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Abstract

Menisporopsin A is a fungal bioactive macrocyclic polylactone requiring only
reducing (R) and non-reducing (NR) polyketide synthases (PKSs) to guide a series of
esterification and cyclolactonization reactions with no structural information pertaining to
these PKSs. Here we report the solution characterization of singlet and doublet acyl carrier
protein (ACP2 and ACP1-ACP2)-thioesterase (TE) domains from NR-PKS, involved in
menisporopsin A biosynthesis. Small angle X-ray scattering (SAXS) studies in combination
with homology modelling reveal that these polypeptides adopt a distinctive Beads-on-a-
String configuration, characterized by the presence of highly flexible interdomain linkers.
These models provide a platform for studying domain organization and interdomain
interactions in fungal NR-PKSs, which may be of value in directing the design of

functionally optimised polyketide scaffolds.
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Introduction

Fungal polyketides exhibit a diverse array of chemical structures, which range in
complexity from simple aromatic compounds, such as the antibiotic 6-methylsalicylic acid, to
the elaborate macrocyclic polylactones. An illustrative example of the latter is menisporopsin
A, which possesses a broad spectrum of biological activities including acting as an
antimycobacterial, antimalarial and cytotoxic agent [1]. Polyketides are biosynthesized by
multidomain megaenzymes termed polyketide synthases (PKSs), which assemble polyketide
backbones from simple thioester substrates. Most fungal PKSs contain multiple catalytic
domains organized in a single modular architecture, with each domain used repeatedly during
multiple iterative cycles of chain extension. For menisporopsin A biosynthesis only two
iterative PKSs are required: one reducing (R) (Men1), and one non-reducing (NR) (Men2)
(Fig. 1) [2, 3]. These two enzymes are sufficient to perform the multiple esterification and
cyclolactonization reactions to produce ascotrichalactone A, an intermediate of
menisporopsin A. Ascotrichalactone A lacks reduction of C37 (Fig. 1) suggesting that an
additional trans-acting ketoreductase (KR) is needed for conversion to menisporopsin A [3].
Esterification and cyclolactonization reactions are believed to be catalyzed by the thioesterase
(TE) domain of Men2. This enzyme contains a complement of catalytic domains typical of
NR-PKSs albeit with an additional ACP domain (Fig. 1). This is not an uncommon

architecture and has been found in other fungal PKSs [4-6].

Although progress has been made in delineating the enzymology of fungal iterative
PKSs, much still remains to be learned about the structures and functions of these
sophisticated molecular machines. Due to the size and dynamic flexibility of intact PKSs,
these systems represent challenging targets for high-resolution structure determination using

X-ray crystallography or NMR techniques. In order to overcome those problems, structural



studies of individual domains have proven to be a successful approach, as evidenced by
studies of product template (PT) [7], ACP [8] and TE [9] domains from the PksA iterative
PKS involved in aflatoxin B1 biosynthesis in Aspergillus parasiticus. However, such studies
provide limited insight into domain organization or mechanisms of interdomain interaction.
This information can however be accessed by employing appropriate biophysical methods
and in particular SAXS, which provides low resolution information on the shape,
conformation and assembly state of a protein of interest by X-ray scattering and can
characterize large conformationally heterogeneous macromolecules in solution. Parameters
extracted from SAXS data (Rg and Dmax) can enable the generation of ab initio shape

envelope models, providing low resolution descriptions of polypeptides under investigation.

To date, SAXS methods have been successfully applied to a number of bacterial
modular PKSs including the 6-deoxyerythronolide B synthase [10] and the virginiamycin
trans-AT PKS [11], leveraging the availability of domain organization within these modules.
High resolution structures of individual ACP and TE domains of PksA have been reported,
but these studies cannot afford insight into interdomain interactions and domain organization
that ultimately controls product release. The only studies undertaken to date which report on
the conformational dynamics of a thioesterase are those of a thiolation (T)-TE didomain
based on a high resolution structure [12] and the crystal structure of an intact non-ribosomal
peptide synthetase (NRPS) module [13]. Thus, there is a need to undertake further structural
studies of PKSs comprised of conformationally flexible assemblies that cleverly orchestrate
protein-protein interactions, especially as applied to fungal iterative systems. Here we report
structural models of the ACP>-TE and ACP1-ACP2-TE of Men2 derived from a combination

of SAXS analyses, homology modelling and allied biophysical methods.



Materials and methods

Cloning of TE, ACP2-TE and ACP1-ACP2-TE from men2

Three expression vectors containing gene fragments encoding TE and ACP domains
of Men2 were constructed. The synthetic gene of Men2 TE domain optimized for E. coli
expression was cloned into pET28b via Ndel/Xhol sites (pET28b-men2TE). For ACP1-ACP»-
TE, the region encoding ACP1-ACP, was amplified from men2 while the TE domain was
amplified from pET28b-men2TE. Primer-introduced overlap between resulting ACP:-ACP-
and TE amplicons enabled scar-free joining of these sequences to each other and the E. coli-
yeast shuttle vector pEY A2eGFP by homologous recombination in yeast. The ACP1-ACP»-
TE gene was then cloned into pET28a via Ndel/Hind 111 sites (pET28a-men2ACP1ACP,TE).
This was used as a template to amplify ACP2-TE, which was cloned into pOPINF [14] using
the In-Fusion®HD cloning kit (Takara Bio, USA) (pOPINF-men2ACP,TE). All constructs
encode N-terminally hexa-his tagged forms of each of the proteins under investigation.
Sequences of all primers used are listed in Table S1.

Expression and purification of Men2 TE, ACP2-TE and ACP1-ACP2-TE

All constructs were introduced into E. coli BL21 (DE3) and grown in LB medium
supplemented with 50 pg/mL of kanamycin for transformants harbouring pET28b-men2TE
and pET28a-men2ACP1ACP,TE, and 100 pg/mL of ampicillin for transformants harbouring
pOPINF-men2ACP,TE. Cultures were grown at 37 °C with shaking to an ODesoonm 0f 0.6-0.8
then cooled to 22 °C (18 °C for Men2 TE) and induced with IPTG to a final concentration of
0.25 mM. Cells were harvested 18 hours post induction and resuspended in 50 mM Tris-HCI,
0.1% Triton X-100, 0.5 M NaCl and 10 % glycerol, pH 8. Prior to sonication, lysozyme was
added to the cell suspension to a final concentration of 1 mg/mL. Following incubation on ice

for 30 min, cells were lysed using a Soniprep 150 with a 10s on/off cycle until the lysate was



no longer viscous. The lysate was then clarified by centrifugation and loaded onto a HisTrap
HP column. Proteins were eluted using a linear gradient of 0.02 — 1 M imidazole in 50 mM
Tris-HCI, 150 mM NacCl, pH 8. Eluted fractions containing target proteins were pooled and
this material subjected to further purification by using a HiLoad™ 16/600 Superdex™ 200
pg column in 50 mM Tris-HCI, 150 mM NaCl, pH 8.0. Molecular weights of all purified
proteins were confirmed by electrospray ionization mass spectrometry (ESI-MS) using a
Synapt G2-Si (Waters) fitted with a TriVersa NanoMate® (Advion), with the ion source set to
positive mode. All spectra were acquired in the 600-3000 m/z range, with data analysed using
MassLynx™ 4.1. All protein samples were desalted and concentrated using Jupiter C4 resin

300 A (Phenomenex) prior to ESI-MS analysis.
Circular Dichroism (CD) Spectroscopy

All proteins, Men2 TE, ACP2-TE and ACP:-ACP»-TE, were buffer-exchanged into 10
mM phosphate, 50 mM NaF, pH 8.0 and diluted to 0.1-0.5 mg/mL. CD spectra were
collected using a JASCO J-1500 CD spectrometer. Spectra were recorded at 25 °C using a
0.1 cm path-length cuvette, between 190 - 260 nm, with a data interval of 1 nm. All CD
spectra were background corrected and converted to units of mean residue ellipticity [6]

using the formula
[6] = (100,000 X O,ps) / (d % Cx (N — 1))

where [0] = mean residue ellipticity in deg cm? dmol™, 8ps = observed ellipticity in mdeg, d

= path length in mm, C = concentration in uM and N = number of amino acids.

Calculation of secondary structure contents of all proteins were performed on

DichroWeb [15-17] using CONTINLL algorithm [18, 19] and SP175 [20] as a reference data

set which gave the highest predicted helix content. BestSel webserver [21, 22] was also used




for calculating secondary structure content and the results were also used to compare with

those obtained from DichroWeb.

In vitro conversion of apo to holo-Men2 ACP2-TE

For the conversion of apo Men2 ACP»-TE to its holo form, purified apo Men2 ACP»-
TE was incubated with 1.35 uM 4'-phosphopantetheinyl transferase (PPTase) Sfp, 0.5 mM
CoA, 2 mM DTT and 10 mM MgClz in 50 mM Tris-HCI buffer (pH 8.0). The reaction was

incubated at 37 °C for 20 min prior to ESI-MS analysis.

Homology modelling

Homology models of Men2 ACP1, ACP, and TE were constructed using I-TASSER
[23-25] and then assembled using DEMO [26]. The linker region was chosen based on the
model obtained from I-TASSER with highest C-score and prediction of secondary structures
of amino acid sequence performed on the XtalPred server [27]. The chosen linker regions
between each domain were identified as a low complexity region predicted by SEG [28]. For
the holo form of both Men2 ACP.-TE and ACP1-ACP,-TE, the active site serine of ACP:
was replaced with a serine-phosphopantetheine moiety (4HH) obtained from PDB:2N6Y in

Coot [29].

SAXS data collection and analysis

In-line SEC-SAXS of Men2 ACP2-TE and ACP:-ACP2-TE were collected at B21
Diamond Light Source using an Agilent 1200 HPLC and 2.4 mL Superdex S200 Increase
3.2/300 column (GE Healthcare). Fifty microliters of Men2 ACP1-ACP2-TE at 6.9 mg/mL
and ACP.-TE at 15 mg/ml were loaded onto the S200 column in 25 mM Tris, 150 mM NaCl,
pH 8.0. Frames were collected at 3 seconds per frame at 25 °C and X-ray scattering was

recorded (Pilatus 4M detector) at a fixed camera length of 4.014 m, at 12.4 keV. Angular q



range data were collected between 0.0025- 0.34 A L. SAXS data were analysed and reported
by following the 2017 publication guidelines [30]. Data reduction, buffer subtraction and
analysis in both the reciprocal and real domain were performed to determine the radius of
gyration (Rg) and the maximum particle dimension (Dmax) using ScAtter 3.1r [31]. Ab initio
bead models for each dataset were generated by programs within the ATSAS 2.7.2 package
[32] : DAMMIF [33], averaging over 23 independent runs using the program DAMAVER
[34], before a single DAMMIN [35] refinement run. Ab initio bead models were
superimposed to three dimensional structures of proteins using SUPCOMB [36]. The
Ensemble Optimisation Method (EOM) [37, 38] was used to model flexible regions of both
Men2 ACP,-TE and ACP1-ACP.-TE (Fig. S1) using randomised linkers to generate a large
pool of randomly generated models with P1 symmetry. The obtained ensemble of models
with various conformations for both samples were selected and quantitatively compared with
the experimental scattering profile of each protein. EOM analysis used the individual
domains of ACP1, ACP> and the TE domain obtained from homology modelling with the N-

terminal Hise tag and interdomain linkers treated as flexible.

Results and Discussion

ACP domain is a solubility partner of TE domain

Initial attempts to produce soluble Men2 TE by recombinant expression in E. coli
BL21 (DE3) cells failed to yield soluble protein (Fig. S2) despite exhaustive efforts scouting
a range of different expression conditions (induction temperature, induction time, etc.).
However, soluble Men2 TE was obtained in E. coli ArcticExpress (DE3) cells in the presence
of cold-adapted chaperonins [39]. Several purification steps were performed in order to

remove TE associated chaperone contaminants resulting in the recovery of a small amount of
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purified protein. In contrast, Men2 ACP>-TE and ACP:-ACP»-TE could be readily expressed
in E. coli BL21 (DE3) cells and purified to homogeneity, indicating that solubility of Men2
TE is significantly enhanced by fusion to at least one ACP domain (Fig. S2). SEC analysis of
Men2 ACP.-TE and ACP1-ACP.-TE indicated that both proteins are monomeric in solution,

with mere-aggregation-and-oligomeric-speciesa higher degree of aggregated species (elution

volume = 42.8 mL) observed for Men2 ACP1-ACP2-TE (Fig. S3). Monomeric fraction of

Men2 ACP1-ACP,-TE was concentrated for SAXS data collection. Nevertheless, beth
aggregatedion-and-otigomeric-species were still observed on the SEC column used for SAXS

data collection indicating the propensity of equilibrivm-between-menemeric;-oligomeric-an

aggregation-species-of-Men2 ACP1-ACP,-TE to aggregate into higher-order species.

Purified recombinant Men2 TE, ACP,-TE and ACP1-ACP>-TE were also subjected to
CD analysis -an-effert-to investigate the secondary structure composition of these
polypeptides. Notably, Men2 TE, ACP.-TE and ACP1-ACP2-TE possess closely matching
spectral profiles (Fig. S4) and are similar to that of PksA TE with ellipticity minimum around
208-209 nm [9] indicating similarity of their secondary structure contents. However, Men2
ACP;1-ACP2-TE shows more pronounced ellipticity minimum at 208 and around 220 nm

consistent with the presence of two a-helical ACP domains. However secondary structure

prediction calculators indicated that the obtained CD spectra underrepresented the percentage

of secondary structure of all constructs, when compared to the generated homology models

(Figure S4).

Holo conversion of Men2 ACP2-TE

Following purification, the molecular masses of both Men2 ACP,-TE and ACP;-
ACP»-TE were confirmed by ESI-MS and the predominant species found to be in agreement

with predicted values for the apo forms of both proteins (Fig. S5). However, evidence of the



presence of holo Men2 ACP,-TE was observed in the purified Men2 ACP>-TE sample,
equating to 33 % of the total material. This is presumably a consequence of the action of the
endogenous E. coli PPTase showing partial activity with ACP». The apo form of Men2
ACP2-TE could be completely converted to holo form using Sfp (Fig S5). This PPTase has
been previously shown to have promiscuity towards a wide range of ACPs and peptidyl
carrier proteins (PCPs) [40, 41]. Similarly, the holo form was also detected in purified
recombinant ACP1-ACP.-TE but with a maximum of one ACP domain modified (Fig. S6).
This is expected to be attributed to modification of the ACP2 domain by E. coli PPTase.
Men2 ACP1-ACP,-TE was also found to be in gluconoylated form for both apo and holo
material, equating to the formation of four individual species in solution with 46% in apo and
54% in holo forms (Fig. S6). Gluconoylation is often observed in proteins with a Gly-Ser-

Ser-(His)s sequence at the N-terminus following expression in E. coli [42].

Primary data analysis

During this study, multiple attempts were made to obtain a monodisperse sample of
the Men2 ACP»-TE and ACP:-ACP>-TE. This led us to attempt to first prepare a
homogeneous sample consisting of pure holo Men2 ACP2-TE. The purified recombinant
apo/holo Men2 ACP»-TE sample could be fully converted to the holo form, but the resulting
protein was prone to aggregation which precluded its analysis by SAXS. In an effort to
circumvent this problem, the post-translationally modified serine (Ser1821) of ACP2 was
mutated to an alanine to enable access to apo only ACP,-TE. This protein was, however,
insoluble after recombinant overexpression in E. coli. Partial modification of ACPs in PKSs
is common [43] and modification to the holo form may or may not impact on ACP structure.
ACPs often show identical structures between their apo and holo forms or subtle differences
have been reported [44-48]. This often translates to a complete absence or transient

interaction between phosphopantetheinyl group and the ACP localised around the modified
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serine. With the negligible differences in mind, we sought to further investigate whether
samples with both forms present would be amenable to shape analysis by SAXS. The SEC-
SAXS was applied on heterogeneous samples of Men2 ACP,-TE and ACP1-ACP2- TE
containing both apo and holo forms. Primary data reduction in reciprocal (Guinier analysis)
and real space (P(r) analysis) was performed to generate model-free parameters of the
particles (Rg and Dmax) before calculation of ab initio shape envelopes and analysis via EOM
to investigate the ensemble of conformers that best fit the data. All parameters and statistics
for both the independent Guinier and P(r) SAXS analyses to determine model-free

parameters and subsequent modelling and validation of the data are shown in Table S2.

Initial SEC-SAXS analysis of both Men2 ACP»-TE and ACP:-ACP2-TE removed
trace amounts of higher molecular weight species, with both SEC elution peaks containing a
consistent Ry value (Fig. S7), which were subsequently processed. Buffer subtraction and
data averaging for individual elution peaks yielded a log 1(q) vs q plot for each protein (Fig.
S8), which indicated that the shapes of the two proteins were similar, with errors observed
from q > 0.26 AL This plot was used to determine molecular weight approximations using
SAXSMoW 2.0 [49] suggesting that both ACP2-TE and ACP1-ACP2-TE are monomeric in
solution (calculated = 54.1/65.4 kDa, expected = 45.2/57.9 kDa). The a priori shape
classification of the SAXS log I(q) vs g plot via DATCLASS [50] designated both proteins as
extended in solution. Both datasets displayed a linear Guinier fit (Fig. S8B) and are folded
particles, determined by their Gaussian peak form in a Dimensionless Kratky plot (Fig. 2A).
Features within this plot, such as the considerable increases in intensity at g*Rq > 10 imply
these particles have a degree of flexibility and are likely to exist as extended particles rather
than rigid entities, in line with the DATCLASS classification, with Men2 ACP1-ACP,-TE
displaying greater flexibility than Men2 ACP.-TE. The interdomain linkers between the

ACPs and TE domains are likely to be dynamic in solution in order for the ACP and TE
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domains to interact, thus it is unlikely that these species exist in a solely compact
conformation. Model-free parameters (Rg and Dmax) Were determined via a pair-wise
distribution function (Table S2), where the P(r) vs r profiles for each protein display a
smooth curve between 0 < r < 40 A, then sloping towards the P(r) = 0 at r = 0 (Fig. 2B).

Here, the Dmax value is larger for ACP1-ACP,-TE than ACP.-TE (172.5 A vs 144 A)

highlighting that the addition of ACP1 has increased the maximum particle diameter, thus
extending the shape of the protein rather than causing a conformational compaction. This can
be seen in DEBS module 6 -TE integrated with two extra ACP domains for higher production
of triketide ketolactone resulting in the 40 A increase of Dmax value [51]. Likewise, an
increase of the Ry in the real domain (6.11 A) of ACP1-ACP.-TE is consistent with extension
rather than compaction of the protein upon addition of ACP1. The agreement between the
calculated 1(0) values from the Guinier and P(r) analyses is excellent, although there is a
discrepancy between the Ry values with Guinier approximation resulting in lower values
(3.96 and 4.24 A) respectively for ACP:-ACP,-TE and ACP,-TE, with an error value of 8.8

and 10.6 %.
Ab initio and ensemble models of Men2 ACP»-TE and ACP:-ACP,-TE

Following P(r) vs r analysis for both species, ab initio models of both Men2 ACP,-TE
and ACP1-ACP.-TE were generated by DAMMIF, DAMAVER and DAMMIN analyses
revealing an elongated flat model. Examples of ten ab initio and final averaged envelopes of
Men2 ACP,-TE and ACP1-ACP,-TE are shown in Fig. S9. However, given the expected
flexibility and dynamicity of these constructs, ab initio models are insufficient to fully
capture the range of conformations these proteins may adopt. We therefore extended the ab
initio modelling with quantitative flexibility analysis using EOM. This approach is suitable

for generating models derived from SAXS data of intrinsically disordered/highly flexible
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proteins [52]. First, a large pool of models with possible conformations is generated and an
ensemble of conformers is selected, so that the resultant computed scattering profile best
describes the experimentally observed scattering profile [38]. This approach can also
combine multiple pools generated from different EOM iterations to model the mixture of apo

and holo forms of ACP,-TE and ACP1-ACP,-TE.

The homology models of ACP1, ACP2 and TE domains were used as starting models,
with the N-terminal Hise-tag and interdomain linkers treated as randomized flexible linkers to
generate a pool of 10,000 models. In order to gain the possible models derived from SAXS
data of our samples containing both apo and holo species, initial EOM analysis first
generated pools of 10,000 models for individual apo and holo forms of Men2 ACP»,-TE and
ACP1-ACP2-TE with randomised flexible linkers (Fig. S10-11), before combining pools to
model a mixture of apo and holo for both proteins (Fig. 3) with a ratio of each pool based on

mass spectrometry results.

For ACP,-TE, both apo and holo EOM profiles adopt a tri-population of discernible
conformers with Ry values between 25-30, 37-45 and 48-52 A (Fig. S10). These sub-
population peaks are broadened when modelling a mixture of both forms (Fig 3A), although
peaks at 25-30 and 37-45 A are still observed, with a good fit of the selected ensemble of
models to the experimental SAXS profile (x>= 1.15). Due to the broad profile of conformers
generated, the distributions of the Ry and Dmax parameters in the selected ensemble structures
are both smaller (Rq: 26.61-31.57 A, Dmax: 90.35-106.07 A) and significantly larger (Rq:
37.60-57.92 A, Dmax: 108.91-168.33 A) than the average values of the original random pool
of EOM models (Rq: 34.03 A, Dmax: 107.60 A), indicating the presence of both compact and
extended structures in solution and the extent of flexibility within the interdomain ACP2- TE

linker.
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For ACP1-ACP2-TE, the distributions of the overall parameters (Rg and Dmax) in the
EOM selected structures for the mixture of apo and holo (Fig 3B) indicated a clear
population of conformers (Rq: 25-50 A, Dmax: 90-145 A). Models with Rq > 55 A were also
present, indicating the ensemble conformers were on the whole more extended in solution
(Average Ry: 46.87 A, Dmax: 141.43 A) when compared to the random pool of conformers
(Average Rg: 42.21 A, Dmax: 132.89 A). However, several compact conformations are also
sampled (Fig 3D). The selected ensemble of apo/holo ACP1-ACP2-TE conformers fit the

experimental data with y2 = 2.42.

Based on our EOM results, all models in the ensemble generated from apo, holo and
combined pools for both ACP,-TE and ACP1-ACP,-TE have a similar topology, existing as a
Beads-on-a-String configuration, being able to flex between a range of compact and extended
variants in solution. The presence of a phosphopantetheine arm in the holo form does not
appear to bias the topology towards a more compact or extended minima (population),
suggesting it does not play a structural role in this system and is required only for the
shuffling of intermediates between domains. The sequential nature of the ACPs within ACP1.
ACP>-TE enables it to sample a larger conformational space, reflected by the greater Ry and
Dmax span when compared to ACP.-TE. It is a possibility that this extended form is a highly
populated conformation naturally and promotes transfer of the polyketide intermediate from
other partner domains, before contracting to shuffle the intermediate through ACP, towards
the TE domain. This can be seen in some of ACP1-ACP>-TE models. As this study
investigated constructs without the presence of attached intermediates to either ACP domains,
the observation that a sub-population of compact conformers are still sampled, hints at a more

complex arrangement of domains than a straightforward isolated Beads-on-a-String model.

Here, we show that SAXS techniques, coupled with homology modelling, can be used

to gain important structural insights into the molecular organization of multidomain PKS
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components. This is of particular significance given the size and flexibility of these proteins,
which represent challenging targets for X-ray crystallography and NMR. The elongated shape
models of both Men2 ACP2-TE and ACP1-ACP.-TE obtained from SAXS do not reveal any
interaction between ACP and TE domains. A productive encounter between ACP and TE
may require specific interactions between the TE active site and the polyketide and therefore
the presence of the intermediate on the ACP becomes important. In the type | erythromycin
(DEBS) PKS, *C NMR and chemical shift perturbations were used to infer an interaction
between the carbonyl of the ACP bound acyl intermediate and TE [53]. Despite this, ACP/TE
interactions could not be detected, underlining the challenges in probing these systems. As a
highly flexible system without high resolution structure, the Beads-on-a-String models of
both Men2 ACP,-TE and ACP1-ACP.-TE could be used as a platform for ACP-TE
interaction studies. Shape comparison could be performed upon modification of the ACP
domain, such as loading with crosslinker probe to trap the interaction between ACP and TE
domains [54-56] or to begin to dissect the influence of alternate linkers and assess their
structural bias. Our findings also provide a framework for ACP-TE domain arrangement in
Men2 and related systems. This could be of value in directing approaches for the
reengineering of this class of megasynthases by domain swapping with other related systems
for novel metabolite production or even adding more ACP domains for enhancing production

of metabolites.

Conclusions

In this study, recombinant overexpression of the Men2 TE domain from the
menisporopsin A NR-PKS has been achieved in E. coli and significantly enhanced by
production as either a mono or didomain ACP fusion protein. Solution characterization of

both Men2 ACP»>-TE and ACP1-ACP.-TE using SAXS has served to highlight the degree of

15



flexibility in these multidomain proteins and provided the first insights into TE and ACP

arrangement in a fungal iterative PKS.
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Figure Legends

Fig. 1 Structures of menisporopsin A and ascotrichalactone A and domain organization of
Menl and Men2. The doublet ACP and TE domains of Men2 used in this study are coloured
in red and blue, respectively. (KS = ketosynthase; MAT = malonyl-CoA:ACP transacylase;
ACP = acyl carrier protein; KR = ketoreductase; DH" = inactive dehydratase; ER" = inactive
enoyl reductase; SAT = starter unit: ACP transacylase; PT = product template; TE =

thioesterase)

Fig. 2 A) Dimensionless Kratky plots for the data shown in Fig. S8. The peak maximum for
both particles, Men2 ACP.-TE (blue) (1.843, 2.963) and ACP1-ACP2-TE (black) (2.009,
3.521), is greater than the values expected for a rigid folded protein (crosshair: 1.1, 1.73),
indicating that these particles are likely to be elongated, rather than rigid. A greater deviation
from this crosshair and increased intensity at g*Rq > 10 for ACP1-ACP»-TE, indicates a more
elongated and flexible arrangement in solution when compared to ACP>-TE. B) P(r) vs r
profiles for both Men2 ACP2-TE (blue) and ACP1-ACP,-TE (black). The inset displays the fit

of this profile to the portion of raw scattering data that is modelled (g: 0.00-0.26).
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Fig. 3 Ensemble modelling of Men2 A) ACP2-TE and B) ACP1-ACP2-TE using combined
apo and holo pools against the raw experimental scattering with histogram profiles of the Rq
and Dmax distributions of the resultant ensemble models (red) compared to the pool of 10,000
independent models (blue). For each ensemble sub-population, representative models of
Men2 C) ACP>-TE and D) ACP:-ACP»-TE are shown, with the linker region between ACP
(red) and TE (blue) domains represented as grey spheres. The phosphopantetheinyl group
(green) of holo ACP> is shown in stick representation. Percentages of each model in the

ensemble of ACP,-TE and ACP1-ACP.-TE are 9.1 % and 12.5 %, respectively.
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Fig. 1
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Fig. 2
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Fig. 3
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