Downloaded via INIST-CNRS on March 11, 2021 at 07:25:36 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

JAIC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Acyl Transfer Catalytic Activity in De Novo Designed Protein with

N-Terminus of a-Helix As Oxyanion-Binding Site

Elise A. Naudin, Alastair G. McEwen, Sophia K. Tan, Pierre Poussin-Courmontagne, Jean-Louis Schmitt,

Catherine Birck, William F. DeGrado,* and Vladimir Torbeev*

I: I Read Online

Cite This: J. Am. Chem. Soc. 2021, 143, 3330-3339

ACCESS |

[l Metrics & More | Article Recommendations ‘

@ Supporting Information

ABSTRACT: The design of catalytic proteins with functional sites capable of specific
chemistry is gaining momentum and a number of artificial enzymes have recently been
reported, including hydrolases, oxidoreductases, retro-aldolases, and others. Our goal is to
develop a peptide ligase for robust catalysis of amide bond formation that possesses no
stringent restrictions to the amino acid composition at the ligation junction. We report here
the successful completion of the first step in this long-term project by building a completely
de novo protein with predefined acyl transfer catalytic activity. We applied a minimalist
approach to rationally design an oxyanion hole within a small cavity that contains an
adjacent thiol nucleophile. The N-terminus of the a-helix with unpaired hydrogen-bond
donors was exploited as a structural motif to stabilize negatively charged tetrahedral
intermediates in nucleophilic addition—elimination reactions at the acyl group. Cysteine
acting as a principal catalytic residue was introduced at the second residue position of the a-
helix N-terminus in a designed three-a-helix protein based on structural informatics

prediction. We showed that this minimal set of functional elements is sufficient for the emergence of catalytic activity in a de novo
protein. Using peptide-"thioesters as acyl-donors, we demonstrated their catalyzed amidation concomitant with hydrolysis and
proved that the environment at the catalytic site critically influences the reaction outcome. These results represent a promising
starting point for the development of efficient catalysts for protein labeling, conjugation, and peptide ligation.

B INTRODUCTION

Designing proteins with the desired catalytic properties
provides a learning ground for understanding the fundamentals
of enzyme catalysis and represents a major scientific
challenge.' ™ Moreover, the detailed knowledge of the enzyme
mechanisms can be useful for deeper insights into chemical
reactivity in general. In the recent years, there has been a
significant progress in the design of enzymes using computa-
tional methods for a variety of reactions including retro-aldol
reaction,” Kemp elimination,” Diels—Alder reaction,’® and ester
hydrolysis.”® The design strategy, proven to be general,
consists of a combinatorial search of protein sequence, as well
as optimization of backbone conformation and side chain
rotamers to find the best arrangement of functional groups that
stabilize the transition state of the catalyzed reaction when it is
docked into known protein scaffolds.” However, the catalytic
efficiency of such computationally redesigned proteins turned
out to be substantially lower in comparison to the observed
catalytic rates for natural enzymes.'” The currently available
solution to achieve higher rates is to apply high-throughput
methods such as directed evolution to optimize the sequences
of initially designed scaffolds yielding man-made enzymes with
higher catalytic efficiencies."”'> A recent highlight of the
application of directed evolution strategy is the highly
proficient Zn-containing hydrolase with catalytic efficiency
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surpassing the hydrolytic activities of the naturally occurring
metalloenzymes.'”

Installing a catalytic function increases the level of design
complexity compared to a more tractable task of the design of
three-dimensional protein structure."*™'® The difficulty of
recapitulating high catalytic efficiencies of natural enzymes by
purely computational strategies is attributed to a lack of high
enough precision of placement of critical catalytic residues and
inability to control long-range inter-residue interactions
including protein conformational dynamics. Several rounds of
laboratory evolution are able to rectify these deficiencies by
remodeling the structure of the active site,'” as well as
optimizing the surrounding second shell residues that
contribute to an intricate balance between precise structural
complementarity to transition state(s) of the catalyzed reaction
and protein conformational flexibility mediating the efficient

substrate binding and product release.'®"’
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At the present moment, methodologically more simple
minimalist approach for de novo design of protein catalysts is
still on par with computational methods.”” Minimalist design is
based on chemical logic and intuition and implies the
incorporation of a minimal number of elements (such as
amino acid residues or cofactors) into a de novo protein
scaffold that is initially devoid of catalytic properties in order to
convert it into the catalytically active variant.' *'®*° The recent
examples of de novo catalytic proteins include a thermostable
hydrolase based on a 7-helix bundle and containing multlple
copies of Cys-His-Glu triad as catalytic apparatus, *a
promiscuous peroxidase that utilizes heme as a cofactor
bound to a 4-helix bundle scaffold,”* and a hydrolase based on
calmodulin, where the activity is regulated allosterically upon
binding to a Ca®* ion.”® In addition, it was shown that the
catalytic proteins developed using minimalistic design can also
be subjected to rounds of directed evolution to improve their
properties.24

Our aim is to elaborate a protein catalyst that can be used to
accelerate amide bond formation with applications for
chemical or semisynthesis of proteins, or for protein
modification. Chemical approaches for production of proteins
hold several advantages in comparison to molecular biology
tools such as the possibility to 1ncorp0rate a dlverse set of
noncanonical building blocks*”*® or cross-links”” or to
produce mirror-image protem forms,***’ proteins with non-
linear backbone topology,3 31 or even constructs that are
hybrids of polypeptides and other types of polymers.”* These
capabilities can enrich protein science with the concepts and
tools from physical organic, supramolecular, polymer, and
other chemistries.

We are inspired by the naturally occurring ligases, such as
butelase-1,>* sortase A,>* or ubiquitin hgases that illustrate
the feasibility of high catalytic efficiencies for condensation of
acyl donor and acceptor peptide substrates. In addition, re-
engineered proteases have been demonstrated to perform
condensation of peptides.*® For instance, previously re-
engineered variant of subtilisin was successfully used to
assemble a 124-residue ribonuclease A.>” Furthermore, newer
and more efficient variants of proteolytic proteins with ligation
catalytic activity were recently developed.*®** However, both
natural ligases and re-engineered proteases possess restrictions
to amino acids sequences that can bind to their substrate
pockets; in other words, the catalytic efficiency is coupled to
substrate specificity in these enzymes. Moreover, the overall
complexity of these large and evolved structures complicates
the improvement and further tuning of their enzymatic
properties. To have a more general tool that is not limited
by substrate scope and can be compatible with a variety of
reaction conditions, in this study we introduced a catalytic
ligation activity from first-principles into a de novo protein
scaffold.

B RESULTS AND DISCUSSION

Protein Design. The minimal functional elements required
for the ligation reaction are a principal nucleophilic remdue
(such as Cys or Ser) and an “oxyanion hole” arrangement™’ of
hydrogen-bond donors to stabilize the negative charge of the
tetrahedral intermediates in this reaction. These functional
motifs are 6present in both natural ligases and re-engineered
proteases.”” We selected Cys as a key catalytic residue in favor
of Ser for the following reasons: (i) the tthl group of Cys has
lower pK, (8.5 in unstructured peptides)*' and potentially can
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be used as a single residue instead of catalytic dyads or triads
(e.g., classical Ser-His-Asp) that promote deprotonation of
hydroxyl in Ser, because the correct placement of two or three
residues can already complicate the design; (ii) the activation
of peptide acyl donor in the form of peptide anchored to
protein scaffold via Cys-thioester bond can be advantageous to
the related Ser-oxoester, because the thioester group benefits
from an enhanced reactivity toward most of the nucleophiles
because of the poorer orbital interactions between the sulfur
atom and carbonyl moiety.**

It should be mentioned that in addition to ligases and
proteases, the activation in the form of acyl-thioesters occurs in
nonribosomal peptide or fatty acid synthases"™** and in
protein splicing through self-catalyzed intein exclusion and
ligation of two adjacent exteins®™ highlighting the utility of
thioesters for acyl-transfer reactions. Another advantage of Cys
as a catalytic residue is the possibility of using synthetic
peptide-“thioesters as acyl donor substrates, which can
undergo transthioesterication with Cys, thus forming cova-
lently attached peptide—protein species. Peptide-“thioesters
are accessible by both Boc/benzyl and Fmoc/tBu solid-phase
peptide synthesis (SPPS)*® and are commonly used in
enzyme-free total chemical synthesis of proteins, either via
silver-catalyzed condensation of partially protected pep-
tide-“thioesters and amino-peptides’’ or with the help of
native chemical ligation, which is a highly valuable chemo-
selective reaction of fully unprotected peptide-“thioesters and
cysteinyl-peptides proceeding in aqueous solutions."*

Scheme 1 outlines the principal steps in the putative
mechanism of catalysis of peptide ligation by a de novo

Scheme 1. Mechanism for the Catalysis of the Acyl Transfer
Reaction (e.g., Peptide Ligation) by De Novo Catalytic
Protein (Depicted Schematically in Cyan)“

peptlde 1 peptlde 2 peptlde 1 os\/\so3_
)/ \Qﬁlnsthloesmnﬂcatlon
TI-2 o@ s i TIA
peptlde 1 NH2 WS
peptlde 2 H
SO;
Aminolysis >K %
S

pept|de 1

HN peptlde 2

“TI-1 and TI-2 refer to the key tetrahedral intermediates of
transthioesterification and amidation steps, respectively, where
negatively charged oxyanions are stabilized by the H-bonding network
(shown in blue).

~s0,

protein. A peptide-“thioester reacts with the catalytic Cys and
undergoes transthioesterification. After passing through the
first tetrahedral intermediate (TI-1), the resulting branched
peptide—protein thioester is posed to react with H,N-peptide,
the acyl acceptor substrate. The collapse of the second
tetrahedral intermediate (TI-2) leads to the release of the
ligated product and free catalytic protein. For this double-
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displacement ping-pong mechanism to operate efficiently, both
negatively charged intermediates of the two addition—
elimination steps need to be stabilized, for example, through
H-bonding with amides of protein scaffold serving as an
“oxyanion hole”. Therefore, the protein framework in a de
novo protein must include nucleophilic Cys placed in such an
environment.

Previously, it was demonstrated that phospho-serine (pSer)
when introduced at the N-terminus of an a-helix can lead to its
stabilization presumably due to productive H-bonding of
unpaired amides of the a-helical N-terminus to the negatively
charged phosphate group.*” This stabilizing effect was most
prominent when pSer was placed at the N2 (the second
residue at the N-terminus of the a-helix) position.”” By
analyzing the structural data from PDB, we provide support to
these experimental results: clustering and alignment of crystal
structures containing pSer at Ncap (the residue preceding the
first amino acid that adopts an a-helical conformation), N1,
and N2 (the first and second positions at the N-terminus of a-
helix) illustrate that backbone amides at the a-helical N-
termini indeed can contribute 1-to-2 H-bonds to one of the
distal oxygens of phospho-group (Figure 1). The tetrahedral
intermediates of addition—elimination steps of the acyl-transfer
catalytic mechanism shown in Scheme 1 are negatively charged
and bear similarities in structure to pSer; therefore, the N-
terminus of the a-helix represents a suitable structural motif for
stabilization of the respective tetrahedral intermediates.

Ncap

Cluster 1

Does not

N1 H-bond

N2 N3 |

Ncap

Figure 1. Structural alignment of pSer-containing fragments from
structures in PDB (accessed in February 2020) with pSer located at
Ncap, N1, and N2 positions of the corresponding a-helical fragments.
The occurrences of pSer in a nonredundant version of the PDB were
determined using the database and methods previously described.*
pSers at Ncap positions form two clusters, due to a bimodal
distribution of its y-dihedrals. In both clusters, all of the pSers form
H-bonds with downstream amides. However, only 7 out of 23 pSers
in the N1 position hydrogen bond to the helix backbone. The
geometry of N2 pSers appears as stabilizing as Ncap pSers; 13 out of
16 fragments participate in H-bonds with their preceding and/or
succeeding amides. pSers at the Ncap and N2 positions are observed
contributing bivalent H-bonds, whereas only 1 H-bond is observed for
pSer at the N1 position. Example H-bonds are represented by dashed
lines, and phosphate groups that do not H-bond with the helix
backbone are transparent. The PDB entries of the structures used in
the alignment are listed in Table SI1.
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To test the feasibility of such catalytic strategy, we have
chosen the de novo designed domain-swapped dimer (DSD)
protein that is composed of two identical sequences that
spontaneously dimerize to form a three-a-helical bundle.’’ In
this scaffold, the two adjacent a-helical N-termini are facing
each other, creating a cavity that represents a proper location
to incorporate an active site. The environment at the
juxtaposition of two N-termini is in the proximity of the
hydrophobic interior of the helical bundle and, at the same
time, solvent exposed; therefore, this part of the protein can
permit access by various peptide substrates and allow for
catalysis without introducing any steric restrictions in substrate
structures.

Charge patterning of the two segments of DSD scaffold was
used to redesign the homodimer into a heterodimer to
distinguish the two N-termini for their further functionaliza-
tion. Thus, one strand was patterned with negatively charged
residues (Glu) (“negative” strand), whereas another one with
positively charged (Arg) (“positive” strand) (Figure 2A, B).
The Arg residues were used to substitute all Lys in the original
DSD scaffold to prevent unwanted acylation of Lys side-chains.

C HetN2

‘Positive’ strand:
Ac-NLAALRSELQALRREGFSPERLAALESRLQALERRLAALRSRLQALRG-NH,
Cys-N2:
Ac-GLCALRSELQALRREGFSPEELAALESELQALERELAALRSELQALRG-NH,

D Het-Ncap

‘Positive’ strand:
Ac-NLAALRSELQALRREGFSPERLAALESRLQALERRLAALRSRLQALRG-NH,
Cys-Ncap:
Ac-CLAALRSELQALRREGFSPEELAALESELQALERELAALRSELQALRG-NH,

Trunc-Cys-N2: Ac-GLCALRSELQAL-NH,

Neg-N2
‘Positive’ strand:
Ac-NLAALRSELQALRREGFSPERLAALESRLQALERRLAALRSRLQALRG-NH,
Ala-N2:
Ac-GLAALRSELQALRREGFSPEELAALESELQALERELAALRSELQALRG-NH,

Figure 2. Design of heterodimers. (A) Left: charged residue
patterning by grafting negative charges (Glu in red) on the strand
containing the Cys catalytic residue and positive charges (Arg in blue)
onto the other helix. Right: resulting coulombic surface is shown. (B)
Helical wheel diagram of the proteins that corresponds to the half-
structure depicted above the dashed line in A. Leucine residues
constitute the hydrophobic core (a and d positions). Glu and Arg
residues at e and g positions promote heterodimerization. (C)
Sequences of the two monomers of Het-N2. (D) Sequences of the
three control constructs with Cys at the Ncap position in Het-Ncap, a
12-residue N-terminal fragment trunc-Cys-N2, and negative control
Neg-N2 with Ala at the N2 position. The underlined sequence
fragments correspond to that depicted on the wheel diagram in B.
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Subsequently, catalytic Cys residue was engineered into the
“negative” strand (containing excess of Glu) at N2 position,
based on the most efficient stabilizing effects with pSer-
containing peptides,” resulting in the Cys-N2 peptide
fragment. The sequences of the corresponding peptide
fragments are depicted in Figure 2C. The heterodimer
resulting from complexation of Cys-N2 with “positive” strand
is abbreviated as Het-N2. Concurrently, three control scaffolds
were designed to test the importance of the N-terminal
position of the catalytic cysteine and to evaluate the relevance
of the entire structure for the catalytic activity. First, a second
heterodimer (named as Het-Ncap) was designed where the
“negative” strand (abbreviated as Cys-Ncap) contained the
Cys residue at the Ncap position and the “positive” strand
remained the same as for Het-N2 (sequences are shown in
Figure 2D). Second, a truncated variant of the Cys-N2 strand
was considered that corresponds to its 12 N-terminal residues
and is abbreviated as trunc-Cys-N2 (see Figure 2D). Finally, a
negative control Neg-N2 heterodimer consisting of an Ala-N2
strand with Ala replacing Cys in Cys-N2 and the “positive”
strand was engineered.

Synthesis and Folding. The chemical synthesis of the 48-
residue “positive” and “negative” strands was realized by “in
situ neutralization” Boc/benzyl-SPPS,>* whereas the shorter
12-residue trunc-Cys-N2 was synthesized by Fmoc/tBu-
SPPS>® (analytical data are presented in Table S2). The
assembly and folding of the Het-N2 construct and the controls
Het-Ncap and Neg-N2 proceeded spontaneously by dissolving
the corresponding “positive” and “negative” strands in
phosphate buffer at near-neutral pH and mixing the solutions
in a 1:1 ratio. The anticipated a-helical structure was
confirmed by circular dichroism (CD) spectroscopy for Het-
N2 protein and stability was accessed by thermal denaturation
by monitoring ellipticity at 222 nm, a strong indicator of a-
helicity (Figures S1 and S2). On the basis of these
measurements, in the absence of denaturant, Het-N2 remained
folded from 5 to 90 °C. Furthermore, the high helical content
was observed with up to 2 M Gn-HCl (guanidine hydro-
chloride) in pH 6.9 buffer solution at temperature below 40 °C
(Figure S2). Increasing the concentration of denaturant led to
lowering of an apparent melting temperature and at 6 M Gn-
HCI the Het-N2 was found to be unfolded. The dimeric
composition of Het-N2 was confirmed by analytical ultra-
centrifugation (AUC) (Figure S3).

To demonstrate that the dimer detected for the Het-N2
sample by sedimentation velocity experiment corresponded to
a heterodimer rather than a mixture of the corresponding
homodimers we turned to urea denaturation (Figure S4). Urea
was preferred as a chemical denaturant, because the electro-
static interactions between solvent-exposed side chains were
used to stabilize the heterodimer, and the favorability of these
interactions would decrease significantly at the very high ionic
strength required to denature the protein with Gn-HCl. CD-
monitored denaturation curves for Het-N2 as well as for Cys-
N2 and the “positive” strand homodimers were therefore used
to determine their thermodynamic stabilities (Figure S4D).
Het-N2 proved to be approximately 10-times more stable than
Cys-N2 homodimer and 100-times more stable than the
“positive” strand homodimer. Furthermore, predominantly
heterodimeric species were observed by native electrospray
mass-spectrometry with minor quantities of homodimers

(<5%) (Figure SS).
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Crystallographic Structures Show the Successful
Design of the Oxyanion Hole. Finally, the designed Het-
N2 as well as the control Het-Ncap were crystallized. The X-
ray data were collected at 2.33 A (from anisotropic data, 4.43 A
in the worst direction) and 1.45 A resolution for Het-N2 and
Het-Ncap, respectively, and the structures were solved by
molecular replacement using the known structure of the DSD
protein (PDB ID: 1G6U).”" In the crystal structures both Het-
N2 and Het-Ncap were found to form the intended
heterodimers with a three-a-helical bundle arrangement
(Figure 3 and Figures S6 and S7). In comparison with the

Het-N2

Het-Ncap

Cys

X-ray structure of
DSD-analogues

X-ray structure
of DSD protein

Figure 3. X-ray structures of the synthesized DSD analogues Het-N2
(left) and Het-Ncap (right). Catalytic sites are shown revealing
solvent-exposed cysteine residues depicted in magenta with sulfur
atom in yellow in ball-and-sticks representation. The simulated
annealing 2F ,—F, electron density map is shown at the 1.00 level. The
X-ray structures of Het-N2 and Het-Ncap (depicted in cyan) are
superimposed onto the original DSD structure (in yellow). PDB IDs:
6Z0L (Het-N2) and 6ZOM (Het-Ncap). Table S3 provides the
refinement statistics. Figures S6 and S7 show crystal packing and
conformational variability of N-termini.

original crystal structure of the DSD protein, small shifts of the
backbone were observed (on average, 1.84 A of RMSD on Ca
for Het-N2 and 1.79 A for Het-Ncap), resulting in changes of
the coiled-coil pitch®* from 218 A for DSD protein to 199 A
for Het-N2 and 177 A for Het-Ncap. Substitution of Arg
residues for Lys resulted in rotamer adjustments to maintain
salt bridges between the two monomers.

Importantly, in Het-N2 the Cys residue lies adjacent to a
thin crevasse formed by the abutting N-terminal ends of the
two helices (Figure 4). To validate the anticipated interactions
of negatively charged tetrahedral intermediates with oxyanion
hole, we solved an X-ray structure at 1.5 A resolution for the
Het-N2 construct where the Cys™* residue was converted to
Cys-S-sulfonate to mimic the tetrahedral intermediates
structures (Figure S). Two Het-N2-SO;~ dimers were
observed in an asymmetric unit differing in conformation of
N-termini and orientation of sulfonate moiety. In the first
conformation, one of the oxygens of the sulfonate group is H-
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Figure 4. Active site in Het-N2 is located at the interface of two N-
termini of a-helices with nucleophilic Cys™? positioned next to a small
cavity. (A) Horizontal view illustrating the helix—helix interface with
the unpaired N—H groups pointing toward the cavity; (B) surface
representation; (C) clipped section along the helical axis. Sulfur atom
of Cys™* is in yellow.

A

conformation 1 conformation 2

Figure 5. Cys-S-sulfonate mimicking tetrahedral intermediates. (A)
Similarity of geometry and H-bonding interactions with catalytic
protein for Cys-SO;~ and tetrahedral intermediates for trans-
thioesterification and amidation steps (X = S or NH,"). (B) Two
distinct conformations of Cys-SO;™ and helical N-termini observed in
the crystal structure of Het-N2-SO;~ (PDB ID: 7BEY). Con-
formation 1 contains Cys-SO;~ H-bonded to adjacent amides. An
H, 0O molecule mediating additional H-bonding interactions is in cyan.
The H-bond donor—acceptor distances are shown in A. More
information is shown in Table S3 and Figures S8 and S9.

bonded to backbone amides, confirming the predictions shown
in Figure 1. In the second conformation the sulfonate group
points toward the solvent. Such conformational isomerism can
be important for catalytic activity, providing key stabilizing
interactions present in the first conformation and being
available for reaction or facilitating product release illustrated
by the second conformation. Thus, the Het-N2-SO;™ structure
validates the design and sets the groundwork for future
optimization of the sequence surrounding the binding site.
Acyl-Transferase Activity. The evaluation of the acyl-
transferase catalytic activity of Het-N2 and its comparison to
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the controls (i.e, Het-Ncap, trunc-Cys-N2, Neg-N2, gluta-
thione, and MPAA (4-mercaptophenylacetic acid)) were
performed at fixed conditions (acyl donor, 200 uM; acyl
acceptor, 200 mM; catalyst, 100 4M in 50 mM sodium
phosphate buffer at pH 7.5) using liquid chromatography
electrospray ionization mass-spectrometry. Sequences and
analytical data for acyl donor peptide-“thioester substrates
are provided in Table S4. Tris (tris(hydroxymethyl)-amino-
methane) was used as the standard acyl acceptor because of
the pK, 8.1 similar to N-terminal amine in peptides.’®
Background reaction (without protein catalyst) was also
recorded. As an example, Figure 6A shows the kinetics of
consumption of Ac-VALENF-“thioester substrate in the
presence of different catalysts, and Figure 6B illustrates the
evolution of branched adduct resulting from the trans-
thioesterification between the substrate-thioester and the
catalytic cysteine. In the presence of Het-N2, peptide-thioester
transthioesterified most rapidly forming peptide-catalytic
protein branched thioester adduct accompanied by the release
of Mes (2-mercaptoethanesulfonate).

The accumulation of this covalently bound Cys-thioester
intermediate supports a ping-pong mechanism as expected in
the hypothesized catalytic mechanism outlined in Scheme 1.
For comparison, the same reaction performed with Het-Ncap,
trunc-Cys-N2, and Cys-containing glutathione proceeded
much slower (Figure 6A, B), did not occur with Neg-N2,
and when MPAA was added at ¢ 100 yM the product of
thioester exchange was not observed. It should be mentioned
that MPAA is a common aryl-thiol catalyst for native chemical
ligation, however, used at much higher concentrations (10—
200 mM).*® The subsequent rate-limiting step involved
amidation by Tris that occurred in competition with
hydrolysis. Thus, the ratio of amidation over hydrolysis (A/
H) and the observed pseudo first order rate constant (k)
calculated from the depletion of initial peptide-“thioester
substrate concentration were used as quantifiers to characterize
and compare reactivity of the catalysts at different conditions
(Table 1).

For the Het-N2 construct showing appreciable catalytic
effects in Figure 6A, kg is (1.1 £ 0.1) X 107° s7' (at
concentrations 200 M for Ac-VALENF-“thioester and 100
UM for Het-N2), which is 5.5-times higher than k., (2.0 +
0.3) X 107% s™* for the background reaction without catalyst.
The other catalysts influenced the rate of the reaction less
significantly with only 2-fold acceleration over background for
Het-Ncap (Table SS), highlighting the importance of the N2
Cys position. Furthermore, Cys">-to-Ala substitution in
negative control Neg-N2 resulted in kinetics being similar to
background level.

Next, for Het-N2 the reaction was performed with different
concentrations of Ac-VALENF-“thioester (from 0.2 to 2 mM)
(examples of kinetic traces are displayed in Figure S10). The
corrected initial rates of catalyzed peptide-“thioester con-
sumption obtained by subtracting the observed initial rates of
background reaction from catalyzed reaction were fitted to
Michaelis—Menten eq (Figure 6C). The estimated k., and K,
values are (5.4 + 09) X 107° s7! and 0.3 + 02 mM,
respectively (standard error of the fitting is indicated),
resulting in catalytic efficiency (k./K,,) of ~0.2 M™' s7%. In
addition, the catalytic turnover was confirmed by performing
the experiment were fixed amounts of substrate (correspond-
ing to starting concentration of 200 M) were added two times
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Figure 6. Characterization of catalytic activity. (A) Ac-VALENF-“thioester consumption in the presence of Het-N2, Het-Ncap, trunc-N2-Cys,
glutathione, and MPAA (4-mercaptophenylacetic acid) in comparison to background reaction and negative control Neg-N2. (B) Changes in
concentration of peptide—protein branched thioester resulting from the transthioesterification between Ac-VALENF-“thioester and Het-N2, Het-
Ncap, trunc-Cys-N2, or glutathione. (C) Michaelis—Menten kinetics for the catalyzed reaction of Ac-VALENF-“thioester with Het-N2. (D)
Observed rate constants and outcome of the reaction between Ac-GRLEEIDR-“thioester and Tris in the presence of Het-N2 as a function of the
concentration of Gn-HCI and the degree of folding of Het-N2 based on CD measurements.

sequentially (Figure S11). The Het-N2 processed the two
batches of substrate with similar efliciency.

The catalysis of peptide-“thioester amidation/hydrolysis by
Het-N2 can be compared with hydrolytic activity using a
continuous assay with para-nitrophenyl acetate (pNPA) as a
substrate,”” which moreover was previously tested for other de
novo designed protein catalysts.””*' The data obtained at pH 7
and 22 °C and presented in Figures S12—S14 and Table S6
allowed to derive k., of 3.5 X 107* s™" (corresponding to rate
enhancement k,/kynce Of 138) and K, of 1.4 mM, resulting in
a catalytic efficiency of 0.25 M™" s, which is close to the value
obtained with the thioester substrate. Compared to previously
reported most efficient de novo hydrolases, the catalytic
efficiency of Het-N2 is nearly 10 times lower;””*' however, no
additional catalytic residues (e.g,, histidine) are present in Het-
N2, and thus the catalytic effect emerges mainly from the
interactions with N-terminus of a-helix.

In addition to the Ac-VALENE-“thioester, other thioester
substrates with different sequences (Table S4) and C-terminal
amino acids (Arg, Gly) were assayed. Both Arg and Gly
thioesters were found to undergo faster reactions in the
presence and absence of Het-N2 than Ac-VALENF-“thioester
(Table 1 and Figure S1S5), which is most likely caused by
intramolecular catalytic effect of Arg side chain and favorable
steric effect due to the absence of side chain in Gly. However,
in comparison to Ac-VALENF-“thioester, the k,,, was only two
times faster compared to the respective background reaction at
standard reactant concentrations (Table 1). Another difference
is the A/H ratio, which for Phe thioester was found to be 0.8
indicating hydrolysis to be a major outcome, whereas for Arg
and Gly thioester A/H was in the range of 1.7—2.4, which
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corresponds to a more pronounced amidation. Two distinct
sequences that were studied for Arg thioester showed similar
results (Table 1) suggesting that it is the C-terminal amino
acid on the acyl donor that plays a decisive role in influencing
the rate and its outcome with Het-N2 catalyst.

The fact that the 12-residue trunc-Cys-N2 is less efficient
than Het-N2 (Figure 6A) confirms that the overall stable
structure of DSD is required for stabilization of oxyanion at N-
terminus of a-helix. Using Ac-GRLEEIDR-“thioester and Tris
as the acyl acceptor, we further proved the significance of the
folded structure for the catalytic activity by increasing the
concentration of a denaturant in the reaction mixture (Figure
6D). The kg, was found to correlate to the degree of folding
based on circular dichroism (CD) data at different Gn-HCI
concentrations: when the protein Het-N2 was highly a-helical,
the catalytic activity was at a maximum, whereas at a high
concentration (6 M) of Gn-HCl that caused unfolding of the
protein, the rate decreased to a background level. The same
effect on the catalytic activity of Het-N2 was also observed
upon increasing the concentration of urea (Figure S16).

The pH of the buffer also modulated the rate of reaction and
A/H ratio. Upon increasing the pH, the rate of Ac-
GRLEEIDR-“thioester consumption in the presence of Het-
N2 increased with an inflection point at 8.6, which was similar
for the reaction without protein catalyst (Figure S17). The
maximum of the amidation product was observed at pH 8 with
a relative final product percentage of 66%. To rule out any
effect of the buffer on catalysis, we performed assays with
different concentrations of phosphate (i.e., 50, 200, and 500
mM) and in two other buffer systems (50 mM MES or S0 mM
MOPS) at pH 7.5. The catalytic activity of Het-N2 remained
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Table 1. Kinetic Parameters for Various Acyl Transfer

Reactions Catalyzed by Het-N2 (100 uM)“

Amidation vs Hydrolysis (A vs H)

acyl donor with Tris ko (5D A/H ratio” acceleration®
Ac-GRLEEIDR-"SR 1.8 X 107 24 2
Ac-VALENR-“SR 2.0 X 107° 2.0 1.8
Ac-VALENF-“SR 1.1x107° 0.8 5.5
Ac-LYRAG-*SR 24 % 107° 1.7 2.4
acyl acceptor with Ac-
GRLEEIDR-“SR kope (s71)?  A/H ratio” acceleration®
Tris 1.8 X 107° 2.4 2
MeONH, 5.7 x 107° 2.3 32
MeNH, 2.6 X 107° 04 3.1
Gly 1.5 X 1073 0.1 2.6
Gly-Gly 23 x107° 0.18 29
Gly-Gly-Gly 25 x107° 0.3 2.7
histamine 9.6 X 107° 0.5 12
Esterification vs Hydrolysis (E vs H)
acyl acceptor with Ac- E/H
GRLEEIDR-“SR Kops (s71) ratio acceleration®
trifluoroethanol 54 X 107 max: 1.8 4.4
methanol 22X107° 02 3
ethanol no reaction
Further Acceleration
additives Kops(s™h) A/H ratio acceleration”
NaNj; (154 mM) 159 X 107° 0.1 8.8 (17.7)
KCN (200 mM) 152 X 1075 04 8.4 (16.9)
imidazole (200 mM) 10.3 X 107° 1.0 5.7 (11.4)

“Additives were used for reaction between Tris (200 mM) and Ac-
GRLEEIDR-“thioester (200 uM). “Estimated standard errors for kg,
and A/H are within 16 and 25% of their values, respectively.
“Acceleration compared to background reaction without catalyst.
4Acceleration compared to the reaction without additives and with
catalyst, and in brackets to the reaction without additives and catalyst.

similar in different buffer conditions, with a slight increase of
hydrolysis at higher concentration of phosphate (500 mM) as
shown in Figure S18.

Catalytic Promiscuity. To test the ability of Het-N2 to
catalyze acyl transfer reactions other than amidation with Tris,
we carried out the catalytic assays with several other acyl
acceptors. Reactions of miscellaneous amines and few alcohols
with Ac-GRLEEIDR-“thioester were studied (Table 1).
Methoxyamine with lower pK, of 4.7 provided with the fastest
kinetics (koys = 5.7 X 107 s7') that represents more than three
times acceleration over background and amidation was more
favored (A/H = 2.33). In this particular case, the rate
enhancement is likely resulting from the a-effect well-known
for methoxyamine, where nucleophilicity of amine is increased
because of the adjacent oxygen atom containing lone electron
pairs.”® In contrast, substrates with higher pK, like methyl-
amine (10.6) resulted in the excess of hydrolyzed product (A/
H = 0.4) even if the rate of thioester consumption (kp, = 2.6 X
1075 s7!) was similar to the reaction with Tris. We also
investigated catalysis of peptide bond formation by Het-N2
using glycine (pK, = 9.6), a dipeptide Gly-Gly (pK, = 8.2) and
a tripeptide Gly-Gly-Gly (pK, = 7.8)*” as acyl acceptors. The
Ac-GRLEEIDR-“thioester was less reactive with glycine and
more prone to hydrolysis than with dipeptide (A/H = 0.1 and
0.15, respectively) and tripeptide (A/H = 0.3), illustrating an
influence of the pK, of acyl acceptor on the reactivity (Table
1). A peculiar change of reactivity was noticed for histamine
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(pK, (amine) = 9.8 and pK, (imidazole) = 6.04). A rather high
observed rate constant was detected (ky,, = 9.6 X 1075 s71);
however, in the background reaction without Het-N2, the
consumption of thioester was almost as fast and amidation was
more pronounced compared to the reaction with Het-N2 (A/
H for uncatalyzed reaction is 0.9 versus 0.5 for catalyzed). This
may indicate an additional catalytic effect of the imidazole ring
on the initial thioester that is more accessible in solution than
the Cys-thioester intermediate covalently bound to Het-N2.
The influence of imidazole used as separate additive (i.e., in
synergy with the catalytic protein) will be presented hereafter.

Alcohols as acyl acceptors demonstrated moderate reactivity
(Table 1). Esterification with trifluoroethanol, an alcohol with
a reduced pK, of 12.4, was observed in the presence of catalytic
protein Het-N2 with k,,, = 5.4 X 107 s™! and up to 61% of
detected ester formation compared to kg, = 1.2 X 107° s™! and
39% of ester for background reaction, but the resulting ester
product was not stable and decomposed through hydrolysis
after reaching a maximum of ester production. Methanol (pK,
= 15.2) reached a conversion of 17% of ester product with a 3-
fold faster rate compared to the uncatalyzed reaction.
Interestingly, ethanol (pK, = 15.9) did not react in the acyl
transfer with Ac-GRLEEIDR-“thioester.

Furthermore, we demonstrated that addition of azide and
cyanide was able to modify kinetics of the acyl transfer reaction
between Ac-GRLEEIDR-“thioester and Tris. The increasing
concentrations of these additives with and without catalytic
proteins led to higher observed rates of reactions and higher
percentage of hydrolysis (see Table 1 and Figure S19). The
most contrasting effect was discovered in the presence of azide,
where the high concentration of NaN; (154 mM) in synergy
with Het-N2 contributed to 18-fold acceleration compared to
background reaction (without additives and catalyst) and a 9-
fold acceleration compared to conditions without additives and
with catalyst. However, the A/H ratio dropped from 2.4 to 0.1.
A similar tendency was observed with KCN in the reaction
mixture (Figure S19). Presumably, transient acyl azides and
acyl cyanides are the reactive intermediates that facilitate
hydrolysis,*”®" although these intermediates were not directly
detected by LC-MS.

After observing the unusual reactivity of histamine as acyl
acceptor, we evaluated the effect of imidazole as an additive.
When imidazole was at low concentrations (2 and 20 mM), no
considerable reactivity difference was observed, whereas at
higher concentration (200 mM), observed rate constant
increased nearly 6-fold to 10.3 X 107> s7', with amidation
being more favored compared to with the other additives with
a final A/H ratio of 1.0 (Figure S19). Previously, imidazole
added at high concentrations (2.5 M) was reported to catalyze
native chemical ligation.”

B CONCLUSIONS

We describe the successful completion of the first step toward
the design of a stable catalyst for thioester ligation. Our initial
goals were to build a protein with a small active site cavity
capable of activating a Cys thiol for attack of thioesters, and
stabilizing the anionic high-energy tetrahedral intermediates in
the reaction mechanism. The designed Het-N2 was found to
modestly accelerate a variety of acyl transfer reactions with a
wide range of substrates. Thus, Het-N2 can be compared to
primitive (or primordial) enzymes possessing moderate
catalytic efficiency and substrate promiscuity.”> Such modest
catalytic efficiency coupled to catalytic promiscuity is believed
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to be essential for evolution of enzymes with distinct
specificities.”” The next step is to apply computational design
and combinatorial library approaches taking advantage of the
modular architecture of Het-N2 scaffold to vary the
composition at the active site and improve its catalytic
properties.

The successful design of a catalyst also requires that the
multiple chemical steps along the reaction path be understood,
so that they can be optimized separately as needed. Enabling
selective catalysis of amidation versus hydrolysis by design is a
particularly challenging aspect. Recently, several X-ray
structures were reported for proteolytic enzymes that also
possess peptide macrocyclization or ligation activities and
provide insights into how such selectivity can be achieved.®*~*
The principal catalytic residue is either Ser®”®® or Cys®~’
and catalysis is assisted by few other residues such as His, Asp/
Glu, Tyr, and backbone amides. The enhancement of ligation
activity over proteolysis is believed to occur by exclusion of
water from the acyl-enzyme covalent adduct via additional
structural elements such as “capping” lid domain,* binding of
follower peptide®® or hydrophobicity of the active site.”~*
Remarkably, structural comparison of the enzymes with
ligation (amidation) activity with the homologous variants
possessing enhanced proteolytic (hydrolysis) activity showed
that the structures of the related ligases and proteases are very
similar and only subtle changes were observed in their catalytic
pockets.”>~®” Furthermore, minimal changes in active site
composition are sufficient to repurpose a ligase into a protease
and vice versa.”*”%

Thus, it is not surprising that the branched thioester adduct
observed in our work where electrophilic thioester moiety is
exposed to aqueous buffer undergoes fast hydrolysis in
competition with amidation. The choice to use Cys and not
Ser as the principle nucleophilic residue is not sufficient to bias
the reactivity toward the reaction with amines, despite the
reported higher relative reaction rates of thioesters toward
nitrogen nucleophiles than oxygen nucleophiles in comparison
to oxoesters.””’" A possible way to further enhance selectivity
toward amidation would be to incorporate selenocysteine as a
principle catalytic residue because selenoesters are known to be
ca. 100-times more reactive with amines than thioesters,
whereas hydrolysis rates are on the same order of
magnitude;” "> however, it would require inert oxygen-free
conditions due to the associated selenol’s redox chemistry.”

Our data indicate that the environment nearby catalytic Cys
can slightly modify the amidation versus hydrolysis ratio. Thus,
with the main goal being to achieve higher catalytic activities,
our future work will be directed toward understanding the
structural requirements for amidation versus hydrolysis by
optimizing the sequence of the N-terminal residues of the two
helices for a particular reaction path and developing new
practical tools for peptide ligation and protein modification.
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