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Azole Drugs Trap Cytochrome P450 EryK in Alternative Conformational States
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ABSTRACT: EryK is a bacterial cytochrome P450 that catalyzes the last hydroxylation occurring during the
biosynthetic pathway of erythromycin A in Streptomyces erythraeus. We report the crystal structures of EryK
in complex with two widely used azole inhibitors: ketoconazole and clotrimazole. Both of these ligands use
their imidazole moiety to coordinate the heme iron of P450s. Nevertheless, because of the different chemical
and structural properties of their NI-substituent group, ketoconazole and clotrimazole trap EryK,
respectively, in a closed and in an open conformation that resemble the two structures previously described
for the ligand-free EryK. Indeed, ligands induce a distortion of the internal helix I that affects the accessibility
of the binding pocket by regulating the kink of the external helix G via a network of interactions that involves
helix F. The data presented thus constitute an example of how a cytochrome P450 may be selectively trapped

in different conformational states by inhibitors.

Cytochromes P450 (P450s)! represent a class of heme-contain-
ing monoxygenases that catalyze the oxidative metabolism of a
wide number of endogenous and exogenous organic compounds
(1—4). Their universal phylogenetic distribution and their in-
volvement in many primary and secondary metabolic pathways
allowed to exploit them as alternative targets for drug develop-
ment in antimicrobial therapy as well as in treatment of metabolic
disorders and cancer (5—7). Despite the common fold, it is to
date difficult to predict P450—ligand interactions as well as the
conformational change that binding may imply (7). In this
context, structural analysis provides a tool to detect determinants
for inhibitor binding (8).

Azole compounds are potent inhibitors of P450s. Among
them, ketoconazole (KC) and clotrimazole (CLT) (Figure 1)
are two synthetic azole drugs widely used for treatment of fungal
and yeast infections (9).

The binding mechanism by which azole compounds can inhibit
P450s has been extensively studied. In the case of imidazole
derivative compounds, such as KC and CLT, the N3 of the
imidazole ring binds directly to the heme iron as a sixth ligand,
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replacing a water molecule. This interaction stabilizes the low-
spin iron configuration and prevents the binding of the substrate,
causing the heme center to be inactive (/0). However, even in the
presence of such underlying common mechanism, specificity,
affinity, and inhibition depend on the substituent group on the
N1 of the azole molecule and on the interactions that it estab-
lishes with the amino acids in the active site of each specific
P450 (5, 10—14).

The C12-hydroxylase EryK is the last P450 acting during
erythromycin A biosynthesis, performed by the actinomycete
Streptomyces erythraeus (15). Structural and biophysical studies
showed that, in order to perform the highly regio- and stereo-
specific hydroxylation of its large substrate, erythromycin D
(ErD) (Figure 1), EryK evolved novel structural features with
respect to related P450s (16). Following a conformational selection-
like mechanism, the open conformer of EryK recognizes its
substrate, ErD, closes, and locks around it. The crucial element
of this mechanism is represented by a network of interactions
(called HSWP network from the four amino acids involved:
His243, Ser166, Trp165, Pro192) that connects helices I, F, and
G, the latter being responsible for opening and closure of the
active site. The geometry assumed by the residues belonging to
the HSWP network regulates locking of EryK by altering the
kinking of helix G. This network is also responsible for the
stabilization of the open form of ligand-free EryK by keeping
helix G straight. On the other hand, when the specific substrate
ErD binds to the enzyme, helix I bends upon the pressure of the
macrolactone ring. This conformational change causes the
HSWP network to rearrange, stabilizing a kink of helix G that
closes the active site, preventing its reopening until the release of
the catalytic product. The HSWP network was not found to be
set up in the closed form of ligand-free EryK (16).

In this work we studied two azole inhibitors of P450s in order
to investigate the effect of the N1-substituent group on binding to
a specific bacterial P450. We found KC and CLT to bind EryK
with an affinity higher than that of ErD. The analysis of the
crystal structures of the complexes with these inhibitors showed
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FIGURE 1: Chemical structures of the substrate of EryK, erythromy-
cin D (ErD), and of the two azole antifungal compounds clotrimazole
(CLT) and ketoconazole (KC).

that KC and CLT arrange differently into the active site of EryK,
depending on their shape and flexibility. In both cases, the
presence on the heme of the imidazole group directly bound to
the iron induces a pronounced distortion of the long and flexible
helix I. Depending on the bulk of the ligand, this structural
modification affects the HSWP network, leading EryK to assume
two conformations that resemble respectively its closed and open
ligand-free structures.

This finding suggests that the presence of different conforma-
tional states is an additional factor to be considered in the
analysis of substrate affinity and in the design of inhibitors. Such
behavior has been recently observed on other P450s (12, 17—20).
Thus, EryK represents an example of a P450 that may be
selectively trapped in a specific conformational state with opti-
mized inhibitors.

The details on the structural arrangement of the active site of
EryK and its importance as a model to gain new insight into
molecular determinants of ligand binding to P450s as a con-
formational selection process will be also discussed.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification. Recombinant His-
tagged EryK wild type was overexpressed in BL21 STAR (DE3)
Escherichia coli strain (Invitrogen, Carlsbad, CA) and purified as
previously reported (21).

Sample Preparation and X-ray Data Collection. KC and
CLT (Sigma Aldrich, St. Louis, MO) stock solutions (respec-
tively 0.2 and 0.01 M) were prepared by dissolving them respec-
tively in ethyl alcohol and dimethyl sulfoxide (DMSO). Crystals
of EryK in complex with KC and CLT were obtained by
cocrystallizing the protein (316 uM, 15 mg/mL) with 0.9 mM
KC and 0.9 mM CLT, using the hanging-drop vapor diffusion
method at 294 K (for more details see Table 1).

The diffraction data of EryK in complex with KC (KC-EryK)
and with CLT (CLT-EryK) were collected at 100 K respectively
at ESRF (Grenoble, France) beamline ID14.3 and at BESSY
(Berlin, Germany) beamline ID14.1, using a marCCD detector.
KC-EryK data were integrated and scaled using the HKL
suite (22); CLT-EryK data were processed using the HK1.2000
suite (23).
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Structure Determination and Refinement. The crystals of
KC-EryK were isomorphous with the reported ligand-free closed
crystals of EryK (PDB accession code 2JJN (16, 21)); therefore,
the atomic coordinates of the ligand-free closed form were used to
determine the KC-EryK structure. In the case of CLT-EryK,
molecular replacement was carried out to determine the initial
crystallographic phases using the program MolRep (24), from
the CCP4 suite (25), by using the open ligand-free structure of
EryK as search model (PDB accession code 2WIO (76, 21)). In
both cases refinement was carried out with RefmacS in
CCP4 (26), followed by model building and manual adjustment
performed by COOT (27, 28). Solvent molecules were added into
the F, — F. density maps, contoured at 3¢, with the FIND
WATERS tool of COOT. Five percent of the reflections were
excluded from refinement for cross-validation by means of free
R-factor (29). Secondary structure assignment was performed
using the Kabsch and Sander algorithm, and the geometrical
quality of final models was assessed using PROCHECK (30).
Ramachandran statistics indicate no outliers for the KC-EryK
structure: only one amino acid, 1392, is close to the forbidden
region for the CLT-EryK structure. This residue was previously
found to be in a similar conformation in the closed structures of
EryK, both ligand free and in complex with ErD (/6). The first
15 N-terminal residues in KC-EryK and 17 N-terminal residues
in CLT-EryK are missing in the models due to insufficient
electron density. Final crystallographic statistics are shown in
Table 1. All figures were produced with PyMOL (http://pymol.
sourceforge.net). The atomic coordinates and structure factors
for the two crystal forms presented here (KC-EryK at 2.0 A and
CLT-EryK at 1.9 A) have been deposited in the RCSB Protein
Data Bank (accession codes 2JJP and 2XFH).

Equilibrium Binding Analysis. Binding affinities of both
KC and CLT to EryK were determined at 298 K by titrating the
enzyme at a concentration of 2.0 and 0.4 uM, respectively, using a
final volume of 800 uL of 50 mM Tris-HCI, pH 7.5. The P450
inhibitors KC and CLT were prepared as stock solutions
(respectively 20 and 10 mM) in DMSO. The final ligand
concentration covered a range from 0 to 30 uM for KC and
from 0 to 8 uM for CLT; in these ranges the final percentage of
DMSO was maintained under 1%. The absorption shift induced
by ligand binding was probed by collecting UV—visible spectra,
recorded between 250 and 820 nm, after each substrate addition.
The inhibitor binding process was monitored by following the
absorption shift of the heme Soret peak of EryK from 417 to
435 nm, caused by the coordination of azole nitrogen to the heme
iron (Figure 2). From each of the ligand-bound spectrum the
appropriate blank spectrum was subtracted.

Absorbance intensities at 420 nm were plotted against the
added inhibitor concentration (Figure 2). The dissociation con-
stants (Ky) were estimated using Kaleidagraph software package.

Since the Ky values of the azole drugs were not markedly
higher than the concentration of EryK used, data were fitted to
the quadratic equation:

AAU

AAUqpy = ([Eo]+[ToJ+Kq — (([Eo]+[lo]+Ka)*

—4([Eo][1o]))'") (1)

where AAU,y, is the absorbance difference, AAU . is the
maximum absorbance difference extrapolated to infinite inhibi-
tor concentration, and [Eq] and [Iy] are the enzyme and the
inhibitor analytical concentrations, respectively. Data were also
globally fitted with the program Prism (Graphpad).
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Table 1: Data Collections, Refinement Statistics, and Validation?

protein
crystallization condition
data collection
resolution (A)
total measurements
unique reflections
completeness (%)
redundancy
Rmergeb (%)
1/o(l) 0
Wilson B-value (A%)
refinement
resolution (A)
reflections
molecules per asymmetric unit
space group
unit cell (A; deg)

Rcryst/Rfree( (%) R
mean B-factors (A?)
protein
heme
substrate
water/iron
deviation from ideal geometry
bond (A)
angles (deg)

Ramachandran (%) , most favored/

allowed/outliers
no. of atoms
protein
heme/ligand
water/sulfate/ DM SO
solvent content (%)

KC-EryK

2.0 M (NH4),SOy, 0.1 M Bis-Tris, pH 6.5

50.0—2.00 (2.15—2.00)
126637

25326

91.4 (85.70)

3.9 (3.30)

4.8 (19.40)

16.5 (12.70)

22.7

56.7-2.10 (2.15—2.00)
20602
1
P2,
a = 5324,b = 68.04,

¢ = 57.69; 8 = 100.71
19.9/26.2

32.1
18.3
49.0
33.9/19.35

0.016
1.611
85.5/13.5

3152
4336
232/10/0
413

CLT-EryK
25% PEG 3350, 0.1 M Hepes, pH 7.0, 0.2 M NaCl

50.0—1.9 (1.97—1.90)
311184

36185

94.0 (84.4)

2.9 (2.80)

12.1 (37.4)

8.8 (2.16)

20.2

42.8-1.9 (1.97—1.90)
33096
1
Pl
a=3792,b = 53.68,c = 58.11;
o = 100.27, 8 = 90.93, y = 94.19
18.1/23.0

25.8
16.8
24.1
34.2/18.7

0.014
1.582
96.4/3.6/0.2

3868
43/25%2
389/0/10
2.1

“Highest-resolution shell is shown in parentheses. ” Rinerge = D i 0 illij— UI/>_: > » where i runs over multiple observations of the same intensity and j
runs over all crystallographically unique intensities. “Reryst = D [|[Fol — [Fell/>0|Fol, where |[Fo| > 0. Ry is based on 5% of the data randomly selected and is

not used in the refinement.
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FiGURE 2: Equilibrium binding titrations of EryK with ketoconazole (KC) and clotrimazole (CLT). Both KC (panel A) and CLT
(panel B) induce on EryK the typical type II spectral shift of the Soret peak that occurs during the binding of azole inhibitors
to P450s. Absorbance and difference spectra as a function of concentration of inhibitors are given for KC (panel A and relative inset)
and for CLT (panel B and relative inset). In each experiment absorbance was monitored at 420 nm using a constant EryK concen-
tration (2.0 and 0.4 uM for binding titration with KC and CLT, respectively) at 298 K in 50 mM Tris-HCI, pH 7.5. Since the value
of K4 for CLT is in the nanomolar range, in order to determine this parameter reliably, we had to decrease the concentration of
EryK, at the expense of the signal-to-noise ratio. Data were fitted to eq 1 (fits are shown as solid lines) to determine the dissociation

constants, K.
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FiGuRrE 3: Ketoconazole (KC) and clotrimazole (CLT) in the active site of EryK. The overall structures of EryK in complex with KC (KC-EryK,
green ribbon, panel A) and CLT (CLT-EryK, purple ribbon, panel B) and the electron density omit maps are given. The maps are contoured at 1o
around the heme group, Cys353, KC (orange, panel A), and CLT (yellow, panel B). Azole coordination to the iron is visible as a continuous
electron density in both maps. In both panels EryK is not shown in the standard P450 orientation but in the orientation that allows clear
visualization of the inhibitors bound into the active site. Amino acids interacting with KC (orange, panel C) and CLT (yellow, panel D) are shown.
The heme group and the residues located within 4.5 A of KC and 5.0 A of CLT are shown as sticks (carbon atoms colored green and purple,
respectively, for the complex KC-EryK and for the complex CLT-EryK). A water molecule (H,O 20) is represented as a red sphere. Black dashed
lines indicate hydrogen bonds in all panels. Capital letters indicate the secondary structure elements according to P450 nomenclature.

RESULTS AND DISCUSSION

Equilibrium Binding Analysis. Equilibrium binding titra-
tions of EryK with KC and CLT, followed by optical spectros-
copy, yield for KC a Ky value of 1.12 £ 0.03 uM, whereas for
CLT we estimate a K4 smaller than 0.01 uM (Figure 2). Since the
value of Ky for CLT is in the nanomolar range, in order to
determine this parameter reliably, we had to decrease the con-
centration of EryK at the expense of the signal-to-noise ratio.

Both inhibitors bind EryK with an affinity higher than ErD
(Kg = 3.5£ 0.1 uM (16)), especially CLT. Even though both
inhibitors present an imidazole group binding to the heme iron of
the enzyme, their N1 substituents on the ring are structurally and
chemically different (Figure 1). A detailed description of the
structural features of the interaction of EryK with the two ligands
is given below.

KC-EryK and CLT-EryK Crystal Structures. Crystals of
EryK in complex with KC and CLT, diffracting respectively to
2.1and 1.9 A resolution, were grown by cocrystallization using a
saturating concentration of the inhibitors (see Experimental
Procedures and ref 2/). Refinement of the KC-EryK model gave
Reryst = 19.9% and Rgee = 26.2%. The refinement of the protein
in complex with CLT gave Ry = 18.1% and Rpee = 23.0%.

The initial electron density omit maps, calculated without
inclusion of inhibitors in the model, revealed clear electron
density in the active site corresponding to KC in one case and
CLT in the other (Figure 3A.,B). In the CLT-EryK structure
additional weak electron density was found on the top of the first
CLT molecule coordinated to the heme iron. We interpreted this

density as a second molecule of CLT that enters aspecifically into
the active site of EryK, since it is present in the crystallization
solution as large excess. Indeed, this electron density can be
accounted for by a CLT molecule in two orientations with a total
occupancy of 50%, without establishing significant contacts with
residues present in the active site. Moreover, the curve obtained
by equilibrium binding experiments fits best to a hyperbolic
equation, which indicates a single binding event (Figure 2B). For
these reasons, we conclude that the presence of a second molecule
of CLT into the active site is not relevant for EryK inhibition and
that the open conformation in which CLT stabilizes EryK allows
another molecule of CLT to be trapped in the crystal.

In both closed and open structures of ligand-free EryK the
sixth coordination position of the heme iron is occupied by a
water molecule with a bond length of 2.3 A (16). In KC-EryK and
CLT-EryK the two azoles displace this water molecule and are
directly bound to the heme. Azole coordination to the iron was
visible as a continuous electron density in both maps (Figure 3A,
B). The coordination bond distances between the N3 of the
imidazole ring and ferric iron atom are 1.96 A in KC-EryK and
2.10 A in CLT-EryK structure.

Binding with KC induces the closure of the enzyme; indeed,
rmsd after superposition of KC-EryK and ligand-free closed
EryK yields a value of 1.4 A for C, carbons. In the KC-EryK
structure the long N1 substituent is located within the access
channel of the enzyme; it adopts a roughly straight conformation,
lying on the fixed region of EryK binding site and establishing
hydrophobic interactions with some residues of the FG loop, a
mobile segment (Figure 3C).
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The fixed region in the active site of EryK, formed by the loop
at the C-terminal of helix K and the f-hairpins 4 and 1, was
previously found to be responsible for the recognition of the
desosamine sugar of ErD. The desosamine moiety establishes two
H-bonds with GIn292 and, through a water molecule, with
GIn290 (16). KC can mimic these interactions since (i) the tertiary
amine N4 of the piperazine ring of KC forms a direct H-bond
with the side chain of GIn292 on the S-hairpin 54 and (ii) the
terminal keto group of its N1 acetyl moiety forms a H-bond with
a bridging water (H>O 20) bound to the Og; of GIn290 on the
C-terminal loop of helix K and to the carbonyl group of the main
chain of GIn391 on the C-terminal region (Figure 3C).

Furthermore, the presence of KC induces a movement of the
FG loop on the top of the active site of about 9 A, similar to what
was observed in the closed EryK structures. Only three residues
on this loop, Met174, Aspl75, and Prol77, assume a different
conformation with respect to closed EryK, both ligand free and
in complex with ErD, being in contact with the acetyl moiety of
KC (Figure 3C).

The overall structure of CLT-EryK closely resembles the open
ligand-free structure with a rmsd after superposition of 0.98 A. In
CLT-EryK, the short but bulky structure of CLT lies over the
heme group, establishing hydrophobic contacts with residues
located on the FG loop (GIn173), the f-hairpins p4 (Phe288,
GIn290, Met291), and the C-terminal region (I1e392) (Figure 3D).

In both inhibitor-bound structures, the imidazole ring of His88
on the BC loop establishes a stacking interaction respectively
with the dichlorophenyl ring of KC and with one of the phenyl
ring of CLT (Figure 3C,D). This amino acid in the structure of
EryK bound to ErD (ErD-EryK, PDB code 2JJO (16)) interacts
with the mycarose moiety of ErD by H-bonding. By comparing
these three bound structures, we observed that the side chain of
His88, regardless of the structure of the molecule bound in the
active site, conserves its position and is in contact with the ligand.

KC and CLT Select for Alternative Conformations of
EryK. The structures of EryK in complex with KC and CLT
showed that the N1-substituent groups on the imidazole moiety
can induce on EryK different responses, stabilizing the P450—
inhibitor complex in an open or in a closed conformation.

Structural analysis of two ligand-free structures of EryK has
shown the existence of open and closed forms of the enzyme that
are in equilibrium in solution. Functional studies carried out by
stopped-flow rapid mixing experiments also supported the pres-
ence of open and closed protein conformations, whose rela-
tive populations can be shifted by a ionic strength range that
parallels crystallization conditions of the two states (/6). The
main features of the closed ligand-free EryK structure are that
(1) the BC and the FG loops move in concert by 10 A each to close
the access channel, (ii) helix G is kinked at the level of Pro192,
and (iii) helix F is unwound from the N-terminal end to Asp163.
The structure of ErD-EryK resembles the closed ligand-free
EryK conformation but with some specific differences due to
the presence of the bulky substrate in the active site. In ErD-
EryK, the BC loop movement is less pronounced and, even if the
movement of FG loop is similar and helix G is kinked, helix F
is not unwound (/6). These concerted movements are a conse-
quence of helix I bending, due to the extensive interactions that
the macrolactone ring of ErD establishes with side chains in its
middle groove (Ala237, Leu240, Ala241, Tle244, Thr245). As also
reported for other P450s (31), helix I bending is characterized by
the loss of two main chain helical hydrogen bonds, which leads to
a helical pitch of ~7 A. This induces the formation of a cleft that
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has been proposed to provide space for binding of dioxygen and
water during the catalytic reaction (Supporting Information
Figure S2). Furthermore, in ErD-EryK, bending of helix I
induces flipping and reorientation of His243 on helix I itself that
can establish a H-bond with Ser166, located on helix F. This
interaction is coupled to a shift of helix F and causes Trp165 to
exert a pressure at the level of Pro192 on helix G, which kinks.
Helix G kinking drives the FG loop in hydrophobic contact with
the BC loop, resulting in closure of the access to the active site.
This network of interactions (HSWP network) locks the helix G
kinking. In the open conformation of ligand-free EryK, the HSWP
network is also present, although with a different geometry that
does not induce helix G kinking and prevents helix F to unwind.
On the other hand, in the ligand-free EryK closed structure,
the HSWP network is absent; therefore, these interactions favor
the open conformation in the absence of the substrate and stabilize
the closed one in its presence (/6).

In the structures of EryK in complex with KC and CLT the
presence on the heme group of the two azole inhibitors was found
to affect its opening and closing mechanism, depending on the
ligand, as we will detail in the next paragraph.

Upon KC binding, EryK rearranges similarly to what was
observed in the structure of its ligand-free closed form: helix F
shows a pronounced unwinding from the N-terminus to Phel62
and helix G is kinked (Figure 4A). On the other hand, the CLT-
EryK structure closely corresponds to the structure of its ligand-
free open form: helix F is fully structured and helix G is not
kinked (Figure 4B).

The structural response that occurs upon binding of inhibitors
is triggered by the distortion of helix I that lines the active site and
is affected by ligands. Flexibility of helix I represents a common
feature in the P450 family. The capability to arrange in multiple
conformations allows this helix to be ligand-responsive (32, 33).
In the case of EryK, substrate and inhibitors establish hydro-
phobic contacts with the central residues of helix I, but in the
complexes with KC and CLT, the imidazole group, constrained
by the coordination bond at a fixed distance and geometry,
introduces a bulk that is absent in the ErD-EryK complex. This
hindrance is concentrated at the level of Ala241 that undergoes a
displacement of about 2 A, more pronounced than in the case of
ErD-EryK. Nevertheless, this local point hindrance is dissipated
by the distortion of only one helical turn, whereas the extensive,
although locally less constrained, contacts with ErD induce an
overall bending of helix I. As a result, in KC-EryK and CLT-
EryK, the C- and the N-terminal sections of the helix are sub-
stantially unchanged, in spite of the rearrangement around
Ala241. A similar distortion of helix I at the level of an alanine
in this topological position was found in the structures of
P450EryF, P4503A4, and P450BM3 in complex with imidazole
inhibitors (12, 32, 34). In EryK, as reported also for P450BM3,
the presence of a glycine following this alanine confers conforma-
tional flexibility to the helix I backbone in this region. Such a
flexibility allows Ala241 to move away from the inhibitors,
inducing significant ligand-dependent changes in the positions
of Gly242, His243, Ile244, and Thr245.

In the case of KC, the hydrophobic interactions that it estab-
lishes with helix I are mostly concentrated at the level of residues
before Ala241 (Ala237, Leu240, Ala241, Thr245), and the helix I
distortion implies a reorientation of His243 (Figure 4C). Further-
more, the terminal acetyl moiety of KC interacts with Met174
and Asp175 on the top of the FG loop. The strain introduced by
the movement of the FG loop, in contact with the terminal part of



9204  Biochemistry, Vol. 49, No. 43, 2010

Montemiglio et al.

A

FIGURE 4: Panels A and B: Secondary structure superposition of KC-EryK and CLT-EryK with the EryK ligand-free structures. KC-EryK
(green ribbon) superposed to the closed ligand-free structure of EryK (pink ribbon, PDB code 2JJN) is shown in panel A. Ketoconazole and heme
are represented as sticks in orange and red, respectively. CLT-EryK (purple ribbon) superposed to the open ligand-free structure of EryK (light
blue ribbon, PDB code 2WIO) is shown in panel B. Clotrimazole and heme are represented as sticks in yellow and red, respectively. Panel C:
Overview of the HSWP network. The superposition of the HSWP network of KC-EryK (green) and CLT-EryK (purple) is shown. The long chain
ofthe N1-substituent group of KC (orange sticks) spans from the central region of helix I to the C-terminal part of helix F, establishing interactions
that prevent the HSWP network to be formed. On the other hand, CLT (yellow sticks) fits the distal pocket of EryK inducing a local distortion of
helix I but retaining the HSWP network in a geometry that locks EryK in an open conformation. Heme groups are given in red. Carbon atoms of
amino acids are given in green for KC-EryK and purple for CLT-EryK. Dashed lines indicate the HSWP interaction.

KC, pulls up helix F from its C-terminal region and determines a
displacement of Ser166, causing the loss of the H-bond with
His243 on helix I. As a consequence, Trp165 rotates and docks in
a position pointing toward helix I with an interaction with His243
(Figure 4C). Therefore, helix F unwinds, assuming a random-coil
structure, due to the disruption of the HSWP network. A similar
organization of the HSWP network has been observed in the
ligand-free closed structure (Supporting Information Figure
S1A,B), that is accordingly unfavored in solution with respect
to the ligand-free open conformer, where the HSWP network is
present. Moreover, in KC-EryK, the rearrangement of helix I
determines the loss of the helix I cleft, that is shifted and exposed
on the opposite side with respect to the heme group (Supporting
Information Figure S2).

In CLT-EryK, the inhibitor interacts more extensively than
KC with residues following Ala241 (Ala237, Ala241, Ile244,
Thr245) due to the orientation of the imidazole ring (Figure 4C)
and to the chlorophenyl ring that points toward helix I. In spite of
the distortion of helix I, we observed that, in CLT-EryK, His243
maintains the H-bond with Ser166 and the HSWP network is
present with the same geometry found in the ligand-free open

form of EryK, including a structured helix F and helix G without
a kink (Figure 4B,C; for more details see Supporting Information
Figure S1). Furthermore, in CLT-EryK, the distortion of helix I
does not disrupt helical hydrogen bonds, resulting in the absence
of the catalytic cleft (Supporting Information Figure S2). A local
repositioning of the helical backbone was previously noted also in
the helix I structure of P450EryF in complex with KC (32).

In conclusion, the azole inhibitors interact with helix I and
activate a cascade of events at the level of helices F and G that
shift the equilibrium between the open and the closed form of
EryK, selectively trapping the enzyme in the different confor-
mers, according to the bound inhibitor.

These considerations may provide an explanation for the
apparent inconsistency that the ligand that stabilizes a “closed”
conformation is characterized by a 2 orders of magnitude higher
K4 value. The conformation selected by CLT, in spite of being
open-like, is characterized, among others, by additional stability
due to the presence of the HSWP network, as already observed in
solution by equilibrium measurements (/6).

Moreover, inspection of KC-EryK and CLT-EryK revealed a
significant variation of the BC loop conformation with respect to
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both the open and closed ligand-free EryK structures. Indeed,
by analyzing the rmsd between closed ligand-free EryK vs
closed KC-EryK and between open ligand-free EryK vs open
CLT-EryK, we observed a displacement of more than 6 A at
the level of the BC loop, between Pro73 and Pro82. This
protein region appears to be mobile and, in the absence of
direct contacts with bound ligands or with the lattice, that
could select a fully open or closed conformation, an inter-
mediate position is observed for this loop. This is confirmed by
the presence of two conformers in CLT-EryK and by the not
well-defined electron density in the region from Arg75 to
Pro82, in both KC-EryK and CLT-EryK.

CONCLUDING REMARKS

The structures of EryK in complex with two chemically
different azole inhibitors provide an example of P450 inhibi-
tion that is rationalized by a conformational selection model,
showing a case in which a high inhibition is coupled to an open
conformation of the active site. Depending on the inhibitor,
EryK adopts two conformations that correspond to the ones
observed in the absence of ligands (/6): when bound to KC, the
protein switches to a state analogous to the closed ligand-free
one; on the contrary, binding with CLT locks EryK in an open
conformation.

The conformational selection model, previously proposed
for the ligand binding mechanism of EryK, is confirmed by
these results. The structures of EryK bound to KC and CLT
reveal the ability of ligands to shift the equilibrium between the
open and the closed ligand-free conformers (/6). According to
this model, binding can occur only to the fraction of EryK
molecules that are in the open ligand-free state. Upon binding,
helix I triggers a response of the whole structure by changing
the geometry of the HSWP network. The transition experi-
enced by EryK depends on the state of this network: if it is
disrupted, the molecule closes but does not lock; if the network
is in the configuration corresponding to the open state, the
structure stays in the open form, in spite of the presence of a
ligand in the active site.

Recently, other P450s were found to explore alternative ligand-
free conformations (17, 18, 20). Here we show that it is possible to
stabilize two conformational states by exploiting widely used
drugs, such as azole inhibitors.

In addition, this study stresses the importance of determining
the crystal structures of P450s in complex with ligands, especially
inhibitors, with the aim to improve drug design being aware of
the protein—ligand interactions and the conformational changes
explored by the protein structure.
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