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Abstract: An amino acid bearing an unprotected ketone group, (25)-aminolevulinic acid, was
incorporated into a synthetic peptide using standard Fmoc-based solid-phase methods. The
ketone group remained unharmed during the synthesiﬁ and provided a uniquely reactive
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a cysteine residue elsewhere in the peptide were reacted simultaneously with two different
biophysical probes, enabling the site-specific installation of a donor and acceptor pair for FRET in
one step without the need for differential side chain protection. © 1998 Elsevier Science Ltd. All rights reserved.

The fluoresence resonance energy transfer (FRET) technique has found widespread use in the
study of proteln structure and dynamxcs 1 The techmque requlres the mstallauon of two blOphyblLdl
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10d0acetam1de and N hydroxysuccmlrmdo esters,3 with e xposed cysteme and lysme resxdues
respectively. However, in order achieve site- spec1f1c modlflcatlon of a peptide in the presence of
multiple copies of these nucleophilic residues, differential side chain protection must be employed
during the synthesis. To avoid the need for extra protecting group manipulations during the
conjugation of a synthetic peptide with two different probes, several groups have exploited
selective N-terminal reactions,1f or incorporated non-native amino acids with suitable photophysical
properties (e.g., p-nitrotyrosine) in place of their native counterparts.4 These approaches are
somewhat limited with regard to the site of residence and structure of the probe.
In recent years, the adornment of synthetic peptides with a uniquely reactive electrophile
as become an increasingly popular tactic for site-specific modification. For example, ketone or
ldehvde eroups can be installed in
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oxopentanoic acid) or masked aldehydes to the e-amino groups of lysine side chains or to the N-

terminus of the peptide.5 Alternatively, aldehyde groups can be generated by the selective
oxidation of N-terminal serine residues with periodate.6 The ketones or aldehydes form stable
covalent adducts with a complementary nucleophile, typically an aminooxy, hydrazide or
thiosemicarbazide group, in aqueous milieu in the absence of side chain protecting groups. Still,
these methods for decorating peptides with ketones and aldehydes require orthogonal side chain or
N-terminal protection for site-specific introduction of the electrophile.
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Here we report that (25)-aminolevulinic acid, an amino acid bearing an unprotected ketone
group, can be directly incorporated into synthetic peptides using standard Fmoc-based solid-phase
methods. The ketone group survives the synthesis without undergoing any apparent degradation or
unwanted side reactions. Furthermore, the ketone is chemically orthogonal to all natural amino acid
side chain functional groups. Thus, suifhydryl groups of cysteine residues, for example, can be
modified in the presence of the ketone and vice versa, allowing for the selective labeling of a peptide
with two different probes in one synthetic step. The versatility of the ketone group is therefore two-

fold: it can be installed at any site along the polypeptide backbone without need for extra protecting
group steps, and it does not interfere with reactions involving the nucleophilic functional groups of
native amino acid side chains.

Fmoc-protected (25)-aminolevulinic acid (3) was synthesized in two steps from commercially
available 4,5-dehydroleucine? (1) as depicted in Scheme 1. The o-amine was first protected with an
Fmoc group to afford compound 2,8 which was then converted to keto-amino acid 3 by reductive
ozonolysis.9 We incorporated compound 3 into a 19-amino acid peptide (4) on an automated
peptide synthesizer using standard Fmoc-based solid-phase methods.10 The sequence of peptide 4
was derived from the anti-microbial glycopeptide drosocin, which is produced by insects in response
to immune challenge.11 The bacteriostatic potency of drosocin is enhanced five-fold by the presence
of an O-linked glycan at Thril, a feature that may reflect an altered conformational prcterence due to

gn_yuusylatu’)ﬁ T uu\, drosocin constructs labeled with biOphySi“"&} rl‘um':“; may be useful tools for
analyzing the conformation of the unglycosylated peptide compared to the glycosylated version.
We chose to install the (25)-aminolevulinic acid group in place of llel7. In addition, a cysteine
residue was incorporated in place of Lys2 to provide a second orthogonal site for covalent
modification.
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We were concerned that the ketone group might undergo unwanted side reactions, such as
condensation with amines to form imines or enamines, or acid- or base-catalyzed aldol
condensations, during the process of Fmoc-based solid-phase synthesis. However, the crude
product obtained after synthesis and cleavage from the resin was a single peak by reversed-phase



HPLC (RP-HPLC) analysis, and its identity as the desired keto-peptide (4) was confirmed by mass
spectrometry.12 No other side products were obtained, indicating that the unprotected ketone
group is fully compatible with the reagents of Fmoc-based synthesis, including DCC, piperidine and
TFA. In essence, keto-amino acid 3 can be treated similarly to an alanine residue.

To demonstrate the versatility of the ketone group, we modified keto-peptide 4 with two
biophysical probes, coumarin iodoacetamide (5) and fluorescein thiosemicarbazide (6), which are
commonly used as a donor and acceptor pair for FRET.13,14 The site-specific labeling of peptide 4
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with 1.2 equivalents each of § and 6 in 900 uL. DMF and 100 pL of 1.0 M sodium phosphate buffer,
pH 7.0. The ligation reaction was complete after 24 hours and the fluorescently labeled peptide (7)
was isolated by RP-HPLC and its identity confirmed by mass spectrometry.!5 This general strategy
for attaching a pair of small molecules to synthetic peptides should be applicable to a wide range of
targets.
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In summary, N-Fmoc-(2S5)-aminolevulinic acid (3) can be incorporated into synthetic peptides

in an unprotected form to provide a convenient electrophilic functional group, the ketone, for site-
specific conjugation. The chemical orthogonality of the ketone to the sulfhydryl group of cysteine
side chains allows for the selective modification of peptides with two different probes and facilitates
the synthesis of constructs for FRET experiments. This method is therefore a useful complement to
traditional protein modification techniques.
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Preparation of N-Fmoc-(2S)-aminolevulinic acid (3): A solution of Fmoc-4,5-dehydroleucine (2)8 (1.1 g,
3.1 mmol) in 9:1 CH,Cly/methanol (15 mL) was cooled to -78 °C and purged with N, for 10 min. A stream
of ozone was passed through the solution until a blue color persisted. The reaction mixture was then purged
with N, (ca 10 min) untll the solution was no longer blue in color Dlmethylsulflde (0 58 mL, 7.9 mmol)
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7.0), 7.30(dt, 2H,J = 6.2, 1.2), 585(d 1H .I —78 NH) 4.60 (m, 1H), 4.43-4.34 (m 1H), 422 (r, 1 H, J
=6.9),3.25(dd, IH,J =18.3,4.0),299 (dd, IHJ =15.5, 4.0), 2.19 (s, 3H, CH3), c"” NMR (100 MHz,
CDCls): & 175.5, 156.2, 143.7, 143.6, 141.2, 127.7, 127.0, 125.0, 120.0, 119.8, 67.3, 49.5, 47.0, 45.0; FAB-
HRMS caled for CopHgNOs (M+HY) 354.1341, found 354.1334.
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