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Combinatorial biosynthesis of type I polyketide synthases is a
promising approach for the generation of new structural deriva-
tives of polyketide-containing natural products. A target of this
approach has been to change the extender units incorporated into
a polyketide backbone to alter the structure and activity of the
natural product. One limitation to these efforts is that only four
extender units were known: malonyl-CoA, methylmalonyl-CoA,
ethylmalonyl-CoA, and methoxymalonyl-acyl carrier protein (ACP).
The chemical attributes of these extender units are quite similar,
with the exception of the potential hydrogen bonding interactions
by the oxygen of the methoxy moiety. Furthermore, the incorpo-
rated extender units are not easily modified by using simple
chemical approaches when combinatorial biosynthesis is coupled
to semisynthetic chemistry. We recently proposed the existence of
two additional extender units, hydroxymalonyl-ACP and amin-
omalonyl-ACP, involved in the biosynthesis of zwittermicin A.
These extender units offer unique possibilities for combinatorial
biosynthesis and semisynthetic chemistry because of the introduc-
tion of free hydroxyl and amino moieties into a polyketide struc-
ture. Here, we present the biochemical and mass spectral evidence
for the formation of these extender units. This evidence shows the
formation of ACP-linked extender units for polyketide synthesis.
Interestingly, aminomalonyl-ACP formation involves enzymology
typically found in nonribosomal peptide synthesis.

antibiotics � combinatorial biosynthesis

Natural products biosynthesized by type I polyketide synthases
(PKSs) have an array of biological activities such as antimi-

crobial, anticancer, and immunosuppressant activities. Many of
these products play important roles in the treatment of human,
animal, and plant diseases. The diverse activities of these com-
pounds are due to the extensive structural diversity available via
type I PKS enzymology. Depending on the system, many variations
are possible, including different starter units, different numbers and
types of extender units, variations in the oxidation states and
stereochemistry of the starter and extender units, and release of the
final products in a linear or cyclic form (1). Although type I PKSs
show extensive amino acid sequence similarity in their core enzy-
matic domains, thousands of structural outcomes are possible
because of the inherent flexibility of these enzyme systems.

The flexibility of type I PKSs has been exploited for the gener-
ation of ‘‘unnatural’’ natural products through combinatorial bio-
synthesis. One example is to replace a catalytic domain from one
type I PKS with an alternative domain from a different type I PKS,
resulting in a hybrid enzyme that generates a hybrid product. This
approach was shown to generate a library of nearly 60 ‘‘unnatural’’
erythromycin derivatives by exchanging catalytic domains from the
erythromycin type I PKS with catalytic domains from other type I
PKSs (2). Thus, combinatorial biosynthesis complements the more
traditional approaches of using total or semisynthetic chemistry to
generate structural diversity.

There is great interest in changing the extender unit(s) incorpo-
rated into a polyketide to vary the moiety that extends away from
the backbone of the polyketide, which can have effects on its
interaction with its biological target. Changes available by using this
approach are somewhat limited because, until recently, there were
only four proposed type I PKS extender units: malonyl-CoA,
methylmalonyl-CoA, ethylmalonyl-CoA, and methoxymalonyl
(MM)-acyl carrier protein (ACP) (1). These extender units result in
the incorporation of acetyl, propionyl, butyryl, or methoxyacetyl
moieties into the polyketide backbone, respectively. The latter
offers hydrogen-bonding potential of the oxygen from the methoxy
moiety. However, for all of these extender units, the moieties on the
C� lack simple chemical reactivity for further downstream modifi-
cation by semisynthetic chemistry. Because of these limitations,
there is an interest in identifying or generating new extender units
with different chemical attributes to enhance structural diversifi-
cation by combinatorial biosynthesis and increase the opportunities
for downstream modification by semisynthetic chemistry.

We recently proposed the existence of two previously unde-
scribed type I PKSs extender units involved in the biosynthesis of
the antibiotic zwittermicin A (ZMA) from Bacillus cereus (Fig. 1;
ref. 3). These extender units, hydroxymalonyl (HM)-ACP and
aminomalonyl (AM)-ACP, were proposed to form the glycolyl and
ethanolamine units, respectively, found in ZMA (Fig. 1). The
existence of these extender units not only provides insight into
ZMA biosynthesis but also holds enormous potential for generating
new structural derivatives of natural products through combinato-
rial biosynthesis. Their existence increases the number of extender
units available for combinatorial biosynthesis by 50 percent and
introduces previously undescribed functionality to a polyketide in
the form of free hydroxyl or amino groups. Here, we present
biochemical and mass spectral evidence for the formation of
HM-ACP and AM-ACP, an important first step toward harnessing
this biosynthetic potential to develop new bioactive molecules.

Results and Discussion
Bioinformatics Analysis and Protein Purification. A set of five proteins
is predicted to be involved in the formation of MM-ACP (Fig. 2A),
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an extender unit needed for the biosynthesis of FK520 (4). This
proposal is based on bioinformatics analysis of the FK520 biosyn-
thetic gene cluster and biosynthetic gene clusters for other me-
thoxyacetyl-containing natural products (5–8). The proposed MM-
ACP pathway is as follows (using FK520 protein nomenclature)
(Fig. 2A): (i) FkbH binds to a glycolytic intermediate and dephos-
phorylates it while tethering it to an ACP, FkbJ, forming glyceryl-
ACP; (ii) FkbK catalyzes the oxidation of the glyceryl-ACP to
2-hydroxy-3-oxopropionyl-ACP (or 2,3,3-trihydroxypropionyl-
ACP; ref. 9); (iii) FkbI converts the FkbK product to HM-ACP; and
(iv) FkbG catalyzes the O-methylation to form MM-ACP. Floss et
al. (7) subsequently showed that during ansamitosin biosynthesis,
O-methylation occurs before incorporation by the PKS; therefore,
MM-ACP is the in vivo extender unit, not HM-ACP. Whereas
genetic experiments support the hypothesis that these enzymes are
involved in the incorporation of a MM-ACP extender unit (7, 10,
11) and a crystal structure of FkbI has been determined (9),
biochemical evidence for MM-ACP has yet to be provided.

We analyzed a part of the ZMA biosynthetic pathway and
identified five genes coding for homologs of the MM-ACP pathway
from FK520 (3). Sequencing of the ZMA biosynthetic gene cluster
has been completed, and we have identified a gene, zmaN, coding
for a homolog of FkbH. Thus, the ZMA biosynthetic gene cluster
codes for one homolog of both FkbH and FkbK and two homologs
of FkbJ and FkbI. An FkbG homolog is not coded within the
biosynthetic gene cluster (data not shown). The presence of two
homologs of the ACP that is proposed to carry the methoxymalonyl
moiety for the MM-ACP extender unit suggested the existence of
two ACP-linked type I PKS extender units for ZMA production.

One of these extender units, HM-ACP, would be generated in a
similar manner to that proposed for MM-ACP, but the lack of an
FkbG homolog results in the formation of HM-ACP (Fig. 2B). The
second pathway was proposed to involve an enzyme showing
sequence similarity to adenylation domains of nonribosomal pep-
tide synthetases (NRPSs) (12); this enzyme, ZmaJ, contains an
amino acid specificity code for the activation of L-serine (L-Ser) (3).
We proposed that ZmaJ tethers L-Ser to ZmaH, and the seryl-ACP
is then oxidized to AM-ACP (Fig. 2C). There is only one homolog
of FkbK, the enzyme that catalyzes the first oxidation of glyceryl-
ACP, suggesting ZmaG catalyzes the first oxidation step in both
pathways (Fig. 2 B and C).

To test our hypotheses, we took a biochemical and mass spectral
approach to investigate whether HM-ACP and AM-ACP forma-
tion could be reconstituted in vitro. For this analysis, each protein
was overproduced in Escherichia coli as an N-terminally histidine-
tagged protein and purified to near homogeneity by using nickel-
chelate chromatography (Fig. 7, which is published as supporting
information on the PNAS web site). Using these purified proteins,
each pathway was tested for in vitro reconstitution.

Formation of HM-ACP. The proposed pathway for HM-ACP forma-
tion involves tethering a substrate to the 4�-phosphopantetheinyl (4�
Ppant) prosthetic group of the ACP ZmaD, followed by modifica-
tion of the tethered intermediate (Fig. 2B). Using HPLC and
MALDI-TOF MS analysis, we determined that the ZmaD purified
from E. coli lacked the required prosthetic group (Fig. 3 and Table
1). To generate holo-ZmaD, in vitro phosphopantetheinylation was
performed by using the 4� Ppant transferase Sfp as described in ref.
13. HPLC and MALDI-TOF MS analysis determined that Sfp
converted most of the apo-ZmaD to holo-ZmaD (Fig. 3 and
Table 1).

FkbH is proposed to recognize a glycolytic intermediate,
dephosphorylate it, and tether it to its partner ACP to form
glyceryl-ACP (Fig. 2 A). The most likely substrate for FkbH is
1,3-bisphosphoglycerate (1,3-bPG) (4, 14). With that assumption,
we investigated whether ZmaN would catalyze the formation
of glyceryl-ZmaD in the presence of 1,3-bPG. The formation of
glyceryl-ZmaD likely would be detected by a change in the elution
time of holo-ZmaD from the HPLC and a change in its mass as
detected by MALDI-TOF MS.

Although there is no commercial source of 1,3-bPG, enzymatic
synthesis is possible by using 3-phosphoglycerate (3-PG), ATP, and
3-PG phosphokinase (PK). Incubation of these components with
ZmaN and holo-ZmaD did result in a shift in holo-ZmaD elution
time; however, this shift did not require the addition of 3-PGPK
(Fig. 3). This result suggested either the substrate for ZmaN is 3-PG,
or the reaction mixtures were contaminated with an unidentified
source of 3-PGPK and the substrate was the resulting 1,3-bPG.
Consistent with the latter hypothesis, the rate of holo-ZmaD
modification was enhanced when the 3-PGPK was added to the
reaction (1.44 nmol�min�1 with 3-PGPK, 0.08 nmol�min�1 without
3-PGPK). Furthermore, the equivalent change in elution time of
holo-ZmaD was observed when GAPDH was used to convert
GAPDH to 1,3-bPG (data not shown). Based on these observa-
tions, we conclude that 1,3-bPG is the substrate for ZmaN-
catalyzed modification of holo-ZmaD.
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To investigate whether the modified holo-ZmaD was glyceryl-
ZmaD, the purified ZmaD derivatives from the reactions contain-
ing the contaminating kinase and the GAPDH were analyzed by
MALDI-TOF MS. The mass of holo-ZmaD had shifted to be
consistent with the formation of glyceryl-ZmaD (Table 1). Impor-
tantly, holo-ZmaH, discussed below, was not a substrate for ZmaN-
catalyzed formation of glyceryl-ACP (data not shown), suggesting
ZmaN specifically recognizes holo-ZmaD.

A mass consistent with 3-phosphoglyceryl-ZmaD was not de-
tected, suggesting the phosphatase activity of ZmaN occurs before
the acylation of holo-ZmaD. The 3-phosphoryl group may be
extraneous because it plays no obvious role in the HM-ACP
pathway. Its presence is likely because 1,3-bPG is the most readily
available glyceryl primary metabolite containing an activated acid,
thereby requiring the removal of the 3-phosphoryl group before
downstream reactions. ZmaN must coordinate this phosphatase

activity with its acyltransferase activity. ZmaN and its homologs
contain the DXDX(T�V) motif of the phosphatase members of the
haloacid dehalogenase superfamily of hydrolases (14, 15). During
catalysis, these enzymes remove the phosphate from the substrate
first by forming a phosphoaspartyl intermediate, then by hydrolyz-
ing the phosphate from the enzyme. Structural analyses of members
of this enzyme superfamily suggest the phosphoaspartyl formation
is associated with a conformation change of the enzyme (16, 17).
The phosphoaspartyl intermediate in ZmaN catalysis may alter the
conformation of ZmaN to enhance its interactions with holo-ZmaD
once the 3-phosphoryl group is removed from the substrate, thereby
coordinating the phosphatase and acyltransferase activities. Addi-
tional studies on the mechanism of ZmaN are needed to test this
hypothesis.

ZmaG and ZmaE are predicted to catalyze the oxidation of
glyceryl-ZmaD to HM-ZmaD (Fig. 2B). These enzymes were
incubated independently or together with their appropriate coen-
zymes along with glyceryl-ZmaD. A subtle change in elution time
of glyceryl-ZmaD was observed (Fig. 3); this change required both
ZmaG and ZmaE. Independently, neither enzyme was found to
modify the glyceryl-ZmaD intermediate (data not shown). Re-
placement of ZmaE with ZmaI also resulted in a change in elution
time and mass (data not shown), suggesting either FkbI homolog
may be involved in HM-ACP formation.

Analysis of the purified ZmaD-tethered product from the
ZmaG�ZmaE reaction by MALDI-TOF MS detected a mass
consistent with the decarboxylated form of HM-ZmaD, glycolyl-
ZmaD (Table 1). This decarboxylation could be the result of the
instability of the product under our assay conditions or to the
sample preparation and ionization process for MALDI-TOF MS.
However, the detection of glycolyl-ZmaD is indicative of the
formation of HM-ZmaD.

To more directly identify the ZmaD product of each reaction and
to investigate whether an alternative MS technique could detect the
HM-ZmaD final product, we used electrospray ionization-Fourier
transform ion cyclotron resonance (ESI-FT-ICR)-MS to analyze
the ZmaD products. The intact mass spectra collected showed mass
shifts consistent with the formation of holo-ZmaD (�340 Da),
glyceryl-ZmaD (�428 Da), HM-ZmaD (�442 Da), and glycolyl-
ZmaD (�398 Da) (Fig. 4). MS�MS data localized the active site to
the sequence G Y V N S, where the S is the site of 4� Ppant (data
not shown), and mass shifts were confirmed through measurement
of the 4� Ppant elimination product (Fig. 4 Insets). Importantly,

Fig. 3. HPLC analysis of ZmaD. Representative HPLC traces of reaction mixtures
containing apo-ZmaD (A); apo-ZmaD, Sfp (B); apo-ZmaD, Sfp, ZmaN (C); apo-
ZmaD, Sfp, ZmaN, ZmaG, ZmaE (D). Protein elution was monitored at 220 nm.
Arrows identify the peak associated with ZmaD derivatives, which were collected
and analyzed by MS. The letters above absorbance peaks identify the elution of
a protein from the reaction mixture: S, Sfp; N, ZmaN; E, ZmaE; G, ZmaG.

Table 1. MS analysis of purified apo- and holo-proteins

Protein*

MALDI-MS ESI-FT-ICR-MS 4� Ppant elimination

Theo. [M � H]� Exper. [M � H]� Theo. avg mass Exp. avg mass Moiety Theo. [M � H]� Exp. [M � H]�

ZmaD
apo-ZmaD 12,239 12,239 12,238.7 12,238.3
holo-ZmaD 12,579 12,579 12,579.0 12,579.3
glyceryl-ZmaD 12,667 12,668† 12,667.1 12,667.4† Glyceryl 447.120 447.121

12,670‡

HM-ZmaD 12,681 ND 12,681.1 12,681.3 HM 461.099 461.099
glycolyl-ZmaD 12,637 12,636 12,637.1 12,637.4 Glycolyl 417.109 417.110

ZmaH
apo-ZmaH 11,609 11,605 11,609.1 11,608.8
holo-ZmaH 11,949 11,946 11,949.4 11,949.1
seryl-ZmaH 12,037 12,038§ 12,036.5 12,036.8 Seryl 446.136 446.136

12,036¶

AM-ZmaH 12,051 ND
glycyl-ZmaH 12,007 12,007 12,006.5 12,006.8 Glycyl 416.125 416.124

Masses are in daltons. Theo., theoretical; Exp., experimental; ND, not detected.
*The mass of ZmaD and ZmaH derivatives is calculated after removal of the first methionine.
†The mass of glyceryl-ZmaD detected when 3-PG was the starting substrate.
‡The mass of glyceryl-ZmaD detected when glyceraldehyde-3-phosphate was the starting substrate.
§The mass of seryl-ZmaH detected in the ZmaJ, holo-ZmaH reaction.
¶The mass of seryl-ZmaH detected in the ZmaJ, holo-ZmaH, ZmaG, and ZmaI reaction.
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ESI-FT-ICR-MS enabled detection and mass spectral analysis of
HM-ZmaD.

These data are consistent with the successful in vitro reconstitu-
tion of HM-ACP formation and present direct evidence for the
existence of ACP-linked type I PKS extender units. These data also
suggest that the substrate for both HM-ACP and MM-ACP for-
mation is 1,3-bPG.

Formation of AM-ACP. We previously proposed that the extender
unit AM-ACP accounts for the ethanolamine unit in ZMA (ref. 3;
Fig. 1). ZmaJ, a homolog of adenylation domains of NRPSs, is
proposed to recognize L-Ser and tether it onto the ACP homolog
ZmaH. The seryl moiety subsequently is oxidized in two steps to
AM-ACP, analogous to the conversion of glyceryl-ACP to HM-
ACP (Fig. 2).

Analysis of the amino acid substrate specificity of ZmaJ by
standard ATP�PPi exchange assays by using L-Ser and structurally
related amino acids (L-2,3-diaminopropionate, L-Thr, Gly, and
L-Cys) determined ZmaJ activated only L-Ser (data not shown).
Determination of the kinetic parameters of ZmaJ for L-Ser acti-
vation yielded values expected for adenylation domains of NRPSs
(Km � 1.8 � 0.2 mM; kcat � 42 � 2 min�1) (e.g., ref. 12).

To test whether ZmaJ tethers L-Ser to ZmaH, holo-ZmaH was
needed. By following the same protocol for the conversion of
apo-ZmaD to holo-ZmaD, it was determined that a majority of
ZmaH is purified from E. coli in its apo form, and apo-ZmaH is
efficiently converted to holo-ZmaH by Sfp (Fig. 5 and Table 1).
Incubation of holo-ZmaH with ZmaJ, L-Ser, and ATP resulted in
a change in the holo-ZmaH elution time from the HPLC, and the
mass of the purified product was consistent with the formation of
seryl-ZmaH (Table 1). Importantly, ZmaJ was not able to amino-
acylate holo-ZmaD (data not shown), highlighting the specificity of
ZmaJ for holo-ZmaH.

To test for AM-ZmaH formation, ZmaG and ZmaI were added
independently or together with seryl-ZmaH. Only when ZmaG and
ZmaI were added together, along with NAD� and FAD, was a
change in the seryl-ZmaH elution profile observed, as indicated by
a broadening of the seryl-ZmaH peak (Fig. 5). ZmaE, the homolog
of ZmaI from the HM-ZmaD pathway, could not replace ZmaI
(data not shown). These data suggest ZmaI is specific for AM-
ZmaH formation, whereas ZmaE is involved in HM-ZmaD for-
mation. Analysis of the ZmaG�ZmaI-modified seryl-ZmaH deriv-
ative by MALDI-TOF MS was consistent with the formation of
glycyl-ZmaH, the product expected if AM-ZmaH becomes decar-
boxylated, along with unreacted seryl-ZmaH (Table 1). As dis-
cussed below, longer incubation of the reaction resulted in a nearly
complete conversion of seryl-ZmaH to glycyl-ZmaH.

The observed decarboxylation product could be due to the
instability of the AM-ZmaH or to the decarboxylation caused by
the MALDI-TOF MS analysis as discussed above with HM-ZmaD.
To identify more directly the ZmaH-tethered products of each
reaction, ESI-FT-ICR-MS analysis was performed on ZmaH pu-
rified from each reaction mixture. The intact mass spectra collected
showed mass shifts consistent with the formation of holo-ZmaH
(�340 Da), seryl-ZmaH (�427 Da), and glycyl-ZmaH (�397 Da)
(Fig. 6). MS�MS data localized the active site to the sequence G L
V N S, where the S is the site of 4� Ppant (data not shown), and mass
shifts were confirmed through measurement of the 4� Ppant
elimination product (Fig. 6 Inset). To address the lack of observable
AM-ZmaH and lack of conversion of all of the seryl-ZmaH, the
seryl-ZmaH was incubated for 5 or 40 min with ZmaG and ZmaI.
After 40 min, the seryl-ZmaH was almost completely converted to
glycyl-ZmaH (Fig. 8, which is published as supporting information
on the PNAS web site). AM-ZmaH, however, was not detected.

The finding of glycyl-ZmaH by using both MS approaches
suggests assay conditions cause the decarboxylation of AM-ZmaH.
This finding is not surprising based on the high level of spontaneous
decarboxylation that occurs with aminomalonate (18). Under acidic
conditions, this decarboxylation is very rapid. Our HPLC assays
conditions include 0.1% TFA in the solvents to function as an
ion-pairing agent to enhance the resolution of proteins eluting from
the HPLC. The presence of TFA in the solvents reduces the pH of
the solvents to 2.0 and would likely expedite the decarboxylation of
AM-ACP to glyceryl-ACP. Attempts were made to adjust the

Fig. 4. ESI-FT-ICR-MS spectra of the intermediates in HM-ZmaD formation.
The top of the figure depicts ZmaD intermediates of interest [from left to
right: apo-, holo- (�340 Da), glycolyl- (�398 Da), glyceryl- (�428 Da), and
HM-ZmaD (�442 Da)] and alignment to the representative peaks in the mass
spectra as indicated by vertical dashed lines. Shown are the loading and
corresponding mass shifts (1,015–1,070 m�z, �12 ions converted to mass scale)
of apo-ZmaD (A), holo-ZmaD (B), glyceryl-ZmaD (C), and HM-ZmaD (D); aster-
isks indicate signals arising from artifactual adduction: sodium (�22 Da),
potassium (�38 Da), phosphate (�98 Da), and oxidation of Met�Cys residues
(�16 Da). (Insets) Mass spectra and structures of 4� Ppant elimination product.

Fig. 5. HPLC analysis of ZmaH. Representative HPLC traces of reaction
mixtures containing apo-ZmaH (A); apo-ZmaH, Sfp (B); apo-ZmaH, Sfp, ZmaJ
(C); and apo-ZmaH, Sfp, ZmaJ, ZmaG, ZmaI (D). Each reaction also contained
the required cofactors and substrates. Protein elution was monitored at 220
nm. Arrows identify the peak associated with ZmaH derivatives, which were
collected and analyzed by MS. The letters above peaks identify the elution of
a protein in the reaction mixture: S, Sfp; G, ZmaG; I, ZmaI; J, ZmaJ.
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HPLC conditions to separate the proteins in the reaction at neutral
pH, but these attempts were not successful. Analysis of reaction
mixtures directly by MS without prior HPLC separation also
detected a mass consistent with glycyl-ZmaH (data not shown).
Regardless, the presence of glycyl-ZmaH is indicative of AM-
ZmaH formation.

The data presented here are consistent with the formation of the
AM-ACP extender unit. Interestingly, the enzyme that catalyzes
the first oxidation of both glyceryl-ZmaD and seryl-ZmaH has no
selectivity between the two intermediates; however, the second
oxidation is catalyzed by a pathway-specific dehydrogenase. The
formation of AM-ACP is an example of an amino acid being
converted to a PKS extender unit.

Conclusions
In summary, we have presented biochemical and mass spectral
evidence for the existence of two type I PKS extender units,
HM-ACP and AM-ACP. This empirical evidence shows the for-
mation of ACP-linked type I PKS extender units. Additionally, we
establish that 1,3-bPG is the likely in vivo precursor for the
formation of HM-ACP and MM-ACP. Interestingly, the AM-ACP
pathway uses NRPS enzymology (an adenylation and carrier pro-
tein pair) for the formation of a type I PKS extender unit. We
propose that AM-ACP will function as an NRPS extender unit in
other enzyme systems. For example, the antibiotic GE23077 is a
cyclic nonribosomal peptide that contains an aminomalonate res-
idue (19). Therefore, AM-ACP has the potential to function as a
type I PKS or an NRPS extender unit.

Defining the existence and mechanism of formation of HM-ACP
and AM-ACP is of particular interest for combinatorial biosynthe-
sis of natural products that are synthesized by type I PKS enzy-
mology. The ability to incorporate glycolyl or ethanolamine units
into a polyketide backbone introduces significantly different chem-
ical attributes to the molecule. Hydroxyl or amino groups increase
the potential for hydrogen bonding between a polyketide-
containing natural product and its biological target, resulting in
altered interactions that may enhance a desired biological activity.
These hydroxyl and amino groups also offer functional groups for

downstream chemical modifications. The challenges ahead to har-
ness the full combinatorial biosynthetic potential of these extender
units include investigations into the substrate flexibility of acyl-
transferase (20) and ketosynthase (21) domains of type I PKSs to
recognize and incorporate HM-ACP and AM-ACP extender units.
However, by defining the existence of HM-ACP and AM-ACP and
the enzymatic requirements to make these precursors available, we
have taken an important step toward this goal.

Materials and Methods
Cloning of Biosynthetic Genes. Standard PCR-based cloning was
used to introduce zmaD, zmaE, zmaG, zmaH, zmaI, zmaJ, and
zmaN into the E. coli overexpression vector pET28b (Novagen,
Madison, WI). All expression vector clones result in the production
of a protein with an N-terminal histidine tag. All clones were
verified by sequencing at the University of Wisconsin Biotechnol-
ogy Sequencing Center (Madison, WI).

Heterologous Overproduction of Proteins. All expression constructs
were introduced into E. coli BL21 (�DE3). For overproduction of
ZmaD, ZmaG, ZmaH, ZmaJ, and ZmaN, cells were grown at 25°C
in LB medium containing 50 �g�ml kanamycin. At an OD600 of
0.4–0.6, the temperature was reduced to 15°C, and cells were grown
for 1.5–2.5 h. IPTG then was added to 60 �M, and the cells were
grown an additional 16 h at 15°C. For overproduction of ZmaE and
ZmaI, cells were grown at 25°C for 24 h in LB medium containing
50 �g�ml kanamycin without IPTG addition. Cells were harvested
by centrifugation.

Purification of Proteins. Cells were resuspended in histidine-tag
purification buffer [20 mM Tris, pH 8�300 mM NaCl�10%
(vol/vol) glycerol; for ZmaG: 20 mM Tris, pH 8�300 mM
NaCl�10% (wt/vol) sucrose]. Cells were broken by sonication, and
cell debris was removed by centrifugation. Imidazole was added to
the cell-free extract to 5 mM, and the mixture was incubated with
1–2 ml of Ni-NTA agarose resin (Qiagen, Valencia, CA) for 1–2 h
at 4°C with gentle rocking. The resin was collected by centrifugation
and loaded into a column. The resin was washed with histidine-tag
buffer containing 5 mM imidazole, and stepwise elutions were
performed with buffer containing increasing imidazole concentra-
tions (20, 40, 60, 100, and 250 mM). Fractions containing purified
protein based on SDS�PAGE�Coomassie blue staining were
pooled and dialyzed at 4°C in dialysis buffer [50 mM Tris pH 8�100
mM NaCl�10% (vol/vol) glycerol; for ZmaG: 50 mM Tris, pH
8�100 mM NaCl�10% (wt/vol) sucrose; for ZmaI: 50 mM Tris, pH
8�300 mM NaCl�10% (vol/vol) glycerol]. ZmaE was dialyzed
further in high salt buffer [50 mM Tris, pH 8�300 mM NaCl�10%
(vol/vol) glycerol], and ZmaI was dialyzed in high salt buffer
containing 100 �M FAD for 5 h and then in high salt buffer lacking
FAD. All proteins were concentrated, flash frozen with liquid
nitrogen, and stored at �80°C. Protein concentrations were deter-
mined by the calculated molar extinction coefficients (ZmaD, 2,560
M�1cm�1; ZmaE, 44,410 M�1cm�1; ZmaG, 21,180 M�1cm�1;
ZmaH, 2,560 M�1cm�1; ZmaI, 44,770 M�1cm�1; ZmaJ, 46760
M�1cm�1; and ZmaN, 41,070 M�1cm�1).

Phosphopantetheinylation of ZmaD and ZmaH. Sfp from Bacillus
subtilis was used for apo- to holo-ACP conversion as described in
ref. 13. Each reaction mixture contained 12.5 �M apo-ACP, 75 mM
Tris (pH 7.5), 10 mM MgCl2, 1 mM Tris(2-carboxyethylphosphine)
(TCEP), 50 or 500 �M CoA, and 1 �M Sfp and was incubated at
22°C for 1 h.

Formation of Glyceryl-ZmaD. Reactions with 3-PG (130 or 260 �l)
contained 10 �M holo-ZmaD, 58 mM Tris (pH 7.5), 8 mM MgCl2,
0.8 mM TCEP, 385 �M CoA, 0.8 �M Sfp, 250 �M D(-)3-PG
(Sigma, St. Louis, MO), 5 mM ATP, and 1 �M ZmaN and were run
for 40 min at 22°C. Control reactions were run without ZmaN,

Fig. 6. ESI-FT-ICR-MS spectra of the intermediates in AM-ZmaH formation.
The top of the figure depicts ZmaH intermediates of interest [from left to
right: apo-, holo- (�340 Da), glycyl- (�397 Da), seryl-ZmaH (�427 Da)], and
alignment to the representative peaks in the mass spectra are as indicated by
vertical dashed lines. Shown are the loading and corresponding mass shifts
(825–865 m�z, �14 ions converted to mass scale) of apo-ZmaH (A), holo-ZmaH
(B), seryl-ZmaH (C), and glycyl-ZmaH (D); asterisks indicate signals arising from
artifactual adduction: sodium (�22 Da), potassium (�38 Da), phosphate (�98
Da), and oxidation of Met�Cys residues (�16 Da). (Insets) Mass spectra and
structures of 4� Ppant elimination product.
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ATP, or with 2 units of 3-PGPK (Sigma). A time course comparing
reactions with and without 3-PGPK contained 50 �M 3-PG, and the
reactions were run for 0.5, 2.0, 5.0, and 10 min. Reactions contain-
ing glyceraldehyde-3-phosphate (150 �l final volume) contained
12.5 �M holo-ZmaD, 75 mM Tris (pH 7.5), 10 mM MgCl2, 1 mM
TCEP, 100 mM NaCl, 500 �M CoA, 1 �M Sfp, 250 �M DL-
glyceraldehyde-3-phosphate (Sigma), 1 unit of GAPDH (Sigma),
and 1 �M ZmaN were run for 40 min at 22°C. Control reactions
without GAPDH, DL-glyceraldehyde-3-phosphate, Sfp, or ZmaN
were run, as well as control reactions in which holo-ZmaH replaced
holo-ZmaD.

Formation of HM-ACP. Reaction mixtures (130 or 260 �l) contained
the following components: 10 �M glyceryl-ZmaD, 58 mM Tris (pH
7.5), 8 mM MgCl2, 0.8 mM TCEP, 385 �M CoA, 0.8 �M Sfp, 250
�M D(�)3-PG, 5 mM ATP, 1 �M ZmaN, 1 �M ZmaG, 200 �M
NAD�, 1 �M ZmaE, and 100 �M FAD. The reaction mixture was
incubated at 22°C for 1 h before injection onto an HPLC as
discussed below. Reactions were repeated without ZmaG, ZmaE,
or replacing ZmaE with 1 �M ZmaI.

Formation of Seryl-ZmaH. Reaction mixtures (130 or 260 �l) con-
tained 10 �M holo-ZmaH, 58 mM Tris (pH 7.5), 8 mM MgCl2, 0.8
mM TCEP, 385 �M CoA, 0.8 �M Sfp, 250 �M L-serine, 5 mM
ATP, and 1 �M ZmaJ were incubated at 22°C for 1 h. To test
whether seryl-ZmaD could be formed, 10 �M holo-ZmaD replaced
the 10 �M holo-ZmaH in a 130-�l reaction mixture.

Formation of AM-ZmaH. Reaction mixtures (130 or 260 �l) contained
the following components: 10 �M ZmaD, 58 mM Tris (pH 7.5), 8
mM MgCl2, 0.8 mM TCEP, 385 �M CoA, 0.8 �M Sfp, 250 �M
L-serine, 5 mM ATP, 1 �M ZmaJ, 1 �M ZmaG, 200 �M NAD�,
1 �M ZmaI, and 100 �M FAD were run for 5 or 40 min at 22°C.
Reactions were repeated without ZmaG, ZmaI, or replacing ZmaI
with 1 �M ZmaE.

HPLC Analysis of ZmaD and ZmaH Reaction Products. HPLC analysis
of enzymatic reaction products was performed with a Vydac
(Hesperia, CA) C18 peptide column (250 � 4.6 mm). One hundred
to two hundred microliters of apo- or holo-ZmaD or 130–200 �l of
acylated ZmaD reactions were injected, and products were sepa-
rated by using a 20–80% acetonitrile�0.1% TFA gradient over 20
min at a flow rate of 1 ml�min; elution was monitored at A220. One
hundred to two hundred microliters of apo- or holo-ZmaH or
130–200 �l of aminoacylated ZmaH reaction products was injected,
and products were separated by using the same method as above.

MALDI-TOF MS Analysis of ZmaD and ZmaH Reaction Products. The
enzymatic reaction products were collected as they eluted from the
HPLC, flash-frozen with CO2(s)�ethanol (95%), and lyophilized

overnight. Lyophilized samples were resuspended in double dis-
tilled H2O and added to 1 �l of the sinipinic acid matrix (10 mg/ml
in 50% acetonitrile�0.05% TFA). MALDI-TOF MS analysis was
performed by using a Voyager Biospectrometry Workstation (DE
Pro; Applied Biosystems, Foster City, CA) in linear mode. Cali-
bration was performed by using apomyoglobin, bovine insulin, and
cytochrome C (Sigma).

ATP-PPi Exchange Assays for ZmaJ. ZmaJ used in these assays was
purified by an additional anion exchange chromatography step,
which had no effect on seryl-ZmaH formation. ATP-PPi exchange
assays were performed as described in refs. 12 and 22. Reactions for
amino acid specificity contained 70 nM ZmaJ and 1 mM of the
following amino acids: L-Ser, L-2,3-diaminopropionate, L-Thr, Gly,
and L-Cys. To determine the kinetic parameters of ZmaJ activation
of L-Ser, 100-�l reactions containing 70 nM ZmaJ, 3.5 mM ATP,
and varying concentrations of L-Ser (0.35–10 mM), in triplicate,
were incubated for 10 min before stopping the reactions. The
reactions were in the linear range for enzyme concentration and
�10% substrate-to-product conversion.

Analysis of Samples by ESI-FT-ICR-MS. Mass analysis was performed
on a custom-built 8.5 T Quadrupole-Enhanced Fourier Transform
Ion Cyclotron Resonance Mass Spectrometer of the Marshall
design (23). In general, a sample of interest was introduced to the
mass spectrometer by using a NanoMate 100 for automated nano-
spray (Advion Biosciences, Ithaca, NY). Targeted species were
externally accumulated in an octopole ion trap and either trans-
ferred to the ICR cell, isolated by stored waveform inverse Fourier
transform (24), and fragmented by infrared multiphoton dissocia-
tion (25) or fragmented in the trap (OCAD) (23) and then
transferred to the ICR cell for mass measurement. Collected data
were analyzed by using THRASH (26) and�or manually inter-
preted, producing sets of intact mass data and fragment ion peak
lists, which were uploaded onto the ProSightPTM (27) web server
for analysis in single protein mode. All ESI-FT-ICR-MS experi-
ments for glyceryl-ZmaD and HM-ZmaD used 3-PG as the starting
substrate.

Note Added in Proof: While this work was under review, a paper
describing the analysis of an FkbH homolog was published (28).
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