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SUMMARY

OleP is a bacterial cytochrome P450 involved in oleandomycin biosynthesis as it catalyzes regioselective
epoxidation on macrolide intermediates. OleP has recently been reported to convert lithocholic acid (LCA)
into murideoxycholic acid through a highly regioselective reaction and to unspecifically hydroxylate testos-
terone (TES). Since LCA and TES mainly differ by the substituent group at the C17, here we used X-ray crys-
tallography, equilibrium binding assays, and molecular dynamics simulations to investigate the molecular
basis of the diverse reactivity observed with the two steroids. We found that the differences in the structure
of TES and LCA affect the capability of these molecules to directly form hydrogen bonds with N-terminal res-
idues of OleP internal helix I. The establishment of these contacts, by promoting the bending of helix |, fosters
an efficient trigger of the open-to-closed structural transition that occurs upon substrate binding to OleP and

contributes to the selectivity of the subsequent monooxygenation reaction.

INTRODUCTION

Steroid-based drugs hold paramount significance in medicine
and pharmaceutical industry. Serving diverse physiological ef-
fects, these molecules are extensively employed for the treat-
ment of a wide spectrum of disorders such as inflammation,
cancers, allergies, and contraception. ' Differences in the sub-
stituent groups at the C17 position and in the hydroxylation
pattern of the core drive their biological activity, varying their
pharmacokinetic and pharmacodynamic profiles.®> Hydroxyl-
ation is considered the most relevant functionalization of a ste-
roidal compound: the increased polarity of the resulting mole-
cule is associated to enhanced biological activity and lower
toxicity. Nevertheless, the introduction of hydroxyl groups on
the nonactivated carbons of the steroidal nucleus poses a
considerable challenge when employing traditional synthetic
approaches since it requires a precise control of the regioselec-
tivity. Among the alternative strategies under investigation, the

use of cytochrome P450s (P450s) as biocatalysts emerges
prominently.*’

P450s are heme-containing enzymes that play critical roles in
several metabolic pathways across organisms, ranging from
drug metabolism to the synthesis of endogenous compounds.
One remarkable aspect of P450s lies in their intrinsic ability to
interact with a multitude of substrates. This biotechnologically
significant trait paves the way for the strategic utilization of these
enzymes to selectively introduce alternative functions on intri-
cate molecules.® Bacterial P450s are generally preferred for
such applications over their eukaryotic counterparts, due to
the higher stability and expression levels together with easier
manipulation and engineering procedures which are associated
to lower production costs.®®°

The bacterial P450 OleP is one of the tailoring enzymes
involved in the biosynthesis of the macrolide antibiotic oleando-
mycin.'%'? It is capable of catalyzing the rare reaction of epox-
idation of an unreactive C-C bond, possibly passing through an
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Figure 1. Scheme of the hydroxylation reaction of TES and LCA performed by OleP
Black boxes divide the TES hydroxylated products into two groups: those with a conversion rate exceeding 10% (H) and those with a conversion rate ranging

between 10% and 5% (M).'®

olefinic intermediate which is produced by OleP itself.”® The
unique chemistry carried out by this enzyme renders it particu-
larly interesting for biotechnological applications as a biocata-
lyst."* In this perspective, another attractive feature of the enzy-
matic activity of OleP is its intrinsic substrate promiscuity as the
P450 can react on multiple intermediates of the oleandomycin
biosynthetic pathway, namely 8.8a-deoxyoleandolide (DEO)
and L-olivosyl-8.8a-deoxyoleandolide (L-O-DEO).'® Based on
crystallographic data and in silico docking analysis, we pro-
posed L-O-DEO as the preferential substrate.'® This latter inter-
mediate carries all the structural elements, i.e., a 14-membered
macrolactone ring and one L-olivosyl sugar at the C3 position,
to fully occupy the active site of OleP. Indeed, only the pres-
ence of a sugar moiety enables L-O-DEO, placed at the distal
site, to extend over a cavity that is occupied by solvent mole-
cules when the sole DEO aglycone is bound.''® For this
reason, we referred to this cavity as the solvent cavity. The
computational docking of L-O-DEO in the OleP active site
showed that within the solvent cavity, the L-olivosyl moiety of
L-O-DEO forms direct hydrogen bonds with N-terminal resi-
dues of the helix I, namely N236 and $240."° We proposed
that these interactions may provide the major contribution to
the open-to-closed structural transition of OleP induced by
substrate binding, the closed conformation being the catalyti-
cally competent state.’>"”
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The natural versatility of this enzyme has been further explored
by testing its activity on alternative substrates. More specifically,
OleP has been reported to hydroxylate steroidal compounds,
such as testosterone (TES) and lithocholic acid (LCA).'®"° These
molecules mainly differ by the substituent group at the C17, that
is a hydroxyl function in the case of TES and a long chain of pen-
tanoic acid in the LCA structure (Figure 1). This difference has an
impact on the reactivity of OleP: while the reaction on TES is un-
specific as it yields a mixture of 6B-, 78-, 128-, and 158-hydrox-
ylated derivatives,'® the reaction against LCA is highly selective
as it produces murideoxycholic acid (MCDA) as the sole 63-hy-
droxylated product (Figure 1).'°

Unveiling the molecular basis driving OleP regio- and stereo-
selectivity of steroid hydroxylation would pave the way toward
a potential use of OleP as a biotechnological tool to produce
valuable steroid-based agents endowed with neuroprotective
and anti-inflammatory activities.

With the aim to understand how the binding of different sub-
strates drives the selectivity of the OleP reaction, we solved
the structures of the complexes formed with LCA and TES by
X-ray crystallography and we performed molecular dynamics
(MD) simulations and equilibrium binding experiments to charac-
terize the binding properties.

Our structural data indicate that TES only partially occupies
the active site of OleP, filling the heme distal pocket. Conversely,
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Figure 2. Spectrophotometric equilibrium binding experiments of OleP with TES and LCA at 298 K

Representative difference spectra obtained upon titration of OleP with the steroid substrates are shown. Data in the insets report the absorbance intensities of
OleP, used at a constant concentration, monitored at 417 nm (full squares) and at 388 nm (full dots) as a function of the logarithm of total TES and LCA con-
centration in 50 mM HEPES, and 200 mM NaCl, pH 7.5. Solid lines are the best fit to a hyperbolic function. See also Table S1.

LCA is fully embedded in the active site, with the steroid unit
occupying the distal site and the pentanoic acid chain filling
the solvent cavity, where it establishes direct hydrogen bonds
with N236 and S240. The simultaneous docking to both the distal
site and the solvent cavity of the OleP active site allows LCA to
arrange in a unique and stable pose, as indicated by MD simula-
tions. In this position, the C6 is pB-oriented toward the heme iron
and placed at an optimal distance for the hydroxylation reaction.

The observation of a higher accumulation of the high spin
closed conformer in the presence of LCA with respect to TES
in solution indicates that the formation of these contacts enables
an efficient trigger of the open-to-closed conformational change
in OleP.

RESULTS AND DISCUSSION

Steroid binding to the P450 OleP

The binding properties of OleP toward TES and LCA were inves-
tigated by titrating the P450 against the two steroidal com-
pounds at 298 K. The variation of the UV-visible absorption spec-
trum of the heme iron was monitored at different ligand
concentrations.?>?" Upon binding to TES or LCA, OleP exhibits
a type | spectral shift of the Soret band, typically observed with
P450 substrates, with a peak at 417 nm and a through at
388 nm (Figure 2).

The equilibrium binding transition of OleP to both steroid
compounds is consistent with a simple hyperbolic function
at all recorded wavelengths, which is indicative of a single
binding event, returning apparent Kp values of 41.6 + 7.4 uM

(AG = —5.98 + 0.06 kcal/mol) for TES and 16.3 + 0.5 pM
(AG = — 6.53 + 0.02 kcal/mol) for LCA, as estimated from a
global analysis over 50 different wavelengths (Table S1). Both
steroids bind OleP with an affinity comparable with the one
determined for the physiological aglycone substrate DEO
@3 £ 2 uM, AG = —6.32 = 0.05 kcal/mol) in the same
experimental conditions.'® Nevertheless, binding to LCA elicits
a 2-fold more pronounced spin shift of the heme iron to the high
state in the spin equilibrium with respect to what is observed
with TES and to what previously reported for DEQO."® Indeed,
the spectral transition induced by the binding of LCA at the
maximum concentration explored (AAbs;17,m—0.07 au at
50 uM) is significantly higher than that observed with TES
(AAbs417nm—0.02 au at 200 uM) and DEO (AAbs417,m—0.03 au
at 80 uM, '®), at saturating concentration. For a simple two-state
equilibrium binding process, the larger is the amplitude of the
transition the larger is the fraction of the P450 that is converted
to the high spin state upon ligand binding.>'**> The analysis of
the high spin state content showed that, at equal concentration,
TES binding determines only a minor population of OleP to shift
toward the high spin state (~40%), while a largest high spin
population is stabilized upon LCA binding (~60%) (Table S1).
The difference in the amplitude of the observed spectral transi-
tion reflects the different ability of the substrate to displace the
water molecule from the sixth coordinating position of the heme
iron, favoring at the equilibrium the high spin pentacoordinate
form. Therefore, the more pronounced spectral transition
observed for LCA is attributable to a greater efficiency in dis-
placing water and stabilizing the high spin form of the heme

+
+
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iron. This phenomenon in OleP is observed only when the
substrate bound enzyme is in the closed conformation.’>'"%*
More precisely, previous structural data and binding kinetics
experiments conducted with aglycone substrates indicate that
substrate binding to OleP determines the formation of an het-
erogeneous ensemble of open and closed conformers.'>'®
Only in the closed state, the substrate can deeply penetrate
the active site and displace the water molecule that coordinates
the heme iron, stabilizing a high spin configuration. Therefore, it
is reasonable to associate differences in type-I binding to the
capability of the substrate to stabilize OleP in the closed state.
Accordingly, these data indicate that the binding to LCA en-
hances the accumulation of the high spin pentacoordinate
closed population of the LCA-OleP complex at the equilibrium.
In contrast, the binding to TES only partially induces the shift to
the closed high spin state, behaving similarly to the aglycone
DEO, which we previously described as a sub-optimal sub-
strate for OleP."®

Prompted by the observations highlighted previously, we
conducted an additional equilibrium binding experiment in
which we titrated steroid bound OleP solutions with increasing
concentration of sodium formate. In fact, we previously demon-
strated that an increase in the ionic strength shifts the open-
closed equilibrium of the substrate bound OleP toward the
closed state.'®™'"*® We worked at saturating concentration of
the steroids. The result of this analysis shows that the increase
in ionic strength enhances the spectroscopic signal of a high-
spin heme iron either in the presence of LCA or TES, but the ef-
fect is steroid dependent (Figure S1). More precisely, while the
effect of the ionic strength on the spin state equilibrium of LCA-
OleP shows the total low-to-high spin shift at | ~ 2-2.5 M, in the
presence of TES the shift is not complete even at the highest
ionic strength conditions tested (I = 3.5 M). Considering that
(i) the heme iron is high-spin pentacoordinate only in the closed
state of the substrate-bound OleP'*'® and that (i) an increase in
ionic strength shifts the conformational equilibrium of substrate
bound OleP toward the closed state,'®'"*® these results
confirm the existence of a correlation between the enhanced
spectroscopic signal of the high-spin species of LCA/
TES-OleP and the increase of the closed population of LCA/
TES-OleP. The different degree of the heme response to the
ionic strength conditions may arise from a different capability
of the steroid to affect the open-closed equilibrium. Therefore,
the difference in the extent of the spectral shift induced by sub-
strate binding and by the ionic strength variation indicates a
different capability of the two steroids in stabilizing the closed
conformation.
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Overall structures

The structures of OleP bound to TES and to LCA were solved by
X-ray crystallography at 2.3 A resolution. Crystals were obtained
by co-crystallization at high ionic strength conditions that are
known to stabilize the enzyme in a closed conformation'®"'"+?*
and both structures were solved by molecular replacement.
The refinement of the TES-OleP model gave Ryok = 17.3%
and Rgee = 21.7%, whereas the refinement of LCA-OleP struc-
ture yielded Ryork = 19.0% and Rgee = 22.7% (Table S2). In
both cases, the steroid-OleP complex is packed in a monoclinic
space group containing six monomers per asymmetric unit. The
six monomers superpose with a root-mean-square deviation
(RMSD) of ~0.35 A in TES-OleP and ~0.42 A in LCA-OleP and
show no major structural or conformational differences; there-
fore, unless otherwise indicated, we will discuss the structural
features of monomer C of both complexes as it displays the
lower average temperature factors (B-factors). All six monomers
have been checked to ensure that all the structural features dis-
cussed are present, if allowed by the quality of the correspond-
ing electron density map.

The initial electron density omit maps, calculated without in-
clusion of the steroid compounds in the models, revealed a clear
electron density in the active site of the monomers populating
the asymmetric unit corresponding to a single molecule of TES
or LCA respectively in TES-OleP and LCA-OleP structures
(Figure S2).

In complex with TES or LCA, OleP adopts a similar overall
closed structure (overall RMSD on the Ca. of about 0.20 A) that
resembles the one obtained with the physiological substrate
DEO and the analog 6-deoxyerythronolide B (6DEB) under
similar crystallization conditions (overall RMSD on the Coa of
about 0.30 A).">'® As previously described for the aglycone
bound closed structures,’®'® in both TES-OleP and LCA-OleP
we observed that the internal helix | is bent and that the helix
F, the helix G, and the loop connecting them are placed at the
top of the active site, limiting the access of the external bulk
(Figure 3).

TES and LCA in the OleP active site
The analysis of the active site of both complexes allowed the
identification of typical features of the catalytically competent
closed structure of OleP [6,7]. Indeed, the position adopted by
both TES and LCA within the distal site induces the displacement
of the sixth iron coordinating water molecule yielding a penta-
coordinate heme in both complexes.

In addition, the establishment of van der Waals contacts with
the helix | determines the rupture of the helical geometry at the
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cavity. TES, LCA, and the heme are shown as orange, green, and red sticks, respectively. The targets of the OleP reaction on the two substrates are labeled and

circled. See also Figure S3.

level of the central 244-248 turn of the helix |, with the conse-
quent formation of a small catalytic cleft. This structural element
is commonly considered a crucial support for the proton transfer
process toward the active site occurring during the catalytic re-
action (Figure S3).2*

In the closed state, two major cavities can be distinguished
within the active site of OleP: the main cavity that corresponds
to the distal site with respect to the heme, and the solvent cavity,
a small chamber that is enclosed by the helix |, the BC loop, and
the bound substrate (Figure 4).">7"7

The superposition of the six monomers found in the asym-
metric unit showed that in the high ionic strength conditions re-
sulting in the crystallization of the enzyme in the closed state,
both substrates arrange in a unique and similar pose within the
OleP active site. TES and LCA are both placed parallel to the he-
lix 1, with the B, C, and D rings facing the helix; the steroidal core
is disposed perpendicular to the tetra porphyrin ring with the
B-face oriented toward the heme iron. This position enables
the pentanoic acid chain of LCA to extend over the solvent cavity
(Figure 4). In LCA-OleP complex we found the C6 of the sub-
strate directed toward the heme iron and placed at about
4.5 A, whereas the other LCA carbons are located at least 5 A
away from the iron. This represents an optimal position for the re-
gioselective catalysis and it is consistent with the observation of
a mono-site hydroxylation of LCA." In agreement with the C6
and C7 hydroxylated products described by Agematu et al.,'®
in TES-OleP, we observed that carbons 6 and 7 of TES are
directed toward the heme iron and placed at a distance compat-
ible with the catalytic event (~4.7 A), the other carbons being
located at distances above 5.7 A (Figure 4).

Within the active site of OleP both substrates establish a
network of van der Waals interactions with the side chains of res-
idues exposed to the distal site and belonging to the loop BC
(E89, G92, and L94), the helix F (M178 and L179), the helix |
(1243, A244, and T248), the B-hairpin B3 (V291), and the B-hairpin
B4 (L396 and 1397) (Figure 5). Moreover, both molecules form a
carbonyl-aromatic interaction with the ketone group at the C3
and F321 (helix K').

In addition to those contacts, the molecule of TES establishes
a direct hydrogen-bond with S240 at the N-terminus of helix |

through its hydroxyl group at the C17, facing the solvent cavity.
For its part, the molecules of LCA with its acidic function are
involved in a strong dipole-dipole interaction with the side chain
of N236 and in a hydrogen bond with S240 at the N-terminus of
helix I. The chain of pentanoic acid with the carboxylic group is
also hydrogen bonded with the backbone of E89 and G92 (BC
loop), resulting fully inserted into the solvent cavity (Figure 5).

Along with the direct interactions, we identified enzyme-sub-
strate indirect contacts, mediated by solvent molecules, that
are similar for the two structures since they involve the steroidal
nucleus. These interactions enable the steroid substrates to
interact with the B-hairpin B3, the B-hairpin p4, and the loop
BC. In particular in TES-OleP we found that water molecules
mediate (i) the interaction between the A-ring of TES and F84
(BC loop) and F296 (B-hairpin B3); (ii) the contact between the ke-
tone group at C3 and A293, G294, S295, and the amino group of
the F296 (B-hairpin B3) together with the contact with one of the
heme propionates; and (jii) the interaction between the hydroxyl
group at C17 and E89, V93, L94, and A95 (BC loop) (Figure 6).

Similarly in LCA-OleP we found that (i) one formate ion, coming
from the crystallization buffer, and one water molecule mediate
the interaction between the A-, C-, and D-rings of LCA with
F84 (BC loop) and F296 (B -hairpin B3); (ii) the hydroxyl group
at the C3 interacts with the carbonyl of the main chain of A293,
G294, S295, and the amino group of the F296 (B-hairpin B3),
with F84 (BC loop), together with one of the heme propionates
through water molecules; (jii) the pentanoic acid at the C17 inter-
acts with the backbone of E89 (BC loop) and F296 (B3-hairpin $3)
through water and a formate ion (Figure 6). Of note, the same
pattern of contacts was described in the structure of DEO-
OleP complex, but, in this case, there are no bridging solvent
molecules, as the substrate is directly involved in those
interactions.'®

Direct contacts with the N-terminal residues of helix |
provide an efficient trigger for the OleP closure and
contribute to the selectivity of the reaction

In an effort to provide a structural explanation for the spectral
behavior observed in the binding experiments and to determine
the reasons for the different reactivity reported against the two
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steroidal compounds, the active site structure of TES-OleP was
compared with that of LCA-OleP. As described previously, the
major discriminating element between TES and LCA is the sub-
stituent group at the C17, which in the case of LCA is a chain of
pentanoic acid (Figure 1). The superposition of the two steroid-
bound OleP structures shows that the presence of this substitu-
ent induces a displacement of the side chain of E89 on the BC
loop, which rotates about 90° with respect to the position
observed in TES-OleP. This rearrangement enables the accom-
modation of the pentanoic acid chain of LCA inside the solvent
cavity, which forms direct hydrogen bonds with the side chains
of S240 and N236 at the N-terminus of the helix I. Conversely,
the TES molecule cannot reach the solvent cavity: the presence
of a short hydroxyl group at C17 only enables the formation of a
single direct contact with S240, external to the cavity (Figure 7).

This structural difference may explain the different binding
properties observed with TES and LCA in solution in physio-
logical ionic strength conditions (I~ 0.2 M) and upon ionic
strength variations. Indeed, we previously postulated that
the establishment of direct hydrogen bonds between the sub-
strate and N236 and S240 at the N-terminus of the helix | are
at the basis of the activation of the molecular mechanism that
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Figure 5. Direct contacts between OleP and
steroids

The active sites found in TES-OleP (A) and LCA-
OleP (B) structure are reported, and the second-
ary structural elements are indicated. Residues
involved in direct contacts within 5 A of distance
with the steroidal substrates are shown as dark
gray sticks and labeled. Multiple conformers are
shown, the transparency indicate the less repre-
sented conformers found in the asymmetric unit
among the six monomers. The helix | is shown as a
light gray ribbon. Dashed lines indicate hydrogen
= " bonds. TES, LCA, and heme are in orange, green,
and red sticks, respectively.

leads the enzyme to close, adopting
the catalytically competent state with a
pentacoordinate high-spin heme iron."®

) Therefore, the capability of LCA to
3\ directly interact with those residues en-

ables the activation of the mechanism
of closure of OleP more efficiently, fa-
voring the transition to the high spin
state that results in a more pronounced
type | spectral change. On the contrary,
the presence of a single direct interac-
tion with S240, as observed with TES,
only occasionally induces the conforma-
tional transition and the spin state shift.
We may surmise that under physiolog-
o ical conditions, the conformational dis-
tribution of the TES-OleP complex fa-
vors the unproductive open state at
equilibrium. Therefore, the lower magni-
tude of the spectral changes observed
in the equilibrium binding assays may
be due to a looser binding of TES that
results in a minor effect of this substrate on the overall transi-
tion toward the closed high spin state.

The very same interactions, in conjunction with the contacts
established within the distal site, could favor the stabilization of
a unique position of the substrate in the OleP active site,
providing a strong contribution to the high regioselectivity
observed with LCA."® In LCA-OleP, the C6 is perfectly B-oriented
toward the metal center and placed at an optimal distance for the
catalytic reaction. The stabilization of this position, which is
accompanied by the closure of the active site, allows the enzyme
to carry out the C6B-hydroxylation with high regioselectivity. On
the contrary, the absence of these interactions can be associ-
ated with the scarce selectivity observed in the reaction with
TES."® Indeed, together with the C6 hydroxylated products,
other hydroxylated derivatives at C7, C12, and C15 were identi-
fied. Our structural analysis shows that the pose adopted by TES
when the enzyme is in the closed conformation enables both the
C6 and C7 centers to occupy a suitable position and orientation
for catalysis, potentially favoring the reaction on these two tar-
gets to the same extent. In the latter condition, the reactions
on the C12 and C15 are unfavorable, being the C12 on the oppo-
site side of the molecule with respect to the heme iron and the

hairpin B3
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BC loop

helix |

-

helix |

-

C15 too far from the active center (>6 A) (Figure 4). These obser-
vations are in agreement with the functional analysis performed
by Agematu et al.,"® which reports a conversion rate above 10%
for the 63- and the 7B-hydroxylated derivatives, and between 5
and 10% for the 12B- and the 15B-hydroxylated products. We
may assume that in solution, under physiological-like ionic
strength conditions (I~ 0.2 M), in the TES-bound closed OleP,
the absence of contacts with the solvent cavity, not even medi-
ated by solvent molecules, may release TES from the constraints
enforced by the closed conformation. This may enable the sub-
strate to adopt alternative poses with respect to the one
observed in the crystal that promotes hydroxylation reactions
on alternative centers, such as C12 and C15.

To further explore the stability of the poses of the steroidal sub-
strates found in the crystal structures, we carried out MD simula-
tions on both complexes. The analysis of the atomic distances be-
tween the iron (Fe) atom and the C6/C7 of LCA and TES showed a
higher stability of the pose of LCA, with the most probable distance
sampled centered at 4.4 Aand 5.5 A for Fe-C6 and Fe-C7, respec-
tively (Figure 8). The same distances in the TES-OleP complex are
both shifted to larger values, i.e., 5.1 Aand6.5 A, and, thus, reac-
tive-like conformations are less sampled. In addition, the distribu-
tions of these distances are broader in the case of TES, confirming
the different behavior compared to LCA. The analysis of the
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Figure 6. Indirect contacts between OleP
and steroids

Close up view of the active site of TES-OleP (A) and
LCA-OleP (B) structures. Residues involved in in-
direct contacts with the steroidal substrates are
labeled and shown as dark gray sticks. Secondary
structural elements are also indicated. The helix | is
shown as a light gray ribbon. Dashed lines indicate
hydrogen bonds. Thin dashed lines indicate dipole-
dipole interactions. Red spheres are water mole-
cules, white sticks represent formate ions. TES,
LCA, and heme are in orange, green, and red
sticks, respectively.

average distance between each atom of
the ligand, excluding hydrogens, and the
neighboring residues allowed us to identify
the most stable interactions in both com-
plexes. In the case of LCA, we identified
47 interactions that maintained an average
value less orequal to 5 Awhile in TES-OleP
complex more than 10 interactions are lost
(Figure S4). The number of protein-ligand
hydrogen bonds, which is higher in the
presence of LCA, follows a similar trend,
which reflects the stability of the non-cova-
lent binding pose (Figure S5). Overall, the
results of the simulations confirm that TES
exhibits greater flexibility within the active
site of OleP compared to LCA, providing
v additional evidence to delineate the molec-
ular basis of the high selectivity of the
enzyme toward the latter substrate.
It is of interest to comment on the way
solvent molecules rearrange inside the
active site of the enzyme in response to the different bound sub-
strates. To better analyze this aspect, we compared the steroid-
bound structures with the one of OleP bound to DEO obtained in
analogous crystallization conditions'® (Figure 9).

The presence of the lactonic macrocycle of the aglycone DEO
substrate in the distal site determines the displacement of solvent
molecules and their accumulation into the solvent cavity (Fig-
ure 9''°). Of note, solvent molecules occupy the exact same po-
sitions in other macrolide-bound structures of OleP (PDB:
5MNS,'® PDB: 6ZHZ, 6Z17, and 6ZI3'°), occurring in over 90%
of cases. On the other hand, the binding of LCA or TES promotes
the displacement of solvent molecules from the solvent cavity
and their accumulation to the portion of the distal site that the
structure of steroid substrates cannot occupy, namely the one
facing the loop BC, the B-hairpin 3, and the B-hairpin p4. The po-
sitions adopted by these molecules are not random; they repeat
themselves in a nearly identical manner within the six copies of
the crystallographic asymmetric unit. The B-factors of these mol-
ecules are comparable to the average B-factors calculated for
the whole protein, the heme, and the bound ligand, with the
sole exception of the formate ions found in the LCA structure,
whose values exceed of a 30% (Table S3). In addition, we found
that four waters connecting the carbonyl group in C3 with the
segment 293-296 (B-hairpin B3) occupy the same positions in

B hairpin B3
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both structures (Figures 6 and 9). These observations lead us to
conclude that the solvent molecules trapped in the closed active
site of OleP play a structural role. They move in the active site
following the shape of the bound substrate and accumulate,
structuring, in zones that the substrate cannot fill, mediating
and optimizing the interactions with the enzyme. The role of struc-
tured solvent molecules within the active site of ligand-bound
P450s has been previously described by Conner et al.?° as a
mechanism utilized by multifunctional P450s that may serve to
enhance their substrate versatility. We believe that OleP repre-
sents an excellent example in this sense. Differently to other
P450s where order among internal water molecules seems to
be primarily influenced by hydrophobic solvation upon the
entrance of hydrophobic substrates in the active site,?>2” in the
case of OleP the nature of the substrate contributes to the struc-
turing of solvent molecules. This observation suggests the exis-
tence of an intricate interplay between substrate properties and
solvent organization in the OleP active site and supports previous

12 4 h_ m LCA-C6
. LCA-C7
| ‘ I TES-C6

10 A { ) W TES-C7
|

z |
3 8 ‘ | rn,,’-|7
o L
: -
z ]
3
©
o
<)
I
0.4 0.5 0.6 0.7 0.8 0.9 1.0

Distance Fe-C (nm)

Figure 8. Stability of the pose of LCA and TES bound to OleP

The distribution of the distances between the Fe atom and the C6/C7 of LCA
and TES, along the MD simulations, are represented. See also Figure S4 and
Figure S5.
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Structure

Figure 7. Differencesin TES and LCA binding
modes

Superposition of the active sites of TES-OleP and
LCA-OleP (light gray ribbon). E89 (BC loop), N236,
and S240 (helix I) are labeled and shown as orange
(TES-OleP) and green (LCA-OleP) sticks. Multiple
conformers of N236 and S240 are shown, the
transparency indicate the less represented con-
formers found in the asymmetric unit among the
six monomers. TES, LCA, and the heme are in
orange, green, and red sticks, respectively. Orange
and green dashed lines indicate the respective
hydrogen bonds identified in TES-OleP and
LCA-OleP.

hypotheses that attribute its broad sub-
strate specificity to ordered solvent mole-
cules'®; these molecules rearrange in the
active site compensating for the absence of structural elements
of the substrate, also favoring the establishment of productive in-
teractions with non-specific ligands.

Additionally, these findings show that the presence of solvent
mediated interactions enables the accommodation of different
substrates such as DEO, TES, and LCA, that are differently posi-
tioned inside the distal pocket of OleP and establish different
types of interactions with the enzyme, to form the same overall
pattern of substrate-P450 contacts, involving the same portions
of the protein and the same exposed amino acidic residues of the
active site. This might explain the reason for the small differences
found in the binding affinity of OleP with these substrates.

Conclusions

The structural analysis of OleP bound to TES and LCA reported in
this work, integrated with binding affinity assays and MD simula-
tions, provides clues to clarify the molecular mechanism at the
basis of the regulation of the open-to-closed structural transition
induced by substrate binding that leads the enzyme to achieve
the productive conformation.

The comparison of the crystal structures of OleP bound to TES
and LCA, interpreted in the light of the results of the binding as-
says, confirmed the importance of the establishment of direct
hydrogen bonds between the substrate and both N236 and
S240 residues at the N-terminus of the helix | of OleP in efficiently
activating the structural transition. The direct contact with these
amino acids more frequently promotes the approach of the N-ter-
minal portion of the helix | to the substrate, favoring its bending.
This movement pulls the entire FG unit over the active site, stabi-
lizing the closed structure and favoring the high-spin accumula-
tion at the equilibrium of the LCA-OleP species, as indicated by
binding assays. The sole interaction with S240 which is provided
by the hydroxyl function at the C17 of TES is not sufficient to exert
a firm trigger for the active site closure. This results in a minor
accumulation of TES-OleP high-spin closed population at the
equilibrium, as indicated by a lower magnitude of the spectral
transition observed in the binding experiments. Similar to what
was observed comparing the OleP physiological substrates
DEO and L-O-DEO, '® these results show that the presence of a
substrate endowed with structural elements that enable the
simultaneous direct contact with the distal site and the solvent
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Figure 9. Rearrangement of solvent molecules within the active site
of OleP in response to different bound substrates

Close up view of the active site of DEO-OleP (PDB ID 6ZHZ'®) (A), TES-OleP
(B), LCA-OleP (C). Gold and light blue lines schematically outline the distal
site and the solvent cavity. The OleP structure is shown as light gray ribbon.
DEO, TES, LCA, and heme are represented as khaki, orange, green, and red
sticks. Waters and formate ions that mediate the substrate-OleP interactions
are shown as spheres and sticks, respectively. Solvent molecules that are in
the same positions in all the three structures are colored in black, those found
in a single structure are colored according to the color of the relative ligand.
The positions where solvent molecules were found in the structures are
numbered. Positions 1-3 locate within the solvent cavity (blue lines) while
positions 4-8 are in the distal site (gold lines). See also Table S3.
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cavity determines the activation of the molecular mechanism that
induces the closure of the active site.

In the broader context of steroid converting P450s, this work
enabled the identification of the structural determinants for the
gain in regio- and stereoselectivity of a native P450.°° The
comparative structural analysis here discussed revealed that
the substituent group at C17 influences the selectivity of the hy-
droxylation reaction catalyzed by OleP.

Among the bacterial P450s that are natively able to introduce hy-
droxyl functions to steroidal compounds,?® few are those structur-
ally characterized in a productive steroid-bound form. In these
structures, the bound steroid molecules vertically traverse the
active site in a perpendicular orientation compared to the heme,
exposing a single stereogenic center to the heme iron at a distance
compatible with catalysis. This is exemplified by the steroid-bound
structures of members of the CYP154 and CYP109 families.?®>°
The closed structure adopted by these enzymes upon steroid
binding presents a hydrophobic channel where the steroid binds
that restricts the molecule from assuming multiple conformations,
thereby elucidating the basis for the high regio- and stereoselectiv-
ity of the hydroxylation reaction observed. Due to differences in
shape and volume of the active site and of the nature and the dis-
tribution of the substrate binding residues, we found an alternative
arrangement of steroidal compounds in OleP. In the latter case, the
steroid horizontally traverses the active site and exposes multiple
stereogenic centers to the heme iron at the same time. The disad-
vantage of this pose is that it does not guarantee selectivity unless
the steroid can simultaneously contact the two cavities of the OleP
active site. Nevertheless, an appropriate selection of the steroidal
molecule, such as esterified derivatives of TES, and/or a rational
approach of protein engineering could potentially yield an enzyme
capable of catalyzing stereo- and regioselective reactions on
different stereogenic centers. To conclude, the results presented
in this work clarify key aspects of the regulation of the substrate
binding mechanism of OleP and provide a description of critical el-
ements that contribute to the selectivity of the catalytic reaction. In
the context of the emerging interest in the use of cytochrome
P450s as biocatalysts for the regio- and stereoselective hydroxyl-
ation of steroidal compounds,®**°° the structural description of
OleP bound to TES and LCA paves the way for future works aimed
at designing engineered variants of the P450 endowed with
enhanced regio- and stereoselectivity of hydroxylation toward
highly valuable steroids. In this perspective, rational engineering
of OleP based on the information obtained in this work could
enable the optimization of the regioselective 7B-hydroxylation of
LCA performed by a newly developed engineered form of
OleP,*® and/or the development of regioselective forms of the
enzyme for the 6B- or 7B-hydroxylated derivatives of TES, repre-
senting an alternative strategy to produce compounds with inter-
esting therapeutic applications as neuroprotective and anti-in-
flammatory agents.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

BL21 (DE3) competent cells Novagen Cat#69450
Chemicals, peptides, and recombinant proteins

Lithocholic acid Merck Cat#1.6250
Testosterone C-IIIN Merck Cat#86500
Deposited data

OleP in complex with testosterone this study PDB 8QRD
OleP in complex with lithocholic acid this study PDB 8QYI
OleP in complex with 6-deoxyerythronolide B Parisi et al.'® PDB 5MNS
Recombinant DNA

Plasmid: pET28bOleP Montemiglio et al.*” N/A

Software and algorithms

Kaleidagraph 4.1.3

Synergy Software

https://www.synergy.com/

Prism 6 GraphPad Software https://www.graphpad.com/

XDS Kabsch®® https://xds.mr.mpg.de/

CCP47.1.016 Dodson et al.*>” https://www.ccp4.ac.uk/

COOT 0.9.8.8 Emsley and Cowtan™’ https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot/

MolProbity Chen et al.*’; Williams et al.*® http://molprobity.biochem.duke.edu/

UCSF Chimera Pattersen et al.** https://www.cgl.ucsf.edu/chimera/download.html

Gromacs 2022 Abraham et al.** https://manual.gromacs.org/2022/download.html

CHARMM36 Huang et al.**; https://www.charmm.org/archive/charmm/

Vanommeslaeghe et al.® resources/charmm-force-fields/
MdTraj McGibbon et al.*’ https://www.mdtraj.org/1.9.8.dev0/index.html
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources or reagents should be directed to and will be fulfilled by the lead contact, Dr. Linda
Celeste Montemiglio (lindaceleste.montemiglio@cnr.it).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The structural data (atomic coordinates and structural factors) have been deposited in the Protein DataBank (https://www.rcsb.org)
and are publicly available as of the date of publication. Accession numbers are listed in the key resources table. This paper does not
report original code. Any additional information required to reanalyze the data reported in this paper is available from the lead contact

upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strains

All proteins used for biochemical studies were recombinantly expressed in Escherichia coli BL21 (DE3) strain (Novagen, 69450).
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METHOD DETAILS

OleP expression and purification
The gene of OleP (Uniprot: Q59819) was cloned into a pET28b(+) vector using Ndel/Bglll restriction sites. The resulting protein con-
tained a hexahistidine tag at its N-terminus followed by thrombin cleavage site. The protein was expressed in Escherichia coli BL21
(DE3) cells and purified as previously described.®”In brief, transformed E. coli BL21 (DE3) cells were grown for about 70 h at 293 K in
Luria Broth medium, containing kanamycin resistance and 1.5 mM of the heme precursor d-aminolevulinic acid (3-ALA). The bacteria
were harvested by centrifugation and resuspended in lysis buffer (50 mM Tris-HCl and 300 mM NaCl, pH 8.0) and lysed by addition of
a mixture of deoxyribonuclease, ribonuclease, lysozyme (Sigma Aldrich, St. Louise, Missouri, USA), protease inhibitors (cOmplete,
EDTA-free, Roche, Basel, Switzerland), followed by sonication. The soluble fraction of the lysate was immobilized on a 5 mL Hi-Trap
Chelating HP column (GE Healthcare, Buckinghamshire, UK) equilibrated with lysis buffer. OleP was eluted using lysis buffer supple-
mented with 200 mM imidazole. The His-tag was digested using bovine thrombin protease (Sigma Aldrich, St. Louise, Missouri, USA)
at 277 K overnight (~16 h) and removed by a reverse passage into 5 mL Hi-Trap Chelating HP column. The protein was further purified
by ion-exchange chromatography using a Mono Q colum (GE Healthcare) in 20 mM Bis-Tris, pH 6.0, using increasing concentration
of NaCl. OleP elutes around 0.1 M NaCl.

Sample homogeneity and monodispersion were evaluated by SDS-PAGE and gel filtration chromatography using a 10/400 column
packed with Tosoh HW-55S (Tosoh Bioscience) resin in a buffer containing 20 mM Tris-HCI and 200 mM NaCl, pH 8.0. Under these
conditions, OleP elutes as a monomer.>’

Crystallization of OleP in complex with TES and LCA

To obtain OleP crystals in complex with TES and LCA, the purified protein was concentrated to a final concentration of
19 mg/mL (0.45 mM) in 20 mM Tris-HCI and 200 mM NaCl, pH 8.0, and co-crystallized in the presence of saturating concen-
trations of the ligand, namely 1 mM TES and 1 mM LCA, by the hanging drop vapor diffusion technique at 295 K. Each protein-
ligand complex was mixed in a 1:1 ratio with the reservoir solution and equilibrated against 500 pL of the reservoir solution.
Diffracting crystals of the complexes were grown in 4.4 M sodium formate. The quality of the X-ray diffraction data was
improved by performing a streak seeding for both protein-ligand complexes. Crystals were flash-frozen in liquid nitrogen
without prior additional cryo-protection.

Equilibrium binding analysis

The binding affinity to TES and LCA was determined at 298 K by titrating OleP at a concentration between 1.5 and 2 uM in a total
volume of 750 pL of 50 mM HEPES and 200 mM NaCl, pH 7.5. Dimethyl sulfoxide (DMSO) was used to prepare the stock solutions
of the ligands. DMSO, TES, and LCA were purchased from Merck Millipore (Burlington, MA, USA). After each addition, a waiting time
of approximately 2 min was observed.

The final concentrations of TES and LCA ranged from 0 to 200 uM and from 0 to 50 uM, respectively, in compliance with the relative
ligand solubility. The final percentage of DMSO did not exceed 1% (v/v). The appropriate blank was subtracted, and UV-visible
spectra (200-700 nm) were recorded after each ligand addition using a Jasco V-650 spectrophotometer equipped with a Jasco pro-
grammable Peltier element (EHC-716) to ensure a controlled temperature. Ligand binding was monitored by following the typical type
| absorption shift of the heme y-Soret peak of OleP, from 417 to 380-390 nm. The absorbance intensities at 417 nm and 388 nm were
plotted against ligand concentration.

To monitor the effect of the ionic strength on the spin-state equilibrium in OleP bound to steroids, 2 pM protein in the presence of
50 uM of LCA and 200 uM of TES was titrated at 298 K with an increasing concentration of sodium formate, ranging from 0to 3.5 M, in
a final volume of 750 pL of 50 mM HEPES and 200 mM NaCl, pH 7.5. The absorption shift of the Soret peak was followed by collecting
UV-visible spectra (200-800 nm) after each substrate addition, and the appropriate blank was subtracted.

X-Ray data collection and analysis

X-ray diffraction data were collected at 100 K on a PILATUS detector (Dectris, Baden-Dattwil, Switzerland) at ELETTRA synchrotron
(beamline XRD2, Trieste, Italy) and processed by means of the XDS package®® and Aimless.“® The crystallization conditions, data
collection, and the statistics of the refinement are reported in Table S2.

Structure determination and refinement
The initial phases were calculated by molecular replacement using the program MOLREP of the CCP4 suite.*®

The resulting models were reconstructed starting from the coordinates of a single closed monomer OleP in complex with 6DEB
obtained in high salt conditions (PDB 5MNS, %) deprived of ligands, waters and ions, and used as search model. Six monomers
(A-F) were found in the asymmetric unit of both structures. Model building and refinement were performed with Refmac5 in the
CCP4 suite®**° and Coot 0.9.8.8,"%°" using the |Fo|-|Fc| map contoured at + 3 ¢ and the 2|Fo|-|Fc| at + 1 o. Five percent of the re-
flections were excluded from refinement and used for the R free calculation.® The resulting structures were refined using automatic
weighting with isotropic B-factors and TLS, considering one TLS group per protein chain. Water molecules were added both auto-
matically and manually using COOT.
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In the two structures, the first 10 to 13 residues at the N-terminus are missing because of the poor electron density contouring the
region, which is caused by the intrinsic structural flexibility of the N-terminal tail. In addition, in both structures the F monomer has a
weak electron density if compared to the other copies.

The geometric quality of the final models was assessed with MolProbity.*'*? All figures were produced using UCSF Chimera.*® The
atomic coordinates and structure factors of TES-OleP and LCA-OleP have been deposited in the Protein DataBank (accession
numbers PDB 8QRD and PDB 8QYI, respectively).

Molecular dynamics simulations

All-atoms Molecular Dynamics (MD) simulations were performed on monomer C of the TES-OleP and LCA-OleP complexes using
Gromacs 2022 software package.’* CHARMM36 was used as forcefield while the missing parameters of TES were obtained through
CGenFF.*>% For both systems, the simulations were conducted using the same procedure described hereafter. The complex was
centered in a cubic box, large enough to avoid boundary effects, and then solvated with TIP3P water model and neutralizing ions
(Na*). After a minimization step, using the steepest descent algorithm, the system was equilibrated in the NVT ensemble, by perform-
ing a series of short runs (each lasting 50 ps), during which the box dimensions were adjusted to correctly reproduce the experimental
water density.’® Thereafter, the production runs (two replicas of about 600 ns for each system) were started in the same ensemble.

For both equilibration and production steps, the temperature was kept constant at 300 K using the velocity rescale algorithm,* the
integration timestep was set at 2 fs, and the electrostatic interactions were calculated according to the Particle Mesh Ewald (PME)
method,”*°° using a 1.2 nm cut-off. The same cut-off value was used for the van der Waals interactions.

The stability of the binding pose, as obtained by the crystallographic structure, was evaluated by calculating: i) the Euclidean
distances between the Fe atom of the heme group and the ligand carbon atoms that can be hydroxylated; ii) the average distances
between the ligand and the surrounding residues, defined by a sphere of 8 A centered in center of mass of the ligand; iii) the hydrogen
bonds that the ligand establishes with the OleP active site. Such calculations were performed for both replicates, using either Gro-
macs or MdTraj tools.*’

QUANTIFICATION AND STATISTICAL ANALYSIS

Equilibrium binding data analysis
The dissociation constant, Kp, was determined using the Kaleidagraph software package. Non-linear regression analysis was per-
formed by means of the hyperbolic equation:

AAuobs; = AAUmax[L] / (KD + [LD,
where AAU,s is the difference in absorbance, AAU . is the maximum difference in absorbance extrapolated to infinite ligand con-
centration, and [L] is the analytical concentration of the ligand. All data were globally fitted using Prism 6 software (GraphPad). The

percentage of high spin content was determined following the Jung’s procedure.?? All reported values are mean + SD for three in-
dependent experiments.

Crystallographic data collection and processing
Crystallographic data collection and refinement statistics are shown in Table S2.
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