Bioorganic & Medicinal Chemistry Letters, Vol. 6, No. 16, pp. 1961-1966, 1996
Pergamon Copyright © 1996 Elsevier Science Ltd

Printed in Great Britain. All rights reserved

PIL: S0960-894X(96)00351-4 0960-894X/96 $15.00 + 0.00
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Abstract: A method allowing for the rapid selection of optimal ligation junctures for the
enzyme "subtiligase” is described. To expedite production of the glycolate ester substrate
peptides for subtiligase, we have modified the protocols for compatibility with Fmoc
chemistry. The utility of this approach is demonstrated in a model system.
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Several innovative strategies for incorporating unnatural amino acids into proteins have been
described over the past decade.l Such proteins have already been employed in the study of enzyme
mechanism, protein stability, ion channel function, and other aspects of protein structure and function. The
report by Wells and colleagues describing a subtilisin variant which catalyzes peptide segment
condensation ("subtiligase")1¢ and its use in assembling mutants of RNase? has increased interest in this
methodology, and encouraged us to undertake the studies described here.

Subtiligase catalyzes peptide bond formation between a peptide fragment with a free amino
terminus and a glycolate acceptor peptide, as shown in Figure 1a. An integral aspect of synthesizing large
peptides or proteins with subtiligase is the selection of junction points for linking peptide segments
together. This process is essentially a simple retrosynthetic analysis, wherein particular regions of the
linear peptide sequence are "disconnected" according to the likelihood that the forward segment
condensation will be catalyzed by subtiligase. General guidelines have been developed by probing ligation
efficiencies with combinations of P,-Py residues;3 however, we have found that there is often subtlety in

subsite interactions, making accurate selection of optimal ligation junctures difficult.

An illustrative case of subsite selection is shown in Figure 1b. This sequence corresponds to the
DNA-encoded residues 1-43 from the coagulation protease Factor IX. Analysis of this peptide according
to established guidelines1¢:3 allowed general areas to be targeted as probable ligation junctures, but many
of these had "violations" of one sort or another and thus predicting the best of them a priori was not trivial.
As such, we found it most efficient to synthesize short model peptides and evaluate their efficacy in
subtiligase-catalyzed ligations prior to undertaking syntheses of longer (20-35 residue) fragments.
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Figure 1: a. Subtiligase-catalyzed peptide bond formation. Subsites that may
confer specificity to subtiligase are indicated. Numbering is analogous to that used in
protease literature; residues P4 to P1 arise from the glycolate ester peptide while P1'
to P4' come from the peptide containing the free a-amino group (nucleophile). b. The
sequence of residues 1-43 of the coagulation protease Factor IX. Possible ligation
juncture regions are indicated as sites 1-3.

In order to expedite production of these model peptides, we have adapted the synthesis of
glycolate esters to allow the use of Fmoc protocols. The previously reported method!¢:2 employs a Boc
protecting group strategy. This method is effective, but the necessity of (a) conducting one step in the
scheme at elevated temperature and (b) employing HF cleavage to liberate the resulting glycolate peptide
led us to develop a more streamlined approach. Our modified approach is shown in Scheme 1. Rink
resin? (1) is charged with Fmoc-Phe (or Fmoc-Lys),5 deprotected under standard conditions, and the
resulting free amine is coupled to acetoxyacetic acid to produce 2. This resin was stable for at least a year
at ambient temperature, allowing for bulk preparation and storage.

Scheme 1
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Reagents: (a) 20% piperidine in DMA. (b) Fmoc-Phe, BOP, NMM,
DMA. (c) 20% piperidine/DMA. (d) acetoxyacetic acid, DIPC,
CH2Cl2. (e) NoH4°H20, DMA. (f) DIPC, DMAP, Fmoc-AA, CH2Cl2.
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Synthesis of the tetramer glycolate series begins with deprotection of the acetoxy group with
hydrazine in DMA overnight. After liberation of the glycolate hydroxyl group, the first amino acid is
coupled using DIPC in CH2CI2, with catalytic DMAP to form 3.5 The peptide is then extended using
standard Fmoc chemistry protocols.” Yields of the resulting glycolate ester peptides following cleavage
and purification were similar to those observed for the analogous peptides prepared by Boc chemistry,8
indicating minimal loss of peptide from the resin due to ester hydrolysis or aminolysis.

A partial list of peptides used to examine ligation junctures in the Factor IX gia domain is shown in
Table 1. The predicted results are compared to the actual data; in some cases, sites which predicted to
work do not, and in others the reverse is true, emphasizing the need to explore subsite specificity with
model peptides before undertaking long syntheses.

Ligation Efficiency

(P4-P1) (P1'-P4)
Site glycolate ester nucleophile  Prediction® Result®
1 suc EFVQ gic F amide GNLE yes +++
suc VQGN glc F amide LERE yes? -
suc GNLE glc F amide RECM yes? +
2 suc EEKC glc F amide SFEE yes -
suc EKCS glc F amide FEEA yes? -
3 suc AREV glc F amide FENT no -
suc EARE glc F amide VFEN no 4+

Table 1: Ligation reactions listed according to success observed against
predicted results. (a) Predictions are based on previously published guidelines;
"ves" signifies a potential ligation site with both P1 and P1’ residues listed among
those preferred by subtiligase and no other residues listed as disfavored; "yes?"
signifies a site with P1 and P1’ either preferred or of unknown tendency, with at
least one other residue classified as disfavored; and “no” signifies a site with at
least one violation at P1 or P1'. (b) Yields categorized as follows: "+++"
indicates a yield of >50% product based on the nucleophile as limiting reagent;
"+, product yield between 10-50%; and "-", no product detected. Ligations were
carried out at ambient temperature in 100 mM tricine pH 8.0 with 10 mM CaCl2
containing 4 mM glycolate ester peptide, 4 mM nucleophilic peptide, and 10 uM
subtiligase.
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The ligation sites that score well in Table 1 also perform well in the context of 10-12 residue
peptides (not shown). This has been true in a variety of cases: following identification of optimal ligation
sites with this method, we have had good results in assembling longer peptides and small proteins with
subtiligase. It is important to note, however, that the success of these tetrameric model peptides in
subtiligase-catalyzed ligations is necessary but not sufficient to guarantee success when full-length
fragments are condensed. We have found that ligation junctures successful in the context of tetramer
probes occasionally fail in longer peptides (ca. 15-25 residues in length); the usual cause is insolubility of
the longer fragments, but formation of secondary structures may also be problematic.5

Figure 2: HPLC trace of the crude material after synthesis of inoc-YNSGKLyFVQ
glc F-amide; "inoc" is isonicotinylcarbamate, and the "y" symbol stands for y-
carboxyglutamic acid.

In summary, the use of model peptides with subtiligase is strongly advised, and the modified
chemistry reported here for production of glycolate esters should facilitate this. To date, chemistry
described in Scheme 1 has been used to generate over 70 short glycolate peptides with a wide range of P1
residues, emphasizing the generality of the method. Although our main goal was the rapid production of
these tetrameric species, we also synthesized several longer peptides to further explore the utility of this
chemistry. Peptides of ten to twenty residues in length were generated in acceptable yields and with high
fidelity (Figure 2). Thus, for the rapid generation of tetrameric species and the occasional production of
longer peptides, the method described here is a significant advance in terms of rapidity and avoidance of
non-standard solid phase conditions.!0
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Experimental

Preparation_of Glycolate Ester Resings A 10 g (0.5 meq/g, 5 mmol) portion of Rink resin (Advanced
Chemtech) was swollen with 100 mL washes of CH,Cl, and dimethylacetamide (DMA). The resin was

treated with 20% piperidine in DMA for 15 min, then washed 5 times with DMA, once with CH,Cly, and
resuspended in 10 mL of CH2Cly . Fmoc-Phe (5.8 g, 15 mmol) was activated in a separate vessel with
6.6 g of benzotriazol-1-yloxy-tris(dimethylamino)phosphonium hexafluorophosphate (BOP; 15 mmol)
and 3.3 mL (30 mmol) of N-methylmorpholine (NMM) in 10 mL. DMA; after 10 min, this solution was
added to the resin and the resulting suspension agitated for 1 h. After washing with DMA and CH,Cl; as
before, the resin was treated with 20% piperidine, washed as before, then resuspended in 20 mL CH,Clj.
To this was added a solution of 3.5 g (30 mmol) of acetoxy acetic acid in 10 mL of CH,Cl,, followed by
30 mL of a 1 M solution of 1,3-diisopropylcarbodiimide (DIPC) in CHCl;. After 30 min the resin was
washed as before and resuspended in 40 mL. DMA. To this was added 5 mL (100 mmol) of hydrazine
monohydrate; this suspension was allowed to stand for 6-12 h; the resin was then washed as before and
resuspended in CHCly. To this was added a solution of the amino acid corresponding to the P1 residue
(20 mmol, 4 equiv) in CH2Cl», followed by 20 mL of 1 M DIPC in CH2Cl; and 0.1 mol % DMAP for 1
h. Resin substitution was checked at this point.8 Peptide synthesis was then continued under normal

Fmoc chemistry conditions.”
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