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How genes are expressed and translated into proteins
(using mRNA, codons and tRNAs as adaptor molecules)
forms the basis of the ‘genetic code’. Many peptides are
synthesized nonribosomally, however, by large protein
complexes that also serve as templates. Recent
advances have shed light on what the nonribosomal
code is and how it can be read.
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Many pharmacologically important peptide natural prod-
ucts are synthesized nonribosomally in bacteria and fungi,
including antibiotics, cytostatic agents and antiviral com-
pounds. The structural diversity of these peptides is
remarkably large, which is due in part to incorporation of a
large number of unusual, nonproteinogenic residues. More
than 300 of these residues have been identified to date,
and they include D-amino acids and β-amino acids, as well
as a variety of hydroxy acids and N-methylated acids.

Although these peptides have diverse structures, they are
almost all synthesized by large, multifunctional protein
complexes termed nonribosomal peptide synthetases
(NRPSs), which use a multiple-carrier thiotemplate mech-
anism. The sequence of each peptide is encoded within
the modular structure of the respective NRPS, which is
why the enzymes have also been called ‘protein tem-
plates’. Structurally, these complexes are organized in a
modular fashion, and each module is responsible for acti-
vating and incorporating a single substrate residue of the
final peptide product. A basic or minimal module consists
of an amino-acid activating (adenylation) domain, an acyl
carrier (thiolation) domain and a condensation domain,
which is responsible for peptide-bond formation. Gener-
ally, modules are arranged colinear to the peptide
sequence at the gene level. This arrangement varies from
integrated structures in filamentous fungi to interacting
multienzymes of varying complexity in bacteria.

The adenylation domain is probably the most important
domain of each module as it recognizes and activates the

appropriate residue as its acyl adenylate (using ATP to
power the reaction), analogous to the activation of amino
acids as aminoacyl tRNAs during ribosomal protein syn-
thesis (Figure 1a). The genetic code, which links DNA to
protein, relies on the complementarity of bases and
protein–nucleic acid interactions. The nonribosomal
system, in contrast, must rely on protein–protein interac-
tions alone (Figure 1b) [1–4]. Deciphering how adenyla-
tion domains recognize their substrates is of fundamental
importance to understanding and manipulating these
enzyme complexes. The dissection and manipulation of
the reactions performed by NRPSs has provided insight
into what the nonribosomal code is and how it can be read.

Adenylation domains
The adenylation domains of NRPSs belong to a large
superfamily of adenylate-forming enzymes that includes
insect luciferases and acyl and aryl CoA synthetases.
Despite the diversity of their origin, all of these enzymes
share a homologous region of roughly 550 amino acids that
contains a set of highly conserved signature sequences.
The crystal structures of two family members, firefly
luciferase and the phenylalanine-adenylation domain of
gramicidin synthetase (GrsA), have been determined
recently [5,6]. Despite these two proteins sharing only
16% sequence identity, their structures are strikingly
similar, suggesting that all adenylation domains will have a
similar topology. In general, these enzymes have a unique
subdomain structure; the large amino-terminal and
carboxy-terminal subdomains are linked by a highly con-
served region. Adenylate formation involves a rotational
movement of the subdomains, possibly stabilizing the
adenylate structure [7].

Substrate recognition
The first step in peptide biosynthesis is selection of the
substrate residue at the binding pocket of the adenyla-
tion domain. It is possible that a large part of the NRPS
code operates using a ‘lock and key’ process dependent
on the substrate specificity of the adenylation domain
itself. The concept of a similar pocket architecture with
conserved contact residues was proposed by Conti et al.
[5] following the description of the phenylalanine-
binding site of GrsA (see above). Modelling of 11 fairly
similar binding sites in cyclosporin synthetase led Husi et
al. [8] to suggest that only three residues are involved in
determining sidechain specificity. In addition to model-
ling studies, conventional alignment strategies have nar-
rowed down the specificity-determining region of this
enzyme family to a stretch of about 100 amino acid
residues between two highly conserved core motifs (A4
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and A5) [9]. Examining the alignment allows tentative
predictions regarding the specificity of NRPS adenyla-
tion domains to be made. 

Advancing this approach, Stachelhaus et al. [9] compared
the phenylalanine-binding pocket of GrsA with the corre-
sponding sequences of 159 aminoacyl and iminoacyl
adenylate-forming domains of NRPSs. Their minimizing
approach used only the 10 residues that line the substrate-
binding pocket (on the basis of the structure of GrsA
determined by Conti et al. [5]). The results were surpris-
ing — the domains were grouped into 31 clusters of
defined specificity, with an as yet unsurpassed accuracy.
This achievement could now permit the sequences of
nonribosomal peptides to be predicted from the translated
sequences of the respective synthetases themselves. It
may also permit the rational alteration of adenylation
domains to be used in designing new peptides. This

‘contact-residue approach’ attempts to define a code for
amino acid selection, using a set of amino acid residues
found within the adenylation domain itself, analogous to
the three anticodon nucleotides on the tRNA chain used
in ribosomal protein synthesis. As more sophisticated
structural definitions become available, some of the
domains outgrouped in the Stachelhaus et al. [9] study
could be resolved.

Adenylate formation
The rate of adenylate formation can be measured using
the substrate-dependent ATP–PPi exchange reaction,
which determines the amount of 32P-ATP formed from
32P-PPi. This reaction actually measures the stability of
adenylates, rather than their rate of formation. In some
of these reactions, very little 32P-ATP is formed, which
has puzzled researchers and led to their questioning of
stable adenylate intermediates in tRNA charging. In the

R274 Chemistry & Biology 1999, Vol 6 No 10

Figure 1

Comparison of the ribosomal and nonribosomal
codes for peptide synthesis. (a) During
ribosomal peptide synthesis, the amino acid
(yellow) is activated as its aminoacyl adenylate
on the aminoacyl-tRNA synthetase (pink). The
cognate tRNA (green) is selected by
protein–nucleic acid interactions (violet)
involving the anticodon region (orange). The
charged aminoacyl-tRNA then enters the
ribosomal A site. (For simplicity the functions of
the elongation factors have been omitted.)
Selection is guided by codon–anticodon
interactions with the mRNA template (shown as
a black line). Peptide-bond formation occurs by
peptidyltransfer to the aminoacyl residue
between the P and A sites. The decharged
tRNA exits the ribosome at the E site.
(b) When a peptide is synthesized
nonribosomally, the amino acid is selected at
the adenylation domain of an NRPS (pink).
Each adenylation domain is associated with a
carrier protein domain (green; a carrier domain
must be activated by addition of a 4′-phospho-
pantetheine thiol group). For simplicity, covalent
links between the domains are not shown.
Next, the adjacent carrier domain is
aminoacylated at the site of
phosphopantetheinylation. Finally, peptide-
bond formation is thought to proceed by
simultaneous interactions of two charged
carrier domains with a condensation domain,
with postulated A and P sites. The process in
(a) involves nucleic acid–nucleic acid
interactions (orange) and protein–nucleic acid
interactions (violet), whereas the process
shown in (b) involves only protein–protein
interactions (violet).
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non-ribosomal synthesis of gramicidin S, lysine and argi-
nine have been incorporated [10] despite their low or
undetectable rates in this isotope-exchange reaction [11].
The only available comparison of actual rates of adenylate
formation and reverse ATP formation (the 4-methyl-3-
hydroxy-anthranilic-acid-activating enzyme of the actino-
mycin synthetase) revealed no obvious correlation [12]. In
recent reports, the kinetic analyses have reduced this two-
substrate reaction to a simple one-substrate reaction using
a fixed MgATP2– concentration [9,13]. The deduced
binding constants and rates are, therefore, of limited
value. The relevant background of isotope-exchange
kinetics has been discussed by Santi et al. [14].

To study the possible contribution of adenylate stability
to the fidelity of nonribosomal peptide synthesis, we
expressed the phenylalanine-adenylate-forming domain of
tyrocidine synthetase 1, and measured ATP consumption
resulting from adenylate turnover by hydrolysis. Hydroly-
sis rates varied considerably, which implies that the stabil-
ity of noncognates or analogues is one function of product
control [15]. Adenylate stability alone cannot explain the
failure of, for example, 2-phenylserine to be processed, as
it has an activation rate (according to the ATP–PPi
exchange assay) and adenylate stability comparable to that
of phenylalanine. 

Proofreading and fidelity
In ribosomal protein synthesis, there are a number of safe-
guards that prevent misincorporation of an incorrect amino
acid into the synthesized protein. It is assumed that dis-
crimination between structurally similar amino acids (e.g.
leucine and isoleucine) does not occur on the aminoacyl-
tRNA synthetase surface (at least not with the overall
fidelity of 10–4 for protein synthesis) [16]. This possible
limitation has been resolved by the discovery of proof-
reading mechanisms in the ribosomal system [17]. Adeny-
lates of misactivated amino acids can be hydrolytically
removed, a process that is aided by the structure of
aminoacyl-tRNA synthetase itself, possibly enhanced by
binding of the correct cognate tRNA [18,19]. Mischarged
tRNAs may be hydrolysed or finally discriminated at the
peptidyl transferase level of the ribosome, as found for
D-amino acids [20], whereas some N-methyl amino acids
and even hydroxy acids are processed [21]. Taking correc-
tive events into account, it has been estimated that
5–6 moles of ATP are consumed per peptide bond formed
[22], much higher than the 1 mole expected. In addition,
GTP is consumed during elongation, making protein syn-
thesis an energetically expensive process. 

A similar energy-consumption analysis was carried out for
the NRPS system that synthesizes the β-lactam tripeptide
precursor ACV (δ-(L-α-aminoadipyl)-L-cysteinyl-D-valine).
This analysis revealed a similar energy cost when the
required substrates were present at very low concentrations

[23]. The optimized system, however, required only one
mole of ATP per peptide bond, which is energetically less
demanding than the ribosome. The energy waste observed
in the unoptimized system can be ascribed to substrate
misactivation because isolated activation domains do not
efficiently discriminate between Aad (L-α-amino adipic
acid) and valine [24]. If the activation domains cannot dis-
criminate between Aad and valine, how then is the fidelity
of ACV synthesis ensured? The key experiment used a
didomain construct of the Aad adenylation domain with its
cognate carrier protein. Although both Aad and valine were
found to be activated at similar rates in the isotope-
exchange assay, only Aad was detected as acid-stable
thioester [25], implying that the carrier domain played a
role in the selection of the correct substrate residue.

Does substrate misactivation actually occur during nonribo-
somal peptide synthesis? In the gramicidin S system,
peptide synthesis is initiated when an activated phenyl-
alanine bound to synthetase 1 is transferred to synthetase 2.
In the absence of the initiation event, synthetase 2 is fully
charged with four aminoacyl adenylates and their respec-
tive thioesters. Active-site titration of gramicidin S syn-
thetase 2 in the presence of all four amino acids indeed
yielded a value of 8.3 ATP/multienzyme, a value close to
the expected ATP consumption for the formation of four
adenylates and four thioesters (R. Kittelberger, M.P-V. and
H.D., unpublished observations). Supplying single amino
acids, however, demonstrated that misactivation occurred,
indicated by consumption of up to 4 moles of ATP per
amino acid supplied to the system. Such misactivations
have been exploited in vitro to generate peptide analogues
such as 3Leu-gramicidin S in the absence of valine [26].
Does the NRPS system also have a proofreading function
to counteract misacylations? It is worth considering the syn-
thesis of cyclosporin, a nonribosomally synthesized undeca-
peptide, for some clues. Literally tonnes of cyclosporin
have been processed industrially, and more than 30 ana-
logues have been described. It is quite amazing, therefore,
that three positions of this undecapeptide are occupied
solely by leucine residues. One leucine site is less strin-
gently controlled, and occasionally harbors isoleucine [27],
however. How the NRPSs control the stringency of these
selections remains to be solved.

Aminoacylation
Once the correct substrate residue has been selected, it
becomes covalently attached to an adaptor molecule — a
tRNA in the case of ribosomal protein synthesis, or an acti-
vated acyl  carrier domain in nonribosomal peptide synthe-
sis (Figure 1). NRPS carrier domains have been
functionally characterized at the levels of expression,
cofactor transfer and aminoacylation [28]. Structurally,
they resemble the acyl carrier proteins found in polyketide
synthases (PKSs) in both their autonomous and integrated
forms [29]. Do NRPS carrier domains resemble cognate
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and noncognate tRNA acceptors? This question has been
studied by Walsh and colleagues [13], who investigated
the transfer of activated valine from an adenylation
domain to various carrier domains in cis and in trans. When
separately expressed carrier domains were assayed for
aminoacylation, only the carrier domain adjacent to the
valine adenylation domain was efficiently charged. The
transfer rates to other carrier domains were in the range
1–5%. This result indicates that there are indeed specific
domain interactions involved in aminoacylation. But does

this specificity resemble a coding interaction like the
aminoacyl-tRNA synthetase–tRNA match, or does it
reflect a system-specific optimization? In other words, do,
for example, valine-activation domains interact with
valine-specific carrier domains, or do adjacent carrier
domains interact only with their corresponding adenyla-
tion domains? An alignment of carrier domains led to a sur-
prising clustering that correlates with function (e.g. carrier
domains that interact with epimerization or N-methyl-
transferase domains, and even carrier domains that accept
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Figure 2

A tree construct of an alignment of NRPS
carrier domain sequences. A number of
clusters are seen. In the top part of the tree,
small clusters (1–4) with identical acceptor
specificities for ornithine, proline, leucine and
asparagine are indicated. This type of residue-
specific clustering is not obvious, because
apparent acceptor specificities are distributed
widely. In addition to proline cluster 2, an
isolated proline/glycine domain (indicated by
an *) is found, as well as the prominent imino
acid cluster 7, closely linked to the N-methyl
amino acid cluster 8. Carrier domains interact
with modification domains, in addition to
activation and condensation domains, which
is reflected in some of the clustering. Carrier
domains of clusters 5 and 10 are involved in
epimerization reactions; their different
positions in the tree could be related to their
additional functions in condensation reactions
(cluster 5 members) and thioester hydrolysis
(cluster 10 members). All members of
cluster 8 participate in the processing of
N-methyl amino acids. It remains to be
established what structural determinants
promote interactions with N-methyl-
transferase domains and their respective
condensation domains (see Figure 3).
Cluster 11 combines the features of the first
carrier domains of ACV synthetases:
attaching the δ-carboxyl group of Aad, and
serving the condensation domain for catalysis
of a δ-carboxyl-α-amino group peptide bond. 
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certain amino acids were found clustered together [29]). A
tree constructed using 94 carrier domains is shown, as an
example, in Figure 2. Although the clustering needs to be
analyzed in the context of structural data related to the
acyl substrate binding and domain interactions (which are
not yet available), it suggests that both substrate binding
and domain interactions need to be taken into account
when utilizing or designing carrier domains.

Peptide-bond formation
Peptide-bond formation requires the adjacent positioning
of one aminoacyl residue and one peptidyl residue (or
two aminoacyl residues during initiation). The ribosomal 

peptidyl transferase is a complex structure that involves
both rRNA and ribosomal proteins. The NRPS condensa-
tion domain, in contrast, is composed of about 500 amino-
acid residues, and contains regions that are homologous to
chloramphenicol acetyltransferases and dehydrolipoamide
acyltransferases [30]. The condensation domain of a
system that forms the dipeptide D-Phe–Pro has been func-
tionally identified (including analysis of point mutations
in the proposed active-site region) [31,32].

In order to further analyze protein synthesis, methods for
directly aminoacylating (i.e. activating) amino acids (and
other types of substrate residues) have been developed;
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Figure 3

Tree of a CLUSTAL alignment of 74 NRPS
condensation domains. Seven clusters,
according to function can be seen. Cluster 1
domains catalyze the formation of
L–α–L–α–peptide bonds; cluster 2, peptides
with cysteinyl groups in the donor position;
cluster 3, peptide bonds involving N-methyl-
amino acids; cluster 4, L–δ–L–α–peptide
bonds; cluster 5, D–α–L–α–peptide bonds;
cluster 6, cyclocondensation of cysteinyl
residues in the acceptor position; and
cluster 7, N-acylation reactions. Sidechain
specificities of condensation reactions, as
implied by the work of Belshaw et al. [34],
were not evident in this gross alignment of
450 amino acid residues. In cluster 1
subclusterings of, for example, reactions
involving acidic amino acids (glutamate/
aspartate) are obvious. In contrast, reactions
involving condensation of imino acids
(i.e. proline) are found in both clusters 1
and 5. Alignments were processed with
TREECON 1.1 using the neighbor joining
method, employing a Poisson correction in
distance calculations [42].
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these methods circumvent the normally required adenyla-
tion step. In order to expand the scope of residues
(beyond the 20 naturally occuring amino acids) that could
be incorporated into proteins ribosomally, Schultz and col-
leagues (reviewed in [21]) prepared a series of N-protected
cyanomethyl esters, which provide, upon photodeprotec-
tion, unlimited access to aminoacyl-tRNAs. More than
120 analogues have been synthesized so far. After adapta-
tion to a spare codon these analogues can be incorporated
into a peptide in vitro, if compatible with the L–L stereo-
chemistry of peptidyltransferase (i.e., excluding D-config-
ured residues). In the NRPS system, Walsh and
colleagues [33] took advantage of the holo-NRPS synthase,
which activates NRPS carrier domains by adding the
4′-phosphopantetheine moiety of coenzyme A (CoA).
Because acyl-CoA derivatives have been found to be sub-
strates for this class of enzymes in charging PKS carrier
domains, they expected and found that CoA derivatives of
amino acids were functional in an NRPS system [34]. As
aminoacyl-CoA esters are unstable (which led, in early
experiments with sulfur esters, to polypeptide formation
by aminolysis [35]), Belshaw et al. [34] used a photolabile
protection group. Directly aminoacylating carrier proteins
provided the first experimental evidence that NRPS con-
densation domains could have an editing function at the
peptide-bond-forming step. Belshaw et al. [34] used a
D-Phe module to initiate synthesis with a module activat-
ing the imino acid proline to investigate the possible
specificities of the condensation domain (at the donor and
acceptor positions). Because the D-Phe module contained
an epimerization domain, L-amino acids introduced were
found to be epimerized and stereospecificity remains an
open question. The system did process an L-amino acid as
an acceptor, although with a 10-fold decreased rate com-
pared with the natural imino acid acceptor proline. These
results imply that condensation domains could exhibit
control over residue selection, perhaps with respect to the
wider variety of acyl substrates used by NRPSs: D-amino
acids, N-methylated amino acids, hydroxy acids and so on. 

Is there evidence to support the idea of different classes of
condensation domains from the available data? A simple
alignment of 74 condensation domains does indeed show a
clustering according to the types of reactions catalyzed:
L–L condensations, D–L condensations, condensations
involving N-methylated amino acids, N-acylations, reac-
tions involving cysteinyl-peptides as donors and δ–L–α–L

condensations (Figure 3). So far, classifications of conden-
sation domains have been limited, and compilations of the
condensation domain motifs available [1–4] are clearly
outdated. Although the clustering approach does not
relate structural data to function, it does clearly indicate
that care must be taken in how NRPS domains are com-
bined in engineering approaches. The engineering of
peptide synthetases as exemplified in the pioneering work
of Marahiel and colleagues [36,37] successful employed

the respective didomain constructs of adenylate and adja-
cent carrier domains. Condensation reactions to be engi-
neered were all of the α–L–α–L type. The reduced rate of
product formation might indicate either a donor–acceptor
substrate adaptation of condensation domains, or a general
lack of domain interaction efficiency of the engineered
systems. The importance of interactions between domains
(both covalently linked and not) is convincingly demon-
strated by the aminoacylation of carrier domains in trans
[13], and how the carboxy-terminal thioesterase domain of
the surfactin NRPS functions when expressed separately
from the rest of the NRPS [38]. Clearly, one of the main
aims of current research is to characterize the domain
interactions that facilitate the fascinating organization of
multistep condensations in biosynthesis [39]. 

Future directions
Understanding how NRPSs recognize and activate individ-
ual residues for incorporation into peptides is crucial for us
to be able to engineer substrate-binding pockets of adeny-
lation domains, and reprogram NRPSs. The nonribosomal
code described by Stachelhaus et al. [9] could turn out to
be useful in some cases. Understanding the ribosomal code
has allowed, for example, the substrate specificity of a Phe-
tRNA synthetase to be relaxed enough to permit ring-sub-
stituted analogues to be incorporated into proteins [40]. It
would be wise, however, to remember that residue incor-
poration probably relies on a number of additional interac-
tions. A similar attempt to change the binding pocket of a
tRNA synthetase from glutamine to glutamate was suc-
cessful in terms of amino-acid binding, but both the
aminoacylation and proofreading parameters were affected
[41]. When developing ‘rules’ for engineering NRPS
adenylation domains, the influences of additional domains
will have to be considered. 
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