J]OURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Biochemical and Structural Characterization of Germicidin Synthase:
Analysis of a Type lll Polyketide Synthase That Employs Acyl-ACP as

a Starter Unit Donor

Joseph A. Chemler, Tonia J. Buchholz, Todd W. Geders,"" David L. Akey, Christopher M. Rath,"
George E. Chhpala, Janet L. Smith,"”* and David H. Sherman*"*

"Life Sciences Institute, “Department of Biological Chemistry, and SDepartments of Medicinal Chemistry, Chemistry, and
Microbiology & Immunology, University of Michigan, Ann Arbor, Michigan 48109, United States

lDepartment of Biological Sciences, Purdue University, West Lafayette, Indiana 47907, United States

© Supporting Information

ABSTRACT: Germicidin synthase (Gcs) from Streptomyces
coelicolor is a type III polyketide synthase (PKS) with broad
substrate flexibility for acyl groups linked through a thioester
bond to either coenzyme A (CoA) or acyl carrier protein
(ACP). Germicidin synthesis was reconstituted in vitro by
coupling Gcs with fatty acid biosynthesis. Since Gcs has broad
substrate flexibility, we directly compared the kinetic proper-
ties of Gces with both acyl-ACP and acyl-CoA. The catalytic
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efficiency of Gcs for acyl-ACP was 10-fold higher than for acyl-CoA, suggesting a strong preference toward carrier protein starter
unit transfer. The 2.9 A germicidin synthase crystal structure revealed canonical type III PKS architecture along with an unusual
helical bundle of unknown function that appears to extend the dimerization interface. A pair of arginine residues adjacent to the
active site affect catalytic activity but not ACP binding. This investigation provides new and surprising information about the
interactions between type III PKSs and ACPs that will facilitate the construction of engineered systems for production of novel

polyketides.

B INTRODUCTION

Polyketides are ubiquitous secondary metabolites produced by
bacteria, fungi, plants, and animals,"™* and they constitute one
of the largest sources for natural product-based pharmaceuticals
(antibiotics, antiparasitics, antifungals, anticancer drugs, and
immunosuppressants) and other commercial products (food
additives, pigments, and nutraceuticals).”~” Most polyketides
are synthesized by three broad classes of polyketide synthases
(PKSs), types L, II, and 111, that share a common mechanism of
sequential decarboxylative condensations of a wide range of
acyl-coenzyme A (CoA) substrates.”®® Polyketide structural
diversity is dictated by selectivity of starter and extender units,
the number of condensation reactions, and the manner of off-
loading or ring closure of the fully elaborated polyketide
chains.'® Type I PKSs are multifunctional proteins made up of
modules subdivisible into multiple discrete catalytic domains,
all of which ultimately control the size and regio- and
stereochemical characteristics of the polyketide scaffolds.
Type II PKS are composed of dissociable enzyme complexes
where each catalytic domain is expressed from an individual
gene.” Type III PKSs differ in that a single active site is used
iteratively for starter unit loading, each Claisen condensation
step, and the final off-loading/cyclization of the polyketide
chain. Found as homodimers of a single ~40 kDa polypeptide,
conventional type III PKSs iteratively condense malonyl-CoA
derivatives with acyl-CoA esters® rather than utilizing substrates
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that are covalently linked to acyl carrier proteins (ACP), which
is a general feature of type I and II PKSs.® Plant type IIT PKSs
tend to utilize a larger variety of acyl-CoAs (e.g,, cinnamoyl-
CoAs), while the more divergent bacterial type III PKSs usually
capture acyl-CoA substrates from primary metabolism."°

Manipulation of secondary metabolic pathways has enabled
the generation of libraries of unnatural compounds.'*'> For
example, 50 macrolides were prepared by systematically
modifying modular components of the type I PKS, 6-
deoxyerythronolide B synthase."> However, since type III
PKSs contain only a single catalytic site, exchange of functional
domains is not a viable strategy to introduce new functional
properties. Rather, differences in the active-site cavity are
responsible for the diversity among type III PKSs.”> Until
recently, in vitro synthesis of novel polyketides has been
dependent upon the substrate flexibility of the type III
PKSs."*™'¢ In vivo combinatorial biosynthesis was shown to
be another promising route."’”'” Expanding the active-site
pocket by amino acid substitutions of a type III PKS enabled
the synthesis of more complex molecules.””*" This character-
istic makes type III PKSs excellent candidates for enzyme
engineering approaches to expand the structural diversity of
small molecules derived from these systems.
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Although early work indicated that type III PKSs use acyl-
CoA starter units exclusively, numerous exceptions have been
reported since. Recently, two type III PKSs, germicidin
synthase (Gcs) and SCO7671 from Streptomyces coelicolor,
were shown in vitro to accept both unnatural acyl-CoAs and
acyl-ACPs as starter unit substrates.” Similarly, ArsB and ArsC,
both type III PKSs from Azotobacter vinelandii, obtain
substrates directly from the ACP domains of the type I fatty
acid synthase (FAS), ArsA, to give phenolic lipids.>* BpsA from
Bacillus subtilis is speculated to directly accept the acyl moiety
of acyl-ACP that is synthesized by the type Il FAS system.”*
FtpA from Myxococcus xanthus was also shown to use acyl-
ACPs, which involves initial activation and transfer by a fatty
acid-AMP ligase.25 In addition, the architecture of Steelyl, a
type I FAS/type III PKS hybrid from the social amoeba,
Dictyostelium discoideum, has a type III PKS domain that
presumably accepts a thioester directly from its ACP domain.*®
The ability of type III PKSs to utilize acyl-CoA and/or acyl-
ACP starter units represents a new opportunity to manipulate
these systems to expand natural product chemical diversity by
engineering artificial hybrid PKS systems. However, our ability
to develop rational approaches to engineer this remarkable class
of biosynthetic enzymes requires a deeper understanding of the
molecular basis for starter unit selectivity and processing.
Therefore, following our initial observation of the unique
molecular recognition of Ges for an acyl-ACP starter unit
donor,”* we were motivated to further investigate the
biochemical and structural details of its catalytic function and
protein—protein interactions.

Bioinformatic analysis of the S. coelicolor genome resulted in
identification and characterization of Gcs as a type III PKS
responsible for producing germicidin A, B, and C (Scheme
1).>”*® This investigation provided evidence that the proposed
pathway for these natural products includes incorporation of
branched acyl-chain starter units. The proposed f-ketoacyl
thioester-linked ACPs are known intermediates in Streptomyces
fatty acid biosynthesis formed by FabH- or FabF-catalyzed
condensation of malonyl-ACP with 2-methylbutyryl-, isovaler-
yl-, isobutyryl-, or n-butyryl-CoA.** Homologues of Ges (Figure
S1) can be found in numerous Streptomyces species including S.
lividans (99% identity), S. sviceus (88% identity), S. scabiei (87%
identity), S. zinciresistens (84% identity), and S. viridochromo-
genes (87% identity), the latter being a confirmed producer of
germicidins.*® The recently described S. coelicoflavus strain that
produces surugapyrone A (germicidin D) likely contains a Ges
homologue as well.>"

In this study, we sought to determine the preference of S.
coelicolor Gces for acyl-CoAs or acyl-ACPs starter unit substrates.
Furthermore, the fatty acid pathway, the putative source of acyl-
ACPs, was reconstituted biochemically and coupled with Ges to
generate germicidin A in vitro. Additional insights were gained
by solving the crystal structure of Ges to assess potential surface
residues involved in the molecular recognition of the type II
FAS ACP acyl-chain starter unit donor. Protein—protein
interaction studies were conducted to analyze the binding
characteristics of the Ges-ACP complex, and to investigate the
role of the surface residues. Cumulatively, these data provide
new insights into a type III PKS enzyme capable of using both
acyl-CoAs and acyl-ACPs for assembly of a range of bioactive
and structurally diverse pyrone natural products.
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Scheme 1. Proposed Metabolic Pathway for Germicidin A,
B, and C in Streptomyces coelicolor (Proteins Are in Bold)
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B EXPERIMENTAL PROCEDURES

Materials. Malonyl-CoA, methylmalonyl-CoA, isobutyryl-CoA,
and acetoacetyl-CoA were purchased from Sigma-Aldrich (St. Louis,
MO). Ethylmalonyl-CoA was synthesized according to published
procedures.*” Aliquots of acyl-CoAs were maintained at —80 °C with
0.05% formic acid. 4-Hydroxy-3,6-dimethyl-2H-pyran-2-one was
purchased from Alpha Aesar for use as an authentic standard. 3-
Ethyl-4-hydroxy-6-methyl-2H-pyran-2-one was grepared from dehy-
droacetic acid (Sigma) as previously described.’

Bacterial Strains and Protein Purification. E. coli BL21(DE3)
strains transformed with either pDHS9758, pDHS10019, and
pSG3045, containing Sco2389 (acyl carrier protein, AcpP), Sco7221
(germicidin synthase, Gcs), and Sco4744 (acyl carrier protein
synthase, AcpS), respectively, were constructed as previously
described.”* E. coli BL21(DE3) strains harboring plasmids pLH14
and pLH16, containing S. glaucescens f-ketoacyl-(acyl carrier protein)
synthase III (KAS III, FabH) and malonyl CoA:acyl carrier protein
malonyltransferase (FabD), respectively, were kind gifts from the
laboratory of Kevin Reynolds.”” Mutants of Gcs were constructed by
mutagenesis using the QuikChange site-directed mutagenesis kit from
Stratagene (La Jolla, CA) to replace an arginine with alanine at
positions Arg276, Arg277, Arg280, or Arg317 using pDHS10019 as a
template. Primers used for mutagenesis are provided in Table SI.
Protein exgression and purification was performed as previously
described.** Approximately 50 mg of Ges could be purified from a 1 L
culture. Protein concentrations were determined using absorbance at
280 nm and calculated extinction coefficient (1 A,g, = 0.62 mg/mL).

Size Exclusion Chromatography. Nickel-NTA purified Hisq-
tagged Ges protein was loaded onto a 120 mL HiLoad 16/60 Superdex
200 (GE Healthcare Bio-Sciences Corp, Piscataway, NJ) column
equilibrated with storage buffer (20 mM HEPES, pH 7.4, 150 mM
NaCl, 10% glycerol, 0.5 mM TCEP). Fractions were combined,
concentrated, frozen, and stored at —80 °C. Calibration of the column
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was performed with molecular weight markers from Sigma. Gces eluted
as a single peak at 74 mL, which is consistent with a dimeric complex
in solution (Figure S2).

X-ray Crystallography. Gcs crystals were grown in 3—5 days at 4
°C using the hanging-drop vapor-diffusion method from an equal
mixture of protein solution (10 mg/mL, freshly dialyzed into 20 mM
HEPES, pH 7.5, 1 mM TCEP) and reservoir solution (21—25%
isopropanol, 300—400 mM ammonium acetate, 0.1 M Tris buffer pH
8.5-9.0). To protect crystals from isopropanol evaporation during
mounting, a volume of glycerol equal to twice the starting drop volume
was added to the drop before the crystals were harvested in loops and
cryo-protected in liquid N,. Attempts to obtain co-crystals with a CoA
substrate (hexanoyl- or acetoacetyl-CoA) were unsuccessful. Attempts
to soak in hexanoyl- or acetoacetyl-CoA into Gcs crystals after they
had formed resulted in dissolution of the crystals within seconds.

Diffraction data were collected at 100 K on GM/CA-CAT beamline
23ID-D at the Advanced Photon Source (Argonne National
Laboratory, Argonne, IL). Data were processed in cubic point §roup
432 (space group P4,32 or P4;32) using the HKL2000 suite.*” The
structure was solved by molecular replacement. The BALBES server>®
identified a solution in space group P4,32 using a homology model
based on the structure of S. coelicolor tetrahydroxynaphthalene
synthase (PDB code 1UOM).*® A single polypeptide occupied the
asymmetric unit, which had extremely high solvent content (80% v/v,
V,, = 6.1 A3/Da). An identical molecular replacement solution was
obtained from the same probe structure using PHASER.**® The
expected physiological dimer forms on a crystallographic 2-fold axis.
Initial refinement steps were performed with REFMACS* and manual
modeling was completed using COOT.* Final rounds of refinement
were performed with PHENIX*' using a translation—libration—screw
(TLS) model of molecular motion with four TLS groups identified by
the TLSMD server (Table 1).*

Reconstituting the Fatty Acid Biosynthesis Pathway with
Gcs. In order to synthesize germicidin A, the Ges reaction was coupled
with the fatty acid biosynthesis pathway to access the proposed
branched 3-oxo-4-methyl-pentyl-ACP intermediate. In a total of 2 mL,
the reaction consisted of 50 mM HEPES, pH 7, 150 mM NaCl, 10

Table 1. Crystallographic Summary

parameter native
space group P4,32
dimensions (A) a,b,c 182.70
X-ray source APS 23ID-D
wavelength 4 (&) 0.97934
don (A) 2.90(3.00—2.90)
unique observations 23726
Riperge (%)° 6.8(57.8)
/o) 27.7(4.3)
completeness (%)” 99.9(100)
avg redundancy” 9.6(9.7)
R/Rge." 0.238/0.265
rmsd bond length (&) 0.007
rmsd bond angle (°) 0.757
avg protein B-factor (A%) 63.3
Wilson B (A?%) 78.8
Ramachandran plot®
favored 97.37
allowed 2.37
disallowed 0.26

“Values in parentheses are for outer shell. meerge = YL — DI/ X,
where I; is the intensity of the ith observation and (I) is the mean
intensity. ‘R = Y IF, — |FJI/YIF,|, where F, is the observed structure
factor and F, is the calculated structure factor used in the refinement.
dRﬁee = YIF, — IFJI/YIF,|, where F, is the observed structure factor
and F, is the calculated structure factor from 5% of reflections not used
in the refinement. “From MOLProbity.**
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mM MgSO,, 2 mM TCEP, 100 M CoA, 400 4M malonyl-CoA, 200
4#M ethylmalonyl-CoA, 200 uM isobutyryl-CoA, 10 uM AcpP, 2.5 uM
FabD, 2.5 uM FabH, 2.5 uM Gcs, and 2.5 yM AcpS. The reaction
proceeded at room temperature overnight, followed by extraction with
two equal volumes of ethyl acetate. The resulting organic layer was
dried under vacuum. The dried residue was re-dissolved in acetonitrile
and fractionated on a semi-preparative C18 column using an isocratic
gradient (25% acetonitrile in water with 0.1% formic acid).
Approximately 15 pg of purified product was characterized by capillary
'H NMR and LC-ESIMS.

Synthesis of 3-Oxo-4-methyl-pentyl-CoA. A 1 mL reaction
mixture containing of 50 mM HEPES, pH 7, 150 mM NaCl, 1 mM
TCEP, 1 mM malonyl-CoA, 1 mM isobutyryl-CoA, and 25 yM FabH
was prepared. The reaction proceeded at 25 °C for 3 h, followed by
the addition of 10 uL of formic acid. 3-Oxo-4-methyl-pentyl-CoA was
purified on a semi-preparative C18 column using a binary gradient
starting at 95% solvent A (S mM NH,OAc, pH 5.4) and 5% solvent B
(MeOH, 0.1% formic acid) for S min, followed by a linear gradient
over 30 min ending with 50% solvent B. Pooled elution fractions were
concentrated using rotary evaporation to remove methanol and finally
dried by lyophilization. Product formation was verified by LC-MS as
described in the Supporting Information. Stock solutions were
quantified at 260 nm using a calibration curve of acetoacetyl-CoA.

Acylation of AcpP. A 250 uM mixture of apo- and holo-AcpP, 10
UM AcpS, 0.5 mM 3-oxo-4-methyl-pentyl-CoA, 10 mM MgSO,, and
HEPES buffer (50 mM HEPES, pH 7.0, 150 mM NaCl) in a total
volume of 2 mL was incubated at 25 °C for 3 h (of note, Sfp and Svp
were both ineffective).**** The reaction mixture was loaded onto a 5
mL His-Trap column (GE Healthcare), washed with S column
volumes of HEPES buffer, and finally eluted with S column volumes of
HEPES buffer with 0.3 M imidazole. The protein was concentrated
using a 3K MWCO centrifuge column (Pall Life Sciences, Ann Arbor,
MI), followed by buffer exchange on a PD-10 column (10% glycerol,
0.1 M NaCl, 50 mM HEPES, pH 6.8; GE Healthcare). Protein
concentration was determined by using the Bradford protein assay
(Bio-Rad, Hercules, CA) with BSA as the standard. 3-Oxo-4-methyl-
pentyl-AcpP was analyzed with electrospray mass spectrometry by
using a ThermoFinnigan LTQ linear ion trap instrument (capillary
temperature, 250 °C; capillary voltage, 32 V; tube lens, 95 V). Mass
spectra were deconvoluted by using ProMassN for Xcalibur (Novatia,
Monmouth Junction, NJ).

Enzyme Kinetics. The kinetic constants of Ges, K, and k,, were
determined by varying starter unit acyl-CoA concentrations while
using a fixed extender unit concentration of either methylmalonyl-CoA
or ethylmalonyl-CoA. The enzyme reaction solution consisted of 100
mM Tris-HC], pH 7.8, 150 mM NaCl, 1.0 mM methylmalonyl-CoA or
ethylmalonyl-CoA, and various concentrations of 3-oxo-4-methyl-
pentyl-CoA in a total volume of 40 yL. The reaction solution was pre-
warmed at 30 °C for 5 min before addition of 0.2 uM Gcs. The
reaction proceeded for 1 min before being quenched with the addition
of 10 uL of 6.05 M HCI in methanol and frozen at —80 °C until
analysis. Reactions with acetoacetyl-CoA used 3 yuM Ggcs, and the
reaction time was extended to S min. Reactions were analyzed by
injecting 25 uL onto a Beckman HPLC with an XBridge C18 column
(S pum particle size, 4.6 X 250 mm) using an isocratic gradient of 25%
or 30% acetonitrile in water with 0.1% formic acid. Authentic
standards were used to quantify product formation at 290 nm.
Reactions with varying concentrations of 3-oxo-4-methyl-pentyl-AcpP
(a mixture of 33% apo-, 31% holo-, and 36% 3-oxo-4-methyl-pentyl-
AcpP as determined by MS) were conducted in the same fashion.
Steady-state parameters were determined by fitting to the equation v =
[Elk.[S]/([S] + K,,) using GraphPad Prism 5.0 (GraphPad Software
Inc,, La Jolla, CA).

Binding Kinetics. All biolayer interferometry measurements were
made using an Octet RED instrument (ForteBio, Menlo Park, CA)
using streptavidin (SA) biosensors. Assays were performed in 96-well
black microplates at 25 °C and 1000 rpm. All volumes were 200 uL.
AcpP was biotinylated using EZ-Link NHS-LC-LC-biotin (succini-
midyl-6-[biotinamido]-6-hexanamidohexanoate) (Thermo Scientific
Pierce, Rockford, IL) at a 5:1 molar ratio of biotin to protein for 30
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min at 25 °C, followed by dialysis into phosphate-buffered saline (10
mM phosphate, pH 7.4, 150 mM NaCl) using a 3K MWCO Slide-A-
Lyzer (Thermo Scientific Pierce). All Gcs proteins were similarly
dialyzed. Biotinylated AcpP (50 pg/mL) was loaded onto the sensors
for 600 s. After a baseline in 1X PBS kinetics buffer (ForteBio) was
established, tethered AcpP was exposed to Gces protein at
concentrations between 0.3 and 10 #M. Association was monitored
for 1800 s, followed by dissociation in 1X PBS kinetics buffer for 1800
s. A reference sensor (only tethered AcpP) was subtracted from each
data set. Shift data were analyzed with ForteBio Analysis software
(version 7.0). Kinetic parameters (k,, and kg) and affinity (Kp,) were
determined from a global nonlinear regression of association and
dissociation binding kinetics using a 1:1 Langmuir binding model.

Relative Enzyme Activity Assay. The relative activities of Ges
wild-type and each Gcs mutant were determined. Reactions preceded
similarly as described above using 0.2 yM Gcs wild-type or mutant, 1.0
mM ethylmalonyl-CoA, and either 100 yM 3-oxo-4-methyl-pentyl-
CoA or S yuM 3-oxo-4-methyl-pentyl-AcpP. In the case of the R276/
317A double mutant, for which no activity was detected, the reaction
time was subsequently extended to 2 h (with wild-type enzyme as a
control) to confirm the absence of product (see main text).

B RESULTS AND DISCUSSION

Germicidin Biosynthesis Pathway. Starter units for the
germicidin pathways were predicted to originate from fatty acid
biosynthesis with Gcs utilizing S. coelicolor endogenous fatty
acid intermediates as reaction substrates.”>>” A previous study
revealed that a S. coelicolor AScFabH::EcFabH mutant produced
substantially less germicidin metabolites than the wild-type
strain”’ because E. coli FabH preferentially accepts straight-
chain acyl-CoAs..45 The fatty acid acyl carrier protein, AcpP, is
adjacent to FabH within the S. coelicolor type II FAS operon.
Thus, we reasoned that AcpP was the most likely acyl carrier
protein starter unit donor for Gces. The proposed pathway
(Scheme 1) begins with AcpS, which converts AcpP from the
apo into the holo form. FabD employs malonyl-CoA to convert
holo-AcpP into malonyl-AcpP and FabH follows by catalyzing
the condensation of acyl-CoAs (e.g, 2-methylbutyryl-CoA,
isobutyryl-CoA, and acetyl-CoA) with malonyl-AcpP to
generate the corresponding [-ketoacyl-AcpPs. For example,
we reasoned that 3-oxo-4-methyl-pentyl-AcpP would form in a
FabH-catalyzed reaction of isobutyryl-CoA with malonyl-AcpP
and serve as the starter unit for germicidin biosynthesis.”” We
tested this model by reconstituting the fatty acid-coupled
germicidin pathway in vitro. The reaction mixture consisted of
FabD, FabH, AcpS, apo/holo-AcpP, and Gcs. When co-
administered with ethylmalonyl-CoA, germicidin A is the
predicted product. Based on LCMS, the mass of the major peak
formed was consistent with germicidin A, and the 'H NMR
confirmed the assignment based on comparison with published
data (Figure $3).}

Surprisingly, in control experiments, where one of the
enzymes was omitted from the reaction, we observed that just
FabH and Ges were sufficient to form germicidin A in vitro
(Figure S3). We hypothesized that the condensation of
isobutyryl-CoA with malonyl-CoA was catalyzed by FabH to
form 3-oxo-4-methyl-pentyl-CoA. This acyl-CoA substrate
could then be converted by Ges directly to germicidin A. A
reaction consisting of only FabH with isobutyryl-CoA and
malonyl-CoA was tested for the production of 3-oxo-4-methyl-
pentyl-CoA. Indeed, this reaction produced both free coenzyme
A along with a new product bearing a molecular mass matching
the predicted 3-oxo-4-methyl-pentyl-CoA (LC-ESIMS: [M —
H]™ = 878.25 m/z and [M + H]* = 880.35; calculated 878.16
and 880.17, respectively) (Figure S4). Upon purification, Gcs
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was able to convert the new FabH product along with
methylmalonyl-CoA or ethylmalonyl-CoA into germicidin D
and germicidin A, respectively. The ability of FabH to act
independent of malonyl-AcpP was surprising, but not without
precedent in bacterial anabolism. FabH from E. coli can catalyze
formation of acetoacetyl-CoA from malonyl-CoA and acetyl-
CoA¥ Additionally, an acetoacetyl-CoA synthase from a soil-
isolated Streptomyces sp. strain, which shares homology to KAS
I1I, was recently described.*’

Enzyme Kinetics. The experiments above demonstrated
that two parallel paths to germicidin products are possible,
involving acyl-AcpP and acyl-CoA starter units. In order to
assess which route might be favored, we determined the kinetic
parameters for both types of reactions (Scheme 2). Many

Scheme 2. In Vitro Reactions Catalyzed by Gcs (Proteins Are
in Bold)
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bacterial type III PKS enzymes use only malonyl-CoA as both
starter and extender units. For example, 1,3,6,8-tetrahydrox-
ynaphthalene (THN) synthase from S. griseus,"® PhID from
Pseudomonas  fluorescens,” and DpgA from Amycolatopsis
orientalis™® use five, four, and three molecules of malonyl-
CoA, respectively. Other bacterial type III PKSs, including ArsB
and ArsC from Azotobacter vinelandii and SrsA from S. griseus,
use long-chain acyl thioesters as a starter unit.”>>"** Like SrsA,
Gecs can use additional extender units such as methylmalonyl-
and ethylmalonyl-CoA.>>*” Furthermore, we have previously
demonstrated that Ges and SCO7661 are able to catalyze
reactions using a range of unnatural acyl-CoA and acyl-ACP-
tethered starter units.””

Our initial in vitro experiments with Ges used acetoacetyl-
CoA and 3-oxo-4-methyl-pentyl-CoA as starter units to
determine substrate preference and whether the extender unit
choice (methylmalonyl-CoA or ethylmalonyl-CoA) plays a
significant role in product profile (Figure SSa and Table 2).
When using acetoacetyl-CoA, Ges displayed typical saturation
kinetics with methylmalonyl-CoA as the extender unit but not
with ethylmalonyl-CoA, for which the apparent K, was greater
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Table 2. Enzyme Kinetics Constants Determined for the Different Starter Unit Substrates Catalyzed by Gcs (Standard Deviation

Calculated from Triplicates)

starter unit extender unit K, (uM) ke (min™") e/ Ko (570 MTH)

acetoacetyl-CoA methylmalonyl-CoA 75.17 + 845 291 + 0.08 645
3-ox0-4-methyl-pentyl-CoA 12.12 + 0.31 12.97 + 1.46 17 840
3-oxo-4-methyl-pentyl-AcpP 1.65 + 0.22 16.49 + 0.70 167 000
acetoacetyl-CoA ethylmalonyl-CoA 1244 + 148 9.89 + 0.58 133
3-ox0-4-methyl-pentyl-CoA 39.25 + 3.36 31.26 + 0.96 13270
3-ox0-4-methyl-pentyl-AcpP 1.56 + 0.20 14.19 £ 0.56 152 000

than 1 mM. In contrast, enzymatic activity was substantially a) 7 N o

higher for 3-oxo-4-methyl-pentyl-CoA when comparing Xy N

specificity constants (k../K,). With the branched acyl-CoA = N, SNA7 4

starter unit, Ges did not display any extender unit preference N\ \ \ ‘1 #

(Figure SSb and Table 2). The kinetic parameters of Ges using wa) ! 1\\l

3-oxo-4-methyl-pentyl-CoA were comparable to those of other v ‘\:. g \ 4 4 . ® e bstrate

bacterial type III PKS enzymes that employ a long-chain acyl- > Vet "’ AtFarce

y (o 3

CoA starter unit (ArsB from Azotobacter vinelandii for n-
behenyl-CoA: k., = 0.931 min™", K, = 4.86 uM, compared to
Gecs for 3-oxo-4-methyl-pentyl-CoA with saturating amounts of
methylmalonyl-CoA: k., = 12.97 min™!, K, = 12.12 uM).>

Gces was then characterized using 3-oxo-4-methyl-pentyl-
AcpP as a substrate to generate either germicidin A or
germicidin D (Figure SSc and Table 2). The catalytic efficiency
using 3-oxo-4-methyl-pentyl-AcpP along with either methyl-
malonyl-CoA or ethylmalonyl-CoA was an order of magnitude
higher relative to the corresponding acyl-CoA analogue. For
comparison, the apparent K value of Staphylococcus aureus
FabH for malonyl-AcpP was 1.76 + 0.40 uM> and the K,,
value of Ges for 3-oxo-4-methyl-pentyl-AcpP was 1.6 + 0.2 uM.
This suggests that Ges can preferentially select acyl-AcpP over
acyl-CoA to produce germicidins.

X-ray Crystal Structure of Gcs. To gain fundamental
information about type III PKS-ACP interactions, we
determined the crystal structure of recombinant Hiss-Ges at
2.9 A resolution (Figure 1). All previously reported type III
PKS structures are dimeric, and size exclusion chromatography
indicated that two Gcs molecules associated to form a
homodimer in solution (Figure S2). The asymmetric unit of
Gecs crystals contains a single protein molecule. However, the
presumed physiologically relevant dimer is formed by a
crystallographic 2-fold contact that buries 2300 A* of protein
surface area per monomer (~13.6% of the monomer surface
area).

Similar to other type Il PKS structures,"”>* Gcs contains a
Cys-His-Asn catalytic triad within a deep active-site cavity that
is accessible to the surrounding solvent. Apart from a few
exterior loops, there are few major differences in the conserved
apapo-fold or dimer interface compared with S. coelicolor
THNS.* Curiously, Ges contains a long insertion between
residues 61 and 100, which has not been observed in other type
III PKSs (Figure S1). Examination of sequence alignments fails
to shed light on the function of this insertion. A structural role
is implied because the large insertion protrudes from the core
of Ges and folds into a four-helix bundle formed by two helices
from each monomer. The shape of the helical bundle resembles
a “basket” hanging from the catalytic core of the protein
(Figure 1a). Electron density is especially poor for the basket,
likely because it extends into the large solvent channels of the
crystal and makes no contacts with other molecules within the
lattice. As the basket is not in proximity to the active-site
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Figure 1. Overall structure and active site of Gcs. (a) A view of the
Gcs dimer; one monomer is colored blue to red from N- to C-
terminus; the second monomer is gray. (b) Close-up of the active site
viewed from the substrate entrance. Side chains for surface arginines at
the proposed ACP docking site are indicated in yellow and for the
Cys-His-Asn catalytic triad in green. The phosphopantethiene arm is
modeled in this figure (white C atoms) based on a FabH complex with
CoA (PDB: 2GYO).*

entrance (Figure 1a), we do not expect that it interacts with the
carrier protein. It is possible that this insertion reinforces the
dimer interface. Attempts to produce Ges mutants in which the
basket insert was removed (GcsA63—96, GesA63—97, and
GcsA63—98) resulted only in insoluble protein (data not
shown).

Identifying Putative Residues for Gcs-AcpP Binding.
Based upon sequence alignments, bacterial type III PKSs, and
not plant tYPe III PKSs, were predicted to accept starter units
from ACPs.” Direct biochemical evidence was obtained when
Gecs was shown to accept acyl groups carried by either CoA or
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ACP.** Although the bacterial and plant enzymes have strong
structural similarities, only bacterial PKSs have highly
conserved residues aligned with a cationic/hydrophobic patch
determined to be crucial for FabH-ACP binding.* Similarly,
other FAS complexes (ACP with FabD, FabG, and Fabl) have
cationic/hydrophobic patches in close proximity to their active
sites that when mutated affect ACP binding.>*~>*

Based on the Gcs crystal structure, a cationic patch including
four arginine residues (Arg276, Arg277, Arg280, and Arg317)
was identified adjacent to the type III catalytic triad active site
(Figure 1b). The arginine residues in the cationic patch were
each replaced with alanine to determine the importance of
these position(s) for promoting Ges-AcpP molecular recog-
nition. Perturbations to these interactions were predicted to
influence binding and/or catalysis by affecting protein—protein
contacts and/or pantetheinate arm—protein interactions. For
example, a decrease in protein—protein interactions may also
result in attenuated catalysis, while changes to pantetheinate
binding could result in attenuated catalysis and may or may not
affect protein—protein interactions.

Effects of Surface Mutations on Gcs-AcpP Binding
and Activity. Two assays were employed to evaluate the
effects of surface residue mutations on the Ges-AcpP specificity.
The first assay was a direct measurement of AcpP binding to
Ges using biolayer interferometry.”” The second assay was a
measurement of catalytic activity of Ges mutants with either
acyl-AcpP or acyl-CoA. We reasoned that any mutation that
interferes with the Ges-AcpP interaction could also affect AcpP-
dependent Gcs catalytic activity.

Binding of Gcs to the AcpP immobilized onto the
streptavidin biosensor led to a measured increase in biolayer
thickness in real time to provide the association rate constant
(k,s), the dissociation rate constant (k.g4), and the dissociation
constant (Kp) (Table 3). The curve fits for the wild-type and

Table 3. Binding Kinetics for Ges*AcpP Interaction
(Standard Deviation Calculated from Duplicates)

mutant kon (M1 s71) kog (X107* s7") Kp (uM)
wild-type 1188.0 + 46.7 2.203 + 0.049 0.225 + 0.015
R276A 627.6 + 2.8 2.529 + 0.837 0.185 + 0.003
R277A 694.9 + 95.5 1.281 + 0.221 0.403 + 0.132
R280A 769.1 + 92.8 1.220 + 0.138 0.184 + 0.006
R317A 1812.5 + 16.3 4.067 + 0.301 0.161 + 0.037
R276/317A 891.9 + 69.1 1.703 + 0.002 0.192 + 0.015

mutant forms of Ges closely followed a 1:1 binding model
(Figure S6). However, none of these mutants significantly
disrupted the specific binding to AcpP. Overall, wild-type Ges
has greater affinity for ACP than do type II FAS enzymes, based
on reported K values; for instance, S. coelicolor AcpP was
reported to bind to FabD with Kp = 1.9 + 0.3 uM,>® whereas
Kp = 0.2 uM was observed for the Gces-AcpP interaction.

The mutants and wild-type Gcs were compared in their
ability to produce germicidin A. Two of the mutants (R276A
and R317A) had significantly impaired activity with the acyl-
CoA substrate analogue when compared to the wild-type Gcs
protein (Table 4). Similarly, these two mutants had somewhat
reduced activity with acyl-AcpP substrates (Table 4). There-
fore, these residues are not likely to be responsible for the
observed Gcs selectivity for AcpP. In contrast, a cationic patch
residue of FabH, Arg249 (sequence aligned with Ges Arg317,
Figure S1a), was shown to affect both binding and catalysis of

7364

Table 4. Relative Activities of Gcs Wild-Type and Mutants
for 3-Oxo-4-methyl-pentyl-CoA or -AcpP Starter Unit and
Ethylmalonyl-CoA as Extender Unit (Standard Deviation
Calculated from Triplicates)

activity (%)

3-ox0-4-methyl-pentyl-CoA  3-oxo-4-methyl-pentyl-AcpP

WT 100 + 6 100 + S
R276A 25+ 6 46 + 12
R277A 75+ 3 106 + 4
R280A 103 + 4 100 + §
R317A 24+ 6 64 +7
R276/317A no activity no activity

malonyl-AcpP substrate while not affecting catalysis with
malonyl-CoA,46 a result that is inconsistent with structures of
FabH co-crystallized with CoA and related analogues where the
pantetheinate arm is in direct contact with Arg249.60’61 When
the pantetheinate arm was modeled into the Ges structure
using the coordinates from a FabH structure (PDB: 2GYO),*!
the model suggests that Arg276 and Arg317 both make direct
contact with the phosphoryl groups (Figure 1b). Consistent
with this hypothesis, the double mutant (R276/317A) had no
detectable activity for either acyl-CoA or acyl-AcpP, implying
that phosphopantetheine interaction with either Arg276 or
Arg317 is essential to Gces activity. Our results suggest that the
major role of residues Arg276 and Arg317 involves
pantetheinate binding, and that AcpP selectivity resides
elsewhere on Ges.

B CONCLUSION

PKSs are responsible for making a vast range of natural
products with diverse biological activities. Harnessing the
biosynthesis of polyketides has the potential to open up new
sources of valuable small molecules for pharmaceutical
development. Re-engineering of PKSs demands an in-depth
understanding of the multiple proteins involved and how they
interact for functional catalysis. In this study we investigated the
Ges type III PKS, which selectively employs acyl-ACPs as
starter unit donor, a role previously limited to type I and II
PKSs. Toward this goal, we set out to characterize the
specificity of the protein—protein interaction, and to initiate
efforts to probe the key features that govern ACP recognition
by Gcs. We first reconstituted germicidin synthesis by coupling
Gecs with the endogenous S. coelicolor fatty acid pathway. This
study revealed that Ges functions with a 10-fold higher activity
toward acyl-AcpP compared to the corresponding acyl-CoA,
which is consistent with the predominance of this pathway in
vivo.”” The Ges crystal structure revealed canonical type III
PKS architecture except that the dimer interface was extended
by a 40-residue insertion. Similar to type II FAS enzymes, Gcs
has a cationic patch surrounding the entrance to its catalytic
pocket, a feature considered pivotal for FAS-ACP dock-
ing."**575% However, upon changing the putative surface
arginine residues to alanine, the Ges mutant proteins retained
high affinity for AcpP. Differences between the Ges mutants
were revealed when comparing relative activities, with two
alanine variants showing attenuated catalytic function against
both acyl-AcpP and acyl-CoA and the double mutant having no
activity. Based on homology modeling, the two surface arginine
residues are likely to directly interact with the phosphate group
of pantetheinate, and the synergistic effect of the two partially
inactivating mutations implies that at least one of these
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arginines is essential. However, the amino acids that affect
Gces-AcpP binding remain to be identified. This work has
highlighted the role of cationic residues surrounding the active
site of a bacterial type III PKS capable of accepting acyl-ACPs.
Further study into the type III PKS-AcpP interaction may lead
to engineered type I/III PKS hybrid proteins capable of
creating novel polyketide structures.
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