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Abstract: Although site-specific incorporation of artificial
functionalities into proteins is an important tool in both basic
and applied research, it can be a major challenge to protein
chemists. Enzymatic protein modification is an attractive goal
due to the inherent regio- and stereoselectivity of enzymes, yet
their specificity remains a problem. As a result of the intrinsic
reversibility of enzymatic reactions, proteinases can in princi-
ple catalyze ligation reactions. While this makes them attractive
tools for site-specific protein bioconjugation, competing
hydrolysis reactions limits their general use. Here we describe
the design and application of a highly specific trypsin variant
for the selective modification of N-terminal residues of diverse
proteins with various reagents. The modification proceeds
quantitatively under native (aqueous) conditions. We show that
the variant has a disordered zymogen-like activation domain,
effectively suppressing the hydrolysis reaction, which is con-
verted to an active conformation in the presence of appropriate
substrates.

Specific single-site protein modification is a highly desirable
goal for a variety of applications in basic and applied research,
including spectroscopic analyses of substrate binding, folding
processes,'! catalytic mechanisms, and conformational
dynamics,” as well as the production of polymer conjugated
therapeutic proteins.”! Whereas a broad range of commer-
cially available chemoselective reagents exists (e.g. malei-
mides or succinimides),”! these lack regiospecificity. This
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limitation is compounded by the general frequency of the
corresponding nucleophilic amino acids (lysine and cysteine
residues), generating a significant likelihood of heterogene-
ous product mixtures with unpredictable properties. This may
be overcome by site-specific introduction of a reactive group
(e.g. cysteine) using site-directed mutagenesis—with the
proviso that existing cross-reacting residues might also need
to be replaced—or of noncanonical amino acids through
genetic code expansion.’! Despite significant progress in the
latter field, however, applications are limited with respect to
the variety of the introduced functionality; in addition,
protein yields tend to be low due to cellular toxicity of the
noncanonical amino acid at the high concentrations necessary.

Enzymes represent the obvious choice for regio- and
stereoselective protein modification, and a broad repertoire is
found in nature. A universal and facile application in
preparative syntheses is hindered, however, by the high
specificity and complexity of suitable substrates, as well as the
need for elaborate recognition sequences, such as those for
phosphopantetheinyltransferase (11 amino acids) and biotin-
ligase (15 amino acids).[® Transglutaminases recognize gluta-
mine residues flanked by specific amino acids that must be
situated in a flexible region of the protein. The use of sortase,
a promising enzyme for the selective modification of proteins
with a five amino acid recognition sequence, has been
hampered by requirements for a high excess of the biocatalyst
and high amounts of labeling reagent (due to reversibility and
single turnover rates),l’ although these limitations can be
overcome by the use of depsipeptides.!®

A universal and flexible method for the selective intro-
duction of artificial functionalities into proteins remains an
elusive goal. The amino terminus of a protein represents an
attractive target for single-site modification, as per definition
every protein chain possesses one and only one N-terminus.
As a result of the reversibility of enzymatic reactions, specific
N-terminal coupling may be achieved using proteinases, as
demonstrated using, for example, bacterial IgA-protease or
subtiligase."”! Nevertheless, proteinases suffer a major draw-
back: the hydrolysis reaction is generally highly favored over
ligation, requiring careful kinetic or thermodynamic control
of the reaction. A variety of approaches have been explored
to improve discrimination between the competing reactions,
including solvent, substrate, and proteinase engineering."!

In particular, the concept of substrate mimetics (such as
peptidyl-4-guanidinophenyl esters OGp, whose ester leaving
groups mimic trypsin-specific arginyl substrate side chains)
exhibits promising synthetic potential, allowing the coupling
of diverse and even nonpeptidic acyl moieties to target
peptide substrates.'"”) Here we describe a variant of trypsin
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(which we term trypsiligase) that exhibits high specificity for
the tripeptide sequence YRH, found in only 0.5% of known
protein sequences in the SwissProt database.™™ Trypsiligase is
both able to cleave the Y—R peptide bond and to attach
diverse moieties to the ensuing amino terminus specifically
and quantitatively, under mild aqueous conditions in a one-
pot reaction. We show that the source of the proteolytic and
ligation selectivity is the zymogen-like nature of trypsiligase:
the enzyme achieves a trypsin-like active conformation only
in the presence of appropriate substrates.

The primary specificity of trypsin for basic side chains,
abundant in target proteins and therefore susceptible to
hydrolysis, is governed by D189 at the base of the primary
specificity pocket S1 in the wild-type (wt) enzyme.'¥ Trypsin
variant D189K exhibits low-level esterase activity against P1
tyrosine residues!' but negligible proteolytic activity. We
reasoned that the latter may be restored by substrate affinity
enhancement at secondary sites. Introduction of an acidic
amino acid at the S1’ site by the exchange K60E results in
a trypsin variant whose activity against P1’-arginine is two
orders of magnitude greater than that against other resi-
dues.'! A further recognition element is found in the trypsin
variant N143H/E151H, which is characterized by a 350-fold
increase in activity towards P2'-histidine-containing sub-
strates in the presence of zinc ions.'"”! We combined these
features to generate the fourfold trypsin variant K60E/
N143H/E151H/D189K, trypsiligase (Figure 1). Peptide
hydrolysis assays confirmed the desired specificity for the
recognition sequence YRH; variation of any of the three
positions leads to a significant decrease in catalytic efficiency
(Figure S1).

Importantly, trypsiligase recognizes the substrate-mimetic
4-OGp, so that the tailored enzyme should retain synthetic
potential. As desired, acyl transfer to peptides containing
a P2'-His residue can be effected in the presence of divalent
metal ions (Figure 1), facilitating kinetic control of the
reaction. To test the efficacy of the designed biocatalyst
trypsiligase on protein substrates, we selected the peptidyl-
prolyl-cis/trans-isomerase (PPlase) human Cyclophilin 18
(hCyp18) (Figure 2; Figure S2), which contains 13 lysine and
6 arginine residues as well as four cysteine residues. In
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Figure 1. Trypsiligase design and activity. a) Diagram of changes in the
binding sites S1, S1’, and S2’ that allow recognition of the sequence
YRH. Scissile bond cleavage (wavy line) is achieved by the reactive-site
S195 hydroxyl in conjunction with the oxyanion hole (5195 and G193
backbone amides). b) Acyl transfer of benzoyl-glycyl-4-guanidinophenyl
ester (Bz-Gly-OGp) to AHAAG catalyzed by trypsiligase in the presence
of Zn*" (-@-), Ni*" (-m-), and the trypsin variant K60E/D189K in the
presence of Zn>" (-A-), analyzed by HPLC. Conditions: 2 mm Bz-Gly-
OGp, 15 mm AHAAG, 50 um trypsin variant, 100 pm ZnCl, or NiCl,,
respectively.

addition to the recognition sequence YRH, hCypl8 was
equipped with an N-terminal Strep-taglIl fusion for efficient
affinity purification.'! Incubation of the hCyp18 variant with
trypsiligase resulted in the complete cleavage of the Strep-
tagIl peptide within one hour (Figure 2b). No undesired
cleavages were detected, even at incubation times of more
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Figure 2. Trypsiligase-catalyzed N-terminal tag cleavage and modification of human Cyclophilin 18. a) Scheme of the N-terminal labeling
procedure. b) Time course of trypsiligase-catalyzed cleavage of the Strep-tagll fusion monitored by SDS-PAGE. M: molecular weight marker; R:
fusion protein as reference. Conditions: 100 um Strep-YRH-Cyclophilin18, 10 um trypsiligase, 50 um ZnCl,, 100 mm HEPES, 100 mm NacCl, 10 mm
CaCl,, pH 7.8. c) ESI mass spectrum of the reaction mixture at t=1 h (calculated mass for AlexaFluor532-modified hCyp18: 19322 Da). d) SDS-
PAGE of isolated AlexaFluor532-Cyclophilin 18 product. M: molecular weight marker; C: Coomassie staining; F: in-gel fluorescence.
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than ten hours. To test the ligation efficacy of trypsiligase, the
fluorophore AlexaFluor532 was added to the reaction as a 4-
guanidinophenyl ester linked peptide (Ac-Cys(Alexa-
Fluor 532)-Ala,-OGp; Figure S3) in a threefold excess over
hCypl8, and acyl transfer to the N-terminus was followed
using UPLC (Figure S4). Complete labeling of hCypl8 was
observed within one hour as detected by mass spectrometry
(Figure 2¢). The isolated AlexaFluor532-modified hCyp18
variant was fully active with unaltered catalytic efficiency, and
the fluorophore showed no change in quantum yield before
and after the labeling procedure, indicating that the modifi-
cation procedure did not influence the dye characteristics.
The fluorophore tetramethylrhodamine could also be suc-
cessfully transferred to the N-terminus of hCyp, where mass
spectrometric fragmentation confirmed the regioselective
attachment of the dye to the N-terminus (Figure S4).

To explore the versatility of the approach, we applied the
procedure to the N-terminal modification of three other
proteins of diverse size and secondary structure, using
a variety of acyl-4-OGps (Figures S2, S3, and S5). In each
case, trypsiligase treatment of the corresponding Strepll-
YRH fusion proteins resulted in quantitative cleavage of the
tag. Acyl transfer of moieties that include biotin and
polyethylene glycol occurred with quantitative product
yields, and mass spectrometry confirmed the identities of
the protein product derivatives, demonstrating the absence of
undesired cleavages or side products. Finally, all modified
enzymes retained full activity following the labeling proce-
dure (Table S1).

Trypsiligase crystallized in several crystal forms, including
the common trigonal and orthorhombic forms frequently
observed for trypsin.'! Surprisingly, only weak or no ordered
electron density was observed in the former for residues 116—
G19, G142-P152, L185-D194, and S217-N223 that surround
the active site and S1 pocket (Figure 3a, Figure S6). These
residues correspond to the activation domain in trypsino-
gen,™ which is disordered in the precursor zymogen but
becomes structured following cleavage by enteropeptidase to
form trypsin: this is the molecular basis for serine proteinase
activation. Attempts to soak this crystal form with zinc ions
failed to result in any density for the engineered histidine-
containing loops (data not shown). On the other hand, the
activation domain is ordered in the orthorhombic form,
although it is maintained in an inactive conformation as
revealed by the interaction between D194 and H40 in the tell-
tale zymogen triad.”"! Soaking with zinc ions revealed clear
density for the divalent cation, coordinated by N143H,
E151H, and K87* from a symmetry-related molecule (Fig-
ure 3b, Figure S6b), although no significant rearrangements
are seen in the protein. Cocrystallization with the modified
trypsin inhibitor YRH-ecotin resulted in a crystal form
containing four complexes in the asymmetric unit. Whereas
disorder was still present in the trypsiligase component of
each complex, the activation domain adopts a trypsin-like
active conformation in three of the four complexes (Fig-
ure 3¢, Figure S7), with D194 involved in a salt bridge with
the amino terminal residue 116 to form the oxyanion hole
(through correct positioning of the G193 and S195 backbone
amides) that is essential for catalysis. Taken together, these
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structural data suggest that even after activation cleavage,
trypsiligase retains a zymogen-like inactive state. To test this,
we investigated the reaction of trypsin, trypsinogen and
trypsiligase with the suicide inhibitor 4-(2-aminoethyl)-
benzenesulfonyl fluoride (AEBSF), which like PMSF binds
covalently and specifically to the reactive serine hydroxy
group of active serine proteinases. ESI mass spectrometry
clearly demonstrates that trypsiligase is only partially modi-
fied by the reagent under the conditions applied, in contrast to
trypsin (which is completely modified) and trypsinogen
(which remains unmodified) (Figure S8).

These observations suggest a molecular mechanism for
the observed ligation reaction (Figure 3d). The conceptual
framework of a conformational equilibrium between zymo-
gen and active enzyme (zymogenicity) is well established for
the trypsin-like serine proteinase family.”? In contrast to
trypsin, the equilibrium between disordered inactive (trypsi-
nogen-like) and ordered active (trypsin-like) structures is
strongly shifted in trypsiligase to the zymogen (disordered)
conformation. This type of behavior has also been observed
for the trypsin variant D189S,”! making it likely that the
mutation D189K leads to destabilization of the S1 pocket and
the activation domain as a whole. Indeed, the carboxylate side
chain of D189 in wild-type trypsin makes hydrogen bonds to
the main-chain amide groups of $190 (2.7 A), A221 (3.0 A),
and G226 (3.5 A) that border the S1 pocket, interactions that
are not possible upon mutation to lysine in trypsiligase.

The binding of high-affinity substrates (containing the
YRH recognition sequence in the presence of Zn*") shifts the
conformational equilibrium, providing sufficient driving force
to switch the enzyme into the active conformation. Thus
hydrolysis takes place preferentially (and almost exclusively)
in the presence of YRH-containing substrates. On the other
hand, the residual zymogen-like structure observed in one of
the four independent trypsiligase molecules in complex with
YRH-ecotin indicates that the shift is incomplete. Transfer of
the enzyme-bound acyl-moiety to the specific Arg-His-
acceptor peptide (ligation reaction) is therefore favored
over transfer to water (hydrolysis). As the product conjugates
no longer possess the recognition sequence, the back reaction
(proteolysis) is virtually non-existent, so that modification is
essentially irreversible and quantitative.

Variation in the integrity of the activation domain is well
established for trypsin-like serine proteinases—ranging from
the “active zymogen” single-chain tissue plasminogen activa-
tor® through the “on-off” activation switch of trypsin/
trypsinogen,” to the virtually inactive blood coagulation
factor IXa in the absence of cofactor and substrate*'—and
the existence of intermediate enzymatic forms has been
discussed.” Furthermore, it is known that the disorder—order
transition is essentially reversible: trypsinogen can be forced
into an active conformation through strong ligand binding®!
and trypsin into a zymogen-like form upon inactivation by
serpins.”?’!

To the best of our knowledge, the mode of action of
trypsiligase represents the first application of substrate-
activated catalysis, a special case of induced fit and a con-
ceptual extension of the established phenomenon of sub-
strate-assisted catalysis. In addition to the conventional
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Figure 3. Trypsiligase adopts a zymogen-like structure in the absence of ligands. a) The activation domain is disordered in the trigonal crystal
form 1. Ordered trypsiligase residues are shown in blue (rods and cartoon; last atoms for which density is observed are denoted by balls); note
the interaction between the side chains of D194 and H40 (of the “zymogen triad”). For comparison, wild-type trypsin is shown in white (dashed
curves, thin rods; pdb code 1MTS), with the inhibitor benzamidine marking the S1 pocket. Activation cleavage of wild-type trypsinogen leads to
salt-bridge formation between D194 and the newly formed 116 N-terminus, resulting in formation of the oxyanion hole (backbone amides of G193
and S195) and reorganization of the S1 pocket (delimited by D189 at the base and the disulfide bridge C191-C220). b) Although residues of the
activation domain of trypsiligase (cyan) are defined in orthorhombic crystal form 11, neither the oxyanion hole nor the primary specificity pocket
are correctly positioned for enzyme activity. The engineered metal-binding site is occupied by a zinc ion, with a symmetry-related molecule
providing the final ligand (K87%). c) In complex with the substrate-like inhibitor YRH-Ecotin (green), trypsiligase adopts an active conformation,
with the ST pocket occupied by the tyrosine residue. d) The postulated substrate-mediated activation mechanism for peptide ligation. Trypsiligase
adopts a zymogen-like structure (Z: flexible N-terminal peptide, interaction of D194 with H40, yellow and blue, respectively), which in the
presence of YRH-containing substrates and zinc is converted into the active conformation (E: salt bridge between D194 and 116, formation of S1
pocket and oxyanion hole) to result in Y—R bond cleavage. Reactive O-guanidinophenyl esters, which can acylate the enzyme in the zymogen (-like)
conformation, undergo only slow hydrolysis due to a dysfunctional oxyanion hole; we suggest that the latter is at least partially formed in the
presence of zinc and amino-terminal RH-containing peptides (hypothetical state E¥), leading to kinetic favoring of the amidolysis (peptide
ligation) reaction.

benefits of enzymes (action under mild conditions with tight
control of regio- and stereoselectivity), the mechanism
described here opens the door to highly selective protein-
modification reactions. Based on this concept, the generation
of orthogonal substrate-ligase pairs for tailored applications
is conceivable, and the method can easily be accommodated
in biotechnological processes. Although the activated state of
trypsiligase is destabilized, the assay profits from the robust-
ness of the wild-type enzyme, resulting in a broad tolerance
for additives and reaction conditions (data not shown). The
highly restricted cleavage activity on the one hand and
quantitative acyl transfer activity on the other hand ensure
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compatibility with well-established methods of protein
expression, such as purification tag cleavage, affording the
trypsiligase-based method a universal route from gene to
selectively modified target protein (Figure S1d). Finally, it is
not unthinkable that this principle has been adopted by
nature itself in as yet undiscovered enzymatic reactions, an
extension of the combined cofactor and substrate activation
observed for complement convertase.*!
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