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Formylglycine Aldehyde Tag—Protein Engineering
through a Novel Post-translational Modification

Marc-André Frese and Thomas Dierks*™

Site-specific labeling and conjugation of
proteins are central aims in protein engi-
neering. To avoid perturbation of protein
function, localization or interactions, the
reactive attachment site needs to be
defined, physiologically compatible and
small in size. Recently, the application of
a genetically encoded aldehyde tag was
reported.? It makes use of a short, six-
amino-acid recognition motif, which in
vivo directs the post-translational oxida-
tion of a specific cysteine to Ca-formyl-
glycine (FGly). FGly is the essential
active-site residue found in sulfatase en-
zymes.

The discovery of FGly as a novel
amino acid, generated post-synthetical-
ly® was prompted by the finding that,
in patients suffering from multiple sulfa-
tase deficiency, all sulfatases are pro-
duced as inactive polypeptides. FGly
turned out to be the key catalytic resi-
due of sulfatases that acts as an alde-
hyde hydrate in a novel hydrolytic reac-
tion mechanism.™ Patient sulfatases lack
FGly and carry cysteine instead, because
primary translation products remain un-
modified. The defective FGly modifica-
tion step occurs in the endoplasmic re-
ticulum (ER) at a stage when newly syn-
thesized sulfatases have not yet folded
into their native structure.”” The modifi-
cation is directed by the short linear
motif CxPxR™ An auxiliary motif
(xxxLTGR), immediately downstream, was
shown to improve FGly formation signifi-
cantly. The arylsulfatase A-derived 16-
mer sequence PVSLCTPSRAALLTGR was
able to direct FGly generation when
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transplanted
teins.>®

The 16-mer peptide and modifications
thereof served as affinity ligands that al-
lowed the FGly-generation enzyme (FGE)
to be purified from the soluble content
of ER membranes.” The FGE-encoding
gene was discovered simultaneously
through a sophisticated genetic ap-
proach.® FGE turned out to be the first
functionally characterized member of a
large enzyme family found in both pro-
and eukaryotes. In fact, FGly in bacterial
sulfatases had been discovered earlier
and, surprisingly, could be generated
from both cysteine and serine resi-
dues.”' Thus, bacteria are much more
versatile and have evolved three differ-
ent systems to generate FGly, namely
1) the cysteine-specific FGE, 2)the
serine- and cysteine-specific AtsB, also
termed anaerobic sulfatase maturating
enzyme (anSME),"'? and 3) a system X,
unknown as yet, that efficiently modifies
cysteine in certain sulfatases when ex-
pressed in E. coli®"

The FGE- and AtsB/anSME-mediated
mechanisms of FGly generation differ
profoundly. On the one hand FGE cata-
lyzes a metal-independent oxygenase re-
action involving cysteine sulfenic acid as
the reactive species."™ On the other
hand, the AtsB/anSME family consists of
radical S-adenosylmethionine proteins
that initiate catalysis through Fe-depen-
dent generation of an adenosyl radi-
cal.''® These entirely different FGE and
AtsB mechanisms and the third unidenti-
fied E. coli system provide three enzy-
matic tools with divergent substrate spe-
cificities and reactive conditions for gen-
erating FGly.

When attempting to generate the
FGly aldehyde tag in engineered pro-
teins, bacterial expression systems are
advantageous. Due to the small size of
the tag, the DNA sequence encoding the
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recognition motif is easily incorporated
into the target protein ¢cDNA by stan-
dard molecular biology techniques.
Based on this strategy, Carrico etal.”
expressed different model proteins,
equipped with a LCTPSR recognition
motif at either the N or C terminus, in
E. coli together with FGE from Mycobac-
terium tuberculosis. Regardless of the
position of the tag, the modification of
the target cysteine residue to FGly was
highly efficient (90-999%). A significant
conversion of cysteine to FGly was ob-
served even without coexpression of
FGE due to the endogenous FGly-gener-
ating activity (system X) of E. coli. Sur-
prisingly, mutations in which the con-
served proline or arginine residues of
the LCTPSR motif were replaced by ala-
nine were well tolerated by the E. coli
system;" this raises questions as to
which minimal motif is required and
how the specificity is restricted to target
cysteine residues.

Using an alanine-scanning peptide
substrate library, Rush et al™ investigat-
ed in detail the specificities of the FGEs
from M. tuberculosis and Streptomyces
coelicolor”™ to identify minimal sequence
requirements. Interestingly, the two en-
zymes showed clearly divergent toler-
ance towards substitutions within the
recognition motifs. The much broader
spectrum of substrates accepted by
M. tuberculosis FGE was explained by a
reduced surface complementarity to-
wards the sulfatase CxPxR peptide and,
as a consequence, increased accessibility
of the active site, as supported by ho-
mology modeling.”” It could thus be pos-
sible, when applying such less-specific
FGEs, to design motifs that are tailored
for each recombinant protein in order to
show minimum interference with protein
structure and function.

Coexpression of the target protein to-
gether with a prokaryotic FGE is proba-
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bly the most convenient way to obtain
aldehyde-tagged proteins. In vivo condi-
tions enable post-translational FGly for-
mation within the partially folded pro-
tein, while making use of the endoge-
nous folding machinery in order to reach
the native structure. However, in vitro
generation of FGly by incubation of sub-
strate peptides with purified FGE has
also been reported."”® |n the case of
completely folded proteins, the accessi-
bility of the recognition motif to FGE is
critical, thus suggesting that this ap-
proach is probably restricted to peptides
and, possibly, denatured proteins. In
vitro FGly generation under defined con-
ditions might have the advantage of
minimizing side reactions of the alde-
hyde that possibly lead to adducts with
endogenous cellular compounds.
Because the recognition motif can be
placed either at the N or C terminus or
at internal positions, the chemically re-
active aldehyde group can be used for
site-specific modifications, depending on
the desired applications. Therefore, the
FGly aldehyde tag opens up a broad
range of new possibilities for bioorthog-
onal protein conjugation, labeling and
immobilization. Based on standard alde-
hyde chemistry, other molecules can be
covalently linked to the aldehyde-tagged
protein. For example, aminooxy or hy-
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drazide reagents specifically react with
the aldehyde group of the protein, yield-
ing the corresponding oxime or hydra-
zone products.”” An overview of possible
applications of the aldehyde tag is given
in Figure 1.

Beside the conjugation of the tagged
protein with fluorescent dyes or biotin,
which allows the specific detection of
the protein in localization and interac-
tion studies, conjugation with aminooxy-
PEG (poly(ethylene glycol)) has been de-
scribed.”*" PEGylation or conjugation to
other water-soluble polymers can im-
prove the therapeutic index of many
pharmacologically relevant proteins and
increase their serum half-life and proteo-
lytic stability.”? In contrast to the unspe-
cific PEGylation of lysine or cysteine resi-
dues, the use of the FGly aldehyde tag
enables the generation of homogenous,
defined products, as desired for thera-
peutic approaches. Furthermore, the al-
dehyde function also allows the attach-
ment of carbohydrates. By replacing en-
dogenous glycosylation sites with the
recognition motif, mammalian proteins
could be produced in E. coli and subse-
quently linked to chemically synthesized
glycans, thereby obtaining glycoproteins
similar to those produced by eukaryotic
cells.?" A further promising therapeutic
application is the directed conjugation
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Figure 1. Possible applications of genetically encoded formylglycine aldehyde tags in protein engineer-

ing.
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of drugs to protein ligands such as anti-
bodies, which could be used in tumor
targeting.

Technical applications of the FGly al-
dehyde tag are also conceivable. The
specific and oriented immobilization of
tagged proteins to surfaces or beads will
be useful in the context of protein mi-
croarrays and biosensors. Interestingly, it
has also been shown that the aldehyde
modifications can be reversed or even
replaced. Due to the differences in ther-
modynamic stability, a biotin residue
linked across an N-acylhydrazone to a
FGly-containing protein was successfully
replaced with either methoxyamine to
remove the label or with an aminooxy-
modified FLAG peptide.? In both cases,
the more stable oximes were formed,
thus enabling sequential reactions at the
reactive position. The same strategy
might also allow application of the alde-
hyde tag in protein purification, for ex-
ample, by using an immobilized hydra-
zide as an affinity matrix and methoxy-
amine as an eluent.

In summary, the FGly aldehyde tag
represents an easy way to specifically
equip proteins with a genetically en-
coded aldehyde function. This method
expands the molecular toolbox for pro-
tein engineering with promising possibil-
ities in basic research, biotechnology
and pharmacology.
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