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Abstract: Studying the interplay between nonribosomal pep-
tide synthetases (NRPS), a major source of secondary
metabolites, and crucial external modifying enzymes is a chal-
lenging task since the interactions involved are often transient
in nature. By applying a range of synthetic inhibitor-type
compounds, a stabilized complex appropriate for structural
analysis was generated for such a tailoring enzyme and an
NRPS domain. The complex studied comprises an NRPS
peptidyl carrier protein (PCP) domain bound to the Cyto-
chrome P450 enzyme that is crucial for the provision of b-
hydroxylated amino acid precursors in the biosynthesis of the
cyclic depsipeptide skyllamycin. The structure reveals that
complex formation is governed by hydrophobic interactions,
the presence of which can be controlled through minor
alterations in PCP structure that enable selectivity amongst
multiple highly similar PCP domains.

Nonribosomal peptide synthesis is responsible for the
production of important secondary metabolites such as
penicillin,[1] cephalosporin,[1] and vancomycin.[2] Given the
modular organization of nonribosomal peptide synthetases
(NRPS) and their interplay with multiple amino acid modify-
ing and decorating enzymes, expansion of the biological
toolbox far beyond the limits of ribosomal biosynthesis is
possible.[3] This makes the investigation of NRPS and their
interaction partners of great interest for both basic research
and biotechnological applications.[2] The majority of the

amino acid precursors required for NRPS biosynthesis are
synthesized prior to selection by the NRPS.[4] However, a new
paradigm for precursor production through the selective,
direct interaction of modifying proteins and NRPS-bound
amino acids has recently been demonstrated for the cyclic
depsipeptide skyllamycin.[5, 6] This process involves the b-
hydroxylation of hydrophobic amino acids bound to carrier
protein (CP) domains by a Cytochrome P450 (P450) enzyme
(Figure 1).[7, 8] The selection mechanism involved is dependent

not upon the amino acid residues themselves but rather the
respective CP domains[9] and clearly offers great potential for
exploitation in the modification of nonribosomal peptides
in vivo.

To understand the basis of P450/CP selectivity in this
system, it was essential to structurally characterize the
complex, since isolated P450 structures offer limited clues to
the origins of the selectivity.[7, 10] Structural analysis was
complicated by the weak interaction between the proteins
involved, which precluded co-crystallization. To overcome
this difficulty, we exploited the fact that the ferric heme group
of P450s coordinates nitrogen ligands in a highly stable,
inhibitor-like manner.[11] We synthesized an array of inhibitors
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Figure 1. A schematic overview of skyllamycin biosynthesis in which
only the relevant modules are shown (Sky29, Sky30, and Sky31). C:
condensation, A: adenylation, E: epimerisation, T: peptidyl carrier
protein or thiolation domain.
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linked to coenzyme A, loaded them onto the isolated peptidyl
carrier protein (PCP) domains in vitro, and used these as
“bait” to trap the P450/PCP complexes. This approach
allowed us to crystallize the complex formed between the
P450 and PCP7 from skyllamycin biosynthesis, thereby
revealing that whilst the secondary structure elements form-
ing the CP interface are similar to those of other NRPS-CP
complexes,[12] these exist in a novel arrangement within the
P450/PCP complex. Furthermore, the origins of PCP selec-
tivity cannot be found in the primary sequence of the directly
interacting residues; rather the selectivity appears to originate
from minor alterations to the relative arrangement of the
helices of different PCPs, thus limiting the generation of
competent binding interfaces to specific PCPs that interact
with the P450.

Studying the interaction of NRPS carrier domains with
partners that act in trans is challenging. Firstly, PCPs removed
from their multidomain surroundings are often unstable,
aggregation-prone, or unable to be modified by transferases.
Secondly, moderate affinity and the transient character of the
interactions further complicate experiments. In this study we
utilized two PCPs from the skyllamycin NRPS: the P450-
interacting PCP7 and the non-interacting PCP10, both fused to
a thioredoxin tag.[13] In analogy to previous studies on carrier
protein interactions,[12, 14,15] we were able to show that
decreasing the dissociation of the P450/PCP complex through
the use of special inhibitor-like carrier protein cargos is
a valuable technique for trapping NRPS CP/P450 complexes.
To design the probe, we exploited the long-lived and stable
interaction of heterocyclic nitrogen coordination to FeIII,[11] as
exemplified by imidazole (1, Figure 2, and Figure S2 and
Table S2 in the Supporting Information). We designed an
array of inhibitor-like binding probes as three different

conjugates: a shortened amide of pantetheine (R1), a coenzy-
me A thioester (CoA, R2), and the CoA thioester loaded onto
carrier proteins (R3 : PCP7, PCP10, or ACP; Figure 2, Support-
ing Information Figure S1, Table S1). The inhibitors were
based on imidazole derivatives (2, 3) and other types of
nitrogen-containing and/or heterocyclic inhibitors (4–8). This
series of probes provides a range of distances between the CP
and the heme-coordinating nitrogen atom, as well as alternate
degrees of rotational freedom and substrate mimicry. We
investigated the binding behavior of these PCP conjugates by
UV/Vis spectroscopy in order to choose the best ones for
crystallization; controls were performed with imidazole (1),
its R1 and R2 conjugates (2-R1/-R2), and ACP- or PCP10-
loaded 2-R3. As expected, titration of the P450 from the
skyllamycin synthesis pathway (P450sky) with imidazole leads
to a typical type-II (N coordination, inhibitor-type) spectral
shift with a Kd of 2.6� 0.2 mm (see the Supporting Informa-
tion).

Titration with conjugate 2-R2 evokes a substrate-like type-
I shift (Figure S2 b), as reported.[7, 10] The binding spectra for
2-R1 display an anti-type-II shift (Figure S2 b), which corre-
sponds to hydrogen bonding between heme-bound water and
the ligand nitrogen atom.[16] Based on how P450sky accepts
hydrophobic cargo from interacting PCP domains,[7] we then
presented our PCP7 conjugates to the P450 (Figure 3). As

anticipated, 2-R3(PCP7) binds in a manner similar to 1 but
with a dissociation constant two orders of magnitude smaller
(Kd = 10.1� 0.5 mm), and that is binding tighter than the
natural substrate (OMe)-Tyr (Kd = 89� 3 mm).[7] The non-
interacting PCP10 and E.coli ACP were loaded to form 2-
R3(PCP10/ACP), and these conjugates showed no significant
binding or spectral shift (Figure S2 e,f). We thus conclude that
the observed binding of 2-R3(PCP7) is highly specific and
occurs under the influence of two driving forces: protein–
protein interaction and the coordination of the inhibitor
nitrogen to ferric heme.

Compounds 3–8-R3(PCP7) were examined for binding to
P450sky. Strong and highly reproducible inhibitor-type spectral
shifts were obtained with 3-, 4-, and 6-R3(PCP7), whereas the

Figure 2. An overview of the inhibitors applied in this study (1–8) as
three different conjugates: R1 =shortened pantetheine amide, R2 = CoA
thioester and R3 = thioester of 4’-phosphopantetheinylated carrier pro-
teins (PCP7, PCP10, or ACP).

Figure 3. UV/Vis difference spectra of P450sky titrated with 2-R3(PCP7).
Extrapolated amplitudes were plotted against the titrant concentration
and fitted to a one-site binding model (inset).
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other compounds proved less effective (Table S2 and Fig-
ure S3). Co-crystallization experiments were then undertaken
using compounds (2–4-R3 and 6-R3) and we were able to
crystallize the P450sky/2-R3(PCP7) protein complex for which
all previous attempts without the use of tethered inhibitors
had failed.

Phases were initially obtained from a single anomalous
dispersion experiment with selenomethionine labeled crystals
(3.0 � resolution), with a native data set then refined to 2.7 �
(Table S3). P450sky in the complex adopts the typical P450
fold (Figure 4)[11] with the only differences to the unbound
P450sky structure in the interface-forming F- and G-helices
(RMSD Ca 1.7 �; see Figure S4a,b).[7] There is a surprising
lack of rearrangement of the B/B2 or B2/C loops, which is

generally observed in substrate-bound P450 structures.[11]

PCP7 adopts the expected fold of a four-helix bundle with
two major (a-1, a-2) and two minor (a-3, a-4) helices. The
conserved serine residue (S42) that bears the posttransla-
tional modification (4’-phosphopantetheine derived from
coenzyme A) is located at the beginning of a-2. The well-
ordered PCP7 peptide chain starts several residues after the
start of the PCP7 sequence[*], with no density present for
thioredoxin. PCP7 is structurally related to several ACP[17]

and PCP[9,14] structures (Table S5), including ACP from the
P450BioI/ACP complex (RMSD Ca 1.6 �, Figure S5).[17]

Structural alignment with P450sky identified P450BioI,
[17]

OxyD,[10] and various mycobacterial P450s as the structures
of highest structural similarity (Table S4). The P450sky/PCP7

interface contains few ionic interactions or hydrogen bonds:
R63 (a-3), T46 (a-2), and K47 (a-2) of PCP7 contact D191 (G-
helix), N197 (G-helix), and E235 (I-helix) of the P450,
respectively (Figure 5a), whilst the amino group of L62 in
a-3 forms a water-mediated hydrogen bond with E198. In
contrast, the hydrophobic character of the interface is more
pronounced: in both protein folds, clusters of hydrophobic
residues can be identified that accommodate a hydrophobic
residue of the interaction partner. W193 and L194 of the P450
(Figure 5b) are in close proximity (4–5.6 �) to residues
forming a hydrophobic pocket within the PCP7 helix bundle,
and L43 of PCP7 reaches into a smaller cleft between the I-
and G-helix and the C/D loop of the P450 (residues shown in
blue, 4–5.5 �). This hydrophobic pocket also accommodates
the gem-dimethyl groups of the pantetheine linker. The
interface is thus dominated by hydrophobic interactions
between secondary structure elements. Similar interface
architectures with hydrophobic character have been observed
in the structures of carrier proteins in complex with domains
of NRPS[14, 15, 18] or amino acid ligases.[19] Complementary to

Figure 4. The complex of P450sky and PCP7 trapped by an azole
inhibitor. P450 is shown in grey, the interface-forming helices F and G
in blue, the B/C region in red, b-sheets in light blue, and heme in
yellow. PCP is depicted in gold and green and the inhibitor is shown in
orange. All secondary structure features are labeled.

Figure 5. The protein–protein interface (a, b) and active site (c) of the P450sky/PCP7 complex. P450sky is shown in blue-grey and PCP7 in gold.
a) Hydrogen bonds (black dotted lines) are formed across the interface. b) Hydrophobic pockets are formed on both protein surfaces. The
residues shown in blue form a pocket on the P450 side to accommodate L43 of PCP7 (light green) and the two methyl groups of Ppant (orange).
The PCP7 residues shown in green form a large cavity to accommodate W193 and L194 of P450sky (red). c) Hydrogen bonds (dotted lines) are
formed between the residues lining the substrate entry channel of the P450 (yellow) and the Ppant linker carrying the azole inhibitor (orange).

[*] Residue 6, corresponding to residue 3079 of Sky30 in UniProt
numbering.
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the protein–protein interactions, several residues lining the
P450 substrate entry channel are in close proximity to the
Ppant cofactor, however, the distances allow weak hydrogen
bonding interactions at best (Figure 5c). Such an arrange-
ment may stem from the inhibitor-Ppant moiety, which is
fixed on either end by the S42–Ppant and Fe�N bonds (set to
2.0 � during refinement and justified by the electron density,
see Figure S6). This inhibitor thus cannot rotate freely around
the bond between the carboxy and imidazole groups. The
other strongly interacting inhibitor conjugates [3-, 4- and 6-
R3(PCP7)], which do not possessing such strain, failed to
crystallize, most likely owing to additional rotational and
conformational freedom.

The interface residues identified in the P450sky/PCP7

complex are highly conserved amongst all carrier proteins
of the skyllamycin NRPS. Additionally, there is no major
rearrangement of the P450 upon complex formation—indeed
all amino acid oxidizing P450s appear to maintain their
structure through interactions provided by a defined con-
sensus sequence[10]—and thus proper arrangement of the
interface-forming surfaces is required prior to contact of the
proteins. This observation implies that alterations to the PCP
tertiary structure are the most likely explanation for selectiv-
ity. Comparison of a model of the non-interacting PCP10 with
that of the binding-competent PCP7 in complex with P450sky

shows that such differences manifest themselves in minor
changes to the orientations of helices a-2 and a-3 (Figure S7),
which result in alterations to and probable loss of the
hydrophobic interaction site involving W193/L194 of P450sky.

With regards to PCP/P450 orientation, the positioning of
PCP7 relative to P450sky is very different from the only related
complex, that of P450BioI/ACP.[17] PCP7 occupies the space
above the P450sky G-helix so that a-2 is present at a 258 angle
to the heme plane and projects from the center of the P450 to
the periphery (Figure 4). Helices a-2 and a-3 form an X-
shaped cleft that accommodates the G-helix (5a,b). The
Ppant linker carrying the azole protrudes from S42 at a similar
angle with respect to the heme plane as the bound fatty acids
in the P450BioI/ACP complex, albeit from a very different
entry site (Figure 6). In the P450BioI/ACP structure, ACP a-2
is centered between the F/G-loop and the B/B2-loop of the
P450 and projects along the cleft between the a-helical half
and the b-strand-rich half of the P450. The ACP Ppant and
cargo enter the P450BioI active site from the b-strand-rich half
close to the b2-turn, approach the heme, and then project
upwards towards the F-helix. Apart from the P450sky M-helix,
the structures of the P450s are highly congruent (RMSD Ca

2.2 �). Minor differences are seen in the F- and G-helices and
major differences in the region between the B/C helices
(Table S6 and Figure S8). This area strongly influences the
binding mode of the carrier protein. Substrate-free structures
of related NRPS/PKS interacting P450s are compatible with
the P450sky/PCP7 (OxyD)[10] and P450BioI/ACP (CalO2)[20]

complex binding modes (PKS = Polyketide synthases). The
characterization of further P450/CP complexes, for example,
those involved the biosynthesis of macrolide[21] or glycopep-
tide antibiotics,[22] will establish whether the binding modes
now described are exhaustive for PKS- and NRPS-type
complexes.

In summary, we present an approach that enabled the first
structural characterization of a transient P450/PCP interac-
tion. Given the importance of such interactions in non-
ribosomal peptide synthesis, and their potential role in
polyketide synthesis systems, we anticipate that our strategy
for isolating P450/CP complexes, as well as the structure of
P450sky/PCP7 itself and its implications, will prove an impor-
tant platform for future investigation and the eventual
alteration of the selectivity of such NRPS-interacting mod-
ifying enzymes in vivo.
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