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The direct enzymatic synthesis of peptides from amino acids is Scheme 1. Amide Synthesis/Hydrolysis on Solid Supported
widely used as a useful alternative to chemical synthesis. However, Substrate
good vyields of such enzyme-catalyzed reactions require altered
reaction conditions to overcome the preference for hydrolysis in

@—NH;z + HO,.C-R== (Q-NHOC-R +H,0

Table 1. Thermolysin-Catalyzed Synthesis of a Range of

aqueous medium. For example, organic (co-) solVeanis highly Dipeptides on PEGA100

concentrated substrate suspensidmsve been used to shift the

equilibrium toward synthesiBoth of these methods have their i " 2 "TS.T,‘.T%?";H_H

drawbacks and limit the scope of the biotransformation. In this 3 + o e ToTrAnpess )H/

report, we demonstrate that the equilibrium can also be shifted
toward synthesisn aqueous mediurby immobilizing the amine 1 2 a
on solid support (Scheme 1). Thus, we report the first examples of

_ il - - - acyl conversion
protease catalyzed high-yielding peptide synthesis on solid support dono® oroduct X R, hp
in bulk aqueous buffer. 5 3 - m %

H H H H a a moc

It is well kPown_ thgt thr? synthesis Qf a"mlcri}(_eshrrom ffree amlln(_as %b 3b Fmooc CH—CH—(CHa)s 99
and carboxylic acids is thermodynamically highly unfavorable in - 5¢ 3c Fmoc  CH—CeHs 99
dilute agqueous media. Various “low-water” reaction media have 2d 3d Cbz CH—CgHs 72
been developed to shift this reaction equilibrium toward synthesis. 2e 3e Fmoc  D-CH;—CeHs 0
The most intensively studied approach consists of (partly) replacing 262€ sc Fmoc  D/L-CH—CeHs 9
. . - 2f 3f Fmoc CH—CH;—CONH, 84

water with organic solventsThis approach offers several advan- 2g 39 Emoc CH—OH 10
tages, and many applications of protease-catalyzed peptide synthesis o 3h Emoc Ch—(imidazole)H 77
in such reaction media have been reported. A drawback is that 2i 3i Fmoc Ch—COO- 70
enzyme activity is often significantly lower and substrate solubility ~ 2i 3 Fmoc  CH—(CHp)—CHs 99

can be limiting. Recently, an additional type of “low-water” reaction 2 Unless specifieds. amino acids were usefiYields determined by

medium has been used which gave good results in peptide synthesig,p| ¢ < only the L -dipeptide was detected by HPLC and LC-MS. A
when the reaction product precipitated from agqueous substratemixture of both diasterecisomers prepared chemically was used as the

suspension3A drawback of these “solid-to-solid” reactions is that ~ standard.
product precipitation (and high yields) is not thermodynamically overall positive charge of the resir final effect may result from

favored for all reaction&: the improved solvation of hydrophobic acyl donors in PEGA resin
There is a considerable current interest in USing enzymes on SOlidwhen Compared to aqueous environmenhis increase will result

supported substrates in screening of combinatorial libragagmo- in a local higher concentration of acyl donor near the site of

enzymatic synthesfsand enzyme cleavable linketdvieldal and catalysisi® For these reasons, we believed solid-phase peptide

co-workers have developed special supports, such as PEGA (poly-synthesis via the direct reversal of the hydrolytic reaction would
(ethylene glycol)-acrylamide), that have been shown to be useful pe feasible, and we put this hypothesis to the test.

for these applications because they are accessible to small enzymes. Thermolysin was chosen as a suitable biocatalyst, because it is
For example, proteases have been employed to hydrolyze solidknown to be robust, and it is a commonly used enzyme in
supported peptides for identification of their substrate specificity thermodynamically controlled peptide synthédi®ecause of its

and in screening for inhibitors.The feasibility of employing  proad specificity for the carboxylic acid substrate, thermolysin can
proteases for solid-phase peptide synthesis has, however, not beeBe employed to catalyze a variety of peptide synthesis reactions
reported before. with acyl donors with different polarities and functionalities.

There are several reasons Why a shift in eqUilibriUm toward Thus, Fmoc-pheny|a|anine was Coup|ed to PE@&(P(ﬂymer
synthesis can be expected when the amine substrate is linked to @ aboratories, UK) via the Wang linker, and the amino group was
solid support. One widely recognized advantage of solid-phase then deprotected with piperidine. Resin bound phenylalarihe (
synthesis is that large excesses of substrates can be used to helgas then treated with excess carboxylic aci@a—2j) in the
drive reactions to Completion. A second contribution is eXpeCted presence of therm0|ysin_ Reaction produ@a—(sn were released
from suppressed ionization of the solid supported amine due to thefrom the resin by acid cleavage and quantified by HPLC. Table 1
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The solubility of the Fmoc amino acids is very low in aqueous phosphate buffer of pH 7.5. Reactions were briefly mixed and
buffer (generally<1 mM), but this did not limit the yields observed.  subsequently incubated overnight at room temperature on a blood
Indeed, better yields were observed when the acyl donors were morerotator. The next day, the resin was washed extensively using 5
hydrophobic. For example, with Cbz-PHzdj, the observed yield mL volumes in the following sequence:x5DMF, 5 x 50:50 (v/
(72%) for the phenylalanine dipeptide was still good but consider- v) DMF:MeOH, 5x MeOH, 5 x 50:50 (v/v) acetonitrile/water,
ably lower. This observation may be explained in terms of a lower 5x MeOH. The products were cleaved from the resin with 2 mL
hydrophobic contribution to the shift in equilibrium. Indeed, for of TFA:water 95:5 during 2 h. Resin was then washed with 10 mL
polar substrates2{—i), the yields of3f—i were also lower. of a mixture of 50:50 acetonitrile in water with 0.1% TFA, solvent

In conventional peptide synthesis, an excess -oil&-fold of was evaporated off, and the residue was redissolved in 1 mL of a
amino acid is generally required for complete coupling. It is 50:50 mixture of acetonitrile and water. The samples were analyzed
interesting to note that excess of acyl donor required in our studiesby HPLC (Waters 2690 LC system equipped with a Waters 468
compares favorably (4-fold excess needed for complete conversionUV detector) and by LCMS (Waters 2790 LC system coupled with
of 2j to 3j) with chemical methods. However, we expect that the a Micromass Platform 1l mass spectrometer using Electrospray

excess required will depend on the agueous solubility of the Fmoc- ionization mode).

amino acid and will be higher for more polar amino acids. We are
currently working on a model that aims to quantify relative
contributions from suppressed ionization, substrate solvation, an
these substrate excess effects. With increased understanding,
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yields of some of these reactions may be improved further in the
future.

Entries3f—i illustrate a major advantage of using enzymes for
peptide synthesis instead of conventional Fmoc chemistry in that
side chains of these amino acids do not need to be protected, even
when the side chains are significantly bas3t)(or acidic @i).

A further advantage of using enzymes in synthetic applications
is their high enantioselectivity. Ent8c shows that it was possible
to synthesize the,L-diastereocisomer with high selectivity when a
pL-mixture of Fmoc-PheZc,2¢e) was presented as the acyl donor.

It is well established that certain proteases can be used to catalyze
peptide formation involving nonnatural amino acids. This is shown
here by using Fmoc-norleucingjf successfully as an acyl donor
to generate8j in excellent yield.

The reactions in Table 1 were all conducted for 14 h to ensure
equilibrium was reached. However, in subsequent studies we have
found that shorter reaction times (e.gf,2o0h for synthesis o88¢c)
are sufficient for complete conversion. Preliminary kinetic studies
suggest an initial rate of reaction at about grhol min-t mg?,
which is around 1 order of magnitude lower than that of thermol-
ysin-catalyzed synthesis in aqueous solution. The difference can
be explained in terms of lower rates of diffusion when the substrates
are linked to solid supports.

In summary, we have reported the first examples of high-yielding
protease-catalyzed peptide synthesis on solid support. It is particu-
larly interesting to note that the reactions can be conducted in bulk
aqueous medium, with no need for organic cosolvent or activated
carboxylic acid. We are currently studying the scope of this reaction
for the synthesis of larger peptides.

Solid-phase substrates were linked to PEGA (Polymer
Laboratories) beads via a Wang-type linker (hydroxymethylphe-
noxyacetamide). PEG#A.rPhe was prepared using standard Fmoc
chemistry in DMF.

For the enzymatic reactions, 10 mg of PEfg# (100 mg of
wet weight stored in MeOH, loading 0.2 mmol/g dry polymer) was
washed with 2x 5 mL of 0.1 M potassium phosphate buffer of
pH 7.5. Five milligrams of thermolysin (protease type X from
Sigma) was added to a suspension of the washed R&g¥Asin,

0.2 mmol protected amino acid, and 2 mL of 0.1 M potassium
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