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NysL, a cytochrome P450 monooxygenase from the Gram-
positive bacterium Streptomyces noursei, catalyzes the C10
hydroxylation of 10-deoxynystain to nystatin A1, a clinically
important antifungal. In this study, we present the 2.0 Å
resolution crystal structure of NysL bound to nystatin A1. The
structure of this complex provides key insights into the struc-
tural elements that dictate the regio- and stereo-selective
oxidation of large 20-44-membered macrolide substrates. The
closely related AmphL operates on a similar 38-member mac-
rolide but oxidizes C8 rather than C10. This difference requires
that the substrate for AmphL penetrate further into the active
site relative to NysL. The depth of substrate penetration is
controlled by interactions between an area of the substrate
binding pocket deemed the “back-wall” and the hemiketal ring
of the macrolide substrate.

Fungal diseases exhibit a mortality rate of six times that of
malaria and three times that of tuberculosis (1). This statistic
together with the emergence of drug-resistant fungal patho-
gens reflects a need for the development of new therapeutics
(2). Polyene macrolide antibiotics, produced by Streptomyces
spp. and other bacteria, are highly effective antifungal agents
with a broad spectrum of activities (3, 4). Amphotericin B, for
example, is the last-line drug for the treatment of fungal in-
fections. Macrolide antifungals share a conserved backbone
structure, characterized by amphipathic rod-shaped molecules
composed of a large hydroxylated polyene macrolactone ring, a
six-membered hemiketal ring, and a mycosamine ring attached
to the macrolactone via a glycosidic bond (5). The primary
mode of action is disruption of membrane function by inter-
action with ergosterol in fungal cytoplasmic membranes (6, 7).
However, these macrolides also exhibit a high affinity for
cholesterol in human cellular cytoplasmic membranes leading
to potential nephrotoxicity (4, 7, 8). Therefore, the develop-
ment of more selective and efficacious analogs of these polyene
macrolides represents an ongoing and important therapeutic
* For correspondence: Vidhi C. Murarka, vmurarka@uci.edu.
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goal. One promising approach for the generation of novel
polyene macrolides is to engineer enzymes in their biosyn-
thetic pathways to produce antifungals that exhibit increased
potency and selectivity. Rational enzyme engineering requires
crystal structures. Unfortunately, there are only a few crystal
structures across homologous systems, a requirement for un-
derstanding what controls substrate specificity and the appli-
cation of structure-based enzyme engineering to produce new
antibiotics.

The biosynthetic gene clusters that produce polyene mac-
rolides encode modular polyketide synthases that assemble the
macrolactone core as well as tailoring enzymes for further
functionalization (4, 5). In the biosynthesis of nystatin A1 by
the soil-dwelling bacterium Streptomyces noursei, the 38-
membered macrolactone ring is assembled by six polyketide
synthase proteins and modified by three tailoring enzymes: two
cytochromes P450 (P450s), NysN and NysL, and glycosyl-
transferases, NysDI (9–11). The final modification of nystatin
A1 is performed by NysL, which hydroxylates 10-deoxynystatin
at position C10 illustrating the impressive regioselectivity of
P450s (Fig. 1) (9, 10).

The importance of C10 hydroxylation for nystatin A1 po-
tency as an antifungal is controversial with some suggesting it
to be critical for the active transport of nystatin (12), while
others conclude that the antifungal activity of nystatin A1 is
comparable to its precursor 10-deoxy nystatin (10). Despite
these contrasting results, NysL presents an attractive target for
future engineering efforts. As the final step in the nystatin A1

biosynthetic pathway, enzyme engineering strategies that affect
hydroxylation regioselectivity and/or alteration of epoxidation
activity can be implemented without altering the outcome of
downstream functionalization. Modifications in regiose-
lectivity or epoxidation activity have been shown to signifi-
cantly alter the efficacy of similar polyene macrolides,
amphotericin, and pimaricin, which are functionalized by
AmphL and PimD, respectively, two P450s closely related to
NysL (13).

Herein, we present the 2.0 Å crystal structure of NysL in
complex with its product, nystatin A1, and provide a
detailed comparison with two other similar P450s, AmphL
J. Biol. Chem. (2025) 301(3) 108185 1
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Figure 1. Reactions catalyzed by three closely related macrolide oxidizing P450s. A, NysL hydroxylates 10-deoxynystatin at the C10 position. B, AmphL
hydroxylates 8-deoxyamphotericin B at the C8 position. C, PimD epoxidates 4,5-desepoxypimaricin across C4=C5.

Structural analysis of cytochrome P450 NysL
and PimD, that share high sequence identity with NysL
(Fig. 2) (14–16). AmphL catalyzes hydroxylation of
8-deoxyamphotericin B to give amphotericin B, also an
antifungal polyene macrolide that shares the same macro-
lactone core as nystatin A1 but with slight differences in
conjugation and hydroxylation patterns (Fig. 1). Despite
similar substrates, AmphL and NysL differentiate between
Figure 2. Sequence alignment of NysL, AmphL, and PimD. An asterisk (*) den
groups of strongly similar properties, a period (.) is for conservation between g
and a hyphen (-) is for gap in the sequence.
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the small (�2.5 Å) difference in the positioning of C8 or
C10 for regio- and stereo-selective hydroxylation of their
respective substrates. We also include a comparison with
PimD that epoxidizes 4,5-desepoxypimaricin at the C4-C5
positions to give the 26-membered ring of pimaricin
(natamycin), an antibiotic used to treat fungal infections of
the eye (15).
otes conserved identical amino acid, a colon (:) shows conservation between
roups of weakly similar properties, a space ( ) is for non-conserved mutation,



Structural analysis of cytochrome P450 NysL
Results and discussion

Overall structural analysis of NysL

We have solved the 2 Å crystal structure of NysL bound to
its commercially available product, nystatin A1 (Table 1). The
NysL-nystatin A1 complex crystallizes in the P 31 2 1 space
group and exhibits two NysL molecules in the asymmetric
unit. The Ca-rms difference (Ca-RMSD) of the two molecules
is 0.275 Å and the all-atom RMSD of the two nystatin A1

molecules bound to NysL is 0.154 Å. NysL exhibits the
conserved P450 triangular fold (Fig. 3A) with the heme iron
coordinated to the protein via a conserved cysteine residue
(Cys343) that precedes the L helix. As shown in Figure 3B, the
carbon at position C10 of nystatin A1 is positioned closest to
the iron center with its hydroxyl group sitting 2.5 Å from the
heme iron, which is consistent with the substrate being posi-
tioned for regio- and stereo-selective hydroxylation.
Substrate access channel

Structurally, AmphL (14) and PimD (15) are very similar to
NysL with Ca-RMSDs of 0.632 Å and 0.868 Å, respectively.
Analogous to AmphL and PimD, NysL likely uses a substrate
access channel that runs parallel to the I helix (channel 2,
Fig. 4) rather than the access channel near the F/G loop
Table 1
Crystallographic data collection and refinement statistics

Parameters NysL

PDB ID 9CV8
Wavelength 0.97946
Resolution range 37.79–2.0 (2.072–2.0)
Space group P 31 2 1
Unit cell 136.29 136.29 135.6 90 90,120
Total reflections 1,111,266 (110,276)
Unique reflections 98,254 (9674)
Multiplicity 11.3 (11.3)
Completeness (%) 99.76 (99.36)
Mean I/sigma(I) 18.25 (1.65)
Wilson B-factor 35.35
R-merge 0.1727 (1.03)
R-meas 0.1809 (1.079)
R-pim 0.05345 (0.3196)
CC1/2 0.995 (0.906)
CC* 0.999 (0.975)
Reflections used in refinement 98,060 (9674)
Reflections used for R-free 4712 (455)
R-work 0.1888 (0.2861)
R-free 0.2153 (0.2915)
CC(work) 0.954 (0.692)
CC(free) 0.931 (0.620)
Number of non-hydrogen atoms 6922
macromolecules 6124
ligands 261
solvent 537

Protein residues 779
RMS(bonds) 0.008
RMS(angles) 1.06
Ramachandran favored (%) 98.32
Ramachandran allowed (%) 1.68
Ramachandran outliers (%) 0.00
Rotamer outliers (%) 1.96
Clashscore 3.22
Average B-factor 44.18
macromolecules 43.68
ligands 45.36
solvent 49.31

Number of TLS groups 8

Numbers in () are for the highest resolution shell. Statistics were generated by the
“Table 1” utility in Phenix.
(channel 1) used by a majority of P450s (14, 15, 17). Channel 2
allows the macrolide substrate to enter the active site along its
elongated/long axis, which requires less conformational
changes/reorientation of the substrate that would be required
by entry via channel 1 (14, 15). It is also worth noting that
channel 2 forms between the I-helix and the B-C loop and is
distinct from the dynamics of a secondary channel that forms
between the B-C loop that is suggested to form to facilitate
product egress in other P450 systems (18).

The “back-wall” and substrate-enzyme interactions

As shown in Figure 5, a number of hydrogen bonding (H-
bonding) and nonpolar interactions between the protein and
the large polyene macrolide ring help to anchor the sub-
strate in place in NysL, AmphL, and PimD. In particular, the
residues that form the “back-wall” of each enzyme’s active
site control how far the substrate can penetrate into the
active site thereby positioning the correct carbon atom for
oxidation. In NysL (Fig. 5A), the back-wall is defined by the
residues that span from Lys277 to Leu283. Both Lys277 and
Ser281 form H-bonds with the hemiketal carboxylate of
nystatin A1 while the mycosamine ring amine group forms
an H-bonding interaction with the peptide carbonyl O atom
of Gly280. Behind the mycosamine ring, Leu283, a part of
the anti-parallel sheet b1-4, forms nonpolar contacts with
the nystatin A1 macrolactone core. Together, these in-
teractions control how far the substrate molecule can move
into the active site resulting in the optimal positioning of
C10 over the heme iron for oxidation.

Catalytic residues

NysL retains the critical active site residues required for
P450 O2 activation (14, 15). In many well-studied P450s
(17), the side chain of a conserved threonine in the middle of
the I-helix donates an H-bond to the backbone carbonyl of
an I-helix residue in the X-4 position that disrupts the he-
lical structure. Upon dioxygen binding, this H-bond inter-
action is further disrupted and the active site Thr side chain
is freed to form part of a proton relay network resulting in
protonation of the O2 distal oxygen required for heterolytic
cleavage of the O-O bond (17) giving the competent
oxidative intermediate, compound I (19). Rather than a Thr,
NysL contains an active site serine, Ser236 (Ser236 in
AmphL and Ser238 in PimD). A Thr at this position in all
three macrolide functionalizing P450s would result in steric
crowding with the substrate. As a result, these P450s use Ser,
which is functionally equivalent to Thr (Fig. 6). Ser236 in-
duces a similar disruption of the backbone helix of NysL by
H-bonding with the backbone carbonyl of Ala232 that pre-
sumably breaks upon O2 binding.

In addition to Thr or Ser, there is a highly conserved Asp
residue critical in the P450 proton relay network (17). In the
well-studied P450cam system, Asp251 is anchored in place
through salt bridges with Arg186 and Lys178. These salt
bridges are ruptured upon binding of the electron donor redox
partner, putidaredoxin (Pdx), which frees Asp251 to facilitate
J. Biol. Chem. (2025) 301(3) 108185 3
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Figure 3. Structure of NysL. A, NysL exhibits the traditional triangular P450 fold. B, 2Fo-Fc electron density map contoured at 1.0 s with nystatin A1, the
product of NysL. The C10 hydroxyl points towards the heme-iron at a distance of 3.4 Å.

Structural analysis of cytochrome P450 NysL
the formation of a proton relay network. These functionally
important structural changes are unique to Pdx binding and as
a result, P450cam has a strict requirement for Pdx and no
other redox partner can support P450cam catalysis (20). NysL
retains the conserved Asp residue, Asp235 (Asp235 in AmphL
and Asp237 in PimD) (21). However, since Asp235 does not
interact with any neighboring residues, there is no need for a
redox partner-mediated structural change to activate the
proton relay network as in P450cam. Therefore, the NysL-
catalyzed in vitro conversion of 10-deoxynystatin to nystatin
A1 can be supported by non-native redox partners such as
spinach ferredoxin/ferredoxin reductase (10).
Figure 4. Potential substrate access channels of NysL. Channel 1 is located
substrate would likely enter along its long axis requiring a �90� rotation of th
(green mesh), parallel to helix I, is more likely the route used by NysL, AmphL,
requiring minimal changes in substrate orientation or protein conformation. C

4 J. Biol. Chem. (2025) 301(3) 108185
Comparisons of macrolide functionalizing P450s

We recently carried out a detailed structural comparison
between both AmphL and PimD and concluded that subtle
differences deep within the active site control the proper
positioning of the large polyene macrolide ring for selective
hydroxylation or oxidation (14). However, this comparison was
limited by the substantial difference in the size of the substrate
macrolide rings bound to these two P450s: 26 carbons in PimD
and 38 in AmphL. Comparison between AmphL and NysL,
which both operate on similar 38-member macrolide rings,
allows for more direct analysis of the subtle differences that
control regio- and stereo-selective hydroxylation.
near the F/G loop and is used by the majority of P450s. In channel 1, the
e substrate and extremely large changes in the protein structure. Channel 2
and PimD, as this channel allows the substrate to enter along the long axis
avities were calculated using CavitOmiX (v, 1.0, 2022, Innophore GmbH).
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Figure 5. Substrate-P450 interactions in three closely related macrolide
oxidizing P450s. The key residues involved in substrate interaction are
shown in blue sticks, additional amino acids in the back-wall of P450s are
shown in green sticks and H-bonds are depicted as black dashed lines. A, In
NysL, Lys277 and Ser281 interact with hemiketal of nystatin A1. The amino
group of mycosamine ring of nystatin A1 forms an H-bond with the peptide
carbonyl O atom of Gly280. Leu283, part of anti-parallel b1-4, interacts with
the macrolactone core of nystatin A1. These interactions between the back-
wall and nystatin A1 position the C10 above the heme iron. B, In AmphL
(PDB: 7SHI), there is a two amino acid insertion relative to NysL, Gly282, and
Ala283, that enables the substrate to penetrate further into the active site
positioning the C8 above the heme iron. This expansion is stabilized by an
interaction between the peptide carbonyl O atom of Ala278 and the
backbone amide group of Leu18 and a reorientation of Lys277 allowing for
interaction with Leu273. There is also a partial disruption of the b1-4 sheet,
which frees Leu285 to interact with the macrolactone core of the substrate.
C, in PimD (PDB: 2XBK), there is a one amino acid residue (Pro286) insertion
in the back-wall of the active site compared to NysL that shares similar
implications for substrate positioning to AmphL.

Figure 6. Catalytic residues required for O2 activation in NysL. Ser236 in
NysL is the functional equivalent of Thr252 in P450cam and donates an H-
bond to Ala232. Asp235 (Asp251 in P450cam) possibly along with Ser236 in
the active site is responsible for the proton relay network required for O2
activation.

Structural analysis of cytochrome P450 NysL
Across all three systems, substrate selectivity is predomi-
nantly controlled through interactions of the hemiketal ring
with residues along the “back-wall” of the active site, which we
define in NysL as residues Lys277 to Leu283. The primary role
played by the back-wall of the substrate binding pocket is
perhaps best illustrated by first comparing NysL with AmphL.
While the substrates of both P450s are very similar, the sub-
strate of AmphL can penetrate further into the active site
resulting in C8 being positioned for hydroxylation rather than
C10 as in NysL (Fig. 7). This is a very subtle difference given
that the substrate for AmphL must slide only 2.5 Å further into
the active site to properly position C8 for hydroxylation rather
than C10. This difference is due to a two amino acid insertion,
Gly282 and Ala283, in AmphL (Figs. 2 and 5) that expands a
section of the AmphL back-wall allowing the substrate to
move deeper into the active site compared to NysL. Addi-
tionally, the expansion of the back-wall of AmphL is partially
stabilized by an H-bond between the peptide carbonyl oxygen
atom of Ala278 and the backbone amide proton of Leu18.

As a result of this expansion, several residues of the back-
wall in AmphL are in different orientations relative to NysL
resulting in significant differences in substrate-protein in-
teractions. For example, in AmphL, Ser281 points up and away
from the substrate and, therefore, does not interact with the
carboxyl group of the macrolide ring as in NysL. Lys277 also
adopts a different orientation in AmphL relative to NysL,
where it loses an H-bonding interaction with the substrate
carboxyl group and instead forms an H-bond interaction with
the peptide carbonyl O atom of Leu273 and the substrate
hemiketal hydroxyl group. Additionally, there is a partial
disruption of anti-parallel b1-4, which now starts at Arg287 in
AmphL compared to Val282 in NysL. This greater flexibility
frees Leu285 in AmphL to form nonpolar contacts with the
polyene macrolactone core in addition to enabling the sub-
strate to penetrate further into the active site.

Like AmphL, PimD (Fig. 5) also has an expanded back-wall
owing to a single amino acid insertion, Pro286, which enables
the substrate to penetrate further into the active site. As shown
in Figure 7, despite the very different size of the substrate
macrolactone ring, the hemiketal and mycosamine rings of the
PimD and AmphL substrate nearly superimpose. These
J. Biol. Chem. (2025) 301(3) 108185 5
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Figure 7. Structural alignment of three closely related macrolide oxidizing P450s. Alignment of (A) NysL-AmphL and (B) PimD-AmphL. AmphL is
depicted in blue. NysL in green and PimD in orange. The heme is shown in pink.

Structural analysis of cytochrome P450 NysL
structural comparisons show that the substrate binding and
orientation in the active site is controlled by the interactions
between the back-wall of the substrate binding pocket and the
hemiketal ring of the macrolide substrate and in turn by the
number of amino acid residues in the back-wall.

Conclusions

The detailed comparison of three closely related polyene
macrolide oxidizing P450s, NysL, AmphL, and PimD, high-
lights the subtle differences in structure that lead to the precise
positioning of each substrate in the active sites. Overall
structural analyses of these three P450s support our hypothesis
that interactions at the “back-wall” of the binding cavity with
the hemiketal of the substrate is responsible for controlling
how deep the substrate penetrates into the active site thereby
positioning the correct carbon atom for oxidation. These in-
teractions are, in turn, governed by the number of amino acid
residues present in the back-wall. The deeper penetration in
AmphL is controlled by a mere two amino acid insertion in the
back-wall relative to NysL. This seemingly trivial insertion
leads to expansion of the back-wall resulting in changes to the
b-sheets that follow and substantial differences in substrate-
protein interactions. Thus, enabling the substrate to move
deeper into the active site. In addition to providing funda-
mental insights into the exquisite specificity of P450s, our
comparisons should prove useful in structure-based engi-
neering of macrolide processing P450s for the purpose of
developing novel therapeutics.

Experimental procedures

Protein expression and purification

UniProt database was used to obtain the gene sequence that
encodes NysL (Accession: Q9L4X0). A synthetic gene encod-
ing NysL was codon optimized to express in Escherichia coli
6 J. Biol. Chem. (2025) 301(3) 108185
(E. coli) and purchased from GenScript USA Inc. The gene was
subcloned using NdeI/BamHI restriction sites into a pET28a
plasmid containing a thrombin-cleavable N-terminal six-His
tag. The plasmid was transformed into E. coli BL21(DE3)
cells, which were plated on Luria-Bertani (LB) agar plates
containing 50 mg/ml of kanamycin. A single colony of trans-
formed bacteria was used to inoculate 5 ml of LB media
containing 50 mg/ml of kanamycin and incubated overnight at
37 �C and shaken at 200 rpm. After overnight incubation,
500 ml of overnight culture was then used to inoculate 1 L
Terrific Broth (TB) media containing 50 mg/ml of kanamycin.
Cultures were grown at 37 �C and shaken at 200 rpm. When
the optical density (OD600) of the culture reached 0.8 to 1.0,
protein expression was induced following the addition of iso-
propyl 1-thio-D-galactopyranoside (IPTG), 1 mM final
concentration, and supplemented with 30 mg/ml of d-amino-
levulinic acid (d-ALA) to promote heme synthesis for
incorporation into NysL enzyme. After induction, cells were
incubated for additional 36 h at a reduced temperature of
25 �C and a shaking speed of 120 rpm and then harvested by
centrifugation.

Cell pellets were suspended in lysis buffer containing
50 mM potassium phosphate (KPi), pH 7.4, 100 mMNaCl, and
5 mM imidazole and then lysed via sonication. The lysate was
centrifuged at 15,000 rpm and 4 �C for 1 h (Beckman Coulter
Avanti JA-17). The resulting supernatant was loaded onto a
Ni2+-nitrilotriacetate agarose column (Thermo Fisher HisPur
Ni-NTA) that was pre-equilibrated with 5 column volumes
(CVs) of lysis buffer. The column was then washed with 10
CVs of lysis buffer containing 15 mM imidazole. Protein was
eluted using 5 CVs of lysis buffer containing 200 mM imid-
azole. Fractions that exhibited red color were collected and
pooled. Thrombin (20 units/mg) was added to the eluted
protein to cleave the N-terminal six-His tag from the protein
and then dialyzed overnight against 50 mM KPi buffer (pH 7.4)
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at 4 �C. Dialyzed protein was further purified by dieth-
ylaminoethyl (DEAE) anion exchange column chromatog-
raphy (Cytiva) previously equilibrated with 5 CVs of 50 mM
KPi buffer (pH 7.4). The column was then washed with 10 CVs
of 50 mM KPi buffer (pH 7.4). Protein was eluted using a
gradient of 0 to 300 mM KCl over 10 CVs. The protein frac-
tions with Reinheitszahl purity ratio (Rz, A418/A280) of 1.2 and
higher were pooled, and buffer exchanged into 50 mM KPi
(pH 7.4) and concentrated. The protein concentration was
calculated from reduced CO difference spectrum using molar
extinction coefficient (ε450nm) = 91 mM−1 cm−1 (22).
Crystallization, data collection, and processing

NysL crystals were grown at room temperature using the
hanging drop vapor diffusion method. The reservoir solution
contained 100 mM Bis-tris propane (pH 7) and 1.5 M lithium
sulfate. NysL was concentrated to �20 mg/ml in 50 mM KPi
(pH 7.4) buffer containing saturated nystatin A1 (Sigma-
Aldrich). Hanging drops were formed by mixing the protein
solution with the reservoir solution in a 1:1 ratio (2 ml) and
equilibrated against 700 ml of reservoir solution. Crystals were
harvested and cryoprotected using ParatonN (Hampton
Research) then flash frozen using liquid nitrogen. Diffraction
data were collected at the Stanford Synchrotron Radiation
Lightsource (SSRL) beamline 12-2. XDS was used to index,
integrate, and scale the raw data (23). Phaser (24) was used to
carry out molecular replacement and using PimD (PDB:
2XBK) as a search model. Refinements were carried out using
phenix.refine (25) and followed by PDB_REDO (26). Data
collection and refinement statistics are summarized in Table 1.
Data availability

Coordinates and structure factors have been deposited in
the Protein Data Bank as entry 9CV8.
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