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ABSTRACT. TheS-ketoacyl-acyl carrier protein synthase (KS) domain of the modular 6-deoxyerythronolide

B synthase (DEBS) catalyzes the fundamental chain building reaction of polyketide biosynthesis. The
KS-catalyzed reaction involves two discrete steps consisting of formation of aneatgme intermediate
generated from the incoming acylthioester substrate and an active site cysteine residue, and the conversion
of this intermediate to thg-ketoacyl-acyl carrier protein product by a decarboxylative condensation with

a paired methylmalonyl-SACP. We have determined the rate constants for the individual biochemical
steps by a combination of protein acylation and transthioesterification experiments. The first-order rate
constant k;) for formation of the acytenzyme intermediate from [¥C]-(2S 3R)-2-methyl-3-hydroxy-
pentanoyl-SNAC 2) and recombinant DEBS module 2 is 5182.6 mirr?, with a dissociation constant

(Ks) of 3.5+ 2.8 mM. The acyl-enzyme adduct was formed at a near-stoichiometric ratio@B8:1.
Transthioesterification between unlabeled diketide-SNA&hd N-[1-1“C-acety]cysteamine gave Rexch

of 0.15+ 0.06 mirr?, with aKp, for HSNAC of 5.7+ 4.9 mM and &, for 2 of 5.3+ 0.9 mM. Under

the conditions that were usddy.»was equal tk-», the first-order rate constant for reversal of the acyl
enzyme-forming reaction. Since the rate of the decarboxylative condensation is much greater that the rate
of reversion to the starting materidtz(> k-), formation of the acytenzyme adduct is effectively
irreversible, thereby establishing that the observed value of the specificity conetdit,) is solely a
reflection of the intrinsic substrate specificity of the KS-catalyzed-aeplzyme-forming reaction. These
findings were also extended to a panel of diketide- and triketide-SNAC analogues, revealing that some
substrate analogues that are not converted to product by DEBS module 2 form dead-erehagyle
intermediates.

Deoxyerythronolide B synthase (DEBSjatalyzes the  SACP synthase (KS) domain, the latter responsible for the
multistep biosynthesis of 6-deoxyerythronolide1B §-dEB), characteristic chain elongation reaction, a decarboxylative
the parent macrolide aglycone of the widely used, broad acylation involving methylmalonyl-SACP and the acyl group
spectrum antibiotic erythromycin A and its semisynthetic of the growing polyketide chain. The ACP domain is itself
derivatives, including clarithromycin and zithromax (Figure primed by an acyl transferase (AT) domain that is specific
1) (1—4). This large, multifunctional polyketide synthase for methylmalonyl-CoA. Individual modules can also carry
(PKS) consists of six protein modules, each of which is stereospecific ketoreductase (KR) domains, while module 4
responsible for a discrete round of polyketide chain elonga- also harbors additional dehydratase (DH) and enoylreductase
tion and functional group modification. Each constituent (ER) domains. A thioesterase (TE), located at the C-terminus
DEBS module is itself composed of a small group of discrete, of module 6, catalyzes the lactonization of the mature
independently folded domains, each of which carries out a heptaketide and release of macrolide product 6-dEB. DEBS
discrete biochemical reaction. All six modules carry an acy! itself serves as the prototype for the important family of
carrier protein (ACP) domain and a dedicajgdetoacyl- modular polyketide synthases (PKSs) that are responsible
for the formation of a wide variety of antibiotic, antitumor,
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[ DEBS1

Module 1

Ficure 1: Modular organization of DEBS. In addition to the three core catalytic domains, a ketosynthase (KS), an acyl transferase (AT),
and an acyl carrier protein (ACP) domain, individual modules can carry a variable combination of auxiliary keto reductase (KR), dehydratase
(DH), and enoylreductase (ER) domains. A loading didomain primes module 1 with propionyl-CoA, and a thioesterase (TE) domain cyclizes
the heptaketide to 6-dEBLY.

Scheme 1: Conversion of Diketide-SNAZto Triketide : P :
Cacioned by DEBS Module 2TE e o ot e Sy 1 PPresenae
OH
9 DEBS module 2+TE "~ keail Kam keail Kam
NJ\SNAC W“"((;:c) Substrate (rel) Substrate (rel)
2 NADPH | 3 OH O OH O
SNAC 100° r\/’\‘/u\SNAC 300°
acetylcysteamine analogue of the natural diketide-SACP
substrate of DEBS module 2, in the presence of NADPH ¢4 ¢ oH o
gives an acyclic triketide that is released from the enzyme [, SNAC 1° /\/YL SNAC go¢

by thioesterase-catalyzed cyclization to yield triketide lactone

3 (Scheme 1). Steady-state kinetic analysis gave a turnover roi‘j\ S
SNAC

number kea) of 1.6 mim® and a catalytic efficiency or 0° WSNAC 550°
specificity constant ka/Ky) of 0.36 mmot? min~t for oH o .

diketide?2 (8). Examination of a variety of diketide analogues A nac 0

of 2 revealed that variations in substitution pattern and | ¢ :

substrate chain length had relatively modest effects on the on o) 150° OoH o) 0°
relativek.o/Kn (Table 1) 8, 9). By contrast, module2TE N “SNAC WSNAC
exhibited a striking stereochemical specificity, with the = ®

enantiomeric syn-(,39)-diketide4 being converted to the OH ] 20¢ OH 0 0°
corresponding triketide lactone atL0% of the rate o and (:\;/\)LSNAC o N-"snac

with a 100-fold diminishedk../Km, while neither of the two -

anti diastereomers, diketidésand 6, was processed at all aBecause studies carried out at different times with different

L . o preparations of DEBS moduletZE have yielded small variations in
(9). Examination of a series of unsaturated triketides of g.o .y siare kinetic parameters for natural dikeficell values ofkcad

varying stereochemistry and degree of meth_yl SUbStitUtion Km(rel) listed here have been normalized to 100 2oP From ref9.
revealed analogous trends for methyl substitution but op- ke > 4.6 mim®. Kn(2) > 3.2 mM.KeafKm = 0.75 mmot® min~2. ¢ From

posite stereochemical preferences (TablelD).(Thus, the  ref 10 ke = 1.2 mint. Kin(2) = 5.0 mM. kea/Kin = 0.24 mmot*

i ; ileati ; _ min~L. The relativek../Km values for7 and8 are based on competitive
anti-substituted unsaturated triketidand its 2-desmethyl incubations (cf. Figure 10; ref0). On the basis of direct determination

analogues were each processed efficiently, W_ﬁhii'.splayi-ng of the kealKnm for 7, the relativek.o/Km compared to that o is 120.
akeafKn 1.5-fold greater than that of natural diketi@lenhile d From ref8. kea= 1.56 Mir. Kn(2) = 4.4 MM. keafKm = 0.36 mmot:
neither of the syn-triketide® or 10, was converted to the  min%,
corresponding tetraketide products by DEBS moddid 2 2
Processing of the natural diketide, as well as substrate ) o , )
analogues, by DEBS module+dE involves sequential mcludmg the first |rr_everS|bI§ stepll). Since the decar- .
condensation, reduction, and lactonization catalyzed in turn POxylative condensation reaction catalyzed by the KS domain
by the KS, KR, and TE domains, respectively (Figure 2). In is essentially irreversible, the observid/Krn for a given
principle, each of these biochemical steps might contribute substrate necessarily reflects the intrinsic specificity of only
to the observedt.,. On the other hand, the value kf/Kn the KS domain, and is therefore not influenced by any of
can only be a function of those kinetic events up to and the downstream domains of the PKS module. For the KS-
catalyzed reaction, reversible binding of the polyketide
2 By contrast, both anti-triketidé and syn-triketided are processed substrate is followed by two consecutive chemical steps: the

by DEBS module 3-TE with equal catalytic efficiency, but at rates : ; ;
that are~10% of those for processing afby module 2.TE (10). formation of a covalent acylenzyme intermediate attached
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Ficure 2: Chain elongation cycle catalyzed by DEBS modweTE. (a) The KS domain is acylated with a 2-methyl-3-hydroxypentanoyl

unit from diketide2. (b) The ACP domain is primed with a methylmalonyl extender unit derived from its CoA derivative, in a reaction
catalyzed by the AT domain. (c) Condensation then takes place in the active site of the KS domain with the release of carbon dioxide. (d)
The KR domain reduces thketoacyl-SACP thioester. (e) The TE domain catalyzes lactone formation with release of the final product.

to the active site Cys thiol and subsequent decarboxylativeand [14“Clacetic anhydride were purchased from Sigma.
condensation of this acylthioester with the methylmalonyl- Isopropyl thiop-galactopyranoside (IPTG) was from Gibco.
SACP, resulting in formation of g-ketoacyl-SACP product.  All other chemicals were purchased from Sigma-Aldrich.
In principle, either or both of these two chemical steps might Nickel—nitriloacetic acid (Ni-NTA) resin was obtained from
contribute to the observed substrate specificity of the KS Qiagen. PD columns were from Amersham Pharmacia
domain. The ability of the decarboxylative condensation to Biotech, and Centriprep-50 concentrators (molecular mass
influence the observede/Kn necessarily depends on cutoff of 50 kDa) were from Amicon. DEBS moduletZE
whether prior formation of the acylenzyme intermediate  was expressed i. coli, purified, and assayed as previously
is kinetically reversible. We report below a series of describedg, 10). Expression plasmid pPK22, a derivative
experiments using recombinant DEBS module 2 that are of pET28af-) harboring the DNA for DEBS module 2 with
designed to probe both the intrinsic substrate selectivity andthe natural C-terminal peptide linker or docking domain and
the reversibility of the KS-catalyzed formation of the aeyl  carrying both N- and C-terminal Higags (5), was a gift

enzyme intermediate. from P. Kumar. Protein concentrations determined by the
Bradford assay1(6) using bovine serum albumin (BSA) as
EXPERIMENTAL PROCEDURES a standard exhibited standard deviations of 5% for samples

Materials and Methods?hosphorimaging was carried out measured at different times. Kinetic data were analyzed by

using a Bio-Rad GS363 Molecular Imager System. Liquid iir?Ctd figing r;[od the rel?vant k:cnetic eguations Susljtng the
scintillation counting was performed on a Beckman LS6500 aleidaGraph data analysis software (Synergy Software).

liquid scintillation counter in 10 mL of Opti-Fluor scintil- Expression and Purification of DEBS ModuleRlasmid
lation cocktail. Radio-HPLC was carried out on a Rainin PPK22 was used to transforB coli BAP1, an expression
HPLC system equipped with a dual HPXL solvent delivery host derived fronE. coli BL21(DE3) harboring thefpgene
system and a Packard Radiomatic Flo-Bnéetection encoding the surfactin acyl carrier protein synthase, which
systemH NMR (300 MHz) utilized a Bruker Avance AM  provides for post-translational phosphopantetheinylation of
300 spectrometer. &3R)-[1-14C]-2-Methyl-3-hydroxypen-  the ACP domain of module 2.7). A 1 L culture was grown
tanoic acid\N-acetylcysteamine thioester (}4€]2, 55.0 mCi/ at 37 °C in LB medium supplemented with 50 g/mL
mmol) was prepared by custom synthesis by Amershamkanamycin to an OB, of 0.6. Protein expression was
Pharmacia Biotech. DNA manipulations were carried out via induced by addition of 1 mM IPTG, and the incubation was
standard procedured?). Diketide-SNAC derivativeg, 4, continued for 16 h at 25°C. All protein purification
and5 and unsaturated triketidés-10 were synthesized as  procedures were carried out at@. The cells were harvested
previously described1Q, 13, 14). Tris(2-carboxyethyl)- by centrifugation at 42@pand resuspended in lysis buffer
phosphine hydrochloride (TCEP), cystamine dihydrochloride, [50 mM sodium phosphate (pH 8.0), 300 mM sodium
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chloride, 10 mM imidazole, 10 mM -mercapto-
ethanol, 1.5 mM benzamidine, pepstatin (2 mg/L), leupeptin
(2 mg/L), and 20% (v/v) glycerol]. The resuspended cells

Wu et al.

by addition of 11.7uL (0.123 mmol) of unlabeled acetic
anhydride in 8QuL of dry THF. The mixture was stirred for
1 h at 0°C, then saturated with solid NaCl, and extracted

were disrupted by being passed (four times) through a Frenchwith five 5 mL portions of methylene chloride. The pooled
press at 14 000 psi, and nucleic acids were precipitated withorganic layers were dried over sodium sulfate, and the solvent

polyethylenimine (0.15%). The lysate was centrifuged at
4000@, and the supernatant was mixed with 10 mL of
previously equilibrated NiNTA resin. The resulting slurry
was stirred fo 1 h before being loaded onto a capped Bio-
Rad column (1 in. inside diameter). The column was washed
with 10 bed volumes of 40 mM imidazole in 50 mM sodium
phosphate buffer (pH 8.0) containing 300 mM sodium
chloride and 20% (v/v/) glycerol, after which module 2 was
eluted using a linear gradient of 40 to 250 mM imidazole in
10 bed volumes in the same buffer. Pooled fractions
containing DEBS module 2 (90% pure as determined by

was removedn vacua The resultingN,N'-[1'-*4C-acety]-
diacetylcystamine was dissolved in 200 of DMSO and
reduced by treatment with 232 mg (0.8 mmol) of TCEP
hydrochloride in 4 mL of water for 3.0 h at 2Z. The
resultingN-[1'-“C-acety]cysteamine was purified by HPLC
using a Phenomenex C4 reverse phase column (250xmm
10 mm) using a gradient over 30 min of 0 to 40% solvent B
(95% acetonitrile and 5% water) in solvent A (2% acetonitrile
and 98% water). The concentration NE[1'-“C-acety]-
cysteamine t¢ = 8.9 min) was quantified by HPLC
comparison to standartl-acetylcysteamine of a known

SDS-PAGE) were concentrated and exchanged into storageconcentration, and the specific activity was determined by

buffer [L00 mM sodium phosphate (pH 7.2), 1 mM EDTA,
1 mM TCEP, and 20% (v/v) glycerol] using a PD-10 column
and then further concentrated with a Centriprep 50 unit before
being flash-frozen in liquid nitrogen and stored-&&0 °C.
Acylation of DEBS Module.ZReactions were set up in
100 uL of phosphate incubation buffer [L00 mM sodium
phosphate buffer (pH 7.2) containing 1 mM EDTA, 1 mM
TCEP, and 20% (v/v) glycerol]. The concentration of DEBS
module 2 was adjusted to 12V, while the concentration
of [1-*“C]diketide 2 (2.85 mCi/mmol) was varied from 0.3
to 4.8 mM. The concentration of DMSO, which was required
to dissolve the diketide, was adjusted to 8% (v/v) for all
incubations, which were carried out at 2Z. Aliquots of
15 uL were withdrawn at periodic intervals from 10 to 360

LSC to be 1.12 mCi/mmol.

Module 2-Catalyzed Thioester Exchange of Diketide-SNAC
2 and Analogues with N-[1“C-acetyl]Cysteamin€eThioester
exchange reactions were carried out at'@0for 90 min in
32 uL of 100 mM phosphate incubation buffer (pH 7.2) in
the presence of variable concentrations of diketide-SNAC
(1—8 mM), N-[1'-1“C-acety]cysteamine (38 mM), and 8%
(v/v) DMSO. Control reactions included all the components
except the module 2 protein. The reactions were quenched
by the addition of 10uL of 1 M HCI. The resultingN-
[1'-1“C-acety]diketide-SNAC?2 (tr = 12.0 min) was sepa-
rated fromN-[1'-1“C-acetylcysteamine tg = 5.7 min) by
reverse phase HPLC on a Phenomenex Hydro-RP analytical
column (250 mmx 4.6 mm) using a gradient over 15 min

s and the reactions quenched with 1 mL of ice-cold acetone of 10 to 50% solvent B in solvent A, and the purifiddvas

together with 0.2 mg of BSA. The pellets were collected by
centrifugation, and washed repeatedly with portions of cold
50% trichloroacetic acid until there was no detectaie
activity in the washings. The pellet was then dissolved in
200uL of 8.0 M guanidiniumHCI and the covalently bound
radioactivity quantitated by liquid scintillation counting
(LSC). Control incubations contained all components except

analyzed by LSC. Thioester exchange reactions with diketide-
SNAC analogued and5 and triketides/—10 (2 mM) were
carried out in an analogous manner in 180of 100 mM
phosphate incubation buffer (pH 7.2) containing 48
module 2 and 2 mM\-[1'-“C-acety]cysteamine, with 8%
(v/v) DMSO. Aliquots of 25uL were withdrawn at periodic
intervals from 20 to 360 min and the reactions quenched

the module 2 protein. Each data point was determined atwijth 5 4L of 1 M HCI. The labeled components were

least three times.

Competitve Acylation of DEBS Module. Zompetitive
acylation reactions of DEBS module 2 were set up and
carried out as described above, using a mixture of 1.2 mM
[1-14C]2 and 1.2 mM diketidet or 5 or triketides7—10.

Cerulenin Inhibition of Acylation of Module 2 by Diketide
2. Cerulenin [(5,3R)-2,3-epoxy-4-o0x0-7,10-dodecadienoyl-
amide] (0.1+1.12 mM) was incubated with 9,8M DEBS
module 2 at 22C in 50uL of phosphate incubation buffer.
Aliquots of 10uL were withdrawn at 0, 2, 4, 8, and 20 min
and mixed with 1uL of 30 mM [1-“C]diketide2 (2.85 mCi/
mmol) in DMSO. After incubation for 2 min at 22C, the
reaction was quenched with 1 mL of cold acetone together
with 0.2 mg of BSA. The pelleted protein was washed and

separated and purified by reverse phase HPLC, as described
above, and the activity of the recovered diketide or triketide
was determined by LSC.

Module 2-Catalyzed Thioester Exchange of Diketide-SNAC
2 and CoASH Thioester exchange reactions were carried
out at 30°C for 30 min in 30uL of 100 mM phosphate
incubation buffer (pH 7.2) containing 8% (v/v) DMSO,
variable concentrations of [#C]diketide2 (2.85 mCi/mmol,
1-8 mM), and fixed concentrations of CoASH (4 and 6
mM). The reactions were quenched by the addition of 10
uL of 1 M HCI and analyzed by reverse phase HPLC on a
Phenomenex Hydro-RP analytical column (250 mn.6
mm) using a gradient over 15 min of +@0% solvent B in
solvent C [2% acetonitrile in 20 mM sodium phosphate (pH

analyzed as described above. Blank controls lacked thezlg)] (2-SCoA, tr = 85 min; 2, t = 13.4 min) with
module 2 protein, and each data point was an average of atrnonitoring by ,radiodetection.' '

least three experiments.

N-[1'-*“C-acetyl]Cysteamin€elo a 0.5 mL aqueous solu-
tion of 62 mg (0.27 mmol) of cystamine dihydrochloride,
adjusted to pH 8.2 with saturated aqueous NaklGAas
added 0.123 mmol (1 mCi) of [¥*C]acetic anhydride in 45
uL of dry THF with cooling in an ice/water bath, followed

RESULTS

Kinetics and Stoichiometry of AcyEnzyme Adduct
Formation We have previously reported that treating the
bimodular PKS subunit DEBS1 with [fC]diketide2 results
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in exclusive and specific acylation of the active site Cys of
the KS domain of module 2 (KS2), with the predicted 1:1
stoichiometry 18). This acylation reaction can be blocked
by cerulenin 18), a well-established inhibitor of fatty acid
(19) and polyketide biosynthesis that is known to act by
covalently modifying the KS active site cysteing).(The
catalytic competence of the aeyknzyme species for
polyketide chain elongation was confirmed by treatment of
[*“C]diketide-acylated DEBS1 with methylmalonyl-CoA and
NADPH, which resulted in recovery of50% of the'‘C
activity in triketide lactone3 (4). Acylation by [“C]2 of a
wide range of recombinant PKS modules derived from the
erythromycin (DEBS), picromycin (PICS), and rifamycin
(RIFS) synthases has in fact been used as a sensitive and 0

—_

0

o]

(9)]

[Acyl-enz] (uM)
I

[\S]

specific probe for the presence of a functional KS domain 0 100 tin%g?s) 300 400

(20).
To investigate the biochemical basis for the obseiked

Km of diketide2 and its analogues, we began by examining -0.2

the effect of substrate structure on the rate of acylation of

the KS domain of DEBS module 2. Recombinant DEBS  S-0.4

module 2, purified fromE. coli harboring thesfp gene 3 0.6

product to ensure post-translational phosphopantetheinylation g '

of the ACP2 domain, was incubated at 22 with variable .08

concentrations of [24C]diketide2. Aliquots of the reaction S

mixture were withdrawn after periodic intervals up to a total g -1.0

incubation time of 6.0 min and the reactions quenched with =R 4
acetone. The pelleted protein was analyzed by liquid scintil- ==,

lation counting (Figure 3). Control experiments in which the -1.41 1
precipitated protein was subjected to separation by 5%-SDS 16 . . .

PAGE and visualized by both Coomassie Blue and phos- ) 30 60 90 120 150
phorimaging confirmed that only the protein band at 158 time (s)

kDa (M;) was covalently labeled by [¥C]2 (data not g re3: Acylation of DEBS module 2 by [14C]diketide-SNAC
shown). The acylation data were analyzed on the basis of2. variable concentrations of [#C]2 (0.3 mM, red triangles; 0.6
the kinetic scheme shown in Scheme 2, in whikk mM, pink squares; 1.2 mM, blue diamonds; 2.4 mM, green circles;
epresents e dissoriaton consiantof he enaltetide- L2 N o e e e
SNAC. complex an_d<2 I.S the first-order rate cpnstant fqr Procedures. (A) Time course of formation of the a&yi?zyme
acylation of the active site Cys of the KS domain. Acylation jntermediate. (B) Natural log of the fraction of residual module 2
by diketide-SNAC followed the expected exponential kinetics vs time. The slope of each line corresponds-ta.yéPP as defined
(21), with ak, of 5.8+ 2.6 min! and aKs of 3.5+ 2.8 in Scheme 2.
mM, as well as a limiting stoichiometry 6f0.8:1 of diketide
covalently bound to protein. The specificity of the acylation
was confirmed by the observation that both the apparent rate o1 o o o o
and the end point of the acylation of module 2 by diketide Ky
could be reduced in a time-dependekiaf = 0.24 mir?) (}(KSNAC*KS ‘_;f('\ru\SNAC *Ks T?PKYLS'KS +HSNAC
and concentration-depender; (= 1.2 mM) manner by *
preincubation with the KS inactivator cerulenin. Ks=kalki  In(KSYKSlo = -kot(1+Ks/12]) Koy = kpl(1+K5/12])

We next examined the ability of analogues of natural
diketide 2 to acylate the KS domain. Rather than prepare Shown to be an excellent substrate for modutd E [relative
each analogue in labeled form, we carried out competitive Kea/Km that is 1.5 times greater than thatd10)], inhibited
incubations with DEBS module 2 in the presence of{1} acylation of module 2 by diketid2by ~40%. Unexpectedly,
2 and six representative diketide- and triketide-SNAC both Syn-triketide9 and 10, neither of which is converted
analogues and measured the relative ability of each analogud® product by DEBS module 2TE (10), each inhibited
to suppress acylation by labele (Figure 4). The syn-  acylation of module 2 by diketid2 by ~40%.
(2R,39-diketide 4 had no measurable effect on either the  Reversibility of Acy-Enzyme Adduct FormationTo
rate or end point of acylation by label@d consistent with examine the reversibility of acylenzyme adduct formation,
the KeafKm Of 4 being 100-fold lower than that a2 (9). we carried out isotope exchange experiments with DEBS
Similarly, triketide 8, with a k.o/Km that is 20% of that of module 2. A mixture of unlabeled diketide-SNAZ and
diketide 2 (10), did not measurably attenuate the acylation N-[1'-“C-acetylcysteamine (*CJ[HSNAC) was incubated
of module 2 by labele@. The anti-(&,39)-diketide5, which with module 2, and the appearance of radioactivity in the
is not converted to product at all by DEBS module TE recovered diketide-SNAE was measured (Scheme 3). Using
(9), also failed to suppress acylation by syis@R)-diketide a series of fixed concentrations @fin the presence of
2. On the other hand, triketidg which we have previously  variable concentrations of4C]JHSNAC, the data were fit

Scheme 2: Kinetics of Acylation of the KS Domain of
DEBS Module 2 by Diketide-SNAQ
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Ficure 4: Competitive acylation. Each analogue (1.2 mM), mixed
with 1.2 mM [1+C]diketide 2, was incubated with 12M DEBS
module 2. Aliquots of each incubation mixture were withdrawn at
various time points up to a total incubation of 10 min and the

reactions quenched with excess acetone, and the pelleted, labeled

protein was analyzed by LSC. The data shownZare for 1.2
mM [1-14C]2 alone, without added competitor. In a control
experiment, coincubation of 1.2 mM unlabel@dwith 1.2 mM

[1-14C]2 reduced the observed level of covalent radioactive labeling

of module 2 by the expected50% (data not shown).

Scheme 3: Kinetics of Thioester Exchange between
Diketide-SNAC2 and “CJHSNAC Catalyzed by the KS
Domain of DEBS Module 2

OH O

OH O OH O
rvz\‘)LSNAC +Ks erLSNAC °KS —>k2 h/u\s-xs +HSNAC

OH O OH O

OoH O
* k.
r'*\‘/KSNAC +ks == (YLSNAC*-KS<—2 r'\fl\s-xs +HSNAC*
2

1) Vexeh = kexch'[ZJ[HSNAC]/{(sz'KmHSNAc*)‘*'(sz'[z])'*'(KmHSNAC"[HSNAC*]}
2) kexen = koK ol (ko+k.2)
Scheme 4: Thioester Exchange between Diketide-SRAC

and CoASH Catalyzed by the KS Domain of DEBS Module
2

OH O

OH O
module 2
h/U\SNAC +COASH —=

2

SCoA + HSNAC

to the standard MichaelidMenten expression (Scheme 3,
eq 1) to give a rate constant for exchanggf) of 0.15+
0.06 mirr?, with aKy, for HSNAC of 5.74+ 4.9 mM and a
Km for 2 of 5.3+ 0.9 mM. Notably, as established by direct
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Ficure 5: Thioester exchange between 2 mM diketide- and
triketide-SNAC analogues and 2 mN?#C]HSNAC catalyzed by
the KS domain of DEBS modul@ (6.2 uM). Time course of
incorporation of J*C]SNAC into diketide- and triketide-SNAC
analogues. Data are corrected for non-enzyme-catalyzed background
thioester exchange. The calculatégl°bs for each exchange
reaction is listed in Table 2: (A) analogus4, 5, and8 and (B)
analogue?, 7, 9, and10.

400

Table 2: Rate of Thioester Exchange between Diketide- and
Triketide-SNAC Analogues and4C]HSNAC Catalyzed by the KS
Domain of DEBS Module 2

2 4 5 7 8 9 10

Kexct?P(mMin%) 0.071 0.015 0.011 0.54 0.034 0.14 0.70
Kexcr® 1 021 016 76 048 19 098

aSubstrate concentration of 2 mMMACIJHSNAC concentration of
2 mM.

triketide analogues (Figure 5 and Table 2). DEBS module
2-catalyzed transthioesterification of diketidésaand 5 by

HPLC comparison with a synthetic sample, there was no [14CJHSNAC took place at rates that were 20 and 16% of
detectable formation of any of the corresponding hydrolysis that of diketide 2, respectively, while anti-triketide8

product, (5,3R)-2-methyl-3-hydroxypentanoic acid, which
would have resulted from the competing reaction of the
acyl-enzyme intermediate with water. By contrast, the acyl

underwent isotope exchange at a rate that was 50% of that
of natural diketide2. Intriguingly, triketides9, 7, and 10
exhibited relative 1.9-, 7.6-, and 9.8-fold enhancements,

enzyme intermediate could also be intercepted by coenzymerespectively, in their rates of thioester exchange compared
A (Scheme 4). Thus, when coenzyme A was substituted for tg that of2, although neithe® nor 10is actually converted

HSNAC as the nucleophile, DEBS module 2 catalyzed
thioester exchange with diketide-SNAZXo give diketide-
SCo0A (2-ScoA) at a rate of 0.044 0.002 min* with a Ky,
for CoASH of 3.5+ 0.4 mM.

Finally, we also determined the rates of diketide thioester
HSNAC exchange for the same panel of diketide and

to product by module 2TE.
DISCUSSION

The programming of the complex series of reactions
comprising polyketide biosynthesis is the consequence of a
hierarchy of molecular controls.
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(1) At the organizational level, the number and order of been termed peptide linkers or, more precisely, docking
the individual biochemical reactions depend on the specific domains, located at the C-terminus and N-terminus of the
modular composition of each PKS. Thus, the number of chain donor and acceptor modules, respectively, that transiently
elongation steps is a direct function of the number of modules associate through apparent eadloil interactions {5, 38—
(22—26), while the individual biochemical transformations 40). Similar requirements have been reported for productive
that accompany each chain elongation event are a consepolyketide chain transfer between PICS modules 5 and 6
quence of the specific set of domains harbored within each (41).
module (, 4). Among these domains, the acyltransferase (3) The KS domain of each acceptor module, while having
(AT) domains play a special role as a gatekeeper by a broad substrate tolerance, can also possess significant
exercising strict specificity over the choice of malonyl-, intrinsic substrate specificity. Such substrate preferences are
methylmalonyl-, or ethylmalonyl-CoA chain elongation not ordinarily apparent in native PKS systems, in which each
substrate 4, 27, 28). Following the KS-catalyzed chain module only encounters its natural substrate, which it
elongation reaction, modification of the result@rtetoacyl- acquires from the proper upstream donor module. Individual
ACP is determined by the precise mix of ketoreductase (KR), modules can be challenged, however, with a wide variety
dehydratase (DH), and enoylreductase (ER) domains, as wellof structural variants of their natural polyketide substrates,
as the presence of other, less common modifying activities whether by (a) the use of chimeric modules made up of some
such as the SAM-dependent methyl transferases found incombination of inactivated, deleted, altered, or added do-
the epothiloneZ9, 30) hybrid NRPS-PKS system. Insome  mains, (b) engineered substrate transfer between pairs of
modules, an additional epimerase is responsible for the modules that normally do not communicate, (c) precursor-
generation of chain elongation products withmethyl directed biosynthesis, or (din wzitro incubations with
stereochemistry3l, 32). Although this epimerase activity = recombinant PKS modules. Determining the intrinsic sub-
appears to be associated with the KS domain, the locationstrate specificity of individual PKS modules and understand-
and composition of the epimerase active site are still ing its biochemical basis are therefore critical to the
unknown, and even the precise timing of the epimerization successful design of hybrid PKS systems and for the
events remains an open questi@s,(34).2 The particular application to combinatorial biosynthesis of new natural
set of reactions catalyzed by each module is controlled not products.
only by the specific suite of domains that are present but The substrate specificity of individual polyketide synthase
also by a still poorly understood competition between the modules has been extensively probed using a wide variety
processing of each intermediate by its cognate domain andof diketide- and triketide-SNAC derivatives that are structural
premature transfer of the polyketide product to the KS and stereochemical analogues of natural polyketide chain
domain of the downstream modul26( 35).# Occasionally, elongation intermediate8{ 10, 41). In each case, thk./
the chain elongation product may even undergo back transferk,,, or specificity constant, for catalysis of a single round of
to the KS domain of the same module, a phenomenon whichchain elongation, reductive modification, and release of the
has been termed stutteringg( 37) and which is more typical  resulting extended polyketide by TE-catalyzed cyclization
of iterative PKS enzymes. or hydrolysis reflects the intrinsic specificity of only the KS

(2) An essential feature of the programming of polyketide domain of the specific module. Importantly, it has been found
biosynthesis involves the accurate transfer of each polyketidethat although the corresponding diketide-SACP substrates
chain elongation intermediate from the producing module exhibit ca. 1000-fold increases in the observed valudg.pf
to the proper downstream module. When both modules areKy,, compared to those of the diketide-SNAC derivatives,
part of the same polypeptide, transfer from the donor ACP the use of the diketide-SACP analogues has no significant
domain to the acceptor KS domain involves straightforward effect on the relative values &f,/K, for the various diketide
intraprotein translocation of the growing acyl chain. On the derivatives 88). This observation validates the use of the
other hand, when the two modules are in separate proteinsmore conveniently prepared -SNAC thioesters in probing the
correct transfer to the proper downstream module involves biochemical basis of ketosynthase specificity.
protein—protein molecular recognitiof-or the DEBS PKS, The KS-catalyzed polyketide chain elongation reaction
for example, this interprotein modutenodule communica-  involves two discrete chemical steps (Figure 2). Reversible
tion is mediated in large part by specific pairing of relatively binding of the polyketide substrate is followed by covalent
short, 56-100-amino acid peptide segments, which have attachment of the electrophilic component of the substrate

to an active site cysteine residue, with displacement of the

3 Experiments with a hybrid of DEBS modules 1 and 2 have natur"_"l -SACP or anf_:llogue '_SNAC leaving group. The
suggested that the KR1 domain controls methyl stereochemistry in the resulting acy-enzyme intermediate then undergoes nucleo-
2-methyl-?gf&ydr?xy acylthiﬁs]tegpkrotduct %_SEletCting tfzje Cocfjfisptﬁndri(fgllphilic attack by an enol or enolate generated by KS-catalyzed
e o estr proctced by e K Ldecarboxylation of a methymalonyl or malonyl residue.
modules 5 and 6 led to more ambiguous conclusi@d This model attached to the ACP domain of the paired protein subunit of
also does not account for the epimerizednethyl group in the the homodimeric PKS module. Both crystallographic and
2-metpyl-?;;léegoacyl_thioester product of DEBS module 3, which lacks  sjte-directed mutagenesis studies have confirmed the role of
an“aF(’:r(Iavn?nature ?:ﬂqglnn.transfer has most often been observed in engi—th(:*',aCtiVe site Cys and eSta_b“Shed that specific His and ITyS
neered hybrid modules constructed by swapping or addition of domains residues both play essential roles in the decarboxylative
originating from homologous or heterologous PKS modul§). (In condensation that breaks down the aggthzyme intermedi-
addition, silent DH domains, such as those found in several modules ot > 45) The ketosynthase reaction therefore shares
of the rapamycin PKS, might reflect the kinetics of domain skipping . . . . L
rather than the intrinsic lack of activity of the specific DH domain S€veral important biochemical, mechanistic, and kinetic
(35). features with the reactions of the well-studied serine and
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cysteine proteases and related esterases. Interestingly, detaile?l For example, triketid@, which has &../Kn value that is
studies of serine proteases such as chymotrypsin have showd.5 times greater than that &f effects a~40% reduction
that overall substrate specificity is vested primarily in the in the extent of protein labeling, while neither enantio-
formation of the acytenzyme intermediate, rather than in diketide4, with ake../Km that is 1% of that of [1*C]2, nor
the subsequent hydrolytic breakdown stég)( Unlike the anti-diketide5, which is not converted to product at all by
proteases and esterases, however, the formation of the acyl module 2+TE, has any experimentally significant effect on
enzyme intermediate of the KS reaction can be studied the observed labeling of module 2 by J4G]2. Indeed, we
directly simply by omission of the nucleophilic (methyl)- have previously encountered a similar lack of dynamic
malonyl-CoA substrate, without significant interference from sensitivity in competitive acylation experiments with the
competing hydrolytic breakdowr{). It therefore becomes  DEBS AT-loading domain48). One surprising observation,
possible to determine the first-order rate constant for forma- however, was that both syn-triketid®sand 10, neither of
tion of the acyl-enzyme intermediaté) as well as the rate  which is converted to product by DEBS module PE, each
constant for the reverse reactidi 4). inhibited acylation of module 2 by diketid2 by ~40%

The KS-catalyzed formation of the aeynzyme inter- (Figure 4). The latter results indicate that these apparent
mediate can be treated by the classical method of Kitz andnonsubstrates are in fact capable of efficiently forming the
Wilson, originally developed to analyze the covalent modi- corresponding acylenzyme derivatives, but that the latter
fication of the active site serine of acetylcholinester@$# (  species must be dead-end intermediates that do not undergo

(Scheme 2). Incubation of DEBS module 2 with G]- subsequent decarboxylative condensation with methylmalo-
diketide2 allowed assignment of the first-order rate constant nyl-SACP z® andks'® = 0).

for acylation k) of 5.8 & 2.6 mirm®. Comparison with the The KS-catalyzed conversion of diketide-SNA&Qo the

keat Of 1.6 min? for conversion of diketide2 by module pB-ketoacyl-SACP triketide corresponds to a two-stage,
2+TE to triketide lactone confirms that the rate of acyl double-displacement, or ping-pong type, mechanism. Having

enzyme adduct formation by module 2 alone is kinetically determined the rate constant for formation of the acyl
competent, assuming that the presence of the C-terminallyenzyme intermediate, we carried out equilibrium isotope
appended TE domain does not significantly affect the activity exchange experiments with unlabeled diketRleand N-
of the KS domain. Similarly, the calculated dissociation [1'-“C-acety]lcysteamine (*CJHSNAC). In these experi-
constantKs) of 3.5+ 2.8 mM for diketide2 and module 2 ments, the use of DEBS module 2 instead of modutd B
compares favorably with th&, of 4.4 mM previously is essential in avoiding competing thioester exchange cata-
determined for module2TE and2.5 The effective equiva-  lyzed by the appended TE domain, which can efficiently
lence of the diketide dissociation constatts( and the hydrolyze diketide- and triketide-SNAC substratéS)( The
Michaelis constantK,) suggests thak_; > k;, implying calculated rate constant for the appearance of the label in
rapid equilibrium binding of the diketide substrate, consistent recovered, purified diketide (Scheme 3) was 049.06
with the relatively modest values observed for the KS min 1. This steady-state rate constant for thioester exchange
acylation rate constank). (Kexc) is equal tokok_o/(k; + k-p). Sincek_, < ky, the
By carrying out competitive acylations of DEBS module observed value dé.chtherefore corresponds ko, the rate
2 using mixtures of [F4C]2 and several diketide and triketide constant for the reversion of the agydnzyme intermediate
analogues, we hoped to determine the relative valudés/of  with NACSH to diketide. TheK,, measured for diketid@
Ks by assessing the ability of each analogue to suppress both(5.3 + 0.9 mM) is in good agreement with th& of 3.5 4
the rate and end point of formation of the labeled protein. 2.8 mM determined by the protein acylation experiment as
The majority of the experimental results, however, illustrated well as theK,, of 4.4 mM for turnover by module 2TE.
in Figure 4, were at best of only qualitative significance, in Module 2 also was able to catalyze thioester exchange
large part due to the intrinsic insensitivity of the experimental between diketide-SNAQ and HSCoA, but at a rate 3-fold
method. Thus, coincubation of [#€]2 with an equal slower than that observed for HSNAC. In neither case did
concentration of an analogue with an identikalKy, can we observe competing hydrolysis of the diketide, indicating
only suppress the observed level of protein labeling by a that water does not act as a surrogate nucleophile to attack
factor of 2, while admixture with an analogue wittk@a/Km the acyl-enzyme intermediate generated by DEBS module
that is¥/s of that of natural diketid@ would reduce the extent 2.
of labeling by only 10%, close to the experimental precision  The observed module 2-catalyzed HSNAfioester
of the protein precipitationLSC detection method that was exchange of diketide, as well as of the anti-unsaturated
used. Unfortunately, the limited solubility of the individual triketides7 and 8, confirms the formation of the expected
—SNAC esters makes it impractical to compensate for low acyl-enzyme intermediate derived from each of these
relative values ok../Km With increases in substrate concen- surrogate substrates. More surprising was the enzyme-
tration, while the detection limits of phosphorimaging catalyzed thioester exchange of anti-diketidend the syn-
combined with the high molecular mass of DEBS module 2 unsaturated triketideland10, none of which undergo chain
(Mp = 158 kDa/subunit of the homodimer) do not allow elongation catalyzed by moduletZE. The latter results
significant reduction in the concentration of labeled diketide confirm the formation of dead-end, aeyénzyme intermedi-
ates derived from each of these substrate analogues. We have
51n a separate series of experiments, we also examined acylation ofrecently reported formation of dead-end acghzyme
ap%I n?gdzulljengéﬁ%ﬁ{\getgresrzggi?gggﬁ?ctigeli;t?lcl) r:et;;dpu}% ﬁgthgrlflgh apointermediates derived from diketide-SNAZ and several
wgs ltjhe apparent second-order rate consta¥1t for acyléaj/:b’('gX0.0S% homologous and heterologqus PKS modufi. (The 2-10-
mM-% min-%, ~30-fold lower than that for holo module 2, but there  fold enhanced rate of thioester exchange of the three
was no evidence of saturation behavior up to 4.8 mM diketide. triketides,7, 9, and10, compared to that of natural diketide
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2 is also significant, since it establishes that the rate of
thioester exchange of diketidzis not kinetically limited

by slow release of thi-acetylcysteamine leaving group from
the enzyme following formation of the diketide acygnzyme
intermediate.

Formation of the AcytEnzyme Intermediate Determines
the Obseved ka/Km. As previously discussed, the./Kn
observed for diketide and triketide substrates of PKS modules
is solely a function of the KS domain. Determining which
of the two chemical steps, formation of the aeghzyme
intermediate or its subsequent conversion todtetoacyl-
SACP product, contributes to this specificity constant
requires knowledge of whether formation of the aeyl
enzyme intermediate is reversible or, more rigorously,
determination of the relative values lofy, the rate constant
for the reverse reaction, and, the rate constant for the
decarboxylative acylation. The protein acylation and thioester
exchange experiments described above have provided values
for k, andk_,, respectively, as well as the valuekf (=k_,/
ki). The overallk. for conversion of diketide-SNAQ to
triketide lactone3 is 1.6 minm®. Although the microscopic
rate constants for the reactions catalyzed by the KR domain
of module 2 and the appended TE domain are not known,
from the measured value &4, it is evident that the rate
constantks) for the KS-catalyzed conversion of the diketide
acyl-enzyme intermediate {8-ketoacyl-SACP must be at
least 2 min?, or even greater if indeed either the downstream
KR or TE domains contribute to the obserieg Therefore,
for natural diketide2, aks/(k-2 + ks) of 0.94, implying that
formation of the acytenzyme intermediate, while techni-
cally reversible k_, = 0.15 mirr?), is effectively irreversible
under steady-state conditions. The obsenkegdK,, for
diketide 2 therefore reflects overwhelmingly the intrinsic
selectivity of the acyltenzyme adduct-forming step. The
PKS module, and specifically the KS domain, thus resembles

serine proteases such as trypsin and chymotrypsin, whose 16.

intrinsic substrate specificities also reflect the selectivity of
their acyl-enzyme adduct-forming biochemical step. The
same considerations also apply to PKS substrate analogues
with a keafKm that is 1% of that of diketid@. For example,

for enantio-diketidet, the ks 0f 0.25 mirr? (9) sets a lower
limit of 0.25 min~? for ks*. Since the thioester exchange of
4 has establishekl, to be 0.015 min?, the value oka/(k-»

+ ks) is again essentially 1, requiring thereby that acyl
enzyme adduct formation be effectively irreversible. Only
for analogues such #&and 10, which are not converted to
product at all but are instead converted to dead-end-acyl
enzyme intermediateskd = 0 minY), is the apparent
discrimination ultimately a function of a step other than
acyl-enzyme adduct formation. Recent progress in deter-
mining the structures of KS domaing5) suggests that
crystal structures might reveal differences in the active site
conformations of productive and dead-end a®hzyme
intermediates that could account for the striking differences
in reactivity.
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