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Introduction

Peptide drug discovery programs have advanced to the clinic as the
rules for small molecule-like transport and bioavailability have
become more thoroughly understood. Macrocyclic peptides, in
particular, have emerged as an extension to current peptide-based
drug modalities of interest to the pharmacological community.
Because macrocycles are structurally more rigid, improvements in
specificity, stability and bioavailability are observed when compared
to traditional linear peptide therapeutics.

Methods enabling cyclization via side chain functionalities like lactam
bridges or disulfide bonds are readily completed while the peptide is
on-resin and can therefore easily be incorporated into the automated
synthesis protocol. Head-to-tail cyclization has proven difficult to
perform on solid supports due to the C-terminus being bound to the
resin. Some techniques have been developed that cleave and cyclize
in a single reaction step however these reactions typically run
overnight and result in a lower crude purity’. Here, we evaluate
conditions to automate head-to-tail cyclization reactions on-resin to
improve recovery, potentially purity and decrease manual
intervention requirements.

Experimental protocol
Peptide Synthesis and Analysis

Linear peptide sequences were synthesized using a Biotage®
Initiator+ Alstra™ peptide synthesizer on 0.1 mmol scale according to
manufacturer’s protocols. Peptides were bound to resin using the
side chain carboxylic acid of either Asp or Glu residues containing an
allyl protected carboxy terminus. The allyl group was selectively
deprotected two times using 0.25 equivalents Pd(PPh3) and 15
equivalents of phenylsilane in DCM at 40°C for 5 min. Final cyclization
occurred using DIC/Oxyma double couplings at 50°C for 30 & 60 min
respectively. A fraction of the resin was cleaved in a 2mL cocktail of
95% TFA, 2.5% TIS and 2.5% H,O for 1 hour at room temperature. The
cleaved peptide solutions were collected and evaporated directly
with a Biotage® V10-Touch evaporation system. Crude peptides were
analyzed via analytical HPLC using an Agilent 1260 Infinity series HPLC
equipped with Restek® ARC18 column (2.7 ym particles, 2.1 x 50 mm)
connected in-line with an Advion® expression® CMS mass detector.

Results and Discussion

Peptide Design

Macrocyclic peptides of interest are typically 6-15 aa residues in
length. Therefore sequences were designed that contain reasonable
charge dispersion, bulky side chains and fit within the common length
to ensure robustness and generality of our synthesis conditions.

The C-terminal residues here contained Asp and Glu that would be
converted to Asn and Gln respectively upon cleavage from the Rink
Amide resin, offering a simpler cleavage and coupling procedure,
Figure 1.
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Figure 1: Linear peptide is synthesized on resin followed by on-resin
cyclization to yield the final product. After cleavage from Rink Amide
resin, Asp and Glu are converted to Asn and Gln respectively. Above
sequence is for 15-mer on which the 10-mer and 5-mer are based.
Evaluation of On-Resin Cyclization Conditions
First, different coupling conditions were evaluated for conversion of
linear to cyclic products while the peptide remained on resin, Table
1. Two different C-terminal amino acids (Glu & Asp) were used as a
starting point to see which would function best for the 15-mer
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Glu Double 50°C 30 min 60 min

Glu Double 50°C 30 min 10 min

Glu Single 75°C 10 min -

Asp Double 50°C 30 min 60 min

Asp Single 75°C 10 min -
sequence.

Table 1: Reaction conditions evaluated for cyclization of Asp and Glu
containing peptides on resin.

The 15-mer sequence with Glu as the C-terminal amino acid gave the
highest conversion to cyclic product of interest (Figure 2).
Comparative conversions of linear to cyclic product can be seen in
Table 2. There was marginally better conversion for longer coupling
times at lower temperatures with a maximum crude purity of 30% for
this experiment. Dimer formation was a major impurity found in both
Asp and Glu linked peptides.

. . % Cyclic % Linear in
Resin bound AA Coupling Scheme in Crude crude
Glu Double Long 28.0 4.0
Glu Double Short 225 45
Glu Single 22.8 43
Asp Double Long 16.6 33
Asp Single 133 3.0

Table 2: Percent of cyclic product in crude samples. Linear crude purity
for Glu- and Asp-containing peptides were 64% and 78% respectively.
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Figure 2: Chromatogram demonstrating conversion efficiency of linear
to cyclic peptides containing a C-terminal Glu under different reaction
conditions.

Effect of Resin Loading for On-Resin Cyclization

Dimerization was a major side product from the first round of
experiments. To address this, lower loading resin was used to
evaluate spatial constraints and ideally promote intrachain
cyclization vs interchain dimerization (Table 3).

C 0.29 mmol/g 0.49 mmol/g
Linear 3.45% 2.90%
Impurities 8.59% 10.36%
Dimeric Linear 13.15% 11.90%
Cyclic Product(s) 27.39% 32.35%

Table 3: Comparison of products between 0.29 mmol/g and 0.49
mmol/g loading under the same cyclization conditions.

Here there is little difference between the two resins’ conversion to
cyclic products. The prevalence of dimeric products and impurities
was also similar. Lower resin loadings could further probe this
limiting factor but for synthesis lower loading also provides lower
mass output of peptide. Importantly, this also suggests that sequence
likely plays a larger role in cyclization efficiency rather than physical
constraints.

How does Peptide length affect cyclization?

Linear peptide synthesis success is highly dependent on peptide
sequence. However, for cyclic peptides it is necessary to address
peptide length and its effect on cyclization efficiency. Here the 15-mer
sequence was truncated to 10 and 5 amino acids while maintaining
the bulky N-terminus in each sequence to simulate similar cyclization
dynamics. The resulting chromatograms demonstrate the differences
seen between the shorter 10-mer and 5-mer sequences, Figure 3.

The 5-mer sequence had the highest linear crude purity (84%) which
is expected for a shorter sequence. Complete conversion from linear
to cyclic products for the 5-mer sequence was also observed.
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Figure 3: Linear vs. Cyclic products of truncated linear sequences.

However, a significant peak at 5.5 min suggestive of aggregation that
could not be mitigated was observed. Comparing the 10-mer to 5-
mer linear product was still observed but the spectrum was
significantly cleaner with diminished amounts of dimerization and
aggregation.

Does C-terminal amino acid affect cyclization?

Given that two C-terminal amino acids that were chosen for this
work, evaluation of the efficiency of each using our 10-mer sequence
was performed, (Figure &). Here both peptides had >50% crude
purity with the Asp sequence having 75% crude purity. This
continues to illustrate that sequence plays a role in cyclization
efficiency but in this case, Asp is a better c-terminal amino acid.
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Figure 4: Comparison of cyclic products using Asp and Glu C-terminal
amino acids.

Conclusion

Head-to-tail macrocycles can be made on resin with relatively high
efficiency depending on sequence. The 10-mer sequence yielded
highest synthesis, cyclization and purification efficiency,
demonstrating a balance between reducing intermolecular
dimerization impurities and maintaining cyclization conversion.
Future work will continue to optimize these reaction conditions for
higher purities with shorter synthesis time.
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