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The initiation module of the biosynthetic pathway of Tyrocidine A, a non-ribosomal peptide antibiotic,
selectively binds L-phenylalanine along with ATP and Mg?* catalyzing the formation of an aminoacyl
adenylate. The adenylation (activating) reactions of non-ribosomal peptide synthetases are considered
the first selectivity filter for correct processing of natural products. Although each adenylation domain
is selective for a specific substrate, many of these domains have the ability to adenylate a number of
substrates. The overall tolerance of the active site of these domains has not been extensively characterized
in terms of substrate kinetics. Exploiting a recently developed ATP-PP; exchange assay protocol, we were
able to screen and fully characterize a panel of amino acids and non-proteinogenic substrates to show the
broad specificity of the first L-phenylalanine activating domain of Tyrocidine TycA A1l. The results revealed
unexpected flexibility in the substrate interactions thought necessary for activation. These results could
be universal for adenylation domains and can be exploited for the biosynthesis of new and interesting

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Non-ribosomal peptide synthetases (NRPSs) are multi-domain
enzymes that utilize a modular organization to coordinate step-
wise catalytic reactions which generate structurally complex and
biologically interesting natural products [1-3]. The NRPS machin-
ery is analogous to other mega-enzymes such as polyketide (PKS)
[4] and fatty acid synthases (FAS) [3,5]. They follow a similar
assembly-line rationale, except that the substrates of the NRPS are
in principle mostly amino acids or non-proteinogenic amino acid
derivatives, whereas the PKS and FAS systems use acyl-coenzyme A
(CoA) building blocks for assembly [4,5]. In each case, after activa-
tion of the substrate the modular construction utilizes a thioester to
covalently link the substrate to the assembly line for the iterative
generation of fatty acids, polyketides or peptides [4-6]. The first
catalytic step in non-ribosomal peptide biosynthesis is the recog-
nition and activation of a monomer by the adenylation (A) domain
(Fig. 1a) where an aminoacyl adenylate is formed and then trans-
ferred to the thiol of a 4-phosphopantetheine (Ppant) arm of the
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corresponding peptidyl carrier protein (PCP) domain [1,7] (Fig. 1a).
This thioester loading reaction directs the peptide bond formation
between amino acids tethered on consecutive PCP domains by the
subsequent condensation domain [2,4,8]. The adenylation reaction
is considered the first selectivity filter for the activation of the cor-
rect monomer building block. Each adenylation domain contains
a “specificity-conferring code” for its selected substrate [9-11].
The next selectivity hurdle is recognition of adjoining covalently
attached substrates by the condensation domain for the biosyn-
thesis of the correct linear products [4,6,8]. A prototypical NRPS
initiation module will contain at least an adenylation domain, but
usually also a PCP domain (Fig. 1a).

Peptide-based natural products are quite complex and difficult
to obtain or modify through ordinary synthetic means, but with
re-engineered or evolved NRPSs even more diverse groups of non-
natural compounds could be obtained [3,6]. Expansion of the scope
of such systems of combinatorial biosynthesis by directed evolu-
tion would ultimately result in powerful systems that can make
novel “natural” products or easily produced structural analogs of
present natural products. Several groups have attempted to harness
this power for combinatorial biosynthesis through rational design,
directed evolution, and module swapping [12-16]. These attempts
have met varying degrees of success, but most revealed that there
are still selectivity obstacles to be overcome.

The Tyrocidine A biosynthetic pathway has been studied as a
model NRPS system for decades [17,18]. It was one of the first fully
sequenced NRPS [19] and was used for one of the first cell-free
syntheses of a number of Tyrocidine derivatives (A-E). Those
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Fig. 1. (a) Core NRPS modules and reactions. The core domains are the condensation (C), adenylation (A), and the peptidyl carrier protein (PCP) with the Ppant arm (squiggly
line). The reaction mechanism is shown by the curvy arrows. The R1 and R2 represent the amino acid side chain of the first and second adenylation reaction. The extra domain
is an epimerization domain, one of the extra catalytic domains that perform tailoring reactions. *The reverse reaction forces the formation of radioactive ATP by addition of
excess 32PP;. This radioactive ATP is measured in the ATP-PP; exchange assay. (b) Structural representation of the active site of GrsA-A1 showing residues within 5 A of the

bound L-Phe substrate. The illustration was generated with LIGPLOT [33].

experiments revealed that depletion of necessary substrates will
stunt Tyrocidine production, but will not stop the NRPSs from
incorporating replacement substrates to make a full length deriva-
tive [20,21]. The structures of a number of amino acid activating
A domains have been solved, e.g., the initiating A domain of pore
forming antibiotic Gramcidin A, GrsA A1, a L-Phe activating domain
[22], the termination module Surfactin A-C, a L-Leu activating
domain [23], and the initiation module DhbE, a dihydroxy benzoic
acid activating domain [24]. The TycA Al is similar to GrsA Al
(65% overall identity), whose structure was solved in complex with
substrate L-Phe and adenosine mono-phosphate (AMP) revealing
a binding pocket for L-Phe [22]. The main interactions between the

enzyme and substrate are derived from interactions of the amino
and carboxyl ends of the L-Phe (Fig. 1b) with residues Lys-517 and
Asp-235 (GrsA numbering), respectively [22]. The phenyl side chain
is bound by the selectivity-conferring residues specific for L-Phe
(Fig. 1b) [9,11], which form strong hydrophobic interactions with
the aromatic side chain. As altering the substrate specificity of a full
NRPS by directed evolution or redesign is attempted, downstream
editing mechanisms from other domains may hinder the progress
of the new compounds. For example, for TycA A1 its epimerization
(E) domain (Fig. 1a) is thought to play an important role in the
correct formation of Tyrocidine [25]. However, results from TLC
assays with GrsA [26] demonstrated that the epimerization domain
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will convert noncognate L-amino acids to their corresponding D-
configuration. Furthermore, HPLC assays with TycA [27] showed
the correct formation of dipeptides with the non-native substrate
nitro-tyrosine, in the place of L-Phe, in the TycA pathway. However,
both showed reduced activity as compared to the conversion
and peptide bond formation of L-Phe. This illustrates that while
the E- and C-domain are strong gatekeepers the pathway is not
completely halted when presented with a non-native substrate.

The challenge of engineering these enzymatic assembly lines
towards expanding the production of novel peptides with increas-
ing structural diversity relies on further elucidating the substrate
specificity for each reaction in NRPSs. For this study we started at
the assembly line initiation by seeking to determine the flexibil-
ity of the main structural interactions of the adenylation reaction;
firstly to explore the side chain interactions, and secondly to explore
the flexibility of the main amino and carboxyl interactions. Pre-
viously panels of substrates have been shown in the literature to
be activated by the TycA adenylation domain in single time point
analysis [8,28], but few have been fully characterized (K, and kcat
calculations). An ATP-PP; exchange screening assay [29] was used
to determine the full range of activities from a diverse panel of
substrates. Following the initial screen we were able to provide
detailed kinetic information on a select group of substrates. The
results indicate a previously unknown flexibility in the adenyla-
tion reaction and reveal future possibilities for the incorporation of
novel substrates into “natural” products.

2. Experimental
2.1. Materials

All amino acids were purchased at the commonly known chem-
ical distributors with greater than 99% purity (ACS Grade).

2.2. Enzyme purification and ATP-PP; exchange assay

The purification of the TycA Al protein was performed as
described previously [29]. For the activity tests we used Procedure
B as described in Otten et al. [29]. An amino acid concentration
of 2mM was used for the screening assay. For determination of
the kinetic parameters, the amino acid concentrations were varied
(0.005-6 mM), the ATP and [32P]PP; concentrations were held con-
stantat 2 mM and 0.0007 .Ci/L, respectively, and the TycA protein
concentration was either 0.1 or 0.2 M. The time scales of the exper-
iments ranged from 1 to 60 min. The Michaelis—Menten parameters
(Km and kca¢) were calculated from the initial velocity time curves
for each substrate concentration by non-linear least square fit to
the Michaelis—Menten equation (Kaleidagraph, Synergy Software,
Reading, PA) as described previously [29].

3. Results and discussion

3.1. Screening a diverse panel of compounds for TycA activity in
the ATP-PP; exchange assay

In this study 25 substrates were tested representing a panel
of 15 L-Phe derivatives (structurally similar compounds including
[3-, homo-, amino- and hydroxyl- L-Phe derivatives) and nine com-
pletely unrelated amino acid-like derivatives (Fig. 2a). In a 96-well
plate format these 25 substrates were screened at a single concen-
tration and a single time point with the TycA enzyme in the ATP-PP;
exchange assay (mechanism in Fig. 1a). The time point was taken
at 30 min to ensure that reactions could be detected for even the
lowest-activity substrates.

The results of the single point screening assay are reported
(Fig. 2b) as a percentage of the total activity of the native substrate

Table 1

Kinetic values for TycA substrates. The Michaelis-Menten parameters were calcu-
lated from at least 5 different substrate concentrations and 6 time points. Substrates
are listed according to their catalytic efficiency (kcat/Km ).

Substrate kear (s71) Km (mM) Keat/Km (M~1s71)
L-Phe 1 3.6 £0.1 0.015 + 0.002 240,000
D-Phe 2 3.6 £0.1 0.040 + 0.003 90,000
ph-Ser 3 25+ 0.2 0.18 + 0.04 13,812
Boc-Phe 6 3.0 + 0.6 0.30 + 0.04 10,000
N-formyl-Phe 4 1.9 £ 0.1 0.88 + 0.09 2,159
L-Tyr 7 0.5+ 0.1 0.62 + 0.28 833
Asp-Phe 5 14 + 03 1.78 +£ 0.23 787
L-homo-Phe 9 0.4 + 0.05 0.61 + 0.28 655
L-Trp 10 0.5 + 0.003 1.72 + 0.24 290
L-Met 13 0.6 £ 0.1 2.30 + 0.52 261
Nitro-Tyr 8 0.27 +£ 0.03 3.0+ 0.7 90

L-Phe (1 100%). While the substrates showed varied activities rela-
tive to the cognate substrate activity, a number of compounds were
more active than predicted by the strongest interactions seen in
the crystal structure of GrsA. A feature required to preserve activity
(>30%) is the presence of an aromatic group. In addition the relative
positioning of the aromatic group to the amino group is important.
The aromatic substrates without a primary amine (24) or with a 3-
shifted amino group (17) as compared to L-Phe showed very little
activity. This demonstrates the catalytic importance of the posi-
tioning of the amino and carboxylic groups of L-Phe. Compounds
capped at the amino-group (4, 5, 6, 11, 12) maintained sufficient
activity as compared to the cognate substrate showing that a doubly
substituted nitrogen group is still capable of making the necessary
interactions with the enzyme, but with variable loss of activity. The
most structurally analogous compound 3 gave very robust signals.
The experiments demonstrate both the utility of the 96-well format
of the assay and the flexibility of the TycA enzyme.

3.2. Kinetic analysis of the more active TycA substrates

From the results of the initial screen, we were able to deter-
mine the most active substrates. However, in this single point
format only the relative activities could be ascertained; struc-
tural subtleties can only be further elucidated by determination
of the full kinetic parameters. Substrates with greater than 20%
activity of the cognate substrate in the initial assay (i.e. 1-13)
were assayed in a discontinuous time course utilizing the ATP-PP;-
exchange assay as described previously [29]. For our experiments
only concentrations of the substrates of interest were varied. ATP
was held at a constant concentration above saturation, in order
to compare directly the differences between the novel substrates
and L-Phe. The ATP concentration had been varied in the past for
different substrates and this did not change the assessment of
specificity [30]. The Michaelis-Menten (MM) values determined
for each substrate are listed in Table 1. The results revealed that
the assay is very robust and the activity of an adenylation domain
can be characterized quickly and easily. The second order rate con-
stants span over 3 orders of magnitude, an observation which
establishes the sensitivity of the assay and the range of activ-
ities from the various substrates. This is a valuable assay for
detecting the promiscuous activity towards a range of substrates
and for obtaining kinetic information about different structural
aspects of the interactions between multiple substrates and the
enzyme.

3.3. Relationship of side chain interactions to adenylation activity
The most closely related substrates to L-Phe lose catalytic

efficiency due largely to the reduced apparent affinity (higher
apparent Ky, values) with only small reductions in kcat. As expected
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Fig. 2. (a) Amino acids and amino acid-like substrates. Chemical structures of the substrates tested for activation by TycA in the ATP-PP;-exchange assay. L-Phenylalanine
1, p-phenylalanine 2, 3-phenyl-pL-serine 3, N-formyl-L-phenylalanine 4, r-aspartyl-L-phenylalanine 5, N-boc-L-phenylalanine 6, L-tyrosine 7, 3-nitro-L-tyrosine 8,
L-homo-phenylalanine 9, L-tryptophan 10, N-acetyl-L-phenylalanine 11, N-methyl-L-phenylalanine 12, L-methionine 13, L-cystine 14, Z-L-asparagine 15, DL-3-amino-3-phenyl-

propanoic acid 16, L-B-homo-phenylalanine 17, p-ornithine 18, 2-amino-isobutyric acid 19, N&-(+

)-biotinyl-L-lysine 20, 3-nitro-L-tyrosine ethyl ester 21, 4-hydroxy-L-proline

22, L-ornithine 23, 2,3-dihydroxy-benzoic acid 24, boc-L-lysine 25. (b) Single time point screen of active amino acids and other non-proteinogenic amino acids and their
derivatives. *Three best natural amino acid substrates described in previous work [29].

the substrates with modifications in the aromatic region (7-10,
13) showed the greatest loss in catalytic efficiency (Table 1, kcat/Km
values). Interestingly, of the two amino acids that show the highest
noncognate substrate activity in the very closely related L-Phe acti-
vating domain in GrsA (L-Tyr and L-Trp), greater catalytic activity
towards L-Trp was seen in GrsA [25], while Tyc A preferentially acti-
vates L-Tyr. This difference shows that recognition and selectivity
within the adenylation domain extend beyond the selectivity-
conferring amino acids that have been described previously. In each
adenylation domain there is a set of 8 amino acids that can be used
to predict the specific substrate for that domain [9,12]. Our results
show that the second-tier activity of the adenylation domain can-
not be precisely predicted by the selectivity-conferring code of an A
domain.

3.4. Exploring the kinetics of substrates containing modified
amino or carboxyl groups

To determine the extent of the flexibility of the substrate bind-
ing pocket of the adenylation domain, we assayed substrates with

the carboxyl group modified with an ethyl ester (21), or the amino
group modified with an amide bond (4-6, 11) or methyl group (12).
A fascinating range of catalytic activities was observed.

The full kinetic characterization of the amino-substituted com-
pounds 4 (N-formyl-Phe), 5 (Asp-Phe), and 6 (Boc-Phe) revealed a
loss of catalytic efficiency as compared to 1 (100-fold, 300-fold, and
20-fold, respectively). This loss of activity is potentially due to the
additional strain put on the formed aminoacyl-adenylate to keep
an active conformation and remain bound to TycA. However, for
certain phenylalanine derivatives that were modified at the amino-
terminus, i.e. 12 (N-methyl-Phe) and 11 (N-acetyl-Phe), the kinetic
parameters could not be accurately determined. This was due to
the high concentrations of substrate needed to reach saturation.
When comparing the results of compounds 5 and 6 with 11 and
12 it appears that TycA prefers a large group adjacent to the amide
bond, i.e. Boc and L-Asp, rather than the smaller acetyl derivative or
no amide bond at all. This is the first study in which the plasticity of
binding pocket interactions has been extensively explored in TycA,
and the substrates tested showed a much greater range of catalytic
activity than expected.
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4. Conclusion

4.1. Implications for combinatorial biosynthesis

Previously, close derivatives of L-Phe, i.e. phenyl ring modifica-
tions, were tested for adenylation activity in TycA A1, showing lower
activity as compared to the cognate substrate, but the full kinetic
parameters were not reported [31]. As the substrates of NRPSs
are not restricted to the standard amino acids, non-proteinogenic
amino acids, including D-, -, B- and a-hydroxy amino acids are
used in the assembly of a number of natural products [6]. However,
with the exception of hydro-cinnamic acid [32], compounds either
derivatized at or lacking the amino group have not been screened
for the adenylation reaction in NRPS modules.

This is the first instance that amino modified substrates, or even
more significantly, a dipeptide (5), showed activity in an adeny-
lation reaction for TycA Al or any non-aryl adenylation domain.
Modifications to the side chain affect both the apparent affinity
and the turnover rate, indicating a degree of selectivity within the
binding pocket. However, the activity retained by derivatized amino
groups reveals the potential for the addition of numerous com-
pounds to atleast the first step of the biosynthetic reaction of NRPSs.
Further obstructions down the assembly line may become appar-
ent, but the newly discovered flexibility with the initial reaction
could prove very useful. With the recent report of the crystal struc-
ture of the gatekeeping C-domain [23], its functionality may be
more easily manipulated by mutagenesis to further elucidate the
residues involved in its function. Numerous promising methods
are being developed for the directed evolution and genetic engi-
neering of NRPSs [13-15]. Manipulating and modulating the NPRS
adenylation domain is the first step.

Presently, we have laid the foundation towards defining the crit-
ical factors of substrate binding in TycA. This A-domain is selective
in terms of binding the native substrate, L-Phe. However, at higher
concentrations of non-native substrates promiscuous activities can
be detected and fully characterized. Taking these structural deter-
minants and combining them with powerful genetic engineering
techniques, we can make strides towards the ultimate goal of gen-
erating new and promising “unnatural natural” products.
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