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Abstmct: The salient structural and bioorganic prop&es of this new class of signal molecules am npnted. 

The syringolides are signal transducem biosynthesized through the action of avirulence gene D (avrD) of 

Pseudomonas syringae.i*2 Our spectral and biosynthetic analyses have disclosed that these novel natural 

products possess an unprecedented ring system, are prototypical in overall structun (as C-glycosyl lipids), and 

contain a remarkable number of highly deshielded NMR signals (due to an unusual ensemble of deshielding p 

substituents). Several hallmarks of such biomolecules (that “elicit” the gene-for-gene hypersensitivity response 

of disease resistance in plants) are also highlighted. 

Figure 1. Decisive HMBC connectivities in Ps-I. (C-2’ and C-3’ are directly linked in the actual structure.) 

The structme determination of syringolide Ps-1 was brought to a penultimate stage via COSY, HMQC, 

selective INEPT (INAPT), and HMBC NMR correlations, which demonstrated that the proton (resonance) at 

1.89 and the carbon at 39.5 ppm both belonged to the sidechain methylene (C-4) attached directly to the central 

ring system (Figure 1; NMR assignments, reference 3). COSY and HMQC spectra also revealed the existence 

of an isolated proton (3.08 ppm, methine), a 2-spin system (4.31,4.66 ppm, methylene), and a Cspin system 
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(4.48; 4.14; 3.82, 3.94 ppm; methine; methine; methylene), as well as certain hydrocarbon sidechain 

connectivities. The considerably deshielded nature of the isolated methylene protons (4.31, 4.66ppm) 

suggested that they might be linked to the oxygen of an ester; a strong IR band at 1773 cm-t defined the 

butanolide (T-lactone) substructure. The existence of long-range connectivities between H-SA and C-2’. along 

with chemical shift considerations, suggested that they are linked by an oxygen. Such considerations also 

indicated that another oxygen is situated between carbons 3 and 3’. The two hydroxyl groups were placed on 

carbons 3 and 4’. owing to weak COSY correlations between the (exchangeable) hydroxyl protons at 4.27 and 

5.32 ppm and the resonances at 4.14 and 3.08 ppm, respectively. The detection of long-range connectivities 

between H-2 and carbons 1’ and 2’ required that carbons 2 and 2’ be joined (which corresponds to the C- 

glycosyl linkage). These experiments also established the following connectivities: (1) C-4, C-3, C-2, C-l, 

oxygen, C-l’, and C-2’. and (2) C-3’. C-4, and C-5’. 

Of particular interest are carbons 3’, 2, and 3 at 92.8, 99.0, and 108.8 ppm, respectively. Their 

remarkably deshielded chemical shifts initially suggested a ketal/acetal/hemiketal substructure, i.e., an oxygen 

was situated between carbons 2’ and 3’. Yet several convergent lines of biosynthetic evidence imposed further 

refinements upon this structure. The putative acetal linkage fell into disfavor because both portions of the 

carbon skeleton were still evident (hence contiguous) in NMR spectra of crude syringolide bisulfite adduct~ 

(purified from bacterial cultures). And although the uvrD gene was both essential and sufficient to generate the 

syringolides in P. syringae and in Escherichia cofi,4 persistent efforts to formulate a plausible mechanism failed 

until it was deduced that carbons 2’ and 3’ are linked, which concomitantly afforded the correct structure 

(Figure 1). reconciled the HRMS/EI data (300.157060, M+, Ct5H2406, A 0.8 ppm), and disclosed the NMR 

chemical shift anomalies noted. With respect to the last, it is striking that in addition to their directly attached 

oxygens, carbons 3’,2’. and 3 possess an unusually large ensemble of deshielding B-substituents. Similarly. 

carbon 2 has eight B-substituents. five of which am oxygen. The biosynthesis is thus restricted to substrates that 

are common metabolites and very few steps, e.g., Figure 2. 

Figure 2. Plausible biosynthetic pathway and resultant configuration adapted by the syringolides; 
R = (thio)ester or OH, R’ = H or (phospho)ester, Ps-1, n = 6; Ps-2, n = 4 methylenes. 

The structure deduced on biosynthetic grounds was validated immediately using the original HMBC data; 

two relatively intense signals between (a) the proton at 4.48 and carbon at 75.6 ppm and (b) the proton at 4.66 

and carbon at 92.8 ppm within individual traces could now be assigned as 3-bond carbon-proton connectivities 

(all 2-bond permutations had been ruled out previously). Their large magnitudes demonstrated that the 

penultimate ketal/acetal/hemiketal structure was no longer tenable, for both signals would have had to 

correspond to 4-bond connectivities. Every other structural permutation was, likewise, found to be incompa- 

tible with the cumulative NMR data, thereby providing overwhelming and definitive support for this deduction. 
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The nlative stemochemisuy of Ps-I was first determined from the NMR data in the following manner: (i) 

Dmiding models indicate that the dihedral angles between H-3’ and C- 1’ and between H-1’A (4.66 ppm) and C- 

3’ are very nearly 0”. The moderately intense, 3-bond connectivities between these nuclei support the 

conclusion that H-3’. C-3’. C-2’. C-l’, and H-1’A lie in a common plane. (ii) The absence of vicinal coupling 

between H-3’ and H-4’ suggests that the dihedral angle between them is cu. 90”. thereby conferring a thrco 

configuration on the C-3/-4’ vicinal diols. (iii) The latter implication is supported by the intense 3-bond 

connectivity between H-5’A (3.94 ppm) and C-2’. which requires that the dihedral angle between these nuclei 

be ca. 180”. (iv) Once H-SA adapts such a conformation, the A-ring (Figure 2) becomes puckered so that the 

dihedral angle between H-3’ and H-4’ is cu. 90”. consistent with point ii. (v) Because the ring system of Ps-Z 

occurs as one of two possible enantiomers, the relative stereochemistry of the molecule was thus defined by 

Dmiding models that accommodate the 1.8-Hz, Cbond, NMR W-coupling between H-2 and OH-3 (see below). 

The results and reasoning that afforded the proposed biosynthetic mechanism also offer the (pm&ted) 

absolute configuration of the molecule: (vi) The decisive gene product; the uvrD gene codes for a protein that 

appears to catalyze the C-glycosylation of 3-ketoalkanoyl groups, thereby forming prototypical C-glycosyl 

lipids. Because the incorporation and expression of avrD by two dissimilar genera of bacteria lead to the 

secretion of Ps-2 and Ps-2? the essential components of this biosynthetic pathway are the avrD gene product 

and common metabolites. (vii) The fatty acyl group; within the genus Pseudomotuq B-fhydmxydecanoic and 

&-3-hydroxyoctanoic acids abound as coupled polyesters? Ordinary bxidations of these putative pmcursors 

by B-3-hydroxyalkanoyl dehydrogenases” could thus form both 3-ketoalkanoyl substrates. (viii) Thejive- 

carbon moiev, an equally common metabolite that would complete the carbon skeleton with the requisite three 

configuration at carbons 3’ and 4’ is xylulose (rhreo-pentulose). Q-xylulose is a normal pmduct of R-glucose 

metabolism (the carbon source of the bacterial cultures) in P. syringue and E. coli, in stark contrast to L- 

xylulose, which is relatively rare in nature. (ix) Biosynthetic precedence; a Knavenagel condensation (akin to 

Figure 2) between analogous 3-ketoalkanoyl precursors and a 1,2-ketol has, likewise, been proposed for the 

biosynthesis of the suucturally related butanolides (FQure 3)’ (x) Rekzred glycolipirls, aside from a pardally 

characterized “lipopolysaccharide” from the cell envelope of P. diminutu that containsup to 15% w/w Q- 

xylulose,* other reports of xylulolipids have not been encountered. (xi) Absolute configuration; Dreiding 

models that incorporate R-xylulose adapt a 2s. 3B, 273, 3’s. 4’R configuration; the corresponding relative 

stereochemistry and stmcture of Ps-I have now been reconfirmed by X-my crystallography.’ 

R = H. methyl. isopropyl. 
Paopyl. bulyl. see-butyl. 
iroppentl. or isohcxyl ?&) --j$$- ti R=Hor&caii 
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Figure 3. Pertinent signal molecules that possess comparable structures and/or bioactivities. 
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Lastly, because P. syringue, dissimilar pathogens, and their “elicitors” all trigger the aforementioned 

hypersensitivity response (HR) of plant defenses, 2*4*9 the chemistry that underlies such signal-transduction 

merits brief consideration. HR-based defenses are manifested by diverse, higher plants and involve a 

combination of localized cell death, lignification of cell walls, and the formation of phytoalexin antibiotics and 

jasmonic acid “hormonal regulators”” (Figure 3). Several “pathogenesis-related” B( 1+3)glucanases, 

chitinases, and cinnamyl alcohol dehydrogenase are also induced.9 This cascade of defenses is triggered by 

particular “avirulence” signals (elicitors) of pathogens when the plant possesses the corresponding disease 

“resistance” gene. Although the chemical mechanism by which the syringolides elicit this enigmatic gene-for- 

gene response (in plant lines expressing the Rpgl disease resistance gene) is unknown,’ it is striking that 

divasc plants rapidly accumulate jasmonic acids as endogenous (secondary) signal molecules upon exposure to 

exogenous elicitors, e.g., fungal cell wall fragments (Figure 3)” 

In particular, the analogous structure/(pleiotropic) activity profiles displayed by the syringolides, jasmonic 

acids, and butanoliies suggest that their modes of action (targets) may be very similar. For instance, several 

major processes under genetic regulation in Sfreptomyces spp. are induced by endogenous butanolides.” and 

particular receptor proteins have been isolated that bind these signal molecules and genomic DNA specifically 

and competitively.12 Cotrespondingly, particular receptors (targets within the signal cascade of plant defenses) 

for the syringolides and jasmonic acids have also been implicated and are now being actively sought. The 

syringolides thus provide a valuable means to elucidate the molecular mechanisms of plant disease resistance. 
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