
are available in both ligand-free and ligand-bound states. As
for CYP154A1, crystals have never been obtained in the
absence of an inhibitor, which is quite opposite to
CYP154C1, which so far has been crystallized only with the
empty active site. For those CYPs whose structures are
obtained in both ligand-free and ligand-bound states, con-
formational changes on inhibitor or substrate binding vary
from small to large movements (Li and Poulos 1997;
Schlichting et al. 2000; Yano et al. 2000; Park et al. 2002).
The most significant difference was observed in the struc-
ture of the F/G region for inhibitor-free and inhibitor-bound
forms of CYP119 (Yano et al. 2000; Park et al. 2002),
where the largest displacement was up to 13 Å in the F/G
loop. However, binding of the inhibitor causes only slight
rotation of the F and G helices themselves and does not
involve repositioning of either the H helix or the N terminus
of the I helix (Fig. 7B). Although binding of an inhibitor is
certainly one of the external determinants of conformational
changes in the substrate binding site, on its own it results in
less substantial conformational changes for CYP119 than
the differences observed between CYP154A1 and
CYP154C1. Additionally, pair-wise comparison of ligand-
bound CYP154A1 and EryF, and ligand-free CYP154C1
and OxyB indicates that there must be internal protein in-
teractions that control the degree of the G-helix rotation
relative to the active site in CYPs. We assume that the
length of the HI loop is one of the factors contributing to
this phenomenon.

Functional analysis of CYP154A1

Although CYP154A1 and CYP154C1 (branch II) are
clearly diverged from the monooxygenases from branches I
and IV, CYP154C1 has in vitro catalytic activity toward
precursors of macrolide antibiotics produced by S. venezu-
elae (Podust et al. 2003), which are endogenous substrates
for PikC (branch I). In contrast, CYP154A1 shows binding

Figure 7. Superimposition between structures. (A) Region comprising G,
H, and I helices and loops in between as a result of superimposition of
CYP154C1 (1GWI), OxyB (1LFK), and EryF (1OXA) against CYP154A1
(1ODO). The superimposition was performed using SWISS-PDB
VIEWER (Guex and Peitsch 1997). Five residues within the HI loop in
CYP154A1, E221, G222, D223, G224, and D225 lack electron density and
are omitted from the final model of CYP154A1 and absent in the figure.
Colors are as follows: gray for CYP154A1, yellow for EryF, green for
CYP154C1, and red for OxyB. (B) Region comprising F, G, H, and I
helices as a result of superimposition between CYP119 structures in in-
hibitor free (1IO7), cyan; imidazole bound (1F4U), gold; and 4-phenylim-
idazole bound (1F4T), blue; viewed along the F helix.
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only toward the 14-membered ring macrolide narbomycin
(Fig. 9) with a Kd of over 1 mM, compared with 24 �M for
PikC and 400 �M for CYP154C1 (data not shown). No
visible spectral changes were obtained when the 12-mem-
bered ring macrolide YC-17 was added to CYP154A1, al-
though they are readily observed with PikC and CYP154C1.
Further, no CYP154A1 catalysis of narbomycin was ob-
served (D. Sherman, unpubl.). Poor binding of both macro-
lactones by CYP154A1 is not a surprise, if one takes into
account the relatively small size of the substrate binding
pocket (340 Å3 versus 480 Å3 and 430 Å3 required for
binding of narbomycin and YC-17, respectively). Thus, de-
spite a relatively high sequence identity with CYP154C1,
CYP154A1 has a substrate specificity that is different from
that of CYP154C1. However, endogenous substrate and
biological function are unknown for both proteins.

Figure 8. Ribbon representation of CYP154A1, CYP154C1, EryF, and OxyB structures. Positions of the G and F helices are emphasized by solid (G) and
dashed (F) lines running along the helical axis. All four structures are in the same orientation. �-Strands are shown in colors contrasting with the rest of
the structure.

Figure 9. Substrate binding and catalytic activity of CYP154A1. (A) Type
I binding spectra resulting from CYP154A1 titration with increasing con-
centration of narbomycin ranging from 0.3 to 0.6 mM and linearization of
titration data in the form of S0/�A versus S0 plot.
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Materials and methods

CYP154A1 purification

The DNA sequence corresponding to CYP154A1 with four histi-
dine codons inserted at the 3� end was generated by PCR and
cloned into the Escherichia coli expression vector pET17b as de-
scribed elsewhere (Lamb et al. 2002). The protein was expressed
in HMS174 (DE3) cells (Novagen) and purified to homogeneity by
Ni-NTA (Qiagen) and Q-Sepharose (Amersham Pharmacia Bio-
tech) chromatography.

CYP154A1 crystallization and data collection

Crystals grew in hanging drops from 0.3 mM CYP154A1 in 10
mM Tris-HCl (pH 7.5), 200 mM NaCl, and 0.5 mM EDTA mixed
with an equal volume of 0.7 M sodium citrate, 100 mM HEPES
(pH 7.5), and 5 mM 4-phenylimidazole at 22°C. Native diffraction
data and multiple anomalous dispersion (MAD) data at three
wavelengths (Table 1) were collected at 100°K at Southeast Re-
gional Collaborative Access Team (SER-CAT) 22-ID beamline at
the Advanced Photon Source, Argonne National Laboratory, USA.
Cryoprotectant contained 20% (v/v) glycerol plus mother liquor.
Crystals belong in space group P212121, with unit cell dimensions
a � 47.52, b � 103.71, c � 104.31, � � � � � � 90°. There is

one molecule per asymmetric unit with 56% solvent content in the
crystal.

CYP154A1 phasing and refinement

The images were integrated and the intensities merged using
HKL2000 (Otwinowski and Minor 1997). The position of the Fe
site was determined with CNS (Brunger et al. 1998). Phases were
calculated by CNS (Brunger et al. 1998), but failed to yield a
traceable electron density map. Alternatively, molecular replace-
ment (MR) in CNS (Brunger et al. 1998) was used with
CYP154C1 coordinates as a search model. MR resulted in an
unambiguous placement of the model in the unit cell. The Fe
position found by molecular replacement exactly coincided with
the position calculated from the MAD data. Crystallographic re-
finement was carried out with CNS (Brunger et al. 1998) using
native data to a resolution of 1.85 Å against a composite omit map
calculated with CNS (Brunger et al. 1998) at each cycle of the
refinement. The final atomic model (Table 1) with an R factor of
17.7% (20.8%) was obtained after iterations of refinement (CNS
[Brunger et al. 1998]), evaluation (PROCHECK [Laskowski et al.
1993]) and manual building (O [Jones et al. 1991]). The final
model consists of residues 7–406, along with the heme group, one
molecule of 4-phenylimidazole, and 454 water molecules. Six resi-
dues are substituted for Ala in the PDB entry because of insuffi-

Table 1. Crystallographic data and statistics

Data �1 (edge) �2 (peak) �3 (remote) Native

Data collection statistics
Wavelength, Å 1.74100 1.73839 1.73284 0.9000
Resolution, Å 2.65 (2.74–2.65)a 2.3 (2.38–2.30) 2.7 (2.80–2.70) 1.85 (1.92–1.85)
Unique reflections 29,694 44,999 28,285 44,967
Redundancy 7.1 (6.3) 6.9 (6.2) 7.1 (6.3) 7.0 (6.4)
Coverage, % 99.8 (98.9) 99.6 (99.3) 99.8 (99.2) 99.9 (99.7)
Rsym,b %a 12.6 (47.6) 13.1 (47.1) 12.2 (43.7) 8.0 (46.8)
I/� 23.3 (4.5) 26.0 (5.2) 26.3 (4.9) 17.6 (3.0)

MAD phasing statistics
Phasing powerc (anomalous) 1.77 1.65 1.29 —
Phasing power (isomorphous) 1.06 1.22 Reference —
FOM (mean figure of merit) after phasing 0.64 —
FOM after solvent flattening and phase extension 0.87 —

Refinement statistics
Resolution, Å 1.85
Protein atoms 3060
Ligand atomsd 54
Water/ions atoms 454
R/Rfree,

e % 17.7/20.8
rms deviation
Bonds, Å 0.005
Bond angles, ° 1.2
Dihedral angles, ° 20.8
Improper angles, ° 0.81
Ramachandran,f % 91.2/8.8

a Data for high-resolution bins are listed in parentheses.
b Rsym � ∑ |Ii − 〈 I〉 |/∑ Ii, where Ii is the intensity of the ith observation and 〈 I〉 is the mean intensity of reflection.
c Phasing power � [∑ (FH)2]1/2/[∑ (|FPHo|−FPHc|

2], where FPHo and FPHc are the observed and calculated structure factors for the anomalous scatterer.
d Ligand atoms include heme and 4-methylimidazole.
e R � ∑ | |Fo| − |Fc| |/∑ | Fo|, where Fo and Fc are the observed and calculated structure factor amplitudes, Rfree is the same as R but calculated using 10%
of reflections omitted from the refinement.
f Program PROCHECK (Laskowski et al. 1993).
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cient electron density for the side chains. The quality of the final
structure (Table 1) was assessed with the program PROCHECK
(Laskowski et al. 1993). It was found that 91.2% of the residues
are in most-favored regions of the Ramachandran plot, 8.8% in
allowed regions.

Substrate binding assay

YC-17- (Djerassi and Zderic 1956) and narbomycin- (Djerassi and
Halpern 1958) induced spectral shifts were monitored at 23.5°C
using a Shimadzu UV-2401 spectrophotometer. Samples con-
tained 1 mL of 5 �M CYP154A1 in 10 mM Tris-HCl (pH 7.5) and
10% glycerol. YC-17 and narbomycin were dissolved in ethanol at
a stock concentration of 100 mM. Kd values were estimated using
spectrophotometric titrations by adding 2-�L aliquots of substrate
to the sample and of ethanol to the reference cuvette, followed by
recording the difference spectra. Data were linearized in the form
of an S0/�A versus S0 plot, where S0 is a total concentration of
substrate in the reaction mixture. The difference in absorbance
between 384 nm (peak) and 418 nm (trough) for each spectrum
was taken as a �A of the reaction. Kd was estimated from the
intercept of the linear plot on the S0-axis.

Electronic supplemental material

“Electronic supplement alignment.pdf” represents the results of
multiple sequence alignment of CYPs constituting branches I, II,
III, and IV (Fig. 4). The alignment was performed and the figure
generated as described in the legend to Figure 6.

Data deposition

The atomic coordinates have been deposited in the Protein Data
Bank with PDB ID code 1ODO.
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