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ABSTRACT: The biosynthesis of the glycopeptide antibiotics
(GPAs)which include teicoplanin and vancomycinis a
complex enzymatic process relying on the interplay of non-
ribosomal peptide synthesis and a cytochrome P450-mediated
cyclization cascade. This unique cyclization cascade generates the
highly cross-linked state of these nonribosomal peptides, which is
crucial for their antimicrobial activity. Given that these essential
oxidative transformations occur while the peptide remains bound
to the terminal module of the nonribosomal peptide synthetase
(NRPS) machinery, it is important to assess the selectivity of the
terminal thioesterase (TE) domain and how this domain
contributes to the maintenance of an efficient biosynthetic pathway while at the same time ensuring GPA maturation is
completed. In this study, we report the in vitro characterization of the thioesterase domain from teicoplanin biosynthesis, the first
GPA thioesterase to be characterized. Our results show that the activity of this TE domain relies on the presence of an unusual
extended N-terminal linker region that appears to be unique to the NRPS machineries found in GPA biosynthesis. In addition,
we show that the activity of this domain against carrier protein bound substrates is dramatically enhanced for mature GPA
aglycones as opposed to linear peptides and partially cyclized intermediates. These results demonstrate how the interplay
between NRPS and P450s during late stage GPA biosynthesis is not only maintained but also leads to the efficient production of
mature GPA aglycones. Thus, GPA TE domains represent another impressive example of the ability of TE domains to act as
logic gates during NRPS biosynthesis, ensuring that essential late-stage peptide modifications are completed before catalyzing the
release of the mature, bioactive peptide product.

Nonribosomal peptide synthesis is an important natural
pathway to produce peptides with bioactive properties.

The synthesis of nonribosomal peptides (NRPs) is performed
by nonribosomal peptide synthetases (NRPSs), whose ability to
synthesize peptides without the ribosome greatly reduces the
structural limitations of ribosomal peptides. Contributing to the
ability of NRPS to generate a vast array of peptide diversity is
the modular architecture of these megaenzyme synthetases: the
majority of NRPS machineries rely on collections of catalytic
domains organized into modules, which are responsible for
incorporation of a single, specific amino acid into the growing
NRP.1,2 There are two essential catalytic domains for NRP
biosynthesis: first, the domains responsible for amino acid
selection and activation (adenylation/A-domains)which have
been reported to activate over 500 different monomers to
date3and the domains responsible for peptide bond
formation (condensation/C domains).1 Many other domain
types also aid in generating the diversity of NRP structures
identified in nature, with one of the most important during
peptide elongation being epimerization (E) domains, which

alter the stereochemistry of C-terminal amino acid residues
from their L to D form.1,2 Central to all steps in NRP
biosynthesis are peptidyl carrier protein domains (PCPs),
which serve to tether the intermediates during peptide
elongation as a thioester via a phosphopantetheine (PPE)
arm derived from coenzyme A. PCP domains are responsible
for shuttling intermediates between the catalytic domains of the
NRPS and thus play a vital role during peptide biosynthesis.4

As the final step of peptide biosynthesis, cleavage of the
mature NRP from the NRPS is required to prevent the
machinery from stalling.5 This requirement has also been co-
opted as a source of further diversity in NRPS biosynthesis,
with specific catalytic domains responsible for this process. The
majority of NRPs are cleaved from the NRPS assembly lines by
type-I thioesterase (TE) domains,5 with other less common
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cleavage options also identified (for example, the reductive
cleavage of the carrier protein bound intermediate by reductase
domains).1,6 Typical type-I TE domains share a conserved
structure7−9 and appear from recent structural characterization
of complete NRPS modules to also display a degree of
flexibility in their conformation relative to the rest of the
catalytic machinery.8 TE domains rely upon a two-step
mechanism to free peptides from the NRPS assembly line: in
the first step, the carrier protein-bound intermediate is loaded
onto a conserved serine (or less frequently, a cysteine) residue
within the TE-domain active site.5 At this point, the fate of the
TE-bound intermediate can vary substantially depending on the
nature of the intercepting nucleophile: attack by water leads to
hydrolysis of a linear peptide, while intramolecular attack of an
amine (from the peptide N-terminus or the side chain of amino
acid residues, such as lysine) or alcohol (from amino acid side
chains such as serine and threonine) results in the generation of
a cyclic peptide10 or depsipeptide product.11 Further examples
of diversity within TE-domain activity have been identified,
including TE domains that can dimerize/trimerize peptide
monomers into cyclic products10,12−14 and perform cyclization
together with macrothiolactonization;15 other TE domains have
shown to perform intramolecular transesterification,16 and to
play a role in epimerizing C-terminal peptide residues (such as
in nocardicin biosynthesis).17 TE domains therefore play very

important roles in NRPS biosynthesis, as they can serve to
generate further structural diversity within the NRP.
Due to their two-step mechanism, TE-domain selectivity can

depend upon both the loading and release steps. In the majority
of cases, NRPS TE domains display low apparent selectivity for
the loading step. During the release step, the TE domains
generally appear tolerant to alterations in peptide structure
while retaining their preferred mode of peptide cleavage
(macrocyclization, for example).1,5 Thus, NRPS TE domains
typically appear to play little role as a logic gate in peptide
synthesis: exceptions to this rule appear, however, whenever
essential modification of the PCP-bound peptide is required
prior to peptide cleavage, with well characterized examples
including nocardicin biosynthesis,17 pyochelin biosynthesis,18,19

and ACV synthetase in penicillin biosynthesis.20,21 In these
cases, essential peptide modification is performed prior to TE-
domain mediated hydrolysis (β-lactam formation, thiazoline
formation, and epimerization, respectively), which explains the
requirements for selectivity that are placed on the TE domains
present in these systems.
One further example of highly complex, late stage

modification of NRPs prior to their cleavage from the NRPS
machinery is found in the biosynthesis of the glycopeptide
antibiotics (GPAs, Figure 1).22,23 The structure of the GPAs
of which vancomycin and teicoplanin are representative

Figure 1. Structures of glycopeptide antibiotics (GPAs) and a schematic representation of GPA biosynthesis. Structures of representative GPAs
teicoplanin and vancomycin, indicating the naming convention for the aromatic rings within the peptide backbone in red (A). Schematic
representation of the teicoplanin biosynthesis (B): initial peptide biosynthesis performed by a seven module linear nonribosomal peptide synthetase
(the NRPS is split into four polypeptide chains, Tcp9−Tcp12) is followed by the cytochrome P450-mediated oxidative cyclization cascade to
generate the NRPS-bound aglycone that is finally cleaved from the NRPS by the action of the terminal TE domain. Abbreviations: A, adenylation
domain; C, condensation domain; PCP, peptidyl carrier protein; E, epimerization domain; X, cytochrome P450 recruitment domain; TE,
thioesterase domain; Oxys, cytochrome P450 enzymes; Dpg, 3,5-dihydroxyphenylglycine; Hpg, 4-hydroxyphenylglycine.
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membersdisplays a highly unusual and complex series of
cross-links between aromatic residues within the GPA
heptapeptide (Figure 1A).22,24 These cross-links are essential
for the antimicrobial activity of GPAs as they generate the
requisite three-dimensional structure to bind to the D-Ala-D-Ala
motif of lipid II, thus inhibiting peptidoglycan biosynthesis. The
cross-linking cascade within GPA biosynthesis has been
extensively investigated via both in vitro25−39 and in vivo
approaches,40−45 the results of which have revealed that
cytochrome P450 enzymes (known as Oxy enzymes) are
responsible for the installation of these aromatic cross-links.
Furthermore, it has been demonstrated that each individual
cross-link within the GPA (three for type-I/II GPAs and four
for type-III/IV GPAs) is installed by a specific Oxy enzyme
while the peptide remains attached to the NRPS machi-
nery.26,32,42 These enzymes act in a specific order commencing
with installation of the C-O-D ring by OxyB,25−28,32,34−36,38

subsequent activity of the optional OxyE enzyme (installing the
type-III/IV specific F-O-G ring,)31 and essential OxyA enzyme
(installing the D-O-E ring),29,32,33,36,37,39 before terminating
with insertion of the AB cross-link that is catalyzed by OxyC
(Figure 1B). Recruitment of these Oxy enzymes to the NRPS-
bound peptide has recently been demonstrated to rely on the X
domain, a conserved C/E-like domain found between the
PCP46 and TE domains within the final modules of GPA NRPS
machineries.29,32,33 The multiple oxidative transformations that
need to occur on a single peptide substrate are supported by a
“shuffling” mechanism of continual Oxy enzyme binding and
release from the X domain to ensure that complete cross-
linking occurs.29 Given the complex, multistep nature of the
GPA cyclization cascade, the role and selectivity of the TE
domain within this peptide maturation are important to
address. In this work, we report the first in vitro characterization
of a TE domain from GPA biosynthesis. Our results
demonstrate that the TE domain from the teicoplanin NRPS
displays a clear preference for the correct cross-linking state of
the PCP-bound peptide and that TE-domain activity relies
upon the retention of the extended N-terminal linker found
within the final NRPS module. These results serve to once
more highlight the impressive ability of TE domains to act as
crucial logic gates that maintain tight control over NRPS
biosynthesis when late-stage peptide modifications are required
prior to release of the final, bioactive NRP.

■ RESULTS AND DISCUSSION

Construct Design and Reconstitution of Thioesterase
Activity. The TE domain of the teicoplanin producing NRPS
machinery is found in the protein Tcp12, which forms the
terminal module of the teicoplanin NRPS. In order to analyze
the activity of the TE domain, constructs encoding for the
isolated TE domain were generated. This was undertaken as it
would allow the process of peptide hydrolysis to be investigated
without potential activity of the TE domain during the loading
of various substrates onto the upstream PCP domain. While the
C-terminus of the TE domain is naturally defined by the end of
the Tcp12 protein, the N-terminal domain boundary had not
been experimentally defined. Thus, our initial TE-domain
construct was generated upon the basis of domain predictions
using Interpro,53 which also revealed an unusually large 121
amino acid linker between the TE domain and the previously
characterized upstream X domain (Figure 2).32 Typical NRPS-
domain linker regions have been reported to be in the range of
9 to 32 residues,8,9 while the long linker between the X and TE
domain identified in the teicoplanin NRPS appears to be a
common feature in the terminal module of GPA producing
NRPS machineries. The probable origin of the X-TE linker has
been revealed thanks to investigation of the terminal module of
complestatin,54 a related GPA-like compound with a simplified
cross-linking pattern, where the X-TE linker is even longer and
shows sequence similarity to a partial A domain.55 Given the
similarity of the X domain to C domains, it has been suggested
that the X domain and the X-TE linker region originally
represented an additional module in an ancestor GPA
producing NRPS.55 While the remnant C domain was recycled
as a P450 recruitment platform, the reason for the preservation
of the linker regionpresumably derived from an A domain
was unknown.
To investigate a potential role of the linker on the TE-

domain catalyzed peptide cleavage, two different TE proteins
either with or without the linker region (L-TE and TE)were
generated for this study (Figure 2). After expression and
purification, both proteins eluted from a size exclusion column
as monomeric species, suggesting that these were both correctly
folded (Figure 2). Our experimental design made use of the TE
domain in trans to the substrate peptide, which was to be
enzymatically loaded onto a PCP-X construct derived from

Figure 2. Determining of the thioesterase domain boundaries from Tcp12. The minimal construct (TE, shaded in purple) is preceded by a long
linker region that links the X domain (shaded in pink) to the minimal TE domain; a longer construct (L-TE) was created that included both the
linker region and the minimal TE domain. Residues of the TE-domain catalytic triad (Ser1701, Asp1728, and His1839) are indicated by asterisks and are
shown in red. Helices predicted by InterPro53 are underlined, and β-strands predicted by InterPro are shown in bold, with potential β-strands shown
in italics. After expression and purification, both constructs eluted as peaks that correspond to monomeric species in size exclusion chromatography
(right-hand panel; L-TE construct shown in black, TE construct shown in gray).
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Tcp12; the latter has been shown to be a viable substrate for
the Oxy enzymes during in vitro peptide cross-linking reactions
(Figure 3).28,29,31−33,36−39 The activity of the TE domain
proteins was initially tested using a diastereomeric mixture of
the linear teicoplanin-like heptapeptide (D/L-1, Figure 3): due
to the requirements to load this peptide onto the PCP-X
protein, the peptide was synthesized as a peptidyl-CoA34,50 and
subsequently loaded to a conserved serine residue in the PCP
domain of the PCP-X protein (D/L-1, Figure 3) using a
promiscuous phosphopanthetheinyl transferase (Sfp, R4−4
mutant).52 The peptidyl-PCP-X substrate was then supple-
mented with either the TE or L-TE protein, and samples were
taken at different time points to follow the progression of
peptide cleavage from the PCP domain. At the end of the
reaction, any peptide remaining attached to the PCP-X protein
was chemically cleaved from the PCP domain by the addition
of methylamine, resulting in the generation of methylamide
peptides (Figure 3). Both the peptides cleaved from the PCP-X
protein by the TE domain (D/L-1a) and peptides that had
been chemically cleaved via the addition of methylamine (D/L-
1b) were purified from the reaction mixture using SPE and
quantified by LCMS. The relative amount of D/L-1a and D/L-
1b, characterized by a mass difference of 13 Da, was then used
to determine the TE-domain activity. To correct for unspecific
background hydrolysis of the peptide from the PCP-X protein,
additional experiments were performed in parallel under the
same conditions but without the addition of a TE domain.
In initial experiments with the linear peptide D/L-1, the

observed rate of background hydrolysis of the peptide was very
low (∼3% of the total substrate after 90 min (SI Figure 1)).
When the L-TE protein was incubated with the peptidyl-PCP-X
protein, the amount of cleaved peptide was significantly higher,
while the addition of the minimal TE construct resulted only in

a slight increase in the yield of hydrolyzed peptide (20% vs 5%
after 90 min, SI Figures 1 and 2, Figure 4). Since the domain

boundaries of the short TE protein correspond to those of
other functional and structural characterized TE domains (SI
Figure 3),9,17,56−58 the significantly lower activity of this
construct compared to the longer L-TE construct suggests an
important role for the linker region in the peptide hydrolysis
activity of the TE domain. One explanation for the role of the
linker was that it served to mediate an interaction between the
substrate carrying PCP-X and the L-TE protein. However, gel
filtration experiments using both PCP-X (in either the apo or
peptidyl-PCP form) and L-TE did not reveal a tight interaction
between the domains when expressed as isolated proteins,
which indicates this effect is not due to increased affinity of the

Figure 3. Assay sequence of the TE-domain catalyzed peptide cleavage reaction showing the different peptide substrates used in this study.
Following generation of PCP-X loaded with peptides 1−4 (R = PPE−PCP−X) via either Sfp loading alone (1-CoA, 4-CoA) or Sfp loading
combined with subsequent OxyB (2) or OxyB/OxyA catalyzed cyclization (3), TE-domain constructs were added to assess TE-mediated hydrolysis
(R = OH, 1a−4a) at various reaction time points: cleavage of any remaining PCP-X bound peptides using methylamine then generated the
methylamide products (R = NHMe, 1b−4b), and the level of peptide amide as opposed to free peptide could then be assessed. PCP-X was purified
with GB1 as an N-terminal fusion partner. GB1, IgG-binding B1 domain of Streptococcus.

Figure 4. Peptide cleavage activity of L-TE- and TE-domain constructs
toward linear substrate peptides (L-1, D-1, and D/L-1) coupled to
PCP-X. Reaction progress shown as the percentage of hydrolyzed
peptide 1a relative to the total amount of respective peptide detected
(sum of hydrolyzed 1a and methylamine cleaved 1b peptide) after
background subtraction.
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constructs involved (SI Figure 4). The difference in activity
noted between the TE and L-TE proteins in these assays also
suggests that the linker is not acting merely as a spacer unit to
accommodate the presence of the X domain between the PCP
and TE domain in Tcp12 (the typical arrangement found in
terminal NRPS modules). In such a case, no difference in
activity of the TE and L-TE constructs would be expected, as
the proteins are present in trans. Furthermore, ACV synthase
from penicillin biosynthesisone of the rare examples of a
terminal NRPS module in which an E-domain (that shows high
structural homologies to the X domain) is found between the
PCP and TE domaindoes not possess such a long linker and
remains active.21 The exact reasons for the requirement of the
linker region for TE-domain activity await further investigation
via structural methods, but given the enhanced hydrolytic
activity of L-TE over the shorter TE protein, all subsequent
experiments were performed with the L-TE protein.
The TE Domain Displays a Stereochemical Preference

for the Seventh Amino Acid. The separation of the D/L-1
cleavage reaction via LCMS demonstrated the appearance of
two peaks for the TE-domain cleavage product (D/L-1a): these
peaks were assigned to peptides bearing L-Hpg7 and D-Hpg7
residues based on LC retention times (L-Hpg7 containing
peptides elute before D-Hpg7 containing peptides).34,50 The
relationship between the two diastereomers upon incubation
with L-TE indicated that the TE domain displays a preference
for the L-diastereomer. To further explore this potential
selectivity, we tested the activity of the L-TE protein toward
enantiomerically enriched peptides differing in the stereo-
chemistry of the seventh amino acid (L-1 and D-1) in an in
vitro cleavage reaction with L-TE. As anticipated, the highest L-
TE activity was obtained for the natural L-diastereomer (L-1),
whereas the cleavage of the D-1 peptide was noticeably slower
(27% vs 15% after 90 min, SI Figures 5 and 6, Figure 4). This
stereospecificity matches the selectivity observed for OxyA
the P450 enzyme involved in the insertion of the D-O-E in the
GPA cyclization cascadewhich shows a stereochemical
preference for peptide substrates in which the seventh amino
acid within the peptide is in the natural (L) configura-
tion.29,36,39 Given that unwanted epimerization of the seventh
residue would prove deleterious to the synthesis machinery as
well as render the final compound inactive, this could well
explain why the original active site of the neighboring X domain
bears extensive mutations to the standard C/E-domain active
site, as such mutations would prevent this unwanted
epimerization from occurring.32 The observed TE-domain
stereospecificity is also consistent with the results from ACV
synthase but is in contrast to those of the nocardicin TE
domain that appear able to load either diastereomer onto the
TE domain.17,21 However, given that the nocardicin TE domain
also acts to epimerize the C-terminal residue of its peptide
substrate, tolerance for the D-configured peptide would appear
to be expected in this case.17

Specificity of the TE Domain for Cross-Linked
Peptides. The results of the peptide cleavage experiments so
far had shown that even under the best conditionsthe use of
the L-TE protein in combination with the L-1 substrateonly
around a quarter of the PCP-loaded substrate was cleaved by
the L-TE domain after 90 min. On the basis of the
characterization of other TE domains (2−200 min−1)13,14,17,18

and reductase domains (0.3 min−1),6 the Tcp12 TE domain
appeared to be significantly slower, although the divergence in
experimental design naturally makes the direct comparison of

such rates difficult. However, the low cleavage rates observed
here for Tcp12 do appear to resemble the observations made
for the pyochelin TE domain when using intermediate peptide
states prior to the final, mature peptidegiven that pyochelin
is one of the rare examples of a gatekeeper NRPS domain, this
is an important result.18,19 GPA biosynthesis is also an unusual
example of NRPS-mediated biosynthesis, as it requires the
multiple step P450-catalyzed cross-linking of the peptide
immediately before peptide release from the NRPS: given
this, the tetracyclic heptapeptide aglycone would be expected to
be the natural TE-domain substrate.
To test whether L-TE is more active toward cross-linked

peptide substrates, L-1 was subjected to a P450-mediated cross-
linking reaction using OxyB and OxyA enzymes prior to the
peptide cleavage reaction (Figure 3).29,32,36 In the first reaction
performed, L-1 was converted by the initial enzyme of the
oxygenation cascade, OxyB, into the monocyclic C-O-D ring
containing heptapeptide L-2. This reaction yielded a mixture of
unreacted linear and cross-linked monocyclic peptide coupled
to PCP-X (∼3:2, Figure 5, SI Figure 7). The products of the

cross-linking reaction were then immediately used as a
substrate for the thioesterase assay. While the background
hydrolysis recorded in the absence of L-TE was similar for both
L-1 and L-2, L-TE displayed a clear preference for cleavage of
the monocrosslinked peptide L-2, which was 3.5-fold higher
than that for L-1 (2% L-1 vs 7% L-2 after 90 min; reduced rates
compared to the L-1 cleavage without a preceding cross-linking
reaction likely arise from a combination of a reduced substrate
concentration of the respective peptide species due to the
incomplete peptide cross-linking reaction and competition for

Figure 5. L-TE-domain cleavage activity toward differently cross-
linked peptide intermediates (L-1, L-2, and L-3) coupled to PCP-X. L-
TE catalyzed cleavage using substrate generated through loading of L-
1 to PCP-X followed by an OxyB catalyzed (mixture of 57% L-1 and
43% L-2 (left panel); A) or coupled OxyB/OxyA catalyzed cyclization
reaction (mixture of 59% L-1, 17% L-2, and 24% L-3 (left panel); B).
Progression of the peptide cleavage by L-TE shown as the percentage
of hydrolyzed peptide 1a−3a relative to the total amount of respective
peptide cross-linking species detected (sum of hydrolyzed 1a−3a and
methylamine 1b−3b cleaved peptide) after background subtraction.
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peptide substrate with the Oxy enzymes present in these
assays). Given these results, we then further investigated the
activity of L-TE toward a bicyclic peptide L-3: this was achieved
through the use of the established coupled OxyB/OxyA in vitro
cross-linking reaction employing the first two P450 enzymes of
the cross-linking cascade.29,32,36 The reaction resulted in the
mixture of linear (L-1), monocyclic (L-2), and bicyclic peptide
(L-3; ∼9:3:4, Figure 5, SI Figure 7). Analysis of the background
hydrolysis showed that the majority of the peptides remained
coupled to the PCP-X protein and hence were suitable
substrates for L-TE: upon addition of L-TE, a clear increase
in activity toward the cross-linked peptides L-2 and L-3 was
observed, with the hydrolysis of L-3 being 1.6-fold faster than
that for L-2. Despite the increase in cleavage rate for the cross-
linked peptide species, the rates observed were still below those
anticipated for a TE domain based upon previous studies,
although the trend suggested that the TE domain displays a
preference for substrates more like that of the GPA aglycone
the anticipated natural substrate for this TE domain.
Given the trend toward increasing hydrolysis with an increase

in peptide cross-linking, we then tested L-TE activity toward
completely cross-linked peptide aglycone. To this end, we
established a synthetic route using teicoplanin as starting point
to generate aglycone-CoA (4-CoA, SI Scheme 1). Commencing
with teicoplanin, the aglycone 5 was generated using reported
acidic cleavage conditions.51 Subsequently, the amino group of
the aglycone was protected with a Boc group to afford 6, before
the activated thioester 7 was generated using 4-mercaptophe-
nylacetic acid (MPAA). Cleavage of the Boc group preceded
the generation of the desired aglycone-CoA 4-CoA via thioester
exchange.
With the desired compound in hand, 4-CoA was then loaded

onto PCP-X to generate the final substrate 4 for investigating
the action of the TE domain. Addition of L-TE to the PCP-
bound aglycone 4 achieved much more rapid hydrolysis than
had previously been observed, with the rate of reaction
exceeding that of the linear intermediates by at least an order
of magnitude (≤0.3 vs 4% per minute, Figure 6, SI Figure 8, SI
Table 1). This activity is now approaching the levels reported
for other TE domains, although this is likely lower than the true
rate of the natural NRPS machinery due to the fact that the TE
domain in these assays is added in trans and in substoichio-
metric amounts compared to the PCP-X bound peptide
substrate. The improved activity of the L-TE domain toward
cross-linked peptidesbut with particular preference for the
completely cross-linked aglyconeis in agreement with the
selectivity described for TE domains from other NRPS systems
whose substrates are modified immediately prior to the release
from the NRPS machinery, such as in nocardicin and pyochelin
biosynthesis pathways.17−19,59 In addition, the L-TE domain
displays a stereochemical preference for peptides in which the
seventh amino acid residue is (L)-configured, which correlates
with the selectivity of the Oxy-mediated cascade for this specific
peptide diastereomer.29 Thus, the stereospecificity shown by
the TE domain from the GPA NRPS machinery would appear
to be a consequence of the need for the TE domain to act as a
stringent logic gate reporting on the state of aglycone cross-
linking, which in turn relies upon the (L)-configuration of the
final amino acid residue in order to be successfully completed
by the Oxy enzyme cascade. The slow hydrolysis of
intermediate peptide species suggests that the TE domain is
able to proofread the cross-linking state of the peptide while it
is being processed on the NRPS by the Oxy-mediated oxidative

cascade: upon completion of the Oxy cascade, the rapid
hydrolysis of the completed aglycone then occurs (Figure 7).
This result parallels the route by which the Oxy cascade appears
to be coordinated, in which a constant scanning of the peptide
cross-linking state is made by the various Oxy enzymes that
have been recruited by the X domain.29 In future experiments,
it will be important therefore to assess how the rates of amino
acid activation peptide bond formation, P450-mediated
cyclization, and TE-domain activity compare when using the
complete, final Tcp12 NRPS module in order to ensure
efficient GPA production: to date, only snapshots of these data
are available (amino acid activation: 1−2 min−1, teicoplanin
module 3, Dpg;60 P450-mediated cyclization (9−44 min−1,
OxyBtei, and OxyBvan)).

29 Taken together, our results presented
here show that the TE domain from the NRPS machinery
involved in GPA biosynthesis represents another important
example of such a domain acting as a logic gate to ensure the
correct late stage processing of the peptide intermediate during
NRPS biosynthesisspecifically, the complex and vital
aglycone cross-linking cascade that generates the antibiotic
core of the glycopeptide antibiotics.

■ EXPERIMENTAL SECTION
Cloning of Protein Constructs. TE-domain proteins were

obtained from a PCP-X-TE construct previously cloned into a
modified pET vector containing the IgG-binding B1 domain of
Streptococcus (GB1).32,47 Briefly, the PCP-X-TE construct was derived
from a synthetic gene encoding for the Tcp12 protein (synthesized by
Eurofins Genomics, Uniprot protein ID: Q70AZ6) optimized for
expression in E. coli. The published tcp12 sequence48 and consequently
the PCP-X-TE contain an alteration in the TE-domain active site
(D1728A), which likely renders the TE domain in the protein inactive.
Therefore, an active variant of the PCP-X-TE-domain construct was
generated with the inFusion HD Cloning kit (Takara Clontech): a set

Figure 6. L-TE-domain cleavage activity toward the full cyclized
aglycone 4 coupled to PCP-X. Reaction progress shown as the
percentage of hydrolyzed peptide 4a relative to the total amount of
aglycone detected (sum of hydrolyzed 4a and methylamine cleaved 4b
aglycone; A). Comparison of the peptide cleavage rates catalyzed by
TE and L-TE using different substrate peptides (D/L-1, L-1, D-1, L-2,
L-3, 4) loaded onto the PCP-X construct (A, B).
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of overlapping internal primers containing the mutation A1728D fwd
GCTTGCTGGCATTACTGGATGCGTATCCGGTATATATGGG
and rev CCCATATATACCGGATACGCATCCAGTAAT GCCAG-
CAAGC was used together with vector specific primers (fwd:
TTCTGAGAATCTTTATTTTCAGG (binds to the TEV cleavage
site of the vector), rev: TGTGGATGACTCCAAGCACTCTCG
(binds to C-terminal Strep-tag)). On the basis of this construct, the
TE domain was cloned in different lengths to include or exclude the
linker region using specific primer sets containing unique restriction
sites (NcoI and XhoI; fwd TE: ATACCATGGGCGAGCGCCGT-
GGTGCAAGC; fwd L-TE: TATCCATGGGCCCGGGCCGC-
CGGATCTCTG; rev: ATTACTCGAGCGCATCCGGACGAC-
TACG). After amplification and restriction digestion, the TE-domain
constructs were cloned into a modified pET vector additionally
encoding for a maltose binding protein (MBP) as an N-terminal fusion
partner to improve expression and solubility.47 In addition to the
fusion tag, the TE proteins were expressed with an N-terminal
hexahistidine tag and C-terminal Strep-II tag. The PCP-X protein from
the teicoplanin system was used as a peptide carrier protein and
contained GB1 as an N-terminal fusion partner; cloning of this protein
as well as the P450 enzymes OxyB and OxyA has been described
previously.32,35

Protein Expression and Purification. The TE domain proteins
were expressed in fusion with a solubility tag (MBP) under control of
a T7 promoter in the E. coli BL21 Gold (DE3) strain (Agilent). Cells
were grown at 37 °C until an OD600 of 0.6 was reached. Protein
expression was induced by addition of 0.1 mM IPTG, and the

temperature was reduced to 18 °C. After overnight expression, the
cells were harvested by centrifugation (5500g, 4 °C, 10 min), and the
cell pellet was suspended in lysis buffer (50 mM Tris-HCl at pH 7.4,
50 mM NaCl, 10 mM imidazole) containing one tablet of proteinase
inhibitor (Sigma-Aldrich) per 100 mL of buffer. Cell lysis was
performed using a fluidizer (Microfluidics), and the cell debris was
removed from the soluble proteins by centrifugation (20 000g, 4 °C,
60 min). The proteins were purified via metal affinity chromatography:
lysate was incubated with Ni-NTA resin (Macherey and Nagel)
equilibrated with Ni-NTA buffer A (50 mM Tris-HCl at pH 7.4, 300
mM NaCl, 10 mM imidazole) for 1 h at 4 °C with gentle mixing. After
centrifugation (1000g, 4 °C, 2 min), the Ni-NTA resin was washed
with 10 column volumes (CV) of Ni-NTA buffer A, and the proteins
were eluted with 1 CV of Ni-NTA buffer B (50 mM Tris-HCl at pH
7.4, 300 mM NaCl, 300 mM imidazole). To remove the N-terminal
solubility tag, the proteins were mixed with Tobacco Etch Virus
(TEV) protease in a ratio of 1:100 (w/w) and dialyzed overnight at 4
°C in a dialysis buffer (20 mM Tris-HCl at pH 7.4, 50 mM NaCl, 0.5
mM EDTA, 5 mM sodium citrate, 5 mM β-mercaptoethanol).
Proteins thus cleaved were loaded onto a prepacked 5 mL streptactin
column (GE Healthcare) equilibrated with ST buffer A (100 mM Tris-
HCl at pH 8.0, 150 mM NaCl, 1 mM EDTA). The column was
washed with 1 CV ST buffer A and the proteins eluted with 2 CV ST
buffer A supplemented with 2 mM desthiobiotin. Protein fractions
were pooled, concentrated, and further purified via size exclusion
chromatography using a Superose 12 column (GE Healthcare)
equilibrated with SEC buffer (50 mM Tris-HCl at pH 7.4, 100 mM

Figure 7. Interplay of cytochrome P450-mediated oxidative cyclization cascade and TE-domain activity based on the results of this study. The TE
domain exhibits high selectivity for the completely mature GPA aglycone over preceding intermediates, thus ensuring the complete maturation of the
peptide prior to cleavage from the NRPS machinery. Abbreviations: A, adenylation domain; C, condensation domain; PCP, peptidyl carrier protein;
E, epimerization domain; X, cytochrome P450 recruitment domain; TE, thioesterase domain; Oxys, cytochrome P450 enzymes. Domains shown in
color indicate their activity at different stages of peptide biosynthesis.
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NaCl). After the final purification, ∼270 nmol of TE and ∼150 nmol
of L-TE per liter of expression culture were afforded. Expression and
purification of PCP-X,32 OxyA,32 and OxyB35 was performed as
described earlier. The vectors encoding redox partners to support in
vitro P450 activity (PuxB A105 V variant and PuR)49 were obtained
from Dr. Stephen Bell (University of Adelaide, Australia), with these
proteins prepared as previously reported.49

Peptidyl-CoA Synthesis. Linear teicoplanin-like heptapeptide
peptidyl-CoAs D/L-1-CoA, L-1-CoA, and D-1-CoA were synthesized
as described previously.33,34,50 Briefly, synthesis was performed on
Dawson-resin using Fmoc-based solid phase peptide synthesis.
Following resin activation, peptides were displaced from the column
with MPAA to afford activated thioesters. After side chain
deprotection, thioesters were used to generate peptidyl-CoAs via
thioester exchange. Diastereomers of the peptidyl-CoAs were separated
using preparative HPLC (L-1-CoA: tR = 22.6 min, D-1-CoA: tR = 23.8
min; gradient: 0−3 min 95% A, 3−33 min up to 30% B, flow rate 20
mL/min) and lyophilized. The purified peptides (L-1-CoA ≥ 95% de;
D-1-CoA ≥ 85% de) were finally dissolved in Milli-Q water at a
concentration of 10 mM, aliquoted, and stored at −80 °C.
Aglycone-CoA Synthesis (see SI Scheme 1). 6. Boc-protected

teicoplanin aglycone 6 was obtained as previously described.51 Briefly,
teicoplanin (50 mg, 26.6 μmol, Santa Cruz) was sonicated in a mixture
of concentrated HCl (1.12 mL) and acetic acid (10.2 mL) until a clear
solution was obtained. This mixture was heated to 80 °C with vigorous
stirring, and after 2 h ice-cold diethyl ether (35 mL) was added and a
white solid precipitated from solution. After keeping the mixture at
−24 °C overnight, the solid was separated by filtration and dried. A
solution of crude teicoplanin aglycone 5 in DMF (2 mL) was treated
sequentially with NaHCO3 (8.3 mg, 60 μmol, 2.25 equiv) and Boc2O
(8.9 mg, 40 μmol, 1.5 equiv) at 0 °C. The reaction was allowed to
proceed overnight with stirring and then neutralized by adding acetic
acid, before being concentrated to dryness and purified via preparative
HPLC (Waters XBridge BEH300 Prep C18 column, 5 μm, 19 × 150
mm; gradient: 0−5 min 10% ACN + 0.1% FA, 5−7 min up to 25%
ACN + 0.1% FA, 7−37.5 min up to 60% ACN + 0.1% FA; flow rate:
20 mL/min) affording compound 6 as a white foam (20 mg, 15.4
mmol). HPLC-MS (ESI): m/z [M + H]+ calculated for
[C63H54Cl2N7O20]

+: 1298.28. Found: 1298.20 (tR = 19.8 min [0−4
min 5% ACN + 0.1% FA, 4−25 min up to 75% ACN + 0.1% FA, flow
rate 1 mL/min]).
7. Boc-protected teicoplanin aglycone MPAA thioester 7: 6 (8 mg,

6.2 μmol) was dissolved in dry DMF (800 μL) and K2CO3 (3 mg, 3.5
equiv) and PyBOP ((benzotriazol-1-yloxy)tripyrrolidinophosphonium
hexafluorophosphate, 6.5 mg, 12.4 μmol, 2 equiv) were added
sequentially. After stirring for 10 min, MPAA (4-mercaptophenyl
acetic acid, 5.2 mg, 31 μmol, 5 equiv) was added and the reaction
allowed to proceed for 30 min. Following the removal of DMF, the
crude product was then purified using preparative HPLC (gradient:
0−5 min 10% ACN + 0.1% FA, 5−37.5 min up to 50% ACN + 0.1%
FA; flow rate: 20 mL/min). After freeze-drying, 7 was obtained as
colorless solid (5 mg, 3.5 μmol, 56%). HPLC-MS (ESI): m/z [M +
H]+ calculated for [C71H60Cl2N7O21S]

+: 1448.29. Found: 1448.30. [M
+ Na]+ calculated for [C71H59Cl2N7NaO21S]

+: 1470.28. Found:
1470.15 (tR = 21.0 min [0−4 min 5% ACN + 0.1% FA, 4−25 min
up to 75% ACN + 0.1% FA, flow rate 1 mL/min]).
4-CoA. 7 (2 mg, 1.4 μmol) was suspended in 2 mL of freshly

prepared trifluoroacetic acid (TFA) cleavage mixture (95% TFA/2.5%
triisopropylsilane/2.5% H2O) and incubated for 30 min. The solution
was concentrated under a stream of nitrogen, dissolved in 50% ACN
(1 mL), and lyophilized. The residue was dissolved in 2 mL of 50 mM
potassium phosphate buffer (pH 8.3)/ACN (2:1) containing 20 mM
TCEP. CoA (1.0 mg, 1.5 μmol, 1.1 equiv) was added, and the reaction
gently agitated until the MPAA thioester was consumed (1.5 h). The
reaction mixture was diluted with 15 mL of 50 mM KPi buffer (pH
7.0) and loaded onto an equilibrated Strata-X SPE column
(Phenomenex, 200 mg resin/3 mL tube) that was subsequently
washed with 50 mM KPi buffer (pH 7.0, 3 mL) and water (3 mL).
The teicoplanin aglycone CoA conjugate 4-CoA was eluted with 5%
MeOH and freeze-dried, affording 4-CoA as a white solid (1.2 mg, 0.6

μmol, 44%). HPLC-MS (ESI): m/z [M + H]+ calculated for
[C79H80Cl2N14O33P3S]

+: 1947.33. Found: 1449.90. [M-ADP-H]+

calculated for [C69H64Cl2N9O24PS]
+: 1535.29. Found: 1535.50. [M-

ADP-2H+Na]+ calculated for [C69H63Cl2N9NaO24PS]
+: 1557.27.

F o u n d : 1 5 5 7 . 5 0 . [M -ADP - 2H+K ] + c a l c u l a t e d f o r
[C69H63Cl2KN9O24PS]

+: 1573.25. Found: 1573.50. [CoA]+ calculated
for [C21H37N7O16P3S]

+: 768.12. Found: 768.35 (tR = 3.8 min [0−4
min 5% ACN + 0.1% FA, 4−25 min up to 75% ACN + 0.1% FA, flow
rate 1 mL/min]).

PCP-Loading Reaction. PCP-X was loaded with peptidyl-CoA
(linear teicoplanin-like heptapeptides: D/L-1-CoA, L-1-CoA, D-1-
CoA, or teicoplanin aglycone (4-CoA)) to generate substrates for the
TE-domain activity assay: 60 μM PCP-X was mixed with peptidyl-CoA
(120 μM of D/L-1-CoA, L-1-CoA, D-1-CoA; 180 μM of 4-CoA) and
6 μM Sfp R4−4 mutant52 in PCP-loading buffer (50 mM Hepes at pH
7.0, 50 mM NaCl, 10 mM MgCl2). After incubation with gentle
shaking for 1 h at 30 °C, unbound peptidyl-CoA was removed from the
peptidyl-PCP-X using centrifugal filter units (10 kDa MWCO) via
repeated concentration and dilution (4×, total volume of 500 μL).
After the washing procedure, the peptidyl-PCP-X produced was
immediately used for TE-domain activity assays.

P450-Mediated Cross-Linking of PCP-X Bound Heptapep-
tides. Generation of cross-linked heptapeptide loaded onto PCP-X
(L-2, L-3) was performed using the established P450 cross-linking
reaction:29,32,33 25 μM L-1 bound to PCP-X was mixed with 0.5 μM
palustrisredoxin reductase (PuR),49 2.5 μM palustrisredoxin B variant
A105 V (PuxB),49 0.17% glucose (w/v), 9 U/mL glucose oxidase, and
2 mM NADH in a total volume of 1 mL. The reaction was initiated by
the addition of 0.25 μMOxyB or a combination of 0.25 μMOxyB with
1 μM OxyA. After an incubation for 1 h at 30 °C, the reaction mixture
was then immediately used for TE-domain activity assays.

In Vitro TE-Domain Activity Assay. TE-domain activity was
investigated for linear (D/L-1, L-1, D-1) and cross-linked (monocyclic
L-2, bicyclic L-3, aglycone 4) peptides coupled to PCP-X. For the TE-
domain activity assay, 10 μM of substrate was mixed with 1 μM of the
respective TE domain in TE-domain reaction buffer (50 mM Hepes at
pH 7.0, 50 mM NaCl); the reactions were incubated at 30 °C with
gentle shaking. To follow the progression of the peptide cleavage,
reactions were quenched through the addition of methylamine
(23 000-fold molar excess over peptidyl-PCP-X) at different time
points (D/L-1, L-1, D-1, L-2, and L-3: 0, 15, 30, 45, 60, 75, and 90
min; 4: 0, 0.5, 1, 2, 3, 4, and 5 min). After an incubation of the cleavage
reaction for 10 min, the pH was adjusted with formic acid (diluted in
water) and the peptides purified using Strata-X-33 polymeric reversed
phase columns (30 mg mL−1; Phenomenex). The peptides were
analyzed via HPLC-MS (single ion monitoring, negative mode) based
on their specific masses. To determine the level of nonspecific peptide
hydrolysis a second time trace in the absence of TE domain was
performed. After correction for background hydrolysis, TE-domain
activity was calculated based on the relationship of the enzymatically
cleaved peptide (D/L-1a, L-1a, D-1a: 1088 Da; L-2a: 1086 Da; L-3a:
1084 Da; 4a: 1198.2 Da) and the methylamine cleaved ones (D/L-1b,
L-1b, D-1: 1101 Da; L-2b: 1099 Da; L-3b: 1097 Da; 4b: 1211.2 Da).
The masses are given for negative ionization mode; the introduction of
cross-links into the peptide results in a decrease of the peptide mass of
2 Da per cross-link.

Analytical Size Exclusion Chromatography. L-TE and PCP-X
proteins were incubated in a ratio of 1:3 (66 μM L-TE and 200 μM
apo-PCP-X; 33 μM L-TE and 100 μM D/L-1-PCP-X or apo-PCP-X)
in SEC buffer (50 mM Tris-HCl at pH 7.4, 100 mM NaCl) in a total
volume of 120 μL. After an incubation for 30 min at RT, the samples
were centrifuged (12 000g, 4 °C, 15 min), and 100 μL of the sample
was loaded onto a Superose 12 10/300 GL column (GE Healthcare)
equilibrated with SEC buffer. In addition to the protein mixture,
control samples containing the single interaction partners were
analyzed. SEC was performed using a flow rate of 0.8 mL/min, and
the elution profile of L-TE and PCP-X was recorded using 280 nm
absorption.
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