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Abstract

Fluvirucin B1, produced by Actinomadura vulgaris, is a 14-membered macrolactam active against 

a variety of infectious fungi as well as influenza A. Despite considerable interest from the 

synthetic community, very little information is available regarding the biosynthetic origins of the 

fluvirucins. Herein, we report the identification and initial characterization of the fluvirucin B1 

polyketide synthase and related enzymes. The cluster consists of five extender modules flanked by 

an N-terminal acyl carrier protein and C-terminal thioesterase domain. All but one of the synthase 

modules contain the full complement of tailoring domains (ketoreductase, dehydratase, and enoyl 

reductase) as determined by sequence homology with known polyketide synthases. Acitve site 

analyses of several key components of the cluster are performed to further verify that this gene 

cluster is associated with production of fluvirucin B1. This work will both open doors toward a 

better understanding of macrolactam formation and provide an avenue to genetics-based 

diversification of fluvirucin structure.

Polyketides remain one of the most clinically important classes of natural products in the 

fight against infections, pathogens, and cancer.1 Each metabolite within this class is 

biosynthesized by dedicated assemblies of proteins termed polyketide synthases (PKSs).2–12 

Mechanistically, PKSs work in analogous fashion to fatty acid synthase (FAS) where 

sequential decarboxylaive condensations between an acyl carrier protein (ACP)-bound 

malonate derivative and a ketosynthase (KS)-bound thioester intermediate serves to elongate 

the polyketide chain (Figure 1). Optional ketoreductase (KR), dehydratase (DH), and enoyl 

reductase (ER) domains then transform the resulting β-ketothioester to the desired β-

functionality (hydroxyl, olefin, methylene).

Over the past several decades, researchers have devised numerous methods for manipulating 

these processes in an effort to diversify product structure and, ultimately, biological 

activity.13–17 Although some success has been realized toward this end, decreased yields of 

engineered products have limited the scope and efficacy of these methods. At this point it is 

clear that the two primary factors leading to low yields are substrate selectivity of 
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downstream enzymes and disruption of protein-protein interactions when heterologous 

enzymes are introduced.18– 23 To circumvent the latter, strategies are needed where genetic 

alterations can be introduced without dispruting the native three-dimensional PKS 

architecture.

For modular polyketide synthases this means unearthing assemblies which bear the full 

complement of tailoring domains (KR, DH, and ER), similar to mammalian FAS, in most, if 

not all, active modules. Carefully executed mutagenesis of key active site residues should 

result in all possible β-functionalities while leaving the native protein-protein interactions 

intact (Figure 2). Therefore, PKSs that produce largely unfunctionalized polyketides (i.e. 

methylenes at most β-positions) may provide optimal engineering potential.

Fluvirucin B1 is a 14-membered macrolactam produced by Actinomadura vulgaris with 

moderate to good antifungal and antiviral activities (Figure 3).24–26 Following assembly of 

the core macrocycle, a single 3-amino-3,6-dideoxy-L-talopyranose is appended to the sole 

exocyclic hydroxyl group. The lack of additional ring functionalities peaked our interest as 

we hypothesized that nearly all active modules should contain the FAS-like domain 

organization where KR, DH , and ER are all present. If one were to consider PKS systems as 

evolutionary connected to FAS, the fluvirucin synthase may represent an early link between 

the two. As a result, we were motivated to explore the biosynthetic origin of fluvirucin B1 

with the ultimate goal of providing a platform for polyketide engineering that circumvented 

the need for incorportation of heterologous domains to achieve maximal product diversity. 

Herein, we describe our efforts to unearth and characterize the modular PKS associated with 

fluvirucin B1 production in Actinomadura vulgaris.

Results

From the core structure of fluvirucin B1, we hypothesized that the producing PKS would 

consist of five extender modules assuming that a β-alanine derivative is used as a starter unit 

in the process. The sole hydroxyl group would therefore arise from a module harboring only 

a KR domain while all other extender modules would contain the full compliment of KR, 

DH, and ER domains (Figure 4). Based on the positions of macrolactam ring substituents, 

we expected that: (1) the first and last modules contained ethylmalonyl-specific AT 

domains, (2) the second and fourth modules incorporated malonyl groups, and (3) the third 

module utilized methylmalonate (Figure 4). Finally, ring closure was most likely achieved 

via a C-terminal thioesterase (TE) domain as is the case with similar macrocyclic 

polyketides.27–29 To test these hypotheses and determine the precise arrangement of 

enzymes within the assembly, we set out to identify and characterize the fluvirucin B1 

biosynthetic gene cluster.

To do so, the producing organism, Actinomadura vulgaris, was cultured following published 

procedures.24–26 Genomic DNA was isolated and sequenced (Beckman Coulter Genomics) 

affording 436,311 overlapping sequence fragments. These sequences were partially 

assembled resulting in 444 consensus sequences ranging in size from 5000 to 170,000 base 

pairs. The relatively large size of PKS constructs allowed us to quickly identify potential hits 

by searching each assembled sequence for open reading frames of at least 4000 base pairs. 
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Our search identified several PKS gene clusters, one of which contained the expected size 

and module composition of the proposed fluvirucin PKS.

Fluvirucin B1 PKS Genes

Three modular PKS genes, flu A-C, were found to contain an arrangement and composition 

of domains consistent with the expected fluvirucin PKS assembly (Figure 5). In addition, 

several PKS-associated genes were uncovered within the cluster including a pair of 

transciptional regulators (fluE, fluG), a glycosyl transferase (fluF), a decarboxylase (fluI), 

and a drug transporter (fluD) (Figure 5). The fluJ sequence shows high similarity to 

crotonyl-CoA reductases and likely plays a role in ethylmalonate generation as is required 

for fluvirucin B1 biosynthesis.

FluA contains modules 1 and 2 of the fluvirucin B1 assembly. As expected, module 1 has 

the full compliment of tailoring domains (KR, DH, and ER) while module 2 possesses only 

a KR domain putatively leading to the sole hydroxyl group on the macrolactam ring. A 

single loading ACP is found at the N-terminus of FluA similar to the vicenistatin PKS which 

utilizes an α-methyl-β-alanine starter unit.30

FluB contains modules 3 and 4 of the fluvirucin B1 PKS. Both modules contain KR, DH, 

and ER domains as would be predicted from the fluvirucin core structure. Finally, FluC 

consists of module 5 and a C-terminal TE domain. Module 5 again has all three tailoring 

domains consistent with the lack of functionality at the corresponding macrolactam ring 

position. As described in detail below, modules 1, 3, and 5 are extremely similar to each 

other in terms of primary structure as are modules 2 and 4 but similarities drop significantly 

when comparisons are made between these two groups. It is therefore tempting to speculate 

that the fluvirucin B1 synthase is composed of modules arising from two separate 

evolutionary ancestors; one leading to modules 1, 3, and 5 and another leading to modules 2 

and 4.

AT Selectivities

Extender unit selectivity for AT domains provides compelling evidence for any link between 

a given PKS assembly and its associated polyketide product. Using, the SEARCHPKS 

program developed by Mohanty and coworkers, probable coenzyme A substrates were 

determined for each of the five putative fluvirucin B1 synthase AT domains.31 To our 

delight, all of the predicted AT domain specificities were consistent with the fluvirucin B1 

core stucture (see supporting info, Figure S1). Specifically, modules 2 and 4 showed high 

sequence similarity with malonyl-specific AT domains while module 3 was predicted to 

utilize methylmalonyl-CoA. Modules 1 and 5 returned a single hit for ethylmalonate 

specificity amidst several methylmalonyl-specific AT domains. To experimentally verify the 

putative AT selectivities for modules 1, 3, and 5, ketosynthase-acyltransferase (KSAT) 

didomains were cloned from these modules along with the corresponding ACP domains. 

Each KSAT didomain was mixed with ACP from the same module followed by introduction 

of either malonyl-, methylmalonyl-, or ethylmalonyl-N-acetylcysteamine (SNAc) thioesters. 

Following 30min uncubation with each substrate, samples were trypsinized and the extent of 

AT to ACP transfer for each extender unit was analyzed by LC-MS (Figure 6). Gratifyingly, 
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experimentally determined AT selectivities for modules 1, 3, and 5 were consistent with 

those suggested by sequence homology. It is important to note that no direct acylation of 

ACP was observed with any of the extender units indicating that AT to ACP transfer is the 

sole mechanism for formation of the acylated ACP (data not shown).

Module 3 Substrate Selectivity

The hydroxyl group generated in module is the only macrolactam ring substituent not 

introduced by an extender unit. To examine the selectivity in acceptor module (module 3) 

for the hydroxyl group stereoconfiguration and provide further evidence connecting this 

PKS with fluvirucin B1 production, tandem proteolysis/LC-MS was again employed. SNAc 

thioesters of both enantiomers of 3-hydroxybutyrate were prepared and introduced 

separately to KSAT3. Following 1h incubation, samples were trypsinized and KS-acylation 

was observed via LC-MS analysis. As predicted from the fluvirucin B1 structure, only the 

(S)-3-hydroxybutyryl-SNAc compound, which places the hydroxyl group in the same three-

dimensional orientation as the ring hydroxyl of the final product, was accepted by the 

module 3 KS domain (Figure 7). Very little to no KS-acylation with the (R) – isomer was 

observed.

KR Domains

The Keatinge-Clay lab previously uncovered primary sequence patterns associated with 

different types of ketoreductase domains commonly found in modular PKS systems.32 

Examination of the fluvirucin KR sequences within this context revealed that all five align 

with the B1-type KR sequence pattern (see supporting information). This KR family is 

generally observed when the KR works in concert with other tailoring domains such as DH 

and ER which is again consistent with the expected enzyme composition for fluvirucin PKS 

modules 1, 3, 4, and 5. Interestingly, the module 2 KR domain also shows B1-type sequence 

character despite the absence of DH and ER domains from that module. This observation 

may further highlight the fascinating evolution of the fluvirucin synthase as discussed 

below. These results, together with the observed tailoring domain patterns and AT 

selectivities, provided the necessary evidence to link this polyketide synthase with the 

biosynthesis of fluvirucin B1.

Fluvirucin B1 Synthase Cloning

To confirm the sequences obtained from partial assembly of the A. vulagaris genome and 

with the ultimate goal of reconstituting the entire assembly in E. coli, we turned our 

attention toward cloning each module individually from genomic DNA. Based on alignment 

with known PKS constructs, we were able to determine effective sequence boundaries for 

each fluvirucin synthase module. All five modules were cloned separately in pET vectors for 

expression in E. coli. Overexpression of each module was observed in BL21(DE3) cells and 

gel migration patterns were consistent with calculated protein masses (Figure 8). The fact 

that E. coli seems to respond well to these foreign genes bodes well for our future efforts 

aimed at generating fluvirucin-derived stuctures in this heterologous host. In the near term, 

the ability to reliably produce usable quantities of each module will greatly facilitate studies 
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concerning the substrate specificities and enzyme kinetics that govern fluvirucin B1 

biosynthesis.

Discussion

Fluvirucin B1 is a relatively simple natural product stemming from a rather complex set of 

biosynthetic transformation. Despite the diminutive size of the PKS responsible for its 

production in A vulgaris, each round of elongation and subsequent β-carbon tailoring 

requires extensive manipulation of functionality. Four of the five putative extender modules 

bear the full compliment of tailoring domains meaning that at each of these positions within 

the assembly, keto-, hydroxyl-, and olefin-containing intermediates are generated en route to 

the fully saturated product similar to mammalian fatty acid synthase. We have hypothesized 

that this type of module composition will afford the highest engineering potential as product 

diversification can be achieved without the need for incorportation of heterlogous domains. 

In other words, one can potentially access each of the afforementioned functionalities by 

simple active site mutagenesis of KR, DH, and ER domains leaving the highly evolved 

protein-protein communication and recognition interfaces in their native states. This is in 

stark contrast to more popular assemblies like 6-deoxyerythronolide B synthase (DEBS) 

where nearly all of the extender modules contain, at most, a KR domain, where only ketone 

functionalities are accessible via similar active site mutagenesis strategies.2 For this reason, 

we were eager to uncover the biosynthetic origins of fluvirucin B1.

As predicted, the fluvirucin B1 polyketide synthase consists of 5 extender modules flanked 

by an N-terminal loading ACP and C-terminal TE domain. All but one of the extender 

modules contains a KR, DH, and ER domain in addition to the required KS, AT, and ACP 

leading to the relatively unfunctionalized nature of the macrolactam product. Based on this 

arrangement of composition of modules, β-alanine is expected to serve as the starter unit for 

fluvirucin B1 biosynthesis. As strong evidence for this hypothesis, fluI, which putatively 

encodes for a PLP-dependent decarboxylase, displays high homology with both vinO from 

the vicenistatin PKS cluster and azicN from the azicemicin PKS cluster.30,33 The former is 

responsible for decarboxylation of 3-methylaspartate while the latter decarboxylates aspartic 

acid itself leading to 3-methyl-β-alanine and β-alanine, respectively. While further studies 

are needed to confirm the starter unit identity for fluvirucin B1 biosynthesis, this data 

strongly suggests a role for β-alanine in the early stages of macrolactam construction.

As alluded to above, thorough analysis of the protein sequences for each module reveals an 

intriguing trend with implications as to the evolutionary origins of these PKS components. 

Pairwise alignments between fluvirucin B1 PKS modules 1, 3, and 5 yield protein sequence 

identities ranging from 75% −81% (see supporting information). Similarly, modules 2 and 4 

show 94% sequence identity. When analogous alignments are executed between these two 

groups (e.g. module 1 vs. module 2), more typical identities ranging from 60% – 64% are 

observed. By comparison, sequence identities between modules from the well-characterized 

DEBS assembly as well as between DEBS modules and fluvirucin PKS modules fall in the 

more modest 40%–60% range. The similarities between fluvirucin B1 synthase modules 

might suggest independent ancestry for modules 1, 3, and 5 versus 2 and 4. It is important to 

note that the remarkable sequence identites observed within these two groups occurs despite 
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the fact that each module both accepts and processes appreciably different polyketide 

intermediates.

Another interesting aspect of the fluvirucin B1 synthase involves the TE domain. Most 

macrocycle-forming thioesterases bear a conserved serine residue charged with accepting 

the fully mature, linear polyketide intermediate from an immediately upstream ACP 

followed by cyclization and product release. The fluvirucin B1 TE domain instead uses a 

cysteine active site for this task. This type of serine to cysteine substitution has been 

observed in other PKS systems prompting speculation as to possible divergent evolutionary 

origins between these two active site arrangements.34–36 Although beyond the scope of this 

manuscript, this somewhat unique feature of the fluvirucin B1 synthase should provide 

additional insights into any kinetic consequences of this switch and thus warrants further 

study.

Experimental Procedures

Materials

All Biochemicals, chemicals, and media were obtained from Fisher Scientific, all restriction 

enzymes were obtained from New England Biolabs, and other molecular biological reagents 

were obtained from Fisher Scientific, New England Biolabs, or Invitrogen. All PCR primers 

were synthesized by Eurofins MWG Operon.

All the DNA sequences were deposited in the GenBank database under the following 

accession numbers: JX308234 (FluA), JX915256 (FluB), JX448408 (FluC)

Bacterial strains, culture conditions and DNA purification

Actinomadura vulgaris was purchased through American Type Culture Collection (ATCC) 

by the accession number ATCC 53715 and used as the source of DNA for shot-gun 

sequencing service and the cloning of Fluvirucin B1 polyketide synthase. The strain was 

cultivated at ambient temperature in the liquid medium of ATCC Medium 172 (N-Z Amine 

with Soluble Starch and Glucose), which contains 1% glucose, 2% soluble starch, 0.5% 

yeast extract, 0.5% N-Z amine type A (Sigma C0626), 0.1% CaCO3. The growth of A 

vulgaris at ambient temperature can be observed after 3 days of culture. For genomic DNA 

extraction purposes, A. vulgaris was cultured for 6 days and then genomic DNA was 

extracted by using the MasterPure gram-positive DNA purification kit (Epicenter, Madison, 

WI)

All E. coli strains used in the study (Top10, BL21(DE3), and BAP1) were propagated at 37 

°C in Luria Broth or on Luria agar supplemented with the appropriate antibiotics when 

needed. All plasmid DNA was prepared using a Qiagen miniprep kit.

Cloning of module 1 of the fluvirucin B1 polyketide synthase

The PCR reaction for module 1 was performed in a 50µl reaction mixture containing: 1X 

Phusion GC buffer, 0.2mM dNTP, 0.3mM MgCl2, 5%DMSO, 1µM of each primer 

(AMod1-NheI-F1: AAAAAAGCTAGCATGAGCCAGTCCGGAAACAGCGAA; Avul-

Mod1-R6: CCGCCCAGACATGACCGAACTG), 1U Phusion Hot Start II DNA polymerase 
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(Thermo scientific, USA) and approximately 450ng of genomic DNA was added as 

template.

The thermal cycler (Mastercycler ep gradient, Eppendorf) was programmed according to the 

following “2-step” amplification profile: 3min denaturation at 98°C, then 10 initial cycles of 

10sec denaturation at 98°C, 5min annealing and elongation at 72°C, followed by 27 cycles 

of 10sec denaturation at 98°C, 5min + (5sec/cycle) elongation at 72°C, and a final extension 

step at 72°C for 5min. The amplified DNA fragments (7221bp) were then subjected to 0.8% 

agarose gel and single bands were excised and purified using a QIAquick Gel Extraction Kit 

(QIAGEN, Germany) according to the instructions from the manufacturer. Subsequently, it 

was subjected to restriction enzyme digestion with NheI and NotI and the digested products 

were ligated to pre-digested pET-21b to obtain pTL-A01.

Cloning of module 2 of the fluvirucin B1 polyketide synthase

The PCR reaction for pre-module 2 was performed in a 50µl reaction mixture containing: 

1X Phusion GC buffer, 0.2mM dNTP, 0.3mM MgCl2, 15% glyerol, 0.5M sulfolane37, 1µM 

of each primer (Avul-Mod2-pF6: CCCATCAACACCCACACCCT; Avul-Mod2-R7: 

GCCATCCACAGGTAGCGGTTG), 1U Phusion Hot Start II DNA polymerase (Thermo 

scientific, USA) and approximately 450ng of genomic DNA was added as template.

The thermal cycler was programmed according to the following “stepdown” amplification 

profile: 3min denaturation at 98°C, then 10 initial cycles of 10sec denaturation at 98°C, 

30sec annealing at 72–68°C, 6min elongation at 72°C where the annealing temperature was 

decreased by 0.4°C per cycle, followed by 27 cycles of 10sec denaturation at 98°C, 30sec 

annealing at 68°C, 6min + (5sec/cycle) elongation at 72°C, and a final extension step at 

72°C for 5min.

The amplified DNA fragments (6760bp) were then purified, and directly inserted into the 

plasmid vector PCR-Blunt II Topo (Zero blunt TOPO PCR cloning kit, Invitrogen) to obtain 

pM2-44-4-3 (pTL-preM2). After obtaining pTL-preM2, the same PCR protocol was 

performed as stated above, except for using the following primers: AMod2-NdeI-F8: 

AAAAAACATATGACGCTGGTGTTCGACCAC; AMod2- HindIII-R1: 

TTTTTTAAGCTTGGACGCGCCGAGCTGGTC. The DNA amplicons (5265bp) were 

digested by NdeI and HindIII, and then were ligated to pre-digested pET-21b to obtain pTL-

A02.

Cloning of module 3 of the fluvirucin B1 polyketide synthase

The PCR reaction for module 3 was performed in a 50µl reaction mixture containing: 1X 

Phusion GC buffer, 0.2mM dNTP, 0.3mM MgCl2, 7%DMSO, 1µM of each primer 

(AMod3-EcoRI-F2: AAAAAAGAATTCGATGGCCACTGACGACAAGTTCCGG; 

AMod3-R2: TTTTTTGTGGACGTGGACGCGGCTCGGAC), 1U Phusion Hot Start II 

DNA polymerase (Thermo scientific, USA) and approximately 450ng of genomic DNA was 

added as template.
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The thermal cycler was programmed as for module 1, and the amplified DNA fragments 

(6338bp) were purified, and directly digested by EcoRI and NotI. The digested products 

were ligated to pre-digested pET-21b to obtain pTL-A03.

Cloning of module4 of Fluvirucin B1 polyketide synthase

The PCR protocol for pre-module 4 is the same as for pre-module 2, except for using the 

following primers: AMod4-HindIII-F8: AAAAAA AAGCTT 

CGGCAAGATCATCCTGACCATGC and AMod4h-R10: 

CGGGTACATGCCCAAGGAGTTGA are for M4-1f fragments (5863bp); AMod4h-F7: 

CAACGCACAAGACATCCAACA and AMod4-XhoI-R7: 

TTTTTTCTCGAGCAGGCCCTGGTCGATCAGCGAGAAGAG C are for M4-2f 

fragments (4339bp). M4-1f fragments and M4-2f fragments are separately inserted into the 

plasmid vector PCR-Blunt II Topo to obtain pTL-M4-1f and pTL-M4-2f Later, the pTL-

M4-1f plasmids were digested by HindIII and MluI to obtain M4-1f fragments again to 

clone into pTL-M4-2f to harvest pTL-preM4.

Finally, the pTL-preM4 was digested by NotI and XhoI and ligated to pre-digested pET-21b 

to obtain pTL-A04.

Cloning of module 5 + TE of the fluvirucin B1 polyketide synthase

The PCR reaction for module 5 was performed in a 50µl reaction mixture containing: 1X 

Phusion GC buffer, 0.2mM dNTP, 0.3mM MgCl2, 10%DMSO, 1µM of each primer 

(AMod5-NheI-F3: AAAAAAGCTAGCATGGCTGACGAAGAGAAGCTCCTC; AMod5-

HindIII-R2: TTTTTTAAGCTTCGCGCCGTTCGA), 1U Phusion Hot Start II DNA 

polymerase (Thermo scientific, USA) and approximately 450ng of genomic DNA was 

added as template.

The thermal cycler was programmed as for module 1, and the amplified DNA fragments 

(7196bp) were then extracted and subjected to NheI and HindIII double digestion. Finally, 

the digested products were ligated to pre-digested pET-21b to obtain pTL-A05.

Cloning of Flu KSAT1, KSAT3, KSAT5 and Flu ACP1, ACP3, ACP5 domains of the 
fluvirucin B1 polyketide synthase

The DNA sequence encoding Flu-KSAT1 was amplified from pTL-A01 by the PCR 

protocol described for pre-module 2. Flu KSAT1 was constructed as an NheI-EcoRI 

fragment by using following primers, pTL-KSAT1-F: 

TTTTTTGCTAGCGAGCCCATCGCGATCGTC and pTL-KSAT1-R: 

AAAAAAGAATTCTGGTCCACGGCGGCCTGG. This NheI-EcoRI fragment was cloned 

into the pET21b expression vector to yield plasmid pTL-KSAT1.

The DNA sequence encoding Flu-KSAT3, Flu-KSAT5 and Flu-ACP1, Flu-ACP3, Flu-

ACP5 were cloned similarly by the corresonding templates the corresponding primers as 

follows, pTL-KSAT3-F1: TTTTTTGCTAGCATGGCCACTGACGACAAG, pTL-KSAT3-

R1: AAAAAAGAATTCGGATCCACCCGGGTCAGG; pTL-KSAT5-F1: 

TTTTTTGCTAGCATGGCTGACGAAGAGAAG, pTL-KSAT5-R2: 
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AAAAAAGAATTCTGATCCACCCGAGCCTG; pTL-ACP1-F: 

TTTTTTGCTAGCCTGACCGGACTACCGGCG, pTL-ACP1-R: 

AAAAAAGAATTCGTGACACGCTGGAGCAG; pTL-ACP3-F: 

TTTTTTGCTAGCCTGACCGGCCTGCCCGCG, pTL-ACP3-R: 

AAAAAAGAATTCGTGACACGCTGGAGCAG; pTL-ACP5-F: 

TTTTTTGCTAGCCTGGCCGGGCTGTCG, pTL-ACP5-R: 

AAAAAAGAATTCGCGATCTCCTCCGCCAG

The resulting plamids for Flu-KSATs (pTL-KSAT1, pTL-KSAT3, pTL-KSAT5) were 

transformed into BL21(DE3). The plamids constructed for Flu-ACPs (pTL-ACP1, pTL-

ACP3, pTL-ACP5) were introduced into BAP1.

General Procedure for Protein Expression and Isolation

E. coli (BL-21) bearing the appropriate plasmid were grown in 1L shake cultures of LB-

ampicillin media at 37°C until the OD600 was between 0.6 and 0.8. Overexpression was 

induced by adding 200µL of 1M IPTG at appropriate induction temperature (see below) for 

16 hours. After this point, all work was carried out at 4°C. Cells were pelleted by spinning at 

6000 RPM for 10 minutes and resuspended in 10mL of lysis buffer (20 mM Tris-HCl, 

150mM NaCl, 1mM Na2EDTA, 1mM EGTA, 1% Triton, 2.5mM sodium pyrophosphate, 

1mM β-glycerophosphate, 1mM Na3VO4, 1µg/mL leupeptin, pH 8). Cells were lysed for 

five 30 second intervals with a 60 second cool down period between each. Lysed cells were 

spun at 14,000 rpm for 60 minutes. The lysate supernatant was equilibrated with 3mL of Ni-

NTA bead slurry for 60 minutes. The mixture was then poured into a 15mL column and the 

supernatant eluted. The column was then washed with two 15mL portions of wash buffer 

(50mM phosphate, 300mM NaCl, 50mM imidazole, pH 8.0), and eluted with 3mL of elution 

buffer (50mM phosphate, 300mM NaCl, 250mM imidazole, pH 8.0). The purified protein 

was loaded onto a 100kDa cutoff centrifugal concentrator and diluted to 15mL with storage 

buffer (100mM Tris, 1mM EDTA, 1mM dithioerythritol, 10% glycerol, pH 8) and spun at 

3000 rpm. Dilution and filtration was repeated a total of three times. Protein concentration 

were determined by Bradford assay with an average concentration of approximately 500 

µM. Proteins were flash frozen and stored at −80°C until use.

Protein Plasmid Induction Temperature Yield (mg/L)

module 1 pTL-A01 25°C 50

module 2 pTL-A02 18°C 40

module 3 pTL-A03 25°C 60

module 4 pTL-A04 18°C 50

module 5 pTL-A05 25°C 4

KSAT1 pTL-KSAT1 25°C 80

KSAT3 pTL-KSAT3 25°C 80

KSAT5 pTL-KSAT5 25°C 80

ACP1 pTL-ACP1 25°C 100

ACP3 pTL-ACP3 25°C 100
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Protein Plasmid Induction Temperature Yield (mg/L)

ACP5 pTL-ACP5 25°C 100

Synthesis of (R)- and (S)-3-hydroxybutyryl-SNAc

To a round bottom flask with sir bar was added DCM (10mL), EDCI.HCl (1.2eq), R-3-

hydroxybutyric acid (or (S)-3-hydroxybutyric acid)(1.1eq), DMAP (0.02eq) and N-acetyl 

cysteamine (SNAc) (1eq). Reaction was stirred overnight at room temperature. The reaction 

was diluted with 10mL DCM and 20mL H2O. The organic phase was washed with saturated 

NH4Cl (aq), NaHCO3 (aq) and brine. The reaction was dried with anhydrous sodium sulfate 

and concentrated to yield pure titled product as a clear liquid (91% yield).

(S)- 3-hydroxybutyryl-SNAc
1H NMR (400 MHz, CH3Cl-d) δ ppm 1.33 (3 H, d, J=6.82 Hz), 1.98 (3 H, s), 2.65 - 2.76 (2 

H, m), 2.78 - 2.82 (1 H, d), 3.04 - 3.10 (2 H, t), 3.27 - 3.31 (1 H, m), 3.42-3.46(3H, q), 6.36 

(1 H, br. s.)

13C NMR (101 MHz, CH3Cl -d) δ ppm 19.76, 21.35, 26.95, 28.50, 34.57, 37.48, 49.19, 

168.60, 195.73

LRMS [M+H] for C8H15NO3S calcd 206.1 found 206.1

(R)- 3-hydroxybutyryl-SNAc
1H NMR (400 MHz, CH3Cl-d) δ ppm 1.33 (3 H, d, J=6.82 Hz), 1.98 (3 H, s), 2.65 - 2.76 (2 

H, m), 2.78 - 2.82 (1 H, d), 3.04 - 3.10 (2 H, t), 3.27 - 3.31 (1 H, m), 3.42-3.46(3H, q), 6.36 

(1 H, br. s.)

13C NMR (400 MHz, CH3Cl -d) δ ppm 19.76, 21.35, 26.95, 28.50, 34.57, 37.48, 49.19, 

168.60, 195.73

LRMS [M+H] for C8H15NO3S calcd 206.1 found 206.1

Synthesis of malonyl and substituted malonyl SNAc thoesters

These syntheses we carried out using established procedures38. A general outline follows:

To a solution of appropriate malonic or substituted malonic acid (1eq) in dry THF (5mL), 

was added pyridine (2.2eq) and t- butanol (1.8eq). The solution was cooled to 0°C. 

Methanesulfonyl chloride (1.05eq) was then added dropwise over a 10 minute period. The 

reaction mixture was warmed to room temperature and stirred for 3 hours. The mixture was 

filtered and the resulting filtrate diluted with water. The pH was adjusted to ~12 and washed 

3X with dichloromethane. The aqueous layer was acidified (pH ~2), extracted 3X with 

dichloromethane and dried with sodium sulfate. The product was then coupled to SNAc via 

EDC coupling. In an RB flask, the acid (1.1eq) was dissolved in dichloromethane. EDCI 

(1.2eq), DMAP (0.02eq) and SNAc (1eq) were then added and reaction stirred at room 

temperature overnight. The mixture was diluted with water and dichloromethane. The 
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organic layer was washed with NH4Cl, NaHCO3, and brine, and then dried with Na2SO4. 

Concentration in vacuo yielded the expected product. The product was dissolved in TFA at 

0°C. After stirring at 0°C for 24 hours, TFA was evaporated. The product was diluted with 

diethyl ether and concentrated. This was repeated three times. The crude product was 

purified by chromatography to yield the titled compound.

Malonyl SNAc thioester (pale white solid) (70% yield)
1H NMR (400 MHz, DMSO-d6) δ ppm 1.79 (br. s., 3 H), 2.95 (br. s., 2 H), 3.18 (br. s., 2 H), 

3.65 (br. s., 2 H), 8.06 (br. s., 1 H)

13C NMR (400 MHz, DMSO-d6) δ ppm 21.04, 27.06, 36.57, 48.21, 165.97, 167.91, 190.24

LRMS [M+H] for C7H11NO4S calcd 206.0 found 206.1

Methyl Malonyl SNAc thioester (pale white solid) (63% yield)
1H NMR (400 MHz, CH3Cl -d) δ ppm 1.44 (3 H, d, J=7.07 Hz), 1.99 (3 H, s), 3.06-3.17 (2 

H, m), 3.40 - 3.52 (2 H, m), 3.63 - 3.77 (1 H, m), 6.71 (1 H, t, J=5.56 Hz), 10.35 (1 H, br. s.)

13C NMR (400 MHz, CHLOROFORM-d) ppm 12.13, 20.74, 26.59, 37.64, 52.07, 170.24, 

170.59, 194.96

LRMS [M+H] for C8H13NO4S calcd 220.1 found 220.1

Ethyl malonyl SNAc thioester (pale yellow solid) (51% yield)
1H NMR (400 MHz, CH3Cl -d) δ ppm 1.01 - 1.06 (2 H, m), 2.01 (3 H, s), 3.05 (1 H, dd, 

J=13.26, 6.69 Hz), 3.11 - 3.22 (1 H, m), 3.37 (1 H, t, J=7.20 Hz), 3.48 ( 2H, q, J=5.89 Hz), 

3.56 (1 H, t, J=7.45 Hz), 6.59 (1H, br. s.), 11.53 (1H, br. s.)

13C NMR (101 MHz, CH3Cl -d) δ ppm 9.83, 20.63, 20.98, 26.62, 37.73, 51.02, 59.44, 

170.96, 172.31, 194.21

LRMS [M+H] for C9H15NO4S calcd 234.1 found 234.1

Conclusions

In summary, we have identified and characterized the putative PKS genes associated with 

fluvirucin B1 aglycone biosynthesis in A. vulgaris. The number and composition of modules 

as well as predicted AT specificities are consistent with the fluvirucin B1 structure. The 

abundance of tailoring domains within the assembly is expected to provide increased 

engineering potential, through straightforward active site mutagenesis. Reconstitution of 

fluvirucin B1 aglycone biosynthesis in a more workable host will greatly facilitate these 

studies and efforts to do so are currently underway in our laboratory.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Proposed mechanism for polyketide and fatty acid formation in a modular PKS and FAS, 

respectively (A) KS-mediated decarboxylation of ACP-bound malonate forms an ACP-

bound enolate (B) Claisen-like condensation between the KS-bound chain and extender unit 

produces an ACP-bound β-ketothioester. (C) KR domain reduces the β-ketothioester to a β-

hydroxythioester. (D) DH domain dehydrates β-hydroxythioester to an enoyl thioester. (E) 

ER domain reduces the enoyl group to form a saturated acyl-chain. See text for 

abbreviations.
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Figure 2. 
Schematic diagram of a mutational inactivation strategy for production of novel compounds 

form fatty acid-like PKS modules. Alterations in chemical structure are designed at the 

genetic level.
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Figure 3. 
Structure of fluvirucin B1 aglycone and fluvirucin B1.
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Figure 4. 
Predicted tailoring domains and AT selectivities for each fluvirucin B1 synthase module 

based on the fluvirucin B1 aglycone structure.
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Figure 5. 
Gene organization for the fluvirucin B1 PKS cluster. A: Gene cluster organization and gene 

products identified along with comparison to known homologs. B: Schematic diagram for 

the putative fluvirucin B1 PKS. The assembly consists of five extender modules flanked by 

an N-terminal loading ACP and C-terminal thioesterase (TE) domain. FluA consists of the 

loading ACP, module 1 and module 2. FluB consists of modules 3 and 4. FluC consists of 

module 5 and the TE domain. See text for abbreviations.
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Figure 6. 
Schematic diagram of and observed results for the AT substrate selectivity studies of module 

1, 3, and 5. Red checks indicate that the substrate shown on the left is transferred from the 

indicated AT to the ACP domain while a black X indicated that no substrate transfer was 

observed. See supporting information for raw LC-MS data. FluATX = fluvirucin AT domain 

from module X.
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Figure 7. 
LC-MS data for module 3 KS-acylation with (R)-3-hydroxybutyryl-SNAc (Top) and (S)-3-

hydroxybutyryl-SNAc (Bottom). Only the (S)-isomer is accepted by module 3 KS as is 

expected from the fluvirucin B1 structure. Peaks are labeled with the corresponding acylated 

or unacylated KSAT3 didomain. All peaks are M/Z = +2
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Figure 8. 
PAGE analysis of fluvirucin modules overexpressed in E. coli following Ni-NTA affinity 

purification. Lanes are marked with the corresponding protein or blank pET21 vector. Mod 

= Module. Approximate protein molecular weights: Module 1 = 230 kDa, Module 2 = 185 

kDa, Module 3 = 220 kDa, Module 4 = 240 kDa, Module 5 = 254 kDa. % Acrylamide = 7.0
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