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ABSTRACT

The enzymatic activation of 3,4-dehydrolysine and subsequent formation of the 12-membered syringolin macrolactam were investigated. The
timing of the desaturation was elucidated through the analysis of the initial adenylation domain of SylD. The SylD-TTE didomain was characterized
and demonstrated to be the catalyst for formation of 12-membered macrocycles. When the SylD thioesterase domain was reacted with a family of
acyclic CoA both natural and unnatural macrocycles were generated.

The syringolin family of natural products are 12-mem-
bered macrolactams produced by strains of Pseudomonas
syringae.1 The molecules serve as elicitors, which induce
resistance to the fungal species Pyricularia oryzae in rice.1

More recently, syringolin A has been identified as a
virulence factor which irreversibly inhibits the 20S protea-
some through a covalent mechanism.2 Proteasome inhibi-
tors suchas the clinically used anticancer agent bortezomib
represent a powerful class of chemotherapeutics.3 The
exciting biological activity and unique chemical

architecture have consequently attracted the interest of
the synthetic community and resulted in three total synth-
eses to date.4 Supplementary studies have furthermore
demonstrated that more potent and selective proteasome
inhibitors can be generated by purposive derivatization of
syringolins.5 These findings have influenced our research
efforts toward the exploitation of the biosynthetic gene
cluster to create both natural and unnatural compounds in
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higher yield and efficiency than are currently available by
total synthesis. More specifically, we believe that explora-
tionof the enzymaticmachinerywill improve cyclizationof
the acyclic precursor, a notably troublesome step in total
syntheses of syringolins.4d

Dudler and co-workers initially identified the syringolin
gene cluster in 1998.6 The biosynthetic machinery is com-
posed of three specific genes, sylB, sylC, and sylD, which
are solely responsible for the construction of the natural
products (Figure 1). SylB is a putative amino acid desatur-
ase (DS), which we propose transforms lysine into 3,4-
dehydrolysine. SylC is a nonribosomal peptide synthetase
(NRPS) composed of a condensation (C), a C-terminal
condensation domain (C*), an adenylation (A), and a
thiolation (T) domain. Our group previously demon-
strated that this enzyme is responsible for production of
the ureido side chain and proceeds through a cyclized
intermediate.7 SylD is an NRPS-PKS (polyketide
synthase) megasynthase8 possessing two iterative CAT
domains followed by a ketosynthase (KS), dehydratase
(DH), acyltransferase (AT), ketoreductase (KR), thiola-
tion (T), and thioesterase (TE) domains. Bioformatic
analysis predicts that this protein is responsible for the
production and cyclization of the macrolactam core
structure.
Our continuing interest in both the biosynthesis and

biological activity of the syringolins led us to investigate
both the timing and roles of two enzymes of interest: SylB
and the TE domain of SylD. SylB would be the first

example of a desaturase that acts specifically on an
amino acid, and the TE domain of SylD would be the
first thioesterase responsible for the formation of a

12-membered macrolactam.9 Additionally, the timing of
desaturation, either before or after macrocyclization,
could be determined.
Significant efforts were made to overexpress SylB het-

erologously in vitro; however all attempts were unsuccess-
ful, perhaps because overexpression of an enzyme that
converts lysine to a non-natural derivative, 3,4-dehydro-
lysine, would presumably be toxic toE. coli. In the absence
of a soluble SylB, we refocused our interest on characteriz-
ing the A domain of SylD. The specificity of this enzyme
would give strong evidence to the timing of lysine desatura-
tion during biosynthesis: if the enzyme preferentially acti-
vates 3,4-dehydrolysine instead of lysine then presumably
the desaturation would have to occur prior to activation
and elongation by the SylD assembly line.
Accordingly, the SylD-CA didomain was amplified

from P. syringae B728a and cloned into an E. coli expres-
sion vector to generate the 113 kDa C-term-His6-tag
fusion. Overexpression and Ni-NTA purification yielded
24.2 mg/L of soluble protein. The A domain was screened
against L-lysine, L-3,4-dehydrolysine (dhl), D-lysine, D,L-
4,5-dhl, ornithine, aspartate, and nonpolar derivatives by
an ATP-PPi radioactivity assay to identify the preferred
substrate.10 As expected L-3,4-dhl was preferentially rever-
sibly adenylated with complete activation of the amino
acid after 45 min (Figure S1). In contrast, L-lysine was
reversibly adenylated at a much slower rate and reached a
maximum of 70% activation. The other amino acids were
activated at levels below 25% of the preferred substrate.
These results correspond with what is observed in the
syringolin family; in the absence of 3,4-dehydrolysine the
A domain activates lysine effecting incorporation into
the mature structure forming syringolin B and E (Figure 1).
However in the presence of 3,4-dehydrolysine the com-
pound is selectively activated and incorporated forming
the most abundant derivative, syringolin A.
Next, our attention shifted to the SylD TE domain,

which should be responsible for forming the 12-membered
macrolactam. The SylD TTE-didomain construct was
selected, as the availability of an adjacent T domain would
permit installation of the acyl-pantetheinylmoieties of acyl
CoAs for the investigation of the adjacent thioesterase
domain. The enzyme was prepared in an analogous fash-
ion to that of SylD-CA by heterologous overxpression in
E. coli and purified as the 43 kDa C-term-His6-tag fusion
protein to provide 27.3 mg/L of soluble enzyme. The T
domain was found to be in the apo-form as confirmed by
subsequent phosphopantetheinylation with Bodipy-coen-
zyme A and the promiscuous phosphopantetheinyl trans-
ferase, Sfp (Figure S2).11

Figure 1. Syringolin gene cluster and biosynthetic pathway.
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Prior to loading studies with the acyl CoAs noted below
we undertook calibration of the percentage of the T
domain in the apo-form by utilizing a radioactive acetyl-
coenzymeA (AcCoA) loading assay.12 However, all initial
experiments failed to provide any labeled proteins. This
result could arise from two possibilities: either the T
domain was inactive or both the T and TE domains were
active (Figure 2A). By preincubating the T-TE didomain
protein with phenylmethanesulfonylfluoride (PMSF), a
known serine protease inhibitor,13 one can eliminate TE
activity and decipher between the two alternatives.Greater
than 40% of the protein was radioactively labeled by
AcCoA when pretreated with PMSF (Figure 2B) indicat-
ing both the T and TE domains of SylDwere active in vitro
and would permit their investigation with the synthetic
CoA substrates.

To create a substrate for the TTE domain it was
necessary to synthesize a small family of syringolin B
acyclic precursors (Scheme 1). Due to the unusual poly-
peptide nature of the syringolins, possessing a polarity
switch through the ureido linkage, we sought to investigate
derivatives that differed at both the C- and N-terminus.
The syntheses began with the coupling of amines 1 and 5
with bis-protected lysine (A), followed by cleavage of the
Fmoc group. The corresponding amines were then ap-
pended with either the ureido side chain B or Boc-Valine
(C) and saponified, thereby providing linear precursors 3,
7, and 8. The carboxylic acids were then coupled with
coenzyme A (CoA) and globally deprotected to yield the
acyclic forms of syringolin B (9), the N-truncated variant
(10), and the C-truncated derivative (4). The syntheses

were accomplished in six linear steps and provided milli-
gram quantities of material for the enzymatic assays.
With both the synthetic and enzymaticmaterials in hand

the in vitro macrocyclization reaction was next investi-
gated. High-resolution mass spectrometry (HRMS) was
implemented to monitor the enzymatic reaction on the
scale of microgram quantities of cyclized compound. The
assays were run in parallel with a control reaction which
inactivated the TE domain with PMSF to ensure that the
cyclization was enzymatically catalyzed. The wild type
acyclic syringolinB precursorwas successfully loaded onto
the T domain as the S-pantetheinyl thioester by use of Sfp
phosphopantetheinyl transferase. Subsequent enzyme-
mediated transfer to the TE domain, intramolecular cycli-
zation, and release provided the natural productwhichwas
identified by HRMS (Scheme 2). Additionally, anN-trun-
cated variant that lacks the ureido function and instead
possesses an amine terminuswas also cyclized demonstrat-
ing that the charge of that side chain does not play a role in

Figure 2. AcCoA loading of SylD-TTE.

Scheme 1. Synthesis of Acylic CoA Precursors
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the cyclization event. Conversely when the C-truncated
derivate was used as the substrate, no observable product
was formed, presumably due to the excessive ring strain
created by the contraction of the ring size from a 12-
membered to a 10-membered ring. In addition, no cyclized
product was observed in any of the control assays ensuring
that the cyclization was indeed catalytic and required TE
domain integrity.
MS-MS fragmentation was utilized to further confirm

the identity of the cyclic products.The peptide backbone of
the syringolin family of compounds produces a clean
fragmentation pattern under optimized conditions. Frag-
ment ionswere identifiedwith very low error (<10ppm) of
the resulting ureido and macrocyclic fragments for syrin-
golin B. Furthermore, we were able to identify the macro-
cyclic fragments as well with both the malonyl and lysine
subunits (Scheme2). In addition, the syringolinB fragment
lacking valine and valine-CO were also identified
(Supporting Information). Analogously, when the same
procedure was implemented toward the N-truncated deri-
vative 10 the same fragments, except for the ureidomoiety,
were detected, in accordance with the structural assign-
ment. These results confirm that the SylD TE domain is
solely responsible for the cyclization of the macrolactam
ring of the syringolin family of natural products, making it
the first in vitro example of a naturally occurring enzyme
that forms a 12-membered macrocyclic lactam.
In summary, this work provides evidence for the timing

and functionalization of the syringolin family of natural
products. We have shown that 3,4-dehydrolysine is the
preferred substrate of the initial A domain of SylD,
strongly suggesting that the desaturation occurs before
incorporation. Additionally, we have confirmed the activ-
ity of the TE domain of SylD in vitro and demonstrated
that the enzyme is responsible for formation of the 12-
memberedmacrolactam ring. Future work will investigate
the use of the TE domain as a surrogate for the analogous,
low yielding synthetic transformation allowing for the
expedient synthesis of syringolin analogs.
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Scheme 2. MS-MS Fragmentation of Full and N-Truncated
Syringolin B


