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Molecular characterisation of the acyltransferase-
acyl carrier protein interface in a fungal highly
reducing polyketide synthase

Mia E. Foran, Y. T. Candace Ho, Jozef R. Lewandowski 2 and Matthew Jenner (2 *

Iterative polyketide synthases (iPKSs) rely on communication between acyl carrier protein (ACP) and
acyltransferase (AT) domains to ensure efficient delivery of starter and extender substrates during
biosynthesis. However, the molecular determinants governing the AT:ACP interface remain poorly
understood. Here, we use the fungal highly reducing PKS, SimG, a component of the cyclosporin
biosynthetic pathway, as a model system to dissect the AT:ACP interface. Using alanine scanning
mutagenesis combined with a high-throughput intact protein mass spectrometry assay, we identified
interface residues that affect AT:ACP interaction. These experimental constraints were used to guide
docking and molecular dynamics simulations to produce a data-driven structural model of the SImG
AT:ACP complex in a catalytically competent geometry. We also demonstrate that the SimG AT domain
transacylates ACP domains from a range of fungal PKS architectural classes, highlighting significant
interface plasticity. These insights advance our fundamental understanding of domain communication in
these enigmatic megasynthases and provide a foundation for rational engineering to expand substrate
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Introduction

Fungal iterative polyketide synthases (iPKSs) are key biosyn-
thetic enzymes responsible for producing a vast array of
polyketide natural products with remarkable structural and
functional diversity." These large, multidomain proteins are
commonly grouped according to the extent of reductive proces-
sing that occurs during polyketide chain assembly, namely non-
reducing (nrPKS), partially reducing (prPKS), and highly redu-
cing (hrPKS) subclasses.>* Among them, hrPKSs display strik-
ing parallels to the mammalian fatty acid synthase (mFAS) in
both domain organisation and catalytic strategy.” Within these
multifunctional enzymes, chain elongation proceeds iteratively
through a series of decarboxylative Claisen condensation reac-
tions. In each cycle, malonyl extender units, which are
covalently tethered to an acyl carrier protein (ACP) domain,
are used to extend the nascent polyketide chain by the keto-
synthase (KS) domain. Both starter and extender units are
continuously loaded onto the ACP domain by the acyl transfer-
ase (AT) domain. In contrast to mFAS, whereby the chain
extended B-keto intermediate is fully reduced to a methylene
by sequential activity of ketoreductase (KR), dehydratase (DH),
and enoylreductase (ER) domains, hrPKSs introduce greater
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scope towards novel polyketide scaffolds.

molecular complexity by controlling -carbon processing. This
allows for the incorporation of B-hydroxyl groups (via KR
alone), o,B-unsaturated double bonds (vie KR and DH), or
saturated methylene units (via KR, DH, and ER). Additionally,
some hrPKSs include a functional methyltransferase (MT)
domain capable of a-carbon methylation, an enzymatic step
known to influence biosynthetic programming,>® but is not
active in mFAS. Throughout this process, intermediates and
extender units remain covalently attached via a thioester bond
to a 4’-phosphopantetheine (Ppant) prosthetic group, which is
post-translationally attached to the ACP domain (Fig. 1a).

In fungal hrPKSs, the AT domain plays a pivotal role in the
biosynthetic process, exhibiting dual specificity to load both
starter and extender units.”® While acetyl-CoA is the most
common starter unit, exceptions include propionyl-CoA,
benzoyl-CoA, and nicotinyl-CoA,’** with malonyl-CoA serving
exclusively as the extender unit. During biosynthesis, the AT
domain catalyses a two-step transfer of a given acyl group from
CoA to the Ppant arm of the ACP domain. Initially, an active site
Ser residue is acylated by the acyl-CoA, followed by transfer of
the acyl group to the Ppant thiol of the ACP domain, with both
steps being reversible. Due to its dual specificity, the AT
domain must discriminate between acetyl- and malonyl-CoA
in the cellular environment, where these substrates can act as
competitive inhibitors of one another. Our previous work
has shown that fungal hrPKSs employ a substrate recycling

RSC Chem. Biol., 2026, 7, 233-239 | 233


https://orcid.org/0000-0001-6525-7083
https://orcid.org/0000-0003-2317-3011
http://crossmark.crossref.org/dialog/?doi=10.1039/d5cb00278h&domain=pdf&date_stamp=2025-12-12
https://rsc.li/rsc-chembio
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cb00278h
https://pubs.rsc.org/en/journals/journal/CB
https://pubs.rsc.org/en/journals/journal/CB?issueid=CB007002

Open Access Article. Published on 09 December 2025. Downloaded on 2/15/2026 3:21:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

a). SimG b).

condensing SH
region B

substrate

Y \
rocycling | Ac-CoA CoASH

starter unit

loading
o

M %:o SH A Mal-CoA %
y | i ;

~ | 2 substrate | . R
3 oveime | Mal-CoA CoA-SH o
" SH : \ ;

Ac-CoA

extender unit
loading

modifying region

Ppant ud

Fig.1 Role of the acyltransferase domain in fungal hrPKSs. (a) Domain
organisation (top) and structural model (bottom) of the SimG hrPKS
responsible for production of E-2-butenyl-4-methyl-threonine (Bmt)
incorporated into cyclosporin A. The AT and ACP domains are highlighted
in teal and black, respectively, and the structure of the Ppant group is
shown. (b) Schematic overview of AT catalysis, including acetyl/malonyl
transacylation onto the ACP domain (black arrows) and substrate recycling
back to CoA (grey dashed arrows).

mechanism, similar to mFAS, to overcome this issue. Here, the
inherent reversibility of the reaction is harnessed, allowing
incorrectly loaded acyl groups to be returned back to CoA,
ensuring biosynthetic fidelity of the system (Fig. 1b).>"?

Despite the fundamental role of the AT domain, molecular
details underpinning the AT:ACP interaction in fungal hrPKSs
remain poorly understood. A key challenge is their dynamic
and transient nature, which makes them difficult to capture
using conventional structural techniques. Although the natural
tethering of domains increases the effective local concentration
of ACP," the resulting interactions are typically low affinity and
thus hard to characterise experimentally. Recent cryo-EM struc-
tures of the LovB hrPKS were unable to resolve the ACP
domain," while related work on mFAS has captured density
for the ACP in various states as it shuttles between KS and AT
domains."® These structural snapshots underscore the complex
choreography of ACP domain movement required for proces-
sivity. However, notwithstanding these insights, critical aspects
such as the precise interface with the AT domain and the
conformation of the Ppant arm remain unresolved, leaving a
significant gap in our understanding of AT:ACP recogni-
tion. This information is critical for successful engineering
efforts. For example, if individual AT domains, or indeed entire
condensing regions, are to be swapped between systems to
create novel biosynthetic pathways, it is essential to determine
whether AT:ACP interactions can be preserved or re-established
through mutagenesis. A detailed understanding of the mole-
cular determinants that mediate this interaction is therefore
a key step toward rational reprogramming of polyketide
biosynthesis.

In this study, we focus on the SimG hrPKS as a model system
to dissect the AT:ACP interface. Using an alanine scanning
mutagenesis approach, in conjunction with a high-throughput
intact protein mass spectrometry assay, we have identified
critical residues involved in mediating the AT:ACP domain
interaction. These experimental data were used to guide pro-
tein docking and molecular dynamics simulations to generate a
model of the SimG AT:ACP complex in a catalytically competent
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state. Importantly, we also show that the interface exhibits
functional plasticity, as the AT domain is capable of transacy-
lating a range of ACP domains across different hrPKS classes.
Together, our findings provide a foundation for understanding
the specificity and flexibility of AT:ACP interactions, with direct
implications for the future design of engineered hrPKSs.

Results and discussion
Mapping the AT-binding interface for SimG ACP domain

Our previous work on the SimG condensing region established
an intact protein mass spectrometry-based assay to monitor AT-
catalysed malonyl transfer from CoA to the 40lo-ACP domain.®
A time-resolved analysis of this assay showed that the reaction
reaches near-completion, whilst still in the linear region, after
2 minutes (SI, Fig. S1). This time-point was therefore used for
all subsequent experiments to observe changes in reaction
efficiency. In order to map the AT-binding interface of the
SimG ACP domain, we employed alanine scanning mutagen-
esis; a proven method for identifying surface interaction sites
on carrier proteins.'” ! Using an AlphaFold model of the SimG
ACP domain, we identified 47 surface-exposed residues, which
were individually mutated to alanine (X — Ala) to eliminate
side-chain functionality (SI, Fig. S2). All mutants were subse-
quently overproduced and purified to homogeneity in their apo-
ACP form. Of these, five mutants (K2477A, K2478A, D2513A,
H2545A, and E2559A) gave poor protein yields, while four
others (F2501A, L2503A, S2542A, and M2544A) were entirely
insoluble. In addition, mass spectrometry analyses revealed
apparent degradation in six additional soluble mutants
(E2475A, 12481A, K2484A, D2504A, P2506A, and S2558A). This
process resulted in a final set of 32 soluble, stable X — Ala
surface mutants, collectively representing ~ 49% of the
solvent-exposed (non-Gly/Ala) surface residues of the SimG
ACP domain from the core helical region. Mutants were
enzymatically converted to their 4olo- form and subjected to
intact protein mass spectrometry, which confirmed efficient
phosphopantetheinylation.

The library of holo-SimG ACP X — Ala mutants was sub-
jected to our mass spectrometry-based malonyl transfer assay
to evaluate the contribution of individual residues to the
AT:ACP interaction interface. Here, malonyl transfer efficiency
was quantified by calculating the ratio of malonyl-ACP to holo-
ACP signal and expressing this value as a percentage relative to
wild-type SimG ACP activity. While most X — Ala mutants did
not replicate wild-type activity precisely, the majority retained
60-90% of wild-type malonyl transfer, suggesting that alanine
substitution at these positions does not significantly disrupt
interaction with the SimG AT domain. In contrast, six mutants
(L2494A, 12495A, K2496A, K2505A, N2522A, and E2531A) exhib-
ited markedly reduced activity (<50%), consistent with a more
significant contribution for these residues in AT binding
(Fig. 2a and SI, Fig. S3). Circular dichroism spectroscopy of
the four most disruptive mutants revealed spectra nearly iden-
tical to that of wild-type SimG ACP, indicating that the observed

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Mapping the AT-binding residues on the SimG ACP domain. (a) Bar
chart showing SimG AT-catalysed malonyl transfer activity for all X — Ala
of the SimG ACP domain. Data is plotted as a percentage of wild-type
SimG ACP activity after a 2 min incubation period. Arbitrary cut-off bounds
for reduction in transacylation activity are applied and highlighted in grey
(>50%), yellow (40-50%), orange (30-40%), and red (<30%). Error bars
represent +1 standard deviation (lg) from the mean, where n = 3. (b)
Relative transacylation activities of X — Ala mutants mapped onto an
AlphaFold model of the SimG ACP domain, and colour-coded according
to the accompanying bar chart. Cartoon (top) and surface (bottom)
representations are shown. Residues with activities in the 40-50%, 30—
40%, and <30% ranges are highlighted in stick representation. A linear
schematic of the SimG ACP domain secondary structure is included,
indicating residues critical for interaction with the SimG AT domain. The
site of Ppant attachment (Ser2514) is highlighted in green.

reduction in activity is unlikely due to altered secondary
structure or unfolding (SI, Fig. S4). Instead, the loss of function
likely stems from disruption of critical side chain interactions
at the AT:ACP interface. These results implicate the six identi-
fied residues as contributors to AT:ACP binding, albeit to
varying degrees. Mapping these positions onto an AlphaFold
model of SimG ACP domain revealed that four key residues
(L2494, 12495, K2496, and K2505) are clustered within the loop
connecting helix I to helix I'. The remaining two, N2522 and
E2531, are located on helix I and the loop between helix IT and
111, respectively (Fig. 2b, top). This spatial distribution defines a
focused interaction region on the ACP domain surface proximal
to the Ppant attachment site (Fig. 2b, bottom), indicating that
these residues are situated in a functionally significant region.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Elucidating the ACP-binding region on SimG AT domain

Having identified the key ACP residues mediating interaction
with the AT domain, we next focused on the AT domain itself.
Due to its size (51 kDa), a comprehensive surface X — Ala scan
of the AT domain was not feasible. Instead, a targeted muta-
genesis approach was employed, focusing on 10 surface-
exposed residues surrounding to the Ppant-binding region
and catalytic chamber (SI, Fig. S5). Prior to evaluating ACP
transacylation, each AT mutant was assayed for self-acylation at
the catalytic Ser706 using malonyl-CoA. Given the proximity of
the selected residues to the CoA/Ppant-binding channel and
active site, mutations at these positions have the potential to
disrupt substrate binding and acylation, which could confound
interpretation of transacylation results by mimicking effects
attributable to an altered ACP interaction. Acylation of the AT
domain was conducted using a 5-fold excess of malonyl-CoA,
with the majority of mutants exhibiting acylation levels com-
parable to wild-type. However, the S771A variant displayed
<50% of wild-type activity, implicating this residue in CoA
recognition (SI, Fig. S6a). Structural overlay of the SimG AT
AlphaFold model with the crystal structure of the E. coli FAS
AT:malonyl-CoA complex (PDB: 2G2Z) allowed an approxi-
mation of CoA-binding in the SimG AT cavity. Here, spatial
proximity between Ser771 and the NH, group of the CoA
adenosine moiety allow for the possibility of a hydrogen bond-
ing interaction (SI, Fig. S6b). Due to the significantly reduced
ability to be transacylated, this mutant was therefore excluded
from subsequent analyses.

The remaining nine AT variants were evaluated for ACP
transacylation, from which three mutants (R799A, R8024, and
R916A) retained wild-type activity. Moderate reductions (40-
80%) were observed for F797A and E893A, while Q770A and
N772A exhibited <30% activity, and Q898A and R901A showed
<20% (Fig. 3a). Mapping these activity profiles onto the SimG
AT AlphaFold model highlighted that residues which perturbed
ACP recognition (Q770, N772, E893, Q898 and R901) are located
at the top of the substrate binding cleft, whilst those lining the
flanks (R799, R802 and R916) had minimal effect (Fig. 3b). This
location is congruent with positioning of the carrier protein in
structures of covalently trapped AT:ACP complexes from differ-
ent systems.>>

Computational docking and validation of the SimG AT:ACP
complex

With residue-level information of the SimG AT:ACP contact
surface in hand, these experimentally-derived insights were
used as restraints for HADDOCK docking simulations (keeping
Ser2514 as a passive residue),”” enabling the construction of a
model guided by our observations. Using AlphaFold-predicted
structures of the individual AT and ACP domains as inputs,®
the resulting model of the SimG AT:ACP complex identified a
top-scoring solution that was highly consistent with the experi-
mental data and with high complimentary for shape and
charge. In this model, Ser2514 was positioned at the entrance
of the substrate-binding cleft, approximately 15-16 A from the

RSC Chem. Biol., 2026, 7, 233-239 | 235
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Fig. 3 Mapping the ACP-binding region on the SimG AT domain. (a) Bar
chart showing relative malonyl transfer activity for all X — Ala mutants of
the SIimG AT domain. Data is plotted as a percentage of wild-type SIimG AT
activity after a 2 min incubation period. Arbitrary cut-off bounds for
reduction in transacylation activity are applied and highlighted in grey
(>80%), yellow (40-80%), orange (20—40%), and red (<20%). Error bars
represent +1 standard deviation (lg) from the mean, where n = 3. (b)
AlphaFold model of the SIimG AT domain, with relative transacylation
activities of X —» Ala mutants mapped onto an and colour-coded accord-
ing to the bar chart. Surface representation is shown, and the catalytic
Ser706 and His808 residues are highlighted in pink.

catalytic Ser706 residue of the AT domain. It is worth high-
lighting that attempts to model the AT:ACP domain complex
with AlphaFold produced non-sensical solutions, with the ACP
domain docked on the opposite face to the substrate binding
cleft (SI, Fig. S7).

Using this initial model, a malonyl moiety was then manu-
ally appended to Ser706 of the AT domain, guided by preexist-
ing structures of malonyl-bound AT domains,””*® and a Ppant
arm was covalently tethered to Ser2514 of the ACP domain and
manually modelled into the structure in an arbitrary extended
conformation. The assembled complex was subjected to energy
minimisation followed by classical molecular dynamics (cMD)
simulations for 250 ns to capture potential conformational
changes. Throughout the simulations, geometric parameters
relevant to malonyl group transfer were monitored, including
the distance between the Ppant thiol and the histidine nitrogen
(His808[Ne] — Ppant-[S-H]), and the distance and angle
between the Ppant thiol and the carbonyl carbon of the malonyl
group (Ppant-[S-H] — Mal[C1]-Ser706), which together reflect
catalytic readiness. Throughout the simulation, numerous
frames met one or more of the parameters (His808[Ng] —
Ppant-[S-H] distance <2.5 A; Ppant-[S-H] — Mal[C1] —
Mal[O]-Ser706 angle: 100-110° ie., approaching the Biirgi-
Dunitz angle,?® Ppant-[S-H] — Mal[C1]-Ser706 distance <4 A)
required for a catalytically competent state, suggesting that the
docked complex is valid. However, no single frame met all
three criteria perfectly, suggesting that transfer of the malonyl
unit may not be concerted, rather a tightly coupled process
requiring some small movements in the active site. In general,
for frames where the conditions for thiol proton abstraction by
His808 are more favourable, the geometry is less optimal
for the nucleophilic attack of the sulphur on the carbonyl,
and vice versa.

In a representative frame (Fig. 4a), a plausible geometry for
both abstraction of the thiol proton and nucleophilic attack are
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Fig. 4 Docked complex of malonyl-SimG AT domain with holo-SimG
ACP domain. (a) Representative frame from a classical MD simulation
starting from a docked ACP:AT complex, where Ppant is primed for
reaction with malonyl. Surface residues identified by alanine scanning
mutagenesis as being important for productive binding are shown as
spheres with colours indicating malonyl transfer efficiency as in Fig. 2
and 3. White semi-transparent cartoons depict the range of conformations
sampled by the complex in a 200 ns aMD simulation. The SimG AT and
ACP domains are displayed in teal and grey cartoon, respectively. A
magnified view of the substrate binding pocket from the MD frame is
shown, with key distances (black dashed lines) and the Ppant—[S—-H] —
Mal[C1] — Mal[O]-Ser706 angle highlighted. Cyan dashed lines indicate
selected hydrogen bonds. (b) Electrostatic interaction between K2496 of
the ACP domain and E893 of the AT domain. (c) Insertion of 12495 from
the ACP domain into a hydrophobic cleft on the AT domain surface
formed by residues L883, V896, L900, and Y910. The co-ordinates for
the frame shown in panel (a), along with the cMD/aMD trajectories
stripped of water and ions with frames every 20 ns are deposited at
https://doi.org/10.5281/zenodo.17272938.

achieved with the exception that the malonyl carbonyl is not
fully seated in the oxyanion hole formed by the backbone
amide of Ser707 and Gln618. Here, the carbonyl is hydrogen
bonded to the amide proton of Ser707, but 3.8 A away from
amide proton of GIn618. In the presented frame, the ACP binds
to the AT domain in essentially the same orientation as in the
initial docked model. In this conformation, K2496 of ACP
domain, whose X — Ala mutant has the strongest effect on
malonyl transfer efficiency, forms electrostatic interactions
with E893 of the AT domain (Fig. 4b). Additionally, 12495 of
ACP domain packs against a hydrophobic patch formed by
1900, Y910, L883 and V896 (Fig. 4c), which is locked into
position by L2494. Interestingly, N2522 and K2505 are not
engaged in any stabilising interactions in the presented frame,
despite having a notable effect on malonyl transfer. During the
simulations, whilst the ACP domain maintains a generally
consistent orientation and position relative to the AT domain,
it appears to sample the interface near the entrance of the AT
channel leading to the active site, rather than remaining fixed
in a single set of interactions, similar to observations made for
the E. coli FabD:AcpP complex.”* To assess whether residues
N2522 and K2505 participate in transient contacts, we extended

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the classical MD simulation with an additional 200 ns of
accelerated MD (aMD). During the simulation, N2522 fre-
quently forms hydrogen bonds with G795, located in a loop
region of the AT domain. Likewise, K2505 exhibits transient
interactions with D595 on the opposite side of the interface.
Comparison of our complex with a recent cryo-EM structure of
mFAS, in which partial density for the ACP was observed at the
AT domain, indicates that the positioning of the ACP domain in
our docked complex is consistent with that observed experi-
mentally (SI, Fig. $8)."° The lack of well-defined density for ACP
in cryo-EM map is also consistent with the ACP sampling the
interface with MAT as observed in our MD simulations.

Probing carrier protein tolerance of the SimG AT domain

Having established a model for the SimG AT:ACP complex, we
next examined the capacity of the AT domain to functionally
interact with noncognate carrier protein domains. Here, we
selected a range of carrier proteins to reflect the various
commonly occurring hrPKS domain architectures. These
include the canonical hrPKS domain arrangement with an
active integrated ER domain, termed cis-ER (e.g. LovF, lovasta-
tin biosynthesis®**"), or with an inactive integrated ER domain,
which is supplemented by a stand-alone ER domain, termed
trans-ER (e.g. LovB, lovastatin biosynthesis***?). In addition,
we examined carrier proteins from a dual hrPKS-nrPKS system

a). b).
hrPKS (cis-ER) hrPKS (trans-ER)

ER @ @ACP

holo-ACP
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(e.g. CazF-CazM, chaetoviridin/chaetomugilin biosynthesis*®)
and from a hybrid hrPKS-nonribosomal peptide synthetase
(NRPS) (e.g. CcsA, cytochalasin biosynthesis®!). In the latter,
both the ACP and peptidyl carrier protein (PCP) domains were
considered due to the covalent tethering of the system (Fig. 5a).

Carrier protein domains excised from each system were
tested in our malonyl transfer assay to evaluate cross-
compatibility with the SimG AT domain (SI, Fig. S9). Under
the same assay conditions outlined previously, all carrier
protein domains were loaded with malonyl to varying degrees,
although none to the same level as SimG ACP, highlighting
notable interfacial plasticity whilst still displaying a preference
for the cognate ACP domain (Fig. 5b). At the sequence level it is
evident that key residues identified in the L; region have a
degree of hydrophobic conservation (F/L-X-L/I/V) (Fig. 5¢), likely
allowing these ACP domains to interact productively with the
hydrophobic pocket identified during MD simulations (Fig. 4c).
Among the ACP domains tested, CcsA ACP exhibited activity
levels comparable to those of the cognate SimG ACP. Sequence
and structural analyses show that CcsA ACP possesses an Arg
residue in the Loop I region, positioned four residues down-
stream from the critical K2496 in SimG ACP (Fig. 5¢). This Arg
residue likely mimics the positive charge in Loop I required for
efficient malonyl transfer, enabling interaction with a cluster of
acidic residues on the AT domain surface that form a negatively
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CazF ACP VKPLSAQLOEAGSRDEATRLVGDATASKLEDIEMIPI -DDIDLAKSPALHEGVDSLVAVELRNMLMLOAAADISTESIMOSASLEALASDVVAKS SHVEIAAGA
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Fig. 5

Investigating carrier protein specificity of the SimG AT domain. (a) Domain architectures of different hrPKS classes. The defining features in each

case are highlighted — orange, cis-/trans-ER; blue, SAT domain of nrPKS machinery; red, catalytic domains and PCP domain of NRPS machinery. (b)
Representative deconvoluted mass spectra of LovF ACP, LovB ACP, CazF ACP, CcsA ACP and CcsA PCP domains following incubation with SimG AT and
malonyl-CoA for 2 min. The peaks for holo- and malonyl-carrier protein forms are labelled and the amount of transacylation relative to the cognate SImG
ACP is stated (see SI, Fig. S3, top). The errors reported represent +1 standard deviation (1s) from the mean, where n = 3. (c) Multiple sequence alignment
of all carrier proteins tested for transacylation with SimG AT domain. The missing residues in the L, region of CcsA PCP domain are highlighted. Residues
identified as important for AT-binding in the SIimG AT:ACP complex are annotated with black circles, and the Ppant attachment site (Ser2514) with a
black star.
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charged ridge (SI, Fig. S10a). Notably, the other ACP domains
tested lack a positively charged residue in the early portion of
Loop I and instead contain several acidic residues in this region
(SI, Fig. S10b), contributing to their reduced malonyl transfer
activity.

The CazF ACP domain exhibited the lowest levels of acyla-
tion, and harbours three Asp residues in the Loop I region,
likely disfavouring interaction with the acidic patch on SimG
AT (SI, Fig. S10b). However, this feature in combination with
other specific structural characteristics, may be critical for it to
engage in inter-subunit communication with a starter unit AT
(SAT) domain from an nrPKS system.*> Interestingly, the carrier
proteins from CcsA showed different levels of acylation, with
the ACP domain preferentially loaded over the PCP domain.
Sequence analysis reveals the PCP domain lacks six L; region
residues present in ACP domains and implicated in AT binding
(Fig. 5¢). Structurally, this deletion shortens the L; segment in
the PCP domain relative to its ACP counterpart and appears to
also form a short helix in this region when modelled with
AlphaFold (SI, Fig. Sila). The different levels of malonyl
transfer observed might be a requirement of the covalently
tethered hrPKS-NRPS hybrid system, reducing PCP acylation by
the AT domain and ensuring biosynthetic fidelity. Indeed,
AlphaFold modelling of CcsA suggests that flexible linkers
could bring the PCP domain into proximity with the AT domain
(SI, Fig. S11b), where loading with acetyl/malonyl would
obstruct L-Phe incorporation by the NRPS, effectively halting
the assembly line.

Conclusions

Communication between the AT and ACP domains is funda-
mental to the function of fungal hrPKSs, ensuring efficient
loading of starter and extender units during biosynthesis. Here,
we provide a residue-level characterisation of the AT:ACP inter-
face from the SimG hrPKS, establishing a framework for under-
standing domain communication within these iterative
megasynthases. Our data highlights specific electrostatic and
hydrophobic interactions that contribute to complex for-
mation, while also revealing inherent plasticity at the interface.
No single point mutation was sufficient to abolish activity, and
our MD simulations suggest that the ACP domain can adopt
multiple productive binding modes at the AT domain surface.
These features likely help the interface tolerate naturally occur-
ring mutations, while also enabling the successful evolutionary
diversification of hrPKSs over time. Whilst our scanning muta-
genesis probed only ~49% of the solvent-exposed surface of
the ACP domain, and may therefore have overlooked contribu-
tions from other residues, the resulting X — Ala mutant library
establishes a valuable resource for investigating additional
catalytic domains within the SimG hrPKS.

Notably, the SimG AT domain was able to productively
interact with ACP domains from non-cognate hrPKS systems,
indicating that key elements of the interface are maintained
across hrPKSs. Although all ACP domains possessed residues
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that could contribute to the hydrophobic interface region,
improvements in malonyl transfer could be mapped to the
presence of a basic residue that compliments an acidic patch
on the AT domain. It is interesting to consider that the
remaining sequence variations between ACP domains (see
Fig. 5¢) may therefore reflect functional specialisation, poten-
tially linked to interactions with stand-alone enzymes, partner
subunits, or indeed specific programming requirements. The
observed flexibility in ACP domain recognition undoubtedly
opens promising opportunities for rational engineering of
hrPKSs; this could include the exchange of AT domains or
entire condensing regions between systems, with confidence
that productive AT:ACP communication can be retained.
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