Directed evolution can rapidly improve the activity
of chimeric assembly-line enzymes
Michael A. Fischbach*†, Jonathan R. Lai*, Eric D. Roche*‡, Christopher T. Walsh*§, and David R. Liu†§
*Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School, 200 Longwood Avenue, Boston, MA 02115; and †Howard
Hughes Medical Institute and Department of Chemistry and Chemical Biology, Harvard University, 12 Oxford Street, Cambridge, MA 02138

Nonribosomal peptides (NRPs) are produced by NRP synthetase
(NRPS) enzymes that function as molecular assembly lines. The
modular architecture of NRPSs suggests that a domain responsible
for activating a building block could be replaced with a domain
from a foreign NRPS to create a chimeric assembly line that
produces a new variant of a natural NRP. However, such chimeric
NRPS modules are often heavily impaired, impeding efforts to
create novel NRP variants by swapping domains from different
modules or organisms. Here we show that impaired chimeric NRPSs
can be functionally restored by directed evolution. Using rounds of
mutagenesis coupled with in vivo screens for NRP production, we
rapidly isolated variants of two different chimeric NRPSs with
⬇10-fold improvements in enzyme activity and product yield,
including one that produces new derivatives of the potent NRP/
polyketide antibiotic andrimid. Because functional restoration in
these examples required only modest library sizes (103 to 104
clones) and three or fewer rounds of screening, our approach may
be widely applicable even for NRPSs from genetically challenging
hosts.
nonribosomal peptide 兩 polyketide

M

any small molecules with important biological activities
are synthesized by nonribosomal peptide synthetases
(NRPSs), a class of assembly-line enzymes (1). NRPSs consist of
modular sets of protein domains in which each module incorporates an amino acid monomer into a growing chain. Within
each module, the adenylation domain (A domain) determines
which monomer is incorporated by binding, activating, and
covalently tethering the amino acid to the assembly line (2). The
modular organization of protein domains in NRPSs has stimulated efforts to swap genes encoding heterologous domains into
NRPSs with the goal of producing nonnatural variants of the
original small-molecule product (3, 4). Although limited success
has been achieved with the production of nonribosomal peptide
(NRP) variants (5–14), the resultant chimeric NRPSs are usually
nonfunctional or heavily impaired, often yielding too little of the
new product to make production feasible. It is not yet known why
chimeric NRPSs suffer large reductions in activity, although it is
likely that domain swapping disrupts quaternary interactions
between protein domains in the assembly line (15).
In contrast, nature has succeeded in producing families of
related NRPs in which each member differs at specific positions
by monomer substitutions. It is possible that these NRP variants
could have arisen by divergent evolution of an ancestral synthetase to acquire mutations altering the monomer incorporated
at various positions. However, phylogenetic evidence from at
least one family of NRPs (16) suggests that their producing
synthetases arose from an ancestral NRPS by A domain rearrangement. Based on the possibility that some natural NRPSs
arose through domain swapping to generate chimeric NRPSs
followed by evolutionary optimization, we set out to investigate
whether we could recapitulate this process using directed evolution (Fig. 1).
Results and Discussion
We began with the two-module Escherichia coli NRPS (17) that
produces enterobactin (1) (Fig. 2a), an iron-scavenging small
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0705348104

molecule excreted by E. coli in response to iron starvation (18).
E. coli require enterobactin for growth on iron-deficient media,
enabling us to develop a screen for enterobactin synthetase
activity in which cell growth rate was highly correlated with the
level of enterobactin production (19–22).
We first targeted the serine-specific A domain in the second
module of enterobactin synthetase, which is encoded by the
four-domain protein EntF (Fig. 2b). Having previously shown
that an entF-deficient E. coli strain (entF::cat) can be complemented by plasmid-borne entF (21), plasmid libraries encoding
EntF derivatives could be introduced into entF::cat cells and the
resulting transformants grown on minimal media in the presence
of the iron chelator 2,2⬘-dipyridyl. Under these conditions, EntF
activity is rate-limiting for cell growth as assayed by colony
diameter (21) (Fig. 3a).
Swapping an A domain with an exogenous domain of different
amino acid specificity could result in the production of an
intermediate that is not an efficient substrate for subsequent
biosynthetic steps, regardless of the ability of the exogenous A
domain to function properly in its new context. To eliminate this
possibility, we first replaced the A domain of EntF with SyrE-A1,
an ⬇50-kDa A domain from the Pseudomonas syringae syringomycin NRPS (23), which like the EntF A domain is specific for
serine. The resulting chimera, EntF-SyrE-A1, exhibited a 30-fold
loss of activity compared with wild-type EntF as measured by a
previously described in vitro assay of enterobactin production.
This loss of activity is consistent with previous reports of
significantly impaired chimeric NRPS domains (9, 10).
We speculated that mutations in the exogenous SyrE-A1
domain may be sufficient to restore EntF function. To test this
hypothesis we constructed a modest library (⬇2 ⫻ 104 clones) of
EntF-SyrE-A1 variants in which the exogenous 1.5-kb SyrE-A1
domain was diversified by mutagenic PCR (24) such that the
average clone contained 1.6 mutations compared with EntFSyrE-A1. After transforming this library into entF::cat and
growing the transformants under screening conditions, the 28
largest colonies were isolated, and their phenotypic improvement was confirmed by rescreening at low cell density (Fig. 3a).
The clone with the fastest growth rate (1A-04) as assayed by
colony diameter was chosen as the template for a second round
of diversification and screening, resulting in two round 2 clones
(1B-02 and 1B-06) with especially promising phenotypes. The
colony diameters of these clones were comparable to that of
Author contributions: M.A.F., J.R.L., C.T.W., and D.R.L. designed research; M.A.F., J.R.L.,
and E.D.R. performed research; M.A.F., J.R.L., C.T.W., and D.R.L. analyzed data; and M.A.F.,
J.R.L., C.T.W., and D.R.L. wrote the paper.
The authors declare no conflict of interest.
Abbreviations: NRP, nonribosomal peptide; NRPS, nonribosomal peptide synthetase; A
domain, adenylation domain.
‡Present

address: Healthpoint, Ltd., Forth Worth, TX 76107.

§To

whom correspondence should be addressed. E-mail: christopher㛭walsh@hms.
harvard.edu or drliu@fas.harvard.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0705348104/DC1.
© 2007 by The National Academy of Sciences of the USA

PNAS 兩 July 17, 2007 兩 vol. 104 兩 no. 29 兩 11951–11956

BIOCHEMISTRY

Contributed by Christopher T. Walsh, June 7, 2007 (sent for review May 29, 2007)

R2

O
R1

A

NH
O

O

Wild-type
active

T

R6

N
H

swap in heterologous
A domain

N
H
H
N
R5

H
N

R3

O
HN

O
R4

O

natural product

A

Round 0
chimera
reduced
activity

T
amplification &
diversification

X

A

A

T

T
A
T

A
T

A
T

amplification &
diversification

in vivo
screen

A
T

Round X
chimera
increased
activity

R7

O
R1
O
R6

NH
O
N
H

N
H
H
N
R5

H
N

R3

O
HN

O
R4

O

unnatural derivative
Fig. 1. Using directed evolution to improve the activity of chimeric NRPSs. A heterologous A domain is swapped into an NRPS, typically resulting in a significant
loss of synthetase activity. A library of chimeric synthetase mutants is constructed in which the heterologous A domain has been diversified (for example, by
mutagenic PCR). The library is subjected to an in vivo screen for production of the NRP variant. Clones showing improved production are characterized and
subjected to further rounds of diversification and screening.

wild-type EntF in the in vivo assay. The hit rate based on the
number of confirmed large colonies on the round 1 and 2
selection plates was 0.04% in each round.
EntF, EntF-SyrE-A1, and evolved clones 1A-04, 1B-02, and
1B-06 were expressed as C-terminal His6 fusions and purified by
nickel-chelate affinity chromatography. Overexpression of
EntF-SyrE-A1 yielded less soluble protein than overexpression
of wild-type EntF or either of the round 1 and 2 clones
[supporting information (SI) Fig. 5], suggesting that domain
replacement resulted in poor protein solubility and that mutations in the most active round 1 clone rescued this solubility
defect.
Next, the activities of wild-type EntF and domain-swapped
variants were determined by using a previously described (22) in
vitro assay of enterobactin synthesis under conditions in which
EntF activity is rate-limiting. In vitro assay of the purified
proteins revealed that whereas the activity of 1A-04 had improved ⬍2-fold relative to EntF-SyrE-A1 and the activity of
1B-02 had improved ⬇3-fold (3.3 ⫾ 0.7-fold), the activity of
1B-06 had improved ⬇8-fold and was within 4-fold of wild-type
EntF activity (Fig. 3a). Both 1B-02 and 1B-06 have only four
amino acid substitutions (SI Table 1), indicating that the number
of mutations required for functional rescue may be quite small.
Taken together, these results support the hypothesis that directed evolution can rapidly restore the activity of chimeric
NRPS modules containing heterologous A domains.
To further investigate the generality of this approach, we
pursued A domain swapping in an unrelated and more challenging system. A recently described hybrid, NRPS–polyketide synthase from Pantoea agglomerans (25), produces the acetyl-CoA
carboxylase inhibitor andrimid (2) (Fig. 2a), a broad-spectrum
antibiotic (26). A cosmid harboring the andrimid gene cluster
enables E. coli XL1-Blue MR cells to produce andrimid (25).
11952 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0705348104

We developed an in vivo screen for production of andrimid in
which colonies of andrimid-producing E. coli were oversprayed
with the andrimid-sensitive indicator strain E. coli imp. Those
colonies expressing the wild-type andrimid gene cluster gave rise
to a zone of inhibited indicator strain growth (SI Fig. 6), whereas
control colonies lacking the gene cluster did not inhibit indicator
strain growth.
Based on our previously reported proposal for the biosynthesis
of andrimid (25), we targeted the valine-specific A domain of the
64-kDa A-T di-domain protein AdmK for replacement (Fig. 2c)
because substitution of the valine in andrimid with other aliphatic amino acids does not disrupt its antibacterial activity (27),
whereas replacement of its ␤-phenylalanine or its glycinederived succinimide abrogates activity (26). We constructed a
knockout of the admK gene (admK::cat) in a cosmid expressing
the andrimid gene cluster and confirmed that a plasmid-borne
admK gene complements this knockout (SI Fig. 6).
The gene fragment encoding AdmK-A was replaced with
CytC1, a 2-aminobutyrate-incorporating A domain from the
Streptomyces sp. RK95-74 cytotrienin NRPS–polyketide synthase (28). CytC1 was chosen for its known substrate promiscuity
(28) as a strategy for incorporating nonproteinogenic amino
acids into the valine position of andrimid. Complementation of
the admK::cat strain with plasmid-encoded AdmK-CytC1 generated andrimid, but at a 32-fold reduced level compared with
the level of andrimid production arising from plasmid-based
wild-type AdmK (Fig. 3b). Like the admK knockout strain, the
AdmK-CytC1-complemented strain excreted the andrimid biosynthetic intermediate N-octatrienoyl-␤-phenylalanine (3) (Fig.
2 and SI Fig. 7), suggesting that the A-swapped synthetase suffers
from a blockade at the stage of condensing 3-S-AdmI with
Val-S-AdmK.
A small library of plasmids encoding AdmK-CytC1 derivatives
(5,760 clones) was constructed in which cytC1 was diversified by
Fischbach et al.
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Fig. 2. The enterobactin and andrimid assembly line enzymes. (a) Chemical structures of enterobactin, andrimid, N-octatrienoyl-␤-phenylalanine, and andrimid
derivatives. Building blocks incorporated by the wild-type NRPS are shown in red, and building blocks incorporated by evolved chimeric NRPSs are shown in blue.
(b) The enterobactin NRPS. The EntF A domain and the serine it incorporates are highlighted in red. (c) The andrimid NRPS–polyketide synthase. The AdmK A
domain and the valine it incorporates are shown in red.

mutagenic PCR (24), resulting in an average of 3.2 amino acid
substitutions per clone. This library was subjected to the zoneof-inhibition screen described above, and 22 primary hits were
isolated and further characterized by fermentation. Of these, the
best-performing clone (6A-16) produced 6.6-fold more andrimid
per unit culture volume than AdmK-CytC1 (Fig. 3b). After two
more rounds of mutagenesis and screening, a clone (6C-06) was
isolated that produced 10.7-fold more andrimid per unit culture
volume than AdmK-CytC1 and just 3-fold less than AdmK,
consistent with the activity improvement we observed in the
EntF-SyrE-A1 derivative 1B-06. Biochemical analysis of AdmKCytC1 and its derivatives will necessarily await biochemical
characterization of the early stages of andrimid assembly, a
scheme for which was recently proposed (25).
The known amino acid substrate promiscuity of CytC1 raises
the possibility that a functionally restored AdmK-CytC1 chimera
could generate new andrimid derivatives. Indeed, by adding
L-2-aminobutyrate or D-2-aminobutyrate to the culture medium
of cells harboring the admK::cat cosmid and plasmid-encoded
6C-06 we were able to generate compounds that have masses
consistent with the corresponding andrimid derivatives 4 and 5
Fischbach et al.

(Fig. 2a and SI Fig. 8) in a ratio to andrimid as high as ⬇1:1 for
4. These results validate the use of our approach to restore the
activity of a chimeric NRPS domain containing a promiscuous A
domain, enabling nonproteinogenic amino acids to be incorporated into the andrimid scaffold.
To explore the capabilities of our andrimid screen, we next
investigated whether we could screen for production of an
andrimid derivative rather than andrimid itself. Because previous work had shown that substituting isoleucine for valine
confers increased potency on a synthetic derivative of andrimid
(27), we constructed a second AdmK chimera by replacing
AdmK-A with the isoleucine-specific BacA-A1 domain from the
Bacillus licheniformis bacitracin NRPS (29). Complementation
of the admK::cat strain with plasmid-encoded AdmK-BacA-A1
generated the corresponding isoleucine-containing derivative of
andrimid (6) with a 7-fold reduction in product yield compared
with that of the wild-type enzyme (Fig. 2a, Fig. 3c, and SI Fig.
8). AdmK-BacA-A1 had no discernible phenotypic impairment
(Fig. 3c), likely because of increased antibacterial activity of 8 as
compared with andrimid against the indicator strain (27). After
a single round of mutagenesis and screening, we isolated a clone
PNAS 兩 July 17, 2007 兩 vol. 104 兩 no. 29 兩 11953
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with the yields of the parental chimeras normalized to a value of 1.

(5A-06) from 21 retested hits with a 4.5-fold improvement in
product yield (Fig. 3c). These results not only indicate that
chimeric NRPSs producing unnatural derivatives of the original
product can be functionally improved, but they suggest that, in
some circumstances, the activity level of the chimeric NRPS can
reach a level that approaches the activity of its wild-type
counterpart.
Our results indicate that the activity losses due to domain
swapping may be restored by directed evolution. The surprisingly
high hit rate in both systems (0.02–0.2%) indicates that small
libraries (103 to 104 clones) can yield sufficient coverage of
sequence space necessary for detectable gains in activity. Moreover, the rapid activity improvement (⬇10-fold in no more than
three rounds) we observed suggests that only a small number of
directed evolution rounds can significantly restore NRP production levels. Importantly, these characteristics should make this
approach applicable to bacterial strains for which transformation
is challenging and generating large libraries is impractical, such
as those from the order Actinomycetales, the most prolific
known producers of natural products among soil microorganisms (30).
Evolved clones 1B-06, 5A-06, and 6C-06 (SI Table 1 and SI
Fig. 9) have four, two, and nine amino acid substitutions,
11954 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0705348104

respectively, relative to their parental chimeric NRPSs. The
mutations in these optimized clones do not map to one region of
the A domain (Fig. 4). Rather, they are distributed throughout
the domain, indicating that distinct regions of the A domain may
be important in each of the clones. The unpredictable distribution of mutations that collectively confer improved activity
suggests that a directed evolution approach is well suited for
restoring the function of impaired chimeric NRPSs. Further
genetic and biochemical analysis will be required to characterize
the molecular basis for the improved function of the chimeric
NRPS derivatives and to explore their implications for the
protein–protein interactions that govern quaternary structure in
NRPSs.
Materials and Methods
See SI Tables 2–4 for primers, plasmids, and stains used in this
work. See SI Methods for details on plasmid and strain construction as well as protein expression and purification.
Library Construction. Gene fragments encoding syrE-A1, cytC1,

and bacA-A1 were amplified from pER410 (MAF088/MAF089),
pMF212 (MAF407/MAF408), and pMF184 (MAF454/
MAF455), respectively, by using the primer pairs indicated in
Fischbach et al.

ER1100 cells by electroporation. The transformed cells were
washed three times with M9/dipyridyl medium [M9 salts, 2 mM
MgSO4, 100 M CaCl2, 0.4% glucose (wt/vol), and 100 M
2,2⬘-dipyridyl], plated on M9 screening medium [M9 salts, 2 mM
MgSO4, 100 M CaCl2, 0.4% glucose (wt/vol), 0.3% casamino
acids (wt/vol), 0.0002% thiamine (wt/vol), 100 M 2,2⬘-dipyridyl,
50 g/ml kanamycin, and 1.5% Bacto-Agar (wt/vol)], and incubated at 37°C for 24–48 h. Colonies with the largest diameter as
judged by visual inspection were picked and restreaked on the
same medium to ensure colony purity. Plasmid inserts isolated
from putative hits were recloned into pMF116 and assayed as
described below.

180

In Vivo Assay for Enterobactin Production. E. coli ER1100 cells
carrying plasmids encoding EntF or EntF-SyrE-A1 chimeras
were grown to saturation in 2⫻ YT medium containing 50 g/ml
kanamycin, washed once with M9/dipyridyl medium, and diluted
1:107 in M9/dipyridyl medium, and 40 l were spotted on M9
screening medium. Plates were incubated at 37°C, typically for
24–48 h.

Fig. 4. Structural mapping of the mutations in evolved clones 1B-06, 5A-06,
and 6C-06. Two views of the A domain PheA (Protein Data Bank ID code
1AMU) are shown in which a molecule of adenosine-5⬘-monophosphate
(yellow) partially occupies the enzyme’s active site. Mutations were mapped
to the structure of PheA by amino acid sequence alignment. 1B-06 mutation
sites are shown as red spheres, 5A-06 mutation sites are shown as blue spheres,
and 6C-06 mutation sites are shown as green spheres.

parentheses and a previously described mutagenic PCR method
(24) with mutagenic dNTP concentrations adjusted to result in
one to five amino acid substitutions per clone. A typical 50-l
reaction contained 1⫻ Taq buffer (Promega, Madison, WI), 5
mM MgCl2, 25 ng of template DNA, each primer at 4 M, 800
M dATP, 800 M PTP, 800 M dGTP, and 800 M dCTP, 80
M dPTP, and 80 M 8-oxo-dGTP, and 5 units of Promega Taq
polymerase. Mutagenic PCRs to amplify cytC1 were supplemented with betaine at 1 M. A typical PCR program comprised
25 cycles of denaturation at 94°C, annealing at 60°C, and
extension at 72°C. The product of the PCR was digested with
SacI and SpeI (syrE-A1) or KpnI and NheI (cytC1-A and
bacA-A1) and ligated into the SacI and SpeI sites in pMF116
(syrE-A1) or the KpnI and SpeI sites in pMF183 (cytC1-A and
bacA-A1). The resulting DNA was extracted with phenol/
chloroform and buffer-exchanged into pure water.
In Vivo Screen for Enterobactin Production. Typically, 1–2 g of
library DNA was transformed into electrocompetent E. coli
Fischbach et al.

EntF-SyrE-A1 enzymes was determined by using a previously
described assay of reconstituted enterobactin biosynthesis (17)
under conditions in which EntF is rate-limiting. Reaction mixtures containing 75 mM Tris䡠HCl (pH 8.0), 10 mM MgCl2, 2.5
mM TCEP, 500 M CoA, 300 nM Sfp, 15 M EntB, and 100 nM
EntF or EntF-SyrE-A1 chimera were preincubated at 37°C for
20 min to effect phosphopantetheinylation of EntB and EntF by
Sfp. After preincubation, 50 mM L-serine, 500 M 2,3dihydroxybenzoate, and 300 nM EntE were added. Reactions
were initiated by the addition of 10 mM ATP, incubated at 37°C,
and terminated by quenching aliquots with 1.5 volumes of 1 N
hydrochloric acid. Aliquots were removed at time points between 5 min and 30 min, quenched, incubated on ice for 10 min,
and then centrifuged for 5 min at 16,000 ⫻ g to pellet precipitated protein. The supernatant was analyzed by RP-HPLC and
monitored at 316 nm. The peak corresponding to enterobactin
was integrated to calculate the rate of enterobactin production,
and the average values were scaled such that wild-type EntF had
a relative rate (krel) of 100 min⫺1. The values reported are the
mean ⫾ SD for three assays.
In Vivo Screen for Andrimid Production. Typically, 1–2 g of library
DNA was transformed into electrocompetent E. coli Top10 cells
by electroporation and plated on LB agar containing 50 g/ml
spectinomycin and 50 g/ml streptomycin in two 24.5-cm2 plates.
Cells were scraped from the surface of the plate and pooled, and
plasmid DNA was isolated. A total of 100 ng of this AdmK
chimera-encoding plasmid DNA was mixed with 100 ng of
cosmid MF300, and the mixture was used to transform chemically competent E. coli XL1-Blue MR cells. Transformed cells
were plated on LB agar containing 100 g/ml carbenicillin, 50
g/ml spectinomycin, and 50 g/ml streptomycin. A total of
5,000–6,000 single colonies from a transformation were robotically picked and used to inoculate 125-l cultures (LB medium
containing 100 g/ml carbenicillin and 50 g/ml spectinomycin)
in 96-well culture plates using a Genetix QBot (FAS Center for
Systems Biology, Harvard University). After incubating stationary cultures at 37°C overnight, ⬇2-l spots of each culture were
arrayed on LB agar containing 100 g/ml carbenicillin and 50
g/ml spectinomycin in 25-cm2 plates using a floating pin gridder
(V & P Scientific). After incubation at 30°C overnight, plates
were oversprayed with a 1:250 aqueous dilution of a saturated
culture of the indicator strain E. coli imp ASR and incubated at
room temperature (⬇25°C) until enough indicator growth was
observed to allow visual discrimination based on differential
PNAS 兩 July 17, 2007 兩 vol. 104 兩 no. 29 兩 11955
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Biochemical Assay of EntF Activity. The activity of EntF and

inhibition zone size. Plasmid inserts isolated from putative hits
were recloned into pMF183 and assayed as described below.
Fermentation Assay for Andrimid Production. Freshly transformed

clones were prepared for each assay; chemically competent E.
coli XL1-Blue MR cells were cotransformed with a plasmid
encoding AdmK or an AdmK chimera and cosmid MF300 as
described above. Single colonies were picked and used to
inoculate 3-ml cultures of LB medium containing 100 g/ml
carbenicillin and 50 g/ml spectinomycin, which were incubated
at room temperature (⬇25°C) on a drum roller for 24–30 h.
After incubation, cultures were centrifuged and 1.8 ml of cellfree supernatant was evaporated to dryness by using a Speedvac
(Thermo Savant, Waltham, MA). The dry residue was resuspended in 150 l of 1:1 methanol:water, 115 l of which was
analyzed by RP-HPLC using a gradient of 30–60% acetonitrile
in 0.1% trifluoroacetic acid/water over 8 min with monitoring at
305 nm. The peak corresponding to andrimid or the isoleucinecontaining derivative of andrimid was integrated to determine
the raw yield. To obtain the scaled yield, a background was
subtracted from the raw yield; the background was determined
by integrating the corresponding region of the HPLC spectrum
from supernatant of the empty vector control strain. The scaled
specific production was calculated by dividing the scaled yield by
the optical density of the culture at the time of harvesting, which
was determined spectrophotometrically by measuring absorbance at 600 nm. To obtain the normalized yield and normalized
specific production, the scaled yield and scaled specific production were divided by the average scaled yield and the average
scaled specific production values for the parental AdmK-CytC1
or AdmK-Bac-A1 clones. The values reported are the mean ⫾
SD for three fermentation cultures inoculated with different
colonies.
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
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13.
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16.
17.
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