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ABSTRACT. The actinorhodin (act) minimal polyketide synthase (PKS) f@tneptomyces coelicolaonsists

of three proteins: an acyl carrier protein (ACP) and fivketoacyl ACP synthase components known as

KSy and KS;. The act minimal PKS catalyzes at least 18 separate reactions which can be divided into
loading, initiation, extension, and cyclization and release phases. Two quantitative kinetic assays were
developed and used to measure individual rate and Michaelis constants for loading, initiation and extension
steps. In the minimal PKS, the reaction between malonyl CoA and ACP to form malonyl ACP (loading)

is the rate-limiting stepktat = 0.49 mir?, Ky = 207 uM). This reaction increases 5-fold in rate in the
presence of K&KSs (Keat = 2.3 mirr?, Ky = 215uM). In the presence 08. coelicolormalonyl CoA:

ACP transacylase (MCAT), the rate of loading increases and the kinetic parameters of malonyl-ACP as
a substrate of KgS can be measuredkd: = 20.6 min!, Ky = 2.4 uM). Under these conditions, it
appears that decarboxylation of malonyl-ACP to form acetyl-ACP (initiation) is the rate-limiting step.
When an excess of acetyl ACP is supplied, either chain extension, cyclization, or release steps become
rate limiting k ~ 60 min1). No ACP-bound intermediates could be observed, suggesting that partially

or fully extended chains do not accumulate because chain extension is rate limiting under these conditions
and that cyclization and release are fagtoACP acts as a mixed inhibitor of malonyl ACP binding to
KS«/KSg (Kic = 50 uM, Ki, = 137 uM), but apo-ACP does not appear to inhibit MCAT.

The polyketide actinorhodid (act) is produced by the
actinomycetestreptomyces coelicol@k(3)2. Hopwood and
co-workers first linked the biosynthesis @fto a Type Il
polyketide synthase (PKBgene cluster in 19841( 2).

Pioneering experiments led to the development of a mutant OH O OH O O OMeO OH O
strain ofS. coelicolor(CH999) in which the act cluster had 4 5 o
been deleted. This was used as a host for plasmids containing NH,
subsets of the act genes. From these studies it was found OH

thatact ORFs 1-3 were the minimal set of genes required Ficure 1: Oxytetracycline4 and daunorubicirs.

to produce polyketide products: SEK4and SEK4b3 in

vivo (3, 4). The actt ORF1 andactt ORF2 genes encode vivo work was followed byin vitro studies of the minimal
two f3-ketoacylthiolester synthase components, known as KS PKS using purified protein(-7) in which 2 and3 are also
and KS; respectively, each afa. 45 kDa, whileactt ORF3 produced.

encodes an acyl carrier protein (ACP) of 9441 Da. The The act PKS has proven to be a very useful model for

minimal PKS condenses eight malonate units (as in actinor-understanding other Type Il polyketide synthases such as
hodin) to form an octaketide chain. The minimal PKS also those involved in antibiotic (e.g., oxytetracyclid® and

catalyzes the initial cyclizations to form SEK4in which anticancer compound (e.g., daunorubi8jrbiosynthesis in
the cyclization corresponds to that found in actinorhddin  other Streptomycetes (Figure 18, (9). The act PKS is
and SEK4b3 with an aberrant mode of cyclization. Tie jterative; that is, the single set of proteins acts several times

: : to produce a single final product. Because of this, the act
' We thank the European Union FP6 MC-EST project BRISENZ PKS s also a very useful model for the iterative Type | PKS

for funding, EC contract no: QLK3-CT-2002-01940. . .
* Author to whom correspondence should be addressed. Fé4 found in fungi for example 10, 11, 12, 13), and the

(0)1179289184. Faxi-44 (0) 117 9298611. E-mail: r.j.cox@bris.ac.uk. individual reactions catalyzed by the act PKS are the same
! Abbreviations: PKS, polyketide synthase; act, actinorhodin; ACP, as those catalyzed by the chain extension domains of single

acyl carrier protein; PP, phosphopantetheine; MCAT, malonyl CoA: godules of bacterial Tvpe | modular PKQ4§. Thus

ACP transacylase; DTT, dithiothreitol, TCEP, tris(2-carboxyethyl)- understanding of the actyIB’KS serves to unde‘P in advciinces
phosphinepKG, a-ketoglutaric acid; KDHp-ketoglutarate dehydro- ; 9 ) p allt
genase; KSp-ketoacyl-ACP synthase; TPP, thiamine pyrophosphate; in understanding the other main classes of PKS proteins in
NAD/NADH, nicotinamide adenine dinucleotide (oxidized/reduced); pacteria and fungi.

Tcm, tetracenomycin; Scl§,. halstedispore pigment; Pms, pradimycin; L. AT

Fren, frenolicin; Zhu, R1128; Gra, granaticin; WhiE, white E; RLS, The act minimal PKS catalyzes a number of individual

rate limiting step. reactions (Scheme 1). First, malonate must be transferred
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Scheme 1: Biosynthesis of Octaketides by the Actinorhodin Minimal PKS
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from CoA to holo-ACP. This loading reaction can be ascertained. This has involved the development of two
catalyzed by a malonyl transferase enzyme known as MCAT continuous quantitative assays for the act PKS which can
(6, 15, 16), but it can also be self-catalyzetif-19). Second, be used to probe the rates of individual catalytic steps under
malonyl ACP must be decarboxylated, in an initiation step, a variety of experimental conditions.
to form acetyl ACP which forms the starter unit for
polyketide biosynthesis. K$as been shown to catalyze this EXPERIMENTAL SECTION
reaction 20). Third, the chain is extended to 16 carbon
atoms, normally by seven extension reactions, using malonyl
ACP, catalyzed by iterative cycles of K$5, 21). Finally,
the fully formed chain is cyclized and released from the
3322?3 rzgléﬁ'oghse V?ﬁitcrr?lgg?]albz KCS| agz;{feil gjzeiitgt E: jitné?and tris(carboxyethyl)phosphine (TCEP) were obtained from
initiation, extension, and cyclization and release steps. Pierce. ) o ) )
Remarkably, little is known of the absolute or relative rates ~ EXPression and Purification of Proteinghe expression
of the component reactions of the act minimal PKS. For @nd purification of actholo-ACP, hig-KS.KS;, and S.
example, although the overall transformation from malonyl C0€licolor his-MCAT have been described previously, (
CoA to octaketides has been studied by Khosla and co-16): ACP was heterologously expressedtn coli BL21
workers @2—24) and by us T, 21), the rate-limiting step and purified by fractlpnal precipitation with ammonium
(RLS) of the act PKS is unknown. These studies have sulfate and_ then by anion chromatogr_aphy a_nd gel filtration
employed different assays. For example a thin layer chro- (25 27). HisssMCAT was expressed if. coli BL21 and
matography (TLC) method was used by Khosla and co- purified by Ni-affinity chromatography and then by anion
workers to measure radioactive octaketide productgs-(  chromatography 16). Hise-KS.KS; was expressed ir$.
24), whereas we used an HPLC method for the detection of coelicolor CH999 and purified by Ni-affinity chromatogra-
octaketide€2 and 3 in minimal PKS assays7( 21). These ~ Phy (7).
discontinuous assays require multiple measurements and ESMS of ACP SpecieBSMS analysis was performed on
make the gathering of precise kinetic data for PKS com- @ QSTAR XL system (Applied Biosystems, Foster City, CA)
plexes cumbersome. We have also described the use ofquipped with a chip-based NanoESI source, Nanomate 100
electrospray mass spectrometry (ESMS) to monitor the (Advion Biosciences, Ithaca, NY) using Chipsoft software
extent of transfer of phosphopantetheine (PP) grouppto (version 5.1). The Nanomate 100 source was operated using
ACP (18), the transfer of acyl groups ontmlo-ACP (25), a 400 nozzle chip, with a delivery pressure of 0.3 psi and
the transfer of acyl groups between ACP speck8}, (and spray voltage of 1.40 kV. The QSTAR XL was controlled
the decarboxylation of malonyl-ACP to acetyl-ACF0), but using Analyst QS software (version 1.1) in positive TOF
ESMS is unsuited to precise kinetic measurements requiredMS mode. All samples were subjected to the desalting
for a detailed study of the kinetics of the minimal PKS.  and concentration procedure of Winston before analysis
We now report a kinetic dissection of the act minimal PKS (28).
in which discrete rate and Michaelis constants for the a-Ketoglutarate Dehydrogenase Assays (KDH asSHyg.
individual loading, initiation, and extension reactions are study of self-malonylation kinetics by the-ketoglutarate

Materials. Coenzyme A (CoA), malonyl CoAq-ketoglu-
taric acid @KG), a-ketoglutarate dehydrogenase (KDH), and
thiamine pyrophosphate (TPP) were purchased from Sigma
and NAD' was obtained from Fluka. Dithiothreitol (DTT)
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dehydrogenase (KDH) complex was performed by measuringC17S mutant of act ACP1{). However, like other acyl

the change ig4 read by a SpectraMax 190 Plate Reader,
from Molecular Devices. All enzymatic reactions were
performed in a final volume of 206L in 96-well microplates

(half-area, UV-transparent plates, Corning), in triplicate. Final

carrier proteins, the C17S attolo-ACP can also form
intermolecular disulfide dimeraa the phosphopantetheinyl
thiols, again rendering it inactivd 7). Dithiothreitol (DTT)

has been widely used to carry out the reduction of intermo-

concentrations of each component in the assay were adecular disulfides, either prior to use of the ACPiorsitu.

follows: 100 mM phosphate buffer (pH 7.3), 1 mM EDTA,
1 mM TCEP, 2 mMao-ketoglutaric acid ¢KG), 0.5 mM
NAD™, 0.4 mM thiamine pyrophosphate (TPP), 1 mM MgCl
and 80 mU KDH. A working stock of 10 times their final
concentrations of EDTA, TCERKG, and NAD" was made
up. Assays were started by additionhaflo-ACP and initial

In the case of act minimal PKS assays we have treated the
ACP component with DTT and then removed the reducing
agent by gel-filtration prior to assag@, 21). Because this

is a time-consuming procedure, Wé (L7) and others have
used DTTin situ (5, 6, 22—24, 33—35) at concentrations
between 1 and 2 mM.

rates measured from the absorbance traces during the first However, thiol reducing agents such as DTT are poten-

30 to 60 s (7 to 15 time points).

Spectrophotometric Assays aét Minimal PKS (KSKS;
assay).All enzymatic reactions were performed in a final
volume of 200uL using an absorbance plate reader as for
the KDH assay. All the assays were performed in 100 mM
phosphate buffer (pk 7.3) at 30°C, in triplicate. Incubation
of holo-ACP with TCEP (1 mM final concentration from
100 mM stock, freshly prepared) for 60 min at 3C
provided the monomerized, activ®lo-ACP. K§,KS; was
incubated for 2 min in the reaction mixture containing
malonyl CoA, EDTA, and TCEP, which was pre-equilibrated
at 30°C in the microplate reader. Final concentrations of
all components were 100 mM phosphate buffer, 2 mM
EDTA, 1 mM TCEP, 10 to 100@M malonyl CoA, 0.05-5
UM KSKSg, and 0.1160 uM holo-ACP. S. coelicolor
MCAT (0.5—2.5uM, final concentration) was added to the
reaction mixture to measure the kinetics of chain initiation.
Acetyl ACP (0-40 uM) was added to study the kinetics of
chain elongation. Assays were initiated by additiorolo-
ACP or malonyl CoA. Initial rates were measured from the

tially incompatible with thiolesters because they could act
as nucleophiles, decreasing intermediate thiolester concentra-
tions by transthiolesterification and thus complicating kinetic
analyses. Tris(2-carboxyethyl)phosphine (TCEP) has been
used 86) as an alternative disulfide reductant with much
attenuated nucleophilicity, especially for incubations of PKS
components 7). We therefore investigated the reduction
of holo-ACP dimers with DTT and TCEP by ESMS.

When actholo-ACP is lyophilized in air, it rapidly forms
a disulfide dimervia the linking of the PP thiols. Dimer
prepared in this way was then treated with DTT (1 mM) or
TCEP (1 mM) in separate reactions at 30 (7). ESMS
analysis indicated that over the course of 60 min, both
reagents effectively reduce the disulfide and release mono-
meric holo-ACP (data not shown).

A comparison was then made of the effect of DTT and
TCEP on the integrity of an acylated ACP by incubating
malonyl-ACP (50uM) with TCEP or DTT (1 mM) at 30
°C for 60 min. Incubation of malonyl-ACP (9527 Da) with
DTT leads to transthiolesterification of the acyl group and

slope of absorbance traces during the linear period. In actproduction ofholo-ACP (9441 Da) as observed by ESMS.

minimal PKS assays the linearity was maintained for 60 s;

We could only detect traces of malonyl-ACP after 60 min

in the presence of MCAT the absorbance increased linearlyindicating almost complete removal of the malonate. This

for up to 5 min.

HPLC Actwity AssaysHPLC quantification of SEK42
and SEK4I8 was performed in a Luna&C,s (Phenomenex)
column, 250x 4.60 mm. The mobile phases for RP-HPLC:
solvent A, water containing 0.05% trifluoroacetic acid (TFA);
solvent B, acetonitrile containing 0.05% trifluoroacetic acid
(TFA). The gradient consisted of the following steps:
equilibration (G-5 min, 5%B); linear gradient (535 min,
5—75%B); linear gradient (3536 min, 75-95%B); wash
(36—39 min, 95%B); linear gradient (3940 min, 95-5%B);
and re-equilibration (4045 min, 5%B). Purified SEK2
and SEK4b3 were used as standardg R9). SEK4 2 was
detected after 19.1 min; SEK4bwas detected after 19.8
min.

RESULTS

DTT Degrades Acyl ACP Specieghcyl carrier proteins
are translated as inactiapo proteins.Holo-ACP is gener-

contrasts to the use of TCEP as reductant which does not
react with malonyl ACP (Figure 2). Thus, stock solutions
of holo-ACP were routinely treated with TCEP prior to all
work described herein, and minimal PKS assays were
performed in the presence of TCEP.

Kinetic Parameters for Malonyl CoA as a Substrate for
Malonylation of act holo-ACP in IsolatioVe have previ-
ously described a radioactive assay to study the kinetics of
malonylation ofholo-ACP with 1“C labeled malonyl CoA
(17). The assay involves the reaction'¢€-labeled malonyl
CoA with holo-ACP over time. At set time points the reaction
was sampled, protein precipitated, excess radiolabel washed
away, protein resolubilized, arttC incorporation estimated
by scintillation counting. In order to measure 7 protein
concentrations, 7 malonyl CoA concentrations, in triplicate,
requiredca. 750 individual measurements and used signifi-
cant amounts of pure protein. However, this enabled the
kinetic parameters df;a = 0.34 min! andKy = 219 uM
to be measuredl{). The assay was quantitative, but the very

ated by the attachment of phosphopantetheine (PP), derivedarge number of measurements required and the use of large
from CoA, to a conserved serine residue. This reaction is amounts of protein made this method impractical for further

catalyzed byholo-ACP synthase (ACPS) enzymeO{-32).

Intermediate acyl groups are then attached to the terminal

thiol of PP. Wild-type (WT) actholo-ACP can form an
inactive intramolecular disulfide between the PP thiol and
the thiol of cysteine-171(7). This is prevented by use of a

routine use.

More recently, continuous spectrophotometric methods to
measure the release of CoA have been used by Mo88)s (
Khandekar 89), and Liu @0) in reactions catalyzed by
Escherichia coliMCAT, Streptococcus pneumonigieke-
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Ficure 2: A: Incubation of malonyl ACP with DTT leads to productiontadlo-ACP (calculated mass, 9441 Da). Only traces of malonyl
ACP (9527 Da) were observed. B: Incubation of malonyl ACP with TCEP showed the same ratio maloniiblRQ®CP as the control
experiments; i.e.> 90% of the ACP species are malonylated (expected masses 9527, 9566 for malonyl ACP and the potassium adduct,
respectively).

Scheme 2: Quantitative KDH Assay for COASH Control reactions in which individual assay components were
o) o) KDH o) absent did not show any activity. The extinction coefficients
TPP SCoA of SEK4 2 and SEK4b3 at 293 nm were determined
HO OH HO :
W N J\/\g experimentally as 13 200 and 12 100 Mcm™* (100 mM
phosphate buffer, pl& 7.3), respectively. We, and others,

have shown by HPLC analysis of the products of actinor-

. . hodin minimal PKS assays that the ratio of compou@s
toacyl ACP synthase Il (KASIII), anéHelicobacter pylori is approximately 1:1 in act minimal PKS assaysitro (7,

MCAT, respectively. These assays couple the release of freezg); thus, a mean extinction coefficient of 12 600" Mem 2
CoASH to the oxidative decarboxylation ofketoglutaric  \ya5 ysed for quantifying kinetic measurements. The detection
acid (@KG), catalyzed bya-ketoglutarate dehydrogenase |imit of polyketides by this method was determined to be
(KDH, Scheme 2). The free COASH generated is used as a100 pmol by serial dilutions (corresponding to a change of

substrate by KDH to produce succinyl CoA with concomitant g maAU at 293 nm under our experimental conditions).
reduction of NAD" to NADH, which is followed spectro- Having established the detection conditions, we first

photometrically at 340 nme(= 6230 M™* cm™). investigated the dependence of the rate of octaketide produc-
We applied this assay to the kinetics of the malonylation tion on the concentration of purified KBS, (Figure 3B,
reaction of actolo-ACP. To ensure the coupling enzyme  Figure 5). For K§KS; concentrations of less than Qu8/,
was in itsholo form, KDH was incubated witeKG, TPP, initial reaction rates increase linearly with the concentration
MgCl,, NAD*, and malonyl CoA for 5 min before addition  of the KS components. In this concentration range, initial
of the other components. Malonylation assays were thenrates of octaketide production depend on the concentrations
started by addition of purified adtolo-ACP, and initial of bothKSKS; andholo-ACP. At higher KSKS; concen-
reaction rates (first 510% of reaction) were measured, for  trations ¢0.5 uM), the reaction rate depends only on the
varied malonyl CoA and ACP concentrations, by observing concentration ofholo-ACP, indicating that aholo-ACP
the increase in NADH concentration at 340 nm (Figure 3A). dependent process is rate limiting. This agreed with our
Kinetic parameters were determinedlas = 0.49+ 0.01 expectations that the synthesis of octaketides proceeds in at
min~t andKy = 207 & 29 uM for malonyl CoA (Figure  |east two steps: i.e., malonylation tblo-ACP to form
4A). An independent measure ki (0.45 mirr) was made  malonyl ACP, which is then used as a substrate by,-KS
by varying ACP concentration at saturating malonyl CoA Ks;,
concentrations (Figure 4B). Kinetic Parameters of Malonyl CoA as a Substrate for
Spectrophotometric Detection of act Minimal PKS Prod- act holo-ACP in the Presence of &%. Under conditions
ucts. In order to measure the overall rate of the PKS, we of high K§KSg concentration ¥3 uM), the self-malony-
directly measured the increase in concentration of the PKSlation of holo-ACP becomes rate limiting (Figure 5). Under
products SEKL and SEK4hb3 by UV absorption. SEK4 these experimental conditions, the rate of production of
and SEK4b3 were produced, purified, and quantified as octaketides must be exactly 1/8 of the malonylation rate.
previously described20). The UV absorbance spectra of Thus, measurement of octaketide production can be used to
SEK4 and SEK4b show maxima in the aromatic region at measure the rate of malonylation of dutlo-ACP in the
280 nm. However, CoA also absorbs strongly at this presence of KgSg. To do this, malonyl CoA concentrations
wavelength at pH= 7.3, and so 280 nm is unsuitable for were varied (at fixed ACP and K8S; concentrations) and
determining changes in SEK concentration. On the other the rate of octaketide production measured as described
hand, a change in absorbance at 293 nm was only observedbove. Kinetic parameters &fy; = 2.30+ 0.27 min* and
in the presence of malonyl CoAplo-ACP, and KQKSg. Km = 2154 66 uM for malonyl CoA were measured (Figure

CoA-SH NAD* NADH
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Ficure 3: Raw kinetic data for KDH and KXS; assays. A. KDH assay, showing increase in NADH concentratfam)(for self-
malonylation of actholo-ACP at 15 (diamonds), 30 (triangles), and &0l (circles). B. K&KSg assay showing increase in octaketide
concentration Ayq9) for assays containing atilo-ACP (80xM), malonyl CoA (1 mM), and K§KSg at 0.3 (diamonds), 0.5 (triangles),
and 1.0uM (circles).
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Ficure 4: A: Determination oKy andkg, for the self-malonylation oholo-ACP using the KDH assay (filled circleky = 207 uM) and
the KSKS; assay (open circleXy = 216 uM). holo-ACP concentration was fixed at oM. B: Determination ofk., for the self-
malonylation ofholo-ACP by the KDH assay (filled circles,; = 0.45 mirr!) and the K§KS; assay (open circlegc, = 2.30 mirr?).
Malonyl CoA concentration was fixed at 1 mM (i.ex,5 x Ky).

4000 1 Kinetic Parameters for Malonyl ACP as a Substrate for
KSKS;. The second step in the production of octaketides
by the actinorhodin minimal PKS is the consumption of
malonyl ACP by KQKS;. The rate of polyketide synthesis
was studied by determining initial reaction rates of formation
of octaketides at low KgKSs concentrations and varying
holo-ACP concentrations. A concentration of @Bl KS,-
KSs was chosen which lies within the linear range of the
dependence of the rate with enzyme concentration (Figure
5), thus meaning that the polyketide synthesis step is rate
limiting. Initial rates of reaction were then measured for a
range ofholo-ACP initial concentrations. A linear depen-
dence of the rate on the concentration laflo-ACP is
Ficure 5: Dependence of initial rates of octaketide production on observ.ed_forlACP concentrations lower thaw (Figure
the concentration of K&KS; at varying ACP concentrations: ~ 6)- This indicates that under these conditions an ACP-
squares, 1@M; crosses, 2xM; triangles, 5uM; circles, 80uM. dependent process is the RLS, which agrees with the
hypothesis that self-malonylation of ACP is the slowest step
in the actinorhodin minimal PK$ vitro.

4A). This experiment was repeated with a mutant of,KS In order to measure the kinetic parameters for malonyl-
KSs in which the active site cysteine 169 of the S ACP as a substrate for KBS;, the rate of ACP malonylation
component has been mutated to alanR®@.(This mutant is was increased so that this was no longer the RLS. This was
incapable of polyketide biosynthesis, and thus the rate of achieved by using a high concentration 8f coelicolor
malonylation could be measured using the KDH assay. In malonyl-CoA:ACP transacylase (MCAT), which catalyzes
this assayk.,: was measured as 2.4 min the rapid transfer of malonate from CoA onto ACE5(17,
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Ficure 6: A: Dependence of the rate of octaketide productiomolo-ACP concentration, with (filled circles) and without (open circles)
the addition of MCAT. MichaelisMenten kinetic parameters were estimated from the hyperbolic regression of the MCAT-catalyzed
experiments. B: Dependence of initial reaction rates on the concentratigiK85Sn MCAT-supplemented assays.

0.10 4

22). We therefore conducted assays at@hVBKS,KSg with
various concentrations ofiolocACP in the presence of

MCAT (0.5 uM). Under these reaction conditions, the 008 1
concentration of malonyl ACP in the assays is constant and

equal to the initial, known concentration bblo-ACP. A 0.6 1
comparison of the assays performed with and without MCAT z

is shown in Figure 6A. The same maximum velocityis 0,04 4
eventually achieved in both cases, as the catalysis hy KS
KS; is not affected by the malonylation of ACP. However,

at low ACP concentrations the formation of octaketides is
much faster in the presence of MCAT. This confirms our
earlier observations using an HPLC ass&). (Kinetic

0.00

parameters for the reactions catalyzed by, KS; with apo-ACP (uM)
— in1
malonyI_ACP were measured &g = 20.6+ 0.9 mim FIGURE 7: Inhibition of act PKS by acapo-ACP. Plot of 1/v vs
andKy = 2.39+ 0.38uM. [I]. Holo-ACP concentrations are as follows: full squares, @5
To independently determine the turnover numbkeg)(of open circles, «M; open squares, 7.6M; full circles, 15 uM;

the ketosynthase, we measured the dependence of the reactidiiangles, 25M.
rate on the concentration of KBSz when MCAT (0.5uM)

was added to the assays. Initial rates are linear with increasmgperformed to determine whether the rate decrease was due
concentraFlon of KSKSg even at the highest concentration to inhibition of MCAT. Thus the rate of ACP malonylation
(3 uM) (Figure 6B). The catalytic constart. was also was measured using the KDH assay in the presence of

i im 1
|n(t:Iep(fend?nlilyt_((:jaI(;uIate(;l_ as 16:90.9 mirr™= from plots of MCAT as described above. No inhibition of MCAT by act
rate of octaketide formation vs increasing &S concen- apo-ACP was observed,

tration at saturating ACP and MCAT concentrations (Figure S o
Initiation Assay.In the presence of a sufficient concentra-

6B).
) tion of MCAT, malonylation of ACP is no longer the RLS

Inhibition of the Actinorhodin Minimal PKS by act apo- h inimal h d der th
ACP. Apo-ACP has previously been observed as an inhibitor of t e act minimal PKS. The measured rate under these
conditions now corresponds to a new RLS which could be

of the act PKSZ2) in the presence of MCAT. This inhibition . . .
any of the succeeding reactions: decarboxylation of malonyl

could be due to inhibition of either the KS or MCAT e A

components. We studied the inhibitory effect of ago ACP to form acgtyl ACP; chain extensmnz chain release. In

ACP in PKS assays, constituted by MCARQIo-ACP, and order to determine whether decarboxylation to form starter
’ ’ unit (initiation) could be the RLS under these conditions,

KS.KS;s. We first did an HPLC assay to detect the products - o
of the act minimal PKS, following the procedure of Matharu W& measured the rate of octaketide production in the presence
' of increasing concentrations of acetyl ACP (Figure 8).

(7). We thus incubated atiblo-ACP with MCAT, malonyl ' : ] ¢
CoA, and KSKS; and apoACP was added to final Actinorhodin C17S acetyl ACP was produced by incubating

concentrations of 100 and 200M. These assays indicated holo-ACP with acetyl imidazole anc_i monitoring the regction
a reduction in the amount of octaketide production with BY ESMS @€5). When full acetylation had been achieved,
increasingapo-ACP concentration. We then measured the the acetyl ACP was purified by gel-filtration chromatography.
rate of octaketide production by KBS in the presence of Under conditions where the PKS was rate limiting (i.e.,
varying concentrations of aapo-ACP (0—200x«M) and act in the presence of MCAT), rate enhancements of the minimal
holo-ACP (2.5-25 uM). These assays show that agio- PKS were observed when acetyl ACP was added. At the
ACP is a mixed inhibitor withK;c = 50 uM + 12 uM and highest concentration of acetyl ACP, the measikgdusing

Kiy, = 137 uM + 28 uM (Figure 7). Assays were then malonyl ACP as a substrate, increases 3-fold (Figure 8).
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121 is probably due to our previous use of DTT in tH-
malonyl CoA assay which would have reduced the concen-
tration of malonyl ACP.

The third assay for malonylation of ACP relies on
measuring the rate of octaketide production by the complete
minimal act PKS under conditions when malonylation of
ACP is the RLS. Under these conditions, octaketides are
produced at 1/8 the rate of malonyl-transfer, so measuring
the rate of octaketide production by the PKS complex gives

SEK4/4b produced (uM min™)
(o>}

24 the rate of malonyl transfer in the complex. In these assays
the rate of malonyl transfer is consistently higher than the
0 . - - - pA . rate of malonyl transfer when K&S;g is not presentla

for self-malonylation 0.49 mirt, k. for malonylation in the

Acetyl-ACP (uM) )
presence of K&KSg 2.30 mint). However, theKy value

Ficure 8: Effect of addition of acetyl ACP on the rate of octaketide

production by the minimal act PKS MCAT. for malonyl CoA remains constantd 210 uM) for both
processes. The elevatég, value was independently con-
DISCUSSION firmed by using the KDH assay to directly measure the rate
of malonylation of acholo-ACP in the presence of a mutant
The actinorhodin minimal PKS, consisting le6lo-ACP,  of KS,KS; incapable of chain extension. Under these

KS., and K$, catalyzes at least 18 separate chemical circumstancess., for malonylation of ACP was 2.4 mif},
reactionsin vitro (Scheme 1). These reactions consist of a a 5-fold increase over the malonylation of ACP alone.
loading step where malonate is transferred from CoAto the |t is conceivable that the increase in observed rate of
terminal thiol of the ACP phosphopantetheine. This is malonylation of ACP in the presence of K&S; could be
followed by a chain initiation step consisting of decarboxy- accounted for if KSKS; were contaminated witl$. coeli-
lation of malonyl ACP to form acetyl ACP. Seven more color MCAT, although this has not been reported in previous
loading and extension cycles must be followed by cyclization studies 22). If KS,KS; were contaminated with MCAT,
and release to form the octaketides SEXKand SEK4b3. then, under conditions where malonylation is rate limiting,
While the rates of malonyl transfer have been measured forone would expect to observe a decrease in the measyred
the initial loading reaction in the presence and absence ofvalue toward that for the MCAT-catalyzed reactidfy(of
MCAT (16, 17), and overall rates of polyketide formation malonyl CoA as a substrate for MCAT is estimateail 30
have been measured, 2—24), no investigations have been ;M) (34). However, the samiy, value for malonyl CoA is
described which measure the rates of any of the interveningmeasured in the presence and in the absence KBS
reactions, or indeed, have determined which steps are rateThus, we conclude that the increase in measltgdalue
limiting under differing conditions. represents a genuine increase in the catalytic efficiency of
We initially developed a sensitive continuous quantitative the ACP-malonylation reaction when the ACP is in the
spectrometric assay for the production of the octaketitles presence of K&KS;.
and3. This allows the collection of genuine initial rate data ~ The exact mechanism for self-malonylation of Type Il PKS
under conditions where less than 10% of the starting acyl carrier proteins has not yet been determined. It is
materials are consumed. Using this assay, and varying boththerefore interesting to observe a 5-fold increase in malo-
ACP and K§KS; concentrations it is clear that malonylation  nylation rate in the presence of KI&S;. It is tempting to
of ACP is the RLS for the act minimal PKi8 vitro (Figure speculate that when bound to K8S; the ACP can take up
5). We also showed that the reductant TCEP is more suitablea conformation which optimizes self-malonylation, although
in these assays than DTT which degrades malonyl ACP structural studies do not suggest that act ACP takes up
species (Figure 2). This in accord with recent studies of other multiple distinct conformations in solutiord{). Alterna-
PKS enzymesn vitro (37). tively, specific residues on the surface of k&3 may assist
We have developed three assays for measuring the selfin malonyl transfer. It has been previously speculated that
malonylation of act ACP. In previous work we described the KS, component of the PKS could contain an acyl
the use of a discontinuous assay usifigrlabeled malonate  transferase GHS catalytic moti2)( although site-directed
as a substrate to measure the kinetic parameters for thisnutagenesis studies do not support this idé2 43) and
reaction (7). Here, however, two new assays have been crystallographic data show that these residues are not surface
developed. In order to improve the sensitivity and reproduc- exposed44). In either event, the kinetic evidence presented
ibility of the measurements, we modified the KDH assay here suggests thablo-ACP is closely associated with KS
described by Molnos and othe33-40) to quantify the rate KSs during the malonylation step. Similar results were
of released CoASH whemlo-ACP reacts with malonyl CoA  gathered by us previously using an HPLC assay which
(Scheme 1). Once again, this assay allows the measuremenguggested that K&Ss sequesters ACP from solutiof)(
of initial rates under conditions where less than 10% of the  Regardless of the fact that the rate of malonyl transfer
malonyl CoA andholo-ACP is consumed and from which increases when K&S; is present, the malonylation of the
kinetic parameters can be easily determinieg € 0.49 + act minimal PKS is the RL$ uitro. This is in agreement
0.01 mintandKy = 207+ 29uM). The KDH assay gives  with our previous observations using an HPLC-based assay
similar results to thé“C-malonyl CoA assayk{, = 0.34 (7) but may also explain why expression of the tetraceno-
min~i, Ky = 219 uM) (17), although the absolute rate of mycin (tcm) Type Il ACP on high copy-number vectors in
malonylation is 44% faster than previously measured. This Streptomyces glaucescarsults in increased production of
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tcm-D3 in vivo (45 and why increases in act ACP
concentration#n vivo also increase the yield of polyketides
in S. coelicolor(46).

However, if a high concentration &. coelicolorMCAT

Biochemistry, Vol. 46, No. 50, 200714679

We then investigated whether under fast malonylation
conditions, and in the presence of excess acetyl ACP, chain
extension or chain termination steps (i.e., cyclization and
release) were now rate limiting. In an attempt to observe

is added to the minimal PKS, loading accelerates and is noPKS intermediates bound to ACP prior to cyclization and

longer rate limiting. Malonyl ACP is now the substrate for

release, we conducted assays at highSs concentrations.

the ensuing reactions, and varying the ACP concentration This was required because the number of polyketide chains

allows the measurement of kinetic parameters for malonyl-

ACP as a substrate for the KISSs-catalyzed reactions.

Under these conditions, it appears that chain initiation (i.e.,

decarboxylation of malonyl ACP) becomes rate limiting

because the addition of exogenous acetyl ACP increases thé"9 KSuKSg

rate still further (Figure 8). Under these conditions the
measured parameters for malonyl CoA as a substrate fgr KS
KSg-catalyzed reactions akg, = 20.6+ 0.9 mint andKy

= 2.394£ 0.38uM. Thuskg4 for chain initiation is over 10-
fold higher than malonylation of ACP in the presence of
KS.KSg. Titration of acetyl CoA into this system suggests
an approximatéy, for acetyl CoA of 5uM.

under construction at any given time point is unlikely to
significantly exceed the number of active synthases; thus,
by increasing the synthase concentration we hoped to observe
part-completed acylated ACPs by ESMS. However, increas-
j concentrations also increases the overall rate
of octaketide production and malonyl CoA consumption, so
aliquots of reaction mixtures containing K§Sg, holo-ACP,
MCAT, and malonyl CoA were rapidly quenched after
initiation of reaction and examined by ESMS and HPLC.
Only 2, 3, and malonyl ACP species were observed,
indicating no accumulation of part-complete polyketide
chains attached to ACP, suggesting that cyclization and
release steps are faster than extension steps.

Previous attempts have been made to measure kinetic Consideration of the individual rate constants measured

parameters for Type Il PKS complexes. For example, Khosla
and co-workers have studied both homologous and heter

ologous PKS complexes consisting of the act,KS; paired
with WT act ACP and frenolicin ACP2Q), as well as K&

KS; proteins from the Tcm, Sch, and Pms clusters paired
with the Fren, Zhu, Gra, WhiE, and Pms acyl carrier proteins

for the individual catalytic steps shows an increase in value
for each succeeding step. Thus self-malonylation of ACP in
the absence of K&KS; is relatively slow kear= 0.49 mir?).
This increases 5-fold when KRS; is present Ko = 2.30
min~Y). Malonyl ACP is consumed by K&S; to produce
octaketides with a yet-higher rate constaat: & 20.6 min?)

(23). In all cases, these assays have relied upon the additiothiCh most likely represents the rate of initiation. In the

of MCAT and are thus comparable with the assays described

herein. However, the previously reportkd; values ranged
between 0.11 min and 0.95 min?, compared with 20.6

min~! measured here. In all cases the previously described

work used DTT as the reductant, and it is likely that malonyl-

ACP concentrations were below the total ACP concentration

presence of an excess of acetyl ACP, the rate increases 3-fold
more K.t &~ 60 minY), probably representing the rate of
chain extension. We were unable to measure rates for the
cyclization and release steps, but these are likely higher still.
Thus, the act minimal PKS appears to be optimized for the
conversion of malonyl CoA to octaketides without the

in these cases. This is partially explained by our observation 5. mulation of intermediate acyl ACP species. It also

of a 44% increase in the rate constant for malonylation of

appears that under circumstances where malonyl ACP is

ACP when TCEP is used as the reductant vs DTT (0.49 5yajjable at concentrations above itg as a substrate for

min~t vs 0.34 min?!). A further difference is that our

KS«KSs (2.4 uM), the rate of chain initiation, i.e., decar-

continuous assays indicate linearity of data over only the boxylation of malonyl-ACP to provide the required acetyl

first 120 s of reaction under typical reaction conditions

ACP starter unit, is rate limiting. This makes metabolic sense

(Figure 3A) and previously reported assays, including our pecayse it ensures that acetyl ACP is not wasted.
own (7), over longer time periods may have underestimated 5 key question raised by oun sitro results is their

initial rates.

We also examined the effect aho-ACP on the minimal
PKS (Figure 8). Previous workers have reported Hyat
ACP inhibits the minimal PKS in the presence of MCAT
(22). We measured precise kinetic parameters for inhibition
and showed that inhibition is due to bindingago-ACP to
KS.KSg rather than to MCAT Apo-ACP shows a mixed
pattern of inhibition, suggesting that it can bind at more than
one ACP binding-site. As K&S; binds malonyl ACP for
two different reactions (initiation and extension), it seems
likely that the observed pattern of inhibition represeais-
ACP binding at the extension (i.e., KSand initiation (i.e.,
KSp) sites.K;c for inhibition by apo-ACP is 50uM, a factor
of 20-fold higher tharKy, for malonyl ACP as a substrate
(2.39uM). This difference indicates that K&Ss recognizes
malonyl ACP preferentially, indicating either a specific

binding interaction to malonyl-phosphopantetheine, or that

malonyl ACP takes up a different conformatioreipo-ACP.

relevance to the situatidn vivo. It is clear that the minimal
act PKS consisting of ACP, KSand K$ is competent to
produce octaketides over a wide range of protein and
substrate (malonyl CoA) concentrations (Figuress), but
does it do this efficiently? In the absence of MCAT the RLS
is the malonylation of ACP. The rate of this reaction depends
on both the concentrations of malonyl CoA anolo-ACP
and increasefnearly with holo-ACP concentration (Figure
4B). Figure 6 shows how the overall rate of octaketide
production depends dmlo-ACP concentration. At concen-
trations above about 80M holo-ACP the rate of malony-
lation is sufficient to match or outpace the requirement for
malonyl-ACP by KQKS;. MCAT, of course, speeds up
malonyl transfer, and for concentrationstaflo-ACP below
about 80uM, the presence of MCAT speeds up the overall
reaction.

Figure 9 shows how the behavior of the MCAT-catalyzed
and the self-catalyzed malonylation reactions vary with the

The latter idea may be valid because malonyl CoA and CoA concentration of ACP, MCAT, and malonyl CoA. The kinetic

itself do not appear to inhibit this step.

parameters for at¢tolo-ACP as a substrate for MCAT cannot
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1000 uM mal CoA

CoA in the presence of 10 nM MCAT. Thus, the concentra-
tions of all catalytic and substrate participants are required
in order to determine which pathway dominaiasvivo.
While the results reported here show which factors are
important and give limits for each process, further experi-
. . . , ments will be required to determine these concentrations

0 100 2[10C - 300 400 vivo during actinorhodin biosynthesis.

Ficure 9: Comparison of the behavior of MCAT catalyzed . “T‘ _conclusmn,_ the results presented here ShOW that
malonylation ofholo-ACP vs self-acylation of act PKBolo-ACP. individual catalytic steps of the act PKS can be dlssected.
Linear plots show how the rate of self-malonylationrmﬂo-ACP Rate constants measured for each succeedlng step INCrease
in the presence of KEKS; varies with ACP concentration at two  in magnitude, ensuring that acetyl ACP is not accumulated
concentrations of malonyl CoA (rate data from Figure 4). Curves g5 an intermediate and that acyl ACP species are processed

show the effect of saturation catalysis by MCAT at differing MCAT .
concentrations (for simulated MgAT W)i/lth of 50 M for %\CP quickly to products. Furthermore, the assays reveal that the

andke, of 500 s at saturating malonyl CoA). Dashed line shows act PKS selectively binds acylated ACPs owgro-ACP
demand for malonyl ACP by K&KSs at 1 uM. despite the fact that there is little structural difference

between these species. The dissection of the individual steps
be measured because of the self-malonylation reaction, butwill allow direct comparison with other iterative PKS systems
by comparison with other ACPs<L) it is reasonable to  such as those involved in lovastatih2{ and norsolorinic
estimate &Ky of 50 uM and ks, of 500 s*. It is clear that acid biosynthesis1@) where efforts to engineer ‘Type II’
under some conditions, high MCAT concentratierLQ nM), systems from Type | native proteins have been recently
low ACP concentration €80 uM), and low malonyl CoA reported. In current experiments, the continuous assays are
concentration €100 uM), the MCAT catalyzed reaction  being used to probe the ACP-selectivity of the minimal PKS,
would be expected to dominate. However it is also possible investigate the intriguing 5-fold increase in efficiency of self-
for the self-malonylation reaction to dominate, for example malonylation in the presence of K&Ss and dissect the
at high ACP ¢80 uM) and malonyl CoA concentrations  effect of specific mutations on individual catalytic steps.
(>400uM) and low MCAT concentrations<5 nM).
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