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ABSTRACT: Type II polyketide synthases are biosynthetic
enzymatic pathways responsible for the production of com-
plex aromatic natural products with important biological
activities. In these systems, biosynthetic intermediates are
covalently bound to a small acyl carrier protein that associates
with the synthase enzymes and delivers the bound intermedi-
ate to each active site. In the closely related fatty acid
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synthases of bacteria and plants, the acyl carrier protein acts to sequester and protect attached intermediates within its helices.
Here we investigate the type II polyketide synthase acyl carrier protein from the actinorhodin biosynthetic pathway and demonstrate
its ability to internalize the tricyclic, polar molecule emodic acid. Elucidating the interaction of acyl carrier proteins with bound
analogues resembling late-stage intermediates in the actinorhodin pathway could prove valuable in efforts to engineer these systems

toward rational design and biosynthesis of novel compounds.

Type II polyketide synthases (PKSs) catalyze the iterative
condensation of malonate precursors into polycyclic natural
products of critical medicinal importance.'* Some notable exam-
ples include the widely prescribed tetracycline antibiotics and the
anticancer therapeutic doxorubicin. The central component of
these pathways is an acyl carrier protein (ACP) that shuttles
thioester-bound intermediates between catalytic domains while
attached to the terminus of a 4'-phosphopantetheine (4'PP)
prosthetic group. In type II fatty acid synthases (FAS), the ACP
has been shown to envelop the growing polymer, serving to protect
the thioester bond from hydrolysis.” ® This internalization of
intermediates could also be advantageous in type II PKS pathways.
Both pathways share the sensitive thioester linkage, and PKS
intermediates are highly reactive and prone to aberrant cyclization."

The biosynthesis of actinorhodin in Streptomyces coelicolor
A3(2) is outlined in Figure 127" In contrast to FAS systems,
the 3-ketone produced after each elongation step remains intact
for multiple rounds of chain extension, yielding the acyl-actACP
species 3 with an octaketide intermediate bound via 4'PP.
Controlled cyclization of this acyl chain and release of the
tricyclic polyketide dihydrokalafungin 4 is mediated by ketor-
eductase (KR) and aromatization/cyclization (ARO/CYC) do-
mains. In the absence of KR and ARO/CYC, the acyl chain of 3
will spontaneously cyclize to afford a variety of aldol and claisen
condensation products.'"'* Because of the synthetic challenges
in producing intermediate 3 in vitro, including its inherent
instability, the interactions between the acyl chain and actACP
in this intermediate remain uncharacterized.

Although substrate sequestration of intermediates in type II
FAS is well documented,” ® investigations into this phenomenon
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in PKS ACPs remain poorly understood. Evans et al."* reported the
solution NMR structures of several acyl-actACP species, including
several saturated acyl chains and two short-chain polyketide
intermediates, all of which were attached via thioether linkage to
holo-actACP. The saturated fatty acyl groups were bound within a
cleft between helix IT and helix III of actACP in a manner analogous
to FAS ACPs. In contrast, the short-chain polyketide intermediates
interacted with the protein to a lesser extent and induced partial
opening of the actACP binding cavity. One of these acyl-ACP
species, 3,5-dioxohexyl-actACP, was shown to exist in two con-
formations. In the minor conformer, association of the acyl chain
with actACP was observed, as evidenced by chemical shift differ-
ences between the 2D NMR spectra of this species and holo-
actACP, as well as six NOE signals.15

In our current study, we have sought to further characterize
interactions between actACP and bound acyl groups by append-
ing a cyclic, polar substrate analogue that resembles extended
polyketide intermediates. To this end, we employed chemoenzy-
matic methods "®~'® to append the tricyclic anthraquinone
emodic acid to actACP at the terminus of a 4'-phosphopan-
tetheine isostere (Figure 1b). Although emodic acid itself is not a
physiological intermediate in the actinorhodin pathway, the
tricyclic portion of the tethered emodic-pantetheinamide ligand
§ resembles cyclized product 4 both sterically and in polarity, and
the parent compound emodin has been shown to bind in the
actKR active site with low micromolar affinity.'" Additionally,
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Figure 1. Role of actACP in actinorhodin biosynthesis. (a) Actinorhodin PKS produces the dimeric tricyclic natural product actinorhodin. First, apo-
actACP 1 is converted to holo-actACP 2 by installation of CoA-derived 4'-phosphopantetheine through the action of a PPTase. Condensation of 8 equiv
of ACP-bound malonate units by ketosynthase/chain length factor (KS/CLF) yield the acyl-ACP 3 with a bound octaketide intermediate. KR and ARO/
CYC enzymes control the correct cyclization of this intermediate and dissociation from ACP to yield dihydrokalafungin 4, which oxidizes and dimerizes
to yield the final product actinorhodin. (b) Loading actACP with 5. "*C,"*N-labeled apo-actACP is loaded with emodic-pantetheinamide analogue 5
yielding emodic-actACP 6. The emodic acid group is sequestered by actACP as depicted in 6b.

this compound deprotonates near neutral pH, resulting in a color
change from yellow to pink, which facilitates colorimetric
observation of the molecule’s protonation state. Our results
confirm that the emodic acid group is bound in the cleft between
helix IT and helix III in a similar fashion to the fatty acyl chains
studied previously.

Results and Discussion. Comparison of holo-actACP and
emodic-actACP on conformationally sensitive urea PAGE'*?°
revealed that loading of S retards the migration of the protein
(Supplementary Figure S1). Previous structural studies of ac-
tACP have indicated that the protein is capable of expanding its
internal binding cavity, resultinsg in the opening of an unoccupied
volume deep within actACP." Therefore, these results suggest
that it could accommodate cyclized substituents than are bulkier
than the linear acyl chains investigated. Decreased urea PAGE
mobility of emodic-actACP 6 compared to holo-actACP 2 in-
dicates an expansion of the hydrodynamic radius of the protein,
consistent with internal binding of the bulky emodic acid
group. 1920

NMR spectroscopy has been the most successful technique to
study ACPs at the molecular level given their intrinsically
dynamic structures.”'~>* In order to focus on the effects of the
emodic acid moiety and not the 4'PP arm, the NMR spectra of
emodic-actACP 6 and holo-actACP 2 were compared. The two-
dimensional "H—"°N heteronuclear single quantum correlation
(HSQC) spectra of emodic-actACP 6 and holo-actACP 2 in
solution are well resolved. Unlike previously studied acyl-ac-
tACPs with polar acyl groups,'> we observed a single conforma-
tion of emodic-actACP. The backbone amide resonances in the
HSQC spectra were assigned using data from 3D HNCA and
HNCACB spectra (Supplementary Figure S2). Comparison of
the spectra reveals pronounced chemical shift differences in
several resonances (Figure 2a). These changes in chemical shift
were quantified and plotted as a function of residue number
(Figure 2c). The largest chemical shift perturbations were
observed for residues in helix II, helix III, and the residues just
C-terminal to helix ITI, with additional perturbations on helix IV,
and the loop preceding helix II. The residues with the largest
chemical shift perturbations are located near the binding site
between helix II and helix IIL."°

Additionally, we acquired HSQC spectra of apo- and octanoyl-
actACP to compare the chemical shift perturbations in
these previously studied species with that of emodic-actACP
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(Supplementary Figures S6—S8). The HSQC spectra of apo-
and holo-actACP have been fully assigned and reported pre-
viously,25 however, in this study we acquired the spectra under
significantly different buffer conditions. The differences between
apo- and holo-actACP HSQC spectra are subtle, consistent with
previous comparisons,zs as seen in Supplementary Figure S6.
Both octanoyl- and emodic-actACP species used in this study
contain nonhydrolyzable amide bond linkages in place of a
thioester or thioether bond to connect the pantetheine to the
acyl groups of the molecules. Therefore, the carbonyl group at
position C-1 of an alkyl chain such as octanoate remains intact,
providing a more isosteric substrate mimic than the thioether-
bound acyl chains investigated previously.'> While many of the
same residues were affected in octanoyl- and emodic-actACP
relative to holo-actACP, the HSQC spectra of these species differ
significantly, suggesting that the actACP interactions with the
polar cyclic analogue differ from those with a general hydro-
phobic acyl chain (Supplementary Figures S7 and S8).

To further validate the interaction between actACP and the
bound emodic acid moiety, we acquired 2D "*C/'*N-F1F2-
filtered and *C/'*N-F2-filtered-NOE spectra of emodic-actACP.
NOE spectra give information about the spatial distances bet-
ween nuclei. A crosspeak is observed in the 2D spectrum at the
chemical shifts of two nuclei in close proximity. These filtered
NOE experiments take advantage of the lack of isotope enrich-
ment in the emodic-pantetheinamide prosthetic group, as signals
from protons bound to "*C or "*N (protons from the protein) are
selectively filtered out®® In the FI1F2-filtered experiment
(Figure 3a), only intramolecular NOE signals (within the prosthe-
tic group) are observed. In the F2-filtered experiment (Figure 3b),
both intramolecular and intermolecular NOE signals (those be-
tween the prosthetic group and the protein) are visible. Therefore,
resonances in the F2-filtered spectrum that are absent from the
F1F2-filtered spectrum represent contacts between the appended
prosthetic group and actACP. We detected >12 such NOE contacts
between the aromatic protons from the emodic acid and side chain
protons in the protein. The multiple intramolecular NOEs suggest
that the 4'-PP portion of the prosthetic group is in a folded
conformation consistent with other ACP species in which the
appended acyl chain is bound within the protein,"* and the multiple
emodic acid-to-protein NOEs detected indicate that the molecule
is in close association with the protein. In order to glean informa-
tion about the localization of the emodic acid within the protein, we
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Figure 2. Binding of a polyketide ligand by actACP causes strong and localized chemical shift perturbations in "H—"*N HSQC spectra. (a) Overlayed
HSQC spectra of holo-actACP (blue) and emodic-actACP (red). The shifts in residues Ala6S, Gly66, and Val68 are highlighted. (b) Close ups of peaks
corresponding to residues Gly66, Val68, and Ser42. (c) Chemical shift perturbations are measured between holo-actACP and emodic-actACP by 'H, '*N-
correlation spectroscopy. Residues on helix I (Glu47), helix I1I (Asp62, Val64, Ala65), and the loop connecting helices 111 and IV (Gly66, Val68) show
the strongest perturbations. Other significant perturbations are observed in the loop preceding helix II, the loop connecting helices IT and III, and helix IV
upon loading of the emodic acid group. The phosphopantetheine attachment site at serine 42 shows negligible difference between the two ACP species.
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Figure 3. (a) "*C/"*N-F1F2-filtered NOE spectrum of emodic-actACP. This section of the spectrum focuses on NOE signals between aromatic protons
on the emodic acid (6'H,, = 7.9, 7.55, 7.0, and 6.25 ppm) and protons in the aliphatic region (y-axis). Intramolecular NOEs between the emodic acid
proton at 7.9 ppm and several protons in the 4' PP group were observed. (b) *C/"*N-F2-filtered NOE spectra of emodic-actACP in the same region. The
resonances observed in this spectrum that are absent in panel (a) are due to contacts between the emodic acid protons and the protein. We assigned
resonances that correspond to side chain protons of residues Leu4S and Ala6S. (c) 2D slice of the 3D HC(CO)NH spectrum of emodic-actACP showing
the side chain resonances of Ala6S, which is resolved from other peaks. The Hf protons of Ala6$ are in close proximity to the emodic acid moiety, as
shown by the crosspeaks in panel b.

binding are shown in Figure 4 as labeled on the actACP solution
structure. The residues that showed an HSQC perurbation larger
than 0.15 ppm, including Ala65, are labeled red (Figure 4a) or as

then sought to assign the protein side chain protons in contact with
the emodic acid group that give rise to the crosspeaks in the
aliphatic region. To assign the resonances in the protein, we

acquired a 3D HC(CO)NH spectrum of emodic-actACP, which
yields the chemical shifts of protein side chain protons.”” With this
information, we were able to positively assign NOE signals between
the emodic acid group and the side chains of Leu45 and Ala65
(Figure 3). These NOE contacts agree closely with the pattern of
HSQC perturbations described above, further supporting the
localization of the emodic acid group between helix II and helix
III. The residues on helix II and helix III affected by emodic acid
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red or pink spheres (Figure 4b). Ongoing experiments will allow us
to unambiguously assign all NOE signals and solve the 3D structure
of emodic-actACP.

One possible evolutionary strategy to inhibit premature
cyclization of intermediates such as the acyl chain of 3 is to
prevent or slow down deprotonation of elongated polyketides
to enolate species. Because 5 and 6 display a distinct color
change between protonated and deprotonated states, we
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Figure 4. Pymol structure of actACP (PDB: 2K0X) highlighting the residues in Figure 2c that show the largest chemical shift perturbations between
holo- and emodic-actACP. (a) Residues that show the largest chemical shift perturbations are colored red. Leu4s is also indicated as we observed an NOE
contact between the emodic acid and the side chain of this residue. (b) Rotated view of actACP that with heavily perturbed residues indicated with
spheres on the ribbon structure. The residues indicated surround a binding cleft located between helix II and helix IIL
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Figure 5. pK, profiles for emodic-pantetheinamide 5 (O) and emodic-
actACP 6 (O0). The ratio of absorbance values at S04 nm (deprotonated)
and 442 nm (protonated) were measured at multiple pH values. The pK,
of the emodic-actACP is elevated compared to that of the free small
molecule S.

investigated the effect of protein sequestration on the pK, of
ACP-bound emodic acid. When protonated, § and 6 show a
maximum absorbance at A = 442 nm (yellow), while the
deprotonated forms absorb at 4 = 504 nm (pink/red). The
UV—vis absorbance spectrum of holo-actACP showed no
absorbance in the visible region at any pH, assuring that any
absorbance at 442 or 504 nm is due to the emodic acid group.
The ratio of absorbance at these two wavelengths was measured
as a function of pH for free emodic-pantetheinamide $ and for
emodic-actACP 6. When appended to actACP, the pK, of the
emodic acid group increases from 6.7 to 7.4 (Figure.S). This
supports a hypothesis in which ACP prevents premature
cyclization of type II PKS intermediates by sequestering them
within its helical core, inhibiting deprotonation until the ACP
can deliver the intermediate from the KS/CLF to the KR
(Figure la).

Discussion. The sequestration of late stage intermediates in
type II PKS ACPs could have implications for the manipulation
and engineering of these enzymatic assembly lines. Such seques-
tration of intermediates most likely induces changes in the shape
of the ACP that affect protein—protein interactions controlling
the biosynthetic progression in these pathways. In a combinator-
ial biosynthetic study by Wohlert et al, swapping of CYC
domains from two PKSs resulted in complete loss of CYC
activity,”® suggesting that proper activity is dependent on
ACP—CYC interactions. These protein—protein interactions
could be modulated by changes in the structure of ACP induced
by bound intermediates. Recently, structures of a FAS ACP were
reported for each bound intermediate over a complete cycle of
chain extension, and it was found that bound intermediates
induce small changes in ACP structure that could affect associa-
tion with FAS enzymes.”> Analogously, the structural changes
induced by sequestration of fully extended substrates in type II
PKS could increase affinity for downstream KR and ARO/CYC
domains. Catalytic domains such as KR and ARO/CYC (Figure 1a)
must induce the physical release of intermediates from the ACP
core into the active site of the enzyme. This transfer of acyl chains
from the ACP interior into the active sites of partner enzymes, or
“switchblade” activity, is a requisite phenomenon in FAS ACPs, and
computational studies aimed at characterizing this event have
recently been performed.*® Sequestration of intermediates in type
II PKS suggests a similar requirement for switchblade activity. An
understanding of this currently uncharacterized trigger will be key to
elucidating the processivity of these pathways.

We have demonstrated the interaction of the tricyclic emodic
acid group within the type II PKS actACP. This interaction is
stronger than that of short-chain polyketide intermediates in-
vestigated previously, as reflected by a single, associative confor-
mation, more pronounced chemical shift perturbations, and
multiple emodic acid-to-protein NOE signals. Our initial assign-
ments indicate that the cyclic portion of § is located between
helix IT and helix IIT with direct interaction to key residues in
these helices. We have developed preparative techniques to
append a wide variety of substrate mimics to ACPs with isosteric
connectivity, greatly expanding our ability to study type II PKS
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ACP interactions with bound functional groups. The possible
diversity of bound functionalities that can be appended to ACPs
using these techniques is vast; therefore, these tools should prove
useful in studies of other modular synthase carrier proteins,
including type I PKS and nonribosomal peptide synthetases.

B EXPERIMENTAL SECTION

More detailed experimental procedures, including synthetic proce-
dures for compounds 5 and S6, cloning and expression of actACP,
introduction of the C17S mutation, loading of actACP with compounds
S and S6, and NMR characterization are available in the Supporting
Information.

Synthesis of Emodic-pantetheinamide and Octanoyl-
pantetheinamide. Acetate-protected emodic acid S1 was prepared
as described previously.*" This protected emodic acid was coupled to
PMB-protected pantetheine-amine S2 using PyBop, and this intermedi-
ate was deprotected to give emodic-pantetheinamide S.

Octanoyl-pantetheinamide was synthesized via PyBop coupling
PMB-protected pantetheine-amine S2 with octanoic acid in THF.
Deprotection with HCl yielded the final product S6.

Cloning of actACP C17S. The gene encoding actACP was cloned
from S. coelicolor genomic DNA and was inserted into a pET-28b
expression vector as described previously.”> A C17S mutation was
introduced via quickchange PCR because the native cysteine residue
has been shown to form problematic disulfide bonds with the terminal
thiol of the 4’phosphopantetheine prosthetic group in vitro,>* and the
cysteine could interfere with our ability to separate recombinantly
expressed apo- and holo-actACP using thiosepharose resin (described
below).

Expression, Modification, and Purification of apo-, holo-,
octanoyl-, and emodic-ACP. pET28-actACP (C17S) plasmid was
transformed into BL21 (DE3) cells. Uniformly labeled *C/**N-actACP
was expressed by culturing 1 L of cells in M9 minimal media supple-
mented with 1 g of "*N-ammonium sulfate and 2 g U—"*C-glucose.
Expression was induced with 1 mM IPTG at ODggg of 0.5, and the cells
were incubated an additional 4 h at 37 °C. When expressed recombi-
nantly in E. coli, actACP was purified and found to be largely (>90%) in
the apo-form. In order to obtain pure apo-actACP, the mixture was
passed over thiosepharose resin that covalently binds holo-actACP. Pure
apo-actACP was eluted from the resin. To produce holo-actACP, the
apo/holo mixture was incubated with CoA and the PPTase Sfp. emodic-
actACP was produced in one pot chemoenzymatically by converting
emodic-pantetheinamide $ to the CoA analogue in situ using ATP and
three of the E. coli CoA biosynthetic enzymes, followed by loading onto
apo-actACP by Sfp."” octanoyl-actACP was produced by similar means
with S6.

Urea PAGE of ACP Species. Loading of emodic-pantetheina-
mide was monitored by urea PAGE gels consisting of 2 M urea, 0.375 M
Tris-HCl pH 8.8,20% acrylamide, 0.1% ammonium persulfate, and 0.1%
TEMED.

HSQC Spectra Acquisition and Assignment. HSQC spectra
of all four actACP species were acquired on a Varian 800 MHz
spectrometer. HNCA and HNCACB spectra of holo- and emodic-
actACP were acquired on a Varian 500 MHz or a Bruker 600 MHz
spectrometer. The 3D spectra allowed for unambiguous assignment of
all backbone amide NH groups for residues 4—85 except prolines 61 and
71. HSQC perturbations were quantified using the formula ((AH)> +
0.2(AN)2)1/2.34

Isotopically Filtered NOE Spectra. '*C/'*N-F1F2-filtered and
3C/"*N-F2-filtered-NOE spectra of emodic-actACP were acquired on a
Bruker 600 MHz spectrometer. To assign NOE resonances from
actACP side chains, we acquired a 3D HC(CO)NH spectrum of
emodic-actACP at 600 MHz.

pH Titration of Emodic-pantetheinamide and emodic-
actACP. Both species were dissolved in phosphate buffered saline
pH 5.5, and the pH was raised incrementally with additions of small
volumes of 6 M NaOH. The UV—vis absorption spectrum was acquired
at each pH value. A shift in A,,,, from 442 to 504 nm and a color change
from yellow to pink is observed upon deprotonation of the emodic

group.
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