
P
os

te
d

on
31

M
ar

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
71

18
87

14
.4

90
01

07
7/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Mutagenesis supports AlphaFold prediction of how modular
polyketide synthase acyl carrier proteins dock with downstream
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Abstract

The docking of an acyl carrier protein (ACP) domain with a downstream ketosynthase (KS) domain in each module of a
polyketide synthase (PKS) helps ensure accurate biosynthesis. If the polyketide chain bound to the ACP has been properly
modified by upstream processing enzymes and is compatible with gatekeeping residues in the KS tunnel, a transacylation
reaction can transfer it from the 18.1-Å phosphopanthetheinyl arm of the ACP to the reactive cysteine of the KS. AlphaFold-
Multimer predicts a general interface for these transacylation checkpoints. Half of the solutions obtained for 50 ACP/KS pairs
show the KS motif TxLGDP forming the first turn of an a-helix, as in reported structures, while half show it forming a type I b-
turn not previously observed. Solutions with the latter conformation may represent how these domains are relatively positioned
during the transacylation reaction, as the entrance to the KS active site is relatively open and the phosphopantetheinylated
ACP serine and the reactive KS cysteine are relatively closer - 17.2 Å vs. 20.9 Å, on average. To probe the predicted interface,
20 mutations were made to KS surface residues within the model triketide lactone synthase P1- P6- P7. The activities of these
mutants are consistent with the proposed interface.

INTRODUCTION

Modular polyketide synthases (PKS’s) are multidomain, enzymatic assembly lines that play the major role in
the production of important pharmaceuticals, such as the antibiotic erythromycin and the anticancer agent
epothilone.1-3 Each module is minimally comprised of an acyl carrier protein (ACP) domain that shuttles
polyketide intermediates between enzymatic domains using a phosphopantetheinyl arm and a ketosynthase
(KS) domain that selects which intermediates to extend and pass along the assembly line (Figure 1). A
module may also contain an acyltransferase (AT) domain that selects α-carboxyacyl extender units, such
as a malonyl or methylmalonyl group, and processing domains, such as a ketoreductase (KR), dehydratase
(DH), or enoylreductase (ER), that perform chemistry on extended intermediates. While the high-resolution
structures of each of these domains have been known for many years, the interfaces between them are only
now being characterized.4

Each KS of an assembly line is thought to possess distinct docking sites for the upstream and downstream
ACP’s with which it collaborates.5, 6 It was hypothesized that the upstream ACP docks at a transacylation
site to present intermediates for transfer to the reactive KS cysteine and the downstream ACP docks at an
extension site to collect the intermediate through a decarboxylative Claisen-like condensation with a bound α-
carboxyacyl extender unit. The extension site has been revealed by cryogenic-electron microscopy (cryo-EM)
and x-ray crystallography.7-9 In cryo-EM studies of both PikAIII (the third polypeptide of the Pikromycin
synthase)10 and Mycobacterium smegmatisPks13 (PDB: 8CUY, 8CV1),11 other ACP/KS interactions were
observed; however, in each of these interactions the phosphopantetheinylated serine of ACP is more than 28 Å
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from the KS reactive cysteine. As the thioester carbon attacked by the KS reactive cysteine can only stretch
19.2 Å from the phosphopantetheinylated serine oxygen, none of these interfaces represent the transacylation
site.

Improvements in folding/docking algorithms are enabling the reliable prediction of physiologically rele-
vant domain-domain interfaces.12-15 Since ACP’s and downstream KS’s collaborate within the PKS mo-
dule (updated boundary used16, 17 ) to gatekeep for processed polyketide intermediates,18 evolutionarily
co-migrate,16, 17, 19, 20 and are best maintained together within engineered assembly lines,21-24 we hypothe-
sized that modern folding/docking algorithms would detect the interface between these domains.

The AlphaFold-Multimer14 predictions for 50 natural ACP/KS pairs from diverse, well-characterized PKS’s
are highly similar.2 Half of the top solutions contain a conformational change of the KS TxLGDP motif
at the putative docking interface that enables a closer approach (17.2 Å vs. 20.9 Å, on average) of the
phosphopantetheinylated ACP serine and the reactive KS cysteine. These solutions provide a molecular
description of how acyl-ACP’s dock with KS’s to enable the transacylation reaction. A model triketide
lactone synthase composed of the 1st, 6th, and 7th modules of the Pikromycin synthase, P1 -P6 -P7 , was
employed to test the predicted transacylation site.24, 25 The relative decreases in the activities of 20 variants
containing mutations to surface residues on the KS from the 6thmodule, PikKS6, are consistent with the
proposed interface. The data suggest that two residues conserved on the surface of KS, an asparagine in
position 275 and a leucine in position 315, play major roles in binding acyl-ACP’s for transacylation.

RESULTS

AlphaFold-Multimer predictions for 50 ACP+KS dimers

In the majority of cis -AT PKS modules, the ACP and KS domains are embedded in the same polypeptide;
however, modules are also frequently split such that ACP is embedded in the upstream polypeptide and
KS in the downstream polypeptide20 . C- and N-terminal docking domain motifs (CDD & NDD) at the
polypeptide termini help noncovalently connect the domains from these modules26, 27 . We selected 45 of 50
of the ACP+KS’s in this study from modules naturally embedded in a single polypeptide, since the linker
connecting these domains contains fewer than 15 residues and provides a restraint for the folding/docking
of these domains20 . Five pairs of ACP’s and KS’s naturally embedded in separate polypeptides were also
investigated by connecting them with a 15-residue polyglycine linker (G15). As KS’s are dimeric, 2 copies
of each of the 50 ACP+KS sequences were provided to AlphaFold-Multimer (Data File 1, see Table S1 for
PKS abbreviations, Figures S1-S3). For each ACP+KS, 5 energy-minimized solutions were obtained (Data
Files 2-51)14 .

The ACP’s consistently dock to the same location, with the serine that becomes phosphopantetheinylated
facing the entrance to the KS active site (Figure 2a and S2). ACP and KS bind in trans in 76% of the
solutions, with the ACP domains almost exclusively making contacts with residues from the KS of the
opposite monomer. As the N-terminal end of αI’ of ACP (secondary-structure nomenclature,20, 28 prime
used to distinguish ACP from KS, numbering from PikACP6 and PikKS6 used to discuss all ACP/KS
pairs) is predicted to be close to the AT domain downstream of KS, the structures of 5 ACP+KS+AT
dimers [Ery(ACP1+KS1+AT2), Ery(ACP4+KS4+AT5), Pik(ACP1+KS1+AT2), Pik(ACP6+KS6+AT7),
and Rap(ACP1+KS1+AT2)] were also predicted (Figures 2b and S4, Data Files 52-57). All of the solutions
show ACP bound to the same site as in the solutions for the ACP+KS dimers with no contact between ACP
and AT. Either a rotation about αIII’ or a hinge motion between KS and AT would be necessary for ACP
and the downstream AT to make contact.7, 8

The interface between ACP and KS is similar in all solutions (Figures 3 and S2). While contacts with ACP
residues in and around αIII’ (residues 73’-80’) are most substantial, contacts with residues in a one-turn
helix upstream of αII’ (residues 46’-48’) and residues at the N-terminal end of αII’ (residues 53’-60’) are also
significant. KS residues involved in the contacts include those in the structured loop between β8 and α10
(residues 273-283), the N-terminal end of α11 (residues 314-322), and the loop between β11 and β12 (residues
381-388).
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Solutions shows a KS motif in two conformations at the interface

In half of the 50 top solutions, the KS TxLGDP motif (residues 313-318) adopts a type I β-turn distinct
from the α-helical conformation observed in solved structures and the other solutions (Figure 4).7, 8, 29-32 In
17 of these 25 solutions (Data Files 6, 8, 11, 12, 16, 18, 22, 24, 25, 27, 36, 37, 43, 44, 45, 46, 50), the β-turn
conformation is associated with a relative rotation of ACP about αIII’ such that L315 of the TxLGDP motif
makes contact with the serine that becomes phosphopantetheinylated, S53’ (L315 Cγ - S53’ Cβ < 5.0 Å). To
investigate whether formation of the β-turn is associated with ACP binding, the sequences of the KS’s from
the 25 top solutions with the β-conformation were provided to AlphaFold-Multimer. None of the predictions
from the predicted KS dimers contain the TxLGDP motif in the β-conformation.

For 21 of the ACP+KS’s, the 5 predictions made by AlphaFold include both a solution in which the TxLGDP
motif is in the α-conformation and a solution in which the motif is in the β-conformation and ACP is relatively
rotated (Data Files 2, 6, 11, 12, 13, 14, 16, 18, 22, 27, 31, 32, 33, 36, 39, 43, 44, 45, 48, 50, 51, 58-78). Thus,
the differences between the conformations of this motif as well as the relative orientations of ACP and KS
can be directly compared (Figures 3-4). In the β-conformation of the TxLGDP motif of PikKS6, a hydrogen
bond is present between the carbonyl of T313 and the NH of G316, rather than the NH of D317, as in the
α-conformation. The D317 carboxylate associates with the NH’s of T313 and an invariant glycine (G312)
immediately upstream of the motif as well as the T313 hydroxyl. The oxygen of the T313 hydroxyl and
the D317 NH form another hydrogen bond. P318 adopts the γ-endo conformation rather than the γ-exo
conformation in the α-conformation. The β-conformation is stabilized through van der Waals interactions
with a structured loop (A232-G234) as well as a hydrogen bond between the L315 carbonyl and the hydroxyl
group of a serine or threonine at position 381. The conformational shift is largest for L315 and G316, their
Cα’s shifting 4.7 Å and 7.0 Å, respectively.

The conformational change could be important in allowing the approach of the KS reactive cysteine and the
thioester of the acylated phosphopantetheinyl arm. In the 17 top solutions containing the β-conformation and
the rotated ACP, the arm can move closer to the KS reactive cysteine. While the average distance between
the ACP serine oxygen and the KS cysteine sulfur is 20.9 Å for the solutions containing the α-conformation
(excluding AjuMod3, vide infra ), it is 17.2 Å (3.7 Å closer, on average) for these 17 solutions (Table S2).
Since the distance between the side chain oxygen of the phosphopantetheinylated serine and the carbon of
the thioester carbonyl of an acyl-ACP is maximally 19.2 Å, the β-conformation may be more relevant to
the transacylation reaction. An acetyl-phosphopantetheinyl moiety modeled with the program Coot33 into a
PikMod6 solution with the β-conformation shows that its gem -dimethyl moiety can hydrophobically interact
with P280, that its distal carbonyl can coordinate with the H309 NεH and the T311 hydroxyl group, and that
its thioester carbonyl can insert into the oxyanion hole formed by the NH’s of C174 and V217 (Figure 3c)
(Data File 79). The conformational change of the TxLGDP motif provides space for the phosphopantetheinyl
arm and allows the approach of the thioester and the reactive cysteine to enable the transacylation reaction.

Complementarity at the transacylation site

The interactions observed in the top solution for PikMod6 are representative of interactions observed in
each of the 17 top solutions with the rotated ACP (L315 contacting αII’) (Table S2). As solutions with an
unrotated ACP (24 with the α-conformation and 8 with the β-conformation) generally do not permit the
thioester connecting the phosphopantetheinyl arm and the polyketide to approach the KS reactive cysteine,
they are not considered here. All contacts are made between residues in a 36-aa region of PikACP6 (positions
45’-80’) and in a 109-aa region of PikKS6 (positions 275-383) (Figure 3a).

The solution from PikMod6 shows the T74’ methyl group from its ACP occupying a hydrophobic pocket
formed by P318, I319, and Q322 on the surface of PikKS6 (Figures 3c and 5a-b, Table S2). A threonine
plays this role in 15 out of the 17 top solutions with the rotated ACP. The T74’ hydroxyl group and the D78’
carboxylate are observed making a hydrogen bond in each solution. The sidechains of residues at positions
72’ and 73’ also make contact with KS. A proline most commonly at position 72’ usually makes Van der
Waals contact with the sidechain of the residue in position 322, and an alanine most commonly at position

3
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73’ fills space adjacent to the backbone carbonyl of position 383. When a serine or threonine is in position
73’, its side chain usually shares a hydrogen bond with backbone carbonyl of the residue in position 383
(EbeMod7, CpkMod4, E837Mod2, EryMod3). An unusual leucine in position 73’ of BafMod3 makes greater
van der Waals contact with the residue in position 383.

In the PikMod6 solution, D78’ interacts with the N-terminal end of α10. A hydrogen bond is present between
its carboxylate and the NH of G282, while the nonpolar portion of D78’ makes van der Waals interactions
with P283. A hydrogen bond between the carboxylate of the aspartate in position 78’ with the NH of a
glycine at position 282 is present in the 17 top solutions with the rotated ACP. The backbone carbonyl of
D78’ most commonly forms a hydrogen bond with the side chain of an asparagine in position 281.

In 16 of the 17 top solutions with the rotated ACP, a phenylalanine occupies position 77’, while in EryMod1
a tyrosine is present. In all of the solutions, the benzyl group is equivalently oriented, with its methylene
in contact with the δ-methyl group of the isoleucine at position 319. When the phosphopantetheinyl arm is
present, itsgem -dimethyl moiety can hydrophobically interact with the aromatic ring. In each of the 25 top
solutions with the α-conformation, it is the gem -dimethyl moiety of L315 that interacts with the aromatic
ring.

The C-terminal end of αIII’ and the N-terminal end of a one-turn helix (residues 46’-49’) upstream of αII’ in
ACP make contact with the KS surface residue at position 275 and nearby residues in the structured loop
between β8 and α10. Van der Waals contacts between a proline in position 80’ and residues in positions 274
and 275 are substantial. This proline is much less conserved in the ACP’s of thioesterase (TE)-containing
modules in which KS is replaced by a TE (Figure S5). Usually, 1 or 2 hydrogen bonds are formed between the
carbonyls of residues in positions 76’ and 77’ and the NH2 of an asparagine highly conserved at position 275.
In the absence of these hydrogen bonds, one is usually formed between the asparagine sidechain carbonyl and
the backbone NH of the residue in position 47’. The residue in position 47’ is usually an arginine or lysine,
whose positively-charged group is most often observed in contact with the sidechain oxygen of a threonine
conserved at position 278. In contrast, the residue in position 47’ is usually hydrophobic in the ACP’s of
TE-containing modules. In PikMod3, the residue at position 275 is a serine rather than an asparagine.
The serine sidechain makes shape-complementary interactions with ACP and its backbone carbonyl forms a
hydrogen bond with the backbone NH of an unusual leucine in position 47’. The A279 side chain and the
sidechain of this leucine also make hydrophobic contact.

Although αIII’ of ACP makes the most contact with the KS surface, αII’ is also involved in significant
interactions. In the PikMod6 solution, the methylene of S53’ and the sidechains of L54’ and V57’ on the
ACP create a hydrophobic pocket for L315 from the KS TxLGDP motif. Residues in αII’ also make contact
with the residue in position 383, most often with its sidechain, but also with its backbone carbonyl. The
residue in position 57’, usually a valine, often makes contact with the sidechain of the residue in position
383, most commonly through van der Waals interactions with a histidine or glutamine. In 7 of the 17 top
solutions with the rotated ACP the sidechain of a conserved arginine at position 70’ in the loop between
αII’ and αIII’ makes contact with residues in a 310 helix on KS (positions 385-387), especially the aspartate
conserved in position 385.

Testing the transacylation site through mutations to KS surface residues

To assess the proposed transacylation site, PikKS6 surface residues were mutated within P1 -P6 -P7 ,
a triketide synthase composed of PikMod1, PikMod6, and PikMod7 (Figure 5b).24, 25 In the top solution
for the association of PikACP6 and PikKS6, the PikKS6 surface residues N275, H281, L315, I319, Q322,
D382, and D385 make favorable contacts with PikACP6, while Q217, S230, Q286, S300, R314, Q330, E379,
S387, E392, and T395 make little or no contact. Each of these residues was individually mutated to alanine
withinP1 -P6 -P7 .34 The prominent putative interface residues N275 and L315 were also individually
mutated to aspartate and valine, respectively. As a control, a key residue at the condensation site, T140,
was individually mutated to alanine.7, 8P1 -P6 -P7 and its 20 point mutants were expressed in Escherichia
coli K207-3,35and triketide lactone production was measured by LC/MS after 8 days. The observed decreases
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in production are consistent with the predicted transacylation site.

DISCUSSION

Among the many docking events within a polyketide assembly line, those between KS’s and their upstream
ACP’s are of high significance because they enable KS’s to gatekeep for properly processed intermediates and
thus ensure the fidelity of the synthase18 . Although modern structural biology techniques, such as cryo-EM,
have advanced our knowledge of the interactions between PKS domains, they are still resource-intensive and
low throughput.7, 8 In contrast, modern in silico methods require few resources and are high throughput.
Thus, we sought to identify the transacylation site using the most advanced folding/docking algorithms.

Alphafold-Multimer uses restraints derived from covariation analysis, both within and between domains,
to guide folding/docking.15 In half of the 50 top solutions for the ACP+KS dimers, a structural feature is
present at the interface that has not been previously observed - the TxLGDP motif of KS forms a type I
β-turn rather than the α-helical turn present in reported structures and the other 25 top solutions. The β-
conformation is correlated with a closer approach between the ACP and KS domains. The distance between
the side-chain oxygen of the conserved ACP serine and the reactive KS cysteine is greater than 18.4 Å in 24
of the 25 top solutions with the α-conformation (20.8 Å, on average). The exception is AjuMod3 (15.8 Å), a
module containing non-ribosomal peptide synthetase (NRPS) domains,36 in which an unusual phenylalanine
in position 47’ makes contact with an unusual valine at position 275. The 17 top solutions that possess the
β-conformation and a relatively rotated ACP possess distances between the phosphopantetheinylated serine
and the reactive cysteine short enough for polyketides to transfer from the acyl-ACP to the KS (17.2 Å, on
average).

The TxLGDP motif has not been experimentally observed in the β-conformation. However, these stud-
ies suggest that acyl chains are not readily transferred between ACP and KS when this motif is in the
α-conformation. This raises the possibility that favorable interactions between the polyketide intermediate
and the KS substrate tunnel facilitate the transition from the α-conformation to the β-conformation, which
enables a closer association of the acyl-ACP and KS, productive interactions between KS and the phos-
phopantetheinyl arm (such as the coordination of H309 NεH and T311 OH with the distal carbonyl), and
polyketide transfer through the approach of the thioester and the reactive cysteine. This may be part of
the KS gatekeeping mechanism by which properly processed intermediates are selected for transfer to the
reactive cysteine.18

During the reaction cycle of a module, ACP associates with the upstream AT and processing domains as
well as the downstream KS (Figure 1). While it must be complementary to each of these cognate enzymes,
how well ACP’s dock with noncognate domains introduced through natural recombination events or genetic
engineering is unknown. As the domains of one module are able to evolutionarily co-migrate separately from
the domains of other modules, their interfaces could diverge. If this is the case, engineering efforts should
focus on module-swapping rather than domain-swapping. In a recent KS gatekeeping study, AmpKS15
was swapped for PikKS3 in PikMod3 ofP1 -P2 -P3 -P7 , a tetraketide synthase composed of PikMod1,
PikMod2, PikMod3, and PikMod7.37 A triketide rather than the expected tetraketide was produced by the
resulting synthase, indicating that the hybrid third module was completely skipped. An analysis of natural
ACP/KS interfaces of AmpMod15 and PikMod3 reveals large differences in how their ACP’s interact with
the KS surface residue in position 275 (asparagine in AmpKS15 and serine in PikKS3).

The docking solutions presented here show interfaces between KS’s and their upstream ACP’s that are
quite distinct from one another (Figure 5, Table S2). The most dramatic example is the interface between
AjuACP3 and AjuKS3, in which a valine occupies position 275 of AjuKS3 and AjuACP3 is rotated 17º
relative to the consensus orientation. As mentioned above, KS’s containing a serine at position 275, such as
PikKS3 and VstKS7, may not be recognized by most ACP’s since they associate with KS’s containing an
asparagine at this position.

The transacylation site may be under selective pressure to diversify, whereas the extension site may be under
selective pressure not to. The ordered assembly of PKS polypeptides could be jeopardized if the interfaces
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between KS’s and their upstream ACP’s were too similar. CDD’ and NDD’s do not make the only contact
between PKS polypeptides, since ACP’s and KS’s also associate, at least while mediating the transacylation
reaction and likely even when ACP is unacylated.27 The surface area for the transacylation site is larger than
that observed for CDD/NDD interfaces (1338 Å2 for PikACP6 with PikKS6 vs. 1043 Å2 for one DEBS2
CDD helix with the dimeric DEBS3 NDD).26 If all the KS’s and ACP’s at the polypeptide termini equally
docked with one another, the synthase could assemble incorrectly. In contrast, the evolution of polyketide
assembly lines may benefit from the interface between KS’s and downstream ACP’s not diverging, such that
a module still functions when moved to a new location in the same or a different synthase.7, 8 In the new
location, the ACP and KS domains must respectively collaborate with a new upstream KS and downstream
ACP to catalyze extension reactions.

The proposed transacylation site is consistent with the observed losses in activity from the 20 P1 -P6 -P7
point mutants (Figure 5b). That mutations to the conserved KS surface residues N275 and L315 resulted in
the least active synthases agrees with the interactions between PikACP6 and PikKS6 proposed to enable the
transacylation reaction. The AlphaFold-Multimer predictions show the sidechain of N275 making substantial
contact with PikACP6, through Van der Waals contact with P80’ and hydrogen bond contact with both
the C-terminal end of αIII’ and the N-terminal end of the one-turn helix upstream of αII’. The AlphaFold-
Multimer predictions also show the invariant leucine in the TxLGDP motif at position 315 making significant
hydrophobic contact with F77’ of PikACP6 when the motif is in the α-conformation and with a hydrophobic
pocket on αII’ next to the phophospantheinylated serine when the motif is in the β-conformation. Each of
the other mutations also resulted in losses of activity compared to unmutated P1 -P6 -P7 , usually moreso
when located at or near the putative interface (e.g. , I319A, H281A, Q286A, D382A, D385A, Q330A). The
relatively small decreases in activity observed for the R314A and Q322A point mutants might be surprising
given the proximity of these residues to the interface; however, in the Alphafold-Multimer predictions the
arginine and the glutamine sidechains make minimal Van der Waals contact with PikACP6. The low activity
of the T140A point mutant control was expected from the importance of this residue at the PikKS6 extension
site.7, 8

AlphaFold has apparently helped discover the transacylation site on the surface of KS and provided 50
examples of how upstream ACP’s dock at that interface. Such a feat through experimental structural
biology techniques would require many more resources and much more time. AlphaFold will likely help
predict other domain-domain interactions within PKS’s, although these should be experimentally tested
within functional assembly lines. Our burgeoning understanding of how ACP domains dock with cognate
enzymes is illuminating the dynamics and architectures of PKS’s and will help realize the potential of these
assembly lines in producing designer molecules and medicines.

METHODS

AlphaFold-Multimer predictions

AlphaFold-Multimer (version 3) was run on Google Colab servers. All sequences begin 55 residues up-
stream of the phosphopantetheinylated serine of ACP. ACP+KS sequences end 10 residues after the KS
GTNAH motif, at the updated module boundary17, 20 , and ACP+KS+AT sequences end 3 residues after
the LPTYxFxxxxYWL motif.

Constructing and culturing P1-P6-P7 point mutants

The second of the 2 plasmids encoding theP1 -P6 -P7 triketide lactone synthase, pTM5, was used as a
template to generate 20P1 -P6 -P7 point mutants.24 Two halves of the plasmid were amplified using 2
pairs of mutagenic primers and joined through Gibson assembly (Table S3). The plasmids encodingP1 -P6
-P7 and each of its point mutants were co-transformed into E. coli K207-3.35 A single colony was used to
inoculate 5 mL of Luria–Bertani (LB) media containing 100 mg L-1 kanamycin and 100 mg L-1 streptomycin.
After the starter culture grew for 16 h at 37 °C and 250 rpm, 400 μL of it was used to innoculate 250-mL
Erlenmeyer flasks containing 40 mL production media [5 g L-1 yeast extract, 10 g L-1 casein, 15 g L-1 glycerol,
10 g L-1 NaCl, 100 mg L-1 kanamycin, 100 mg L-1streptomycin, 100 mM potassium phosphate buffer (pH

6
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7.6)].24 When OD600 = 1.0, cells were cooled to 19 °C and both 20 mM sodium propionate and 100 μM
IPTG were added. Cultures were incubated at 19 °C at 240 rpm for 8 d.

Measuring triketide lactone production

After 8 d, a 200-μL sample was acidified with 20 μL of 6 M HCl, centrifuged 10 min at 15,000 × g, and
extracted with 1 mL ethyl acetate. Ethyl acetate was removed in vacuo , and 0.5 mL methanol was added.
Mass spectra were obtained on an Agilent 6120 single quadrupole LC/MS, separating on a C18 column (5%
acetonitrile: 95% water with 0.1% formic acid to 100% acetonitrile over 12 m; Agilent ZORBAX Eclipse
Plus, 2.1 x 50 mm, 5 μm particle size) and scanning m/z 50-2000 in positive ionization mode (Data File
80). These measurements are not perfect indicators of the relative activities of P1 -P6 -P7 and its point
mutants. One complicating factor is that the introduced mutations could affect the expression or stability of
the second protein ofP1 -P6 -P7 . However, SDS-PAGE analysis shows similar levels for this protein and
its point mutants (Figure S6).
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Figure 1. The docking of ketosynthase (KS) and upstream acyl carrier protein (ACP) domains within a
modular polyketide synthase (PKS). The Pikromycin precursor, Narbonolide, is biosynthesized through the
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actions of 23 enzymatic domains and 7 ACP domains. As each ACP carries out its reaction cycle, it docks
and undocks each of its cognate enzymes. The final reaction in the reaction cycle of the first 6 modules in the
Pikromycin PKS is transacylation, where an upstream ACP presents intermediates to KS and only the fully
processed species is permitted onto its reactive cysteine. These checkpoints are exemplified by PikMod6, in
which PikACP6 and PikKS6 associate to enable the transacylation of the hexaketide intermediate reduced by
PikKR6. KSQ, generates propionyl priming units; AT, acyltransferase; KR, ketoreductase; KR0, epimerase;
DH, dehydratase; ER, enoylreductase; TE, thioesterase; unlabeled circles, ACPs; unlabeled half-circles,
docking domains.
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Figure 2. AlphaFold-Multimer solutions contain a putative transacylaton site. a) Two predictions for the
ACP+KS dimer from PikMod6 show ACP binding to the putative transacylation site either in trans or

9
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in cis . b) The top AlphaFold-Multimer prediction for the first ACP+KS+AT of the Erythromycin PKS,
Ery(ACP1+KS1+AT2), superposed on the cryo-EM structure of Ery(KS1+AT2+KR2+ACP2) in which
EryACP2 was observed bound at the extension site (PDB: 7M7F, EryKR2 not shown).

Figure 3. KS conformational change enables approach of the acyl-ACP and reactive cysteine. a) A schematic
shows the contacts made in the top solution for PikMod6. b) A stereodiagram compares AlphaFold-Multimer
solutions in which PikACP6 docks with PikKS6 with its TxLGDP motif in the α-conformation (gray) or the
β-conformation (green and cyan). c) A stereodiagram shows the solution with the β-conformation with an
acetyl-phosphopantetheinyl arm modeled between the conserved ACP serine and the KS reactive cysteine
(both labeled *).
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Figure 4. The α- and β-conformations of the TxLGDP motif. a) Residues 313-318 (cyan) in PikKS6 form an
α-helical turn at the N-terminal end of α11, in which a hydrogen bond is formed between the T313 carbonyl
and the D317 NH, as observed in all reported structures. b) ACP-bound docking solutions often show this
motif (cyan) making a type I β-turn, in which hydrogen bonds are formed between the T313 carbonyl and
the G316 NH as well as between the T313 hydroxyl group and the D317 NH and carboxylate. The location
of the putative interface residue L315, whose Cα is shifted 4.7 Å relative to the α-conformation, is stabilized
through a hydrogen bond between its carbonyl and the hydroxyl group of T381.
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Figure 5. Mutagenesis at the proposed transacylation site. a) A stereodiagram of the top solution for
PikACP6 and PikKS6 show residues in and around the interface targeted for mutational analysis (yellow).
b) The model triketide lactone synthase,P1 -P6 -P7 , was employed to measure the effects of mutating
individual residues on the surface of PikKS6 (*). Triketide lactone peak areas from LC/MS analysis (triplicate
experiments, standard deviations shown) were made on media extracts from 8 d cultures (Data File 80).
The KS residues whose sidechains are hypothesized to make the most contact with ACP, N275 and L315,
were the most sensitive to mutation. Generally, mutations to positions farther from the proposed interface
resulted in smaller losses in activity.
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