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a b s t r a c t

The initiation module of the biosynthetic pathway of Tyrocidine A, a non-ribosomal peptide antibiotic,
selectively binds l-phenylalanine along with ATP and Mg2+ 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
eywords:
denylation
nzymatic promiscuity
on-ribosomal peptide synthetase (NRPS)
ombinatorial biosynthesis

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-PPi 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 A1. The results revealed
unexpected flexibility in the substrate interactions thought necessary for activation. These results could

ion d
TP-PPi exchange assay
ubstrate specificity

be universal for adenylat
“natural” products.

. Introduction

Non-ribosomal peptide synthetases (NRPSs) are multi-domain
nzymes that utilize a modular organization to coordinate step-
ise catalytic reactions which generate structurally complex and

iologically interesting natural products [1–3]. The NRPS machin-
ry is analogous to other mega-enzymes such as polyketide (PKS)
4] and fatty acid synthases (FAS) [3,5]. They follow a similar
ssembly-line rationale, except that the substrates of the NRPS are
n principle mostly amino acids or non-proteinogenic amino acid
erivatives, whereas the PKS and FAS systems use acyl-coenzyme A
CoA) building blocks for assembly [4,5]. In each case, after activa-
ion of the substrate the modular construction utilizes a thioester to
ovalently link the substrate to the assembly line for the iterative
eneration of fatty acids, polyketides or peptides [4–6]. The first

atalytic step in non-ribosomal peptide biosynthesis is the recog-
ition and activation of a monomer by the adenylation (A) domain
Fig. 1a) where an aminoacyl adenylate is formed and then trans-
erred to the thiol of a 4′-phosphopantetheine (Ppant) arm of the
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omains and can be exploited for the biosynthesis of new and interesting
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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
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s an epimerization domain, one of the extra catalytic domains that perform tailorin
xcess 32PPi. This radioactive ATP is measured in the ATP-PPi exchange assay. (b) S
ound l-Phe substrate. The illustration was generated with LIGPLOT [33].

xperiments revealed that depletion of necessary substrates will
tunt Tyrocidine production, but will not stop the NRPSs from
ncorporating replacement substrates to make a full length deriva-
ive [20,21]. The structures of a number of amino acid activating

domains have been solved, e.g., the initiating A domain of pore
orming antibiotic Gramcidin A, GrsA A1, a l-Phe activating domain
22], the termination module Surfactin A–C, a l-Leu activating

omain [23], and the initiation module DhbE, a dihydroxy benzoic
cid activating domain [24]. The TycA A1 is similar to GrsA A1
65% overall identity), whose structure was solved in complex with
ubstrate l-Phe and adenosine mono-phosphate (AMP) revealing
binding pocket for l-Phe [22]. The main interactions between the
ctions. *The reverse reaction forces the formation of radioactive ATP by addition of
ral representation of the active site of GrsA-A1 showing residues within 5 Å of 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



1 ular Catalysis B: Enzymatic 59 (2009) 140–144

w
c
t
n
b
a
t
c

t
i
s
t
i
fi
t
v
b
a
c
t
s
d
r
t
n

2

2

i

2

d
B
o
t
(
s
c
i
(
f
t
R

3

3
t

o
�
p
p
t
e
a
l

(

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 kcat (s−1) Km (mM) kcat/Km (M−1 s−1)

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 2.5 ± 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 1.4 ± 0.3 1.78 ± 0.23 787
l-homo-Phe 9 0.4 ± 0.05 0.61 ± 0.28 655
42 M.L. Schaffer, L.G. Otten / Journal of Molec

ill convert noncognate l-amino acids to their corresponding D-
onfiguration. Furthermore, HPLC assays with TycA [27] showed
he correct formation of dipeptides with the non-native substrate
itro-tyrosine, in the place of l-Phe, in the TycA pathway. However,
oth showed reduced activity as compared to the conversion
nd peptide bond formation of l-Phe. This illustrates that while
he E- and C-domain are strong gatekeepers the pathway is not
ompletely halted when presented with a non-native substrate.

The challenge of engineering these enzymatic assembly lines
owards expanding the production of novel peptides with increas-
ng structural diversity relies on further elucidating the substrate
pecificity for each reaction in NRPSs. For this study we started at
he assembly line initiation by seeking to determine the flexibil-
ty of the main structural interactions of the adenylation reaction;
rstly to explore the side chain interactions, and secondly to explore
he flexibility of the main amino and carboxyl interactions. Pre-
iously panels of substrates have been shown in the literature to
e activated by the TycA adenylation domain in single time point
nalysis [8,28], but few have been fully characterized (Km and kcat

alculations). An ATP-PPi exchange screening assay [29] was used
o determine the full range of activities from a diverse panel of
ubstrates. Following the initial screen we were able to provide
etailed kinetic information on a select group of substrates. The
esults indicate a previously unknown flexibility in the adenyla-
ion reaction and reveal future possibilities for the incorporation of
ovel substrates into “natural” products.

. Experimental

.1. Materials

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

.2. Enzyme purification and ATP-PPi exchange assay

The purification of the TycA A1 protein was performed as
escribed previously [29]. For the activity tests we used Procedure
as described in Otten et al. [29]. An amino acid concentration

f 2 mM was used for the screening assay. For determination of
he kinetic parameters, the amino acid concentrations were varied
0.005–6 mM), the ATP and [32P]PPi concentrations were held con-
tant at 2 mM and 0.0007 �Ci/�L, respectively, and the TycA protein
oncentration was either 0.1 or 0.2 �M. The time scales of the exper-
ments ranged from 1 to 60 min. The Michaelis–Menten parameters
Km and kcat) were calculated from the initial velocity time curves
or each substrate concentration by non-linear least square fit to
he Michaelis–Menten equation (Kaleidagraph, Synergy Software,
eading, PA) as described previously [29].

. Results and discussion

.1. Screening a diverse panel of compounds for TycA activity in
he ATP-PPi exchange assay

In this study 25 substrates were tested representing a panel
f 15 l-Phe derivatives (structurally similar compounds including
-, homo-, amino- and hydroxyl- l-Phe derivatives) and nine com-
letely unrelated amino acid-like derivatives (Fig. 2a). In a 96-well
late format these 25 substrates were screened at a single concen-
ration and a single time point with the TycA enzyme in the ATP-PPi

xchange assay (mechanism in Fig. 1a). The time point was taken
t 30 min to ensure that reactions could be detected for even the
owest-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
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 �-
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-PPi-
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 Km values) with only small reductions in kcat. As expected



M.L. Schaffer, L.G. Otten / Journal of Molecular Catalysis B: Enzymatic 59 (2009) 140–144 143

Fig. 2. (a) Amino acids and amino acid-like substrates. Chemical structures of the substrates tested for activation by TycA in the ATP-PPi-exchange assay. l-Phenylalanine
1, d-phenylalanine 2, 3-phenyl-dl-serine 3, N-formyl-l-phenylalanine 4, l-aspartyl-l-phenylalanine 5, N-boc-l-phenylalanine 6, l-tyrosine 7, 3-nitro-l-tyrosine 8,
l pheny
p acid 19
2 point
d 9].

t
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-homo-phenylalanine 9, l-tryptophan 10, N-acetyl-l-phenylalanine 11, N-methyl-l-
ropanoic acid 16, l-�-homo-phenylalanine 17, d-ornithine 18, 2-amino-isobutyric
2, l-ornithine 23, 2,3-dihydroxy-benzoic acid 24, boc-l-lysine 25. (b) Single time
erivatives. *Three best natural amino acid substrates described in previous work [2

he substrates with modifications in the aromatic region (7–10,
3) showed the greatest loss in catalytic efficiency (Table 1, kcat/Km

alues). Interestingly, of the two amino acids that show the highest
oncognate substrate activity in the very closely related l-Phe acti-
ating domain in GrsA (l-Tyr and l-Trp), greater catalytic activity
owards l-Trp was seen in GrsA [25], while Tyc A preferentially acti-
ates l-Tyr. This difference shows that recognition and selectivity
ithin the adenylation domain extend beyond the selectivity-

onferring amino acids that have been described previously. In each
denylation domain there is a set of 8 amino acids that can be used
o predict the specific substrate for that domain [9,12]. Our results
how that the second-tier activity of the adenylation domain can-
ot be precisely predicted by the selectivity-conferring code of an A
omain.
.4. Exploring the kinetics of substrates containing modified
mino or carboxyl groups

To determine the extent of the flexibility of the substrate bind-
ng pocket of the adenylation domain, we assayed substrates with
lalanine 12, l-methionine 13, l-cystine 14, Z-l-asparagine 15,dl-3-amino-3-phenyl-
, N�-(+)-biotinyl-l-lysine 20, 3-nitro-l-tyrosine ethyl ester 21, 4-hydroxy-l-proline
screen of active amino acids and other non-proteinogenic amino acids and their

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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. Conclusion

.1. Implications for combinatorial biosynthesis

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

This is the first instance that amino modified substrates, or even
ore significantly, a dipeptide (5), showed activity in an adeny-

ation reaction for TycA A1 or any non-aryl adenylation domain.
odifications to the side chain affect both the apparent affinity

nd the turnover rate, indicating a degree of selectivity within the
inding pocket. However, the activity retained by derivatized amino
roups reveals the potential for the addition of numerous com-
ounds to at least the first step of the biosynthetic reaction of NRPSs.
urther obstructions down the assembly line may become appar-
nt, but the newly discovered flexibility with the initial reaction
ould prove very useful. With the recent report of the crystal struc-
ure of the gatekeeping C-domain [23], its functionality may be

ore easily manipulated by mutagenesis to further elucidate the
esidues involved in its function. Numerous promising methods
re being developed for the directed evolution and genetic engi-
eering of NRPSs [13–15]. Manipulating and modulating the NPRS
denylation domain is the first step.

Presently, we have laid the foundation towards defining the crit-
cal factors of substrate binding in TycA. This A-domain is selective
n terms of binding the native substrate, l-Phe. However, at higher
oncentrations of non-native substrates promiscuous activities can
e detected and fully characterized. Taking these structural deter-
inants and combining them with powerful genetic engineering

echniques, we can make strides towards the ultimate goal of gen-
rating new and promising “unnatural natural” products.
cknowledgements

We would like to thank Dr. F. Hollfelder of Cambridge Univer-
ity for the opportunity to carry out experiments in his lab. We
ould like to thank Prof. Jeffrey Karpen of Oregon Health & Sci-

[

[

[
[

atalysis B: Enzymatic 59 (2009) 140–144

ence University for critical review of the manuscript. MLS received
a scholarship from King’s College and the Sperling Foundation. LGO
was supported by a Marie Curie Intra European Fellowship (MEIF-
CT-2004-022448).

References

[1] H. von Dohren, U. Keller, J. Vater, R. Zocher, Chem. Rev. 97 (1997) 2675–2706.
[2] H.D. Mootz, D. Schwarzer, M.A. Marahiel, ChemBioChem 3 (2002) 490–504.
[3] S.A. Sieber, M.A. Marahiel, Chem. Rev. 105 (2005) 715–738.
[4] K.J. Weissman, R. Muller, ChemBioChem 9 (2008) 826–848.
[5] C.T. Walsh, Science 303 (2004) 1805–1810.
[6] D.A. Vosburg, C.T. Walsh, Ernst Schering Res. Found. Workshop (2005) 261–284.
[7] T. Stachelhaus, A. Huser, M.A. Marahiel, Chem. Biol. 3 (1996) 913–921.
[8] T. Stachelhaus, H.D. Mootz, V. Bergendahl, M.A. Marahiel, J. Biol. Chem. 273

(1998) 22773–22781.
[9] T. Stachelhaus, H.D. Mootz, M.A. Marahiel, Chem. Biol. 6 (1999) 493–505.
10] H. von Dohren, R. Dieckmann, M. Pavela-Vrancic, Chem. Biol. 6 (1999)

R273–R279.
[11] G.L. Challis, J. Ravel, C.A. Townsend, Chem. Biol. 7 (2000) 211–224.
12] H.D. Mootz, D. Schwarzer, M.A. Marahiel, Proc. Natl. Acad. Sci. U.S.A. 97 (2000)

5848–5853.
13] M.A. Fischbach, J.R. Lai, E.D. Roche, C.T. Walsh, D.R. Liu, Proc. Natl. Acad. Sci.

U.S.A. 104 (2007) 11951–11956.
14] D. Butz, T. Schmiederer, B. Hadatsch, W. Wohlleben, T. Weber, R.D. Sussmuth,

ChemBioChem 9 (2008) 1195–1200.
15] R.H. Baltz, Curr. Top. Med. Chem. 8 (2008) 618–638.
16] K. Eppelmann, T. Stachelhaus, M.A. Marahiel, Biochemistry 41 (2002)

9718–9726.
[17] S.G. Lee, F. Lipmann, Methods Enzymol. 43 (1975) 585–602.
[18] M.A. Marahiel, M. Krause, H.J. Skarpeid, Mol. Gen. Genet. 201 (1985) 231–236.
19] H.D. Mootz, M.A. Marahiel, J. Bacteriol. 179 (1997) 6843–6850.
20] M.A. Ruttenberg, B. Mach, Biochemistry 5 (1966) 2864–2869.
21] K. Fujikawa, Y. Sakamoto, T.J. Suzuki, K. Kurahashi, Biochim. Biophys. Acta (BBA)-

Nucleic Acids Protein Synth. 169 (1968) 520–533.
22] E. Conti, T. Stachelhaus, M.A. Marahiel, P. Brick, EMBO J. 16 (1997) 4174–4183.
23] A. Tanovic, S.A. Samel, L.O. Essen, M.A. Marahiel, Science 321 (2008) 659–

663.
24] J.J. May, N. Kessler, M.A. Marahiel, M.T. Stubbs, Proc. Natl. Acad. Sci. U.S.A. 99

(2002) 12120–12125.
25] L. Luo, C.T. Walsh, Biochemistry 40 (2001) 5329–5337.
26] L. Luo, M.D. Burkart, T. Stachelhaus, C.T. Walsh, J. Am. Chem. Soc. 123 (2001)

11208–11218.
27] S. Gruenewald, In vitro- und in vivo-Untersuchungen zur Evolution nichtriboso-

maler Peptidsynthetasen, Ph.D. Thesis, Philipps-Universität Marburg, Marburg
DE, 2005.

28] E. Pfeifer, M. Pavela-Vrancic, H. von Dohren, H. Kleinkauf, Biochemistry 34
(1995) 7450–7459.

29] L.G. Otten, M.L. Schaffer, B.R.M. Villiers, T. Stachelhaus, F. Hollfelder, Biotechnol.
J. 2 (2007) 232–240.
30] H.J. Skarpeid, T.L. Zimmer, B. Shen, H. von Dohren, Eur. J. Biochem. 187 (1990)
627–633.

31] R. Dieckmann, Y.O. Lee, H. van Liempt, H. von Dohren, H. Kleinkauf, FEBS Lett.
357 (1995) 212–216.

32] J. Vater, H. Kleinkauf, Biochim. Biophys. Acta 429 (1976) 1062–1072.
33] A.C. Wallace, R.A. Laskowski, J.M. Thornton, Protein Eng. 8 (1995) 127–134.


	Substrate flexibility of the adenylation reaction in the Tyrocidine non-ribosomal peptide synthetase
	Introduction
	Experimental
	Materials
	Enzyme purification and ATP-PPi exchange assay

	Results and discussion
	Screening a diverse panel of compounds for TycA activity in the ATP-PPi exchange assay
	Kinetic analysis of the more active TycA substrates
	Relationship of side chain interactions to adenylation activity
	Exploring the kinetics of substrates containing modified amino or carboxyl groups

	Conclusion
	Implications for combinatorial biosynthesis

	Acknowledgements
	References


