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Abstract: The substrate profile of peptiligase,
a stable enzyme designed for peptide ligation in
aqueous environments, was mapped using six differ-
ent peptide libraries. The most discriminating sub-
strate binding pocket proved to be the first nucleo-
phile binding subsite (S1’), which is crucial for the
peptide ligation yield. Two important amino acids
shaping the S1’ pocket are M213 and L208. A site-
saturation library of the M213 position yielded two
variants with a significantly broadened substrate pro-
file, i.e. , M213G and M213P. Next, examination of
two libraries with M213G ++L208X and M213P++
L208X (with X being any proteinogenic amino acid)
resulted in a toolbox of enzymes which can accom-
modate any proteinogenic amino acid in the S1’
pocket, except proline. The applicability of a particu-

lar enzyme variant in chemoenzymatic peptide syn-
thesis was demonstrated by coupling at the gram
scale of two peptide segments to yield exenatide,
a 39-mer therapeutic peptide used in the treatment
of diabetes type II. The overall yield of 43% is at
least 2-fold higher than yields reported for conven-
tional syntheses of exenatide by full solid-phase pep-
tide synthesis; large-scale production costs are ex-
pected to be significantly reduced if the enzymatic
coupling process is employed to manufacture this
peptide.

Keywords: chemoenzymatic peptide synthesis; exe-
natide; genetic engineering; peptide ligase; segment
condensation

Introduction

Application of peptides (and proteins) as therapeutic
agents or prodrugs,[1,2] nutritional additives or cosmet-
ic ingredients is gaining importance.[3] By 2018 the
market for peptide therapeutics (i.e., with 5–50 amino
acids) is expected to reach over $25 billion, mainly
driven by their use in the treatment of cardiovascular
and metabolic diseases.[4] With many peptides in
(pre)clinical development, the prospects for new ap-
plications look bright. Not only are the numbers of
therapeutic peptides in development increasing but
also their complexity and quantity requirements.

Whereas in the past many therapeutic peptides con-
tained less than 10 amino acids, nowadays most pep-
tides entering the market are over 25 amino acids
long.[5] Therapeutic peptides containing unnatural
amino acids, multiple disulfide bridges and cyclic
structures are becoming more common.

The solution- and solid-phase chemical synthesis of
medium to long peptides (containing 20–50 amino
acids) is time-consuming, often with modest yields
and high production costs. Currently, most peptides
are synthesized by solid-phase peptide synthesis
(SPPS). However, during SPPS side-products accumu-
late and purification requires tedious preparative
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HPLC procedures to separate the target peptide from
a complex mixture of by-products. In general, for
medium to long peptides the overall yield of SPPS is
below 25% and two or sometimes more preparative
HPLC runs are needed to obtain the product with
sufficient purity.[6]

Higher yields can be obtained with a convergent
synthetic strategy involving chemical condensation of
peptide segments in solution.[7] However, this is often
not feasible due to racemization of the C-terminal
amino acid of the acyl segment. As a result, chemical
segment condensation is only applicable if Gly or Pro
residues are present at strategic positions within the
peptide sequence, which is mostly not the case. Fur-
thermore, all side-chain functionalities must be pro-
tected, resulting in very hydrophobic, poorly soluble
peptide segments which are difficult to purify.

On the other hand, by using enzymatic peptide seg-
ment condensation in aqueous solution, racemization
can be totally avoided and side-chain protecting
groups are not required. To achieve ligation, a peptide
activated as a C-terminal ester (acyl donor) is coupled
to a peptide segment with a free nucleophilic N-termi-
nus (acyl acceptor) using a serine protease for cataly-
sis.[8] Such enzymatic ligations only proceed efficiently
under kinetic control, and hydrolytic side-reactions
(i.e., hydrolysis of the ester functionality and/or of the
peptide backbone of the segments) often cannot be
avoided. However, by replacing the active site serine
of a protease by a cysteine the “synthesis to hydroly-
sis” ratio (S/H ratio) can be dramatically improved.[9]

The acyl-enzyme thioester which is formed as a cova-
lent intermediate in the thiol variant is more prone to
nucleophilic attack by the amine nucleophile of a pep-
tide segment (synthesis) than by water (hydrolysis).
Recently we reported the discovery of peptiligase
(Ptl), a calcium-independent subtilisin BPN’ variant
that catalyzes peptide segment condensations in aque-
ous environments both in high yields and with superi-
or S/H ratios.[11]

Peptiligase could hold the key to the synthesis of
long peptides via a convergent segment condensation
approach, combining classical SPPS for the synthesis
of relatively short peptide segments (<20 amino
acids) and biocatalysis for the subsequent segment li-
gation in aqueous medium. In this publication, we
report variants of peptiligase with significantly broad-
er substrate profiles and with even higher S/H ratios.
Using one of these improved peptiligase variants, we
demonstrate the convergent synthesis of the therapeu-
tic drug exenatide from two segments of similar
length in excellent overall yield and purity.

Results and Discussion

Substrate Profile of Peptiligase

Preferably, a ligase for peptide segment condensation
should have a broad substrate profile. However, most
proteases found in nature accept a limited range of
substrates, as has been shown for subtilisins.[13] Peptili-
gase (Ptl) has six substrate recognition subsites; four
involved in acyl donor binding (S1–S4), and two form-
ing the binding region for the nucleophilic peptide
(S1’ and S2’).[10] Subsites S1, S4, S1’ and S2’ are clearly
defined pockets in the active site groove.

To determine the substrate profile of each binding
pocket of peptiligase and its variants, we performed
an extensive series of reactions with six peptide libra-
ries synthesized by SPPS. The libraries 1–4 listed
below served to map the acyl donor sites, whereas the
libraries 5–6 mapped the nucleophilic peptide sites:

1: Ac-Asp-Phe-Ser-Lys-Xxx-OCam-Leu-OH
2: Ac-Asp-Phe-Ser-Xxx-Leu-OCam-Leu-OH
3: Ac-Asp-Phe-Xxx-Lys-Leu-OCam-Leu-OH
4: Ac-Asp-Xxx-Ser-Lys-Leu-OCam-Leu-OH
5: H-Xxx-Leu-Arg-NH2

6: H-Ala-Xxx-Arg-NH2

where Xxx represents any proteinogenic amino acid
except cysteine and OCam-Leu-OH is the carboxya-
midomethyl (glycolamide) ester coupled to leucine
(obtained by standard SPPS as reported previous-
ly).[14] The -Leu-OH residue was added to the Cam
ester to improve enzyme recognition and minimize
background chemical hydrolysis. Libraries 1–4 were
used in enzymatic coupling reactions with the stan-
dard nucleophilic peptide H-Ala-Leu-Arg-NH2 and li-
braries 5–6 were used in combination with the stan-
dard activated acyl donor Ac-Asp-Phe-Ser-Lys-Leu-
OCam-Leu-OH (Figure 1).

For mapping the substrate profile of peptiligase, the
acyl donor and acceptor substrates were deliberately
used at low concentrations (10 and 15 mM, respec-
tively), resulting in rather low S/H ratios with pro-
found differences between the various substrates. The
P1–P4 side chains (Figure 1) bind into the S1–S4
pockets, influencing the acylation reaction that leads
to acyl-enzyme formation. The specificity of the S1
pocket appeared to be relatively broad, but reactions
with tryptophan, aspartic acid and glycine were slow
and no reaction at all was observed with proline. The
S2 pocket mainly preferred positively charged amino
acids and reaction rates were lower when aspartic or
glutamic acid were present at P2. At the P3 position,
all amino acids were well accepted, in agreement with
the S3 pocket being poorly defined. On the contrary,
the S4 pocket, which is furthest away from the cou-
pling site, appeared to be very discriminating and
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only accepted hydrophobic or slightly polar amino
acids, in agreement with literature data on subtilisin
BPN’.[15] Although reaction rates differed substantial-
ly, in general all P1–P4 substrates were accepted as
long as the P4 residue was hydrophobic or only slight-
ly polar, and no proline was present at the P1 position
(Figure 1).

Once the acyl-enzyme complex is formed, the bind-
ing and activation of the nucleophilic peptide accept-
ed in the S1’ and S2’ pockets will determine the yield
of synthetic product (Figure 2). If the amine nucleo-
phile is poorly accepted, more thioester intermediate
will be hydrolyzed and the S/H ratio will decrease.
From our screening, the S1’ pocket appeared to be
the most discriminating one, as also observed with
subtiligase.[10] Only the small amino acids serine, gly-
cine and alanine were well accepted. The ligation
yield for all other amino acids was <25%. The S2’
pocket showed a pronounced preference for hydro-
phobic amino acids. Peptides with residues at P2’ of-
fering electrostatic binding (Asp, Glu, Lys, Arg) or no
interactions (Gly) were poorly accepted as nucleo-
philes. Proline was neither accepted at P1’ nor at P2’.

For a generally applicable enzymatic peptide liga-
tion technology, a peptiligase variant with a broader
P1’ substrate profile is highly desired. Therefore, we
investigated the possibility to widen the substrate pro-
file of the S1’ pocket by mutagenesis.

Engineering the S1’’ Pocket

To identify mutations that might broaden the nucleo-
phile acceptance of peptiligase, the S1’ pocket of the
peptiligase model was inspected for interactions with
the P1’ residue of a docked eglin inhibitor. The struc-
tures suggest that the P1’ aspartic acid residue of the
docked substrate has prominent interactions with resi-

Figure 1. Peptiligase substrate profile of the acyl donor bind-
ing pockets (S1–S4). The black bars indicate conversion of
acyl donor to synthetic product (yield) as determined by
LC-MS; the grey bars represent conversion to hydrolytic
product.

Figure 2. Peptiligase substrate profile of the amine nucleo-
phile binding pockets (S1’, S2’). The black bars indicate the
yield of synthetic product as determined by LC-MS; the
grey bars represent conversion to the hydrolytic product.
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dues M213, L208 and G210, which form the S1’
pocket[16] and may play a discriminating role in P1’
recognition (Figure 3).

First, we constructed a peptiligase M213X site-satu-
ration library (with X representing all proteinogenic
amino acids) by site-directed mutagenesis. The M213
position proved to be very sensitive to changes and
out of the 19 mutants only 6, i.e., M213A, M213E,
M213G, M213N, M213P, and M213Q, were expressed
in a satisfactory quantity. These six variants were pro-
duced at a larger scale and after isolation and purifi-
cation their S1’ substrate profiles were mapped using
Ac-Asp-Phe-Ser-Lys-Leu-OCam-Leu-OH as acyl
donor and 20 H-Xxx-Leu-Arg-NH2 peptides as ac-
ceptors. Replacing M213 with polar or acidic residues
(E, N, Q) narrowed the S1’ substrate profile, but re-
placing M213 with smaller amino acids (A, G) or pro-
line broadened the substrate profile, with M213G and
M213P being the optimal variants (Figure 4).

With the original peptiligase only four amino acids
at P1’ provided good substrates with a >30% cou-

pling yield under the assay conditions, whereas in the
case of the Ptl ++M213G and Ptl++M213P variants ten
P1’ amino acids allowed peptides that scored a syn-
thetic yield of 30% or higher. By performing a cou-
pling reaction with four-fold more concentrated sub-
strates at pH 8.5, the synthetic yield was further im-
proved, e.g., to 91% for the coupling of H-Glu-Leu-
Arg-NH2 to the standard Cam ester using the M213P
mutant, which scored only 36% product with these
substrates in the initial screening (Figure 4). There-
fore, we reasoned that all peptides with P1’ amino
acid residues scoring >30% product can be used as
efficient acyl acceptors in enzymatic ligation reac-
tions, indicating that with the two new enzyme var-
iants around 50% of all amino acids are well accepted
at the P1’ position in peptide coupling reactions.

To investigate the influence of the second residue
forming the S1’ pocket (L208), we produced L208X
site-saturation libraries from both the Ptl++ M213G
and the Ptl ++M213P variants of peptiligase. With re-
spect to the expression of the mutants, the L208 posi-
tion proved to be much less sensitive to substitutions
than the M213 position and all 40 variants, i.e., the
M213G ++L208X and M213P ++L208X Ptl mutants,
were obtained in good quantity and purity (30 mg L@1

culture, >95% purity).
The P1’ substrate profile of these 40 enzymes was

mapped by coupling the standard acyl donor (Ac-
Asp-Phe-Ser-Lys-Leu-OCam-Leu-OH) to the pep-
tides of the same peptide library (H-Xxx-Leu-Arg-
NH2) that was used to identify the M213G/P parents,
again resulting in many variants with a unique P1’
substrate profile. Substitution of L208 with the small
amino acids (G, A, S, N) broadened the substrate pro-
file for both the M213G and M213P peptiligase var-
iants, especially by allowing coupling of nucleophilic
peptides with more bulky groups (Trp, Met, Asn, Leu,
Phe and His) in the P1’ position. The variants with
the broadest substrate profile proved to be Ptl++
M213G ++L208F/G and Ptl++M213P++L208H/A, ac-
cepting in total 17 amino acids at P1’ giving >30%
synthesis (Figure 5). The M213G++L208F and
M213P++ L208H mutants of peptiligase are distinctive
enzyme variants with an extraordinarily broad P1’
substrate profile.

Some amino acids, including glutamic acid, are still
poorly accepted at the S1’ pocket by the L208X var-
iants discussed above. In contrast, introduction of
some polar L208 mutations into the M213G or the
M213P template increased the selectivity of nucleo-
phile acceptance. For example, substitution of L208
by a positively charged amino acid resulted in enzyme
variants with a high activity for glutamic and aspartic
acids at P1’ (Figure 6). Still other enzyme variants,
e.g. with the L208D mutation, proved to be very effi-
cient for coupling peptides with an asparagine at the
P1’ position (Figure 7). Thus, we have created a tool-

Figure 3. Peptiligase model with the protease inhibitor eglin
bound to the active site. The Pro-Val-Thr-Arg-Asp segment
of eglin is shown. The residues of the S1’ binding pocket
M213 and L208 targeted for mutagenesis are highlighted in
cyan. The hybrid model was constructed with Yasara using
1GNV and 1SBN[8] as templates.

Figure 4. P1’ substrate profile of peptiligase (Ptl) and its
M213G and M213P mutants. Synthesis refers to conversion
of acyl donor to synthetic product, which was determined by
LC-MS. In all cases, the Cam-ester starting material was
completely consumed and the difference between synthesis
and 100% reflects conversion to hydrolytic product.
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box of ligases with complementary selectivity that can
be used for a diverse range of coupling reactions.

Chemoenzymatic Synthesis of Exenatide on a Gram
Scale

To demonstrate the versatility of our enzyme platform
and peptide ligation technology, we embarked on the
synthesis of the 39-mer pharmaceutical peptide exe-
natide (Figure 8). This peptide is challenging to syn-
thesize by chemical segment condensation, since no
glycine or proline residues are present in the 5–28 se-
quence. An approach was chosen based on synthesis
and coupling of two segments of similar length, com-
bining the best of SPPS with acceptable sequences for
the variant Ptl ++M213P++ L208H.

The H-1-21-OCam-Leu-OH peptide segment (H-
His-Gly-Glu-Gly-Thr-Phe-Thr-Ser-Asp-Leu-Ser-Lys-
Gln-Met-Glu-Glu-Glu-Ala-Val-Arg-Leu-OCam-Leu-
OH) was synthesized at a gram scale by SPPS on
a Wang resin with an overall yield of 56%, and with
97.1% purity after a single preparative HPLC step.
The synthesis of the second segment H-22-39-NH2

(H-Phe-Ile-Glu-Trp-Leu-Lys-Asn-Gly-Gly-Pro-Ser-
Ser-Gly-Ala-Pro-Pro-Pro-Ser-NH2) was performed at
a gram scale by SPPS on a Rink resin with an overall
yield of 65%, and with 96.2% purity after a single
preparative HPLC step. Due to the phenylalanine at
the P1’ site this H-22-39-NH2 exenatide fragment is
not recognized by the original peptiligase (Figure 2),
but the new variant Ptl++M213P ++L208H can couple
peptides with phenylalanine at P1’ very efficiently
(Figure 5). The mutations in the S1’ pocket endow
this variant with a strong preference for the H-Phe-
Leu sequence (P1’ and P2’ residues) present at the N-
terminus of the H-22-39-NH2 segment over the H-
His-Gly pair at the N-terminus of the H-1-21-OCam-
Leu-OH acyl donor segment. As a consequence, we
reasoned that the N-terminal amine functionality of
the H-1-21-OCam-Leu-OH peptide could be left un-
protected and that the redesigned P1’–P2’ preference
of the M213P ++L208H peptiligase should allow syn-
thesis of exenatide without the use of any protecting
groups. The final active pharmaceutical ingredient
was indeed obtained on a gram scale in a single enzy-
matic step as described below.

The Ptl++M213P++L208H variant (1.7 mg) was
added to a phosphate buffered solution (1 M, pH 8.1)
of H-1-21-OCam-Leu-OH.4TFA (22 mg mL@1) and H-
22-39-NH2·2 TFA (17 mg mL@1, 1.1 equivalents). The
reaction mixture, with a total volume of 30 mL (and
a theoretical H-1-39-NH2

.5TFA yield of 1.05 g), was
stirred at room temperature and monitored by LC-
MS over time (Figure 9). After full conversion of the
ester segment (90 min), only 12.9% of ester hydrolysis
was observed (H-1-21-OH), and no cleavage of the

Figure 5. P1’ substrate profile of peptiligase variants Ptl++
M213G++ L208F/G and Ptl++ M213P++L208H/A. Conversion
of Cam-ester starting material was complete in all cases.
Formation of synthetic product was determined by LC-MS.

Figure 6. P1’ substrate profile of peptiligase Ptl++M213G ++
L208K/R. Conversion of acyl donor to synthetic product
was determined by LC-MS. Consumption of Cam-ester
starting material was complete in all reactions.

Figure 7. P1’ substrate profile of peptiligase Ptl++M213G ++
L208D and Ptl++ M213P++L208D. Conversion of acyl donor
to synthetic product was determined by LC-MS. Consump-
tion of Cam-ester starting material was complete in all reac-
tions.
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peptide bonds (by protease activity) was detected.
The exenatide product was obtained in 86.0% crude
yield, and after acidification to pH 5 with TFA the
crude mixture was directly separated by preparative
HPLC from the starting materials and some hydro-
lyzed Cam-ester. After lyophilization 821 mg H-1-39-
NH2

.5TFA were obtained (78.2% yield based on the
Cam-ester). After this convenient isolation procedure,
the overall yield of the purified exenatide based on
the loading of the first amino acid of the Cam-ester
segment was 43.5%, which is significantly higher than
the reported yields for full SPPS of exenatide (10–
25%).[6] The final exenatide product was 99.6% pure
and the chiral purity of all amino acids was verified
(see the Supporting Information). Although the
number of preparative HPLC steps was not reduced
(three in total), the overall cost reduction for this en-
zymatic process for the production of exenatide was
estimated at 40–50% compared to processes based on
full SPPS. The enzyme consumption was only around
2 mg per g exenatide product, so that the enzyme
costs are almost neglectable.

Conclusions

In summary, we have mapped the substrate profile of
peptiligase which revealed that the S1’ pocket is most
discriminating when compared to the S1–S4 and S2’

pockets, which limits the applicability of peptiligase in
peptide ligation. Using structure-inspired protein en-
gineering the substrate profile of the S1’ pocket was
radically broadened. Moreover, we obtained selective
peptiligase variants with redesigned substrate profiles
that allow the use of new peptide ligation sites and
avoid the necessity of N-terminal protection. The ap-
plicability of these engineered peptide ligases was
demonstrated by the chemoenzymatic synthesis of ex-
enatide on a gram scale from two unprotected seg-
ments. Currently, we are further expanding the
enzyme platform by enzyme engineering methods.

Experimental Section

Construction of Peptiligase Variants

The peptiligase M213X library was prepared by the Quik-
Change method (Stratagene) using a pBS42-based E. coli-B.
subtilis shuttle vector harboring the peptiligase gene as de-
scribed before.,[11] After screening in B. subtilis six active
variants were re-cloned into the shuttle vector pBE-S DNA
(Takara Bio Inc.) using MluI-BamHI restriction sites. The
construct pBE-S-Ptl included the aprE promoter sequence,
the peptiligase signal peptide sequence, the coding sequence
for the mature peptiligase and a C-terminal hexahistidine
tag, and a terminator sequence. This plasmid was also used
for preparation of the M213P/G ++L208X libraries, again by
the QuikChange mutagenesis. DpnI-digested and purified

Figure 8. Synthesis of exenatide from two segments using peptiligase Ptl++M213P++L208H.
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plasmids were transformed to the competent E. coli TOP10
strain and transformants were selected on LB-agar plates
containing 100 mg mL@1 ampicillin. The mutant genes were
confirmed by DNA sequencing.

Expression and Purification of Peptiligase Variants

The shuttle plasmids carrying mutants of interest were trans-
formed into B. subtilis GX4935, a strain deficient in extra-
cellular neutral and serine proteases that was a kind gift
from Prof. P. N. Bryan (University of Maryland, USA).[19]

Colonies were picked and grown overnight in 5 mL LB with
kanamycin (10 mg mL@1) at 37 88C in a shaking incubator. To
the 30 mL Terrific Broth supplemented with antibiotic (ka-
namycin 10 mg mL@1) and amino acids (100 mg L@1 Trp,
100 mg L@1 Met and 100 mg L@1 Lys) 0.6 mL of the overnight
culture were added. The cells were grown for 48 h at 37 88C
in a shaking incubator (200 rpm). The cells were harvested
by centrifugation (15 min, 4,000 rpm, 4 88C). The medium
(30 mL) was decanted and concentrated on an Amicon cen-
trifugal unit (15 mL, 10 kDa cut-off) in two centrifugation
steps (15 min, 4000 rpm, 4 88C). The concentrated medium
(0.5 mL) was then exchanged for buffer A (25 mM Tricine,
pH 7.5, 0.5 M NaCl, 20 mM imidazole) in three washing/con-
centration steps (14 mL buffer A, 10 min, 4,000 rpm, 4 88C).

For His-tag purification Talon resin (2.5 mL, Clontech) was
added to a plastic column cartridge. The resin was washed
with 5 mL MilliQ water and equilibrated with 5 mL of
buffer A. The crude enzyme was loaded on the column and
washed with 5 mL buffer A. The enzyme was eluted with
5 mL buffer B (25 mM Tricine, pH 7.5, 0.5 M NaCl, 200 mM
imidazole). The eluate was concentrated on an Amicon-cen-
trifugal unit (5 mL, 10 kDa cut-off) by centrifugation
(15 min, 4,000 rpm, 4 88C) and buffer was exchanged to
25 mM Tricine, pH 7.5, in three washing/concentrating steps
(5 mL buffer, 10 min, 4, 000 rpm, 4 88C).The protein concen-
tration was measured using NanoDrop (A280 nm) and the
purity was checked with SDS-PAGE and estimated to be
90%. The purified enzyme was flash-frozen in liquid nitro-
gen and stored at @80 88C until further use.

Oligopeptide-OCam-Leu-OH Ester Synthesis

1 g of Fmoc-Leu-Wang resin (with a loading of 0.72 mmol/g)
was washed with dichloromethane (DCM) (2X 2 min,
10 mL) and DMF (2X 2 min, 10 mL) and Fmoc-deprotected
using piperidine/DMF (1/4, v/v, 2 X 8 min, 10 mL). After
washing with DMF (2X 2 min, 10 mL), DCM (2X 2 min,
10 mL) and DMF (2 X2 min, 10 mL), iodoacetic acid
(4 equiv.) was coupled to the resin using DCC (4 equiv.) and
HOAt (4 equiv.) in DCM (45 min, 10 mL). After washing
with DMF (2 X2 min, 10 mL), DCM (2X 2 min, 10 mL) and
THF (2 X2 min, 10 mL), the resin was loaded with an Fmoc-
protected amino acid using 4 equiv. Fmoc-Xxx-OH and
10 equiv. DiPEA in DMF/THF (1/1, v/v, 10 mL) at 50 88C for
20 h. After washing with DMF (2 X2 min, 10 mL), DCM (2 X
2 min, 10 mL) and DMF (2 X2 min, 10 mL), standard SPPS
protocols were followed to elongate the peptide.[20] Option-
ally the N-terminal amine function was acetylated using
a mixture of Ac2O (10 vol%), DiPEA (5 vol%), HOBt
(0.2 wt%) in DMF (2X 10 min, 10 mL). Cleavage from the
resin and side-chain deprotection was performed using
a mixture of trifluoroacetic acid (TFA), triisopropylsilane
(TIS) and water (95/2.5/2.5, v/v/v, 15 mL) for 120 min. The
crude peptide was precipitated using methyl tert-butyl ether
(MTBE)/n-heptanes (1/1, v/v, 50 mL). The precipitated pep-
tide was collected by centrifugation and washed twice with
MTBE/n-heptanes (1/1, v/v, 50 mL) followed by lyophiliza-
tion from acetonitrile/water (1/1, v/v, 50 mL). The crude
peptide Cam-Leu-OH esters were purified by preparative
HPLC and pure fractions were lyophilized. For the exena-
tide H-1–21-OCam-Leu-OH segment, 5 g of resin were
used.

Oligopeptide Amine Nucleophile Synthesis

1 g of Rink resin {4-[(2,4-dimethoxyphenyl)(Fmoc-amino)-
methyl]phenoxyalkyl linker, with a loading of 0.64 mmol/g}
was washed with DCM (2 X 2 min, 10 mL) and DMF (2 X
2 min, 10 mL) and Fmoc-deprotected using piperidine/DMF
(1/4, v/v, 2 X 8 min, 10 mL). Standard SPPS protocols were
followed to elongate the peptide.[20] Cleavage from the resin
and side-chain deprotection were performed using a mixture
of TFA/TIS/water (95/2.5/2.5, v/v/v, 15 mL) for 120 min. The
crude peptide was precipitated using MTBE/n-heptanes (1/
1, v/v, 50 mL). The precipitated peptide was collected by
centrifugation and washed twice with MTBE/n-heptanes (1/
1, v/v, 50 mL) followed by lyophilization from acetonitrile

Figure 9. HPLC analysis of chemoenzymatic exenatide syn-
thesis reactions using the Ptl++M213P++ L208H as the cou-
pling enzyme. Samples were analyzed after different reac-
tion times.
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(Acn)/water (1/1, v/v, 50 mL). The crude P1Q and P2’ peptide
libraries (H-Xxx-Leu-Arg-NH2 and H-Ala-Xxx-Arg-NH2,
respectively) were used as such for the enzymatic screening
reactions. For exenatide, the crude peptide amide nucleo-
phile was purified by preparative HPLC and pure fractions
were lyophilized. For the exenatide H-22–39-NH2 segment,
5 g of resin were used.

Substrate Scope Screening

The ligation reactions were typically performed at 20 88C in
a 96-well plate. Three different stock solutions were pre-
pared: (i) 100 mM Cam-ester (library 1–4) in milliQ water,
(ii) 200 mM amine nucleophile (library 5 and 6) in milliQ
water, and (iii) 2 mg mL@1 of ligase in 1 N phosphate buffer,
pH 8.0. To each well, 100 mL Cam-ester stock solution,
100 mL amine nucleophile stock solution and 800 mL ligase
stock solution were added. Aliquots of 200 mL were
quenched in 800 mL acetonitrile/water/MSA (48/48/4, v/v/v)
and analyzed by HPLC. For screening the Cam-ester libra-
ries 1–4 the reaction time (before quenching and analysis)
was 15 min. For screening of the amine nucleophile libraries
5 and 6 the reaction time was 30 min (full conversion of the
Cam-ester starting material to ligation product and hydro-
lyzed by-product). Conversions and synthesis are expressed
as % of acyl donor starting material. All screening experi-
ments with peptide libraries included the original peptiligase
(Ptl) and one identical peptide as a control. Synthetic yields
calculated from such replicates varied by less than 10%.

Synthesis of Exenatide (H-1–39-NH2)

The Cam-ester fragment H-1–21-OCam-Leu-OH (573.8 mg,
0.192 mmol) and amine nucleophile fragment H-22–39-NH2

(434.3 mg, 0.21 mmol, 1.1 equiv.) were dissolved in 26.361 g
of phosphate buffer (0.76 M, final pH: 8.12). The Ptl M213P
L208H solution was added (3.940 g stock solution, corre-
sponding to 1.7 mg pure enzyme) and the mixture was
stirred at ambient temperature for 90 min. The reaction was
monitored by LC-MS in time (1 mL of reaction mixture di-
rectly injected into the HPLC after 10, 30, 60 and 90 min).
The crude reaction mixture was acidified to pH 5.01 using
TFA (1.908 g). Part of the reaction mixture (20.685 g) was
diluted with ACN/H2O (47.117 g, 1/3, v/v) and 51.077 g of
this mixture were directly purified by preparative HPLC
and freeze-dried. Preparative HPLC loading: 0.1 wt%; con-
ditions: gradient from 22% ACN/H2O to 60% ACN/H2O
(containing 0.1% TFA) in 40 min. A Varian Dynamax Pur-
suit C18 column with 10 micron particles was used.
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