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Abstract

During polyketide and fatty acid biosynthesis, the growing acyl chain is attached to the acyl carrier
protein via a thioester linkage. The acyl carrier protein interacts with other enzymes that perform
chain elongation and chain modification on the bound acyl chain. Most type | polyketide synthases
and fatty acid synthases contain only one acyl carrier protein. However, polyunsaturated fatty acid
synthases from deep-sea bacteria contain anywhere from two to nine acyl carrier proteins. Recent
studies have shown that this tandem acyl carrier protein feature is responsible for the unusually
high fatty acid production rate of deep-sea bacteria. To investigate if a similar strategy can be used
to increase the production rate of type | polyketide synthases, a 3xACP domain was rationally
designed and genetically installed in module 6 of 6-deoxyerythronolide B synthase, which is a
prototypical type | modular polyketide synthase that naturally harbors just one acyl carrier protein.
This modification resulted in an ~2.5-fold increase in the total amount of polyketide produced /n
vitro, demonstrating that installing a tandem acyl carrier domain in a type | polyketide synthase is
an effective strategy for enhancing the rate of polyketide natural product biosynthesis.
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Polyketides are a class of secondary metabolites synthesized by plants, insects, fungi, and
bacteria.! The name “polyketide” refers to the multiple ketide groups (—CH,— CO—)
found in these natural compounds. In nature, polyketides confer competitive advantage to
the host organism such as antimicrobial activity and pigmentation. Many polyketide natural
products also exhibit useful pharmacological properties and some have been developed into
successful therapeutics. FDA-approved polyketide drugs include erythromycin (antibiotic),
streptomycin (antibiotic), and doxorubicin (anticancer). One of the greatest challenges in
polyketide drug development is securing large quantities of the natural product needed to
carry out preliminary studies and clinical trials. This is because many polyketides are
produced at low levels by the native producer or they are produced by unculturable
organisms. Therefore, a vast number of promising polyketides remain inaccessible for drug
research. One possible solution to this problem is to engineer the polyketide synthase (PKS)
enzymes responsible for polyketide biosynthesis in the native host to increase the product
yield.

In this study, we sought to improve the product turnover of a modular PKS enzyme by
incorporating additional acyl carrier proteins (ACPs). We used 6-deoxyerythronolide B
synthase (DEBS), which is a type | modular PKS expressed by the soil bacterium
Saccharopolyspora erythraea, as the model system. Three DEBS proteins work together in
successive fashion to produce the macrolide ring of the antibiotic erythromycin (see Figure
S1 in the Supporting Information).2 Each DEBS protein contains two modules, and each
module contains a varying number of enzymatic domains that cooperatively perform one
round of polyketide chain extension and optional reductive modification. The acyltransferase
(AT) domain selects the extender unit, methylmalonyl-coenzyme A, from the cytoplasm.
The ketosynthase (KS) domain catalyzes carbon—carbon bond formation between the
extender unit and the growing polyketide chain. The ACP receives the extender unit from the
AT domain and carries it to the KS domain, where it becomes covalently attached to the
growing polyketide chain. Next, the ACP transfers the extended polyketide chain to the
optional reductive domains (ketoreductase, enoylreductase, and dehydratase), where the
newly formed B-keto group becomes modified to a hydroxyl group or a fully reduced carbon
atom. Finally, the ACP passes the extended polyketide chain to the KS domain of the
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downstream module for subsequent round of chain extension and modification, or to the
thioesterase (TE) domain for product release.3

Our protein engineering study was performed on module 6-TE which is a single-module
PKS derived from module 6 of DEBS 3. Module 6-TE consists of KS, AT, KR, ACP, and TE
domains (see Figure 1). We chose this PKS protein because (i) its small size allows for facile
genetic manipulation and (ii) the presence of the TE domain makes direct product detection
possible. DEBS module 6-TE has previously been shown to accept the non-natural substrate
(25,3 R)-2-methyl-3-hydroxypentanoic- A-acetylcysteamine thioester and the methylmalonyl
coenzyme A extender unit to form a mixture of triketide lactone (TKL) and triketide
ketolactone (TKKL) product in a ratio of 1:1.8.% The nonreduced product, TKKL, is thought
to be formed when the TE domain acts on the ACP-bound linear triketide before the KR
domain.

In nature, ACPs are found in all PKSs and fatty acid synthases.> ACPs are small (80-110
amino acids), generally acidic (pl = 5-6) proteins with a four-helix bundle structural motif.
6-10 ACPs have a conserved active site serine that is post-translationally modified with a 4’-
phosphopantetheine prosthetic group to form the functional #o/o-ACP. This modification
provides a long, flexible arm that contains a terminal thiol group to which the growing acyl
chain is attached during polyketide and fatty acid biosynthesis. Typically, PKSs and fatty
acid synthases contain a single ACP. But polyunsaturated fatty acid (PUFA) synthases from
deep-sea bacteria universally contain multiple (2-9) ACPs that are arranged in series,
collectively known as a “tandem ACP domain”. For example, PUFA synthase from Moritella
marina, Shewanella japonica, and Schizochytrium sp. contains five, six, and nine
consecutive ACPs, respectively (see Figure S2 in the Supporting Information).11-13 The
tandem ACP domain of PUFA synthases are positioned between the malonyl-CoA
transferase and the ketoreductase domains. This is in contrast to PKSs and mammalian fatty
acid synthases whose single ACP domain is located downstream of the reducing domains.

Shen and colleagues studied the 6xACP domain from Shewanella japonica and found that
the six individual ACPs, which share 85%-96% sequence identity, are functionally
equivalent.1* Inactivating one or more ACPs in this tandem ACP domain by mutating the
active site serine to alanine resulted in proportionately decreased fatty acid production. This
result indicates that the tandem ACP domain becomes the rate-limiting element of the fatty
acid biosynthesis pathway when the number of ACPs is artificially reduced. Baerga-Ortiz
and colleagues investigated the solution structure of the isolated 5x ACP domain from
Photobacterium profundum, using small-angle X-ray scattering (SAXS), and derived an
elongated beads-on-a-string model of the tandem ACP domain, indicating that there is little
or no interaction between the individual ACPs in a tandem ACP system.1® These preliminary
findings suggest that adding extra ACPs in a PKS module that natively contains only one
ACP will increase its product turnover number. To test this idea, we have genetically inserted
two extra ACPs to DEBS module 6-TE, thus creating module 6-3ACP-TE.
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RESULTS AND DISCUSSION

Amino Acid Sequence Alignment of Natural Tandem ACPs and de Novo Design of an
Avrtificial Tandem ACP.

Three variables must be considered in designing an artificial tandem ACP domain; how
many ACPs to incorporate, the amino acid sequence of the individual ACPs, and the length
and amino acid sequence of the linker regions that lie between the ACPs. To understand how
nature constructs tandem ACPs, we analyzed the primary structure of naturally occurring
tandem ACPs (see Figure S3 in the Supporting Information). PKSs that natively contain
tandem ACPs have relatively small tandem ACP domains (consisting of two or three ACPs),
whereas marine PUFA synthases typically have larger tandem ACP domains (consisting of
as many as nine ACPs). The tandem ACP domain of PKSs consists of ACPs with varying
degree of amino acid sequence homology (20%-95% sequence identity), while the tandem
ACP domain of PUFA synthases is composed of ACPs having a much higher sequence
homology (80%-100% sequence identity). The ACP-to-ACP linker region is highly variable
in length and amino acid composition for both PKSs and PUFA synthases. We decided to
create module 6-3ACP-TE by faithfully triplicating the amino acid sequence of the native
ACP of module 6-TE. This ACP has moderate sequence homology (14%-28% sequence
identity) to the ACPs in naturally occurring tandem ACP domains. The three ACPs were
linked via a 20-residue linker, TPAVGAVPAVQAAPAREMTS, whose sequence was
obtained directly from the region immediately upstream of ACP in module 6-TE. Complete
amino acid sequence of module 6-3ACP-TE is shown in Figure 2.

Comparison of Product Formation by Native and Engineered DEBS Module 6-TE.

We produced the module 6-TE and module 6—-3ACP-TE proteins in £. coli BAP1, which
constitutively expresses the Bacillus subtilis Sfp (4’ -phospho-pantetheinyl transferase) to
promote /in vivo conversion of apo- to holo-ACP.16-18 The purified proteins were also
incubated with purified recombinant Sfp and co-enzyme A to further promote conversion to
holo-ACP. The in vitro catalytic activity of module 6-TE and module 6—-3ACP6-TE was
confirmed using liquid chromatography—mass spectrometry (LC-MS), following an
established protocol.19-23 The products, TKL and TKKL, could be readily identified in the
mass spectrum (see Figures S5, S6, and S7 in the Supporting Information). A 7-h time-
course study revealed that module 6-TE produced both TKL and TKKL, as reported
previously,* while module 6-3ACP-TE exclusively produced TKKL (see Figure 3). It is not
clear why module 6—-3ACP-TE did not produce any TKL. One possibility is that the
individual ACPs in the tandem ACP domain are unable to interact with the KR due to
crowding. Another possibility is that the ACP bound substrate gets hydrolyzed by the TE
domain before interaction with the KR is established. Notwithstanding the absence of KR
activity, the total amount of macrolactone formed by module 6-3ACP-TE is ~2.5 times
greater than that formed by module 6-TE, and this result is consistent with previous findings
on naturally occurring tandem ACP systems that the number of ACPs is proportional to
product output. In order to confirm that the rate enhancement observed in module 6-3ACP-
TE is due to the tandem ACP domain, and not from bypassing of the ketoreduction step, we
performed the triketide formation assay with the native module 6-TE in the absence of
NADPH. As expected, only TKKL was formed by module 6-TE when NADPH was not
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added (see Figures S8 and S9 in the Supporting Information). The amount of TKKL formed
by module 6-TE is similar to the combined amount of TKL and TKKL formed by module 6-
TE when NADPH was added (see Figure S10 in the Supporting Information). This result
indicates that the ketoreduction step does not dictate the overall rate of triketide lactone
formation. Therefore, we conclude that the rate enhancement observed in module 6-3ACP-
TE is primarily due to the engineered tandem ACP domain.

Small-Angle X-ray Scattering (SAXS) Analysis of Native and Engineered DEBS Module 6-

TE.

Size-exclusion chromatography coupled to SAXS was performed using synchrotron
radiation to investigate the structure of module 6-TE and module 6-3ACP-TE. Scattering
curves and Guinier plots show good sample quality for both proteins (see Figure S11 in the
Supporting Information). Kratky plots for module 6-TE and module 6-3ACP-TE (see Figure
4) approach the baseline at high scattering angles, indicating that both proteins are highly
structured. Furthermore, the real-space pair distribution function curves suggest that both
proteins have an overall ellipsoidal and disk shape, as indicated by the tail region on the
right side and the bulge on the left side of the curve. Module 6-TE has a Dy,x value of 214
A, whereas module 6-3ACP-TE has a Dy,ay value of 254 A, indicating that the insertion of
two extra ACPs has increased the longest axis dimension of the protein by approximately the
combined size of two ACPs.

Detailed structural information on full-length PKSs is very limited. Only the SAXS-derived
model of DEBS module 3-TE,24 DEBS3,24 DEBS module 2,25 and the cryo-EM derived
model of PikAl1126:27 are currently available. According to these studies, DEBS modules
have an overall X-shape, which is reminiscent of the porcine FAS architecture,28:2% and they
contain two separate reaction chambers. In contrast, PikAlll model is shaped like a
horseshoe and contains a single central reaction chamber. Another key difference between
these PKS models is the positioning of the ACP domain. In the DEBS module 3-TE and
DEBS module 2 models, the ACP domain is positioned at the periphery of the protein. In
this configuration, adding two extra ACPs will elongate the length of the protein by the size
of two ACPs, which is consistent with our own SAXS data (see Figure 4). In the PikAlll
model, ACP is located inside the central reaction chamber when it is not loaded with a
substrate. Adding two extra ACPs to this configuration will not change the dimension of the
protein, since the additional ACPs will likely remain inside the central chamber. Therefore,
we predict module 6-3ACP-TE to have an FAS-like X-shape architecture. However, this
model does not explain why KR activity is absent in module 6-3ACP-TE. A complete
mechanistic understanding of module 6-3ACP-TE will require high-resolution structural
information.

Recently, Hayashi and colleagues showed that inserting two additional ACPs in a PUFA
synthase module that natively harbors a 9xACP domain results in an 2-fold increase in fatty
acid production.39 Our study has demonstrated that inserting two extra ACPs to a
prototypical type | PKS that originally contains a single ACP results in an ~2.5-fold increase
in polyketide production. However, module 6-3ACP-TE does not show any ketoreductase
activity, and the reason for this is not clear. A complete understanding of the molecular basis

ACS Chem Biol. Author manuscript; available in PMC 2019 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 6

of this defect will require high-resolution structural information on module 6-3ACP-TE
which is not available. Interestingly, the KR domain in deep-sea PUFA synthases is
positioned downstream of the ACP, whereas the KR domain in module 6-3ACP6-TE is
located upstream of the ACP. This difference in domain organization could be why KR
activity is lost in 6-3ACP6-TE. Therefore, it will be worthwhile to investigate whether
changing the location of the tandem ACP domain, to upstream of KR, will reinstate the
original KR activity. Alternatively, installing a longer linker between the individual ACPs
may also bring back KR activity, which would provide greater translational and rotational
freedom for the constituent ACPs. The full potential of tandem ACP engineering is
unknown. PUFA synthase from Schizochytrium sp. contains a total of nine ACPs,13 whereas
our 6-3ACP6-TE protein contained just three ACPs. It is conceivable that creating an
artificial tandem ACP containing more than three ACPs will lead to further increased
product turnover.

METHODS

Chemicals, Plasmids, and Strains.

All reagents were purchased from Sigma—Aldrich (St. Louis, MO), unless stated otherwise.
DEBS3-pET21 plasmid, SFP-pET21 plasmid, NDK-SNAc, and £E. coli BAP1 strain were
gifts from Dr. Chaitan Khosla (Stanford University).

Gene Cloning.

The module 6-te, ks-at-kr, acp6, and te genes were amplified byPCR from DEBS3-pET21
plasmid with Phusion Hot Start DNA polymerase (Thermo, USA). 3xacpé was custom-
synthesized by GenScript (Piscataway, NJ) with codon optimization and then subcloned into
pET28 vector with Ndel-EcoR/ restriction sites. Module 6-TE-pET28 was constructed by
inserting module 6-te into pET-28. Module 6-3ACP-TE-pET28 was constructed by
sequentially inserting ks-at-kr, 3xacp6, and te into pET-28.

Gene Expression and Protein Production and Purification.

All proteins were produced in £. coli BAP1 strain. Cell stock was inoculated into 10 mL of
LB broth containing 50 pg/mL kanamycin, incubated at 37 °C overnight at 225 rpm. This
seed culture was used to inoculate 1 L of LB broth containing 50 pg/mL kanamycin and then
incubated at 37 °C for 2-3 h, at 225 rpm. When the OD600 reached 0.6, the culture was
cooled on ice for 15-20 min. 0.2 mM isopropy! 5-D-1-thiogalactopyranoside (IPTG) was
added to induce protein expression and incubated at 18 °C to allow the protein expression.
Cells were harvested by centrifugation at 7000 rpm at 4 °C. Harvested cells were transferred
to a 50 mL Falcon tube kept at =80 °C until needed. A pellet from 1 L of cell culture was
thawed at room temperature (RT) and resuspended in 10 mL of cell lysis buffer (50 mM
NaH,PO4: NaOH, pH 7.8, 300 mM NacCl, 10 mM PMSF). Cells were lysed by sonication
for 15 min (500 W, 30% amplitude, pulse =5 s on and 10 s off). Cell debris and other
insoluble material were removed by centrifugation for 45 min at 13 000 rpm at 4 °C. The
soluble fraction was filtered using a 0.22 gm filter, mixed with 1 mL of Ni-NTA resin
(Thermo Scientific, USA), and incubated at 4 °C for 1 h under constant mixing. The
resulting resin was washed with wash buffer (50 mM sodium phosphate, pH 7.8, 0.3 M
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NaCl, 20 mM imidazole), and the target protein was eluted using the elution buffer (50 mM
sodium phosphate, pH 7.8, 0.3 M NaCl, 200 mM imidazole).

In Vitro Conversion of ACP from apo- to holo- Form by Recombinant SFP Protein.

A reaction mixture containing 1 mM SFP, 20 mM module 6-TE or module 6-3ACP-TE, 30
mM coenzyme A or 90 mM coenzyme A, respectively, 50 mM Tris-HCI, pH 8.5, 0.3 M
NaCl, 10 mM MgCl,, and 5 mM DTT was incubated at 37 °C for 1 h.

In Vitro Production of Triketide Lactone and Ketolactone by Module 6-TE and Module 6—

3ACP-TE.

This experiment was performed as described elsewhere with minor modifications.3! The 200
AL reaction mixture contained 5 xM module 6-TE or module 6-3ACP-TE, 1 mM NDK-
SNAc, 2.5 mM TCEP, 1 mM EDTA, 0.2 mM methylmalonyl CoA and 4 mM NADPH, 400
mM phosphate adjusted to pH 7.2, and 20% glycerol. The reaction mixture was incubated at
RT for different time periods.

LC-MS/ESI Analysis of Triketide Lactone and Ketolactone Production.

LC analysis was performed on a Poroshell 300SB-C18 column (5 zm, 300 A, 21 mm x 75
mm, Agilent, USA), and eluted with a gradient of CH3CN from 2% to 95% in 0.1% formic
acid-H,0 in 18 min at a flow rate of 0.2 mL/min. g-Ketoacyl-SNAc (1 mM) was added as
the internal standard before every sample injection to normalize variations in
chromatography, ionization, and detection. MS/ESI was performed on an Agilent 6550
iFunnel Q-TOF LC/MS System, and the data were analyzed using MassHunter software.

Small-Angle X-ray Scattering (SAXS) Analysis of Module 6-TE and Module 6/3xACP6-TE.

SAXS data was collected on the Bio-SAXS beamline BL4-2 at Stanford Synchrotron
Radiation Lightsource (SLAC National Accelerator Laboratory, Menlo Park, CA), using a
Pilatus x 1 M detector with a sample-to-detector distance of 2.5 m and a beam energy of
12.4 keV (wavelength, A = 1.00 A).32 A 1.5 mm quartz capillary cell that was maintained at
20 °C was used to keep the sample aliquot in the X-ray beam. The momentum transfer
(scattering vector) g was defined as q = 4z sin(8)/A, where 28 s the scattering angle. The g
scale was calibrated by silver behenate powder diffraction.28 All data were collected by the
data acquisition program Blu-ICE using SEC-SAXS mode (see below for more details).31:33
For each image, an integrated transmission beam intensity value was recorded by a
photodiode mounted inside the beamstop. Online size-exclusion chromatography solution X-
ray scattering (SEC-SAXS) was performed using Thermo Fisher Scientific UltiMate 3000
system with two Superose 6 Increase 3.2/300 columns. The Blu-ICE SEC-SAXS mode was
employed for high-throughput tandem SEC-SAXS data collection and subsequent initial
analyses; 500 images were recorded with 1 s of exposure every 5 s at a flow rate of 0.04 mL/
min. The data processing program SasTool (http://ssrl.slac.stanford.edu/~saxs/analysis/
sastool.htm) was used for scaling, using the transmission intensity, azimuthal integration,
averaging of individual scattering images, and background subtraction. The first 100 images
at the early part of the void volume were averaged and it is assigned as a buffer-scattering
profile for the background. After taking the background images, the X-ray shutter was
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closed until the elution peak of interest in order to keep the sample cell clean from radiation-
damaged sample. The automatic SEC-SAXS data processing and analysis pipeline
“SECPipe”, which includes real-time consecutive Guinier analysis implemented in the
program AUTORG,34 was used for data quality assessment and averaging scattering profiles
every five images.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Module 6-TE catalyzes chain elongation, S-keto group modification, and lactone formation
on the model substrate (25,3/)-2-methyl-3-hydroxypentanoic- A-acetylcysteamine thioester.
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Amino acid sequence of DEBS module 6-3ACP-TE. [Legend: ACP, acyl carrier protein

(purple); AT, acyltransferase (red); KR, ketoreductase (yellow); KS, ketosynthase (blue); and

TE, thioesterase (green). Linker regions are shown in black.]
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Figure 3.
Comparison of the polyketide biosynthesis rate of module 6-TE and module 6-3ACP6-TE:

(a) triketide lactone and triketide ketolactone formation by module 6-TE, (b) triketide
ketolactone formation by module 6—-3ACP-TE, and (c) total amount of polyketide product
formed by each protein over 7 h.
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Small-angle X-ray scattering (SAXS) analysis of DEBS module 6-TE and module 6-3ACP-
TE: (a) Kratky plot of module 6-TE, (b) Kratky plot of module 6-3ACP-TE, and (c) p(/) of
both module 6-TE and module 6-3ACP-TE.
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