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ABSTRACT. The rifamycin synthetase is primed with a 3-amino-5-hydroxybenzoate starter unit by a loading
module that contains domains homologous to the adenylation and thiolation domains of nonribosomal
peptide synthetases. Adenylation and thiolation activities of the loading module were reconstituted in

vitro and shown to be independent of coenzyme A,

countering literature proposals that the loading module

is a coenzyme A ligase. Kinetic parameters for covalent arylation of the loading module were measured

directly for the unnatural substrates benzoate and 3-hydroxybenzoate. This analysis was extended through
competition experiments to determine the relative rates of incorporation of a series of substituted benzoates.
Our results show that the loading module can accept a variety of substituted benzoates, although it exhibits
a preference for the 3-, 5-, and 3,5-disubstituted benzoates that most closely resemble its biological substrate.

The considerable substrate tolerance of the loading

module of rifamycin synthetase suggests that the module

has potential as a tool for generating substituted derivatives of natural products.

The rifamycin synthetadef Amycolatopsis mediterranei
is responsible for the biosynthesis of prosansamycin X, a
precursor to the antibiotic rifamycin B (Figure 1). The
rifamycin synthetase consists of a core of five multifunctional
proteins, RifA, RifB, RifC, RifD, and RIifE, in addition to
RifF, a protein that is believed to cyclize the linear product
of the other proteins via intramolecular amide formatib (

4). The five multifunctional proteins can be further sub-
divided into one nonribosomal peptide synthetase (NRPS)
like loading module and 10 polyketide synthase (PKS)
modules, based on sequence homology to other systems.

RifA, the N-terminal protein component of rifamycin
synthetase, contains an NRPS-like module, the adenytation
thiolation (A—T) loading didomain, upstream of the first
condensing module (Figure 1). The first such-A type
loading module was identified in the gene cluster for the
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1 We refer to the protein complex responsible for biosynthesis of
prosansamycin X, a rifamycin B precursor, as rifamycin synthetase

because the results described herein establish that ATP is required fort

covalent attachment of the aryl starter unit to the loading module of
the complex.

2 Abbreviations: A, adenylation domain; AHB, 3-amino-5-hydroxy-
benzoate; B, benzoate; CoA, coenzyme A; DTT, dithiothreitol; EDTA,
ethylenediaminetetraacetic acid; 3-HB, 3-hydroxybenzoate; HPLC, hig
performance liquid chromatography; IPTG, isopropyb-thiogalac-
topyranoside ke, rate constant relative to analogous reaction with

h

benzoate; NRPS, nonribosomal peptide synthetase; PKS, polyketide

synthase; SDSPAGE, sodium dodecyl sulfate polyacrylamide gel
electrophoresis; T, thiolation domain; Tris-HCI, tris(hydroxymethyl)-
aminomethane hydrochloride; XB, generic substituted benzoate.

natural product rapamycirb). Complete gene clusters for
other synthetases that contain hybrid modular interfaces have
since been reported{12), and these synthetases produce
hybrid natural products that are composed of both ketide and
peptide units. The proven track record of polyketide and
peptide natural products as therapeutics suggests that the
increased combinatorial diversity embodied in hybrid prod-
ucts will advance drug discovery. A biochemical understand-
ing of hybrid synthetases coupled with the ability to
manipulate hybrid interfaces through protein engineering may
enable the potential of such hybrid molecules to be realized.

The NRPS-like A-T didomain of RifA presumably primes
the synthetase with 3-amino-5-hydroxybenzoate (AHB),
which has been shown to be the precursor of the;MC
structural element of rifamycin B (Figure 1013 14).
However, the mechanism of this priming has not been
established. Two alternative models can be envisioned. In a
coenzyme A (CoA) ligase model present in the literatdre (

2, 13), the activated AHB-adenylate product of the A domain
is attacked by CoA to generate an AHB-CoA intermediate,
and the aryl thioester enzyme intermediate results from
transthiolation onto the T domain (Figure 2A). In an
alternative mechanism analogous to that used to prime NRPS
modules, AHB is activated as the aryl-adenylate by the A
domain, and the thiol of the phosphopantetheine cofactor of
he T domain attacks AHB-adenylate directly to form a
covalent aryl thioester enzyme intermediate (Figure &R) (

Although AHB is the natural substrate of the A-T
didomain, previous in vivo studies have revealed that RifA
can be primed by the alternative substrates 3-hydroxy-
benzoate (3-HB) and 3,5-dihydroxybenzodt)( We were
intrigued by this innate substrate tolerance and its implica-
tions for the production of unnatural natural products.
Therefore, we reconstituted the activity of the-A didomain
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Ficure 1: Proposed biosynthetic scheme for prosansamycin X, a precursor to rifamycin B. The rifamycin synthetase consists of a core of
five large multifunctional proteins, RifA, RifB, RifC, RifD, and RIifE, each containing one or more PKS modules. Each PKS module
catalyzes one cycle of chain extension and associatetoreduction for the biosynthesis of proansamycin X. The N-termiral Aoading

didomain of RifA primes the synthetase with AHB and is reminiscent of a minimal NRPS module. The location of ideunitCderived

from AHB is shown in bold in the proansamycin X structure. The active sites denote adenylation (A), thiolation (T), acyltransferase (AT),
ketosynthase (KSp-ketoreductase (KR), or dehydratase (DH) domains. As indicated, RifF is believed to catalyze cyclization via intramolecular
amide formation.
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Ficure 2: Possible mechanisms for the A-T loading didomain. (A) In the CoA ligase model, the activated AHB-adenylate product of the
A domain is attacked by CoA to generate an AHB-CoA intermediate, and the aryl thioester enzyme intermediate results from transthiolation
onto the T domain. (B) In the NRPS-like mechanism, AHB is activated as the AHB-adenylate by the A domain, and the thiol of the
phosphopantetheine cofactor of the T domain attacks AHB-adenylate directly to form a covalent aryl thioester enzyme intermediate.

A.

B.

of rifamycin synthetase in vitro to establish the mechanism benzoic acids, phenylacetic acid, and 3-hydroxyphenylacetic
of this priming module and to systematically investigate its acid were obtained from Aldrich in unlabeled form. ATP,

substrate tolerance. CoA, and benzoyl-CoA were supplied by Sigma Chemical
Company. AHB was synthesized according to a previously
EXPERIMENTAL PROCEDURES published protocoli(3). Restriction enzymes were from New

Materials. [7-14C]-Benzoic acid (57 mCi/mmol) and England Biolabs.
[7-1%C]-3-hydroxybenzoic acid (55 mCi/mmol) were obtained =~ Manipulation of DNA and StraindDNA manipulations
from American Radiolabeled Chemicals. All other substituted were performed irEscherichia coliXL1 Blue (Stratagene)
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using standard culture condition&6j. Polymerase chain

Admiraal et al.

sodium chloride, and 10% v/v glycerol, and the-A&

reactions were carried out using Pfu polymerase (Stratagenedidomain was eluted with 100 mM imidazole in the same

as recommended by the manufacturer.

Construction of an Expression Vector for the A-T Di-
domain.An Ndd restriction site was engineered at the start
codon of therifA gene using the primers’'-&CGGC-
CATATGCGCACCGATCTC-3and 3-AGGGCCCGCTG-
GCGGGAGAAC-3 (mutated bases are shown in bold, and
the introducedNdd restriction site is underlined); the
amplified 2.5-kb fragment was ligated to linearized pCR-
Script (Stratagene) to produce pHu29. Tiif& gene with
the engineeredNdd restriction site at the start codon was
then reconstructed in pHu90-1, a derivative of pRM3)(
Flanking restriction sites foPad and Pst were used to

solution. Pooled fractions containing the-A& didomain 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, Pharmacia) 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 calculated
extinction coefficient at 280 nm: 49 500 Ntm™* (18). A
typical 1-L culture produced about 30 mg of purified protein.
For expression of theolo A—T didomain, plasmid pSA8
was transformed into BL21 containing the plasmid pRSG56
(19), which carries a kanamycin resistance gene andfihe

transfer the sequence encoding the loading didomain and pargjene. Thesfp gene expresses Sfp, a nonspecific phospho-

of module 1 from pHu90-1 into a pUC18 derivative to

pantetheinyl transferase froBacillus subtilisthat converts

produce pSA2. The loading didomain and module 1 are the apo protein into theholo protein @0, 21). One liter

separated by an-20 amino acid linker region, delineated

cultures of this recombinarii. coli strain were grown at 37

by the C-terminal end of the consensus T domain of the °C in 2-L flasks containing LB medium supplemented with
loading didomain and the N-terminal end of the consensus 100 ¢g/mL carbenicillin and 50ug/mL kanamycin. The
ketosynthase domain of module 1 (GenBank accession no.expression and purification steps for tiglo A—T didomain

AF040570). To isolate the loading didomain from module
1, a Notl restriction site was introduced into the linker
sequence using the primersACCGAGACCTGCGGGGC-
GATCA-3 and 3-GCGGCCGCGACGGCCTGCGTG-3
(mutated bases are shown in bold, and the introdiett

were performed as described above for thgo A—T
didomain.

Radioactve Labeling of the AT Didomain.For qualita-
tively assessing the incorporation of B or 3-HB into the A
didomain, reactions contained AV apo or holo A—T

restriction site is underlined); the resulting 0.94-kb fragment didomain, 50 mM sodium phosphate (pH 7.2), 1 mM DTT,

encodes from within the loading didomain into the linker
region. This amplified fragment was ligated to linearized
pCR-Blunt (Invitrogen) to produce pSA4, which was then
digested withBanH| and Pst and ligated to pSA2 digested
with the same enzymes to generate pSA6. The 1.8dd—
Not fragment derived from pSA6 was ligatedwd —Not-

1 mM EDTA, 15 mM MgC}, 10% glycerol, and 10&M
[7-1“C]-B or [7-}“C]-3-HB. In reactions where ATP was
included, 5 mM was present. After incubation at 0 for

30 min, reactions were quenched with SBIFAGE sample
buffer and electrophoresed on a#5% gradient gel (Bio-
Rad). The gel was briefly stained with Coomassie blue,

digested pET21c (Novagen) to produce pSA8, an expressiondestained, dried, and autoradiographed.

vector for the loading didomain with hexahistidine appended

to its C-terminus.

Expression and Purification of the-AT Didomain.Plas-
mid pSA8 was introduced via transformation irio coli
BL21 (Stratagene) for expression of #yeoA—T didomain.
One liter cultures of BL21/pSA8 were grown at 3Z in 2
L flasks containing LB medium supplemented with 10§
mL carbenicillin. Expression of the AT didomain was
induced with 10QuM IPTG at an optical density at 600 nm
of 0.7. After induction, incubation was continued ®h at

HPLC to Detect Possible Benzoyl-CoA Formati®eac-
tions contained 1@M apoA—T didomain, 50 mM sodium
phosphate (pH 7.2), 1 mM DTT, 1 mM EDTA, 15 mM
MgCl,, 5 mM ATP, 10% glycerol, 1 mM CoA, and 1 mM
B. In reactions where benzoyl-CoA was included, 100
was present. After incubation at 3G for the indicated times,
20 uL samples were injected into an HPLC equipped with a
C18 reverse phase column (VYDAC, 2505 mm) with
the detector monitoring at 254 nm. A linear gradient between
buffer A (25 mM potassium phosphate, pH 5.4) and buffer

30 °C. The cells were then harvested by centrifugation at B (100% acetonitrile) from O to 50% B was run over 14

2500y and resuspended in disruption buffer 200 mM sodium
phosphate (pH 7.2), 200 mM sodium chloride, 2.5 mM DTT,
2.5 mM EDTA, 1.5 mM benzamidine, pepstatin (2 mg/L),
leupeptin (2 mg/L), and 30% v/v glycerol].

All purification procedures were performed af@. The

min with a flow rate of 1 mL/min. The substrate and putative
product peaks were identified by coinjection with authentic
standards.

Kinetic Measurement§.ypical reactions contained-1.0
uM holo A—T didomain, 50 mM sodium phosphate (pH 7.2),

resuspended cells were disrupted by two passages through & mM DTT, 1 mM EDTA, 5 mM ATP, 15 mM MgCJ, 10%
French press at 13 000 psi, and the lysate was collected byglycerol, 0.5-5 uCi/mL [7-**C]-B or [7-'C]-3-HB, and

centrifugation at 400af Nucleic acids were precipitated
with polyethylenimine (0.15%) and removed via centrifuga-

varying concentrations of unlabeled B or 3-HB. Unlabeled
B and 3-HB stocks were adjusted to the reaction pH prior

tion. The supernatant was made 45% (w/v) saturated with to addition. Reactions were incubated at’8) and at desired

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
imidazole, and 10% v/v glycerol. This solution was loaded
onto a previously equilibrated nickel-nitrilotriacetic acid (Ni-
NTA) column (2 mL, Qiagen). The column was washed with
20 mM imidazole in 50 mM Tris-HCI (pH 8), 300 mM

time points, 2QuL aliquots were quenched in 1 mL of ice-
cold 5% trichloroacetic acid, and 2Q@y 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% trichloroacetic acid and
solubilized in 0.5 mL of a 100 mM phosphate (pH 8), 2%
SDS solution. This solution was combined with 4.5 mL of
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Scheme 1
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liquid scintillation fluid (Formula 989, Packard), and the
incorporated“C label, corresponding to E-B or E-3-HB, was
quantified by liquid scintillation counting. Reaction rates
were linearly dependent on enzyme concentration. Data
analysis was performed using Kaleidagraph (Synergy Soft-
ware), and exponential fits to the data typically gd&e
0.99.

Chase Experiment to Screen for Substrates of thd A
Didomain Reactions were carried out in 50 mM sodium
phosphate (pH 7.2), 1 mM DTT, 1 mM EDTA, 5 mM ATP,
15 mM MgClh, and 10% glycerol. Each reaction additionally
contained 2QuM holo A—T didomain and 0.5 mM of a
putative substrate, 0.5 mM unlabeled B, or no added
substrate. After the sample was incubated for 30 min at 30
°C, 100uL reaction aliquots were applied to individual G-25
microspin gel filtration columns (Pharmacia) that had been
preequilibrated with the reaction buffer. The protein com-
ponent of the applied sample was eluted from the microspin
column in constant volume by centrifugation, according to
the manufacturer’s instructions. A 14 aliquot of each
eluted protein sample was diluted withu2 of a [7-*“C]-B
solution, for a final B concentration of 2QMM. These chase
reactions were incubated for 15 min at @ prior to analysis
by SDS-PAGE autoradiography.

Determination of Relatie Rate Constants for Arylation
of the A-T Didomain Reactions were performed as de-
scribed aboveKinetic Measuremen}shut in the presence
of 50 uM—5 mM of a series of substituted benzoates.
Substituted benzoate stocks were adjusted to the reaction p
prior to addition. The relative rate constakt 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-H8 and E-XB, according to the
equation in Scheme PP). 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

Biochemistry, Vol. 40, No. 20, 2006119

Table 1: Relative Rate Constants for Covalent Loading of theTA
Didomain by Substituted Benzoates

substrate Krel
3-amino-5-hydroxybenzoate 12010
3,5-diaminobenzoate 61
3-hydroxybenzoate 12 2
3-aminobenzoate 646 0.6
3,5-dibromobenzoate 44 0.5
3,5-dichlorobenzoate 48 0.5
3,5-dihydroxybenzoate 3405
3-chlorobenzoate 210.2
3-bromobenzoate 1£20.2
benzoate Q)
2-aminobenzoate 0.62 0.08
3-methoxybenzoate 0.480.06
3-fluorobenzoate 0.420.11
3,5-difluorobenzoate 0.18 0.02
phenylacetate <0.01
3-hydroxyphenylacetate <0.01

230 °C, 50 mM sodium phosphate, pH 7.2, 1 mM DTT, 1 mM
EDTA, 15 mM MgChk, 5 mM ATP, and 10% glycerof Rate constant
for T domain arylation, relative to T domain arylation by benzoate
(Scheme 1).

RESULTS

Construction and Purification of the -AT Loading Di-
domain The A—T loading didomain is naturally present at
the N-terminus of RifA. To investigate this didomain
biochemically, it was removed from the RifA protein context.
Therefore, the sequence encoding the isolated Aidomain
was subcloned into an expression vector, usingNaial
restriction site engineered at the transcriptional start site of
RifA and aNotl restriction site introduced in the linker region
between the C-terminal end of the consensus T domain and
the N-terminal end of the consensus ketosynthase domain
of module 1. Thiolation domains require covalent attachment
of the 4-phosphopantetheine moiety of CoA to a conserved
serine to be active2@). The Sfp phosphopantetheinyl
transferase fronB. subtilis which is capable of converting
the apo forms of many heterologous recombinant proteins
into theholo forms, was therefore coexpressed with theTA
didomain in theholo enzyme preparatior2(, 21). Theapo

ndholo forms of the A-T didomain were produced iB.

oli as C-terminal hexahistidine-tagged fusion proteins and
were purified by nickel affinity chromatography t898%
homogeneity (Figure 3).

Mechanism of the AT Didomain.As depicted in Figure
2, both models for the mechanism of the-A didomain
involve activation of AHB as the aryl-adenylate by the A
domain, followed by eventual formation of a covalent aryl
thioester enzyme intermediate from attack of either aryl-CoA
(Figure 2A) or the aryl-adenylate (Figure 2B) by the thiol

the same time point in an identical reaction lacking competi-
tor. The ratio of E-B to E-XB was constant throughout a

domain. To investigate these possible mechanisms, we sought
to covalently load the AT didomain. Although AHB is not

particular time course, indicating that no secondary reactionsavailable in radiolabeled form, in vivo feeding experiments

involving the reaction products were occurring. For each
substituted benzoate, the sakg value, within error, was
obtained for reactions performed at different substituted

have demonstrated that RifA can also be primed by 3-HB
(15). Reactions containing{C]-3-HB or the putative
substratef'C]-benzoate (B) anepoor holo A—T didomain

benzoate concentrations. The reactions were repeated foivere incubated in the presence or absence ofAI§ and
selected substituted benzoates using radiolabeled 3-HBsubsequently analyzed by SBBAGE autoradiography

instead of B, and the same, values (with respect to B),
within error, were obtained. Eacke value in Table 1
represents an average of at least four separate determination

(Figure 4). Lacking the phosphopantetheine cofactoratie
A—T didomain could not be covalently loaded (lane 1).
$lowever, théholo A—T didomain is covalently loaded with
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Ficure 3: Purified recombinantpo and holo A-T didomain
(encoded by plasmid pSA8) overproduced En coli. Protein
samples were resolved by SBSAGE (4-15%, Bio-Rad) and
stained with SimplyBlue Safestain (Invitrogen). Lanes3lcor-
respond to the molecular weight markers, #p@ A—T didomain,

o

o

1

2

and theholo A—T didomain, respectively.

3

1 2 3 45
apoAT| + - - — -
holoAT| - + + + +
ATP | + + = + -
B + + 4+ - -
3HB | - - - + +

-

Ficure 4: ATP-dependent covalent loading of thelo A—T
didomain with B and 3-HB. (A) Coomassie-stained get-146%
gradient) of the reaction mixtures. (B) Autoradiograph of this gel.
The presence or absenceagfoor holo A—T didomain, ATP, and

[*4C]-B or [*4C]-3-HB is indicated in the chart.

both B and 3-HB in reactions that require MJ'P (lanes

2-5).
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directly. If the mechanism shown in Figure 2A is operative,
the apo A—T didomain should be capable of producing
benzoyl-CoA, as this intermediate would be expected to
accumulate in the absence of the thiol nucleophile of the
phosphopantetheine cofactor of the T domain. However, no
benzoyl-CoA formation could be detected when #y@o
A—T didomain was incubated with ATP, B, and CoA (Figure
5, -benzoyl-CoA traces). To confirm that benzoyl-CoA, if
formed, would persist in these reaction conditions, benzoyl-
CoA was added to an otherwise identical reaction (Figure
5, +benzoyl-CoA traces). Benzoyl-CoA is degraded with an
observed rate constant 0.002 mint, and this degradation
is enzyme-independent since the same observed rate constant
is obtained for reactions in which ttego A—T didomain is
omitted (data not shown); this slow nonenzymatic degrada-
tion is taken into account in thke, analysis that follows.
Accumulation of SuM benzoyl-CoA is readily detectable
using this HPLC assay (data not shown). This conservative
detection limit allows an upper limit fd¢, for the formation
of benzoyl-CoA by thepoA—T didomain to be calculated,
as follows. Accumulation of 5uM benzoyl-CoA would
indicate that at most 1M benzoyl-CoA was formed during
the 300-min reaction, as the half-life of benzoyl-CoA4300
min under these conditiond1f = IN2/kops Kopbs ~ 0.002
min—Y). Therefore, the velocity of benzoyl-CoA formation
is at most 0.03«M/min (10 «M/300 min). This corresponds
to keat < 0.003 miny, as the concentration of trego A—T
didomain in these reactions was AM (Kot = v/[E];). As
described belowk for covalent loading of thénolo A—T
didomain with B is 0.14 min’. Therefore, benzoyl-CoA is
not a competent intermediate in the arylation reaction, as
the rate constant for its formation is at least 50-fold less than
the rate constant for formation of8B. These results indicate
that the CoA ligase model depicted in Figure 2A is not viable
for the A—T loading didomain of rifamycin synthetase.
Direct Measurement of Kinetic Parameters for the Holo
A—T Didomain.B and 3-HB are substrates for theloA—T
didomain, as shown qualitatively in Figure 4. To quantita-
tively assess these benzoates as substrates for aryl-adenylate
formation followed by arylation of the thiol of the phospho-
pantetheine cofactor of the T domain, we utilized a protein
precipitation assay. Aliquots from reactions contairfiradp
A—T didomain, 0.5-5 uCi/mL [7-%C]-B or [7-'%C]-3-HB,
and varying concentrations of unlabeled B or 3-HB were
guenched with trichloroacetic acid, and the amount of
radiolabeled protein in each washed protein pellet was
determined by liquid scintillation counting. Initial velocities
of E-B or E-3-HB formation as a function of B or 3-HB
concentrations were obtained using this method and used to
generate the saturation curves shown in Figure 6. Best fits
of the data to a saturation model givég of 1.9 mirr* and
Kw of 180uM for 3-HB, and akga of 0.14 mirmt andKy, of
170 uM for B. The ratio of keo/Km values for the two
substrates reveals a 12-fold preference for 3-HB over B by
the A—T didomain. Addition of CoA to these reactions had
no effect (data not shown), consistent with the conclusion
that the A-T didomain is not a CoA ligase.

CoA was not included in the labeling reactions described  Substrate Specificity of the-A' Didomain.On the basis
above, suggesting that it is not required for covalent loading of previous in vivo feeding experiment$s) and the in vitro

of theholo A—T didomain. Since the loading didomain has
been proposed to be a CoA ligase (Figure 28)%, 13),

results just described, AHB, 3-HB, B, and 3,5-dihydroxy-
benzoate are accepted as substrates by th& didomain.

we nevertheless tested the possible involvement of CoA To screen for additional substrates that can prime th A
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Ficure 5: HPLC traces of time courses of reactions containingape A—T didomain. No net formation of benzoyl-CoA is observed.

Labeled peaks were identified by coinjection with authentic standards of CoA, B, and benzoyl-CoA. The HPLC traces were shifted

progressively by 0.15 min.
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FIGURE 7: Substrate screening for the-A didomain. Autoradio-
graph of a gel (415%, Bio-Rad) containing AT didomain
samples chased with radiolabeled B after incubation with no
substrate (lane 1); unlabeled B (lane 2); 2-aminobenzoate (lane 3);
3-aminobenzoate (lane 4); 4-aminobenzoate (lane 5); AHB (lane
6); 3-amino-4-hydroxybenzoate (lane 7); 4-amino-2-hydroxy-
benzoate (lane 8); 3-bromobenzoate (lane 9); 3-chlorobenzoate (lane
10); 3,5-diaminobenzoate (lane 11); 3,5-dibromobenzoate (lane 12);
3,5-dichlorobenzoate (lane 13); 3,5-difluorobenzoate (lane 14); 2,3-
dihydroxybenzoate (lane 15); 3,5-dihydroxybenzoate (lane 16); 3,5-
dinitrobenzoate (lane 17); 3-fluorobenzoate (lane 18); 2-hydroxy-
benzoate (lane 19); 3-HB (lane 20); 4-hydroxybenzoate (lane 21);
3-methoxybenzoate (lane 22); 3-nitrobenzoate (lane 23); 3-sulfo-
benzoate (lane 24).

then passed over a microspin gel filtration column to separate
the protein components from the putative unreacted substrate.
Radiolabeled B was finally added to the protein fraction,
and the mixture was incubated briefly prior to SBBAGE
autoradiography. Protein samples that had originally been
incubated with a substrate would contain covalently loaded
E-XB, which would not react with radiolabeled B during
the chase, resulting in little or no detectable E-B by SDS
PAGE autoradiography. In contrast, protein samples that had
originally been incubated with a poor substrate or a non-
substrate would primarily contain free E, which would readily
react with radiolabeled B during the chase to formBg
resulting in a radioactive band detectable by SIPAAGE
autoradiography.

The results of this screening experiment for a series of
substituted benzoates are shown in Figure 7. The first two

data. (B) Logarithmic representation of the data to facilitate |anes contain control reactions in which no substrate (lane

evaluation of both data sets simultaneously. The lines are best fits

of the data to a simple saturation model and diyg= 1.9 mirr?
andKy = 180uM for 3-HB, andksy = 0.14 min! andKy = 170

uM for B.

didomain, a simple chase experiment was deviséao
A—T didomain was first incubated with a putative substrate substrates AHB (lane 6), 3,5-dihydroxybenzoate (lane 16),
under standard reaction conditions. The reaction mixture wasand 3-HB (lane 20) were present in the initial incubation. In

1) or unlabeled B (lane 2) was present in the initial
incubation; as expected, radiolabeled-A didomain was
formed in the no substrate control reaction but not in the
unlabeled B control reaction. Radiolabeled-A didomain
is likewise absent from reactions in which the known
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addition to these three substrates, 10 more likely substratescontrast to a previously proposed model of the loading
were identified for further investigation based on the absencemodule as a CoA ligasel(2, 13).

or diminution of radiolabeled AT didomain in Figure 7 as The conclusion that the loading module of rifamycin
compared to the lane 1 control reaction. Although the synthetase functions as an NRPS-like-A didomain has
simplest model for the absence of radiolabeledTAdi- implications for other sytems. Biosynthetic gene clusters for
domain in a given reaction is that the substituted benzoaterapamycin 24), FK506 @5), ansatrienin Z6), FK520 (11),

in question has been loaded onto the-A didomain, microcystin @0), and pimaricin 27) all encode loading
blocking the enzyme from reaction with radiolabeled B modules with homology to the AT didomain of rifamycin
during the chase, this experiment does not rule out the synthetase. However, several of these systems have been
possibility that it is instead a tight binding competitive proposed to be primed by an activated CoA substrate,
inhibitor. However, the observation described below that the presumably generated via a CoA ligase mechanism analogous
competition between these substituted benzoates and théo that shown in Figure 2A5 25, 28). A more likely
substrate B is time-independent renders the inhibition model mechanism for priming of these systems is the adenylation

unlikely. thiolation mechanism operative for rifamycin synthetase.
Armed with this set of likely substrates, we investigated  Although the mechanisms shown in Figure 2 are distinct,
the relative specificity of the AT didomain for aryl- the chemistries involved are essentially the same. In both

adenylate formation followed by arylation of the thiol of the ~cases, activation of AHB occurs via the aryl-adenylate, and
phosphopantetheine cofactor of the T domain. Addition of the only difference is whether there is intermediate transfer
a substituted benzoate to a reaction mixture containing Of AHB to CoA prior to arylation of the T domain. Because
radiolabeled B and thkolo A—T didomain allowed parti-  the phosphopantetheine cofactor of the T domain is derived
tioning between reaction with the substituted benzoate andfrom CoA, the thiol nucleophiles of the T domain and CoA
reaction with B to be followed. The relative rate constant are chemically equivalent. Therefore, it is not difficult to
(k) for reaction of a given substituted benzoate with respect €nvision how an enzyme could evolve from a CoA ligase
to reaction of B was determined from the concentrations of into an A—T didomain, simply by covalent incorporation of

B and substituted benzoate in the original reaction ([B], [XB]) the nucleophilic end of CoA as a phosphopantetheine
and the amount of product present as E-B and E-XB, cofactor. There is presumably an advantage to covalently
according to the equation in Scheme 2P)( The ratio of tethering the aryl substrate moiety to the synthetase via the
E-B to E-XB was constant throughout a particular time T domain instead of noncovalently binding it as the aryl-
course, indicating that no secondary reactions involving the COA. Nevertheless, aryl-CoA ligases are known to be
reaction products were occurring. The constant ratios alsoinvolved in polyketide synthesis in the plant kingdom (see,
support the view that the substituted benzoates are truefor example, ref29 and30), and benzoyl-CoA appears to
substrates and not high affinity competitive inhibitors, as E-B be a substrate of the iterative type Il PKS that produces
would continue to accumulate in the presence of a competi- €nterocin 81).

tive inhibitor, resulting in a ratio of E-B to apparent E-XB ~ Substrate Tolerance of the Loading ModuReior to this

that increases as a function of time. For each substitutedinvestigation, AHB, 3-HB, and 3,5-dihydroxybenzoate were
benzoate, the sanig, value, within error, was obtained for ~ known to be substrates of the-A" didomain (5). Eleven
reactions performed at different substituted benzoate con-additional substrates, including B, have been identified herein
centrations. The reactions were repeated for selected sub{Table 1). Previous work suggests that the substrate tolerance
stituted benzoates using radiolabeled 3-HB instead of B, andof the A—T didomain of rifamycin synthetase for alternative
the samek. values (with respect to B), within error, were substituted benzoates is shared to a degree by related bacterial
obtained. Eack. value in Table 1 represents an average of benzoyl-CoA ligases®, 33) and EntE 84), a stand-alone

at least four separate determinations. Competition with B A domain that is a component of the enterobactin synthetase.
for reaction with the A-T didomain by phenylacetate and These proteins are able to accept several alternative substi-
3-hydroxyphenylacetate could not be detected, so limits for tuted benzoates, in addition to their biological substrates.
ke for these compounds are reported in Table 1. Although analysis of the substrate specificity results for

The ke values in Table 1 represent thg/Ky ratio for a the A—T didomain at a detailed molecular level awaits a

given substituted benzoate and B, and as such provide Lrystal structure of this loading module, some preliminary

measure of the specificity of the-AT didomain for each ~ OPServations can be made based on the substrate screening
substrateZ2). The validity of this approach is demonstrated "€SultS in Figure 7 and the relative reactivity data in Table
by comparing theke value of 12 obtained for 3-HB with 1. With the exception of 2-aminobenzoate an_d B, only
the identical kea/Ky ratio of 12 obtained from direct Penzoates with 3-, 5-, or both 3- and 5-substituents are
measurement dé../Ky for 3-HB and B (Figure 5). The AT substrates for the AT didomain. Binding sites that accom-

didomain exhibits a 161000-fold preference for AHB, its ~Medate the 3-amino- and 5-hydroxy- substituents of the
biological substrate, over all other substrates. biological substrate AHB can apparently also accommodate

alternative substituents at these positions. 3-Sulfobenzoate,
DISCUSSION 3-nitrobenzoate, and 3,5-dinitrobenzoate were likely rejected
as substrates for steric reasons (Figure 7), since both sulfo-
Mechanism of the Loading Modul&he observation that  and nitro- substituents are significantly larger than the amino-
CoA is not required for arylation of the T domain and that and hydroxy- substituents of AHB. In this regard, it is
benzoyl-CoA is not a competent intermediate in this process surprising that 3-methoxybenzoate is accepted as a substrate,
establishes the loading module of rifamycin synthetase asalbeit a poor one, since the methoxy- substituent is also
an NRPS-like A-T didomain (Figure 2B) ). This is in significantly larger than either substituent of AHB. The
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3-fluoro- and 3,5-difluorobenzoates are discriminated against
by factors of 5 and 30 with respect to their chlorinated and
brominated counterparts (Table 1). Changes in the electronic
properties of the aromatic ring upon fluorination may account
for these differences. Phenylacetate and 3-hydroxyphenyl-
acetate do not appear to be utilized as substrates by-tfie A
didomain, despite the reactivity of the corresponding ben-
zoates, B and 3-HB (Table 1). This result suggests that the
register of the carboxylate is a determinant of its reactivity,
as the carboxylate of the phenylacetates is displaced by one
methylene group relative to the benzoates. It should be noted

that substituted benzoates were targeted as putative substratesl2

in this study; the possibility that the tolerance of the A
didomain for substituted benzoates extends to other types
of aromatic substrates (e.g., heterocycles) remains to be
tested.

The considerable substrate tolerance of the loading module
of rifamycin synthetase for substituted benzoates has impli-
cations for the production of unnatural natural products
through protein engineering. The endogenous loading module
of 6-deoxyerythronolide B PKS was recently replaced by
the loading module of the avermectin PKS, and the resulting
hybrid synthase produced erythromycin derivatives that had
incorporated branched starter units characteristic of the
avermectin family 85). Similarly, it may be possible to
exploit the priming promiscuity of the AT didomain of
rifamycin synthetase by appending it to other synthases or
synthetases, with the goal of generating substituted deriva-
tives of the original products.

Finally, this initial characterization of the loading module
of rifamycin synthetase as an NRPS-like-A& didomain sets
the stage for investigation of the hybrid NRPS/PKS interface
in this system. Biochemical studies that combine the NRPS-
like loading module and PKS module 1 of rifamycin
synthetase (in cis or in trans) should allow functional and
structural questions regarding NRPS/PKS biosynthetic in-
terfaces to be addressed.
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