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ABSTRACT: Subtiligase-catalyzed peptide ligation is a powerful approach for site-

specific protein bioconjugation, synthesis and semisynthesis of proteins and peptides, and
chemoproteomic analysis of cellular N termini. Here, we provide a comprehensive review
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1. INTRODUCTION

The modification of proteins and peptides with chemical
functionalities not encompassed by the genetically encoded
amino acids is vital to advance both research in the biological
sciences and the industrial production of protein therapeutics.
The ability to site-specifically modify proteins through the
formation of native peptide bonds while preserving natural
protein sequence, aside from the introduced modification, is of
particular interest. Recombinant protein expression in
combination with modern molecular biology techniques allows
production of full-length proteins but is limited to the
incorporation of the natural amino acids and a small number
of unnatural amino acids. On the other hand, solid-phase
peptide synthesis methods provide access to the full spectrum
of chemical functional groups but are generally limited to
proteins less than 100 amino acids in length. Enzymatic
catalysts for specific peptide ligation combine the advantages of
both of these strategies, bridging the gap between recombinant
protein expression and total chemical synthesis.

Subtiligase is a peptide ligase that was rationally designed
from the broad-specificity serine protease subtilisin BPN’ from
Bacillus amyloliquefaciens (Figure 1)."” In the parent protease
subtilisin, peptide bond hydrolysis strongly predominates over
the reverse peptide ligation reaction (Figure 2A). However,
subtiligase harbors two key mutations that enable it to
efficiently catalyze a ligation reaction between a peptide ester
acyl donor and the N-terminal @-amine of a peptide or protein
(Figure 2B). Mutation of the catalytic Ser to Cys (S221C) to
generate thiolsubtilisin reduces amidase activity to a negligible
level but maintains the esterase activity observed in subtilisin,
leading to formation of a thioacyl-enzyme intermediate from a
peptide ester.”* Introduction of a second Pro to Ala mutation
(P225A) to produce subtiligase enhances peptide ligation
activity by 2 orders of magnitude compared to thiolsubtilisin,
resulting in an efficient peptide ligation catalyst.” Importantly,
subtiligase-catalyzed peptide ligation occurs with absolute
chemoselectivity for N-terminal a-amines over lysine e-amines
and is applicable to fully unprotected peptides and proteins
under mild, aqueous conditions. Based on its ability to catalyze

peptide bond formation, subtiligase has been applied broadly
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Figure 1. Subtiligase, a rationally designed peptide ligase. (A)
Subtiligase was designed starting from subtilisin protease, which uses
an Asp-His-Ser catalytic triad. In subtiligase, the catalytic Ser was
mutated to Cys ($221C) and a second Pro-to-Ala (P225A) mutation
was introduced to better accommodate the larger Cys nucleophile.

as a tool in chemistry and biology, enabling peptide and
protein synthesis and semisynthesis, site-specific protein
bioconjugation, and the chemoproteomic study of cellular N
termini. Subtiligase has also been applied in combination with
related protein synthesis and bioconjugation technologies to
broaden their scope and ease of use.

Subtiligase is highly complementary to other enzymatic
technologies that enable ligation of peptides and proteins.
While other natural peptide ligase enzymes, such as sortase A’
and butelase 1,° are generally highly sequence specific at one or
more positions near the ligation site, subtiligase retains the
broad specificity of subtilisin. Subtiligase is therefore applicable
in situations where sequence flexibility is desirable, such as
peptide ligation with native junctions or chemoproteomic
profiling of cellular N termini. In contrast, high-specificity
peptide ligases are useful for modification of specific protein
sequences in complex protein mixtures or inside living cells,
applications in which subtiligase might catalyze many off-target
modifications.

This review is focused on the development, application, and
impact of the subtiligase technology. We first discuss the
rationale of the subtiligase design and advances in protein
engineering of subtilisin that enabled its implementation. We
next cover practical considerations for the application of
subtiligase, including its substrate selectivity, the development
and selection of specificity mutants to expand its substrate
scope, and strategies for the synthesis of subtiligase substrates.
We then review applications of subtiligase to address important
chemical problems and biological questions. These include
peptide and protein synthesis, site-specific protein bioconju-
gation, and cellular N terminomics studies. We compare
subtiligase-catalyzed peptide ligation to alternative enzymatic
peptide ligation strategies, which have unique advantages and
limitations. Finally, we present a perspective on future
applications and remaining challenges for the use of subtiligase
to catalyze peptide bond formation.
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Figure 2. Comparison of the reactions catalyzed by subtilisin and subtiligase. (A) Peptide hydrolysis reaction catalyzed by subtilisin. A peptide
bond is attacked by the catalytic serine to form an acyl-enzyme intermediate, which is hydrolyzed. (B) Peptide ligation reaction catalyzed by
subtiligase. A peptide ester substrate is attacked by the catalytic Cys to form a thioacyl-enzyme intermediate, which can either be hydrolyzed or
intercepted by the a-amine from a peptide or protein nucleophile to form a peptide bond.

2. USING PROTEASES IN REVERSE FOR PEPTIDE
BOND FORMATION

2.1. Protease-Catalyzed Peptide Bond Synthesis under
Thermodynamic Control

Based on their ability to function under mild, physiological
reaction conditions and their high regio- and stereoselectivity,
there has been a longstanding interest in using proteases in
reverse to catalyze peptide bond formation.”® Like all
enzymatic catalysts, proteases obey the principle of micro-
scopic reversibility and therefore enhance the rates of peptide
bond hydrolysis and peptide bond formation by the same
amount. However, because enzymes alter the rates of these
reactions but not the thermodynamic stabilities of the starting
materials and product, whether a peptide bond is predom-
inantly formed or hydrolyzed is determined by the position of
the equilibrium (Figure 3A). Under physiological conditions,
the position of the equilibrium lies strongly in favor of peptide
bond hydrolysis (AG® ~ —3 kcal/mol’). Therefore, a key
limitation in the application of proteases to catalyze direct
reversal of peptide bond hydrolysis is the high thermodynamic
stability of the proteolytic products compared to the ligation
product.'” One approach for increasing ligation product yield
under equilibrium-controlled conditions is to shift the position
of the equilibrium by altering reaction conditions including
solvent polarity, temperature, concentration of water, and
pH.”"'~"® These adjustments shift the pK, of the carboxylate
starting material, increasing the concentration of reactive,
neutral carboxyl groups (Figure 3A)."""? Many examples exist
in which proteases have been induced to function in reverse in
this way, generally through the use of organic cosolvents,
including commercial processes for the production of
aspartame'* and human insulin."® However, many practical
limitations to this approach remain, including the need to
individually optimize the conditions for each reaction or step
and the decreased stability and solubility of proteases in
organic solvents.
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2.2. Protease-Catalyzed Peptide Bond Synthesis under
Kinetic Control

An alternative approach for using proteases in reverse is to run
the reaction under kinetically controlled conditions, in which
the kinetic properties of the enzyme (AG'), rather than the
thermodynamic stabilities of the substrates and products,
determine the reaction yield (Figure 3B).'”"” This approach
has been apglied in the context of serine and cysteine
proteases,'®~*° whose reaction mechanisms involve the
formation of an acyl-enzyme intermediate.”"** In the context
of these enzymes, the protease-catalyzed hydrolysis of both
esters and amides proceeds through a similar chemical
mechanism. The catalytic nucleophile (Ser or Cys) attacks
the carbonyl bond of the substrate to form the acyl-enzyme
intermediate. This intermediate then breaks down through the
attack of water or another nucleophile on the (thio)ester bond.
However, although esters and amides generate the same acyl-
enzyme intermediate,”* esters are intrinsically more reactive
than amides. Acylation of the enzyme by the more activated
ester substrate therefore kinetically outcompetes acylation by
the ligated peptide product, minimizing product hydrolysis and
increasing ligation product yield on short time scales. However,
nonproductive hydrolysis rather than aminolysis of the acyl-
enzyme intermediate consumes substrate ester and limits
reaction yield."

3. PROTEIN ENGINEERING OF SUBTILISIN FOR
IMPROVED PEPTIDE BOND SYNTHESIS

3.1. Mutation of the Catalytic Serine to Cysteine

Protein engineering approaches have enabled the manipulation
of the kinetic properties of proteases to optimize them for
kinetically controlled peptide bond synthesis. Early protease
engineering efforts focused on the application of site-directed
chemistry to manipulate the catalytic nucleophile of subtilisin,
a serine protease with a canonical Ser-His-AsE catalytic triad.
Polgar and Bender” and Neet and Koshland® independently
employed a chemical mutagenesis approach to convert the
catalytic serine of subtilisin to cysteine, generating the
thiolsubtilisin variant. Thiolsubtilisin exhibited a severe
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Figure 3. Proteases as catalysts for peptide bond synthesis under
thermodynamic or kinetic control. Free energy (G) is plotted on the
y-axis, and reaction coordinate is plotted on the x-axis. (A) Under
thermodynamic control, the relative yield of peptide ligation products
and hydrolysis products is determined by their relative thermody-
namic stabilities (AG®’). Reaction conditions can be manipulated to
change the position of the equilibrium to increase ligation product
yield. (B) Under kinetic control, the relative yield of the ligation and
hydrolysis products is determined largely by the energetic barriers
(AG¥) for acylation of the enzyme by the peptide ester substrate or by
the peptide ligation product, which can undergo secondary hydrolysis.

1,000—10,000-fold impairment in amidase activity but retained
a relatively high level of esterase activity only 3-fold lower than
the wild-type enzyme (Figure 4).

Around the same time, kinetic studies of hydrolysis and
aminolysis of esters and thioesters demonstrated that thioesters
are much more reactive toward amines than toward water
compared to esters.””** Kaiser and co-workers synthesized
these observations, recognizing that the kinetic properties of
thiolsubtilisin might overcome many of the limitations of
proteases in kinetically controlled peptide synthesis.”® First,
because thiolsubtilisin is a poor catalyst for peptide bond
hydrolysis, secondary hydrolysis of the ligated peptide product
would be diminished compared to conditions under which an
active, wild-type protease is used. Second, because thiolsubti-
lisin maintains the ability to form an acyl-enzyme intermediate
from a peptide ester substrate, it can be deacylated through
attack of an N-terminal a-amine from another peptide segment
to form a peptide bond. Third, because the acyl-enzyme
intermediate is a thioester rather than an ester, it is more
reactive toward amines, increasing the ratio of aminolysis
versus hydrolysis of the intermediate. Using thiolsubtilisin in
combination with various p-chlorophenyl esters as acyl donors,
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Figure 4. Engineering the kinetic properties of subtilisin for peptide
bond synthesis. Introduction of the $221C mutation (thiolsubtilisin)
and $221C/P225A (subtiligase) mutations into the subtilisin scaffold
changes the energetic barriers (AGY) for specific catalyzed reaction
steps. In thiolsubtilisin (magenta), the $221C increases the barrier for
acylation of the catalytic nucleophile only slightly for an ester acyl
donor (left) but very significantly for an amide acyl donor (right).
This results in a favorable ratio of esterase to amidase activity. For
subtiligase (cyan), the barrier for acylation of the enzyme by an ester
substrate is lower compared to thiolsubtilisin, but the barrier for
acylation by a peptide substrate is much higher, resulting in an even
more favorable esterase to amidase activity ratio. Free energy (G) is
plotted on the y-axis, and reaction coordinate is plotted on the x-axis.

it was possible to synthesize small peptides in 80—95% vyield.
Despite the improved kinetic properties of thiolsubtilisin for
peptide bond synthesis, this strategy still required the use of a
20-fold excess of acyl acceptor and high concentrations of
organic solvent.

Wu and Hilvert later reported the generation of
selenolsubtilisin, a subtilisin variant in which the nucleophilic
serine in the protease is replaced by selenocysteine.”” The
selenoenzyme was 14,000 times more efficient than subtilisin
and 20 times more efficient than thiolsubtilisin at catalyzing
aminolysis. However, selenolsubtilisin is much more suscep-
tible to oxidative inactivation. Therefore, the application of
both thiolsubtilisin and selenolsubtilisin in peptide bond
synthesis remains limited by the requirement for highly
activated esters as acyl donors, the need to use high
concentrations of organic solvent, and the low catalytic
efficiencies of the mutant enzymes compared to wild-type
subtilisin.

3.2. Introduction of the P225A Mutation

The low catalytic efficiency of thiolsubtilisin compared to
subtilisin was hypothesized to result in part from steric
crowding in the active site based on the larger covalent radius
of sulfur (1.03 A) compared to oxygen (0.65 A).> The
development of oligonucleotide-directed site-directed muta-
genesis”® made it possible to evaluate this hypothesis by
introducing additional mutations designed to reposition the y-
thiol of the catalytic cysteine. In subtilisin BPN’, the catalytic
serine (S221) sits near the N-terminal end of helix @6, which
spans residues 220—238 (mature subtilisin BPN’ numbering).
Mutation of a highly conserved proline residue (P225) in this

DOI: 10.1021/acs.chemrev.9b00372
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Figure S. Phage display for screening subtiligase libraries. Subtiligase was displayed on a phage as a fusion with the coat protein pIIL Active
subtiligase variants were captured based on their ability to modify their own N termini with a biotinylated peptide ester substrate.

helix was hypothesized to reposition the catalytic nucleophile,
moving the y-hydroxyl of the Ser away from the oxyanion hole
and catalytic histidine by 0.5—1.0 A.*’ Thus, the $221C/
P225A double mutant (subtiligase) was designed with the goal
of maintaining the improved ratio of aminolysis to hydrolysis
observed in thiolsubtilisin while alleviating steric crowding to
improve catalytic efficiency.” Indeed, X-ray crystallographic
analysis of subtiligase compared to subtilisin revealed that the
P225A mutation induced a shift of the N-terminal end of helix
a6, moving C221 away from the other active site residues by
0.3 A. This shift in the helix appears to better spatially
accommodate the longer carbon—sulfur bond in the
introduced catalytic cysteine.

Kinetic analysis of the §221C/P225A double mutant and
comparison to the S$221C and P225A single mutants
demonstrated that the double mutant has improved kinetic
properties for peptide bond formation.” Each of the single
mutants has severely impaired amidase activity, with smaller
deficits in esterase activity. In contrast, while the amidase
activity of the double mutant is reduced below the detectable
limit (a > 10”-fold decrease compared to wild-type subtilisin),
its esterase activity is increased by 10-fold compared to the
§221C mutant (Figure 4). At the same time, the $221C/
P225A double mutant maintains an aminolysis-to-hydrolysis
ratio that is 500-fold improved over that of wild-type subtilisin.
Although this ratio is 10-fold below the S221C single mutant,
it is sufficient to produce >95% aminolysis without secondary
hydrolysis of the ligated product. In the presence of a 10-fold
excess of acyl acceptor and using an optimized alkyl ester
substrate as the acyl donor, the P225A single mutant
quantitatively hydrolyzes the substrate within 1 min. The
S$221C mutant hydrolyzes about one-third of the substrate,
mainly through secondary hydrolysis of the ligated peptide
product, resulting in a low (<20%) yield of ligated peptide
product in 1 h. In contrast, the S221C/P225A double mutant
(subtiligase) rapidly produces the ligated peptide product in
high yield (>90%) within 1 h with no detectable secondary
hydrolysis. Subtiligase therefore represents a practical tool for
peptide segment condensation under kinetic control. Since its
development, subtiligase has found widespread application in
many areas of chemistry and biology, including peptide
synthesis and cyclization,”””" total protein synthesis,” site-
specific protein bioconjugation,”>** protein semisynthesis,**
and mapping proteolytic cleavage sites,”> among others. The
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initial S221C/P22SA design has also served as a starting point

for engineering many of subtiligase’s enzymatic properties,

includinbg substrate specificity and ligation-to-hydrolysis
. 343

ratio.” ”

3.3. Phage Display Selection of Improved Subtiligase
Variants

The success of the P225A mutation in improving the catalytic
properties of subtiligase for peptide bond formation led to the
hypothesis that additional mutations outside the active site
might also favorably reposition the catalytic residues. However,
the structure-guided approach used to design the P225A
mutant was limited by the need to screen purified enzymes for
amidase, esterase, and peptide bond formation activity using
laborious, HPLC-based assays. To overcome this limitation, a
phage display approach for screening for improved subtiligase
variants was developed (Figure 5).”” Phage display has the
advantage of enabling in vitro screening of >10° enzyme
variants if a suitable system can be developed to connect
enzyme genotype to catalytic activity.”® To couple subtiligase
activity to phage, the enzyme was displayed as a fusion protein
with the phage coat protein plII and a product capture strategy
was employed.”™*' This approach required several modifica-
tions to the original subtiligase sequence. Subtilisin and
subtiligase are typically expressed as prepro proteins in which
the pre sequence (residues 1—30 of the open reading frame;
residues —107 through —78 in mature subtilisin numbering)
serves as a signal peptide for secretion and the pro domain
(residues 31—107 of the open reading frame; residues —77
through —1 in mature subtilisin numbering) is required for
folding of the mature enzyme before its autocatalytic
removal."**~* To avoid the requirement for autocatalytic
cleavage to generate the mature enzyme, the pro domain was
deleted. To enable subtiligase to fold in the absence of the pro
domain, the calcium loop (residues 75—83, mature subtilisin
numbering) was also deleted.*”*>*” Finally, an N-terminal
extension of 15 residues was introduced to enable subtiligase
to catalyze intramolecular ligation of a biotinylated peptide to
its own N terminus, thereby capturing the product of the
reaction on the phage particle. This enabled activity-based
panning, in which the most active subtiligase mutants could be
selected by affinity capture of the biotinylated phage. Using
this system, six libraries in which groups of four or five
contiguous residues near the active site were randomized were

DOI: 10.1021/acs.chemrev.9b00372
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screened for improved activity. Validating the approach, both
the catalytic triad and oxyanion hole residues were completely
conserved, while randomization at position 225 showed that
only Ala or Gly were tolerated. In addition, two new double
mutants (M124L/S125A and M124L/L126 V) were identified
that had catalytic rates >2-fold improved compared to the
original subtiligase design. Interestingly, S125 and L126 are
conserved in subtilisins, but mutations at these positions
improved subtiligase activity, suggesting that different factors
can be adjusted to optimize the designed ligase activity.

3.4. Design of a Calcium- and Pro Domain-Independent
Subtiligase Variant

A stabilized variant of subtiligase that folds independently of
the pro domain was developed using a variant of the construct
that enabled phage display of subtiligase.” In addition to the
calcium loop deletion that enables pro domain-independent
folding,***" 18 stabilizing mutations that were previously
identified in subtilisin were introduced. This enzyme, named
peptiligase, efficiently catalyzes peptide bond formation and
functions in the presence of organic solvents and denaturants.

4. SUBSTRATE SPECIFICITY OF SUBTILIGASE

Much of our understanding of subtiligase substrate specificity
is based on the assumption that subtiligase retains the same
specificity as the parent protease, subtilisin BPN'. Subtilisin
substrate binding has been studied extensively both structurally
and biochemically. The standard Schechter and Berger
nomenclature for protease substrates defines the scissile
bond as the peptide bond linking the P1 (on the N-terminal
or acyl side) and P1’ (on the C-terminal or leaving group side)
residues.”” The adjacent residues are numbered outward from
the scissile bond. Sn and Sn” denote the corresponding binding
pockets on the enzyme that recognize each substrate residue.
X-ray crystallographic studies of subtilisin BPN’ in complex
with covalent peptide inhibitors, products, and transition state
analogs defined a substrate binding cleft that interacts with
substrate side chains from P4—P2'.*°7°° Biochemical and
kinetic studies of substrate specificity in subtilisin BPN’ have
focused largely on the nonprime side of the substrate and
substrate binding cleft, presumably due to the ease of using a
chromophoric leaving group on the prime side as a readout of
activity (Figure 6A). However, more recent work following the
development of subtiligase has explored prime-side specificity
independently in the context of peptide ligation.

4.1. Substrate Specificity on the Nonprime Side

On the nonprime side, the substrate recognition site in
subtilisin BPN' has been structurally defined in many different
crystallographic studies of the protease in complex with
protein, peptide, and covalent inhibitors, as well as products
and transition state analogs (Figure 7A).>*">* These studies
demonstrate that the enzyme makes numerous contacts with
the substrate backbone and also has binding pockets for the
side chains of the peptide substrate (Figure 7B). The S4
pocket, which binds the P4 position of the substrate, consists
of residues 101—107, Leu 126, and Leu 135. The interior
surface of the pocket is primarily hydrophobic, suggesting that
it is primed to recognize hydrophobic substrate residues at the
P4 position. The S3 binding site forms more of a hydrophobic
surface than a pocket, and the side chain of the P3 position of
the substrate is generally observed to be oriented facing
outward toward solvent. However, contacts are observed
between the P3 position and Gly 127, Gly 100, and Leu 126.
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Figure 6. Chromophoric and fluorogenic substrates for subtilisin. (A)
Chromophoric substrate for subtilisin. (B) Internally quenched
fluorogenic substrate for subtilisin; «x, y, and z indicate the distance
from the scissile bond.

The S2 binding pocket is comprised of residues 30—35, 60—
64, Gly 100, and Leu 126 and is also hydrophobic in nature.
The S1 pocket involves primarily Leu 126, Gly 127, Gln 155,
and Gly 166. Close contacts are also observed with His 64, Gly
219, Thr 220, and Ser 221.

Internally quenched fluorogenic peptides were used to
systematically map amino acid preferences at each subsite in
subtilisin BPN’ (Figure 6B).”’ Eight series of substrates were
synthesized in which one amino acid in the PS—P3’ positions
was systematically varied. For each subsite in subtilisin, the
relative preference for each amino acid compared to Gly
(AG;*) was calculated from k,/Ky. By examining the
maximum AGr* in each series, it was possible to rank the
energetic significance of each Pn—Sn interaction. The S4 and
S1 pockets are the most discriminating, with smaller
contributions from S2, S3, and the prime side. Consistent
with crystallographic data that shows that the subtilisin
substrate binding cleft spans from P4—P2’,°>* variation of
the side chain in positions P5 and P3’ had little impact on the
efficiency of substrate hydrolysis.

The substrate binding cleft of subtilisin is largely hydro-
phobic, and biochemical studies demonstrate that the most
preferred substrates are hydrophobic as well (Figure 8).°” In
the S4 pocket, there is a strong preference for aromatic
residues, although substrates with other large hydrophobic side
chains are also hydrolyzed efficiently. Although hydrophobic
effects appear to dominate the S4—P4 interaction, there are
also steric factors such that P4 Trp substrates are less efficiently
hydrolyzed than P4 Phe substrates, an effect that has been
attributed to the larger size of Trp. Charged and polar residues
are poorly accepted at the P4 position. At the S3 subsite, there
is strong discrimination between positively and negatively
charged residues, with P3 Arg substrates hydrolyzed the most
efficiently. However, there is little discrimination among
uncharged residues. Aliphatic side chains in the P2 position
are preferentially recognized by the S2 subsite, with negatively
charged residues poorly tolerated. The S1 pocket is the most
energetically discriminating position in subtilisin BPN'.
Hydrophobic side chains are strongly preferred, although p-
branched amino acids Val and Ile are poorly accepted. Pro and
negatively charged amino acids are also not well tolerated at
the P1 position.
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4.2. Engineering Substrate Specificity on the Nonprime
Side

Biochemical studies of the S1—PI interaction in subtilisin
BPN’ show that subtilisin specificity can be engineered in a
modular fashion by targeting each of the individual subsites for
mutagenesis, enabling the construction of fit-to-purpose
enzymes as proteolytic processing tools. A conserved Gly
(Gly 166) in the S1 pocket was replaced with 12 nonionic
amino acid side chains, and the impact of these mutations on
the hydrolysis of substrates with different amino acids at the P1
position was explored.”® Large changes in substrate specificity
were observed in the mutant enzymes. Substrates with small
hydrophobic amino acids in the P1 position were generally
hydrolyzed more efficiently by mutants with a larger side chain
at position 166, while substrates with the large hydrophobic
side chains that are preferred by the wild-type enzyme showed
a different pattern. Kinetic studies demonstrated that as the
volume of the side chain substituted at position 166 increases,
the substrate preference of the enzyme shifts from large P1 side
chains to small P1 side chains. This shift is proportional to the
size of the P1 substrate side chain. Based on analysis of the
kinetic data for the different enzyme—substrate pairs, the
optimal combined volume of the side chain at position 166 and
the P1 substrate side chain is 160 + 30 A. This study defined
the interplay between steric and hydrophobic effects in
substrate recognition and also demonstrated that it is possible
to engineer subtilisin variants with altered substrate specificity.

Further protein engineering efforts demonstrated that a
small number of amino acid substitutions can be introduced
into subtilisin BPN' to change its substrate specificity.”” An
early substrate specificity engineering study focused on
conferring the substrate specificity of Bacillus licheniformis
subtilisin onto Bacillus amyloliquefaciens subtilisin. The two
enzymes are 69% identical but differ in their catalytic
efficiencies toward various substrates by 10- to 60-fold. In
particular, the B. licheniformis enzyme is 60-fold more efficient
at hydrolyzing substrates with a Glu in the P1 position, and
differences in k./Ky up to 10-fold are also observed for
uncharged substrates. However, only three amino acid
substitutions occur proximal to the substrate binding cleft.
By introducing the substitutions that occur in the B.
licheniformis enzyme (Ser 156, Ala 169, and Leu 217) into
the B. amyloliquefaciens enzyme (Glu 156, Gly 169, and Tyr
217), it was possible to generate a subtilisin BPN’ variant with
substrate specificity similar to the B. licheniformis enzyme.

In later protein engineering studies, the substrate specificity
of subtilisin BPN’ was engineered for efficient hydrolysis of
dibasic substrates with the positively charged side chains at the
P1 and P2 positions.”” This was achieved by mutating residues
in the S1 and S2 pockets (Gly 166, Ser 33, and Asn 62) to the
corresponding amino acids that are observed in the eukaryotic
subtilisin homologues Kex2 and PC2, which are known to
cleave dibasic substrates.”’ Mutating each position to Glu or
Asp led to a shift in substrate preference toward dibasic
substrates and away from the hydrophobic substrates preferred
by the wild-type enzyme, while mutating multiple positions in
combination led to larger, nonadditive shifts in substrate
preference. The N62D/G166D and N62D/G166E mutants
showed the largest shifts in substrate preference. These
mutants were 100- and 500-fold more eflicient, respectively,
at cleaving substrates with P1—P2 Lys-Lys or Lys-Arg than the
wild-type enzyme. For hydrolysis of a P1—P2 Ala-Phe
substrate, the mutants were 500- and 100-fold less efficient
compared to the wild-type enzyme.

Using the N62D/G166D mutant as a starting point, another
subtilisin mutant with additional s(?eciﬁcity for a basic residue
at the P4 position was engineered.”” The design of this mutant
was based upon the eukaryotic subtilisin family member furin,
which naturally recognizes tribasic substrates”*”®° and
involved mutating residues in the S4 pocket (Tyr 104, Ile
107, and Leu 126) to the corresponding amino acids in furin.
Interestingly, mutating only these positions in subtilisin BPN’
led to the production of inactive enzyme due to poor
autocatalytic processing of the cleavage site between the pro-
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domain and that catalytic domain. However, replacement of
the native cleavage site (AHAY) with a furin cleavage site
(RHKR) rescued this phenotype and produced an active
enzyme with altered specificity. This enzyme, termed furilisin,
hydrolyzed succinyl-RAKR-pNA 60,000 times faster than an
efficient substrate for the wild-type enzyme, succinyl-AAPF-
pNA, with a 360-fold discrimination in favor of Arg compared
to Ala observed at P4.

Protein engineering efforts focused on altering subtilisin
specificity on the nonprime side have been largely translatable
to subtiligase. Using information from mutational studies of
subtilisin, subtiligase variants have been designed to recognize
specific P1 residues in the donor ester substrate.” Like
subtilisin, subtiligase prefers hydrophobic or Lys residues at
P1. Mutational studies of subtilisin demonstrated that
introduction of G166E, E156Q/G166 K, and G166I mutations
alters substrate specificity toward P1 Lys or Arg, Glu, and Ala,
respectively. Introduction of these same mutations into
subtiligase altered substrate specificity as predicted based on
their effect on subtilisin substrate hydrolysis. For the substrate
succinyl-AAPA-glc-F-amide, the G166 mutant is more
efficient at ligation to an Ala-Phe dipeptide, while the
E156Q/G166 K mutant efficiently ligates succinyl-AAPE-glc-
F-amide. For the succinyl-AAPK-glc-F-amide substrate, the
negatively charged G166E mutant catalyzes efficient ligation,
while the positively charged E156Q/G166 K double mutant
impairs ligation activity. The ability of these mutants to ligate
sequences that are not efficiently accepted by wild-type
subtiligase provides flexibility in designing ligation junctions,
expanding the utility of subtiligase for synthesis of amide
bonds. More broadly, these studies demonstrate that
specificity-altering mutations identified in the context of
subtilisin can be used to generate subtiligase mutants with
predictably altered substrate recognition properties.

4.3. Substrate Specificity on the Prime Side

Few structures of subtilisin that illustrate interactions between
the enzyme and the prime side of the substrate are available, in
part because many structures of subtilisin in complex with
covalent inhibitors utilize peptides in which the prime side
residues have been replaced with a warhead to modify the
catalytic Ser.’®®” However, many naturally evolved protein
inhibitors of subtilisin exist and crystal structures of the
enzyme—inhibitor complexes have been used to elucidate the
prime side binding pockets.”>™>° Based on the view that
proteinaceous inhibitors can be considered as substrates
trapped in a potential energy minimum along the reaction
coordinate, it is believed that the structures of the enzyme—
inhibitor complexes closely resemble the true structure of the
enzyme—substrate complex.”> These structures suggest that
the P1" and P2’ substrate positions are recognized by subtilisin,
with P3’ outside the substrate binding cleft (Figure 7). The S1’
pocket involves contacts with His 64, Asn 155, Asn 218, Ser
221, and Met 222. The S2’ pocket involves Phe 189, Asn 155,
and Asn 218.

Internally quenched fluorescent peptides have been applied
to study the prime side specificity of subtilisin by using an
efficient substrate and systematically varying the P1’ and P2’
positions.”” While the S1' and S2’ pockets are both less
discriminating than any of the nonprime side pockets, the S1’
pocket discriminated more strongly between different amino
acids, without a clear pattern of side chain properties in the
most preferred substrates. At S2’, aromatic and large
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hydrophobic residues were preferred. Although the internally
quenched peptide strategy allows the P1" and P2’ positions to
be systematically varied, there is a limitation to the approach
that complicates interpretation of the data and curbs its
translatability from subtilisin to subtiligase. Because production
of a fluorescent signal requires only cleavage of the peptide
between the fluorophore and the quencher, these experiments
do not provide information about the exact cleavage site. It is
therefore possible that for substrates with very disfavored
residues in the position being varied, subtilisin cleaves in a
different position than predicted. In contrast, the use of pNA
substrates to probe nonprime side specificity requires cleavage
between the P1 residue and the pNA chromophore to produce
a signal and therefore provides information about the exact
cleavage site. However, this strategy does not enable sampling
preferences on the prime side due to the need to replace the
P1’ and P2’ residues with pNA.

In the context of subtiligase prime side specificity, the
differences in kinetic mechanism between subtilisin and
subtiligase are an important consideration (Figure 9). Both
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Figure 9. Kinetic mechanisms of subtilisin and subtiligase. (A) A
schematic representation of the kinetic mechanism of subtilisin and
subtiligase. (B) Kinetic mechanism of subtiligase. (C) Kinetic
mechanism of subtilisin.

proteolysis and peptide ligation are bisubstrate reactions that
require a peptide or peptide ester substrate to form the acyl—
enzyme intermediate and a nucleophile to resolve the
intermediate. In both the protease and the ligase, residues on
the nonprime and prime sides of the substrate are recognized
during the initial substrate binding event prior to formation of
the acyl—enzyme intermediate. The residues on the prime side
act as a leaving group as the acyl—enzyme intermediate is
formed. In the case of the protease reaction, the acyl—enzyme
intermediate is hydrolyzed by water as the nucleophile.
However, during the peptide ligase reaction, the acyl—enzyme
intermediate is intercepted by an a-amine nucleophile from the
N terminus of a peptide or protein. This provides a second
opportunity for the S1’ and S2’ pockets to discriminate
between amino acid side chains independently of the nonprime
side of the substrate, which is already covalently attached to
the enzyme. Because the nonprime side residues are no longer
tethered to the prime side residues in this second
discrimination step, energetically significant favorable inter-
actions on the nonprime side can no longer overcome
unfavorable interactions on the prime side during substrate
binding. Similarly, unfavorable interactions on the nonprime
side can no longer lead to the exclusion of otherwise favorable
prime-side substrates. For these reasons, a complete under-
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identification of ligation sites (PILS).

standing of subtiligase prime side specificity required
experimental exploration of the ligation efficiency of various
prime side substrates, rather than prediction based on kinetic
data obtained in the context of subtilisin.

Subtiligase prime side specificity has been characterized
using immobilized synthetic peptides, substrate phage, and
proteome-derived peptide libraries (Figure 10).>** Using
immobilized synthetic tripeptide sequences of the form NH,-
Xaa-Xaa-Ala, subtiligase efficiency for ligation of 400 possible
dipeptide sequences was evaluated (Figure 10A).”> This
approach used biotin-KGAAPF-glc-F-amide as the donor
peptide ester substrate and used an enzyme-linked immuno-
sorbent assay (ELISA) approach by staining of the
immobilized peptides with streptavidin-HRP after a fixed-
time incubation with subtiligase. Though somewhat qualitative
due to a low dynamic range, this analysis revealed that the
most preferred P1’ residues were Met, Phe, Lys, Leu, Arg, Ala,
Ser, and His, while the most disfavored residues were Glu, Asp,
Pro, Asn, Gln, Thr, Val, and Ile. While the P2’ residue was
determined to exert a smaller effect on substrate preference,
Cys, Pro, Gly, Gln, Glu, Trp, and Leu were poorly tolerated.
However, in many cases, pairing a poor P2’ residue with a
good P1’ residue could rescue ligation efficiency (Figure 8).

As a complement to the use of immobilized synthetic
peptides, subtiligase substrate specificity was also evaluated
using substrate phage (Figure 10B).”® To display a library of
potential subtiligase substrates on the surface of phage, a
modified human growth hormone (hGH) with a randomized,
three amino acid N-terminal extension was fused to the phage
coat protein pIIl. After incubation with subtiligase and
iminobiotin-KGAAPK-glc-F-amide as the peptide ester donor
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substrate and three to six rounds of selection, iminobiotin-
modified phage was captured on immobilized avidin and
sequenced. Although the number of clones sequenced from the
input phage library and selectants from rounds three to six was
insufficient to statistically sample all possible ligation products,
qualitatively, Met, Tyr, Ala, Arg, and Leu were overrepresented
at P1’ in the pool of selectants, while Phe, His, Trp, Leu, Ser,
Asn, and Tyr were overrepresented at the P2’ position. Based
on the common preferred substrates between the synthetic
library approach and the substrate phage approach, aromatic,
hydrophobic, and positively charged are the most preferred
residues in the P1’ position, while acidic residues, Pro, Thr,
Asn, Ile, and Val are the least preferred. For analysis at the P2’
position, the results of substrate phage and synthetic peptide
analysis did not overlap well, but common preferred residues in
this position were Val, His, Tyr, Ser, Ala, Phe, and Asn. Pro
and Gly were the least tolerated residues as identified by both
methods at P2" (Figure 8).

In the context of the subtiligase derivative peptiligase,
synthetic peptide libraries were used to map prime-side
specificity one position at a time.”® This analysis revealed
that peptiligase only accepts Ser, Gly, and Ala at the P1’
position and requires hydrophobic residues at P2'. Muta-
genesis studies determined that P1’ specificity is mainly
controlled by M213 and L208, analogous to M222 and Y217
in subtiligase.

Proteome-derived peptide libraries®” have also been
deployed to map subtiligase prime side specificity using the
proteomic identification of ligation sites (PILS) method
(Figure 10C).** The PILS method involves digesting the E.
coli proteome with two digest proteases of orthogonal

DOI: 10.1021/acs.chemrev.9b00372
Chem. Rev. 2020, 120, 3127—-3160


http://dx.doi.org/10.1021/acs.chemrev.9b00372

Chemical Reviews

specificity and using the resulting proteome-derived peptide
libraries as a pool of substrates for subtiligase modification.
The peptide libraries were incubated with subtiligase and a
limiting amount of peptide ester substrate bearing a biotin for
affinity enrichment, a TEV protease cleavage site for selective
elution, and an aminobutyric acid (Abu) mass tag for substrate
identification (biotin-EEENLYFQ-Abu-glc-R-amide). Under
these conditions, each peptide sequence is modified according
to its abundance in the peptide library and the efliciency with
which subtiligase accepts the sequence. Biotinylated substrates
were enriched on immobilized streptavidin and selectively
eluted by cleaving with TEV protease, leaving behind the Abu
mass tag. The input library and the enriched pool of Abu-
modified substrates were sequenced by LC-MS/MS to
quantify the frequency with which each amino acid occurred
in each position in both samples. By evaluating position-
specific differences in amino acid frequency, it was possible to
quantitatively and comprehensively determine subtiligase
specificity. Consistent with previous structural and biochemical
studies,””**"” the PILS experiment revealed that there is very
little substrate specificity beyond the P2’ position but that
there are significant substrate preferences at P1’ and P2'. In the
P1’ position, small amino acids (Ala, Ser, and Gly), Met, and
Arg were the most favored substrates, while acidic residues
(Asp and Glu), branched-chain amino acids (Ile, Leu, Thr, and
Val), Pro, and Gln were poorly accepted. At P2/, aromatic
(Phe, Trp, and Tyr) and large hydrophobic (Ile, Leu, and Val)
residues were enriched among the Abu-modified substrates,
while charged (Asp, Glu, Lys, and Arg) and polar (Asn, Gln,
and Ser) residues, Gly, and Pro were de-enriched. These
results generally agree with the consensus best and worst P1’
and P2’ residues determined by substrate phage and synthetic
peptide libraries.”> However, they also reveal additional
substrate discrimination that was not uncovered by the earlier
analyses. This is perhaps because the proteome-derived
peptide libraries were sufficiently redundant to enable
statistical analysis of all 20 amino acids in each position.

Because proteome-derived peptide libraries are sufficiently
diverse, the PILS approach also enabled examination of
cooperativity between the prime side substrates that could
not be examined by varying one amino acid at a time.”*
Measurement of the enrichment or de-enrichment of each of
the 400 possible dipeptide sequences following subtiligase
modification revealed clear subsite cooperativity in subtiligase.
When P2’ is an aromatic residue, any amino acid at the P1’
position except Asp or Glu was efficiently modified by
subtiligase. Similarly, when a small amino acid, Arg, or Met
is the P1’ residue, a larger number of P2’ residues are well
tolerated by subtiligase. Therefore, favorable interactions at
either one of the prime side subsites can help to overcome
weak or unfavorable interactions at the other, leading to a
larger number of sequences that are efliciently ligated by
subtiligase.

The PILS method also enabled functional mapping of the
S1” and S2’ pockets by alanine scanning mutagenesis and
characterization of the substrate specificity of each mutant.**
Twenty sites within 7 A of the catalytic triad were individually
mutated to alanine, and the changes in ligation sequence
specificity were quantified using PILS. One mutation, F189A,
was identified that diminished modification of sequences
containing a P2’ residue that was efficiently modified by the
wild-type enzyme, while simultaneously enhancing modifica-
tion of sequences that are poorly tolerated by wild-type
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subtiligase. This pattern of specificity change suggested that
Phe 189 is the primary determinant of P2’ specificity. Another
mutation, Y217A, was identified that increased modification of
sequences with a P1’ residue that is poorly tolerated by wild-
type subtiligase, suggesting that Tyr 217 is the primary
determinant of P1’ specificity.

4.4. Engineering Specificity on the Prime Side

Identification of the residues that determine subtiligase prime
side specificity enabled the development of engineered variants
that efficiently modify P1'—P2’ sequences that are poorly
tolerated by wild-type subtiligase.’* Saturation mutagenesis at
position 217 followed by PILS analysis led to the identification
of several mutants with altered specificity requirements. The
Y217K and Y217R mutants much more efficiently modified
sequences with an acidic residue at P1’, while the Y217D and
Y217E mutants more efficiently modified sequences with His,
Lys, Ser, or Arg at P1’. At position 189, the F189S, F189Q,
F189K, and F189R mutants improved modification of peptides
with an acidic P2’ residue. Many of the other mutants
characterized in this way also led to changes in the efliciency
with which individual sequences were modified. Double
mutants at positions 189 and 217 were also characterized
and resulted in predictable changes in sequence specificity
based on the specificity requirements of the corresponding
single mutants. In total, 72 subtiligase mutants were
characterized, more than doubling the number of the 400
possible dipeptide sequences that can be efficiently modified
with subtiligase as measured by the PILS assay. The altered
specificity of some of these mutants (Y217K, F189K, and
F189R) was validated in the context of a small panel of green
fluorescent protein (GFP) variants with altered N-terminal
sequences, suggesting that peptide-level specificity results
predictably translate to intact proteins. To enable application
of this toolbox of subtiligase mutants, a web application, a-
Amine Ligation Profiling Informing N-terminal Modification
Enzyme Selection (ALPINE) (https://wellslab.ucsf.edu/
alpine/) was developed to allow users to algorithmically
identify the best subtiligase mutant for modifying a particular
N-terminal sequence.”*

In peptiligase, prime-side specificity was engineered by
characterizing the activity of the enzyme toward synthetic
peptide libraries that varied one position at a time.®® Saturation
mutagenesis was performed at positions 213 and 208,
analogous to 222 and 217 in subtiligase numbering.
Replacement of M213 with Ala, Gly, or Pro was determined
to broaden the peptiligase substrate profile, and replacement of
L208 with Gly, Ala, Ser, or Asn also broadened tolerance of
different P1’ amino acids. These mutants were employed for
gram-scale synthesis of exenatide, a mimetic of the peptide

metabolic hormone incretin, that is used clinically to treat
diabetes.”’

5. PREPARATION OF SUBTILIGASE SUBSTRATES

5.1. Preparation of Peptide Ester Substrates for
Subtiligase

5.1.1. Boc/Benzyl Solid Phase Peptide Synthesis.
Several methods for the preparation of peptide ester substrates
for subtiligase have been reported. In early work, peptide esters
were prepared by solid-phase peptide synthesis (SPPS) using
Boc chemistry.”"’” For preparation of a lactate ester, lactic acid
sodium salt was incorporated into the resin bound peptide by
activation with benzotriazol-1-yloxytris(dimethylamino)-
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phosphonium hexafluorophosphate (BOP).”*> For preparation
of glycolate esters, glycolic acid was incorporated as the tert-
butyl ether, and the tert-butyl group was subsequently removed
using 50% trifluoroacetic acid (TFA) in dichloromethane.
Synthesis of the ester bond with either the lactic acid or
glycolic acid moiety required the use of the nucleophilic
catalyst 4-dimethylaminopyridine (DMAP) for coupling of the
subsequent amino acid. However, all of the following amino
acids could be incorporated using standard Boc SPPS coupling
conditions. The synthesis of glycolate esters using SPPS and
Boc chemistry was later optimized to eliminate the need for
deprotection of the tert-butyl ether (Figure 11A).”> Bromo-
acetic acid was coupled to the resin-bound peptide using 1,3-
diisopropylcarbodiimide (DIC) at SO °C to generate the
bromoacetyl derivative. The subsequent Boc-protected amino
acid was then incorporated through nucleophilic displacement
of bromide by the carboxylate group in the presence of sodium
bicarbonate to form an ester bond. All of the remaining amino
acids were then incorporated using standard Boc SPPS
coupling conditions. Both methods for Boc SPPS of peptide
ester substrates can be carried out either manually or using a
peptide synthesizer, and they require the use of anhydrous
hydrogen fluoride (HF) for side chain deprotection and
cleavage of the peptide from resin.

5.1.2. Fmoc/tBu Solid Phase Peptide Synthesis. While
the Boc SPPS method for synthesizing peptide esters is
effective, the need to use nonstandard deprotection and
coupling conditions, to perform one step at elevated
temperature, and to use the hazardous acid HF for peptide
cleavage created a demand for development of a more facile
approach.”*” As a result, two separate methods for using an
Fmoc/tBu SPPS scheme for peptide glycolate ester synthesis
were reported around the same time.”””> One approach relies
on solution-phase preparation of a glycolate-modified amino
acid before coupling to the resin.”” Fmoc-L-Tyr(OtBu)-OH
was treated with benzyl-2-bromoacetate in the presence of
diisopropylethylamine (DIEA) to yield a benzyl ester
intermediate. Catalytic reduction of the benzyl ester using
H, and 10% Pd/C yielded the glycolate-modified amino acid.
This modified amino acid was then incorporated into the resin-
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bound peptide using standard Fmoc SPPS coupling conditions.
The second approach for Fmoc SPPS synthesis of peptide
glycolate esters relies on direct incorporation of the glycolic
acid moiety into the resin-bound peptide (Figure 11B).”*
Following deprotection of the N-terminal Fmoc group, the free
amine was coupled to acetoxyacetic acid using standard Fmoc
coupling conditions. The acetoxy group was deprotected with
hydrazine, and the subsequent amino acid was incorporated in
the presence of catalytic DMAP to form the ester bond.
Additional amino acids were then incorporated using standard
Fmoc SPPS coupling conditions. A similar approach was later
optimized that relies on incorporation of iodoacetic acid into
the resin-bound peptide, followed by nucleophilic displace-
ment of iodide to form the ester bond.”

Although aryl esters and thioaryl esters acylate subtilisin at a
faster rate than alkyl esters, they are less stable and more
synthetically challenging.” Additionally, alkyl esters are closer
in structure to natural protease substrates, with glycolate
producing an ester linkage analogous to a glycine residue and
lactate producing an ester linkage analogous to an alanine
residue. Therefore, alkyl esters have been more widely used as
acyl donor substrates for subtiligase.”**™>”* To identify the
optimal donor ester substrate for subtiligase, a series of
glycolate and lactate esters were prepared using Boc SPPS and
their kinetics as acyl donors in subtiligase-catalyzed peptide
ligation were evaluated.” In the glycolate ester series, a
systematic decrease in Ky; was observed as additional residues
were added on the prime side of the ester bond. The peptide
ester with glycolate-Phe-Gly-amide as the leaving group
acylated subtiligase more efficiently than the substrate with a
glycolate-Phe-amide leaving group, which was more eflicient
than the glycolate-amide substrate. A similar systematic
decrease in Kj; was observed across the lactate ester series,
although the lactate esters acylated subtiligase with k,/Ky
values 5—10-fold lower than those for the corresponding
glycolate substrates. The lactate esters contain an additional
stereogenic center compared to the glycolate esters; therefore,
both the L- and p-lactate stereoisomers were evaluated. The p-
lactate ester series acylated subtiligase with k,/ky; values 40—
5000-fold lower than those for the L-lactate ester series,
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suggesting that the lactate ester binds in the S1” pocket in the
same way that a natural amino acid would. Based on the results
of these studies, peptide esters with at least one amino acid C-
terminal to the ester bond have become the most widely used
acyl donor substrates for subtiligase. Although glycolate-
phenylalanyl amide substrates were used initially,*>**”"
subsequent studies have used substrates with glycolate-lysyl
amide and glycolate-arginyl amide leaving groups.”” These
substrates function efficiently in subtiligase-catalyzed peptide
bond formation but have the advantage of greater solubility as
they are positively charged at neutral pH.

5.2. Preparation of Peptide Thioester Substrates for
Subtiligase

Subtiligase activity in peptide ligation was originally assessed
using the commercially available thiobenzyl ester substrate
succinyl-Ala-Ala-Pro-Phe-SBz.”? Although the k,, value for this
substrate in subtiligase-catalyzed peptide ligation was higher
than those measured for the alkyl ester substrates, peptide
thioester substrates were considered more synthetically
challenging than peptide esters at the time subtiligase was
first reported. Subsequent studies therefore focused on peptide
esters as acyl donors.”*”**”* However, the advent of synthetic
methods for peptide thioesters that are compatible with the
more convenient Fmoc/tBu SPPS strateg}r78_82 made it
possible to revisit alkyl thioesters as subtiligase substrates. To
compare the efficiency and kinetics of peptide ester and
thioester substrates in subtiligase-catalyzed peptide ligation,
two model acyl donors of the form acetyl-His-Ala-Ala-Pro-Phe-
X-Phe-Gly-amide, where X is either a glycolate or a
thioglycolate linkage, were synthesized.”> The subtiligase-
catalyzed kinetics and reaction yields for ligation to an Ala-
Phe-Ala-amide substrate were then evaluated. In the case of the
thioester substrate, quantitative ligation was observed within 3
min, while the ester substrate required a much longer 65 min
reaction time. In the case of a more unfavorable acyl donor
substrate sequence, acetyl-LVKEI-X-FG-amide, only 62% of
the ester formed the ligation product over 390 min, while the
thioester was completely converted to the ligation product
within 80 min. Even for a very unfavorable substrate sequence,
acetyl-LVKEG-X-FG-amide, use of the thioester substrate
resulted in a 10% yield of ligation product, while the ester
substrate was completely hydrolyzed. Measurement of the
Michaelis—Menten kinetic parameters for both the favorable
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and unfavorable substrates demonstrated that the catalytic
efficiency for ligation of the thioester substrate is 10—20-fold
higher than k_,/Ky for the ester substrate. Most of this effect
arose in the k., parameter, suggesting that the enhanced
catalytic efficiency is mainly attributable to the intrinsically
higher reactivity of the thioester bond. Consistent with the
difference in catalytic efficiency arising during the acylation
step, use of the thioester as an acyl donor with a poor
nucleophile substrate (Gly-Gly-Leu-Gly-amide) could not
rescue formation of the ligation product. These results indicate
that peptide thioesters could be more useful substrates in cases
where reaction time is important and also suggest that
acylation is the rate-limiting step in subtiligase-catalyzed
peptide bond formation.

An approach to synthesize longer thioester substrates for
subtiligase has also been developed.** The method relies on
the use of a modified intein that can be C-terminally esterified
with benzyl mercaptan. This enabled recombinant expression
of C-terminally thioesterified proteins that are inaccessible by
SPPS because of their length.

6. APPLICATION OF SUBTILIGASE FOR PEPTIDE AND
PROTEIN SYNTHESIS

Based on its ability to catalyze peptide bond formation with
absolute chemoselectivity for N-terminal @-amines over lysine
e-amines, subtiligase has been applied broadly as a tool for
synthesis of linear and circular peptides, for site-specific protein
bioconjugation, for protein semisynthesis, and for protein total
synthesis. Other applications of subtiligase for synthesis of
precursors for peptide synthesis, such as thioesters and
thioacids, have also been developed. These methods take
advantage of the ability of subtiligase to catalyze the formation
of an acyl—enzyme intermediate that can be intercepted by
nucleophiles other than water or amines, such as thiols.
Together, these subtiligase-based methods have enhanced our
ability to synthesize complex peptides and uniformly modified
proteins as potential therapeutics and probes of biological
function.

6.1. Subtiligase-Catalyzed Thioester and Thioacid
Synthesis for Peptide and Protein Bioconjugation

Subtiligase has been applied as a tool for enzymatic synthesis of
thioesters through an ester-to-thioester transesterification
reaction (Figure 12, top).85 Thioesters are important
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intermediates in the synthesis of protein and protein
bioconjugates using native chemical ligation and related
methodologies.*® However, peptide thioesters are typically
more challenging to access via solid phase peptide synthesis
than peptide esters. Subtiligase-catalyzed synthesis of peptide
thioesters from peptide esters is therefore an attractive
approach to produce these intermediates for use in protein
bioconjugation reactions.”> Thioester synthesis using sub-
tiligase represents a greater challenge than peptide bond
synthesis, because rather than resulting in formation of a more
stable amide bond, a more labile thioester bond is produced.
However, because thiols are better nucleophiles than water, it
is possible to achieve catalytic thioester synthesis using
subtiligase under kinetic control. Lowering the pH of the
reaction medium to 4.4 was observed to decrease the rate of
hydrolysis more than that of thiolysis, an effect that was
attributed to the lower pK, of thiols (~9) compared to water
(~16). Using these conditions, in combination with a large
excess of thiol nucleophile, it was possible to achieve moderate
yields (up to 78%) of thioester product. Thiolysis of the
subtiligase acyl—enzyme intermediate occurred 800 times
faster than the same reaction on a chemically equivalent
synthetic peptide substrate, demonstrating that subtiligase
catalyzes the transesterification reaction.

In a related application, subtiligase has also been used as a
hydrothiolase for the synthesis of peptide thioacids (Figure 12,
bottom),*” important intermediates for peptide segment
condensation reactions in which peptide bond formation is
driven by entropically favorable intramolecular acylation.*®
Like peptide thioesters, peptide thioacids are challenging to
prepare using solid phase peptide synthesis and generally
require the use of more hazardous Boc/benzyl-based
strategies.”””’ In the presence of high concentrations of
ammonium sulfide, the thioacyl—enzyme intermediate formed
on subtiligase from a peptide ester substrate could be captured
by sulfide ion to produce the corresponding thioacid.*”
Reaction conditions were carefully optimized to favor the
hydrothiolysis product, although the considerations were
different from those that governed optimal yields of thioester
product. In the hydrothiolysis reaction, the peptide thioacid
product was stable toward subtiligase-catalyzed hydrolysis.
However, a significant amount of hydrolysis product was
formed from direct hydrolysis of the peptide ester substrate.
This hydrolysis reaction could not be outcompeted by using a
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high concentration of ammonium sulfide because of its limited
solubility below neutral pH and tendency to escape as
hydrogen sulfide. The reaction conditions could therefore
not be adjusted to favor hydrothiolysis over hydrolysis by
lowering the pH. The optimum ratio of hydrothiolysis product
to hydrolysis product was therefore achieved at pH 8.2,
producing peptide thioacids in moderate yield. The utility of
the peptide thioacid products was demonstrated by using them
as precursors in the peptide bioconjugation strategy known as
“mini thiol capture ligation”.*® This method relies on capture
of a 3-nitro-2-pyridylthio (Npys)-activated cysteine side chain
by the thiocarboxylic acid of a peptide thioacid. The resultant
acyl disulfide then rapidly undergoes an intramolecular S-to-N
acyl shift, producing a peptide bond. The captured cysteine
residue can then be thiolytically reduced to generate a native
cysteine side chain. A peptide thioacid synthesized from the
corresponding glycolate ester using subtiligase, Ac-His-Ala-Ala-
Pro-Phe-SH, was incubated with a 3-fold molar excess of H-
Cys(Npys)-Phe-Glu-Val-Lys-Gly-NH,, and the two modified
peptides underwent ligation in quantitative yield after S min.
This demonstrated the utility of peptide thioacids synthesized
by subtiligase-catalyzed hydrothiolysis for peptide condensa-
tion applications.

6.2. Peptide Segment Condensation

Subtiligase activity has been studied and optimized extensively
in the context of ligation of linear peptide segments. As a
result, subtiligase-catalyzed peptide ligation has been useful for
synthesis of modified and synthetically challenging peptides.
Subtiligase was applied to modify atrial natriuretic peptide
(ANP), a peptide hormone secreted from the heart to regulate
blood pressure and salt balance (Figure 13A).** ANP has been
applied in the clinic in the context of acute heart failure and
kidney disease but is rapidly cleared from serum via kidney
filtration.”” One method for extending serum half-life of
peptides and proteins is to modify them with polyethylene
glycol (PEG) polymers.”> This modification is usually achieved
by modification of lysine residues with PEG-N-hydroxysuccin-
mide (NHS) ester. However, this method is not applicable to
ANP, which does not contain any lysine residues. Using
subtiligase, ANP was N-terminally modified with succinyl-
KKKGAAPF, enabling subsequent modification of the
introduced lysine residues with PEG-NHS as a proof of
principle.”
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The subtiligase variant peptiligase has been applied for
convergent chemo-enzymatic synthesis of thymosin-al,”’ an
immunoregulatory peptide that is clinically approved for
treatment of hepatitis B and C (Figure 13B).”>~"> Synthesis
of thymosin-al, an acetylated 28-mer peptide, via SPPS is
challenging because of its tendency to form secondary
structure and because a large number of side chain protecting
groups are required. A convergent strategy involving the
peptiligase ligation of two 14-mer peptides was developed,
resulting in a 2-fold increase in yield compared to the current
industrial process for thymosin-al synthesis.”' Efficient
ligation of the two segments required structure-guided
engineering of the substrate-binding cleft for improved
recognition of the two peptide segments. In particular,
mutation of previously identified residues in the S1 and S1’
pockets that control P1 and P1’ substrate recognition led to
increased ligation of the substrates, which contained P1 Lys
and P1" Asp. This led to 55% overall yield of thymosin-a1 with
only one HPLC purification step required, demonstrating a
chemo-enzymatic peptide synthesis strategy that could increase
efficiency and lower costs in industrial peptide production.

6.3. Peptide Cyclization

Cyclic peptides are a therapeutically promising class of
molecules that combine many of the advantageous features
of small molecule drugs and biologics.”*”” They are more
resistant to degradation than linear peptides, and their
conformational rigidity often results in higher binding affinities.
Cyclic peptides may be joined head-to-tail, side chain to side
chain, or side chain to N or C terminus. While a number of
solid-phase and solution chemical methods exist for peptide
cyclization, they have some limitations (reviewed in ref 98).
The entropic barrier to peptide cyclization is large, making
cyclization of peptides larger than 10 residues inefficient.
Additionally, intermolecular oligomerization competes with
cyclization, necessitating low substrate concentrations that
limit the scalability of these reactions. As an alternative to these
chemical methods, subtiligase has been applied as a head-to-tail
peptide cyclization catalyst (Figure 14).”° Linear peptide esters
ranging in length from 12 to 31 amino acids were incubated
with subtiligase to produce cyclic peptides in 30—88% yield.

linear peptide ester

H,N— OR

X

subtiligase

cyclic peptide
yelie pep n=12-31

= natural or unnatural amino acid

Figure 14. Peptide cyclization with subtiligase.
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The efficiency of the ligation reaction was dependent both on
the sequence of the ligation junction and on the length of the
peptide ester substrate. By using peptide esters with N- and C-
terminal sequences that were known to be efficient substrates
for subtiligase ligation and varying the linker length between
them, it was determined that a minimum of 12 residues are
required for cyclization to occur. Peptide esters shorter than 12
residues were intermolecularly oligomerized or hydrolyzed by
subtiligase. As the length of the peptide ester substrates
increased beyond 12 residues, cyclization efficiency also
increased. For peptides longer than 14 residues, only the
cyclized product was observed, with no intermolecular ligation
occurring. Consistent with an intramolecular step following
acylation of the enzyme, yield of the cyclized peptide was
independent of substrate concentration. In later work, the
subtiligase derivative peptiligase was used in combination with
other bioconjugation strategies such as click chemistry, oxime
ligation, and chemical linkage of peptides onto scaffolds
(CLIPS) to generate bicyclic, tricyclic, and tetracyclic
peptides.””™'%" The application of subtiligase to peptide
cyclization has the advantages of functioning on fully
deprotected peptides, concentration independence, and
minimal sequence limitations at the ligation junction compared
to the requirements of other enzymes, making this approach
scalable and applicable to a wide variety of cyclic peptides.

6.4. Total Protein Synthesis

The incorporation of unnatural amino acids into proteins is an
important method for probing protein structure and
function.'”* ™% While several technologies exist for incorpo-
ration of unnatural amino acids into proteins using
recombinant expression technologies,mé’107 these methods
are limited by the inability to incorporate substitutions at
multiple sites, or a lack of site specificity. Total protein
synthesis is therefore an attractive alternative approach to
enable unnatural amino acid substitutions at multiple defined
sites. While SPPS has been applied for this purpose,**~"'? its
use is limited to small proteins <100 amino acids in length, and
chemical synthesis of proteins of this size remains a significant
challenge. Subtiligase has been applied as a tool to catalyze
condensation of protein segments produced by SPPS, enabling
total synthesis of proteins >100 amino acids in length in good
purity with reasonable yields (Figure 15).”

To demonstrate the subtiligase-based coupling and depro-
tection scheme, RNase A (124 amino acids) was chosen as a
target for total synthesis.”” RNase A was an ideal target
because it is structurally''"''* and kinetically''>""* well
characterized, can be refolded in vitro,''"' and has an
interesting catalytic mechanism''”""® that could be probed by
the incorporation of unnatural amino acids. The protein was
divided into six fragments 11—31 residues long,‘?’2 which were
designed taking into account the optimal P1 and P1’ residues
for subtiligase ligation. The fragments were ligated together
beginning with the C-terminal peptide and building toward the
N terminus of the protein. The fully deprotected C-terminal
fragment was coupled to the next fragment, a glycolate-
phenylalanyl amide donor peptide protected on its N terminus
with an isonicotinyl carbamate (iNoc) group''” to prevent self-
ligation. The iNoc group is advantageous as an N-terminal
protecting group because it is compatible with both Fmoc/tBu
and Boc/Bzl SPPS and can be removed after completion of the
ligation reaction under mildly reducing conditions (Zn dust
and acetic acid) to unblock the N terminus for subsequent
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ligations. Each ligation step was carried out with 2—5 mM C-
terminal acceptor peptide, 3—5 equiv donor peptide, and 5 uM
subtiligase for 1—2 h at room temperature. The average yield
per ligation step was 66%, and the average yield per
deprotection step was 86%, for a 15% overall yield of synthetic
protein before refolding. Full-length RNase A was oxidized and
refolded using protein disulfide isomerase and isolated in
milligram quantities following HPLC purification (8% overall
yield). The isolated RNase A was >98% pure based on SDS-
PAGE analysis, and its Michaelis—Menten kinetic parameters
were virtually identical to those previously reported for RNase
A isolated from natural sources.

Using the same strategy that was used to synthesize wild-
type RNase A, three variants were produced in which the
catalytic histidines (His 12 and His 119) were substituted
either individually or in combination with the unnatural amino
acid 4-fluorohistidine (4fHis).*” Because 4fHis has a lower pK,
(3.5) than that of His (6.8) but is nearly isosteric with His,
incorporation of this amino acid enabled the catalytic functions
of the two His residues to be probed. In the first step of the
RNase A catalytic mechanism, the 2’-hydroxyl attacks the 3’-
phosphate to form a 2',3’-cyclic phosphate intermediate. In the
second step, the 2',3’-cyclic phosphate intermediate is
hydrolyzed.""” In the wild-type enzyme, His 119 functions in
general acid catalysis in the first step of the reaction and in
general base catalysis in the second step of the reaction, while
His 12 functions in general base catalysis in the first step of the
reaction and general acid catalysis in the second step of the
reaction. For both steps of the reaction, the pH-rate profile of
the wild-type enzyme has a maximum at pH 6.5—7, with an
acidic inflection point likely reflecting the need for one His to
function in general base catalysis and a basic inflection point
likely reflecting the need for one His to function in general acid
catalysis. As expected based on the pK, difference between
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4fHis and His, substitution of both catalytic His residues with
4fHis results in an acidic shift of the maximal rate of the
enzyme for catalysis of both steps from pH 6.5—7 in wild-type
RNase A to pH 4—4.5 in the double mutant.”* Interestingly,
the maximal rate of the enzyme is only attenuated by 3-fold in
the double mutant, suggesting that matched pK,’s between the
two catalytic residues to enable proton transfer is more
important than the pK,’s of the catalytic residues relative to
that of the substrate.

The subtiligase-catalyzed segment condensation approach
has a number of notable advantages. It enables total synthesis
of larger proteins than can be accessed using SPPS and relies
on fully deprotected peptides that are much more water-
soluble than their side chain protected counterparts.
Substitutions at multiple sites with unnatural amino acids are
possible, and impurities can be removed at every step such that
the final product is of high purity. Although yields drop as the
number of peptide segments increases, the method can easily
be scaled up for synthesis of milligram quantities of protein.
Remaining limitations of this method include the need to
refold the synthetic protein in vitro and the need to carefully
design ligation junctions to match subtiligase substrate

PSS b
specificity.

7. APPLICATION OF SUBTILIGASE FOR SITE-SPECIFIC
PROTEIN BIOCONJUGATION

Site-specific protein modification is a key technique that has
enabled advances in many areas across the chemical and
biological sciences, including the development of chemical

121-123 124126
probes of enzyme function, drug discovery,

127,128

antibody-drug conjugate synthe31s and the application
of fluorescent imaging techniques.'*” Many protein bioconju-
gation strategies depend on targeting naturally occurring side
chains, such as lysine, which provides poor site specificity and
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methods target engineered cysteine'””'*® or methionine
residues or genetically encoded epitopes,**~"** requiring
genetic engineering of the protein of interest. The N terminus
is an attractive site for protein bioconjugation because it
naturally occurs once and only once in each polypeptide
chain."* The application of subtiligase is an attractive method
of N-terminal modification because ligation occurs with
absolute chemoselectivity for the protein N terminus over
lysine e-amines without the requirement for a particular amino
acid sequence tag (Figure 16).”**** The efficiency of ligation
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Figure 16. Subtiligase-catalyzed protein bioconjugation.

depends primarily on the suitability of the N-terminal sequence
to be modified as a subtiligase substrate and on its accessibility
and ability to bind subtiligase in an extended conformation.

7.1. Sequence and Structural Requirements for N-Terminal
Modification by Subtiligase

7.1.1. Characterization of Sequence and Structural
Requirements. Subtiligase protein bioconjugation was first
explored in the context of human growth hormone (hGH) to
probe the sequence and structural requirements for efficient
modification of an intact protein.” Ligation to the native Phe-
Pro N terminus was inefficient (2% yield), but extension of the
N terminus by one Met to Met-Phe-Pro resulted in 95%
ligation yield. This was attributed to the presence of an
unfavorable Pro residue at the P2’ position of native hGH
which was shifted into the less important P3’ position in the
Met-extended variant. Providing support for this hypothesis,
mutation of the Pro residue to Ala rescued ligation yield. When
subtiligase was used for optimal substrates such as Met-hGH, it
was possible to modify the protein efficiently and in high yield
with a variety of useful payloads, including a biotin for affinity
capture and a peptide bearing a mercurated cysteine residue for
applications in X-ray crystallographic studies.

To probe the impact of sequence and N-terminal structure
on bioconjugation yields, two truncated variants of hGH (A2
hGH and A8 hGH) were also tested.”” The first variant, A2
hGH, has an N-terminal sequence of Thr-Ile-Pro, which was
predicted based on substrate phage and synthetic peptide
library studies to be a poor subtiligase substrate and indeed
was ligated in <2% yield. The second variant, A8 hGH, has an
N-terminal sequence of Leu-Phe-Asp and was predicted to be
an eflicient substrate for subtiligase. However, the conjugated
product was obtained in <5% yield. This was attributed to the
observation that helix 1 of hGH begins at position 6, and
therefore, residues 9, 10, and 11 may be in a helical
conformation that cannot bind the substrate binding cleft of
subtiligase, which requires an extended substrate conformation.

Based on the sequence and structural requirements of
subtiligase, introduction of extended N-terminal sequences has
been employed as a strategy for achieving high modification
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yields. Introduction of the optimized subtiligase acceptor
sequence AFA to the N terminus of the human IgG Fc region
(huFc) enabled its efficient modification by subtiligase using
either a thioester peptide or an ester peptide as the acyl
donor.*® While both acyl donors were able to modify huFc in
high yields, the thioester peptide reacted much faster,
facilitating the use of a short (6 min) reaction time.

7.1.2. Engineering Subtiligase To Function in the
Presence of Detergents and Chaotropic Agents. To
generalize the utility of subtiligase for modification of proteins
with unfavorable structural features at the N terminus, a
protein engineering effort was undertaken to generate variants
that function in the presence of detergents and chaotropic
agents.” Previous work had identified mutants of subtilisin
that enhance its stability to heat, basic conditions, and organic
solvents.*~"* Five of these previously identified stabilizing
mutations (MSOF, N76D, N109S, K213R, and N218S) were
introduced into subtiligase to generate stabiligase.”” The
stabiligase variant retained >50% of its activity for ligation of
a peptide ester on Met-hGH even in the presence of 4 M
guanidine hydrochloride. For A8 hGH, which was previously
resistant to subtiligase modification, stabiligase could ligate a
peptide ester to the N terminus in 45% yield in the presence of
0.1% SDS, compared to a 15% yield obtained with subtiligase
under the same conditions. The development of stabiligase
therefore makes it possible to modify proteins that would
otherwise be poor subtiligase substrates, expanding the utility
of subtiligase for protein bioconjugation.

7.2. Selection of Subtiligase Mutants for Protein
Bioconjugation

Although subtiligase has broad sequence specificity on the
prime side,””***” some sequence biases are inherent to the
enzyme and placed limitations on its usefulness for protein
bioconjugation. To expand the number of N-terminal protein
sequences that can be modified using subtiligase, engineered
specificity mutants that were identified by the proteomic
identification of ligation sites (PILS) approach were applied in
protein bioconjugation.”* As an initial test of whether PILS N-
terminal specificity data translates in a predictable way to intact
proteins, a small library of N-terminal variants of green
fluorescent protein (GFP) variants were tested as substrates for
protein bioconjugation with a panel of subtiligase specificity
variants (Y217K, F189K, and F189R). The GFP variants
contained N-terminal sequences that were either good (Ala-
Phe) or poor (Asp-Phe, Glu-Phe, Ala-Asp, and Ala-Glu)
substrates for wild-type subtiligase. The specificity mutations
were introduced in the context of wild-type subtiligase,
stabiligase, and stabiligase-M222A, which contains an addi-
tional mutation that enhances the ligation-to-hydrolysis ratio
for the peptide ester acyl donor substrate. By testing this panel
of mutants, it was possible to identify conditions under which
all five GFP variants, including those that were completely
recalcitrant to modification with the wild-type enzyme, were
modified in >95% yield in two rounds of modification or less.
The mutant that was most efficient for modifying any
particular GFP variant was predictable based on the specificity
profile generated by PILS. Therefore, for future application of
subtiligase mutants for N-terminal modification, screening a
panel of enzyme variants is unnecessary. Rather, the compiled
PILS specificity maps available through the @-Amine Ligation
Profiling Informing N-terminal Modification Enzyme Selection
(ALPINE) web application (https://wellslab.ucsf.edu/alpine/)
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can be used to select the most efficient subtiligase variant for 7.3. Peptide Ester Substrates for One-Step and Modular
modification of user-specified sequences. Protein Bioconjugation

The subtiligase specificity mutant Y217K was applied for To further expand the utility of subtiligase and its variants for
high-yield protein bioconjugation to recombinant antibodies, N-terminal modification, a set of peptide ester substrates were
an important class of therapeutic proteins. Recombinant developed to enable both one-step and modular protein
antibodies for a particular antigen can be selected by phage bioconjugation (Figure 17).34 For the one-step approach, a

display of a library of Fab (Fragment antigen binding) variants peptide ester substrate, succinyl-KAAPF-glc-F-amide, was

to yield high affinity binding reagents."*”'*" The most synthesized (Figure 17A). Because this substrate has a blocked
commonly applied recombinant antibody phage display N terminus and a single free Lys residue, it can be modified
libraries are based on the trastuzumab scaffold and therefore with any NHS ester reagent, enabling proteins to be modified
have common N-terminal sequences (Glu-Ile on the heavy site-specifically in one step with a reagent that would otherwiig
chain and Ser-Asp on the light chain)."** Acidic N-terminal be nonspecific and target all surface-accessible Lys residues.

Many NHS ester reagents are commercially available and can
be converted to site-specific reagents in this way, making this a
general strategy for one-step modification with diverse
payloads. This approach was demonstrated by modifying
succinyl-KAAPF-glc-F-amide with NHS biotin and then
ligating the resultant peptide onto the N terminus of a
recombinant antibody to achieve quantitative biotinylation.
For the modular approach, a peptide ester substrate that is
N-terminally capped with an azidoacetyl group, N;Ac-AAPF-

residues are also commonly observed in naturally occurring
antibodies, making these sequences particularly interesting to
target. The Y217K mutant was selected based on PILS
specificity data to selectively modify the heavy chain of an
aGFP antibody selected by phage display.”* While wild-type
subtiligase was unable to measurably modify this antibody, the
Y217K mutant quantitatively modified the N terminus of the
heavy chain specifically. Efforts to specifically modify the light

chain with an appropriate subtiligase specificity mutant glc-F-amide, was synthesized (Figure 17B).** This substrate
(F189R), however, failed to produce the conjugation product enables modification of proteins with an azide group that can
in high yield. However, by extending the Ser-Asp N terminus be subsequently derivatized with copper-catalyzed or copper-
with a glycine linker, it was possible to rescue modification, free click chemistry'*” using alkyne or dibenzocyclooctyne
suggesting that the light chain is simply inaccessible to bind (DBCO) reagents, respectively, or with Bertozzi—Staudinger
subtiligase. ligation using phosphine reagents."”> To demonstrate this
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their enrichment.

approach, a recombinant antibody was modified with the
azide-bearing peptide and then used a starting material for
modification with a variety of payloads, including a Cy3
fluorophore, the cytotoxic drug monomethyl auristatin E
(MMAE), a DNA barcode, and a PEG polymer.** Importantly,
the recombinant antibody retained its affinity and specificity
following modification.

7.4. Subtiligase-Catalyzed Expressed Protein Ligation

A complementary approach to subtiligase-based methods for
protein bioconjugation and protein semisynthesis is expressed
protein ligation (EPL), a method in which a protein fragment
expressed as a fusion protein with an intein can be converted
to a C-terminal thioester (Figure 18A)."**71% This C-terminal
thioester can then undergo thiotransesterification with the side
chain thiol of an N-terminal Cys residue on a peptide or
protein, followed by an S-to-N acyl shift to generate a native
peptide bond. An advantage of EPL is that it enables the N-
terminal fragment to be recombinantly expressed. However, a
disadvantage is that Cys, one of the least frequently observed
residues in proteins, is required at the N terminus of the C-
terminal fragment, often requiring the use of a non-native
sequence junction. A method for subtiligase-catalyzed EPL was
developed to combine the broad sequence specificity of
subtiligase with the applicability of EPL to recombinant N-
terminal fragments, enabling the synthesis of native proteins
without the requirement for Cys (Figure 18B).'*” In this
method, a recombinant protein thioester is produced as in
EPL. This protein thioester can then be used as the acyl donor
substrate for subtiligase in place of a peptide thioester, enabling
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ligation with any C-terminal fragment whose N-terminal
sequence is a good prime-side substrate for subtiligase.

This approach was initially explored by testing the ability of
subtiligase to catalyze ligation of ubiquitin (Ub) C-terminal
thioester with a synthetic biotinylated peptide."*” Moderate
yields (~50%) of ligation product were obtained using wild-
type Ub, which has a C-terminal sequence (P4—P1) of LRGG,
and the synthetic decapeptide GLSGRGKGGK(biotin). A
number of Ub variants and synthetic peptides were also tested
to explore the influence of the identity of the P4, P1, P1’, and
P2’ residues on ligation efficiency. While most combinations
gave ligation yields in the range of 50—70%, decreases in yield
were observed when the P4 or P1’ positions were Asp or Glu
and when the P1’ position was Pro, in agreement with previous
subtiligase specificity studies. By using subtiligase-E156Q/
G166K or subtiligase-Y217K, the ligation efficiency could be
improved when the P1 residue was Asp or Glu. Similarly,
subtiligase-Y217K gave improved ligation yields with P1” Glu.
Similar results were obtained with C-terminal thioesters of
glutathione-S-transferase.

Based on these promising results with model proteins,
subtiligase-catalyzed expressed protein ligation was applied to
investigate the role of C-terminal phosphorylation on the lipid
phosphatase PTEN, a tumor suppressor. PTEN is tetraphos-
phorylated near its C-terminus, and a tetraphosphorylated
variant was previously generated using EPL."*®'** However,
construction of this variant required the introduction of an
unnatural Cys mutation, Y379C, which alters PTEN’s behavior
in cells. Application of subtiligase-catalyzed EPL enabled
synthesis of a fully native, tetraphosphorylated PTEN that was
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used a standard to more accurately measure the stoichiometry
of PTEN phosphorylation in cells."*” This demonstrated the
potential of subtiligase-catalyzed EPL as a tool for biology, as
native, tetraphosphorylated PTEN is not currently syntheti-
cally accessible by other methods.

Subtiligase-catalyzed protein bioconjugation and protein
semisynthesis are advantageous because, in principle, they do
not require genetic engineering of the protein of interest and
can maintain a fully native protein sequence. The main
remaining limitation for the application of subtiligase in N-
terminal bioconjugation is the need for the N terminus to be
accessible and in an extended conformation, a requirement that
has also been observed for other N-terminal modification
techniques. Advances in protein engineering of subtiligase for
altered specificity and stability have made selection of ligation
junctions even more flexible and are likely to drive wider
application of subtiligase for site-specific protein modification.
For example, it has been suggested that subtiligase could be a
useful tool for incorporation of isotopically labeled segments
into proteins for NMR studies,"*’ but so far, this application
has not been demonstrated. However, based on its broad
sequence compatibility, site-specificity, and ease of use, it is
likely that subtiligase will be more widely adopted for this and
other protein bioconjugation applications in the future.

8. APPLICATION OF SUBTILIGASE FOR CELLULAR N
TERMINOMICS

The protein N terminus is a key site of post-translational
modifications that regulate a wide array of biological processes.
Modifications such as acetylation, myristoylation, and ubig-
uitylation regulate protein stability and protein localization, "
while proteolysis regulates numerous biological processes.">”
Global profiling of the pool of cellular N termini and their
modification states can therefore provide critical insights into
how proteins are modified to enable or alter their biological
functions. Enabled by advances in mass spectrometry-based
proteomics,">” a number of methods have been developed for
enrichment of N-terminal peptides to probe their roles in
biology. Some approaches rely on depletion or separation of
internal peptides following protease digestion (Figure
19A),"**75¢ while others rely on specific modification and
positive enrichment of unblocked N termini (Figure
19B).35’157 The combined fractional diagonal chromatography
(COFRADIC) approach involves acetylation of all lysine &-
amines and N-terminal @-amines in intact proteins isolated
from a sample of interest before digestion with trypsin (Figure
194, bottom).">*'* After trypsin digestion, the samples are
fractionated by reverse-phase HPLC and modified with 2,4,6-
trinitrobenzenesulfonic acid (TNBS). Based on this mod-
ification, new, unblocked N termini generated by trypsin
digestion acquire a hydrophobic trinitrophenyl group that
enables chromatographic separation of internal peptides
generated by trypsin digestion from native unblocked protein
N-terminal peptides, which were previously acetylated. The
isolated N-terminal peptides can then be sequenced by LC-
MS/MS to identify the position of the protein N terminus.
Another approach, Terminal Amine Isotopic Labeling of
Substrates (TAILS), uses a similar chemical modification
strategy to separate protein N termini from internal tryptic
peptides (Figure 19A, top).'*® In TAILS, the proteome of
interest is subjected to reductive dimethylation to block lysine
e-amines and N-terminal a-amines. Proteins are then digested
with trypsin, and the resulting peptides are treated with a
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hyperbranched polyglycerol-aldehyde polymer that reacts with
unblocked N termini generated by trypsin cleavage in the
presence of sodium cyanoborohydride. N-Terminal peptides
can then be collected by filtration and analyzed by LC-MS/
MS. Positive enrichment approaches for N terminomics
present the challenge that N-terminal a-amines must be
selectively targeted for modification over lysine e-amines,
despite the chemical similarity of these functional groups
(Figure 19B).*>"3¥'5715% gubtiligase meets this challenge by
taking advantage of enzyme—substrate molecular recognition
to position only the substrate N terminus, and not nearby side
chains, for enzymatic modification.”® Using a biotinylated
peptide ester substrate for subtiligase, N termini can be
selectively modified and enriched for sequencing by LC-MS/
MS. A nonenzymatic strategy for positive enrichment N
terminomics, chemical enrichment of protease substrates
(CHOPS), that takes advantage of a selective method for N-
terminal modification was recently reported.’*”">* In CHOPS,
a 2-pyridinecarboxaldehyde-biotin probe reacts with the N-
terminal @-amine to form an imine, which then cyclizes with
the amide nitrogen from the next peptide bond. Because lysine
side chains do not have this amide nitrogen, this method is
specific for N-terminal modification. Biotinylated N-terminal
peptides can then be enriched and sequenced by LC-MS/MS.
The positive enrichment approaches have the advantage of
high sensitivity for low-abundance N termini, permitting the
identification of proteolytic cleavage events that target only a
small fraction of cellular protein but may impact biology by
potentiating gain-of-function phenotypes.

8.1. Subtiligase N Terminomics Workflow

The use of subtiligase as a tool for N terminomics was
pioneered in the context of global profiling of proteolytic
signaling pathways.”> Proteolysis is a key post-translational
modification that regulates many biological processes involved
in human health and disease, including viral infection, cancer
progression, organismal development, and neurodegeneration,
among many others. More than 500 proteases are encoded in
the human genome, comprising ~2% of the human
proteome.'®’  Although proteolysis can program complex,
emergent biological phenotypes, the universal molecular
consequence of proteolysis is always the production of a
new, unblocked N-terminal a-amine that represents a potential
substrate for subtiligase. Complex mixtures such as cell lysate
or plasma can therefore be treated with subtiligase to
selectively modify free N termini with a peptide ester substrate
designed to facilitate isolation of N-terminal peptides and their
subsequent identification by LC-MS/MS.

The first step in the subtiligase N terminomics workflow is
selective biotinylation of free N termini in a biological sample
using a peptide ester substrate designed to facilitate isolation
and identification of N-terminal peptides.”>'®" Peptide esters
used for N terminomics have typically included three key
features: (i) a biotin handle for affinity purification of modified
proteins; (ii) a TEV protease cleavage site for selective elution
of N-terminal peptides; and (iii) a mass tag such as Ser-Tyr or
the unnatural amino acid aminobutyric acid (Abu) that is
retained on the N terminus of modified peptides after elution
and enables positive identification of substrates that were
modified by subtiligase.”>”” Following subtiligase treatment,
biotinylated proteins can be isolated on immobilized avidin
and digested with trypsin to remove internal peptides. The
captured N-terminal peptides can then be selectively eluted by
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cleavage with TEV protease, leaving a mass modification on
the N terminus. This pool of eluted peptides can then be
sequenced by LC-MS/MS to enable identification of the prime
side of a protease cleavage site. The residues on the nonprime
side of the cleavage site can be inferred based on the protein
sequence preceding the peptide that was modified by
subtiligase. To validate this method, subtiligase was used to
enable analysis of endogenous N termini in unperturbed Jurkat
cells. Using this strategy, 661 unique N termini were
sequenced using LC-MS/MS. Of these N termini, 49% either
were annotated in SwissProt as native protein N termini or
corresponded to cleavage within the first 50 residues of the
protein, consistent with a signal or transit peptide processing
event. The remaining 51% of N termini were cleaved outside
the first 50 residues and potentially correspond to the products
of constitutive protein degradation. The subtiligase N
terminomics technology therefore enables global sequencing
of proteolytic cleavage sites with single amino acid resolution
and has been used to probe the role of proteolysis in a number
of different biological processes.

Two basic experimental strategies for subtiligase N
terminomics, termed “forward” and “reverse”, have been
applied to identify protease substrates in biological samples
(Figure 20).>*'°"'%* In forward experiments, a proteolysis-
inducing stimulus is applied to a biological system under
physiological conditions (Figure 20A).*> Following the
stimulus period, protein is isolated and N-terminally
biotinylated with subtiligase to enable isolation and sequencing
of N-terminal peptides. N termini identified in the stimulated
sample are then compared to those identified in an
unstimulated control to determine which N termini may be
biologically relevant protease substrates. In reverse experi-
ments, a protein extract derived from a biological system of
interest in which endogenous proteases have been inactivated
is treated in vitro with an exogenous protease (Figure 2013).162
After inactivation of the exogenous protease, the protein
extract is then N-terminally biotinylated with subtiligase to
enable identification of substrates of the exogenous protease.
The forward experimental approach has the advantage that
proteolysis occurs under in vivo conditions, in which cellular
structure and organization are preserved, but has the limitation
that it does not allow the specific proteases that catalyze
observed cleavage events to be identified. Reverse experiments
enable identification of candidate substrates for a protease of

interest but are carried out in the context of lysate, in which
cellular structure is disrupted; identified substrates therefore
may not be physiologically relevant. The forward and reverse
approaches are therefore complementary strategies that, when
used together, can provide insights into which substrates are
biologically relevant and which proteases cleaved them in
various biological contexts.

Several different approaches may be taken to identify
candidate protease substrates in subtiligase N terminomics
data sets. The first approach is nonquantitative and considers
candidate substrates to be N-terminal peptides that are
identified by LC-MS/MS in the experimental condition but
not the control condition.”® This approach can be combined
with information about the sequence motif recognized by the
protease of interest, if known, to further filter the list of
candidate substrates whose cleavage is induced upon the
application of a stimulus. A limitation of this nonquantitative
approach is that small amounts of background cleavage (for
example, arising from a small number of apoptotic cells in a
healthy culture) can lead to identification of bona fide
substrates in the control condition, which may then be
discounted even though they are of biological interest. To
overcome this drawback, quantitative proteomics strategies
have been applied for both discovery and validation of protease
substrates. The stable isotope labeling by amino acids in cell
culture (SILAC) approach'®® has been applied in both forward
and reverse subtiligase N terminomics experiments for
quantitative comparison of the abundance of each N-terminal
peptide in the experiment and control conditions, allowing
cleavage events that occur at a backoground level but are
induced upon stimulus to be identified."**'** Selected reaction
monitoring (SRM)'°'%7 has similarly been used to validate
candidate substrates and quantify known substrates consis-
tently across many samples.'®'**”"”" The quantitative
approaches in principle have the advantages that (1) no
advance knowledge of the sequence motif(s) that are cleaved
upon application of a particular biological stimulus is needed,
although they have also been combined with this information,
and (2) false negatives based on removal of all identified
background N-terminal peptides as candidates can be avoided.
Similar quantitative approaches, such as isobaric tags and
parallel reaction monitoring (PRM), have not yet been widely
applied in subtiligase N terminomics, but they are compatible
with the method and are likely to be adopted in the future.
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8.2. Biological Applications of Subtiligase N Terminomics

8.2.1. Apoptotic Proteolysis. Apoptosis is a form of
programmed cell death that plays a critical role in tissue
development, homeostasis, and cellular stress response.'’>'”
Based on its function in cellular turnover, apoptosis can act as a
check on the uncontrolled cell growth of tumor cells and is
therefore of great interest in the cancer biology field."”* One
hallmark of apoptosis is the induction of widespread
proteolytic cleavage mediated by the caspases (cysteine
aspartate proteases), a family of dimeric proteases that
specifically cleave substrates with an Asp in the Pl
position.'”>™"”” Apoptosis may be induced by extracellular
ligands via the extrinsic pathway or by environmental stresses
such as cytotoxic compounds via the intrinsic pathway.
Induction by either pathway leads to activation of the
executioner caspases, caspase-3 and caspase-7. These proteases
catalyze a large number of proteolytic cleavage events that
largely serve to inactivate prosurvival proteins and activate
antisurvival proteins, ultimately leading to cell death and
removal of the apoptotic bodies by phagocytes. Because of the
large number of known apoptotic substrates, as well as the
potential for discovery of new substrates, apoptotic proteolysis
has served as a “proving ground” for proteomic techniques for
global N-terminal sequencing, and subtiligase N terminomics
has been an important tool for defining the molecular events of
apoptosis.

Subtiligase N terminomics was first applied to profile
proteolytic cleavage events that occurred in Jurkat T cells
upon induction of apoptosis with the chemotherapeutic drug
etoposide,”® a topoisomerase II inhibitor that induces
apoptosis via the intrinsic pathway.'”*'” Following etoposide
treatment, N-terminal peptides were isolated from cell lysate
using the subtiligase strategy and identified by LC-MS/ MS.>°
This analysis revealed a strong induction of cleavage events
with an Asp at the P1 position, a signature of caspase cleavage.
While 43% of N-terminal peptides in the etoposide-treated
sample corresponded to cleavages with Asp at P1, only 3% of
cleavages identified in untreated Jurkat cells had P1 Asp. Of
this 3%, 55% corresponded to known caspase substrates,
suggesting that these substrates were mainly derived from a
small fraction of apoptotic cells in the untreated culture
condition. The N-terminal data set from the apoptotic sample
consisted of 1099 peptides modified with Ser-Tyr dipeptide
that is the remnant of TEV protease elution in the subtiligase
workflow. Of these, 418 corresponded to cleavage events with
Asp at the P1 position, with 333 of these representing unique
N termini derived from 282 substrate proteins. Cleavage of 16
of the identified P1 Asp substrates was orthogonally
validated by Western blotting. As further confirmation of the
role of caspases in substrate cleavage, proteolysis of a
representative panel of the identified substrates could be
blocked by treatment of the cells with carboxybenzyl-Val-Ala-
Asp(OMe)-fluoromethyl ketone (zVAD(OMe)-fmk), a cell-
permeable covalent pan-caspase inhibitor. The large scale of
the data set collected enabled bioinformatic analysis of
sequence and structural determinants of caspase specific-
ity.”'*° A sequence logo generated from these results
recapitulated the canonical P1-DEVDG-P1’ motif for caspases
that was initially derived from peptide-level studies of caspase
specificity.””'*""'%* Interestingly, very few of the identified
substrates from the subtiligase N terminomics data set contain
this exact sequence motif. This result highlights the limited
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translatability of the efficiency of peptide substrate cleavage for
predicting physiological protease substrates and the utility of
subtiligase N terminomics for this purpose. Additional
bioinformatics analyses revealed that substrates of etoposide-
induced proteolysis are often cleaved in surface accessible loop
regions and that many of the substrates physically interact with
one another and function in the same biological pathways. This
result suggests that caspases target specific protein networks to
execute apoptosis. Consistent with this hypothesis, subtiligase
N terminomics studies of apoptosis in mouse and fly cell lines,
as well as in the context of whole nematodes, demonstrated
that the pathways that are targeted by proteolytic cleavage are
more conserved than the specific protein substrates or exact
proteolytic cleavage sites.'®’

A comparative analysis of the subtiligase N terminomics
technology with an alternative approach for identifying
protease substrates, Protein Topography and Migration
Analysis Platform (PROTOMAP), revealed that the two
techniques are largely in agreement.'**'®> However, the two
methods provide complementary insights into proteolytic
cleavage events. Both the subtiligase method and the
PROTOMAP method have been applied to profile apoptotic
proteolysis in Jurkat T cells, providing data sets that were used
for comparative analysis.”> ** The PROTOMAP approach
relies on detection of changes in 1D gel migration of proteins
in combination with LC-MS/MS to globally profile proteolysis
in biological systems.'*® While the subtiligase technique can be
used to systematically identify the exact sites of proteolytic
cleavages, exact cleavage sites can only be identified
serendipitously using PROTOMAP. Additionally, low-magni-
tude cleavage events in abundant proteins are sometimes
obscured using the PROTOMAP method because abundant
proteins tend to be poorly resolved and span multiple gel
bands. Therefore, the subtiligase technique has an advantage in
identifying proteins that are only cleaved to a small extent.
However, the PROTOMAP method has the advantage that it
does not rely on detection of a single N-terminal peptide and
therefore can often identify protease substrates that are missed
by the subtiligase technique because not all peptides are
detectable by LC-MS/MS. PROTOMAP also provides
information about the extent to which protease substrates
are cleaved, which is useful for interpreting the potential
functional consequences of proteolytic cleavage in the context
of how much of a particular substrate is cleaved. For example,
if only a small amount of a particular substrate is cleaved, this
could be sufficient to trigger a gain-of-function phenotype but
would likely be insufficient for loss of function. The subtiligase
N terminomics approach and gel-based methods for mapping
proteolysis such as PROTOMAP are therefore highly
complementary and can be integrated to gain more
comprehensive insights into biological proteolysis.

Forward subtiligase N-terminomics experiments have also
been used to profile apoptotic proteolysis induced by a number
of stimuli other than etoposide, including staurosporine and
the clinically relevant chemotherapeutic agents doxorubicin
and bortezomib.'>'%*717%'%7 Whijle the cellular response to
these agents varies widely according to cell type and which
agent is used, a largely consistent cohort of caspase substrates
was identified in all of these experiments.'®® However, the rates
at which the substrates were cleaved and the abundances of the
resultant N termini dramatically varied across cell type and
apoptotic stimuli. This result supported the hypothesis that
there are conserved apoptotic nodes that are critical for the
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execution of cell death. However, it also suggested that there
may be proteolytic fingerprints that correspond to specific drug
treatments.'’® Remarkably, some of these caspase-cleaved
fragments were found to be elevated in postchemotherapy
patient plasma samples using subtiligase N terminomics,
indicating that proteins cleaved during apoptosis are released
from cells and could potentially be used as novel biomarkers
for cell death and chemotherapeutic efficacy. Notably, the
subtiligase N terminomics approach reduces sample complex-
ity avoiding the interference from high-abundance plasma
proteins that is often problematic in traditional proteomic
analysis of plasma.'®®

As a complementary approach to forward N terminomics
experiments for profiling apoptosis, a number of reverse
subtiligase N terminomics studies of individual apoptotic
caspases have been performed.'®”'”" Reverse N terminomics
studies with subtiligase have relied on the quantitative SRM
approach to monitor cleavage of caspase substrates over time,
enabling determination of k/Ky for each caspase—substrate
pair.162 Reverse N terminomics studies of caspases-3, -7, -8,
and -9 using SRM enabled comparison of the rates at which
individual caspases cleave substrates to the rates at which they
are cleaved when apoptosis is induced with staurosporine
(intrinsic pathway) or TRAIL (extrinsic pathway).lé2
Comparison of these forward and reverse data sets made it
possible to infer protease—substrate pairs and revealed that
certain biological pathways are targeted more rapidly than
others during apoptosis. A later SRM study of caspases-2 and
-6, and comparison to earlier caspase-3, -7, -8, and -9 data sets,
showed that many caspases cleave common substrates, but at
vastly different rates.’”' This information suggested which
caspase—substrate pairs are likely to be relevant in a
physiological context.

8.2.2. Inflammatory Proteolysis. The inflammatory
caspases-1, -4, -5, and -11 are activated in response to danger
signals arising from microbial or viral infection, or other pro-
inflammatory stimuli.'”>'””"*" Subtiligase N terminomics, in
both forward and reverse modes, was applied to identify
substrates of caspases-1, -4, and -5 In the forward
experiments, a SILAC approach was used to identify
proteolytic cleavage events induced by mimics of gout,
bacterial infection, or viral infection in THP-1 monocytes.
These results were compared to reverse data sets generated by
treating THP-1 lysate with recombinant caspases-1, -4, and -S.
Interestingly, fewer substrates were identified in forward
experiments compared to reverse experiments, suggesting
that cellular structure and substrate accessibility play a major
role in determining which substrates are cleaved. These studies
identified gasdermin D as one of the most efficient substrates
of caspase-1. Later studies confirmed that gasdermin D is
cleaved in response to inflammation and demonstrated that its
N-terminal cleavage product tri§gers pyroptosis, an inflamma-
tory form of cell death."”°™'"* These results highlight the
power of subtiligase N terminomics for identifying biologically
relevant protease cleavage events.

8.2.3. Viral Protease Substrate Identification. Zika
virus is a mosquito-borne virus that is capable of causing birth
defects such as microencephaly and brain malformations, and it
can lead to Guillain-Barré syndrome in infected adults.'”*"**
Subtiligase N terminomics was applied to delineate how Zika
virus protease (ZVP) affects host cell pathways using a reverse
experimental design. From a cell lysate treated with Zika virus
protease, 31 candidate substrates were identified.'®> Among
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these were well-known viral protease substrates, including
elF4g, a protein that is required for cap-dependent translation
and which is cleaved by many viral proteases.'”>~>"
Additionally, protease substrates that are unique to Zika
virus protease were identified, and a subset of these were
confirmed in ZVP-treated lysate as well as Zika-infected
cells.'*

8.2.4. Bacterial Protease Substrate Identification.
Secreted bacterial proteases have long been known to support
bacterial pathogenesis by facilitating adherence to epithelial
cells, cleaving extracellular host proteins, permeabilizing the
epithelial barrier, and promoting evasion of host innate and
adaptive immunity.”’' 7> Members of the clostripain-like
(C11) protease family are enzymes commonly secreted by
commensal bacteria of the human gut microbiome that are
implicated in biological and pathogenic processes.””"**> To
begin to elucidate the function of the C11 proteases at the
host—microbiome interface, a reverse subtiligase N terminom-
ics approach was applied to identify substrates of the C11
protease PmCI11 from Parabacteroides merdae in human
epithelial cell lysates.”*® This experiment identified 56
candidate PmC11 substrates and confirmed that PmC11 has
stringent substrate specificity and cleaves peptides with Gly,
Ser, Thr, or Arg at the P2 position and Lys or Arg at the P1
position, in agreement with an in vitro peptide profiling
experiment that was performed in parallel. Elucidation of
PmC11 specificity enabled design of a specific peptide
acyloxymethyl ketone probe for proteases of this class, enabling
the study of protease function in complex samples such as the
human gut microbiome. Subtiligase N terminomics therefore
represents an important tool for understanding and probing
protease function in the context of human commensal bacteria.

8.2.5. Mitochondrial N Terminomics. Target peptides
are short amino acid sequences that direct protein transport to
specific intracellular compartments, including the nucleus,
mitochondrion, endog)lasmic reticulum, plasma membrane,
and peroxisome.””’ "> Many target peptides, such as those
encoding secretion and mitochondrial transport, are found at
the protein N terminus and are cleaved after the targeted
protein has reached its destination. A forward subtiligase N
terminomics experiment was performed on mitochondria
isolated from mouse liver and kidney to elucidate the
mitochondrial N-terminal proteome, shedding light on
mitochondrial import and protein processing.”' This study
revealed that mitochondrial targeting peptides are poorly
conserved on the sequence level but that features such as net
charge (+3 to +6), length (20—60 amino acids), and the
presence of stabilizing N-terminal amino acids based on the
bacterial N-end rule are highly conserved. These results were
largely in agreement with previous N terminomics studies of
yeast and human mitochondria that utilized alternative N
terminomics techniques.”'""*'* Subtiligase therefore represents
a generalizable tool for studying cleavage of organellar
targeting sequences.

8.2.6. N-Terminal Protein Acetylation. Subtiligase is
useful for studying proteolysis based on its ability to modify
free N termini in a cellular context. Therefore, in principle,
subtiligase could be applied to monitor whether specific N
termini are blocked by post-translational modifications based
on whether they are substrates for modification. This approach
was applied to study the N-terminal acetylation status of a
specific group of proteins in the context of overexpression of
the antiapoptotic protein Bcl-xL.*'® This assay for N-terminal
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acetylation is based on the premise that because 80—90% of
cytosolic N termini are blocked by post-translational
modifications,”"* proteins that are biotinylated by subtiligase
following a biological perturbation have specifically lost N-
terminal acetyl modifications. This technique was validated for
a specific group of proteins that are normally acetylated in the
context of RNAi knockdown of the N-terminal acetyltransfer-
ase NatA. The method was then used to demonstrate that
overexpression of Bcl-xL reduces cellular N-terminal acetyla-
tion of specific proteins, connecting apoptotic sensitivity to the
available pool of acetyl-CoA and therefore cellular metabolism.
In this study, Western blotting for the biotin group introduced
by subtiligase modification rather than mass spectrometry-
based proteomics was used to monitor the acetylation status of
a small number of proteins. Therefore, an interesting future
direction will be the application of the subtiligase N
terminomics workflow to globally monitor protein acetylation
status in this context.

9. COMPARISON OF SUBTILIGASE TO NATURALLY
EVOLVED AND ENGINEERED PEPTIDE LIGASES

Since subtiligase was first reported, several classes of naturally
evolved and engineered peptide ligases have been discovered.
In general, all classes have a catalytic mechanism that is
analogous to that of the Ser and Cys proteases.”” An acyl
donor substrate is attacked by the catalytic nucleophile to form
an acyl- or thioacyl-enzyme intermediate. This intermediate
can then either be hydrolyzed, as would be the case in a
protease, or it can be intercepted by an a-amine nucleophile to
form a new peptide bond. While the aminolysis reaction is very
inefficient under physiological conditions in the proteases, the
peptide ligase enzymes support varying ratios of ligation to
hydrolysis, enabling efficient synthesis of peptide bonds. Each
of these peptide ligases has been developed for technological
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applications to differing degrees, and each has its own set of
advantages and limitations.

9.1. Discovery of Naturally Occurring Subtilisin-like
Peptide Ligases

Interestingly, nearly two decades after subtiligase was
engineered, a subtilisin-like enzyme that catalyzes peptide
ligation in the context of N-to-C peptide macrocyclization,
PatG, was discovered in nature (Figure 21A).>'5?'° Since this
initial discovery, PatG-like enzymes have been implicated in
the biosynthesis of several families of ribosomally synthesized
and post-translationally modified peptide (RiPP) natural
products, including cyanobactins and cyclotides.”'”*'* In
contrast to subtiligase, PatG macrocyclases retain the canonical
Asp-His-Ser catalytic triad characteristic of subtilisin pro-
teases.”'>>'**'? These enzymes catalyze proteolytic cleavage of
a C-terminal recognition sequence in tandem with peptide
macrocyclization. X-ray crystallographic studies of PatG
revealed several differences between subtilisin-like macro-
cyclases and subtilisin proteases.”’” While subtilisin proteases
bind their substrates in an extended conformation, PatG
macrocyclases bind their substrates in a bent configuration that
requires a cis conformation of the peptide bond between the
P1 and P2 residues. Because this conformation is energetically
inaccessible for 19 of the 20 natural L-amino acids, PatG’s
substrate scope is limited to peptides that contain P1 proline or
peptides that have been post-translationally modified by
heterocyclization of cysteine, serine, or threonine residues to
form P1 thiazole, thiazoline, or oxazoline residues. In contrast
to subtiligase, PatG does not employ a serine to cysteine
substitution to favor peptide bond formation over hydrolysis.
Rather, the PatG enzymes contain a conserved helix—loop—
helix insertion that appears to shield the acyl—enzyme
intermediate from attack by water. Deletion of this segment
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produces a variant of PatG that maintains protease activity but
no longer catalyzes peptide macrocyclization. PatG enzymes
and subtiligase therefore represent different modes by which
the subtilisin protease scaffold can support peptide bond
formation activity. While the PatG-like enzymes represent
potentially promising additions to the toolbox of peptide
ligation catalysts, so far their application has been limited by
low catalytic activity and high P1 sequence specificity (Figure
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22). However, PatG suggests ways to further improve the
subtiligase ligation-to-hydrolysis ratio by shielding the active
site from water.

9.2. Bacterial Transpeptidases

Staphylococcus aureus sortase A is a peptide ligase enzyme that
catalyzes transpeptidation of an LPXTG peptide acceptor and
the pentaglycine N-terminal extension of lipid II in bacterial
cell wall biosynthesis (Figure 21B).>*° Although sortase A is
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evolutionarily unrelated to subtilisin and subtili%ase, it shares a
similar catalytic mechanism and catalytic triad.”*'~>** Sortase
A first cleaves an LPXTG motif between Thr and Gly to form a
thioacyl—enzyme intermediate on an active site cysteine, which
is then attacked by the N terminus of pentaglycine to form a
peptide bond. Based on its ability to catalyze this reaction,
sortase A has been widelzr a})plied for site-specific protein
modification (Fi§ure 22),72°7* as well as peptide and protein
cyclization.”””?**” While this enzyme has been employed for
modification of recombinant proteins, it is particularly useful in
the cellular context, because both substrates can be genetically
encoded, and its high sequence specificity ensures modification
of only the protein of interest.”*'~>** This sequence specificity,
however, is a limitation to the application of sortase A in
situations where it is desirable to preserve native protein
sequence. Sortase A has a high ligation to hydrolysis ratio, but
this leads to the drawback that a stable acyl—enzyme
intermediate can form, limiting the catalytic turnover of the
enzyme.”>> However, because sortase A can be recombinantly
expressed, protein engineering can be applied to address these
limitations.”*>**° Phage display approaches have been applied
to enhance sortase A catalytic efficiency by up to 140-fold, with
a k. /Ky of 28,000 M™' s™! (about 10-fold below
subtiligase).”** A similar approach was used to change sortase
sequence specificity for recognition of LAXTG and LPXSG
motifs.”*® Sortase A and its biological applications were
recently reviewed in ref S.

9.3. Butelase 1 and Asparaginyl Endopeptidase-like
Enzymes

Butelase 1 is an Asp/Asx-specific peptide ligase that was
recently isolated from Clitoria ternatea, a cyclic peptide-
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producing plant (Figure 21C).° Butelase 1 is highly
homologous to and shares the same catalytic triad with the
asparaginyl endopeptidase (AEP) family of cysteine proteases,
but it exhibits no hydrolase activity.”>*”**" Instead, butelase 1
cleaves an Asn-His-Val motif between Asn and His to form a
thioacyl—enzyme intermediate. This intermediate can then be
intercepted by the N-terminal @-amine of a peptide to form an
amide bond. Although butelase 1 is the best characterized
AEP-related peptide ligase, many plant species of the
Rubiaceae, Violaceae, Fabaceae, Solanaceae, and Cucurbita-
ceae families produce cyclotides whose precursor peptides
contain a conserved C-terminal Asp or Asn residue, leading to
the hypothesis that AEP-like enzymes also catalyze their
cyclization.”*”*** Therefore, there is a high potential for
discovery of new enzymes in this family. Indeed, a second
AEP-like macrocyclase enzyme, OaAEP1, from the cyclotide
producing plant Oldenlandia affinis, was recently discovered
and characterized.”** While OaAEP1 can be recombinantly
expressed, its catalytic effiency is much lower than that of
butelase 1. Butelase 1 has been applied as a tool for protein
bioconjugation of recombinant proteins,”*' for macrocycliza-

6241 for modification of the bacterial cell

243

tion of peptides,
surface,”**
(Figure 22). Thiodepsipeptides have been developed and
applied to drive butelase 1-catalyzed reactions to completion,
enabling peptide bond synthesis in high yield.*** However,

and for production of peptide dendrimers

butelase 1’s utility is limited by its high Asp/Asn specificity, as
well as by the need to isolate the enzyme from the native plant
source, as it has not been expressed recombinantly at present.
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9.4. Engineered Trypsin Variants

Following reports of thiolsubtilisin, similar experiments were
undertaken to alter trypsin’s kinetic properties to favor peptide
ligation. However, mutation of the catalytic serine of trypsin to
cysteine severely attenuated both esterase and amidase
activities in the contexts of both rat trypsin®** and Streptomyces
griseus trypsin.”*® Subsequent engineering efforts toward
converting trypsin to a peptide ligase have focused on the
development of highly specific trypsin mutants that retain the
native Ser-containing catalytic triad but are activated only the
in the presence of specific substrates.””” The tetramutant
trypsiligase contains four mutations (K60E/N143H/E1S1H/
D189K) that result in high specificity for YRH-containing
substrates (Figure 21D), with initial cleavage occurring
between Tyr and Arg (Figure 21D). Interestingly, this highly
specific variant is also highly active for catalysis of peptide
ligation through a substrate-assisted activation mechanism.
Structural information revealed that trypsiligase adopts a
zymogen-like conformation in the absence of ligands that
attenuates its hydrolytic activity but that in the presence of a
YRH substrate, the zymogen-like conformation is partially
shifted toward an active-like conformation which favors
ligation over hydrolysis. Tryspiligase can be applied for either
N-terminal or C-terminal modification (Figure 22).247*% Bor
N-terminal modification, the YRH sequence is introduced at
the N terminus of the protein to be modified. Trypsiligase
cleaves between Tyr and Arg and then catalyzes ligation of an
activated ester substrate to the new N-terminal Arg residue.
For C-terminal ligation, YRH is introduced at the C terminus
of the protein of interest. Trypsiligase cleaves between Tyr and
Arg, forming an acyl—enzyme intermediate that can be
intercepted by an Arg-His nucleophile. Limitations of
trypsiligase include its high sequence specificity, residual
hydrolytic activity, and poorly characterized kinetics.

10. CONCLUSIONS AND FUTURE PERSPECTIVES

Developments in the field of protein engineering over the past
three decades enabled the design of subtiligase and its
application as an efficient peptide ligase for N-terminal
modification.”®”>'3%?#925% The utility of subtiligase has been
expanded through further protein engineering efforts for the
development of tailor-made subtiligase variants with properties
designed for specific applications, including variants with
altered sequence specificity and stability under a wider range of
reaction conditions.’***”*** Based on its broad sequence
compatibility, chemoselectivity for N termini, short reaction
times, ability to function under physiological conditions, and
ease of use, subtiligase has had a strong impact on a wide array
of problems and (luestions in chemistry and biolo§y, including
protein synthesis,”” site-specific bioconjugation,””** and the
study of biological signaling pathways that involve N-terminal
modification, including proteolysis®”'®* and acetylation.”"?
Subtiligase is an eflicient peptide ligase that can be
recombinantly expressed in high yield, and it has been widely
adopted for peptide ligation applications. Several versions of
subtiligase, including stabiligase and peptiligase, have been
engineered for optimal reactivity under different reaction
conditions (Figure 23). However, there are several limitations
that remain to be addressed through protein engineering.
Although subtiligase can produce high yields of ligated product
with a large excess of either the acyl donor or acceptor peptide,
hydrolysis of the thioacyl-enzyme intermediate limits its

efficiency with lower amounts of substrate.”>**”* Optimizing
the kinetic properties of ligation versus hydrolysis of the acyl
enzyme intermediate is thus an exciting area to be explored
further. Although many subtiligase variants with altered
substrate specificity have been reported,”**®”* most of these
do not have broader specificity than the wild-type enzyme.
Development of strategies to engineer a single subtiligase
variant with broadened sequence compatibility, as opposed to
a family with more restricted specificity, would expand
subtiligase’s applicability to problems in both protein
bioconjugation and biological signaling. On the other hand,
in some situations it would be desirable to have subtiligase
variants that modify only a single, specific sequence, and
mutants with this property have yet to be reported. Recent
developments in protein engineering, including phage37 and
yeast”” display strategies for the evolution of bond-forming
enzymes, phage-assisted continuous evolution,”' and micro-
fluidics-*>* and chip-based”>® screening platforms, provide
opportunities to meet these challenges.

The coming years are likely to see wider adoption of
subtiligase to address important questions in biological
signaling. The development of new prime-side specificity
mutants will enable the study of proteolytic signaling pathways
carried out by proteases whose specificity does not match that
of wild-type subtiligase,”* as is the case for caspases.'’
Subtiligase can be applied broadly to discover new protease
substrates, which is likely to enable the study of proteases that
lack strong consensus cleavage sites. To date, subtiligase has
mainly been applied to study proteolytic signaling path-
ways, > 021015 TE8I70171206 (ith few reports of its applica-
tion to study other types of N-terminal modifications.*"
Therefore, there is an opportunity to apply subtiligase more
broadly to study the implications of other N-terminal
modifications, such as acylation, ubiquitination, and lipidation,
in biological signaling. Subtiligase N terminomics requires
large amounts of sample, which has so far limited its usefulness
mainly to cell lines grown in culture. Protein engineering
developments that enhance the efficiency of subtiligase would
expand the types of samples whose N terminomes can be easily
analyzed with subtiligase. Subtiligase N terminomics is also
limited by its lack of subcellular spatial resolution and by its
inability to measure the extent of modification of proteins.
Therefore, future studies are likely to combine the subtiligase
approach with other methods that address these important
aspects of biological signaling.

Subtiligase has catalyzed significant progress both in protein
bioconjugation and in the elucidation of proteolytic signaling
pathways. The body of knowledge accumulated about the
enzymatic properties of subtiligase, in combination with
advances in chemistry, molecular biology, protein engineering,
and mass spectrometry, will fuel new applications and advances
in the technology that will be impactful in a variety of different
scientific fields.
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