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ABSTRACT: The dimerization of multimodular polyketide
synthases is essential for their function. Motifs that supplement
the contacts made by dimeric polyketide synthase enzymes
have previously been characterized outside the boundaries of
modules, at the N- and C-terminal ends of polyketide synthase
subunits. Here we describe a heretofore uncharacterized
dimerization motif located within modules. The dimeric state
of this dimerization element was elucidated through the 2.6 A
resolution crystal structure of a fragment containing a
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dimerization element and a ketoreductase. The solution structure of a standalone dimerization element was revealed by
nuclear magnetic resonance spectroscopy to be consistent with that of the crystal structure, and its dimerization constant was
measured through analytical ultracentrifugation to be ~20 yM. The dimer buries ~990 A” at its interface, and its C-terminal
helices rigidly connect to ketoreductase domains to constrain their locations within a module. These structural restraints
permitted the construction of a common type of polyketide synthase module.

Modular polyketide synthases (PKSs) are megadalton
enzymatic assembly lines that biosynthesize complex
polyketides such as the antibacterial erythromycin, the
antifungal amphotericin, and the insecticide spinosyn.'™*
During the synthesis of a polyketide, each chain extension
reaction is catalyzed by a separate module within the PKS.
Thus, the three domains necessary for chain extension are
present in all module types: an acyltransferase (AT) that selects
an extender unit, a ketosynthase (KS) that catalyzes the
condensation of the extender unit with a growing polyketide
chain, and an acyl carrier protein (ACP) that shuttles an
extender unit or an extended polyketide chain between active
sites of the synthase. Within modules, processing enzymes may
also be present, such as a ketoreductase (KR) that reduces the
P-keto group of the newly extended polyketide chain to a f-
hydroxy group, a dehydratase (DH) that removes the f-
hydroxy group to form a double bond, and an enoylreductase
(ER) that reduces the double bond.

Multimodular PKS assembly lines are dimeric, in contrast to
the related monomeric nonribosomal peptide synthetase
(NRPS) assembly lines (Figure 1).>° However, the only PKS
enzyme that requires a dimeric oligomerization state is KS, and
the only other enzyme that makes contact across the 2-fold axis
of modules is DH.”~® The other domains commonly within
modules, AT, KR, ER, and ACP, are monomeric and loop out
from the 2-fold axis of the synthase. Accessory motifs have been
identified that aid KS and DH in dimerizing the polypeptides of
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a PKS into its homodimeric subunits: a coiled coil is frequently
located at the N-terminal end of a subunit, a four-helix bundle
is often present at the C-terminal end, and a dimeric
thioesterase (TE) that cleaves the elongated polyketide from
the assembly line is usually positioned at the C-terminal end of
the final PKS subunit.'~"?

Here we report a dimerization motif located within PKS
modules. This ~55-residue dimerization element (DE) is
immediately N-terminal to the KR domain in ~50% of modules
that contain KR as their sole processing enzyme (f-modules).*
The 2.6 A resolution crystal structure of a fragment from the
third module of the spinosyn PKS that contains DE and KR,
Spn(DE+KR)3, reveals the architecture of the DE dimer as well
as a rigid connection between the last helix of DE and the KR
domain. NMR analysis of a standalone DE from the first
module of the spinosyn PKS is consistent with the crystal
structure. Analytical ultracentrifugation revealed its dimeriza-
tion constant to be 199 + 1.5 yM. By positioning the C-
terminal ends of a structurally characterized KS+AT didomain
in proximity with the N-terminal ends of the Spn(DE+KR)3
didomain, a model of a #-module was constructed. Thus, the
biophysical characterization of DE has also helped to elucidate
the domain organization of a common type of PKS module.
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Figure 1. Subunit architecture of the spinosyn PKS. Additional dimeric
interfaces aid KSs in maintaining the dimeric state of PKS subunits.
These interfaces are provided by the enzymes DH and TE, as well as
the dimerization motifs of NDD, CDD, and the newly identified DE.
The two DE-containing fragments characterized here, SpnDE1 and
Spn(DE+KR)3, are from the PKS that helps synthesize the spinosyn
insecticides using malonyl and methylmalonyl building blocks.

B RESULTS AND DISCUSSION

Crystal Structure of a DE+KR Dimer. A region containing
the DE and KR domains of the third module of the spinosyn
PKS (Spn(DE+KR)3; SpnC residues 913—1471, numbered
here 1—559) was heterologously expressed in E. coli BL21-
(DE3) and purified to homogeneity."”® Crystals of Spn(DE
+KR)3 diffracted to 2.6 A resolution, and its structure was
solved by molecular replacement using AmpKR2 (PDB code:
3MJS) as a search model (Figure 2)."* The asymmetric unit
contains two Spn(DE+KR)3 dimers. Well-defined electron
density at the N-terminal ends of the KR domains enabled the
DE domains to be built. The KR domain is similar to those
already reported, particularly AmpKR2 (1.1 A C, rmsd),
another Al-type KR. As in that structure, a conserved
methionine (Met371) latches over bound NADP* and helps
order the adjacent lid helix."*"'® Searches on the Dali and
CATH servers indicate that DE possesses a novel fold."”"'®

Each DE monomer contains three helices (a1, a2, and a3;
residues 12—21, 26—33, and 41—62, respectively) connected by

two loops (loop I and loop II; residues 22—25 and 34—40),
nearly as fredicted by the PSIPRED server from its
sequence.'””® Within each monomer, a2 lies out of the plane
formed by al and a3. Through the association of two
monomers, a V-shaped dimer is generated with an angle of
~65° between the a3 helices (Figure 2A). A surface area of
~990 A? is buried at the dimer interface.”’ The main dimeric
contact is between the N-terminal end of a3 from one
monomer and a pocket created by the helices of the other
monomer, specifically, between residues L41, T44, L45, 148,
W51 of a3 from one monomer and residues F17, W18, V21,
126, V29, L33, L3S, L41, T44, L48 from the other monomer.
The most significant hydrophobic contacts are made by the
nearly invariant F17, W18, and WS1.

Several residues from @3 mediate the connection between
DE and KR (Figure 2B). Interactions with aG of the KR
domain include hydrophobic contacts between ES7, RS8, A61,
and L1483, as well as a hydrogen bond between ES7 and $480.
At the C-terminal end of a3, W64 inserts into a hydrophobic
pocket created by M476, P477, S480, 1498, and D500, and R65
forms a salt bridge with E493. Rigid residues connect the end of
DE to the beginning of the KR domain (a3 and fl,
respectively).

The DE dimer possesses several mysterious features (Figure
2C). Its hydrophobic core appears somewhat loosely packed,
perhaps due in part to interactions made by the invariant
residue W18. The indole NHs of W18, and hence their dipoles,
point toward one another across the DE 2-fold axis, with the
hydrogens separated by only 1.6 A. Within a3, P46 neither
introduces a kink nor interacts with neighboring residues, yet it
is completely conserved (Figure 2D). Both of the SpnDE3
dimers in the asymmetric unit are slightly asymmetric, with the
third helix (a3) of one monomer relatively bent by ~53°
(Supplementary Figure 1). The “straight” and “bent”
monomers within each DE dimer show lower structural
similarity with one another (0.93 and 1.0 A C, rmsd) than
the equivalent “straight” and “bent” DE monomers from the
other dimer (0.43 and 0.29 A C, rmsd, respectively). Usually all
or none of the f-modules in a PKS contain a DE; however,
some PKSs (e.g, the oleandomycin PKS) are composed of
both f-modules that contain DE as well as f-modules that do
not. The DE dimer is apparently unique to cis-AT PKSs.

Other dimerization motifs that supplement the dimeric
contacts made by KS, DH, and TE have been characterized.'"!
The N-terminal docking domain (NDD) is a ~2S-residue
coiled coil commonly at the N-terminal ends of subunits. The
C-terminal docking domain (CDD) at the C-terminal ends of
subunits is composed of three helices from each polypeptide;
the first two helices dimerize to form four-helix bundles, while
the last helix specifically binds to the NDD of a downstream
subunit to form a second four-helix bundle. Thus, the set of
nonenzymatic dimerization motifs in PKS subunits is the
NDD/CDD pair and the three-helix DE described here.

NMR Analysis of a Standalone DE. The many unusual
features of DE prompted us to study an isolated DE domain in
solution (Figure 3). Thus, SpnDEl (SpnA residues 1877—
1944, numbered 1—68 here; ~24% identical to SpnDE3) was
investigated by NMR spectroscopy (Figure 3A). Like SpnDE3,
SpnDEL is composed of three helices (a1, @2, and a3; residues
14-27, 31-37, and 44—67) and two loops (loop I and loop II;
residues 28—30 and 38—43) as determined by NOE cross-peak
patterns and PREDITOR (of 2037 unique NOEs observed for
the SpnDE1 dimer, 548 were intra-residue and 1489 were inter-
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Figure 2. DE+KR structure. (A) In the crystal structure of Spn(DE+KR)3, the V-shaped DE dimer orients two KR domains bound to NADP*. (B)
DE rigidly connects to the KR domain. No flexible loop is present between a3 of DE and f1 of KR. (C) A stereodiagram of SpnDE3 shows the
nearly invariant F17, W18, W51, and other hydrophobic residues that help create the dimer interface of DE. The role of the invariant residue P46 is
mysterious. (D) A sequence alignment of the ~5S-residue DE from DE-containing -modules shows the boundaries of its three helices, as observed
in the Spn(DE+KR)3 crystal structure (residues labeled with * are displayed in the previous panel). Approximately half of f-modules do not contain
a DE. Accession codes (GI): Ampl and Amp2, 14794905; Ampl0—Amp1l4, 14794893; Con3 and Con4, 74026478; Con6, 74026479; Conl0 and
Conll, 74026481; Eryl and Ery2, 134097327; Ery3 and Ery4, 134097329; EryS and Ery6, 134097330; Pikl, 3800834; Pik3, 3800835; PikS,
3800836; Spnl, 348173395; Spn3, 348173392; Spn4, 348173391; Spn6 and Spn7, 348173389.

residue) (Figure 3B).*” Interestingly, the N-terminal end of a3
in SpnDEL is six residues longer than the equivalent helix in
SpnDE3.

The spectra collected for SpnDE1 are consistent with the
conformation of DE observed in the crystal structure.
Intermonomer NOEs indicate that the solution structure is
indeed dimeric. For example, the V26 methyl protons interact
with L54, L57, and AS8 side-chain protons at distances of 3—6
A (V26, LS4, and LS7 are highly conserved). Such NOEs could
not originate from within a monomer unless substantial
conformational changes occurred. The atypically high chemical
shift of 11.55 ppm for the indole NH of the invariant W23
(equivalent to W18 in SpnDE3) also supports a model in which

those protons are in close proximity, with the symmetry-related
tryptophan indole rings deshielding one another.

The relative stabilities of different regions of the SpnDEI1
monomer were examined. Two-dimensional “N—'"H NMR
spectra collected at several pH values revealed the relative
amide proton exchange rates. The amide protons of the 21 N-
terminal and 10 C-terminal residues are the most susceptible to
exchange, as are those of residues D42—A46 on the solvent-
exposed loop II; none of these residues are highly conserved. In
contrast, the amide protons of E27—D30 in loop I are
protected from exchange, consistent with their being steadfastly
hydrogen-bonded. Loop I is consistently four residues in length
with an aspartate in the fourth position that caps a2.
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ACS Chemical Biology

Wasps 2t R V26 e
ey, She B ? 100
P ] 154 N &
M4 £ VyshA20E DT psy ~ 50
5 TRITURI6  Rsa S
Q51 Xy 0B © i TN G390
B9 22 50 :
Y Weo 615 110 =
B67 & T O G o Tes €
i ® g [o%
: $33T65 @H28 a
Tee 5 B pae —
Y asa e > 120 &

W23N WeN Spn DE1 130

12 11 10 9 8 7
'H (ppm)
B i ° 3 +SpnDE1 (NMR)
+SpnDE3 (crystal)
mn
3 o
o
% 50 al 02 , , ad
ke L d 5) <
S AR R R
LS °s ¢ e e = 8
-100 ¢t o
L 4
<o
-150 i ® 1
0 10 20 30 40 50 60
150 N o
L4
—~ 100
0] ¢ i
) ° ot
(o)) *
% | al 02 * . ad 3
S o 5 go¢
<
B

®
PO TR ot 9000 ’°°<>
® 09ee0 e I e o ot e
.50 ooo Cand 20 a

-100 fp—t— —t—t
0 10 20 30 40 50 60
Common residue number

Figure 3. NMR characterization of an isolated DE. (A) The peaks in
the 2D N—'H NOESY spectrum of SpnDE1 represent the backbone
NHs of structured residues or side-chain NHs. The first 13 and last §
residues of the SpnDE1 construct are relatively flexible or disordered.
(B) The ® and ¥ dihedral angles for SpnDE1 (calculated by
PREDITOR from chemical shifts) and SpnDE3 (obtained from
monomer A of the Spn(DE+KR)3 crystal structure) display their
common secondary structure. The first ordered residues of SpnDE1
and SpnDE3 are Met14 and Aspll, respectively (common residues 1
and 4, respectively, in the plot).

Contribution of DE to Dimerization. To our knowledge,
no dimerization constant for a PKS dimerization motif has been
determined. Therefore, we sought to measure the dimerization
constant of an isolated DE. We performed sedimentation
velocity analysis of SpnDE1 spanning a concentration range
from 1.85 to 79.2 uM. Van Holde—Weischet analysis of the
results showed a clear mass action shift of the sedimentation
coefficient distribution consistent with a rapid monomer—
dimer equilibrium (Figure 4).>> To further identify the
oligomerization state, the experimental data were fitted by
parsimonious regularization using genetic algorithm analysis™*
followed by Monte Carlo analysis.”> For each concentration, a
major species was identified whose sedimentation coefficients
were globally fitted to a binding isotherm. This approach
yielded a dimerization constant of 19.9 + 1.5 uM for SpnDE].
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Figure 4. Analytical ultracentrifugation. From the van Holde—
Weischet integral sedimentation coefficient distributions of SpnDE1
(1.85—79.2 uM) a mass action effect is clearly visible, as distributions
shift to higher sedimentation coefficients with increasing concen-
tration. From a global fit of sedimentation coefficients of the major
species in each loading concentration to a monomer—dimer binding
isotherm, the SpnDE1 dimerization constant was determined to be
19.9 + 1.5 uM.

Molecular weight predictions from the genetic algorithm
analysis for the lowest and highest concentrations analyzed
resulted in a molecular weight of 8.61 kDa for the lowest
concentration (7.8 kDa expected for the monomer) and 13.8
kDa for the highest concentration measured (15.6 kDa
expected for the dimer), indicating that the fitted association
reaction indeed reflects the monomer—dimer reaction.

We sought to observe how the oligomerization state of DE is
affected by the addition of a KR domain. While Spn(DE+KR)3
appeared to be dimeric by gel filtration chromatography
(Supplementary Figure 2), as had Amp(DE+KR)2 in previous
studies,'"* we opted for sedimentation velocity analytical
ultracentrifugation to more accurately determine oligomeriza-
tion states. Spn(DE+KR)3 could not be used for technical
reasons, and thus measurements were made with Amp(DE
+KR)2. Analytical ultracentrifugation showed Amp(DE+KR)2
was not a dimer, but rather a monomer (~56 kDa as
determined by genetic algorithm—Monte Carlo analysis, 56
kDa expected) when measured at 3.8 and 11.5 uM
(Supplementary Figure 3). Since Spn(DE+KR)3 is dimeric
within the crystal structure, the dimerization constant for a DE
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Figure S. Model of a PKS module. (A) SpnMods6 is a DE-containing -module (KS+AT+DE+KR+ACP). A schematic shows the architecture of this
module, as well as the first part the downstream SpnMod?7, in more detail. (B) A stereodiagram shows a f-module, such as SpnMod6, assembled
from known structures of a KS+AT dimer, a DE+KR dimer, and two ACPs. Flexible linkers were built between these fragments as well as to the KSs
of a subsequent module. The phosphopantetheinyl arm of ACP must interact with the active sites of AT, KS, KR, and the following KS, each shown

with a catalytic residue displayed in spheres.

+KR fragment may be closer to crystallographic concentrations
(~10 mM). The implication is that as the number of enzymes
within a PKS subunit increases, so must the number of
dimerization motifs.

Modeling a f-Module. The crystal structure of Spn(DE
+KR)3 enabled us to construct a model of a f-module (Figure
5). The relative positions of a KS+AT dimer, a DE+KR dimer,
and two ACP domains were restrained by the average lengths
of interdomain peptides (from the set of DE-containing /-
modules in the MAPSI database): ~14-residue, unconserved
linkers connect the KS+AT dimer to DEs (the shortest
observed was 9 residues in the third module of the
geldanamycin PKS), ~14-residue, unconserved linkers connect
KRs to ACPs (the shortest observed was 9 residues in the
seventh module of the spinosyn PKS), and ~19-residue,
unconserved linkers connect ACPs to KSs of the next module
(the shortest observed was 16 residues in the sixth module of
the spinosyn PKS) (Supplementary Figure 4).”>**” The first
two linkers were included in the Spn(DE+KR)3 construct that
crystallized; that they did not appear in the electron density
maps indicates their inherent flexibility. The low sequence
conservation of the third linker also suggests its unstructured
nature. Thus, flexible linkers of appropriate length were built
between the structured fragments.

The model naturally raises several considerations about the
assembly line architecture of a PKS: (1) Modules must be as
close to one another as possible along the 2-fold axis of a PKS
subunit in order to provide the ACP domains, bound by ~19-
residue linkers to the next module, enough slack to access KSs
within the same module. (2) AT domains may need to adopt
another conformation in order for bound extender units to be
accessible to cognate ACP domains (but not to ACPs from the
preceding module). (3) A physical interaction may exist
between the KS and KR domains via the KR structural
subdomain. A hydrophobic groove (in part created by W8S and
W184 in SpnKR3) is conserved in the KR structural subdomain
and faces KS in the model. An interaction between KS and KR
could explain why DE is not always present in f-modules. (4)
KRs may be oriented similarly in DH- and ER-containing
modules (y- and §-modules). The DH dimer can fit between
the KR domains, and ERs have sufficient space to loop out

from the KR domains in the orientation observed in the KR
+ER didomain structure.*”**

Through the evolution of processive, multimodular synthases
from iterative synthases that may have resembled the modern
mammalian fatty acid synthase (FAS), several architectural
refinements occurred.*”*° While the relative orientations of the
chain-elongation enzymes, KS and AT, did not change
significantly, those of the processing enzymes diverged
substantially.”*"** Through the transition of a dimeric to
monomeric ER, space necessary for ACPs to access their
cognate enzymes became available;*® however, without the
dimeric contacts provided by ER domains, additional interfaces
may have been necessary for subunits to remain dimeric. A
comparison of multimodular PKSs to FASs shows the loss of
the ER dimer interface, but the addition of interfaces at the N-
terminal ends of DH and TE, as well as those made by CDD,
NDD, and DE. Thus, enough avidity is generated through these
dimerization contacts to keep the polypeptides of PKS subunits
dimerized.

As the last common structured element within multimodular
PKSs to be structurally elucidated, DE relates the orientations
of the processing enzymes to those of the chain-elongation
enzymes. In the absence of a crystal structure of a PKS module,
this small three-helix element represents a very informative final
piece in the quintessential puzzle that is the molecular
architecture of PKS assembly lines.

B METHODS

Cloning, Expression, and Purification. The Spn(DE+KR)3
gene fragment was amplified from genomic DNA extracted from
Saccharopolyspora spinosa (DNeasy Blood & Tissue Kit; Qiagen) with
primers 5'-ATCGTAATCCATATGGCTGCCTCCGACGAGGCT-
CGT-3' and S-TGATTCGATCTCGAGTCACACCAGTTCGTGG-
CGTCGTTG-3' (restriction sites in italics; stop codon underlined),
digested with Ndel and Xhol, and ligated into pET28b (Novagen). E.
coli BL21(DE3) cells transformed with the expression plasmid were
inoculated into LB media containing 50 mg/L kanamycin at 37 °C,
grown to ODgy = 0.4, and induced with 0.5 mM IPTG. After 12 h at
15 °C, cells were harvested by centrifugation and resuspended in lysis
buffer (300 mM NaCl, 10% (v/v) glycerol, SO mM HEPES pH 7.5).
Following sonication, cell debris was removed by centrifugation
(30,000g for 45 min). The supernatant was poured over a column of
Ni-NTA resin (Qiagen), which was then washed with S0 mL lysis
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buffer containing 15 mM imidazole and eluted with S mL of lysis
buffer containing 300 mM imidazole. Spn(DE+KR)3 was further
purified using a Superdex 200 gel filtration column (GE Healthcare
Life Sciences) equilibrated with 150 mM NaCl, 10% (v/v) glycerol, 10
mM HEPES pH 7.5. Spn(DE+KR)3 was concentrated to 20 mg/mL
in 25 mM NaCl, 10% glycerol (v/v), 1 mM DTT, 10 mM HEPES pH
7.5.

The SpnDEI gene fragment was amplified from S. spinosa genomic
DNA with primers 5-ATGCTTGCACATATGGCGCTGCGTGAA-
TCTTCCGCCGGCGA-3' and 5'-GTACGAACGGAATTCTCAC-
TGATCCATAATGGACTCGGT-3'. Amplicons were digested with
Ndel and EcoRI and ligated into pET28b for transformation into E. coli
BL21(DE3) cells. SpnDE1 was expressed and purified as described
above; however, following elution from the Ni-NTA matrix, SpnDE1
was exchanged into thrombin cleavage buffer (20 mM Tris-HCl pH
8.4, 150 mM NaCl, 2.5 mM CaCl,) and digested with 1 U of thrombin
(GE Healthcare Life Sciences) per milligram of protein at 4 °C for 12
h. To remove thrombin and uncleaved protein, the digest was applied
to 1 mL Ni-NTA and 0.5 mL benzamidine sepharose 6B (GE
Healthcare Life Sciences) and eluted with 15 mL lysis buffer. SpnDE1
was then purified using a Superdex 75 gel filtration column (GE
Healthcare Life Sciences) equilibrated with 100 mM sodium
phosphate pH 7.0. SpnDEI samples enriched in N and/or "*C
were prepared as unlabeled samples were, but in M9 minimal media
containing 0.6 g/L ["*N]ammonium chloride and/or 2 g/L ["*C]p-
glucose as the sole nitrogen and/or carbon source.

Amp(DE+KR)2 was prepared as previously described.*

Crystallization and Structure Determination. Crystals were
grown by sitting drop vapor diffusion at 22 °C by mixing 2 uL of
protein solution (20 mg/mL in 25 mM NaCl, 1 mM DTT, 10% (v/v)
glycerol, 10 mM HEPES pH 7.5) with 2.5 uL of crystallization buffer
(15% (w/v) poly(ethylene glycol) 3350, 0.2 M magnesium acetate,
30% (v/v) glycerol). X-ray diffraction data were collected at 100 K at
Beamline 5.0.2 of the Advanced Light Source synchrotron. The
collected data were processed with HKL2000.** The structure was
solved by molecular replacement in Phaser using AmpKR2 (PDB
code: 3MJS) as the search model.**'* The model was iteratively built
in Coot and refined in Refmac (Table 1).>*** Local noncrystallo-
graphic symmetry (NCS) restraints, automatically generated by
Refmac, were used in the refinement for the SpnKR3 domains.
Atomic coordinates of the Spn(DE+KR)3 have been deposited in the
Protein Data Bank (PDB code: 4IMP).

NMR Spectroscopy. NMR spectra of SpnDE1 were collected at
25 °C using a 500-MHz Varian Inova spectrometer equipped with a
triple-resonance probe and a z-axis pulsed-field gradient. NMR
samples consisted of 1—7 mM protein in 100 mM sodium phosphate
pH 7.0 and 90% H,0/10% D,O. Resonances were assigned using
standard three-dimensional (3D) triple-resonance methods. 'H, *C,
and N nuclei of backbone atoms were assigned usin§ 3D HNCA,
HNCACB, HNCO, and HN(CO)CACB spectra; ¢ side-chain
resonances were assigned using 2D '"H—'H 2QF-COSY and TOCSY
spectra as well as 3D “N—'H—'H HSQC-TOCSY and “C—-'H-'H
HCCH-TOCSY spectra.®” NOE cross-peaks were identified using 2D
"H—'H NOESY as well as 3D “N—'H-'H and *C—'H-'H HSQC-
NOESY spectra.z’8 Data were processed with NMRPipe.Z’9 'H, 1C, and
SN chemical shifts were referenced using internal 2,2-dimethyl-2-
silapentane-S-sulfonate (DSS) as described,*” where the methyl 'H
reference frequency of DSS was multiplied by 0.251449530 and
0.101329118 to obtain the O-ppm frequencies for *C and "N,
respectively. Helices were identified by their characteristic NOE cross-
peak patterns and the chemical-shift values of C,, Cp, C, and H,, nuclei.
Backbone torsion angles ¢ and  were calculated from 'H, *C, and
N chemical shifts with PREDITOR.**

The rates at which the backbone amide protons of SpnDEI1
exchange with solvent were measured using a saturation-transfer
method.*" Uniformly 'N-labeled samples were equilibrated with 100
mM sodium phosphate pH 5.0, 7.0, or 8.0. At each pH, 2D “N—'H
spectra were obtained with and without a 2-s presaturation of the
water resonance. The rate at which the amide protons exchange with
solvent was estimated by comparing peak heights in spectra obtained

Table 1. Crystallization Data and Refinement Statistics

Data Collection

space group P2,
a, b, c (A) 56.82, 211.69, 101.74
B (deg) 95.3
resolution (A) 50—2.60(2.64—2.60)
Riperge 0.056(0.555)
1/6(1) 203(2.7)
completeness (%) 98.2(97.5)
redundancy 3.5(3.5)
Refinement

resolution (A) 50—2.60
no. reflections 69.297
RyonRiree 0.204/0.245
no. atoms

protein 15,485

NADP* 192

water 37
B-factors (A%)

protein 64.9

NADP* 52.1

water 39.0
rms deviations

bond lengths (A) 0.009

bond angles (deg) 1.149
Ramachandran plot

favored/outliers (%) 92.5/1.75
molprobity

clashscore 19.21 (80th percentile)

overall 3.08

with and without presaturation at each pH. Nuclei in relatively well-
ordered and relatively flexible regions of the protein were identified by
their positive and negative peaks, respectively, in 2D “N—'H
heteronuclear NOESY spectra. Chemical shifts were deposited at the
Biological Magnetic Resonance Bank (accession number 18947).

Gel Filtration Chromatography. A 0.1-mL protein solution of
Spn(DE+KR)3 (~100 uM) was injected onto a Superdex 200 gel
filtration column equilibrated with 150 mM NaCl, 10% glycerol (v/v),
10 mM HEPES pH 7.5. The molecular weight was estimated by
comparing to standards (Gel Filtration Standard; Biorad Laborato-
ries), as previously described."*

Analytical Ultracentrifugation. Sedimentation velocity experi-
ments were performed on a Beckman Optima XL-I at the Center for
Analytical Ultracentrifugation of Macromolecular Assemblies
(CAUMA) at the University of Texas Health Science Center at San
Antonio. Calculations were performed with the UltraScan software® at
the Texas Advanced Computing Center at the University of Texas at
Austin and at the Bioinformatics Core Facility at the University of
Texas Health Science Center at San Antonio."™** All samples were
measured in a 10 mM phosphate buffer containing 150 mM NaCl. All
data were collected at 20 °C and spun at 45 krpm (Amp(KR+DE)2)
or 60 krpm (SpnDE1), using titanium 2-channel centerpieces
(Nanolytics; Potsdam, Germany). The partial specific volume of
Amp(KR+DE)2 and SpnDEI were determined to be 0.7329 cm®/g
and 0.7237 cm®/g, respectively, based on protein sequence according
to the method by Durchschlag, as implemented in UltraScan. All data
were first analyzed by two-dimensional spectrum analysis with
simultaneous removal of time-invariant noise*>*® and then by
enhanced van Holde—Weischet analysis*’ and genetic algorithm
refinement*®>* where applicable, followed by Monte Carlo analysis.>®

Modeling a f-Module. The Ery(KS+AT)S dimer (PDB code:
2HG4), the Spn(DE+KR)3 dimer (PDB code: 4IMP), and two
EryACP2 monomers (PDB code: 2JU2) were positioned with PyMol
along a common 2-fold axis.”***’ The DE+KR dimer was arranged so
that its N-terminal ends were as close as possible to the C-terminal
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ends of the KS+AT dimer and so that its long axis was perpendicular
to that of the KS+AT dimer to avoid steric clashes. Another Ery(KS
+AT)S dimer was placed along the common 2-fold axis, parallel to the
first KS+AT dimer and as close as possible to the DE+KR dimer, to
represent the next module in a PKS subunit and to provide an anchor
for the C-terminal linker of ACP. The ACP monomers were
positioned between the KS dimers. Polyalanine linkers were built
using Coot in order to connect the KS+AT dimer with the DE+KR
dimer, the DE+KR dimer with the ACP domains, and the ACP
domains with the downstream KS+AT dimer.*® Linker lengths were
determined from sequence alignments of apsgropriate linkers obtained
from MAPSI (Supplementary Figure 3). 7 Measurements were
made between residues known to be structured; the linker spanning
KS+AT and DE was measured between the YWL motif and S residues
prior to the first conserved DE tryptophan; the linker spanning KR
and ACP was measured between 7 residues after a highly conserved
proline and helix 0;>® the linker spanning ACP and KS was measured
between the last highly conserved ACP glycine and the first highly
conserved KS proline.
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