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Abstract Amino acid sequence comparisons between domains 
of cyclosporin synthetase have been used to identify regions of 
the sequence which are responsible for the recognition and 
binding of the individual amino acids. Using a limited set of 
selection rules it was possible to identify three amino acid 
positions in the subdomain sequences which are responsible for 
amino acid specificity. Homology with the firefly luciferase 
protein shows that these three key residues are close to each 
other and line the surface of a putative specific substrate binding 
pocket located on the amino acyl-adenylation subdomain. These 
results allow us to predict a large number of cyclosporin 
synthetase mutants which could be used to synthesise alternative 
cyclosporin-like peptides. 
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1. Introduction 

Cyclosporin synthetase (CySyn) is the most complex of a 
constantly rising number of peptide synthetases known so far 
[1]. It is a single chain polypeptide consisting of 15281 amino 
acids with a deduced molecular mass of 1.69 MDa [2]. The 
protein is produced by the fungus Tolypocladium inflation 
Gams for the non-ribosomal synthesis of the undecapeptide 
cyclosporin A (CsA) (Fig. 1) [3]. CsA is used clinically as an 
immunosuppressant to prevent organ rejection following 
transplant operations [4]. 

The sequence of CySyn shows a repeating structure with 11 
homologous modules responsible for the incorporation of 
each of the 11 amino acids in the product (Fig. 1) and a C-
terminal 'twelfth domain' putatively used for the cyclisation 
reaction of CsA. 

The bacterial antibiotics including gramicidin S, tyrocidine, 
surfactin and bacitracin, and the fungal peptides HC-toxin, 
enniatin A and cyclosporin A are all synthesised by multifunc-
tional enzymes which have been characterised and reviewed 
[1,5]. Comparison of the amino acid sequences of the different 
synthetases defined a multidomain architecture [2]. The 11 
large modules of CySyn are responsible for the adenylation, 
thioesterification and (for seven of the amino acids) JV-meth-
ylation, of each amino acid in the growing chain. It has been 
shown that the first domain in CySyn is responsible for the 
synthesis of D-Ala8 (Fig. 1) and that the peptide product is 
synthesised in a sequential and stepwise fashion [3]. 

This paper describes the identification of the site-specific 
amino acid binding pockets by dissecting the cyclosporin syn-
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thetase protein into its various domains followed by cross-
comparing these subdomains with each other. 

2. Materials and methods 

2.1. Homology searches and protein alignment 
Initial CySyn subdomain homology searches were done using a 

BLASTP search engine [6] on a non-redundant protein sequence data-
base (http://www.genome.ad.jp). Protein sequences of acyl-adenyla-
tion proteins and acyl carrier proteins were extracted from the GEN-
PEPT database (http://www.genome.ad.jp) using the program 
MPSRCH [7]. These sequences were used as an input to the PHD 
program [8] and used for the secondary structure prediction. The 
program SSS_align [9] incorporated the secondary structural informa-
tion with sequence information to give a good alignment of the ACP 
subdomains and the amino acyl-adenylation subdomains with the 
secondary structures of their respective template proteins. 

2.2. Molecular modelling 
The molecular graphics program WITNOTP (A. Widmer, unpub-

lished) was used to generate pictures of the luciferase structure show-
ing the location of the amino acids responsible for providing specific-
ity of amino acid substrate binding to the amino acyl-adenylation 
domain. 

3. Results and discussion 

3.1. Subdomain architecture of cyclosporin synthetase 
A comparison of bacterial and fungal synthetases has led to 

the identification of core modules [1], which have some degree 
of evolutionary conservation [10]. Most important was the 
finding that each domain within the different modules of var-
ious synthetases can act independently and can perform con-
secutive sequential steps like multienzyme complexes [11]. Re-
gions corresponding to substrate binding pockets for the 
synthetases have, however, not yet been identified. 

The internal homology between the 11 repeating units of 
the CySyn sequence was determined using the program 
ALIGN [12] and initial boundaries between the different 
CsA synthetase domain modules were outlined. In order to 
predict the secondary structure effectively, the following pro-
cedure was used. A search of the GENPEPT database was 
made using the MPSRCH program [7] and 30 similar se-
quences for each of the modules were retrieved. These were 
transferred and used as input into the PHD prediction pro-
gram [8,13]. The strength of this prediction algorithm is in 
having a wide range of related sequences which makes the 
boundary between regions of secondary structure more appar-
ent. The program SSS_align [9] was then used to line up the 
sequence of the synthetase domains using both amino acid 
sequence information and secondary structure information. 
Comparison of the individual subdomains then allowed the 
dissection of the whole CySyn molecule into its modules and 
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Fig. 1. Cyclosporin A, a natural undecapeptide from Tolypocladium 
inflation. 

domains and the definition of clear boundaries between the 
different modules. The results of this alignment are shown in 
Fig. 2 and summarised in Table 1. Amino acid identity be-
tween the domains is high and ranges between 50 and 54%. 

The modular structure of CySyn can be divided essentially 
into two groups (Fig. 2). Group I modules (CySyn modules 1, 
6, 9 and 11 which encode CsA amino acids 8, 2, 5 and 7 
respectively) and the other modules where the corresponding 
positions in the final drug product are TV-methylated. All Cy-
Syn modules start with an N-terminal domain (NTD) of 
about 460 amino acids, which may be involved in the elonga-
tion mechanism [14]. Database searches revealed no homology 
with other known proteins. Module 1 has a small 20 amino 
acid extension at its N-terminus. There is also a C-terminal 
domain at the end of module 11 which shows no homology 
with other domains. 

The acyl-adenylation domain consists of about 450 amino 
acids and has significant homology with all peptide synthe-
tases [1] as well as Co A synthetases and other adenylating 
enzymes including firefly luciferase [15], Homology between 
these ATP binding domains is between 20% and 80% amino 
acid identity. There are 11 acyl-adenylation domains in cyclo-
sporin synthetase and each is responsible for recognition of 
the cognate amino acid substrate and the formation of an 
activated amino acyl-adenylate by reaction of the amino 
acid carboxy group with bound ATP. 

Seven of the 11 amino acids in CsA are TV-methylated (Fig. 
1) and each of the seven relevant CySyn modules has an addi-
tional 7V-methylation domain of about 450 amino acids at the 
C-terminus of the acyl-adenylation domain [2]. The other four 
modules have a short peptide linker of 13-37 amino acids. 

In all 11 modules these domain stretches are followed by a 
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Fig. 2. Schematic diagram of the domain organisation of individual 
cyclosporin synthetase modules. The numbers to the left indicate the 
modules according to their arrangement in CySyn. Modules 1, 6, 9 
and 11 all share the same sequential order including an N-terminal 
domain (NTD), the amino acyl-adenylation domain (AAA), a short 
spacer (S) followed by a synthetase-specific domain (SSD) and the 
acyl carrier protein homology region (ACP). In addition module 1 
has an N-terminal extension (NT) and module 11 has an extra C-
terminal domain (CTD). Modules 2, 3, 4, 5, 7, 8 and 10 have in-
stead of the spacer an JV-methyltransferase domain (NMT). Both N 
and C termini are depicted by N and C respectively. 

synthetase-specific peptide with a length of approximately 54 
amino acids, which could be found only in other peptide 
synthetases both from bacterial and fungal origin. The homol-
ogy of this subdomain within the various modules varies be-
tween 50 and 70%, and the identity to other synthetases is 
approximately 50%. The biological function of this domain 
is not known. 

All 11 CySyn modules have an acyl carrier protein (ACP) 
domain of 75 amino acids. ACP proteins are also involved in 
the synthesis of both polyketides and fatty acids [16], and 
three dimensional NMR structures have been elucidated for 
actinorhodin polyketide synthase ACP [17] and Escherichia 
coli fatty acid synthase ACP [18]. 

3.2. Amino acid specificity pocket 
Invariant residues involved in A T P binding among a wide 

range of acyl adenylation proteins have been identified [19] 
and could also be found in all 11 CySyn domains. The cyclo-
sporin A sequence has four occurrences of MeLeu, one occur-
rence of valine and one of Me Val. The mechanism for peptide 
synthesis is known to involve the recognition of the unmodi-
fied amino acid [20] which reacts with A T P to form an acyl-
adenylate with the release of pyrophosphate. Such a P-O bond 
is formed between the amino acid and the A M P at each of the 
11 modules. The specificity of the reaction is likely to depend 

Table 1 
Modular structure of cyclosporin synthetase and the substrate specificity of its activating units 

Module" CsA aab Cs(n) aac Length"1 NTDe AAAf Ss NMTh SSD1 ACP 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

D-Ala 
MeLeu 
MeLeu 
MeVal 
MeBmt 
Abu 
Sar 
MeLeu 
Val 
MeLeu 
L-Ala 

D-Ser 
Leu 
Leu 
Val 
MeLeu 
Ala, Thr, Val, Nva 

Val 
Nva 
Leu 
Abu 

1104 
1498 
1487 
1492 
1497 
1060 
1495 
1497 
1072 
1496 
1075 

21^481 
1105-1567 
2603-3064 
4090-4550 
5582-6043 
7079-7540 
8139-8601 
9634-10095 
11131-11584 
12203-12664 
13699-14162 

482-935 
1568-2022 
3065-3515 
4551-5005 
6044-6497 
7541-7993 
8602-9055 
10096-10546 
11585-12036 
12665-13112 
14163-14615 

936-973 

7994-8007 

12037-12071 

14616-14641 

2023-2471 
3516-3958 
5006-5450 
6498-6948 

9056-9502 
10547-10999 

13113-13566 

974-1028 
2472-2526 
3959-4013 
5451-5505 
6948-7002 
8008-8062 
9503-9557 
11000-11054 
12072-12126 
13567-13622 
14642-14697 

1029-1104 
2567-2602 
4014-4089 
5506-5581 
7003-7078 
8063-8138 
9558-9633 
11055-11130 
12127-12202 
13623-13698 
14698-14773 

All 11 modules were mapped against each other and other known synthetases to generate a more detailed insight of the modular structure of the 
cyclosporin synthetase. 
"Module: cyclosporin synthetase module number; bCsA aa: amino acid incorporated in CsA at the given position; cCs(n) aa: amino acid which 
can be found in other minor metabolites of cyclosporin at the given positions; dLength: total peptide length of the corresponding synthetase 
module; eNTD: N-terminal domain, its start and end positions within the whole protein are indicated; fAAA: amino acyl-adenylation domain; gS: 
spacer peptide; ' 'NMT: 7V-methyltransferase domain; 'SSD: synthetase-specific domain; jACP: acyl carrier protein homology domain. 
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Fig. 3. Multiple amino acid sequence alignments of all 11 amino acyladenylation domains of cyclosporin synthetase and firefly luciferase. A site 
which was found to be homologous in other synthetases (core 2) and the AMP binding motif (AMP site) are both highlighted. Identical amino 
acids in all 11 CySyn domains are indicated in CySyn domains 2-11 by a period. Gaps and extended loops were introduced in the sequences 
for maximum alignments and are shown by a hyphen. The three sites which obey the amino acid specificity rules in order to find an active site 
are boxed and labelled a, b and c. The secondary structure prediction of CySyn domain 11 and the elucidated secondary structure of luciferase 
are included using 'h' for a-helices and 'e' for extended conformations. The amino acid positions are depicted on either side of the sequences. 

on the shape of the surrounding enzymatic pocket of the 
amino acyl-adenylation domain. This suggests that the four 
MeLeu domains should share identical specificity pockets 
which are different from all the pockets of the other domains. 
The sequences of the 11 aligned domains were searched for 
occurrences of amino acids unique to the four MeLeu do-
mains or unique to the two valine domains. In addition to 
CsA, the fungus T. inflation produces many other minor me-
tabolites of the same structural type [21]. Another constraint 
therefore included the cross-comparison of the other naturally 
occurring cyclosporins (i.e. CsB to CsZ). As shown in Table 1, 
the only amino acid used at position 3 of cyclosporin is gly-
cine and a D-configured residue at position 8. Other residues 
in the drug can vary to some extent in the incorporated amino 
acid [21]. The aligned sequences were searched for occurrences 
of the following conditions: 

1. An amino acid at a given position in the aligned se-
quence of domains 1 (D-Ala8) or 7 (Sar3) is different 
from amino acids in all other domains at the same 
aligned position. 

2. Amino acids at a given position in the aligned sequences 
of domains 2 (MeLeu9), 3 (MeLeu10), 8 (MeLeu4) and 
10 (MeLeu6) are identical to each other and different 
from amino acids in all other domains at the same 
aligned position. 

3. Amino acids at a given position in the aligned sequences 
of domains 4 (MeVal11) and 9 (Val5) are identical to 
each other and different from amino acids in all other 
domains at the same aligned position. 

Positions in the aligned CySyn sequence which meet these 
criteria are likely to play an important role in the recognition 
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Fig. 4. A region of the X-ray structure of firefly luciferase showing 
the putative AMP site and the location of the three amino acids in-
volved in substrate binding in the acyl-adenylation domains of cy-
closporin synthetase which were identified using the selection rules 
described in the text. The dotted Connolly surface was calculated 
and displayed using the program WITNOTP (A. Widmer, unpub-
lished). 

3.4. A recognition code 
The three amino acids co-defining the putative amino acid 

specificity pockets in each of the of CySyn domains are given 
in Table 2. These residues (labelled a, b, and c in Fig. 3) were 
derived from the simple selection rules described above and 
we suggest that they provide a recognition code for the amino 
acid substrates of the different CySyn amino acyl-adenylation 
domains. The 'recognition triplet' lining the MeLeu recogni-
tion pocket consists of alanine, glycine and methionine. These 
residues have been modelled into the X-ray structure of luci-
ferase and a stereo picture is given in Fig. 5 (middle). It is 
significant that the size of the recognition triplet is inversely 
proportional to the size of the cognate substrate side chain. 
Thus the relatively bulky leucine substrate with five non-hy-
drogen atoms in the side chain fits into a relatively spacious 
pocket with the recognition triplet contributing only five non-
hydrogen side-chain atoms (one from alanine and four from 
methionine). In contrast when the side chain is glycine, the 
recognition triplet (IVQ) is rather bulky and a total of 13 side 
chain atoms fill the recognition pocket. Fig. 5 (bottom) shows 

and discrimination of amino acid binding to the amino acyl-
adenylation domains. 

Only three such amino acid positions were found in the 
complete sequence of the synthetase modules (Fig. 3). They 
are all found in the amino acyl-adenylation domain located 
near the ATP binding site. This strongly implies that these 
residues are crucially important for the recognition and bind-
ing of the amino acid substrate. 

3.3. Firefly luciferase homology with the amino 
acyl-adenylation domain 

The X-ray crystallographic structure of firefly luciferase was 
published during the course of this work [15]. This is of par-
ticular interest since this protein is known to have homology 
with the acyl-adenylation domain of peptide synthetases. The 
program SSS_align [9] was used to line up the sequence of the 
synthetase domain and the luciferase using both amino acid 
sequence information and secondary structure information. 
The results of this alignment are included in Fig. 3. The three 
amino acid positions found earlier were then mapped on the 
three-dimensional model of luciferase. Fig. 4 shows that the 
three sites are clustered together near the putative ATP bind-
ing site forming a pocket on the surface of luciferase. The 
three residues form an almost perfect equilateral triangle 
with the Cot atoms separated by between 6.1 A and 6.9 A. 
A stereo picture of these three residues in the X-ray structure 
of luciferase is shown in Fig. 5 (top). 

After this article was submitted, the crystal structure of the 
N-terminal adenylation domain of gramicidin synthetase com-
plexed with L-phenylalanine was published [23]. This 60 kDa 
domain has about 16% sequence identity to luciferase and 
superposition if the N-terminal domains of the two enzymes 
results in an r.m.s. deviation of 1.5 A for over 250 pairs of 
equivalent Ca atoms [23]. The picture of the bound phenyl-
alanine substrate in this structure shows that the three resi-
dues selected in our paper do indeed correspond to those 
forming the recognition pocket in the gramicidin synthetase 
structure. 

Fig. 5. Top: Stereo picture of a detail of the X-ray structure of fire-
fly luciferase drawn using MOLSCRIPT [22] and showing the posi-
tions of the three residues defined to be most important in substrate 
side-chain recognition in the homologous domains of cyclosporin 
synthetase. Middle: As in top but showing the 'recognition triplet' 
for a cyclosporin leucine side-chain. The F247A and S347M muta-
tions of the luciferase X-ray structure were carried out using the 
modelling program WITNOTP (A. Widmer, unpublished). Bottom: 
As in top but showing the 'recognition triplet' for sarcosine with 
the F247I, G316A and S347Q mutations. 
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Table 2 
Amino acids involved in the specificity pockets of the various cyclo-
sporin synthetase domains 

Leu 
Val 
Bmt 
D-Ala 
L-Ala 
Gly 
Abu 
Luciferase 

a 

A 
A 
A 
L 
V 
I 
A 
F 

b 

G 
A 
G 
I 
A 
V 
A 
G 

c 

M 
L 
I 
V 
L 
Q 
Y 
s 
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