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SUMMARY

Microbial genome sequencing platforms have pro-
duced a deluge of orphan biosynthetic pathways
suspected of biosynthesizing new small molecules
with pharmacological relevance. Genome synteny
analysis provides an assessment of genomic island
content, which is enriched in natural product gene
clusters. Herewe identified an atypical orphan carbo-
hydrate-nonribosomal peptide synthetase genomic
island in Photorhabdus luminescens using genome
synteny analysis. Heterologous expression of the
pathway led to the characterization of five oligo-
saccharide metabolites with lysozyme inhibitory ac-
tivities. The oligosaccharides harbor a 1,6-anhydro-
b-D-N-acetyl-glucosamine moiety, a rare structural
feature for natural products. Gene deletion analysis
and biochemical reconstruction of oligosaccharide
production led to the discovery that a hypothetical
protein in the pathway is a lytic transglycosylase
responsible for bicyclic sugar formation. Theexample
presented here supports the notion that targeting
select genomic islands with reduced reliance on
knownprotein homologies couldenhance thediscov-
ery of new metabolic chemistry and biology.

INTRODUCTION

Microbial secondary metabolism plays an important role in the

discovery and development of newmolecular probes and drugs,

as their small molecule products have been molded within the

constraints of evolutionary selection (Demain, 2014; Newman

and Cragg, 2012). The biocatalysts that evolved to carry out

the syntheses of these natural products can have value in the

construction of building blocks with similarly privileged structural

features. Next-generation sequencing technologies continue to

produce the sequences of microbial genomes at an exponential

rate, illuminating countless orphan biosynthetic gene clusters

responsible for the synthesis of currently unknown natural prod-

ucts (Winter et al., 2011; Bachmann et al., 2014). Although many

of the enzymes encoded in these gene clusters closely resemble

proteins from classically studied biosynthetic systems, the num-

ber of hypothetical proteins with no known functions is similarly
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increasing. Undoubtedly, this growing reservoir of hypothetical

proteins will harbor many new biocatalysts involved in novel

bioactive small molecule syntheses.

Natural product gene clusters frequently reside on genomic

islands and endow the producing hosts with chemical traits

that can contribute to functional adaptations in their environ-

mental niches (Ziemert et al., 2014). Genomic islands resulting

from the horizontal transfer of sequences of chromosomal,

plasmid, or phage origin can dramatically alter the chemical

physiology of an organism. These evolutionary events can be

observed using genome synteny analysis as lost or acquired se-

quences relative to phylogenetically related organisms. Assess-

ing microbial genomic island content provides a complementary

vantage point for identifying atypical biosynthetic pathways that

are not readily detected by homology (Vizcaino et al., 2014). Here

we identified an unusual putative biosynthetic gene cluster in the

entomopathogenic bacterium Photorhabdus luminescens TT01

using genome synteny analysis. P. luminescens participates in

a multipartite symbiosis with Heterorhabditis nematodes and in-

sect larvae in the soil, and its genome encodes a variety of known

and currently uncharacterized natural products (Brachmann and

Bode, 2013; Vizcaino et al., 2014). The Photorhabdus-Hetero-

rhabditis bacterium-nematode complex collaboratively infects,

kills, and consumes the insect larvae, with many of the natural

products serving as virulence factors, mutualistic factors, antibi-

otics, and signaling molecules that aid in regulating the multipar-

tite life cycle.

The selected pathway was not recognized by homology-

based pathway search programs, such as antiSMASH (Blin

et al., 2013), indicating sequence divergence from previously

studied biosynthetic systems. We reconstructed the pathway

for heterologous expression in Escherichia coli BAP1 (Pfeifer

et al., 2001), which led to the structural characterization of five

metabolites containing a rare natural product feature, a 1,6-an-

hydro-b-D-N-acetyl-glucosamine (Glc-NAc). Gene deletion and

biochemical reconstitution studies revealed that a glycosyltrans-

ferase (GT) and a hypothetical protein encoded in the gene clus-

ter were central to product formation. We demonstrate that the

hypothetical protein is a lytic transglycosylase and shares paral-

lel chemistry to enzymes of Gram-negative cell wall recycling

pathways (Lee et al., 2013). Structurally diverse oligosaccha-

rides can target a wide range of biological systems, underlying

their potential pharmacological value (McCranie and Bachmann,

2014), rare sugars are important metabolic building blocks of

natural products (Lin et al., 2013), and 1,6-anhydro sugars are

commonly used for the laboratory synthesis of glycosylated
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Figure 1. Biosynthetic Gene Cluster and Characterized Oligosaccharides 1 to 5

(A) Atypical carbohydrate-NRPS genomic island.Wild-type genetic organization and reconstructed genetic organization used in heterologous expression studies

are shown. Peripheral genes marked in gray are predicted to not be a part of the pathway. See also Figure S1.

(B) Structures of oligosaccharides 1 to 5.
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molecules (Tanaka et al., 2009). This example illustrates that

atypical pathways represent an avenue for the discovery of

new biocatalytic chemistry.

RESULTS AND DISCUSSION

Identification and Heterologous Expression of an
Orphan Carbohydrate-Nonribosomal Peptide
Synthetase Genomic Island
We searched the P. luminescens TT01 genome (Duchaud et al.,

2003) using the MicroScope bioinformatics platform (Vallenet

et al., 2009) for genomic island content that could potentially

encode atypical secondary metabolites. We selected a unique

genetic locus encoding an eclectic collection of 11 predicted

proteins, including 5 hypothetical proteins (Figure 1A; Figure S1

available online). Five of the proteins have divergent albeit re-

cognizable sequence homologies to functionally described en-
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zymes, including a nucleotide diphosphate kinase (Plu2403),

an aminotransferase (Plu2404), an FeII-a-ketoglutarate-depen-

dent oxygenase (Plu2405), a GT (Plu2411), and an adenylation

protein (Plu2408). These types of proteins are frequently found

in both primary and secondary metabolism and, barring ad-

enylation sequences within nonribosomal peptide synthetase

(NRPS) biosynthetic systems, would not typically be used as

search criteria for the discovery of orphan secondary metabolite

pathways. Plu2413 at the edge of the gene cluster appears to be

a truncated nonfunctional multidrug and toxic compound extru-

sion protein. We reasoned that the remaining five hypotheticals

could potentially encode new biocatalysts. Interestingly, hypo-

thetical Plu2406 currently has no homologs in the National Cen-

ter for Biotechnology Information database (E-value cutoff =

13 10�2). Hypothetical Plu2407 is distantly related to a few other

hypothetical proteins (E-value = 1 3 10�3), and Phyre2 analysis

(Kelley and Sternberg, 2009) predicts related structural topology
lsevier Ltd All rights reserved



Chemistry & Biology

1,6-Anhydropyranose Discovery and Biosynthesis
to carrier proteins such as those found in fatty acid, polyketide,

and nonribosomal peptide synthesis. This carrier protein predic-

tion is consistent with the presence of adenylation protein

Plu2408, which is predicted to activate Gly/Ala (Röttig et al.,

2011). A portion of hypothetical Plu2410 shares distant ho-

mology to adenylation-domain containing proteins (E-value =

1 3 10�3). Hypothetical Plu2412 exhibits some predicted

structural homology to nucleotidyltransferases. Last, hypotheti-

cal Plu2409, which is a focus of this study, has only distant

sequence homology to a variety of other hypothetical proteins

and putative uncharacterized sugar-binding proteins. The pro-

tein is unique to P. luminescens TT01 relative to closely related

sequenced species in the Photorhabdus and Xenorhabdus

genera, and its closest homologs exist in Actinobacteria Kutzne-

ria sp. 744. (local alignment, id/sim/gap, 29.2%/44.7%/17.6%)

and Vibrio cholerae (31.0%/46.5%/10.1%).

We reconstructed the unusual Gammaproteobacterial locus

as a single polycistronic operon under the control of an upstream

T7 promoter for heterologous expression in E. coli BAP1 (Fig-

ure 1A). Differential liquid chromatography (LC)/mass spectrom-

etry (MS) analysis of cells carrying the reconstructed pathway

compared with control cells carrying an empty vector led to

the identification of five major small molecules dependent on

a functional pathway (Figure 1B). These molecules were not

detected in wild-type P. luminescens cultures, supporting a

‘‘silent’’ pathway in the native host under typical laboratory

cultivation conditions. Genetic incorporation of additional rare

tRNAs (pRARE2) in the heterologous expression strain further

enhanced yields of these molecules by about 4- to 8-fold

(Figure S2). High-resolution (HR) quadrupole time-of-flight MS

revealed that the small molecules had ion signals of 407.1666,

608.2313, 813.3227, 568.2334, and 648.1976, consistent

with the molecular formulas [C16H27N2O10]
+, [C24H38N3O15]

�,
[C32H53N4O20]

+, [C22H38N3O14]
+, and [C22H39N3O17P]

+, respec-

tively (Table S1). HR MS2 fragmentation analysis of this family

supported structural modifications of a small molecule homolo-

gous series consistent with di-, tri-, and tetraoligosaccharides.

The five metabolites were isolated and further characterized

by detailed one-dimensional (1H) and 2D (gradient-selected

correlation spectroscopy, gradient-selected heteronuclear sin-

gle-quantum coherence, gradient-selected heteronuclear multi-

ple-bond correlation, and rotating-frame Overhauser effect

spectroscopy) nuclear magnetic resonance (NMR). Structural

elucidation efforts are detailed in the Supplemental Information.

Briefly, one-dimensional and 2D NMR data indicated that small

molecules 1, 2, and 3 consisted of b-Glc-NAc residues con-

nected via 1,4-glycosidic linkages and terminating in a bicyclic

1,6-anhydro-b-Glc-NAc at the reducing end of the chains. Abso-

lute configurations were determined by derivatization, chemical

degradation, and gas chromatography (GC)/MS, which showed

the presence of only D-Glc-NAc residues. Additionally, we crys-

tallized 1 and confirmed its absolute configuration and confor-

mation by X-ray crystallography. The structures of metabolites

1 to 3 were previously reported as synthetic products of the ther-

mal degradation of chitin (Koll et al., 1991). In contrast to neutral

molecules 1 to 3, which are primarily secreted into themedia, the

two small molecules 4 and 5 were mainly identified in the cell

pellets. Metabolites 4 and 5 represented structurally related tri-

saccharides differing at the nonreducing end of the chain.
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Metabolite 4 contained a glucosamine at this position, whereas

metabolite 5 contained a glucosamine-6-phosphate.

Biosynthetic Gene Deletion Analysis
We conducted a full gene deletion analysis to identify biosyn-

thetic genes required for 1,6-anhydro-oligosaccharide produc-

tion. Independent deletion of every gene in the reconstructed

pathway determined that GT plu2411 and hypothetical plu2409

were the only genes in the pathway required for synthesis of

oligosaccharides 1 to 5 (Figure 2). The hypothetical gene require-

ment suggested the potential for a new biocatalyst involved in

bicyclic sugar biosynthesis. These in vivo studies also support

that either the iterative GT has substrate promiscuity during

chain elongation to account for 4 versus 2, or 2 is a substrate

of an endogenous E. coli hydrolase to generate 4. Additionally,

the deletion studies demonstrate that the phosphorylation of 4

to 5 is not encoded within the pathway. Thus, 4 is likely either

a substrate of an endogenous E. coli kinase or the kanamycin

phosphotransferase used for pathway selection. Shunt product

formation is common for overexpressed biosynthetic gene clus-

ters due to intermediate accumulation.

Biochemical Reconstitution of Oligosaccharide
Synthesis
To determine the biosynthetic route for oligosaccharide produc-

tion, we cloned plu2411 and plu2409, expressed their gene

products in E. coli Rosetta2(DE3) as recombinant His6-tagged

proteins, and purified them to homogeneity for in vitro biochem-

ical analyses (Figure S3). The in vivo deletion studies above

significantly focused our in vitro biosynthetic efforts. We hypoth-

esized that either the hypothetical protein generated a 1,6-anhy-

dro-b-D-Glc-NAc monosaccharide intermediate followed by

iterative GT homologation, or the GT first constructed oligosac-

charides followed by hypothetical protein-mediated cleavage

and concomitant cyclization. Within the known constraints of

E. coli metabolism, we tested various possible monosaccharide

substrates (a-uridine diphosphate [UDP]-Glc-NAc, Glc-NAc-6-

phosphate, and Glc-NAc), metal cofactors (Mg+2, Mn+2, Zn+2,

or Ca+2), and in vitro reaction buffer conditions (Tris and

K/PO4). Ultimately, combination of both GT Plu2411 and hypo-

thetical protein Plu2409 with a-UDP-Glc-NAc and Mg+2 (or

Mn+2) in a Tris-buffer system led to the in vitro reconstruction

of oligosaccharides 1 to 3 (Figure 3).

Hypothetical Protein Uses Chitin as a Substrate
With the establishment of an in vitro dual-enzyme system, we

then probed individual enzyme requirements for bicyclic sugar

formation. Using a-UDP-Glc-NAc as a substrate, 1,6-anhydro-

products could not be detected in single-enzyme reactions. A

molecule consistent with the 1,6-anhydro-Glc-NAc monosac-

charide was identified by LC/MS as only a very minor constituent

and only in the dual-enzyme reaction. In theGT-only reaction, we

could detect UDP and free Glc-NAc products, but we were not

able to detect short chain oligosaccharides by LC/MS. We

postulated that GT Plu2411 could synthesize longer chitin

chains, and consequently, we tested chitin as a substrate for

the hypothetical protein. Chitin was determined to be an

authentic substrate, leading to products 1 and 2 in vitro, albeit

with an altered product output distribution (Figure 4AB). Metal
277, October 23, 2014 ª2014 Elsevier Ltd All rights reserved 1273



Figure 2. LC/ESI-MS Extracted Ion Count Analysis of Oligosaccharide 1 to 5 Production in the Deletion Mutants

(A) Oligosaccharide 1.

(B) Oligosaccharide 2.

(C) Oligosaccharide 3.

(D) Oligosaccharide 4.

(E) Oligosaccharide 5.

The reconstructed pathway (pE-reconstructed = pE2408-2413) was compared with gene deletions (plu2403-plu2413) and an empty control vector (pET28a) by

LC/MS. Positive ion signals ([M+H]+) are shown for 1 to 4. Negative ion signal ([M-H]�) is shown for phosphorylated 5. See also Figure S2.
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supplements were not required for the Plu2409-mediated cleav-

age and cyclization reactions.

In contrast to chitinases that are catabolic hydrolases that

break down chitin, a polymer found in the insect exoskeleton,
1274 Chemistry & Biology 21, 1271–1277, October 23, 2014 ª2014 E
for example, hypothetical Plu2409 is not a hydrolase but

rather a 1,6-anhydropyranose synthase. We propose that the

anabolic iterative inverting GT Plu2411 is capable of produc-

ing chitin molecules. These substrates are processed by the
lsevier Ltd All rights reserved



Figure 3. Reactions Catalyzed by Plu2411 and Plu2409

(A) Conversion of a-UDP-GlcNAc to 1 to 3 by Plu2411 and Plu2409 in the

presence of Mn2+ or Mg2+.

(B and C) LC/ESI-MS(+) total ion count (TIC) chromatogram of the reaction in

the presence of Mn2+ (B) and Mg2+ (C). Figure 4. Reaction Catalyzed by Hypothetical Plu2409 with Chitin

Substrate

(A) Proposed transformations catalyzed by GT Plu2411 and hypothetical

Plu2409.

(B) LC/ESI-MS(+) TIC chromatogram for Plu2409 catalyzed reaction with chitin

as a substrate; see also Figure S4.

(C) Proposed biosynthesis of representative 1 catalyzed by Plu2409.
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1,6-anhydropyranose synthase Plu2409, liberating oligosaccha-

rides 1 and 2 as the predominant products, which are then

secreted into the extracellular environment. On the basis of the

genes located in the genomic island, these molecules are likely

isolable intermediates of a currently uncharacterized glycopep-

tide. The pathway identified here shares parallel features to

cell wall recycling pathways in Gram-negative bacteria. A family

of lytic transglycosylases act on the peptidoglycan ultimately

releasing b-D-GlcNAc-(1/4)-1,6-anhydro-b-D-N-acetyl-mur-

amic-acid-L-Ala-D-g-Glu-meso-DAP-D-Ala, which is taken up

by the cell through a permease for recycling and subsequent

de novo cell wall synthesis (Lee et al., 2013). Rather than acting

on cell wall substrates for internalization, hypothetical protein

Plu2409 in conjunction with GT Plu2411 catalyze the synthesis

of the secreted 1,6-anhydro-di-, tri-, and tetraoligosaccharides.

On the basis of our results and biochemical studies of lytic trans-

glycosylases (Fibriansah et al., 2012), a plausible catalytic route

for the hypothetical protein is substrate-assisted oligosaccha-

ride cleavage and concomitant cyclization with retention of

b-configuration (Figure 4C).
Chemistry & Biology 21, 1271–1
Inhibitory Effects of Oligosaccharides 1 to 5 on
Lysozyme
Oligosaccharide natural products contribute to a variety of

functional biological roles (McCranie and Bachmann, 2014).

Secondary metabolites 1 to 5 did not exhibit detectable antimi-

crobial activities against E. coli BL21(DE3), Bacillus subtilis

NCIB 3610, or Saccharomyces cerevisiae in disk diffusion as-

says. In considering functional roles, we evaluated ecological

contexts and Photorhabdus-host interactions. During infection,

the invertebrate hosts launch coordinated innate immune re-

sponses but ultimately fail succumbing to septicemia (Elefther-

ianos et al., 2010). In the model invertebrate Manduca sexta,

gene expression of lysozyme, an important antibacterial ef-

fector protein, is stimulated upon P. luminescens challenge.

Given the partial structural similarities of 1 to 5 to the known
277, October 23, 2014 ª2014 Elsevier Ltd All rights reserved 1275



Table 1. Inhibition Constants of Oligosaccharides for Lysozyme

Compound Ki (mM) Type

Chitobiose 0.45 ± 0.26 competitive

1 3.59 ± 1.29 competitive

2 0.17 ± 0.13 competitive

3 0.30 ± 0.27 competitive

4 0.40 ± 0.23 competitive

5 0.75 ± 0.41 mixed

See also Figure S5. Error bars represent SD at 95% confidence.
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lysozyme inhibitors chitobiose and chitotriose (Laible and Ger-

maine, 1985), we examined their in vitro lysozyme inhibitory ac-

tivities using the model chicken egg white lysozyme. Inhibition

constants for oligosaccharides 1 to 5 and reference compound

chitobiose against lysozyme were determined using Dixon

plots (Table 1; Figure S5). Trisaccharides 2 and 4 and tetrasac-

charide 3 were notably more potent than chitobiose. All tested

oligosaccharides showed characteristic competitive inhibitor

behaviors while phosphorylated trisaccharide 5 behaved as a

mixed type inhibitor (Figure S5). It is possible that the bio-

synthesized oligosaccharides, which intriguingly mimic break-

down products of the insect exoskeleton, and their currently

uncharacterized downstream products may participate in im-

munomodulation during the bacterium’s multipartite life cycle.
SIGNIFICANCE

The functional elucidation of new enzymes has lagged far

behind the discovery of new genes and proteins, leading

to a stockpile of gene products with no known functions.

Many of these gene products could represent new ‘‘parts’’

for natural host metabolic diversification or metabolic engi-

neering (Hanson et al., 2010). Systematic approaches to illu-

minate the structure and function of unknown proteins have

been implemented, such as in the Protein Structure Initiative

(Gifford et al., 2012) and the Enzyme Function Initiative (Gerlt

et al., 2011). Using protein structure as a guide combined

with genome context, computational predictions, and

experimental data provide powerful platforms for the dis-

covery of new enzymes (Bastard et al., 2014; Zhao et al.,

2013). Rather than using protein structures, we focused on

a rare structural feature of a small family of carbohydrate

natural products encoded by an atypical gene cluster as a

guide to elucidate the function of a novel enzyme. Natural

product gene clusters have traditionally provided a frame-

work for elucidating enzyme functions, as enzymatic

involvement in natural product synthesis can be queried

and, ultimately, validated by in vitro biochemical analysis.

Putative atypical biosynthetic pathways that are not readily

recognized by homology-based searches can be spotted

using genome synteny analysis and exist in a variety of mi-

croorganisms capable of producing bioactive small mole-

cules. These atypical pathways often located in genomic

islands, such as the example introduced here, provide sig-

nificant discovery opportunities. Decoding these pathways

will illuminate new biocatalysts involved in natural product
1276 Chemistry & Biology 21, 1271–1277, October 23, 2014 ª2014 E
synthesis and the privileged bioactive small molecules that

they produce.

EXPERIMENTAL PROCEDURES

Cloning, Gene Deletion, and Protein Expression and Purification

See Supplemental Experimental Procedures.

LC-Electrospray Ionization-MS Metabolite Analysis

Fiftymilliliters ofM9-glucosemedium (10.5 g/LM9minimal salts, 2mMMgSO4,

0.1mMCaCl2, 0.4%glucose [pH7.5]) supplementedwith0.5%casaminoacids

and 50 mg/ml kanamycin was inoculated with 1 ml of overnight seed culture

(E. coli BAP1 transformed with pET-28a[+], pE-reconstructed, Dplu2403,

Dplu2404, Dplu2405, Dplu2406, Dplu2407, Dplu2408, Dplu2409, Dplu2410,

Dplu2411,Dplu2413, orDplu2412-2413) and grownat 37�Cat 250 rpmuntil op-

tical density at 600 nm reached0.6. Then theculturewascooledon ice andsup-

plemented with 0.5 mM isopropyl b-D-1-thiogalactopyranoside and incubated

for another 48 hr at 18�C. The cells were then centrifuged, and the cell pellets

were lyophilized,pulverized, andextractedwith5mlMeOH.TheMeOHextracts

were centrifuged, filtered, dried in vacuo, and resuspended in 5 ml dH2O. The

aqueous layer was extracted with 3 3 5 ml butanol and dried. The residues

from aqueous phase were dissolved in dH2O, while those from the butanol

phase were dissolved in MeOH. The spent media from individual cultures

were treated in the same way as the pellets. The extracts were analyzed by

LC-electrospray ionization (ESI)-MS with a 1003 4.6 mm Hypercarb column.

Oligosaccharide Production Optimization, Isolation,

and Purification

See Supplemental Experimental Procedures. Briefly, a 2 l scale up of M9-

glucose cultivation conditions except with BAP1/pE-reconstructed+pRARE2

was prepared. Oligosaccharides were purified on a semiprep 10 3 250 mm

Hypercarb column to afford 110.2 mg of 1, 9.7 mg of 2, 0.9 mg of 3, 1.1 mg

of 4, and 4.7 mg of 5.

Plu2411 and Plu2409 Combined Activity Assay

One hundred microliter assay buffer conditions (200 mM Tris-buffer [pH 8.0[),

Plu2411 (12 mM), and Plu2409 (12 mM) were incubated with a-UDP-GlcNAc

(0.5 mM) in the presence of tris(2-carboxyethyl)phosphine (TCEP) (1 mM)

and 0.1 mM divalent metal ions (MnCl2, MgCl2, ZnSO4, or CaCl2) for 1 hr.

Reaction mixtures were quenched with liquid nitrogen, lyophilized, extracted

with 100 ml 1:1 MeOH:H2O, and analyzed by LC-ESI-MS on a 4.6 3 100 mm

Hypercarb column.

Plu2409 Activity Assay Using Chitin as Substrate

One hundred microliter assay buffer conditions (200 mM Tris-buffer [pH 8.0])

with Plu2409 (12 mM) were incubated with chitin (�1 mg, washed three times

with MeOH and then dH2O before use) in the presence of TCEP (1 mM) and

0.1 mM divalent metal ions (MnCl2 or MgCl2) for 3 hr. Reaction mixtures

were quenched with liquid nitrogen, lyophilized, extracted with 100 ml 1:1

MeOH:dH2O, and analyzed by LC-ESI-MS on a 4.6 3 100 mm Hypercarb

column.

Lysozyme Inhibition Activity Assay

Oligosaccharide Ki values were determined using the EnzChek Lysozyme

Assay kit using DQ lysozyme substrate (Micrococcus lysodeikticus labeled

with fluorescein) according to the manufacturer’s instructions.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

five figures, and four tables and can be found with this article online at

http://dx.doi.org/10.1016/j.chembiol.2014.07.025.
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