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Syntheses and reactions of amides catalyzed by enzymes are
fundamental in biology, chemistry, biotechnology, and nano-
technology. Among the repertoire of transformations of
amides, their syntheses from carboxylates, activated esters,
and amides through transacylations of carboxylic acids have
been widely studied (Scheme 1b). However, the amine acyl

a) Amine acyl exchange

o] 0]
+H,0
(0] - + (o}
Pt R‘)J\OH H, R")J\OH S
R NH P — NH  — R NH
R Catalyst R Catalyst +H,0
b) Transacylations of carboxylic acids
o - -R' o " o
/||\ H2N R /l‘\ + H2N R J\
R7ONHR' ¥ R” “X—Catalyst ~_ R™ “NHR"
HX-Catalyst HX-Catalyst

Scheme 1. Amine acyl exchange (a) versus transacylation (b).

exchange of nonactivated amides with carboxylic acids using
enzymes (Scheme 1a) has been little explored. An elegant
chemical method using perfluorinated anhydrides described
recently!!! requires activation both of the amide and carbox-
ylic acid, is limited to secondary amides, and lacks chemo-
selectivity. More selective and biocompatible amine acyl
exchange can be potentially provided using enzymes; this
approach would not require activation of the carboxylate and
in addition would be highly stereo- and chemoselective.

Of the reported enzyme-catalyzed interconversions of
amides, almost all can be classified as transacylations of
carboxylates (Scheme 1b). Examples are transacylations
catalyzed by transglutaminase,” sortase,’! diverse pro-
teases,! and lipases such as CalB.’! There are some key
mechanistic differences between the two reactions: Amine
acyl exchange involves the reversible interconversion of
amines and free carboxylic acids, whereas the transacylation
of carboxylates relies on the formation and selective reaction
of an acyl-enzyme intermediate. Importantly, hydrolysis can
be avoided in the latter by kinetic control of the reaction, for
example by redirection of the reaction pathway through the
catalyst—acyl intermediate thus avoiding stable free carbox-
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ylates (Scheme 1b). The amine acyl exchange (Scheme 1a) is
more challenging as it relies on equilibria and more stable
carboxylates as substrates. Such an enzyme-catalyzed acyl
exchange has, to our knowledge, been reported only for very
limited amines such as urea.

Transpeptidations have been described in biological
systems as being responsible for the splicing of peptides and
proteins in the proteasome, but have always been attributed
to the reaction type in Scheme 1b.I” It would be interesting to
see if amine acyl exchange catalyzed by proteases, which do
not rely on acyl-enzyme intermediates, are also feasible under
closer-to-physiological reaction conditions and hence could
contribute to peptide splicing. Such reactions would proceed
through stable intermediates and have less stringent require-
ments on the temporal and spacial availability of reaction
partners. We were therefore looking for a reaction system that
allowed us to investigate enzyme-catalyzed amine acyl
exchange in aqueous conditions.

We had previously described both the hydrolysis and
synthesis of amides (the first and second step of the reaction
in Scheme 1 a) using proteases on substrates that are linked to
solid support (R) through the amine partner.”®! In particular,
functionalized self-assembled monolayers (SAMs) attached
to gold surfaces have proven to be fully compatible both with
chemical and biochemical reactions and have allowed us to
investigate protease-catalyzed reactions. Any transformation
can be conveniently studied observed in this system in a label-
free manner using in situ MALDI-Tof mass spectrometry.
Given our previous success with protease-catalyzed peptide
synthesis on such surfaces,”” it was decided to use the same
platform to see if acyl exchange of amides could be observed.

Accordingly, spot surfaces in a 64-well gold array (suitable
for MALDI-Tof measurements) were incubated with DMSO
solutions of functionalized alkane thiols to form an array of
self-assembled monolayers."” The density of functional
groups was controlled by using the functionalized alkane
thiols [HS(CH,),,(OCH,CH,); OCH,COOH] (1) and [HS-
(CH,),,(OCH,CH,);0H] (2) in defined proportions. N-Fmoc-
diaminobutane (3) was then coupled to 1 by N-succinimide
activation and then the Fmoc group was cleaved. Using
standard peptide coupling reactions, nine different Fmoc-
protected dipeptides were coupled to this functionalized
linker™ generating dipeptide surfaces 4-11 (Scheme 2); this
process was monitored by MALDI-Tof MS (see Figure 1a for
data on compound 9).

The surface-linked dipeptides 4-11 were then treated with
the protease thermolysin from B. thermoproteolyticus rocco
in the presence of excess Fmoc-leucine (12) (Scheme 2); 12
was chosen since leucine is known to be a good substrate for
thermolysin in the P, position."! A wide range of reaction
conditions were tested, and it was found that 4M NaCl in Tris
buffer (100 mm, pH 7.5) increased the yield of product.’?
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Scheme 2. Thermolysin-catalyzed reversible amine acyl exchange on
gold arrays.
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Figure 1. MALDI-Tof spectra recorded during acyl exchange of 9.

a) Starting material 9 (m/z 1588) as the disulfide dimer sodium
adduct. b) After the first exchange with thermolysin and Fmoc-Leu, 9
appears to be totally converted to 13 (m/z 1570), and hydrolysis
product 22 (m/z 1235). c) Second acyl exchange of the product from
reaction (b) with Fmoc-Met converts 13 back to 9 (m/z 1588).

Figure 1b shows the mass spectrum for conversion of 9 to 13
(m/z 1570).1%1 It appears that 9 was fully converted to 13 and
hydrolysis product 22 (m/z 1235). Similar results were
obtained for dipeptides 4-7 and 9-11. Only the proline
derivative 8 resulted in a mixture of starting material 8 and
product 13, possibly because of the low activity of thermolysin
towards prolines at the P, site, which is documented.['><14l

The reversibility of the amine acyl exchange was further
investigated by treating all the surface-bound products of the
above reactions with a fresh solution of protease, this time
with different Fmoc-protected amino acids 14-21 instead of
Fmoc-leucine (12) (i.e. reaction follows bottom reaction
arrow in Scheme 2).

Figure 1c shows the mass spectrum after treatment of the
sample shown in Figure 1b with excess Fmoc-methionine
(19), generating a surface that appears to contain no starting
material 13 (expected signal at m/z 1570) and contains 9 (m/z
1588) as the only detectable dipeptide. Similar results were
obtained for treatment of 13 with Fmoc-alanine (17) and
Fmoc-tyrosine (21), whereas Fmoc-serine (15), Fmoc-trypto-
phan (16), and Fmoc-proline (18) generated mixtures with 13,
possibly again owing to the substrate specificity of the
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enzyme. Performing the reaction with Fmoc-glycine (14)
and Fmoc-phenylalanine (20) gave no products.

Given that there are a great number of different classes of
proteases with different catalytic mechanisms, it was interest-
ing to see whether the amine acyl exchange reaction was
limited to thermolysin (a zinc-dependent protease) or
whether it could also be observed with serine proteases such
as a-chymotrypsin. Although the substrate specificity of a-
chymotrypsin is different from that of thermolysin, some of
the compounds shown in Scheme 2 should be substrates for
both proteases and were therefore useful for direct compa-
rative studies into the acyl exchange activity of both
proteases. Thus the immobilized dipeptides Fmoc-Tyr-Leu-
R® (11, where R’ is the solid phase) and Fmoc-Tyr-Phe-R°® (23)
were incubated with Fmoc-Leu (12) and Fmoc-Phe (20)
yielding the products Fmoc-Leu-Leu-R® (13), Fmoc-Phe-Leu-
R® (10), and Fmoc-Phe-Phe-R°® (24), respectively, as well as
the hydrolysis products Leu-R® (22) and Phe-R® (25). These
results would suggest that amine acyl exchange can be
performed with different classes of proteases; the reaction is
not protease-mechanism dependent and possibly proceeds
under thermodynamic rather than kinetic control.

A great advantage of enzymatic over chemical methods is
the potential for stereoselectivity, which cannot be achieved
with current chemical methods for acyl exchange. Thus, we
investigated the enzymatic transformations of enantiomers
L,L-9, D,L-9, L,D-9, and D,D-9 with thermolysin in the presence
of isomers L-12 and D-12 under the reaction conditions
outlined in Scheme 2. The results showed that the amine acyl
exchange was indeed stereoselective—only the reaction
between L,L-9 and L-12 yielded a product corresponding to
the dipeptide product 13 (see the Supporting Information for
full experimental data; Figures S11 and S12). These results
also confirm that the acyl exchange reactions are indeed
enzyme-catalyzed and not due to chemical background
reactions.

Apart from stereoselectivity, one might also expect to
observe chemoselectivity for protease-catalyzed acyl
exchange reactions, since the reactions of proteases are
generally linkage-specific. Thus, the enzyme should be able
to exchange structurally different peptide bonds although
they might have similar chemical reactivity. To probe such
selectivity, two peptides 26 and 27 (Scheme 3) were synthe-
sized directly on the gold array through spot synthesis."
Compound 26 is a pentapeptide with an N-terminal Fmoc
group whereas hexapeptide 27 contains a free N-terminal
glycine residue (for further examples of shorter peptides 31,
34, 37, 38, and 39, see the Supporting Information). When 26
and 27 were treated with thermolysin in the presence of
Fmoc-leucine (12) as in Scheme 3, the resulting mass spectra
clearly showed that only the Met-Leu linkage underwent
exchange to give the peptide 28 in both cases with some
hydrolysis side products. Thus, the enzyme selectively
exchanges one out of four and five amide bonds in 26 and
27, respectively.

In conclusion, we have developed reaction conditions in
aqueous buffer which allow us to observe reversible protease-
catalyzed amine acyl exchange reactions. The reactions
proceed under mild biocompatible reactions conditions and
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Scheme 3. Enzyme-catalyzed acyl exchange of peptides on gold arrays.
(For a detailed experimental procedure, see the Supporting Informa-
tion.)

are stereo- and chemoselective. We have shown that the
amine acyl exchange can be catalyzed by different classes of
proteases (the zinc-dependent protease thermolysin and the
serine protease chymotrypsin). To our knowledge this is the
first time that protease-catalyzed transpeptidations in aque-
ous media have been shown to proceed as amine acyl
exchange and not transacylation. These exchange reactions
should be useful for biocompatible and selective modifica-
tions of amine-functionalized surfaces in “bottom-up” bion-
anofabrication strategies.'*!

Our studies also suggest that amine acyl exchange
reactions are possible under physiological conditions and
should be considered as mechanisms for peptide splicing
observed in the human proteasome.”! Peptide splicing
produces immunogenic peptides composed of two noncon-
tiguous fragments from the parental proteins and may be
relevant for vaccine design. These transpeptidations have in
the past been attributed to transacylations of carboxylates
(Scheme 1b), but our results here suggest that proteases
should also be able to catalyze amine acyl exchange reactions
(Scheme 1a) which are driven by equilibrium rather than
kinetics and should have distinctly different mechanism and
substrate requirements.
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