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ABSTRACT 11 
The polykeXde synthases (PKSs) in microbes and the cytoplasmic fa\y acid synthases in humans 12 
(FASs) are related enzymes that have been well studied. As a result, there is a paradigm explaining 13 
in general terms how FASs repeatedly use a set of enzymaXc domains to produce simple fats, 14 
while PKSs use the domains in a much more complex manner to produce pharmaceuXcals and 15 
other elaborate molecules. However, most animals also have PKSs that do not conform to the 16 
rules described in microbes, including a large family of enzymes that bridge fa\y acid and 17 
polykeXde metabolism, the animal FAS-like PKSs (AFPKs). Here, we present the cryoelectron 18 
microscopy structures of two AFPKs from sea slugs. While the AFPK resemble mammalian FASs, 19 
their chemical products mimic those of PKSs in complexity. How then does the architecture of 20 
AFPKs facilitate this structural complexity? Unexpectedly, chemical complexity is controlled not 21 
solely by the enzymaXc domains, but is aided by the dynamics of the acyl carrier protein (ACP), a 22 
shu\le that moves intermediates between these domains. We observed interacXons between 23 
enzyme domains and the linker-ACP domain, which when manipulated, altered the kineXc 24 
properXes of the enzyme to create new compounds. This unveils elaborate mechanisms and 25 
enzyme moXons underlying lipid and polykeXde biochemistry across the domains of life.  26 
 27 
SIGNIFICANCE 28 
PolykeXdes and lipids are important in biology and medicine. Almost all of the structural and 29 
biochemical work on polykeXde biosyntheXc machinery describes microbial systems. Animals 30 
nearly always have their own unique sets of polykeXde synthases, including newly described 31 
families that are not found in microbes, and for which almost nothing is known.  One class of 32 
these enzymes is more closely related to mammalian fa\y acid biosynthesis and yet makes 33 
elaborate polykeXdes. We describe unique enzyme states that have not been previously observed 34 
in other systems. These results highlight the unexplored biosyntheXc potenXal of animals and the 35 
divergence of their lipid making systems in nature.  36 
 37 
INTRODUCTION 38 
Fa\y acids and the more complex polykeXdes comprise major lipids, biological signalling 39 
molecules, clinically relevant therapeuXcs, and many other types of compounds (1–3). PolykeXde 40 
synthases (PKSs) and the related cytoplasmic fa\y acid synthases (FASs) in animals are mega-41 
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enzymes that synthesize these small molecules starXng from acyl-CoA derivaXves (1, 4–8). The 42 
enzyme structures have three major regions: condensing, modifying, and acyl carrier protein 43 
(ACP). The enzyme's condensing region selects substrates and condenses them together through 44 
the acXon of acyltransferase (AT) and ketosynthase (KS) domains, respecXvely. The modifying 45 
region oeen contains ketoreductase (KR), dehydrogenase (DH), methyltransferase (MT), and 46 
enoylreductase (ER) domains that modify intermediates. Modifying domains may be acXve or 47 
residual (structural, 0), and some may be used or skipped during a parXcular step in the syntheXc 48 
cycle leading to diverse oxidaXon pa\erns along the polykeXde chains (4, 6, 9). Finally, an ACP 49 
acts as a shu\le, carrying substrates and the growing intermediates between catalyXc acXve sites. 50 
ACP is acXvated by the addiXon of 4’-phosphopantetheine (pPant), the carrier for substrate 51 
thioesters. The ACP-pPant makes several independent protein-enzyme interacXons, which 52 
contribute to processivity and avidity (10–13). IteraXve PKSs (iPKSs) and the human cytoplasmic 53 
FAS use a single set of enzymaXc domains repeatedly to process all substrates and intermediates 54 
unXl the final product is synthesized (1, 7, 14). 55 
 56 
Despite substantial advances, fundamental questions remain about the structure and function of 57 
animal FAS (aFAS) and iPKSs. As a result, it is currently challenging to predict the elaborate 58 
polyketides produced by iPKSs, or to engineer desired functions into FAS or iPKS enzymes. The 59 
aFAS-like PKSs (AFPKs) are intermediate in character between the human FAS and the 60 
traditionally studied type I iPKSs and provide new insights into both aFAS and iPKS function (15–61 
17). More than 6,300 AFPKs have been identified, forming a clade with aFAS. Unlike FASs that 62 
synthesize fully reduced fatty acids, the AFPKs synthesize chemically diverse molecules, similar 63 
to the products of PKSs. However, thus far only EcPKS1 and EcPKS2 from the sea slug Elysia 64 
chlorotica have been biochemically characterized (15, 16), synthesizing compounds that may 65 
help the animals to perform photosynthesis using stolen chloroplasts (18, 19).  FAS enzymes 66 
primarily use malonyl-CoA (MC) as substrates and fully reduce each extended unit into a fatty 67 
acid. In contrast, EcPKS1 and EcPKS2 accept primarily methylmalonyl-CoA (MMC) and select the 68 
use of specific modifying domains to introduce different oxidation states in a regioselective 69 
manner. EcPKS2 is inhibited by MC, while EcPKS1 is not. Unlike FAS, EcPKSs have a nonfunctional 70 
ER domain, resulting in polyenes. EcPKS1 and EcPKS2 also have key differences, producing 71 
compounds with different chain lengths and using the KR domain differently, leading to ketones 72 
at different positions on the final products (Fig. 1 and SI Appendix, Fig. S1).  73 
 74 
We hoped to understand the biochemical and structural basis of these differences, which we 75 
expected would shed light on the funcXon not only of AFPKs but of related FAS and PKS enzymes 76 
as well. Here, we report the full-length structure determinaXon of EcPKS1 and EcPKS2 by single 77 
parXcle cryoelectron microscopy (CryoEM). The EcPKS2 structure resembles that of mammalian 78 
FAS (mFAS) (20), but also led to three main new findings. First, we describe intact, naXve ligands 79 
in several different states of the catalyXc cycle, including MC in the AT acXve site, acetate and 80 
malonate in the KS, and NADPH bound in the KR. Second, we observed the pPant-ACP docked to 81 
the DH and KS domains, permikng the ACP-enzyme interfaces to be accurately mapped over the 82 
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catalyXc cycle, revealing specific residues that interact with each enzyme domain and informing 83 
future engineering efforts. Third, remarkably, capture of the ACP at the KS is accompanied by an 84 
ordered ACP linker as an N-terminal extension of ACP helix α1 resulXng in an asymmetric 85 
connecXon between the condensing and modifying regions. Mutation of residues within the 86 
modifying region that make contacts with the linker disrupts the catalytic cycle, changing 87 
substrate selectivity and inhibition, as well as oxidation patterns in the products. The ACP linker 88 
was also observed in the interaction with the DH domain. Collectively, these observations and 89 
experiments revealed how dynamic motions of the mega-synthase impact product structure. 90 

91 
Fig. 1. Homodimeric structures and overall schema6c of EcPKS1 and EcPKS2. Colors in all structures correspond 92 
with schema3c in panel D. A) Structure of full-length EcPKS2(MC). Malonyl-CoA (MC), holo-ACP, and NADPH bound 93 
at the AT, KS, and KR ac3ve sites, respec3vely. Ac3ve site Cys-S-malonyl is present in the KS. B) Structure of full length 94 
EcPKS2(AC). Acylated-Cys187 at the KS domain, ACP-Acetyl-pPant docked at the DH domains and low occupancy ACP 95 
at the KS domain. C) EcPKS1 condensing (boNom) and modifying (top) regions in a pseudo-alignment based on 96 
EcPKS2(MC). D) Schema3c of enzyma3c domains. E) Primary products of EcPKS1, EcPKS2 and mFAS. Abbrevia3ons: 97 
phosphopantetheine (pPant), ketosynthase (KS), acyltransferase (AT), dehydratase (DH), inac3ve methyltransferase 98 
(MT0), ketoreductase structural domain (yKR), inac3ve enoylreductase (ER0), ketoreductase cataly3c domain (KR), 99 
acyl carrier protein (ACP), mammalian FAS (mFAS). 100 
 101 
RESULTS 102 
 103 
EcPKS2 structure determina9on captures several ACP-bound states 104 
 105 
EcPKS1 and EcPKS2 adopt the canonical “X-shaped” homodimeric structure found in mFAS (20), 106 
consistent with the close evoluXonary relaXonship between AFPKs and mFAS enzymes (Fig. 1) 107 
(15-17, 20, 21). The RMSD between the condensing and modifying regions of EcPKS2 and mFAS 108 
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are 2.4 Å and 1.6 Å over 11,238/14,527 and 9,426/11,181 atoms respecXvely. The N-terminal 109 
condensing region (KS-AT didomain) Xghtly dimerizes through a KS:KS’ domain interface, 110 
whereas the C-terminal modifying region dimerizes through the DH:DH’, ER0:ER0’ and DH:ER0’ 111 
domain interfaces.  Large differences exist within the modificaXon region between the 112 
AFPK/FAS structures and the PKS structures based on the inclusion or absence of enXre 113 
enzymaXc domains, as highlighed in work by McCullough et al (21). Models and data staXsXcs 114 
are in SI Appendix, Table S1. 115 
 116 
The EcPKS2(MC) full-length structure in the presence of 1 mM NADPH and MC was obtained at 117 
3.2 Å resoluXon (PDB accession: 9CTL; Fig. 1A, SI Appendix Fig. S2 and S5C), revealing MC bound 118 
in the AT domain, malonate on the KS acXve site Cys, and NADPH bound at the KR acXve site. The 119 
C-terminal ACP-pPant was docked at the KS’ domain acXve site. The linker region connecXng the 120 
modifying region to this ACP forms an N-terminal helical extension of ACPα1 creaXng an 121 
asymmetric homodimer.  The linker residues between the modifying domain and helix α1 of the 122 
ACP are fully visible in this map (SI Appendix Fig. S6F). An addiXonal low occupancy ACP is 123 
observed in full-length reconstrucXons at the second KS acXve site with disordered linker. 124 
ConXngent on the inherent symmetry of larger enzymaXc regions, further focused, masked and 125 
symmetrical C2 refinement of individual condensing and modifying regions improved the 126 
resoluXon to 3.0 Å and 2.9 Å, respecXvely (PDB accession: 9CTI and 9CTK; SI Appendix Fig. S2 and 127 
S5D).  128 
 129 
EcPKS2(AC) was determined to final resoluXons of 2.9 Å	 and 3.1 Å	 for the condensing and 130 
modifying regions respecXvely aeer asymmetrical C1 refinement (PDB accession: 9CTM and 131 
9CTN; Fig 1B, SI Appendix Fig. S3 and S5E,F). Full-length maps (2.9 Å; PDB accession: 9CTO) 132 
revealed a similar asymmetric dimer with ACP density visible at both the KS’ (pPant not visible) 133 
and DH (acetyl-pPant visible) acXve sites, each at parXal occupancy, on the closed side of the 134 
dimer. ACP’-pPant is only docked at the DH’ domain at full occupancy and higher local resoluXon 135 
in the open side of the homodimer. While revealed with density of different strengths, the two 136 
DH-docked ACP domain interacXons are modeled idenXcally, and the EcPKS2(AC)-KS-docked ACP 137 
is modeled like that of the full-occupancy KS-docked ACP in the EcPKS2(MC) structure. Density 138 
connected to KS(Cys187) and the pPant sulrydryl was most consistent with an acetyl group, 139 
which likely copurified from the recombinant yeast source.  140 
 141 
EcPKS1 condensing (4.3 Å; PDB accession: 9CQ1) and modifying (3.5 Å; PDB accession: 9CQ9) 142 
were solved and refined independently (Fig 1C, SI Appendix Fig. S4 and S5B). Because of their 143 
lower resoluXon, EcPKS1 structures are only used in comparison with EcPKS2, and otherwise our 144 
descripXon refers to the EcPKS2 structures. 145 
 146 
1. Condensing region 147 
 148 
Inhibitory malonyl-CoA adjacent to the ac9va9ng nucleophile in the AT domain 149 
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 150 
The AT domain serves as the acceptance site for substrates entering the iPKS cycle and is thus 151 
central to understanding how EcPKS1 and EcPKS2 prefer methylmalonate rather than the 152 
malonate used by aFAS and fungal PKSs. Sequence analyses and experiments of bacterial AT 153 
domains have shown that residues surrounding the acXve site serine are predicXve of substrate 154 
selecXvity (22). However, alignment of iPKS, AFPK, and FAS AT sequences from fungi, bacteria, 155 
and animals reveals that these rules are not predicXve in animal PKSs and AFPKs (Fig. 2C) (16, 17, 156 
23, 24). Here, using inhibitors to stall the enzyme, we sought stuctures that would inform 157 
sequence moXfs that might be more predicXve in animals. 158 

 159 
Fig. 2. Malonyl-CoA (MC) in the acyltransferase (AT) ac6ve site of EcPKS2(MC). A) MC (white) bound to the EcPKS2 160 
AT (orange). Ac3ve site Ser605 is adjacent to the MC thioester. Residues from panel D are highlighted in their 161 
corresponding colors. B) Structure of MC drawn in similar orienta3on as shown in panel A. C) Comparison of CoA 3’-162 
phosphoadenosine posi3ons in EcPKS2(MC) (orange/white), murine FAS (PDB accession: 6ROP, yellow) (25) and 163 
murine FAS (PDB accession: 5MY0, magenta) (26), showing different orienta3ons in all three structures. D) Sequence 164 
alignment of representa3ve AT sequence mo3fs thought to have substrate predic3ve proper3es in bacterial PKSs (16, 165 
17, 23, 24). Colors coordinate with panel A. Green residues 705 and 706 were mutated in panel E, while the purple 166 
residue tested MC posi3on. E) Inhibi3on of EcPKS2 wild type and mutants aaer 40 min incuba3on with MC, MMC, 167 
and NADPH. The graph shows UPLC-MS extracted ion chromatograms (filtered for m/z 383.2228 and 245.1183), with 168 
the rela3ve area under the curve shown in the y-axis and reten3on 3me on the x-axis. In gray, without MC the enzyme 169 
produces abundant 1 (product is diluted to 1/50). Produc3on of 1 is completely suppressed by MC in wild type and 170 
all AT mutants except for the domain-swapped enzyme EcPKS2-1-2, in which a small amount of 1 is s3ll produced. In 171 
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some of the mutants, a small amount of product incorpora3ng three units of MC and 3 units of MMC was produced. 172 
A possible structure of the resul3ng compound 6 is shown; [U-13C]-malonate was used to confirm the incorpora3on 173 
of MC (m/z 251.1384, SI Appendix Fig. S9B).  174 
 175 
Despite the common use of MC as a substrate for FAS, remarkably, EcPKS2 is inhibited by MC.  176 
When glycerol from the enzyme preparaXon was included in the buffer, inhibiXon remained 177 
compeXXve but reversible. EcPKS2 was rapidly inacXvated, with a t1/2 of 1.4 min in the presence 178 
of 250 µM MC, with a 10 µM IC50 (SI Appendix Fig. S7A). InhibiXon was compeXXve with MMC, 179 
consistent with the observaXon of MC in the AT acXve site in the structure. We used this 180 
knowledge to stall EcPKS2 in a ligand-bound state as had been shown to work for yeast FAS (27). 181 
 182 
AddiXon of MC (1 mM) to the protein prior to EM grid preparaXon resulted in EcPKS2(MC), with 183 
MC non-covalently bound to the EcPKS2 AT domain at a local resoluXon of ~3.5 Å (Fig. 2A and SI 184 
Appendix Fig. S6A). The MC carboxylate moiety interacts with the ring face of acXve site Tyr706 185 
and experiences charge offset through proximity to His707 and Arg630. CatalyXc Ser605 is 186 
posiXoned 3.4 Å from the target carbonyl.  The posiXon of the MC in the acXve site suggests that 187 
it should be a substrate of the AT, and not an inhibitor. 188 
 189 
The large AT acXve site pocket facilitates only weak interacXons (distances between 3.9-4.9 Å) 190 
with the cysteamine and β-alanine regions of the CoA, including polar interacXons with Asn668, 191 
Thr674 and Met523. Hydrophobic residues Val699, Leu789 and Leu790 surround the dimethyl 192 
carbons of the pantoic acid region, and Lys697 interacts with the first bridge phosphate (Fig. 2A 193 
and 2B). In a FAS:octanoyl-CoA complex, the nucleoXde is packed against the ferredoxin-like 194 
domain between residues Phe671 and Arg773, and in the CoA-bound FAS, where MC has already 195 
been transferred to the acXve site Ser, the nucleoXde is at the interface between AT-subdomains 196 
packing against conserved Arg787 which plays a dual role in nucleoXde posiXoning and formaXon 197 
of a salt bridge with the bridging phosphate (25, 26). MC in EcPKS2(MC) most closely resembles 198 
the CoA-bound mFAS where the 3’-phosphoadenosine group is posiXoned on the outer surface 199 
of the acXve site pocket interacXng with loop residues Ala787-Gly788-Leu789, and again an 200 
arginine (Arg801) near the nucleoXde. CriXcally, the Ala787-Gly788 pair permits close associaXon 201 
of the nucleoXde with the AT domain unique to other CoA-bound structures. To test whether the 202 
phosphoadenosine posiXon affects MC binding or inhibiXon, mutaXons of EcPKS2 Ala787 to His, 203 
Val and Ile were constructed and assayed, but remained inhibited (Fig. 2E). These residues were 204 
selected because they were observed in other AFPKs, including those that might be associated 205 
with MC use as a substrate. 206 
 207 
Most of the residues previously shown in bacterial PKS to impact substrate selecXvity (22, 23, 28) 208 
are uninformaXve in EcPKS1 and EcPKS2 due to sequence divergence. Based upon the structure 209 
of EcPKS2, the homologous residues are adjacent to the bound MC (Fig. 2A), yet sequence 210 
alignments and mutaXonal experiments show that they are not diagnosXc of substrate selecXvity. 211 
For example, residues M523 and L606 are at selecXvity-determining posiXons in bacteria (22), 212 
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but they are not diagnosXc in EcPKS1 and 2, which have M/L in posiXon 606 yet both select MMC 213 
(Fig. 2D). Residues Ser705-Tyr706 corresponded to the VASH moXf in the bacterial iPKS, mycoseric 214 
acid synthase  (MAS), which naXvely uses MMC. When the MAS Ser was mutated to Phe, the 215 
mutant protein preferenXally accepted MC instead of MMC (28, 29). Based upon this precedent, 216 
EcPKS2 was mutated to Ala705, Phe706, or Ala705-Phe706, which were anXcipated to be more 217 
substrate permissive. These EcPKS2 mutants were sXll inhibited by MC (Fig. 2E). There was a small 218 
but noXceable increase in the incorporaXon of MC into products, which using mass spectrometry 219 
of labeled and unlabeled intermediates were most consistent with structure 6 (Fig. 2). However, 220 
in contrast to 1 which can be isolated and was previously characterized by NMR (16), the amount 221 
synthesized was minute, so that it could not be well characterized. MutaXons outside of the AT 222 
led to a more pronounced (but sXll minor) 6 producXon (Fig. 2D, and see below). Thus, the best 223 
studied residues affecXng PKS substrate selecXvity did not alter EcPKS2 products, implicaXng 224 
alternaXve mechanisms of substrate selecXon. 225 

 226 
Fig. 3. EcPKS2 ketosynthase (KS) ac6ve sites. A) EcPKS2(MC) KS with ACP-pPant bound. Residues surrounding the 227 
pPant (white) and at the interface between the KS (red), KS’ (pale red) and ACP (purple). B) Residues surrounding the 228 
EcPKS2(AC) KS ac3ve site acetylated-Cys187'. C) Density for Cys-loaded malonate (MalCys) is found in EcPKS2(MC). 229 
The ACP-bound pPant also converges on the ac3ve site. 230 
 231 
Ac9ve states of KS with ACP-pPant and covalently bound Cys S-malonyl or Cys S-acetyl  232 
 233 
KS domains catalyze the condensaXon of the elongaXng acyl chain with an extender unit, 234 
comprised of MMC in the case of EcPKS2. The EcPKS2 KS was previously shown to be involved in 235 
controlling the chain length (16). The KS domain acXve sites are opposed at the central dimer 236 
interface of the condensing region (Fig. 1). In EcPKS2(MC), ACP is bound at this KS:KS’ interface 237 
making interacXons through the end of ACP(α1), the beginning of ACP(α2), and the middle of 238 
ACP(α3). These interacXons span the KS:KS’ interface such that ACP(Asp2240:OD1) interacts with 239 
KS Gln159:OE1, ACP(Met2243:SC) interacts with KS His94, and ACP(Leu2220:O) interacts with KS 240 
Thr95, but ACP(Gln2265 and Leu2242) interact with Asn284’ and Met229’ of the subunit housing 241 
the acXve site residues and a pocket (Fig. 3A). The KS catalyXc residues, EcPKS2(His318’, His356’ 242 
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and Cys187’), are within the opposing polypepXde chain from the ACP. The position of the ACP is 243 
similar to that previously reported for Lsd14 (7S7C) and GfsA (8IN9), and an overlay is presented 244 
in SI Appendix Fig. S8C. 245 
 246 
The EcPKS2(MC) covalently bound pPant extends from Ser2241 into the KS pocket towards the 247 
Cys187’ acXve site residue (Fig. 3A). The sulrydryl group of pPant was modeled near the acXve 248 
site of Cys187’ but was not covalently bound (SI Appendix Fig. 6B). Like the malonyl-CoA bound 249 
in the AT, no direct hydrogen bonds are formed with the pPant, although a hydrophobic ring 250 
comprising EcPKS2 residues Phe231, Tyr288 and Ala324 stabilizes the pantoic acid dimethyl 251 
group. AddiXonal density extends from the Cys187’ sulrydryl, suggesXve of a covalently bound 252 
malonyl group from MC. This is normally the posiXon in which a starter unit awaits the pPant-253 
linked extender unit. This suggests that the inhibiXon of EcPKS2 by MC might be at least in part 254 
mediated by the KS. Similarly, other groups have previously suggested that the KS domain 255 
regulates the transacylaXon step in aFAS (30). 256 
 257 
Along these same lines, the EcPKS2(AC) reconstrucXon displays density most consistent with the 258 
presence of a covalently linked acetyl group on the catalyXc cysteine residue (Fig. 3B and SI 259 
Appendix Fig. S6C). The acetyl may be residual from yeast acetyl-CoA ligands. Only disconXnuous 260 
density is present within the pPant tunnel. Nonetheless, in EcPKS(AC), a low occupancy ACP is 261 
visible outside the KS acXve site in similar posiXon to that seen in the EcPKS(MC) structure (Fig. 262 
5B,D and SI Appendix Fig. S5E). These states mimic what might happen when a substrate-loaded 263 
ACP binds, transfers its substrate to the acXve-site Cys residue, then leaves the acXve site. 264 
 265 
2. Modifying region 266 
 267 
Inac9ve domains 268 
 269 
The inacXve MT0 and ER0 domains are ordered and adopt canonical enzyme conformaXons but 270 
lack acXve site residues and are not used by the enzymes (20, 31) (SupporXng informaXon). 271 
 272 
KR domain is observed with NADPH bound 273 
 274 
The β-KR domain catalyzes the reacXon aeer Claisen condensaXon to reduce a β-ketoester to a 275 
β-hydroxyester through oxidaXon of NADPH. Density for NADPH is visible in the EcPKS2 KR acXve 276 
site of both structures, but the flexible substrate-binding loop (2154-2158) is disordered (SI 277 
Appendix Fig. S6D). EcPKS2(AC) acXve site residues Tyr2117, Lys2076 and Ser2104 are near the 278 
nicoXnamide riboside, posiXoned similarly to what is observed in the structure of human FAS 279 
bound to NADPH and a spiro-imidazolone inhibitor (16, 24, 32). In EcPKS2(MC) the NADPH 280 
structure sits a bit higher, and the density is much worse for the nicotinamide mononucleotide 281 
and substrate-binding loop, emphasizing the differences in conformaXonal flexibility of this 282 
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region that result from rigidificaXon upon substrate-triggered loop closure that pushes NADP 283 
further into the pocket. 284 

 285 
Fig. 4. ACP-acetylated-pPant docked at the dehydratase (DH) domain in EcPKS2(AC). A) DH (yellow) ac3ve site 286 
surrounding the acetylated-pPant (white). B) ACP' (purple) interface with DH' (yellow) domain with nearby surfaces 287 
of ER0' (cyan) and KR' (blue) domains. C) Molecular surface of EcPKS2 modifying region colored by enzyma3c domain. 288 
The substrate tunnel in the apo-DH (yellow) domain (pink His903). D) Surface shown in C with the ACP' (magenta) 289 
docked at the DH (yellow) domain. E) Surface of the ACP domain with residues colored by the respec3ve interac3ons 290 
with the AT, KS and DH domains. ACP interac3ons marked with DH (blue), KS (red) and AT (orange) interac3ons as 291 
well as those residues which overlap at the DH:AT (green), KS:AT (yellow) and DH:KS (deep purple) or all three 292 
interfaces (magenta). F) Chemical structure of ACP-bound pPant in a similar orienta3on as in E. 293 
 294 
 295 
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DH domain and its interface with ACP 296 
 297 
DH domains eliminate the hydroxyl group created by the KR, generaXng a double bond. The 298 
EcPKS2 DH comprises a pseudo internal repeat of α+β “hot dog” folds. In the EcPKS2(AC) 299 
structure, ACP lies below the ER domain poinXng the Ser2241:pPant into DH acXve site, the first 300 
Xme this has been observed for a FAS-like DH domain (Fig. 4 and 5). AddiXonal density for the 301 
pPant is visible past the sulrydryl group, which lies between the acXve site residues His903 and 302 
Asp1058. An acetyl group has been modeled off of the sulrydryl, consistent with the density 303 
found at the KS acXve site in this structure (Fig. 4A and SI Appendix Fig. S6E). The pPant pocket is 304 
lined with hydrophobic residues including Val905, Ile944, Ala947, Tyr1026, Leu1075, Thr1077, 305 
and Ile1127, with the carbonyl oxygens of Ile944 and His945 just beyond (3.5-4Å) hydrogen-306 
bonding distance of the hydroxyl of the pantothenic acid moiety. MutaXon of His903 to Ala 307 
resulted in aborXve products (SI Appendix Fig. S10B) (16), indicaXng that the mutaXons abolished 308 
DH domain acXvity. The ACP':DH’ interface comprises the surface of ACP(α2) and includes 309 
hydrogen bonds from Gln2249'(NE2) to Gln946'(OE1) and Ala947'(O) and GLN2249'(OE1) to 310 
Phe949'(N) as well as van der Waals interacXons surrounding the phenyl ring of DH’:Phe949' with 311 
ACP' residues Leu2242', Val2245', Gln2246' and Gln2249' (Fig. 4B).  312 
 313 
3. ACP 314 
 315 
ACP-enzyme domain interface specificity 316 
 317 
We observed the ACP docked to both the KS and DH domains within full-length AFPK structures, 318 
and its conformaXon can be predicted at the AT domain by homology to other known structures 319 
(Fig. 3, 4, and S8) (33, 34). The three domains make some disXnct interacXons with a few different 320 
residues of ACP but generally overlap in their interacXon with the pPant and its nearby region. 321 
Charge and hydrophobic surface complementarity dominate the interacXons, along with a few 322 
hydrogen bonds. The DH:ACP interface has a slightly smaller solvent inaccessible interface of 527 323 
Å2 while the KS:KS’:ACP interface is 675 Å2 (SI Appendix Fig. S8). Mapping residues on the ACP 324 
that lie at various enzyme interfaces (Fig.4E) reveals ACP residues specific to binding individual 325 
enzyme domains. Given the variable residues found in these ACP posiXons (SI Appendix Fig. S11), 326 
it is likely that the evoluXon of this interface will have to be taken into account in designing 327 
engineered FAS and PKS enzymes. 328 
 329 
A structured ACP linker impac9ng mega-enzyme mo9on 330 
 331 
The ACP domain is increasingly regarded as crucial to substrate processivity. In the FAS/AFPK 332 
families, the linker between the KR and ACP domain comprises 8-17 small hydrophilic residues 333 
that are thought to be flexible and enable freedom of moXon of the ACP. TruncaXons of this linker 334 
and cross-linking have been used as tools to restrict ACP movement and catch ACP docked at 335 
acXve sites (10, 35, 36). Many modular PKSs contain addiXonal domains that are C-terminal to 336 
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the ACP to further restrict and regulate ACP funcXon. Previous reports have not resolved the 337 
linker residues, leaving unanswered the quesXon of how the most flexible region of the ACP might 338 
parXcipate in producing the diverse array of polykeXde and fa\y acid derived compounds. 339 
 340 
Remarkably, in the full-length EcPKS2(MC), one ACP is rigidly tethered between the KS and MT0 341 
structural domain (Fig. 1A, 1B, 5A and SI Appendix Fig. S6F). The ACP linker leaves the KR domain 342 
at residue Val2195 and conXnues in an extended conformaXon towards the MT0 domain to a 343 
turn at residue Gly2200 (Fig. 5A). The Ser2198 hydroxyl hydrogen bonds with Trp1333 within the 344 
MT0 domain and Gly2200 packs Xghtly against the face of Trp1333. The final linker residues adopt 345 
a helical structure, which directly extends into the first helix of the canonical four-helix bundle of 346 
the ACP domain. A second ACP at lower occupancy is visibly docked at the opposing KS’ acXve 347 
site, but the linker is not visible (SI Appendix Fig. S2) consistent with a mechanism whereby the 348 
order and disorder of the linker accommodates a see-saw moXon of the condensing region with 349 
respect to the modifying region. The AT and KS acXve sites (and the KR and DH acXve sites) lie on 350 
opposite sides of the central x-y plane (as defined in Fig. 1A-C) and moXon of the condensing 351 
region is necessary for passage of the ACP from the KS to the AT, and likewise from the KR to the 352 
DH (Fig. 6). 353 
 354 
We wondered whether the linker orientaXon could be observed for the ACP docked at the DH 355 
domain. If so, they might indicate other defined linker interacXons important in catalysis. A 6 Å 356 
low-pass filter map for the EcPKS2(AC) structure revealed density visible at low contour for the 357 
linker in mulXple conformaXons.  Linkers were visible at high occupancy between the KR’ and the 358 
DH’-docked ACP’. The linker extends away from KR’ and joins the start of ACP’: α1 at residue 2207 359 
(Fig. 5C). On the other side of the homodimer, the linker conformaXon for ACP docking at KS’ in 360 
EcPKS2(AC) is similar to what was seen in EcPKS2(MC), but now overlaps with the parXal 361 
occupancy linker to the second DH domain (Fig. 5D). The EcPKS2(AC) structure highlights the 362 
contorXons required by the linker to convert from an ordered helical extension to an extended 363 
coil. Note that the ACP docked at the KS could not simply swivel down to the DH but would require 364 
moXons of condensing and modifying regions to provide addiXonal space for that trajectory (Fig. 365 
6). 366 
 367 
Previous work has documented a wide range of moXon between the condensing and modifying 368 
domains of mFAS (12). ConformaXonal heterogeneity between the condensing and modifying 369 
regions is so great in the EcPKS1 dataset that the full-length structure could not be reconstructed, 370 
and analysis by CryoSPARC 3DFlex failed to provide meaningful insight. In the EcPKS2 datasets 371 
the full-length structures are constrained by the docked ACP to the KS and ordered 372 
linker. Heterogeneity was invesXgated using CryoSPARC 3DFlex analysis of EcPKS2(MC), revealing 373 
an x-axis wobble of the condensing domain with respect to the modifying domain 374 
(Supplemental  Movie), but no evidence is present for significant y- or z-axis rotaXons (where 375 
axes are defined in the orientaXon of Fig. 1A-C). MoXon is observed radiaXng out from the 376 
fulcrum caused by the ACP-linker tether.   377 
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 378 
Structured ACP linker modulates cataly9c ac9vity 379 
 380 
These observaXons suggested that the ability of the linker to form an ordered structure may help 381 
keep the rotaXonal flexibility in check for enzyme efficiency and substrate progression. We 382 
therefore proposed that the greater chemical complexity of EcPKS2 products might result from 383 
a stronger linker interacXon than is present in either EcPKS1 or FAS. For example, among other 384 
possibiliXes perhaps the ketone in 1 is present because the affinity for the linker leads to a slightly 385 
longer dwell Xme of the ACP in the KS acXve site. SpeculaXvely, a structured linker-enzyme 386 
interacXon in EcPKS2 might slightly stabilize the KS-docked state. In turn, if the first reducXon at 387 
the KR is slightly kineXcally disfavored, a longer dwell Xme at the KS might favor the formaXon of 388 
double bond during first cycle. It should be emphasized here that there are many other 389 
possibiliXes, but that they converge on a role that the linker in enzyme dynamics and mobility 390 
impacts the products of the mega-synthase. 391 
 392 
To test this hypothesis, two different strategies were used. In the first, we aimed to convert the 393 
EcPKS2 linker interface to be more EcPKS1-like sequence, and vice versa. In the second, we 394 
compared EcPKS2 linker-ACP to residues present in aFAS enzymes.  395 
 396 
Three key EcPKS2 residues responsible for forming the ordered linker conformaXon, Ser2198 397 
from the linker and Trp1333/Gln1334 from MT0, were idenXfied and compared with 398 
corresponding residues in EcFAS and EcPKS1 (Fig. 5E). This region was not found in the 399 
phylogeneXcally distant bacterial PKS, but it could be observed throughout the aFAS and AFPKs 400 
(SI Appendix Fig. S11 and S12), as well as in more distantly related fungal PKS (Fig. 5E). While 401 
residues were variable within this alignment, linker alignment followed a pa\ern in which FAS 402 
formed its own clade with similar residues, while those in the AFPKs were more variable. 403 
 404 
On the basis of these comparisons, we mutated the corresponding residues in EcPKS1 to produce 405 
single mutant EcPKS2(Ser2198Val) and triple mutant EcPKS2-SWQ/VYR. The single mutant had 406 
no observable effect on the enzyme and will not be further discussed. The converse triple mutant, 407 
EcPKS1-VYR/SWQ, was also expressed and purified. To compare EcPKS2 with EcFAS, glutamates 408 
2004 and 2205 were mutated to Gly, to produce EcPKS2-EE/GG. In contrast to the SWQ interface 409 
residues, the EE residues in EcPKS2 are found at the base of the helix, just aeer the linker. The 410 
hydrophilic EcPKS2 EE linker residues support the extended helix into the ACP that the EcFAS GG 411 
residues are not expected to mimic. The double and triple mutants impacted the enzyme in three 412 
ways. First, the product spectrum in the presence of MMC and NADPH was affected by mutaXons. 413 
In assays with wild-type EcPKS2, the vast majority of product was ketone-containing 1. Only <4% 414 
of products lacked ketone and instead were reduced to the olefins 3 and 4. With EcPKS2-415 
SWQ/YVR, the raXo was modestly increased, but with EcPKS2-EE/GG a full 10% of products were 416 
reduced, represenXng a >2.5-fold increase in use of the KR:DH domains (Fig. 5F, SI Appendix Fig. 417 
S7). 418 
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 419 
Fig. 5. Structure of the ACP linker. A) Interac3ons between the EcPKS2(MC) ACP linker and KR and MT0 domains.  420 
MT0 domain (green), KR domain (blue), ACP linker (pink) and ACP domain (purple). Reisdues selected for muta3on 421 
are highlighted in yellow. B) Low contour maps of full-length EcPKS2(AC) revealing three bound ACPs. The open side 422 
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of the homodimer reveals the ACP par3ally occupied at both the KS (pink) and DH (cyan) domain while  the other 423 
side of the homodimer only contains the DH-docked ACP (darker cyan).  Two panels are flipped 180 degrees on the 424 
y-axis to reveal back of protein. C) 6 Å low-pass filter of the map shown in panel B at low contour shows the linker 425 
between the KR’ domain and ACP’ docked at the DH’ domain in EcPKS2(AC). D) Map in C viewed at the DH, KR, MT0 426 
region revealing par3al occupancy ACPs at both the DH and the KS domains with alterna3ve linkers visible to both. 427 
E) ACP linker (EcPKS2, residues 2198-2206) and converse MT0 face (EcPKS2 1330-1339) sequence alignment using 428 
FAS, iPKS, and AFPK sequences (numbering based upon EcPKS2). These iden3fy linker mutants used in panels F, G 429 
and H. F) An increase in the percent of reduced products is observed when the ACP linker is mutated. In the y-axis, 430 
reduced % was calculated as the ra3o of reduced products (3 and 4) over the total products, with the concentra3ons 431 
represen3ng AUC measurements made by UPLC-MS. In the x-axis, MMC concentra3on is shown G) Malonyl-CoA (MC) 432 
inhibi3on (t1/2) of linker mutants with 250 mM MC. The y-axis is area under the curve (AUC) of compounds 1 and 1’ 433 
(structure shown in SI Appendix Fig. S7).  H) MC inhibi3on of linker mutants. The inset values show the MC IC50 in 434 
µM for each mutant. The x-axis shows the log[MC] (µM), while the y-axis shows AUC of compounds 1 and 1’. Sta3s3cs 435 
are provided for panels D-F in SI Appendix Fig. S13. 436 
 437 
A second difference was observed in response to the presence of MC. All three EcPKS2 double 438 
and triple mutants were inhibited, but the mutants were inhibited to a lesser degree and 439 
incorporated MC as a starter unit, making compound 1’ in addiXon to 1. InhibiXon by MC was 440 
measured, showing that EcPKS2, EcPKS2-SWQ/YVR, and EcPKS2-EE/GG had IC50s of 10, 15, and 441 
20 µM, and t1/2s at 250 mM of 1.4, 14, and 19.4 min, respecXvely (Fig. 5G and H).  442 
 443 
The third major difference was in the overall enzyme kineXcs in the presence of MMC and NADPH. 444 
Wild type EcPKS1 is not inhibited by MC, and slower than EcPKS2. Making the EcPKS2 linker more 445 
EcPKS1-like slowed the enzyme down, while the converse experiment increased the rate of 446 
EcPKS1. The EcPKS2-SWQ/YVR kcat/Km and Vmax were decreased by ~25% in comparison to wild 447 
type (SI Appendix Fig. S7B). Conversely, EcPKS1-VYR/SWQ had double the kcat/Km in comparison 448 
to wild type enzyme (SI Appendix Fig. S7B2,C). EcPKS1 is a slow enzyme, and the increase in its 449 
rate with this simple change is significant. Moreover, it is much harder to improve naXve enzyme 450 
funcXon than to break it; a significant increase in rate with such a minor change in a putaXvely 451 
"unstructured" region of an enzyme, well outside of any funcXonal regions or enzyme domains, 452 
is noteworthy. CollecXvely, these results suggest that the ACP is much more than a carrier of 453 
intermediates. When we increased the flexibility of the linker in EcPKS2, we observed an increase 454 
in the acXvity of the KR for the first reducXon and a decrease in inhibiXon by MC, accompanied 455 
by a decrease in the catalyXc efficiency of the enzyme. This suggests that a change in mobility 456 
alters the kineXcs of interacXons between the enzymaXc domains and the substrate-linked ACP. 457 
 458 
Applica9on of ACP linker to enzyme engineering 459 
 460 
Finally, we aimed to determine whether insights into the linker region could be used to improve 461 
enzyme engineering. In previous work, we hybridized the EcPKS1 condensing region with the 462 
modifying region and ACP from EcPKS2, and vice versa, aiming to make new products. For 463 
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example, the enzyme with EcPKS2 condensing region and EcPKS1 modifying/ACP regions was 464 
named "EcPKS2-1". The resulXng enzymology strongly implicated the KR as dictaXng the 465 
reducXon pa\ern, and the KS as dictaXng the chain length (16), since products 3 and 4 lacked the 466 
ketone, consistent with the EcPKS1 modifying region, but were longer in chain length, consistent 467 
with the EcPKS2 condensing region. 468 
 469 
We hypothesized that using the EcPKS2 linker in a hybrid context with the EcPKS1 KR might 470 
restore the ketone. Therefore, we created a new hybrid, EcPKS2-1-2, in which the modifying 471 
domain of EcPKS1 was joined to the condensing domain of EcPKS2; the ACP and its linker, at 472 
Val2194, were joined to the C-terminus of the EcPKS1 modifying domain (Table S4). When MMC 473 
and NADPH were incubated with purified EcPKS2-1-2, we obtained both the reduced product 474 
expected from the EcPKS1 KR, but also the ketone-containing product (SI Appendix Fig. S9). This 475 
supports the hypothesis that the linker-ACP is important in controlling product regioselecXvity. 476 
In addiXon, when MC was added with MMC and NADPH, we saw an increase in malonate-derived 477 
products 6 and 2’ (Fig. 2E, SI Appendix Fig. S9B, 2’ structure in SI Appendix Fig. S7C). This last 478 
observaXon implies that global changes to the enzyme kineXcs modify either AT substrate 479 
loading or the acceptance of malonate-containing extended products in the mega-synthase. 480 
 481 

 482 
Fig. 6. Schema6c of domain and ACP movement expected during one side of the mega-enzyme ac6ve site cycle. 483 
Arrows below the condensing domains reflect necessary mo3ons to allow the ACP to access the front and back sides 484 
of the dimer. DoNed lines reflect the flexibility or structure of the ACP-linker and the presence of the ACP at a front-485 
side ac3ve site (solid lines) or backside ac3ve site (doNed lines).  486 
 487 
Discussion  488 
 489 
The thousands of AFPKs found in animal genomes bridge an evoluXonary gap between FAS and 490 
PKS enzymes (15), which is reflected in the close structural relaXonship between EcPKS2 and the 491 
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previously described mFAS (20, 37, 38).  However, AFPKs make complex polykeXdes such as 1 492 
instead of FAS product 5. Some of the polykeXde-like features of 1 and related compounds are 493 
readily explained based upon the structure and sequence of EcPKS2 in comparison to microbial 494 
precedents. For example, the structure of ER0 (Fig. 1) shows mutaXons that disrupt the catalyXc 495 
acXve site while retaining the structural domain, similar to what is found in fungal iPKSs such as 496 
LovB from lovastaXn biosynthesis, explaining why the double bond cannot be reduced and 497 
instead 1 is a polyene (30, 36). Pyrones are oeen products of fungal iPKS enzymes when the 498 
offloading domian is absent or disrupted (36). The C-terminus of EcPKS2 is an ACP, rather than 499 
the thioesterase that terminates FAS and offloads the free acid, explaining the presence of 500 
pyrone. 501 
 502 
The reasons underlying other differences between AFPK and FAS products, such as 503 
regioselecXve reducXon by the KR (SI Appendix Fig. S1) and substrate selecXvity, were more 504 
challenging to elucidate. AFPKs are closely related to both fungal iPKSs and aFASs, yet the la\er 505 
two primarily use MC (8). IniXally, we hoped that enzyme structures would reveal an obvious 506 
reason for this difference. Because MC inhibited EcPKS2, we added it to the enzyme 507 
preparaXon, providing the first structure including this important naXve ligand. Although 508 
EcPKS2(MC) is probably useful in understanding AT funcXon, neither the structure itself, nor the 509 
obvious mutaXons, provided significant insights into MMC usage. The differences between 510 
EcPKS1 and EcPKS2 will be invaluable as a model in future studies for tesXng the molecular 511 
mechanisms and kineXcs of individual domains, and how those impact FAS and PKS products. 512 
 513 
Instead, what emerged from this study was the central role of enzyme moXons and ACP 514 
interacXons in direcXng product synthesis. We observed the interacXon of the ACP in several 515 
naXve enzyme states, revealing co-evoluXon of residues specific for the interface between ACP 516 
and individual enzyme domains like recent studies in yeast (39,40). ACP-bound states also 517 
unveiled unanXcipated interacXons between the ACP-linker and the mega-synthase. The linker 518 
connecXng the ACP to the rest of the enzyme is not always flexible and disordered, as previously 519 
believed, but has the potenXal to make specific contacts with enzyme domains. It was remarkable 520 
that two point mutaXons altering a flexible region of the mega-synthase resulted in a significant 521 
shie in the resulXng chemistry, especially in the KR regioselecXvity. 522 
 523 
The presence of these mulXple structures enabled us to construct an accurate model for the 524 
moXons that occur over the course of the catalyXc cycle (Fig. 6). In the EcPKS2(AC) structure, an 525 
acetyl-CoA from the recombinant yeast system entered the catalyXc cycle as a starter unit, but 526 
was unable to funcXon as an extender unit, trapping EcPKS2(AC) in a “start-unit-cycled” state, 527 
directly effecXng the locaXon of the docked ACP domains. The structure displays asymmetry, with 528 
the compressed side exhibiXng a mixture of KS- and DH-docked ACP and the open side displaying 529 
primarily a DH-docked ACP. This suggests that the distance between the condensing and 530 
modifying regions effects the equilibrium of the ACP at the various acXve sites. The presence of 531 
acetyl in the KS domain prevents significant associaXon of the acetyl-pPant-ACP with the KS; 532 



 17 

instead, the enzyme is stalled one step earlier at the end of the modifying cycle, within the DH 533 
domain. By contrast, EcPKS2(MC) is locked in an MC-inhibited state with ACP in a KS-docked pose. 534 
  535 
The difference between these states requires a specific set of enzyme moXons. As the ACPs carry 536 
intermediates between acXve sites within the homodimer, the modifying and condensing regions 537 
must see-saw back and forth (z-axis) to allow the ACP to pass (Fig. 6). AddiXonal rotaXonal 538 
moXons along the y-axis may facilitate access of ACP to both faces of each region (in front and 539 
behind the image plane drawn in Fig. 1. The structure exemplifies the dynamic and dependent 540 
nature of the opposing sides of the homodimer, in which space is needed to cross between acXve 541 
sites that lie on either side of the x-y plane. It is unlikely that the ACP tethered to the KS domain 542 
could detach and reach the nearby AT domain without concomitant z-axis rotaXon of the two 543 
regions. RotaXonal dynamics would permit ACP access from one face of the homodimer (backside 544 
of Fig. 1 for KR and AT acXve sites) to the other (front side of Fig. 1 for DH and KS acXve sites). 545 
During the rotaXonal acrobaXcs, the linker region would be expected to fold and unfold to permit 546 
access to the four acXve sites, but addiXonal rotaXonal limitaXons may be imposed due to torsion 547 
restraints. These dynamics could in part explain why changes in overall enzyme kineXcs via the 548 
ACP-linker interacXon would lead to differences in acXve site access, and hence the final 549 
chemistry of the enzyme. 550 
 551 
Our results impact broader understanding of FAS and PKS biochemistry in several ways. Overall, 552 
the structures we report have substanXal similarity to mFAS, but add key features not previously 553 
observed. First, our work provides what we believe is the first example of a DH-docked ACP 554 
structure, which based upon sequence homology is presumably similar in the FAS enzymes. 555 
Second, while Brignole et al. (12) found conformaXonal heterogeneity between mFAS condensing 556 
and modifying regions, a detailed analysis was not possible due to a lack of stalled intermediates. 557 
Here, we now show how an AFPK with close structural similarity to FAS undergoes conformaXonal 558 
changes. Third, in previous work the impact of the linker between ACP and TE in aFAS was 559 
mapped, allowing chain length alteraXon through modificaXon of the linker (41). Here, we 560 
invesXgated the linker connecXng all other enzymaXc domains to the ACP and demonstrate in 561 
structural detail factors responsible for enzymaXc products, which can inform engineering to 562 
modify acXviXes such as regioselecXvity, among others. While PKSs are more distantly related, 563 
they have some key features that are informed by our study. For example, the fungal iPKSs are 564 
the closest relaXves of the aFAS/AFPK clade, and also perform regioselecXve reacXons. The 565 
stalling of MC and malonate/acetate in the EcPKS KS and AT acXve sites closely reflect aspects of 566 
starter- and extender-unit selecXvity in those homologous enzymes that have not been observed. 567 
Thus, our structural analysis can help guide understanding of related enzymes.  568 
 569 
More fundamentally, aFAS shares a common ancestor with the AFPKs, both of which arose from 570 
fungal iPKS or similar enzymes (17). Different types of FAS have also emerged across the kingdom 571 
of life, including the individual domains of the type II FAS in bacteria, plasXds, and mitochondria, 572 
the expanded octameric yeast FAS found in fungi and some bacteria, and the homodimeric aFAS 573 
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(8). In these cases, there are closely related PKSs that perform reacXons with more complex 574 
regiochemistry. Our results suggest that the ACP and ACP-linker interacXons and dynamics 575 
provide a straighÇorward evoluXonary route between complex regiochemical outcomes found in 576 
PKSs and the simpler ones found in FAS, perhaps helping to explain the convergent soluXons to 577 
fa\y acid and polykeXde biosynthesis that have emerged across the tree of life. 578 
 579 
Methods 580 
 581 
Detailed methods are provided in the SupporXng Appendix. Mollusc proteins EcPKS1 and 582 
EcPKS2 and their mutants synthesized in this study were expressed and purified as previously 583 
described (15,16). Proteins in 0.08% Tween-20 were immobilized on grids and data collected on 584 
either on a Titan KRIOS or a KRIOS 4. EcPKS2(MC) was created by first adding 1 mM NADPH and 585 
MC, while EcPKS2(AC) used benzoyl-CoA and NADPH. Purified enzymes were used for enzyme 586 
assays with substrates MMC, MC, NADPH, and other acyl CoAs. Time-course, yield, and kineXc 587 
experiments were performed by monitoring reacXon condiXons in at least two biological 588 
replicates, each with triplicate technical replicates, with significance determined using a t-test. 589 
 590 

Supplemental Movie  591 

3D-flexibility observed within the EcPKS2(MC) dataset. Two latent coordinate series showing 592 
moXons radiaXng out from the ACP-linker fulcrum are depicted here. One (in yellow) reveals more 593 
y-axis moXon compressing and releasing the distant AT domain versus the distant KR/MT while 594 
the second (in blue) reveals more x-axis moXon rolling the condensing region side to side with 595 
respect to the modifying region. 596 
 597 
Data Availability 598 
Primary CryoEM micrographs and model coordinates were deposited at the EMDB and PDB 599 
databases (SI Appendix, Table S1). 600 
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