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ABSTRACT: Complex arrays of thioester bound intermediates are present erirfD0kDa enzymes during

the biogenesis of diverse types of pharmacophores and natural product drugs. These multidomain enzymes,
known as nonribosomal peptide synthetases and polyketide synthases (NRPSs and PKSs, respectively),
synthesize from simple, physiologically available substrates bioactive compounds that can be further tailored
by a host of modifying domains (e.g., methylation, cyclization, and epimerization) to increase the complexity
of the mature final product. Interrogation of such covalent intermediates using mass spectrometry (MS)
presents an underutilized method for understanding the covalent catalysis executed by NRPS and PKS
enzymes. For the PKS module (205 kDa) from the yersiniabactin (Ybt) gene clustersifiia pestis

limited proteolysis afforded a key 11 kDa peptide from the acyl-carrier protein (ACP) domain upon which

at least five covalent intermediates could be detected (42, 70, 86, 330, and 358 Da). The isotopic resolution
achieved by Fourier transform mass spectrometry (FTMS) allowed for the incorporation of substrates
with stable isotopes to confirm the structural assignments of three intermediates (86, 330, and 358 Da) on
the Ybt biosynthetic pathway to within 1 Da. Approximately 75% of the enzyme capacity is lost to
unproductive decarboxylation of malonyl-S-ACP partly constraining the 1.4'mate of Ybt production

in vitro. Acyl transfer to the ACP domain (on the Ybt pathway) was promoted by a facted 0fover
unproductive CQ loss in the presence of the cosubstr&adenosylmethionine (SAM), witls
adenosylhomocysteine unable to restore the condensation yield observed with SAM. The data are consistent
with Claisen condensation from KS to the ACP carrier site being reversible, with the absence of downstream
methylation providing more opportunity for unproductive £1&ss. Extension of such FTMS-based studies

will allow the direct visualization of multiple intermediates in determining the catalytic order of events
and kinetics of NRPS and PKS systems.

Many medicinally interesting natural products, including Fourier transform instruments providing unique abilities to
clinically important immunosuppressive (e.g., rapamycin) and analyze complex mixtures at a resolving powerdft® (3,
antitumor drugs (e.g., epothilones), as well as bacterial 4).
virulence factors are synthesized on large, multifunctional  Yersiniabactin (Ybt) is a bacterial siderophore from the
enzymes through a process of mixed nonribosomal peptideplague-causingYersinia bacterium biosynthesized via a
and polyketide synthesis. The general thiotemplate mecha-hybrid NRPS/PKS system and is a primary attribute to
nism depicts each synthetase as being equipped with one owirulence in mammalian host§) In iron-starved environ-
more modules, or catalytically active regions responsible for ments, Ybt is synthesized by five essential enzymes and
the processing and elongation of one substrate, and it is theexported to strip iron from host proteins (e.g., cytochrome
linear order in which these modules are arranged that c) followed by uptake by the bacterial cell for survivé)(
determines the composition of the mature natural product The Ybt synthesizing genes are all clustered within a high-
(1). To exploit these systems for the combinatorial synthesis pathenogicity island (HPI), and any interruption in Ybt
of “unnatural” natural products, a better understanding of synthesis or regulation in iron deficient environments is
the mechanisms employed by such enzymes is imperative
(2). Because the biosynthesis proceeds via covalent&cyl- 1 appreviations: NRPS, nonribosomal peptide synthetase; PKS,
enzyme intermediates (thioesters) that result in a change inpolyketide synthase; MS, mass spectrometry; FTMS, Fourier transform
mass, the enzymatic logic involved in NRP&d PKS can mass spectrometry; Ybt, yersiniabactin; HPI, high-pathenogicity island,;

L HMWP, high-molecular weight protein; ArCP, aryl carrier protein;
be assessed by large molecule mass spectrometry (MS), WmﬂPTT, 2-(2-hydroxyphenyl)thiazolyl-2,4-thiazolinyl; TE, thioesterase

domain; ESI, electrospray ionization;pBnt, 4-phosphopantetheine;
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HMWP2 (230 kDa) of the enzymatic processing of the polyketide module of Ybt
;:"3’)_'( noji u,\-),l biosynthesis. The mechanism of intermolecular HPTT chain
A) F w3 oy transfer from HMWP2 to HMWP1 is proposed to be initiated
..L.L by malonyl priming of the 4phosphopantetheine iffant)
e ArCP Cy, A PCP, Cy, PCP, tether at the acyl carrier protein (ACP) site, followed by
le——— NRPS——>{e-NRPs—] decarboxylation, condensation (facilitated by the ketoacyl-
HMWP1 (350 kDa) synthase, KS, domain), and bis-C-methylation. The precise
uuus :;;r'(N order and timing of these events remains to be elucidated
because ultrasensitive radioassays provide an incomplete
d - picture of intermediate occupancies at specific carrier sites.
™ PKS »le NRPS —>]| This contrasts with this new MS-based approach, which
- ~y U allows a more general readout of covalent intermediates
*’; Q"‘ 2> loaded onto thiotemplate carrier sites. This largely untapped
oy O oy detection ability 5) is illustrated here with the first detailed
oa ol on interrogation of the catalytic order and substrate dependencies
B) » :}.‘,f'Jl\Irm sv‘\I J,I of the enzymatic tailoring occurring at the first NRPS to PKS
. . . g WR switch point in yersiniabactin synthetase.
1797 1895 1797 1895 1797 1895 1797 1895
Sor ol sy ODa o aenn ety EXPERIMENTAL PROCEDURES

=340 Da

Ficure 1: (A) View of the domain structure of HMWP2 (230 kDa) General PKS protein, residues-11895, _‘? recombin_ant
and HMWP1 (350 kDa), hybrid NRPS and PKS enzymes respon- fragment of the enzyme HMWP1, was purified as previously
sible for the biogenesis of yersiniabactin. (B) Four different covalent described 16). The protein was purified to homogeneity as

acylthioester states of the ACP domain of HMWP1. The molecular judged by SDS PAGE and dialyzed into 50 mM Tris buffer
mass differences, in reference to the holo form (HS-enzyme), are (pH 8.0), 10 mM MgC}4, 1 mM TCEP [tris(2-carboxyethyl)-
listed at the bottom. o "

phosphine hydrochloride], and 10% glycerol. PKS was

detrimental to the propagation of the organisi The four determined to be post-translationally modified vivo

main proteins involved in Ybt synthesis are YbtE (adeny- ?ccordmg to mass dsfpectrometnc data, ansd no f\t(Jtr)tthEergmcuba-
lation domain, 60 kDa), High-Molecular Weight Protein 2 lons were required for enzyme priming. STy, ©).

(HMWP2, NRPS-NRPS module, 230 kDa), High-Molecular  2"d HMWP2 (8) were purified as described elsewhere.
Weight Protein 1 (HMWP1, PKSNRPS module, 350 kDa), Limited Trypsin ProteolysisLimited proteolysis was
and YbtU (reductase, 41 kDa) which together consist of 17 Performed by incubating TPCK-treated trypsin (Promega)
catalytically specific domains (Figure 18)( Biosynthesis ~ @nd PKS (1:10 molar ratio) at 3T for 5 min with gentle
is initiated by ATP-directed adenylation and loading of 2ditation. All digests were then quenched by the addition of
salicylate onto the N-terminal ArCP (aryl carrier protein) an equal volume of 10% formic acid (Fluka), and mixtures
domain of HMWP2 by YbtEg), and the next five domains ~ Were fractionated by reverse-phase liquid chromatography
consist of two NRPS modules that utilize and cyclize two (RPLC) using a wide-pore (300 A) C4 column with a linear
cysteines to form "2(2-hydroxyphenyl)thiazolyl-2,4-thiaz- ~ 9radient from 30 to 65% ACN (0.1% TFA) for separation
olinyl-enzyme (HPTT-enzyme)1(). At an intermolecular fa_nd desalting before FTMS_anaIyS|s. Samples were lyoph-
NRPS to PKS switch point, a five-domain PKS module [lized before resuspension in ESI buffer (49%0H 49%
loads, bis-methylates, and reduces a malonyl linker group. MeOH, and 2% formic acid) for FTMS analysis.
Finally, an intramodular handoff back to a cysteine-utilizing ~ Loading of Intermediates at the AT and ACP Domains
NRPS module precedes a YbtU-driven reduction and Malonyl loading experiments were carried out by incubating
thioesterase (TE)-catalyzed hydrolysis to afford the natural 2.5 uM holo-PKS with 1.5 mM malonyl-CoA (Sigma) for
product (seen at the right of Scheme 1). 20 min at 30°C and stopped by spinning in a Microcon
While this system has been reconstitutadvitro (11), Y-30 (Amicon) according to the manufacturer’s protocol.
much of the detailed chemistry and kinetics of the Ybt system The concentrated enzyme was resuspended inLGff 50
remains opaque. The ability to unambiguously identify MM NHHCO; (pH 7.8) and digested with trypsin as
multiple intermediates present at substoichiometric levels described above. For the determination of the apparent
attached directly to the enzymes using mass spectrometrynonenzymatic hydrolysis of malonyl from the acyltransferase
(MS) will allow for a detailed understanding of the mech- (AT) and ACP covalent sites, 2.5M holo-PKS was
anism by which such enzymes function. As the natural incubated with 5«:M malonyl-CoA in 100 mM Tris (pH
product is constructed from covalently attached enzyme 8.0), 10 mM MgC}, and 1 mM TCEP for various times
intermediates, each active site can exist as one of severabetween 20 min and 24 h, the reaction stopped, and the holo-
forms that differ in mass (Figure 1B). Experiments typically PKS digested as described above.
require either radioisotope-labeled substrates or base hy- In experiments in which the HPH-ketoacyl complex
drolysis of intermediates for detection, and it is by this intermediate was being loaded, 2ZM HMWP2, 2.5uM
iterative, indirect approach that insights into the mechanism YbtE, 2.5uM holo-PKS, 0.15«M Sfp, 0.5 mM CoA, 1 mM
have been previously inferre®,(11—13). Via exploitation L-cysteine, 0.375 mM&-adenosylmethionine (SAM), 0.375
of its ability to analyze complex samples with high resolution, mM nicotinamide adenine dinucleotide phosphate (NADPH),
electrospray ionization (ESI)14) with Fourier transform and 1 mM salicylate in 100 mM Tris (pH 8.0), 10 mM
mass spectrometry (ESI/FTMS) is well suited to interrogation MgCl,, and 1 mM TCEP were incubatedrf8 h to ensure
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Ppant priming of all enzymes before addition of 1 mM
malonyl-CoA and 5 mM ATP to initiate the reaction.
Samples were incubated at 30 for 20 min before reactions
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A) HPLC

AU

were halted and the samples digested as described above.
Stable-isotope substrates were incorporated as described

above using, separatelf-salicylate (Sigma), 3,8:-cysteine
(Cambridge Isotope Laboratories), or €Badenosylme-
thionine (CDN Isotopes).

Assaying the Order of Decarboxylation, Methylation, and
ReductionDecarboxylation experiments were performed by
incubating 2.5«M holo-PKS with 1 mM malonyl-CoA, in
100 mM Tris (pH 8.0), 10 mM MgG| and 1 mM TCEP,
with 2.5uM cysteine-loaded HMWP2, apo-HMWP2, or no
HMWP2 and in the complete absence of YbtE and salicylate,
for 20 min at 30°C before concentration and digestion as
described above. Methylation experiments were carried out
by incubating 2.5(M holo-PKS with 1.5 mM malonyl-CoA
(or 6 mM acetyl-CoA), 1.5 mM SAM, and NADPH in 100
mM Tris (pH 8.0), 10 mM MgCJ, and 1 mM TCEP in the
presence or absence of holo-HMWP2 for 20 min at'G0
The reaction was allowed to proceed for 20 min before

concentration and digestion as described above. As an

extension of the above methylation reaction to assay the
enzyme’s ability to bis-methylate thed2 Da acetylS-ACP
decarboxylation product, 28V holo-PKS was reconstituted
with 2.5uM HMWP2, 2.5uM YbtE, 0.15uM Sfp, 0.5 mM
CoA, 1 mM L-cysteine, 0.375 mM SAM, 0.375 mM
NADPH, and 1 mM salicylate in 100 mM Tris (pH 8.0), 10
mM MgCl,, and 1 mM TCEP. After 3 h, 6 mM acetyl-CoA
and 5 mM ATP were added to initiate the reaction and were
processed as described above.

Determining the Dependence of Substrate S-Adenosylme
thionine on Complex Intermediate Formatidixperiments
were performed by incubating 2/0M HMWP2, 2.5 uM
YbtE, 2.5uM holo-PKS, 0.15«M Sfp, 0.5 mM CoA, 1 mM
L-cysteine, 0.375 mM NADPH, and 1 mM salicylate in 100
mM Tris (pH 8.0), 10 mM MgCJ, and 1 mM TCEP in the
complete absence of SAM @ h toensure pant priming
of all enzymes before addition of 1 mM mal-CoA and 5 mM
ATP to initiate the reaction. Reaction mixtures were incu-
bated for an additional 20 min before the reactions were

halted and the mixtures digested as described above. To

further probe the dependence of SAM on the condensation
yield, a separate reaction mixture but including 0.375 mM
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Ficure 2: (A) Reverse-phase HPLC separation of the PKS module
of HMWP1 following a limited proteolysis using trypsin. Acyl
carrier protein (Al&7°"—Arg!8%) elutes at 16-17 min. (B) Elec-
trospray ionization Fourier transform mass spectrum (ESI/FTMS)
of tryptic ACP peptide from panel A. The inset shows an expanded
view of the mass-to-chargen(z) region containing the Gion
isotopic distribution. (C) ESI/FTMS of the ACP peptide from panel
‘A following treatment of PKS with malonyl-CoA. The inset shows
an expanded view of thevz region illustrating the mass shift
observed from the covalent attachment of the malonyl moie86(
Da). The peak at+42 Da results from the decarboxylation of
malonyl-SACP (see Results and Discussion).

times; ion abundances were summed over all charge states
for the determination of relative ratios of intermediates.
Errors reported from those experiments (in percent oc-
cupancy) were taken to berZrom the average determined

by their relative ion abundances.

RESULTS

S-adenosylhomocysteine was incubated and processed as FTMS Analysis of the ACP Domain of Holo-PK&o

described above.

FTMS Analysis.The system used in this study was a
custom 8.5 T quadrupole-FTMS hybrid described elsewhere
(29). In general, ions from ESI were directed through a
heated metal capillary, skimmer, and multiple ion guides into
the ion cell ¢-107° Torr) of the FTMS system. Theoretical
isotopic distributions were generated using Isopro version

determine the covalent state of the ACP domain of the 205
kDa PKS module (residues—11.895) after overexpression
in Escherichia colia limited tryptic digest was fractionated
by RPLC (Figure 2A). ESI/FTMS analysis of the 167

min fraction afforded an abundant species with Mnof
11342.87 Da (Figure 2B), consistent to within 0.06 Da of
that of the C-terminal ACP fragment (AFA™—Arge9

3.0 and fit to experimental data by least squares to assignexcised at a domain junction and harboring theaRt

the most abundant isotopic pea0). The mass difference
(in units of 1.0024 Da) between the most abundant isotopic
peak and the monoisotopic peak is denoted in italics after
relative molecular weightM;) values 21). Spectra were
calibrated externally using bovine ubiquitin (8564%58a).
Determination of Intermediate Relaé Ratios Experi-

cofactor on Séf>3 This 11.3 kDa species was subjected to
tandem MS (MS/MS) using electron capture dissociation
(ECD) (22), generating 11 and 26andz ions, respectively,

and confirms the putative assignment. The apo form of the
enzyme (340.3 Da lower) was observed in a later fraction
(18—19 min) with a far lower relative abundance (data not

ments for measuring the precision of the semiquantitative shown). Repeated experiments where RPLC fractions con-
results reported for intermediate ratios were carried out by taining apo- and holo-ACP were mixed gave an apparent
repeating the malonyl loading experiments (above) five ratio of 2:98. Also, it was found that a species withMnof
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1513 .. 1518 Ficure 4: Isotopic distributions of thioester intermediates present
o on the ACP carrier site from the indicated conditions. The scale is
Fiure 3: Hydrolysis kinetics of (A) malony&ACP and (B)  set tom/z, and is expanded to illustrate only “simple” thioester
malonyl-O-AT domains of the PKS module of yersiniabactin  intermediates. All ACP peptide ions are*t@he 6 ion at m/z
synthetase determined by ESI/FTMS. ~1147 is an unrelated peptide. The phosphopantetheine cofactor

is drawn as a wavy line. (A) Exclusively holo form, 340 Da above
22682.514 Da matched within 0.5 Da that of the AT active the naked protein sequence (with potassium addt@g Da). (B)

site-containing peptide of residues €8fs-Arg7®. Malonyl-SACP (+86 Da) produced after treatment with malonyl-
Havi gbp P | f h . .g f the ACP CoA. (C) AcetylSACP produced by stimulated decarboxylation
aving a robust protocol for the excision of the of malonylSACP in the presence of the upstream complex

domain allowed testing of the stability of thioester-bound intermediate without SAM. (D) Conditions of full reconstitution,
intermediates. Treatment of holo-PKS with malonyl-CoA for including enzymes Sfp, YbtE, and HMWP2, the PKS module of

20 min followed by limited proteolysis and FTMS analysis HlepllbanAd ggl\;le?\lUAngg :Ubséfit%)(((?gféSagptylate;dcyst_teil?e,
H ; : malonyl-CoA, , ,an . onditions iaentical

gave' the Spe'ctrum '9 Flgure 2C .Wlth an 11428'.89& to those for panel D but with the cosubstrate SAM replaced with

species, consistent within 0.1 Da with the 86.0 Da increase jsotopically labeled CBSAM. For details, see Experimental

attributed to the malony$ACP intermediate (confirmed by  Procedures.
ECD, data not shown). The apparent ratio of holo-(HS-
ACP)to malonylSACP was 1:9, giving a value of 9& Da (+225 Da), 11700.8-Da (+358 Da), and 11720.3Da
3% for malonyl loading. Further, in the same-167 min (+378 Da). Each of these species has been verified as the
fraction was detected a 22.7 kDa species (from the AT ACP carrier peptide by MS/MS (spectra not shown), and
domain) producing a mass shift 186 Da, consistent with  their proposed structures are given in Table 1. T4 Da
oxoester formation at S¥t in the AT active site (malonyl-  species is attributed to the (uncoupled) decarboxylation of
O-AT) prior to priming of the ACP site. To explore the rates malonyl-SPKS to acetylsPKS @, Figure 4C). The observed
of thioester (and oxoester) loss during incubation at pH 8.0 mass shift of-358 Da @2 Da; see below) is consistent with
that result not from enzymatic processing but from experi- the buildup of the natural 3-(hydroxyphenylthiazolylthiazo-
mental design, time points of malonyl attachment at the ACP linyl)- 5-keto-2,2-dimethyl acyl-enzyme (HPTA-ketoacyl-
and AT domains were obtained (Figure 3). FTMS analysis enzyme,5a, Figure 5A) with the first thiazoline ring air-
yielded an apparent hydrolysis rate of 0.0014 mhifor the oxidized to the thiazole and thg-keto group remaining
mal-O-AT oxoester (Figure 3B), and a higher rate of 0.0019 unreduced. In some cases, a broadened peak (i.e., isotopic
min~? for the malS-ACP thioester observed at the ACP distribution) centered at-360 Da was observed and is
domain (Figure 3A). attributed to the mixture of oxidation states+Z Da),
With the ability to achieve and retair90% occupancy  occurring at either thg-keto group or first thiazole ring.
of simple acyl-thioester intermediates on the PKS module The second thiazoline ring remained unreduced because of
(Figure 2C), experiments to produce the authentic growing the absence of YbtU. Clear evidence for bis-methylation on
acyl intermediate accumulating on the ACP domain were the acyl linker group of the complex intermediate was
undertaken. After reconstitution of HMWP2 with the PKS observed in the presence of SAM, and the results were
module of HMWP1 (Figure 1), digestion, and fractionation, confirmed by introduction of stable-isotope substrates. For
FTMS analysis of the 1819 min fraction generated six new example, introduction of CRSAM yielded a 6 Dashift
species (visible in Figure 5) at 11384/8Pa (+42 Da), consistent with the formation and trapping of HPBT-
11412.87 Da (+70 Da), 11540.0# Da (+198 Da), 11567.9- ketoacyl-enzyme (panel A of Figure 5 vs panel B). Using
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A) Full Reconstitution on Table 1: Chemical Structures of Observed Mass Shifts
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tetheine arm illustrated as a wavy line (left).

Ficure 5: High-resolution mass spectra depicting in detail all
complex acyl intermediates loaded onto PKS1 at the ACP peptide Figure 5A. The+198 and+225 Da species produce no

under the indicated conditions. The scale is setmia and is . . . .
expanded to illustrate all enzyme intermediate mass shifts. All Acp d€téctable mass shift upon inclusion of stable-isotope

peptide ions are 1Q and unrelated peptide ions are labeled with Substrates, and because these species appear to contain no
their respective charge states. (A) Fully reconstituted conditions. cysteine, salicylate, or methyl groups (produced from SAM),

(B) Same as panel A, but using Glabeled SAM. (C) Same as  the identities of these products (reproducibly observed)

panel A, but in the absence of SAM. (D) Same as panel C, but remain to be elucidated. The largest addition observed at

with SAM replaced withS-adenosylhomocysteine. For details, see .

Experimental Procedures. +378 Da undergoes mass shifts analogous totB88 Da
species (i.e.,+5, +3, and +6 Da) upon addition of

ds-salicylate andd,-cysteine separately yielded mass shifts ds-salicylate,d>-cysteine, and CPSAM, respectively. The

of 5 and 3 Da, respectively, consistent with the structure in identity of the +70 Da species, predicted to be the bis-

Scheme 1: Partitioning of Malony8-ACP during Induced Decarboxylation between on PathwayC®Bond Formation and off
Pathway Protonation to Acetg-ACP?

0
]’(T‘J\S
HC CH,
75%  +H 1797 1896 \
(+70 Da) S Wy s
(+2x CH_,—) D d E d N N
0 o 9 / j’\ ead-Ltn ) OH N%ro
HoPNANg nfj\‘ HC™ ™S o
-CO, _HH OH
- > . (No SAM, 98%) o
1797 1896 1797 189 1797

v HN _}L((‘L‘i /'l yersiniabactin (Ybt)
1896 < f>_¢ IR H,
S s='n,c CH,
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e J'L- /' o N. fu -
HPTT” & G_{,ﬂh s 4 (+358 Da)

L

W HMWP2 ”‘&w"
1797 18%6
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a Following intramodular loading of the malonyl group by the action of the AT domain onto the ACP domain, the malonyl moiety is decarboxylated
when the HPTT donor acyl group is presented on HMWP2. Either unproductive decarboxylation (and protéd&iba) or coupled decarboxylation
and condensation330 Da) can occur. The Claisen condensafigketoacylS-ACP is trapped in a rapid bis-methylation to th&58 Da acyl-
SACP. In the absence of the methyl donor SAM, the branch point to unproductive decarboxylation is highly favored, with proposed reversal of the
C—C bond forming step and irreversible protonation to the acB#P.
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methylated form of the uncoupled decarboxylation product of similar structure (e.g., only isotope differences in the new
[42 Da+ (2 x 14 Da)= 70 Da], was confirmed by the methods for quantitative proteomics). Here, ESI-MS was
mass shift of 6 Da observed upon inclusion of £EAM. used to semiquantitatively identify species with subtle mass
Assaying the Stimulated Decarboxylation of Malonyl-S- changes (Figure 1B) on a 12 kDa “carrier peptide”. This
ACP by HMWP2To more fully understand the regulation approach, however, relies on the assumption that all such
and necessary stimulus of what triggers the decarboxylationspecies (95% identical atoms) ionize with very similar
event at the ACP site, malon@PKS was allowed to  efficiencies. Studies that aim to actually quantitate the
incubate with holo-HMWP2, with cysteine-loaded HMWP2, differences in the ionization efficiencies of different forms
and without HMWP2. When malony@-ACP was incubated  of >10 kDa carrier peptides are underway.
with holo-HMWP2 and without HMWP2, analysis showed To obtain site-specific information contained within the
only 10% was decarboxylated to ace§/ACP, with 90% multiple carrier sites of thiotemplate enzymes, limited
remaining as malony&ACP and 1% as holo-PKS (Figure proteolysis with trypsin was employed for the generation of
4B). Incubation of malonyB-PKS with cysteine-loaded <40 kDa peptides that can be managed by ESI/FTMS. First,
HMWP?2 produced a significant enhancement of decarboxy- to address the ability to semiquantitatively measure the

lation of the malonyl moiety to 60% occupancy by thd2 relative ratios of intermediates loaded at the ACP site,
Da acetylSACP (with 30% ast-86 Da malonylS-ACP and malonyl loading experiments were repeated several times (
10% as the holo form). = 5) to determine the precision in percent occupancies. By

Timing of Methylation at the ACP Domaiit. has been summing the ion abundances over all charge states, we
shown that bis-methylation occurs ag,®ut the timing of determined the average relative ratio of the malonyl-loaded
methylation relative to decarboxylation and condensation andform to the holo form to be 98- 3% (at 25). As noted above,
the substrate dependencies of this tailoring process remairthis ratio depends on their concentrations in solutorm
unproven. To elucidate the regulation of methyl transfer, their differences in ionization efficiency during ESI; it does
malonyl-S-PKS was incubated with SAM and NADPH both  not report the absolute amounts of species present. Further,
in the presence and in the absence of HMWP2. In thecom-the data of Figure 3 that follow the time-dependent loss of
plete absence of HMWP2, there was no indication of either covalent intermediates at pH 8 show no ratio abnormalities
mono- or bis-methylation{1%) occurring (data not shown) at any time points. With this, ratios reported here are precise
on the malonyl- or acety&-ACP acyl groups. Further, the to within 10% and presumed to be semiquantitative. Sys-
addition of holo-HMWP?2 to the reaction mixture produced tematic errors are still possible (accuracy could be off), but
no detectable amounts of mono- or bis-methylation of the would not obscure insight into enzymatic logic obtained in
malonyl-S- ACP intermediate. To ascertain whether the bis- this study.
methylation event can occur following unproductive decar-  The starting point for our approach is the direct observation
boxylation, acetylS-PKS (formed directly from acetyl-CoA  of covalently loaded intermediates at the active sites of the
via the AT domain) was incubated with SAM and NADPH enzyme under study. Incubation of holo-PKS with malonyl-
and produced no observable methylation events (mono, 56CoA produced the expected mass shiftie86 Da to both
Da; bis, 70 Da); further, the presence of holo-HMWP2 the limited proteolysis products that contained the AT (22.7
yielded no detectable amounts of th&0 Da mass shift. ~ kDa) and ACP (11.3 kDa) active sites. Because oxo- and
Only under reconstitution-type conditions (with requisite thioesters are known to be labile under alkaline conditions
enzymes holo-PKS and holo-HMWP2, and substrates), but(23, 24), data from a series of time points from 20 min to
with substitution of acetyl-CoA for malonyl-CoA, was 24 h were collected to assess, simultaneously, the oxoester
C-methylation detected: FTMS analysis detected a peak atproduct at the AT domain and the thioester product at the
+70 Da at a relative occupancy o#% to the total enzyme  ACP domain. As can be seen from Figure 3, at short
covalent status (data not shown), consistent with isobutyryl- incubation times both acy®-AT and acylS- ACP intermedi-
SACP (+70 Da). ates are retained at a very high percentag@00); therefore,

Dependence of Condensation on S-Adenosylmethioninesubsequent time analyses were carried out at 20 min to
In the absence of SAM but with all substrates and holo- balance accumulation of intermediates versus hydrolysis. A
HMWP?2 present, no bis-methylated intermediat&( Da) time course for evaluating buildup and decay of tandem acyl-
was observed, with-98% of detectable ACP site occupancy S-ACP intermediates will be the subject of future study.
harboring thet42 Da decarboxylation product of malonate Under conditions of full reconstitution of the HMWP2/
(Figures 4C and 5C). A trace amount of 8330 Da PKS module of the HMWP1 intersubunit interface, use of a
component was observed (Figure 5C, inset), consistent withC-terminally truncated form of HMWP1 (PKS module shown
condensation of HPTT and the ACP carbanion. Why the in Figure 1) should lead to accumulation of acyl intermediates
absence of SAM nearly eliminated all formation of the at the ACP site through prevention of their translocation to
HPTT—pS-ketoacylS-enzyme intermediate remained unclear. the downstream peptidyl carrier site present in intact
To determine if a SAM-induced conformational change HMWP1. Under such conditions with PKS, digestion and
improves the condensation yield, a surrogate substrateanalysis by FTMS generated six new acyl-ACP species.
incompetent for methyl transfeGadenosylhomocysteine, Incubation with stable-isotope substratissalicylate, 3,3-
produced no observable enhancement oftB80 Da species  d,-cysteine, and CPSAM produced the predicted mass
(Figure 5D). shifts (5, +3, and+6 Da, respectively), and the results

support the intermediate structures drawn in Table 1. The
DISCUSSION oxidation states were assigned on the basis of slow air

ESI-MS is currently used to determine relative ratios of oxidation of the first thiazoline ring to a thiazole, consistent

particular species based on the relative abundance of ionswith previous findings on HPTTI(), and thes-keto group
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remaining unreduced by the KR domain. Although the mass highly loaded ¢ 90%) acetylS-PKS (via acetyl-CoA through
accuracy is limited tet1 Da 1), the data best represent a the AT domain) at best resulted in omy40% of the site
mass shift of 3 Da upon incubation with 33-cysteine and occupancy of the ACP active site, whereas malonyl-CoA
support the proposed thiazetéhiazoline ¢l;—d,) oxidation loading was nearly 100%, reflecting the gatekeeper ability
states. If thep-keto group had been reduced and both of the AT domain.
thiazoline rings oxidized, the observed shift dueitaysteine In an experiment to see if malon@-ACP decarboxylation
would have been 2 Da. The largest mass shift observed atcan be triggered by the presence of upstream carrier protein
+378 Da is provisionally attributed to the HP¥FP- HMWP?2 alone, incubation of malong-PKS with apo-
ketoacyl-enzyme species containing one uncyclized (18 Da)HMWP2 showed evidence of only small amounts of decar-
cysteine and an unoxidized double bond (2 Da), a proposedboxylation when compared with the amount with malonyl-
precursor to thet+358 Da acyl enzyme8( 9). This is SPKS in the absence of HMWP2. The significant increase
supported by the analogous mass shifts observed when usingn the level of decarboxylation upon incubation with cysteine-
stable isotope substrates, although work to unambiguouslyloaded HMWP2 can be explained as either decarboxylation
assign this intermediate is continuing. is stimulated by the peptidyl-primed upstream protein via
The +42 Da species results from the decarboxylation of protein—protein interactions that ready the PKS module to
malonyl-SPKS and reprotonation of the,@arbanion to make the Gcarbanion needed for-&C bond formation and
acetylSPKS (Figure 4), and presumably is off the pathway chain translocation. Alternatively, some amount of cysteine
to Ybt formation (Scheme 1, middle). Introduction of €D  could be nonspecifically loaded onto the KS domain of the
SAM brought forth a mass shift of6 Da to the+70 Da PKS module through slow thiol exchange with cysteghe-
species (Figures 4E and 5B) that is attributed to isobutyryl- HMWP2 and the acy&KS signals for malonyE-ACP
SACP, arising by a combination of bis-methylation and decarboxylation. Under full reconstitution conditions (Figure
decarboxylation of malony&-ACP (Figure 4D). No monom-  5A), approximately 75% of the ACP covalent site is occupied
ethyl species has been detected, suggesting the two methyby the unproductive decarboxylation product isobuty®yl-
lation events are tightly coupled, and that the second ACP. This indicates that decarboxylation of malo®y»ACP
methylation is faster than the first. Interestingly, inclusion is highly stimulated by the presence of the complex
of stable-isotope substrates produced no detectable mass shifbtermediate located upstream (at either the PCP2 domain
of the +198 and+225 Da species. The structures of these of HMWP2 or the KS domain of HMWP1), although the
covalent attachments ®ACP remain unknown, and work  exact species stimulating this response remains to be seen,
to ascertain the identity and source of these components isand can be addressed by a KS domain C198A mutant.
continuing. Experiments aimed at directly observing the condensation
With the exact order of acyl intermediate formation, product atthe ACP site in the absence of SAM were carried
processing, and substrate dependencies remaining unclear atut to evaluate whether decarboxylation or condensation
the ACP site, experiments aimed at shedding light on precedes methylation. In the absence of SAM but with all
tailoring processes at the ACP site were carried out. substrates and holo-HMWP2 present98% of detectable
Incubation of malonylSPKS with SAM, both in the ACP site occupancy harbored thed2 Da acetylsPKS
presence and in the absence of HMWP?2, yielded no evidencedecarboxylation product of malon@3-PKS, with trace
of mono- or bis-methylation (data not shown), consistent with amounts of the condensation productig330 Da observed
methylation following the decarboxylation and—C con- without methylation (Figure 5C). The prevalence of thé2
densation with HPTTSHMWP2. To ascertain if bis- Da product and the marked lack of a complex intermediate
methylation can occur following uncoupled decarboxylation imply that the presence of SAM at this key checkpoint
or if the presence of the complex intermediate upstream enhances the yield of ©C condensation product versus
(PCP2 or KS) is requisite for any methylation events, holo- unproductive protonation (Scheme 1 branch point). The
PKS was incubated with acetyl-CoA to form the surrogate amount of this enhancement can be gleaned from the far
decarboxylation product at the ACP site (via acetyl transfer right of panels A and C of Figure 5. Use of the surrogate
through the AT domain). This acet$#PKS was incubated  pseudosubstrat&adenosylhomocysteine (incompetent for
with SAM both in the presence and in the absence of holo- methyl transfer) produced no observable enhancement of the
HMWP2, and in both cases, bis-methylation did not produce condensation product 6f330 Da (Figure 5D). These data
the +70 Da species, arguing that ace§fHMWPL1 is not are consistent with the Claisen condensation and HPTT
readily deprotonated to the,Carbanion and is off the transfer to the ACP covalent site being reversible. In the
reaction pathway as a dead end. Interestingly, however, wherabsence of SAM to quickly trap thi$330 Da product by
acetylSPKS was reconstituted with HMWP2 and substrates, bis-methylation (Scheme 1),-€C bond cleavage via retro-
a small yet detectable amount of4a70 Da species was Claisen condensation would transfer the HPTT intermediate
observed. This emergence oft&0 Da species suggests that back upstream (to the KS domain active site cysteine) and
the PKS module indeed has the ability to bis-methylate the regenerate the {&arbanion of the ACP active site (Scheme
acetylSenzyme (Scheme 1, top), albeit at amount§%o) 1). Off pathway protonation generates tfd2 Da acetyl-
that are far smaller than that observed from the methylation SACP which cannot readily be deprotonated to rejoin the
and decarboxylation of the authentic malonyl moiety (98% catalytic flux. It should also be noted that if the reversibility
occupancy of+70 Da). The reason for efficient conversion of the condensation product back upstream to the KS domain
of the 42 Da form to the 70 Da form by bis-methylation is loosely controlled (i.e., KS can accept HPTT from a
only when malonylS-enzyme decarboxylates is now under different precursor, namely, HPTFIB-keto-2,2-dimethyl
further study. The isobutyry&enzyme will also be a dead acyl-SACP), a second branch point may exist at the
end intermediate. It should be noted that attempts to produceketoreductase reaction which returns the HPTT moiety



13400 Biochemistry, Vol. 42, No. 46, 2003

upstream to leave the isobutyr$IACP (+70 Da) seen in
considerable abundance.

Accelerated Publications

far more detailed understanding of NRPS and PKS systems
for the improved engineering of “non-natural” synthetases

These results provide direct insight into the order of for more efficient creation of new bioactive compounds.

chemical processes that occur at the ACP domain of the PKS
module of HMWP1. Malonyl decarboxylation initiates the
action, and is greatly stimulated by the presence of the HPTT-
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carrier protein HMWP2. The £arbanion of acety&-ACP
sits at a branch point, at which either on pathway Claisen

the acetylSACP decarboxylation productt42 Da) can
occur. In the presence of the cosubstrate SAM, there is no
detectable+42 and +330 Da species, indicating bis-
methylation (-28 Da) occurs rapidly, to produce thie70

Da (via malonylS- ACP) and+358 Da species (via the330

Da f-keto-SACP) seen in appreciable abundance. The
condensation product 0f330 Da can accumulate in the
absence of SAM, but in barely detectable abundance. An
observation of this is that HMWP2 and addition of all
substrates to malony8-PKS gives~20% of the+358 and 9
+378 Da products thought to be on pathway. There is a trace
amount of acety5-ACP and 70% as the isobutyr@ACP,
presumably a dead end bis-methylation/decarboxylation shunt ;4
thioester, indicating that with the NRPSIRPS-PKS three-

module protein of the Ybt synthetase assembly line, 75% of 12.

the flux generates dead end intermediates. If this ratio persists
in the full four-module HMWP2/HMWP1 assembly line with
YbtE and YbtU present, two issues arise. One is that the
fractional occupancy of carrier sites by a&enzymes that
cannot be elongated may explain the low turnover number
(1.4 min?) (11) seen orin vitro reconstitution. Second, there
will be a major role for surveillance thioesteras8sif the

hydrolytic removal of the acety® and isobutyrylSacyl 17.
groups from the ACP. 18.
CONCLUSION 19.
This study uses MS to directly observe multiple intermedi-
ates bound to a PKS module in a hybrid NRPS/PKS
assembly line. By detecting multiple acACP intermedi- 20.
ates that are both ont86, +330, and+358 Da) and off 21.
(+42 and+70 Da) the Ybt biosynthetic pathway, we can
now discern the extent to which unproductive decarboxyla- 22-
tion reduces the yield of the natural product. This approach
can be extended to deciphering the identity and timing of 23,
any ACP domain in any PKS assembly line, as well as 24.

growing peptidyl chains on the corresponding PCP waysta-
tions of NRPS carrier protein domains. This will enable a
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10.

14.
15.
16.
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