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Abstract: For interrogation of enzyme-bound intermediates in nonribosomal peptide synthetases (NRPSs),
mass spectrometry is used to read out the kinetics and substrate specificity of this medicinally important
class of enzymes. The protein HMWP2 (230 kDa) catalyzes 11 chemical reactions, four of which could be
resolved by fast quench approaches combined with mass spectrometry. The rate of complex intermediate
accumulation at the PCP1 active site was observed to occur with a rate of 19 s, with the rate of cysteine
acylation faster than that of intermediate translocation. Use of alternative substrates for salicylic acid (at
the ArCP carrier domain) and L-cysteine (at the PCP1 carrier domain) revealed a high penalty for omission
of the salicyl alcohol. For some substrates, large discrepancies were found between prior adenylation assays
and the current MS-based readouts. Indirect evidence for condensation via a thiolate attack (vs an amino
group) was also accumulated. This is the first report to correlate the percent occupancy of multiple active
sites in parallel with kinetic and structural resolution of intermediates and provides new evidence of
interdomain and intermodule communication within thiotemplate assembly lines.

Introduction 3 PKS logic) to create a cross-linked, cup-shaped ring designed

to target cell wall receptors of gram positive bacteria, thus
inhibiting their growth!213 This NRPS product belongs to a
group of vancomycin-type antibiotics, which are commonly
referred to as antibiotics of “last resort” due to their effectiveness
in preventing the proliferation of many forms of infectious
bacteria that have become resistant to other antibiotic treatments,
particularly Staphylococcus auret}$

In addition to antibiotics, thiotemplate enzymes are commonly
employed by various forms of bacteria to create small molecules
that serve as virulence factors. A common class of these
compounds are siderophores, which are iron-chelating com-
pounds that scavenge ferric cations from the host orgatfisih.

An example of a siderophore is yersiniabactin, synthesized by
the organisnYersinia pestisthe causative bacterium of bubonic
plague'®19 Yersiniabactin, a heterocyclized moiety generated
(1) Mootz, H. D.: Schwarzer, D. Marahiel, M. AChemBioChen2002 3, from salicylic acid, three cysteines cyclized to their thiazoline

490-504. and thiazolidine forms, malonate, and 3 equivalents of S-
(2) Marahiel, M. A.; Stachelhaus, T.; Mootz, H. Dhem. Re. 1997 97, 2651

A myriad of natural products are assembled on multienzyme
scaffolds using a “thiotemplate” biosynthetic mdtif These
methods of bioassembly are known as nonribosomal peptide
synthesis (NRPS) and polyketide synthesis (PKS) and are
responsible for the genesis of several structurally heterogeneous
medicinally important compounds? For instance, rifamycin,
whose precursor is synthesized by the bactedumycolatopsis
mediterranei is a macrocyclized NRP/PK hybrid product
assembled from 11 constituents, and it acts to inhibit bac-
terial transcription by binding to the¢g subunit of RNA
polymerasé?1! This antibiotic is commonly used to combat
tuberculosis. Another NRPS product generatedimycolatopsis
mediterranei balhimycin, employs the use of the nonproteino-
genic amino acid dihydroxyphenylglycine (assembled using type

?3) Schwarzer D.; Finking, R.; Marahiel, MAlat. Prod. Rep2003 20, 275~ (12) Tseng, C. C.; McLoughlin, S. M.; Kelleher, N. L.; Walsh, CBiochemistry
287. 2004 43, 970-980.
4) Moore B. S.; Hertweck, C.; Hopke J. N.; lzumikawa, M.; Kalaitzis, J.  (13) Chen, H. W.; Tseng, C. C.; Hubbard, B. K.; Walsh, CPToc. Natl. Acad.
A, N|Isen G.; O'Hare, T.; Plel Sh|pley P. R.; Xiang, L.; Austin, M. Sci. U.S.A2001, 98, 14901-14906.
B.; Noel, J. P.]. Nat. Prod.2002 65, 1956-1962. (14) Pfeifer, V.; Nicholson, G. J.; Ries, J.; Recktenwald, J.; Schefer, A. B.;
(5) Walsh, C. T.Science2004 303 1805-1810. Shawky, R. M.; Schider, J.; Wohlleben, W.; Pelzer, 8. Biol. Chem.
(6) Cane, D. E.; Walsh, C. T.; Khosla, Gciencel998 282, 63—68. 2001, 276, 38370-38377.
(7) Salomon, C. E.; Magarvey, N. A.; Sherman, D.Ntt. Prod. Rep2004 (15) Crosa, J. H.; Walsh, C. Microbiol. Mol. Biol. Re.. 2002 66, 223—249.
21, 105-121. (16) Marshall, C. G.; Burkart, M. D.; Meray, R. K.; Walsh, C.Biochemistry
(8) Rodriguez, E.; McDaniel, RCurr. Opin. Microbiol. 2001, 4, 526-534. 2002 41, 8429-8437.
(9) Schneider, T. L.; Walsh, C. T.; O’'Connor, S.E.Am. Chem. So2002 (17) Quadri, L. E. N.; Sello, J.; Keating, T. A.; Weinreb, P. H.; Walsh, C. T.
124, 11272-11273. Chem. Bi0l.1998 5, 631—-645.
(10) Admiraal, S. J.; Khosla, C.; Walsh, C. J. Am. Chem. SoQ003 125, (18) Miller, D. A.; Luo, L.; Hillson, N.; Keating, T. A.; Walsh, C. TChem.
13664-13665. Biol. 2002 9, 333-344.
(11) Admiraal, S. J.; Khosla, C.; Walsh, C. Biochemistry2002 41, 5313— (19) Pfeifer, B. A.; Wang, C. C. C.; Walsh, C. T.; Khosla, &ppl. Erviron.
5324. Microbiol. 2003 69, 6698-6702.
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Scheme 1. Thiotemplate Bioassembly of Yersiniabactin by Yersiniabactin Synthetase Enzymes YbtE, YbtU, HMWP2, and HMWP1
S $

- HMWP2 (230 kDa)

AT MT KR ACP Cy, MT PCP, TE
HMWPI1 (350 kDa)

adenosylmethionine, possesses six putative chelation sites forlongating product can be observed independently using mass
the coordination of ferric cations, including the nitrogen bound spectrometry4-26
in the thiazoline and thiazolidine rings as well as the two  Electrospray ionization (ESI) combined with Quadrupole/
alcohols and the carboxylat#) (8 Yersiniabactin is synthesized  Fourier-Transform mass spectrometry (ESI-Q-FTMS) is well
suited for interrogation of mass changes to thiolation domains
OH S " because its sensitivity permits detection of low abundance
X intermediates and it can resolve covalent changes to enzyme-
\%( bound intermediates that arel Da at~30 kDa?’ However,
H while ESI-Q-FTMS is an optimal technique to analyze complex
proteolytic mixtures, it is ill-suited to analyze proteins above
120 kDa with isotopic resolutiof As a result, the enzymes
@ must first be digested into smaller peptides after in vitro
reconstitutior?*25 By monitoring the covalent states of the
peptides harboring thioester intermediates, mechanistic insight
into the biogenesis of yersiniabactin becomes possible.

on a NRPS scaffold consisting of four enzymes: YbtE, a 60
kDa external AMP ligase, HMWP2, a 230 kDa multifunctional
enzyme resp_onsi_ble for the formatign of the hydroxyphenyl- Established biochemical assays, includi#gR exchange to
thiazolinyl-thiazolinyl-S-enzyme moiety (HPTT-S-enzyme), ,qqes5 adenylation and radio-HPLC to detect radioactive product
HMWP1, another multifunctional enzyme (350 kDa) responsible formation, have been previously used to study HMV@FZ

for generating yersiniabactin from HPTT, and YbtU, a 30 kDa \yhjje rates of acylation and product formation were successfully
thiazolinyl reductase (Scheme 1). The multifunctional enzymes . 0jated and unnatural substrates accepted by HMWP2 were
HMWP1 an_d HMWP2 POSsess several domains t_hat are e'th(’:‘ridentified, the studies were limited by the specific radioactivity
posttranslationally modified with phosphopantetheinyl cofactors of the substrates used, the lack of synthesized radioactive

(e.g., aryl, acyl, a”fj peptlflyl (r:]f_;}rrler domalns)l or cofntaln unnatural substrates/products, and a lack of regiospecific
cqnserved active site nucleophiles (e.g.,l acy t_rans erase’analyses because the intermediates are hydrolyzed off of the
thioesterase, and keto-acyl synthase domains), which serve toenzymez.1'29Additionally, the PR exchange assay was orig-

tether the constituents and elongating product to the en#i#te. inally designed to probe the activity of amino acid-tRNA

Because each successive step in the synthesis of yersiniabactin
is driven by covalent catalysis, the mass changes induced by(24) Shaw-Reid, C. A.; Kelleher, N. L.; Losey, H. C.; Gehring, A. M.; Berg,
acylation, condensation, cyclodehydration, and tailoring of the g, ﬁlc\k’gal'_shwilrrrgg‘eg‘}?5?1'21%99,\/?6‘%?]?&4&0 A Walsh. C. T.; Kelleher.

N. L. Anal. Chim. Acta2003 496, 217—-224.
(20) Quadri, L. E. N.; Keating, T. A.; Patel, H. M.; Walsh, C.Biochemistry (26) Hicks, L. M.; Connor, S.; Walsh, C. T.; Kelleher, N. Chem. Biol 2004

1999 38, 14941-14954. 11, 327-335.

(21) Keating, T. A.; Miller, D. A.; Walsh, C. TBiochemistry200Q 39, 4729~ (27) Marshall, A. G.; Hendrickson, C. L.; Jackson, GM&ass Spectrom. Re
4739. 199§ 17, 1-35.

(22) Suo, Z.; Chen, H.; Walsh, C. Proc. Natl. Acad. Sci. U.S.£00Q 97, (28) Kelleher, N. L.; Senko, M. W.; Siegel, M. M.; McLafferty, F. W. Am.
14188-14193. Soc. Mass Spectrom997, 8, 380—383.

(23) Miller, D. A.; Walsh, C. T.; Luo, L. SJ. Am. Chem. So2001, 123 8434— (29) Keating, T. A.; Suo, Z. C.; Ehmann, D. E.; Walsh, C.Biochemistry
8435. 200Q 39, 2297-2306.
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synthetases and assesses adenylation activity, not covalenand eluting in a linear gradient in lysis buffer containing8D0 mM

loading in NRPS/PKS systems directIn this study, ESI-

NaCl over 110 mL at 1 mL/min. The fractions were analyzed by SDS-

Q-FTMS was used to interrogate the timing and substrate PAGE (8% T gel), and those containing HMWP2 were pooled and

specificity of the initiating reactions in yersiniabactin biosyn-

thesis. Several acceptable unnatural substrates were identifie

(including some that had been previously thought to be inactive)
and kinetic insights into the formation of the complex inter-

mediate hydroxyphenyl-thiazolinyl-S-PCP1 (HPT-S-PCP1) were

elucidated with a temporal resolution down to 10 ms, although
intermediate formation was not observed until 250 ms. This

dialyzed against 25 mM TrisHCI pH 8/0.5 mM TCEP/10% glycerol.

(Poth YbtE and HMWP2 were concentrated separately using Centriplus

concentrators before Bradford analysis using BioRad protein assay (IgG

" being the standard). The YbtE and HMWP2 solutions were divided

into 50 uL aliquots and stored at80 °C.

In Vitro Reconstitution of HMWP2 for Alternative Substrate
Assays.Fifty uL aliquots of HMWP2 (13.2¢M) were combined with
YbtE (13.2uM), Sfp (1.6uM), and coenzyme A (362M), as well as

presents the first study that correlates the percent occupancy Ofpe gesired substrates for reconstitution-2LmM) and were diluted

multiple active sites in parallel with the kinetic and structural
resolution of NRPS intermediates.

Experimental Procedures

Materials. Plasmids for HMWP2, Sfp, and YbtE were obtained from
the Walsh laboratory at the Harvard Medical School (Boston, MA).
Competent BL21(DE3E. coli was purchased from Invitrogen (Carls-
bad, CA). Competent DHb E. coli and ampicillin-treated LB agar
plates were purchased from the cell and media facility at the University
of lllinois (Urbana, IL). Isopropyl3-p-thiogalactopyranoside (IPTG)

to 90uL in stock reaction buffer to the final concentrations parentheti-
cally indicated (the stock reaction buffer being 100 mM F#$Cl pH
8/10 mM MgCh/1 mM TCEP). The substrates used to assay active
site loading efficiency and specificity include salicylic adigsalicylic
acid, 2,3-dihydroxybenzoic acid, 2,4-dihydroxybenzoic acid, 2,6-
dihydroxybenzoic acid, benzoic acid, 4-methylsalicylic agdoluic
acid, 4-hydroxybenzoic acid;phenylalanine|-tyrosine, 3-hydroxy-
picolinic acid, 2-hydroxynicotinic acid, anthranilic acid, 2-thiosalicylic
acid, L-cysteine, L-serine, L-homocysteine, 4-vinyl-glycine, 2,3-
diaminopropionic acid, and-amino+-butyric acid. The reactions were

and sequencing grade trypsin were purchased from Promega (Madisonincubated at 30C for 4 h toprime the active sites with phosphopan-
WI). Nickel affinity chromatograpy resin and accessories were pur- tetheinyl cofactors. ATP (10 mM) was subsequently added to a final
chased from Qiagen (Valencia, CA). DEAE media was purchased from reaction volume of 10Q:L to initiate intermediate formation. After
Amersham Biosciences (Piscataway, NJ). Bradford protein assay wasfurther incubation at 30C for 5-30 min, the reactions were quenched
purchased from Biorad (Hercules, CA). Centriplus protein concentrators either by addition of formic acid or by addition of trypsin followed by

were purchased from Millipore (Billerica, MA). Electrospray emitter
tips and assembly were purchased from New Objective (Woburn, MA).

Nanospray emitter nozzles and sample tips were purchased from Advion

Biosciences (lthaca, NY). All other chemicals were purchased from
Sigma-Aldrich (Milwaukee, WI).

Overexpression and Purification of HMWP2 and YbtE. Over-
expression and purification of HMWP2 and YbtE were performed as
described previousl§3t A pET16b plasmid bearing a N-terminally
decabhistidine tagged HMWP2 construct and a pPROEX1 plasmid
bearing a N-terminally hexahistidine tagged YbtE construct were both
transformed into the BL21(DE3) expression straiicotoli and plated
on LB agar with 100ug/mL ampicillin. Cultures of the HMWPZE.
coli construct were grown (4 4 L) at 30°C with shaking (250 rpm)
in 2xYT media with 2 mM MgC}, and the YbtEE. coli construct was
grown (1x 1.5 L) at 37°C with shaking (250 rpm) in LB media. The
ODgoo Was measured periodically, and when it reached 0.4, the
temperature of the HMWP2 growth was lowered to°C8 When the

ODgoo reached 0.8, the cultures from both constructs were induced with

IPTG (50uM for HMWP2, 1 mM for YbtE). Growth was allowed to
continue (12 h for HMWP22 h for YbtE) before harvesting by
centrifugation (10 min at 90@). The cell pellets from the YbtE and

HMWP2 growths were each independently resuspended in 25 mM

Tris—HCI pH 8/500 mM NaCl, and then lysed separately by two

passages through a French press. The lysates were clarified byd

ultracentrifugation (30 min at 99 0D The supernatant from both
cultures was stirred in parallel on Qiagen nickel affinity resin for 2 h
before being packed into gravity columns. After extensive washing in
lysis buffer containing 5 mM imidazole, the protein was eluted in an
imidazole gradient from 10 to 500 mM lysis bufférimidazole over
17—21 mL. The fractions from both purifications were analyzed by
SDS-PAGE, and those containing HMWP2 were pooled and dialyzed
against 25 mM TrissHCI pH 8/0.5 mM TCEP, and those containing
YbtE were pooled and dialyzed against 25 mM Fi#$Cl pH 8/0.5
mM TCEP/10 mM MgCy10% glycerol. The HMWP2 was further
purified by loading onto a 6< 3 cm DEAE anion exchange column

(30) Gehring, A. M.; DeMoll, E.; Fetherston, J. D.; Mori, |.; Mayhew, G. F.;
Blattner, F. R.; Walsh, C. T.; Perry, R. Bhem. Biol.1998 5, 573—-586.

(31) Gehring, A. M.; Mori, |.; Perry, R. D.; Walsh, C. Biochemistry1998
37, 1163711650.

formic acid. In both cases, formic acid was added to a final concentra-
tion of 30% and did not precipitate the HMWP2.

Kinetic Analysis of the PCP1 Active Site.For 2—20 s time points,
50uL aliquots of HMWP2 (13.2«M) were combined with YbtE (13.2
uM), Sfp (1.6uM), coenzyme A (362:M), salicylic acid (1 mM), and
ATP (5 mM) and were diluted to 95L in stock reaction buffer to the
parenthetically indicated final concentrations. The reactions were
incubated at 30C for 4 h toboth prime the active sites with their
phosphopantetheinyl cofactors and load the ArCP active site with
salicylic acid. FiveuL of 100 mM L-cysteine was added while mixing
to initiate the reaction. The reactions were quenched after the desired
time by adding 6Q«L of 99% formic acid. For subsecond time points
down to 10 ms, 10@L of the salicyl-loaded and primed HMWP2 was
mixed with 100uL of 10 mM L-cysteine through a Kintek Chemical
Fast Quench instrument (model RQF-3), using approximately.100
of 99% formic acid to quench the reactions.

Digestion of HMWP2. Cyanogen bromide digestion of HMWP2
was accomplished by additiofi® M CNBr in CH;CN to the quenched
loading reactions at 4C (1 M final concentration), incubation in the
dark for 12-18 h, and lyophilization. Trypsinization was carried out
by adding trypsin to the 100L HMWP2 reactions in a 1:5 wt/wt ratio
of protease to substrate. After proteolysis at “€ for 5 min, the
igestions were quenched as described previously and lyophilized. The
lyophilized pellets from both reactions were resuspended in 100 mM
NH4OAc pH 4/6 M urea/5 mM TCEP/10% GEN for 1 h atroom
temperature prior to being injected onto a Jupiter C4 reverse-phase
column (4.6x 150 mm). The digestions were fractionated in a linear
gradient of 36-70% CHCN in 0.1% TFA over 40 min at 1 mL/min.
One-minute fractions were collected, lyophilized, and storee 20
°C before MS analysis.

ESI-Q-FTMS. The lyophilized fractions were resuspended in-20
40 uL of electrospray solvent (49% GBN, 50% water, 1% formic
acid). The peptides were directly infused into a custom-built quadrupole-
FTMS hybrid instrument through a microelectrospray assembly ter-
minated with a 5Qum inner diameter ESI tip or through nanoelectro-
spray nozzles using an Advion nanospray robot. The resulting ions were
passed through a resistively heated metal capillary and skimmer before
being externally accumulated for a total of 0.5 s in an accumulation

J. AM. CHEM. SOC. = VOL. 126, NO. 41, 2004 13267
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Figure 1. (A) Reverse-phase fractionation of a cyanogen bromide digestion of apo-HMWP2 visualized by SDS-PAGE. Fractions 27 and 34 yielded identification
of the ArCP active site peptide (Ae-Met®’, 6186.19 Da) and the PCP1 active site peptide 1&7&+Met'580 20 704.5 Da). (B) Isotopic fit of the FTMS

data to the ArCP active site peptide generated by trypsin®@ergs®, 3071.63 Da, 25 scans). (C) Isotopic fit of the FTMS data to the CNBr-digested PCP1
active site peptide (150 scans).

octapole®? After accumulation, the ions were shuttled to the ICR cell 0f 6186.19 and 20 704.5 Da in fractions 27 and 34 corresponded
through a quadrupole that can function either as a simple ion guide or to the theoretical CNBr peptides containing the ArCP3¢He

as a selective filter. The values reported in this study are monoisotopic pet8’) and PCP1 (VaP%—Met!58 Figure 1C) active sites
molecular weightsNI;) unless otherwise indicated. External calibration within 5 and 15 ppm, respectively. The identity of the PCP1
of the spectra was based on bovine ubiquitin (8559.64 Da). IncreaSEd“carrier" peptide was unambiguously confirmed using tandem
mass accuracy was achieved for selected spectra using 2 to 3 peaks Orf‘nass spectrometry (Supporting Information Figure 1). Due to

known identity as internal calibrants. e . - ;
FTMS Data Treatment. The isotopic distributions of the active difficulties in tracking covalent modifications to the ArCP active

site peptides were fit using a least squares algorithm provided by the Site peptide produced by CNBr, it is not discussed extensively
FTMS data analysis program THRAS&Upon comparing the least-  here.

squares fit to a theoretical fit of the distribution, timéz values of both Incubation of recombinant HMWP?2 in trypsin resulted in
the monoisotopic and the most abundant isotopic peaks of the peptidesextensive cleavage of the protein in 5 min. Reverse-phase
were determined. The degree of occupancy of a substrate on any activgy5ctionation (not shown) of the peptides allowed detection of

site peptide was determined by comparing the integrated intensity of . . Ly I o
the three most abundant isotopes of the substrate-loaded versus holc?ver 100 matching peptides within 25 ppm, yielding 60%

Ssequence coverage of the DNA-predicted sequence over 13
enzyme forms. The accuracy of percent occupancy values between . . L .
spectra of active sites bearing different intermediates is semiquantitativefracnons' Two peptldeg, e'“t'“g in fractions 19 and 26, ha(_j
due to possible differences in ionization efficiencies of the differentially Masses that were consistent with the apo forms of the tryptic
modified peptide ions, but have been shown to be precise5ih26 peptides containing the PCP1 active site (&it+Arg*4’9 and

the PCP2 active site (GIBF°—Arg2°29 with mass values of

Resulis 1783.85 Da (7 ppm) and 3466.72 Da (26 ppm), respectively
Detection of HMWP2 Active Site Peptides.Cyanogen (data not shown). Further, a peptide of mass 3071.63 Da eluting
bromide digestion of HMWP2 followed by reverse-phase in fraction 22 was consistent within 2 ppm with the peptide
fractionation resulted in the detection of over 150 distinct harboring the ArCP carrier site (LetArg®d) (Figure 1B). The
peptides in 21 fractions with 11 matching to the DNA-predicted identity of the ArCP active site peptide was confirmed using
sequence of HMWP2. This peptide map provided only 23% tandem mass spectrometry (Supporting Information Figure 2).
sequence coverage within 25 ppm primarily due to the low All observed active site peptides in both digestion protocols
purity and expression yields of HMWP2 and reduced chro- were primarily in the apo-form, with~5—10% holo-forms
matographic resolution late in the HPLC run (Figure 1A). visible, presumably from in vivo addition of the phosphopan-
Despite the low sequence coverage, two peptidesMiitralues tetheinyl cofactor £340 Da) by previously identified. coli
enzymes (EntD or ACPS) during HMWP2 overexpression.

(32) Senko, M. W.; Hendrickson, C. L.; Emmett, M. R.; Shi, S. D. H.; Marshall,
A. G.J. Am. Soc. Mass Spectroft®97, 8, 970-976.

(33) Horn, D. M.; Zubarev, R. A.; McLafferty, F. W.. Am. Soc. Mass Spectrom. (34) Quadri, L. E. N.; Weinreb, P. H.; Lei, M.; Nakano, M. M.; Zuber, P.; Walsh,
200Q 11, 320-332. C. T. Biochemistry1998 37, 1585-1595.
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Figure 2. Various covalent states of the trypsinized ArCP and CNBr digested PCP1 active site peptides. The asterisks denote salt adducts, and some of the
unrelated peaks have been truncated for spectral clarity 43)., (A) Apo form ArCP (3071.63 Da). (B) Apo form PCP1 (20 704.5 Da). (C) Holo-ArCP

after incubation with CoA and Sfp (3411.73 Da). (D) Holo-PCP1 after a similar incubation in spectrum C (21 044.6 Da). (E) Salicylate loaded ArCP using
YbtE, salicylic acid, and ATP for 30 min (3531.73 Da). (F) HPT loaded PCP1 using the same incubation parameters as (E) owulystethe (21 247.6

Da). (G) The same incubation as shown in (E), but wigtsalicylate (3535.73 Da). (H) The same incubation as shown in (F), butdgghlicylate (21 251.6

Da).

1090 1110 1130 1150 1170 1190 1215 1225 133/5 1245 1255
<

Priming the apo-form active sites in vitro by treatment of the salicyl alcohol (2-OH) involved in ferric ion binding,
HMWP2 with Sfp and CoA prior to digestion and fractionation substrates were chosen to alter this position. Incubation of
resulted in a 340.1 Da increase in the ArCP and PCP1 peptides2-thiosalicylic acid with holo-HMWP2, YbtE,-cysteine, and
(Figure 2A vs 2C and 2B vs 2D, respectively). These data ATP resulted in the formation of a molecular weight corre-
indicate quantitative conversion of apo- to holo-HMWP2, sponding to the 2-thiosalicyl-S-ArCP intermediate (3547.65 Da)
although the holo-PCP2 carrier peptide was not detected despiteat ~25% occupancy (Figure 3A). The identity of this peak was
repeated attempts. Incubation of holo-HMWP2 with YbtE, verified using tandem mass spectrometry (data not shown).
salicylic acid, and ATP followed by digestion, RPLC fraction- Similar incubation with anthranilic acid showed no formation
ation, and MS analysis gave the Figure 2E data, indicating of the loaded product (Table 1). Taken together, these results
guantitative formation of the salicyl-S-ArCP intermediate. show that the salicyl alcohol plays a key role in efficient
Similar treatment with the addition afcysteine resulted in all  recognition of the substrate by the enzyme. As evidenced in
of the PCP1 peptide occupancy shiftifg203.0 and+223.0 Table 1, several unnatural substrates successfully loaded,
Da, indicating a combined 100% occupancy of the condensationshowing a general lack of YbtE and ArCP domain specificity.
products Sal-Cys-S-PCP1 (ring opened) and HPT-S-PCP1However, complete removal of the 2-OH, using benzoic acid
(Figure 2F). The Sal-Cys-S-PCP1 intermediate overlapped with as the substrate, yielded a product peak of mass 3515.81 Da,
a sodium adduct#20 versust+22 Da from the HPT-S-PCP1  consistent with the benzoyl-S-ArCP intermediate (Table 1). The
intermediate), making its identification and quantitation difficult. observed occupancy was80%, suggesting that while the salicyl
The spectrum of the HPT-S-PCP1 intermediate was 2.1 Daalcohol may contribute to substrate recognition, it is not
underweight, consistent with the oxidation of the thiazoline ring absolutely necessary. Neithefphenylalanine nor-tyrosine
to the thiazolé? Replacingdg-salicylic acid withdg-salicylic successfully loaded onto the ArCP domain above 1%
acid causeé a 4 Daincrease in mass on both the ArCP and the threshold for FTMS detection, consistent with evolution of a
PCP1 active site peptides (Figure 2G and 2H), showing the strong bias against more abundant potential substrates present
incorporation of 4 deuteriums into the product. Two of the in vivo.
deuteriums inds-salicylic acid are on heteroatoms in phenolic  To test the limits of substrate recognition, further structural
and carboxylic acid positions and were lost to the reaction and analogues of salicylic acid were examined and their loading
proton back exchange, respectively. occupancies were compared. Of note, 2,4-dihydroxybenzoic acid

Acylation and Condensation Efficiency of Noncognate and 4-hydroxybenzoic acid were incubated in separate reactions
Benzoates.As a probe for the aminoacylation selectivity of for 30 min and produced ArCP-loaded occupancies-88%
YbtE and thioester formation at the ArCP active site, several (Figure 3C) and~20%, respectively (Table 1). Thus, removal
substituted benzoates were assayed for loading efficiency. Withof the 2-OH of 2,4-dihydroxybenzoic acid resulted in a drastic
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Figure 3. Unnatural substituted benzoate incorporation into the ArCP and PCP1 active sites after 30 min. The asterisks denote salt adducts, and some of
the unrelated peaks have been truncated for spectral clarityxBg.,(A) 2-Thiosalicylic acid (3547.65 Da). (B) Condensation of 2-thiosalicylic acid with
L-cysteine (21 231.4 Da). (C) 2,4-Dihydroxybenzoic acid (3547.65 Da). (D) Condensation of 2,4-dihydroxybenzoic acidystdine (21 265.5 Da). (E)
4-Methylsalicylic acid (3545.73 Da). (F) Condensation of 4-methylsalicylic acidwitysteine (21 263.5 Da). (@} Toluic acid (3529.73 Da). (H) Condensation

of p-toluic acid withL-cysteine (21 247.4 Da).

Table 1. Alternative Substrate Incorporation into the ArCP Active
Sited

substrate % holo % loaded
salicylic acid 1% 99%
benzoic acid 20% 80%
2,3-dihydroxybenzoic acid 5% 95%
2,4-dihydroxybenzoic acid 1% 99%
2,6-dihydroxybenzoic acid 15% 85%
4-methylsalicylic acid 1% 99%
4-hydroxybenzoic acid 80% 20%
p-toluic acid 65% 35%
2-thiosalicylic acid 75% 25%
anthranilic acid 100% 0%
3-hydroxypicolinic acid 50% 50%
2-hydroxynicotinic acid 85% 15%
L-phenylalanin@ 100% 0%
L-tyrosine 100% 0%

a Each reaction contained holo-HMWP2 incubated in 2 mM of both the
designated substrate amdcysteine for 30 min prior to trypsinization.
b Further incubation for 60 min still resulted in no loading of the substrate.

reduction in loading efficiency, further displaying a role of the
2-OH for enzyme-substrate recognition. The same trend was
observed with the structural analogues 4-methylsalicylic acid
andp-toluic acid. Identical incubations of these substrates with
holo-HMWP?2 resulted in the formation of the ArCP occupancies
of ~99% and~35%, respectively (Figure 3E and 3G).
Downstream Processing of Alternative SubstratesSeveral
competent ArCP substrates, including 2-thiosalicylic acid, 2,4-
dihydroxybenzoic acid, 4-methylsalicylic acid, apdoluic acid,
were screened for condensation efficiency with a loaded
downstream.-cysteine on PCP1 and PCP2. For 2,4-dihydroxy-
benzoic acid and 4-methylsalicylic acid, molecular weights

2,4-dihydroxyphenylthiazolinyl-S-PCP1 (2,4-DHPT-S-PCP1)
(21 265.5 Da) and the 2-hydroxy-4-methylphenylthiazolinyl-S-
PCP1 (2-H-4-MPT-S-PCP1) (21 263.5 Da) cyclized product
analogues, at+90% and~85% occupancy, respectively (Figure
3D and 3F). Treatment of-cysteine-loaded HMWP2 with
p-toluic acid resulted in the formation of a product distribution
corresponding to the formation of the cyclizpanethylphen-
ylthiazolinyl-S-PCP1 product (p-MPT-S-PCP1) (21 247.4 Da),
although at only~35% occupancy (Figure 3H). In contrast to
the other substrates, incubation of 2-thiosalicylic acid with
L-cysteine-loaded HMWP2 resulted in the accumulation to
~20% occupancy of the 2-thiophenylthiazole-S-PCP1 (2-TPT-
S-PCP1) product analogue (21 231.4 Da) that is 34.3 Da under
the mass of the theoretical product (thiazoline form; Figure 3B).
The mass discrepancy is explained by a CNBr-induced elimina-
tion of the aromatic thiol and oxidation of the thiazoline ring
to the thiazole form. The desulfurization of thiols has also been
observed on other sulfur-containing intermediates (vide infra).
Overall, when loading for 30 min, if the substrate occupancy
at the ArCP active site is observed to be poor (ethb0%
occupancy), the condensation yield is also poor (below 25
35% occupancy). However, it is evident that HMWP2 not only
will tolerate the adenylation and acylation of noncognate
benzoates, but also their downstream processing.

Dissecting Acylation versus Condensation at the PCP1
Active Site. To examine the specificity of acylation, condensa-
tion, and cyclodehydration activities, several alternative sub-
strates and the native substratecysteine, were examined.
Incubation of holo-HMWP2 with Sfp, CoA, YbtE, ATP, 2 mM
salicylic acid, and 2 mM.-cysteine resulted in the formation

were observed that were consistent with the formation of the of the HPT-S-PCP1 and Sal-Cys-S-PCP1 intermediate9%%
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Table 2. Selectivity of Acylation and Condensation in the PCP1 Incubation of HMWP2 with 2,3-diaminopropionic acid,
Domain another substrate thought to be inactivé#3R exchange assay,
substrate % holo % loaded % condensed resulted in successful acylation of the substrate~t45%

L-cysteine 5% 0% 95% occupancy (Table 2). Additionally, the formation of a 21 251.3
t:zgrri':‘?yﬁe'”e %?)ZO 945?;?’ O?;f’ Da species, corresponding to the condensed form of the product
4-vinyl-L-glycine 40% 60% 0% that has not been cyclodehydrated;-&% occupancy was also
2,3-diaminot-propionic acid 50% 45% 5% observed (Table 2, Figure 5H). Further incubation for 2 h
o-amino+-butyric acid 1% 99% 0% resulted in accumulation of the complex intermediate-8D%

a Each reaction contained holo-HMWP2 incubated in 2 mM of both the (Figure 4C). The SL,'CCGSST“' condensation of t.hls substrate as
noted substrate and salicylic acid for 20 min prior to CNBr digestion. Opposed to other isosteric substratesLtoysteine such as
b Percent occupancy increasest80% in a 2 hreaction (see Figure 4C). L-serine (Figure 4B), oo-amino+-butyric acid (Figure 4A),
raises questions regarding the role of the side-chain nucleophile

total occupancy after 20 min (Table 2, Figure 4D). Similar in the mechanism of condensation catalyzed by thed@ynain

incubation with the substrate analoguomocysteine (which (see Discussion). ) _
introduces an additional methylene in the side chain.-of Substrate Acylation at the ArCP and PCP1 Domains as
cysteine) showed successful acylationt0% occupancy, but @ Function of the Upstream and Downstream Stated-aving

no condensation with the upstream salicyl-S-ArCP donor (Table established the relative selectivity of YbtE and the ArCP active
2). Additionally, the loaded homocysteine-S-PCP1 intermediate Site, the influence of the covalent state of the PCP1 domain
was shown to be 34.2 Da underweight, a situation similar to Was investigated. The loading efficiencies of four substrates,
the TPT-S-PCP1 intermediate in Figure 3B. Incubations with salicylic acid, 4-methylsalicylic acid, 2,4-dihydroxybenzoic acid,
a-amino+-butyric acid and.-serine, which have been tested and 2,3-dihydroxybenzoic acid, were reexamined on the basis
previously using?PR exchange and radio-HPLC assays, showed Of the loading ofL-cysteine onto the PCP1 and PCP2 active
good acylation occupancies-99% and~95%; Table 2 and sites. In each case, the deviation in ArCP loading w&$%,
Figure 4A and 4B, respectively) but no evidence of condensa- indicating little to no penalty in the acylation of the ArCP
tion.2° 4-Vinyl-L-glycine, a substrate previously shown to be domain based on the covalent state of the downstream PCP1
inactive by 32PR exchange, was also shown to successfully active site (Supporting Information Table 1). To investigate the
acylate to~60% but not to condense with the upstream donor influence of the ArCP domain on the PCP1 active site, each
(Table 2). These combined data show that the specificity of the substrate from the previous section was subjected to identical
PCP1 active site and the HMWP2 cysteinyl adenylation domain loading experiments both in the presence and in the absence of
for acylation of substrates is relatively relaxed. However, the salicylic acid (Supporting Information Table 2). Incubation of
specificity of the Cy domain to condense the upstream salicyl- L-cysteine for 10 min at 1 mM showed the formation of a
S-ArCP with an acyl-S-PCP1 intermediate is highly regulated. product peak consistent with the cysteine-S-PCPL1 intermediate

+86 Da R=CH
holo 3
. A o-amino-L-butyric acid
NH, :
S a
R :
5 +88 Da R—OH
1396 1580 E B L-serine

T T r .y T T
R=NH,
2,3-diamino-L-propionic acid

+207 Da

* T T T T '— T T '*

+203 Da
R=SH
L-cysteine

TLEETT RN o
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Figure 4. Acylation and condensation efficiency of substrate analogues for the PCP1 active site inokadimgo+-butyric acid (A; 20 min, 21 130.7 Da),
L-serine (B; 20 min, 21 132.7 Da), 2,3-diaminopropionic acid (C; 2 h, 21 132.7 Da (acylated) and 21 251.3 Da (condensed)stairte (D; 20 min,
21 247.6 Da (HPT) and 21 267.6 Da (Sal-Cys)). The asterisks denote salt adducts.
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Figure 5. Alternative substrate loading on the PCP1 active site and the effects of the covalent state of the ArCP active site on the PCP1 domain loading
efficiency. (A)L-Cysteine incorporation in the absence of salicyl-S-ArCP (cysteine-S-RCPI1148.7 Da). (B).-Cysteine incorporation and condensation

with an upstream salicyl-S-ArCP (HPT-S-PCR121 247.7 Da). (CyL-Homocysteine incorporation in the absence of salicyl-S-ArCP (homocysteine-S-
PCP1= 21 128.7 Da). (D) Lack of-homocysteine condensation with an upstream salicyl-S-ArCP. (E) 4-Vhg¥§cine incorporation in the absence of
salicyl-S-ArCP (vinylglycine-S-PCP% 21 128.7 Da). (F) Lack of 4-vinyl-glycine condensation with an upstream salicyl-S-ArCP. (G) 2,3-Diaminopropionic

acid incorporation in the absence of salicyl-S-ArCP (diaminopropionyl-S-REP1132.7 Da). (H) 2,3-Diaminopropionic acid incorporation with an upstream
salicyl-S-ArCP (uncyclized produet 21 251.3 Da). The asterisks denote salt adducts, and irrelevant ions are denoted by their charge state.

present at-55% occupancy (Figure 5A). The occupancy in this intermediates after6 s, with an initial condensation velocity
incubation contrasts sharply with the occupancy observed with of ~19 s (5 mM cysteine as the initiating substrate; Figure 6,
bound salicyl-S-ArCP, which results in the formation of the inset).

condensation products (Sal-Cys-S-PCP1 and HPT-S-PCP1) at |n addition to tracking complex intermediate formation, other
~80% combined occupancy (Figure 5A vs 5B). These data intermediates were also identified. The cysteine-S-PCP1 inter-
indicate that upstream binding of a suitable donor aids consider-mediate accumulated te45% occupancy early within the time
ably in successful acylation af-cysteine at the PCP1 active  course, but gradually declined at later time points~80%.

site. Further reactions with the other substrate analogues,The intermediate was also oxidize#16 Da), which is likely
however, produced mixed resultsHomocysteine, for instance,  an artifact of analysis (see Discussion). The detection of the
displayed a~15% better acylation without an upstream bound cysteine-S-PCP1 intermediate coupled with the rapid formation
salicylic acid than it did with one (Figure 5C vs 5D). Of the  of condensation products in later time points indicates that the
substrates examined, onlyserine displayed a similar depen-  apparent rate of cysteine acylation is faster but comparable to
dence on the upstream salicylic acid acylation event, binding the rate of intermediate condensation at the PCP1 active site.
~20% better with salicyl-S-ArCP than without it (Supporting

Information Table 2). In contrast, the occupancies of 4-vinyl- Discussion

L-glycine, 2,3-diaminopropionic acid, ang-amino+-butyric
acid were virtually unchanged (Figure 5E vs 5F, 5G vs 5H and
Supporting Information Table 2).

Kinetics of Intermediate Formation at PCP1. Kinetic
insight into the acylation and condensation events at PCP1 on
the pathway of yersiniabactin bioassembly was possible by

combining fast quench experiments with MS analysis of the |1 of NRP/PK scaffolds, must first be digested into

PCP1 active site. A time course displaying the kinetics of peptides whose size lies within the tractable range of current

intermediate formation at PCP1 was generated using a comblna-,vIS technology?+-2335The limited digestion of these enzymes

tion of subsecond and subminute time points (Figure 6). By has been emploved previously by a range of studies. allowin
logarithmically fitting the combined percent occupancy of the S ployed previously by g studies, wing

Sal-Cys-S-PCP1 and HPT-S-PCP1 intermediates, it was ShOWN 3o v\ 1 T walsh, C. T Kelleher, N. Biochemistry2003 42, 13393

that 50% of the PCP1 occupancy consisted of complex 13400.

To bolster efforts for reengineering NRP/PK enzymes to
produce new “unnatural” natural products, traditional biochemi-
cal assays can now be coupled with mass spectrometry to assess
the active site microheterogeneity with temporal resolution in
the low millisecond regime. To obtain this information using
MS, however, the large multifunctional enzymes, which are the
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f V=19 %" For determining ratios of differentially modified forms of the
H T active site peptides, factors such as ionization efficiency, ion
¥ charge state, and signal suppression from other species present
3 within the spectrum can affect the accuracy of the measurement.
However, the percent occupancies are reproducible within the

observed experimental variation, whichi$% 2% with larger

2 g

% occupancy
e
-

A

r L L) L) L) 1
0 5 10 15 20 25

time (s) HPT"?'PCPI i systematic errors possible due to ESI phenomena, fraction
¢ys-S-PCP1 sal-cys-S-PCP1 pooling, or protein forms digesting differently (e.g., incomplete
holo (oxidized) H digestion).

ArCP Domain Alternative Substrate Incorporation. Upon
testing the promiscuity of the salicylate loading reactions with
a collection of alternative substrates, three major features
regarding the recognition, adenylation, and acylation of sub-
strates were revealed. Modification of the salicyl alcohol using
2-thiosalicylic acid, benzoic acid, and anthranilic acid resulted
in loading penalties to give-880% occupancy at 30 min (vs
~99% for salicylic acid). Because the relative intensities of the
modified forms of the active site peptide are dependent on
concentration, the subsequent ratios are dependent on the
efficiency and reversibility of the enzyme. As a result, these
penalties in loading efficiency when compared to salicylic acid

0.1s E . could be the cause of an increaseKp of the substrate for
; ,%::*‘,'; PR R S adenylation or acylation, a decrease in the overall acylation of
056 958 960 962 = 964 966 = 968 the enzyme Ko, or both. These penalties point to an editing
%4 function of the enzyme that affects overall efficien&ya(Ky,),

Figure 6. Kinetic time course of PCP1 intermediate formation. The inset Where substrates that either do not possess the alcohol or are
is g C%Tb_med pl%t_ of percent occupancy for the Sal-Cys-S-PCP1 and HPT- gtherwise substituted within that position experience a significant
S-PCPL intermediates versus time. kinetic bias at initiation and condensation stages of assembly.

The second major feature from the MS-based assays was the
acceptance of alternative substrates that possess the salicyl
alcohol, but are also substituted in other places on the aromatic
ring. Most notably, the substrate analogues 2,4-dihydroxyben-
zoic acid and salicylic acid were shown to have comparable
loading efficiencies, while 4-hydroxybenzoic acid accrued to
only ~20% occupancy. Similar results were obtained with the
substrate analogues 4-methylsalicylic acid gmtbluic acid.
While these results clearly demonstrate the importance of the
salicyl alcohol in the enzymatic recognition of salicylic acid
)EJy YbtE and the ArCP domain, they also display a promiscuity
of the editing function. YbtE and the ArCP domain accept
several unnatural substrates, but favor those that possess the

for the extraction of whole domair#83537In this study, we
employ the use of excess cyanogen bromide and trypsin to
extensively digest the enzyme with negligible hydrolysis of the
thioester-bound constituents.

Active Site Peptide Mapping. The most challenging and
rate-limiting step in the MS-based platform of analysis is the
successful mapping of the active site peptides. Impurities
associated with protein purification compounded by complex
proteolytic digests and unexpected byproducts of chemical
digestion often result in poor reverse-phase separations, comple
fractions, and, ultimately, uninformative MS spectra. Through
use of cyanogen bromide and rapid trypsin digestions, all three
?ctlve sites n HMWPZ were successfullylldentlﬁed in the apo 2-OH, regardless of additional aromatic substitution.
orm. In addition to identifying the exhaustively cleaved tryptic

ArCP active site peptide, one unexhaustive product harboring _ TNe third major insight pertains to the translocation efficiency
the active site was also identified, representing an N-terminal Of unnatural substrates incorporated at the ArCP active site to

missed cleavage event between arginine and leucine (3466.72heL-cysteine-loaded PCP1 active site. Several competent ArCP
Da, apo). Similarly, a CNBr peptide correlating to one missed su_bstrates, mclud_mg_2-th|_osaI|cyI|c at_:ld, 2_,4-d|hydroxyben20|c
C-terminal cleavage between methionine and proline due to &cid, 4-methylsalicylic acid, ang-toluic acid, were screened
unproductive oxidation of the thioether side chain was also for condensation efficiency, and all were found to condense and
identified (28 160.3 Da, holo). In both cases, the unexhaustively cyclodehydrate to create their respective product analogues. The
cleaved peptide represented a minor component in the fraction.formation of these unnatural condensed products demonstrqtes
For the PCP2 tryptic peptide (3466.72 Da, apo), no missed that noncognate substrates are not only accepted for acylation

cleavages were detected and subsequent attempts to visualiz8! e ArCP domain, but they can also be processed to
the holo- and thioester-loaded forms were unsuccessful for downstream active sites.

reasons yet unknown. It is likely that the absence of the thioester PCP1 Active Site Alternative Substrate Incorporation and
forms of this small peptide is caused by a shifting of their elution Mechanism of Condensation.After screening a set of six

times into complex fractions, where they are not easily visible. substrate analogues to test for the promiscuity of adenylation
and acylation activities of HMWP2 (Table 2), the,Adomain

(36) Tang, L.; Ward, S.; Chung, L.; Carney, J. R.; Li, Y.; Reid, R.; Katz].L. successfully loaded the PCP1 domain with many unnatural

Am. Chem. So004 126, 46—47. 0 000,
(37) Severinova, E.; Severinov, K.; Fenyo, D.; Marr, M.; Brody, E. N.; Roberts, substrates from40 % 1o 99 % occupancy as_ Compared to
J. W.; Chait, B. T.; Darst, S. Al. Mol. Biol. 1996 263 637-647. ~95% forL-cysteine. For 4-vinyl-glycine, L-serine, and 2,3-
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Scheme 2. Alternative Mechanisms of the Condensation Event between the ArCP and PCP1 Active Sites of Yersiniabactin Synthetase
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diaminopropionic acid, all three had been previously examined be answered through direct observation of the intermediate.
using a%?PR assay to test for successful adenylation. All three Loading of the des-amino substrate, 3-mercaptopropionic acid,
were determined to be unsuitable for adenylation (and thus was attempted to observe the competency of the thiol for
acylation), although reexamination ofserine in later work condensation, but the substrate was not accepted by the
showed some incorporation of the radioactive form of the adenylation domain for acylation onto the PCP1 active site (data
substratél2® Reevaluation of these substrates using MS, not shown). While the current data do not resolve the mecha-
however, displayed acylation of all three t645—95% oc- nism, successful trapping of the condensed intermediate in the
cupancy. While it is not clear why th&PR assay was unable  millisecond time regime followed by the alkylation of the free
to identify these substrates as candidates for acylation, it is clearthiol (if present) and FTMS analysis could differentiate between
from these results that while téPR assay can provide a good the isomeric condensation products.
assessment of adenylation domain activity, it is not a completely  Intermodule Communication between the ArCP and
reliable method for discovering alternative substrates. PCP1 Domains. While the aforementioned analysis of the
Despite successful acylation of many substrate analogues,specificity and mechanics of acylation and condensation at the
nearly all of the compounds examined proved to be poor ArCP and PCP1 active sites provides insight into each domain’s
substrates for condensation with the upstream salicyl-S-ArCP individual characteristics, the capability of one active site to
donor, providing definitive evidence of a “gatekeeper” function adjust its loading capability with respect to the covalent state
exhibited by the Cy domain. However, despite this strong of the other was also illuminated. The occupancy of each ArCP
editing function, 2,3-diaminopropionic acid demonstrated con- substrate analogue was lowere®% when withholding the
densation with the upstream donor, forming the uncyclized loaded downstream elements at the PCP1 domain versus an
complex intermediate (Figure 4C). The successful condensationidentical control reaction whenecysteine was present. These
of this substrate represents both an important and a curiousdifferences in percent occupancy are on the fringe of experi-
exception to the editing function demonstrated by thg Cy mental precision and demonstrate that if the ArCP active site
domain. Currently, there are two postulated mechanisms for possesses a dependence on the covalent state of the PCP1
condensation between the ArCP and PCP1 active sites (Scheméomain, it is a weak effect (Supporting Information Table 1).
2). The standard NRPS mechanism entails a nucleophilic attackSimilar experiments on the PCP1 active site revealed8%
by thea-amino group on the upstream thioester, while the thiol drop in the acylation of-cysteine without an upstream salicyl-
is responsible for substrate recognition and subsequent cyclo-S-ArCP intermediate versus an identical control reaction, where
dehydration. If this mechanism is true, then the @gmain of salicyl-S-ArCP was present. While these data demonstrate some
HMWP2 can differentiate completely between the thiol of intermodule communication between the ArCP and PCP1 active
L-cysteine versus both the hydroxyl oserine and the methyl  sites, the results from the PCP1 substrate analogues were
of a-amino+t-butyric acid among other side-chain forms, but variable (Supporting Information Table 2, Figure 5). It is not
the 8-amino group of 2,3-diaminopropionic acid is only partially ~ clear why the other alternative substrates display such hetero-
discriminated. An alternative mechanism employs the side chaingeneity in loading capability as a function of the covalent state
of cysteine as the condensing nucleophile, with arr 8l acyl of the ArCP active site.
shift perhaps preceding cyclodehydration (Scheme 2). Because Kinetics of Acylation versus CondensationThrough direct
the masses of the condensed products of 2,3-diaminopropionicobservation of intermediates on the 100 ms to 20 s time scale,
acid andL-cysteine with salicylic acid, by either the amide or relative rates of aminoacylation ofcysteine versus condensa-
the mixed thioester mechanisms, are equal, this question cannotion were assessed on the PCP1 active site (Figure 6). The
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Scheme 3. Complex Intermediate Accumulation at the PCP1 Active Site
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successful detection of an on-pathway intermediate requires thatrate induced by full reconstitution of HMWP2 with the other
the reaction rates involved in its formation be greater than the enzymes and constituents required to generate yersiniabactin.
rates of its further processing. The accumulation of the cysteine- Ultimately, the inclusion of more branch points within the timing
S-PCP1 intermediate t845% and the HPT-S-PCP1 intermedi- of the yersiniabactin bioassembly will create the need for
ate to ~5% after 250 ms with a primed ArCP active site complex kinetic modeling of the system. This work represents
demonstrates that the rate of substrate acylation (detkgied the first study where by combining fast quench with large
Scheme 3) must be faster than the combined rate of condensatiomolecule MS, kinetic parameters could be determined from a
and hydrolysis K-> + ks). While the cysteine-S-PCPL1 inter- NRP/PK system to visualize thiotemplate biosynthesis.
mediate appears in an oxidized form in Figure 6, we have
observed the direct cysteine-S-PCPL1 intermediate in some
kinetic experiments (data not shown). Further, the steady The structural diversity of the products NRP and PK
decrease in the percent occupancy of the oxidized cysteine-S-Synthetases generate is staggering. Thorough understanding of
PCP1 intermediate over time suggests that it is not an off- the kinetics and mechanisms of these systems will ultimately
pathway intermediate, but is rather due to the artifactual lead to improved engineering of new NRP/PK systems capable
oxidation of the thioester-bound cysteine during and after the of efficiently producing novel, medicinally useful compounds.
rapid quench experiment. However, to study the vast number of natural NRP/PK syn-
General Kinetic Model. For NRP and PK synthetases in thetases in addition to the multitude of mutant and engineered
general, the rates of monomer loading versus translocation ofsystems, an efficient and general measurement platform is
intermediates are in competition. With the rate of cysteine necessary. Digestion of the carrier domains at specific time
acylation faster than the rate of condensation, we forward herepoints within the synthesis of the product followed by high-
a “crawling” model for NRPS systems, where many complex resolution MS analysis provides a method by which each system
biosynthetic intermediates are stacked up at high occupancy.of interest can be reliably assessed. This direct-interrogation
In the competing “fast translocation” model, wherein the rate approach is especially well positioned to resolve questions of
of condensation is much faster than monomer loading, complex €nzyme skipping and stutteriffgor to resolve instances where
intermediates will not be observed at high occupancy unless the substrates are not readily predicted.
substrates are withheld or enzymes truncated or mutated.
Through the linear fitting of the early time points, the initial

Conclusion
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