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Ramoplanin, a non-ribosomally synthesized peptide antibiotic, is highly effective against several drug-
resistant Gram-positive bacteria, including vancomycin-resistant Enterococcus faecium (VRE) and methi-
cillin-resistant Staphylococcus aureus (MRSA), two important opportunistic human pathogens. Recently,
the biosynthetic cluster from the ramoplanin producer Actinoplanes ATCC 33076 was sequenced, reveal-
ing an unusual architecture of fatty acid and non-ribosomal peptide synthetase biosynthetic genes
(NRPSs). The first steps towards understanding how these biosynthetic enzymes cooperatively interact
to produce the depsipeptide product are expression and isolation of each enzyme to probe its specificity
and function. Here we describe the successful production of soluble enzymes from within the ramoplanin
locus and the confirmation of their specific role in biosynthesis. These methods may be broadly applica-
ble to the production of biosynthetic enzymes from other natural product biosynthetic gene clusters,
especially those that have been refractory to production in heterologous hosts despite standard expres-
sion optimization methods.

� 2011 Published by Elsevier Ltd.
1. Introduction

Natural product research has been transformed in recent years
by the application of microbial genetics, improved genome
sequencing methods, and bioinformatics. The rich chemistry of
assembly of natural products is reflected in their unique chemical
structures, but still the distinctive enzymatic transformations and
the timing of assembly and modification are often nonobvious
upon inspection of the biosynthetic locus sequence. Chemical biol-
ogy studies of natural products biosynthesis have been historically
plagued by technical problems associated with the production of
enzymes from within biosynthetic loci. Many microorganisms that
produce natural products are highly G+C rich, and as such cloning
and expressing these gene products in heterologous organisms,
including other antibiotic producing organisms has proved often
problematic. When these genes can be expressed, it is common
for the heterologous hosts to lack the chaperone machinery to cor-
rectly fold gene products into soluble and active enzymes.

Our ability to study natural product biosynthesis using chemical
biology approaches requires the production of active enzymes and
often the reconstitution of these activities in vitro. Furthermore,
polyketide and non-ribosomal synthetases are exceptionally long,
multidomain enzymes, often >100 kDa. Fragments of these enzymes
lack the stability afforded by the remaining surrounding structure
and thus often have impaired activity. Production of soluble, active
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biosynthetic enzymes has been an almost insurmountable barrier
for the field, and as such restricts the breadth of analysis of natural
product biosynthesis to the handful of amenable systems, such as
deoxyerythronolide B synthetase (DEBS) for polyketides or enterob-
actin for NRPSs, for example.

Ramoplanin A2 is a 17-residue non-ribosomally produced
lipoglycodepsipeptide antibiotic from Actinoplanes ATCC 33076
(Fig. 1).1–4 Ramoplanin A2 exhibits activity against clinically-impor-
tant Gram-positive bacteria including vancomycin-resistant Entero-
coccus sp. (VRE), methicillin-resistant Staphylococcus aureus (MRSA)
and vancomycin-intermediate resistant Clostridium difficile.1,5–12

Ramoplanin A2 inhibits peptidoglycan biosynthesis by interfering
with the late-stage transglycosylation cross-linking reactions.13,14

The mechanism involves sequestering Lipid Intermediate II, a key
biosynthetic intermediate in peptidoglycan biosynthesis.13,14

Capture of Lipid II physically occludes this substrate from proper
utilization in downstream crosslinking reactions catalyzed by trans-
glycosylases that produce mature peptidoglycan polymer, in turn
affecting the mechanical integrity of the cell wall.

Recently, the 33 kb biosynthetic gene cluster from the ramopl-
anin producer Actinoplanes ATCC 33076 was sequenced by Farnet
et al., revealing an unusual architecture of fatty acid and non-ribo-
somal peptide synthetase biosynthetic genes (NRPSs).15 As shown
in Fig. 2a, the ramoplanin biosynthetic gene locus contains 33
genes responsible for a myriad of functions including amino acid
(Orfs 4, 6, 7, 28, 30), fatty acid (Orfs 9, 16, 24, 25, 26, 27) and pep-
tide biosynthesis (Orfs 11, 12, 13, 14, 15, 17), polypeptide tailoring
(Orfs 10, 20), antibiotic export/producer resistance (Orfs 2, 8, 23,
31), and transcriptional regulation (Orfs 5, 21, 22, 33).

http://dx.doi.org/10.1016/j.bmc.2011.11.062
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Figure 1. Structure of Ramoplanin A2.
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The first unusual feature of the ramoplanin biosynthetic cluster
stems from analysis of the four putative NRPS peptide synthetases,
Ramo 12, 13, 14 and 17 (Fig. 2). Common to these synthetases are
repeated modular defined domains that catalyze specific reactions
of peptide synthesis.16–18 The order of these domains within the
enzyme determines the sequence and structure of the peptide
product. For each amino acid in the peptide sequence, NRPS con-
tain unique tri-functional modules comprised of condensation
(C), adenylation (A), and thiolation (T) domains.16 NRPS active sites
of C, A, and T domains are highly organized so that a specific amino
acid is recognized and incorporated into the peptide sequence.19,20

Collectively there are 16 individual A domains that code for 16 of
the 17 amino acids of ramoplanin (Fig. 2b). However, Ramo 12 con-
tains the sole A domain with predicted specificity for asparagine
and as such this domain is believed to catalyze the incorporation
of both Asn1 and b-OH-Asn2 into the peptide chain.21

A second interesting aspect of this biosynthetic cluster is the
predicted in trans mechanism of amino acid activation and con-
densation occurring between two NRPS synthetases.21 Module 8,
located in Ramo 13, is hypothesized to activate allo-Thr8 and, pos-
sesses C and T domains but no A domain (Fig. 2). Interestingly,
A 

B 

Figure 2. (A) Schematic of the genes composing the ramoplanin biosynthetic cluster. Ge
non-ribosomal peptide synthesis are shown in green; all other genes in the cluster are
adenylation, thiolation, and thioesterase subdomains within the four non-ribosomal pep
within Ramo 17 there exists a Thr-specific A domain, and as such
Ramo 17 is predicted to interact with module 6 of Ramo 13 in trans
to catalyze the incorporation of allo-Thr at the correct position.

A third feature of this cluster centers on the assembly of the
starter unit. NRPS enzymes typically contain A domains at the start
site, but the ramoplanin NRPS of Ramo 12 contains a C domain at
its N-terminus prior to the module coding for Asn1 activation and
incorporation (Fig. 2).21,22 This architecture suggests that the initi-
ation of peptide synthesis may form from condensation of a fatty
acid rather than an amino acid. One may speculate that a fatty acid
adenylate, acyl-ACP or acyl-CoA may be the substrate for this C do-
main, catalyzing the N-acylation of Asn1 and providing an interme-
diate for chain elongation by repeated condensation at the same
site on Ramo 12 with b-OH-Asn2 (or non-hydroxylated Asn) to pro-
duce the N-acyl-dipeptide starting unit.

This unusual NRPS architecture suggests possible functions for
Ramo 9, 11, 15, and 26 for the activation and transfer of fatty acid
precursors to the Ramo 12 peptide synthetase. Ramo 26 shares
homology with acyl-CoA ligases, proteins that catalyze the activa-
tion of fatty acids via an activated adenylate intermediate. Ramo
11 is a putative acyl carrier protein (ACP) that accept activated
adenylate intermediates and can be phosphopantetheinylated. It
is hypothesized that Ramo 11 shuttles activated fatty acid thioes-
ters to Ramo 12 that serve as the initiating groups for N-acylation
of Asn1. Ramo 15 is a putative type II thioesterase that may play a
role in acyl-ACP or acyl-coenzyme A (CoA) hydrolysis. Similarly,
Ramo 9 appears to bear similarity to esterases of the alpha/beta
hydrolase fold family. These enzymes may shuttle the fatty acid
to the NRPS through enzyme acyl intermediates or may serve in
a hydrolytic capacity to remove misprimed intermediates.

Lastly, Ramo 16, 24 and 25 are three proteins with homology to
NADH and FAD-dependent enzymes involved in fatty acid metab-
olism. It is hypothesized that these proteins work to biosynthesize
the N-terminal cis, trans 7-methyloctadienoic acid acyl chain.21,23

Ramo 16 exhibits high similarity to NADH-dependent 3-oxoacyl
acyl carrier protein reductases, which are involved in the
degradation of fatty acids in primary metabolism and may reduce
3-oxoacyl-ACP (or 3-oxoacyl-CoA) to the corresponding 3-hydrox-
yacyl-ACP (or 3-hydroxyacyl-CoA).16 Similarly, Ramo 24 and 25,
proteins homologous to FAD-dependent acyl-CoA dehydrogenases
nes implicated in fatty acid biosynthesis are colored in blue; genes associated with
shown in black; (B) Organization and amino acid specificity of the condensation,
tide synthetase enzymes from the ramoplanin biosynthetic locus.
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found in fatty acid biosynthesis, likely are responsible the regiose-
lective dehydrogenation of 3-hydroxyacyl-ACP (or 3-hydroxyacyl-CoA)
precursors.21 It is not clear from primary sequence analysis if Ramo
24 or 25 catalyze regioselective dehydrations to produce uniquely
cis versus trans olefins, but the presence of two genes and the two
types of alkene regioisomers in the acyl chain is suggestive of a
possible specialized role in this capacity.

One strategy to improve the production of soluble forms of
mammalian and bacterial enzymes during heterologous expres-
sion in Escherichia coli is through co-expression with the protein
folding chaperones. Very recently, Leadlay and coworkers demon-
strated that co-expression of deoxyerythronolide B polyketide syn-
thase (DEBS PKS) in the presence Streptomyces coelicolor
chaperonins improved the activity of recombinant DEBS through
increasing the fraction of correctly folded enzyme within the solu-
ble protein produced.24 Building on this and other precedents,25–29

we report here the Streptomyces lividans GroEL/GroES1 chaperone-
assisted production and functional characterization of several en-
zymes from the within the ramoplanin biosynthesic gene cluster.

2. Results and discussion

2.1. Coexpression of ramoplanin biosynthesis genes with GroES/
GroEL improves soluble protein production

In preparation for these studies, expression plasmids were con-
structed to produce select ramoplanin biosynthetic enzymes as C-
terminal hexahistidine fusion constructs. These plasmids were
transformed into E. coli BL21 cells or E. coli BL21-RP cells (possess-
ing the GC-rich tRNAs on a helper plasmid) alone and in combina-
tion with either the E. coli groES/groEL or the S. lividans groES/
groEL1 expression plasmids. Identical growth and induction condi-
tions were employed for each strain harboring an expression plas-
mid. Bacterial cultures uniformly were harvested and lysed,
producing a soluble extract that was subjected to a standardized
nickel–chelate affinity chromatography purification method to iso-
late each purified protein identically. Similarly, protein quantita-
tion was standardized. Data indicating the relative amounts of
soluble purified proteins produced in the presence of the E. coli
and S. lividans chaperones are summarized in Table 1. Compared
to the no chaperone control, co-expression with E. coli GroES/GroEL
resulted in significant increases of the yield of soluble proteins for
Ramo 9, 15, 26, and 27. No net increase was observed for Ramo 11
and 16, and the remainder of genes examined did not produce sol-
uble proteins with the E. coli chaperones.
Table 1
Expression yields of Ramoplanin biosynthetic proteins

Orf name Putative function No chaperone

Ramo 9a Type II thioesterase n. d. c

Ramo 11a Acyl carrier protein 16 mg/L
Ramo 12a NRPS n. d.
Ramo 12b n. d.
Ramo 15a Type II thioesterase 31 mg/L
Ramo 16a b-Ketoacyl reductase 3.6 mg/L
Ramo 17a NRPS n. d.
Ramo 24a Dehydrogenase n. d.
Ramo 24b n. d.
Ramo 25a Dehydrogenase n. d.
Ramo 25b n. d.
Ramo 26a Acyl-CoA ligase 4.6 mg/L
Ramo 26b 45 mg/L
Ramo 27a MbtH-like protein 120 mg/L

a Expressed in E. coli BL21 DE3 cells.
b Expressed in E. coli BL21 DE3-RP cells.
c Not detected.
d Enzyme precipitation observed over time.
In contrast, switching to co-expression of the same genes in the
presence of S. lividans GroES/GroEL1 chaperones significantly in-
creased the yield of soluble proteins (Table 1). Yields ranging from
1 to 315 mg of proteins per liter were determined. Co-expression
with the S. lividans GroES/GroEL1 plasmid increased soluble pro-
tein production levels dramatically, in most cases yields nearly
doubled from co-expression with the E. coli chaperones and nearly
tripled as compared to the no-chaperone control. In some cases,
such as Ramo 17 and 24, soluble protein was produced for the first
time.

2.2. Biological activity of select proteins from the ramoplanin
biosynthetic locus

Nearly all of the proteins listed in Table 1 that produced soluble
protein in the absence of either E. coli or S. lividans GroESL chaper-
ones were nearly devoid of their anticipated enzymatic activity
due in part to misfolding and long term aggregation encountered
within the time course of purification. Co-expression in the pres-
ence of S. lividans GroES/GroEL1 proteins increased the amount of
soluble protein. This allowed for the demonstration of some of
the previously uncharacterized activities of ramoplanin biosynthe-
sis enzymes and proteins such as Ramo 11 (a predicted acyl-carrier
protein), Ramo 17 (a predicted NRPS enzyme containing a stand-
alone adenylation–thiolation domain) and Ramo 16 (a predicted
3-oxoacyl-ACP reductase).

2.3. Phosphopantetheinylation of Ramo 11 by the Bacillus
subtilis Sfp transferase

Ramo 11 is the putative acyl carrier protein (ACP) within the
ramoplanin biosynthetic locus. During biosynthesis of the N-acyl
7-methyl-octadieneoic fatty acid, precursors are tethered to Ramo
11 via a thioester link and then the acyl–ACP is utilized as a sub-
strate for either type II-like fatty acid biosynthesis modification en-
zymes like Ramo 16, 34, 25 etc. or for shuttling the acyl cargo to
Ramo 12 for condensation with Asn1 at the starter unit.21 To pro-
duce a substrate competent for acylation, the holo-ACP form of
Ramo 11 must be generated by primary metabolism phosphopan-
tetheinyl transferases.16 Recombinant Ramo 11 produced in E. coli
is largely produced in the apo form because E. coli enzymes from
fatty acid metabolism are still capable of transferring this cofactor
to Ramo 11, albeit inefficiently. To examine if Ramo 11 was folded
correctly following S. lividans GroES/GroEL1 co-expression, we
tested its ability to undergo phosphopantetheinylation by the B.
GroESL plasmid from E. coli c GroESL plasmid from S. lividans

1.9 mg/L d 9.8 mg/L d

— 16.8 mg/L
n. d. n. d.
n. d. n. d.
45 mg/L 89 mg/L
— 11.5 mg/L
n. d. 5.6 mg/Ld

n. d. �<1 mg/L d

n. d. —
n. d. n. d.
n. d. —
10 mg/L 81 mg/L
112 mg/L —
288 mg/L 315 mg/L



Figure 3. HPLC analysis of Ramo 11 incubated in the absence (dashed line) and
presence (solid line) of the phosphopantetheinyl transferase enzyme Sfp, ATP, and
Coenzyme A. Peaks corresponding to the retention time of the holo-form (tR = 41.3)
and apo-form (tR = 44.5 min) were collected and confirmed for composition by
MALDI-TOF mass analysis. The Y axis is a stacked overlay of two traces, but
represents data in absorbance units, scaled identically for each trace.

Figure 4. Ramo 17 ATP-PPi exchange assay. Shown are two replicate purifications,
each sample assayed in triplicate where the amino acid incubated with the enzyme
was compared against a control of no amino acid. Data was normalized to the most
active amino acid.
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subtilis phosphopantetheinyl transferase Sfp. Sfp has an unusually
promiscuous substrate specificity profile, recognizing the con-
served fold of ACPs and efficiently transferring phosphopantethe-
ine cofactors to an evolutionarily conserved serine.30 When
treated with Sfp, Ramo 11 was quantitatively converted to the holo
form as judged by HPLC analysis, MALDI-TOF mass spectrometry,
and protein sequencing (Fig. 3). These data confirm the predicted
acyl carrying function of Ramo 11 and also indicate that the recom-
binantly produced protein is correctly folded since it was an effi-
cient substrate for Sfp.

2.4. Confirmation of the activity of the standalone NRPS Ramo
17

Ramo 17, a 95 kDa protein, is an unusual standalone NRPS
encoding an external domain of unknown function, an adenylation
domain hypothesized to activate L-allo-threonine, and a thiolation
domain.14,19,20 To determine if Ramo 17 was folded correctly fol-
lowing expression in the presence of S. lividans GroES/GroESL1,
two assays were conducted to measure the capacity of Ramo 17
to be phosphopantetheinylated by Sfp, and also for this enzyme
to produce aminoacyl adenylates.

Ramo 17 was first incubated with Sfp and BODIPY-CoA, a fluo-
rescently labeled Coenzyme A analog.31 Like acyl carrier proteins,
NRPS thiolation domains contain the phosphopantetheinyl cofac-
tor, which is used for module-to-module transfer of the growing
peptides on the NRPS. When analyzed by denaturing polyacryl-
amide gel electrophoresis and illuminated under fluorescent light,
the band corresponding to Ramo 17 exhibited fluorescence, indic-
ative of transfer of the BODIPY fluorophore covalently to the thio-
lation domain of Ramo 17 (data not shown). These data indicate
that the thiolation domain within Ramo 17 was correctly folded
and thus could be modified by Sfp.

Second, to determine if the adenylation domain of Ramo 17 was
correctly folded and enzymatically active, the specificity of the
adenylation domain was probed by ATP–PPi exchange assay using
a variety of amino acids as substrates. Ramo 17 is responsible for
the addition of the eighth residue in ramoplanin, L-allo-threonine.
Since there is less available sequence and structural data from
Thr-specific adenylation domain pockets, it is difficult determine
a priori which amino acid, L-allo-threonine or L-threonine, is the
preferred substrate based on sequence analysis alone.19,20 We
tested Ramo 17 for ATP–PPi exchange as a measure of adenylation
activity using a panel of amino acids. The data showed that Ramo
17 preferentially activates L-threonine, and to a lesser extent L-ala-
nine and L-allo-threonine (Fig. 4). Intriguingly L-allo-threonine ap-
pears in the natural product but was utilized by Ramo 17 with
approximately 25% of the efficiency of L-threonine. The absence
of internal epimerization domains within all four biosynthetic
NRPS enzymes and a lack of a stand alone epimerase gene within
the remaining genes within the locus suggests that L-threonine
incorporation followed by epimerization at the beta carbon is a re-
mote possibility. Instead, a more plausible mechanism by which L-
allo-threonine is preferentially incorporated might be a result of
the availability of the amino acid pool within the Actinoplanes host
producer. Collectively, these data underscore the importance that
co-expression with S. lividans GroES/GroEL1 chaperones markedly
enhance both the production of soluble Ramo 17 and produce
folded protein capable of dual activities as a substrate for phospho-
pantetheinyl transfer and as an enzyme capable of aminoacylation.

2.5. Confirmation of Ramo 16 as an NADH-dependent reductase

As mentioned previously, Ramo 16 is a putative NADH depen-
dent reductase with homology to the type II fatty acid biosynthesis
NADPH-dependent reductase FabG. Successful expression of Ramo
16 with a C-terminal hexahistidine tag was accomplished, however
immediate unrecoverable precipitation of Ramo 16 occurred upon
affinity purification. A variety of techniques were utilized to over-
come this precipitation, however, none successfully stabilized the
protein. Due to protein instability caused by adding N- or C-termi-
nal affinity purification hexahistidine sequences to the Ramo 16
sequence, the enzyme was prepared as a full-length native protein
sequence by co-expression with GroESL chaperones in autoinduc-
tion media. Following purification to near homogeneity, to exam-
ine if this enzyme was folded correctly, we monitored Ramo 16
for reductase activity in a continuous spectrophotometric assay
in the presence of NADH and a pseudo-substrate acetoacetyl-Coen-
zyme A, a mimic for the 3-oxoacyl-acyl carrier protein substrate
believed to be composed of the N-acyl fatty acid and Ramo 11.
Ramo 16 catalyzed the formation of 3-hydroxybutyryl Coenzyme
A from acetoacetyl-Coenzyme A with the following kinetic param-
eters for acetoacetyl-Coenzyme A: KM of 2350 ± 390 lM and a kcat

of 15.7 ± 1.2 s�1 at a fixed concentration 250 lM NADH (Fig. 5).
Although without chaperones, Ramo 16 expressed at 3.6 mg/L,
the preparations were of low specific activity. Expression in the
presence of chaperones increased the soluble yield to >11 mg/L,
but more importantly the specific activity was markedly improved.

The GroES/GroEL chaperonins and their effect on protein folding
have been extensively demonstrated, mainly for expression of
mammalian enzymes within bacterial heterologous hosts.



Figure 5. Kinetic profile and kinetic parameters of Ramo 16 (10 lM) with varied
acetoacetyl-CoA (0–5 mM) and fixed NADH concentrations (250 lM).
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Although it appears that many of these large NRPSs are too large to
fit in the predicted cavity of the GroEL barrel, it may be possible to
explain this folding assistance by an alternate model.24,26,32,33 The
GroEL barrel may function without GroES, its 10 kDa subunit that
forms the cap on the barrel during protein folding. This mechanism
is not unprecedented, prior experiments by the laboratory of Chau-
dhuri have found a protein that requires both GroES and GroEL for
proper folding34,35 and yet is predicted to be too large to be accom-
modated within the GroEL binding pocket. An alternate mecha-
nism of folding was proposed to explain this anomaly.35 If the
GroEL barrel functions without the GroES cap sealing the cavity,
then it is possible that each domain or portion of a domain may as-
sist in its localized folding prior to release.

3. Conclusion

In summary, we have applied chaperone-assisted protein
expression to the successful production of ramoplanin biosynthe-
sis-associated proteins and have confirmed function and/or kinetic
parameters for a representative set of gene products, confirming
biological functions predicted from sequence. This advance now
makes possible the detailed mechanistic and structural character-
ization of enzymes within this antibiotic class, and may be broadly
applicable to the production and reconstitution of active enzymes
from natural product biosynthetic gene products that have proved
refractory by conventional means. Genes from the ramoplanin bio-
synthetic locus have been historically difficult to produce, and this
approach now paves the way for understanding important aspects
of its construction, including assembly of the starter unit and other
intriguing sequence, structure and functional features of enzymes
from this gene cluster in preparation for potential metabolic engi-
neering applications.

4. Experimental

4.1. Materials and general methods

Enzymes required for DNA manipulations were obtained from
New England Biolabs. Herculase HotStart was purchased from
Stratagene. The ZeroBlunt Cloning kit was purchased from Invitro-
gen. [32P]-Labeled inorganic pyrophosphate was acquired from
NEN. Media, supplements, and antibiotics were purchased from
Sigma and Difco. E. coli competent cells were obtained from Invit-
rogen and Stratagene. Expression plasmids (pET30b, pET16b) and
cloning plasmids (pLacI) were purchased from Novagen. Centricon
concentrators were acquired from Amicon. HALT protease inhibi-
tors were purchased from Pierce. EconoPac DG 10 desalting col-
umns were purchased from Bio-Rad. All other chemicals were
reagent grade and purchased from VWR or Sigma–Aldrich. The cos-
mids containing the ramoplanin biosynthetic cluster (008CK,
008CO) were gifts from Dr. Chris Farnet (Ecopia Biosciences). The
plasmid pGroESL was a gift from Prof. George Lorimer (Univ. of
Maryland). BODIPY-CoA and the enzyme Sfp were gifts from Prof.
Christopher Walsh (Harvard Medical School). FPLC purifications
were performed on an AKTA FPLC from GE Healthcare. Cell lysis
was performed on an Avestin Emulsiflex C-5 homogenizer. HPLC
purifications were performed on an Agilent 1200 HPLC. Centrifuga-
tion was performed on a Beckman Coulter Optima LE-80K Ultra
centrifuge. Absorbance measurements were obtained on a HP
8453 UV–visible spectrophotometer. Scintillation counting was
performed using a Wallac 1209 rack beta counter. MALDI-TOF
mass spectrometry analysis was performed on an Applied Biosys-
tems Voyager System 6154 instrument.

4.2. Cloning, Expression, and Purification of Ramo 9, Ramo 11,
Ramo 12, Ramo 15, Ramo 17, Ramo 24, Ramo 25, Ramo 26, and
Ramo 27 Proteins into E. coli

PCR amplification was performed on the cosmid 008CK with the
following primers : Ramo9F (50-ggg aat tcc ata tga gcg ccg cgg gct
ccg gtt-30); Ramo9R (50-ccc aag ctt gtg gga gtc gag gaa ctc gag gat-
30), Ramo15R (50-CCC AAG CTT GTC ACG GTC CAG GTC GGC GGC
GAT-30); Ramo15F (50-GGG AAT TCC ATA TGC AGA AGA TCC CGC
TCG TGT-30); Ramo17F (50-CAT ACA TAT GCC CAA GTC CCA GCC
CGC C-30); Ramo17R (50-CAT AAA GCT TGG CCG AGC GCA ACG C-
30); Ramo24F (50-GGG AAT TCC ATA TGA CCG CCG CGG CGC TCG
AGA AGC-30); Ramo24R (50-CCC AAG CTT GCC GGG GAG CTG ACG
GGC GCT CAG G-30); Ramo25F (50-GGG AAT TCC ATA TGA CCG
TAC GCC CGC TGG CGC CAC-30); Ramo25R (50-CCC AAG CTT CCG
GCC GTC CTC CGC CCG GAC GGT G-30); Ramo26F (50-ggg aat tcc
ata tgg tca tcg acg ccg cca ccc aac-30); Ramo26R (50-CCC AAG CTT
TCG GCC CGC GCC CGC CTG CAC CGG C-30); Ramo27F (50-ggg aat
tcc ata tgc cca atc cgt ttg aag atc ccg-30); Ramo27R (50-CCC AAG
CTT GCT CTG CGG TTG CTT CTG CTT CTC C-30); Ramo11F (50-GGG
AAT TCA TAT GTC CGA GAC CGA CCT GTC C-30); Ramo11R (50-
TAT AAA GCT TTT ATC GGT TGA CGC GGT CGG C-30). The PCR
amplification was optimized for each gene. Typical reaction condi-
tions and cycle consisted of 98 �C for 5 min, 98 �C for 45 s, 57 �C for
45 s, 72 �C for 6 min (last three temp cycles repeated 30X), and
72 �C for 10 min. The PCR mixture consisted of Herculase Hot-Start
polymerase, supplied buffer, dNTP mix, primers, 9% DMSO, and
cosmid DNA. PCR products were gel purified and ligated into the
Zero Blunt Cloning vector.

Successful ligations were sequenced and constructs containing
the correct gene sequence were excised and ligated into pET30b
with NdeI and HindIII restriction sites. The pET30b constructs con-
taining the gene of interest were transformed into BL21 (DE3) cells
at 23 �C. The cultures were induced with 100 lM IPTG when the
optical density at 600 nm reached 0.6 and allowed to grow over-
night. Cells were pelleted and frozen at �20 �C until needed. The
cells were centrifuged (3600g for 10 min and resuspended in buffer
A (50 mM Tris–HCl, pH 8.0, 300 mM NaCl, 10 mM imidazole). The
cells were lysed by multiple passages through the Emulsiflex.
The slurry was centrifuged at 125,000g for 45 min and loaded onto
a pre-equilibrated nickel-chelating column. The column was
washed with 250 mL of buffer A and then subjected to a linear gra-
dient to 100% buffer B (50 mM Tris–HCl, pH = 8.0, 300 mM NaCl,
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500 mM imidazole). Fractions exhibiting an absorbance at 280 nm
were analyzed by SDS–PAGE and fractions containing purified pro-
teins were pooled. The proteins were excised from the acrylamide
gel and subjected to trypsin digest and analysis by Q-TOF to con-
firm identity. Values for the total production of purified proteins
were obtained by Bradford analysis against bovine serum albumin
standards. Co-transformations involving pGroESL (exhibiting
ampicillin resistance) and pLacI-GroESEL (chloramphenicol resis-
tance) were purified similarly with the additional antibiotic pres-
ent during bacterial growth.

4.3. Cloning of GroESEL1

Genomic DNA from S. lividans was prepared as previously
described.36 The PCR mixture and conditions were similar to the
previously described reaction. The primers were GroESEL forward
50-GCA CCC GCG ACG ACG GAT CCA C-30, GroESEL reverse 50-TCA
GTG GGA GTG GCC TAG GTG GCT GTG-30. PCR products were li-
gated into the Zero Blunt Cloning vector and confirmed by DNA
sequencing, the insert was excised by digestion with EcoRI, then
blunted with Klenow fragment (DNA polymerase I). The pLacI vec-
tor was digested with BsaAI and dephosphorylated with Antarctic
Phosphatase. The vector and insert were ligated and transformed
into DH5a cells. Transformants were screened for insert and orien-
tation by restriction digest and confirmed by DNA sequencing.
4.4. Cloning and purification of Ramo 16

The Ramo 16 gene was obtained by PCR amplification from cos-
mid DNA (OO8CK) from Actinoplanes ATCC 33076 using Herculase
Hot Start Polymerase with the following primers: the C-terminal
his-tag were Ramo16C forward (50-GGG AAT TCC ATA TGC gct tga
ccg gca aga ccC CG-30), Ramo16C reverse (50-ccc aag ctt gcg cgt ggt
gaa tcc gcc gtc gac-30), and the N-terminal hexahistidine-tag were
Ramo16N forward (50-TAT ACC ATG GCT CGC TTG ACC GGC AAG
AC-30). and Ramo16N reverse (50-TAT AGG ATC CTC AGC GCG TGG
TGA ATC CG-30). The amplified gene products were cloned into the
Zero Blunt Cloning Vector and sequenced. The Ramo 16 insert was
digested out of the vector with either NdeI and HindIII or NcoI and
BamHI for the C-terminal and N-terminal hexahistidine-tag con-
structs, respectively. The inserts were ligated into pET30b expres-
sion vector to create pET30b-ramo16C and pET30b-ramo16N. Each
plasmid was transformed into BL21 (DE3) for expression. pET30b-
ramo16N did not yield any soluble protein. pET30b-ramo16C
yielded soluble protein, however, the protein was markedly unsta-
ble and inactive. The N-terminal portion of pET30b-ramo16C was di-
gested and ligated into the identically cut C-terminal portion of the
pET30b-ramo16N to yield pET30b-ramo16-native. Containing no
fusion tag, this native protein, was sequenced and then transformed
into BL21 (DE3) cells for expression.

An overnight culture was grown in Luria broth with kanamycin
(50 lg/mL), diluted 1:100 into auto-induction media37 and grown
at 23 �C for 48 h. Cells were harvested and suspended in Tris
(50 mM, pH 8.0) supplemented with DTT (1 mM) and HALT prote-
ase inhibitors. Lysis was performed with three passages through
the Emulsiflex and centrifuged (125,000g for 45 min). Clarified ly-
sate was applied to a Q sepharose column and eluted with a gradi-
ent (300 mL) of 0–350 mM NaCl in the above buffer without
protease inhibitors. Fractions containing Ramo 16 were pooled
and concentrated and applied to a Superdex S-200 column pre-
equilibrated with Tris (50 mM, pH = 8.0), NaCl (100 mM) and DTT
(1 mM). Fractions were analyzed by SDS–PAGE and the band corre-
sponding to Ramo16 was excised and the identity of the protein
confirmed by Q-TOF. Fractions containing Ramo 16 were pooled,
concentrated, flash frozen and stored at �80 �C.
4.5. Assay of Ramo 16 reductase activity

Initial rates of Ramo 16 were determined by monitoring the de-
crease in absorbance of NADH at 340 nm at 25 �C. The reactions
(100 lL) were monitored in half-area clear bottom Corning plates
using a 96 well plate SpectraMax Molecular Devices spectrophotom-
eter. The extinction coefficient for NADH at 340 nm for 100 lL reac-
tions was 3296 M�1.38 Assays were performed in HEPES (50 mM pH
7.6), NaCl (100 mM), and Ramo 16 (10 lM). Initial rates were mea-
sured over the first 300 s. Rates were determined by varying aceto-
acetyl-CoA (0–5 mM) while NADH was held constant (250 lM).

4.6. Phosphopantetheinylation of Ramo 11 by Sfp

Purified Ramo 11 (40 lM) was incubated for 1 h with purified
Sfp (5 lM) in HEPES buffer (50 mM, pH 7.0) with MgCl2 (2 mM)
and Coenzyme A (100 lM). The reaction and a control without
Sfp were subjected to HPLC analysis on a linear gradient of H2O
(containing 0.1% TFA) to MeOH (containing 0.1% TFA) on octadecyl
silica column (Vydac C18 4.6 � 250 mm). Apo-ACP possessed iden-
tical properties as commercial standards and successfully con-
verted to the holo-ACP upon experimental incubation. Samples
collected at the expected retention time (holo-ACP tR = 41.3 min)
were subjected to MALDI-TOF MS analysis and showed masses
consistent with holo-ACP (theoretical (m/z) = 13,014 Da; experi-
mental holo-ACP (m/z) = 13,010 Da).

4.7. Purification of Ramo 17 and assay of ATP-PPi exchange
activity

Ramo 17 containing a C-terminal hexahistidine affinity tag was
concentrated with a 30 kDa molecular weight cutoff Centricon con-
centrator, loaded onto a desalting column for imidazole removal and
eluted with 50 mM Tris, pH 8.0 (4 mL), 50 mM NaCl. A modification
of the method of Du et al. was used for analysis of PPi ex-
change.30,39,40 The protein was incubated for 30 min in 50 mM so-
dium phosphate, pH 7.8, 1 mM ATP, 0.2 lCi/1 mM [32P]-PPi, 1 mM
MgCl2, 0.2 mM EDTA, and 1 mM amino acid (L-threonine, D-threo-
nine, D-allo-threonine, L-allo-threonine, L-alanine, L-serine, or a con-
trol with ddH20) at 25 �C. The reaction was quenched in 1% activated
charcoal and 3% perchloric acid and bound to a glass fiber filter. The
filter was sequentially washed with sodium phosphate, (0.2 M, pH
8.0), H2O, and finally ethanol. The dried filter was analyzed by scin-
tillation counting. All experiments were performed in triplicate.

4.8. Assay for covalent labeling of Ramo 17 by BODIPY-CoA

Purified Ramo 17 (40 lM) was incubated for 1 h with purified
Sfp (5 lM) in HEPES buffer (50 mM, pH = 7.0) with MgCl2

(2 mM), Coenzyme A (100 lM), and BODIPY-CoA (40 lM).31 The
reaction and a control without Sfp were analyzed by denaturing
10% gel SDS–PAGE then imaged with fluorescence detection or
by direct Coomassie staining.
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