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ABSTRACT: For the direct interrogation of peptides harboring covalently modified serines in nonribosomal
peptide synthetases, streamlined methodologies described here employ proteolysis and-cepmzgme

A analogues of four types. The chromophoric and fluorescent coenzyme A analogues pyrene-maleimidyl-
S CoA and BODIPY-FLN-(2-aminoethyl)maleimidyB-CoA were enzymatically loaded onto the active

site serines harbored in the ArCP, PCP1, and PCP2 thiolation domains of PchE and PchF, the nonribosomal
peptide synthetases responsible for the biosynthesis of the siderophore pyochelin. During the chromato-
graphic separation of cyanogen bromide digests, observation of the absorbance (at 338 and 504 nm) or
fluorescence (after irradiation at 365 nm) enabled the selective detection of peptides containing each
active site serine. This resulted in quick detection of each active site peptide by Fourier transform mass
spectrometry in the fully reconstituted pyochelin system. The loading of short acyl chain reporters in
equimolar quantities permitted further insights into digestion heterogeneity and side reactions by virtue
of a mass shift signature on each active site peptide. The chromatographic shift of the reporter-loaded
peptides relative to peptides carrying on pathway intermediates was 2 min at 7 kDa, providing a general
strategy for efficient localization of “carrier” peptides in complex digests of thiotemplate enzymes. Also,
the use of the affinity reporter, biotin-maleimidgleoenzyme A, permitted the isolation of intact synthetases

at high purity via removal of contaminatirgscherichia coliproteins.

Many therapeutically important natural products and
bioactive peptides are assembled nonribosomally on large,
multidomain enzyme scaffolds known as nonribosomal
peptide synthetases (NRPSsnd polyketide synthases
(PKSs) (—3). These bioactive products include several
pharmaceuticals that are commonly used in clinical environ-
ments today. Erythromycinl] and vancomycin 2), for
example, are potent antibiotics, while other natural products
such as rapamycir8) and epothilone exhibit immunosup-
pressive and anticancer activities«(7). Additionally, some
strains of pathogenic bacteria utilize NRPSs and PKSs to
synthesize iron-scavenging compounds (siderophores) such
as pyochelin4), which can contribute to bacterial virulence
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With the rising resistance of pathogens to common clini- o, ° s
cal treatments, the need for novel antibiotic and antiviral “@)
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Scheme 1: ldentification of Active Site Peptides Using Reporter CoA Analogues and Mass Spectrometry
1) reporter maleimide + CoA
ll} reporter CoA + Sfp + apo-NRPS/PKS
v} H,C OH '8

Om) -0-c11,-i-s-i-ﬁ-cug-cu;-ﬁ-ﬁu-cm-cups

e Ne=REPORTER

W PCP Wh

digestion 0

fluorescent reporter affinity tag (intact enzyme)

mass shift reporter after Ni-NTA purification
I ; after avidin purification

RPLC fraction #
203 kDa
Abs at
338 nm 120 kDa
time f’""') 1036 1040 1044 ms
* * digestion

fluorescently iﬂg,td PCP Lhmmuphnu tagged-PCP holo-PCP affinity tagged-PCP

976.5 976.8 9'?'?1 9774 9777 1057.1 10574 105'?'? 1058.0 1039.2  1039.8 /1040.4 1041.0 1028.1  1028.5 :{028.‘) 1029.3
m/z m/z

chromophoric reporter

general efficiency of target peptide detection

the bioassembly processes on various NRP/PK synthetase®chE (159 kDa) and PchF (198 kDa) (Figures 6 and 7 of
(15-19). In these works, NRPSs and PKSs were subjected the Supporting Information)20—22). These “reporter*-
to digestion and fractionation after in vitro reconstitution. coenzyme A analogues were exclusively loaded onto the
Subsequent identification and mass analysis of the peptidesconserved active site serines within the thiolation domains
harboring the active site serines from the covalently modified of PchE and PchF using the indiscriminatepiosphopan-
thiolation domains allowed for the structural resolution tetheinyl transferase, SfR8). After digestion and fraction-
(within <1 Da) and localization of the complex intermediates ation, the active site peptides from the aryl carrier protein
during the biosynthetic processes. By monitoring changes (ArCP) and peptidyl carrier protein (PCP) domains were
in the relative occupancies of complex intermediates and rapidly identified using UV and mass spectral detection by
monomers over time, we elucidated substrate loading trendsvirtue of the signature fluorescence, absorbance, and mass
and kinetics. shift profiles of the reporter molecules (Scheme 1). Purifica-
Despite the potentia| of using mass Spectrometry to ana|yzeti0n of intact PchE modified with an afflnlty CoA analogue
these synthetases, the measurement platform is limited bywas also effective in removing contaminatiyg coli pro-
the rate of target peptide identification because of the t€ins, resulting in less complex digestion mixtures for active
complexity of the digestion mixtures and the speed of RPLC Site peptide mapping2é, 25). These approaches permitted
fraction analysis. The vast number of peptides generated bydirected detection of biosynthetic intermediates from pyo-
the digestion of such |arge enzymes Coup|ed with Comp"cat- chelin Synthetase, and initial kinetic data were also obtained.
ing side reactions, nonexhaustive digestion, contaminating
Escherichia colipeptides, unexpected modifications, and EXPERIMENTAL PROCEDURES
sequence errors necessitates extensive fractionation, careful \aterials. Plasmids for PchD, PchE, and PchF are the
interrogation of each chromatographic fraction by tandem same as in prior report26—28). Competent BL21(DE3)
mass spectrometry, and lengthy optimization of the digestion g, coli was purchased from Invitrogen (Carlsbad, CA).
protocol. Additionally, mass spectrometer-related phenomenaampicillin- and kanamycin-treated LB agar plates were
such as signal suppression during ionization can prevent thepyrchased from the cell and media facility at the University
successful identification of key peptides. Therefore, the of |llinois. Isopropyl-p-thiogalactopyranoside (IPTG) was
development of methodologies for targeting the peptide purchased from Promega (Madison, WI). Nickel affinity
search to SpECiﬁC Chromatographic regions will eXDEdite maSS(Ni—NTA) Chromatography resin and accessories were
spectral analysis. purchased from Qiagen (Valencia, CA). DEAE medium was
In this work, we describe the implementation of a purchased from Amersham Biosciences (Piscataway, NJ).
cyanogen bromide digestion protocol and the use of severalThe Bradford protein assay was purchased from Bio-Rad
coenzyme A analogues with spectroscopicmass, and  (Hercules, CA). Centriplus protein concentrators and C18
affinity properties for mapping the modified active site ZipTips were purchased from Millipore (Billerica, MA).
peptides from the pyochelin synthetase biosynthetic enzymesJupiter C4 columns and accessories were purchased from
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Phenomenex (Torrance, CA). BODIPY-M{2-aminoeth- (1a) (22) (3a)
yl)maleimide was purchased from Molecular Probes (Eugene, S—CoA $—CoA S—CoA
OR). Nanospray emitter nozzles and sample tips were A
purchased from Advion BioSciences (Ithaca, NY). All other o 0 Y N0

=

chemicals were purchased from Sigma-Aldrich (Milwaukee,
WI). Synthesis of pyrene-maleimid@-CoA and biotin-
maleimidyl-S CoA was accomplished by the Walsh Labora-
tory at Harvard Medical SchooR4, 25).

Expression and Purification of PchD, PchE, and PchF.
Plasmids harboring the pyochelin synthetase genes for PchD
(PET29b), PchE (pET28b), and PchF (pET29b) were trans-
formed into the BL21(DES3) strain oE. coli. PchD was
cultured 1x 1 L at 37°C with agitation at 200 rpm in LB
medium supplemented with 25g/mL kanamycin, while HNY\/\/?Q\H
PchE and PchF were cultured similarly, only at°8 The ’g
ODggo Was monitored periodically, and when it reached 0.4, o I
the PchD culture was induced with 0.5 mM isoprogyb-
thiogalactopyranoside (IPTG) while the temperature of the nm in a 50:50 HO/CH;CN mixture in 0.1% TFA. The
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PchE and PchF constructs was lowered t6Q4At an Oy analogues exhibited absorbance maxima at 504 and 338 nm,
of 0.6, the PchE and PchF cultures were induced with 0.5 respectively (data not shown).
mM IPTG. Post induction growth continued fé h for PchD Loading Coenzyme A Analogues onto Pyochelin Biosyn-

and 12 h for PchE and PchF before the cultures were thetic EnzymesPchE (21uM) and PchF (10uM) were
harvested for 10 min at 6000 The cell pellets were  separately combined with Sfp (2V) and each coenzyme
resuspended in 30 mL of 25 mM Tris-HCI (pH 8), 500 MM A analogue (30@M) to the final concentrations parentheti-
NaCl, and 5 mM imidazole before lysis by two passages cally indicated. The reaction mixtures were incubated in the
through a French pressure cell. The lysates were clarifieddark at 30°C for 4 h (30 min for acetySCoA and
for 20 min at 99000 before incubation with NiNTA resin acetoacetyB5CoA) before the reactions were quenched into
(2 mL for PchD and 8 mL for PchE and PchF) at@ using 30% formic acid ad 1 M CNBr. The digestions were
slow rotation for 2 h. The resin from each construct was incubated at 4C for 12 h before lyophilization. The pellets
packed into polypropylene columns and washed extensivelywere resuspended in NBAc (pH 4), 6 M urea, 10%
with lysis buffer. The bound enzymes were eluted from the CH;CN, and 10 mM TCEP prior to injection onto a Jupiter
resin by treatment with 2 mL aliquots of lysis buffer and C4 reversed phase column. After being washed in a 90%
increasing concentrations of imidazole (5, 10, 20, 30, 40, H,0/10% CHCN mixture (with 0.1% TFA) for 10 min, the
50, 100, and 500 mM). The eluents were subjected to-SDS peptides were eluted in GBN from 10 to 30% over the
PAGE; those fractions containing PchD were pooled and course of 5 min and from 30 to 55% over the course of 25
dialyzed against 25 mM Tris-HCI (pH 8), 0.5 mM TCEP, min at a rate of 1 mL/min. The absorbance was monitored
10 mM MgCh, and 10% glycerol, while those containing at 220 nm for all fractionations, at 338 nm for pyrene-
PchE and PchF were pooled and dialyzed against 25 mM maleimidyl-S-CoA-loaded peptides, and at 504 nm for
Tris-HCI (pH 8), 0.5 mM TCEP, and 10% glycerol. The BODIPY-FL-N-(2-aminoethyl)maleimidys-CoA-loaded pep-
enzymes were concentrated using YM50 Centriplus concen-tides. Fractions were collected every 1 min and lyophilized
trators before being flash-frozen in bQ aliquots and stored  prior to mass spectral analysis.
at—80°C. Concentrations were determined by the Bradford  Affinity Purification of Biotin-Maleimidyl-S-CoA-Loaded
assay using 1gG as a standard. PchE PchE (56uM) was combined with Sfp (M) and
Synthesis and Purification of Coenzyme A Analogues. biotin-maleimidyl-S-CoA (53.2uM) to the final concentra-
Biotin-maleimidyl-S-coenzyme A 1a) and pyrene-maleim-  tions parenthetically indicated. After incubation at°&for
idyl-S-coenzyme A 2a) were obtained from the Walsh 4 h, the solution was diluted to a total volume of 20 mL in
Laboratory (see the Supporting Information). BODIPY-FL- 50 mM Tris-HCI (pH 8). The reaction mixture was mixed

N-(2-aminoethyl)maleimidys-coenzyme A 8a) was syn- with 2 mL of activated Softlink avidin resin and allowed to
thesized according to previously reported protoc@B.( stir at room temperature for 2 h. The resin was packed into
Briefly, coenzyme A (2.5 mM) and BODIPY-FN-(2- a polypropylene column and extensively washed with 50 mM

aminoethyl)maleimide (2.5 mM) were added to 100 mM Tris-HCI (pH 8). The affinity-tagged PchE was eluted from
MES (pH 6), 100 MM MgOAc (pH 6), and 15% DMSO to the resin with successive 1 mL treatments of 50 mM Tris-
a final volume of 2 mL. The mixture was vortexed, and then HCI (pH 8) and 5 mM biotin. The fractions were subjected
placed at £C in the dark for 30 min. After incubation for  to polyacrylamide gel electrophoresis and silver staining. The
an additional 10 min at room temperature, the reaction was fractions containing PchE were pooled and dialyzed against
assessed by TLC. Unreacted dye was removed by extractings0 mM Tris-HCI (pH 8) for 12 h. The eluent was concen-
three times into EtOAc. The remaining material was divided trated using Centriplus YM 50 concentrators before cooling
into 20 4L aliquots and frozen at-80 °C. to 4 °C. Serial dilutions of the concentrated PchE were run
The Amax Values for BODIPY-FLN-(2-aminoethyl)male-  on gels against the unpurified material and subjected to silver
imidyl-S-coenzyme A and pyrene-maleimidgleoenzyme staining.
A were measured on a Genesys model 10UV -tiAs Full Reconstitution of Pyochelin SynthetaBehE (1QuM)
spectrophotometer (ThermoSpectronic) between 300 and 700vas combined with PchF (10M), PchD (10uM), Sfp (1
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Ficure 1: Loading PchE with pyrene-maleimidg-CoA, followed by digestion, reduction, fractionation, and mass spectral analysis. (A)
UV trace at 220 and 338 nm of the digestion mixture over a C4 reversed phase column. The fractions of interest are denoted. (B) Broadband
mass spectrum of chromatographic fraction 30. Key peptides are denoted by their charge state, and some peaks were troi8:vdd by 2
for spectral clarity. (C) Broadband mass spectrum of chromatographic fraction 36. Again, the charge state indicates a key peptide, and a
peak was truncated approximately 8-fold for spectral clarity. (D) Ther®d 13 charge states of the exhaustive (top) and unexhaustive
(bottom) PCP1 active site peptides. Modified species are denoted. (E) Thehaije state of the unexhaustive ArCP active site peptide.

uM), coenzyme A (200uM), salicylic acid (1 mM),
L-cysteine (5 mM), NADPH (0.75 mM), and SAM (0.75
mM) and diluted to the parenthetically indicated final
concentrations in 100 mM Tris-HCI (pH 8), 10 mM Mg£l
and 1 mM TCEP. Aftea 4 hincubation at 30°C in the
dark, synthesis of pyochelin was initiated by adding 5 mM
ATP. The reaction continued at 3@ in the dark for 30
min before being quenched into 30% cold formic acid and
1 M cold CNBr. The mixture was digested for 12 h at@

in the dark before being lyophilized. The pellet was
resuspended in 100 mM NBAc (pH 4), 6 M urea, 10%
CH3CN, and 10 mM TCEP for 30 min at room temperature

analysis program THRASH3(). Upon comparison of the
least-squares fit to a theoretical fit of the distribution, the
m/z values of both the monoisotopic and most abundant
isotopic peaks of the peptides were determined. All masses
reported in this study are monoisotopic molecular weights
(My) unless otherwise specified.

RESULTS

Identification of Actie Site Peptides from PchE and
PchF Using Chromophoric Coenzyme A AnalogugshE
and PchF were incubated separately with Sfp and pyrene-
maleimidyl-S-CoA before cyanogen bromide digestion and

before the aforementioned fractionation and mass spectralfractionation. The pyrene absorbance at 338 nm revealed two

analysis protocols were performed.

FTMS Detection of the Acte Site PeptidesThe lyoph-
ilized RPLC fractions were resuspended in-2M uL of a
50:50 HO/CH;CN mixture with 1% formic acid. The

HPLC peaks, cresting at 30 and 36 min for the PchE
digestion (Figure 1A), and one major peak, cresting at 35
min, for the PchF digestion (Figure 2A). The fractions
containing these peaks were collected, lyophilized, and

samples were infused into a custom-built quadrupole FTMS infused into the mass spectrometer (Figures 1B,C and 2B).
hybrid instrument through nanoelectrospray nozzles on aFraction 30 from the PchE digestion revealed a species with
Nanomate 100 robot (Advion BioSciences). After the ions a mass of 8410.57 Da, which matched that of the pyrene-
had been passed through a resistively heated metal capillarymaleimidyl-labeled exhaustive CNBr digestion product con-
they were externally accumulated for 500 ms in an ac- taining the active site serine of the PCP1 thiolation domain
cumulation octupole29). The ions were then shuttled to  within 0.38 Da (45 ppm error, Figure 1D, top). The peptide
the analyzer cell through a quadrupole that can function asalso displayed a satellite peak of 18 Da, consistent with a
an ion guide or a selective mass filter. External calibration degree of hydration. Another species with a mass of 11 671.5
of the spectra was based on bovine ubiquitin (8559.64 Da). Da also displayed this 18 Da adduct peak, suggesting loading
The isotopic distributions of the active site peptides were fit with pyrene-maleimidys-CoA (Figure 1D, bottom). Tandem
using a least-squares algorithm provided by the FTMS datamass spectrometry identified the peptide as the unexhaustive
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Ficure 2: Loading PchF with pyrene-maleimid$-CoA, followed by digestion, reduction, fractionation, and mass spectral analysis. (A)

UV trace at 220 and 338 nm of the digestion mixture over a C4 reversed phase column. (B) Broadband mass spectra of chromatographic
fraction 35. The key peptide is denoted by its charge state. (C) Thecliirge state of the exhaustive PCP2 active site peptide. This
peptide was only identified in its hydrated form.

CNBr product (Ard®?8-Met!429 with an oxidized M€, correlated with that of the previously observed CNBr product
matching within 0.6 Da (51 ppm error, Figure 3 of the containing the ArCP active site serine within 0.1 Da (6 ppm
Supporting Information). The peptide also displayed another error, Figure 3E). Analysis of fraction 35 from the PchF
satellite peak of-46 Da (11 625.4 Da, Figure 1D, bottom). digestion revealed a peptide with a mass of 16 336.1 Da,
Fraction 36 of the PchE digestion revealed a peptide with a which correlated with that of the previously observed PCP2
mass of 17 951.1 Da, which correlated with the mass of the active site peptide within-0.6 Da (37 ppm error, Figure
nonexhaustive CNBr product containing the ArCP active site 4B). The identities of all peptides were verified using tandem
serine, where Mé&? was oxidized, within 0.2 Da (11 ppm mass spectrometry.

error, Figure 1E). Mass spectral analysis of fraction 35 from  Fast Obseration of Acylated Actie Site Peptides from
the PchF reaction mixture revealed a peptide with a mass ofpchE and PchFHaving targeted the fractions containing
16 237.2 Da, which matched that of the predicted, exhaustivethe active site peptides using chromophoric CoA ana-
CNBr peptide harboring the PCP2 active site serine within |ogues, we loaded a series of low-mass acyl-CoA’s onto each
—0.4 Da (25 ppm error, Figure 2C). The identities of all active site to visualize holo- and thioester-loaded forms of
peptides were verified using tandem mass spectrometrythe active site peptides. Each enzyme was incubated in
(Figures 1-4 of the Supporting Information). equimolar amounts of coenzyme A, ace8toenzyme A,
Separate incubations of PchE and PchF with BODIPY- and acetoacety$-coenzyme A for 30 min at 3€C prior to
FL-N-(2-aminoethyl)-maleimidys-CoA followed by diges- guenching, digestion, and fractionation. Fractions-26 of
tion and fractionation revealed chromatograms similar to the PchE fractionation were profiled, and a total of five
those of the pyrene-maleimid@-CoA incubations, where  peptides displayed the distinctive pattern of 42 Da mass
RPLC peaks with absorptions at 504 nm were observed atshifts (Figure 5). Of these peptides, three displayed masses
30 and 37 min in the PchE digestion (Figure 3A) and at 35 that correlated with the respective holo form masses of the
min in the PchF digestion (Figure 4A). After lyophilization ArCP (17 653.5 Da, Figure 5E) and PCP1 (8113.45 Da,
and resuspension of these fractions in ESI buffer, fractions Figure 5B; 11 373.3 Da, Figure 5C) peptides previously
30 and 37 of the PchE digestion exhibited the strongest observed using the chromophoric CoA analogues. Another
fluorescence when irradiated at 365 nm (Figure 3B). Targetedpeptide in fraction 35 with a mass of 25 417.2 Da matched
Q-FTMS analysis of fraction 30 revealed two species with another unexhaustive product harboring the ArCP domain,
masses of 8527.45 and 11 788.6 Da, which corresponded tgossessing oxidized M&tand Met®8 (Figure 5D). Fraction
the previously observed exhaustive and unexhaustive CNBr29 also revealed another peptide with a mass of 15 097.8
products possessing the PCP1 active site serine within 0.17Da, putatively matching another PCP1 unexhaustive product,
(20 ppm error) and-0.1 Da (5 ppm error), respectively where Met33 and Met*%® had been oxidized (Figure 5A).
(Figure 3C,D). Infusion of fraction 37 from the PchE Both peptides were substantially lower in abundance than
digestion into the mass spectrometer resulted in the observathe peptides previously identified with the chromophoric CoA
tion of a species with a mass of 18 068.0 Da, which also analogues.



14164 Biochemistry, Vol. 44, No. 43, 2005 McLoughlin et al.

A

PchE

unreacted Cod

AET) 'd \4 .
Tavy, - -
L LI

fraction #30, C, D fraction #37, E

221 1100
LEL LR T

--------
. - e
............................................

30 31 32 33 34 35 36|37 time (min)

..........................

21 22 23 24 25 26 27 28 29

13
29-30 min’

=TT rrrrrrrrrrrrrrr—
1065.5 1066.5 1067.5 1068.5 1069.5

903.5 9050 9065 9080 909.5
m/z m/z

17
36-37 min.

E

1062.5 1063.5 1064.5 1065.5 1066.5
m/z

Ficure 3: Loading PchE with BODIPY-FIN-(2-aminoethyl)maleimidyE-CoA, followed by digestion, reduction, fractionation, and mass
spectral analysis. (A) UV trace at 220 and 504 nm of the digestion mixture over a C4 reversed phase column. (B) Fluorescence of selected
chromatographic fractions. The most intense fluorescence was confined to fractions 29, 30, 36, and 37. (Cyhdrge8state of the
exhaustively digested PCP1 active site peptide. (D) Thech@&rge state of the unexhaustively digested PCP1 active site peptide. (E) The

17* charge state of the unexhaustive ArCP active site peptide.
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Ficure 4: Loading PchF with BODIPY-FIN-(2-aminoethyl)maleimidyB-CoA, followed by digestion, reduction, fractionation, and mass
spectral analysis. (A) UV trace at 220 and 504 nm of the digestion mixture over a C4 reversed phase column. (B)chaeggtstate of
the exhaustive PCP2 active site peptide.

A survey of chromatographic fractions from a CNBr —0.8 Da (50 ppm error). No other peptides possessing the
digestion of PchF revealed only one peptide that harbored aPCP2 active site serine were observed.
single 42 Da mass increase (Figure 5 of the Supporting Purification of Recombinant PchE Using Biotin-Maleim-
Information). This peptide’s mass, 15 921.7 Da, correspondedidyl-S-CoA. The biotin-maleimidylS-CoA analogue was
to the exhaustive holo form PCP2 active site peptide within loaded onto PchE and batch purified from avidin resin over
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Ficure 5: Loading PchE with CoA, acety3-CoA, and acetoacety®-CoA at equimolar concentrations. (A) Mass shift profile of a previously
undiscovered unexhaustive PCP1 active site peptide, shown to incorporate acetyl and acetoacetyl moieties. This peptide represented two
missed methionyl cleavages. (B) Exhaustive peptide containing the PCP1 active site serine. (C) Mass shift profile for the unexhaustive
PCP1 active site peptide. Because of t#6 Da form, each mass shift results in a broadened isotopic distribution of 42 and 46 Da. (D)
Previously undiscovered unexhaustive peptide harboring the ArCP active site serine and representing two missed cleavages. (E) Mass shift
profile of the unexhaustively digested peptide harboring the ArCP active site serine, representing only one missed cleavage.

23 4 5 6 78 9108 kDa of enzyme initially, and silver staining was required. After

S1 28 kDa

h. & dialysis and concentration, a silver-stained SIPRAGE gel

oF !2“3 of the concentrated PchE versus the unpurified PchE revealed
120 that the enzyme can be removed from its contaminants

% o0 (Figure 6B). Another band, slightly under the weight of the

“ . ®s517 intact PchE, was also detected.

- 341 Full Reconstitution of the Pyochelin Biosynthetic Pathway.

“ 289 With extensive knowledge of the CNBr digestion behavior

—_ 20 and elution times of covalently modified “carrier peptides”,
' ‘6.9 PchE and PchF were reconstituted with PchD, Sfp, coenzyme

Ficure 6: Batch affinity purification of biotin-maleimidys-CoA-

loaded PchE. (A) Elution of PchE from the avidin resin overx10
1 mL fractions. (B) Avidin-purified PchE vs a PchE control. Lane

A, salicylic acid,L-cysteine, NADPHS-adenosylmethionine

(SAM), and ATP in an effort to observe monomer loading
and formation of the complex intermediates. After digestion
and fractionation (Figure 7A), mass analysis of fraction 35
yielded the identification of a CNBr peptide with a mass of

1 contained unpurified PchE and lane 2 the concentrated avidin- 17 773.7 Da, which matched that of the sali&ArCP
purified PchE. The S lanes contained a broad range of standardsintermediate within—0.2 Da (11 ppm error) present at 100%

occupancy (Figure 7B). The other nonexhaustive peptide

10 fractions. SDSPAGE analysis of the fractions displayed harboring the ArCP domain active site serine described using
successful elution of PchE from the resin (Figure 6A). The the mass shift assay was not observed. Analysis of fraction
Coomassie stains were faint despite the use of a large amoun80 yielded the identification of two peptides, with masses
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A

B
C
220 nm
15 20 25 30 35 40
time (min)
H
(0
s{@ s*ch )
ArCp MWW ww(pcp W
+ 460 Da + 543 Da
9
987.8  988.6 9894 9902 9235 9250 9265  928.0

m/z m/z

Ficure 7: Reconstitution of pyochelin synthetase. (A) Chromatographic separation of a CNBr-digested equimolar mixture of PchD, PchE,
and PchF under full reconstitution conditions. (B) Structure and mass spectrum of the S#ii€yR complex intermediate. (C) Identification
of the hydroxyphenylthiazolys-PCP1 intermediate.

of 8318.23 Da (0.1 Da, 12 ppm error) and 11 579.3 Da (0.4 8,323.]5 Da
Da, 35 ppm error), correlating with the exhaustive and i
nonexhaustive CNBr peptides, respectively, of the PCP1

active site containing the hydroxyphenylthiazo&PCP1 20 mind sal
intermediate (HPTS-PCP1, Figure 7C). This complex in- 30 min controt
termediate was present at 100% occupancy, with no evidence
of the monomer-loaded or uncyclized forms. Last, analysis
of fraction 33 resulted in the identification of a peptide with

a mass of 15 921.8 Da, which matched that of the holo form
PCP2 peptide described above withi0.7 Da (44 ppm
error). The cysteinyl- and hydroxyphenylthiazolylthiazolinyl- 5 in a sar
SPCP2 (HPTTSPCP2) complex intermediates could not 5 min d, sat
be identified. To examine the flux of complex intermediates
through the synthetase, PchD, PchE, and PchF were recon
stituted in a 1:1:1 molar ratio with all appropriate substrates : :
and cofactors. After 20 mirds-salicylic acid was introduced : b
before quenching. Observation of the éharge state of the :
exhaustively digested CNBr peptide possessing the PCP1 26 min d, sat
domain active site serine revealed incorporation of four 30 mind,sal
deuteriums over a span of 30 min, consistent with the
structure shown in Figure 7C (Figure 8).

8,32.7.15 Da HC H

DISCUSSION 925.1 9254 9257 '92'6;:];/ 9263 9266 926.9
4
The prerequisites for mass spectral analysis of NRP/PK FIGURE8: Stable isotope pulse into the fully reconstituted pyochelin
synthetases are the successful digestion of thei# kDa synthetase. After a 30 min control, the expected isotopic envelope

. - . . - for the exhaustive PCP1 active site peptide was observed. After a
enzymes, separation of the peptide mixture into fractions of ¢~ i de-salicylic acid pulse, four deuteriums were partially

reasonable complexity, and the identification of the peptides incorporated, whereas two deuteriums were lost to the carboxylate
containing the covalently modified active site serines from and back exchange. After a 30 milg-salicylic acid pulse, full
each thiolation domain while preserving the base-labile incorporation of four deuteriums was observed, indicating complete

; ; ; ; S ; turnover of the domain.
thioester-bound intermediates. While proteolytic digestions
are widely employed and fairly well-behaved for the analysis cleavages. Despite these drawbacks, however, some chemical
of complex samples, chemical digestions are less textbookdigestion reagents are compelling for the peptide mapping
in nature, often inducing side reactions in addition to missed of NRP/PK synthetases. Cyanogen bromide is particularly
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§U|table since it operates at low pH and it cleaves proteinST,p1e 1. Mass Shifts of Active Site Peptides Induced by

into a smaller number of large fragments that are better for sfp-Catalyzed Loading of Alternative CoA Substrates

semiquantitative determ_ma'upn of multiple mtermedlatgs chromatographic fraction chromatographic fraction

bound to a particular active site. However, even when using

chemical digestion agents, the resulting peptide mixture is holo pyrene BODIPY holo pyrene BODIPY

often too complex for the identification of the target peptides ArCP 35 36 37 PCP1 28 30 30

and must therefore be subjected to extensive fractionation PCP? 28 30 30 PCP2 33 35 35

To both expedite and increase the success rate of the peptide *Each fraction was collected at a rate of 1 mL/min for 1 min.

identification process, several coenzyme A analogues harbor- Exhaustively digested peptideUnexhaustively digested peptide.

ing reporter molecules attached to the terminal thiol were

evaluated (Scheme 1). coefficient. Since a sufficiently large reporter can induce
To localize key peptides within a chromatogram, two shifting of the target peptide into an undesirable chromato-

chromophoric coenzyme A analogues were evaluated: pyrenegraphic fraction, the holo forms of each active site peptide

maleimidyl-S-CoA (Amax = 338 nm) and BODIPY-FLN- were identified and the RPLC retention times compared. As

(2-aminoethyl)maleimidy&CoA (Amax = 504 nm). While evidenced in Table 1, the addition of 297.1 Da from pyrene-

both analogues were useful in peptide identification, maleimide and 414.2 Da from BODIPY-RAN-(2-amino-

BODIPY-FL-N-(2-aminoethyl)maleimidy5-CoA possesses  ethyl)maleimide induced a-12 min shift in retention on the

clear advantages because of its strong fluorescence propertiekey peptides, demonstrating that the addition of high-

in RPLC solvents. Recent work using BODIPY-f{2- molecular mass reporters can provide the localization of
aminoethyl)maleimide has reported low femtomole limits of peptides harboring on-pathway intermediates.
detection (LOD) when using laser-induced fluoresceBd ( To further localize the active site peptides and assess

This decreased LOD will be especially useful when identify- digestion heterogeneity, a mass shift-based assay was
ing active site peptides from NRP or PK synthetases that employed. Loading PchE and PchF with equimolar mixtures
are susceptible t&95% in vivo phosphopantetheinylation of CoA, acetylS-CoA, and acetoacety®-CoA permitted the
during heterologous expression . coli. Loading of detection of the peptides identified using the chromophoric
BODIPY-FL-N-(2-aminoethyl)maleimidy5CoA and pyrene- ~ CoA analogues by virtue of 42 and 84 Da mass shifts. The
maleimidyl-S-CoA onto the pyochelin biosynthetic enzymes lack of an exact 1:1:1 holo:acetyl:acetoacetyl ratio is likely
and subjecting the chromatographic fractions possessing thedue to experimental error coupled with unproductive hy-
strongest fluorescence and absorbance (at 338 and 504 nmiirolysis of the acyl-thioester-bound substrates during the
to mass spectral analysis led to the facile detection of four loading process. Two other species harboring the ArCP and
CNBr peptides containing the covalently modified serines PCP1 active site serines were also identified. These species
of the ArCP, PCP1, and PCP2 domains (Figureg)l Two were of low abundance and were not observed reproducibly.
of the four peptides represented the expected exhaustivelyWhile this method provides a means of rapidly identifying
digested CNBr products possessing the PCP1 and PCP2olo form carrier peptides, only one of the aforementioned
active site serines. The other two peptides, however, con-methodologies is required for successful active site identi-
tained the ArCP and PCP1 active site serines, but werefication. The combination of multiple strategies, however,
unexhaustively digested because of the oxidation offMet can provide valuable insights into chromatographic and
and Met33* to their sulfoxide states. proteolytic efficiency and optimization.

In addition to the unexhaustively digested species, two Occasionally, poor fractionation during RPLC coupled
moieties of aberrant mass were detected. All pyrene- with low enzyme expression yields<Q.5 mg/L) and the
maleimidyl-S-enzyme-loaded peptides exhibited a peak coelution of highly abundant contaminatifg coli proteins
consistent with hydration (18 Da). While it is unclear if this during the protein purification process can prevent target
hydration was caused in the synthesis of the reporter or in peptide detection because of signal suppression during
the subsequent peptide mapping assay, since the absorbangenization. This problem can be partially circumvented,
at 338 nm was sufficient to detect the key peptides, it was however, by using affinity-tagged CoA analogues. As shown
not investigated further. Additionally, the unexhaustive in Figure 6, loading biotin-maleimidy$-CoA followed by
peptide harboring the PCP1 active site serine displayed abatch purification over avidin resin resulted in the removal
—46 Da species, which has been observed in prior mecha-of several contaminating proteins from the PchE protein
nistic studies of cyanogen bromide digestid?l)( This stock. While this approach permits the recovery of enough
modification is likely due to a side reaction during digestion, material for peptide mapping, the low binding capacity and
where Tht#33¢is involved in the formation of a second five- expense of avidin resin make this dimension of purification
membered ring, ultimately permitting ejection of methyl unreasonable for large quantities. Therefore, while this
thiocyanate without cleaving the amide bond. Regardless,approach can aid in initial active site mapping attempts,
the successful identification of the modified forms allows future mass spectrometry-based studies of complex syn-
us to gain biochemical insights into the active site peptides. thetases will entail the use of separations technology on-
The use of coenzyme A analogues coupled with the amazingline with ESI/FTMS.
detection capability of Q-FTMS not only permits localization Having successfully mapped the three covalently modified
of these peptides to key chromatographic fractions but alsoactive sites from pyochelin synthetase, we reconstituted
allows for their identification despite the low abundance or PchD, holo-PchE, and holo-PchF in a 1:1:1 molar ratio to
alternative covalent states. track complex intermediate formation. Both the sali€yl-

A trade-off inherent within these approaches requires the ArCP and HPTS-PCP1 complex intermediates were readily
balance of the reporter molecule’s size and extinction identified from the complex mixture of PchEF. The 100%
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occupancy of HPTS-PCP1 indicates that no dead enzyme
is detectable. The HPTEPCP2 intermediate, however,
could not be visualized. Instead, a large amount of holo-
PCP2 was identified. The lack of HPTS-PCP2 could be
due to an inactive Gydomain resulting in poor transmission
efficiency between the proteins, rapid transfer and hydrolysis
of the product through the PCP2 and TE domains, signal
suppression of the complex intermediate, or a combination
thereof. Further optimization of the separation as well as
evaluation of monomer loading on PchF will help shed light
on these issues. Further, turnover of the PCP1 active site
was visualized by employing @-stable isotope pulse after
reconstitution. The occupancy of the PCP1 active site
exhibited complete incorporation of the labeled salicylic acid
within 30 min, presumably due to a combination of non-
specific hydrolysis and substrate transfer to Pch&—28).

This pulse of isotopes allowed a quick assessment of the
kinetics of intermediate movement along the synthetase.

CONCLUSION

Direct interrogation of NRPSs/PKSs using mass spec-
trometry provides a lucrative route toward shedding light
on the substrate specificity, kinetics, and mechanism of NRP/
PK biosynthesis. This method is hindered, however, by
sample complexity induced by the digestion of large, impure
enzymes. In this report, we have demonstrated that reporter
CoA analogues can successfully localize key peptides to
specific chromatographic fractions, reducing analysis time
and providing a means of optimization. The use of the
fluorescent BODIPY-FLN-(2-aminoethyl)maleimidys
CoA, among other analogues, allowed for the identification
of the target peptides harboring the active site serines of the
ArCP, PCP1, and PCP2 thiolation domains of the pyochelin
biosynthetic enzymes (PchE and PchF). These identifications
permitted very quick and direct observation of the bio-
synthetic intermediates involved in the “assembly line”
production of the siderophore pyochelin. Extension of this
methodology to other NRP/PK synthetases will greatly
expedite carrier peptide localization and ultimately lead to
the improved understanding of diverse thiotemplate systems
that defy bioinformatic predictions of substrate utilization
or clean categorization of domain architecture.
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