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ABSTRACT. Rifamycin synthetase assembles the chemical backbone that members of the rifamycin family
of antibiotics have in common. The synthetase contains a mixed biosynthetic interface between its loading
module, which uses a nonribosomal peptide synthetase mechanism, and its initial elongation module,
which uses a polyketide synthase mechanism. Biochemical studies of the loading and initial elongation
modules of rifamycin synthetase reveal that this bimodular protein (LM-M1) catalyzes the formation of
the phenyl ketide 3-hydroxy-2-methyl-3-phenylpropionate via a series of reactions that require benzoate,
Mg-ATP, methylmalonyl-CoA, and NADPH. The overall rate of phenyl ketide production appears to be
determined by the covalent loading of benzoate onto LM-M1, rather than by subsequent steps such as
intermodular transfer of benzoate or condensation of benzoate and methylmalonate. Substituted benzoates
that have previously been shown to be substrates for the loading module alone can also be incorporated
into the corresponding aryl ketides by LM-M1, suggesting that the bimodular protein has a broad substrate
tolerance. Discrimination between the substituted benzoates appears to reside in the benzoate loading
reaction, and preincubation of LM-M1 with substituted benzoates and\IVig allows faster downstream
reactions to be unmasked. LM-M1 may be a useful biochemical system for exploring interactions between
nonribosomal peptide synthetase and polyketide synthase modules.

The rifamycin synthetase @&mycolatopsis mediterranei  and epothiloneX1) and the immunosuppressants rapamycin
directs the formation of proansamycin X, a precursor of the (12) and FK506 13). An understanding of the mechanisms
rifamycin class of antibiotics4(-7). These antibiotics are  of the biosynthetic machineries that produce mixed molecules
widely used to combat tuberculosis, and a recent crystal may enable these machineries to be manipulated, advancing
structure revealed that rifampicin, a member of the rifamycin drug discovery. We have chosen the loading and initial
family, exerts its cytotoxic effect by binding deep within elongation modules of rifamycin synthetase (LM-M1) as a
the main DNA/RNA channel of thg subunit of bacterial defined biochemical system in which to investigate properties
RNA polymerase and blocking the path of the elongating of an NRPS-PKS interface.

RNA transcript 8). The synthetase is a mixed nonribosomal A wealth of information from previous studies of NRPS

peptide synthetase (NRPS)olyketide synthase (PKS), and PKS biosynthetic systems suggests mechanisms of
consisting of an NRPS-like loading module and 10 PKS
elongation modules (Figure 1). The loading module has been ! Abbreviations: NRPS, nonribosomal peptide synthetase; PKS,
shown to activate 3-amino-5-hydroxybenzoate (AHB) as polyketide synthase; AHB, 3-amino-5-hydroxybenzoate; LM, NRPS-

L . : . : like loading module of rifamycin synthetase; M1, initial PKS elongation
AHB-AMP and link it to a thiolation domain, a mechanism module of rifamycin synthetase; A, adenylation domain; T, thiolation

that is analogous to the activation and covalent attachmentgomain; KS, ketosynthase domain; mmCoA, methylmalonyl-CoA; AT,
of amino acids in canonical NRPS modul8k The benzoate  acyltransferase domain; KR, ketoreductase domain; DH, dehydratase

; ; RS i domain; phenyl ketide or PK, 3-hydroxy-2-methyl-3-phenylpropionate;
is then transferred across the mixed N S interface Rif, rifamycin; DEBS, 6-deoxyerythronolide B synthase; TE, thioesterase

to PKS module 1, where it reacts with a methylmalonyl gomain; IPTG, isopropy-o-thiogalactopyranoside; DTT, dithiothrei-
moiety to form an enzyme-linked aryl ketitlgproduct. tol; EDTA, ethylenediaminetetraacetic acid; B, benzoate; 3-HB, 3-hy-
Downstream PKS modules extend the ketide backbone ofdroxybenzoate; SDSPAGE, sodium dodecy! sulfatepolyacrylamide

C e £ . . . gel electrophoresis; TLC, thin-layer chromatography; Tris-HCI, tris-
the molecule, which is finally cyclized to yield proansamycin (hydroxymethyl)aminomethane hydrochloride; TCA, trichloroacetic

X (Figure 1). acid; HPLC, high-performance liquid chromatography; MS, mass

Other therapeutically important mixed products of NRPS spectromletLy;dTbCEP, tris(2—carboxyethyl)pholspl?ir&e hsr/]dzjochlot;ide; E-B,
i i enzyme-linked benzoate; E-3-HB, enzyme-linked 3-hydroxybenzoate;

PKS systems include the antitumor agents bleomyzD) ( XB, substituted benzoate; E-XB, enzyme-linked substituted benzoate;

krel, rate constant relative to analogous reaction with benzoate; E-PK,
T This work was supported by National Institutes of Health Grants enzyme-linked phenyl ketideV,, velocity of aryl ketide formation

GM20011 (C.T.W.) and AI38947 (C.K.). S.J.A. is a Fellow of the relative to analogous velocity of phenyl ketide formation.

Damon Runyon Cancer Research Foundation (DRG-1573). 2We refer to the product of the first two modules (LM-M1) of
*To whom correspondence should be addressed. Phone: 617-432+ifamycin synthetase as an aryl ketide rather than a diketide because

1715. FAX: 617-432-0438. E-mail: christopher_walsh@hms.harvard.edu. the electrophile in the €C bond formation reaction is an aryl moiety.
*Harvard Medical School. For the specific case in which the electrophile is an unsubstituted
§ Stanford University. benzoyl moiety, we refer to the product as a phenyl ketide.
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substrate loading (Figure 2A) and product formation (Figure
2B) for LM-M1 by analogy. For covalent loading of LM
(Figure 2A, left), AHB is expected to be activated as AHB
AMP by the A domain, and the thiol of the phospho-
pantetheine cofactor of the Homain would attack AHB
AMP to form a covalent arylthioester enzyme intermediate.
Transfer of the AHB moiety from the;Jdomain of LM to
the active site cysteine of the KS domain of M1 may occur
before or after covalent loading of M1 with methylmalonate.
For covalent loading of M1 (Figure 2A, right), the methyl-
malonyl moiety of mmCoA is expected to be transferred to
the active site serine of the AT domain, and the thiol of the 1.5 mM benzamidine, pepstatin (2 mg/L), leupeptin (2 mg/
phosphopantetheine cofactor of the domain would sub- L), and 30% v/v glycerol].

sequently attack the AT intermediate to form a second All purification procedures were performed af@. The
covalent acylthioester enzyme intermediate. Formation of anresuspended cells were disrupted by two passages through a
aryl ketide product by LM-M1 would presumably occur by French press at 13 000 psi, and the lysate was collected by
KS-catalyzed decarboxylative condensation of enzyme-linked centrifugation at 4000§) Nucleic acids were precipitated
AHB and enzyme-linked methylmalonate (Figure 2B). The with polyethylenimine (0.15%) and removed via centrifuga-
KR domain of M1 is expected to reduce the aryl ketide while tion. The supernatant was made 40% (w/v) saturated with

Expression and Purification of LM-MPlasmid pSA19
was introduced via transformation inko coli BL21 (Strat-
agene) for expression afpo LM-M1. One liter cultures of
BL21/pSA19 were grown at 37C in 2 L flasks containing
LB medium supplemented with 10@0g/mL carbenicillin.
Expression of LM-M1 was induced with 1QeM IPTG at
an optical density at 600 nm of 0.7. After induction,
incubation was continued for 24 h at 2G. The cells were
then harvested by centrifugation at 2508hd resuspended
in disruption buffer [200 mM sodium phosphate (pH 7.2),
200 mM sodium chloride, 2.5 mM DTT, 2.5 mM EDTA,

it is covalently attached to the,Tdomain, and the soluble
aryl ketide product would result from hydrolysis of this
covalent intermediate.

ammonium sulfate and precipitated overnight. After cen-
trifugation, the pellet containing protein was redissolved in
50 mM Tris-HCI (pH 8), 300 mM sodium chloride, 10 mM

Using the mechanistic model described above and shownimidazole, and 10% v/v glycerol. This solution was loaded

in Figure 2 as a guide, we investigated the ability of LM-
M1 to catalyze formation of a mixed product, analyzed its

onto a previously equilibrated nickel-nitrilotriacetic acid (Ni-
NTA) column (10 mL, Qiagen). The column was washed

ability to use alternative benzoates as substrates, andwith 10 mM imidazole in 50 mM Tris-HCI (pH 8), 300 mM

performed preliminary kinetic analyses.

EXPERIMENTAL PROCEDURES

Materials. [7-1“C]-Benzoic acid (57 mCi/mmol) and
[7-14C]-3-hydroxybenzoic acid (55 mCi/mmol) were obtained
from American Radiolabeled Chemicals. All other substituted
benzoic acids, including benzoi-acid, were obtained from
Aldrich. pL-2-[methyi*“C]-Methylmalonyl-CoA (60 mCi/
mmol) was from New England Nuclear. ATP was supplied
by Sigma Chemical Co. Authentic 3-hydroxy-2-methyl-3-
phenylpropionic acid (phenyl ketide) was obtained from
Maybridge. AHB was synthesized according to a previously
published protocoll(4). Restriction enzymes were from New
England Biolabs.

Manipulation of DNA and StraindDNA manipulations
were performed inE. coli XL1 Blue (Stratagene) using
standard culture conditioni®). Polymerase chain reactions

sodium chloride, and 10% v/v glycerol, and LM-M1 was
eluted with 100 mM imidazole in the same solution. Pooled
fractions containing LM-M1 were loaded onto a previously
equilibrated HiTrap Q anion-exchange column (5 mL,
Amersham Pharmacia Biotech). LM-M1 was eluted by a
NaCl gradient (156500 mM) in 100 mM sodium phosphate
(pH 7.2), 2.5 mM DTT, 2 mM EDTA, and 20% v/v glycerol.
Pooled fractions containing LM-M1 were buffer-exchanged
into 100 mM sodium phosphate (pH 7.2), 2.5 mM DTT, 2
mM EDTA, and 20% v/v glycerol by gel filtration (PD-10,
Amersham Pharmacia Biotech) and concentrated with a
Centriprep-50 concentrator (Amicon). The purified protein
was flash-frozen in liquid nitrogen and stored-a80 °C.
Protein concentration was determined using the following
calculated extinction coefficient at 280 nm: 258 460'M
cmt (18). A typica 1 L culture produced about 5 mg of
purified protein.

For expression ofolo LM-M1, plasmid pSA19 was

were carried out using Pfu polymerase (Stratagene) astransformed into BL21 containing the plasmid pRSGH6)

recommended by the manufacturer.

Construction of an Expression Vector for LM-Mtro-
duction of anNdd restriction site at the start codon of the
rifA gene, corresponding to the N-terminal end of the LM,
has been described previous8).(The natural sequencé-5
CGCGCC-3 at nt 10402-10407 (GenBank accession no.
AF040570), corresponding to the C-terminal end of M1, was
chosen on the basis of an alignment of DEBS and Rif ACP
sequenceslp) for replacement with th&pé recognition
sequence'’BACTAGT-3. TheNdd —Spé fragment encoding
Rif LM-M1 was then fused to th&pé—EcaRI fragment
encoding the DEBS TE via replacement of tidd —Spe
fragment encoding DEBS M3 in pST1327). The Ndd —
EcaRlI fragment encoding Rif LM-M1-DEBS TE was cloned

which carries a kanamycin resistance gene and stipe
gene. Thesfp gene expresses Sfp, a nonspecific phospho-
pantetheinyl transferase froB subtilisthat converts thapo
protein into theholo protein (L9, 20. One liter cultures of
this recombinank. coli strain were grown at 37C in 2 L
flasks containing LB medium supplemented with 108/

mL carbenicillin and 5Q:g/mL kanamycin. The expression
and purification steps fohnolo LM-M1 were performed as
described above faapo LM-M1.

Covalent Loading of LM-M1 with SubstrateBor quali-
tatively assessing the incorporation of B, 3-HB, or mmCoA
into LM-M1, reactions contained 0/&M apo or holo LM-
M1, 50 mM sodium phosphate (pH 7.2), 1 mM DTT, 1 mM
EDTA, 15 mM MgCh, 10% glycerol, and 5@&M [7-14C]-

into pET21c (Novagen) to produce pSA19, an expression B, [7-1“C]-3-HB, orbpL-2-[methy}**C]-mmCoA. In reactions

vector for Rif LM-M1-DEBS TE with hexahistidine ap-
pended to the C-terminus.

where ATP was included, 5 mM was present. After incuba-
tion at 30°C for 30 min, reactions were quenched with
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SDS-PAGE sample buffer and electrophoresed or-4%%
polyacrylamide gel (Bio-Rad). The gel was briefly stained
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ware), and exponential fits to the data typically g&e
0.95.

with Coomassie blue, destained, dried, and autoradiographed. To measure the relative rate constants for arylation of LM-

Detection of the Putate Phenyl Ketide Product of LM-
M1 by TLC.Complete reactions shown in Figure 5 contained
5 uM apo or holo LM-M1, 50 mM Tris (pH 7.4), 15 mM
MgCl,, 5 mM ATP, 5 mM NADPH, 50uM B, and 50uM
mmCoA. Individual components of the complete reaction
were omitted from individual reactions as indicated in the
Figure 5 legend. Reactions were incubated at@G®or 120
min, and 20uL aliquots were quenched in 180 of ice-
cold 10% TCA. Precipitates were pelleted by centrifugation
and washed with 190L of 10% TCA. After recentrifugation,
the precipitates were washed with 180 of ice-cold 100%
ethanol. The pellets were allowed to air-dry prior to addition
of 20uL of 200 MM KOH. Samples were vortexed and then
incubated at 65C for 20 min. After brief centrifugation,

M1, reactions were performed as described above but in the
presence of 20uM—5 mM of a series of substituted
benzoates. Substituted benzoate stocks were adjusted to the
reaction pH prior to addition. The relative rate constén)(

for reaction of a given substituted benzoate with respect to
B was determined from the concentrations of B and
substituted benzoate in the original reaction ([B], [XB]) and
the amount of product present as E-B and E-XB, according
to the equation in Scheme 2). The amount of E-XB
product in each reaction at a given time point was determined
by subtracting the amount of radiolabeled E-B in the presence
of the competing substituted benzoate from that obtained at
the same time point in an identical reaction lacking competi-
tor. The ratio of E-B to E-XB was constant, within error,

hydrolyzed samples were spotted onto silica gel TLC plates throughout a given time course, indicating that no secondary
(250 um layer, Whatman). Plates were developed using reactions involving the reaction products were occurring. For
60:30:10 toluene/ether/acetic acid and subsequently expose@ach substituted benzoate, the sdmevalue, within error,

to phosphorimager screens overnight. Screens were scannegias obtained for reactions performed at different substituted

by a Fuji BAS1000 phosphorimager.

Confirming the Identity of Phenyl Ketide by HPLC-MS.
Reactions contained M holo LM-M1, 50 mM Tris (pH
7.4), 15 mM MgC}, 5 mM ATP, 5 mM NADPH, 1 mM
mmCoA, 10% glycerol, and 100M B or pentadeuterated
B. Reactions were incubated at 30, and 5 M KOH was
added to a final concentration of 350 mM upon completion

benzoate concentrations. The reactions were repeated for
selected substituted benzoates using radiolabeled 3-HB
instead of B, and the sanig, values (with respect to B),
within error, were obtained. Eacke value in Table 1
represents an average of at least four separate determinations.
Kinetics of Aryl Ketide FormationTypical reactions to
measure overall aryl ketide formation contained\d holo

of the enzymatic reaction. The mixtures were incubated at LM-M1, 100 mM Tris (pH 7.4), 15 mM MgGl 5 mM ATP,

65 °C for 20 min to release covalently bound product from

5 mM NADPH, 5 mM TCEP, 0.510 x«Ci/mL [7-*C]-B or

the enzyme. Formic acid was added to a final concentration [methy}*C]-mmCoA, and varying concentrations of unla-
of 2.5% to acidify each sample, and samples were centrifugedbeled B, substituted benzoate, or mmCoA. Reactions were
to pellet the resulting protein precipitate. The supernatant incubated at 30C, and at desired time pointsd. aliquots

was injected onto an HPLC equipped with a C18 reverse-

phase column (VYDAC, 250x 4.6 mm) with the UV-
detector monitoring at 254 nm. A linear gradient between
buffer A (0.01% formic acid, 0.1% trifluoroacetic acid,

were quenched in AL of 0.4 M KOH and incubated at 65
°C for 20 min. The hydrolyzed samples were centrifuged
briefly and then spotted onto TLC plates. Alternatively, at
desired time points 2@L aliquots were quenched in 180

0.02% triethylamine) and buffer B (4:1 acetonitrile/buffer uL of ice-cold 10% TCA, precipitates were pelleted by

A) from 10% to 100% B was run over 25 min with a flow

centrifugation and washed with 19Q of 10% TCA, and

rate of 1 mL/min. Peaks that possessed the same 16.5 mimafter recentrifugation the precipitates were washed with 190
retention time as the 3-hydroxy-2-methyl-3-phenylpropionate uL of ice-cold 100% ethanol. The pellets were allowed to
standard were collected, lyophilized, and subjected to air-dry prior to addition of 2Q:L of 200 mM KOH. Samples

MALDI-TOF MS analysis.

Kinetics of Arylation.Typical reactions contained &M
holo LM-M1, 100 mM Tris (pH 7.4), 15 mM MgGl, 5 mM
ATP, 5 mM TCEP, 0.510 uCi/mL [7-1C]-B or [7-*C]-
3-HB, and varying concentrations of unlabeled B or HB.

were vortexed and incubated at 85 for 20 min, and after
brief centrifugation, hydrolyzed samples were spotted onto
TLC plates. Most separations between substrates and aryl
ketide products were effected using the silica gel TLC
protocol described above for phenyl ketide. PEI-cellulose

Unlabeled B and 3-HB stocks were adjusted to the reaction TLC plates (Aldrich) developed in 4:1:1 butanol/acetic acid/

pH prior to addition. Addition of 5 mM NADPH to reactions
had no effect. Reactions were incubated at°@0) and at
desired time points, 2@L aliquots were quenched in 0.75
mL of ice-cold 5% TCA and 20Q:g of bovine serum
albumin (Sigma) was added to this mixture to aid precipita-
tion of the protein. The precipitate was pelleted by centrifu-
gation, washed with 0.5 mL of 5% TCA, and solubilized in
0.5 mL of a 100 mM phosphate (pH 8), 2% SDS solution.
This solution was combined with 6 mL of liquid scintillation
fluid (Ultima Gold, Packard), and the incorporatedd]-
label, corresponding to E-B or E-3-HB covalent intermediate,
was quantified by liquid scintillation counting. Reaction rates

water were used to resolve the aryl ketide products of the
reactions containing AHB or 3,5-dihydroxybenzoate, and
silica gel TLC plates (Whatman) developed in 60:30:10
chloroform/methanol/water were used to resolve the aryl
ketide product of the reactions containing 3-aminobenzoate.
A phosphorimager (Fuji BAS1000) was used to quantitate
product formation, and data analysis was performed with
Kaleidagraph (Synergy Software). Exponential fits to the data
typically gaveR = 0.95.
To measure the post-arylation formation of aryl ketide,

reactions were preincubated at 3G in the absence of
mmCoA. At desired time points following addition of

were linearly dependent on enzyme concentration. DatammCoA, 4 or 20uL aliquots were quenched, hydrolyzed,

analysis was performed with Kaleidagraph (Synergy Soft-

and analyzed as described above. The observed rate constant
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Ficure 1: Chain elongation on the RifA subunit of rifamycin - J58 AT DI KR T,
synthetase. The NRPS-like LM of RifA activates and loads AHB, HzN

and the three PKS modules extend the chain using mmCoA (M1, Figure 2: Putative mechanisms for substrate loading and product
M3) or malonyl-CoA (M2) as substrates. The seven remaining PKS formation by the bimodular LM-M1 protein derived from rifamycin
modules of rifamycin synthetase are distributed on the RifB, RifC, synthetase. The two domains of the NRPS-like LM are shaded more
RifD, and RIifE subunits, and RiF is believed to catalyze cyclization darkly than the five domains of PKS M1, and enzymatic thiol and
via intramolecular amide formation to yield proansamycin X, the hydroxyl nucleophiles are depicted schematically. The starred DH
precursor of the rifamycin class of antibiotics. The location of the - gomain is inactive in rifamycin synthetase due to active site amino
mCN unit derived from AHB is shown in boldface in the acid deletions4—6). (A) Covalent loading of LM with AHB is
proansamycin X structure. The active sites denote adenylation (A), shown on the left, and covalent loading of M1 with methylmalonate
thiolation (T), acyltransferase (AT), ketosynthase (K&keto- is shown on the right. (B) Formation of an aryl ketide product by
reductase (KR), or dehydratase (DH) domains. Starred domains arg p-M1 would presumably occur by KS-catalyzed decarboxylative
believed to be inactive due to active site amino acid deletions condensation of enzyme-linked AHB and enzyme-linked methyl-
(4-6). malonate followed by KR-catalyzed reduction. Treatment with base

at elevated temperatures should hydrolyze the thioester bond to yield
obtained for aryl ketide formation in reactions preincubated soluble aryl ketide.

with a given benzoate was independent of the length of

preincubation, the concentration of the benzoate species in MW (kDa)
the preincubation reaction, LM-M1 concentration, and final
mmCoA concentration20 M), although burst amplitudes 2501 - -
varied as expected. 150
100 |-

RESULTS 75|

Construction and Purification of LM-M1T'he loading and 50 |
initial elongation modules of rifamycin synthetase are located 7

at the N-terminus of the 500 kDa RifA polypeptide (Figure
1). To investigate the bimodular LM-M1 system biochemi- ) - .

cally, these two modules were removed from the RIfA protein erchoRdEe% b';uglfsdmr%c%rg%g)mg\?e?g?or:jﬂgeLdMEr':Ago(lfegrgtDe?ﬁ
context. The sequence encoding the 260 kDa LM-M1 protein samples were resolved by SBBAGE (4-15%, Bio-Rad) and
was subcloned into an expression vector, usingNald Coomassie-stained. Lanes 3 correspond to the molecular mass
restriction site engineered at the transcriptional start site of markers,holo LM-M1, and apo LM-M1, respectively.

RifA and aSpé restriction site introduced at the C-terminal

end of the consensus T domain of module %; ngre 2) forms of LM-M1 were produced iE. coli as C-terminal
Thiolation domains require covalent attachment of the 4 hexahistidine-tagged fusion proteins and were purified by
phosphopantetheine moiety of CoA to a conserved serinenickel affinity chromatography and anion exchange chro-
for activity (22). The Sfp phosphopantetheinyl transferase matography to>90% homogeneity (Figure 3).

from B. subtilis which is capable of converting tla@oforms Arylation and Acylation of LM-M1The mechanism of the

of many heterologous recombinant proteins into tido loading module of LM-M1 has been shown to involve
forms, was therefore coexpressed with the LM-M1 protein activation of AHB as the aryl-AMP by the A domain,
in the holo enzyme preparatiorl@, 20. The apo andholo followed by formation of a covalent arylthioester enzyme

1 2 3
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Ficure 5: LM-M1 produces phenyl ketide in the presence of B,
mmCoA, MgATP, and NADPH. }*C]-Phenyl ketide product was

A o7 resolved from }*C]-B or [**C]-methylmalonate by TLC following
o | es TCA precipitation and hydrolysis of reactions. The presence or
absence ofipo or holo LM-M1, B, mmCoA, ATP, NADPH, or
46 AHB in the original reactions is indicated in the chart. Lanes/1
show the hydrolysis products of reactions containiftC]-B in
| 30 addition to the components indicated in the chart, whereas lanes 8

and 9 show the hydrolysis products of reactions that contatdegt [
Ficure 4: Covalent loading of LM-M1 with B, 3-HB, and mmCoA.  mmCOoA in addition to the other components.
(A) Coomassie-stained gel t45% gradient) of the reaction

mixtures. (B) Autoradiograph of this gel, including &‘CJ- Formation of Phenyl Ketide Product by LM-MAfter

methylated protein ladder (Amersham) in the far right lane. The " _ ; 3 : 3
presence or absence apo or holo LM-M1, ATP, and [4CJ-B, confirming that LM-M1 was active for self-arylation and self

[14C]-3-HB, or [4C]-mmCoA is indicated in the chart. acylati_qn using the experiments just described (Figure 4),
the ability of the protein teondensd3 and methylmalonate
intermediate from attack of the aryl-AMP by the thiol to form the corresponding mixed phenyl ketide product was
nucleophile of the phosphopantetheine cofactor of the T investigated. Following incubation of LM-M1 with different
domain @; Figure 2A, left). To investigate the activity of combinations of MgATP, NADPH, B, and mmCoA, the
the larger LM-M1 protein, we sought to covalently load it enzyme was precipitated with TCA and subjected to hy-
with benzoate substrate. Although AHB is not available in drolysis to release any enzyme-linked products (Figure 5).
radiolabeled form, previous work had shown that the loading In the absence of enzyme, the reaction components are not
module can also be loaded by benzoate (B) or 3-hydroxy- precipitated by TCA, and no substrate or product is visible
benzoate (3-HB)9). Reactions containind{C]-B or [*‘C]- in the TLC lane (lane 1). Wheapo LM-M1 is incubated
3-HB and apo or holo LM-M1 were incubated in the  with all of the substrates using*C]-B as the reporter, the
presence or absence of MgrP and subsequently analyzed lane is also empty (lane 2), presumably because the loading
by SDS-PAGE autoradiography (Figure 4). Lacking the module cannot be arylated with B in the absence of its
phosphopantetheine cofactor of thedbmain,apoLM-M1 phosphopantetheine arm. Only B is released from the enzyme
could not be covalently loaded with B (lane 1). However, upon incubation oholo LM-M1 with all substrates except
holo LM-M1 is covalently loaded with either B or 3-HB in  mmCoA (lane 3). When all substrates including mmCoA are
reactions that require M TP (lanes 2-5). present in the reaction, a new band that comigrates with
Based on previous studies of PKS modules, there are twoauthentic phenyl ketide, 3-hydroxy-2-methyl-3-phenylpro-
expected sites of covalent acylation of M1 by methylmalo- pionate (data not shown), is visible in the TLC lane (lane
nate, supplied to the protein as mmCoA. The active site 4). Activation of B as the benzoyl-AMP cannot occur in the
serine of the AT domain is expected to attack mmCoA to absence of ATP, so neither B nor phenyl ketide is observed
yield acylated enzyme2@), and subsequent nucleophilic in such reactions (lane 5). Phenyl ketide is absent when
attack of the thioester bond of this intermediate by the
phosphopantetheine thiol of the Jomain would produce a 3 The LM-M1 protein described herein has the TE domain of DEBS

second acylated enzyme (Figure 2A, right). Reactions appended to its C-terminus (see Experimental Procedures). This TE
containing [*C]-mmCoA andapo or holo LM-M1 were has previously been shown to catalyze hydrolysis of acylthioester bonds
analyzed by SDSPAGE autoradiography (Figure 4)\po when placed in unnatural contexts—3). Therefore, we hoped that

. the TE would enable LM-M1 to undergo multiple turnovers by
LM-M1 could be loaded by mmCoA despite the absence of catalyzing hydrolysis of the acylthioester bond linking the aryl ketide

the phosphopantetheine arm of thedbmain, presumably  product to the T domain of LM-M1. Neither reduced nor unreduced
because acylation of the AT domain serine was unaffectedaryl ketide accumulated appreciably in reactions that contained LM-

(lane 6). However, the extent of acylation increased when M1 and all substrates, suggesting that the TE did not catalyze hydrolysis
. ! . . . as had been hoped. Aryl ketide was, however, released when reactions
the reaction containefblo LM-M1, consistent with acylation  ere treated with hydroxide at elevated temperatures, so this method

of both AT and T domains of this species (lane 7). was used to analyze the products of single turnover reactions.
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NADPH is omitted (lane 6), presumably because the reduced 03F C
product does not form in its absence. Preliminary results ——Bus
suggest that the unreduced phenyl ketide product may form

when NADPH is absent, but this putative product is not

visible in lane 6 because it comigrates with B (data not

shown). B and phenyl ketide are not released upon hydrolysis
of reactions that contain the natural substrate AHB (lane 7),
presumably because unlabeled AHB outcompetes radiola- o
beled B for arylation of the loading module. Radiolabeled
mmCoA can be used instead of radiolabeled B to monitor 0 \ \ ,
reactions. Only methylmalonate is released from the enzyme 0 500 1000 1500
upon incubation oholo LM-M1 with all substrates except [B] or [3-HB], uM

B (lane 8), but a product with the same mobility as Ficure6: Dependence of the rate of covalent loadingofo LM-
3-hydroxy-2-methyl-3-phenylpropionate is visible when B M1 on the concentration of the substrates ®) (or 3-HB @).

is present (lane 9; compare to lane 4). Although LM-M1 could not be saturated with either substrate, the

— . . . lines are best fits of the data to a simple saturation model and give
The results shown in Figure 5 are consistent with formation |ower limits for ke of 0.11 mimr andKy of 11004M for B, and

of phenyl ketide, as the product incorporates both B and lower limits for key of 0.5 mim? andKy of 1100uM for 3-HB.
methylmalonate, antolo LM-M1, Mg-ATP, and NADPH  Despite the iq?bfility to saturate m-Mi,f\{a}ikta/KMH I;/alues l;af
are required. The identity of this product was verified by ég?e rl\n/Li N erglfr: om (t)rq eB“ n"’(‘erg Sc?r(t)i on Ofn(;g:Ch C?Jrrvg'_ can be
mass spectrometry as follows. Reactions containing the

required componentsolo LM-M1, Mg-ATP, NADPH, and Scheme 1

mmCOoA were incubated with either B or pentadeuterated B

0.2

Vv/[E], min -1
o

&\ E-B + AMP + PPi
and subsequently hydrolyzed. The products of hydrolysis V
were resolved by HPLC, the peak that eluted with the same E-ATP
tention ti the 3-hydroxy-2-methyl-3-phenylpropionate
retention time as the 3-hydroxy yl-3-phenylprop %E_XB+AMP+PPi

standard was collected for each reaction, and these products

were analyzed by MALDI-TOF MS. For the B reaction,

masses of 203 and 219, corresponding to the expected masses ke _ [E-XBIB]

of the [M + Na] and [M + K] ions of phenyl ketide, were ks [XBJ[E-B]

observed (data not shown). The product of the pentadeuter- ag — Rif LM-M1, B = benzoate, XB= substituted benzoate.

ated B reaction gave the expected shift of 5 mass units, for

masses of 208 and 224 (data not shown). Taken togetherapparently decrease the rate of covalent arylation of the LM

the results in Figure 5 and the mass spectrometry resultSmodule when embedded in LM-ML1.

provide strong evidence for the formation of enzyme-linked  gased on previous in vivo feeding experiments, 3-HB and

phenyl ketide by LM-M1. Preliminary analysis of the kinetics - 3 5_gihydroxybenzoate, in addition to the natural substrate

of the process is described below. AHB, are known to be processed by the loading and three
Substrate Tolerance of Arylation of LM-MB&.and 3-HB initial elongation modules2d). In vitro results obtained for

are substrates fdnolo LM-M1, as shown qualitatively in LM alone revealed 11 additional substituted benzoates to

Figure 4. To quantitatively assess these benzoates ase substrates for this modul®)( Prior to determining

substrates for aryl-AMP formation followed by arylation of whether the LM-M1 protein could process these benzoates

kel =

the thiol of the phosphopantetheine cofactor of theddmain, into the corresponding aryl ketide products, we investigated
we utilized a protein precipitation assay. Aliquots from whether they were accepted as substrates for covalent
reactions containingpolo LM-M1, 0.5—5 uCi/mL [7-1C]- arylation of LM-M1.

B or [7-1“C]-3-HB, and varying concentrations of unlabeled  Addition of a substituted benzoate to a reaction mixture
B or 3-HB were quenched with TCA, and the amount of containing radiolabeled B ariablo LM-M1 allowed parti-
radiolabeled protein in each washed protein pellet was tioning between reaction with the substituted benzoate and
determined by liquid scintillation counting. Initial velocities  reaction with B to be followed. The relative rate constant
of E-B or E-3-HB formation as a function of B or 3-HB (k) for reaction of a given substituted benzoate with respect
concentrations were obtained using this method and used tao reaction of B was determined from the concentrations of
generate the curves shown in Figure 6. Best fits of the dataB and substituted benzoate in the original reaction ([B], [XB])
to a saturation model give lower limits f&g,;of 0.11 mirr! and the amount of product present as E-B and E-XB,
andKy of 1100uM for B, and lower limits forkcs of 0.5 according to the equation in Scheme 21)( The ratio of
min~! and Ky of 1100 uM for 3-HB. These kinetic E-B to E-XB was constant throughout a given time course,
parameters are lower limits because concentrations of B andindicating that no secondary reactions involving the reaction

3-HB that saturate LM-M1 were not reached. Howekey, products were occurring. The constant ratios also support
Kwu values of 100 M* min~! for B and 460 M min~? for the view that the substituted benzoates are true substrates
3-HB can be accurately determined from the linear portion and not high-affinity competitive inhibitors, as E-B would

of each curve. Unexpectedly, these values-agefold (B) continue to accumulate in the presence of a competitive

and~20-fold (3-HB) less than the analogokis/Kw values inhibitor, resulting in a ratio of E-B to apparent E-XB that
for arylation of isolated LM 9). It remains to be determined increases as a function of time. For each substituted benzoate,
how the M1 domains that are not present in LM alone the samek, value, within error, was obtained for reactions
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Table 1: Relative Rate Constants for Covalent Arylation of LM-M1 N—
and LM by Substituted Benzoates Aryl Ketides [ -re - - -

substrate LM-MIeP LM Ke® ke ratio?
3-amino-5-hydroxybenzoate 6620 120+ 10 0.6 Methylmalonate —
3,5-diaminobenzoate B2 16+ 1 0.6
3-hydroxybenzoate &3 12+ 2 0.5
3,5-dihydroxybenzoate 380.9 3.1+ 05 1.2 wE
3,5-dichlorobenzoate 3506  4.0+05 0.9 Origin—
3-aminobenzoate 2511 6.6+ 0.6 0.4
3,5-dibromobenzoate 1804 4.1+ 0.5 0.4 1234567859
3-chlorobenzoate 1404 21+ 0.2 05 FiIGure 7: LM-M1 converts a series of alternative benzoate
3-bromobenzoate 1405 1.9+ 0.2 0.6 substrates to the corresponding aryl ketid&€]fAryl ketides were
2-aminobenzoate 1403 0.62+0.08 1.8 resolved from }*C]-methylmalonate by TLC following TCA
benzoate (1) (1) (1) precipitation and hydrolysis of reactions containing LM-M&C]-
3-methoxybenzoate 0.300.06 0.43+ 0.06 0.7 mmCoA, and the following substrates: B (lane 1); 3-bromobenzoate
3-fluorobenzoate 0.22 0.08 0.42+0.11 0.5 (lane 2); 3-chlorobenzoate (lane 3); 3,5-dibromobenzoate (lane 4);
3,5-difluorobenzoate 0.120.03 0.13£0.02 0.9 3,5-dichlorobenzoate (lane 5); 3,5-difluorobenzoate (lane 6); 3-fluo-

robenzoate (lane 7); 3-methoxybenzoate (lane 8); no benzoate (lane
9). Aryl ketide products for reactions of LM-M1 and mmCoA with
2-aminobenzoate, 3-aminobenzoate, AHB, 3,5-dihydroxybenzoate,
and 3-HB were observed but are not shown.

aRate constant for arylation, relative to arylation by benzoate
(Scheme 1). Thesk, values, obtained from substrate competition
experiments, represent tkg/Ky ratio for a given substituted benzoate
and B @1). »30°C, 100 mM Tris, pH 7.4, 5 mM TCEP, 15 mM Mggl
5 mM ATP. €30 °C, 50 mM sodium phosphate, pH 7.2, 1 mM DTT, o
1 mM EDTA, 15 mM MgCh, 5 mM ATP, 10% glycerol. From re9. 3,5-diaminobenzoate has been shown to covalently load both
¢ Ratio iskel for LM-M1 divided by ke for LM. isolated LM @) and LM-M1 (Table 1). It is possible that

methylmalonate and the 3,5-diaminobenzoyl moiety are not

performed at different substituted benzoate concentrations.converted into the corresponding aryl ketide by M1; we
The reactions were repeated for selected substituted benzoate&onsider it more likely that TLC conditions that resolve the
using radiolabeled 3-HB instead of B, and the s&mealues product have yet to be been identified. Thirteen structurally

(with respect to B), within error, were obtained. Edgh distinct benzoates appear to be converted to the correspond-
value for LM-M1 in Table 1 represents an average of at least ing aryl ketides by LM-M1, suggesting that LM-M1 has a
four separate determinations. broad substrate tolerance.

The ke values for LM-M1 in Table 1 represent ttig./ Preliminary Kinetic Analysis of Phenyl Ketide Formation

K ratio for a given substituted benzoate and B, and as suchPY LM-M1.These studies reveal that LM-M1 catalyzes the
provide a measure of the specificity of LM-M1 for each formation of a variety of aryl ketides. We turned to kinetic
substrateZ1). The validity of this approach is demonstrated Methods to compare the different benzoates as substrates for
by comparing thée value of 6+ 3 obtained for 3-HB with ~ aryl ketide formation, and to determine what steps limit the
the kea/Ku ratio of 4.6 obtained from direct measurement of ©OVerall process. Itis important to note that multiple reactions
keafKw for 3-HB and B (Figure 6). Thée values for LM- are involved in the overall formation of aryl ketides,
M1 are compared to previously determinkg values for including covalent loading of substrates onto LM-M1,
LM alone in Table 1. The overall trends kp, correlate for interdomain transfer of these substrates, the condensation
LM-M1 and LM. For example, the natural substrate AHB reaction itself, and the reduction reaction catalyzed by the
is preferred by both LM-M1 and LM, whereas 3,5-difluo- KR domain (Figure 2). Therefore, interpretation of the kinetic
robenzoate is the poorest substrate for both proteins. It isresults should take this complexity into account.

possible that the small differences ke, reflected by The LM-M1-catalyzed conversion of B and mmCoA to
deviations from one in the ratios of the two sets of values, phenyl ketide was investigated in the most detail, since this
are due to experimental error or to the slightly different reaction is experimentally convenient. Both B and mmCoA
reaction conditions used for the two sets of measurementsare available in radiolabeled form, allowing the reaction to
(see Table 1). be monitored using either substrate (Figure 5), and the

Substrate Tolerance of Aryl Ketide Formation by LM-M1. radiolabeled B has a high specific activity which facilitates
The substituted benzoates that were shown to arylate LM- €xperiments that require substrate concentrations to be varied
M1 above (Table 1) were next surveyed for their ability to OVver a wide range. Additionally, no degradation products of
be processed into the corresponding ary! ketide products by3-hydroxy-2-methyl-3-phenylpropionate were detected by
LM-M1 (Figure 7). Aryl ketide product is not formed in the ~HPLC after incubation of the authentic standard in 0.5 M
absence of any benzoate, so only methylmalonate is visibleKOH for up to 60 min at 65C, indicating that this phenyl
upon TCA precipitation and hydrolysis of the control reaction Ketide product of the enzymatic reaction is stable under
(lane 9). Lanes 48 show products of reactions that conditions thatare even more harsh than the conditions used
contained the substituted benzoates indicated in the figuret® hydrolytically release it from LM-M1 (0.2 M KOH, 65
legend; new aryl ketides are observed in each case. Aryl°C, 20 min). Therefore, measuring the amount of phenyl
ketide products of reactions that contained 2-aminobenzoate ketide in reaction time points following hydrolysis of the
3-aminobenzoate, AHB, 3,5-dihydroxybenzoate, and 3-HB covalent linkage between it and the enzyme is a quantitative
could also be detected, although different TLC conditions @ssay for the enzymatic formation of phenyl ketide.
than those depicted in Figure 7 were required to resolve these The accumulation of enzyme-linked B (E-B) and enzyme-
products from methylmalonate. No product of reactions linked phenyl ketide (E-PK) products in a representative
containing 3,5-diaminobenzoate has been detected, althougheaction containing LM-M1, radiolabeled B, mmCoA, and
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3 enzyme, E-B formation leveled off at approximately a8\
A —a—E-B and E-PK formation leveled off at approximately L.
$—E-PK Second, despite the different endpoints for the two products,

E-B and E-PK accumulated simultaneously, with the same
apparent rate constark,§9. This is illustrated in Figure 8B,
where the fraction of total E-B and E-PK from Figure 8A is
plotted as a function of time.

The different endpoints that were consistently observed
for the formation of E-B and E-PK were unexpected, as the
simplest model for aryl ketide formation predicts that each
active LM-M1 molecule would have a molecule of B
covalently bound to its Tdomain and a molecule of phenyl
ketide covalently bound to its;Tdomain, giving stoichio-

1 metric amounts of B and phenyl ketide upon hydrolysis.
B Several specific models for the nonstoichiometric product
amounts that are observed are encompassed by the general

MM Product

0
0 15 30 45
Time (min)

E model that M1 is only competent for condensation of B and
s methylmalonate in a fraction of the LM-M1 proteins. If the
; 0.5 AT or T, domains were inactive in a fraction of the LM-M1
2 proteins, these proteins could not be covalently acylated with
§ methylmalonate and would therefore not produce phenyl

ketide. This model is unlikely, as LM-M1 is able to
covalently load 2 equiv of radiolabeled mmCoA (data not
1 1 1 shown), suggesting that both the AT and domains are

0 15 30 45 active for acylation. The I domain could nevertheless

Time (min) become inactivated if decarboxylation of its methylmalonyl
moiety ever occurred without concomitant condensation,
C M E-B i because the resultant dead-end propionate adduct could not
0.061)| ® E-PK - participate in phenyl ketide formation. However, propionate
PY = was not detected upon hydrolysis of LM-M1 that had been

incubated with mmCoA (data not shown), suggesting that
this uncoupling model does not account for the endpoint
results. The possibility that an internal enzyme equilibrium
o.o2L governs the ratio of E-B and E-PK is unlikely, because the
release of C@Qupon E-PK formation is expected to render

this reaction effectively irreversible. Alternative models

invoke the KS domain, the catalyst of the condensation
reaction. If only a fraction of the LM-M1 proteins possessed
functional KS domains, only this fraction could produce

Ficure 8: Rate of overall phenyl ketide formation is limited by  phenyl ketide, accounting for the observation that E-B

the rate of covalent arylation of LM-M1 by B. (A) Time course of _ i i ; _ .
E-B (W) and E-PK ®) formation in reactions that contained:®/ exceeds E-PK. Nonstoichiometric amounts of E-B and E-PK

LM-M1, 1 mM B, and 5 mM mmCoA, in addition to other reaction could also result if LM-M1 is. stably loaded W_ith two
components. The lines are best exponential fits to each data setholecules of B, one covalently linked to the domain and
and givekypsof 0.05 mir* and an endpoint of 3.2M for E-B and another covalently linked to the active site cysteine of the
Kobs Of O;O?Ar;llrrl Iart1td gln e_ndpt%mthf %_-/ZM ffOIrEEE:PK'E(BI;)KT}me d KS domain. In the simplest incarnation of this model, twice
course in (A) replotted using the fraction of E-B or E-PK forme ) ) :
(calculated from the reaction endpoints determined above) to as much E-B as E-PK V\.Iou'd be_ present at the en_dpomt.
illustrate thatksvalues for E-B and E-PK formation are identical, Cr0ss-talk between protein subunits could also contribute to
within error. (C) Dependence of E-B and E-PK formation on the the complexity of the data, if models containing higher order
concentration of the substrate B. Although LM-M1 could not be protein species are invoked.

saurated wih B, he e Is & bes it o i combined data 0.2 Despite the different endpoints for E-B and E-PK, the two
andeM of 700 «M. The kca{KgM value of 140 I\/rltmin'—l that is product-forming reactions can be directly compared by

determined from the linear portion of the curve is in good agreement considering the fraction of LM-M1 that does form each
with the value of 100 M* min~1 for E-B formation measured using  product and determining the correspondiggvalues (Figure

TCA precipitation followed by scintillation counting (Figure 6). 8B). Whenk,ps values obtained in this way are plotted as a
function of B concentration, the data for E-B and E-PK
the remaining reaction components is shown in Figure 8A. coincide (Figure 8C), suggesting that the same reaction step
For this representative reaction and for other reactions inis rate-limiting for product formation in each case. g
which the concentrations of B and mmCoA were varied Ky value of 140 M! min~! that is determined from the linear
widely, two observations were made. First, the endpoint for portion of the combined data is in good agreement with the
accumulation of E-B typically exceeded the endpoint for k./Ky value of 100 Mt min~! for E-B formation that was
accumulation of E-PK by at least 2-fold. For example, for measured using TCA precipitation followed by scintillation
the reaction shown in Figure 8A, which containedM total counting (Figure 6). E-B formation is on the pathway to

0 ] ] L
0 300 600 900
(B, uM
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E-PK formation, and the kinetics of E-B formation and A =

overall E-PK formation coincide, so the formation of E-B
appears to be rate-limiting for the formation of E-PK. In other
words, compared to formation of the E-B species, all of the
subsequent reactions that are required for E-PK formation
are fast.

If E-PK formation is indeed limited by E-B formation,
then preincubation of LM-M1 with B followed by addition 0.5
of mmCoA to the reaction should result in a burst of E-PK
formation. Figure 9A shows the formation of E-B and E-PK
in a control reaction in which mmCoA was present from 0 5'0 1;)0 150
the start, whereas the formation of E-PK upon addition of Time (min)
mmCOoA following either 20 or 50 min of preincubation with
B is shown in Figure 9B. For both preincubation durations, B PY
a burst of E-PK formation is observed upon mmCoA
addition, and in both cases, the burst amplitude approximately 0.4
matches the E-PK amount that is present in the control
reaction which lacked a preincubation period (Figure 9B).
The bursts of E-PK formation are replotted in Figure 9C as
a function of time after addition of mmCoA to each reaction;
although the burst amplitudes vary as expected based on the
duration of preincubation (and, therefore, the amount of E-B
available for immediate conversion to E-PK), the apparent

~—m—E-B
—e—E-PK

1.5

HM Product

UM Product

rate constants of 1.1 and 1.5 minfor the bursts are 0 Y 50
experimentally indistinguishable. The observation that a burst Time (min)

of E-PK formation occurs upon addition of mmCoA to a

preformed E-B complex strengthens the conclusion that all C

of the downstream reactions that lead to E-PK formation are
fast relative to formation of the E-B species.

Preliminary Kinetic Analysis of Aryl Ketide Formation by
LM-M1. The LM-M1-catalyzed conversions of substituted
benzoate substrates and mmCoA into aryl ketides were
investigated and compared to the phenyl ketide forming
reaction. A concentration of 50M B is subsaturating for
LM-M1, based on the concentration dependence of the
phenyl ketide forming reaction (Figure 8C). This concentra-
tion of each benzoate substrate was therefore selected to 3
measure the velocity of formation of the corresponding aryl Time (min) after adding mmCoA
ketide, with the expectation that this concentration would Figyre9: Direct comparison of overall and pre-arylation velocities
also be subsaturating for most of the other benzoates. If thisof phenyl ketide formation. (A) Time course of E-MYand E-PK
proved to be the case, then the velocities obtained under thes¢®) formation in control reactions that containegk! LM-M1,
conditions would be proporional K, allowing the 200415, 216 S0l TIICOR, 1 acivon 8 ober eeeien
benzoates to be directly cpmpared as subs@rates of LM—Ml.and givekobs of 0.02 mir* and an engpoint of 2M for E-B and
The results of these experiments are shown in Table 2, whichy,  of 0.02 mir? and an endpoint of 0.zM for E-PK. (B) 50
lists both the initial velocity of aryl ketide formation for each ©M mmCoA was added to comparable reactions containipyl5
benzoate under these defined conditions, as well as thelM-M1 and 200uM B at times 20 min &) and 50 min ©), and

; . . ; ; the fast accumulation of E-PK was monitored in each case. The
relative velohCIty (/re|)_for fofrrgatl(;n of ea;]ch alr)lil k_edtlde with data for E-PK @) formation from the control reaction shown in
respect to the reaction of B to form phenyl ketide. (A) are replotted here. (C) Data from reactions in (B) that were

A comparison of theke values for LM-M1 arylation in  preincubated with B for 20 minx) and 50 min Q) are displayed
Table 1 with theV,e values for aryl ketide formation in Table as a function of time after addition of mmCoA. The lines are best
2 reveals the same overall trends. For example, 3,5- gXpO”e”tie}_‘ ﬁés to f68°h Islata Sdet and fg'f% of 1.1 migl agd a
difluorobenzoate Is th_e poorest _substrate with respect to.bOthaumrS}itS(rjnepcl)tfuo.Zu\el, fo.?tthe’ rggctrgﬁss(t)hat'weTérBre%ncut?atelérs\}ith
arylation and aryl ketide formation. Furthermore, there is a g for 20 and 50 min, respectively.
close correspondence between the valudg.pand Ve for
all substrates except AHB (see below). This suggests that,arylation of LM-M1 with B (Table 1), the velocity of
as for the reaction of B and mmCoA to form phenyl ketide, 3-amino-5-hydroxyphenyl ketide formation is only 9.9-fold
the overall formation of each aryl ketide from a benzoate faster than the velocity of phenyl ketide formation for
and mmCoA is limited by arylation of LM-M1. reactions containing 56M AHB or B, respectively (Table

The one outlier in this comparison between the relative 2). We believe that this discrepancy is due to the conditions
rates of arylation and aryl ketide formation is the physi- chosen for comparing aryl ketide formation, not due to an
ological substrate AHB. Although the rate constant for actual change in the rate-limiting step for the AHB reaction.
arylation of LM-M1 with AHB is 66-fold larger than for =~ We suspected that AHB, the natural substrate of rifamycin

uM E-PK
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Table 2: Velocity of Aryl Ketide Formation by LM-M1 The A domain catalyzes _the reaction betweer_l a benzo_ate
- - - and ATP to produce an activated aryl-AMP species. The thiol
_ substrate overall velocityuM/min) Ve of the phosphopantetheine cofactor of thed®main attacks
g:amp&f’l‘)z)r’gg’;&ébenzoate 00602762 39-69 the aryl-AMP to form an arylated enzyme intermediate. The
3,5}’dihyd>;oxybenzoate 0017 >3 AT domain catalyzes the transfer of the methylmalonyl
3,5-dichlorobenzoate 0.023 3.2 moiety of mmCoA to the thiol of the phosphopantetheine
3-aminobenzoate 0.012 1.6 cofactor of the F domain via an acylserylenzyme intermedi-
3,5-dibromobenzoate 0.018 2.5 ate. The KS domain catalyzes the transfer of the aryl moiety
g:gt‘é%‘;%‘;ﬂzzgzﬁ g'_gégg 11'_1 from T, to its active site cysteine, and then effects decar-
2.aminobenzoate 0.0027 0.37 boxylative condensation between the KS-linked aryl moiety
benzoate 0.0073 (1) and T-linked methylmalonate. Finally, the KR domain uses
3-methoxybenzoate 0.0046 0.63  NADPH to reduce the Flinked aryl ketide, and this reduced
g:gﬂ;ﬁﬁgggﬁime g'.g%gg 4 %‘61?6 product is released from LM-M1 upon hydrolysis. The

— y absence of further reduction in the final product is consistent
ATP305CﬁﬁON“;“SJL'S'5p;'J ‘Il_,\/?m" ngEiMl?n rr‘;'\c/'o'\f\gilg 2,\'\/"' with an inactive DH domain, as expected due to active site
subs’tituted benzoate ’substrate. The’ velocities obtainéd under thes@MINO acid deletions in this domaid<6).
conditions are expected to be proportionakigKy for all substrates Substrate Tolerance of LM-MI1Although the natural
except AHB (see Results), by analogy to the B reaction in which 50 substrate of the loading module of rifamycin synthetase is
uM substrate is subsaturatingRatio of the overall velocity of aryl AHB, it also accepts alternative benzoates. LM-M1 can
ketide formation and the overall velocity of phenyl ketide formation ' . . )
in the analogous reaction containing B. become covalently ar_ylated with 14 different benzoate

substrates, recapitulating the substrate tolerance of the

. isolated LM @; Table 1). Moreover, the benzoates are
synthetase, would saturate LM-M1 at a lower concentration subsequently transferred to the KS domain of M1 and
than does B, so we tested the possibility that theub0  processed by this module, as evidenced by the formation of
benzoate conditions selected for comparison of aryl ketide 4y ketide products in reactions containing these benzoates
formation were saturating for AHB. Detection limitations (Figure 7, Table 2). It remains to be determined whether
prevented measurement & for AHB, but a limit of  gownstream PKS modules will tolerate the unnatural ben-
Km = 104M could be obtained (data not shown). Therefore, zoate component of these aryl ketides and extend them
the velocity repo.rted for aryl ke_tlde formation in the presence frther. Aryl triketide shunt products were detected upon
of 50 uM AHB is not proportional toka/Kw, as are the  feeding of 3-HB or 3,5-dihydroxybenzoate to the rifamycin
velocities reported for B and presumably fo_r the other producerAmycolatopsis mediterran¢24), suggesting that
benzoates (Table 2). This means thiatfor AHB in Table 4t |east the RifA protein, which contains the LM and the
2 is a lower limit for theV, that would be obtained if AHB  first three PKS modules of rifamycin synthetase, accom-
were subsaturating, leaving open the possibility that arylation y,odates these alternative benzoates.
of LM-M1 limits aryl ketide formation in the AHB reaction, Gatekeeper Function for the Loading Module of LM-M1
as for reactions of the other benzoate substrates. The kinetics of arylation and overall aryl ketide formation

If aryl ketide formation is limited by arylation of LM-M1  gre the same for a given benzoate, and pre-arylation of LM-
for all of the benzoate substrates, then preincubation of LM- \1 with a benzoate substrate prior to addition of mmCoA

M1 with any of the benzoates followed by addition of yesyits in a burst of aryl ketide formation, due to the
mmCoA to the reaction should result in a burst of aryl ketide nmasking of faster reactions that are downstream of

formation, as depicted in Figure 9 for the B reaction. Bursts arylation. These results suggest that for the benzoates we
of aryl ketide formation were observed following addition ,5ye studied, arylation of LM-M1 is rate-limiting for the
of mmCoA to LM-M1 that had been preincubated with any tormation of aryl ketide from a benzoate and mmCoA, and
of the substrates in Table 2. Each burst could be quCflbedintermodmar aryl transfer, carbermarbon bond formation,
by an apparent rate constant between 1 and 3(wata 41 g-ketone reduction are fast by comparison. Our assay
not shown). These apparent rate constants are at the practicghy | \M-M1 arylation does not differentiate between initial
limit (_)f measurer_nents that can _be made using manual formation of aryl-AMP and subsequent transfer of the aryl
techniques (half-lives 1630 s), so it is not clear whether ety to the T domain, so further experimentation will be
individual kops values truly differ or whether the variability required to pinpoint the reaction step or steps responsible
is due to experimental error. The fast accumulation of aryl o, the rate-limiting effect.
ketides following pre-arylation suggests that for all of the  Thege results are consistent with a gatekeeper function for
substrates in Table 2, aryl ketide formation is limited by ihe loading module of rifamycin synthetase. The loading
formation of arylated LM-M1. module exhibits a 101000-fold preference for AHB, its
DISCUSSION b_iologic;al ;ubstrate, over all other substrates testgd. This
discrimination between benzoates ensures that AHB is loaded
Reconstitution of LM-M1Our results demonstrate that the when comparable concentrations of AHB and competing
excised loading and initial elongation modules of rifamycin benzoates are available. However, once the loading module
synthetase collaborate to form aryl ketide products. Suc-is covalently arylated with a benzoate substrate, all of the
cessful reconstitution of the two modules of LM-M1 requires benzoates surveyed are converted into aryl ketides by M1
a benzoate, mMmCoA, M TP, and NADPH. These experi-  with very similar apparent rate constants efaAmin—! (see
ments verify the functioning of four catalytic and two carrier Results). These observations do not rule out the possibility
domains and the inactivity of a seventh domain (Figure 2). that there is discrimination between the benzoates at reaction
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steps other than loading, but at the level of resolution of our is formed per equivalent of protein. This can be a serious
initial experiments, none is detected. Discrimination at other limitation if reasonable quantities of protein are difficult to
reaction steps could be masked by a slow step. For examplepbtain. For example, 2.5 mg of the LM-M1 protein (260 kDa)
even a large difference between the rates of intermodularwas required to obtairn-300 ng of phenyl ketide (180 Da),
transfer of two benzoates from thg @omain to the KS an amount sufficient for product analysis by mass spectrom-
domain would be masked if the rates of condensation wereetry. Furthermore, certain types of experiments that require
slower and equivalent for both substrates. The gatekeepinglow enzyme concentrations cannot be performed effectively,
ability of the loading module is likely to be the result of because detection of the correspondingly low product
natural selection for binding and reaction of AHB, rather amounts £stoichiometric) is prohibitive. For example, for
than an evolved discrimination against other benzoates,a substrate with a lowy, enzyme concentration would need
because most of the benzoates that have been identified at be even lower to measukg/Ky accurately 83), and the
substrates are not commonly found in rifamycin-producing amount of product attainable for detection would be limited
organisms. by this enzyme concentration. This situation was encountered

Our preliminary kinetic analyses set the stage for dissection for AHB, the biological substrate of LM-M1, preventing us
of the pathway to aryl ketide formation into its individual from measuring &/ value for 3-amino-5-hydroxyphenyl
reactions. Once a mechanistic framework that includes all ketide formation that could be directly compared \fg,
of the reactions that convert free B and mmCoA into phenyl values for formation of other aryl ketides (see Results). A
ketide has been established, analogous experiments couldinal problem associated with hydrolytic release is that acyl
be performed using alternative benzoate substrates to reveaproducts of interest may be degraded when subjected to base
additional steps, if any, at which discrimination occurs and at an elevated temperature, preventing or complicating
the magnitude of such discrimination. product analysis29).

Single or Multiple Turnoer in Modular Assembly Lines. Despite the shortcomings of hydrolytic release of acyl-
Upon completion of passage through multimodular NRPS, enzyme intermediates as an experimental method, we were
PKS, or mixed NRPSPKS assembly lines, natural product able to use this approach in conjunction with analytical
chains must be released from their final thioester tether to techniques to identify the product of reactions containing
regenerate the system for another round of biosynthesis. TheLM-M1, benzoate, mmCoA, M@TP, and NADPH as
necessary chain termination reaction is typically catalyzed 3-hydroxy-2-methyl-3-phenylpropionate (phenyl ketide). Hy-
by hydrolytic or cyclizing thioesterases, aldehyde-forming drolytic release of radiolabeled phenyl ketide and other aryl
reductases, or amide synthas2s)( ketides followed by analytical TLC and radiography further

To facilitate biochemical analysis, portions of assembly enabled us to obtain preliminary kinetic data for the LM-
line machineries are often studied in isolation, so the naturalM1 system. Hydrolytic release and other single turnover
mechanism of chain termination is lost. In some cases, methods have the advantage of providing insights into the
engineering a TE domain onto the C-terminal end of the stoichiometries of total enzyme, enzyme intermediates, and
protein of interest has restored chain termination ability ( enzyme-bound product that would be missed by multiple
3). In other cases, multiple turnover of partial assembly lines turnover methods. We were able to discern that the amount
occurs because the thioester linkage between the product andf product formed in LM-M1 reactions was consistently
the protein is cleaved by a nucleophilic component of the substoichiometric with respect to the amounts of total enzyme
product, an exogenous nucleophile, or water during the and arylated enzyme intermediate. This result would have
reaction time course26, 27. In the absence of multiple  been invisible in a multiple turnover system, preventing
turnover, the covalent thioester attachment between a proteinpotential complexities such as dysfunctional domains and
and its acyl product can be hydrolyzed by base so that theinternal equilibria from being discovered. Although natural
detached product can be analyz28-30). For certain types  product assembly lines are typically depicted as entities that
of analyses in specific NRPS systems, the use of aminoacyl-are fully occupied at each T domain with covalently attached
S(N-acetyl)cysteamine substrates in place of amino&eyl- intermediates, such stoichiometry has not been generally
enzyme substrates obviates the need for a chain terminatiorvalidated, and little is known about how the occupancy of
mechanism, because the final products are sol@ile3?. one module of a natural product assembly line affects the

Intact rifamycin synthetase has an amide synthase (RifF) occupancy of other modules. Hydrolytic release of interme-
that releases and cyclizes the rifamycin backbone, but thediates and products from modular assembly lines may allow
truncated LM-M1 protein lacks an intrinsic chain terminator. the distribution of covalent species, dictated by the relative
Although we attempted to engineer a multiple turnover rates of chain initiation, elongation, and termination, to be
system by appending the TE domain of 6-deoxyerythronolide investigated in detail.

B synthase to the C-terminal end of LM-M1, TE-catalyzed  Engineering Potential of LM-M1As a model NRPS
hydrolysis of the enzyme-linked aryl ketide product was not PKS system, LM-M1 could serve as a template for engineer-
observed. No promising candidates were identified when ing novel NRPS-PKS enzymes. The sequence encoding M1
several nucleophiles were surveyed for their ability to release could be replaced by genes encoding other representative
a nucleophile-product adduct. Thus, the activity of LM- PKS modules, using known homologies between modules
M1 was analyzed using single turnover reactions, requiring to choose appropriate fusion sites. Likewise, LM could be
hydrolytic release of covalently bound products and inter- systematically replaced with other NRPS modules. Com-
mediates. parison of the kinetic parameters of the parent LM-M1

There are several constraints associated with hydrolytic system with the parameters of the variant systems is expected
release of protein-bound products. The major drawback to to reveal information about the steps at which interactions
this method is product yield, as at most 1 equiv of product between NRPS and PKS modules occur, and therefore the
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individual reactions and domains at which efforts to engineer 14. Ghisalba, O., and Nsch, J. (1981). Antibiot. 34 64—71.

novel, functional NRPSPKS interfaces should be directed.
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