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ar reengineering strategies to
redesign the teicoplanin non-ribosomal peptide
synthetase†
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Ralf B. Schittenhelm ad and Max J. Cryle *abc

Non-ribosomal peptide synthesis is an important biosynthesis pathway in secondary metabolism. In this

study we have investigated modularisation and redesign strategies for the glycopeptide antibiotic

teicoplanin. Using the relocation or exchange of domains within the NRPS modules, we have identified

how to initiate peptide biosynthesis and explored the requirements for the functional reengineering of

both the condensation/adenylation domain and epimerisation/condensation domain interfaces. We have

also demonstrated strategies that ensure communication between isolated NRPS modules, leading to

new peptide assembly pathways. This provides important insights into NRPS reengineering of

glycopeptide antibiotic biosynthesis and has broad implications for the redesign of other NRPS systems.
Introduction

Non-ribosomal peptide synthetases (NRPSs) are mega-enzyme
assembly lines that are responsible for the biosynthesis of
many clinically important compounds, including anticancer
agents, immunosuppressants and antibiotics.1 Unlike ribo-
somal peptide synthesis, peptide synthesis mediated by NRPSs
relies on the activity and interplay of multi-functional catalytic
units known as modules, where each module consists of several
domains that each have a specic function in peptide biosyn-
thesis.1,2 In this process, adenylation (A)-domains are respon-
sible for the selection and activation of specic monomers for
subsequent incorporation into the growing peptide chain, and
without the constraints of the ribosome these domains are able
to utilise a greatly expanded array of substrates for peptide
synthesis.3 Following substrate activation, monomers are
covalently tethered to the phosphopantetheinyl cofactor linked
to an adjacent peptidyl carrier protein (PCP) domain, which
serves to retain the monomer as an activated, yet enzyme bound
thioester.4 Finally, peptide bond formation between two PCP-
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bound substrates is formed by the condensation (C)-domain,
which leads to the transfer of the upstream peptide fragment
onto the downstream aminoacyl-PCP, thus extending the
peptide by one residue.5 C-domains play central roles as gate-
keepers within NRPS biosynthesis, where they act to not only
control the stereochemistry of the peptide fragment together
with the action of neighbouring epimerisation (E)-domains –

additional tailoring domains that supplement the core C–A–
PCP domains found within a minimal extension module – but
can also allow modication of the PCP-bound amino acid either
directly or via controlling substrate availability for trans-inter-
acting domains such as hydroxylases or halogenases.6,7 Module
expansion by the addition of tailoring domains can extend
beyond E-domains,8,9 with terminal modules typically contain-
ing a thioesterase (TE)-domain that then releases the mature
peptide product through hydrolysis, dimerisation or cyclisation
by attack of an internal nucleophile.10 Further complex modi-
cations are also common within NRPS-biosynthesis, with one
important example being the recruitment of multiple external
oxygenase enzymes during the cyclisation cascade found in
glycopeptide antibiotic (GPA) biosynthesis (Fig. 1).11,12 This
process, which is performed on the nal module of the GPA-
producing NRPS and that is mediated by a specialised recruit-
ment (X)-domain,13,14 serves to highlight the impressive range of
chemical transformations that are naturally found within NRPS
biosynthesis. The complex structures of the peptide products of
NRPS-biosynthesis oen leads to the requirement to use in vivo
biosynthesis for production of such compounds at commercial
scale, which in turn can prevent the effective production of
optimised derivatives of these natural agents.

Given the importance of the products of natural mega-
enzyme synthases, an ability to alter such biosynthetic pathways
Chem. Sci., 2020, 11, 9443–9458 | 9443
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Fig. 1 Overview of teicoplanin biosynthesis. The heptapeptide core of teicoplanin is assembled in a stepwise fashion by a seven module NRPS
machinery (M1–M7, shown from red to violet) divided across four separate proteins. The linear heptapeptide is then cyclised on the final NRPS
module by the actions of four cytochrome P450 (oxy) enzymes (B–E–A–C) before the cleavage of the tetracyclised aglycone by the M7 TE
domain. The free aglycone is subsequently modified by several enzymes to generate the final structure of teicoplanin. Domain key: A – ade-
nylation, C – condensation, PCP – peptidyl carrier protein, E – epimerisation, X-P450-recruitment, TE – thioesterase, COM – communication.
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to engineer the production of desired compounds would be of
great value.15 In such endeavours, the modularity of NRPS
machineries would appear to make reengineering such
assembly lines highly feasible, given the shared enzymology and
stepwise nature of peptide biosynthesis.1,2 However, the reality
of reengineering these large and complex proteins has oen
shown that there are signicant challenges yet to solve if we are
to be able to perform such biosynthetic reengineering in a reli-
able and efficient way.15 Given the challenges of working with
large proteins in vitro and the use of in vivo biosynthesis for
eventual scale up and production of non-ribosomal peptides, it
is unsurprising that the majority of efforts have been performed
in vivo.16–23 Recent efforts in this regard have focused on C-
domains as crucial junctions in modular redesign, either via
module division within C-domains for linear systems from
strains of Xenorhabdus and Photorhabdus19 or alternate module
architecture for iterative fungal systems.24 Whilst in vivo
approaches have made valuable contributions to NRPS rede-
sign, few have been explored in vitro, which leads to difficulties
in fully characterising these approaches especially in situations
that are only partially successful or that show unexpected
outcomes. Given this, our approach to NRPS redesign has
focussed on the in vitro reconstitution of GPA biosynthesis from
teicoplanin and related molecules (Fig. 1).6,7,14,25–28 Now, we
explore the ability to generate alternate NRPS assembly lines
from teicoplanin biosynthesis using a combination of
approaches including module hybridisation, re-purposing
extension modules as initiation modules and redesigning
9444 | Chem. Sci., 2020, 11, 9443–9458
modules to control intermodule communication through the
use of specic domain interaction interfaces. In this way, we
present a set of instructions to tackle the reconstitution and
reengineering of complex NRPS assembly lines in vitro.

Results
Repurposed elongation modules initiate peptide biosynthesis

To understand the potential for modular reorganisation of the
teicoplanin NRPS, we explored the ability of elongationmodules
to initiate peptide biosynthesis using our established NRPS
peptide reconstitution assay (Fig. 2 and 3). In such assays, the
PCP-domains within the NRPS constructs under investigation
were rst converted into their holo-form using coenzyme A and
the phosphopantetheinyl transferase Sfp.29,30 The holo-NRPS
proteins were then incubated with their amino acid substrates
and ATP, before reactions were terminated by addition of
methylamine. This results in the offloading of any PCP-bound
species as methylamide peptides, allowing PCP-bound species
to be identied using MS analysis (labelled “a”) as opposed to
those resulting from hydrolysis (labelled “b”). Methylamine
cleavage can result in the epimerisation of phenylglycine resi-
dues at the peptide C-terminus, leading to double peaks in such
cases (this is indicated in gure captions).

Given that the majority of the NRPS initiation modules begin
with an A-domain (except modules that contain a C-domain to
load acyl groups, for example) we rst generated an M5-6
dimodule construct in which the initial C-domain had been
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Summary of the modules and their domain composition in the
teicoplanin NRPS together with the alternate constructs designed and
tested in this study.
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deleted. When M5-6 was used in a peptide reconstitution assay
together withM7, biosynthesis of tripeptide 3 (Hpg–ClBht–Dpg)
was observed (Fig. 3A). Next, we attempted to extend 3 into
tetrapeptide 7 (Hpg–Hpg–ClBht–Dpg) via the addition of
module 4 (Fig. 3B and C). This was not achieved by adding
module 4 constructs (M4, M4a) into the M5-6 + M7 assay
(Fig. 3B), but was possible when replacing M4 + M5-6 with
complete trimodule constructs (M4-6, M4-6a; Fig. 3C).

These experiments revealed three key ndings: rstly, that
initiation of NRPS biosynthesis is achievable using re-purposed
extension modules. The second nding stems from the inability
of a single module (M4) to compete for initiation with the M5-6
dimodule. This indicates that the affinity of the C/A domain
interface between M4 and M5-6 is insufficient to allow peptide
extension from a single amino acid, but that it is possible when
these modules are fused in the M4-6 constructs. Thus, module
fusion allows peptide synthesis to be initiated as they are
This journal is © The Royal Society of Chemistry 2020
restrained in the same construct, which dramatically increases
the effective local concentration. The third nding stems from
the fact that formation of 7 is obtained using bothM4-6 andM4-
6a, althoughM4-6a lacks the natural N-terminal C-domain. This
indicates that the presence of such C-domains in an NRPS
module is insufficient to prevent the initiation of peptide
synthesis. Rather, it appears that interactions with neighbour-
ing modules control this process. This provides clues that the
interactions between modules split into separate proteins must
be sufficiently high to prevent unwanted peptide chain initia-
tion during normal peptide biosynthesis, which is clearly of
interest for NRPS module redesign.

Engineering modular interactions across separated E- and C-
domains

With extension modules able to initiate peptide synthesis, we
now focused on M5-6 redesign to alter this into a dimodule
resembling the natural M1-2 protein (Tcp9). To generate the
same peptide stereochemistry with a reengineered M5-6
construct as occurs with M1-2, we needed to relocate the E-
domain from M1-2 to the C-terminus of M5-6 (Fig. 2 and 4).
Two different constructs were designed: M5-6a, adding the E-
domain from M2 onto the C-terminus of the PCP-domain in
M6, and M5-6b, exchanging the M6 PCP domain with the
complete PCP–E didomain from M2. Peptide reconstitution
assays were then performed using M5-6a together with M3,
which led to production of tripeptide 3 albeit without epimer-
isation of the Tyr-residue (Fig. 4 and ESI Fig. S10†). Results
obtained with M5-6b in these experiments matched those ob-
tained for M5-6a (ESI Fig. S10†), whilst control experiments
using M5-6 + M3 and M5-6a + M7 showed no formation of 3 in
either case (data not shown).

These experiments show that natural communication
between M2 and M3 requires the M2 E-domain. The ability of
M5-6a + M3 to generate tripeptide 3 demonstrates effective
communication between reengineered M6 and M3, which are
not adjacent within the natural NRPS assembly line (Fig. 4). As
the same results were obtained with M5-6a and M5-6b, this
shows that there was no need to transplant the PCP–E didomain
in this case. It is important to note, however, that the activity of
the transplanted E-domain appears unable to compete with
peptide extension by M3. This is consistent with previous
results that have showed the M3 C-domain is able to extend
incorrectly congured peptides with little effect on extension
rate.25

Engineering modular interactions across fused E- and C-
domains

Next, we wanted to further explore how to hybridise modules
across the interface between E- and C-domains within multi-
modular proteins. We concentrated on the M4/M5 interface,
as signicant differences in peptide hydrolysis in M4 (high) vs.
M5 (low) had previously been published.7 Our hypothesis was
that the M4 E-domain was responsible for the signicant
hydrolysis seen in in vitro assays, and we wanted to test if E-
domain exchange could overcome this.
Chem. Sci., 2020, 11, 9443–9458 | 9445
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Fig. 3 Initiation of peptide biosynthesis from elongation modules of the teicoplanin NRPS. Peptide biosynthesis assays included either 3 (M5–
M7, A) or 4 (M4–M7, B and C) modules of the teicoplanin NRPS in various configurations together with ATP and the substrates of the A-domains
of each module (M4, M5 – Hpg; M6 – ClBht; M7 – 3,5-Dpg). Peptides detected for M5–M7 are indicated in orange, for M4–M7 in red; yield is
calculated for each species as a percentage of the total ion current determined by LCMS analysis. Peptide species indicated; form/z data see ESI
Table S3.† Domain key: A – adenylation, C – condensation, PCP – peptidyl carrier protein, E – epimerisation, X-P450-recruitment, TE –
thioesterase, COM – communication. Module colour codes: M4 – green, M5 – pale blue, M6 – dark blue, M7 – violet.

9446 | Chem. Sci., 2020, 11, 9443–9458 This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Engineering modular interactions across E- and C-domains for
modules M6 and M3. Peptide biosynthesis assay using the engineered
dimoduleM5-6a + M3 together with ATP and the substrates of the A-
domains of each module (M3 – 3,5-Dpg; M5 – Hpg; M6 – ClBht);
HRMS analysis shows the formation of 3a; for m/z data see ESI Table
S3.† Double peak caused by epimerisation of C-terminal Dpg residue
during methylamine offloading. Domain key: A – adenylation, C –
condensation, PCP – peptidyl carrier protein, E – epimerisation, COM
– communication. Module colour codes: M2 – orange, M3 – yellow,
M5 – pale blue, M6 – dark blue.
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First, we explored the role of the individual M4 and M5 E-
domains on peptide hydrolysis. As constructs, we generated
active site mutants of the catalytic histidine residue for the E-
domains in M4 (His to Ala, M4b) and M5 (His to Gln, M5a;
His to Ala, M5b). Next, we prepared synthetic tetra- and penta-
peptides (8, 9 respectively, see ESI†) matching the natural tei-
coplanin peptide sequence but in which the C-terminal residue
of each peptide was as either in the L- or D-conguration. These
peptides were converted into peptidyl-CoAs (ESI Fig. S5–S8†)
and loaded enzymatically onto the apo-PCP domains in these
M4 and M5 constructs using Sfp. Hydrolysis and epimerisation
were thenmeasured via LCMS by comparing the retention times
of the product peptides with synthetic standards.

Using this assay setup, we rst compared the effect of the E-
domain on peptide epimerisation in M4 and mutant M4b
constructs using synthetic tetrapeptides D/L-8 loaded onto these
modules (ESI Fig. S9A–H†). Aer overnight incubation, M4 led
to hydrolysis of both D- and L-8, whilst M4b displayed no
hydrolysis in either case (ESI Fig. S9C–H†). Here, we were
unable to assay epimerisation activity due to the co-elution of
the tetrapeptides 4 L-8 and 4 D-8 (ESI Fig. S9A and B†). Next, we
tested the activity of M5 constructs using synthetic pentapep-
tides D/L-9 loaded onto these modules (ESI Fig. S9I–P†). Aer
overnight incubation, all of 5 L-9 loaded on M5 had been
This journal is © The Royal Society of Chemistry 2020
converted into the 5 D-form, whilst the mutants showed that
epimerization was either suppressed (M5a, 3 : 2 L : D) or abol-
ished (M5b) (ESI Fig. S9M–P†). The hydrolysis of 9 was low in all
cases. These experiments reveal that the M4 E-domain displays
signicant hydrolytic activity that is not seen for M5.

With evidence of role of the M4 E-domain in peptide
hydrolysis, we undertook the design of modiedM4modules in
which the E-domain was replaced with the corresponding E-
domain from M5. As the M4 construct contains the down-
stream C-domain from module 5 fused with the E-domain of
module 4, it was necessary to nd an appropriate non-cognate
E-domain accommodation site in these constructs (Fig. 5). We
therefore designed two constructs in which the interdomain
linker between the C- and E-domains was either retained from
E4-and C5-domains (M4c) or matched the E5-and C6-domains
(M4d).

To explore the activity of these modied modules, we pre-
loaded M3 with synthetic tripeptide 10 (as performed above)
before using this together with M4c/d and M5 in peptide
reconstitution assays. Reconstitution using M4c provided
excellent conversion of 10 into pentapeptide 12. In contrast,
reconstitution using M4d revealed formation of tetrapeptide 11
without hydrolysis, although there was little extension to 12.
These results indicate that the existing E–C linker found within
an NRPS module should be retained when transplanting E-
domains into modules (Fig. 5). This also offers an explanation
for the lack of activity of the transplanted E-domain in the M5-
6a and M5-6b constructs given the lack of native E–C linker in
the M6 module.

Relocating COM domains to engineer interactions across A-
and C-domains

Having seen the results of M5-6 reengineering and the possi-
bilities for E/C-domain mediated communication across sepa-
rated modules, we next wanted to assay the effects of
intermodule communication that is naturally mediated
between A- and C-domains across different proteins As M3/M7
and M4/M5 display the same substrate specicities (Dpg and
Hpg, respectively) we now undertook to explore C/A compati-
bility by designing hybrid modules for both of these module
sets (Fig. 2).

First, we wanted to test if communication between M7 and
M4 could be enabled solely by relocating the small COM
domain that is found inM3. Relocation of theM3 COM domain
onto M7 generated the M7a construct and we explored if this
protein was active in peptide reconstitution assays. Firstly,M5-6
was incubated together with M7a as a control, and afforded
tripeptide 3 as anticipated (Fig. 6). Next, we attempted to extend
the M5-6 + M7a assay by adding M4. This did not afford tetra-
peptide formation (ESI Fig. S11†), which showed a lack of
communication between M7a and M4.

Engineering modular interactions across A- and C-domains

Having seen that COM domain transplantation was insufficient
to allow M7a communication with M4, we next explored the
concept of generating hybrid modules that contain C-domains
Chem. Sci., 2020, 11, 9443–9458 | 9447
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Fig. 5 Importance of the E–C interdomain linker for activity in hybrid modules with transplanted E-domains (A). Within theM4–M6 protein there
are two linkers between E- and C-domains, shown in green (M4 to M5) and red (M5 to M6). Peptide biosynthesis assays analysed by LCMS
commencing from synthetic tripeptide 10 loaded on M3 with M4 and M5 shows effective biosynthesis of pentapeptide 12 (B) when incubated
together with ATP and the specific substrates of the A-domains of each extension module (M4,M5 – Hpg). Incorporation of theM5 E-domain in
M4 either retaining the M4 linker (M4c, C) or incorporating the M5 linker (M4d, D) into comparable assays shows that biosynthesis of 12 is only
maintained for theM4 linker. Peptide species indicated; form/z data see ESI Table S3.†Double peaks caused by epimerisation of C-terminal Hpg/
Dpg residues during methylamine offloading. Domain key: A – adenylation, C – condensation, PCP – peptidyl carrier protein, E – epimerisation,
COM – communication. Module colour codes: M3 – yellow, M4 – green, M5 – pale blue, M6 – dark blue.
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from alternate modules in their architecture. The hypothesis
here was that transplanting C-domains would allow hybrid
modules to communicate via the A/C interface natural to the
transplanted C-domain. To test this, we prepared a hybrid M3a
construct in which we fused C7 with A–PCP3 within the articial
module M3a (Fig. 7A).

We tested the functionality ofM3a in the reengineered NRPS
assembly line M5-6 + M3a + M4 using our peptide reconstitu-
tion assay. This array of modules also offered the possibility for
several cycles of peptide synthesis due to the potential interac-
tion of M4 with M5-6. Analysis of the results of this assay
showed a complex series of products was present (Fig. 7B).
Firstly, a small amount of tetrapeptide 13 was detected, which
corresponds to the anticipated M5-6 + M3a + M4 pathway
(Fig. 7). Tetrapeptides 15 and 7 were also detected at very low
level, and result from M3a + M4 + M5-6 and M4 + M5-6 + M3a
pathways, respectively (Fig. 7C and D). However, far more
signicant production of several pentapeptide species was
detected, with smaller amounts of 16 and larger amounts of 14
9448 | Chem. Sci., 2020, 11, 9443–9458
(Fig. 7D). Production of these pentapeptides can be described
by the same cyclic “set” of NRPS interactions h-M5-6 +M3a +M4-i
albeit with different initiation points. Peptide 16 can be ration-
alised as being formed by M3a + M4 + M5-6 + M3a, whilst
formation of 14 is supported by M5-6 + M3a + M4 + M5-6
activity, with no nal M6 activity in this case.

Further analysis of the MS2 fragmentation of the pentapep-
tide products of this assay revealed the presence of pentapep-
tide sequence 17, which cannot be formed through the
biosynthesis pathway discussed above (Fig. 7D). To determine
the pathway responsible for formation of 17, we rst hypoth-
esised that the module reengineering undertaken to produce
M3a could have affected the amino acid specicity of this
module, specically here allowing activation of Hpg. We
explored the Hpg vs. Dpg activation properties of M3a and
compared them to M3 using a spectroscopic activity assay, in
which an enzymatic cascade couples the formation of pyro-
phosphate during amino acid activation with the oxidation of
NADH.27 These assays showed no appreciable difference in the
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 COM-domain transplantation is insufficient to allow interaction
across modules M7 and M4. Peptide biosynthesis assays using
dimodule M5-6 and an engineered M7 module M7a bearing the M3
COM-domain (A) forms 3, but addition of M4 has no effect (LCMS, ESI
Fig. S12†). HRMS analysis shows formation of 3a when M5-6 + M7a or
M5-6 +M7a +M4was incubated together with ATP and the substrates
of the A-domains of each module (M4, M5 – Hpg; M6 – ClBht;M7a –
3,5-Dpg). Peptide species indicated; for m/z data see ESI Table S3.†
Double peaks caused by epimerisation of C-terminal Dpg residue
during methylamine offloading. Domain key: A – adenylation, C –
condensation, PCP – peptidyl carrier protein, E – epimerisation, COM
– communication. Module colour codes:M4 – green,M5 – pale blue,
M6 – dark blue, M7 – violet.
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activity ofM3a for Hpg versusM3, which is in agreement with A-
domain mutagenesis data that shows how selective M3 is for
Dpg vs. Hpg (ESI Fig. S13†).28 This makes the incorporation of
Hpg by M3a highly unlikely to explain the formation of 17.

In these experiments, it is clear that engineering hybrid
modules to enable alternate module interactions through A/C
interfaces is possible. Formation of 17 is unexpected: one
explanation would be the unusual extension of theM4 +M5-6 +
M3a assembly line at the N-terminus by an additional round of
either M4 or M5 activity. Results obtained using synthetic
peptides loaded on M3 together with M5 (see below and ESI
Fig. S12†) support the ability of M5 to perform such extensions.
However, the inability of M4 to compete with M5-6 initiation
would argue against this pathway. Instead, an alternative that is
supported by other experiments (see ESI Fig. S12†) is the
formation of tripeptide 3 byM5-6 +M3a, followed by two rounds
of N-terminal extension by M5.

Results obtained in these experiments indicate that the
pathway of NRPS-mediated peptide synthesis is maintained
throughout synthesis of these peptides, with alterations in
sequence occurring either through alternate start modules
This journal is © The Royal Society of Chemistry 2020
within the pathway (M5 orM3; a general inability to start atM4)
or unusual extension of the peptide due to effects on module
interactions because of the modular division of the assembly
line. In the case of M3a, this retains the naturally split A/C
interface between M3 and M4, and shows that these inter-
faces must be result in higher affinity than the articially split
M4 and M5 modules. This also indicates that such interaction
interfaces between divided modules extends beyond isolated
COM domain pairs, and suggests that further interactions –

presumably mediated between A- and C-domains – are required
for effective intermodule interaction.
NRPS modularisation reveals unexpected biosynthesis
pathways

Having seen that hybridising modules can enable effective
peptide biosynthesis pathways to be generated through
dynamic module exchange, we next tested a similar NRPS
assembly line comprising M5-6a + M3 + M4 to compare the
activity of this articial assembly line (Fig. 8A and B). The
results of this peptide reconstitution assay support the majority
of initiation from the M5-6a dimodule (Fig. 8C). The expected
M5 initiation products include the tetrapeptide 13, formed by
M5-6a + M3 + M4 and a hexapeptide extension product 19
formed by the additional activity of M5-6a at the end of the
tetrapeptide assembly line (Fig. 8D). Unexpectedly, pentapep-
tide 20 was the dominant product of these assays. This
sequence can be rationalised through the assembly lineM5-6a +
M3 + M4 with subsequent acceptance of the M4 loaded tetra-
peptide by M3 (Fig. 8D). Whilst we have noted M5 interactions
withM3 (see Fig. 7 and ESI Fig. S12†), these interactions appear
to favour the N-terminal extension of the M3-loaded peptide
rather than this more typical NRPS-mediated peptide elonga-
tion. Having seen that the M4/M5 interaction is too weak to
initiate peptide biosynthesis in an efficient manner, we postu-
late that this unusual extension activity is due to the strong
interaction mediated by the M3/M4 interface, which in turn is
due to the separated nature of these modules in the assembly
line. This could then allow an unusual pathway to occur by
virtue of increased local concentration. It is clear, however, that
modularisation of the teicoplanin NRPS assembly line can
enable non-standard peptide assembly pathways to proceed if
the interactions of these separated modules are more favour-
able than those seen in a standard pathway with modules
physically linked within larger proteins.

Given these unusual ndings, we further investigated hybrid
modules through C-domain incorporation. We generated
a novel M5 in a similar manner to that used above, where we
now fused the M4 C-domain into M5 to generate M5c (C–A–
PCP–E–C; Fig. 2 and 9A). To test the functionality of M5c, we
utilised this module in peptide reconstitution assays together
with synthetic tripeptide 10-loaded M3 and M6 (Fig. 9B). This
demonstrated the successful extension of 10 to pentapeptide 21.
When M3 loaded with 10 was used together only with M5c, this
led to the anticipated tetrapeptide 11 as the major product. In
this assay we also identied pentapeptides bearing an addi-
tional Hpg residue at the peptide N- or C-termini (ESI Fig. S12†).
Chem. Sci., 2020, 11, 9443–9458 | 9449
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Fig. 7 Engineering modular interactions across A- and C-domains for modulesM7 and M4. Peptide biosynthesis assays using dimoduleM5-6, an
engineered M7 replacement module M3a bearing the M7 C-domain and M4 (A) shows communication between M3a and M4 and affords two
starting points for NRPS-mediated peptide assembly (B). Peptide biosynthesis assays including ATP and the substrates of the A-domains of each
extension module (M3a – 3,5-Dpg; M4, M5 – Hpg; M6 – ClBht). HRMS analysis (C and D) shows the formation of tetrapeptides 7a, 13a & 15a and
pentapeptides 14a, 16a & 17a. 17a contains a sequence that can be rationalised through dipeptide acting as an acceptor substrate during peptide
biosynthesis. Apparent pentapeptide peak indicated with an asterisk (*) did not provide anMS2 spectrum to allow structural analysis. Peptide species
indicated; form/z data see ESI Table S3.† Colour code indicates the amino acids added during the assays andmatches the colours used in the LCMS
traces. Double peaks caused by epimerisation of C-terminal Hpg/Dpg residues during methylamine offloading. Domain key: A – adenylation, C –
condensation, PCP– peptidyl carrier protein, E– epimerisation, COM– communication. Module colour codes:M3– yellow,M4– green,M5– pale
blue, M6 – dark blue, M7 – violet.
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Fig. 8 Comparative four module NRPS biosynthesis using engineeredM5-6a didomain. Peptide biosynthesis assays using engineered dimodule
M5-6a,M3 andM4 (A) shows communication betweenM5-6a andM3, and reveals competition for NRPS-mediated peptide elongation fromM4
that favours M3 over M5 (B). Peptide biosynthesis assays including ATP and the substrates of the A-domains of each extension module (M3a –
3,5-Dpg; M4, M5 – Hpg; M6 – ClBht). HRMS analysis (C) shows tetrapeptides 13a, 15a & 18a, pentapeptide 20a and hexapeptide 19a; 19a is the
result of initiation fromM5 but withM4 tetrapeptide extension mediated byM3 in this case (box). Peptide species indicated; form/z data see ESI
Table S3.† Double peaks caused by epimerisation of C-terminal Hpg/Dpg residues during methylamine offloading. Colour code indicates the
amino acids added during the assays and matches the colours used in the LCMS traces. Domain key: A – adenylation, C – condensation, PCP –
peptidyl carrier protein, E – epimerisation, COM – communication. Module colour codes: M2 – orange, M3 – yellow, M4 – green, M5 – pale
blue, M6 – dark blue.

This journal is © The Royal Society of Chemistry 2020 Chem. Sci., 2020, 11, 9443–9458 | 9451

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 6
/1

2/
20

26
 3

:4
1:

30
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc03483e


Fig. 9 Engineering modular interactions across A- and C-domains for modules M3 and M5. Peptide biosynthesis assays commencing from
synthetic tripeptide 10-loaded onM3with engineeredM5c andM6 (A) shows effective biosynthesis of pentapeptide 21when incubated together
with ATP and the substrates of the A-domains of each extension module (M5 – Hpg; M6 – ClBht). HRMS analyses (B) show no residual 10, with
conversion to tetrapeptide 11a and pentapeptide 21. Peptide species indicated; form/z data see ESI Table S3.† Colour code indicates the amino
acids added during the assays andmatches the colours used in the LCMS traces. Domain key: A – adenylation, C – condensation, PCP – peptidyl
carrier protein, E– epimerisation, COM– communication. Module colour codes:M3– yellow,M4– green,M5– pale blue,M6– dark blue,M7–
violet.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 6
/1

2/
20

26
 3

:4
1:

30
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
A control assay usingM3 withM5 also showed tetrapeptide and
pentapeptide formation, although in this case both were
exclusively found at the N-terminus of the synthetic tripeptide
(ESI Fig. S12†). Whilst such peptide extension is unexpected, it
is clearly able to be an effective process under these conditions
as opposed to traditional peptide biosynthesis. These results
support those obtained for the M5-6 + M3a + M4 reconstitution
experiments, which indicate that unusual N-terminal peptide
extension is likely also proceeding in these pathways.

These results show that the effective redesign of naturally
separated modules within an NRPS can be obtained through the
use of C-domain replacement, which we have demonstrated here
by retaining the M3/M4 and M6/M7 interfaces across reengi-
neered modules. This supports other studies that highlight the
value of modular redesign by altering C-domains, and also shows
how unexpected module interactions can be identied by the
modularisation of larger NRPS multimodular proteins.
NRPS assembly lines comprised of isolated modules show
decreased peptide assembly efficiency

In a nal experiment, we explored the effect of mixing single
NRPS modules together to see how selective the assembly line
was for reassembly (Fig. 10A). To this end, we included M6a +
M3 +M4 +M5 +M6 +M7 in a peptide reconstitution assay. This
removed the fusionM5/M6 to determine how selectiveM6a and
M6 were for M3 and M7, respectively. Reconstitution of this
assembly line showed that this module assembly order was
mostly conserved (Fig. 10B and C). The major peptides
9452 | Chem. Sci., 2020, 11, 9443–9458
produced were 22 from M6a + M3 + M4 + M5 and 24 from M5 +
M6 + M7 (Fig. 10). Small amounts of pentapeptide 25 formed
from M3 + M4 + M5 + M6 + M7 was detected, and there was
further evidence for M5–M5 interactions with the formation of
the pentapeptide 23. Low levels of the complete hexapeptide 26
was present, indicating that it is possible to regenerate activity
of the complete assembly line M6a + M3 + M4 + M5 + M6 + M7,
although the generation of shorter peptides was clearly fav-
oured when each isolated module was present. This experiment
shows that the interactions present when using isolated
modules can support peptide biosynthesis that follows the
desired biosynthesis pathway, but that the efficiency of NRPS
assembly lines using isolated modules is optimal for shorter
assembly lines of 3–5 modules.

Discussion

NRPS reengineering to produce modied peptide sequences has
been intensively studied using in vivo approaches, largely centred
on altering A-domain selectivity, C-domain division and muta-
synthesis approaches. Here, we present an NRPS reconstitution
platform from teicoplanin biosynthesis to study reengineering
strategies in vitro. We focussed on four approaches to enable
redesign of peptide biosynthesis: (1) construction of novel NRPS
initiation modules, (2) reengineering modules across the C/A-
domain and C/E-domain interfaces, (3) domain relocation and
fusion with non-cognate modules, and (4) optimisation of
interdomain linkers to allow effective non-native domain
accommodation in redesigned NRPS modules.
This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Exploring the reconstitution of hybrid NRPS assembly lines from individual modules. Peptide biosynthesis assays using engineered
module M6a, M3, M4, M5, M6 and M7 (A) shows a preference for the biosynthesis of peptides of 3–5 residues, and evidence for M5–M5
interactions (B). Peptide biosynthesis assays including ATP and the specific substrates of the A-domains of each extensionmodule (M3,M7 – 3,5-
Dpg;M4,M5 – Hpg;M6,M6a – ClTyr, chosen here to favourM3 activity). HRMS analysis (C) shows tripeptide 24, tetrapeptide 22, pentapeptides
23 & 25 and hexapeptide 26. Peptide species indicated; form/z data see ESI Table S3.†Double peaks caused by epimerisation of C-terminal Hpg/
Dpg residues during methylamine offloading. Colour code indicates the amino acids added during the assays and matches the colours used in
the LCMS traces. Domain key: A – adenylation, C – condensation, PCP – peptidyl carrier protein, E – epimerisation, X-P450-recruitment, TE –
thioesterase, COM– communication. Module colour codes:M2– orange,M3 – yellow,M4– green,M5– pale blue,M6– dark blue,M7– violet.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 6
/1

2/
20

26
 3

:4
1:

30
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Firstly, we tested the hypothesis that elongation modules, as
well as dimodular and trimodular NRPS proteins, can be con-
verted into initiation modules. Investigating constructs derived
from the M4-6 protein Tcp11 protein showed that this was
This journal is © The Royal Society of Chemistry 2020
indeed possible from M4, M5 and M6, although the abilities of
dimodular constructs from Tcp11 to initiate peptide biosyn-
thesis were generally higher than single modules. In contrast to
other reported results,31 we identied that elongation modules
Chem. Sci., 2020, 11, 9443–9458 | 9453
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containing an N-terminal C-domain were not inhibited from
peptide initiation, indicating that the affinity of the C-domain
acceptor site in such cases is insufficient to prevent an
aminoacyl-PCP from acting as the donor substrate for a down-
stream C-domain.

We next endeavoured to understand how to articially induce
intermodule communication between separate protein
constructs. Given the similarities in the peptide formed byM5-6
and M1-2, we explored reengineering to allow M5-6 to replace
M1-2 in its interaction with M3. Here, we tested two new
approaches: (1) using C/A interface reengineering between
distinct modules and (2) the relocation of an E-domain to ensure
communication with the downstream module. The success of
these experiments, taken together with the results of our
previous M6 PCP exchange experiments perform in the M6 A-
PCP construct,26 indicates that both C/A and A/PCP regions are
exible in terms domain exchange. The critical factor in these
bio-combinatorial experiments is the selectivity of the acceptor
site of the upstream C-domain, which in teicoplanin M6 is high
due to the need for this domain to gate aminoacyl-PCP modi-
cations by trans-acting enzymes.7,26 In order to generate
communication between non-adjacent modules in the teico-
planin NPRS we identied that, in contrast to other NRPS
systems,32–34 it is not sufficient to relocate/exchange compatible
COM domains at the end of module of interest. Whilst recent
strategies that divide fused modules have shown compatibility
with COM domain relocation,35 our results clearly show that
larger adjacent domain–domain interaction surfaces are also
required to ensure module–module recognition and ensure
communication between M5-6 and M3. This maintenance of E-
and C-domain interactions is likely the result of the tight
coupling of activity of these two domains, where the E-domain is
required to act prior to the acceptance of themodied peptide by
the subsequent C-domain. It also helps to explain why inactive E-
domains are retained within some NRPS assembly lines, exem-
plied in GPAs by M3/M4 interactions in A47934 biosynthesis36

and M6/M7 interactions in complestatin biosynthesis.37,38 The
utility of this approach is not limited by the requirement to
maintain E-domain activity, as C-domains are not always exclu-
sively active on the correct peptide stereochemistry as seen
previously for teicoplanin M3 and M7, for example.14,25

Having seen the importance of E-domains within modular
exchange strategies, we also tested domain exchange experi-
ments investigating the linkers with the E-domains found in the
M4 and M5 modules from the Tcp11 protein. Here, we
demonstrated that the construct possessing the C–E domain
inter-modular linker (IML) connecting M4 with M5 retains
activity but not one with the IML connecting M5 with M6. This
nding is in agreement with a published IML compatibility
analysis, which found successful domain exchanges requires
compatible linkers connecting the upstream and downstream
modules of interest.39 We identied that the 26 amino acid
length linkers connecting E- and C-domains – displaying more
than 80% sequence identity in this case – are key to ensuring
productive substrate delivery to the E-domain and C-domains.
In contrast, we did not observe that E-domain activity was
linked to the presence of its partner PCP domain (M5-6a vs.M5-
9454 | Chem. Sci., 2020, 11, 9443–9458
6b constructs, ESI Fig. S10†). This disagrees with a previous
study based on structural observations that PCP–E di-domains
should act as a functional and conservative unit.40 In our case,
an inappropriate E/C interface in these reengineered
constructs, combined with the lack of stereoselectivity exhibited
by the downstream module, would appear to explain these
results. The lack of structural data for large NRPS biosynthetic
protein constructs limits our understanding the structural role
of different NRPS inter-modular linkers that connect different
modules. Recent dimodular NRPS protein X-ray structures41 as
well as photocrosslinking studies42 provides us with an under-
standing of the exibility of the NRPS biosynthetic machinery,
which suggests that linker exchange in multi-modular NRPS
proteins could well alter domain–domain motion and poten-
tially prevent productive substrate delivery to downstream
peptide processing domains. However, further structural
investigations of large multi-modular NRPS constructs are
needed in order to deliver the molecular insights into the roles
that such linkers play in NRPS-mediated peptide assembly.

Given that E-domains are optional in NRPS modules, the
exploration of redesigning modules by fusion at the C/A inter-
face shows the most general promise in redesign. In exploring
this interface, we again noted the importance of maintaining
the catalytic terminal domains (i.e. beyond the COM-domain)
between modules split into separate proteins. In redesigning
the assembly line to allow M7 to communicate with M4, we
showed that the M3a construct allowed communication with
M6 via the M7 C-domain and M4 via the A-domain of M3. We
also note that adding the COM-domain of M3 to M7 was
insufficient for communication with M4. The suitability of this
redesign strategy was further supported by the ability to append
the M4 C-domain directly onto M5 and produce M5a. M5a
retained the interaction with M3 via the M4 C-domain and also
retained M6 interaction via the natural M5/6 A/C interface. The
A/C interface also provides an explanation why the excision of
modules through the division of C-domains provides a path to
successful modular redesign for NRPS systems.19

Whilst most of the peptide synthesis pathways established in
this work conform to those anticipated based on the natural
assembly line, we did identify that modularisation of the tei-
coplanin NRPS led to unanticipated modular interactions in
some cases. Within the M5-6a + M3 + M4 system, for example,
the acceptance of the M4 loaded tetrapeptide by M3 was the
major pathway present, and shows an unusual M4/M3 interac-
tion (Fig. 8). Here, it is important to note that this interaction
only occurs aer the activity ofM3 within the anticipatedM5-6a
+ M3 + M4 pathway, possibly due to the lack of affinity between
the M4 and M5 modules that are normally fused within one
protein. Perhaps most curiously of all, we have also noted the
apparent N-terminal extension of M3-loaded tripeptides by M5
in a number of assays. This extension must be occurring on the
PCP-bound peptide, as all these unusual peptide products were
detected in their methylamide forms. Whilst in the context of
the M5-6 + M3a + M4 pathway this could possibly be explained
by other as yet unidentied intermodule interactions, in the
experiments where synthetic tripeptide was loaded on M3 and
incubated with M5 the evidence for N-terminal extension
This journal is © The Royal Society of Chemistry 2020
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appears unambiguous. Whilst unexpected, it should be noted
that there is a general lack of structural information concerning
the presentation of acceptor substrates within C-
domains,5,41,43–45 and that coupled with the reported exibility of
the NRPS assembly line (even within fused modules),25,41,42,46

there is no evidence that the attack of an acceptor peptide onto
a donor amino acid is explicitly prevented. This intriguing result
highlights the importance of obtaining further structural
snapshots of the NRPS C-domain in relevant catalytic states,
and is further underlined by the diverse range of catalytic
activities performed by domains derived from C-
domains.5,9,13,47,48 It also raises further questions as to origins of
the replacement of the teicoplanin M3 domain in vancomycin/
pekiskomycin-type GPAs,49–51 given that theM3module appears
to be the major source of atypical module interactions in our
experiments with the teicoplanin NRPS. The unexpected inter-
actions uncovered in these experiments (M4 with M3, and M3
withM5) also shows further promise for NRPS redesign, for this
indicates that the alteration of the fused state of modules within
an assembly line can then lead to alterations in the assembly
pathway, and hence the formation of new peptide products.
Experimental
Construct cloning

All protein constructs were cloned into a pET-GB1-1d vector,
which encodes an N-terminal 6xHis-Tag followed by the IgG-
binding B1 domain of Streptococcus (GB1) with a TEV cleavage
site under the control of a T7 promoter and a Strep-Tag II at the
C-terminus, using In-Fusion® HD Cloning kit. DNA fragments
required for hybrid proteins construction were amplied by PCR
from previously constructed protein expression plasmids. PCR
primers were designed to share 15 bases of homology with
adjacent DNA fragments. These primers were then used to
amplify both the insert/(-s) and plasmid DNA. The plasmid DNA,
containing the gene encoding the NRPS module of interest, was
used as the template DNA for a PCR reaction. Fragments were
amplied using Phusion® Hot Start Flex Master Mix (NEB) and
the appropriate forward and reverse primers (ESI Table S1†). The
PCR products were analysed on a 0.8% agarose gel in TAE buffer
and the DNA subsequently gel-extracted and puried using the
GeneJET Gel Extraction Kit (Thermo Fisher Scientic). The
extracted PCR products (insert/(-s) and vector) were combined in
an In-Fusion® cloning reaction as per the manufacturer's
instructions. In-Fusion® cloning reactions were incubated for
15 min at 50 �C, then placed on ice and 2.5 mL of the reaction
mixture was used for transformation of NEB 10-beta competent
E. coli cells. The next day, plasmid DNA from individual colonies
was isolated and sequenced to conrm that the appropriate
module fragment was correctly inserted into the plasmid.
Protein expression

All proteins analysed in this study were co-expressed with the
teicoplanin MbtH-like protein Tcp17. For co-expression of the
proteins, E. coli BL21 (DE3) (NEB) competent cells possessing
the plasmid encoding Tcp17 were co-transformed together with
This journal is © The Royal Society of Chemistry 2020
a plasmid encoding the NRPS module of interest. For selection,
two antibiotics (kanamycin and streptomycin) were used;
expression of all modules were performed in 10 L of TB media,
supplemented with 50 mg mL�1 kanamycin and 50 mg mL�1

streptomycin. Cells were grown and protein expression was
induced according to the previously described procedure.7

Protein purication

The majority of proteins constructs analysed in this study were
puried as previously described,7 with the exception of Tcp12
that was puried using a modied procedure.14 Puried
construct yields from 10 L of bacterial growth media: 26 mg of
M3a, 3 mg ofM4a, 1 mg of M4b, 1.5 mg of M4c, 2.4 mg of M4d,
12 mg ofM5a, 8 mg ofM5b, 5 mg ofM5c, 7 mg ofM6a, 55 mg of
M7a, 9 mg of M5-6, 9 mg of M5-6a, 1 mg of M5-6b and 1 mg of
M4-6a. For SDS-PAGE gels see ESI (Fig. S1–S4†).

Peptidyl-CoA synthesis

10-CoA was synthesised as described previously.7 (4 D/L)-8- and
(5 D/L)-9-CoAs were synthesised manually on solid phase at
0.05mmol scale using hydrazide activation and displacement to
generate the desired CoA thioesters.52 2-Chlorotrityl chloride
resin (200 mg) was swelled in DCM (8 mL, 30 min), washed with
DMF (3�), and incubated with a 5% hydrazine solution in DMF
(6 mL, 2 � 30 min). The resin was washed with DMF (3�), and
a solution of DMF/TEA/MeOH (7 : 2 : 1) (4 mL, 15 min) added.
The rst Fmoc-protected amino acid (0.06 mmol) was coupled
to the resin using COMU (0.06 mmol) and 2,6-lutidine
(0.06 mmol, 0.12 M) overnight. In the second step, unreacted
hydrazine groups were capped with Boc-glycine (0.15 mmol)
that had been activated using COMU (0.15 mmol) and 2,6-luti-
dine (0.15 mmol, 0.12 M) for 1 h. Subsequent Fmoc removal was
performed using a 1% DBU solution (3 mL, 3 � 30 s) in DMF
followed by coupling of the subsequent Fmoc- or Boc-protected
amino acid (0.15 mmol) aer activation with COMU (0.15
mmol) and 2,6-lutidine (0.15mmol, 0.12M) for 40min; the nal
amino acid added to the peptide was always Boc-protected.
Cleavage of the hydrazide peptide from resin and removal of
protecting groups (tBu, Boc, Pbf) was accomplished using TFA/
TIS/H2O (95 : 2.5 : 2.5 v/v0/v00, 5 mL) with shaking at room
temperature for 1 h. The resin was removed by ltration and
washed with TFA (2�). Subsequently, the ltrate was concen-
trated under a N2 stream to �1 mL and the peptide precipitated
with ice cold diethyl ether (�8 mL) and collected by centrifu-
gation in a ame-resistant centrifuge. Crude peptide was puri-
ed using preparative RP-HPLC (gradient 10–40% ACN or 15–
45% ACN over 30 min). Puried hydrazide peptides were then
dissolved in buffer 1 containing urea (6 M) and NaH2PO4 (0.2
M), pH 3 (obtained via addition of HCl) to a nal concentration
of 5 mM. The solution was cooled to �15 �C using a salt/ice
bath. Subsequently, 0.5 M NaNO2 (0.95 equivalents) was
added and the mixture was stirred for 10 min. Coenzyme A (1.2
equivalents dissolved in buffer 1) was then added to the reac-
tion. Aer 15 minutes, the pH was slowly adjusted to 6.5 using
KH2PO4/K2HPO4 buffer (6 : 94 v/v 1 M, pH 8.0). The reaction
mixture was stirred on ice for 2 hours, before the nal peptidyl-
Chem. Sci., 2020, 11, 9443–9458 | 9455
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CoA product was puried using preparative RP-HPLC, gradient
10–40% ACN over 30 min. All purications were performed
using a Shimadzu high performance liquid chromatography
system equipped with a SPD-M20A Prominence photo diode
array detector and two LC-20AP pumps. Preparative separations
were performed using a Waters XBridge BEH300 Prep C18

column (5 mm, 19 � 150 mm) with a ow rate of 10 mL min�1.
The solvents used were water + 0.1% TFA (solvent A) and HPLC-
grade ACN + 0.1% TFA (solvent B). For compound analysis by
LCMS (see ESI Fig. S5–S8†).

PCP loading

Following purication, PCP-containing proteins were converted
from their apo to holo form by loading their PPE linker in
a reaction catalysed by the phosphopantetheinyl transferase Sfp
(R4-4 mutant). Depending on the desired reaction two different
substrate types were used to transform NRPS proteins: (1) either
loading CoA to generate holo-PCP constructs or (2) peptidyl-CoA
conjugates to generate peptidyl-PCP constructs. PCPs loading
were performed according to the same procedure as described
previously.7

A-domain activity assay

Analysis of A-domain activation for various substrates were
performed as previously reported.27

E-domain activity assay

In order to evaluate both wild type E-domains in M4 and M5 as
well as the activity of active site mutants, proteins were con-
verted into their peptidyl form by loading 8-CoA (ESI Fig. S5 and
S6†) or 9-CoA (ESI Fig. S7 and S8†) onto the corresponding PCP
domains. Thus generated, these peptidyl-PCP constructs (5–10
mM) were immediately used for E-domain activity assays.
Peptidyl-NRPS protein was mixed with 1 mM ATP and 10 mM
MgCl2 in reconstitution assay buffer (50 mM HEPES, pH 7.0;
50 mM NaCl) and incubated overnight at 30 �C with shaking at
300 rpm. Peptide cleavage with methylamine, purication and
analysis by LC-MS was performed as described previously.7

Epimerisation activity (conversion of L-peptide to D-peptide) was
evaluated by the comparison of LC-MS traces of the control
peptidyl-CoA compounds in the reconstitution reaction buffer
(non-loaded, direct cleavage with methylamine).

In vitro reconstitution of non-ribosomal peptide biosynthesis

Experimental procedures, sample preparation and analysis were
performed using the assay conditions described previously.7 2–10
mM of holo NRPS-proteins were used for in vitro reconstitution
assays. In each reaction, NRPS proteins were mixed with 1 mM
ATP, 10 mM MgCl2 and amino acid substrates for each A-domain
(1 mM) in reconstitution assay buffer (50 mM HEPES, pH 7.0;
50 mM NaCl) to a nal volume of 200 mL. These were incubated
overnight at 30 �Cwith shaking at 300 rpm, with peptides attached
to any PCP domain then chemically cleaved by the addition of
methylamine (15 mL) to liberate the methylamide peptides. Reac-
tion mixtures were incubated for 15 min at room temperature. To
9456 | Chem. Sci., 2020, 11, 9443–9458
neutralise the mixture, 4 mL of reconstitution assay buffer was
added. The peptide products were then puried from the reaction
mixture using solid phase extraction (Strata™-X-33 mm Polymeric
Reversed Phase Tubes; 30 mg mL; Phenomenex). Before sample
loading, the cartridges were activated with methanol (1 mL) and
subsequently equilibrated with water (1 mL). Neutralised samples
were then loaded onto equilibrated cartridges and the solution
allowed to pass through the column bed under gravity. When the
entire sample was loaded, the cartridge was washed with 0.1%
aqueous formic acid (1 mL) before the peptides were eluted with
1% formic acid in methanol (500 mL). Aer removal of the meth-
anol using a centrifugal concentrator (Concentrator plus; Eppen-
dorf; 45 �C) the residue was dissolved in 6 mL of 50% MeCN in
water (Optima® LC/MS Grade) and diluted to a nal volume of 36
mL using aqueous 0.1% formic acid (Optima® LC/MS Grade). 14
mL of the sample was subsequently injected onto a XBridge®
Peptide BEH C18 column (5 � 300 mm, Waters) and analysed by
LCMS (LCMS-2020, ESI, Shimadzu) in positive ionisation mode,
using a 5–45% acetonitrile in water gradient over 40 min and a 1
mL min�1

ow rate.
HRMS and MS2 measurements

HRMS was performed using Orbitrap-based mass spectrometers
(QExactive HF, QExactive Plus and Fusion tribrid, Thermo
Scientic) coupled to nanoow high performance liquid chro-
matography (Ultimate 3000 RSLCnano, Dionex/Thermo scien-
tic) via a nanospray source. Chromatographic separation was
performed by trap-elution using an Acclaim PepMap 100 trap
column (100 mm� 2 cm, nanoViper, C18, 5 mm, 100�A; Thermo
Scientic) and an Acclaim PepMap RSLC column (75 mm �
50 cm, nanoViper, C18, 2mm, 100�A; Thermo Scientic). Loading
onto the trap column was performed at 15 mL min�1 in 2%
acetonitrile, 0.1% TFA. Elution was performed at 250 nL min�1

using 0.1% formic acid (buffer A) and 80% acetonitrile, 0.1%
formic acid (buffer B). Aer equilibration at 2.5% buffer B for 2
minutes, peptides were eluted with a gradient from 2.5% to
37.5% buffer B over 30min, followed by a ramp to 42.5% buffer B
over 3 min. Full scan MS was performed in the Orbitrap at either
70 000 (Plus) or 60 000 (HF and Fusion) nominal resolution, with
5 data dependent MS2 scans acquired using 1.4–1.6 isolation
width and 15 000 to 30 000 nominal resolution in the Orbitrap
using HCD with 27% normalised collision energy (32% on
Fusion). Up to 20 predicted peptides were also targeted forMS2 in
each cycle using the same resolution and stepped collision
energies between 21 and 30%. Extracted ion chromatograms at
6 ppm were performed for all possible sequence compositions
(based on input amino acids) with signicant peaks inspected for
appropriate MS isotope distributions and manual assignment of
MS2 fragments when available (ESI Table S2†).
Conclusions

Non-ribosomal peptide synthetases have long been viewed as
highly amenable to redesign due to their modular nature. In
this work, we have explored a wide range of modular redesign
strategies for the teicoplanin NRPS, which have shown that
This journal is © The Royal Society of Chemistry 2020
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modules within an NRPS are indeed highly versatile units,
whose interactions can be controlled through modication of
their composite domains. These experiments show that elon-
gation domains can be effective at initiating biosynthesis, and
thus assembly lines are not limited to commencing from
a small subset of modules. Furthermore, our results indicate
that the interactions of NRPS modules that are found on sepa-
rate proteins does not rely solely on smaller communication
domains, and rather implies larger interactions mediated
through C-domains with either A- or E-domains. The ability to
reconstitute hybrid modules by transplantation of C- and E-
domains appears to be facilitated by such interactions, whilst
the limits of C-domain gating for peptide stereochemistry also
can be used to allow the generation of novel assembly lines
across unwanted E-domains. Division of fused modules within
an NRPS indicates that there is the potential for alternate
module interactions to occur, which shows that alternate
assembly pathways can be generated even through minor
alterations to the NRPS machinery. Taken together, our results
show the versatility of teicoplanin NRPS modules for alternate
redesign strategies and provides new insights into the molec-
ular interactions of these fascinating peptide assembly lines.
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