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Abstract: Modular polyketide synthases (PKSs) are
giant assembly lines that produce an impressive range of
biologically active compounds. However, our under-
standing of the structural dynamics of these megasyn-
thases, specifically the delivery of acyl carrier protein
(ACP)-bound building blocks to the catalytic site of the
ketosynthase (KS) domain, remains severely limited.
Using a multipronged structural approach, we report
details of the inter-domain interactions after C� C bond
formation in a chain-branching module of the rhizoxin
PKS. Mechanism-based crosslinking of an engineered
module was achieved using a synthetic substrate surro-
gate that serves as a Michael acceptor. The crosslinked
protein allowed us to identify an asymmetric state of the
dimeric protein complex upon C� C bond formation by
cryo-electron microscopy (cryo-EM). The possible exis-
tence of two ACP binding sites, one of them a potential
“parking position” for substrate loading, was also
indicated by AlphaFold2 predictions. NMR spectro-
scopy showed that a transient complex is formed in
solution, independent of the linker domains, and photo-
chemical crosslinking/mass spectrometry of the stand-
alone domains allowed us to pinpoint the interdomain
interaction sites. The structural insights into a branching
PKS module arrested after C� C bond formation allows
a better understanding of domain dynamics and provides
valuable information for the rational design of modular
assembly lines.

Introduction

A wealth of complex, ecologically and pharmacologically
important polyketides are produced by multimodular poly-
ketide synthases (PKSs).[1] These megasynthases typically
promote the assembly and processing of building blocks in a
unidirectional way reminiscent of automated assembly lines.
Ketosynthase (KS) domains act as the driving forces. Using
activated acyl groups and malonyl units loaded onto acyl
carrier proteins (ACPs) by acyl transferases (ATs), the KS
domains typically catalyze Claisen condensations to con-
struct the polyketide carbon backbone.[2] The AT domain
may act in trans as a freestanding enzyme (trans-AT PKS)[3]

or as an integral part of the module (cis-AT PKS).[4]

Irrespective of the type of PKS involved, the ACP-bound
condensation products, β-keto thioester intermediates, may
undergo optional β-keto-processing by ketoreductase (KR),
dehydratase (DH), and enoylreductase (ER) domains
before they are delivered to the next module.[1] The highly
programmed nature of multimodular PKSs has inspired
synthetic biology approaches to design molecular assembly
lines that produce tailor-made polyketides for medical,
agricultural and industrial applications.[5]

A vast range of genetic and biochemical studies laid the
foundation to decipher the specificities and functions of
these intricate systems.[6] However, a prerequisite to the
rational engineering of functional constructs is an in-depth
understanding of the structural basis of the biosynthetic
programs and structural dynamics of modular PKSs.[5a,7] Due
to the high intrinsic flexibility of PKS modules,[8] structure
elucidation with conventional methods (X-ray diffraction
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and SAXS) remains challenging. Through the structural
analysis of standalone domains or didomains, exciting details
of individual PKS components were revealed,[8] and nuclear
magnetic resonance (NMR) spectroscopy was used to inter-
rogate PKS domain crosstalk.[8–9] More recently, cryo-
electron microscopy (cryo-EM) has shed light on the
architectures of PKS modules, mainly showing parts of cis-
AT PKSs[10] or iterative fungal PKSs.[11] Only one trans-AT
PKS bimodule core structure is currently available.[12]

Notably, transient, reversible ACP/KS domain interactions
represent the most conserved architectural concept of a
PKS.[13] Yet, there is only limited insight into productive KS-
ACP interactions in modular PKSs in general, and no
interaction model describing the dynamics between an ACP
and its KS domain in trans-AT PKS systems has been
established to date.

Here we address this gap by capturing a productive KS-
ACP interaction through the implementation of genetic and
chemical modification strategies, arresting a PKS module
after C� C bond formation in its catalytic cycle. The
interaction between KS and ACP in solution are highly
transient highlighting the difficulty assessing their interac-
tions in solution. Intriguingly, using a multipronged ap-
proach of cryo-EM, AlphaFold2 (AF2) modelling, NMR
spectroscopy and mass spectrometry (MS), we find that the
ACP occupies two distinct positions on its KS module. This
study thus sheds light on a crucial step of interdomain
crosstalk during the central step of product formation by a
megasynthase.

Results and Discussion

To gain insights into the architecture of a PKS module with
productive KS-ACP interactions, we employed a specialized
module of the rhizoxin (1) PKS (Figure 1A, B) from the
endofungal bacterium Mycetohabitans rhizoxinica[14] that
introduces a chain branch.[15] Whereas the dehydratase-like
B domain merely plays a structural role,[16] the KS domain of
this module catalyzes a non-canonical Michael addition of
the extender unit (malonate) to an α,β-unsaturated inter-
mediate of the polyketide chain, and a subsequent intra-

molecular cyclization into the pharmacophoric δ-lactone
ring of 1 (Figure 1A).[16–17] We sought to exploit this reaction
to trap the KS-ACP interaction by mechanism-based cross-
linking. Using a synthetic substrate analogue (2) of the
ACP-bound polyketide intermediate that lacks the hydroxy
group and does not allow thioester cleavage by lactonization
after the Michael addition has taken place, the chain
propagation was successfully stalled. As a consequence, the
ACP became covalently linked to the KS domain (Fig-
ure 1C).[15c]

Initially, we biosynthetically crosslinked the isolated KS-
B didomain with a free-standing ACP domain to enable the
investigation of an “arrested” PKS module.[15c] The forma-
tion of the conjugate was confirmed through a resulting shift
of the protein band on an SDS-PAGE (Figure S1). How-
ever, efforts to obtain crystals of this construct were not
successful. After noticing that the chemical linker was partly
cleaved during the purification process (Figure S1), we
turned to crosslinking the KS and ACP domains within an
intact module (Figure 2A). For this purpose, we hetero-
logously produced the full-length module (KS-B-ACP) in
Escherichia coli. To facilitate the in vivo phosphopantethei-
nylation of the apo-ACP, we PCR-amplified the gene
encoding the endogenous phosphopantetheinyl transferase
(PPTase) from M. rhizoxinica[18] and cloned it downstream
of the KS-B-ACP-encoding gene fragment[19] (Figure 2B, for
methodological details see SI). Monitoring of the in vitro
enzyme branching activity by high-performance liquid
chromatography (HPLC) coupled to high-resolution mass
spectrometry (HRMS) showed that the construct was fully
functional (Figure 2C and Figure S2). The successful for-
mation of an interdomain crosslink in the intact protein was
verified by HPLC coupled to electron spray ionization (ESI)
MS (Figure 2D).

To further increase module rigidity and to shed light on
the importance of the linker length for PKS module
functionality, we truncated the flexible linker between the
B- and ACP domain. Using the available crystal structure of
the KS-B didomain deposited in the protein data bank
(PDB: 4kc5), we modeled the C-terminal ACP domain and
the linker connecting it to the B-domain (Figure 2E) to
design three linker deletion mutants. These lack the 30 N-

Figure 1. Polyketide branching by non-canonical conjugate addition of an extender unit. A) Structure of rhizoxin (1). B) A designated branching
module in the RhiE subunit of the rhizoxin polyketide synthase is responsible for the formation of the δ-lactone by Michael addition (a) and
lactonization (b) to the pharmacophoric δ-lactone moiety (highlighted in gray in 1). The residue R is representative for the chain of the biosynthetic
intermediate. C) Mechanism-based crosslinking strategy to tether the ACP to the KS-B didomain of the rhizoxin branching module. KS:
ketosynthase; B: branching domain; ACP: acyl carrier protein; MCoA: malonyl-coenzyme A; CoA: coenzyme A; AT: acyltransferase; NAC: N-acetyl
cysteamine.
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terminal linker residues (KS-B-ACP-t1), an additional 22
amino acids (KS-B-ACP-t2) or the entire linker region, i. e.
all 59 amino acids (KS-B-ACP-t3) (Figure 2B–D, and Fig-
ure S3, for more information see SI). All three constructs
were successfully produced in E. coli and purified (Fig-
ure 2B and S4). Not surprisingly, in vitro assays showed that
the removal of the entire B-ACP linker region (in KS-B-
ACP-t3) reduces the activity of the module drastically,
presumably because the restrained ACP cannot reach the
KS active site easily anymore. It also leads to the conclusion
that without a linker region, substrate delivery through the
ACP to the KS domain is hampered making product
formation more challenging.

In contrast, KS-B-ACP-t1 and KS-B-ACP-t2 can still
transform the substrate mimic 3 into the lactone product 4
(Figure 2C and S2), i.e., the partial removal of the linker can
be tolerated by the PKS module. Importantly, this type of
assay monitors the ability of the ACP domain to interact
with the KS-domain on-line and does not speak to the
importance of the linker length for handing the substrate
over to the downstream module. Based on the outcome of
the functional assays and since KS-B-ACP-t1 bears the
closest architectural resemblance to the native protein, we
used this construct for crosslinking and further crystalliza-
tion trials. To obtain biochemically crosslinked KS-B-ACP-
t1, we performed the branching reaction with the deoxy
substrate 2 (Figure 2A). LC-ESI-MS measurements con-
firmed the formation of a covalent linkage between the KS

active site and ACP. We termed this arrested protein KS-B-
ACP-t1*S. Diagnostic mass shifts in the spectrum of purified
crosslinked KS-B-ACP-t1*S, KS-B-ACP-t1 loaded with
malonate (KS-B-ACP-t1*McoA), but not native KS-B-
ACP-t1, also unequivocally showed the presence of the
substrate mimic as a biosynthetic linker (Figures 2D and S5
—S7).

After optimization of the reaction conditions, which
significantly increased the yield of KS-B-ACP-t1*S (for
details, see SI) we purified the covalently linked complex by
gel filtration using a fast protein liquid chromatography
(FPLC) system. Although we observed an increase in
stability for KS-B-ACP-t1*S compared to KS-B-ACP-wt*S
during purification, KS-B-ACP-t1*S crystals diffracted only
to low resolution (ca. 20 Å; data not shown). Thus, to
nonetheless obtain structural information on the PKS, we
turned to cryo-EM. Using the crosslinked KS-B-ACP-t1*S
construct, we obtained a high-resolution cryo-EM structure
with a gold-standard Fourier shell correlation (GSFSC)[20]

resolution of 2.84 Å (Figure 3A and Figure S8). The cryo-
EM map of the cross-linked protein clearly shows density at
the KS domain active-site residue Cys3228 (Figure 3A,
inset), extending towards the exterior of the protein. While
the structure of the core KS-B didomain is in good agree-
ment with the previously determined crystal structure (PDB:
4kc5),[12c] it is notable that the cryo-EM density occupied a
slightly larger volume than the crystal structure. This
suggests that cryo-EM, not confined by crystal packing, has

Figure 2. Biosynthetic KS-ACP crosslinking, modelling, and functional analysis of modules with truncated linkers. A) In vitro crosslinking reaction
using a deoxy substrate analogue 2. B) Heterologous expression of truncated KS-B-ACP variants with a consecutively shorter linker (KS-B-ACP-t1,
-t2 and -t3, see also Figure S3). C) In vitro branching assay with the hydroxy substrate analogue (3) using the engineered PKS modules. D) Mass
spectra of the engineered modules, and deconvoluted data. E) Using a crystal structure of KS-B (PDB: 4kc5, green/mauve), the linker and ACP
domain (orange) were modelled using Phyre2server to show the putative structure of the full-length complex. Additionally, a schematic cartoon
image of the PKS branching module KS-B-ACP-wt is shown to visualize the interactions that were studied. kDa: kilodalton; wt: wild type; EIC:
extracted ion chromatogram.
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captured a native state, reflecting the dynamic nature of the
PKS in solution (Figure 3A). Importantly, the particles
selected for high-resolution reconstruction were refined as
symmetrical dimers and did not allow us to resolve the
ACP, similar to what others have seen for their respective
PKS of interest.[10,12] This may either reflect the high
flexibility of the ACP, or the fact that in our cryo-EM
samples a significant portion of the protein had reacted with
2 (density at the KS active site Cys), but not undergone
cross-linking. Nonetheless, we were able to reconstruct a
lower-resolution volume from a subset of particles that
showed an asymmetric conformation of the protein complex.
As seen in Figure 3B, in this subset of structures, one of the
B-domains was found to be tilted towards the active-site of

the KS domain (Figure 3A and Figure S9 for alternative
views on the structure). This orientation brings the ACP
domain in close proximity to the KS domain active site. The
lack of high-resolution information for this state suggests
that this is a short-lived intermediate.

To probe the transient nature of the ACP-KS-B
interaction and its dependence on the linker, we prepared
the isolated uniformly 13C,15N-labeled pantetheinylated ACP
for NMR spectroscopy and obtained the backbone assign-
ment of this domain (Figures 3C and S10). Upon titration of
the isotope-labeled ACP with the unlabeled KS-B di-
domain, severe line broadening was observed at high ratios
of KS-B core to ACP domain. This suggests that the
interaction between the two partners is relatively low

Figure 3. Structural models of rhizoxin KS-B-ACP obtained by Cryo-EM analysis and Alpha-Fold structure prediction. A) High-resolution cryo-EM
structure of the RhiE module of the rhizoxin polyketide synthase, showing its KS (green) and B (mauve) domains. A previously determined crystal
structure (PX, PDB: 4kc5) is shown as a gray ribbon. Inset: High-resolution image of the electron density around the covalently modified active-site
Cys3228. B) Low-resolution EM volume suggesting movement of the branching domain and linking density (circle), which likely contains the highly
flexible ACP domain. The dashed line represents the axis of the KS domain observed in the high-resolution structure, the arrow indicates the tilt
(axis represented by solid line) in the low-resolution structure towards the active site (*). More views of the cryo-EM maps are depicted in
Figure S9. C) Superposition of five AF2 KS-B-ACP models displaying two distinct binding sites of the ACP domain (yellow) on the KS-B didomain
(green and mauve). Linkers are colored gray. D) NMR chemical shift mapping of 13C,15N-labeled RhiE-ACP (yellow) titrated with increasing molar
excess of unlabeled KS indicating the transient nature of the interaction in the absence of the linker. Residues showing responses to KS addition
are labeled in green (for corresponding spectra and backbone assignments, see Figure S10).
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affinity and hence short-lived, but that the linker, or the
presence of a substrate anchored to the ACP, are not
requirements for complex formation per se. Importantly,
NMR spectroscopy can only give information about the
transient nature of the complex formation, but not the
precise binding site on the KS-B module, something that
was also prevented by the low resolution cryo-EM structure
of the asymmetric state.

To explore the possible conformations that may have
contributed to the low resolution of the asymmetric cryo-
EM model and to obtain an idea about the interaction
between the ACP domain and the KS-B didomain, we
generated models of the structure of the full-length KS-B-
ACP module. To our surprise, AF2[21] predicted two distinct
ACP binding sites for the rhizoxin KS-B-ACP module
(Figure 3D). In AF2 model 1, the ACP is positioned as
suggested by the low-resolution cryo-EM map, placing the
conserved serine residue of the ACP and the catalytic center
of the KS domain ~15 Å apart. This would allow a substrate
tethered to the phosphopantetheine arm to readily enter the
KS active site. AF2 model 2 places the ACP on the opposite
site of the KS-domain with a distance of ~40 Å from the
active site (Figure 3D), too far for catalysis. It is thus
tempting to speculate that this second ACP binding site
represents a “parking position” for the ACP, possibly to
enable efficient loading by the trans-acting AT.

To further corroborate the putative interaction sites
between the KS-B didomain and ACP domain, we employed
chemical crosslinking/mass spectrometry with the photo-
activatable probe Sulfo-LC-SDA (5) (Figure 4A).[22] Undir-
ected chemical linkage was achieved through UV irradiation
of the purified KS-B-ACP-t1 in the free or cross-linked form
at room temperature. After precipitation and proteolytic
digest with trypsin and AspN endoproteinase, we identified
the proteolytic products by HPLC-HRMS combined with a
fragmentation mass spectrometry method (Figure 3E). After
analyzing the data (see Figures S10—S12 and Tables S6 and
S7), we visualized the crosslinks in xiNET[23] (Figure 4B) and
on the structural model (Figure 4C and 4D). This experi-
ment allowed us to identify transient protein interactions in
solution that may not be captured using conventional
structural biology approaches.

Interestingly, we did not detect shared crosslinks be-
tween the two samples, i. e. KS-B-ACP-t1 and KS-B-ACP-
t1*S, likely corroborating the efficiency of the mechanism-
based crosslink, which leads to different degrees of flexibility
and protein conformations of the branching module com-
pared to the free module. It is also possible that the
conformations of biosynthetically crosslinked and free KS-
B-ACP-t1 differ so much from each other that only distinct
crosslinks for each state can be resolved. In the absence of
the biosynthetic crosslinker, only crosslinks 1, 2 and 3 were
detected (Figure 4C, S11–S13 and Tables S8–S10) that
reflect intradomain KS contacts as well as between the
linker region and the B-domain (in mauve). In the KS-B-
ACP-t1*S sample featuring the mechanism-based crosslink
of the active site, we identified three defined chemical
crosslinks between KS and ACP domains (Figure 4D, cross-
links No. 4, 5 and 6, Figures S14–S16, and Table S11–S13).

These reflect interactions between ACP and KS domain in
the vicinity of the active site, corroborating the cryo-EM
structural model and AF2 model 1 prediction. This under-
scores that the protein’s intrinsic flexibility is reduced by the
biosynthetic linker 2, thereby enhancing the possibility to
“catch” the ACP with a photochemical crosslinker. Excit-
ingly, crosslinks 2 and 3 imply a connection between the
ACP linker and the N-terminal lobe of the KS-domain (in
green). This ensemble supports AF2 model 2, which we
hypothesize to represent a hitherto undescribed discrete
non-productive state (“parking position”).

Conclusion

Deciphering protein-protein interactions within PKS mod-
ules, especially between an ACP-anchored substrate and the
catalytic domains, is pivotal to understanding and engineer-
ing molecular assembly lines.[24] However, their highly
flexible nature poses a significant challenge for structural

Figure 4. Workflow for crosslinking mass spectrometry of KS-B-ACP-
t1*S and KS-B-ACP-t1. A) The protein was incubated with the chemical
crosslinker 5 followed by proteolytic digest and analysis with HPLC-
HRMS/MS2. Investigating ACP binding sites by photochemical cross-
linking/MS. B) Crosslinks identified and visualized using XiNet. C)
Visualization of the crosslinks in the structural model of KSBACP-t1. D)
Visualization of the crosslinks in the structural model of KSBACP-t1*S
(see Figures S11–S16 for more details).
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investigations.[8a,25] Since the long linker tethering the ACP
domain to the catalytic modules confers flexibility, cross-
linking of this domain can be used to reduce the conforma-
tional space of the PKS. Numerous crosslinkers reacting
with specific side chains of the domain of interest with the
ACP have been introduced[26] and yielded structures of
individual domains connected to ACPs.[26a,27] Here, we aimed
to harness a genuine biosynthetic linker to arrest the
catalytic cycle of a PKS module and thus visualize it during
C� C bond formation. The chain-branching module of the
rhizoxin (1) PKS proved to be ideally suited for such an
approach since a synthetic substrate surrogate naturally
tethers the KS domain with the ACP upon enzyme-
mediated Michael addition of the malonyl-ACP.

We identified two distinct positions for the ACP
interacting with the KS domain, corroborated by cryo-EM,
XL–MS and AF2 predictions. We propose that one of these
states represents the catalytically productive state (obtained
by cryo-EM and seen in AF2 model 1), while the other
reflects a non-productive “parking position”, likely facilitat-
ing the loading of the malonyl building block (visualized in
AF2 model 2 and supported by XL–MS; Figure 5).

In the context of giant assembly lines, ACPs need to
reversibly interact with different partner domains and across
modules. Because of the transient nature of the ACP
interactions, this carries the risk of the ACPs to diffuse away
easily. To counteract this, long linkers are used to tether the
ACP to the core domains. On the other hand, these
extended linkers may sterically interfere with catalysis. We
thus deem it likely that such a system would benefit from
possessing at least one non-productive binding-site (“park-
ing position”), to restrict the movement of the ACP when it
is not needed to improve the performance of the assembly
line, which may also facilitate the loading process by the
trans-acting AT.

Interestingly, in the context of bacterial and fungal cis-
AT PKS systems, multiple ACP binding sites of KS domains
have also been reported. A structural analysis of a module
of the pikromycin PKS revealed two distinct ACP binding
sites, which seem to be occupied by the downstream and
upstream ACPs for substrate loading or off-loading.[10b] In

contrast, our study of the rhi PKS module shows that a
singular ACP of the branching module binds to the two sites
of the vicinal KS domain. Crosslinking of the erythromycin
PKS module 1 with PPant derivates indicated two distinct
states of the module, and in both states, the ACP binding
site lies within the KS-AT cleft.[10e] In iterative fungal PKS
such as the cercosporin PKS, two ACP binding sites have
been identified. In contrast to the erythromycin PKS
module, the ACP is assumed to sit on top of the KS-AT
cleft.[11a] All of these systems differ from the rhi PKS module
in that they harbor AT domains adjacent to the ACP. It is
plausible that the absence of an AT domain within the
module has an influence on the interdomain interactions of
the ACP. Another structural analysis on a trans-AT PKS
module showed that the interactions between domains are
transient, however, no ACP could be visualized.[12a]

The range of methods used here to analyze structural
changes in one PKS module (RhiE) shows that cryo-EM,
AF2 modelling, protein NMR, and crosslinking/MS comple-
ment each other well. They allowed us to paint a fuller
picture of interdomain interactions. With these results we
contribute to the structural knowledge on trans-AT PKS
modules and present protocols for the analysis of other PKS
systems. In particular, this approach permitted a glance at
the movement of the KS domain when interacting with the
ACP during the catalytic cycle of a trans-AT PKS module.
The combination of multiple structural methods with
biosynthetic crosslinking appears to be a promising strategy
to harness highly dynamic modules of megasynthases and to
gain insights into productive domain interactions. We
envision that such an approach will aid in elucidating the
structural dynamics and interactions within more complex
trans-AT PKS modules in the future.
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