(pAIMS65). The luciferase expressing, wild-type Gam1 (CELOwt) and the CELO virus
purification on CsCl gradients have been described (CELO AIM46; ref. 24). The
CELOdGhsp40 and CELOdGhsp70 genomes were constructed by exchanging the CMV/
luciferase/B-globin cassette for CMV/hsp40/B-globin or CMV/hsp70/B-globin cassettes.

Analysis of the replication of CELOdG (Fig. 5a) was performed by transfecting the
CELOJG genome into LMH cells alone, or followed by infection with 1,000 particles per
cell of AdGam1 after 24 h. After 5 days, we collected the cells and assayed them for
luciferase activity. We used an additional culture to infect a fresh set of LMH cultures
either alone, or with AdGam1. We repeated the cell collection, luciferase assay and passage
every 5 days for 5 passages.

Immunoblotting analysis

We lysed A549 cells in lysis buffer (150 mM NaCl, 50 mM Tris, pH 7.5, 5mM EDTA, 1%
NP-40 containing protease inhibitor cocktail; Sigma). Cells were agitated at 4 °C for

30 min, passaged through a 25 gauge needle 5 times, sonicated in a bath sonicator for

5 min, and centrifuged at 14,000 r.p.m. (Eppendorf) for 5 min, and the supernatant was
used for immunoblotting analysis. Equal quantities of protein (measured by Bradford
reagent, Pierce) were resolved by polyacrylamide gel electrophoresis (PAGE), transferred
to nitrocellulose and probed with the indicated antiserum preparations (see below).
Antibody binding was revealed using the appropriate peroxidase-conjugated secondary
antibodies (Dako) and ECL reagents (Amersham).

Immunofluorescence

Cells were plated on glass cover slips (12 x 12 mm) in 6-well dishes 24 h before transfection
or infection. Cells were fixed one day after transfection/infection in 4% paraformaldehyde
for 15 min, rinsed 3 times with PBS, permeabilized with PBS/0.1% Triton X-100 (PBT) for
15 min, blocked in 5% BSA/PBT for 30—60 min, incubated with primary antibody for
15 min in 5% BSA/PBT, washed 3 times with PBT, incubated with secondary antibody for
15 min in 5% BSA/PBT, washed 2 times with PBT, washed 2 times with PBS, and mounted
in 50% glycerol/PBS, 10 mM Tris pH 8.5, 4% n-propyl gallate (Sigma); all incubations
were done at room temperature. DNA was stained with Hoechst dye. Images were acquired
with a cooled CCD camera (Spot II; Diagnostic Instruments) mounted on an Axiovert
microscope (Zeiss) equipped with 63x/1.4 lens with filters from Chroma Tech and
processed using Adobe Photoshop software.

We used the following antiserum preparations: murine monoclonal 9E10 recognizing
the Myc epitope; murine monoclonal RPN-1197 recognizing hsp70 (Amersham) or goat
polyclonal sera recognizing hsp70, hsp40, hsp90a, hsc70 and hsp27 (Santa Cruz Bio-
technology); anti-tubulin (clone DM1A, Sigma); and a rabbit polyclonal directed against
total capsid proteins®. We used the following secondary antibodies: DTAF conjugated
donkey anti mouse, DTAF conjugated donkey anti rabbit and Cy3 conjugated donkey anti
goat (Jackson Laboratories).

We carried out transfections using a double PEI technique as described”’. LMH cells®
and A549 cells (ATCC CCL-185) were cultured in DMEM plus 10% FCS (DMEM, 2 mM
glutamine, 100 IU penicillin, 100 pgml™" streptomycin and 10% (v/v) fetal calf serum).
The 293 cell line® was cultured in MEMalpha with 10% newborn calf serum.
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Nitric oxide (NO) is present in soil and air, and is produced by
bacteria, animals and plants. Superoxide (O3) arises in all organ-
isms inhabiting aerobic environments. Thus, many organisms are
likely to encounter peroxynitrite (OONO"), a product of NO and
O that forms at near diffusion-limited rates, and rapidly decom-
poses upon protonation through isomerization to nitrate (NO3;
ref. 1) while generating hydroxyl radical ("OH) and nitrogen
dioxide radical ('NO,) (refs 2, 3), both more reactive than peroxy-
nitrite’s precursors. The oxidative, inflammatory, mutagenic and
cytotoxic potential (ref. 4) of peroxynitrite contrasts with the anti-
oxidant, anti-inflammatory and tissue-protective properties
ascribed to NO itself. Thus, the ability of cells to cope with
peroxynitrite is central in determining the biological conse-
quences of NO production. We considered whether cells might
be equipped with enzymes to detoxify peroxynitrite. Peroxire-
doxins have been identified in most genomes sequenced, but their
functions are only partly understood. Here we show that the
peroxiredoxin alkylhydroperoxide reductase subunit C (AhpC)
from Salmonella typhimurium catalytically detoxifies peroxyni-
trite to nitrite fast enough to forestall the oxidation of bystander
molecules such as DNA. Results are similar with peroxiredoxins
from Mycobacterium tuberculosis and Helicobacter pylori. Thus,
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peroxynitrite reductase activity may be widespread among
bacterial genera.

Enzymatic activities have been demonstrated for only a few of the
proteins encoded by several hundred peroxiredoxin sequences,
namely, the reduction of alkyl or hydrogen peroxides to alcohols
or water®. The first peroxiredoxin purified, AhpC, was identified in
Escherichia coli and S. typhimurium along with its flavoprotein
partner AhpF as products of a bicistronic operon within the
H,0,-activatable oxyR regulon’. We recently demonstrated that
an ahpCF-deficient mutant of S. typhimurium was markedly sensi-
tized to bactericidal effects of nitrite and S-nitrosoglutathione®.
Resistance was restored by transformation with ahpC from
S. typhimurium or M. tuberculosis. Moreover, transfection with
ahpC from M. tuberculosis protected human cells from death
caused by nitric oxide synthase-2 (NOS2)®. Host defence against
experimental tuberculosis depends on production of reactive nitro-
gen intermediates by NOS2’, and antisense-mediated decrease in
expression of ahpC abolished the virulence of Mycobacterium
bovis'. Thus, peroxiredoxins can protect cells from reactive nitro-
gen intermediates, and we hypothesized that peroxiredoxins do so
by acting as peroxynitrite reductases.

We tested this hypothesis using pure S. typhimurium AhpC,
reagent peroxynitrite, and target molecules susceptible to oxidation.

Rhodamine (umol)

Time (min)

PNdec

Trx system
AhpF + NADH
AhpC (uM)

E S B IS I S + |+ |+ |+|+|PN

< OC DNA
<— SC DNA

Figure 1 AhpC from S. typhimurium protects dihydrorhodamine and DNA from
peroxynitrite-induced oxidation. a, Protection of dihydrorhodamine without catalytic
turnover of AhpC. Reactions contained KPi buffer with 100 wM dihydrorhodamine and
indicated concentrations of AhpC, either wild-type (filled circles), mutant C165A (filled
squares), C46A (filled triangles), or C46/165A (open circles), or AhpC pre-oxidized with
TBH (open squares). Peroxynitrite (20 wM) was added and rhodamine formation
measured by absorbance at 500 nm wavelength. b, Protection of dihydrorhodamine
during catalytic turnover of AhpC. Reactions as in a also contained 50 wM NADH and no
protein (filled circles), 1 wM AhpC alone (open circles), 5 wM AhpF alone (filled triangles),
or 5 wM AhpF plus AhpC at 1 wM (filled squares), 5 uM (open squares) or 10 wM
(diamonds). Peroxynitrite was infused to achieve 8.4 wM min~" for 5 min. ¢, Protection of
DNA. Reactions contained 1 g of pBluescript Il plasmid and indicated amounts of AhpC
with or without 500 nM AhpF and 50 wM NADH, or 0.5 units of TR, 2 uM Trx and 50 wM
NADPH (Trx system) in KPi buffer pH 6.5. Peroxynitrite (PN) or decomposed peroxynitrite
(PNdec) was infused to achieve 25 wMmin™" for 3 min. Agarose gel electrophoresis
separated supercoiled (SC) and open circular (nicked) (OC) DNA. All results are from =3
experiments (error bars show =+ s.d.).
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At a molar excess of AhpC over peroxynitrite, AhpC protected
dihydrorhodamine completely against oxidation (Fig. la). Muta-
tion of Cys 165 to Ala (C165A) diminished the protective effect of
AhpC slightly. The mutant C46A was markedly less effective than
wild type, and the double mutant C46/165A was scarcely protective.
Likewise, protection was lost when the Cys residues in AhpC were
oxidized by pre-exposure to t-butyl hydroperoxide (TBH) (Fig. 1a).
Next we tested whether AhpC could act catalytically during perfu-
sion with peroxynitrite in molar excess (Fig. 1b). Under these
conditions, AhpC alone did not protect dihydrorhodamine unless
we also provided pure AhpF and NADH to reduce AhpC. With the
full system, AhpC displayed a concentration-dependent ability to
protect dihydrorhodamine from a 40-fold molecular excess of
peroxynitrite during 5 min of perfusion (Fig. 1b). DNA is a critical
physiological target of peroxynitrite''. At a molar excess of AhpC
over peroxynitrite, AhpC alone protected supercoiled DNA from
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Figure 2 Catabolism of peroxynitrite by AhpC. a, Reversible oxidation of Cys residues.
Samples of AhpC (100 M) were pretreated with excess peroxynitrite (PN) as indicated,
then assayed for TBH reductase activity (open circles), free Cys-SH content (filled
squares), and 3-nitrotyrosine (3-NT) (open triangles). Inset, results at a low excess of
peroxynitrite. b, Intermonomeric disulphide bond formation and cross-linking. AhpC
treated with excess peroxynitrite as in @ was boiled for 5 min in Laemmli buffer with or
without B-mercapthoethanol (3-ME), separated by SDS—polyacrylamide gel electro-
phoresis and stained with Coomassie. Numbers on right, relative molecular mass M.
¢, Western blot with anti-nitrotyrosine monoclonal antibody (1 g, Alexis) using a
duplicate of the gel shown in b. d, Nitrite formation: dependence on Cys 46. Peroxynitrite
(20 M) was added to 100 .l of KPi buffer in the presence of indicated amounts of AhpC,
either wild-type (filled circles) or mutants C46A (filled triangles), C165A (open squares) or
(46/165A (open circles) for 15 min before measuring nitrite. All results are from =3
experiments (error bars show =+ s.d.).
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single-strand breaks. At a molar excess of peroxynitrite over AhpC,
protection was evident only in the presence of AhpC + AhpF +
NADH, or AhpC + thioredoxin reductase (TR) + thioredoxin (Trx)
+ NADPH (Fig. 1c).

To test if peroxynitrite reversibly oxidizes the Cys residues of
AhpC, we pretreated AhpC with peroxynitrite at a 0.2- to 50-fold
molar excess, measured the free Cys-SH groups remaining, and then
tested whether the Cys-SH groups could be regenerated by AhpF +
NADH as assessed by the ability of the pretreated AhpC to carry out
the reduction of TBH (a Cys-dependent process'?) (Fig. 2a). AhpC
regained over 90% of its TBH reductase activity following exposure
to a 2-fold molar excess of peroxynitrite, even though the Cys-SH
content fell from 1.7 to 0 mol Cys-SH per mol AhpC monomer.
Each molecule of peroxynitrite led to the oxidation of 2 Cys (Fig. 2a
inset). In contrast, nitration of AhpC became detectable only when
peroxynitrite was at =10-fold molar excess over AhpC, and AhpC
was not allowed to complete the catalytic cycle (Fig. 2a). Even at 50-
fold molar excess of peroxynitrite over non-cycling AhpC, less than
one of the five Tyr residues per AhpC monomer was detectably
nitrated (Fig. 2b), a modification confirmed by immunoblot
(Fig. 2c), and this was associated with irreversible crosslinking
(Fig. 2b). Lower concentrations of peroxynitrite only caused dis-
ulphide bond formation (Fig. 2b). Thus, the first residues in AhpC
to react with peroxynitrite are Cys, not Tyr, and the reaction leads to
reversible disulphide bonding.

Spontaneous decomposition of peroxynitrite in pure solution
leads to the accumulation of nitrate (~70%) and nitrite (~30%)".
In contrast, wild-type AhpC and C165A caused the nearly quanti-
tative conversion of peroxynitrite into nitrite, while C46A and
C46/165A were ineffective (Fig. 2d). Thus, AhpC catabolizes per-
oxynitrite to nitrite; Cys 46 is required, but Cys 165 and a reducing
system are not.

Peroxynitrite might react with AhpC Cys 46 via either oxidation
or nitrosation. We sought to trap a putative sulphenic acid inter-
mediate through its reaction with 7-chloro-4-nitrobenz-2-oxa-1,3-
diazole (NBD-Cl), which will react with Cys-SH or Cys-SOH, but
not with Cys-SO,H, Cys-SO;H, Cys-SNO or Cys-SS-Cys". To
preclude formation of Cys-SS-Cys, we used C165A. We anaerobi-
cally reacted C165A sequentially with peroxynitrite and NBD-Cl
and characterized the products by electrospray ionization mass
spectrometry (Fig. 3). Untreated C165A vyielded a single peak
within 1 atomic mass unit (a.m.u.) of the predicted mass, 20,581
(Fig. 3a), and was modified by NBD (164 a.m.u.) to produce a peak
at 20,745 a.m.u. (Fig. 3b). After pre-treatment with subequimolar
peroxynitrite, the major peak shifted to 20,761 a.m.u., demonstrating
that one atom of oxygen was incorporated (Fig. 3c). Decomposed
peroxynitrite caused no peak shift, ruling out effects from any
residual H,O, in the preparation. When C46A was reacted with
peroxynitrite and NBD-CI, the major peak remained at 20,745 a.m.u.
(Fig. 3d), indicating that Cys 46 is the site of oxidation.

Stopped-flow spectroscopy allowed us to quantify the reactiv-
ity of AhpC with peroxynitrite. Spontaneous decomposition of

Table 1 Second-order rate constants for peroxynitrite catabolism by bac-
terial peroxiredoxins and control proteins

Protein Species Pretreatment Second-order rate
constant (M~'s™)
AhpC wild type S. typhimurium None 1.51 (+ 0.04) x 10%*
AhpC wild type S. typhimurium Oxidized 3.00 (+ 0.06) x 10°+
AhpC C165A S. typhimurium None 5.52 (= 0.19) x 10*t
AhpC C46A S. typhimurium None 6.30 (+ 0.05) x 10°t
AhpC C46/165A S. typhimurium None 2.44 (+ 0.04) x 10°t
AhpC wild type M. tuberculosis None 1.33 ( 0.08) x 10
AhpC wild type H. pylori None 1.21 (+ 0.05) x 10%
B-lactamase E. coli None <2.0x10%

*Means =+ s.d. of three experiments with independent preparations of protein each tested at
multiple concentrations.

T Means = s.d. of >3 runs at each protein concentration.

1 Mean from two experiments.
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peroxynitrite at pH 7.0 and room temperature followed first-order
kinetics with a rate constant of 0.51 % 0.04 s~'. Scans at 10-ms
intervals over the first 100 ms were nearly superimposable (Fig. 4a).
In contrast, in the presence of AhpC, peroxynitrite was completely
decomposed within 100 ms (Fig. 4b) with a second-order rate
constant of 1.51 x 10°M™'s™" (Table 1). The reaction was slowed
by 2.5-3 orders of magnitude if the Cys residues in AhpC were first
oxidized with TBH or mutated (Table 1). As a further control, B-
lactamase, an enzyme of similar mass containing three Cys residues,
purified from the same bacteria, reacted with peroxynitrite 1,600
times more slowly than AhpC (Table 1).

Cys residues that serve as catalytic sites often have low pKa
values'. Consistent with this, the pH-dependence of the reactivity
of C165A and C46A with a sulphydryl-alkylating agent revealed that
the pKa for Cys 46 was < 5. In contrast, the pKa for Cys 165 was 8.7,
close to that of free Cys. The pH optimum (6.72) for reaction of
AhpC with peroxynitrite (Fig. 4d) is compatible with intracellular
function.

Finally, AhpC homologues purified from two other phylogeneti-
cally distant pathogens, M. tuberculosis and H. pylori, reacted with
peroxynitrite nearly as rapidly as AhpC from S. typhimurium
(Fig. 4c; Table 1).

The remarkable rate of the reaction of peroxynitrite with AhpC,
and the facility with which oxidized AhpC is reduced by AhpF or by
the thioredoxin system, suggest that AhpC is likely to protect a cell
from fluxes of peroxynitrite at sites where the intracellular concen-
tration of AhpC is sufficiently high, and where the rate of peroxy-
nitrite formation does not greatly exceed the reducing potential of a
cell to replenish oxidized AhpC. The rates reported here for catabo-
lism of peroxynitrite by bacterial peroxiredoxins are among the fastest
known for peroxynitrite’s reactions, despite the lack of haem and
selenium. Cytochrome c¢ oxidase, a haem protein, displayed peroxy-
nitrite reductase activity (10°M™'s ™). Under aerobic conditions,
this reaction would be outcompeted by O, (10°M™'s™). Glutathione
peroxidase, a selenoprotein, has the largest rate constant reported

100 b
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Figure 3 Sulphenic acid formation at Cys 46 in peroxynitrite-treated AhpC: identification
by electrospray ionization mass spectrometry. a, AhpC C165A. b, NBD-modified AhpC
C165A. ¢, NBD-modified AhpC C165A (100 M) pretreated with peroxynitrite (75u.M).
d, NBD-modified AhpC C46A pretreated with peroxynitrite as in c.
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Figure 4 Kinetics of peroxynitrite catabolism by bacterial AhpC. a, Stopped-flow
spectroscopy of peroxynitrite decomposition. Shown are nine overlying scans taken at 10-
ms intervals after mixing. Inset, Time course monitored at 322 nm. b, Same as a except
that AhpC (15 M) was injected. ¢, Determination of second-order rate constants.
Experiments were performed in the presence of increasing concentrations of AhpC

for reaction of peroxynitrite with a physiological target (8 x 10°
M™'s™")!. However, many species lack a glutathione system, includ-
ing mycobacteria. Widespread expression® or overexpression'” of
AhpC by clinical isolates of M. tuberculosis may thus help explain
their resistance to peroxynitrite'®.

The catalytic cycle of AhpC in reaction with alkylperoxide begins
with formation of the cysteine sulphenic acid (Cys-OH) at Cys 46
(refs 13, 19). Disulphide bonding with Cys 165’ in the opposite
chain of the AhpC dimer is followed by NADH-dependent reduc-
tion of the disulphide by AhpF (ref. 12). Our experiments show that
the reaction between AhpC and peroxynitrite proceeds similarly,
beginning with nucleophilic attack of the Cys46 thiolate on the
0O-0 bond, resulting in the transfer of one oxygen atom to Cys 46
and release of nitrite. There has been little previous evidence that
reactive nitrogen intermediates can oxidize protein-bound Cys
residues to Cys-SOH (ref. 20) or that oxidation of a biological
molecule by reactive nitrogen intermediates can be reversible and
functionally consequential. Nor is there precedent for a selenium-
free Cys residue reacting as rapidly with peroxynitrite as does Cys 46
of AhpC. The special nature of this reaction is emphasized by the
lack of a comparable reaction with free Cys (ref. 21), the Cys in
glutathione, the three Cys in B-lactamase, the two free Cys involved
in the catalytic cycle of AhpE, or Cys 165 of AhpC. Features of the
microenvironment that may facilitate the reactivity of Cys 46 with
peroxynitrite include its low pKa and the ability of intermonomeric
disulphide bond formation to protect nascent Cys-OH from irre-
versible oxidation to the sulphinic or sulphonic acids.

In contrast to AhpC’s ready reaction with peroxynitrite, we
were unable to demonstrate any reaction of AhpC with NO, NO;
or S-nitrosoglutathione (data not shown). Nonetheless, ahpC
protected cells against the bactericidal and cytocidal actions of
NO3, S-nitrosoglutathione and the products of NOS2 (ref. 8).
This seeming contradiction can be resolved by hypothesizing that
diverse forms of reactive nitrogen intermediates achieve or enhance
their cytocidal potential after generating NO, which encounters O3,
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purified from S. typhimurium (filled squares), M. tuberculosis (open circles) or H. pylori
(open squares). Apparent second-order rate constants were determined from slopes of
the plots shown. d, pH optimum. Values for ky,s were determined in KPi buffer with final
pH ranging from 5.5 to 8.0 and corrected for spontaneous decomposition in the absence
of AhpC at each pH.

resulting in conversion into peroxynitrite.

Most studies of the reaction of peroxynitrite with proteins have
focused on tyrosine nitration”, generally considered damaging and
irreversible. However, a signalling role” is suggested by evidence
that protein tyrosine nitration can be enzymatically reversed*. The
demonstration that peroxynitrite can reversibly oxidize a protein
active site Cys strengthens the possibility that low levels of per-
oxynitrite may participate in signal cascades. As precedent, some
growth factors elicit production of H,0,, which temporarily
inactivates tyrosine phosphatases through reversible formation
of Cys-SOH at the active site, permitting protein tyrosine
phosphorylation®.

We have shown here that three peroxiredoxins from phylogen-
etically divergent pathogens all react extremely rapidly with per-
oxynitrite. Reactivity is based on reversible oxidation of the N-
terminal Cys, a residue conserved throughout the superfamily.
Thus, the ability to act as a peroxynitrite reductase may be shared
by many peroxiredoxins. Reciprocally, the utility of the peroxyni-
trite reductase reaction may help account for the wide distribution
of peroxiredoxins. Thus the present observations may have rele-
vance for the control of host—pathogen interactions, inflammation,
mutagenesis, ageing and homeostasis. O

Methods

Peroxynitrite was prepared by quenched-flow synthesis from acidified nitrite and
hydrogen peroxide®, and by biphasic synthesis from isoamyl nitrite and hydrogen
peroxide” (product formation experiments; Fig. 2d).

Open reading frames (ORFs) of ahpF, ahpC and its mutants C46A, C165A and
C46/165A from S. typhimurium were amplified by polymerase chain reaction (PCR) from
pSty-CF (ref. 8). AhpC ORFs from M. tuberculosis and H. pylori were amplified by PCR
from pPs-MtahpC (ref. 8) and ATCC NCTC 11637, respectively. ORFs were cloned into
pET11cand expressed in E. coli BL21(DE3) (Novagen). AhpC from S. typhimurium and its
mutants or AhpF were purified to homogeneity from isopropyl-1-thio-B-p-galactoside
(IPTG)-treated cells by phenyl- (AhpC) or blue- (AhpF) sepharose and diethylaminoethyl
(DEAE) chromatography®. AhpC homologues from M. tuberculosis and H. pylori were
purified to homogeneity by phenyl sepharose and MonoQ (Pharmacia) anion exchange or
gel fitration and MonoQ chromatography® respectively.
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For the determination of pKa values, AhpC C46A and C165A (20 pM) were treated with
iodoacetamide (200 uM) in 100 mM potassium phosphate, I mM EDTA at pH values
from 4 to 10 for 45 min at room temperature. DTNB (5,5’ -dithiobis(2-nitrobenzoic acid);
200 wM) was added, and sulphydryl content determined by absorbance at a wavelength of
412nm.

Stopped-flow experiments were performed on an OLIS RSM-16 instrument. One
syringe contained 5 wM peroxynitrite in 3 mM NaOH, and the other contained 100 mM
potassium phosphate pH 7.0, 100 uM DTPA (KP1i buffer). Equal volumes were injected
into a stopped-flow cell, and the pH of the reaction (6.75) was measured at the outlet. 400
scans were collected for each run, and k,,, was obtained by fitting experimental data to a
single exponential decay function.

TBH reductase activity was measured in the presence of NADH (200 wM), AhpF
(500nM) and AhpC (1 wM), and expressed relative to untreated AhpC. Sulphydryl content
was measured with DTNB. Tyrosine nitration was measured by absorbance at 430 nm.
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In the biosynthesis of many macrocyclic natural products by
multidomain megasynthases, a carboxy-terminal thioesterase
(TE) domain is involved in cyclization and product release"’
however, it has not been determined whether TE domains can
catalyse macrocyclization (and elongation in the case of sym-
metric cyclic peptides) independently of upstream domains. The
inability to decouple the TE cyclization step from earlier chain
assembly steps has precluded determination of TE substrate
specificity, which is important for the engineered biosynthesis
of new compounds'. Here we report that the excised TE domain
from tyrocidine synthetase efficiently catalyses cyclization of a
decapeptide-thioester to form the antibiotic tyrocidine A, and can
catalyse pentapeptide-thioester dimerization followed by cycliza-
tion to form the antibiotic gramicidin S. By systematically varying
the decapeptide-thioester substrate and comparing cyclization
rates, we also show that only two residues (one near each end of
the decapeptide) are critical for cyclization. This specificity profile
indicates that the tyrocidine synthetase TE, and by analogy many
other TE domains, will be able to cyclize and release a broad range
of new substrates and products produced by engineered enzy-
matic assembly lines.

An enormous range of medicinally important polyketide and
peptide natural products assembled by modular polyketide
synthases (PKSs), non-ribosomal peptide synthetases (NRPSs)
and mixed PKS/NRPS systems have macrocyclic structures, includ-
ing the antibiotics erythromycin (PKS) and daptomycin (NRPS),
the immunosuppressants cyclosporin (NRPS) and rapamycin
(PKS/NRPS), and the antitumour agent epothilone (PKS/NRPS).
PKSs and NRPSs are large, multifunctional proteins that are
organized into sets of functional domains termed modules'?. The
order of modules corresponds directly to the sequence of monomers
in the product. Synthetic intermediates are covalently tethered by
thioester linkages to a carrier protein domain in each module. The
thiol tether on each carrier domain is phosphopantetheine,
which is attached to a conserved serine residue in the carrier
protein in a post-translational priming reaction catalysed by a
phosphopantetheinyltransferase’. Chain initiation involves loading
a specific monomer onto the thiol tether of each carrier protein.
Subsequent chain elongation steps involve transfer of the growing
chain from an upstream carrier protein to the adjacent downstream
carrier-protein-bound monomer. Release of the full-length chain
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