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ABSTRACT: Polyketide synthases elongate a polyketide backbone by condensing carboxylic acid precursors
that are thioesterified to either coenzyme A or an acyl carrier protein (ACP). Two of the three known ACP-
linked extender units, (2S)-aminomalonyl-ACP and (2R)-hydroxymalonyl-ACP, are found in the biosynth-
esis of the agriculturally important antibiotic zwittermicin A. We previously reconstituted the formation
of (2S)-aminomalonyl-ACP and (2R)-hydroxymalonyl-ACP from the primary metabolites L-serine and
1,3-bisphospho-D-glycerate. In this report, we characterize the two acyltransferases involved in the specific
transfer of the (2S)-aminomalonyl and (2R)-hydroxymalonyl moieties from the ACPs associated with
extender unit formation to the ACPs integrated into the polyketide synthase. This work establishes which
acyltransferase recognizes each extender unit and also provides insight into the substrate selectivity of these
enzymes. These are important step toward harnessing these rare polyketide synthase extender units for
combinatorial biosynthesis.

Polyketides made by bacterial type I polyketide synthases
(PKSs)1 have a wide range of important biological and pharma-
cological properties, including antibacterial, anticancer, antifun-
gal, antiparasitic, and immunosuppressant activities (1, 2). The
diversity in activities of polyketides is due to the vast structural
variations afforded by type I PKS enzymology. These enzymes
are large, multidomain complexes that systematically condense
thioesterified carboxylic acid precursors into a growing polyke-
tide chain. The first of these precursors to be incorporated is
known as the starter unit, while the following precursors that
elongate the polyketide backbone are known as extender units.
The three enzymatic domains required for a single cycle of chain
elongation constitute aminimalmodule: an acyltransferase (AT),
an acyl carrier protein (ACP), and a ketosynthase (KS). The AT
transfers an acyl moiety from a starter/extender unit to the
40-phosphopantetheinyl (40-Ppant) prosthetic group of a holo-
ACP, and chain elongation occurs when the KS catalyzes the
decarboxylative condensation of two adjacent ACP-linked thioe-
sters. Additional domains such as a ketoreductase (KR), dehy-
dratase (DH), or enoylreductase (ER) may exist, altering the
oxidation state of the β-keto group of the unit. Following
completion of the elongation cycles, the acyl chain is cleaved
from the PKS by a thioesterase domain, releasing the polyketide
backbone in either a linear or cyclized form (3). The presence of
auxiliary domains such as methyltransferases, hydroxylases,
halogenases, or glycosyltransferases can result in further

modifications to the polyketide (4, 5). In addition to the presence
or absence of modifying and β-keto processing domains (KR,
DH, and ER), the type of starter unit and the number and types
of extender units greatly add to the extraordinary structural
diversity of the polyketides. While there are a plethora of starter
units in polyketide biosynthesis (6), there are only eight extender
units currently known (7, 8).

These extender units can be categorized into two types. The
first class includes those that are covalently linked to coenzymeA
(CoA): malonyl-CoA, (2S)-methylmalonyl-CoA, (2S)-ethylma-
lonyl-CoA, propylmalonyl-CoA, and chloroethylmalonyl-CoA,
which incorporate acetyl, propionyl, butyryl, pentanoyl, and
chlorobutyryl units, respectively. The second class of extender
units includes those that are covalently linked to the 40-Ppant
groups of holo-ACPs: (2R)-methoxymalonyl-ACP, (2S)-amino-
malonyl-ACP, and (2R)-hydroxymalonyl-ACP,which elongate a
polyketide with methoxyacetyl, glycyl, and glycolyl units, respec-
tively. The first ACP-linked extender unit to be identified, (2R)-
methoxymalonyl-ACP, occurs in the biosynthesis of several
polyketides, including the immunosuppressant FK520 (9), the
antitumor antibiotic ansamitocin (10), and the antifungal sor-
aphen A (11). Meanwhile, (2S)-aminomalonyl-ACP and (2R)-
hydroxymalonyl-ACP have been shown to occur only in the
biosynthesis of the antibiotic zwittermicin A (Figure 1A) (12),
although they are proposed as precursors in other biosynthetic
pathways (7, 13).

Our group is interested in the biosynthesis of zwittermicin A
because of its agricultural importance and unusual linear ami-
nopolyol structure (Figure 1A). First isolated from the biocontrol
agent Bacillus cereus UW85, zwittermicin A has diverse biologi-
cal activities, including broad-spectrum antibiosis against
bacteria and lower eukarya, plant disease suppression, and
enhancement of the insecticidal activity of Bacillus thuringiensis
toxin against lepidopteran larvae (14-16). In addition, zwitter-
micin A biosynthesis is an excellent model system for studying
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type I PKSs because it utilizes two rare ACP-linked precursors as
well as a CoA-linked precursor (malonyl-CoA) and can thus
provide insights into both ACP-linked extender unit biosynthesis
and AT domain selectivity for ACP-linked versus CoA-linked
extender units.

Although ACP-linked extender units are not as prevalent,
these precursors have generated great interest as potential tools
for combinatorial biosynthesis because the substituents on the
R-carbons (methoxyl, amino, or hydroxyl) provide hydrogen
bonding potential and functionalities not available through the
use of the CoA-linked extender units. The heterologous intro-
duction of methoxyl, amino, or hydroxyl groups into a polyke-
tide may enhance the biological or therapeutic activities of the
“unnatural” natural product. Furthermore, the addition of
amino and hydroxyl groups may provide reactive chemical
handles to facilitate downstream semisynthetic modifications in
the generation of even more structural derivatives. The approach
of replacing an AT domain of a pathway with a noncognate AT
domain specific for a different extender unit has been used
successfully to generate structural derivatives of important
polyketides such as FK520 and the erythromycin precursor
6-deoxyerythronolide B (17, 18).

As a first step toward exploring (2S)-aminomalonyl-ACP and
(2R)-hydroxymalonyl-ACP as potential tools for combinatorial
biosynthesis, we reconstituted the biosynthetic pathways of

(2S)-aminomalonyl-ACP and (2R)-hydroxymalonyl-ACP using
heterologously purified enzymes from zwittermicin A biosynth-
esis (12). In our prior studies of (2S)-aminomalonyl-ACP
formation, we have shown that ZmaJ covalently tethers L-serine
to the 40-Ppant group of holo-ZmaH, forming seryl-ZmaH,
which is subsequently oxidized by ZmaG (NADþ-dependent)
and ZmaI (FAD-dependent) to form (2S)-aminomalonyl-ZmaH
(Figure 1C). We also have previously shown that formation of
(2R)-hydroxymalonyl-ACP occurs in an analogous way: ZmaN
covalently tethers 1,3-bisphosphoglycerate (1,3-bPG) to the
40-Ppant group of holo-ZmaD, forming glyceryl-ZmaD; ZmaG
and ZmaE (FAD-dependent) then oxidize this intermediate,
forming (2R)-hydroxymalonyl-ZmaD (Figure 1D).

The next step toward our goal has been to understand how
these extender units are incorporated by the producing organism.
On the basis of the structure of zwittermicin A, we previously
proposed that it is made by a hybrid nonribosomal peptide
synthetase (NRPS) and PKS megasynthase, with PKS modules
utilizing (2S)-aminomalonyl-ACP and (2R)-hydroxymalonyl-
ACP extender units to make the glycyl and glycolyl moieties of
themolecule (19). Further characterization of the complete biosyn-
thetic gene cluster has revealed that these modules are encoded by
twogenes: zmaA and zmaF (20). ZmaA is amultifunctional enzyme
comprised of seven PKS domains and one NRPS component, a
condensation (C) domain [KS-KR-ACP-KS-AT-KR-ACP-C

FIGURE 1: Incorporation of two ACP-linked PKS extender units in zwittermicin A biosynthesis. (A) Structure of zwittermicin A with glycyl and
glycolylmoieties highlighted.Thesemoieties are derived from the incorporation of (2S)-aminomalonyl-ZmaHand (2R)-hydroxymalonyl-ZmaD,
respectively. (B) Schematic of the domain architecture of the enzymes involved in (2S)-aminomalonyl-ACP and (2R)-hydroxymalonyl-ACP
incorporation. The specific domains characterized are highlighted in gray (ATdomains) and black (ACP domains). (C) Schematic of the enzymes
and domains involved in the conversion of L-serine to (2S)-aminomalonyl-ACP1. The transacylation reaction catalyzed byZmaF is shown in two
half-reactions, with the first half-reaction involving the formation of a (2S)-aminomalonyl-O-ZmaF intermediate followed by the second half-
reaction to generate (2S)-aminomalonyl-ACP1. (D) Schematic of the enzymes and domains involved in the formation of (2R)-hydroxymalonyl-
ACP2. The two half-reactions of the ZmaA-AT reactions are also shown. The squiggles denote the 40-Ppant prosthetic groups of the ACPs. The
discrete AT (ZmaF) and the embedded AT (ZmaA-AT) are colored gray, and the ACPs of ZmaA are colored black. For our analysis, ZmaA-
ACP1, ZmaA-ACP2, and ZmaA-AT were excised from ZmaA.
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(Figure 1B)]. The first module of ZmaA has been proposed to
incorporate (2S)-aminomalonyl-ZmaH, while the second module
has been proposed to incorporate (2R)-hydroxymalonyl-ZmaD.
The presence of KR domains in each of the modules is consistent
with the structure of zwittermicin A, which has hydroxyl groups at
C9 and C11 of the glycyl and glycolyl moieties. The absence of an
AT domain in the first module of ZmaA suggests that the
acyltransferase activity is conferred by a trans-acting AT (21); the
most likely candidate for providing the function of the “missing”
domain is the discrete AT encoded by zmaF. Thus, our proposal is
that ZmaF transfers the aminomalonyl moiety from (2S)-amino-
malonyl-ZmaH to the first ACP domain of ZmaA (ZmaA-ACP1)
(Figure 1C).We have also proposed that the AT domain of ZmaA
(ZmaA-AT) transfers the hydroxymalonyl moiety from (2R)-
hydroxymalonyl-ZmaD to the second ACP domain of ZmaA
(ZmaA-ACP2) (Figure 1D).

To test our hypotheses for the incorporation of (2S)-amino-
malonyl-ACP and (2R)-hydroxymalonyl-ACP, we heterolo-
gously overproduced and purified ZmaF and the excised
ZmaA domains ZmaA-ACP1, ZmaA-ACP2, and ZmaA-AT
and tested them for activity. Here, we report the characterization
of ZmaF and ZmaA-AT, ATs specific for (2S)-aminomalonyl-
ACP and (2R)-hydroxymalonyl-ACP, respectively, in zwittermi-
cin A biosynthesis. This work is the first biochemical character-
ization of ATs specific for ACP-linked PKS extender units and
represents an important step toward harnessing the potential
of (2S)-aminomalonyl-ACP and (2R)-hydroxymalonyl-ACP
to generate novel bioactive molecules through combinatorial
biosynthesis.

EXPERIMENTAL PROCEDURES

Cloning of zmaF and Excised zmaA Domains ZmaA-
AT, ZmaA-ACP1, and ZmaA-ACP2. Standard PCR-based
cloning was used to introduce zmaF and zmaA gene fragments
encoding the excised ZmaA-AT, ZmaA-ACP1, and ZmaA-
ACP2 domains into Escherichia coli overexpression vectors
pET28b (ZmaF, ZmaA-ACP1, and ZmaA-ACP2) or pET30a
(ZmaA-AT) (Novagen, Madison, WI). All expression vector
clones result in the production of a protein containing an
N-terminal histidine tag. The following primers were used for
cloning: zmaF, 50 AGACATATGAATATTGTATTTATGTT-
TC 30 and 50 AGAAACGTTCTAAAAACTTTTACATTGA 30;
zmaA-AT, 50 GCACCAACCATGGAAGCAACATCAAATA-
GT 30 and 50 TATTTTCTCGAGAGACTACATTGGTAATGG-
GA 30; zmaA-ACP1, 50 TTAATAAAATACATATGGCTCAAA-
GTATAGAA 30 and 50 CGTTTCTCGAGTTAAACTTGATTC-
TTTTGCTT 30; zmaA-ACP2, 50 CAATTGGAGTCATATGAA-
ATACTGGGAAGAT 30 and 50 TTTAGGTTCAGCTCGAGC-
CTAAACATCAAATT30.All cloneswere verified by sequencing at
the University of Wisconsin Biotechnology Sequencing Center.
Heterologous Overproduction of Proteins. All expression

constructs were introduced into E. coli BL21(λDE3). ZmaD,
ZmaE, ZmaG, ZmaN, ZmaH, ZmaI, ZmaJ, and Sfp were
heterologously overproduced as previously described (22). Cells
overproducing ZmaF, ZmaA-AT, ZmaA-ACP1, and ZmaA-
ACP2 were grown at 25 �C in LB medium containing 50 μg/mL
kanamycin. When the OD600 reached 0.5, the temperature was
reduced to 15 �C; after growth for 2 h at 15 �C, IPTG was added
to a final concentration of 60 μM (or 300 μM for ZmaA-AT).
After growth for an additional 16 h, cells were harvested by
centrifugation.

Purification of Proteins. ZmaD, ZmaE, ZmaG, ZmaN,
ZmaH, ZmaI, ZmaJ, Sfp, and ZmaA-ACP2 were purified using
nickel-affinity chromatography as previously described (22). The
same procedure was used to purify ZmaF, ZmaA-AT, and
ZmaA-ACP1, with slight modifications. As these proteins re-
quired further purification using anion-exchange chromatogra-
phy, the final step of the nickel-affinity purification was dialysis
in low-salt buffer containing 50 mM Tris (pH 8), 50 mM NaCl,
and 10% glycerol. Each protein was loaded onto a cartridge
containing an anion-exchange resin (ZmaF, Bio-Rad BioScale
Mini DEAE Affi-Gel Blue; ZmaA-AT, Bio-Rad BioScale Mini
UNOSphere Q; ZmaA-ACP1, Amersham Q-Trap Sepharose)
for further purification. The column was washed with buffer
A [50 mM Tris (pH 8), 50 mM NaCl, and 10% glycerol], and
the protein was eluted using a gradient from 0 to 100%B [50mM
Tris (pH 8), 1 M NaCl, and 10% glycerol] (flow rate of
3.5 mL/min). Fractions containing ZmaF were pooled and
dialyzed in 1 L of dialysis buffer [50 mM Tris (pH 8), 100 mM
NaCl, and 10% glycerol] at 4 �C, concentrated using a Millipore
Centriprep protein concentrator, flash-frozen with liquid nitro-
gen, and stored at -80 �C. Protein concentrations were deter-
mined using the calculated molar extinction coefficients (ZmaF,
37820 M-1 cm-1; ZmaA-AT, 50810 M-1 cm-1; ZmaA-ACP1,
15340 M-1 cm-1; ZmaA-ACP2, 27880 M-1 cm-1).
Radioactive Assays of ZmaF Activity with (2S)-Amino-

malonyl-ZmaH. Reaction mixtures (50 μL) contained the
following components: 75 mM Tris (pH 7.5), 10 mM MgCl2, 1
mM TCEP, 500 μM CoA, 1.25 μM ZmaH, 1 μM Sfp, 1 μM
ZmaJ, 200 μM NADþ, 100 μM FAD, 1.5 μM ZmaG, 1.5 μM
ZmaI, 3 μM ZmaF, 100 μM [14C(U)]-L-serine (163 mCi/mmol),
and 5 mM ATP. Prior to the addition of ZmaJ, NADþ, FAD,
ZmaG, ZmaI, ZmaF, [14C(U)]-L-serine, and ATP, ZmaH was
incubated with Sfp for 1 h at 22 �C so that it became phospho-
pantetheinylated. The complete reaction was initiated by the
addition ofATP, and the reactionmixturewas incubated at 22 �C
for 1.5 h. Control reactions lacking ZmaF, ZmaI, ZmaG, ZmaJ,
and ZmaH were performed. Parallel reaction mixtures were set
up containing the same components except with 5 μM ZmaH
instead of 1.25 μM ZmaH. An aliquot (30 μL) of the reaction
mixtures was removed and placed in tubes containing an equal
volume of 2� cracking buffer [120 mM Tris-HCl (pH 6.8), 2%
(v/v) β-mercaptoethanol, 1% (w/v) sodium dodecyl sulfate, 25%
(v/v) glycerol, and 0.02% (w/v) bromophenol blue], and 25 μL
was loaded onto a 12% polyacrylamide-SDS gel. The gels were
stained with Coomassie, destained, dried, exposed to a phos-
phorimaging screen, and scanned with a Typhoon imager after
being exposed for 4-7 days. To assay the misloading of ZmaA-
AT by (2S)-aminomalonyl-ZmaH, we followed the same proce-
dure but substituted ZmaA-AT for ZmaF. To quantify the
amount of radiolabeled product, a series of 14C standards with
known disintegrations per minute were exposed to a phosphor-
imaging screen with the SDS gel of interest. These standards were
used to generate a standard curve to correlate pixels to disin-
tegrations per minute.
RadioactiveAssays ofZmaF andZmaA-ATwithMalonyl-

CoA or Methylmalonyl-CoA. To address whether ZmaF or
ZmaA-AT could recognize malonyl-CoA or methylmalonyl-
CoA, reaction mixtures (50 μL) contained the following compo-
nents: 75 mMTris (pH 7.5), 10 mMMgCl2, 1 mMTCEP, 2 mM
CoA, 1 μM Sfp, 5 μM ZmaA-ACP1 (or ZmaA-ACP2),
5 μM ZmaF (or ZmaA-AT), and 40 μM [14C-C2]malonyl-
CoA (55.2 mCi/mmol) or [14C-C2]-DL-methylmalonyl-CoA
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(50 mCi/mmol). The complete reaction was initiated by the
addition of radiolabeled malonyl-CoA or methylmalonyl-CoA,
and the mixture was incubated at 22 �C for 1.5 h. Prior to the
addition of malonyl-CoA or methylmalonyl-CoA, the reaction
mixture was incubated at 22 �C for 1.0 h to ensure all of the ACPs
were in their holo form. To stop the reaction, 50 μL of 2� cracking
buffer was added to the reaction mixture, and 5 or 10 μL was
loaded onto 12%polyacrylamide-SDS gels. The gels were stained
with Coomassie, destained, dried, exposed to a phosphorimaging
screen, and scanned with a Storm or Typhoon imager after being
exposed for 7-14 days. Additionally, the protein bands were cut
out of the gels and added to scintillation fluid, and the amount of
radioactivity present was quantified by scintillation counting.
HPLC Analysis of ZmaA-ACP1 and ZmaA-ACP2

Reaction Products. For assays involving ZmaA-ACP1, reac-
tion mixtures contained the following components: 75 mM Tris
(pH 7.5), 10 mM MgCl2, 1 mM TCEP, 50 μM CoA, 12 μM
ZmaA-ACP1, 1.25 μMZmaH, 0.25 μMSfp, 1 μMZmaJ, 200μM
NADþ, 100 μM FAD, 1 μM ZmaG, 1 μM ZmaI, 1 μM ZmaF,
250 μM L-serine, and 5 mMATP. Prior to the addition of ZmaJ,
NADþ, FAD, ZmaG, ZmaI, ZmaF, L-serine, and ATP, the
ACPs ZmaH and ZmaA-ACP1 were allowed to react with Sfp
for 1 h at 22 �C to become phosphopantetheinylated. The
complete reaction was initiated with the addition of ATP, and
the reaction mixture was incubated at room temperature (22 �C)
for 45 min. Control reactions lacking ZmaA-ACP1, ZmaH,
ZmaJ, ZmaG, ZmaI, ZmaF, and ATP were performed, as were
control reactions in which ZmaA-AT replaced ZmaF. Control
reactions to determine if either ZmaFor ZmaA-AT loads ZmaA-
ACP1 with the hydroxymalonyl moiety of (2R)-hydroxymalo-
nyl-ZmaD were also performed, and the mixtures contained
75mMTris (pH7.5), 10mMMgCl2, 1mMTCEP, 500 μMCoA,
12 μM ZmaA-ACP1, 1.25 μM ZmaD, 1 μM Sfp, 1 μM ZmaN,
200 μMNADþ, 100 μMFAD, 1 μMZmaG, 1 μMZmaE, 1 μM
ZmaF or ZmaA-AT, 1 unit of 3-phosphoglycerate phosphoki-
nase (3-PGPK, Sigma), 250 μM 3-phosphoglycerate (3-PG,
Sigma), and 5 mM ATP.

For assays involving ZmaA-ACP2, reaction mixtures con-
tained 75 mM Tris (pH 7.5), 10 mM MgCl2, 1 mM TCEP,
500 μMCoA, 12.5 μMZmaA-ACP2, 1.25 μMZmaD, 1 μMSfp,
1 μMZmaN, 200 μMNADþ, 100 μMFAD, 1 μMZmaG, 1 μM
ZmaE, 1 μM ZmaA-AT, 1 unit of 3-PGPK, 250 μM 3-PG, and
5 mM ATP. Prior to the addition of ZmaN, NADþ, FAD,
ZmaG, ZmaE, ZmaA-AT, 3-PGPK, 3-PG, and ATP, the ACPs
ZmaD andZmaA-ACP2were allowed to react with Sfp for 1 h at
22 �C to become phosphopantetheinylated. The complete reac-
tion was initiated with the addition of ATP, and the mixture was
incubated at 22 �C for 45 min. Control reactions lacking ZmaA-
ACP2, ZmaD, ZmaN, ZmaG, ZmaE, ZmaA-AT, andATPwere
performed, as were control reactions in which ZmaF replaced
ZmaA-AT. Control reactions to determine if either ZmaA-AT or
ZmaF loads ZmaA-ACP2 with the aminomalonyl moiety of
(2S)-aminomalonyl-ZmaH were also performed, and the mix-
tures contained 75 mM Tris (pH 7.5), 10 mM MgCl2, 1 mM
TCEP, 500 μM CoA, 12.5 μM ZmaA-ACP2, 1.25 μM ZmaH,
1 μM Sfp, 1 μM ZmaN, 200 μM NADþ, 100 μM FAD,
1 μM ZmaG, 1 μM ZmaI, 1 μM ZmaA-AT or ZmaF, 250 μM
L-serine, and 5 mM ATP.

For assays involving ZmaA-AT, ZmaA-ACP2, and the addi-
tion of methylmalonyl-CoA or malonyl-CoA as a substrate,
reactionmixtures contained 75mMTris (pH7.5), 10mMMgCl2,
1 mM TCEP, 500 μM CoA, 12.5 μM ZmaA-ACP2, 1.25 μM

ZmaD, 1 μM Sfp, 1 μM ZmaN, 200 μM NADþ, 100 μM FAD,
1 μM ZmaG, 1 μM ZmaE, 1 μMZmaA-AT, 1 unit of 3-PGPK,
5 mM ATP, and 100 μM malonyl-CoA or DL-methylmalonyl-
CoA. Prior to the addition of ZmaN, NADþ, FAD, ZmaG,
ZmaE, ZmaA-AT, 3-PGPK, ATP, andmalonyl-CoA or methyl-
malonyl-CoA, the ACPs ZmaD and ZmaA-ACP2 were allowed
to react with Sfp for 1 h at 22 �C to become phosphopantethei-
nylated. The complete reaction was initiated with the addition of
malonyl-CoA or methylmalonyl-CoA, and the mixture was
incubated at 22 �C for 45 min. To generate malonyl-ZmaA-
ACP2 andmethylmalonyl-ZmaA-ACP2 standards,CoAwas not
added to the reactionmixtures so that the only source of substrate
for Sfp was malonyl-CoA or methylmalonyl-CoA.

HPLC analysis of reaction products was performed with
Vydac (Hesperia, CA) C8 (for ZmaA-ACP1 only) and C18
(for ZmaA-ACP1 and ZmaA-ACP2) peptide columns (250 mm
� 4.6 mm). Reaction products were separated using a 20 to 80%
acetonitrile/0.1% TFA gradient over 20 min at a flow rate of
1mL/min. The elution of proteins wasmonitored atA220. ZmaA-
ACP1 and ZmaA-ACP2 were collected as they eluted from the
HPLC system, flash-frozen, and lyophilized prior to MALDI-
TOF MS analysis. For analysis of malonyl-ZmaA-ACP2 or
methylmalonyl-ZmaA-ACP2 formation, elution times were com-
pared to those of enzymatically generated standards.
MALDI-TOF MS Analysis of ZmaA-ACP1 and

ZmaA-ACP2 Reaction Products. Lyophilized samples were
resuspended in doubly distilled water and added to the sinipinic
acidmatrix (10mg/L in a 50%acetonitrile/0.05%TFAmixture).
MALDI-TOF MS analysis was performed using a Voyager
Biospectrometry Workstation (DE-Pro, Applied Biosystems,
Foster City, CA) in linear, positive-ion mode. The instrument
was calibrated using cytochrome c, apomyoglobin, and aldolase
(Sigma) as standards.
ESI-MS Analysis of ZmaA-ACP1 Reactions without

ZmaG and ZmaI. Lyophilized samples to be analyzed were
prepared as described above and were submitted to the Mass
Spectrometry Facility at the University ofWisconsin Biotechnol-
ogy Center. Samples were analyzed using a Thermo Scientific
LTQ Orbitrap XL system.

RESULTS AND DISCUSSION

Purification of ZmaF and the Excised Domains ZmaA-
ACP1, ZmaA-ACP2, andZmaA-AT.As shown inFigure 1B,
we have proposed that ZmaF is a stand-alone AT domain that
catalyzes the transfer of (2S)-aminomalonate from (2S)-amino-
malonyl-ZmaH to the first ACP domain of ZmaA (ZmaA-
ACP1). Additionally, we have proposed that the AT domain of
ZmaA (ZmaA-AT) catalyzes the transfer of (2R)-hydroxymalo-
nate from (2R)-hydroxymalonyl-ZmaD to the second ACP
domain of ZmaA (ZmaA-ACP2) (Figure 1B-D). We decided
to take a biochemical approach to test these hypotheses. To
accomplish this, we first needed to obtain purified proteins. We
cloned zmaF and the regions of zmaA corresponding to ZmaA-
ACP1, ZmaA-ACP2, and ZmaA-AT into E. coli overexpression
vectors and purified the resultant N-terminally histidine-tagged
proteins. ZmaF was purified to near homogeneity using nickel-
affinity and ion-exchange chromatography. To excise the ACP
domains fromZmaA, we analyzed the linker regions flanking the
domains of interest, and we used multiple sets of primers to
generate constructs with no linkers or with linkers of various
lengths. For ZmaA-ACP1, only two of the eight constructs
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resulted in overproduced protein; of these, most were insoluble or
sparingly soluble. The construct that resulted in the highest level
of soluble protein was selected for our analysis. This construct
contained 70 amino acids of the N-terminal linker and 9 amino
acids of the C-terminal linker. ZmaA-ACP1 was purified by
nickel-affinity chromatography, with an additional purification
by ion-exchange chromatography as needed. The use of an
additional step in purification was needed periodically due to
the observation that ZmaA-ACP1 preparations varied in their
level of protein production and solubility. An overexpression
construct resulting in the production of ZmaA-ACP2 containing
both N-terminal and C-terminal linkers in their entirety led to an
overproduced protein that was highly soluble. After purification
using nickel-affinity chromatography, no further purification
was necessary. Although excised AT domains from modular
megasynthases are notorious for being insoluble (23), we were
nonetheless motivated to attempt to excise ZmaA-AT. A con-
struct we made containing most of the N-terminal linker
(92 amino acids) and a small portion (13 amino acids) of the
C-terminal linker resulted in overproduced, soluble protein,
which was purified by nickel-affinity and anion-exchange chro-
matography.

We also note that we initially attempted to characterize full-
length ZmaA, which was heterologously overproduced in E. coli
with an N-terminal histidine tag; however, because of its large
size (379 kDa), ZmaA was produced in relatively small amounts
and was difficult to purify. Furthermore, partially purified
protein preparations of ZmaA were subject to degradation, as
determined by SDS-PAGE analysis. By utilizing the excised
domains, we were able to circumvent the difficulties of working
with an unstable and partially pure protein. This approach also
facilitated the characterization of the moieties attached to the
active sites of the ACPs and ZmaA-AT using mass spectrometry,
as discussed later.
Formation of a (2S)-Aminomalonyl-ZmaF Enzyme In-

termediate. ATs specific for CoA-linked substrates have been
the focus of numerous investigations in polyketide and fatty acid
biosynthesis. While they may differ in whether they are discrete
enzymes or cis-acting domains of a multimodular complex, these
enzymes utilize a common two-step mechanism to transfer the
acyl groups of acyl-CoAs to their recipient ACPs. In the first step,
the AT transfers the acyl group from an acyl-CoA substrate to an
active site serine, forming an acyl-O-enzyme intermediate while
releasing CoASH. In the next step, the acyl group on the AT is
transferred to the 40-Ppant prosthetic group of a recipient holo-
ACP, forming an acyl-ACP product (24, 25).

To date, there has been no biochemical characterization of any
ATs specific for ACP-linked extender units, although there is
genetic evidence from domain replacement experiments support-
ing the role of one of these ATs in the incorporation of (2R)-
methoxymalonyl-ACP in FK520 biosynthesis (17, 26). On the
basis of our sequence analysis of ZmaF, which contains the
conserved active site GXSXG motif, it seemed likely that ZmaF
utilizes a mechanism analogous to that observed for ATs specific
for CoA-linked substrates.We propose that in the first step of the
reaction, ZmaF transfers the aminomalonyl moiety of (2S)-
aminomalonyl-ZmaH to the ZmaF active site serine, forming a
(2S)-aminoacyl-ZmaF intermediate.

To test whether a covalently linked intermediate is formed,
we performed radioactive transacylase assays using [14C]-(2S)-
aminomalonyl-ZmaH and looked for the formation of a
ZmaF-linked intermediate using SDS-PAGE followed by

phosphorimaging. For our complete reaction, we incubated
ZmaF with the components necessary for [14C]-(2S)-aminoma-
lonyl-ZmaH formation ([14C]-L-serine, holo-ZmaH, ZmaJ,
ZmaG, ZmaI, NADþ, FAD, and ATP). For our controls, we
set up parallel reactions lacking ZmaF, ZmaI, ZmaG, ZmaJ, or
ZmaH. As shown in Figure 2A, ZmaF becomes radiolabeled
when all the components for (2S)-aminomalonyl-ZmaH are
present in the reaction mixture. Quantifying the amount of
radiolabeled ZmaF in a typical experiment as shown in Figure 2
determined that only 0.4% of the total ZmaF was radiolabeled
(0.6 pmol of radiolabeled ZmaF of 150 pmol of total ZmaF
added to the reaction mixture). It is not clear at this point why
such a low level of labeling was observed. One possibility was the
low level of substrate [(2S)-aminomalonyl-ZmaH]. ZmaH was
present at only 1 μM, setting themaximumconcentration of (2S)-
aminomalonyl-ZmaH to 1 μM.Additionally, we have previously
shown that the Km of ZmaJ for L-serine is 1.8 mM (12). Due to
limitations in the specific activity of radiolabeled L-serine, this
substrate was added at a level more than 10-fold lower than the
Km. This may also impact the level of (2S)-aminomalonyl-ZmaH
in the reaction mixture. Alternatively, the radiolabeled inter-
mediate may not be stable under these assay conditions, and the
(2S)-aminomalonyl group is being hydrolyzed from ZmaF. An
additional observation was that a longer exposure of the gel
shown in Figure 2A, and other equivalent gels, to the phosphor-
imager plate made possible detection of a very low level of
radiolabeled ZmaF in the mixture lacking ZmaI (0.17 pmol of
radiolabeled ZmaF). This suggests that ZmaF weakly recognizes
the product of the ZmaG reaction, either 2-amino-3-oxopropio-
nyl-ZmaH or 2-amino-3,3-dihydroxypropionyl-ZmaH.

To further investigate the potential transfer of an intermediate
of the (2S)-seryl-ZmaH to (2S)-aminomalonyl-ZmaH conver-
sion, we repeated the labeling experiments with an almost 5-fold
higher concentration of ZmaH (1.25 μMcompared to 5 μM). The
goals were to determine whether an increase in the concentration

FIGURE 2: Transacylase assay of ZmaF using [14C]-(2S)-aminoma-
lonyl-ZmaH at (A) low concentrations of ZmaH (1.25 μM) or (B)
high concentrations of ZmaH (5 μM). SDS-PAGE/Coomassie blue
analysis of reaction mixtures and corresponding phosphorimage.
Pluses and minuses denote the presence and absence, respectively,
of the corresponding enzyme for each reaction mixture. The radi-
olabeled molecular mass marker was loaded in lane 1, and the
standard molecular mass marker was loaded in lane 2.
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of the ZmaF substrate, (2S)-aminomalonyl-ZmaH, increased the
level of (2S)-aminomalonyl-ZmaF formation and whether other
intermediates were also competent for acylation of ZmaF when
the ZmaH concentration was increased. Under these assay
conditions, an approximately 2-fold higher level of (2S)-amino-
malonyl-ZmaF was detected (1.3 pmol at 5 μM ZmaH vs
0.6 pmol at 1.25 μM ZmaH) (Figure 2B). Additionally, it was
clearly evident that ZmaF was also radiolabeled in two of the
control reactions, those lacking ZmaI or ZmaG (Figure 2B). In a
reaction lacking ZmaI, the aldehyde [14C]-2-amino-3-oxopropio-
nyl-ZmaH is formed instead of [14C]-(2S)-aminomalonyl-ZmaH.
In aqueous reaction buffer, this aldehyde is likely to interconvert
between this species and the geminal diol [14C]-2-amino-3,
3-dihydroxypropionyl-ZmaH. While it is possible that either of
these may be recognized by ZmaF, we propose that ZmaF is
more likely to recognize and become misacylated by the latter, as
it closely resembles (2S)-aminomalonyl-ZmaH, differing only in
the oxidation state of a single oxygen atom. ZmaF clearly prefers
(2S)-aminomalonyl-ZmaH over (2S)-amino-3-oxopropionyl-
ZmaH on the basis of the lower level of ZmaF labeling that
was observed [0.7 pmol of (2S)-amino-3-oxopropionyl-ZmaF vs
1.3 pmol of (2S)-aminomalonyl-ZmaF]. In the control reaction
lacking ZmaG, radiolabeling of ZmaF was also evident under
these assay conditions. In contrast, when ZmaH levels were
lower, no ZmaF labeling was detected even after an extended
exposure of the gel to the phosphorimaging screen. This suggests
that when ZmaH levels are higher, ZmaF recognizes (2S)-seryl-
ZmaH and forms a (2S)-seryl-ZmaF intermediate, albeit at lower
levels (0.4 pmol total) compared to that seen in the complete
reaction (1.3 pmol) and the reaction lacking ZmaI (0.7 pmol).
The remaining control reactions lacking either ZmaF, ZmaJ, or
ZmaH all failed to result in radiolabeling of ZmaF. Thus, the
formation of an acyl-ZmaH intermediate was essential for self-
acylation by ZmaF. We also note that we tested whether ZmaF
will recognize [14C]malonyl-CoA or [14C]-(2S)-methylmalonyl-
CoA under these assay conditions to form the respective acyl-
ZmaF intermediate. Neither of these extender units was a
substrate for ZmaF. All of these data are consistent with our
proposal that ZmaF recognizes (2S)-aminomalonyl-ZmaH as its
preferred substrate and forms a (2S)-aminomalonyl-ZmaF inter-
mediate.

At the higher concentration of ZmaH, differences in the level
of detectable radiolabeling of ZmaHwere also noted (Figure 2B).
In the absence of ZmaJ or ZmaH, no radiolabel was evident as
expected. For the complete reaction and the reactions lacking
ZmaF, ZmaI, or ZmaG, radiolabeling of ZmaH was clearly
evident, but it occurred at variable levels. In the reaction lacking
ZmaG, the progression of (2S)-aminomalonyl-ZmaH formation
is stalled at (2S)-seryl-ZmaH, as we have shown previously (12).
This appeared to be the most stable acyl-ZmaH product on the
basis of this reaction resulting in the highest detectable level of
radiolabeling of ZmaH (1.7 pmol detected). Interestingly, when
the next enzyme in (2S)-aminomalonyl-ZmaH formation, ZmaI,
was excluded from the reaction, the amount of radiolabeled
ZmaH decreased to only 0.2 pmol. The product at this point in the
pathway is [14C]-2-amino-3-oxopropionyl-ZmaH and is clearly
less stable under these assay conditions. The same is true for the
reaction lacking ZmaF in which the (2S)-aminomalonyl-ZmaH
intermediate that accumulates is not as stable as (2S)-seryl-ZmaH
(0.3 pmol vs 1.7 pmol, respectively). Finally, when the reaction
mixture contains all of the enzymes for the formation of
(2S)-aminomalonyl-ZmaF, the amount of radiolabel on ZmaH

is 0.5 pmol, approximately 2-fold higher than that seen in the
absence of ZmaF. These results suggest that each of the inter-
mediates has a different level of stability while tethered to the
ZmaH. One possible explanation for this may be different
affinities of these intermediates for the cleft between helices 2
and 3 of ACPs (27). This cleft has been hypothesized to sequester
acyl intermediates in fatty acid biosynthesis and stabilize them
between rounds of synthesis. Interestingly, the (2S)-aminoacyl-
ZmaH intermediate is more stable in the presence of ZmaF,
suggesting the interactions between the AT and ACP partners
influence the stability of the acyl-ACP intermediate.
ZmaF Catalyzes the Transfer of the (2S)-Aminomalonyl

Moiety to ZmaA-ACP1. The analysis of ZmaF discussed
above provided evidence that ZmaF is able to catalyze the first
half-reaction of its AT activity. To determine if ZmaF catalyzes
the second step, the transfer of the aminomalonyl moiety from its
active site serine to the 40-Ppant group of ZmaA-ACP1, we used
an HPLC-based assay combined with MALDI-TOF MS analy-
sis. Like the other ACPs we have overproduced in E. coli (12),
ZmaA-ACP1was purified as being predominantly in the inactive,
apo form (Figure 3, trace A; Table 1). To convert ZmaA-ACP1
to the active, holo form, we incubated it with CoA and the
40-Ppant transferase Sfp. HPLC and MALDI-TOF MS analysis
determined that the majority of ZmaA-ACP1 was now holo-
ZmaA-ACP1 (Figure 3, trace B; Table 1). Because ZmaA-ACP1
was capable of being modified by Sfp, we were encouraged that
the excised ACP was likely folded correctly. To investigate
whether ZmaF can transfer the (2S)-aminomalonyl moiety from
(2S)-aminomalonyl-ZmaH to ZmaA-ACP1, we incubated
ZmaF, holo-ZmaA-ACP1, and the enzymes required for (2S)-
aminomalonyl-ZmaH formation (holo-ZmaH, ZmaJ, ZmaG,
and ZmaI), initiating the reaction with ATP. HPLC analysis of
the complete reaction using a C18 peptide column resulted in the
detection of two distinct ZmaA-ACP1-associated products
(Figure 3, trace D). On the basis of elution time andMS analysis,
one of these products was holo-ZmaA-ACP1 that had not been
acylated. The second product eluted earlier than holo-ZmaA-
ACP1 and was absent in a reaction lacking ZmaF, in which only
holo-ZmaA-ACP1 was detected (in Figure 3, compare traces C

FIGURE 3: HPLC analysis of ZmaA-ACP1 using a C18 peptide
column. Arrows identify the peaks associated with the ZmaA-
ACP1 derivatives, which were collected and analyzed by MS. The
y-axis ismilliabsorption units (mAU); the x-axis notes the minutes of
elution.Reactionmixtures contained (A) apo-ZmaA-ACP1, (B) apo-
ZmaA-ACP1 and Sfp, (C) apo-ZmaA-ACP1, Sfp, ZmaH, ZmaJ,
ZmaG, and ZmaI, and (D) apo-ZmaA-ACP1, Sfp, ZmaH, ZmaJ,
ZmaG, ZmaI, and ZmaF.
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and D). Mass spectrometry of this product of the complete
reaction demonstrated that it had a mass consistent with glycyl-
ZmaA-ACP1, the decarboxylated form of (2S)-aminomalonyl-
ZmaA-ACP1. The detection of the decarboxylated product is not
surprising, based on our previous work in which we consistently
detected glycyl-ZmaH, the decarboxylated form of (2S)-amino-
malonyl-ZmaH when using MALDI-TOF MS analysis (12).
Under similar reaction conditions, (2S)-aminomalonyl-ZmaA-
ACP1 is predicted to spontaneously decarboxylate, and the
formation of glycyl-ZmaA-ACP1 is indicative of the formation
of (2S)-aminomalonyl-ZmaA-ACP1.

Because ZmaA-ACP1 adheres strongly to the C18 peptide
column, we were required to thoroughly flush the column and
perform multiple injections with water between samples to
eliminate carryover. To facilitate our analysis, we switched to a
C8 peptide column and performed these assays in the same
manner. While this minimized our efforts in cleaning the column
between runs, the C8 peptide column did not separate glycyl-
ZmaA-ACP1 fromholo-ZmaA-ACP1 as well as the C18 column.
Nonetheless, MALDI-TOF MS analysis enabled us to distin-
guish between the different ZmaA-ACP1 species. Using this new
column, control reactions lacking holo-ZmaA-ACP1, holo-
ZmaH, ZmaJ, ZmaG, ZmaI, or ZmaF were analyzed. Only in
the presence of all the enzymes did we observe a product with a
mass consistent with glycyl-ZmaA-ACP1. Our control reactions
lacking holo-ZmaH, ZmaJ, ZmaG, and ZmaF resulted in
products with masses corresponding to holo-ZmaA-ACP1. In-
terestingly, in the control reaction lackingZmaI,we observed two
products; MALDI-TOF and ESI MS analysis revealed a major
peak with a mass corresponding to holo-ZmaA-ACP1 and a
minor peak with a mass 88 Da larger than that of holo-ZmaA-
ACP1 (Table 1).We propose that thisminor peak corresponds to
2-amino-3-oxopropionyl-ZmaA-ACP1. This species could arise
from the ZmaF-catalyzed incorporation of either the aldehyde
2-amino-3-oxopropionyl-ZmaH or the geminal diol 2-amino-3,
3-dihydroxypropionyl-ZmaH; incorporation of the latter would
yield 2-amino-3,3-dihydroxypropionyl-ZmaA-ACP1,whichwould
likely convert to the aldehyde 2-amino-3-oxopropionyl-ZmaA-
ACP1 under our acidic assay conditions. On the basis of the
structural similarity between the true substrate (2S)-aminomalo-
nyl-ZmaH and the geminal diol 2-amino-3,3-dihydroxypropio-
nyl, we propose that the second scenario is more probable.
Consistent with the radiolabeling studies, detection of this
product occurred with a higher concentration of ZmaH relative
to ZmaF. Thus, ZmaF is able to transfer the incorrect substrate,

albeit at a much lower efficiency than (2S)-aminomalonate. We
also note that while we were able to detect the formation of seryl-
ZmaF, we were unable to detect ZmaF-catalyzed formation of
seryl-ZmaA-ACP1. This may be due to the failure of ZmaF to
catalyze this reaction or the level of activity being below our
detection limit. The former possibility is intriguing because this
may suggest that the ZmaF is able to discriminate between
substrates after formation of the acyl-ZmaF intermediate. Addi-
tional support for this aspect of transacylation will be discussed
below.

As shown in Figure 3, a reaction mixture containing ZmaF,
holo-ZmaA-ACP1, and (2S)-aminomalonyl-ZmaH results in a
mixture of glycyl-ZmaA-ACP1 and holo-ZmaA-ACP1. Despite
our attempts to optimize the reaction conditions by varying
enzyme concentrations or incubation times, we consistently
observed only partial conversion to glycyl-ZmaA-ACP1. Reac-
tions in which we preformed seryl-ZmaH prior to the addition of
ZmaG, ZmaI, and ZmaF also resulted in a mixture of species. It
seems unlikely that the partial conversion was due to insufficient
amounts of (2S)-aminomalonyl-ZmaH, because our previous
work demonstrated it readily forms under similar reaction
conditions (12). Furthermore, we observed that the relative
amounts of glycyl-ZmaA-ACP1 and holo-ZmaA-ACP1 varied,
depending on the preparation of ZmaA-ACP1. In light of the
difficulties in obtaining soluble and pure protein, one possible
explanation is that our preparations contain a mixed population
of ZmaA-ACP1, some that is folded properly and some that is
slightly misfolded but still competent for modification by Sfp.
This misfolded protein, however, may not be competent for
docking with ZmaF. We note that for a particular protein
preparation, the same level of acylated versus nonacylated
ZmaA-ACP1 was observed regardless of whether the enzyme
concentrations were varied, the time of incubation was changed,
or the time between the termination of the reaction and injection
of the HPLC was varied. Thus, it appears that only a certain
population of ZmaA-ACP1 was competent for acylation. To
date, we have been unable to separate these populations of
ZmaA-ACP1 using chromatographic techniques.

Another explanation for the incomplete conversion is that
ZmaF may not dock as well with its cognate ACP when it is
excised from ZmaA, and thus, our in vitro assays may be lacking
structural components that are important for this interaction.We
propose that one of these elements might be a cryptic AT domain
located in the interdomain region between the first KS and KR
domains of ZmaA. Cryptic AT domains, lacking the active site

Table 1: Mass Spectrometry Analysis of Purified ZmaA-ACP1 Speciesa

apo holo aminomalonyl glycyl 2-amino-3-oxopropionyl 2-amino-3,3-dihydroxypropionyl

theoretical [M þ H]þb

19090 19429 19531 19487 19515 19533

experimental [M þ H]þ

apo-ZmaA-ACP1 19085 - - - - -
holo-ZmaA-ACP1 - 19425 - - - -
complete - 19434 - 19487 - -
no ZmaF - 19425 - - - -
no ZmaI - 19425 - - 19514

19428c 19518c

aMasses are in daltons. Masses were determined by MALDI-TOF MS unless otherwise noted. bThe theoretical masses are based on removal of the
N-terminal methionine residue. cMass determined by ESI-MS.
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GXSXG motifs found in functional AT domains, are found in
modules with “missing” AT domains and are proposed to assist
in the docking of trans-AT proteins to the PKS (28, 29). The
relatively large size of the interdomain region (∼390 residues)
between the first KS and KR domains of ZmaA suggests that it
may have a role as a docking site for ZmaF. To investigate the
potential involvement of a cryptic AT domain, we cloned this
interdomain region into an overexpression vector and purified
the resultant hexahistidine-tagged protein. Adding this protein to
our assays had no effect on the formation of glycyl-ZmaA-ACP1.
Furthermore, no interactions between this interdomain region
and ZmaF or ZmaA-ACP1 were detected by native gel electro-
phoresis. The finding that this excised interdomain region did not
enhance the formation of glycyl-ZmaA-ACP1 in vitro or result in
detectable interactions with ZmaF or ZmaA-ACP1, however,
does not eliminate the possibility that it may have a docking role
as part of a full-lengthmodule in vivo. The assay for detecting the
incorporation of (2S)-aminomalonyl-ZmaH requires multiple
proteins (Sfp, ZmaH, ZmaJ, ZmaG, ZmaI, ZmaF, and the
excised domain ZmaA-ACP1) and several enzymatic conver-
sions. Although we were not able to achieve full acylation of
holo-ZmaA-ACP1byZmaF in this in vitro assay, ourHPLCand
mass spectral data support the role of ZmaF as anAT involved in
incorporating (2S)-aminomalonyl-ZmaH.
ZmaA-AT Catalyzes the Transfer of the (2R)-Hydro-

xymalonyl Moiety to ZmaA-ACP2. Like ZmaF, ZmaA-AT
contains the conserved active site GXSXGmotif characteristic of
ATs. We proposed that ZmaA-AT utilizes a similar catalytic
mechanism, transferring the hydroxymalonyl moiety from (2R)-
hydroxymalonyl-ZmaD to ZmaA-ACP2 in a two-step process.
In the first step, ZmaA-AT transfers the hydroxymalonyl moiety
of (2R)-hydroxymalonyl-ZmaD to its active site serine, forming
an acyl-ZmaA-AT intermediate. We wanted to use a radioactive
assay tomonitor the formation of this intermediate, analogous to
our analysis of ZmaF; however, attempts to procure radioactive
precursors to the substrate 1,3-bPG from two different compa-
nies were unsuccessful. As an alternative approach to detecting
the acylation of ZmaA-AT, we used mass spectrometry to
determine whether the mass of ZmaA-AT changed when it was
incubated with (2R)-hydroxymalonyl-ZmaD. Analysis of the
full-length ZmaA-AT proved to be problematic, so we attempted
to detect a mass change associated with the conserved catalytic
serine residue by using trypsin digestion followed by mass
spectrometry. We analyzed two samples, one containing
ZmaA-AT and another containing ZmaA-AT and (2R)-hydro-
xymalonyl-ZmaD. Unfortunately, while we were able to detect
every other fragment of ZmaA-AT, multiple attempts using
trypsin digestion or other proteases to detect the peptide frag-
ment containing the conserved serine were unsuccessful for either
sample. Thus, some aspect of this region of ZmaA-AT makes it
unamenable to this type of analysis.

Since we could not use radiolabeling or mass spectrometry to
analyze the first half-reaction of ZmaA-AT, we focused our
attention on whether we could detect the complete ZmaA-AT
reaction. We performed HPLC-based assays followed by MAL-
DI-TOF MS analysis to determine whether (2R)-hydroxymalo-
nate could be transferred from (2R)-hydroxymalonyl-ZmaD to
ZmaA-ACP2. Like ZmaA-ACP1, the excised domain was pur-
ified fromE. coli as beingmostly in the apo form. Incubationwith
CoA and Sfp resulted in the nearly complete conversion to the
holo form, as determined by HPLC and MALDI-TOF MS
(Figure 4, traces A and B; Table 2). To investigate whether

ZmaA-AT can transfer the hydroxymalonyl moiety from (2R)-
hydroxymalonyl-ZmaD to ZmaA-ACP2, we incubated ZmaA-
AT, holo-ZmaA-ACP2, and the enzymes required for (2R)-
hydroxymalonyl-ZmaD formation (holo-ZmaD, ZmaN, ZmaG,
and ZmaE), initiating the reaction with ATP, which is required
by the kinase that converts 3-phosphoglycerate to the glycolytic
substrate 1,3-bPG. A control reaction lacking ZmaA-AT was
also conducted tomonitor whethermodification of ZmaA-ACP2
was dependent upon ZmaA-AT. The holo-ZmaA-ACP2 in the
reaction lacking ZmaA-AT was unmodified, on the basis of the
observation that ZmaA-ACP2 eluted with a retention time
consistent with holo-ZmaA-ACP2 (Figure 4, trace C) and had
a mass consistent with the holo form of the ACP (Table 2).
Analysis of holo-ZmaA-ACP2 in the presence of all the enzymes
needed for (2R)-hydroxymalonyl-ZmaD formation and ZmaA-
AT found that the protein eluted earlier, with a slight broadening
of the total time of elution, relative to the control reaction lacking
ZmaA-AT (Figure 4, trace D).MALDI-TOFMS analysis of this
collected peak revealed a mass consistent with glycolyl-ZmaA-
ACP2, the decarboxylated formof (2R)-hydroxymalonyl-ZmaA-
ACP2 (Table 2). These data demonstrated that the observed

FIGURE 4: HPLC analysis of ZmaA-ACP2 using a C18 peptide
column. Arrows identify the peaks associated with the ZmaA-
ACP2 derivatives, which were collected and analyzed by MS. The
y-axis denotes milliabsorption units (mAU); the x-axis denotes
elution time. Reaction mixtures contained (A) apo-ZmaA-ACP2,
(B) apo-ZmaA-ACP2 and Sfp, (C) apo-ZmaA-ACP2, Sfp, ZmaD,
ZmaN, ZmaG, and ZmaE, and (D) apo-ZmaA-ACP2, Sfp, ZmaD,
ZmaN, ZmaG, ZmaE, and ZmaA-AT. The vertical line is aligned
with the elution of holo-ZmaA-ACP2.

Table 2: Mass Spectrometry Analysis of Purified ZmaA-ACP2 Speciesa

apo holo hydroxymalonyl glycolyl

theoretical [M þ H]þb

21522 21861 21963 21920

experimental [M þ H]þ

apo-ZmaA-ACP2 21522 - - -
holo-ZmaA-ACP2 - 21858 - -
complete - - - 21911

no ZmaA-AT - 21852 - -
aMasses are in daltons. Masses were determined by MALDI-TOF

MS. bThe theoretical masses are based on removal of the N-terminal
methionine residue.
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change to holo-ZmaA-ACP2 in the complete reaction was
ZmaA-AT-dependent and not due to the acylation of the ACP
by ZmaN or a modification by any other enzymes in the reaction
mixture.

Control reactions lacking each of the components (holo-
ZmaA-ACP2, holo-ZmaD, ZmaN, ZmaG, and ZmaE) were
analyzed by HPLC (Figure S1 of the Supporting Information)
and MALDI-TOF MS. Only in the presence of all the enzymes
did we observe an eluting product with a mass consistent with
glycolyl-ZmaA-ACP2. To provide additional evidence that this
change did not arise from the direct acylation of holo-ZmaA-
ACP2 by ZmaN, we incubated holo-ZmaA-ACP2, ZmaN, and
1,3-bPG and analyzed the reaction using HPLC (Figure S1) and
MALDI-TOF MS. Only a mass consistent with holo-ZmaA-
ACP2 was observed, supporting the notion that the formation of
glycolyl-ZmaA-ACP2 is due to the ZmaA-AT-catalyzed transfer
of the hydroxymalonyl moiety from (2R)-hydroxymalonyl-
ZmaD. Also, we note that in contrast to ZmaF, ZmaA-AT did
not appear to transfer the product of the ZmaG-catalyzed
reaction product, 2-hydroxy-3,3-dihydroxypropionyl-ZmaD.
While we cannot eliminate the possibility that the amount
transferred is below the detection limit of our assays, our results
suggest that relative to ZmaF, ZmaA-AT ismore selective for the
fully oxidized carboxylic acid moiety of the substrate. We also
note that we did not detect any acylation of ZmaA-ACP2 when
malonyl-CoA or (2S)-methylmalonyl-CoA replaced (2R)-hydro-
xymalonyl-ACP in the reaction mixtures, and we did not detect
acylation of ZmaA-AT when this enzyme was incubated with
[14C]malonyl-CoA or [14C]-(2S)-methylmalonyl-CoA. This sug-
gests that ZmaA-AT does not recognize these extender units.
Substrate Specificities of ZmaF andZmaA-AT.Our data

clearly demonstrate that ZmaF transfers the aminomalonyl
moiety from (2S)-aminomalonyl-ZmaH to ZmaA-ACP1 while
ZmaA-AT transfers the hydroxymalonyl moiety from (2R)-
hydroxymalonyl-ZmaD to ZmaA-ACP2. As described above,
we also determined that neither ZmaF nor ZmaA-AT recognizes
malonyl-CoA or (2S)-methylmalonyl-CoA. To further probe the
specificity of ZmaF for an alternative ACP-linked extender unit,
we performed HPLC-based assays followed by MALDI-TOF
MS analysis. When we analyzed a reaction mixture containing
ZmaF, (2S)-aminomalonyl-ZmaH, and holo-ZmaA-ACP2, we
observed that ZmaA-ACP2 elutedwith a retention time andmass
corresponding to those of holo-ZmaA-ACP2, not the acylated
form. Experiments performed with ZmaF, (2R)-hydroxymalo-
nyl-ZmaD, and either holo-ZmaA-ACP1 or holo-ZmaA-ACP2
resulted in the detection of ACPs with elution times and masses
corresponding to those of the holo forms of these excised ACPs
and not the acylated forms. These results are consistent with our
proposal that ZmaF is the discrete AT for the first PKS module
of ZmaA containing ACP1 and not the second module of ZmaA
containing ACP2. Using a similar approach, we also investigated
the specificity of ZmaA-AT. A reaction mixture containing
ZmaA-AT, (2R)-hydroxymalonyl-ZmaD, and holo-ZmaA-
ACP1 was analyzed and resulted in an ACP with an HPLC
elution time and a mass consistent with holo-ZmaA-ACP1.
Assays performed with ZmaA-AT, (2S)-aminomalonyl-ZmaH,
and either holo-ZmaA-ACP1 or holo-ZmaA-ACP2 resulted in
the detection of the excised holo-ACPs, not their acylated forms.
These data further support our proposal that ZmaA-AT incor-
porates (2R)-hydroxymalonyl-ZmaD by transferring the hydro-
xymalonyl moiety to the second ACP domain of ZmaA. It is
important to note that our assays investigating the acylation of

ZmaA-ACP1 and ZmaA-ACP2 by noncognate AT domains
used concentrations of the ACPs that are likely to be far below
the anticipated Kd values of these noncognate AT-ACP inter-
actions. Thus, it is not surprising that cross-talk between the
AT-ACP systems was not detected under our assay conditions.
Regardless, these data are consistent with our conclusion that the
correct AT-ACP pairs have been identified.

While our MALDI-TOF MS data suggested that ZmaA-AT
under our assay conditions does not transfer the (2S)-aminoma-
lonyl moiety from (2S)-aminomalonyl-ZmaH to either ZmaA-
ACP1 or ZmaA-ACP2 and ZmaF does not transfer the (2R)-
hydroxymalonyl moiety to either ZmaA-ACP1 or ZmaA-ACP2,
these experimentswould require both half-reactions of theATs to
occur. We were interested in determining whether the ATs
exhibited different selectivities for the first half-reaction when
incubatedwith the alternativeACP-linked extender unit. Because
of limitations in radiolabeled substrate availability and mass
spectrometry, we could address only whether the ZmaA-AT
would recognize (2S)-aminomalonyl-ZmaH and form a (2S)-
aminomalonyl-ZmaF intermediate. We were unable to investi-
gatewhether ZmaF can acylate itself with (2R)-hydroxymalonate
from ZmaD.

To investigate whether ZmaA-AT could form the incorrect
(2S)-aminomalonyl-ZmaA-AT intermediate, we used [14C]-(2S)-
aminomalonyl-ZmaH as the substrate and monitored acylation
of ZmaA-AT by SDS-PAGE in combination with phosphor-
imaging. After ZmaA-AT was incubated with [14C]-(2S)-amino-
malonyl-ZmaH, we did not detect acylation of ZmaA-AT when
1 μM ZmaH was included in the reaction mixture. In contrast,
when the concentration of ZmaH was increased to either 3 or
5 μM, acylation of ZmaA-ATwas clearly evident, but only when
[14C]-(2S)-aminomalonyl-ZmaH was formed (Figure 5). Reac-
tions lacking any of the (2S)-aminomalonyl-ZmaH biosynthetic
enzymes did not result in detectable levels of acyl-ZmaA-AT
product. This is in contrast to ZmaF, which recognized not only
(2S)-aminomalonate but also L-serine and (2S)-2-amino-3-oxo-
propionate. The level of acyl-ZmaA-AT formation (0.4 pmol)
with 5 μM ZmaH was comparable to what was observed when
ZmaF was incubated with only 1 μM ZmaH (0.6 pmol).
Additionally, the same pattern and level of radiolabeled ZmaH
was detected as observed when ZmaF was incubated with 5 μM
ZmaH, further supporting the idea that there are varying levels of
stability of the ZmaH-linked intermediates during (2S)-amino-
malonyl-ZmaH formation.

FIGURE 5: Transacylase assay of ZmaA-AT using [14C]-(2S)-amino-
malonyl-ZmaH at high concentrations of ZmaH (5 μM). SDS-
PAGE/Coomassie blue analysis of reaction mixtures and corre-
sponding phosphorimage. Pluses and minuses denote the presence
and absence, respectively, of the corresponding enzyme for each
reaction mixture. The radiolabeled molecular mass marker was
loaded in lane 1, and the standardmolecularmassmarkerwas loaded
in lane 2.



3676 Biochemistry, Vol. 49, No. 17, 2010 Chan and Thomas

Interestingly, while a covalent (2S)-aminomalonyl-ZmaA-AT
intermediate was detected, we did not detect the transfer of the
(2S)-aminomalonyl moiety to either ZmaA-ACP1 or ZmaA-
ACP2 usingHPLC assays that used either 1 or 5 μMZmaH. This
observation, in combination with the observation that ZmaF
formed a seryl-ZmaF intermediate but did not transfer the seryl
group to ZmaA-ACP1, suggests a model in which the second half-
reaction of AT domainsmay be selective for the correct acyl-linked
intermediate. Two reasons for ZmaA-AT’s inability to transfer the
(2S)-aminomalonyl group may be the altered stereochemistry of
the substrate and the fact that the hydroxyl group at C2 has been
replaced with an amino group. These data suggest that more
analysis must be done on the second half-reaction of AT domains.
Conclusions. This work contributes to our understanding of

the biosynthesis of an agriculturally important molecule and
represents the first biochemical characterization of ATs specific
for ACP-linked extender units. We have demonstrated that the
discrete enzyme ZmaF is a trans-acting AT that is involved in the
incorporation of (2S)-aminomalonyl-ACP, transferring the ami-
nomalonyl moiety from (2S)-aminomalonyl-ZmaH to the first
ACP domain of ZmaA. We also have shown that the excised
cis-acting AT domain from ZmaA incorporates (2R)-hydroxy-
malonyl-ACP, transferring the hydroxymalonyl moiety from
(2R)-hydroxymalonyl-ZmaD to the second ACP domain of
ZmaA. Preliminary analysis of the substrate specificity of these
AT domains suggests the second half-reactions of these
domains are selective for the correct acyl-AT intermediate. These
PKS extender units hold enormous potential as tools for combi-
natorial biosynthesis because the substituents on their R-carbons
confer functionalities not available through the use of the
other known extender units; the incorporation of these extender
units introduces amino or hydroxyl groups, which offer hydrogen
bonding potential and chemically reactive handles for downstream
semisynthetic modifications. The characterization of the enzymes
involved in the incorporation of (2S)-aminomalonyl-ACP and
(2R)-hydroxymalonyl-ACP sets the stage for engineering natural
product biosynthetic pathways to utilize these precursors for the
generation of novel bioactive molecules.
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