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ABSTRACT: For screening a pool of potential substrates that load carrier domains found in nonribosomal
peptide synthetases, large molecule mass spectrometry is shown to be a new, unbiased assay. Combining
the high resolving power of Fourier transform mass spectrometry with the ability of adenylation domains
to select their own substrates, the mass change that takes place upon formation of a covalent intermediate
thus identifies the substrate. This assay has an advantage over traditional radiochemical assays in that
many substrates, the substrate pool, can be screened simultaneously. Using proteins on the nikkomycin,
clorobiocin, coumermycin A1, yersiniabactin, pyochelin, and enterobactin biosynthetic pathways as proof
of principle, preferred substrates are readily identified from substrate pools. Furthermore, this assay can
be used to provide insight into the timing of tailoring events of biosynthetic pathways as demonstrated
using the bromination reaction found on the jamaicamide biosynthetic pathway. Finally, this assay can
provide insight into the role and function of orphan gene clusters for which the encoded natural product
is unknown. This is demonstrated by identifying the substrates for two NRPS modules from thepksNand
pksJgenes that are found on an orphan NRPS/PKS hybrid cluster fromBacillus subtilis. This new assay
format is especially timely for activity screening in an era when new types of thiotemplate assembly lines
that defy classification are being discovered at an accelerating rate.

Almost weekly, new nonribosomal peptide synthetase
(NRPS)1 gene clusters encoding proteins that biosynthesize

bioactive compounds are discovered (1-4). Since many of
the compounds produced by the nonribosomal peptide
synthetase (NRPS) as well as polyketide synthase (PKS)
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virulence and display unusual chemistry, they are of great
academic and industrial interest. Therefore, we wanted to
develop an alternative method for substrate screening to
complement the more traditional radioactive assays (5, 6).
In NRPS and PKS systems, the substrates and intermediates
are loaded onto and processed while attached to the pan-
tetheinyl functionality on a carrier domain (7, 8). Examples
of NRPS or hybrid NRPS/PKS natural products for which
substrates load onto carrier domains are the siderophore
pyoverdine (9), a virulence factor excreted by pseudomonads,
the antimicrobial agents penicillin (10), vancomycin (11),
and gramicidin (12), and the antitumor agent calicheamycin
(13). With ∼300 genomes sequenced and available in the
public domain, there are a large number of orphan PKS and
NRPS gene clusters that have been identified (14, 15). Even
when the sequence of a gene cluster with a known natural
product is available, progress in characterizing the proteins
in vitro has been slow. Among the limiting factors in our
understanding of how these NRPS systems biosynthesize
their respective natural products is the inefficiency in
obtaining in vitro activity to verify and identify the substrates
for these enzymes. One of the many reasons for this
inefficient activity screening includes the unavailability of
the proper radiolabeled substrates or intermediates. While
excellent advancements have been made using bioinformatics
to predict the substrate for adenylating domains (16-18),
caution should be taken when relying solely on the predic-
tions to assign a specific substrate (19). Furthermore, new
types of thiotemplate assembly lines that defy classification
or thiotemplate assembly lines that do not follow the standard
collinearity rules are being discovered at an accelerating rate
(1-4, 20). As a general strategy, all bioinformatic predictions
should be confirmed in vitro. With the recent push to develop
NRPS-derived bioactive compounds in vitro (21, 22) and to
manipulate these systems in vivo to generate new pharma-
ceutically useful bioactive compounds (23-25), the in vitro
characterization must be performed more efficiently. One
of the ways one can improve the ability to screen for
substrates is by being able to screen many substrates
simultaneously. This assay would ideally also avoid the use

of radiolabeled substrates which are used to load carrier
domains usually used in autoradiographic analysis. Using
non-radiolabeled substrates significantly broadens the ac-
cessibility of substrates that are commercially available or
synthetically feasible. Here we describe a mass spectrometry-
based method of identifying substrates on the basis of mass
changes that take place during acylation of a phosphopan-
tetheinyl functionality on the carrier domain(s) of a NRPS
protein from very complex substrate reaction mixtures.
Observing such acylations by mass spectrometry on carrier
domains is now becoming routine (5, 19, 26-36).

The general method of identifying covalently loaded sub-
strates or intermediates is shown in Figure 1. Overproduced
protein that contains a carrier domain is purified and incu-
bated with Sfp, a promiscuous phosphopantetheinyl trans-
ferase fromBacillus subtilis, and CoA to generate the holo
form of the carrier domain (37). A substrate pool and, when
required, a separately purified activating domain are added
to the holo carrier domain. Following an incubation period,
the reaction mixture is digested, quenched using formic acid,
and purified by HPLC prior to ESI-FTMS analysis.

RESULTS

NikP1, which is involved in the formation of the antibiotic
nikkomycin (6), was incubated with Sfp and CoA to generate
the holo form. Holo-NikP1 was incubated with ATP and all
19 proteinogenicL-amino acids, glycine,L-selenocysteine,
L-cystine, and 4-trans-hydroxy-L-proline for 30 min before
being quenched, digested using cyanogen bromide, and
analyzed by FTMS. The FTMS data indicated a mass shift
of 137.2 Da, in agreement with the loading of histidine onto
the phosphopantetheinyl thiol (Figure 2C). When the same
assay is repeated butL-histidine is omitted, NikP1 remained
in its holo form, demonstrating that NikP1 is highly selective
for the loading of histidine relative to all other substrates
present in the assay mixture (Figure 2B).

To illustrate that this method was valid for not only NikP1,
the substrate loadings for the following systems were
examined: the CloN5/CloN4 carrier/adenylation domain pair
involved in the formation of clorobiocin (Figure 3 and Table
1) (5), CouN5/CouN4 which is involved in the formation of
the antibiotic coumermycin (5), EntB(ArCP)/EntE which is
involved in the formation of the siderophore enterobactin
(24), HMWP2 which is involved in the formation of the
siderophore yersiniabactin (27), PchE/PchD which is in-
volved in the biosynthesis of the siderophore pyochelin (38),

1 Abbreviations: HPLC, high-pressure liquid chromatography; ESI,
electrospray; FTMS, Fourier transform mass spectrometry; CoA,
coenzyme A; NRPS, nonribosomal peptide synthetase; PKS, polyketide
synthase; WT, wild-type; CNBr, cyanogen bromide; OCAD, octopole
collisional activated dissociation; IRMPD, infrared multiphoton dis-
sociation; SWIFT, stored waveform inverse Fourier transform; PPi,
pyrophosphate; TCEP, Tris(2-carboxyethyl)phosphine.

FIGURE 1: General approach of using FTMS to screen for acylation of a carrier domain using a substrate pool.
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JamC/JamA which is involved in the formation of the
neurotoxin jamaicamide (39), and two NRPS modules from
the orphan NRPS/PKS gene cluster onB. subtilisfor which
the product is unknown (40-42). The adenylation carrier
didomains that are analyzed are from PksN (BG12652) and
the second NRPS module from PksJ (BG10929, gene
annotation from http://genolist.pasteur.fr/SubtiList/). All of
the systems described above were incubated with substrate
pools and analyzed by ESI-FTMS.

When PchE was presented with multiple substrates as well
as the natural substrate salicylic acid and the activating
enzyme PchD, the observed mass shift was 120 Da, in
agreement with loading of salicylic acid (Table 1). When
HMWP2 is incubated with six substrates known to indepen-
dently load HMWP2 (27, 30), the mass shift corresponding
to the authentic substrate salicylic acid was the major species
observed. When salicylic acid was omitted, mass shifts
corresponding to methylsalicylic acid and benzoic acid are
the main species observed. When CloN5/CloN4 or CouN5/
CouN4 carrier protein/activating protein pairs are incubated
with substrates not including the natural substrateL-proline,
a mass shift of 113 Da, corresponding to the 4-trans-
hydroxyproline, is observed. However, when proline is

present, it is the only substrate loaded (+97 Da). In the case
of EntB(ArCP)/EntE, a new species that is 119 Da larger
than the holo form of EntB(ArCP) is formed when the
authentic substrate is not present, but when the natural
substrate is present, it is loaded exclusively (Table 1 and
Figure 2E,F). This mass shift was confirmed to be 119 Da
by tandem mass spectrometry (data not shown). Next, the
early steps in the biosynthesis of jamaicamide were inves-
tigated. The apo-JamC protein showed two abundant forms
of the protein, the WT and the post-translationally truncated
form of the protein in which the N-terminal methionine has
been removed (loss of 131 Da). Simultaneous incubation of
holo-JamC, JamA, a substrate pool that included 6-bromo-
5-hexynoic acid, 5-hexenoic acid, and ATP produced a mass
shift that was 96 Da larger than that for holo-JamC, consistent
with loading of hexenoic acid. Any attempts to load JamC
with 6-bromo-5-hexynoic acid failed. 5-Hexanoic acid and
5-hexynoic acid are alternative substrates for this reaction
(Figure 2G-I).

Even though as many as 24 substrates were screened
simultaneously, the assay mixtures were still of a defined
nature. To further probe the limits of the assay, CloN5/CloN4
and NikP1 were incubated with ATP and a commercially

FIGURE 2: Identification of the preferred substrate by ESI-FTMS. (A) Apo form of the carrier site of NikP1. (B) Same as panel C but with
L-histidine omitted. (C) Mass spectrum of the carrier site following incubation with CoA, Sfp, all 19 proteinogenicL-amino acids, glycine,
L-selenocysteine,L-cystine, and 4-trans-hydroxy-L-proline. (D) Holo-EntB (ArCP). (E) Holo-EntB (ArCP) incubated with ATP and all 19
proteinogenicL-amino acids, glycine,L-selenocysteine,L-cystine, 4-trans-hydroxy-L-proline, and 2,3-dihydroxybenzoic acid. (F) Same as
panel E but with 2,3-dihydroxybenzoic acid omitted. (G) Hexanoyl-S-JamC (only the ion with the N-terminal Met truncated is shown). (H)
Hexenoyl-S-JamC. (I) Hexynoyl-S-JamC. An asterisk indicates salt adducts or non-active site peptides. The ions shown in panels A-C and
G-I have a 10+ charge state. Those in panels D-F have a 14+ charge state.
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available algal amino acid hydrolysate mixture as a repre-
sentative undefined substrate pool. In both cases, the correct
mass shift corresponding to the natural substrate is observed
(Table 2). This suggested that very complex mixtures and
undefined assay conditions are possible. To further expand
on this theme, a very complex substrate pool was tested,
theEscherichia colimetabolome, on NikP1, CloN5/CloN4,
CouN5/CouN4, and EntB (ArCP)/EntE. In three of the four
cases, even though there is only partial acylation occupancy,
the correct mass shift corresponding to the authentic substrate
is observed. Loading onto holo-EntB (ArCP) was not
observed, even when the metabolome is obtained fromE.
coli which was grown under iron-limited conditions, sug-
gesting that there is not enough free substrate available for
observation of the acylation reaction (Table 2).

To apply our method to orphan NRPS/PKS gene clusters,
the adenylation and carrier didomains from PksN and PksJ
were cloned and overproduced. Because the didomains are
rather large (∼90 kDa) to observe by FTMS with sub-dalton
mass accuracy, the holo forms of the didomains were
subjected to trypsin digestion and the active sites mapped
by FTMS (Figure 4). The identities of the active sites were
confirmed by tandem mass spectrometry as shown in Fig-
ure 4J for the PksJ didomain and in Figure 4K for the
PksN didomain (43). Once mapped, the active sites were
pantetheinylated using Sfp and CoA and compared to the

apo form. In both cases, a mass shift of 340 Da is observed
(Figure 4B,F). Subsequently, both of the proteins were
incubated with ATP and an undefined substrate pool, the
algal hydrolysate (Figure 4C,G). The PksJ domain increased
in mass by 57 Da, while the PksN domain increased in mass
by 71 Da. Incubation of PksJ with glycine and ATP resulted
in the same mass shift (Figure 4D). Because the mass shift
of PksN did not correspond to the predicted substrates
cysteine and/or serine, alanine was incubated simultaneously
with cysteine, serine, and threonine. Again the observed mass
shift was 71 Da (Figure 4H). When the substrate pool con-
sisted of only threonine and serine, a mass shift of 87 Da
was observed (Figure 4I), while no acylation of the carrier
domain was observed when the it was incubated with
cysteine.

DISCUSSION

This paper has presented yet another tool in the arsenal
for the in vitro characterization of the NRPS and PKS
substrate specificity. ESI-FTMS has been used in conjunction
with substrate pools to screen for substrates that can be
loaded onto carrier domains. Although the assay is performed
on an FTMS instrument, substrate screening can likely be
done on other mass spectrometers as well, but one will have
to keep in mind that the ease in mapping the active sites
and the accuracy of the observed mass shifts increase with

Table 1: Identification of Substrate Loading from Defined Substrate Pools

system
digestion
method

holo mass
(calcd) (Da)

acylation
substrate
source

observed mass
after acylation
(major species

only) (Da)

mass change
(observed- holoobs)

(Da)

substrate name
based on mass change

(asterisk denotes a
natural substrate)

nikkomycin CNBr a 10305.4 137.2 L-histidine*
NikP1 10168.2 (10168.3) b 10168.2 0.0 N/A
clorobiocin not digested a 12616.9 96.8 L-proline*
CloN5/CloN4 12520.1 (12520.1) c 12633.0 112.9 4-trans-hydroxyproline
coumermycin not digested a 12184.1 97.0 L-proline*
CouN5/CouN4 12087.1 (12087.1) c 12200.2 113.1 4-trans-hydroxyproline
jamaicamide not digested d 12650.9 96.0 hexenoic acid*
JamC/JamA 12544.9 (12544.9) a 12544.9 0.0 N/A
pyochelin CNBr
PchE/PchD 17653.3 (17653.8) e 17773.7 120.4 salicylic acid*
yersiniabactin trypsin f 3531.73 120.08 salicylic acid*
HMWP2 3411.65 (3411.71) g 3545.75 134.10 4-methylsalicylic acid

3515.74 104.09 benzoic acid
enterobactin not digested a 12468.5 119.0 unknown
EntB(ArCP)/EntE 12349.5 (12349.3) h 12485.7 136.2 2,3-dihydroxybenzoic acid*

a All 19 proteinogenicL-amino acids, glycine,L-selenocysteine,L-cystine, 4-trans-hydroxy-L-proline, and ATP.b Same as footnote a but with
L-histidine omitted.c Same as footnote a but withL-proline omitted.d Same as footnote a but with 5-hexenoic acid and 6-bromo-5-hexynoic acid
added.e Same as footnote a with salicylic acid added.f Salicylic acid, 4-methylsalicylic acid, benzoic acid, methylsalicylic acid, benzoic acid,
4-hydroxybenzoic acid, andp-toluic acid.g Same as footnote f but with salicylic acid omitted.h Same as footnote a but with 2,3-dihydroxybenzoate
added.

Table 2: Identification of Substrate Loading from Undefined Substrate Pools

system
digestion
method

acylation
substrate source

new mass after
acylation (Da)

mass change
(observed- holocalc)

(Da)

substrate name based
on mass change

(asterisk denotes a natural substrate)

NikP1 CNBr algal hydrolysate 10305.5 137.2 L-histidine*
E. coli metabolome 10305.7 137.4 L-histidine*

CloN5/CloN4 not digested algal hydrolysate 12617.1 97.0 L-proline*
E. coli metabolome 12617.2 97.1 L-proline*

CouN5/CouN4 not digested E. coli metabolome 12184.1 97.0 L-proline*
EntB(ArCP)/EntE not digested E. coli metabolome NCa NCa not loaded

E. coli metabolomeb NCa NCa not loaded
a No mass change observed.b Metabolome obtained fromE. coli grown under iron-limiting conditions.
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increasing resolution. Currently, to look at protein domains,
FTMS, which requires some expertise, is the most accurate
method for this. The custom-built instrument used in this
study has a mass accuracy of 5-25 ppm when it is externally
calibrated, while some commercial FTMS instruments now
give mass accuracies to within 2 ppm. Analyzing substrates
loaded onto carrier domains will be very difficult when the
mass accuracy is lower than 100 ppm but has been done
before (34-36). But as there are increasingly more FTMS
instruments that are accessible to the scientific com-
munity, the implemention of our approach described here is
likely to find wider application in the analysis of NRPS
systems.

The generality of this method has many applications, and
a few of these are demonstrated in this paper. The first
application of the substrate pool is to identify the natural
substrate. For the proof of concept experiments, NikP1, EntB,
HMWP2, CouN5, CloN5, and PchE were loaded with their
natural substrate. In each case that was investigated, as long
as the natural substrate was present, substrate loading by
noncognate substrates was negligible. In the absence of the
natural substrate, there was one unexplained result where
EntB (ArCP) displayed a 119 Da species and none of the
98-99% pure amino acids used as a substrate matched this
mass upon acylation. Therefore, this is an unidentified
noncognate substrate, which must come from the remaining
1-2% of the impurities found in commercially prepared
amino acids. This is also in agreement with the observation
that there was insufficient material for complete conversion
of the holo form of the protein to the acylated species. When

the authentic natural substrate, 2,3-dihydroxybenzoic acid,
was present with this same substrate pool, it was the major
peak observed in the spectrum (Figure 2E). The identification
of substrates is also possible from very complex substrate
pools of undefined nature such as the algal hydrolysate or
the E. coli metabolome.

Sometimes loading with a noncognate substrate is desired,
as would be the case in the development of new bioactive
compounds. Replacing the pyrrole on clorobiocin or coumer-
mycin may allow for the development of more soluble
aminocoumarin antibiotics and therefore make them more
applicable in a clinical setting (23). It was unknown if
anything other than proline would load onto CloN5 or
CouN5. When a substrate screen was done with 19 protei-
nogenicL-amino acids, glycine,L-selenocysteine,L-cystine,
and 4-trans-hydroxy-L-proline but the native substrate,
proline, was omitted, a mass shift of 113 Da was observed.
This mass shift corresponds to the mass of 4-trans-hydroxy-
L-proline being loaded. Subsequently, it was verified by the
traditional radioactive pyrophosphate exchange assay that
adenylating enzymes CloN4 and CouN4 could utilize
4-trans-hydroxy-L-proline as an alternative substrate (5). This
makes 4-trans-hydroxy-L-proline a front-line candidate for
generation of more soluble clorobiocin and coumermycin
antibiotics and was identified from a single assay.

The third utility of this FTMS-based assay is to establish
the timing of tailoring events which take place on NRPS
and PKS modules. In the jamaicamide biosynthetic pathway,
it was unknown if the bromination took place before or after
the loading of hexenoic acid onto JamC. Simultaneous

FIGURE 3: Systems interrogated in this study.
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incubation of holo-JamC, JamA, 6-bromo-5-hexynoic acid,
5-hexenoic acid, and ATP resulted in the loading of only
hexenoic acid. Any attempt to load 6-bromo-5-hexynoic acid
by itself failed as well. This means that the bromination
reaction either takes place while the substrate is attached to
JamC or otherwise on one of the other NRPS or PKS proteins
found on the jamaicamide biosynthetic pathway or after the
jamaicamide is fully assembled. 5-Hexanoic acid and 5-hexy-
noic acid were also alternative substrates, in agreement with
the classical pyrophosphate exchange assay (39).

The fourth application is to use the substrate pool method
as an activity screen. This is particulary relevant when the
substrate cannot be readily predicted by bioinformatic means.
One example is the amine donor source for the aminotrans-
ferase domain of MycA, a protein responsible for the
generation of theâ-amino acid found on the mycosubtilin

biosynthetic pathway. Because the substrate amine donor was
unknown, all possible substrate candidates were screened
simultaneously to see if the protein was active. Armed with
its activity, Gln was ultimately identified as the preferred
amine donor in this reaction (33).

This method will be most useful in the characterization
of gene clusters with unknown natural products (orphan gene
clusters). As an example,B. subtilishas one orphan NRPS/
PKS gene cluster (40, 41). Even though this cluster has both
NRPS and PKS modules, it has been suggested to be
involved in the formation of difficidin (20, 41). Difficidin,
however, does not have an amino acid in its structure, and
there is little experimental evidence to support the suggestion
that difficidin is produced by this gene cluster (41). There-
fore, the activity screen was used to establish if the NRPS
domains of this cluster are functional. When activity was

FIGURE 4: Active site mapping and substrate pool screening of the adenylation and carrier didomains from PksN and PksJ. (A) Apo-PksJ.
(B) Holo-PksJ. (C) Algal hydrolysate substrate screen with holo-PksJ. (D) Glycyl-S-PksJ. (E) Apo-PksN. (F) Holo-PksN. (G) Algal hydrolysate
substrate screen with holo-PksN. (H) Ala, Cyst, Ser, Thr screen with holo-PksN. (I) Ser, Thr screen with holo-PksN. (J) OCAD verification
of the active site for holo-PksJ. (K) IRMPD verification of the active site for holo-PksN. The green circle indicates the location of the
phosphopantetheinyl functionality.
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observed, it was used to identify which substrates were
loaded. Using bioinformatics, the substrate specificity for the
second NRPS domain on PksJ was predicted to load glycine
while PksN was predicted to load cysteine (16, 17), and
BLAST analysis indicated that the adenylation domain may
also be similar to serine loading domains. Once the active
sites had been mapped, they were pantetheinylated using Sfp
and CoA. Subsequently, both of the proteins were incubated
with ATP and an unbiased substrate source, the algal
hydrolysate. The PksJ domain increased in mass by 57 Da,
while the PksN domain increased in mass by 71 Da (Figure
4D,G). These mass shifts correspond to glycine and alanine,
respectively. Incubation of PksJ with glycine and ATP
resulted in the same mass shift. Because the mass shift of
PksN did not correspond to the predicted substrate cysteine
or serine, L-alanine was incubated simultaneously with
L-cysteine,L-serine, andL-threonine (this substrate served
as a negative control). Again, the only substrate that was
loaded was alanine. WhenL-alanine was omitted,L-serine
was a substrate for this protein. However, because alanine
outcompetes both cysteine and serine, the predicted sub-
strates, we favor alanine as the natural substrate. Having
observed activity for the PksJ and PksN didomains provides
some insight into the role of this gene cluster. The first
important observation is that the NRPSs found on the orphan
gene cluster ofB. subtilisare active. Second, because we
have observed activity, our data suggest that this gene cluster
produces a product other than difficidin, since difficidin does
not have a nitrogen in its structure that would have come
from glycine or alanine. We cannot exclude the possibility
that this gene cluster produces a modified form of difficidin
or natural products analogous to difficidin such as hydroxy-
mycotrienin A produced byBacillussp. BMJ958-62F4 (44),
which has amino acid components in its structure. Last, this
is the first demonstration of the utility of FTMS in providing
insight into the functions of an orphan gene cluster and is
going to be applicable to many other orphan NRPS gene
clusters that have been sequenced. This method is applicable
not only to NRPS systems but also to systems of polyketide
origin, fatty acid biosynthesis, or any other system that can
form covalent modifications to proteins.

MATERIALS AND METHODS

The sequencing grade trypsin was purchased from Prome-
ga, and 1 unit is defined as the amount of sequencing grade
modified trypsin required to produce a∆A253 of 0.001/min
at 30°C with the substrateR-benzoyl-L-arginine ethyl ester.
Cyanogen bromide (CNBr), amino acids, HPLC solvents,
CoA (trilithium salt), algal hydrolysate, and all other
substrates were purchased from Sigma-Aldrich. 6-Bromo-
5-alkynoic acid was synthesized as described previously (45).
Superflow nickel affinity resin was from Qiagen. PD10 gel
filtration columns were obtained from Amersham Bio-
sciences. The HPLC column used for all desalting steps and
separations a Jupiter 5µm C4 300 Å column from Phenom-
enex was used. The freeware PAWS was obtained from
Proteometrics.

Construction of JamC, PksJ, and PksN NRPS Constructs.
The JamC gene was cloned from the pJam1 fosmid clone
(39) using PfuI polymerase and the following primers:
forward primer, 5′ CATGCCATGGAAAACTTAACCG-
TAG 3′; reverse primer, 5′ CCGCTCGAGTGCACCAAAGT-

GCTCTGC 3′. The resulting PCR product was cloned in
frame with the carboxy six-His fusion at the NcoI and XhoI
restriction sites of pET28a. The pksN and pksJ didomains
were cloned in a similar fashion fromB. subtilisstrain NCIB
3610 (49). The pksJ-AT2 didomain was amplified using the
following primers: forward, 5′ AGCTAGCTTTGAACT-
GTGGGAAACAGA 3′; and reverse, 5′ ACTCGAGTC-
ATTTTTGCAATGTCCATAATCC 3′. The amplified frag-
ment was digested with NheI and XhoI and cloned into
pET28a to generate plasmid pPDS0372. The pksN-AT di-
domain was amplified using the following primers: forward,
5′ GAATTCACATATGGGCTTGCAAAAAGTGCTTG 3′;
and reverse, 5′ ACTCGAGTCACGGGTATTTTCCATCT-
TTTTTG 3′. The amplified fragment was digested with NdeI
and XhoI and cloned into pET28a to generate plasmid
pPDS0374.

Protein Expression and Protein Purification.The proteins
NikP1, HMWP2, PchE, PchD, JamA, CloN5, CloN4,
CouN5, CouN4, EntB(ArCP), and EntE were purified as
described previously (5, 26, 27, 30, 39). An expression strain
[E. coli BL21(DE3) star transformed with a plasmid encoding
JamC] was incubated at 37°C until the OD600 reached 0.7.
At this point, IPTG was added (50 mg/L) and the mixture
allowed to incubate for 4-6 h at 28°C. The cells were then
harvested by centrifugation and lysed by the addition of
lysozyme and sonication. The insoluble materials were
pelleted by centrifugation, and the remaining supernatant was
loaded onto a column containing NTA Superflow nickel
affinity resin and the protein purified by following the
instructions of the manufacturer (Qiagen). The overproduc-
tion and purification ofB. subtilisPksJ and PksN didomains
were carried out in a similar fashion. The purified proteins
were buffer exchanged using PD-10 gel filtration columns
that were equilibrated with 50 mM Tris buffer (pH 7.5) with
1 mM TCEP. Stock solutions containing 10% glycerol were
prepared and stored at-80 °C.

Preparation of E. coli Metabolomes. E. coliwas grown
in 150 mL of Luria Broth (LB) at 37°C to an OD600 of
0.6-0.8. The cells were harvested by centrifugation in a
Sorvall RC-5C+ centrifuge (SLA-3000 rotor, 6000 rpm) at
4 °C for 6 min. The pellet was resuspended in 2.5 mL of 25
mM Tris (pH 7.6), and the cells were lysed by sonication in
the presence of lysozyme. The lysate was clarified by
centrifugation in a Sorvall RC-C5+ centrifuge (SS-34,
16 000 rpm, 4°C for 25 min). Approximately 1 mL of lysed
crude extract (CE) was gel filtered by using a PD10 column
equilibrated with 25 mM Tris (pH 7.6). This was achieved
by loading the column with 1.0 mL of CE, and it was allowed
to flow through. Then 5.0 mL of 25 mM Tris-HCl (pH 7.6)
was added and again allowed to flow through to remove all
the proteins. After this volume, the small molecules of the
lysed extract were collected in the following 3.0 mL. This
3.0 mL was collected as 1 mL fractions, frozen at-80 °C,
and lyophilized. The dried sample was resuspended in
50-100 µL of 50 mM Tris (pH 7.6) so it could be used in
the substrate identification studies.

Acylation of CloN5 Using Undefined Metabolite Pools.
As a representative acylation, we describe the acylation of
CloN5; all other assays were carried out in a similar fashion
except that the substrate pool was varied. The acylation of
CloN5 was carried out in two steps. First, the apo form of
CloN5 at a concentration of 25µM was reacted for 1 h at
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room temperature in the presence of 3.6µM Sfp, 8 mM
MgCl2, and 250µM CoA in a total reaction volume of 100
µL, which resulted in the generation of the holo form of the
enzyme. In the second step, 4µL of 0.1 M ATP, 2 µL of
1.3 mg/mL CloN4, and 10-50 µL of anE. coli metabolome
were added to the holoenzyme generated in the first step.
This was incubated at room temperature for 30 min before
the reaction was quenched in a 1:1 (v/v) manner with 10%
formic acid. This was repeated for each (five total)E. coli
metabolome. Other substrate pools included the defined
mixtures of substrates which were present at 0.5-1 mM
(often some precipitation would be observed) and the algal
hydrolysate mixture present at 0.2-0.5 mg/mL.

Acylation and CNBr Digestion of NikP1.The acylation
of NikP1 was also carried out in two steps. The generation
of the holo form of the enzyme was performed as described
for CloN5. In the second step, 4µL of 0.1 M ATP and 5µL
of an E. coli metabolome were added to the solution. This
was incubated at room temperature for 30 min before the
reaction was stopped by quenching it in a 1:1 (v/v) manner
with 10% formic acid. The acylated forms of NikP1 were
purified by HPLC on an HP1090M HPLC system using a
30 min gradient of 90% water with 0.1% TFA and 10% ACN
(0.1% TFA) to 5% water (0.1% TFA) and 95% ACN (0.1%
TFA), collecting peaks between 21.5 and 23.0 min (this
additional purification step of NikP1, before CNBr digestion,
was done because the metabolome introduced contamination
that overlapped with the active site after digestion; this step
was not necessary when defined substrate sources were used
in the substrate screen). The resulting samples were frozen
at -80 °C and lyophilized overnight. The samples were
redissolved in 100 mM NH4Oac (pH 4), 6 M urea, 10%
CH3CN, and 10 mM TCEP and digested with 1.0 M CNBr
in ACN (reaction volume of 400µL) for 12-18 h in the
dark. Each sample was then frozen at-80 °C, lyophilized
overnight in the dark, and rechromatographed using the
HPLC conditions described above, and the fractions eluting
at 18-20 min were frozen, lyophilized, and analyzed by
FTMS. As with CloN5, eachE. coli metabolome was tested
as well as a control containing 22 amino acids. PchE was
digested using CNBr using an identical protocol as described
for HMWP2 (30), and PksJ and PksN didomains were
digested using trypsin in an identical fashion as described
for MycA on the mycosubtilin biosynthetic pathway (33).
All other proteins did not need digestion to be seen via ESI-
FTMS.

Peptide Mapping of the PksJ and PksN Constructs.Each
didomain of PksJ and PksN 1 mg/mL was incubated with
3.6 µM Sfp, 8 mM MgCl2, and 320µM coenzyme A for 1
h (reaction volume of 300µL). The final product was
digested with trypsin at pH 8.0 (85 units) for 10 min, and
the reaction was quenced by acidifying the mixture with 50
µL of 10% formic acid. The reaction mixture was purified
by HPLC on an HP1100 HPLC system using a 60 min

gradient (Table 3) collecting fractions at 1 min intervals. A
peak list of all the observed ions was generated using
THRASH and/or manual deconvolution of the charge states.
The generated peak list was imported into the freeware
PAWS to identify the active sites. Once a match to the active
site was obtained, the active sites were subjected to OCAD
or IRMPD (46). The resulting fragment ions from OCAD
and IRMPD were then analyzed using ProSight PTM to
verify that they were indeed the active sites (47).

MS Analysis.HPLC fractions containing the active sites
prepared as described above were redissolved in 100µL of
78% ACN, 0.1% acetic acid or 49% methanol, and 1%
formic acid and analyzed by ESI-FTMS. For mass spectro-
metric analysis, a custom 8.5 T ESI-FTMS mass spectrometer
was used which was equipped with a front-end quadrupole
(46). The samples were introduced into the FTMS instrument
using a NanoMate 100 apparatus for automated nanospray
(Advion Biosciences, Ithaca, NY). Typically, 500 ms ion
accumulation per scan was used, and 50-200 scans were
acquired per spectrum. The instrument was externally
calibrated using ubiquitin, with monoisotopicMr value of
8560.65 Da (Sigma). For the calculation of the masses of
the proteins, the MIDAS analysis datastation was used (48).
A mass peak list of all the observed ions was generated using
THRASH (embedded in the MIDAS datastation) and/or
manual deconvolution. All masses reported in this paper are
reported as the neutral monoisotopic masses.
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