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The mycolic acid layer of the Mycobacterium tuberculosis cell wall is
essential for viability and virulence, and the enzymes responsible for its
synthesis are targets for antimycobacterial drug development.

Polyketide synthase 13 (Pks13) isamodule encoding several enzymatic

and transport functions that carries out the condensation of two different
long-chain fatty acids to produce mycolic acids. We determined

structures by cryogenic-electron microscopy of dimeric multi-enzyme
Pks13 purified from mycobacteria under normal growth conditions,
captured with native substrates. Structures define the ketosynthase

(KS), linker and acyl transferase (AT) domains at 1.8 A resolution and two
alternative locations of the N-terminal acyl carrier protein. These structures
suggest intermediate states on the pathway for substrate delivery to the

KS domain. Other domains, visible at lower resolution, are flexible relative
to the KS-AT core. The chemical structures of three bound endogenous
long-chain fatty acid substrates were determined by electrospray ionization
mass spectrometry.

Mpycobacterium tuberculosis (Mtb) coevolved with humans and is
currently the world’s most lethal bacterium, causing over 1.3 million
deaths in 2020 (ref."). In Mtb and other mycobacteria including the
nonpathogenic Mycobacterium smegmatis (Ms), the outer layer of the
cellenvelope is awaxy, roughly 80 A thick mycomembrane®* primarily
composed of 2-alkyl, 3-hydroxy long-chain fatty acids termed mycolic
acids. This outer layer is essential for mycobacterial viability as it is
the principal permeability barrier against environmental stressors

including innate immune molecules and antimycobacterial drugs.
Because of their central role in mycobacterial physiology, the reactions
inthe mycolic acid synthesis pathway are targets for antimycobacterial
drugs’. Drugs that target earlier parts of the pathway in Mtb include
the front-line drug isoniazid and thioamides such as ethionamide.
While most strains of Mtb are susceptible to the standard regimen
antibiotics, approximately half a million people are diagnosed with
multi-drug resistant tuberculosis each year®. Hence steps in the pathway
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of mycolicacid synthesis are pursued for new effective small molecule
antimycobacterial drugs that can evade currently evolved drug resist-
ance in Mtb’s.

Thefinal steps of mycolicacid synthesis ligate two very long-chain
fatty acid chainstogetherinacondensationstep carried out by amultid-
omain polyketide synthase 13 (Pks13)° to form an a-alkyl B-ketoacyl thi-
oester (Supplementary Fig.1). Each Pks13 polypeptide chain begins with
an acyl carrier protein (ACP) toward the N terminus (ACP1) (Fig. 1a,b)
thatisactivated by attachment of a4’-phosphopantetheinyl prosthetic
group (Ppant, 1), to S38 of the ACP1 domain. One of the substrates of
Pks13isgenerated fromalong-chain fatty acid R1, containing aliphatic
chains between 48 and 62 carbons in length. AMP ligase FadD32 acti-
vates R1by AMPylating the substrate to produce meromycolyl-AMP, 2
(refs.’). Thismeromycolyl-AMP is the equivalent of a ‘starter unit’in
amodular PKS. The terminal thiol of the Ppant group on ACP1displaces
the AMP to formathioester with the Rlmeromycolyl chain, 3. This pro-
cessalsorequires FadD32inarole analogous to the loading domainin
other PKSs'*"*" (Fig. 1b).In the amino acid sequence of Pks13 the ACP1
domain is followed by a KS domain (Fig. 1a). The meromycolyl chain
attached to ACP1 trans-thioesterifies on to C267 of the KS domain in
preparation for the subsequent chain extension (Fig. 1b).

The second substrate is derived from a long-chain fatty acid R2
containing aliphatic chains between 24 and 26 carbons in length.
R2 is first esterified by coenzyme A (CoA) and carboxylated by an
acyl-CoA-carboxylase AccD4, to yield an a-carboxy-acyl-CoA, 4
(Fig. 1b). This product is analogous to the ‘extender unit’ of modular
PKSs. Itisnotable that the genes that encode FadD32 and AccD4 flank
the gene for Pks13 (Fig. 1a).

A 159 amino acid linker domain follows KS in the Pks13 chain
and leads into the acyl transferase (AT) domain. Serine S798 of the
AT domain displaces CoA to form a serine ester with the carboxyl of
R2, 5. The AT is followed by a 186-residue AT-ACP2 linker to a second
Ppant-activated ACP (ACP2). R2 is captured by the sulfhydryl of the
Ppant prosthetic group on ACP2 for transport to the KS active center
where it undergoes a decarboxylative Claisen condensation with the
R1 meromycolyl chain. The condensed product results in a mycolic
a-alkyl B-ketoacyl thioester, 6 attached to the Ppant arm of ACP2. This
intermediate is transferred from ACP2 to a thioesterase (TE) domain
at the C terminus of Pks13, which ligates the condensed product to
trehalose, 7. Subsequently, the reductase CmrA reduces the ketone on
theligated intermediate to generate amature trehalose monomycolic
acid (TMM, 8) (Fig. 1b and Supplementary Fig. 1a)". A third ACP-like
domain (ACP3)isalso encoded in the Pks13 sequence althoughit does
not contain theactivesite serine necessary for attachment of the Ppant
prosthetic group. As ACP3 thus cannot perform the carrier function,
its function in Pks13 remains unknown (Fig. 1a).

Although Pks13is essential for Mtb there are no drugs yet that tar-
getindividual enzymatic domains of Pks13. Furthermore, the general
mechanism for how long-chain substrates are chaperoned and moved
between domains has so far not been accessible for antimycobacterial

target strategies'. We therefore sought to define the mechanism by
which Pks13 processes these large hydrophobic substrates by deter-
mining the structure of the endogenous Pks13 purified fromits in vivo
state, with native long-chain substrates bound, rather than purified
by overexpression in an exogenous host. This approach allowed us
to visualize the multidomain enzyme in action and to uncover new
functional sites in the substrate pathway that are unique to mycolic
acid producing bacteria.

Results

Pks13 from native mycobacterial membranes is a stable dimer
Ms Pks13 shares 71% amino acid sequence identity with that of Mtb,
carries out the same enzymatic reaction, and sois amodel for Pks13in
the human pathogen Mtb’. The pksi3locus was tagged at the C-terminal
end of the endogenous gene in Ms" so as not to impair endogenous
expression or function, withatobacco etch virus (TEV)-cleavable green
fluorescent protein GFP (Fig. 1a). The GFP fusion was used to enable
native purification using anti-GFP nanobody beads.

Detergent was required for solubilization and purification,
consistent with Pks13 being attached to the mycobacterial plasma
membrane, as suggested based on live cell imaging®. Various deter-
gents were evaluated for optimal solubilization of Pks13 using
fluorescence size-exclusion chromatography (Methods), and
N-dodecyl-3-D-maltoside (3-DDM, 9) was selected based on effi-
ciency of solubilization. Following affinity purification using anti-GFP
nanobody beads and on-bead cleavage by TEV, Pks13 was run through
a sizing column, which gave two peaks (Extended Data Fig. 1a). The
protein in each peak was composed of Pks13 as seen on SDS-PAGE,
and was predominantly dimeric Pks13 as shown by ‘blue native’-PAGE
(Extended Data Fig. 1b,c). Therefore, the higher molecular weight
peak1resolved in size-exclusion chromatography is a larger mul-
timer that readily dissociates into a dimer. Liquid chromatography
with tandem mass spectrometry (LC-MS/MS) confirmed the protein
identity with 78.1% sequence coverage throughout the entire Pks13
(Extended Data Fig. 1d).

Cryogenic-electron microscopy (cryo-EM) was used to collect
images of particles fromthe peak1fraction, whichbehaved better when
frozenongrids compared to particles from peak 2 (Table1). Weadded a
benzofuraninhibitor of the terminal TEdomain” ‘TAM16’ to part of the
material, with the aim of stalling the throughput of the overall reaction
and producing a more homogeneous stable structure. Samples with
and without this inhibitor produced the same structures with margin-
allybetter resolution for the sample with inhibitor. We report data from
the sample with the inhibitor. Material from the peak 1fraction, when
imaged by cryo-EM, revealed multiple conformational states of the
protein.Image classification and refinement revealed awell-resolved,
two-fold symmetric core comprising the KS, AT and parts of KS-AT
linker domains (Figs.2a and 3a and Table 1). Symmetry expansion and
focused classifications were used to resolve the regions N terminal to
the KS-AT didomain core, including the two alternative ACP1 domain

Fig.1| Overall architecture of the mycobacterial Pks13 showing two
alternative positions of the ACP1domain. a, Part of the Ms operon containing
the fadD32-pksi3-accD4locus (top). Pks13 is composed of 1,816 amino acids with
seven domains, and five domains of recognized function with lengths shown to
scaleinsequence. Colors are preserved throughout the figures. An N-terminal
acyl ACP1 (yellow) is followed by an aspartate glutamate-rich linker (DE-rich
linker), KS (red), aKS-AT linker domain (navy blue), an AT (blue), AT-ACP2 linker
(teal), ACP2 (green), alinker (gray), ACP3 (light purple) and TE (purple). ACP1
and ACP2 have the -DSL- motif that gets phosphopantetheinylated to receive
substrate. The C terminus of Pks13 was tagged with a TEV-cleavable eGFP.

b, Schematic of the Pks13 reaction. The meromycolyl substrate is attached to
the Ppantarm (bold wavy line) of the N-terminal ACP (ACP1). This is followed by
trans-thioesterification to the KS. The second substrate is attached to the active
site serine of AT and then transferred to ACP2 for the decarboxylative Claisen

condensation. The a-alkyl B-ketoacyl thioester product is released from ACP2
by the TE that ligates it to trehalose. CmrA reduces the product to yield TMM.

¢, Acomposite structure of the Pks13 homodimer showing the relative positions
of ACPlaand ACP1b fitted into a composite cryo-EM map constructed from the
focused reconstructions. The two protomers are distinguished from each other
by darker shades of domain colors for one protomer, and lighter shades of the
same color for the other. Domains in the lighter-colored protomer are labeled
with the prime (') designation. The left ELBOW region connects the lighter-
colored KS and KS-AT linker domains. The right ELBOW connects the darker
colored domains. The ELBOW and HINGE regions’ resolutions (roughly 20 A)
indicate flexibility. d, The two positions of ACP1 (ACP1a and ACP1b) are followed
by acidicresidues in the DE-rich linker (yellow) that lie near basic residues on the
KS (surface highlighted blue). Ppant attached to S38 is visible in ACP1a

and labeled.
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structures (Figs. 2b and 3a,c and Table 1). There are also two lobes of  (T588) (Fig. 1c). There is additional density above the KS dimer, which
density we term the ELBOW that connect the C-terminalend of theKS ~ we term the HINGE region (Fig. 1c), indicating flexibility and dynamic
domain (E529) and the beginning of awell-resolved KS-AT linker domain  motion of regions C terminal to the AT domain.
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Table 1| Cryo-EM data collection, refinement and validation statistics

KS-AT consensus ACP1a-KS-AT, ACP1b-KS-AT, KS-AT,, KS-AT,,,,

refinement, EMD-26574, EMD-27002, EMD-27005, EMD-27003, EMD-27004
PDB 7UK4 PDB 8CUY PDB 8CV1 PDB 8CUZ PDB 8CVO

Data col!ection and

processing

Magnification

Voltage (kV) 300 300 300 300 300

Electron exposure (e /A% 67 67 67 67 67

Defocus range (um) 0.7-15 0.7-1.5 0.7-1.5 0.7-15 0.7-15

Pixel size (A) 0.4175 0.4175 0.4175 0.4175 0.4175

Symmetry imposed Cc2 C1 C1 C1 C1

Initial particle images (no.) 4,400,000 1,200,000 1,200,000 1,200,000 1,200,000

Final particle images (no.) 1,200,000 146,928 39,685 123,116 92,662

Map resolution (A) 1.94 24 26 30 31

FSC threshold 0.143 0.143 0.143 0.143 0.143

Map resolution range (A) 1.9-37 2.4-4.2 27-4.3 2.5-4.2 2.6-4.5

Refinement

Initial model used (PDB code) De novo 7UK4 7UK4 7UKA4 7UK4

Model resolution (A) 20 27 27 238 2.9

FSC threshold 0.5 0.5 0.5 0.5 0.5

Map sharpening B factor (A?) 48.65 9.79

Model composition

Nonhydrogen atoms 14,487 14,917 14,771 14,084 14,084

Protein residues 1,856 1,944 1,939 1,850 1,850

Ligands 2 5 2 2 2

B factors (A%

Protein 451 109.8 82.2 4.0 41.5

Ligand 38.0 75.0 80.3 425 43.0

r.m.s. deviations

Bond lengths (A) 0.004 0.001 0.008 0.002 0.002

Bond angles (°) 0.584 0.360 0.673 0.576 0.562

Validation

MolProbity score 121 1.21 150 1.49 1.39

Clashscore 2.57 4.31 5.50 2.83 3.08

Poor rotamers (%) 0.83 0.98 0.26 1.80 1.24

Ramachandran plot

Favored (%) 97.08 98.55 96.79 96.57 96.63

Allowed (%) 2.92 1.45 3.06 3.43 3.37

Disallowed (%) 0.0 0.00 0.16 0.0 0.00

Meromycolyl substrates are bound to the KS dimer

The most ordered parts of the structures that include the KS, KS-AT
linker and the AT domain were resolved to 1.8 A atomic resolution from
consensus C2 refinement and density modification (Fig. 2a). Pks13 is
a parallel homodimer of the multidomain chains whose oligomeriza-
tionis driven by the dimeric KS interface’" (Fig.1c). Substrate density
protruding fromeach of the catalytic C267 residuesin the KS dimer core
(Fig.4) extends ‘upward’ through a hydrophobic tunnel labeled ‘KS lipid
conduit’ that reaches the solvent. Covalently bound fatty acid chains
were identified by base hydrolysis and mass spectrometry (Methods).
Followingidentification of the attached chains we determined that the
meromycolate branch of chains attached to C267 are one of either the a,
mycolicacid (CsH,040,), 10, or the o’ mycolicacid (C,H,50,), 11 (ref. *°)

(below). These two alternative chains were previously activated by
FadD32 AMPylation, and transferred onto the thiol of the Ppant arm
attached to S38 of ACP1with release of AMP* (Fig. 1b), and subsequently
translocated into the KS active site by trans-thioesterification (Fig. 1b).

Multiple ordered water molecules are seen within
hydrogen-bonding distances of the conserved KS catalytic triad C267,
H403 and H443 (refs. '°'%2) (Fig. 4a). The atomic structure of the
active center and the positions of the first 18 CH, groups of the substrate
acyl chain are well defined by the density at 2.4 A resolution (deter-
mined using Qscores)? (Figs. 3b and 4c). The distal parts of these chains
reside outside the KS domain and are not visible in density indicating
that they are less well ordered. They may possibly be sequestered by
the detergentin our preparation.
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ACPlisseenin two alternative positions

Two stable positions of the ACP1 (ACP1a and ACP1b) with respect to
the KS-AT dimeric structure were resolved using symmetry expansion
and focused classification (Fig. 2b and Supplementary Video 1). The
ACP1a-KS-AT and ACP1b-KS-AT reconstructions are superimposed as a
composite density map to display their relative positions (Fig.1c). The
ACPla-KS-AT reconstruction was refined to 2.4 A, and the ACP1b-KS-AT
reconstruction was refined to 2.6 A by gold standard Fourier shell corre-
lation (GSFSC), withlower resolutions for the ACP1aand ACP1b (3.6 and
4.6 A, respectively, from map-to-model comparisons using Q scores®)
(Figs.2band 3c¢).

ACPlaand ACP1b each have continuous density for residues 76-92
that connect ACP1 to the downstream KS. This 17-amino acid linking
sequence (E76-R92) that we term the ‘DE-rich linker’ is negatively
charged with nine acidic amino acids (E76, E78, ESO, E82, D85, E86,
D87, E88, D89). This linker adopts an extended chain configuration
(Fig. 1c,d). The last six amino acids (D87-R92) from the ACPla and
ACP1b conformers closely overlap in position and are near a positively
charged surface of the KS containing R282, R384 and K388 (Extended
Data Figs. 2 and 3). Notably, E88 hydrogen bonds with R384 in the
ACPla conformer, and with R384 and K388 in the ACP1b conformer
(Extended Data Figs. 4 and 5). The preceding sequence of 11 amino
acids (E76-E86) lie near positively charged surface tracts of two dif-
ferent regions on the KS surface (Fig. 1d and Extended Data Figs. 2-5).
These positively charged surfaces arein stark contrast to the otherwise
predominantly negatively charged electrostatic surface of the KS
(Extended DataFig. 3).

The distance between ACP1a and ACP1b is approximately 60 A
with roughly 180° rotation of ACP1. ACP1a makes contacts with theKS,
KS-AT linker domain, and the AT-ACP2 linker viaits helix2and 3, and the
2-3loop joining them (Extended Data Fig. 6). This position is not seen
in other PKSs or fatty acid synthases. The total buried surface area of
1,106 A%is consistent withit being a transient association (Fig. 1c,d and
Extended Data Fig. 6)**. Analysis of the interface using PISA suggests
thatitisanunusually hydrophobicinterface with a‘predicted solvation
free energy’ of formation AG' of -8.5 kcal mol™ (ref.”). There isanotable
parallel, displaced pi-pi stacking interaction between guanidinium
groups of R63 onthe ACP1aand R496 onthe KS (Extended Data Fig. 6).
The displaced pi-pi stacking interaction between R63 of ACPla and
R496 of the KS domain is not uncommon. Indeed 3.6% of all arginine
side chainsrecorded in the Protein Data Bank (PDB)?** were found in this
interaction with each other”. The parallel but displaced guanidinium
groups are 4.0 A apart and each is stabilized in its orientation by intra-
domain hydrogen bonds or charge-charge interactions with nearby
carboxylgroups within the same domain. The Arginteractions with the
negatively charged carboxyl groups minimize the repulsive electrostatic
energy between the stacked guanidinium groups®. These interactions
add specificity to this ACP1a-KS-AT linker orientation. The Ppant arm
attachedto S38 of ACPlais clearly resolved in density maps, and shows
thatitis not bound to a fatty acid chain (Extended Data Fig. 6).

The second ACP1position, ACP1b, is much closer than ACPlato the
secondbranch ofthe KS hydrophobic tunnel that forms a putative ‘lipid
delivery conduit’into the KS activessite (Fig. 4a,b). ACP1b contacts the
KS from the same protomer with a total of 495 A2 buried surface area

through a hydrophobicinterface (Extended Data Fig. 7b). ACP1b also
contactsthe AT’ from the opposite protomer withaburied surface area
of 126 A2 Thisinterface is more hydrophilic than the interface with KS
and includes polar residues (Extended Data Fig. 7a)*. S38 of ACP1b,
which receives the Ppant arm, is 27 A away from the KS active site C267
ofthe same protomer (Supplementary Fig.2) where the meromycolyl
substrateisseenattachedinthestructure. ThePpantarmseenin ACPla
isnotresolvedinthe alternative ACP1b position due to limited resolu-
tionthere, indicating thatitis too flexible to be defined.

The negatively charged nature of the DE-rich linker is generally
conserved although not the specific amino acid sequences them-
selves, and the positively charged surfaces are conserved among Pks13
homologs from other mycobacterial species (Supplementary Fig. 3).
This suggests a role of this linker and its interactions in guiding the
dynamic trajectory of ACP1 for meromycolate delivery from FadD32
to theactive site of the KS domain.

The number of particles seen onthe EM gridsis roughly 3-4 times
higher for ACP1a than for ACP1b indicating a very small energy dif-
ference between the two states. Applying the free energy relation-
ship between two states b and a at equilibrium, AG® = RTIn ([b]/[a]) of
roughly 0.8 kcal mol™ suggests a very small difference in free energy
between these two states. This distribution is consistent with ACP1
functioninreadily accessing these positionsto facilitate forward trans-
location of the meromycolyl chain.

The AT domain bound to the a-branch substrate

Thesecond shorter ‘a-branch’ substrate chain (the a-carboxy-acyl-CoA
(R2C,,—Cy)), whichis carboxylated by AccD4, gets transacylated from
CoAto the active site serine (S798) of the AT domain to form an ester”
(Fig.1b). A clear density for the covalently bound a-carboxy substrate
was observed at S798 at the AT active site in the ACP1a conformer. The
endogenous substrate was resolved at 3.2 and 3.7 A resolution (deter-
mined using Q scores) in each protomer, and is visible for the first
eight carbons of the acyl chain (Extended Data Fig. 8). This proximal
end of the substrate occupies a hydrophobic tunnel we term the ‘AT
lipid conduit’ (Fig. 5a). This chainis analogous to the ‘extender unit’ of
modular PKSs'*° (Fig.1b and Supplementary Fig. 1). The a-carboxy-acyl
chain is subsequently transferred from the AT to the Ppant arm thiol
bound to S1271 of the downstream ACP2. From there the R2-bound
ACP2is inserted into the KS active site to undergo decarboxylative
Claisen condensation with the meromycolyl-cysteine adduct at C267
(Fig.4a). Decarboxylative condensation resultsin the a-alkyl B-ketoacyl
thioester product, the direct precursor of mycolic acid’ (Fig. 1b and
Supplementary Fig.1). The R stereochemistry at position 2 that bears
the carboxyanion is conserved in all mycolic acids showing that the
Pks13 reaction is stereospecific®.

The native a-carboxylated substrate of the AT domain lies in a
cleft between the a/f hydrolase and ferredoxin-like subdomains of
the AT (Fig. 5a, Extended Data Fig. 8 and Supplementary Video 1). The
carboxylate of the carboxy-acyl serine ester intermediate is stacked
against the face of the phenyl ring of F709 (Fig. 5a and Extended Data
Fig.8).F709 inturn makes an edge to face pistackinginteraction with
F899. This type of anion-pi-pi stacking has been observed in many
proteinstructures®. Thereis a pi-cationinteraction between F899 and

Fig.2|Single-particle analysis processing workflow from videos through
consensus C2 refinement and focused refinements. a, Image processing
workflow donein cryoSPARC for the initial consensus C2 refinement. Particle
image pose heat map (displayed as blue to red, low to high numbers of images)
showing anisotropic distribution, complete GSFSC plots using the FSCy 1,3
criterion and the local resolution map are shown. CTF, contrast transfer function.
b, Symmetry expansion and focused classification done in RELION probing
ACP1and AT domain dynamics. Two classes were seen for positions of the ACP1,
namely, ACP1a (blue) and ACP1b (blue). Local resolution maps for the ACPla and
ACP1b structuresillustrating lower resolution for the ACP domain are shown.

The number of particles is roughly 3 to 4 times higher for ACP1a than for ACP1b
indicating that if these represent similar proportions insolution, there isavery
small energy difference between the two states. Two conformations of the AT
domain (blue regionin both) were identified and used for focused refinement.
The soft masks used for focused classification encompass the blue-colored
regions of each map, each dilated roughly 10 A around the regions of interest.
The maps showing the blue-colored regions are viewed down the pseudo-
symmetry axis, orthogonal to the viewing direction in a. For each focused
refinement, GSFSC plot using the FSC, ,; criterion is shown.
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R897, which may serve to polarize the aromatic rings sufficiently to
stabilize the carboxylate-F709 interaction. The Ne of the catalytic base
H906 s close to both the Oy of $798 (4.3 A) and to the carbonyl oxygen
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ofthe substrate ester (3.9 A), supporting its action as both the catalytic
base and asastabilizing force for the carbonyl oxyanion intermediate
during the reaction. The imidazole of H906 is pinioned by hydrogen
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Fig. 3| Map-to-model FSCs, and example EM densities. a, Map-to-model FSC curves for all the structures described from consensus refinement and focused
classifications and refinements. b, Near-atomic resolution density in the KS core. Beta strands are shown (left) and lipid density extending upward from the KS active

center C267 (right). ¢, Density for ACP1a (left) and ACP1b (right).

bonds from the Ng;-H to the carbonyl oxygens of G959 and H962. The
Neof H906, Oy of S905 and NH, of the R823 guanidinium group are all
oriented tostabilize the oxyanion formed during the catalytic reaction
(Extended Data Fig. 8b).

When compared with the structure of a 52 kDa AT-containing
fragment of Mtb H37Rv (ref.*) in complex with an a-carboxy palmitoyl
substrate mimetic, our Ms Pks13AT has a root mean squared (r.m.s.)
deviation of 1.00 A versus the fragment; however, the long fatty acid
substrate density lies in a different solvent-exposed hydrophobic
tunnel ('lipid conduit’ in Fig. 5a, Supplementary Fig. 4 and Supplemen-
tary Video 1), and the Pks13 active site differs in that the guanidinium
cation of R823 (R826 in Mtb) does not form a bidentate salt bridge
with the a-carboxy group of the substrate fatty acid but is a key part
of the oxyanion binding site formed during the reactions. These dif-
ferences between the isolated AT and our multidomain structures
may reflect conformational restraints introduced by interactions
of the AT domain with the KS and ACP1 domains in the native Pks13
environment. Such restraints may modulate access for substrate
translocation to the ACP2.

KS and AT domains are connected by a flexible ELBOW thatincor-
porates 59 unmodeled amino acids between residues 529 and 588 with
its general location defined in the density (Fig. 1c and Supplemen-
tary Fig. 5). An amphipathic helix (residues 588-608) found only in
mycobacterial Pks13s leads into the well-ordered KS-AT linker domain
(Supplementary Fig. 5). After symmetry expansion and focused clas-
sification, two discrete alternative conformations of the AT domain
relative to the KS domain wereresolved (Fig. 2b). The two positions of
each AT are rotated by 7° relative to the KS-AT linker domain (Fig. 5b
and Supplementary Video 1). This change cannot yet be correlated with
any particular functional role in Pks13. The AT-ACP2 linker (residues
1,032-1,074) is well defined as an extended chain along the surface of
the KS domain. Itremains possible that this AT conformational change
may accompany repositioning of some of the other domains that are
C terminal to the AT-ACP2 linker.

C-terminal regions are outlined by low resolution densities
The ‘HINGE region (Fig. 1c) and two lenticular densities ‘on top’ of the
two-fold axis of the KS-AT domains (Fig. 6) account for some or all of
the remaining domains of the structure: these domains comprise a143
amino acid linker (1,075-1,217), ACP2,a138 amino acid linker, ACP3 and
the TEdomain (Fig. 6a,b). These two density maps were recovered from
symmetry expansion and focused classification with a large radius
mask and were resolved at low (roughly 20 A) resolution. Because the
densities seem to connect these two classes at low contour levels, we
suggest that the structure may rock about the AT-ACP2 linker to HINGE
connection by roughly 40° between these two states on either side of
the dimeric core. This indicates flexibility around the HINGE region to
allow thismovementin transferring substrates between the domains,
and may account for the lower resolution in these regions. This kind
of flexibility is consistent with the need for the ACP2 to pick up the
a-carboxy-acyl chainfromthe active center of an AT domain, thentrans-
portit for condensation with the meromycolyl chain on aKS domain,
and to then transport the then two-chain a-alkyl B-ketoacyl thioester
to the TE domain for transfer to trehalose. Solution structures of Pks13
alsoindicate flexibility between the N-terminal regions, including the
ACP-KS-AT domains and the ACP2-TE domains®.

Identification of the bound substrate chains

The proximal regions of substrates at the active sites of the KS and
AT domains are well defined in the density at 2.4 and 3.2 A resolution.
Density for the distal partsis more diffuse, consistent with less specific
binding of the aliphatic chains outside the tunnels. The substrates
attached to Pks13 were identified by hydrolysis followed by normal
phase LC coupled with electrospray ionization (ESI)-high-resolution
mass spectrometry. Their predicted and observed mass-to-charge
ratios (m/z) accurate to three decimal places are listed in Supplemen-
tary Table 1. Three very long-chain fatty acids series were identified:
(1) the longest series is centered around CssH,,,0, 12 with exact mass
0f 798.819 Da (Supplementary Fig. 6) and corresponds to R1 (Fig. 1b).
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Fig. 4| Meromycolyl substrate in the KS active site. a, A view of the ACP1b
(yellow) near the KS (red) of the same protomer near the putative lipid delivery
conduit. The inset shows a close up view of the KS active site. The meromycolyl
substrate is a thioester adduct with C267 and density for the lipid is shown within
2 Aabout the carbon atoms. Active site residues C267, H443 and H403 involved
in trans-thioesterification are shown in pink. Water molecules within hydrogen-
bonding distance of active site residues are shown as cyan spheres. b, Front (left)
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\ ; =
] @ -

and top (right) views of the ACP1b conformer structure with two branches of a
hydrophobic tunnel (KS lipid conduit and lipid delivery conduit) shown as green
surface models. The approximate location of the two-fold axis isindicated as a
dotted line and labeled in the front view (left) and by a star in the top view (right).
¢, Density for the catalytic site and surrounding regions and water molecules, and
the proximal portion of the meromycolyl substrate attached to C267.

Itis consistent with being the ‘alpha-2’meromycolate branch (Cs,-Cs;)
found in Ms***, seen attached to C267 of the KS structure (Fig. 4). (2) A
series centered around C,,H,50,, 13 with an exact mass 0f 590.600 Da
(Supplementary Fig. 7) corresponds to an alternative R1, and is termed
the ‘alpha-prime’ meromycolate branch of length C,,-C,, with C,, being
most represented. This chain is consistent with the meromycolate
branch of a’mycolicacid found in Msbut not found in Mtb. (3) A series
centered around C,,H,50,, 14 with exact mass 368.365 Da (Supplemen-
tary Fig. 8) corresponds to R2, a C,,~C, fully saturated chain with C,,
as most represented (termed lignoceric acid) (Fig. 1b). This fatty acid
is consistent with the a-carboxy-acyl chain attached to the AT active
siteasseeninthe density (Fig. 5aand Extended Data Fig. 8). The mass,
however, indicates that it lacks the expected a-carboxyl group that is

seen in the density map. The carboxyl group may have been released
during the hydrolysis from Pks13, or during mass spectrometry. The
residue-specific attachment sites of fatty acids to the peptide chain,
previously established for Mtb'°, were not further reverified experimen-
tally due to the difficulty of obtaining mass spectra of these long-chain
fatty acids attached to peptides.

Proximity of domain locations and integrative modeling

The diffuse densities for regions of Pks13 that are C terminal to the
AT-ACP2linker in linear sequence suggest structural flexibility and a
heterogeneous localization of these domains, as required to transfer
substrates. To determine the localization of the flexible domains in
solution, we performed cross-linking mass spectrometry (XL-MS). We
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AT lipid
conduit

Fig.5|Substrate-bound AT active site, and alternative inward and outward
positions of the AT domain. a, Cartoon and surface representations viewed
perpendicular to the vertical two-fold axis showing the lipid conduit in the AT
domain. Theinset shows an expanded view of the density for the a-carboxy lipid
substrate in the AT lipid conduit between the o/ hydrolase subdomain (blue) and
the ferredoxin-like subdomain (dark cyan). The a-carboxy substrate is attached as

anester linkage at S798. Surrounding active site residues, including the catalytic
base H906, are labeled and shown with corresponding density. Density and atomic
structure for the entire region is shown in stereo in Extended Data Fig. 8. b, Overlay
of the AT conformers show the AT movement roughly 7° outward from their hinge
point at the KS-AT linker domain. The inward conformation is shown in gray. Hinge
movementis elaborated in Supplementary Video 1.

used adisuccinimidyl sulfoxide (DSSO, 14)-based XL-MS? approach®?*®
(Methods). The spacer arm that bridges linked residues is 10.3 A in
length. When estimating distances between a-carbons of inter-
linked lysine amino groups or the N-terminal amine, we allowed for
free-rotation, and therefore we classified a cross-link as satisfied if the
Ca-Ca distance spanned by the cross-linked residues was less than
35A (ref.”).

We cross-linked natively purified Pks13 with increasing amounts
of DSSO at37and at 4 °C (Supplementary Fig.9). Allbands associated
with cross-linked products were excised from an SDS gel and analyzed
by XL-MS? (Supplementary Fig. 9). After removing data files associ-
ated with highly cross-linked samples (Methods), we used the filtered
XL-MS? dataset (Methods) and identified 604 redundant interlinks
that corresponded to 57 unique linkages (Supplementary Table 2 and
Supplementary Fig. 10c). To model the domains not seen in ACPla
or ACP1b configurations, and to capture flexibility in the in-solution
structure, we used the 57 unique linkages (Extended Data Fig. 9) from
the filtered XL-MS dataset for integrative modeling.

Lysine 677 forms several cross-links to other domains that are
presentinthe proteinsample but defined only as diffuse domainsinthe
structure (Fig. 6), and the cross-links then support that the ACP2, ACP3
and the TE domain come close to the AT domain. This is necessary for
the ACP2 to transport the a-chain from the AT domain to the KS active
siteto evoke the final condensation, and thento reach the TE domain for
trans-esterification to trehalose. While most of the 33 cross-links formed
within the atomistic portions of the Pks13 dimer structure are consistent
with known distancesin the dimeric structure, several are too far apart
(Supplementary Fig.10d and Supplementary Tables 2and 3). These are
consistent with unexpected flexibility within the structure or higher
order assemblies of Pks13 dimers as indicated in the dimer of dimers
seen as peak 1in the size-exclusion profile (Extended Data Fig. 1a).

A structural model of the Pks13 dimer was computed by integra-
tive modeling® **based on the 57 chemical interlinks (Extended Data

Fig. 9 and Supplementary Tables 2 and 3) and structural models of
the components of the Pks13 dimer (Supplementary Table 4). These
components include the current atomic structural model based on
the cryo-EM maps, de novo AlphaFold2 predictions of domains unre-
solved in the cryo-EM structure**** and flexible linker regions. The
cross-links were obtained from populations of structurally dynamic
protein complexes as they existin solution. Amodel of the Pks13 dimer
was computed by satisfying thisinputinformation to the best possible
degree using Integrative Modeling Platform*, The resulting ensemble
of acceptable models satisfies 91% of the cross-links (Extended Data
Fig. 10a,b,c and Fig. 6¢). The unsatisfied (over 35 A) cross-links span
mostly residues in the KS and AT domains, indicating that the rigid
representation of the systemis not adequate to capture the full range
of conformations in solution. The integrative structure localizes the
AT-ACP2linker and ACP2 domain to the ‘HINGE’ region of the cryo-EM
density map and suggests large uncertainty in the configuration of the
ACP3 and TE domains within an arch-like volume above the ‘HINGE’
(Fig. 6) or around the KS and AT domains (Extended Data Fig. 10a).
This uncertainty can in principle arise from both the actual struc-
tural dynamics of the domains, and relative lack of input information;
itis difficult to deconvolute the two possibilities. Furthermore, the
model indicates that the distances between the active sites of the
ACP1(S38)-KS(C267), AT(S798)-ACP2(S1271), KS(C267)-ACP2(S1271)
and ACP2(S1271)-TE(S1616) domains are highly variable, but that these
active sites come into proximity (Extended Data Fig.10d).

Discussion

A cartoon of the chemical scheme deduced from the structural arrange-
mentisshowninFig.7. The overall structure of Pks13isadimeric assem-
bly of a series of domains that operate in ordered sequence between
domains to assemble mycolic acids by condensation of two long-chain
fatty acids. These unusually long-chain reactants are moved by car-
rier proteins (ACPs) between domains of the dimer. Within the dimer,
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Fig. 6 | C-terminal domains are visualized at low resolution in two alternative
positions. a, The HINGE and C-terminal domains are visible at roughly 20 A
resolution in the cryo-EM map above the KS-AT domains. Using a large radius
mask two conformations of the HINGE and C-terminal domain densities were
recovered from focused 3D classification, shown in purple and gray, respectively.
Hence each of these image classes represent an asymmetric structure with
respect to the two-fold symmetric high-resolution components. These two
asymmetric states include the HINGE region and have low diffuse density
between themindicating rocking between these alternative states. There is
higher density in the HINGE region (left), versus the lenticular densities (right).
b, 2D classes showing smeared density attributed to the AT-ACP2 linker, ACP2,
ACP2-ACP3 linker domain, ACP3 and TE domains that have multiple positions
around the connection to the AT domains at the base of the HINGE. ¢, Integrative

structure model of the Pks13 dimer based on the cryo-EM structure, chemical
cross-linking and AlphaFold2 predictions. The model represents the centroid of
the ensemble of good scoring models obtained through Monte Carlo sampling.
Regions with well-defined structures were modeled as rigid bodies (shown
asribbons), while regions with no available structure or flexible regions were
represented as strings of beads corresponding to up to tenresidues per bead
(shown asbeads). The structural ensemble is presented as a 3D localization
probability density whose surface is rendered transparent for visual clarity, using
the same color scheme for domains as in Fig. 1a. Complete analysis of all classes
isshownin Extended Data Fig.10. Two-fold symmetry was applied to compute
the model. Key residues, including K677 and active site residues S38, C267, 5798,
S1271and S1616 are shown as spheres.

domains from the two protomers are arranged across the two-fold
axis, and by their relative proximities can operate sequentially on the
substratesin cisorin transbetween domains on either protomer of the
dimer. The catalytic functions of several isolated domains of PKSs have
been described independently at the levels of atomic structure and
reaction chemistry'®#°"* although not previously seen in the context
of their native environment.

The alternative ACP1 positions

Since both ACP1aand ACP1b are well-ordered structures with specific
hydrophobic interfaces, we suggest that these may be intermediate
positions on the pathway to deliver the meromycolate branch to the
KS active site via the delivery conduit. The absence of clear density
for the incoming meromycolate on the Ppant of ACPla suggests that
the structure is of an intermediate state following delivery of the R1
chain to the KS active site, and preceding the next FadD32 catalyzed

attachment of the acyl-adenylate intermediate to the Ppant on the S38
of the ACP1a (ref.'). The meromycolyl substrates in the KS active site
and thelack of the meromycolate density on the S38 of ACP1b suggest
that this structure may represent the postdelivery position of the ACP1
retreating from the loaded KS domain. A conserved active site loopinKS
is proposed to be agate that opens to accept substrate™. In Pks13, this
loopisina closed position, consistent with the structure we determine
beingin a postdelivery state.

The serine S38attached to the Ppantarmis removed roughly 17 A
fromthe position required to deliver the meromycolate (Supplemen-
tary Fig. 11a). A twist of ACP1b about its connection to the N-terminal
end of the DE-richlinker would position ACP1S38 approximately 19 A,
the approximate length of the Ppant arm, from C267 of KS, allowing the
Ppant thioester to deliver substrate to the KS active site (Supplemen-
tary Fig. 11a). In this docked position, helix Ill of ACP1 interacts with
the KS accepting substrate, and loop 1 interacts with the KS’, KS-AT
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Fig. 7| Proposed pathway to the structures determined for substrates bound
Pks13. The chemical changes during the mechanism of Pks13 are schematized for
justonesside of the two-fold symmetric Pks13 dimer for clarity, and incorporating
the two structures (ACPla, ACP1b) we determined. The steps may occur in trans
between alternative protomers as suggested by the relative proximities of the
active sites of KS and AT of the contralateral protomer. Only the ACP1a, ACP1b,

KS and AT domains are cartooned to describe this initial part of the reaction

up to the structure we determined (third panel). The left panel shows an early
stage of the catalytic cycle in which the R2 fatty acid substrate chain of length
(CH,),4 5 is attached to the AT domain as seen in the structure (Fig. 5a). The Ppant
armdepicted as awavy line ending in a sulfhydryl and seen on ACP1a (yellow,

first panel) links to the adenylated meromycolyl substrate (R1(CH,),s_¢,) from

ACP1b

FadD32. ACP1delivers the attached meromycolyl substrate to the KS active site
C267 through trans-thioesterification as seen in the structure (third panel).
Thisis the stable state reflected in the structure with native substrates bound.
Inthe subsequent steps (not shown; schematized in Supplementary Fig. 1b)

the carboxy-acyl substrate R2 is transferred to ACP2. Decarboxylative Claisen
condensation proceeds between R1and R2 where the enolate generated by
decarboxylation attacks the meromycolyl thioester bound to the KS producing
an a-alkyl B-ketothioester. Finally, the TE domain passes the condensed a-alkyl
B-ketothioester product to trehalose and is released from Pks13. The product is
subsequently reduced by CmrA to form TMM. TMM is subsequently transported
across the plasma membrane by the transporter MmpL3 (ref. ).

linker’ and AT’ domains of the opposite protomer. The docked ACP1b
orientation in Pks13 is rotated roughly 90° from the DEBS module 1
ACP binding mode (Supplementary Fig. 11b).

The KS delivery conduit observed in the Pks13 structure near the
ACP1b positionis the same tunnel where both trans- and cis-acting ACPs
bind to their cognate KSs, but the ACP interfaces with the conduit are
not conserved. Detailed comparisons of the other KS-AT structures and
ACPbinding modes are in the Supplementary Informationand figures.

Bound substrates

The fatty acid chains we identified for R1 and R2 are as expected for
covalentadductsinthereaction of Pks13 domains, at a particular state
inthereaction. The mass associated with each fatty acid chain defines
the chemistry without ambiguity. The mass of the R1‘alpha-2’ CssH,(0,
speciesthatisaddedto C267 indicates an unsaturated C=C doublebond
withanadjacent methylsubstituent®. The alternative R1, ‘alpha-prime’
mycolate, contains an unsaturated cis double bond and is found in Ms
(although not in Mtb)***,

Therequirement for detergent torelease Pks13, we presume from
the membrane, raises the question as to where the membrane associa-
tionisencoded. We surmise that the very hydrophobic meromycolate
chains might be chaperoned in part by the lipid bilayer, and so might
provide the link that anchors Pks13 to the plasma membrane during
mycolic acid synthesis.

Use of TAM16 as inhibitor of TE domain

The intent of using a TE inhibitor was to stall the throughput to final
product, and thereby to make the sample more homogeneous struc-
turally. The structure reported here is that of the TE-inhibited spe-
cies that had a marginally better quality. However, the structure was
also determined from the noninhibited sample. Both structures were
otherwise indistinguishable, which argues that the substrate-bound
states of KS and AT are stable states that do not proceed to the Claisen

condensationinisolated Pks13 without some other input. Conceivably
the reaction could be driven forward by the arrival of new substrates
from FadD32, and AccD4, for example.

The synthesis of mycolic acids from very long-chain hydro-
phobicintermediates depends on a chaperoned pathway, in which
Pks13 provides a means to control and react on three specific very
long-chain fatty acids. In mycobacteria, the acyl-AMP ligase FadD32
and carboxylase AccD4 are encoded within a gene cluster composed
of fadD32-pks13-accD4, consistent with their concerted role in the
condensation process (Fig. 1a). This locus is found exclusively among
the mycolic acid producing mycobacteria, and Corynebacterineae
with highsequenceidentity. All three proteins are essential to Mtb and
therefore are high value drug targets™".

First-line antimycobacterials against Mtb target earlier portions
of the mycolic acid synthetic pathway, consistent with the essential
role of mycolic acid synthesis in Mtb. Strategies to inhibit the active
sites of the ACPs, KS, AT, TE and the MmpL3 transporter of mycolic
acids**** have been proposed but not yet led to drugs. The structure of
the dimeric Pks13 may add new prospects for antimycobacterial drug
discovery that take advantage of those interfaces between domains that
we do see change throughout the carrier protein-mediated transport
of substrates. These structures also serve to lay the groundwork for
further understanding the process of how long-chain fatty acids are
translocated from their synthases to the Claisen condensation that
results in mycolic acid synthesis.

Online content

Any methods, additional references, Nature Portfolio reporting
summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of
author contributions and competing interests; and statements of
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Methods

Pks13 fusion generation and culturing

The Pks13-eGFP fusion strain was generated by chromosomally tag-
ging the C terminus of Pks13gene witha TEV cleavage site followed by
eGFP in the Ms recBCD-mutant strain as described previously®. The
Pks13-eGFP protein was expressed under the native promoter in Ms
when the culture was grown in 7H9 media supplemented with 1% (v/v)
50%glucose, 1% (v/v) 50% glycerol and 0.05% (v/v) Tween 80 at 37 °C to
anoptical density (ODq,,) of roughly 2. Cell pellets were washed three
times with 1x PBS, frozen and reduced to powder by cryo-milling™.

Fluorescence size-exclusion chromatography

Here,1g of lysed cell powder (finely ground M. smegmatis frozen cell
pellet resultingin cell lysis) was resuspended in 12 ml of solubilization
buffer (50 mM Tris HCI pH 7.5,150 mM NacCl) and a Roche cOmplete
ULTRA EDTA-free protease inhibitor cocktail tablet, and 1 pul of benzo-
nase (26.4 units pl™, EMD Millipore) was added to help de-clump the
lysate, which was stirred at 4 °C for 1 h. To seek a mode of solubiliza-
tion, nondenaturing detergents 3-DDM, glyco-diosgenin, digitonin
and N-decyl-B-D-maltopyranoside that are often used for structure
determination, and denaturing detergents Fos-choline 12 (FC12) and
Triton X100 that are denaturing but harsher in solubilizing from mem-
branes were separately added to aliquoted lysate to final 1% (w/v) and
solubilized at 4 °C for 2 h. Unsolubilized materials were pelleted at
100,000g for 20 min, and samples were filtered with 0.22 um filter
beforeinjection onto the column. Signals were detected at both280 nm
and 488 nm. ASuperose 6 Increase 5/150GL column (GE Healthcare) was
runat 0.05 ml minwhere 40 pl of each detergent-solubilized sample
was loaded with the mobile phase (50 mM Tris HCl pH 7.5,150 mM NaCl,
Roche cOmplete ULTRA EDTA-free protease inhibitor cocktail, 0.15 mM
3-DDM). 3-DDM solubilization achieved the most optimal solubiliza-
tion of Pks13, and thus was used for purification of the protein.

Protein purification for cryo-EM studies

Here, 10 g of cryo-milled lysed cell powder (finely ground M. smegma-
tis frozen cell pellet resulting in cell lysis) was resuspended in 100 ml
buffer (50 mM Tris pH 7.5,150 mM NaCl, 1% 3-DDM, one tablet of Roche
cOmplete ULTRA EDTA-free protease inhibitor cocktail). Next, 10 pl of
benzonase (26.4 units pl™, EMD MilliporeSigma) was added and the
solution was stirred at 4 °C for 2 h to solubilize membrane-tethered
Pks13. The lysate containing Pks13 was spun at 100 kg for 30 min at
4 °C.Supernatant containing Pks13 wasincubated with 5 ml of anti-GFP
nanobody beads at 4 °C for 1.5 h to allow GFP-tagged Pks13 to bind to
the anti-GFP nanobody beads. Anti-GFP nanobody beads were prepared
by first expressing and purifying the anti-GFP nanobody protein from
Escherichia coli BL21(DE3) and conjugating to NHS-Activated Sepha-
rose 4 Fast Flow (Cytiva) following the manufacturer’s protocol for
conjugation. Pks13-GFP bound anti-GFP nanobody beads were washed
three times with 30 ml of buffer (50 mM Tris pH 7.5,150 mM NaCl, 0.2%
3-DDM), with 3 min of shaking for each wash to remove nonspecifically
bound protein(s). Washed anti-GFP nanobody beads were resuspended
in 18 ml of buffer (50 mM Tris pH 7.5, 150 mM NacCl, 0.2% 3-DDM) and
incubated with roughly 1:10 TEV:Pks13 weight ratio of TEV enzyme
overnight with gentle shaking at 4 °C to cleave off the C-terminal GFP
tag from Pks13. Cleavage of Pks13 from GFP using TEV protease yielded
full-length Pks13 with an additional five-amino acid linker (-SKSTS-) fol-
lowed by six amino acids from the TEV cleavage site at its C terminus.
TEV-cleaved Pks13 protein sample was concentrated and purified on
aSuperose 6 increase 10/300GL column (GE Healthcare) with buffer
(50 mM Tris pH 7.5,150 mM NaCland Roche cOmplete ULTRAEDTA-free
protease inhibitor cocktail), at a 0.3 ml min™ flow rate (Extended Data
Fig.1a). Fractions containing the Pks13first peak were pooled and con-
centrated to 1.5 mg ml™ (4 uM). The TAM16 inhibitor of the terminal
TE" was prepared as a 50 mM stock in dimethylsulfoxide and added to
the4 uM protein sampleto afinal 40 uM concentration with the aim of

stabilizing and ordering the TE domains. Inhibitor and Pks13 protein
wereincubated togetherat4 °C for1hbefore cryo-EM grid preparation.

Cryo-EM sample preparation

The Pks13 sample was concentrated to 1.5 mg ml™ for cryo-EM grid
preparation. Next 4.5 pl of the sample was applied to freshly glow
discharged holey carbon on gold R1.2/1.3 300 mesh Quantifoil grids
and blotted for 9 s with Whatman 1 filter paper at maximum humid-
ity and 10 °C in a FEI Mark IV Vitrobot, before vitrification in liquid
nitrogen-cooled liquid ethane.

Image acquisition

Grids were loaded onto an FEI Titan Krios G3 (at the University of Cali-
fornia, San Franciso (UCSF)) operating at 300 kV, equipped with aK3
BioQuantumimaging system, usinga20 eV energy slit at UCSF.Imaging
was performed in nanoprobe mode using a70 um C2 aperture, with a
roughly 1.3 pm parallel illuminated area, without an objective aper-
ture. The nominal energy filtered transmission electron microscope
magnification was x105,000, resulting in a super-resolution pixel
size on the specimen of 0.4175 A pix ™. The dose rate was 8 e pix's™
with a total exposure time of 5.9 s, fractionated into 117 frames using
correlated double sampling. Videos were acquired semiautomatedly
with Serial-EM, using 3 x 3 hole beam-shift image-shift, over anominal
underfocus range of 0.7 to 1.5 pm. The super-resolution videos were
drift corrected and dose weighted using UCSF MotionCor2 (ref.>*) and
twice Fourier binned to a pixel size of 0.835 A pix ™.

Image processing

Atotal of 7,567 dose weighted images were imported into cryoSPARC
v.2.12 (ref.*®) and contrast transfer function estimation was performed
in patches. Then 4.4 x 10° particles were picked ab initio and extracted
using a 386 pixel box and subjected to 2D classification from which
1.2 x 10° particles were retained. The particle set was then used to
calculateanabinitio 3D volume that showed high-resolution features
and quasi-C2 symmetry. The initial volume, low pass filtered to 30 Awas
used as areference for global angular refinement, withoutimposition
of symmetry. Sequential refinement of beam tilt, defocus, Cs, trefoil
and tetrafoil resulted inanominal 2.0 A reconstruction by GSFSC using
a 0.143 criterion. Resolution-limited refinement in cis-transmission
electron microscope” also produceda 2.0 A reconstruction.

The same procedure was also repeated with imposition of C2
symmetry resulting in a nominal 1.9 A reconstruction of the KS-AT
didomain, and density modification in Phenix resolve_cryo_em®*’
produced amap with1.8 A resolution, which we used for model build-
ing (Fig. 2a). These particle datawere exported to RELION v.3.0 (ref. ©)
for symmetry expansion and focused classification. The C2 map was
filtered and segmented in UCSF Chimera®*for selection of domains
to focus on. These maps were used to calculate cosine-edged masks
using ‘relion_mask_create’. The particle stack was C2 expanded using
‘relion_particle_symmetry_expand’, and classified against the C2 map,
using masks for the ACPs, AT and KS-AT domains, without angular
searches, varying the regularization parameter tau from 8 to 20. The
particle subsets that provided the best visual features of each respec-
tive domain from each classification were selected and further refined
using local angular searches and masking over the region of interest.
This procedure produced the following maps at respective GSFSC reso-
lutions: ACP1a-KS-AT map at 2.4 A, ACP1b-KS-AT map at 2.6 A, KS-AT,,
map at 3.0 A and KS-AT,,, map at 3.1 A (Fig. 2b). To assist with model
building and interpretation, B factor modified maps were calculated
using Phenix AutoSharpen® for the ACP1a-KS-AT and ACP1b-KS-AT
maps. KS-AT,, and KS-AT,,, maps were modified with DeepEMhancer®*.

Model building and refinement
Pks13 KS and AT core domains were built de novo using a
Phyre2-generated homology model® as aguide. ACP1a and the DE-rich
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linker were builtinto the density de novo guided by aromatic side chain
densities for residues W9, W13, F62 and W90. ACP1b was similarly built
into density.

Model building and refinement were performed using Coot®®,
ISOLDE®” and phenix_real_space_refine®® using acombination of sharp-
ened and density-modified volumes. KS-AT didomain was finally refined
against the density-modified map from Phenix resolve-cryo-EM, and
ACP1a-KS-AT, ACP1b-KS-AT were finally refined against Bfactor modi-
fied maps from Phenix AutoSharpen, and KS-AT;,, KS-AT,, were finally
refined against sharpened maps from DeepEMhancer. All map and
model figures were prepared using UCSF Chimera® and ChimeraX®~.
MOLE® was used to calculate the tunnels reported in the models.

Analysis of fatty acids in PKS13 by alkaline hydrolysis and LC-MS
Chains attached to PKS13 were determined by mass spectrometry.
Negative ion ESI mass spectra of fatty acids released by hydrolysis are
shown (Supplementary Figs. 6-8), along with their chemical structures
and corresponding molecular formulas of the major species. Fatty
acids are primarily detected as the deprotonated [M—H] ions, along
with lower levels of the chloride adduct [M+Cl] ions. Hence the fatty
acidsaredetermined in the negativeion mode, being 1 Daless than the
neutral species as listed in the figures.

To remove the fatty acids from the protein, the Pks13 protein
sample was subjected to mild alkaline hydrolysis in 3.8 ml of chlo-
roform/methanol:0.4 N KOH (1:2:0.8, v/v) at room temperature for
1h. The system was converted to a two-phase Bligh/Dyer mixture
consisting of chloroform/methanol/water (2:2:1.8, v/v/v) by adding
appropriate volumes of chloroform and water. The lower phase was
dried under a stream of nitrogen and stored at —20 °C before further
analysis. Lipid analysis by normal phase LC-ESI/MS was performed
as described’® using an Agilent 1200 Quaternary LC system coupled
to a high-resolution TripleTOF5600 mass spectrometer (Sciex). An
Ascentis Si high-performance liquid chromatography column (5 pm,
25 cm x 2.1 mm, Sigma-Aldrich) was used. Mobile phase A consisted
of chloroform:methanol:aqueous ammonium hydroxide (800:195:5,
v/v/v). Mobile phase B consisted of chloroform:methanol:water:aq
ueous ammonium hydroxide (600:340:50:5, v/v/v/v.). The mobile
phase C consisted of chloroform:methanol:water:aqueous ammo-
nium hydroxide (450:450:95:5, v/v/v/v). The elution program was as
follows:100% mobile phase A was held isocratically for 2 min and then
linearly increased to 100% mobile phase B for 14 minand held at100%
B for 11 min. The LC gradient was then changed to 100% mobile phase
Cfor3 minand held at 100% C for 3 min, and finally returned to 100%
Aover 0.5minand held at100% A for 5 min. Instrumental settings for
negative ion ESI and MS/MS analysis of lipid species were as follows:
ionspray voltage (IS) =-4,500 V; current gas (CUR) = 20 psi (pressure);
gas-1(GS1) =20 psi; declustering potential (DP) =55V and focusing
potential (FP) =-150 V. The MS/MS analysis used nitrogen as the col-
lision gas. Data acquisition and analysis were performed using the
Analyst TF1.5 software (Sciex).

Based on exact mass measurement, three fatty acid series were
identified, (1) C51-C57 long (Supplementary Fig. 6), (2) C36-C42 in
length (Supplementary Fig. 7) and (3) C22-C26 length (Supplementary
Fig.8). (1) The C51-C57 series are consistent with a2-meromycolate as
the substrate for which the proximal portion is seen attached to the
activesite cysteine C267 of KSinthe structure (Fig. 4). It could theoreti-
cally also have been consistent with being released fromattachment to
the ACP1Ppantextension before trans-thioesterification and delivery
totheKS. However, no modificationis seeninthe ACP1structure argu-
ing against this possibility. Therefore, we conclude thatitis the species
attached to the KS, hence the system has been captured before the
Claisen condensation. This mass could have also been consistent with
acyclopropaneinthealiphatic chain. However, cyclopropanes are not
produced in M.smegmatis hence the assignment to the methyl substitu-
entnexttothedoublebondisassured. (2) Averylongchain (C36-C42)

withacisdoublebondinthe chainis consistent with the ‘alpha-prime’
mycolate found in Msbut notin Mtb*. This chain alsois an alternative
chain derived from the KS active center. (3) C22-26 fatty acids are
fully saturated and most consistent with the a-branch species seenin
density attached to the AT active center at serine S798. An additional
possibility is that some of this species might also have been removed
from the ACP2 before the Claisen condensation although the ACP2 is
not defined inthe Pks13 structure. The mass spectra of C22-C26 fatty
acids do not contain the expected alpha-carboxyl group that is seen
inthe structure. The carboxyl may have been unstable at some part of
the hydrolysis or during mass spectrometry.

Analysis of Pks13 complexes in solution DSSO cross-linking
and multi-stage mass spectrometry (XL-MS?)
We used a DSSO-based XL-MS? approach®~¢, wherein DSSO covalently
cross-links primary amines of the side chains of lysines (K) or the N
terminus of the protein. Following enzymatic digestion, the resulting
peptides are separated by LC and analyzed by multi-stage MS: (1) intact
peptide ions are measured at the MS1 stage; (2) using a lower energy
collision-induced dissociation the DSSO backbone is cleaved while
leaving peptide backbones intact, and the resulting fragmentions are
measured at the MS2 stage and (3) eachresultingionisisolated in the
instrument and the peptide backbone is fragmented using standard
higher-energy C-trap dissociation (HCD) for peptide sequencing at the
MS3 stage. Using this approach, we were able to distinguish between
interlinked and ‘dead-end’ or monolinked peptides”. Interlinked pep-
tides are the result of two cross-linked epsilon amino groups of lysine
side chains (or the N-terminal alpha amino group) that cross-link two
separate peptide species (o and ). Monolinked peptides are formed
whenalysine or the N terminus reacts with DSSO, and before asecond
residue canformabridge, the DSSO hydrolyzesresultinginadead end.
Pks13 protein complexes were purified from M. smegmatis the
same way as for cryo-EM sample preparation except for the TAM16
addition. Purified Pks13 complexes were cross-linked with increasing
amounts of DSSO solubilized in anhydrous dimethylsulfoxide (Sup-
plementary Table 3). The first replicate was prepared in duplicate,
with both replicates cross-linked for 30 min at 1,000 r.p.m., one at
37°Candoneat4 °C, with the following molar ratios of DSSO to com-
plex:1:10; 1:50; 1:250 and 1:1,000. Based on the similarity between
DSSO cross-linking at 37 °C and one at 4 °C for Pks13, replicate 3 and
4 were cross-linked for 30 min at 1,000 r.p.m. at 37 °C only with the
following molar ratios: 1:50; 1:250 and 1:1,000. Cross-linking reac-
tions were quenched with 50 mM Tris pH 8, and then mixed with 4x
SDS-PAGE loading buffer to a final 1x concentration (1x SDS-PAGE
loading buffer: 62.5 mM Tris pH 6.8, 2% SDS, 75 mM DTT, 7.5% glyc-
erol and 0.02% bromophenol blue). Protein samples were then sepa-
rated by SDS-PAGE on 4-20% Criterion TGX gels (BioRad), stained by
AcquaStain (Bulldog Bio) MS safe blue protein stain and bands excised
for in gel digest (Supplementary Fig. 9). Gel pieces were cut to 1 mm?
cubes, dehydrated, rehydrated in 15 mM TCEP, 25 mM NH,HCO,reduc-
ing buffer and alkylated in 50 mM chloroacetamide in the dark. Gel
pieces were dehydrated and rehydrated in 0.5 ng pl™ trypsin buffer
for protein digest. Peptides were extracted from the gel pieces with
50% acetonitrile (ACN), 5% formic acid, dried and resolubilized in 3%
ACN, 2% formic acid. Resolubilized peptides were separated using an
Easy-nLC1200 (Thermo Fisher Scientific) ona75 pm x 30 cm fused sil-
icalntregraFrit capillary column (New Objective) packed in-house with
1.9-pm Reprosil-Pur C18 AQreverse-phase resin (Dr. Maisch-GmbH), or
al5cm-long column containing 1.7 um BEH (ethylene bridged hybrid)
beads (Waters). Peptides were eluted from Reprosil-Pur C18 AQ col-
umns at 300 nl min™ using the following linear gradient: 50-8% B in
5min, 8-45%Bin35 min, 45-100% Bin12 min,100% B for 5 min,100-2%
B in 2 min and 2% B for 2 min (mobile phase buffer A:100% H,0, 0.1%
formic acid; mobile phase buffer B: 80% ACN, 0.1% FA). Peptides were
eluted from BEH columns at 300 nl min™ using the following linear
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gradient: 5-22%Bin40 min,22-32%Bin 5 min,32-100%Bin5 minand
100% B for 10 min (mobile phase buffer A:100% H,0, 0.1% formic acid;
mobile phase buffer B: 80% ACN, 0.1% FA). Each sample was analyzed
in technical duplicate by two independent MS® methods on an Orbit-
rap Fusion Lumos (Thermo Fisher Scientific) operated in positive ion
mode. In one method, asingle acquisition cycle consisted of nine scan
events: (1) one full MS1 scan in the orbitrap (350-1,200 m/z, 60,000
resolution, maximuminjection time of 50 ms); (2) two data-dependent
MS2 scans in the orbitrap (30,000 resolution, normalized automatic
gain control (AGC) target at 200%, isolation window 1.6 m/z) with nor-
malized collision energy set at 22% on the top two precursor ions and
(3) four MS3 scans in the ion trap (isolation window 2.5 m/z, standard
AGC target, auto maximum injection time, rapid scan rate) with HCD
collision energy set at 30% on the top four ions from each MS2 scan.
In the second method, a single acquisition cycle was allowed 3 s and
consisted of: (1) fullMS1scanin the orbitrap (350-1,200 m/z,120,000
resolution, maximum injection time of 100 ms); (2) data-dependent
MS2 scansinthe orbitrap (30,000 resolution, normalized AGC target
at200%, isolation window 1.6 m/z) with normalized collision energy set
at22%onthetop two precursor ions; and (3) four MS3 scansin theion
trap (isolation window 2.5 m/z, standard AGC target, auto maximum
injectiontime, rapid scanrate) withHCD collisionenergy set at 30% on
the top fourions from each MS2 scan. For both MS methodsions with
charge state 4 to 8 were sampled for MS2 and dynamically excluded
for 20 s (tolerance of 10 ppm), and ions with charge state 2 to 6 with
precursor ions (5 m/ztolerance) excluded were selected for MS3.

Cross-linked peptides were analyzed as described in Kaake et al.*®.
Intotal, weidentified 1,435 interlinks and 2,300 dead-end links includ-
ingredundant counts, withafalse positive rate of 1% as calculated by the
identification of decoys (Supplementary Table 5 and Supplementary
Fig.10a). Thisincluded asmall number of linkages between identified
contaminating proteins (29 interlinks and 53 monolinks) (Supplemen-
tary Table 5). In total, the number of redundant Pks13 interlinks cor-
responded to 96 unique K-K linkages, 63 of which could be mapped to
the ACPla or ACP1b configurations of Pks13 with 50.8% of those found
within the expected a carbon distance of 35 A, and a high number of
long-distance violations (>50 A) (Supplementary Table 6 and Supple-
mentary Fig. 10b). Among the 96 unique linkages we identified eight
that could only come fromoligomeric structures between atleast two
dimers of Pks13, all of which when mapped to either the ACP1a or the
ACP1b configurations of Pks13 were beyond expected distances. Sus-
pecting that some of the highly cross-linked samples were the product
of aggregation or higher order oligomeric structures, we reanalyzed
the data but removed the data files that were associated with highly
cross-linked samples (Supplementary Table 2 and Supplementary
Fig.9). Using thisfiltered XL-MS?> dataset, we identified 604 redundant
interlinks that corresponded to 57 unique linkages (Supplementary
Table 2 and Supplementary Fig. 10c). This corresponded to 33 link-
ages that mapped to ACPla or ACP1b configurations, with 67% of those
within the expected distances, and only one long-distance violation
(Supplementary Table 2 and Supplementary Fig. 10d). Most of the
violations can be accounted for by small movements or flexibility
in the structure. To model the domains not seen in ACP1a or ACP1b
configurations, and to capture flexibility in the in-solution structure,
we used the 57 unique linkages (Extended Data Fig. 9) from the filtered
XL-MS dataset for integrative modeling.

The proteomics data from each step of the analysis pipeline,
including raw files, MS2 and MS3 extracted peak files (from MSCon-
vert (ProteoWizard’>”?)), MS3 search files (from ProteinProspector
v.6.2.17) and associated search and filtering parameters files, have
been deposited to the ProteomeXchange Consortium via the PRIDE™
partner repository with the dataset identifier PXD033471. Annotated
spectraforallinterlinked, dead-end and single peptides canbe found
on the MSViewer” application through ProteinProspector (https://
msviewer.ucsf.edu/prospector/cgi-bin/msform.cgi?form=msviewer).

Integrative structure modeling of the Pks13 dimer

A structural model of the Pks13 in solution was computed by integra-
tive modeling®**°, based on atomic models of component domains
obtained by cryo-EMand AlphaFold2 (refs. ****) prediction as well as 57
unique DSSO cross-links. Integrative modeling proceeded through the
standard four stages®*"”: (1) gathering data; (2) representing subunits
and translating data into spatial restraints; (3) structural sampling to
produce an ensemble of models that satisfies the restraints; and (4)
analyzing and validating the ensemble models as well asinputinforma-
tion. The modeling protocol was scripted using the Python Modeling
Interface package, alibrary for modeling macromolecular complexes
based on our open-source Integrative Modeling Platform package®
(https://integrativemodeling.org). Files containing the input data,
scripts and output results are freely available at https://github.com/
integrativemodeling/Pks13. The details about the approach are given
inSupplementary Table 4.

Reporting summary
Furtherinformationonresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

The atomic coordinates for five structures of Pks13 have been depos-
itedin the PDB with the accession codes 7UK4, 8CUY, 8CV1, 8CUZ and
8CVO. The corresponding maps have been deposited in the Electron
Microscopy Data Bank with the accession codes EMD-26574, EMD-
27002, EMD-27005, EMD-27003 and EMD-27004. Proteomics data
have been deposited to the ProteomeXchange Consortium with the
dataset identifier PXD033471. Files containing the input data, scripts
and output results for integrative modeling are freely available at
https://github.com/integrativemodeling/Pks13. The details about
the approach are given in Supplementary Table 4. Source data are
provided with this paper.
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321 SFSSDADGYA RSEGGGMLVL KRISDARRDG DQILAVIAGS AVNHDGRSNG LLAPNPDAQA EVLRKAYKDA GINFRDVDYI
401 EAHGTGTILG DPIEADALGR IVGKGRPADK PALLGAVKSN LGHLESAAGA ASLAKMTLAL ANDKLPPSIN YAGENFYIDF
481 EKERLKVNDT VSDWPRYSGK AIAGVSGFGF GGANAHVVMR EVLAGDLVEP EPEPEPEAKP EKSEADAVYV GGVRMDEYGE
561 FIDEDEPAEG GDAYPSYDED SYELPGITEA AQRLLEQARE ELEAKEAEEP TKQLVPLAVS AFLTSRKRQA AAELADWIDS
641 PEGRASSLES IGRSLSRRNH GRSRAVVLAH DHDEAIKGLR ALAEGKQHPS VLSADGFVTN GFVWVLAGFG AQHRKMGKSL
721 YLRNEVFAEW INKVDALIQD ERGYSILELI LDDNVDYTDA TCEYPIEVVQ LVIFAIQIAL GELLRHHGAK PAAVVGQSLG
801 EAAASYFAGG LSLADATRTI CSRSHLMGEG EAMLFGEYIR LMALVEYSAD EIKTVFSDYP DLEVCVYAAP TQTVIGGPFD
881 QVDAIIARAE SEGKFARKFQ TKGASHTQQOM DPLLGELAAE LQGIEPKPLT TGYFSTVHEG TFIRPGSAPI HDVDYWKKGL
961 RHSVYFTQGI RNAVDNGHTT FLELAPNPVA LMQVGLTTAS AGLHDAQLIA TLARKQDEVE SMISAMAQLY VHGHDLDFRT
1041 LFPRRSKGLA GALDFANIPP TRFKRKEHWL PAHFTGDSSA VMPGNHVATP DGRHVWEFVP RGKTDLAALV KAAAAQVLPD
1121 AKLAAFEQRA VPADNARLVT TLTREPGGAT VQVHARVEES FTLVYDAIVA RANGAGVTAL PVAVGAGVAV SGDVAGEGAG
1201 ASVIEDDEPD AEILQDNLTA GAGMGADFQK WDPNSGETIG QRLGTIVGAA MGYEPEDLPW EVPLIELGLD SLMAVRIKNR
1281 VEYDFDLPPI QLTAVRDANL YNVEELIRYA IEHRDEVEQI AESQKGKTAE EIAAEQSELL GGASTVAELE AKLAEAGHPL
1361 ARKDSEDSEN SEDNAAGAAAR AAEASAVEGL EIPPPPTDPT GPGGAPIPPP PSDPSGPAQA ASATDAFPAGT VNKATARARA
1441 AKVLTQEAVT EALGADVPFR DAAERVTFAT WAIVTGKSPG GIFNELPTVS EETAKKMAER LSERAEGTIT VEDVLGAKTI
1521 EGLATIVREQ LEEGVVDGFV RTLRPPKEGS NAVPLFVFHP AGGSTVVYEP LMKRLPADVP VYGLERVEGS IEERAAEYVP
1601 KLLEMHKGPF VLAGWSLGGA LAYACAIGLK QSGADVRFVG LIDTVLPGEP IDQSKEGMRA RWDRYARFAE RTFNVEIFAL
1681 PYEELEKLDD EGQVKYVLEI VKESGVQIPG GIIEHQRTSY LDNRALDTVD IKPYDGHVTL YMADRYEDDA IVFEPAYATR
1761 KPDGGWGSFV SDLEVVHIGG EHIQAIDEPY IAKVGAHMSE ALNRIEAQAS KEDGAK
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Extended Data Fig. 1| Purification of native Pks13 from mycobacteria. (a) forms are present. Upon screening both peaks 1and 2 on gold Quantifoil grids
Final Superose 6 size exclusion chromatography profile of Pks13. Two peaks by cryoEM, peak 1was selected for data collection since it produced more
containing Pks13 are labeled 1and 2, in addition to the void peak and peak monodisperse particles that correspond to Pks13 dimers. We conclude that the
containing TEV protease. Pks13 peaks were run on non-reducing SDS-PAGE Pks13 dimers associate loosely in solution, and that these readily dissociate to
(Biorad #4561096) (b) and blue native PAGE (Invitrogen #BN1004BOX) (c), form monodisperse Pks13 dimers under the conditions in which the images were
which were repeated twice with similar results. In SDS-PAGE (b) the protein acquired. (d) 78.1% sequence coverage (highlighted red) by tryptic digested
runs at~198 kDa, as expected for a protomer of Pks13. Blue native PAGE (c) Pks13 fragments run on LC-MS-MS.

indicates that majority of the proteinisin a dimeric form, and higher oligomeric
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Extended Data Fig. 2| DE-rich linker. 17 amino acid linking sequence (E76-92) Thelast sixamino acids (D87-R92) closely overlap in orientation between the ACPla
between ACP1and KS includes nine acidic amino acids (colored orange) and and ACP1b structures and interact electrostatically with the shared positively
termed the ‘DE-rich linker’. First 11amino acids (E76-E86) lie near positively charged charged surface (Extended Data Fig. 3).

surfaces of two different regions on the KS monomer surface (Extended Data Fig. 3).
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Extended Data Fig. 3| Electrostatic surface rendering of ACP1-KS-AT
domains. (a) The KS-AT surface is colored by electrostatic potential (red: acidic,
blue: basic) of the residues. ACP1a and ACP1b and their ensuing linkers to the

KS (yellow and lemon chiffon) are superimposed onto the KS-AT electrostatic
potential surface, illustrating that the DE-rich linker lie near positively charged

Positively

charge\c} surfaces

surfaces on the KS. (b) ACPla, ACP1b, and the linkers to the KS are colored by
electrostatic potential (red: acidic, blue: basic) of the residues. Model of KS-AT
is superimposed onto the highly negative electrostatic potential surface of the
DE-richlinker.
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Extended DataFig. 5| Interfacing residues between DE-rich linker and KS domain in ACP1b position. Interfacing residues were determined by PISA and labeled.
Hydrogen bonds between Y84(OH):R395(NH1), E88(OE2):R384(NH1), and E88(OE2):K388(NZ) are labeled with yellow dotted lines.
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Extended Data Fig. 6 | See next page for caption.
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Extended DataFig. 6 | ACPlainteraction with KS, KS-AT linker domain, stacking interaction is shown between R63 of ACP1a and R496 of KS. The Ppant
and AT-ACP2 linker. Interfacing residues between ACP1a and KS, KS-AT linker armis shown attached to S38in helix Il of ACP1a, and Ppant density is shown
domain, and AT-ACP2 linker are shown as stick representation and labeled. Pi-pi zoned around 2.3 A around the model.
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Extended Data Fig. 7| ACP1binteraction with KS and AT". (a) ACP1b:AT’ interfacing residues’ side chains are shown and labeled, revealing a hydrophilic interface. (b)
ACP1b:KSinterfacing residues’ side chains are shown and labeled, revealing a hydrophobic interface.
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F709
substrate

Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8| The active center of the AT domain shows the bound
substrate interactions. (a) Crossed-eyes stereo figure showing the density for
the active site of the AT domain with substrate bound. The a-carboxyl group on
the bound substrate is stabilized by a -anion interaction with the phenyl ring of
F709. (b) Rotated ~90° around the vertical axis and tilted forward from panel (a)
shows interactions between the active center of the AT domain and the bound

«-carboxy acyl substrate chain attached to S798. Distances between heavy atoms
are tabulated in A. The catalytic base H906 is ideally placed for the reaction at
the yO of S798. The ester carbonyl on the substrate, and hence the oxyanion
intermediate formed at that oxygen during the catalytic reaction may be
stabilized by R823,H906, and S905. The H906 orientation is aligned by hydrogen
bonds from the SN-H to the C = 0 0of G959 and of H962.
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AcP1 DE-rich Ks ACP3 TE
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Extended Data Fig. 9 | Linkage map depicting all unique K-K linkages of DSSO isacartoon diagram of the primary sequence structure of Pks13 with domains
cross-linked Pks13. The 57 unique K-K inter-linked residues are summarized labeled asin Fig.1a. The sequence numbers of lysine residues indicated by linear
in this linkage map as black lines connecting two Pks13 lysine residues. Shown positionin this figure are included in Supplementary Tables 2, 3, 5, and 6.
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Extended Data Fig. 10 | Integrative structure modeling of the full-length
Pks13 dimer. (a) The localization probability density of the ensemble of
structures is shown with representative (centroid) structure from the ensemble
embedded withinit. The three panels represent different solutions with their
relative percentages listed above. The structured and unstructured regions
arerepresented as beads, using the same color scheme as Fig. 1a. Regions

with well-defined structures are modeled as rigid bodies consisting of beads
representing eachindividual residue; the coordinates of a1-residue bead were
those of the corresponding Ca atom. Regions with no available structure or
flexible regions are represented as flexible strings of beads, corresponding to up

Distance (A) Distance (A)

to10residues per bead. (b) Detail of cross-links mapped to the centroid structure
of theintegrative model of the Pks13 dimer. Satisfied and violated cross-links
showninblue and yellow, respectively. A cross-link is classified as satisfied if the
Ca-Ca distance spanned by the cross-linked residues in any of the models of the
clusterisless than35 A. (c) Histogram showing the distribution of the cross-
linked Ca-Ca distancesin the Pks13 dimer integrative structures. (d) Histogram
showing the Ca-Ca distances between the active sites of the ACP1-KS, AT-ACP2,
KS-ACP2, and ACP2-TE domains. The shortest distances (red lines) are 26,13.7,
14.8,and 9.7 A between the ACP1-KS, AT-ACP2, KS-ACP2, and ACP2-TE domains,
respectively.
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since they were presumed to arise from multimeric assemblies of PKS molecules and not relevant to intramolecular dynamics. (detailed in
Methods, and Fig S9, S10, and Extended Fig 10.

Replication he only replication was that the crosslinking experiment was done twice but at two different temperatures, giving non-equivalent data that
were not compared statistically. see Supp Fig 9. caption

Randomization 4,400,000 Images of Single particles for the di-domain structures (KS-AT) and 1,200,000 for each of the other 5 structures, were classified
according to standard procedures in cryoEM imaging by classification into separate classes that are gleaned from 100% of the particle image

sets.

Blinding There was no blinding. images of particles were picked according to classification into classes as is the standard in cryoEM imaging
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