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enzyme promiscuity alone: establishing control ofite pacidamycin
portfolio
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Experimental Section
Materials and bacterial strains. Microbiological media, buffer components, and reagents were

purchased from BD Biosciences (Oxford, UK), Melford (Sterth, UK), Sigma-Aldrich (Haverhill,
UK), Alfa Aesar (Hyesham, UK) and used without further poaifion. Plu DNA polymerase was
purchased from Promega (Southampton, UK), restriction enzywwe® obtained from Roche
Diagnostics (Burgess Hill, UK)Streptomyces coeruleorubidus AB1183F-64 was obtained from the
Agricultural Research Service Culture Collection, Natidbenter for Agricultural Utilization Research
(NRRL, Peoria, USA)Streptomyces lividans TK24 andStreptomyces coelicolor M1154 was provided by
Prof. Mervyn J. Bibb (John Innes Centre, Colney, Norwiclg).U Escherichia coli DH10B-T1
(Invitrogen, Paisley, UK) was used for routine clonirfg, coli BL21(DE3) (Novagen, Merck
Biosciences, Nottingham, UK) was used for protein exmBss

General DNA manipulations. Routine microbiological procedures were carried out acegrdo
standard protocols? Restriction enzymes, ligase aRtli DNA polymerase were obtained from Roche
Diagnostics Ltd. (Burgess Hill, UK) or Promega (SouthamptUK) and used according to the
manufacturer’s instructions. Routine DNA sequencing wadechpout at the University of Cambridge
DNA Sequencing Facility using an Applied Biosystems 3730xADMhalyser.

Gene disruptions.Gene disruptions were carried out by PCR targétifgr each target gene thaT-
aac(3)IV cassette was amplified from plJ773 using the following prinjeee Table S1 for primer
sequences): ER2KOF and ER2KOR pac21, pac21h-5 and pac21h-6 fpac21h, phhA-1 and phhA-2
for phhA. The disruptions cassette targetingac2l were electroporated intoE. coli
BW25113/plJ790/cosmid 2H-5, and the disruption cassettegati@lh andphhA were electroporated
into E. coli BW25113/plJ790/cosmid 5-E10. The correct insertion of the disrupdissette was verified

by PCR (Figure S1) and restriction digest (data not shol#§.mutagenised cosmids were introduced
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into S coeruleorubidus by conjugation fronE. coli ET12567/pUZ8002Exconjugants were selected on
MS agar (20 g I mannitol, 20 g ! soya flour, 20 g L agar) containing 10mM Mggwith soft TSB
agar overlays containing nalidixic acid and apramgc®election of apramycin-resistant, kanamycin-
sensitive exconjugants was performed on ISP2 agar (4 yeast extract, 10 g'Lmalt extract, 4 g &
glucose, 15 g T agar, pH 7.2) containing the appropriate antibiotics. The ldatipss-over mutants
were verified by PCR with gDNA as template (Figure S1).

Genetic complementation.For genetic complementation #ireptomyces, genes were cloned into the
Ndel and Hindlll sites of plJ10257.Genes of interest were PCR amplified using primers pacaid
pac21-3 forpac2l, pac21h-3 and pac21h4 fpac21h, mTyr-3 and mTyr-4 fophhA, and pac21h-3 and
mTyr-4 for pac21h-phhA. PCR products were directly subjected to restrictionsligith the appropriate
enzymes or passaged through pJET1.2 (Fermentas, Yorkptigi)to ligation into linearised plJ10257.
The resulting plJ10257 derivatives were introduce&teptomyces by conjugation as described above
but using hygromycin for selection.

Heterologous expression of the pacidamycin biosynthetgene cluster.Preparation of cosmid 2H-5
for heterologous expression has been described elsewhbeedisruption cassette was excised from
cosmid 2H5-KO (Table S2) by FLP-mediated recombination. Tlageke a 91 bp in-frame scar. The
resulting cosmid was then prepared for heterologous expressidesaribed for 2H-5 to give pSG90.
Cosmids 2H-5 and pSG90 were conjugated @&tdividans TK24 to give RG-4289 and RG-5275,
respectively (Table S3).

Culturing and metabolite extraction. Starter cultures of coeruleorubidus, inoculated from spore
stocks, were grown for 2 days at 28°C with shaking in I®B&8ium (4 g L' yeast extract, 10 g'Lmalt
extract, 4 g [* glucose, pH 7.2) containing the appropriate antibiotics gsiresl. The main culture
(ISP2) was inoculated with 5% starter culture and grown ftays at 28°C with shaking in the absence
of antibiotics. Where appropriate, sterile solutions ofrenacids were added to the main culture at the
start. The feeding af-2-chlorophenylalanine (2-Cl-Phe) was performed as previalesigribed. Starter
cultures ofS. lividans strains were grown for 2 days ix2T (16 g L* tryptone, 10 g L' yeast extract,

5¢g L* NaCl) with the appropriate antibiotics as required. Thenntulture (Medium B: 20 ml t
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glycerol, 2.5 g [* glycine, 1 g [* NaCl, 1 g ! KH,PQ,, 0.1 g L' CaCQ, 0.1 g L* FeSQ 0.1 g L**
MgSO, 7H,O, pH 7.0) was inoculated with 5% starter culture and incubattminued at 28°C with
shaking in the absence of antibiotics. Metabolites wereaeen from cell-free broth (10 ml) using
XAD-16 resin and eluted from the resin with methanol. Theddresidue was redissolved in 200
water:methanol 1:1 and subjected to LC-MS analysis.

Heterologous expression and purification of PhhAThe phhA gene was PCR-amplified usirigfu
polymerase (from cosmid 5-E10 using primers mTyr-3 and mTyr-4)eT&1). TheNdel-Hindlll
digested PCR product was ligated into pET-28b(+) (Merds@&ences, Nottingham, UK) to allow for
expression of PhhA as a N-terminal His-tagged fusion proféie. construct was verified by DNA
sequencingE. coli BL21(DE3) was used as expression host in Luria Broth aontpi50 pg mL*
kanamycin. Protein production was induced with 80 uM IPT® @arried out at 16°C for 24 hours.
Harvested cells were resuspended in lysis buffer (0.5 RINg mM Tris-HCI, 10 mM imidazole, pH
8.0) supplemented with 100 pM ammonium iron(ll) sulphate and 2 nmiM. DAfter cell lysis by
sonication and removal of cell debris the soluble fraction leaded onto Ni-NTA resin (Qiagen). The
resin was washed with lysis buffer and eluted withslysuffer containing 0.4 M imidazole. Protein
containing fractions were pooled. PhhA was further purified ¢hiL®ad 16/60 Superdex 200 column
(GE Healthcare, Little Chalfont, UK) in 20 mM HEPES, 20 NaCl, pH 7.5. HisPhhA elutes as a
monomer. Protein-containing fractions were treated withegbldo give 10% final concentration and,
where necessary, concentrated using Amicon Ultra cegatiffilters (MWCO 10 kDa). Protein was
flash-frozen and stored at -80°C. The purity was asddss&SDS-PAGE analysis (Figure S2). Protein
concentrations were determined by the Bradford method uSigaB the standard. Approximately 3 mg
of Hise-PhhA was isolated from a 1 L culture.

Enzyme assaysPhhA assays contained 0.5-5 uM PhhA, 1 mN¥he,, 5 mM DTT and 84 U jil
catalase in 50 mM HEPES, pH 7.5. Reactions were stdijedhe addition of 0.1 mM 6,7-
dimethyltetrahydropterin and incubated at 28°C. The enzyme lessremoved by filtration through
Amicon spin filters (MWCO 10 kDa). The filtrate was arsdgl by HPLC. Compounds were separated

on an Agilent Eclipse XDB-C8 column (5 pum, 4.6x150 mm) with 50 itmnMthylamine, 60 mM
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trifluoroacetic acid as buffer A and methanol as solveriit& gradient was: 0-3 min 3% B, 3-11 min 3-
30% B, 11-12 min 30-60% B, 12-15 min 60% B, 15-18 min 60-30% B, 18-23 min 3VyrBsine-
optimised conditions were used for detection by fluorese@atector (ex 270 nm, em 305 nm). Time
course experiments were essentially carried out asibded above except that analysis was carried out in
Nunc 96-well plates (10Ql reaction volume) using a Molecular Devices SpectraMaxifd&ument.
The change in fluorescence emission at 305 nm was follagiad an excitation wavelength of 270 nm.
LC-MS analysis. For routine analysis, compounds were separated on a \Wdggdge™ C18 column
(3.5pum, 2.1x150 mm) using 0.1% formic acid in water as solvent ADatfh formic acid in acetonitrile
as solvent B for the following gradient: 0-0.5 min 10% B;®1min 10-95% B, 9-11 min 95% B, 11-11.5
min 95-10% B, 11.5-14 min 10% B. The flow rate was 0.35 mI'm@ompounds were mass analysed
by a Shimadzu LCMS-2010 single quad using electrospray ionisatetac{or voltage 1.3 kV, CDL
temperature 200°C). MS/MS analysis was performed agceefJohn Innes Centre) on a Thermo

Finnigan LCQ DecaPIU§ ion trap instrument as previously descrifed.
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Table £1 Primers used in this stut

Name

Sequence £> 3’

5el(-4
5el(-5
ER2KOF
ER2KOFR
mTyr-3
mTyr-4
pac2-1
pac2:-3
pac21l-3
pac21l4
pac21l5
pac21l-6

pac21KOconfirr-fw
pac21KOconfirr-rev

phhA-1
phhA-2

gtcactgcgcgacttcgc

caaggacatggtgctcggce
gaagtttcacgcactacttcgagctgcaggacagacggtattccggggatm
cgtcgaggtcgacgaaccgaccttcttcgtcagccggattgtaggctggag
ccatatgcaagggccgeacgc

caagcttggctcagtgaggtgtcaccg
ggaattccatatgtcagtacagttcggtgec
cccaagcttgatgccgacgcecttgctca
gggaattccatatgtctctcacattggtcga
ctagaagcttcagccaggcaactcct
gegagataggggttggcaaggtttatgtctctcacattgattccggggatceg
gggctctceceggtcggegectegctcagecaggeaactctgtaggetggag
atacttcctttcgtgtcctc

tagaacacgaccagctcc
cgtcttgaattggagtgatccctcatgcaagggacattccggggatcegtege
acgcgcctcccggaagaacccggctcagtgaggtgtcactgtaggcetggag

Table S2 Plasmids and cosmids used in this st

Name Paren Description / Inse Referenc
2H-5 Superco cosmid containing pacidamyciiene cluste >

5-E1C Superco Cosmid containingpac21-phhA this stud
plJ790 pKD20 A RED recombination plasmid 8

pIJ77: template foloriT-aac(3)1V replacement casse 3

BT34C FLP recombination plasrr 3

plJ102t7 Streptomyces-E. coli shuttle plasmi 4

2H5-KO 2H-5 pac21::oriT-aac(3)I1V this stud
pSG89 2H5-KO Apac?1 this study
pSG90 pSG89 aph::oriT-aac(3)IV-attP-int @C31 this study
pSG12- 5-E1C pac2lh::oriT-aac(3)IV this stud
pSG12! 5-E1C phhA::oriT-aac(3)IV this stud
pSG10 plJ1025 pac21 this stud
pSG10! plJ1025 pac21lh this stud
pSG12: plJ1025 phhA this stud
pSG12: plJ1025 pac21h-phhA this stud
pSG12( pET-28a(+ phhA this stud




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2011

Table S3 Strains used in this stut

Name Descriptior Referenc
E. coli BW25113 Host forA RED-mediated recombination $
i;elpltggz(-:;coeruleorubldus Wild type, pacidamycin producer °
Streptomyces lividans TK24 str-6 SLPZ~ SLPZ

RG-428¢ S lividans + 2H-5 °
RG-527¢ S lividans + pSGOI this stud
RG-535¢ RG-4289+ pSG10! this stud
RG-536( RG-527& + pSC10¢ this stud
RG-536¢ RG-428¢ + pSG12: this stud
RG-536¢ RG-527t + pSG12. this stud
RG-536¢ RG-4289+ pSG12: this stud
RG-5367 RG-527t + pSG12: this stud
RG-402¢ S coeruleorubidus pac21::oriT-aac(3)IV this stud
RG-5381 S coeruleorubidus pac21h::oriT-aac(3)1V this stud
RG-539¢ RG-5381 + pSGI1C this stud
RG-538- S coeruleorubidus phhA::oriT-aac(3)1V this stud

Figure S1Verification of gene knock-outs. Relevant bands of the DM& marker have been labeled.

A PCR analysis opac21 knock-outs using primers pac21KOconfirm-fw and -rev. 1: costhleb, 2:
cosmid 2H5-KO, 3: cosmid pSG89/pSG90S4coeruleorubidus wild type gDNA, 5:S coeruleorubidus
RG-4028 gDNA.

B PCR analysis opac21h knock-outs using primers 5e10-4 and 5e10-5. 1. cosmid 5-E10, 2d mixe
template 5-E10 + pSG124, 3: pSG124, 4: RG-5381 gDNA, 5: mixed tenp@i®381 gDNA +S
coer uleorubidus wild type gDNA, 6:S. coeruleorubidus wild type gDNA.

C PCR analysis gbhhA knock-outs using primers mTyr-3 and mTyr-4. 1: cosmid 5-E1pS&5125, 3:
RG-5382 gDNA, 4S. coeruleorubidus wild type gDNA.
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75kDa
50kDa

37kDa

25kDa

Figure S2SDS-PAGE of purified HisPhhA (lane 2) with protein size marker (lane 1).
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Figure S3Kinetic analysis of PhhA reaction. A: Initial velocitigg) of 0.5 uM PhhA, 0.1 mM DMPK
0.125 - 5.0 mM.-Phe, 84 U il catalase plotted against Phe concentration and non-liegassion (y
= Vmax - [Phe] - (i + [Phe])"). Data derived from three independent experiments eadh triplicate. B
0.25-1.0 uM PhhA, 0.1 mM DMPH5 mM L-Phe, 84 U jit catalase plotted against PhhA concentration

and linear regression.
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LC-MS Analysis — Extracted lon Chromatograms
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2-Chlorophenylalanine Feeding
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MS/MS Spectra of Chloropacidamycins
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w.t. Sclr + 2-Cl-Phe
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w.t. Sclr + 2-Cl-Phe
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w.t. Sclr + 2-Cl-Phe
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Sclr RG-5382 + 2-Cl-Phe
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Sclr RG-5382 + 2-Cl-Phe
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Sclr RG-5382 + 2-Cl-Phe

09a06 #993-1067 RT: 17.94-18.88 AV: 15 NL: 2.99E8
F: + ¢ ESI Full ms [100.00-2000.00]

100+

9 full MS

90

817.2058

aoé
7o§
eoé
5o§

40

Relative Abundance

30

207

888.1543

1 657.3446

o

210.1951

N T
i

il | . . .
1 | | (N
400 600 800

o L — [ L - ]
1000 1200 1400 1600 1800 2000

m/z

09a06 #1007-1063 RT: 18.11-18.84 AV: 12 NL: 6.40E7
F: + c ESIFull ms2 817.30@cid35.00 [225.00-850.00]

100+
. MS? 817.: o o
907 n JVH 1
] HaN . N ]

7 <IN N IN">copH

s I)I/\H H 2

80 S 296
] > 687
1 (o) o6/
1 o 592N A0

O [IN

618.0827 592 cl

B Cl-Pac 5 488
J Exact Mass: 817.2 799

592.0820

Relative Abundance
ol
N

. 799.0897
] 687.1276

1 488.1220

] 379.9679 574.1197
10 296.9077 636.1140

s ’ h ‘H‘H“,J‘uu‘hm T 1| S OB sl

AR RARSRARE RN RARE] LI R L R L M B e L I A IR RRAN R R AR s AR RRAR
300 400 500 600 700 800

m/z




Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2011

Sclr RG-5382 + 2-Cl-Phe
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Sclr RG-5382 + 2-Cl-Phe
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