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ABSTRACT

Ribonuclease (RNase) 1 is a human protein with a remarkable ability to indiscriminately
hydrolyze RNA. RNase 1 and its bovine homologue RNase A exhibit ubiquitous expression
across tissues, a catalytic efficiency within the diffusion-limited regime, and minimal substrate
sequence requirements. RNase A has been a favorite model protein of biochemists for over half a
century; due to the high level of sequence conservation between RNase A and RNase 1, many
observations made for RNase A have corollaries for RNase 1.

RNase 1 and RNase A are members of the pancreatic-type ribonuclease (ptRNase)
superfamily, a class of enzymes which share many biophysical features, including a small
molecular weight, high cationicity, and a secretory nature. Historical elucidation of ribonuclease
biochemistry describes their susceptibility to oxidation-induced inactivation. This raises the
question: how are these secretory enzymes able to preserve catalytic competency in oxidatively
challenging extracellular environments such as blood serum and even epidermal skin?

In Chapter 2 of this thesis, the intrinsic antioxidative capacity of RNase 1 is described.
Chemical biology and biomimetic techniques corroboratively implicate two methionine residues
as sacrificial antioxidants to protect the enzymic active site, allowing catalysis to persist in the
presence of reactive oxygen species. In silico studies suggest evolutionary patterns to install
these antioxidative features across the ptRNase superfamily. Sulfur—arene interactions appear to
tune the reactivity of methionine residues in a manner consistent with rates of oxidation. These
findings highlight an underappreciated role for methionine—to protect catalytic histidine
residues—and indicate a means by which ptRNases remain functional in oxidatively challenging
physiological environments.

The desirable biophysical features of RNase 1 and the wealth of biochemical knowledge
regarding it have also made it a favored model system of protein engineers, as exemplified by
RNase S and cyclic RNase-based zymogens, two systems which reversibly attenuate
ribonucleolytic activity. In particular, RNase-based zymogens can be activated by exogenous
proteases; this schema has biotherapeutic potential, as demonstrated by zymogens which activate
in response to viral infection and exert cytotoxic ribonucleolytic activity.

Efforts to establish a zymogen directed toward the coronavirus SARS-CoV-2 are described in
two parts of this thesis. In Chapter 3, the main protease 3CLP™ of SARS-CoV-2 is
enzymologically characterized. This work clarifies reported inconsistencies in enzymological
features of this key viral protease and relies on a non-Michaelis—Menten, Bayesian inference-
based analytical technique to circumvent some of the causes of the inconsistent prior reports.
Then, in Chapter 4, the newfound knowledge of 3CLP™ enzymology is applied toward the design



of an RNase 1-based, 3CLP™-directed zymogen. The zymogen is inactivated by steric occlusion
and conformational distortion of the active site, and site-specific activation by 3CLP™ results in a
multi-order of magnitude increase in ribonucleolytic activity. 3CLP™ action upon the zymogen
leads to ribonucleolytic turnover of a fluorescent RNA substrate by the activated species,
affording signal amplification that enables detection of nanomolar 3CLP™ concentrations in a
timeframe comparable to rapid antigen detection testing.
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Chapter 1:

Introduction
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1.1 The endogenous and engineered potential of proteins

Proteins present a vast array of biological possibilities. Among the classes of biomacromolecules,
proteins may afford the most versatile array of functions: from providing structural support to
cells and tissues;! to facilitating communication between proximal and distal cells, whether they
be distinct entities or components of a multicellular organism;? to enabling countless chemical
reactions crucial to organismal fitness that would otherwise be energetically hindered.>* Built
from 20 canonical amino acid building blocks, proteins stitch together various functional groups
in a bewildering number of structural conformations;> a single polypeptide sequence of a modest
100 amino acids can take approximately 1.7 x 10*” conformations.® Considering the sequence
space and conformational space of proteins, it does not seem an exaggeration to suggest that the
biological possibilities of proteins appear limitless.

To further expand on the complexity of proteins, their biophysical nature is made dynamic by
endogenous chemical modifications. Through posttranslational modification of the various
reactive functional groups of amino acid sidechains, the number of amino acid isoforms
comprising proteins is expanded to approximately 140.” Some modifications, such as
phosphorylation and glycosylation, are deliberately installed to alter the chemistry and/or sterics
of an extant protein.® Other modifications, such as oxidation, are adventitious and result from a
protein’s unanticipated encounter with reactive species.” Even in the case of stochastic
posttranslational modifications, biological mechanisms exist to direct the outcome of the
modifying reaction and/or reverse the modification.

In recent decades, researchers have sought to unlock the full potential of proteins by
increasing their scope of functions beyond those already established by Nature. The field of

protein engineering, in which a protein is exogenously modified to impart non-native
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functionality or outright designed de novo, has taken advantages of research technologies in
directed evolution, chimeragenesis, rational design site-directed mutagenesis, and bioconjugation
to establish adaptive and novel functions for proteins.!? Protein engineering has broad utility in
therapeutics,'! biofuels,!? and synthetic biology for basic research,!? to name only a few areas of
active research. Within the Raines lab, protein engineering research has resulted in the

development of cytotoxic variants of the enzyme ribonuclease A and its human homologue, 4!

1819 and semisynthetic

strategies to bioreversibly conjugate proteins for facilitated cell delivery,
ribonuclease constructs bearing reporter tags.?’

As stated by the biologist Frangois Jacob, proteins are subject to “constraints that, at every
level, specify the rules of the game and define what is possible with those systems; and the
historical circumstances that determine the actual course of events and control the actual
interactions between the systems.”?! Herein, I describe two aspects of the protein science of
ribonucleases that capture the essence of Jacob’s dichotomy: the fundamental protein biology of
ribonuclease oxidation with specific emphasis on methionine, and applied bioengineering to
construct a novel, SARS-CoV-2-directed, ribonuclease-based zymogen. The former topic begins
with a historical accounting of ribonuclease research and culminates in a basic scientific inquiry I
sought to address in my doctoral work: how do ribonucleases preserve their function in the face
of oxidative insult? The latter topic recounts the means by which organisms spatiotemporally
regulate their enzymes and asks the question: can ribonuclease regulation be engineered such
that the construct acts as a useful tool, in this case as a diagnostic for viral disease? This

bioengineering effort necessitated additional work to characterize the viral enzyme to be

detected, bringing even this applied research back to the basic research of protease enzymology.
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1.2 Fundamental protein biology of ribonucleases

1.2.1 Ribonuclease A
Bovine ribonuclease A (RNase A) is one of the most well-studied enzymes in all of biochemistry,
chemical biology, and related disciplines.?? The existence of RNase A was first alluded to in
1920, where it was noted that an extract of porcine pancreas was capable of degrading yeast
nucleic acid: “An active agent is present in animal pancreas which is specifically adapted to plant
nucleic acid. It suggests evolutionary matters.”? The crystalline protein was first isolated in
1939,2* and its putative catalytic mechanism was reported in 1961.2° The protein would go on to
be the subject of multiple Nobel Prizes centered on achievements in the structural elucidation
and chemical synthesis of proteins.?®2® RNase A owes its prestige as a model system for protein
scientists to a fortuitous decision by the Armour & Company meatpacking company, who chose
to isolate one kilogram of crystalline RNase A from industrial byproduct and distribute the
purified protein to labs around the world. This decision globally enabled researchers to
investigate then-disputed topics within enzymology, structural biology, and other biochemical
areas of research using a consistent model system, thereby removing one confounding influence
from interlaboratory results.?

As depicted in Figure 1.1, the ribonucleolytic activity of RNase A relies on a catalytic triad
of His12, Lys41, and His119. His12 and His119 engage in general acid/base catalysis to cleave a
phosphodiester bond of the RNA backbone, and Lys41 interacts with a nonbridging oxygen atom
vicinal to the scissile bond to stabilize the buildup of negative charge on the phosphoryl group.*
Notably, while features of the ribonucleolytic mechanism have been elucidated in the intervening

span of time—including recognition of nucleotide-binding and phosphoryl-binding subsites, and
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the identification that RNase A acts in a non-processive manner—the mechanism of RNase

catalysis as first proposed has remained accepted for over fifty years.3!-33
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Figure 1.1. Putative mechanism of catalysis of RNA cleavage by RNase A. Relevant protein

residues are depicted in green, the RNA substrate is depicted in black. Pyr, pyrimidine.
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RNase A is a remarkable biological catalyst that exists in the privileged class of diffusion-
limited enzymes.>* In near-physiological ionic strength solutions, RNase A exhibits a catalytic
efficiency exceeding 10’ M! s™! as measured using the FRET tagged, chimeric tetranucleotide
6-FAM-dArU(dA),-6-TAMRA;*>-%¢ the enzyme’s catalytic efficiency increases to over
10° M ! s7!in assay buffers of lower ionic strength, hinting at structural features of the enzymic
active site.>” As shown in Figure 1.2, RNase A possesses multiple cationic surface patches near
the active site cleft. These patches, and more specifically the residues that comprise them,
interact with the polyanionic phosphate backbone of RNA substrates and greatly facilitate

substrate turnover.38
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Figure 1.2. Bovine RNase A structure, from PDB ID: 7RSA.* (A) Cartoon structure with active
site residue sidechains shown in ball-and-stick form (CPK color scheme). (B) Electrostatic

surface mapping. Blue: cationic surface patches, red: anionic surface patches.
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1.2.2 The RNase superfamily

Ribonuclease 1 (RNase 1) is the human orthologue of bovine RNase A and possesses many of
the same features: a small and stable structure possessing four disulfide bonds, a high level of
cationicity, and expedient, promiscuous cleavage of RNA.% Other vertebral species possess their
own orthologue of RNase A, and within a single species many paralogues of RNase A are found
which constitute the so-called pancreatic-type RNase (ptRNase) superfamily.*! In humans, eight
canonical ptRNases are known to exist and have a distinct array of biochemical features. All
eight human ptRNases possess four disulfide bonds (except RNase 5, which possesses three), a
catalytic triad of His—Lys—His, and an N-terminal signal sequence that directs posttranslational
secretion of the nascent polypeptide; conversely, the human RNases each have very divergent
tissue specificities and catalytic competencies, both in terms of substrate preferences and in their
maximal turnover rates.*>* Originally believed only to aid in digestion (owing to the original
discovery of RNase A from pancreatic extract and a particularly high level of tissue secretion
from ruminant species), RNases are now appreciated to serve regulatory, angiogenic,
immunoprotective, and antimicrobial roles.?>* Phylogenetic analyses implicate RNase 5, also
known as angiogenin, as the most ancestral of the RNase A superfamily members; the other
canonical RNases are believed to have arisen from gene duplication events.*!*? This
phenomenon, along with the unusually high rate of amino acid substitution in RNases, is
consistent with proteins involved in host defense.**** The frequency of sequence mutations
among the RNase family members may in part explain the divergent catalytic roles exhibited by
particular paralogues, and it underscores the importance of appreciating conserved sequence and

structural features among RNase homologues within and across species.
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1.2.3 Early work characterizing the chemical modification of pancreatic-type RNases
In 1951, Weil and coworkers embarked on an exploration of the impact of photo-oxidation on
various proteins, beginning with a thorough investigating of the amino acid-specific nature of
photo-oxidation.*>*# Their characterization of isolated amino acids demonstrated that the
aromatic residues tyrosine, histidine, and tryptophan, as well as the sulfur-containing residues
methionine and cystine, were the most susceptible to oxidation upon irradiation with visible light
in the presence of the photosensitizer methylene blue.*® In 1955, Weil and Seibles chose bovine
RNase A as a model system for their photo-oxidation studies, and they characterized the impact
that oxidation had on the enzyme’s structure and catalytic competency. They observed that 50%
of RNase A’s enzymatic activity was abolished upon uptake of one mole equivalent of oxygen,
and that nearly all catalytic competency was lost by two mole equivalents of oxygen uptake.
Concomitant with this, they reported a direct proportionality between oxygen uptake and a
decrease in native histidine content; no changes were observed in the protein’s optical rotation
(which would suggest protein denaturation), a-amino nitrogen content (which would suggest
photolysis of peptide bonds), or sulfhydryl content (which would suggest disruption of native
disulfide bonds). Given that the enzyme’s overall architecture was not observably perturbed,
Weil and Seibles attributed the photo-oxidation induced inactivation of RNase A to the
modification of histidine residues.*® While unsurprising with our modern understanding of the
catalytic mechanism of RNase A, Weil and Seibles’ findings predate elucidation of the enzymatic
mechanism (reported in 1961) by six years.?

Attempting to identify residues relevant to RNase A catalysis, Gundlach, Stein, and Moore
performed seminal work in 1959 characterizing the modification of RNase A with iodoacetate.

They observed expeditious loss of ribonucleolytic activity upon iodoacetate-induced alkylation,
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and the most rapid rate of inactivation occurred when RNase A and iodoacetate were co-
incubated at pH 5.5. Amino acid analysis of the isolated, inactivated RNase A species revealed a
reduction in native histidine content and the appearance of (1/3)-carboxymethylhistidine, again
implicating histidine in the ribonucleolytic mechanism before RNase catalysis was
mechanistically understood.>® The expedient alkylation of histidine with corresponding loss of
catalytic competency at pH 5.5 was counterintuitive, given that the reaction of histidine with
iodoacetate most efficiently occurs at alkaline pH, when the imidazole ring is deprotonated and
can effectively engage in nucleophilic attack; at pH 5.5, the sidechain of histidine should be
protonated, and the cationic imidazolium species is a poor nucleophile. Additional work
identified that the iodoacetate-induced alkylation of methionine is distinctly pH-independent and
forms a reactive carboxymethylsulfonium species, leading Gundlach and coworkers to speculate
that if methionine and histidine were neighboring one another, the iodoacetate-induced
inactivation of RNase A could occur by a two-step mechanism in which (1) carboxymethylation
of one or more methionine residues proximal to catalytic histidine is followed by (2) subsequent
transfer of the alkyl group from the activated carboxymethylsulfonium species to the nearby

histidine (see Figure 1.3).5%!
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In 1962, Neumann, Moore, and Stein attempted to investigate the impact of methionine
oxidation on RNase A’s structure and its catalytic competency. Believing methionine to only
exist within the hydrophobic core of a protein, they hypothesized that methionine modification
must perturb the native fold of RNase A and prevent its active site from maintaining the
conformation needed for catalysis. In contrast to this expectation, they noted that “Oxidation
with hydrogen peroxide has yielded evidence for the presence of at least one active derivative
which contains one methionine sulfoxide residue per molecule. [...] [T]The amino acid analyses
suggest [...] that oxidation of methionine sulfur is the sole chemical modification that has been
brought about.”? Thus, it was established that RNase A catalysis is catalytically tolerant of
methionine oxidation.

Proceeding to 1967, Fruchter and Crestfield definitively characterized the amino acids
implicated in the alkylation-induced inactivation of RNase A and were able to contextualize their
results with the then-proposed enzymatic mechanism. Using iodoacetamide to slow the rate of
alkylation of RNase A relative to its reaction with iodoacetate, they observed
carboxamidomethylation of His12 with resultant loss of ribonucleolytic activity. Intriguingly,
they noted a pH-independent, ionic strength-independent alkylation of RNase A methionine; the
methionine-modified RNase exhibited equivalent catalytic efficiency to the unreacted enzyme,
similar to the results of Neumann and coworkers.*?* Fruchter and Crestfield concluded that
broad conformational changes must not be occurring during the reaction of RNase A with
alkylating reagents. Collectively, these early studies suggested that histidine and methionine
were somehow associated in the context of RNase A catalysis, and that direct modification of

methionine residues was on its own insufficient to hinder catalysis.
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1.2.4 On the nature of methionine utilization in proteins

Methionine is principally recognized as a hydrophobic amino acid which plays a crucial role in
translation initiation in eukaryotes.>*>> Methionine is the second most infrequently utilized
amino acids in human proteins, second only to tryptophan;>®>7 it comprises 2.2% of the global
amino acid content of human proteins, a frequency which includes its retention as the translation
initiator on proteins for which methionine aminopeptidase is not able to cleave the N-terminal
methionine.>® Methionine is also the most biosynthetically expensive amino acid in organisms,
costing a net 18 equivalents of ATP for every equivalent of the amino acid synthesized from
glucose; the majority of this expense is attributed to the installation of the sulfur atom in the
residue sidechain.”® Early biochemists believed that methionine serves limited roles among the
canonical amino acids, serving only to pack the hydrophobic interior of proteins and signal the
start of protein translation.

This simplified perspective of methionine has been challenged in recent years, and
methionine has even been branded the “Cinderella” of the proteinogenic amino acids owing to its
indifferent energetic preference for sidechain torsion angles and the relative polarizability of the
sulfur atom.®® Levine and coworkers championed the premise that methionine might serve an
additional role: that of an antioxidant defense system.®! Using glutamine synthetase as a model
system, they demonstrated that surface-resident methionine residues were readily oxidized under
physiological conditions; these oxidizable methionines were specifically clustered in a “phalanx”
around the active site, and their oxidation did not impact enzyme catalysis. Methionine
sulfoxide—the preliminary product of methionine oxidation—is readily corrected in eukaryotes
by methionine sulfoxide reductases (MSRs), meaning the antioxidative behavior of methionine

can function in a catalytic rather than a stoichiometric manner.®*%* Levine and coworkers later

35



documented a number of proteins in which methionine oxidation had been observed with varying
levels of impact on function, including the 1962 observations in RNase A made by Neumann,
Moore, and Stein.®* Since then, many researchers have investigated features of methionine
oxidation, including its reaction kinetics;® relevancy to metal-binding proteins;*® steady-state
levels with respect to MSR-mediated correction;®’ sequence-dependent, one-electron redox
potential;*® and relationship to local conformational flexibility in a protein.®® Methionine
oxidation has been implicated in a number of medical conditions, including Alzheimer’s
disease,”® Parkinson’s disease,’! emphysema,’? hepatocellular carcinoma,’? breast cancer,’* and
congenital deafness.” Conversely, given the bioreversible nature of methionine oxidation,
interconversion of methionine and its sulfoxide has been proposed to act as a regulatory switch
to trigger or inactivate protein function.®®’® No longer relegated to an amino acid of limited
utility, methionine is now understood to contribute significant redox sensitivity and antioxidative

protection to proteins.

1.2.5 The S—aromatic motif

Proteins employ a number of secondary forces beyond the well-known primary forces of
hydrogen bonding, Coulombic interactions, and van der Waals interactions.”” One such
secondary force is the sulfur—arene interaction, in which the sulfur-bearing amino acids
methionine, cysteine, and/or cystine interact with the aromatic rings of phenylalanine, tyrosine,
tryptophan, and/or histidine.”® The energy of this interaction is on the order of 1-3 kcal mol ™!, on
par with that of a salt bridge.” This force can significantly contribute to the stability of a
protein’s native fold,’® and as I will explore in this work, sulfur—arene interactions may also tune

the reactivity of sulfur atoms.
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This two-residue interaction, also referred to as the S—aromatic motif, has two sub-types. In
the first, dubbed the S-toward interaction, sulfur lone pair electrons are directed toward the
aromatic ring; this orientation is most energetically favorable when the sulfur atom approaches
the aromatic ring along the partly electron-deficient (6%) ring edge (i.e., approach along the plane
of the aromatic residue). Alternatively, the sulfur atom may approach along either face of the
aromatic ring; in this form, it is most energetically favorable for the sulfur atom to point away
from the aromatic ring (dubbed the S-away interaction), both to prevent electrostatic repulsion
between sulfur lone pairs and the electron-rich (67) face of the aromatic ring as well as to direct
empty C—S/H-S/S—S o* orbitals toward regions of electron density.?° In a survey of 393 PDB-
deposited structures, 9% of methionine residues were found to interact with an aromatic ring
edge and 8% were found to interact with a ring face.?! Perhaps unsurprisingly, an interplay exists
between the inter-residue phenomenon of S—aromatic motifs and the intra-residue phenomenon
of methionine oxidation.

The work of Aledo, Cantén, and Veredas suggests that methionine residues engaged in S—
aromatic motifs are relatively more recalcitrant to oxidation, implying that S—aromatic motifs
have a deactivating nature with respect to the reactivity of the methionyl sulfur atom.?? A
significant limitation of this work is that the motif was identified based on a suitable sulfur—arene
interatomic distance, but no attention was paid to the directionality of the interaction, i.e.,
whether the interaction was S-toward or S-away. The complementary orbital interactions of
sulfur lone pairs with the 6" ring edge or C—S o* orbitals with the ™ ring face suggest that S—

aromatic motifs can be activating or deactivating with respect to the sulfur atom.
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1.2.6 Motivation for investigating the oxidation of H. sapiens RNase 1

In Chapter 2 of this thesis, I describe my work characterizing how human RNase 1 utilizes
methionine as an antioxidant defense system, as broadly proposed for proteins by Levine and
coworkers.%! This work was inspired by a simple observation: RNase 1 utilizes methionine at a
frequency (3.9%, 5 of 128 residues) nearly twice that expected for a protein of its size. As often
happens in science, this observation came about purely by chance—while conducting an
unrelated, mass spectrometry-based experiment using RNase 1, a surprising number of oxidation

peaks were observed (Figure 1.4). This single dataset would inspire an entire project.
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Figure 1.4. Graph of a deconvoluted Q—TOF mass spectrum for H. sapiens RNase 1 depicting its
pattern of oxidation. Following the parent protein peak, a series of peaks separated by 16 Daltons

are observed (+0O), consistent with the addition of oxygen to the protein.
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I apply orthogonal bioinformatics, chemical biology, and biomimetic strategies to interrogate
RNase 1 and bolster the rigor of my findings implicating methionine as antioxidative residues.
My bioinformatic analyses interrogate the evolutionary patterns of methionine usage in the
ptRNase superfamily, and I note distinct patterns of methionine accumulation across homologues
as well as the occurrence of S—aromatic motifs that suggest a residue-specific tuning of
methionine reactivity such that Met29 and Met35 are readily oxidizable residues. In my chemical
biology approach, I employ a previously reported, methionine selective, oxaziridine-based probe
in a novel manner—as a chemical capping group—to effectively pre-oxidize solvent-accessible
RNase 1 methionine residues; the labeled enzyme is more easily inactivated via oxidation than
the unlabeled one, implying that RNase 1 methionine residues protect the active site. In the
complementary biomimetic strategy, I obviate the antioxidative capability of the suspected
reactive methionine residues (Met29, Met35) by site-specific installation of the noncanonical
amino acid norleucine; like the results from labeled RNase 1, the norleucine variant enzyme is
more easily oxidatively inactivated than the wild-type protein. Notably, in the course of pursuing

this biomimetic strategy, I report the first one-pass chemical synthesis of RNase 1.
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1.3 Opportunities for ribonuclease-based engineered proteins

1.3.1 Zymogens in human physiology and as a bioengineering tool

A core facet of multicellular biology is that of specialization, in which not every cell behaves in
an equivalent fashion; cell types and functions may be distinguished spatially, temporally, or
both.#*84 Analogous to cellular phenotype changing in response to stimuli or environmental
demands, the functional behavior of proteins can be altered in response to external factors. One
way in which proteins can attenuate their function is by evolving toward a zymogen, a pro-
enzyme that acts as the inactive precursor to a cognate functional protein.®> Proteins may be
rendered inactive by appending peptidic tags to the functional protein unit in order to cause a
steric clash or trigger conformational changes; by modifying amino acid sidechains through the
addition of interfering pendant groups or the removal of catalytically necessary ones; or by
sequestering protein cofactors.3® Many classes of protein exist in a zymogen form, including
digestive enzymes such as trypsin, chymotrypsin, and pepsin, which are initially produced as
zymogens to prevent premature, off-target hydrolytic activity at the initial site of secretion;®’
signaling proteins such as the caspases, which are maintained as zymogens until needed to
initiate apoptotic pathways;®® and coagulation proteins such as thrombin, fibrin, and Factor X,
whose zymogen forms help funnel the cascade of enzymatic reactions that lead to blood
clotting.®’

Inspired by natural zymogens, the field of protein engineering has designed artificial
zymogens from native proteins in order to exogenously render the protein inactive until an
appropriate activating signal is introduced.!! Methods used to reversibly inactivate a protein of
interest include site-directed mutagenesis to hinder conformational changes,” reversible

complexation and encasement within macromolecular protecting groups,’! and fusion to
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inhibitory elements via protease-cleavable linkers.”” These artificial zymogens hold great
promise as basic research tools as well as biotherapeutics, as exemplified by the work of the

Raines lab.

1.3.2 Engineering cyclic ribonuclease zymogens

The Raines lab has explored the design of artificial, ribonuclease-based zymogens using the
inactivation strategies of active site occlusion and conformation distortion. To allow for an
activating signal to restore ribonuclease function, the Raines lab chose to install a peptidic linker
recognized by a protease of interest to occlude the enzymic active site; the protease therefore
behaves as the activating stimulus by freeing the RNase active site from its occluding linker.
Early efforts to engineer a zymogen based on RNase A relied on circular permutation, in which
the native termini of a protein are bridged by a covalent peptidic linkage and new termini are
established elsewhere in the protein sequence to effectively permute the protein’s sequence with
respect to its wild-type one.”® The inspiration to use circular permutation to occlude RNase A’s
active site was based on the fortuitous fact that the termini of RNase A point in opposite
directions and flank its active site (see Figure 1.2A); it was reasoned that a peptidic linker
bridging the native termini might therefore span the active site and interfere with the binding of
substrate RNA. Using circular permutation and an tetradecapeptide linker recognized by
plasmepsin II from Plasmodium falciparum, the Raines successfully created an RNase A-based
zymogen that was specifically activated upon protease administration with a >900-fold increase
in catalytic efficiency following linker cleavage.”* Other RNase A-based zymogen constructs
followed suit with peptidic linkers recognized by the NS3 protease (of hepatitis C virus) and the

HIV-1 protease. In each case, a >50-fold change in catalytic efficiency was achieved between
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zymogen and activated states.”>® More recently, the Raines lab has designed an orthologous
zymogen based on human RNase 1 which is also recognized by HIV-1 protease. For the RNase
1-based zymogen, truncation of the native termini and an octapeptide linker were optimal for
balancing a large fold-change in catalytic efficiency (between zymogen and activated states) with
maintained thermostability.”” The RNase 1-based zymogen is specifically activated by the
cognate HIV-1 protease, and the zymogen can induce cytotoxicity in HIV-infected cells using
MT-4 cells as a model system.”® Notably, this construct did not utilize circular permutation in its
synthetic design, but rather, was created using intein chemistry to engineer a truly cyclic protein

(vide infra).”’

1.3.3 RNase S: a fragmented ribonuclease zymogen
Distinct from converting a protein into a zymogen by appending additional peptides or domains,
one might envision creating a zymogen by instead fragmenting the protein between structural
units. Often, protein fragmentation results in irreversible loss of structure and function, for
example following proteolytic digestion with trypsin or peptide bond hydrolysis at extreme
pH.?1% Under certain conditions, however, it is possible to site-specifically fragment a protein
to perturb its function in a manner that allows for re-complementation of the fragments and
restoration of activity, as in protein complementation assays.!?!-102

In 1959, it was first reported that bovine RNase A can be specifically fragmented into two
constituents by treatment with the serine protease subtilisin. Proteolysis results in a 20-residue,

amino-terminal fragment, referred to as S-peptide, and a remaining 104-residue fragment,

referred to as S-protein. Neither fragment alone exhibits ribonucleolytic activity, likely due to
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physical separation of the catalytic residue His12 (within S-peptide) from Lys41 and His119

(within S-protein) (see Figure 1.1 and 1.5).
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Figure 1.5. Structure of RNase S, which derives from bovine RNase A. Subtilisin cleaves
RNase A at the Ala20—Ser21 peptide bond (shown in ball-and-stick form, CPK color scheme),
resulting in liberation of S-peptide (blue cartoon) from S-protein (gray cartoon) and physically
separating the three active site residues (sidechains shown in ball-and-stick form, CPK color

scheme). This structure is prepared from PDB ID: 7RSA.*°
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Remarkably, coincubation of S-peptide and S-protein results in fragment complementation to
produce so-called RNase S with restoration of ribonucleolysis.!?* Subsequent work has
demonstrated that the RNase S complex does, in fact, recapitulate the structure and
conformational dynamics of its progenitor, RNase A.!%4105 Given the synthetic accessibility of S-
peptide and the ease of producing S-protein, RNase S and its components have been a prime
model system within protein engineering to investigate the impact of unnatural amino acid
incorporation,!%®1%7 to produce novel purification strategies,'?-11? to demonstrate photo-control

112,113

of enzymatic activity,'!! to design a targeted drug delivery platform, and to develop an

anticancer therapeutic.!''*

1.3.4 Intein chemistry

Inteins (intervening proteins) are auto-processing domains in polypeptide sequences which
excise themselves from the polypeptide and seamlessly ligate the flanking exteins (external
proteins) present on either side, acting in a somewhat analogous manner to introns in pre-mRNA.
While intein sequences are varied, core features are retained to preserve the conserved reaction
mechanism shown in Figure 1.6 and described below:

1. An N-terminal intein nucleophile (often cysteine or serine) attacks the C-terminal main-
chain carbonyl of the N-extein fragment to form a linear (thio)ester.

2. An N-terminal, C-extein fragment nucleophile (cysteine/serine/threonine) attacks the
newly formed (thio)ester carbonyl in a trans-(thio)esterification reaction to form a
branched (thio)ester intermediate.

3. Ahighly conserved, C-terminal intein asparagine cyclizes at its carbonyl to form a stable,

five-membered succinimide, thereby excising the intein.
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4. The non-native adduct of the extein fragments spontaneously rearranges to form a stable,
native peptide bond in an intein-independent fashion, thereby ligating the extein

fragments to form the intended protein.!'®
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Figure 1.6. Canonical mechanism of intein splicing. N-terminal extein (Exty) and C-terminal
extein (Extc) fragments are spliced during the excision of the intein (/nf). Mechanism is as

described by Shah and Muir.!!?
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The biological role for inteins remains an active area of investigation, but they are often
described as “selfish” or parasitic gene elements.!'® Conversely, inteins have been a boon to
protein engineering and synthetic biology.!!>!17 Of particular note are the split inteins, in which
the intein exists as two fragments which cannot separately enact their autocatalytic splicing
function; the fragments must noncovalently associate, at which point the splicing reaction occurs
as previously described.!!® It is possible to cyclize a desired protein with strategic fragmentation
of the protein such that a suitable nucleophile (i.e., cysteine/serine/threonine) is properly
positioned for step (2) of the splicing reaction above, along with proper concatenation of split
intein fragments. A general scheme for protein cyclization using split inteins is shown in Figure

1.7.
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Figure 1.7. Schematic of protein cyclization using a split intein system. The initial, linear
construct is produced as a polypeptide in the order (N- to C-terminal): (1) C-terminal intein
fragment; (2) C-terminal extein fragment; (3) linker peptide (if included); (4) N-terminal extein
fragment; (5) N-terminal intein fragment. Following noncovalent association of the split intein
fragments, the intein splicing reaction occurs as shown in Figure 1.6, excising the intein and

ligating the extein fragments into a contiguous, cyclic construct.
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The Raines lab used the naturally split DNA polymerase III (DnaE) intein from Nostoc
punctiforme PCC73102 (Npu) to produce the cyclic, RNase 1-based, HIV-1 protease-recognized
zymogen described above.”” Npu split intein fragment association is rapid (kon = (8.9 + 0.3) x
10° M! s7!) and thermodynamically favorable (K¢ = 1.2 + 0.8 nM).!! Reported first-order rate
constants for the splicing reaction of this split intein at 37 °C range from 1.1 x 1072 to 3.7 x
1072 !, meaning that the half-life of the splicing reaction is less than one minute.'?%!?! The yield
of properly spliced protein is >90%, making the Npu split intein system very efficient for

circularization of proteins.!!'

1.3.5 SARS-CoV-2 main protease 3CLP"

To further the Raines lab’s work engineering ribonuclease zymogens, I chose to design a cyclic,
RNase 1-based zymogen which would be recognized by the main protease of Severe Acute
Respiratory Syndrome Coronavirus-2 (SARS-CoV-2), the etiological agent of the COVID-19
pandemic.'?>!2? Following SARS-CoV-2 virion attachment to the infected host cell ACE2
receptor and membrane fusion, injected viral RNA is rapidly translated to produce the
polyproteins ppla and pplab.'?* These polyproteins code for 16 nonstructural proteins (NSPs)
necessary for virion maturation, and the chymotrypsin-like SARS-CoV-2 3C-like main protease
3CLP™ (contained within ppla) is responsible for 11 of the cleavage events to liberate the
NSPs.!25-128 SARS-CoV-2 3CLP™ is 96% sequence identical to the cognate main protease of
SARS-CoV, the etiological agent of the 2003 SARS epidemic, and the majority of the twelve
nonidentical residues either consist of conservative mutations or occur in nonstructured regions

of the two proteins (see Figure 1.8A).
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Figure 1.8. SARS-CoV-2 3CLP™ sequence and structure. (A) ClustalW sequence alignment of
SARS-CoV-2 3CLP™ (UniProt accession ID: PODTD1, positions 3264—3569) with the SARS-
CoV homologue (UniProt accession ID: POC6X7, positions 3241—-3546). Conservative mutations
are identified by green font; nonconservative mutations are identified by red font. (B) SARS-
CoV-2 3CLP® structure (PDB ID: 6Y2E!'?"). Homodimer protomers are distinguished by light
and dark gray. Catalytic dyad residues at the interface of domains 1 and 2 are depicted in ball-

and-stick form, and the dyad and domains of one protomer are labeled.
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SARS-CoV and SARS-CoV-2 3CLP™ are each a homodimer of 306-residue subunits arranged
perpendicular to one another (Figure 1.8B). Each subunit consists of three domains; domains I
and II each possess a S-barrel structure and collectively form the active site cleft, while domain
I11 is a globular, a-helix rich region implicated in dimerization.!*® Unlike the canonical
chymotrypsin catalytic triad Ser/Cys—His—Asp/Glu possessed by many coronavirus proteases,
3CLP™ instead possesses a catalytic dyad of His41 and Cys145.12%13! It is hypothesized that a
bound water molecule additionally hydrogen bonds to His41 and could be the third member of a
catalytic pseudo-triad.!3? Dimerization is strictly necessary to establish catalytic competency;
empirical and computational evidence shows that the N-terminal residues of one protomer (the
“N-finger”) weave between domains I and II of the other protomer, completing the active site of
the latter and properly orienting cleft residues to prevent steric clash with polypeptide

substrates.!3%133

In particular, the N terminus of one protomer hydrogen bonds with Glu166 of
the other protomer to prevent the latter from blocking access to the active site, and the main
chain of Serl’ (" denoting the sibling protomer) hydrogen bonds with the main chain of Phe140A
to properly orient the oxyanion loop of which Phe140 is a part.'3? This loop is responsible for
stabilizing the tetrahedral transition state of the nascent acyl-enzyme intermediate, and a
collapsed active site has been observed in monomeric 3CLP™ as a result of missing interprotomer

interactions.!¥>!3* Data suggest that the two active sites of dimeric 3CLP™ are asymmetric and

that only one is active at any given moment (i.e., half-site reactivity).!31:133:135

1.3.6 Motivation for investigating 3CLP™ and designing a 3CLP™-targeted zymogen

At-home, rapid antigen detection testing (RADT) is a crucial tool for mitigating the spread of

COVID-19, as it allows individuals to confirm a suspected infection and self-isolate without the
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need for comparatively costly PCR-based testing or contact with the public.!3® Unfortunately,
RADT often detects the same antigens targeted by anti-COVID-19 biotherapeutics, and the
resultant selective pressure exerted by the latter can induce viral mutations; a potential
consequence of viral mutations is reduced diagnostic sensitivity in cases where the viral epitope
is altered.!3”-138 This is perhaps most exemplified by the rise of the SARS-CoV-2 Omicron
variant in late 2021, during which a multi-day lag period emerged between positive diagnosis
with RADT versus PCR-based testing.!* This begged the question: could a diagnostic that relied
on the function of a viral enzyme be more robust than one based on the detection of a viral
protein, considering that mutations are unlikely to alter the fundamental chemical reaction
catalyzed by an enzyme?

Given the indispensable nature of the main protease 3CLP™ to SAR-CoV-2 virion replication,
I believed it would be a prime target for detection of a viral infection. Unfortunately, the body of
scientific literature for SARS-CoV-2 3CLP™ and its highly conserved SARS-CoV homologue are
rife with inconsistencies. The reported values of the catalytic efficiency kca/Kwm vary by nearly
three orders of magnitude, and the reported values of the 3CLP™ dimer dissociation constant Kq
vary by nearly six orders of magnitude. Closer investigation of reported studies revealed a host
of discrepancies in enzyme assays between researchers, including the use of enzyme constructs
bearing exogenous tags likely to interfere with enzyme function, detection methods lacking
adequate sensitivity, and solution conditions which impede enzymatic catalysis (see Chapter 3
for a comprehensive review of the literature). It became evident that developing a SARS-CoV-2
3CLP™-based diagnostic needed to be preceded by prudent characterization of the core

enzymology of 3CLP™ itself.
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In Chapter 3 of this thesis, I describe my enzymological characterization of SARS-CoV-2
3CLP, This work began with production of authentic 3CLP™, i.e., enzyme free of any exogenous
purification tags or fusion proteins. I then rationally designed a FRET-tagged protease substrate
and characterized the limits of its utility in relation to the inner filter effect, a documented
impediment to fluorescence-based assays.!?>14%-141 With these tools in hand, I used an
enzymology-based method to determine the value of the dimerization K4 for SARS-CoV-2
3CLP™, relying on the comparative sensitivity of enzyme activity assays in relation to other
bioanalytical techniques in order to accurately interrogate enzyme dimerization. My measured Kq
value is among the lowest reported for 3CLP™ from SARS-CoV and SARS-CoV-2. I then
characterized the kinetic parameters kc.c and Kv for the turnover of my substrate by authentic
3CLP™. Notably, I relied on a Bayesian algorithm to circumvent the assay conditions demanded
by traditional Michaelis—Menten methodology, most pertinently the need for saturating substrate
concentrations. Finally, I showed that 3CLP™ is highly sensitive to solution ionic strength. This
observation may partly explain the confounding results from prior research of 3CLP™. My work
sets a firm foundation of knowledge for the enzymology of SAR-CoV-2 3CLP™ and highlights
the need to diligently consider the biochemical features of an enzyme when investigating it.

In Chapter 4 of this thesis, I describe my work using split intein chemistry to construct a
cyclic RNase 1 zymogen with an installed peptide sequence matching that previously shown in
Chapter 3 to behave as a suitable 3CLP™ substrate. Using both empirical and in silico
methodologies, I demonstrate that the 3CLP™-directed zymogen is catalytically inactivated by a
combination of steric occlusion and conformational distortion of the active site. The zymogen is
specifically acted upon by 3CLP™ at the installed peptidic linker, resulting in expeditious

restoration of ribonucleolytic activity. I demonstrate that by functioning as an enzyme itself, the
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activated RNase zymogen is able to amplify the signal of 3CLP™ activity, resulting in a system
that can detect nanomolar concentrations of 3CLP™ in a timeframe comparable to RADT. This
proof-of-principle diagnostic enables function-based detection of a viral infection, which holds
the potential to obviate the diagnostic retooling that has been necessary because of the biological

arms race between viral evolution and human intervention.
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Chapter 2:

Methionine as a Vanguard Against Oxidation
in the Ribonuclease Superfamily:
Interrogation of Antioxidative Protection
in Ribonuclease 1

This chapter will be submitted for publication as:

Wralstad, E. C.; Sayers, J.; Fittolani, G.; Sarabia-Castillo, D.; Callahan, A. J.; Pentelute, B. L.;
Raines, R. T. Methionine as a vanguard against oxidation in the ribonuclease superfamily:
interrogation of antioxidative protection in ribonuclease 1.

Manuscript in preparation.
Contributions: Conceptualization, E.C.W.; experimental methodology, E.C.W., J.S., G.F.,,
D.S.-C., and A.J.C.; experimental investigation, E.C.W., J.S., G.F., D.S.-C., and A.J.C.; writing—

original draft preparation, E.C.W., G.F., and D.S.-C.; writing—review and editing, B.L.P. and
R.T.R.; supervision, B.L.P. and R.T.R.; funding acquisition, E.C.W., B.L.P., and R.T.R.

57



2.1 Abstract

Ribonucleases (RNases) constitute an important class of secretory proteins. RNases statistically
overutilize methionine, poise the residue near the active site, and possess S—aromatic motifs
consistent with empirical patterns of methionine oxidation, suggesting that methionine flanks the
active site to preserve catalysis in oxidatively challenging environments. Using a chemical
biology approach, we pre-labeled H. sapiens RNase 1 methionine and implicated Met29 and
Met35 in providing antioxidative protection to the active site. Our findings are corroborated by a
biomimetic approach in which we, for the first time, chemically synthesized RNase 1 in one pass
with site-specific installation of norleucine and demonstrate this variant is more oxidatively
sensitive. Collectively, our findings demonstrate the antioxidative utility of methionine in RNase
1, implicate methionine-based protection as a conserved feature of the RNase superfamily, and

suggest the residue broadly acts to sacrificially protect key residues.
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2.2 Introduction

Multicellular organisms broadly rely on secretory proteins to facilitate communication between
specialist cell types and coordinate complex physiological functions; indeed, approximately 11%
of the human proteome is calculated to consist of soluble secretory proteins.!4? Ribonucleases
(RNases) constitute a diverse class of secretory enzymes which share the common ability to
cleave RNA, a function with digestive, regulatory, and immunoprotective purposes.?>44 A
subset of RNases comprise the RNase A superfamily, which are among the most well-studied
proteins in chemical biology; these secreted, vertebral proteins are small, highly stable, cationic
proteins with a common ability to nonspecifically degrade RNA at an efficiency of 10°-107
M 157! for ssRNA.#0

RNase-mediated transphosphorylation relies upon a catalytic triad of two histidines and one
lysine. In bovine RNase A and its human homologue, RNase 1, His12 deprotonates the 2’
hydroxyl of RNA concomitant with nucleophilic attack of the 3’ phosphoryl group, and His119
protonates a bridging oxygen of the same phosphoryl group, thereby cleaving the RNA backbone
(Figure 2.1). Lys41, meanwhile, stabilizes the negatively charged phosphoryl group in a
Coulombic interaction. Additional residues, including Lys7, Lys66, and Phe120 also interact with

the phosphate backbone of RNA to facilitate substrate binding.??
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Figure 2.1. Putative mechanism of catalysis of RNA cleavage by RNase 1. The catalytic residues

His12 and His119 are shown in blue and red, respectively; other relevant RNase 1 residues are

shown in green. Pyr, pyrimidine.
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Photo-oxidation of active site histidines has been shown to result in loss of catalytic competency
and is likely the result of forming 2-oxo-histidine, as has been observed in the metal-catalyzed,
oxidation-induced inactivation of other enzymes.**143 Delocalization of imidazole nitrogen
electrons into the nascent carbonyl of 2-oxo-histidine likely perturbs the pK., of the sidechain and
thereby disrupts catalysis (Figure 2.2), analogous to the effect seen when installing synthetic 4-
fluorohistidine in RNase A.'#* Lysine is also susceptible to oxidation, resulting in deaminated

species unable to contribute to RNase catalysis.!*
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2-oxo-His: q\fH - K\QH - q\?}_ﬁ
Figure 2.2. Comparison of histidine and 2-oxo-histidine. The numbering of the imidazole atoms
of histidine is explicitly shown according to [UPAC nomenclature. Amidic electron
delocalization into the nascent carbonyl of 2-oxo-histidine obviates the acid/base character of the

imidazole nitrogen atoms.
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Unlike intracellular proteins, secretory proteins must be robust to the relatively oxidizing
environment of the extracellular space if they are to properly enact their function;!* this
requirement becomes all the more crucial in the case of a protein with oxidation-prone residues
such as RNase 1, the prototypical RNase A superfamily member in Homo sapiens. We observed
that RNase 1, which circulates at approximately 0.5 ug mL™! (=40 nM) in serum,'#’ contains
methionine at nearly twice the frequency of that for all human proteins, and that these residues
are well-conserved across homologues.’®*” In RNase 1, the methionine residues cluster in
proximity to the active site. In orthogonal proteins, methionine “phalanxes” can line an active
site, where the residue reversibly acts as a sacrificial antioxidant to protect other active site
residues.®* We hypothesized that the methionines of RNase 1 serve a similar protective role.
Glycoxidation and lipoxidation of methionine have been reported for bovine RNase A (68%
sequence identity to RNase 1), though no functional characterization of the oxidized protein was
performed.!'*® To our knowledge, no work has investigated if conserved methionines serve as
antioxidant residues or contribute other functionality to RNase A homologues, including
RNase 1.

In the present work, we report that methionine indeed confers oxidative resistance to
RNase 1. We employed complementary bioinformatics, chemical biology, and biomimetic
approaches to perturb methionine’s ability to act as an antioxidant, and we observed the resultant
effect of oxidative insult on RNase 1 activity. Our bioinformatic analyses interrogated the
evolutionary patterns of methionine usage in the RNase superfamily, and we identified distinct
patterns of methionine accumulation across homologues as well as structural motifs that suggest
a residue-specific tuning of methionine reactivity. Our chemical biology approach applied a

methionine-selective oxaziridine probe to cap the methionyl thioether and hinder its ability to act
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as an antioxidant; our work represents the first reported usage of this probe in such a manner.
Our biomimetic approach reports the first one-pass chemical synthesis of RNase 1, and we
specifically prepared an RNase 1 variant in which select methionines were replaced with the
bioisostere norleucine, which lacks the redox-active sulfur atom. We hypothesize that the results
of our case study with RNase 1 are relevant to other important secretory proteins, including
calprotectin, platelet-activating factor acetylhydrolase, and trypsin 1. Broadly, our findings
highlight an underappreciated role that methionine plays in the proper maintenance of

multicellular processes in the face of oxidative insult.
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2.3 Results

2.3.1 Characterizing methionine conservation patterns among homologues

To begin our bioinformatic analyses, we used the Dali protein structure comparison server to
identify a collection of non-redundant RNase 1 homologues.'* Our homologue set consists of 19
proteins across vertebral species with RNase 1 sequence identity ranging from 24—72% (see
Table 2.1 for the list of homologues). Despite this broad range of sequence identity, all 19

proteins are structurally similar (consensus RMSD: 3.5 A; see Figure 2.3).
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Table 2.1. Homologues of H. sapiens RNase 1 identified by the Dali protein structure

conservation server.'¥’

Species Protein PDB ID RMSD? % identity®
M. musculus RNase 1 3TSRA 0.7 71
R. norvegicus RNase A IRRAA 0.7 66
S. scrofa RNase 4 5AR6A 1.2 46
H. sapiens RNase 4 IRNFA 1.2 44
C. mydas Egg white RNase 27ZPOA 1.4 42
B. taurus RNase 5 1AGIA 1.7 34
R. norvegicus RNase 5 4QFIB 1.7 41
B. taurus Seminal RNase 11BAA 0.6 72
M. musculus RNase 5 2BWLA 1.6 38
H. sapiens RNase 6 4X09A 1.6 36
H. sapiens RNase 5 1A4YB 1.7 38
H. sapiens RNase 3 IHIHA 1.8 34
D. rerio RNase 5 3LJEA 1.7 35
G. gallus RNase 1 4PERB 2.1 34
H. sapiens RNase 7 2HKYA 2.1 39
L. pipiens Amphinase 2P6ZA 1.9 29
L. catesbeianus RC-RNase 4 1IKVZA 2.6 24
L. catesbeianus RC-RNase 2 IM58A 22 27

Proteins all have <90% sequence identity with one another. “RMSD, backbone root-mean-square
deviation to H. sapiens RNase 1, reported in Angstroms. *% identity, sequence identity to

H. sapiens RNase 1.
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Figure 2.3. Structural alignment of H. sapiens RNase 1 and the 18 homologues identified by the

Dali protein structure conservation server.'4
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We surveyed our homologue set for patterns of methionine conservation relative to RNase 1 and
determined the frequency of conserved residue solvent accessibility as well as the average
distance of each conserved methionine to the strictly conserved active site residues homologous
to His12, Lys41, and His119. The data in Table 2.2 reveal several trends: (1) methionines aligned
to RNase 1 Met29 and Met30 are frequently present; (2) methionines aligned to Met30 and
Met35 are consistently proximal to active site residues; and (3) methionines aligned to Met29

and Met35 are frequently solvent-exposed.
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Table 2.2. Methionine conservation patterns among the RNase 1 homologue set.

Distance to... (A)*

LRI (Cloiveion His12 Lys41 His119 Fifﬁélse?ﬁ
Met13 6/19 10+1 14+1 1542 5/6
Met29 11/19 13+1 1451 20+ 1 1011
Met30 19/19 9+ 751 1642 3/19
Met35 7119 6+1 421 121 717
Met79 7119 15+5 1944 1541 617

“For histidine, distance is measured from the methionyl sulfur to the imidazole carbon C2 (see
Figure 2.2); for lysine, distance is measured from the methionyl sulfur to the terminal sidechain
carbon. Distances are mean = SD (n = number of conserved methionine residues). PExposure is

determined by solvent accessibility based on the consensus criteria of Marino and Gladyshev

with Aledo, Cantén, and Veredas.?>15°
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Structural alignment of the homologue set reveals that despite the conformational flexibility of
the methionine sidechain, conserved methionines adopt consistent conformations with retention

of the orientation of the methionyl sulfur atom (Figure 2.4).
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Figure 2.4. Conserved methionines of the homologue set relative to H. sapiens RNase 1. The
cartoon structure of RNase 1 is depicted with active site residue and methionine sidechains in
ball-and-stick form (CPK color scheme); the methionine residues of the homologues are shown

in stick form.
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Phylogenetic analysis of the homologue set elucidates patterns of methionine conservation.!>! As
shown in Figure 2.5, methionine appears to accumulate during protein evolution from the more
ancestral RNase 5 to the more descendant RNases, which are believed to have originated from

gene duplication events.*!-*
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Figure 2.5. Phylogenetic tree of the H. sapiens RNase 1 homologue set with symbols
representing conserved methionine residues present in a homologue. Residues are numbered

according to their equivalent position in H. sapiens RNase 1. Node support is in red font.
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Intriguingly, greater methionine utilization is seen in the enzymes of the terrestrial species than
in those of the aquatic or amphibious species (cf., L. catesbeianus, L. pipiens, D. rerio, and H.
sapiens). Greater incidence of methionine is also seen among homologues with higher
ribonucleolytic activities, both when comparing RNase family members across species—e.g.,

G. gallus, kea/Knv <1 mM ™! min~! versus H. sapiens RNase 1, kca/Kv =12,000 mM ! min™! for
the cleavage of poly(A:U)—and when comparing RNase family members within a species—e.g.,
H. sapiens RNase 1, v =0.108 mmol min"! versus RNase 5, v = 0.000239 mmol min! for the
cleavage of UpA.*** Collectively, evidence suggests that methionine incorporation has been a
part of RNase evolution within and across species, and these methionines are frequently installed

in the vicinity of the active site.

2.3.2 Identifying S—aromatic motifs among homologues

We sought to determine whether structural features relevant to methionine reactivity were
present within our homologue set. A logo plot of the aligned homologue set sequences reveals
that several aromatic residues are highly conserved (Figure 2.6), some nearly as strictly as the
active site residues and disulfide bonds responsible for much of the structural stability of

RNases 152,153
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residue (consensus numbering w.r.t. H. sapiens RNase 1)

Figure 2.6. Sequence logo of the H. sapiens RNase 1 homologue set. Residues are numbered
with respect to the sequence of RNase 1; numbering is approximate due to the presence of
sequence gaps in the alignment of the homologues. Conserved methionine residues are indicated
by blue font; conserved phenylalanine and tyrosine residues are indicated by red font. This plot

was produced using WebLogo v3.7.4.154

75



Sulfur—arene interactions, referred to as the S—aromatic motif in the context of proteins, have
recently been recognized as a significant secondary force in proteins with interaction energies of
1-3 kcal mol ™!, on par with salt bridges.”®’8-%0 We hypothesized that the conservation of aromatic
residues in our homologue set may be related to the patterns of methionine conservation.

We applied a 7-A cut-off to screen for S—aromatic motifs in the structures of our homologue
set, consistent with prior work.” Several aromatic residues of the homologue set are within the
consensus cut-off distance for an S—aromatic motif; as shown in Figure 2.7, most of these
aromatic residues are vicinal to the RNase active site and are highly conserved among

homologues.
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Figure 2.7. H. sapiens RNase 1 colored by the level of sequence conservation among the
homologue set.'>® (A) Cartoon structure and (B) active site region. Aromatic residues within 7 A
of a methionyl sulfur atom are shown in solid ball-and-stick form; active site residues His12,

Lys41, and His119 are shown semi-transparent ball-and-stick form.
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We characterized these S—aromatic motifs based on (1) the distance between the methionyl sulfur
atom and the nearest aromatic ring atom; (2) the angle of approach between the methionyl sulfur
and the plane of the aromatic ring; and (3) whether the methionyl thioether group was oriented
such that the sulfur atom or the thioether carbon atoms were pointed toward the aromatic ring
(“S-toward” and “S-away”, respectively). The S-toward interaction directs sulfur lone pair
electrons toward the aromatic ring and is best complemented by the partially electron-deficient
(0) ring edge, while the S-away interaction directs methionyl C—S o* orbitals toward the
aromatic ring and is best complemented by the electron-rich (J°) ring faces.?® As shown in
Figure 2.8, the sulfur orientation and angle of approach largely complement one another for the
S—aromatic motifs present in our homologue set: approach angles <30° (i.e., approach along the
ring edge) tend to correlate with an S-toward orientation, and approach angles >70° (i.e.,

approach along the ring face) tend to correlate with an S-away orientation.
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Figure 2.8. Graph of metrics for the S—aromatic motifs found in the homologue set. Methionyl
sulfur distance (d), angle of approach (6), and orientation toward aromatic residues are shown for
each S—aromatic motif. The schematic on the left represents two model S—aromatic motifs with
one “toward” (in blue) and one “away” (in red). Solid, horizontal lines on the graph indicate the
mean approach angle of each motif. Labels on the graph indicate the mean motif distance for the
members of the motif. All residues are numbered according to their position in H. sapiens

RNase 1.
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Of the four methionines involved in S—aromatic motifs, Met29 is engaged in two interactions
(with Tyr25 and Phe46) that direct electron density into the thioether; Met35 is engaged in one
donating interaction (with Phe46) and in one abstracting interaction (albeit with the active site
residue His12); Met30 is engaged in one donating interaction (with Tyr97) that is offset by an
even closer abstracting interaction (with Phe46); and Met13 is engaged in one abstracting
interaction (with Phe8). We hypothesize that interactions which donate electron density to
methionyl sulfur should render that methionine more predisposed to oxidation, and interactions
which abstract electron density from the sulfur atom should render that residue more recalcitrant
to oxidation. While a prior report indicates that methionine residues engaged in S—aromatic
interactions are in general less prone to oxidation, we note that neither the angle of approach or
the sulfur orientation were considered in that work;®* we believe that structural nuances enable
the S—aromatic interaction to be either activating or deactivating with respect to oxidation. On
this basis, we hypothesized that Met35 and Met29 should be more easily oxidized than Met30 or
Met13. This is supported by Baynes and coworkers, who determined that the rates of methionine
oxidation in bovine RNase A are Met29 > Met30 > Met13 (Met79 was not oxidized, and RNase
A lacks Met35).!48 Bovine RNase A was not a part of our homologue set, but investigation of the
structure of that protein reveals that it possesses homologous S—aromatic motifs (Figure 2.9)
which conserve the interatomic distances, approach angles, and sulfur orientations observed in
our homologue set (Table 2.3). Taken collectively, our bioinformatics analyses enabled us to
hypothesize that in H. sapiens RNase 1, Met29 and Met35 serve as sacrificial antioxidative

residues meant to protect active site residues from oxidation.
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Phe8

Met13

Figure 2.9. Bovine RNase A S—aromatic motifs. (A) Structure of RNase A (PDB ID: 7RSA*)
with active site, methionine, and aromatic residues engaged in S—aromatic motifs represented in
ball-and-stick form (active site and methionine residues in CPK color scheme; aromatic residues
in green). (B) Detailed representation of RNase A S—aromatic motifs, indicated by red dashed
lines (methionyl sulfur to closest aromatic residue sidechain carbon). Only methionine sidechain

and aromatic ring atoms are shown (CPK color scheme).
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Table 2.3. S—aromatic motifs present in bovine RNase A.

Interaction
Met13—Phe8

Met29-Tyr25
Met29-Phe46
Met30-Phe46
Met30-Tyr97

Distance (A)
4.2

4.4
5.4
4.0
4.7

Metrics are for the motifs depicted in Figure 2.9.
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Approach angle (6)
28.2

70.4
83.5
27.9
82.0

Sulfur orientation
Toward

Away
Away
Toward

Away



2.3.3 Labeling RNase 1 with ReACT Ox2

In our chemical biology approach to interrogating methionine function, we sought to chemically
cap RNase 1 methionine residues in a manner analogous to the utilization of synthetic protecting
groups, hypothesizing that doing so would render RNase 1 more susceptible to oxidation-
induced inactivation by hindering the ability of methionine to act as a sacrificial antioxidant in
the protection of catalytic residues. To prevent exogenous methionine (i.e., the N-terminal
translation initiator methionine) from confounding our enzyme studies, we prepared authentic
RNase 1 by recombinantly expressing the fusion construct M—DDDDK-RNase 1, treating the
construct with enterokinase, and purifying the reaction mixture by HPLC to remove the initiator
Met-containing tag. Mass spectrometry confirmed that the resultant protein had a molecular

weight consistent with authentic RNase 1 (Figure 2.10).
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Figure 2.10. Deconvoluted Q—TOF mass spectrum of authentic, wild-type RNase 1 (expected
mass: 14,566.2 Da; Am = 14 ppm). Closely spaced peaks correspond to oxidation events (+O,

16 Da).
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We subsequently reacted authentic RNase 1 with the methionine-selective chemical probe
ReACT Ox2 reported by Toste, Chang, and coworkers, which effectively pre-oxidizes
methionine according to the mechanism shown in Figure 2.11 and hinders its ability to later

react with an introduced oxidant.!>¢
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Figure 2.11. Mechanism of methionine labeling by ReACT Ox2 (in red), as described by Toste,

Chang, and coworkers.!*® R group: remainder of protein.
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We predominantly observe two labeling events (Figure 2.12).
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Figure 2.12. Deconvoluted Q—TOF mass spectrum of Ox2-labeled RNase 1. (A) Full spectrum
and (B) inset to explicitly show detected masses. Oxidation events correspond to a +16 Da mass
shift; Ox2 labeling corresponds to a +86 Da mass shift, enabling its distinction from oxidation

events. The predominant labeled species contains two Ox2 labels.
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Of the five RNase 1 methionine residues, tryptic digestion of Ox2-labeled protein clearly
identifies Met35 and eliminates Met79 as solvent-accessible targets, while a single labeling event

is detected on the peptide harboring Met13, Met29, and Met30 (Figure 2.13).
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Figure 2.13. Tryptic peptide mapping for Ox2-labeled RNase 1, analyzed by Q—TOF mass
spectrometry. Colored lines beneath the RNase 1 sequence indicate detected peptides (green: no
missed tryptic cleavage; orange: one missed cleavage; red: two missed cleavages), with each line
of text indicating a unique peptide and its predicted modifications. +IAM, cysteine alkylation
with iodoacetamide; +MetO, methionine oxidation; +Ox2, methionine labeling with ReACT
Ox2; —NH,, asparagine/glutamine deamidation; —SCH4, methionine dethiomethylation. !>’

Peptides were detected at a A10 ppm cut-off. Sequence coverage: 90.6%.
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Heat denaturation experiments show that RNase 1 stability is minimally destabilized by Ox2

labeling (AT =—4.0 £ 0.1 °C, mean + SE, n = 4; Figure 2.14).
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Figure 2.14. Heat denaturation curves for wild-type, unlabeled RNase 1 and Ox2-labeled

RNase 1. ATm=-4.0+0.1 °C, mean + SE, n =4.
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As measured with the chimeric, FRET-tagged RNase oligonucleotide substrate 6-FAM—
dArU(dA),—6-TAMRA, the catalytic efficiency of Ox2-labeled RNase 1 is (20 + 1)% that of
wild-type, unlabeled RNase 1 (mean + SE, n = 3). Thus, labeling RNase 1 with Ox2 perturbs
enzymic stability and activity only to a minor extent, enabling our use of Ox2 as a tool to

interrogate methionine’s ability to act as a sacrificial antioxidant.

2.3.4 Preparing a biomimetic variant of RNase 1

Based on our bioinformatics analyses and Ox2 labeling results, we chose to rationally design an
RNase 1 variant in which the putative antioxidative capability of Met29 and Met35 was obviated
by amino acid substitution. Considering that Ox2 labeling of RNase 1 methionines introduces
steric bulk that could possibly confound the results of our subsequent oxidation-induced
activation assay (e.g., by altering the conformation of the RNase 1 active site), we sought to
install an amino acid that would remove the methionyl sulfur atom but not otherwise alter the
residue sidechain. While no canonical amino acid meets these criteria, the noncanonical amino
acid norleucine (Nle) is a bioisostere of methionine in which the sulfur atom is replaced with a
methylene group (Figure 2.15); substitution of norleucine for methionine has successfully been

used by others to interrogate the function of methionine in proteins.!>-160
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L-Met: 149.2 Da L-Nle: 131.2 Da

Figure 2.15. Comparison of L-methionine (L-Met) and L-norleucine (L-Nle).

94



While prior work has installed norleucine into recombinant proteins using chemically-defined
expression systems, our desire to site-selectively install norleucine necessitated chemical
synthesis of our variant Met29Nle Met35Nle RNase 1, which we refer to as Nle—RNase 1. Using
the methods recently reported by Pentelute and coworkers, we successfully prepared the
polypeptide for Nle-RNase 1 in one pass using automated fast-flow peptide synthesis (AFPS).!¢!
We dissolved and folded the polypeptide, purified the folded protein using HPLC, and confirmed
that the protein mass was consistent with the molecular weight of folded Nle-RNase 1 (Figure

2.16).

95



14,5294

0 : | MAAN A \J\\,\J\

T ! I T T T ]
14,250 14,350 14,450 14,550 14,650 14,750
Mass (Da)

Figure 2.16. Deconvoluted Q—TOF mass spectrum of purified Nle—RNase 1 (expected mass:
14,530.1 Da; Am = —48 ppm). The observed molecular weight corroborates that Nle-RNase 1 is
properly folded; the expected and observed pre-folding molecular weight is 14,538.2 Da due to
the presence of eight reduced cysteine residues rather than the four disulfide bonds present in

folded RNase 1.
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Our yield of refolded, purified Nle-RNase 1 was 24% relative to the starting mass of synthesized
polypeptide, which is consistent with results for the synthetic preparation of other proteins via
AFPS.!! The catalytic efficiency of Nle-RNase 1, as measured with 6-FAM—-dArU(dA),—6-
TAMRA, is (26 =+ 1)% that of wild-type RNase 1 (mean + SE, n = 3); our results are consistent
with what we observed for Ox2-labeled RNase 1 and suggest that Nle-RNase 1 is suitable for

examining the function of Met29 and Met35 in RNase 1.

2.3.5 Challenging RNase 1 in an oxidation-induced inactivation assay

To investigate whether methionine acts as a sacrificial antioxidant to protect the oxidation-prone
catalytic residues His12, Lys41, and His 119, we challenged RNase 1, Ox2-labeled RNase 1, and
Nle—RNase 1 in an oxidation assay. Each protein was incubated with varying concentrations of
hydrogen peroxide and iron(II) sulfate (100:1 H202:FeSOs4) at 37 °C for 3 h. Iron(I) sulfate acts
as a catalyst for the decomposition of hydrogen peroxide in a Fenton-type reaction to produce the
hydroxyl radical, which can go on to react with histidine and lysine to produce 2-oxo-histidine
and aminadipic semialdehyde, respectively;!4>162 the use of iron(II) sulfate is particularly
important, as the oxidation of biomolecules by hydrogen peroxide is thermodynamically favored
but kinetically hindered, while the reaction of the hydroxyl radical with amino acids has a

163 Following oxidation, the

second-order rate constant approximately 10°~10°-fold greater.
proteins were assayed for ribonucleolytic activity using 6-FAM—dArU(dA)>—6-TAMRA. We
hypothesized that because Ox2-labeled RNase 1 contains chemically capped Met29 and Met35,
the enzyme should be rendered less protected against inactivation by oxidation of catalytic

residues and should therefore lose catalytic competency at a lower number of equivalents of

hydrogen peroxide than is required to inactivate wild-type, unlabeled RNase 1. We likewise
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hypothesized that Nle-RNase 1, in which the sulfur atom of Met29 and Met35 has been obviated
by residue substitution with norleucine, should also be more sensitive to inactivation via

oxidation. Our hypothesis is graphically presented in Figure 2.17.
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Figure 2.17. Proposed mechanism of attack of each RNase 1 variant by an oxidant, here
represented by the hydroxyl radical. In all three enzymes, an oxidant may react with the catalytic
residues His12 or His119. In wild-type, unlabeled RNase 1, the oxidant may instead react with a
proximal methionine, thereby protecting the enzyme’s catalytic residues. In both Ox2-labeled

RNase 1 and the norleucine variant Nle—-RNase 1, this putative, sacrificial antioxidative function

of methionine is hindered, rendering the enzyme more susceptible to inactivation.
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As shown in Figure 2.18, Ox2-labeled RNase 1 is indeed more susceptible to oxidation-induced
inactivation: ICso = 111 & 8 equivalents, versus ICso = 222 + 18 equivalents for wild-type,
unlabeled RNase 1 (mean + SE, n = 3). Similarly, Nle-RNase 1 is more easily inactivated by
oxidation: ICsp = 89 £ 17 equivalents (mean + SE, n = 3). The equivalents required for
attenuation of ribonucleolytic activity are consistent (within error) for both Ox2-labeled and
norleucine-substituted RNase 1; wild-type RNase 1 is approximately two- and threefold more
stable to the loss of ribonucleolytic activity due to oxidation than are Ox2-labeled RNase 1 and
Nle—RNase 1, respectively. Our chemical biology and biomimetic approaches support the

hypothesis that Met29 and Met35 serve an antioxidative, protective role for RNase 1 catalysis.
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Figure 2.18. Graph showing the oxidation-induced inactivation assay inhibition curves for wild-
type, unlabeled RNase 1 (black solid line), Ox2-labeled RNase 1 (red dashed line), and Nle—
RNase 1 (blue dotted line). Equivalents of hydrogen peroxide are rate-normalized to account for

differing protein concentrations.
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2.4 Discussion

The correlation between oxidation of catalytic residues and loss of enzymatic activity has been
appreciated for many decades; the work of Weil and coworkers in the 1950s carefully
characterized the relationship between the oxidation of histidine/tryptophan and the loss of
enzymatic activity in lysozyme, chymotrypsin, and bovine RNase A.*>#748 Their work
demonstrating that oxidation of two molar equivalent of histidine correlated with near-total loss
of ribonucleolytic activity is particularly noteworthy, given that the mechanism of RNase A
catalysis would not be reported for another six years.? In addition, early work regarding the
enzymology of RNase A by Gundlach, Stein, and Moore demonstrated loss of catalytic activity
upon modification of histidine residues, this time by alkylation of the histidine sidechain with
iodoacetate. Intriguingly, they observed that alkylation of RNase A most expeditiously led to loss
of catalytic activity at pH 5.5 and specifically correlated with a decrease in native histidine
content (determined by amino acid analysis), but alkylation of the imidazole nitrogen is slow at a
non-alkaline pH.>® Further work identified that the iodoacetate-induced alkylation of methionine
is distinctly pH-independent and forms a reactive carboxymethylsulfonium species, leading
Gundlach and coworkers to speculate that the inactivation of RNase A with iodoacetate may
occur via a two-step mechanism in which (1) carboxymethylation of one or more methionine
residues proximal to catalytic histidine is followed by (2) subsequent transfer of the alkyl group
from the activated carboxymethylsulfonium group to the nearby histidine (Figure 2.19).5%->1:164
Thus, even early research into ribonucleases alluded to a relationship between histidine and

methionine within the enzymic active site.
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Figure 2.19. Proposed mechanism of carboxymethylation of histidine in bovine RNase A at pH
5.5. Gundlach, Stein, and Moore propose that methionine is first carboxymethylated by
iodoacetate in a pH-independent manner, generating an activated carboxylmethylsulfonium

species that subsequently alkylates nearby histidine residues.*®
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Our findings for H. sapiens RNase 1 and its homologues are more striking when framed in
the context of amino acid utilization frequencies. Among human proteins, methionine is one of
the most infrequently utilized amino acids, second only to tryptophan.’®3’” Methionine comprises
2.2% of the global amino acid content of human proteins, a frequency which includes its
retention as the translation initiator on proteins for which methionine aminopeptidase is not able
to cleave the N-terminal methionine.>® Histidine, meanwhile, is greatly overrepresented in
enzymic active sites: 21% of enzymes utilize histidine in their catalytic function, while the amino
acid globally comprises 2.6% of protein residues.’’-1®> RNase 1 has five methionine residues (the
translational initiator is removed alongside a signal peptide during posttranslational processing)
and thus utilizes the amino acid at a frequency of 3.9%, nearly double that expected for a protein
of its size (128 residues). Statistical overrepresentation of methionine within an enzyme’s
sequence should be cause for further investigation to determine whether that enzyme uses
methionine for antioxidative protection, particularly if the enzyme uses oxidation-prone residues
such as histidine in its catalytic mechanism or other function.

As a brief demonstration of this premise, we queried human secretory proteins known to
utilize histidine and surveyed their incidence of methionine, reasoning that the reduction
potential of the extracellular environment is much lower than the cytosol, and secretory proteins
should therefore endure greater oxidative insult.!%® The first of our query secretory proteins,
calprotectin, is a heterotetrameric calcium- and zinc-binding protein implicated in several
inflammatory diseases.'®” Methionine comprises 3.9% of its amino acid content, and one
methionine, Met94p (subscript denoting protomer), is found within ~7 A of the zinc-coordinating
residues His91p and His95p; this same methionine is also proximal to the zinc-coordinating

residues His17g and His27g (Figure 2.20).
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Figure 2.20. Methionine utilization near a calprotectin zinc-binding site (PDB ID: 1XK4).!¢7
Calprotectin is depicted in cartoon form with zinc-binding residue and proximal methionine
sidechains in ball-and-stick form (CPK color scheme). Each cartoon color corresponds to one
protomer of the heterotetrameric protein (also indicated by subscript letters). Distances between
proximal methionyl sulfur atoms and histidine carbon C2, which is susceptible to oxidative

attack, are shown in Angstroms.
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In addition to being secreted, calprotectin is found in high abundance in the cytoplasm of
neutrophils, which use a “respiratory burst” to produce reactive oxygen species for their
antimicrobial effect;'®® it may be that Met94p sacrificially protects zinc-coordinating histidine
residues in their native, reduced state in the face of such oxidizing conditions, allowing the latter
to preserve their metal ion coordinating function. We note that methionine oxidation can be
corrected by methionine sulfoxide reductases, enabling a methionine residue to act as a
sacrificial antioxidant more than once.’®

As a second example, we identified platelet-activating factor (PAF) acetylhydrolase as an
enzyme in which methionine is proximal to the active site. PAF acetylhydrolase, as the name
implies, is responsible for hydrolyzing platelet-activating factor, a phospholipid messenger
produced as a part of host defense that is implicated in many inflammatory diseases, including
those associated with oxidative stress.!®® PAF acetylhydrolase possesses 11 methionine residues,
which is slightly overrepresented at 2.6% utilization. As shown in Figure 2.21, two of these

methionines are found within approximately 10 A of the catalytic residue His351, and a third

methionine is found only slightly further away.
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Figure 2.21. Methionine utilization near the PAF acetylhydrolase catalytic triad (PDB ID:
3D59A).1%° PAF acetylhydrolase is depicted in cartoon form with catalytic residue and proximal
methionine sidechains in ball-and-stick form (CPK color scheme). Distances between proximal
methionyl sulfur atoms and histidine carbon C2, which is susceptible to oxidative attack, are

shown in Angstroms.
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PAF acetylhydrolase relies on a classical His—Asp—Ser hydrolase catalytic triad, and oxidation of
His351 would disrupt the enzyme’s catalytic mechanism due to the amidic resonance of 2-oxo-
histidine hindering its ability to abstract protons (Figure 2.2) and thereby increase the
nucleophilicity of the catalytic residue Ser273. Because PAF acetylhydrolase is associated with
both high-density and low-density lipoprotein in plasma and is implicated in the oxidative stress
response, the enzyme natively encounters oxidizing environments and must be able to preserve
its catalytic function in the face of such conditions;!7®!7! thus, we hypothesize that methionine
serves as a sacrificial antioxidant in this protein.

As a counterexample of methionine overrepresentation being a strictly necessary indicator of
antioxidative utility in a protein, we surveyed the quintessential protease trypsin 1, which is
secreted in the pancreas and likewise uses a His—Asp—Ser catalytic triad to proteolyze its many
substrates.!”? This enzyme possesses only two methionine residues and in fact underutilizes the
amino acid (0.89% amino acid content). In spite of this underrepresentation, the two methionines
are found on a single face of the protein, proximal to the enzymic active site and approximately

10 A from the catalytic residue His57 (Figure 2.22).
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Figure 2.22. Methionine utilization near the trypsin 1 catalytic triad (PDB ID: 1TRNA).!7?
Trypsin 1 is depicted in cartoon form with catalytic residue and proximal methionine sidechains
in ball-and-stick form (CPK color scheme). Distances between proximal methionyl sulfur atoms

and histidine carbon C2, which is susceptible to oxidative attack, are shown in Angstroms.
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Trypsin, like RNase 1 and PAF acetylhydrolase, relies on histidine as a general acid/base, and we
believe oxidation of His57 would perturb trypsin’s catalytic mechanism in much the same way
we speculate it would disrupt PAF acetylhydrolase catalysis.!”?> Thus, although methionine
overrepresentation within a protein can be suggestive of antioxidative functionality, methionine
installation within secretory proteins which rely upon histidine may broadly be a fruitful area of
scientific exploration regardless of the amino acid’s sequence frequency.

We note that not all methionine residues are created equal, either in terms of their function
within a protein or in terms of their oxidative reactivity. Baynes and coworkers corroborated this
premise by observing differential rates of methionine oxidation in bovine RNase A with one
residue, Met79, being entirely recalcitrant to oxidation;!*® we similarly observed that Met79 did
not react with the redox-activated probe Ox2 (Figure 2.13), despite the fact that Met79 tends to
be solvent-exposed (Table 2.2). As we show, the S—aromatic motif appears to be implicated in
tuning the reactivity of methionine to render certain residues more susceptible to oxidation while
inducing robustness against oxidation in others. For example, we observed in our oxidation-
induced inactivation assay that perturbation of Met29 and Met35, whether by Ox2 labeling or
norleucine installation, renders RNase 1 more susceptible to inactivation (Figure 2.18); these
same methionine residues are engaged in S—aromatic motifs which push electron density toward
the methionyl sulfur and should therefore be activating (Figure 2.8). While certain studies have
suggested that the S—aromatic motif only decreases the likelihood of methionine oxidation,*?
more nuanced investigations suggest that the S—aromatic motif can be activating or deactivating.
Sachs and coworkers recognized this fact in their computational studies of dimethylsulfide
interacting with benzene, phenol, and indole; they demonstrated differential interaction energies

in sulfur—arene interactions depending on whether the sulfur atom or the adjacent carbon atoms
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were pointed toward the aromatic ring face.” Conversely, the oxidation of methionine may alter
the nature of an existing S—aromatic motif. Work by Orabi and English showed that an S—
aromatic motif is destabilized by up to 80% upon methionine oxidation to the corresponding
sulfoxide or sulfone, which they attribute to the greater preference of the sulfoxide/sulfone
(relative to the sulfide) to hydrogen bond with bulk water instead of interacting with the aromatic
residue.!”® Methionine oxidation events could, therefore, trigger conformational changes that
expose new parts of the protein. This possibility is particularly interesting for RNase 1, which
possesses the adjacent residues Met29 and Met30. Among the homologue set, Met29 tends to be
solvent-exposed (Table 2.2), and we have implicated it in antioxidative utility for RNase 1;
conversely, Met30 is very infrequently exposed among the homologues. Oxidation of Met29 may
cause it to disengage from S—aromatic interactions with Tyr25 and Phe46 to instead hydrogen
bond with bulk water or other protein residues, triggering conformational changes that expose
Met30 and thereby facilitate continued antioxidative function to protect the RNase active site.

Such possibilities merit further study.
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2.5 Conclusions

In this work, we have used bioinformatics, chemical biology, and biomimetic strategies to
empirically determine that Met29 and Met35 of H. sapiens RNase 1 function as antioxidative
residues that flank the active site, a phenomenon seen in other proteins.®* Our work demonstrates
a novel use of the oxaziridine probe ReACT Ox2—as a way to install a chemical capping group
on methionine to interrogate a residue’s function in a protein. In the course of interrogating
methionine function, we also report the first one-pass synthesis of RNase 1 and demonstrate that
it can be used to site-selectively install non-canonical amino acids without the need for
piecemeal procedures such as native chemical ligation. Because of the observed patterns of
methionine utilization in RNase superfamily homologues, we believe that our findings for
RNase 1 may be applicable to homologues. Broadly, we also believe that methionine serves an
underappreciated function within the proteinogenic toolkit: to protect catalytic histidine residues

in the face of oxidatively challenging environments.
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2.7 Experimental Details

2.7.1 Characterizing methionine conservation patterns among homologues

H. sapiens RNase 1 was queried by the Dali protein structure comparison server using PDB ID
1Z7XZ.'%-17% Preliminary query results were manually curated to remove entries that did not
correspond to an endogenous protein (e.g., PDB-deposited structures of RNases harboring
heterologous mutations). Using the PyMod v3.0.2 plugin in a PyMOL environment, the curated
homologue set sequences (n = 19 proteins) were aligned using MUSCLE and structurally aligned
using PyMOL.!7>:!76 For the distance between conserved methionine and catalytic residues,
PyMOL was used to measure the distance from the methionyl sulfur atom to the histidine
imidazole carbon atom between the two nitrogen atoms (C2), or from the methionyl sulfur atom
to the terminal sidechain carbon atom for lysine, as these atoms have been identified as the
oxidative targets for those two amino acids.!#

To classify homologue set methionine residues as solvent-exposed or buried, two methods
were applied. In the first, we used PyMOL to measure the solvent-accessible surface area
(SASA) of the methionyl sulfur atom; applying the criterion set forth by Marino and Gladyshev,
we characterized a methionine residue as exposed if the SASA of its sulfur atom is >0.1 A2.1°° In
the second method, we used the VADAR model protein structure analysis server (v1.8) to
measure the fractional accessible surface area (ASA) of all methionine residues;!”” applying the
criterion established by Aledo, Cantén, and Veredas, we characterized a methionine residue as
exposed if its fractional ASA is >5%.% To harmonize these methods, a methionine residue was
classified as exposed if at least one of these two criteria were met; otherwise, the residue was

classified as buried.
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Phylogenetic analysis of the homologue set was performed using the Phylogeny.fr web server
with the previously-generated MUSCLE sequence alignment.!*! Branch support was determined

using the approximate likelihood-ratio test.

2.7.2 Identifying S—aromatic motifs among homologues

A logo plot of the aligned homologue set sequences was generated using WebLogo v3.7.4.13* The
structures of the homologue set were colored by the sequence alignment using the CAMPO
algorithm (Blosum62 scoring matrix; gap score: —1; gap-to-gap score: 0; gaps tossed).!> §—
aromatic motifs were identified using PyMOL to screen for distances <7 A between conserved
methionyl sulfur atoms and the nearest sidechain ring atom of aromatic residues. Approach
angles were calculated using PyMOL and are defined as the altitude angle between the plane of
the aromatic ring and the line from the nearest ring atom to the methionyl sulfur atom (see
schematic in Figure 2.8). The sulfur orientation was defined based on which methionyl sidechain
atoms were closest to the aromatic ring: toward if the methionyl sulfur atom was closest, away if

the methionyl thioether carbon atoms were closest.

2.7.3 Preparing authentic RNase 1

Our preparation of M—-DDDDK-RNase 1 follows methods described previously.!”® Briefly, site-
directed mutagenesis of a pET-22b(+)/H. sapiens RNase 1 plasmid was conducted using the Q5
site-directed mutagenesis kit (New England BioLabs) to install codons for Asp—Asp—Asp—Asp—
Lys between the translation initiator Met codon and the gene sequence of mature RNase 1 using

the following primers (Integrated DNA Technologies):
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Forward: 5'-TGA-TAA-GAA-AGA-ATC-TCG-TGC-TAA-AAA-ATT-C-3'

Reverse: 5'-TCA-TCA-TCC-ATA-TGT-ATA-TCT-CCT-TC-TTA-AAG-3'

PCR amplification of the RNase 1 plasmid with the above primers was followed by 5’
phosphorylation of the linear amplicon, circularization by DNA ligase, and digestion of the
template plasmid by Dpnl (New England BioLabs). NEB 10-beta E. coli (New England
BioLabs) were transformed by heat shock, grown overnight on 2% w/v LB-Miller agar plates
containing ampicillin (200 pg mL™!), and subsequently used to inoculate small-scale cultures
(also LB-Miller containing ampicillin (200 ug mL™')). The recombinant plasmid was purified by
Miniprep (Thermo Scientific); plasmids were confirmed by Sanger sequencing (Quintara
Biosciences) to contain the N-terminal enterokinase recognition tag.

Electrocompetent BL21(DE3) E. coli were transformed with the assembled plasmid by
electroporation and positive selection using 200 ug mL™! ampicillin. LB-Miller containing
ampicillin (200 ug mL™!) and glucose (1% w/v) was inoculated with a single transformant and
grown overnight at 37 °C with orbital shaking at 250 RPM. Bacteria were pelleted and
resuspended in M9 medium (42.3 mM Na;HPOys, 22 mM KH;PO4, 18.7 mM NH4Cl, 8.6 mM
NaCl, 2 mM MgSOs4, 100 uM CaCly, 31 pM FeCls, 3.67 uM ZnCly, 0.74 pM CuCla, 0.42 uM
CoClz, 81 nM MnCly, 1.61 uM H3BO3) containing riboflavin (1 ug mL ™), nicotinamide
(1 ug mL™), pyridoxine hydrochloride (1 pg mL™!), thiamine (1 pg mL™"), glucose (0.4% w/v),
and ampicillin (200 pg mL™"). Cultures were inoculated to a starting ODgoo = 0.05 and grown at
37 °C as before until ODgoo = 1.00. Cultures were then supplemented with L-amino acids at the
following concentrations: 100 mg L™! each lysine, threonine, and phenylalanine; 50 mg L™! each

leucine, isoleucine, valine, and methionine. Protein overexpression was induced with isopropyl
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B-D-1-thiogalactopyranoside (1 mM) for 4 hours with incubation as before. Cultures were
pelleted by centrifugation, and pellets were stored at —70 °C.

Pelleted E. coli cells were thawed and then resuspended in 20 mM Tris-HCI buffer, pH 7.6,
containing EDTA (10 mM). Cells were passed through a cell disruptor (Constant Systems) at 22
kPSI, the lysate was centrifuged, and inclusion bodies were denatured in 20 mM Tris-HCI bufter,
pH 8.0, containing guanidinium-HCI (7 M), EDTA (10 mM), and DTT (100 mM). Solubilized
protein was diluted tenfold with acetic acid (20 mM) and clarified by centrifugation; the
supernatant was dialyzed approximately 100-fold against acetic acid (20 mM) overnight at 4 °C
to further clarify. Following centrifugation of the retentate, the supernatant was dropwise added
to a refolding buffer of 100 mM Tris-HCI, pH 7.8, containing EDTA (10 mM), L-arginine (0.5
M), reduced glutathione (1.0 mM), and oxidized glutathione (0.2 mM). The protein was allowed
to refold at 4 °C without agitation for 5 days. The refolded protein was purified by gel filtration
(HiLoad 26/600 Superdex 75 prep grade, Cytiva) and cation exchange (HiTrap Q, Cytiva) fast
protein liquid chromatography; all chromatography buffers were treated with DEPC prior to use,
except for Tris, which was added from ribonuclease-free stocks. The purified protein was buffer-
exchanged into 20 mM Tris-HCI buffer, pH 7.2, containing NaCl (50 mM). The protein was
concentrated, quantified by BCA assay, flash-frozen in liquid nitrogen, and stored at —70 °C.

To prepare authentic RNase 1, M—-DDDDK-RNase 1 was diluted to 1 mg mL™! using 20 mM
Tris-HCI buffer, pH 7.2, containing NaCl (50 mM) and CaCl» (2 mM). Bovine enterokinase light
chain (New England BioLabs) was added to the reaction mixture at 50 U enterokinase per 1 mg
M-DDDDK-RNase 1. The reaction mixture was gently agitated at room temperature for 24 h.
Completion of digestion with specific cleavage only at the N-terminal enterokinase recognition

sequence was confirmed by mass spectrometry. Enterokinase-digested RNase 1 was buffer-
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exchanged into 50 mM sodium phosphate buffer, pH 2.7, and purified by semi-preparative
reversed-phase HPLC on a C4 column (Vydac, 10 x 250 mm, 5.0—um particle, 300-A pore) that
was equilibrated with the same buffer at room temperature. The column was washed with 12%
v/v acetonitrile in 50 mM sodium phosphate buffer, pH 2.7, for 5 min followed by a 12-60% v/v
gradient (again with 50 mM sodium phosphate buffer, pH 2.7) for 50 min. Fractions were
manually collected based on detection at 4213 and A2g0. HPLC fractions confirmed by mass
spectrometry to contain authentic RNase 1 were combined in regenerated cellulose dialysis
tubing (Spectrum Laboratories) and dialyzed 500-fold against 20 mM Tris-HCI buffer, pH 7.2,
containing NaCl (50 mM). The protein was concentrated, quantified by BCA assay, flash-frozen

in liquid nitrogen, and stored at —70 °C.

2.7.4 Synthesis of ReACT Ox2

Our synthesis of the oxaziridine probe Ox2 follows the methods reported by Toste, Chang, and
coworkers.!*% Benzaldehyde (12 mmol) and urea (10 mmol) were added to tetrahydrofuran (20
mL) along with titanium(IV) isopropoxide (14 mL). The reaction mixture was gently stirred at
room temperature for approximately 16 h; the crude mixture was then concentrated under
vacuum and dissolved into dichloromethane (30 mL). A solution of m-chloroperoxybenzoic acid
(mCPBA, 30 mmol) was prepared in equal parts saturated potassium carbonate and
dichloromethane (60 mL total); after stirring the mCPBA solution at room temperature for 10
min, the crude product mixture was dropwise added to the mCPBA solution. The reaction
mixture was stirred for a further 6 h, at which point water (100 mL) was added. The reaction
mixture was extensively extracted with dichloromethane, and the organic layers containing Ox2

were combined. The product mixture was washed with brine, dried with sodium sulfate, and
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concentrated under vacuum. The product residue was purified by column chromatography with
100:1 dichloromethane:diethyl ether. The '"H NMR spectrum for Ox2 was as reported: (400
MHz, CDCl3) 6 7.50-7.39 (m, 5H), 6.18 (s, 1H), 5.01 (s, 1H), 3.33 (m, 2H), 1.20 (t, /= 7.3 Hz,

3H) (Figure 2.23).
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Figure 2.23. '"H NMR spectrum for ReACT probe Ox2. Spectrum is as reported by Toste, Chang,

and coworkers.!%¢
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2.7.5 Labeling RNase 1 with ReACT probe Ox2

Authentic RNase 1 was diluted to 1 mg mL™! protein (69 mM) in 20 mM Tris-HCI buffer, pH
7.2, containing NaCl (50 mM). A stock solution of ReACT probe Ox2 was prepared in
dimethylformamide at 350 mM; 50 equivalents Ox2 were then added to the RNase 1 sample
([Ox2] =3.4 mM). The reaction mixture was incubated at room temperature for 30 min with
gentle mixing on an orbital shaker. To remove excess Ox2 probe and terminate labeling, the
reaction mixture was passed through a Zeba spin desalting column (Thermo Scientific) that had
been pre-equilibrated with Dulbecco’s phosphate-buffered saline (Gibco); the eluate was passed
through a second pre-equilibrated desalting column to ensure probe removal. Ox2-labeled
RNase 1 was concentrated using a Vivaspin 500 centrifugal concentrator (Sartorius); protein
concentration was quantified by UV absorption at 4215 (€215 = 227,448 M ™! cm™"), and labeling
was confirmed by mass spectrometry. Ox2-labeled RNase 1 was held at 4 °C and used within

24 h with verification of label retention.

2.7.6 Tryptic digestion of Ox2-labeled RNase 1

Tryptic peptides of Ox2-labeled RNase 1 were prepared using the Rapid-Digestion Trypsin kit
from Promega. Digestion was conducted following the manufacturer’s protocol with the
following specifications: (1) 2 mM TCEP (Thermo Scientific) was used for sample reduction;
(2) 5 mM iodoacetamide (Sigma) was used for sample alkylation; (3) RNase 1 was digested with
Rapid Trypsin at a 10:1 protein:protease ratio with incubation at 70 °C for 45 min; (4) digestion
was terminated by addition of trifluoroacetic acid (Sigma) to 0.5% v/v. Digests were desalted
using C18 pipette tips (Thermo Scientific), flash-frozen in liquid nitrogen, and lyophilized

overnight.
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2.7.7 Determining protein thermostability by differential scanning fluorimetry

Differential scanning fluorimetry (DSF) was used to determine the thermostability of Ox2-
labeled RNase 1 in relation to unlabeled RNase 1. SYPRO Orange protein gel stain (Supelco)
was added to Ox2-labeled RNase 1 and unlabeled RNase 1 to achieve 1 mg mL™! protein and
50x SYPRO Orange (vendor stock: 5000x in DMSO) in Dulbecco’s phosphate-buffered saline
(Gibco). The resulting samples were heated from 15-95 °C at 1 °C/min using a QuantStudio 7
Flex Real-Time PCR system (Applied Biosystems); fluorescence was monitored in real-time
with Aex =470 + 15 nm and Aem = 586 + 10 nm. Data were processed with Protein Thermal Shift
software (Applied Biosystems) using the Boltzmann fitting method. Values of T, represent the

temperature at which fluorescence reached 50% of its maximum.

2.7.8 Preparing Nle—RNase 1

The synthesis of Met29Nle Met35Nle RNase 1 (Nle—RNase 1) was performed using the AFPS
system with H-rink amide ChemMatrix LL resin (142 mg, 0.17 mmol g !).!! After synthesis, the
resin was washed with dichloromethane and dried under a stream of nitrogen gas. The
polypeptide was cleaved using a freshly prepared reducing cleavage mixture (trifluoroacetic
acid:thioanisole:triisopropylsilane:trimethylsilyl chloride:dimethyl sulfide:ethanedithiol
77.5:5:5:5:5:2.5 % v/v, with 0.1% w/v triphenylphosphine, 0.8 mL umol!) with incubation at
room temperature for 3.5 h.!”® The cleavage mixture was drawn up with the reaction syringe
containing the peptidyl resin, and the syringe was sealed with a Luer-tip syringe tip cap. The
assembly was placed on a nutating mixer and incubated for 3.5 h; meanwhile, a 50-mL aliquot of
diethyl ether was chilled on dry ice for >1 h. The cleavage supernatant in the reaction syringe

was expelled into a 50-mL conical tube, and the resin was retained by the internal frit of the
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reaction syringe. An additional 2.5 mL trifluoroacetic acid was drawn into the reaction syringe,
and the syringe was gently mixed; the aliquot was expelled into the conical tube containing the
cleavage supernatant. The pre-chilled diethyl ether was added to the cleavage supernatant,
resulting in the formation of a white precipitate. The conical tube was centrifuged at 4000g for
10 min at 4 °C. The supernatant was removed, and the solid pellet was briefly dried under a
stream of nitrogen gas. The dried peptide was dissolved in 5 mL of a 50:50 water:acetonitrile
mixture with 0.1% v/v trifluoroacetic acid with vortexing and sonication as needed. The mixture
was flash-frozen in liquid nitrogen, and the frozen material was lyophilized.

The resulting crude material was dissolved in 100 mM Tris-HCI buffer, pH 7.0, containing
guanidinium-HCI (6 M). The crude material was purified by preparative reversed-phase HPLC
(Agilent Zorbax 300SB-C3, 9.4 x 250 mm, 5.0—um particle, 300-A pore) thermostatted to 50 °C.
The column was washed with 5% v/v acetonitrile in water (containing 0.1% v/v trifluoroacetic
acid) for 10 min, followed by a 5-20% v/v gradient for 15 min, and finally a 20-35% v/v
gradient for 60 min. Fractions were collected in 20-s increments. HPLC fractions confirmed by
mass spectrometry to be of high purity were combined and lyophilized to afford pure Nle-RNase
1 polypeptide.

Pure Nle-RNase 1 polypeptide was dissolved at 2 mg mL ™! in 20 mM acetic acid containing
EDTA (10 mM); the mixture was gently agitated at 37 °C for 30 min to ensure full dissolution of
polypeptide. The polypeptide solution was analyzed by mass spectrometry to confirm a
molecular weight consistent with eight reduced cysteine residues (folded RNase 1 has four
disulfide bonds). The polypeptide solution was dropwise added to degassed folding buffer (100
mM Tris-HCI, pH 7.8, containing EDTA (10 mM), L-arginine (0.5 M), reduced glutathione (1.0

mM), and oxidized glutathione (0.2 mM)) while gently stirring at 4 °C, affording a final
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polypeptide concentration of approximately 50 mg mL!. After complete addition of the
polypeptide solution to the folding buffer, the resultant solution was allowed to incubate without
agitation at 4 °C for 5 days.

Following protein folding, the protein solution was buffer-exchanged into 50 mM sodium
phosphate buffer, pH 2.7, and was concentrated to approximately 3 mg mL ! using an Amicon
Ultra-15 centrifugal concentrator (EMD Millipore). The buffer-exchanged protein solution was
passed through a Spin-X centrifugal tube filter (0.22-um, cellulose acetate membrane; R&D
Systems). The folded protein was then purified by preparative reversed-phase HPLC using a C4
column (Vydac, 10 x 250 mm, 5.0—pum particle, 300-A pore) that was equilibrated with the same
sodium phosphate buffer at room temperature. The column was washed with 12% v/v
acetonitrile in 50 mM sodium phosphate buffer, pH 2.7, for 5 min followed by a 12-36% v/v
gradient (again with 50 mM sodium phosphate buffer, pH 2.7) for 60 min. Fractions were
manually collected based on detection at 4213 and A2g0. HPLC fractions confirmed by mass
spectrometry to contain folded Nle-RNase 1 were placed under a gentle stream of nitrogen
overnight to reduce sample volume and acetonitrile content. The protein solution was adjusted to
pH ~5 using dibasic sodium phosphate, loaded into regenerated cellulose dialysis tubing
(Spectrum Laboratories), and dialyzed 500-fold against 20 mM Tris-HCI bufter, pH 7.2,
containing NaCl (50 mM). The protein was concentrated, quantified by UV absorption at 415

(e215=227,448 M ! cm™"), flash-frozen in liquid nitrogen, and stored at —70 °C.

2.7.9 Mass spectrometry of intact proteins & tryptic peptides

High-resolution mass spectrometry of authentic RNase 1, Ox2-labeled RNase 1, and Nle—

RNase 1 in solution was performed using ESI mass spectrometry on a 6530C Accurate-Mass Q—
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TOF mass spectrometer equipped with a PLRP-S column (Agilent Technologies, 2.1 x 50 mm,
5-um particle, 1000-A pore). A gradient of 5-95% v/v acetonitrile (0.1% v/v formic acid) in
water (0.1% v/v formic acid) over 7 min was used. Before Q—TOF LC-MS analysis, all proteins
were diluted to 2 mM in 0.1% v/v formic acid and passed through a Spin-X centrifugal tube filter
(0.22-um, cellulose acetate membrane; R&D Systems).

For high-resolution mass spectrometry of tryptic peptides, lyophilized peptides were
redissolved in ultrapure water with 0.1% v/v formic acid to approximately 5 uM (based on the
starting protein concentration). The peptide solution was passed through a Spin-X centrifugal
tube filter as for intact protein mass spectrometry. Samples were analyzed using ESI mass
spectrometry on a 6530C Accurate-Mass Q—TOF mass spectrometer equipped with a C18
column (Agilent Technologies, 3 x 150 mm, 2.7-um particle, 120-A pore). A gradient of 5-40%

v/v acetonitrile (0.1% v/v formic acid) in water (0.1% v/v formic acid) over 15 min was used.

2.7.10 Challenging RNase 1 in an oxidation-induced inactivation assay
For authentic RNase 1 and Ox2-labeled RNase 1, 1 mg mL™! protein was mixed with 1-3160
equivalents hydrogen peroxide (with respect to protein) in Dulbecco’s phosphate-buffered saline;
iron(Il) sulfate was included in all oxidation samples at a ratio of 100:1 hydrogen peroxide to
iron(Il) sulfate. Samples were incubated at 37 °C for 3 h to oxidize the protein. Bovine liver
catalase (Sigma) was then added to 50 ug mL™!, and samples were incubated at 37 °C for a
further 10 min to degrade any remaining hydrogen peroxide and halt oxidation.

For Nle-RNase 1, there was not an adequate amount of folded, purified protein to oxidize
samples at 1 mg mL™! Nle-RNase 1. Due to the limited yield, protein samples were instead

oxidized at 0.333 mg mL ! with 1-3160 equivalents hydrogen peroxide (with respect to protein)
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in Dulbecco’s phosphate-buffered saline; the molar concentrations of hydrogen peroxide were
therefore also threefold lower than their corresponding concentrations for authentic RNase 1 and
Ox2-labeled RNase 1. Iron(II) sulfate was included in all oxidation samples at a ratio of 100:1
hydrogen peroxide to iron(II) sulfate. Nle-RNase 1 samples were otherwise oxidized under the
same conditions as for authentic RNase 1 and Ox2-labeled RNase 1.

To assay authentic RNase 1 for ribonucleolytic activity, oxidized protein samples were
diluted to 100 pM with RNase-free assay buffer (100 mM Tris-HCI buffer, pH 7.5, containing
NaCl (100 mM)). To render the assay buffer RNase-free, 100 mM NaCl was DEPC-treated
before the addition of Tris (from RNase-free stocks), due to the reactivity of its primary amino
group with DEPC. Equal volumes of oxidized protein and FRET tetranucleotide substrate
6-FAM—-dArU(dA),—6-TAMRA (Microsynth AG, Switzerland; Figure 2.24) were mixed to

afford 50 pM oxidized protein, 200 nM substrate in assay buffer.
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Figure 2.24. Structure of 6-FAM—dArU(dA),—6-TAMRA, which is the fluorogenic substrate for

assays of ribonucleolytic activity and has only one scissile phosphodiester bond. The cleavage of
that bond increases the fluorescence of the FAM moiety with Aex =493 = 5 nm and Aem =515+ 5

nm. Insets: HPLC chromatogram (top) and MALDI-TOF mass spectrum (bottom) of synthetic

6-FAM-dArU(dA),~6-TAMRA.
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Using a Tecan Spark multimode plate reader thermostatted to 25 °C, substrate fluorescence was
measured at dex =493 + 5 nm and Aem = 515 £ 5 nm before addition of oxidized protein to
determine the background fluorescence /o. After adding protein, the reaction was incubated at 25
°C and continuously monitored for 4 minutes. Bovine RNase A was then added to ~10 uM to
cleave all of the substrate and determine /max. The value of kca/Km was calculated with the

equation:

N @
KM (Imax - IO)[E]

where Al/At is the slope of the fluorescence vs. time data collected during the 4-minute
observation period and [E] is the concentration of enzyme.

To assay Ox2-labeled RNase 1 for ribonucleolytic activity, oxidized protein samples were
assayed under the same conditions as those used for authentic RNase 1, except oxidized samples
were diluted to 400 pM and mixed with substrate to afford 200 pM oxidized protein, 200 nM
substrate in assay buffer. This higher protein concentration was used to ensure an adequate rate
of product generation over the 4-min monitoring period, as Ox2 labeling lowers the catalytic
efficiency of RNase 1.

To assay Nle—RNase 1 for ribonucleolytic activity, oxidized protein samples were assayed
under the same conditions as those used for authentic RNase 1 and Ox2-labeled RNase 1, except
oxidized samples were diluted to 250 pM and mixed with substrate to afford 125 pM protein,
200 nM substrate in assay buffer. This higher protein concentration was used to ensure an
adequate rate of product generation over the 4-min monitoring period, as norleucine
incorporation lowers the catalytic efficiency of RNase 1.

For each of the three proteins, the catalytic efficiency of each oxidized sample was

normalized to the catalytic efficiency of an equivalent sample of the same protein which had not
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undergone oxidation. Plots of normalized reaction rates vs. equivalents hydrogen peroxide were
fitted to a four-parameter logistic function using GraphPad Prism v10.0.3. Because the
concentrations of protein and hydrogen peroxide were each threefold lower for Nle-RNase 1
than for the other two proteins, the rate of the bimolecular reaction of Nle-RNase 1 with
hydrogen peroxide was ninefold slower than the corresponding reaction for the other two
proteins; to account for this, equivalents of hydrogen peroxide were normalized by the rate of the
oxidation reaction. ICso values represent the normalized number of equivalents of hydrogen

peroxide that are necessary to obviate ribonucleolytic activity by 50%.
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Chapter 3:
Bayesian Inference Elucidates

the Catalytic Competency of
the SARS-CoV-2 Main Protease 3CLP"

Reprinted with permission from ref. 180.

Wralstad, E. C.; Sayers, J.; Raines, R. T. Bayesian inference elucidates the catalytic competency
of the SARS-CoV-2 main protease 3CLP™. Anal. Chem. 2023, 95, 14981-14989.

Copyright 2023 American Chemical Society.
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experimental investigation, E.C.W.; writing—original draft preparation, E.C.W. and J.S.;
writing—review and editing, R.T.R.; supervision, R.T.R.; funding acquisition, E.C.W. and R.T.R.
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3.1 Abstract

The main protease of SARS-CoV-2, 3CLP™, is a dimeric enzyme that is indispensable to viral
replication and presents an attractive opportunity for therapeutic intervention. Previous reports
regarding the key properties of 3CLP™ and its highly similar SARS-CoV homologue conflict
dramatically. Values of the dimeric K4 and enzymic kca/Kw differ by 10°- and 10°-fold,
respectively. Establishing a confident benchmark of the intrinsic capabilities of this enzyme is
essential for combating the current pandemic as well as potential future outbreaks. Here, we use
enzymatic methods to characterize the dimerization and catalytic efficiency of the authentic
protease from SARS-CoV-2. Specifically, we use the rigor of Bayesian inference in a Markov
Chain Monte Carlo analysis of progress curves to circumvent the limitations of traditional
Michaelis—Menten initial rate analysis. We report that SARS-CoV-2 3CLP™ forms a dimer at pH
7.5 that has Kq = 16 =4 nM and is capable of catalysis with kcat = 9.9+ 1.5 57!, Km=0.23 £0.01
mM, and kca/Km = (4.3 £0.7) x 10* M ! s!. We also find that enzymatic activity decreases
substantially in solutions of high ionic strength, largely as a consequence of impaired
dimerization. We conclude that 3CLP™ is a more capable catalyst than appreciated previously,

which has important implications for the design of antiviral therapeutic agents that target 3CLP™.
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3.2 Introduction

The COVID-19 pandemic, caused by the novel severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2), first emerged in Wuhan, China, in December 2019.'22123 In addition to causing
770 million infections and 7.0 million deaths (as of August 30, 2023; reported by the World
Health Organization), this public health crisis has disrupted the global economy and significantly
impaired the physical and mental health of billions of people worldwide. Significant progress in
mitigating the perpetuation of the pandemic has been achieved through the development of
vaccines, neutralizing antibody treatments, and other antiviral therapeutics to stunt viral
transmission and improve the prognosis of infected individuals.!27130:181-183

The trimeric spike glycoprotein (S protein) present on the surface of the coronavirus virion,
which is responsible for docking to the ACE2 receptor of host cells and facilitating membrane
fusion with the host cell as the causative mechanism of infection, has been an attractive target in
the development of these therapeutics.!?* Although vaccines and therapeutics targeting the S
protein have been developed, selective pressure exerted on the virus can result in S protein
mutations that alter epitopes that are targeted by antibodies, dampening therapeutic
efficacy.!8%185 This problem is exemplified by the emergence of SARS-CoV-2 variants with
reduced inhibition by vaccine-stimulated neutralizing antibodies and/or therapeutic antibody
treatment.!86187 It is evident that complementary strategies are necessary to combat
SARS-CoV-2.

An alternative target for therapeutic intervention is the chymotrypsin-like SARS-CoV-2 3C-
like main protease 3CLP.!27:128 Ag a result of the strict conservation between SARS-CoV and
SARS-CoV-2 3CLP™ (96% sequence identity), as well as the greater body of research available

for the former protease, it is tempting to rely on enzymological values reported for SARS-CoV
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3CLP™ when studying the SARS-CoV-2 homologue. Unfortunately, studies of each enzyme
report key parameters that differ by many orders of magnitude. For example, reported values of
the catalytic efficiency (kca/Km) range from ~10? to nearly 10° M~! s7! (see Table 3.1), even
within a series of similar substrates; likewise, reported values of the dimer dissociation constant,
Ky, vary from low nanomolar to high micromolar (see Table 3.2). These studies are confounded
by the use of enzymic constructs bearing artificial affinity tags (which could inhibit the
association of 3CLP™ subunits), suboptimal substrates unable to occupy the enzymic binding
pocket C-terminal to the scissile bond, assay conditions that impair 3CLP™ activity, and
enzymatic activity assays that lack sensitivity. The design and assessment of 3CLP™ inhibitors
rely on the robust characterization of SARS-CoV-2 3CLP™ catalysis.

Here, we circumvent these many experimental limitations and employ a novel Bayesian
analytical technique to facilitate the interpretation of 3CLP™ enzymology from data obtained
during the full-time course of the reaction, that is, a “progress curve”. We report that SARS-
CoV-2 3CLrP™ is an undervalued catalyst. The dimer has a K4 value in the low-nanomolar regime.
The authentic enzyme is highly active, with a measured catalytic efficiency that is larger than
reported previously. We also find that SARS-CoV-2 3CLP™ activity is attenuated by increased
ionic strength, likely due to the disruption of dimerization. We hypothesize that the use of
artificial enzymic constructs and the inclusion of high NaCl concentrations in assay buffers led to
the preponderance of low kca/Km and high K4 values in the literature. Our findings provide a
foundation for applied research, including the design of anti-SARS-CoV-2 therapeutics that

disrupt the activity of a key viral enzyme.
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Table 3.1. Survey of Literature SARS-CoV and SARS-CoV-2 3CLP" Steady-State Kinetic Parameters.

Virus

CoV-2

CoV-2
CoV-2

CoV-2

CoV-2

CoV-2
CoV
CoV

CoV

CoV
CoV

CoV

CoV

CoV
CoV
CoV
CoV
CoV
CoV
CoV

Enzyme*

Native

Native

Native

Native
+His (U)

Native
Native

Native

Native

Native

Native

Native

Native

+GPHg (C)
+GS (N)
A305-306
+His (U)
+His (C)

+GPLGS (N)
+His tag (C)

[Enzyme]
(nM)

25-500

200
100

250
200

2000
0-3000
50

25

200
200

200

1000

200

1000

750

1000
1070-17,100
2000

2800

Substrate’
R-E(EDANS)-ATLQ|SGNA—
K(DABCYL)-R
MCA-AVLQ|SGFR-K(DNP)-K
(MCA)-AVLQ|SGFR—K(DNP)-K-NH,
K(DABCYL)-TSAVLQ|SGFRKM-
E(EDANS)
K(DABCYL)-TSAVLQ|SGFRKM-
E(EDANS)-NH,
K(DABCYL)-TSAVLQ|SGFRKM-
E(EDANS)-NH,
(ARLQ|NH),-rthodamine

K(DABCYL)-TSAVLQ|SGFRKM—
E(EDANS)
K(DABCYL)-TSAVLQ|SGFRKM—
E(EDANS)

MCA-AVLQ|SGFR-K(DNP)-K-NH,
SITSAVLQ|SGFRKMA

S(TAMRA)-ITSAVLQ|SGFRKMA—
K(DABCYL)
K(DABCYL)-TSAVLQ|SGFRKM—
E(EDANS)

MCA-AVLQ|SGFR-K(DNP)-K-NH,
MCA-AVLQ|SGFR-K(DNP)-K-NH,
SWTSAVLQ|SGFRKWA

NMA- TSAVLQ|SGFR-K(DNP)-M
TSAVLQ|SGFRK-NH,
MCA-AVLQ|SGFR-K(DNP)-K-NH,
TSAVLQ|pNA

pH

7.5

7.3
7.3

8.0
8.0

7.3
8.0
7.0

7.0

7.3
7.5

7.0

7.4

7.3
7.3
7.0
8.0
7.3
7.3
7.4

[NaCl]
(mM)

100
150

100

oS O o O

10

150

T
CC¥
25

30
27

25
NR

NR
RT/37
25

RT

30
25

RT

25

30
30
25
37
RT
30
25

kcat
G
9.8

NR
0.54

0.52
0.04

NR
NR
1.9

1.5

1.1
&5

NR

0.64

0.41
0.14
NR
0.0046
0.20
0.021
0.05

Ku
(M)
229

NR
19

41
11

NR
NR
17

45

40
600

NR

56

61
129
NR

7
1150
126
690

kcat/ KM
Ms™h

4.3 =10

2.9 =10
2.8 x 10

1.3 x 10
3.6 x 10°

3.4 x10°
2.1 x 108
1.1 x10°

3.4 x10*

2.7 x 10
1.4 x10*

1.4 x10*

1.1x10*

6.8 x 10°
1.1 x 10°
1.0 x 10°
7.1 % 102
1.8 x 107
1.7 x 10?
6.5 x 10!

Reference

This Work

130
188

189

190

129
191
192

193

194
193

193

195

194
196
132
197
198
194
199

“Homologues are ordered by reported values of kcar/Km. His, polyhistidine tag; N and C, N- and C-terminal tags, respectively (U, tag

orientation unknown). ?Cleavage site indicated by |. °RT, room temperature (value not indicated by authors). NR, value not reported

by authors.
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Table 3.2. Survey of Literature SARS-CoV and SARS-CoV-2 3CLP" Dimer Dissociation Constants.

Virus
CoV-2
CoV-2

CoV
CoV
CoV
CoV
CoV

CoV

CoV

CoV

CoV

CoV

CoV

CoV

CoV

Enzyme* [E?r?g/[r;le]
Native 25-500
Native 230-18,100
Native 28,600
+GKFKKIVKGT (C) 28,600
Native 5-150
+QTSITSAVLQ (N) 28,600
+His (C) 1440-21,600
Unknown 100-3000
+M(-1) 0-1000
Native 7400-29,500
Native <3000
Native 2700-217,000
Native 990-25,000
+His (C) 5700; 11,400
+MRGSH«GSTM (U) 4000-100,000

pH

7.5
7.3
7.5
7.5
7.0
7.5
8.0
7.3
7.5
7.4
8.0
8.0
7.5
8.0
7.5

[NaCl]
(mM)

150
120
120

120
NR
NR
0
100
0
150
75
100
100

T
Cy

25

20

25

25

25

25

20
NR

25

20
RT/37
NR
RT
RT

25

Method°®

Activity
SV-AUC
SV-AUC
SV-AUC
Activity
SV-AUC
SV-AUC
Activity
Activity
SE-AUC
Activity
SAXS

SDS-PAGE

GFC
ITC

(nM)
16
2500
0.35
5.6
15
17.2
190
810
1000
1300
5200
580068007
12,700
100,000
227,000

Reference

This Work
129
200
200
192
200
201
133
125
195
191
191
191
198
202

“Homologues are ordered by reported values of Kq. His, polyhistidine tag; N and C, N- and C-terminal tags, respectively (U, tag

orientation unknown). ’RT, room temperature (value not indicated by authors). NR, value not reported by authors. ‘SV-AUC,

sedimentation velocity analytical ultracentrifugation; ITC, isothermal titration calorimetry; GFC, analytical gel-filtration

chromatography; SAXS, small-angle X-ray scattering; Activity, enzymatic activity; SE-AUC, sedimentation equilibrium analytical

ultracentrifugation. “The authors analyzed their SAXS data in three ways (fitting the entire scattering curves, Guinier analysis, and

fitting the normalized forward scattered intensity); each method produced an estimated K4 value.



3.3 Results

3.3.1 Production, Purification, and Characterization of 3CLP™

We used heterologous expression in Escherichia coli to produce a SARS-CoV-2 3CLP™ fusion
construct composed of protease with an N-terminal GST tag and C-terminal 6x-His tag, as
described by Hilgenfeld and coworkers;'?” semimature 3CLP™ with an autolyzed GST tag was
apparent after 5 h of induction with IPTG (Figure 3.1A). Protein of >98% purity and with a
molecular mass approximately corresponding to that of authentic 3CLP™ was obtained following
affinity chromatography, proteolytic removal of the His tag, and anion-exchange

chromatography (Figure 3.1B).
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—— GST-monomer (62.1 kDa)

monomer (34.8 kDa)

MW pre-induction post-induction

soluble insoluble soluble insoluble

260 -
140 —
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-
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15—
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AEX elution fractions

Figure 3.1. SDS-PAGE gels for the expression and purification of SARS-CoV-2 3CLP™.

(A) Expression gel. Expected masses account for a C terminal 6x His tag. The presence of a
monomer with an autolyzed N-terminal GST tag is visible in the post-induction lysate soluble
fraction. The appearance of a GST-tagged monomer in the insoluble fraction of the post-
induction lysate serves as a secondary confirmation of 3CLP™ production. (B) Purification gel.
Purity of 3CLP™ following the removal of the His tag with PreScission protease and anion-
exchange FPLC (expected mass: 33.8 kDa for 3CLP™ after the removal of purification tags).

Elution fractions are in the order of increasing [NaCl].
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To confirm the purity and accuracy of our produced 3CLP™, we used Q—TOF mass
spectrometry (Figure 3.2A, B). We observed only one protein species with an observed mass of
33,796.8 Da. This mass corresponds to that of authentic 3CLP™ (UniProt accession ID: PODTDI,
positions 3264—3569) bearing no purification tags (Am = 5.6 ppm). We assayed the
thermostability of our recombinant 3CLP™ using differential scanning fluorimetry (DSF). We
observed a single thermal denaturation event at 7, = 55.2 + 0.1 °C (mean + SE, n = 4) (Figure
3.2C). Our Ti, values generally agree with previous reports of 54.2 and 55.0 °C, which were
reported for SARS-CoV-2 3CLP™ with a C-terminal His tag.!?6:!° 3CLP™ appears to be a stable
protein at ambient and physiological temperatures, and our results suggest that a C-terminal His

tag does not impair the inherent thermostability of 3CLP™.
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Figure 3.2. (A) Q—TOF MS total ion chromatogram of purified 3CLP™. (B) Deconvoluted mass

spectrum of the bounded peak in panel A. (C) DSF curves of 3CLP© (100 ug mL ') in 50 mM

HEPES—NaOH buffer, pH 7.5, normalized to maximum fluorescence. DSF experiments were

performed in quadruplicate.
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3.3.2 Design, Synthesis, and Characterization of a 3CLP™ Substrate
We sought to choose an optimal consensus sequence for our 3CLP™ substrate. Following a
literature review of known and putative SARS-CoV and SARS-CoV-2 3CLP™ peptide substrates,
we chose the candidate sequence ATLQ|SGNA, where the cleavage site is indicated by “|”.
Residues preceding the scissile bond in our candidate substrate integrate those that 3CLP™
recognizes in its in vivo autocleavage from the ppla polyprotein: AVLQ at the NSP4-3CLP™
interface, VTFQ at the 3CLP*—NSP6 interface. Likewise, residues P1’ and P2’ in our candidate
substrate recapitulate the N-terminal residues of 3CLP™, again mimicking the NSP4—-3CLP™
interface. Our candidate substrate accommodates many of the structural features observed in
SARS-CoV and SARS-CoV-2 substrate-binding subsites: the strict requirement for a P1 Gln; the
hydrophobic S2 and S4 subsites corresponding to a P2 Leu and P4 Ala; the shallow, solvent-
exposed S3 subsite corresponding to a P3 Thr; access of the S1’ subsite occupant (corresponding
to a P1’ Ser) to form a hydrogen bond with the Cys145—His41 catalytic dyad and thereby
stabilize a reactive Cys145 thiolate; and the broad binding pocket of the S3’ subsite that
accommodates a P3’ Asn,!88:189.203-206 Tg enable the detection of substrate cleavage, we appended
EDANS-conjugated Glu and DABCYL-conjugated Lys to the N- and C-terminal ends of the
peptide as a FRET pair; we also appended N- and C-terminal Arg to increase aqueous solubility.
The structure of our substrate R— E(EDANS)—ATLQSGNA-K(DABCYL)—-R is shown in
Figure 3.3A.

The synthesis of the 3CLP™ substrate by solid-phase peptide synthesis was successful, as
judged by analytical HPLC and MALDI-TOF mass spectrometry. A single major peak was

observed by HPLC with coincident absorbance at the peptide bond, EDANS FRET donor, and
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DABCYL FRET acceptor wavelengths (Figure 3.3B). The mass of the synthesized peptide was

as expected (Figure 3.3C, D).
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Figure 3.3. Characterization of the 3CLP™ substrate R—E(EDANS)-ATLQSGNA—
K(DABCYL)-R. (A) Structure of the peptide (EDANS in green; DABCYL in red). Cleavage of
the Gln/Ser peptide bond by 3CLP™ (red arrow) liberates the EDANS-bearing product peptide,
increasing its fluorescence. (B) Analytical reversed-phase HPLC chromatogram of the
synthesized peptide eluted from a C18 column with a 15-40% v/v acetonitrile gradient. Elution
was monitored at 4 = 210, 336, and 494 nm for the absorption of peptide bonds, the EDANS
moiety, and the DABCYL moiety, respectively. Following the solvent front at = 1 min, a single
major peak with absorption at all three wavelengths is observed at ¢ = 7.5 min. (C) Full MALDI-
TOF mass spectrum, and (D) 1500-2000 Da inset for the peptide. Expected mass [M + H]*,
1829.9 Da; observed mass, 1829.7 Da. Higher mass peaks correspond to salt adducts of the
peptide; lower mass peaks at 1622.3 and 1696.7 Da correspond to artifactual, ionization-induced

fragmentation at the EDANS and DABCYL moieties, respectively.
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3.3.3 Dimerization of 3CLP™
The 3CLP™ dimerization dissociation constant K4 was assessed from enzymological data. Only
dimeric 3CLP™ is catalytically competent with one functional active site per dimer;'*? the

maximal reaction velocity is a function of the 3CLP™ dimer concentration [D];:

Vinax = Kcat[Dlx (3.1

1 5 (3.2)
[DL, = 5 ( 4Enx + Ko — K3 + 8Er.Kq

where ET, is the molar concentration of total 3CLP™ protomer. Equation 3.2 results from the

with:

definition of the dissociation constant and mass balance for Etx. Enzymological assay of 3CLP™
dimerization was necessary prior to the determination of the catalytic parameters kcar and Km in
order to calculate the latter set of parameters with a known concentration of dimer.

We confirmed that our substrate is suitable for assays of 3CLP™ activity with observable turn-
on of fluorescence in 50 mM HEPES—NaOH buffer, pH 7.5, containing DTT (1 mM) at 25 °C;
with sufficient enzyme, all reactions approached completion within the observed timeframes

(Figure 3.4).
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Figure 3.4. Progress curves for substrate cleavage by 3CLP™ at (A) 25 nM, (B) 50 nM,
(C) 100 nM, (D) 200 nM, (E) 300 nM, (F) 400 nM, and (G) 500 nM. Assays in panels A and B

were monitored for 60 min; assays in panels C—G were monitored for 15 min.
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The asymptotic end point fluorescence was directly proportional to substrate concentration at
low concentrations, but this linear relationship broke down at higher peptide concentrations. This
dichotomy is indicative of the inner filter effect, a well-documented phenomenon in FRET
assays.!2>140.141 We characterized the extent of the inner filter effect in our assay by measuring
the fluorescence of a fixed concentration of the R—E(EDANS)—ATLQ product (Figure 3.5) in
the presence of varied substrate concentrations. We found that the fluorescence of the product

significantly attenuates due to the inner filter effect when [substrate] > 50 uM (Figure 3.6).
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Figure 3.5. Characterization of the 3CLP™ product R-E(EDANS)-ATLQ, used as a control
peptide to characterize the inner filter effect (see Figure 3.6). (A) Structure of the peptide
(EDANS in green). (B) Analytical reversed-phase HPLC chromatogram of the synthesized
peptide eluted from a C18 column with a 15-40% v/v acetonitrile gradient. Elution was
monitored at 4 =210 and 336 nm for the absorption of peptide bonds and the EDANS moiety,
respectively. Following the solvent front at # = 1.4 min, a single major peak with absorption at
both wavelengths is observed at ¢ = 2.6 min. (C) Full MALDI-TOF mass spectrum, and (D) 600—
1100 Da inset for the peptide. Expected mass [M + H]", 965.5 Da; observed mass, 971.0 Da. The
higher mass peak corresponds to a salt adduct of the peptide; the lower mass peak at 641.9 Da

corresponds to artifactual, ionization-induced fragmentation at the EDANS moiety.
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Figure 3.6. Graph showing the inner filter effect for the 3CLP™ substrate R—-E(EDANS)—
ATLQSGNA-K(DABCYL)-R. The EDANS-bearing product peptide R-E(EDANS)-ATLQ was
synthesized and prepared at a final concentration of 10 pM in 50 mM HEPES—NaOH buffer,
pH 7.5. The fluorescence intensity of the product peptide was measured in the presence of
increasing concentrations of the substrate peptide; intensities were normalized to that of 10 uM
product peptide in the absence of the substrate peptide. The attenuation of product fluorescence
as a result of the inner filter effect becomes >10% as the total concentration of the substrate

peptide, which contains the FRET-acceptor DABCYL, exceeds 50 uM.
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We therefore transformed progress curve fluorescence intensity values to product concentration
by equating the asymptotic end point fluorescence intensity of each progress curve to the initial
substrate peptide concentration. The extent of the inner filter effect is constant over the course of
a single enzymatic reaction, as the concentration of FRET donor and acceptor does not change
regardless of whether they are parts of one substrate peptide or two separate product
peptides. 140-141

We assayed substrate cleavage with 25—500 nM Et,. For the Michaelis—Menten regime
where [substrate] << Kwm, the decrease in substrate concentration over time approximately

follows an exponential decay with a pseudo-first-order rate constant 7, (for further details, see:

Equations B.7-B.13 of Appendix B):

= ()1, a3
M

This rate constant is a parameter of an approximate expression for product fluorescence over
time (see Equation B.12), enabling its estimation by nonlinear regression of the progress curves
in Figure 3.4. For a given Ert,, . should be constant with respect to substrate concentration; a
decrease in the fitted 7, with an increase in substrate concentration indicates that the assumption
[substrate] << Kwm has become invalid and allows for a qualitative estimate of Km. Plots of the

fitted r, values are shown in Figure 3.7.
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Figure 3.7. Fitted 7, values determined by nonlinear regression of the progress curves in Figure
3.4 using the pseudo-first order approximation. Values are the mean + SD for 3CLP™ at

(A) 25 nM, (B) 50 nM, (C) 100 nM, (D) 200 nM, (E) 300 nM, (F) 400 nM, and (G) 500 nM.
Nonlinear regression failed to converge for 25 nM 3CLP™ at higher substrate concentrations due
to the lack of a discernable plateau fluorescence intensity in the corresponding progress curves

(e.g., Figure 3.4A), resulting in a lack of fitted . for substrate concentrations >25 pM.
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For each substrate concentration, 7. values were normalized to the pseudo-first-order rate
constant 7 corresponding to the largest 3CLP™ concentration, Et,. From Equations 3.2 and 3.3,

this ratio is

4Er)+ Kq — |KZ + 8Er1Ky

3.4
r AEry+ Ky - /Kj + 8ET Ky (34
X

and is a function of Et with one fittable constant, K4. Data for each substrate concentration were
fitted to Equation 3.4 to derive the value of Ky (Figure 3.8). Within the substrate range 10—100
uM, where the pseudo-first-order approximation appears valid and raw fluorescence intensities
were adequately sensitive (Figure 3.4 and 3.7), the fitted K4 values were highly consistent and
resulted in Kq = 15.9 £ 3.8 nM, which is the mean + SE (n = 4). Successful fitting to Equation 3.4

indicates that 3CLP™ is catalytically competent only in the dimeric state.
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Figure 3.8. Fitted r./r plots to derive Kq from Equation 3.4. Values determined by fitting the data
at each substrate concentrations are (A) Kq = 149.2 nM at 5 uM substrate, (B) Kq = 14.87 nM at
10 uM substrate, (C) K¢ = 8.782 nM at 25 uM substrate, (D) K¢ = 13.59 nM at 50 uM substrate,
(E) Ka=26.52 nM at 100 uM substrate, and (F) K4 =338.4 nM at 200 uM substrate. Only fitted
Kq values for 10-100 uM substrate were used to determine the mean value of K4 because

200 puM substrate appears to violate the pseudo-first order assumption that [substrate] << Kwm
(Figure 3.7), and the 5 uM substrate progress curves (Figure 3.4) have a relatively low change
in fluorescence intensity over the course of the enzymatic reaction, which introduces ambiguity

in nonlinear fits to Equation B.12.
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3.3.4 Catalysis by 3CLP™
We analyzed the 3CLP™ progress curves using both a traditional Michaelis—Menten (MM)
strategy and a Bayesian Markov Chain Monte Carlo (MCMC) approach.?’” We note that
traditional MM analysis requires a range of substrate concentrations of up to ~10xKm. Although
we do not know the value of Km a priori, the pseudo-first-order approximation used to determine
the dimerization K4 enabled us to estimate the concentration regime in which Kv exists. Based
on our observation that the pseudo-first-order approximation begins breaking down as substrate
concentrations exceed 100 uM, we predicted that 10xKy is near millimolar concentration and
cannot be feasibly assayed due to the magnitude of the inner filter effect at these concentrations
along with limited substrate solubility at these concentrations (cf: Figure 3.6). The Bayesian
MCMC method (vide infra) analyzes data from progress curves and thus does not require high
substrate concentrations; we used MM analyses when possible to corroborate our MCMC results.
We determined Michaelis—Menten initial reaction rates from 3CLP™ progress curves in a
semiautomated manner using ICEKAT in order to minimize the introduction of bias.?’® We
restricted initial rate analyses to £t < 200 nM, as the faster reactions at higher 3CLP™
concentrations resulted in insufficient data to accurately determine initial rates (e.g., compare the
linear region of the progress curves for high and low Et, in Figure 3.4). MM plots for each ET
are shown in Figure 3.9 and best-fit kinetic parameters are listed in Table 3.3. Our MM initial
rate analysis estimates that the catalytic efficiency of 3CLP™ with our FRET substrate is kca/ Km =

(2.6 +£0.6) x 10* M ! s! (mean + SE, n = 4).
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Figure 3.9. Michaelis—Menten curves for the cleavage of the substrate peptide by 3CLP™ at
(A) 25 nM, (B) 50 nM, (C) 100 nM, (D) 200 nM, (E) 300 nM, (F) 400 nM, and (G) 500 nM.
Initial rates were derived from the progress curves (Figure 3.4) using ICEKAT with the default

99208

setting “maximize slope magnitude.”*"® Kinetic parameters are listed in Table 3.3.
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Table 3.3. Steady-State Kinetic Parameters for Catalysis of the Cleavage of R—-E(EDANS)-

ATLQ|SGNA-K(DABCYL)-R by 3CLP™.

Michaelis—Menten analysis Bayesian analysis
(ICEKAT) (EKMCMC)
[3CLP*] (nM) [Dimer] (nM)* keat (s71)° Ky (UM)© keat (571 Ky (uM)
25 7.2 3.81 367 3.01 240
50 16.8 7.26 296 7.21 235
100 37.7 10.1 278 8.93 173
200 81.9 9.61 221 10.6 205
300 127.5 ND ND 13.2 242
400 173.7 ND ND 11.7 223
500 220.4 ND ND 14.5 282
7.7+ 1.4° 291 +30° 9.8+ 1.5 229 +13°

“Dimer concentration calculated from total enzyme concentration using Equation 3.2 with Kq =

15.9 nM. ®Mean + SE (n = 4 for ICEKAT, n = 7 for EKMCMC). °ND, not determined.
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Due to the limitations of traditional Michaelis—Menten analysis (e.g., the lack of a clear
plateau in the hyperbolic MM curves in Figure 3.9), we chose to employ the alternate analytical
strategy of direct Bayesian inference from progress curves. This strategy does not necessitate that
substrate concentrations greatly exceed the value of Km and can be executed using the public-
domain R computational package EKMCMC.207-2% This strategy also maximizes the
experimental efficiency and analytical rigor by utilizing full progress curves in lieu of initial rate
plots derived therefrom. We independently performed a Bayesian analysis of the progress curves
for each concentration of assayed 3CLP™ (i.e., each plot in Figure 3.4). A posterior sample plot

for each enzyme concentration is shown in Figure 3.10.
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Figure 3.10. MCMC scatterplots of ket and Km values for catalysis by 3CLP™, estimated by
Bayesian inference (n = 3000 samples) of the progress curves in Figure 3.4. Data were analyzed
with the EKMCMC package of Kim ef al. using the determined 3CLP™ dimerization K4 to
convert Vmax t0 keat.2?72% MCMC scatterplots are for (A) 25 nM, (B) 50 nM, (C) 100 nM,

(D) 200 nM, (E) 300 nM, (F) 400 nM, and (G) 500 nM 3CL¥™.
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All posterior samples of kcar and Km (n = 3000 per 3CLP™ concentration) were confirmed to
exhibit convergence, possess low autocorrelation between iterative estimates, and yield
unimodal, bell-shaped sample distributions, as advised by the developers of the algorithm

(Figure 3.11 and 3.12).207:20
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Figure 3.11. Diagnostic graphs for Bayesian MCMC estimation of k. for catalysis by 3CLP™
from the progress curves in Figure 3.4, analyzed with the EKMCMC package of Kim et al.
using the determined 3CLP™ dimerization K4 to convert Vmax to kea.2”-?% Diagnostic graphs are
for (A) 25 nM, (B) 50 nM, (C) 100 nM, (D) 200 nM, (E) 300 nM, (F) 400 nM, and (G) 500 nM
3CLP, Within each sub-figure, the top graph is a trace plot showing the sampled kc.: values for
successive iterations, the bottom-left graph is an auto-correlation function (ACF) plot showing
the correlation between successive sampled kcac values as a function of the distance between
iterations, and the bottom-right graph is a posterior sample distribution density plot. All plots
were drawn with 3000 posterior samples after removing the first 1000 samples (burn-in period)
and applying a thinning rate of 1/30. All diagnostic plots are as desired: (1) the trace plots show
convergent sampling, (2) the ACF plots show that successive samples rapidly become
independent (ACF = 0) as the lag increases, and (3) the posterior sample distribution density

plots are unimodal and approximately Gaussian in shape.
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Figure 3.12. Diagnostic graphs for Bayesian MCMC estimation of K for catalysis by 3CLP™
from progress curves in Figure 3.4, analyzed with the EKMCMC package of Kim et al.?72%
Diagnostic graphs are for (A) 25 nM, (B) 50 nM, (C) 100 nM, (D) 200 nM, (E) 300 nM, (F) 400
nM, and (G) 500 nM 3CLP™. Within each sub-figure, the top graph is a trace plot showing the
sampled Km values for successive iterations, the bottom-left graph is an auto-correlation function
(ACF) plot showing the correlation between successively sampled K values as a function of the
distance between iterations, and the bottom-right graph is a posterior sample distribution density
plot. All plots were drawn with 3000 posterior samples after removing the first 1000 samples
(burn-in period) and applying a thinning rate of 1/30. All diagnostic plots are as desired: (1) the
trace plots show convergent sampling, (2) the ACF plots show that successive samples rapidly
become independent (ACF = 0) as the lag increases, and (3) the posterior sample distribution

density plots are unimodal and approximately Gaussian in shape.
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The sample mean values at each concentration of 3CLP™ are listed in Table 3.3; because the
Bayesian analytical strategy is not limited to initial reaction rates, we were able to analyze the
progress curves at all 3CLP™ concentrations. The Bayesian-estimated catalytic efficiency of
3CLP™ with our FRET substrate is kca/Km = (4.3 £0.7) x 10* M ! s7! (mean + SE, n = 7).
Given that the Bayesian analytical strategy is not subject to the requirements of the
Michaelis—Menten initial rate strategy, as well as the fact that the MM initial rate plots only just
began to approach hyperbolic asymptotes within the substrate concentrations used, we believe
that the Bayesian-determined catalytic parameters are a more reliable representation of the
catalytic efficiency of SARS-CoV-2 3CLP"™. Comparing the results of the Michaelis—Menten
strategy and the Bayesian inference one, it is evident that the use of a more limited analytical

technique alone induces a twofold underestimate of the catalytic efficiency of 3CLP™.

3.3.5 Effect of Ionic Strength on 3CLP™
Motivated by reports that catalysis by SARS-CoV 3CLP™ is highly sensitive to solution ionic

strength, 125,201,210

we investigated the impact of NaCl concentration on enzymatic activity.
Initially, we assayed the cleavage of 100 uM substrate by 50 nM 3CLP™ in 50 mM
HEPES—NaOH buffer, pH 7.5, containing DTT (1 mM) and NaCl (0—1000 mM). All buffers

were adjusted to constant pH after salt dissolution. We chose these enzyme and substrate

concentrations because of the extended period of linear catalytic activity (see Figure 3.4), which

facilitates the determination of the initial enzymatic reaction rate. As shown in Figure 3.13, we
observed attenuation of the 3CLP™ initial reaction rate at increased ionic strength with a nearly

40% loss of enzymatic activity at 200 mM NacCl.
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Figure 3.13. Influence of NaCl concentration on catalysis by 3CLP™ in 50 mM HEPES—NaOH
buffer, pH 7.5, containing DTT (1 mM) at 25 °C. Reaction rates are normalized to those of

assays run in the absence of added NaCl.
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We attempted to repeat the enzymological determination of the 3CLP™ dimerization Kq for 50
mM HEPES—NaOH buffer, pH 7.5, containing NaCl (150 mM) and DTT (1 mM), as an
increased K¢ would result in a lower concentration of dimer at any given concentration of total
3CLP™ and would explain our observation of lower initial reaction rates in the presence of NaCl
(see Equations 3.1 and 3.2). Our analytical strategy was unsuccessful, however, due to the
emergence of a pronounced lag phase in the time course of the enzymatic reaction (data not
shown). The length of this lag phase, which increased with lower enzyme or substrate
concentrations, resulted in overestimated pseudo-first-order rate constants (7). Accordingly, we
were unable to accurately determine the dimerization K4 by enzymatic means in the presence of
added NaCl. Importantly, although the length of the lag phase is dependent on 3CLP™ and
substrate concentrations, it does not appear to be as significantly influenced by the
concentrations of NaCl used for the initial rates reported in Figure 3.13. We propose plausible

causes for the emergence of the lag phase in the Discussion.
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3.4 Discussion

Reliable data on the enzymology of the 3CLP™ protease of SARS-CoV and SARS-CoV-2 are
necessary for our understanding of its catalysis and for therapeutic intervention. Values for both
the catalytic efficiency (kca/Km) and dimerization dissociation constant (K¢) vary substantially,
with the latter parameter spanning nearly six orders of magnitude (see Table 3.1 and 3.2). The
variation in Kq4 values is particularly concerning because the analysis of 3CLP™ enzymological
data relies on knowing the concentration of the dimer, which manifests catalysis. At least one of
the publications in our survey assumed that the analytical concentration of enzyme (ETx) was
identical to the concentration of active catalyst ([D]y).'®® This assumption is incorrect because
[D]x differs from Et, to an extent that depends on the value of K4 as described in Equation 3.2,
which accounts for the half-site reactivity of 3CLPr, 131133135

Some variability in the reported values of kc./Km is understandable. For example, there is no
singular substrate that must be used for determining the 3CLP™ activity. The enzyme processes
viral polyproteins at multiple, distinct cleavage sites and is thus somewhat promiscuous.?% Still,
nearly all data are for the cleavage of an LQ|SG peptide bond (Table 3.1), as in our substrate.
There is also a slight variability in solution conditions (pH, salt concentration, and temperature)
that could affect enzymatic catalysis. We note that rather than determining the optimal enzyme
substrate or constraining ourselves to endogenous 3CLP™ substrate sequences, we chose a
rationally designed substrate sequence to balance catalysis with other experimental
considerations that have likely limited other studies, such as peptide solubility.

Of greater concern are assay factors that would impair the dimerization of 3CLP™, which
would correspondingly decrease the concentration of catalytically competent enzyme and lead to

erroneous normalization of enzymological data when determining the catalytic efficiency.?03-2!!

173



The use of artificial purification tags is expected to impede dimerization as several key
interprotomer interactions occur at terminal residues in 3CLP™. Aside from simply assembling
the dimeric state, the terminal residues of one protomer structure contribute to the active site of
its sibling protomer and are critical to catalysis.!*>2!! Several studies have reported that N- and

202,212 and at

C-terminal truncations of 3CLP™ significantly disrupt dimerization and/or catalysis,
least one study has shown that the introduction of exogenous terminal tags as small as two
residues leads to a large decrease in catalytic activity.!** The alteration of 3CLP™ termini likely
disrupts key interactions, including the Serl---Phel140’ hydrogen bonds and the Arg4---Glu290’
salt bridges (where ' denotes the sibling protomer, and these interactions occur reciprocally
between the two protomers). The loss of these interactions leads to a collapsed oxyanion hole
and obviates catalytic activity by impeding stabilization of the negatively charged tetrahedral
transition state during proteolysis.!3%2!! The C terminus is also important for stabilizing the
dimeric state, as demonstrated by several C-terminal single-point mutants that exhibited
decreased catalytic activity and an apparent molecular mass corresponding to monomeric
3CLP.213 Studies entailing assays of 3CLP™ with unnatural termini report some of the lowest
kea/Km values (Table 3.1). Surprisingly, several of the reported constructs most predisposed to
dimerization include terminal tags (Table 3.2). This observation could be the result of variable
analytical techniques used to measure Kq, some of which lack the sensitivity needed to detect
nanomolar dissociation constants. For a single analytical technique employed within one study,
the impact of terminal tags on dimerization is apparent. For example, Liang, Wang, and co-
workers found that the addition of tags led to a < 50-fold increase in the measured value of K4.2%

We believe that the assay of native 3CLP™ is indispensable to understanding its intrinsic catalytic

efficiency.
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Another, albeit lesser, consideration is the concentration of salt used in the 3CLP™ assay
buffers. As shown in Figure 3.13, there is a significant decrease in activity upon the addition of
NaCl to the assay buffer, with a nearly twofold decrease in catalytic efficiency with 200 mM
NaCl. Similar results were reported by Chang and co-workers for the SARS-CoV homologue,
where 150 mM NaCl induced partial dissociation of the dimer.2°! Mangel and co-workers also
report that NaCl disrupts SARS-CoV 3CLP™ activity, though they observed a large activity loss
(80%) at only 100 mM NaCl.?!'® Due to other variable assay parameters, relationships between
[NaCl] and kca/Km or Kq are difficult to distinguish in the data listed in Table 3.1 and 3.2,
respectively, but we do note that for the SARS-CoV-2 homologue, the three lowest reported
catalytic efficiencies all included NaCl in the assay buffer.

Increases in ionic strength likely diminish the free energy of Coulombic interactions, both
between protomers of the dimer and between the enzyme and its bound substrate. Mangel and
co-workers postulated that high ionic strength disrupts the interactions of Glu166 and a peptidic
substrate.?!? Similarly, Shi and Song observed that the inclusion of NaCl in the assay buffer led
to decreased catalytic activity without perturbing dimerization, suggesting that ionic strength
disrupts substrate binding or catalysis itself.?!* Conversely, as previously noted, Chang and co-
workers observed that NaCl disrupted the quaternary structure of 3CLP™.2! Ferreira and Rabeh
reported that SARS-CoV-2 3CLP™ exhibits reduced thermodynamic stability when [NaCl] >
100 mM without dependency on the precise salt concentration, which they attributed to the
disruption of salt bridges.'?¢ Velazquez-Campoy, Abian, and co-workers observed a subtle
decrease in the thermostability of SARS-CoV-2 3CLP™ in the presence of 150 mM NaCl.!*
Given the aforementioned salt bridges that are responsible for stabilizing the 3CLP™ dimer, we

believe that increased ionic strength would interfere with dimerization, as well as catalysis.
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Because of the likelihood that NaCl disrupts catalysis either directly or through its effect on
enzyme dimerization, we preemptively chose to omit NaCl in our standard 3CLP™ activity assay
to optimally assess its catalytic efficiency.

The dimerization of 3CLP™ can be induced by a substrate.?!* A key residue in this process
appears to be Glu166, which has been implicated in providing structure to the oxyanion hole. In
the monomeric state of 3CLP™, Glul66 blocks access to the critical S1 substrate-binding subsite,
but in the dimeric state, Glul166 interacts instead with Serl’, revealing the S1 subsite and
stabilizing the oxyanion hole. Intriguingly, molecular dynamics simulations suggest some
conformational flexibility of Glul66 in the monomeric state, with the residue precluding access
to the S1 subsite most of but critically not all of the time.!3? The series of events for substrate
cleavage by 3CLP™ are often thought of as being (1) dimerization — (2) subsite revelation — (3)
substrate binding — (4) catalysis, but Chou and co-workers propose that the series is (1) subsite
revelation — (2) substrate binding — (3) dimerization — (4) catalysis.?!'* Moreover, they suggest
that Glu166 forms a hydrogen bond with Asn142, stabilizing an adjacent 310-helix to maintain a
collapsed oxyanion hole. Upon substrate binding, Glul66 instead interacts with the substrate P1
glutamine and Serl’, disrupting the Glul66---Asn142 hydrogen bond and causing
conformational changes that stabilize an intact oxyanion hole.?!!-*!# Thus, the binding of the
substrate to a monomer could stabilize Glul66 in a conformation that facilitates dimerization,
forms an oxyanion hole, and enables catalysis. The lag phase that we observed in 3CLP™ activity
assays with 150 mM NaCl might be a consequence of disrupted 3CLP™ dimerization, and the
length of the lag phase might be variable because the extent of substrate-induced dimerization is

dependent upon the substrate concentration.
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3.5 Conclusions

Our analyses of 3CLP™ have relied on core principles of enzymology. (1) We characterize the
authentic enzyme, without exogenous residues (Figure 3.2). (2) We designed our peptidic
substrate to accommodate the structural features of the 3CLP™ substrate subsites and to position
the pendant FRET moieties far from the scissile bond so as not to disrupt binding or catalysis.
(3) We assayed 3CLP™ activity in the absence of NaCl, mitigating the disruption to dimerization
(Figure 3.13). (4) We characterized the magnitude of the inner filter effect (Figure 3.6) and
accounted for its consequences in our analyses. (5) We determined the value of K¢ through
enzymological assays, which are more sensitive than other methods (e.g., analytical gel filtration
chromatography or SDS—PAGE). (6) We determined the catalytic parameters kca and K for our
substrate through two means: initial rate (i.e., Michaelis—Menten) analysis and progress curve
(i.e., Bayesian Markov Chain Monte Carlo) analysis. The latter strategy maximizes data utility
and unshackles enzymology from the empirical limitations of Michaelis—Menten techniques.
Our work reveals that 3CLP™ is a catalyst that is more capable than previously reported.
Moreover, 3CLP™ is much more predisposed toward dimerization than is appreciated, having a
Kq value in the nanomolar range. These findings define the landscape for the design of protease
inhibitors for the prevention and treatment of COVID-19 infection and could facilitate efforts to
combat the COVID-19 pandemic and potentially assist in the prevention of future coronavirus-

based outbreaks.
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3.7 Experimental Details

3.7.1 Materials
All chemicals and reagents were of commercial reagent grade or better and were used without

further purification.

3.7.2 Conditions
All procedures were performed in air at ambient temperature (~22 °C) and pressure (1.0 atm)

unless indicated otherwise.

3.7.3 Production and Purification of SARS-CoV-2 3CLP"
Authentic 3CLP™ was produced and purified following methods described previously.!? Briefly,
BL21-Gold(DE3) competent Escherichia coli were transformed with the pGEX-6P-1/3CLP™
plasmid by heat shock and grown overnight at 37 °C on Luria—Bertani (Miller) agar (2% w/v)
containing ampicillin (100 pg mL™!). A starter culture in 1x YT medium (which contained 0.8%
w/v tryptone, 0.5% w/v yeast extract, 0.25% w/v NaCl, and 100 pg mL ! ampicillin) was
inoculated with a single transformant colony and grown overnight at 37 °C with shaking at 250
RPM. Cultures of 1x YT medium were inoculated with the starter culture to a starting ODgoo =
0.05 and incubated at 37 °C with shaking at 250 RPM until ODsoo = 0.8. Gene expression was
induced with isopropyl B-d-1-thiogalactopyranoside (final concentration: 0.5 mM) for 5 h at 37
°C with shaking. Cultures were pelleted by centrifugation and held at =70 °C. The induction of
expression was confirmed by SDS—-PAGE.

Pelleted E. coli cells were thawed briefly and resuspended in 20 mM Tris—HCI buffer, pH

7.8, containing NaCl (150 mM) at room temperature. E. coli were passed through a cell disruptor
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(Constant Biosystems), and the lysate was subjected to centrifugation at 38,400g and 4 °C for 2
h. The supernatant was loaded onto a HisTrap FF column (Cytiva) that had been pre-equilibrated
with lysis buffer. The column was washed with 20 column-volumes of lysis buffer, and the target
protein was eluted with a linear gradient (20 column volumes) of lysis buffer containing
imidazole (0-500 mM). Fractions with target protein were simultaneously treated with
PreScission protease (Cytiva) and dialyzed against 20 mM Tris—HCI buffer, pH 7.8, containing
NaCl (150 mM) and DTT (1 mM) at 4 °C overnight with gentle stirring. The retentate was
passed over coupled GSTtrap FF and HisTrap FF columns (Cytiva) to remove the GST tag, His
tag, PreScission protease, and unprocessed 3CLP™. The flowthrough was exchanged into 20 mM
Tris—HCI buffer, pH 8.0, containing DTT (1 mM), loaded on a HiTrap Q FF column (Cytiva)
pre-equilibrated with the same buffer, and eluted by a linear gradient of exchange buffer with 0—
500 mM NacCl over 20 column volumes. Fractions with target protein were pooled and
exchanged into 20 mM Tris—HCI buffer, pH 7.8, containing NaCl (150 mM), EDTA (1 mM),
DTT (1 mM). Purified protein was flash-frozen in liquid nitrogen, quantified by BCA assay, and

stored at —70 °C.

3.7.4 Analysis of 3CLP™ Purity

For Q—-TOF mass spectrometry of purified 3CLP™, a 1 uM solution of protein was made in
aqueous acetonitrile (5% v/v) containing formic acid (0.1% v/v). A 15-uL aliquot (15 pmol of
3CLP™) was injected onto a 40 °C-thermostatted PLRP-S column (5-um particle, 1000-A pore;
Agilent Technologies) and eluted with a gradient of aqueous acetonitrile (5-95% v/v) over 7.5
min. Eluted protein was introduced to an Agilent 6530 Q—TOF mass analyzer by ESI and

analyzed in positive mode.
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3.7.5 Differential Scanning Fluorimetry

The thermostability of 3CLP™ was determined with differential scanning fluorimetry. To do so,
3CLP"™ was mixed with SYPRO Orange protein gel stain (Supelco) in 50 mM HEPES-NaOH
buffer, pH 7.5, to a final concentration of 100 ug mL™! protein, 50x SYPRO Orange (vendor
stock: 5000% in DMSO). The resulting solution was then heated from 15-95 °C at 1 °C/min
using a QuantStudio 7 Flex Real-Time PCR system (Applied Biosystems); fluorescence was
monitored in real-time with Aex =470 + 15 nm and Aem = 586 = 10 nm. Data were processed with
Protein Thermal Shift software (Applied Biosystems) using the Boltzmann fitting method.

Values of Tm represent the temperature at which fluorescence was 50% maximal.

3.7.6 Design and Synthesis of a 3CLP™ Substrate

Aided by the homology of 3CLP™ from SARS-CoV and SARS-CoV-2, known polyprotein
cleavage sites for SARS-CoV,!?* and simulated interactions in a Michaelis complex of SARS-
CoV-2 3CLP™ with a peptidic substrate,?** a candidate substrate sequence ATLQ|SGNA (|,
cleavage site) was chosen. The octapeptide was flanked by EDANS and DABCYL conjugated to
glutamic acid and lysine, respectively, to serve as a FRET pair; the peptide was further capped by
terminal arginine residues to improve solubility. The desired peptide R—-E(EDANS)—
ATLQ|SGNA-K(DABCYL)-R was synthesized by solid-phase peptide synthesis. Briefly, 2-
chlorotrityl chloride resin loaded with Fmoc-Arg(Pbf)-OH was deprotected and coupled to
Fmoc-Lys(DABCYL)-OH using PyBOP/DIPEA as the activating agent. The substrate peptide
sequence was then extended using a CEM Liberty Blue automated peptide synthesizer prior to
manual coupling of the Fmoc-Glu(EDANS)-OH residue, which was achieved using

PyBOP/DIPEA pre-activation. Deprotection of the N-terminal Fmoc group was then performed
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before the final Fmoc-Arg(Pbf)-OH residue was coupled using PyBOP/DIPEA. The resulting
peptide was deprotected and cleaved under standard SPPS conditions and purified by preparative
reversed-phase HPLC. The control peptide R-E(EDANS)-ATLQ, which represents the N-

terminal cleavage product of the substrate peptide, was synthesized by analogous means.

3.7.7 Analysis of Peptide Purity
For analytical HPLC of the two peptides, 50 uM peptide was dissolved in water containing
trifluoroacetic acid (0.1% v/v). Peptide (2.5 nmol) was injected onto a non-thermostatted C18
column (250 x 4.6 mm, 5-pm particle, 100-A pore; Varian) and eluted with a gradient of
acetonitrile (15—40% v/v) in water over 10 min. Eluted peptide was detected with a diode array
detector at 1 =210, 336, and 494 nm for peptide bond, EDANS, and DABCYL absorption,
respectively.

For MALDI-TOF mass spectrometry of the two peptides, desalted peptide was spotted on an
a-cyano-4-hydroxycinnamic acid matrix and analyzed with a Bruker microflex MALDI-TOF

mass spectrometer in linear positive mode.

3.7.8 3CLP™ Kinetics Assay

Standard assays of 3CLP™ were performed in 50 mM HEPES-NaOH buffer, pH 7.5, containing
DTT (1 mM) at 25 °C. The concentration of FRET substrate varied from 5 to 200 uM, and the
concentration of 3CLP™ varied from 25 to 500 nM, as indicated. Substrate cleavage was initiated
by the addition of an equal volume of 2% enzyme to 2x substrate. Fluorescence was monitored at

Aex =336 £ 5 nm and Aem = 494 £ 10 nm over 15-60 min, as indicated. Nonlinear regression
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analyses to Equations B.12 and B.14 were performed with Prism v6.0 software (GraphPad

Software).

3.7.9 Michaelis—Menten Analysis of Kinetic Data

Progress curves were analyzed for initial rate Michaelis—Menten plots using the ICEKAT
software of Smith and co-workers.?’® Fluorescence raw data were converted into product
concentration by equating the asymptotic end point fluorescence intensity of each progress curve
to the initial substrate peptide concentration. Then, ICEKAT software was used with the default
setting “maximize slope magnitude” to process the data (n = 6 substrate concentrations x 3

technical replicates) independently at each concentration of 3CLP™ (ETy).

3.7.10 EKMCMC Analysis of Kinetic Data

Full progress curves were also analyzed with the EKMCMC R algorithm of Kim and co-
workers.20-20% Fluorescence raw data were converted into product concentrations by equating the
asymptotic endpoint fluorescence intensity of each progress curve to the initial substrate peptide
concentration. The EKMCMC algorithm was used to process the dataset (n = 6 substrate
concentrations % 3 technical replicates) independently at each concentration of 3CLP™ (Et,). For
the enz data field within EKMCMC, the concentration of catalytically competent dimer at
each E1 was estimated by using the previously determined K4 value. The EKMCMC algorithm
was run using the total QSSA model with an initial Ky guess of 1000 uM (K M init = 1000,
K M m=1000), a burn-in period of 1000 samples (burn = 1000), a thinning rate of 1/30 (Jump

= 30), and an effective 3000 MCMC iterations (nrepeat = 3000).
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Sensitive detection of SARS-CoV-2 main
protease 3CLP™ with an
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4.1 Abstract

Alongside vaccines and antiviral therapeutics, diagnostic tools are a crucial aid to combat the
COVID-19 pandemic caused by the etiological agent SARS-CoV-2. All common assays for
infection rely on the detection of viral sub-components, including structural proteins of the virion
or fragments of the viral genome. Selective pressure imposed by human intervention of COVID-
19 can, however, induce viral mutations that decrease the sensitivity of diagnostic assays based
on biomolecular structure, leading to an increase in false-negative results. In comparison,
mutations are unlikely to alter the function of viral proteins, and viral machinery is under less
selective pressure from vaccines and therapeutics. Toward this end, we used intein-mediated cis-
splicing to create a circular ribonuclease zymogen that is activated by the SARS-CoV-2 main
protease, 3CLP™. Zymogen activation by 3CLP™ leads to a >300-fold increase in ribonucleolytic
activity, which can be detected with a highly sensitive fluorogenic substrate. This coupled assay
can detect low nanomolar concentrations of 3CLP™ within a timeframe comparable to that of
common antigen-detection protocols. More generally, the concept of detecting a protease by

activating a ribonuclease could be the basis of diagnostic tools for other indications.
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4.2 Introduction

The COVID-19 pandemic caused by the betacoronavirus SARS-CoV-2 has been a public health
crisis of extraordinary proportions. Success in combatting SARS-CoV-2 has been achieved by
the development of preventive vaccines, therapeutic interventions, and diagnostic tools.?!> Still,
the landscape has shifted continually. Several therapeutic agents employed in the treatment of
COVID-19, including the neutralizing monoclonal antibodies produced by Lilly, Regeneron,
GlaxoSmithKline, and others; the adenosine nucleoside analog Remdesivir; and the combination
protease inhibitor formulation Paxlovid have exhibited reduced efficacy as a consequence of
mutations in the SARS-CoV-2 genome.!87216-218 Similarly, rapid antigen detection testing
(RADT), which often targets the SARS-CoV-2 spike and nucleocapsid proteins and serves as an
indispensable front-line tool to mitigate viral transmission, has suffered from reduced
sensitivity.!”-138 For example, the appearance of the Omicron SARS-CoV-2 variant led to a days-
long lag between the detection of viral infection by RADT versus PCR.!*° Even PCR-based
testing, which is the gold standard, has lost sensitivity due to “gene dropout” in the spike and
nucleocapsid proteins.?!-2!

RADT, PCR, and other diagnostic tools rely on the structure of a viral molecule. We sought
to develop a diagnostic strategy that relies instead on molecular function. Such a function-based
approach would mitigate the risk of mutation-based sensitivity loss because viral evolution to
evade detection is unlikely to impair its replisome.

An obvious basis for a diagnostic assay relying on function is the catalytic cleavage of a
fluorogenic substrate by a viral enzyme.??222* Such an assay is likely, however, to lack sensitivity

because each turnover yields only one fluorescent molecule. We reasoned that the sensitivity
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could be amplified if the viral enzyme instead activated a zymogen that then catalyzed the

cleavage of a fluorogenic substrate (Figure 4.1).
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(not fluorescent) standard
protease
protease assay
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7/ o O= amplified
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Figure 4.1. Standard and amplified assays for a protein analyte. In a standard assay, a protease
cleaves a fluorogenic substrate. In an amplified assay (as in this work), a protease cleaves a
peptide bond in the linker of a ribonuclease zymogen (Z), producing a cleaved zymogen (C) with
an uncovered active site. Zymogen cleavage is detected by assaying ribonucleolytic activity with

a fluorogenic substrate.
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Moreover, we suspected that using two different types of enzymes (e.g., a protease and a
nuclease) would avoid complications from crosstalk between the enzymes and their substrates
and products.

As a viral analyte, we choose the main protease 3CLP™. SARS-CoV-2 relies on this protease
to process its two polyproteins at 11 cleavage sites, each flanked by a glutamine (P1=Gln in the
Schechter-Berger nomenclature) and small, uncharged amino acid (P1'=Gly, Ala, or Ser).!25-204
Recently, we showed that 3CLP™ cleaves the consensus substrate sequence ATLQ|SGNA
({, cleavage site) with a high value of kca/Km = (4.3 £0.7)x10* M 71,180

As a zymogen, we choose one engineered from human ribonuclease 1 (RNase 1). The N and
C termini of RNase 1 and its homologues flank the active site. Accordingly, connecting the
native termini with a peptidic linker occludes the active site.”**7 The linker of our zymogen
contains the sequence: ATLQSGNA, as its cleavage by 3CLP™ would uncover the active site.
Zymogen activation could be detected with a hypersensitive assay that is based on a fluorogenic
ribonuclease substrate.3%-6

Here, we design and prepare a ribonuclease zymogen and demonstrate that it is specifically
cleaved by 3CLP™ within its inactivating linker. Using this assay, we can detect low nanomolar
concentrations of 3CLP™ within a timeframe comparable to current RADT. For larger 3CLP™
concentrations, detection of the viral protease occurs within several minutes. Our strategy could
inspire next-generation diagnostics that mitigate the sensitivity losses that can result from viral

evolution.
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4.3 Results

4.3.1 Modeling the zymogen and its interaction with 3CLP"™

We computationally predicted the structure of our 3CLP™-directed, RNase 1-based zymogen with
the AlphaFold2-based algorithm ColabFold and in silico permutations of the zymogen sequence.
We designed those permutations in order to accommodate the software by installing false
termini.??> We assessed the predictions based on their structural similarity to native RNase 1 as
well as the proximity of their false termini; four permuted sequences generated sensible zymogen
models and are shown in Figure 4.2. The permuted sequences, individual model structures, and

AlphaFold2 quality metrics are shown in Figure 4.3.
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3CLre-directed linker (ATLQ|SGNA)

Figure 4.2. AlphaFold2-generated zymogen models based on sequences permuted around
Q37|R38, G68|Q69, N88IR89, and R89|RI0 (in color) aligned to wild-type RNase 1 (in gray),

cartoon form with active site residues in ball-and-stick form.
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Figure 4.3. Zymogen structure predictions generated using AlphaFold2 with protein sequences
circularly permuted around (A) Q37|R38, (B) G68|Q69, (C) N88|R89, and (D) R89|R90. Each
subpanel shows: (top) the permuted protein sequence with the linker in red font and denoted
by *; (left) the top-ranked prediction model structurally aligned to wild-type RNase 1 (in gray);

and (right) pIDDT scores for the five models produced from a given permutant sequence.
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The backbone alignment of the models to wild-type RNase 1 reveals a high degree of structural
identity with RMSD < 2.5 A. The permutant-dependent false termini are 4.1-20.4 A apart
(C-terminal carbonyl carbon to N-terminal amino nitrogen). The Q37|R38-permuted sequence
yielded the shortest terminal distance and was thus a model most reminiscent of the circular
zymogen, which has a peptide bond between the false termini.

Catalysis of RNA cleavage by RNase 1 and its homologues relies primarily on the side

chains of three residues: His12, Lys41, and His119 (Figure 4.4).>
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Figure 4.4. Putative mechanism of catalysis of RNA cleavage by RNase 1.
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Based on the AlphaFold2-generated models, we predict that His12 and Lys41 are not
significantly perturbed in the zymogen relative to RNase 1, but His119 is dislocated, as shown in

Figure 4.5.
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Figure 4.5. Active sites of the AlphaFold2-generated zymogen models permuted around
Q37|R38, G68|Q69, N88IR89, and R89|RI0 (in color) compared to that of wild-type RNase 1 (in

gray), cartoon form with active site residues in ball-and-stick form.
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This dislocation consistently appears between models: across four permuted zymogen sequences
and five ranked models per sequence, the imidazole ring of His119 is rotated 123 & 2°

(mean + SD) out of alignment from its native position (Figure 4.6).
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Figure 4.6. Dislocation angle of His119 in the AlphaFold2-generated zymogen structure
predictions relative to wild-type RNase 1. Arrows represent the vector normal to the plane of the
His119 imidazole ring in the wild-type protein, WT, and in the zymogen, Z. Panels represent the
top-ranked model prediction generated with protein sequences circularly permuted around

(A) Q37|R38, (B) G68|Q69, (C) N88|R89, and (D) R89R90.
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Docking the tetranucleotide substrate analog d(ATAA) to the zymogen also reveals a significant
steric clash between the zymogen linker and nucleotides on the 3’ side of the scissile
phosphodiester bond (Figure 4.7). We predict that active-site distortion and steric hindrance can
work in tandem to inactivate the enzymatic activity of our engineered zymogen, as occurs in

natural zymogens.??
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Figure 4.7. Docking of the ribonuclease substrate analog d(ATAA) with the AlphaFold2-
generated zymogen models permuted around Q37|R38, G68|Q69, N88|R89, and R89|R90
(cartoon form with active site residues in ball-and-stick form, in color). Substrate is in ball-and-

stick form/CPK color scheme and is derived from PDB ID 1RCN.2?7
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To model interactions between the zymogen and 3CLP™, we submitted the optimal zymogen
model (Q37|R38: 1.08-A RMSD to RNase 1, 4.8-A terminal gap) and the structure of SARS-
CoV 3CLP® (PDB ID: 1UJ1'%%) to the ClusPro protein—protein docking server.2?® We chose to
use the 3CLP™ homologue structure in lieu of a structure from SARS-CoV-2 because the former
captures the physiologically relevant protease dimer within the crystallographic asymmetric unit
rather than generating a dimer by symmetry operations; the two active sites of dimeric 3CLP™ are
reported to be conformationally nonidentical, and an accurate representation of the two
component protomers is necessary for relevant zymogen docking.!3!:133135 Because SARS-CoV
and SARS-CoV-2 3CLP™ share 96% sequence identity, our docking results are likely to be valid
for SARS-CoV-2 3CLP™,

Surface modeling with ClusPro revealed significant topological complementarity between
the zymogen and 3CLP™ (see Digital Supplementary Material file wralstad-evansw-phd-chem-
2024-supplemental 1.mp4, which depicts surface-modeled protein—protein docking of the
zymogen and 3CLP™). Specifically, ClusPro yields a high-ranking model (3 of 30) in which the
zymogen linker is inserted into one of the 3CLP™ active sites (Figure 4.8A, left). In the zymogen
linker, the main-chain carbonyl carbon atom of Glnz (C) is the intended electrophile. In the high-
ranking model, this carbon is within 7 A of the sidechain sulfur atom (S*) of Cys145, which is
the active-site nucleophile (Figure 4.8A, right). Notably, 6 of 30 ClusPro docked structures have
the scissile bond of the zymogen near the active site of 3CLP™, with an average S'---C distance of

12.3 A and a range of 7.0-18.5 A (Figure 4.8).
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Model 3 of 30
59 members; center score: =706.4; lowest score: -808.7

Model 10 of 30
27 members; center score: —-664.2; lowest score: —-821.0

Model 12 of 30
25 members; center score: —699.0; lowest score: —755.7
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Model 20 of 30

15 members; center score: —680.2; lowest score: =718.7

Model 22 of 30

12 members; center score: -681.5; lowest score: =773.9

Model 30 of 30

6 members; center score: —665.3; lowest score: —=700.4
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Figure 4.8. Images of ClusPro-predicted zymogen—3CLP™ models (A—F) in which the zymogen
linker is proximal to the protease active site. Each subpanel shows: (left) the global interaction of
the 3CLP™ protomers (cartoon, distinct shades of gray) and the zymogen (cartoon, teal with
linker in magenta) with atoms relevant to linker cleavage in ball-and-stick form (CPK color
scheme); (right) the location of the scissile amide bond of the zymogen linker (Glnz | Serz) in

relation to the 3CLP™ catalytic residue Cys145.
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4.3.2 Characterizing the nature of zymogen cleavage by 3CLP™

We used mass spectrometry to observe zymogen cleavage by 3CLP™ because of the characteristic
+18 Da shift upon amide bond hydrolysis. The waterfall plot in Figure 4.9 shows that over 50%
of the zymogen is cleaved within 5 minutes and that cleavage is effectively complete within 1

hour.
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Z +0 Mass (Da)
Figure 4.9. Waterfall plot of deconvoluted mass spectrometry data for zymogen (Z) conversion
to cleaved zymogen (C) by 3CLP™; peak area is proportional to percent of total species. +O

indicates a +16 Da peak frequently seen in RNase samples due to methionine oxidation.
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Heat denaturation experiments revealed that the zymogen is considerably more thermostable
upon linker cleavage (ATm =+21.0 £ 0.1 °C) (Figure 4.10), as expected from the release of the

conformational strain incurred by cyclization.”’
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Figure 4.10. Thermal denaturation curves for the zymogen (Z) and cleaved zymogen (C), with
3CLP™ and wild-type RNase 1 (WT) shown for comparison. Thermal denaturation temperatures,

T, are reported as mean + SE (n = 4).
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The zymogen also appears resistant to off-target proteolysis by 3CLP™; even after incubating the
zymogen with 3CLP™ for 3 hours, proteolytic degradation products are not visible by SDS—
PAGE (Figure 4.11), and mass spectrometry reveals only the +18 Da adduct corresponding to

one proteolytic event.
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Figure 4.11. SDS—-PAGE of the zymogen before (Z) and after (C) 3CLP™ treatment for 3 hours.

MW, molecular weight standards (masses in kDa).

211



Using the tetranucleotide 6-FAM—dArU(dA),—6-TAMRA as a fluorogenic ribonuclease
substrate, we determined that the uncleaved zymogen has a catalytic efficiency of (9.0 £ 0.1) x
10° M1 s7!, which is 0.04% that of wild-type RNase 1. Meanwhile, the fully cleaved zymogen
has a kea/Kwm value of (2.9 £0.1) x 10 M~! s71; thus, the release of cyclic strain restores activity
to 14% of that of the wild-type enzyme and leads to a 321-fold increase in activity relative to the

cyclized protein.
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4.3.3 Detecting 3CLP™ by the signal amplification of zymogen activation

After demonstrating that the zymogen is specifically cleaved in its linker, we characterized
whether the zymogen can be used to detect 3CLP™ and distinguish samples harboring low levels
of protease from samples that are protease-free. As expected, ribonucleolytic activity is not
observed in the 15-minute observation period at any of the employed zymogen concentrations if

3CLP™ is not present (Figure 4.12).
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Figure 4.12. Detection of 3CLP™ by zymogen activation with the coupled enzyme activity assay.
Fluorescence intensity is shown for turnover of the RNA substrate upon 3CLP™-mediated
cleavage of (A) 50 pM, (B) 500 pM, and (C) 5 nM zymogen. 3CLP™ concentration (n = 3
replicates) is indicated by line color. Progress curves are also shown as a function of 3CLP™

concentration in Figure 4.13.
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With as little as 50 pM zymogen, we can detect the presence of >10 nM 3CLP™ by its activation
of the zymogen and the subsequent turnover of our ribonuclease substrate (Figure 4.12A).
Increasing the zymogen concentration to 500 pM increases the detection sensitivity to >5 nM
3CLP™ (Figure 4.12B). The twofold increase in 3CLP™ detection sensitivity with a tenfold
increase in zymogen concentration suggests that the inherent catalytic activity of 3CLP™, rather
than the rate of substrate turnover by activated zymogen, limits detection. A further increase in
zymogen concentration to 5 nM enables expeditious detection of 3CLP™; at protease
concentrations >250 nM, over half of the ribonuclease substrate was turned over within the
observation period, and the same benchmark was reached within 5 minutes at 1000 nM 3CLP™

(Figure 4.12C). All timecourse data are shown in Figure 4.13.
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Figure 4.13. Graphs of the real-time detection of 3CLP™ via zymogen activation and subsequent

ribonucleolysis. Each panel depicts zymogen activity at one 3CLP™ concentration: (A) 1000 nM;

(B) 500 nM, (C) 250 nM, (D) 100 nM, (E) 25 nM, (F) 10 nM, (G) 5 nM, (H) 1 nM, and (I) 0 nM.

All reactions were conducted with 200 nM substrate in 100 mM Tris-HCI buffer, pH 7.5,

containing NaCl (10 mM) at 25 °C. Progress curves shown in Figure 4.12 are from these data.
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Using the timecourse data for 500 pM and 5 nM zymogen at [3CLP™] > 100 nM, we modeled

the rate of substrate turnover in our coupled reaction detection system (Figure 4.14).
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Figure 4.14. Graphs of the fitting of data from Figure 4.13 for one [3CLP™]: (A) 1000 nM;
(B) 500 nM, (C) 250 nM, and (D) 100 nM. Catalytic efficiencies were determined by nonlinear

regression of each timecourse dataset to Equation C.14; each fit is indicated by a red dashed line.
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We determined that the kca/Km value for the cleavage of the zymogen linker by 3CLP™ is (1.2 +
0.1) x 10° M ! s7! (mean + SE) (see Appendix C for a complete derivation of the equations
governing the reaction kinetics). For comparison, we recently reported that the same protease
substrate sequence installed in the fluorogenic dodecapeptide R—E(EDANS)-ATLQSGNA—

K(DABCYL)-R is cleaved by 3CLP™ with a kca/Knm value of (4.3 £0.7) x 10* M1 g71,180
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4.4 Discussion

Our zymogen design follows a strategy that we used previously to generate ribonuclease
zymogens activated by other viral proteases: terminal truncation of RNase 1 in conjunction with
protein cyclization with a peptidic linker to induce conformational strain and steric occlusion.”’
Our computational modeling corroborates the efficacy of this approach to diminish
ribonucleolytic activity. As shown in Figure 4.5 and 4.6, AlphaFold2 predicts that a key active
site residue, His119, is significantly dislocated upon cyclization, which should deter catalysis of
RNA cleavage (Figure 4.4). The linker also introduces significant steric bulk in the vicinity of
the active site; Figure 4.7 suggests that even a substrate with just two nucleotides on the 3’ side
of the scissile phosphodiester bond clashes with the linker. Thus, conformational distortion and
steric occlusion appear to work in tandem to achieve the >300-fold inactivation of
ribonucleolytic activity and result in a kca/Km value that is comparable to that of other RNase
zymogens.”**>%7 Given that the thermostability of the zymogen returns nearly to that of wild-
type RNase 1 upon cleavage (Figure 4.10), we hypothesize that structural relaxation is
responsible for the ability of the cleaved zymogen to achieve nearly wild-type ribonucleolytic
activity and is a testament to the remarkable conformational stability of ribonucleases.??%?2° The
newly unconstrained residues of the cleaved linker could occlude the active site and lead to a
ribonucleolytic activity that is less than that of wild-type RNase 1.

The activation of the zymogen is both expeditious and specific to the linker (Figure 4.9,
4.11), as desired for our context. 3CLP™ cleaves a peptide bond following a glutamine residue.?%
Although seven endogenous glutamine residues exist in our zymogen as possible off-target
3CLP™ proteolysis sites, each is in a context that is incompatible with the substrate specificity of

3CLP™ (see Table 4.1).
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Table 4.1. Location of potential off-target 3CLP™ cleavage sites in the zymogen and

identified 3CLP™ substrate incompatibilities.

Gln* Incompatibility with 3CLP™ substrate specificity®

9 P4=Lys6 (large), P1'=Argl0 (bulky, cationic)

11 P4=Phe8 (bulky), P2=Arg10 (cationic), P1'=His12 (bulky)
28 P4=Tyr25 (bulky), P1'=Met29 (bulky)

37 P2=Thr36 (hydrophilic)

55 P1'=Asn56 (bulky)

60 P1'=Glu61 (anionic)

69 P4=Lys66 (bulky)

“Using native RNase 1 residue numbering, the zymogen sequence is:

5 10 20 30 40 50 60 70

AKKFQR QHMDSDSSPS SSSTYCNQMM RRRNMTQGRC KPVNTEVHEP LVDVONVCEFQ EKVTCKNGOG

80 90 100 110 120 122 **xxkxxx

NCYKSNSSMH ITDCRLTNGS RYPNCAYRTS PKERHIIVAC EGSPYVPVHEF DA ATLQOSGNA

The linker is in red font and denoted by *.
bUsing Schechter-Berger nomenclature, 3CLP™ strictly requires glutamine at P1 and
preferentially binds hydrophobic residues at P2; small residues at P4; and small, uncharged

residues at P1’,203-206
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We believe that the high degree of topological complementarity between the zymogen and
3CLP™ (see Digital Supplementary Material file wralstad-evansw-phd-chem-2024-
supplemental_1.mp4), along with the relative flexibility of the zymogen linker and its ability to
weave into the active site of 3CLP™ (Figure 4.8), explain the appreciable rate of 3CLP™ cleavage
of the zymogen linker (which is ~3% that when cleaving the same eight-residue sequence in an
untethered peptide).

Our coupled system (Figure 4.1) enables detection of even low concentrations of 3CLP™
within a timeframe comparable to RADT (Figure 4.12). It is estimated that an infected
individual harbors up to 10°~10'! SARS-CoV-2 virion particles in total and that patient samples
contain >10° viral copies per mL, even during early infection.?**-232 Though the number of
3CLP™ copies produced per virion has not been reported, we anticipate that the importance of
3CLP™ to the SARS-CoV-2 replisome complex means that infected patient samples harbor
zymogen-detectable concentrations of 3CLP™. In support of this hypothesis, immunofluorescence
and immunoblotting assays have detected 3CLP™ within infected cells as soon as six hours post-
infection.?*23* Although nanomolar concentrations of 3CLP™ can be detected directly with an
assay for proteolytic activity (e.g., with a fluorogenic peptide substrate), we recently reported
that detection of 25 nM 3CLP™ requires high micromolar concentrations of peptide substrate and
assay times >30 minutes.!3° By contrast, all reagents in our zymogen assay are nanomolar or
below, and we easily detect 3CLP™ within 15 minutes.

Critically, because the linker sequence in our zymogen is similar to endogenous 3CLP™
polyprotein recognition sequences, we believe that our detection strategy is resistant to viral
mutation-based sensitivity loss. In addition, 3CLP™ is not under the same magnitude of selective

pressure as other diagnostic targets, such as the spike and nucleocapsid proteins. These attributes
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are intrinsic advantages of a function-based diagnostic strategy and should mitigate the retooling

that has been required of other SARS-CoV-2 diagnostics upon emergence of variants,?3>-23
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4.5 Conclusions

We have demonstrated that an engineered ribonuclease zymogen can be used for the sensitive
detection of a viral protease. Our computational analyses and biophysical experiments support
the hypothesis that conformational strain impairs ribonucleolytic activity in a manner that is
reversible upon linker cleavage. The signal amplification that results from this coupled enzyme
assay enables us to detect even low nanomolar concentrations of 3CLP™ in a timeframe
comparable to rapid antigen detection testing. Future efforts will focus on adapting this proof-of-
concept to a point-of-care or at-home diagnostic tool, including immobilizing the zymogen for
lateral flow assays and developing alternative ribonuclease substrates that would enable facile

detection of zymogen activation without fluorimetry.
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4.7 Experimental Details

4.7.1 Modeling the zymogen and its interactions

AlphaFold2 does not accept circular proteins as an input. Accordingly, the sequence of the
circular zymogen was cleaved in four locations (Figure 4.3), and each of these sequences was
submitted to AlphaFold2 for structural modeling.?* The suitability of each permutant model was
evaluated based on its pIDDT scores and structural backbone alignment to the progenitor

RNase 1 structure (PDB ID: 127XZ).17*

To model the steric clash between the zymogen and an RNA substrate, PyMOL was used to
structurally align the zymogen models and the empirical RNase 1 structure to the structure of
bovine RNase A that had been co-crystallized with the substrate analog d(ApTpApApG) (PDB
ID: IRCN).?7

The ClusPro protein-protein docking server was used to predict the interactions of the

Q37|R38 permutant with SAS-CoV 3CLP™ (PDB ID: 1UJ1).135:228:237-239

4.7.2 Preparing the zymogen and protease

The 3CLP™-directed ribonuclease zymogen was prepared by methods similar to those described

previously.”” Briefly, Gibson assembly was used to construct an expression plasmid that

combined five gene fragments 5’ to 3" along the sense strand: (1) the NpuC fragment of the split

intein from Nostoc punctiforme PCC73102; (2) residues 58—122 of mature Homo sapiens

RNase 1; (3) residues ATLQSGNA to serve as a cyclizing linker for RNase 1 with recognition by

3CLP™; (4) residues 5-57 of RNase 1; and (5) the NpuN fragment of the split intein.!!>120
Electrocompetent BL21(DE3) E. coli were transformed with the assembled plasmid and

positive selection using 200 ug mL ™! ampicillin. Cultures were grown to ODgoo = 1.80 in Terrific
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Broth at 37 °C with shaking at 250 RPM, and zymogen expression was induced by the addition
of isopropyl B-D-1-thiogalactopyranoside (to 1 mM) and growth for 4 hours. Cultures were
pelleted by centrifugation, and the pelleted cells were stored at —70 °C.

Pelleted E. coli cells were thawed and resuspended in 20 mM Tris-HCI buffer, pH 7.6,
containing EDTA (10 mM) at room temperature. The cells were lysed by sonication with fifteen
rounds of 10-s sonication at 30% amplitude, followed by > 60 s on ice. The lysate was subjected
to centrifugation, and inclusion bodies were denatured in 20 mM Tris-HCI buffer, pH 8.0,
containing guanidinium-HCI (7 M), EDTA (10 mM), and DTT (100 mM) at room temperature.
The solubilized protein was diluted tenfold with 20 mM acetic acid, and the resulting suspension
was clarified by centrifugation. The supernatant was dialyzed against 20 mM acetic acid
overnight at 4 °C to further clarify. Following centrifugation, the supernatant was dropwise
added to a refolding buffer of 100 mM Tris-HCI, pH 7.8, containing EDTA (10 mM), L-arginine
(0.5 M), reduced glutathione (1.0 mM), and oxidized glutathione (0.2 mM). The zymogen was
allowed to refold at 4 °C without agitation for 5 days. The refolded zymogen was purified by gel-
filtration and cation-exchange fast protein liquid chromatography. All chromatography buffers
were treated with DEPC prior to use, except for Tris, which was added from ribonuclease-free
stocks. Purified protein was buffer-exchanged into 50 mM sodium acetate buffer, pH 5.0, flash-
frozen in liquid nitrogen, quantified by BCA assay, and stored at —70 °C. Protein purity was
verified by SDS-PAGE, and protein identity was confirmed by mass spectrometry (vide infra).

Authentic SARS-CoV-2 3CLP™ was prepared as we recently reported. '3
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4.7.3 Monitoring the timecourse of zymogen cleavage by 3CLP™

Zymogen (25 uM) and 3CLP™ (1 uM) were mixed in 50 mM HEPES-NaOH buffer, pH 7.5, and
the resulting solution was incubated at 20 °C without agitation. At each timepoint, an aliquot of
the reaction mixture was acidified to ~0.1% v/v formic acid to halt proteolysis, as 3CLP™ has
negligible activity at pH <5.!*1%° High-resolution mass spectrometry of an 8 pmol sample was
performed using ESI mass spectrometry on an Agilent 6530C Accurate-Mass Q—TOF mass
spectrometer equipped with a PLRP-S column (Agilent Technologies, 2.1 x 50 mm, 5-pm
particle, 1000-A pore). A gradient of 5-95% v/v acetonitrile (0.1% v/v formic acid) in water
(0.1% v/v formic acid) over 7 min was used for all samples. Before Q—TOF LC-MS analysis, all
samples were passed through a Spin-X Centrifugal Tube Filter (0.22-um, cellulose acetate

membrane) from R&D Systems (Minneapolis, MN).

4.7.4 Determining the zymogen’s stability upon cleavage by 3CLP"

Differential scanning fluorimetry (DSF) was used to determine the thermostability of the
zymogen before and after linker cleavage. Zymogen was cleaved as in the timecourse monitoring
(vide supra) apart from using higher protein concentrations (94.1 uM zymogen, 3.76 uM 3CLP™)
to achieve final concentrations amenable to DSF. After 1 hour, SYPRO Orange protein gel stain
(Supelco) was added to achieve 1 mg mL ™! protein and 50x SYPRO Orange (vendor stock:
5000x% in DMSO) in 50 mM HEPES-NaOH buffer, pH 7.5. Aliquots of uncleaved zymogen,
wild-type RNase 1, and 3CLP™ were similarly prepared with SYPRO Orange. The resulting
samples were heated from 15-95 °C at 1 °C/min using a QuantStudio 7 Flex Real-Time PCR
system (Applied Biosystems); fluorescence was monitored in real-time with Aex =470 = 15 nm

and Aem = 586 £ 10 nm. Data were processed with Protein Thermal Shift software (Applied
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Biosystems) using the Boltzmann fitting method. Values of 7 represent the temperature at
which fluorescence reached 50% of its maximum.

To characterize the potential for off-target proteolytic degradation, the zymogen was
incubated with 3CLP™ in 50 mM HEPES-NaOH buffer, pH 7.5, for 3 hours (94.1 uM zymogen,
3.76 uM 3CLP™). Aliquots of cleaved and uncleaved zymogen were diluted to 0.4 mg mL ™! with
50 mM HEPES-NaOH buffer, pH 7.5, mixed 1:1 with 2x Laemmli sample buffer (Bio-Rad)
containing 2-mercaptoethanol (Sigma), incubated at 98 °C for 5 min, cooled, and subjected to
electrophoresis (2 pg load) at 4 °C on a precast polyacrylamide/Tris-glycine SDS—PAGE gel
(Bio-Rad) alongside a molecular weight standard (Thermo Scientific). The gel was stained with
Bio-Safe Coomassie G-250 (Bio-Rad), destained in ultrapure water, and imaged with an
Amersham 600 gel imager (Cytiva). Image editing in ImagelJ consisted only of cropping and

brightness/contrast adjustment to maximize band sensitivity.

4.7.5 Characterizing the ribonucleolytic activity of the zymogen
The tetranucleotide ribonuclease substrate 6-FAM—dArU(dA),—6-TAMRA (Figure 4.15) was
obtained from Microsynth AG and had a mass of 2307.5 Da (expected, 2312.7 Da) according to

MALDI-TOF mass spectrometry.
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Figure 4.15. Structure of 6-FAM—dArU(dA),—6-TAMRA, which is the fluorogenic substrate for

assays of ribonucleolytic activity and has only one scissile phosphodiester bond. The cleavage of
that bond increases the fluorescence of the FAM moiety with Aex =493 + 5 nm and Aem = 515 +

5 nm. Insets: HPLC chromatogram (top) and MALDI-TOF mass spectrum (bottom) of synthetic

6-FAM-dArU(dA),~6-TAMRA.
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Catalysis of RNA hydrolysis was assessed by mixing the uncleaved zymogen (12.5 nM) with
6-FAM—-dArU(dA),—6-TAMRA (200 nM) in ribonuclease-free 100 mM Tris-HCI buffer, pH 7.5,
containing NaCl (10 mM). Ultrapure water was DEPC-treated before the addition of Tris, due to
the reactivity of its primary amino group with DEPC. Substrate fluorescence was measured at
Aex =493 £ 5 nm and Aem = 515 £ 5 nm with a Spark multimode plate reader (Tecan) before the
addition of zymogen to determine the background fluorescence, /o. After adding zymogen, the
reaction mixture was incubated at 25 °C and continuously monitored for 4 minutes. Wild-type
RNase 1 was then added to a concentration of ~25 pM to cleave all of the substrate and

determine Imax. The value of kc/Km was calculated with the equation:

Kcat _ AI/At (4.1)
KM (Imax - IO)[E]

where Al/At is the slope of the fluorescence versus time data collected during the 4-minute
observation period, and [E] is the concentration of enzyme.

Catalysis of RNA cleavage by the activated zymogen was determined by first treating the
zymogen with 3CLP™ as in the DSF assay (vide supra). The ribonucleolytic activity of the
cleaved zymogen was then assayed analogously to the uncleaved zymogen, except for the use of
only 12.5 pM of the activated zymogen.

Real-time detection of 3CLP™ by zymogen cleavage and subsequent turn-on of
ribonucleolytic activity was accomplished by mixing variable zymogen concentrations (5000,
500, or 50 pM) with variable 3CLP™ concentrations (1000, 500, 250, 100, 25, 10, 5, 1, or 0 nM)
and 200 nM substrate as before, now with continuous monitoring for 15 minutes. All other
reaction conditions were consistent with the assay of the intact and activated zymogen. To

determine the catalytic efficiency of zymogen linker cleavage by 3CLP™, timecourse data were
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fitted by nonlinear regression to Equation C.14. Nonlinear regression was restricted to datasets
from 500 and 5000 pM zymogen with [3CLP™] > 100 nM, where the curvature of the timecourse

data was sufficient to allow for convergence of the nonlinear regression algorithm.
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Appendix A:

Semisynthesis of Human Ribonuclease—S

Reprinted with permission from ref. 240.

Sayers, J.; Wralstad, E. C.; Raines, R. T. Semisynthesis of human ribonuclease-S. Bioconjugate
Chem. 2021, 32, 82-87.

Copyright 2021 American Chemical Society.
Contributions: Conceptualization, J.S.; experimental methodology, J.S. and E.C.W.;
experimental investigation, J.S. and E.C.W.; writing—original draft preparation, J.S. and E.C.W.;

writing—review and editing, R.T.R.; supervision, R.T.R.; funding acquisition, J.S., E.C.W., and
R.T.R.
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A.1 Abstract

Since its conception, the ribonuclease S complex (RNase S) has led to historic discoveries in
protein chemistry, enzymology, and related fields. Derived by the proteolytic cleavage of a single
peptide bond in bovine pancreatic ribonuclease (RNase A), RNase S serves as a convenient and
reliable model system for incorporating unlimited functionality into an enzyme. Applications of
the RNase S system in biomedicine and biotechnology have, however, been hindered by two
shortcomings: (1) the bovine-derived enzyme could elicit an immune response in humans, and
(2) the complex is susceptible to dissociation. Here, we have addressed both limitations in the
first semisynthesis of an RNase S conjugate derived from human pancreatic ribonuclease and
stabilized by a covalent interfragment cross-link. We anticipate that this strategy will enable

unprecedented applications of the “RNase—S” system.
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A.2 Introduction

Semisynthesis allows access to precisely modified variants of otherwise native enzymes and
other proteins. By combining recombinant DNA expression and organic synthesis, noncanonical
residues can be incorporated for the precise interrogation and manipulation of protein structure
and function.?*! The first enzyme to be prepared by merging biosynthesis and chemical synthesis
was ribonuclease S (RNase S). RNase S is a noncovalent complex that forms upon the
association of two fragments of bovine pancreatic ribonuclease (RNase A; UniProtKB Q9BEC3)
that are generated upon proteolysis with subtilisin. Alone, the S-peptide (1-20) and S-protein
(21-124) fragments are catalytically inactive, but they associate spontaneously to reconstitute the

enzymic active site and restore ribonucleolytic activity (Figure A.1).2%-103.242.243
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1. Natural S-peptide (1-20)

2. Synthetic S-peptide g/\
B j association
& "

dissociation

RNase A S-protein (21-124) RNase S

active inactive active

Figure A.1. Traditional production of semisynthetic RNase S. Step 1: Proteolytic digestion of
RNase A to cleave S-peptide (residues 1-20) and yield catalytically inactive S-protein (residues
21-124). Step 2: Reversible association of S-protein and a synthetic S-peptide variant to produce
catalytically active, semisynthetic RNase S. Images were produced with PyMOL software and

PDB entries 1JVT?* and 1RNU.104
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A truncated variant of S-peptide (residues 1-15) also forms an active complex.?*> By preparation
of synthetic variants of S-peptide, a wide array of chemical modifications have been incorporated
into RNase S. The ensuing data have enhanced our understanding of protein structure, protein
folding, protein—protein interactions, and enzymology.??-42:243.246 S_peptide can even serve as an
affinity tag for the purification and detection of recombinant proteins.!%-11%247 In recent studies,
semisynthetic RNase S variants have been used to stabilize a-helices via peptide stapling,?43-24°
control peptide—protein binding with photoswitchable peptides,>>® and validate
L-tellurienylalanine as a phenylalanine isostere.?>!

RNase 1 (UniProtKB P07998), which is the human homologue of RNase A, has
demonstrable utility in biomedical contexts. In particular, an engineered variant of RNase 1
exhibits specific toxicity for cancer cells and is in clinical trials as a chemotherapeutic
agent.?>%233 RNase 1 also has considerable antiviral activity,** and manifests antibacterial activity
in the presence of a pore-forming peptide.?* To date, however, RNase S has not been employed
in the clinic. Indeed, such applications are discouraged by the potential immunogenicity of the
bovine-derived complex in humans.?>> Hence, we reasoned that an RNase S of human origin
could have an expanded scope.

Traditionally, S-protein is generated by treating intact, folded RNase A with subtilisin, a
bacterial serine protease.? Proteolytic cleavage occurs within a surface loop bordering the active
site (residues 15-25), primarily between residues Ala20 and Ser21. Because the bovine and
human pancreatic ribonucleases have 68% sequence identity, we inferred that the same strategy
could be employed to generate an S-protein fragment from RNase 1. To the contrary, however,
treating RNase 1 with subtilisin under similar conditions does not result in the formation of the

corresponding S-protein and S-peptide fragments.?>° This resistance arises because the key
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surface loop (residues 15-25) of RNase 1 is sterically incompatible with the subtilisin active site
due to a conformational change induced by Pro19.2°%257 Moreover, S-protein does not fold

properly in the absence of S-peptide,>*®

and thus cannot be produced simply by heterologous
expression.

There have been unsuccessful attempts to express the native RNase 1 21-127 fragment in
Escherichia coli. Some success has been achieved through the digestion of an engineered
chimeric bovine/human ribonuclease.?>?>° As an alternative strategy, we imagined that
enterokinase, which is a highly specific protease, could be employed to produce the S-protein
fragment directly from recombinant RNase 1. Specifically, we envisaged that the enterokinase
recognition sequence (DDDDK ) could be installed via site-directed mutagenesis at the
boundary of the S-peptide and S-protein fragments.?’ Proteolytic cleavage, which occurs at the
C-terminus of the recognition site, would release native S-protein along with S-peptide fused to
the enterokinase recognition sequence, DDDDK.

In addition to circumventing issues associated with immunogenicity, enhancing the stability
of the RNase S complex is crucial to enabling therapeutic applications. Despite being highly
specific, the noncovalent interactions between the S-protein and S-peptide fragments render the
complex prone to dissociation (K¢ = 49 nM), particularly at low concentrations.?* Additionally,
RNase S has greater conformational entropy than does intact RNase A, resulting in decreased

thermodynamic stability and higher susceptibility toward denaturation and proteolysis.260-26!

Using a strategy employed to enhance the conformational stability of intact ribonucleases,?62-26*
we previously described bovine S-protein and S-peptide variants that were able to form a

disulfide cross-link (Cys*~Cys!!®) at the fragment interface.?’ By restricting conformational

flexibility, this additional disulfide bond was found to improve thermodynamic stability and
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increase resistance to proteolysis. Crucially, the disulfide cross-link was not highly detrimental to
the ribonucleolytic activity of the enzyme. Given the similar three-dimensional structures of
RNase A and RNase 1, we hypothesized that a cross-linking strategy could also stabilize an
RNase S complex derived from RNase 1. Toward this end, we report herein a novel
semisynthetic strategy for the preparation of human RNase—S, where the “— highlights the

covalent cross-link between the two fragments.
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A.3 Results & Discussion

We designed the requisite variant of RNase 1 with an enterokinase cleavage site inserted between

residues Ser20 and Ser21 (Figure A.2).
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S-peptide native disulfide bonds S-protein

H12A 41 V118C
& . O O ®

26 58 84 110
12 ‘\\ © @ @ 119
= > enterokinase
DDDDK S |recognition substitutions
20 21 sequence

Figure A.2. Map of the amino acid sequence of the RNase 1 variant. The locations of the
enzymic active site residues, native disulfide bonds, substitutions, and the inserted enterokinase

recognition sequence are shown.
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As a precaution against contaminant activity arising from undigested enzyme, we replaced
His12, which is a key active site residue within S-peptide, with alanine. This substitution reduces
catalytic activity by >10*-fold without causing structural perturbations.*’-26+-266 We introduced an
additional substitution, Vall118Clys, to serve as a conjugation handle for disulfide cross-linking
with synthetic S-peptide variants. The ensuing RNase 1 variant was produced and purified as

described previously (Figure A.3, A.4).2°
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Figure A.3. SDS-PAGE analysis of the production of the RNase 1 variant, stained with

Coomassie. Expression was induced by the addition of IPTG.
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Figure A.4. SDS—-PAGE analysis of fractions collected after cation-exchange chromatography of

the RNase 1 variant, stained with Coomassie.
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Following purification, we protected the unpaired thiol of Cys118 by reaction with 5,5'-dithio-
(2-nitrobenzoic acid) (DTNB) to form a mixed disulfide with 2-nitro-5-thiobenzoic acid (NTB)
as a safeguard against adventitious oxidation during storage. To produce the S-protein fragment,
the RNase 1 variant (1 mg mL™! in 20 mM Tris-HCl buffer, pH 7.4, containing NaCl (50 mM)
and CaClz (2 mM)) was treated with enterokinase (10 U per 1 mg RNase 1), resulting in

efficient, sequence-specific cleavage of the protein in <6 h (Figure A.5S).
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Figure A.5. SDS-PAGE analysis of the digestion of the RNase 1 variant with enterokinase (10 U

per 1 mg) to yield V118C S-protein and a variant peptide.
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The H12A S-peptide fragment bearing the C-terminal enterokinase recognition sequence
(DDDDK) was then discarded. We separated the fragments with semipreparative reversed-phase

HPLC, and isolated purified VI18C(NTB) S-protein (Figure A.6, A.7).
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Figure A.6. Preparative HPLC trace of crude digestion reaction. VI18C(NTB) S-protein

retention time, 22.97 min.
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Figure A.7. Q—TOF mass spectrometry total ion chromatogram (left) and deconvoluted mass
spectrum (right) for purified V118C(NTB) S-protein. Retention time, 4.70 min (5-95% v/v

acetonitrile over 10 min). Expected mass, 12,333.9 Da.
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To conjugate V118C S-protein with synthetic S-peptide (residues 1-20 of the RNase 1
sequence), we envisioned the formation of a stabilizing disulfide bond between Cys118 and a
cysteine residue incorporated into a synthetic S-peptide. A de novo designed disulfide bridge
between residues 4 and 118 of intact RNase 1 has been reported to enhance the thermodynamic
stability of the intact protein.2%3 In this strategy, however, replacing Arg4 with a cysteine residue

33,267

eliminates a charged residue on the periphery of phosphoryl group-binding subsites and

could diminish ribonucleolytic activity (Figure A.8).26
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R4C RNase 1 A5C RNase 1

Figure A.8. Electrostatic potential molecular surfaces of RNase 1 (PDB entry 1Z27X) calculated
with the Adaptive Poisson—Boltzmann Solver of PyMOL software from Schrodinger (New York,
NY). Left, unmodified RNase 1 sequence. Middle, R4C RNase 1 variant. Right, ASC RNase 1
variant. The positive electrostatic potential in the region highlighted by the dashed box is reduced

substantially by the R4C substitution but less so by the A5C substitution.
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To avoid this pitfall, we examined the three-dimensional structure of RNase 1
(PDB entry 1Z7X!7) to identify an alternative site for a cross-link within the S-peptide
sequence. We found that the C*~C* distances from residue 118 to Arg4 and Ala5 are 5.3 and

4.8 A, respectively (Figure A.9).
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Figure A.9. Image of C*~C* distances from Val118 to Arg4 (5.3 A) and Ala5 (4.8 A) as

measured in PDB entry 127X with PyMOL software.
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Since the mean C*—~C* distance in a cystine residue is 5.6 A,?®° we hypothesized that an A5C
substitution would enable facile disulfide cross-linking without a significant alteration of
conformation or charge.

We assembled human RNase—S by a convergent scheme (Figure A.10).
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" A5C S-peptide
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H12A/NV118C(NTB) (10 U/1 mg) = v118C(NTB)
RNase 1 — S-protein

RNase-S

Figure A.10. Scheme for the semisynthesis of human RNase—S. Image was produced with

PyMOL software and PDB entry 1Z7X.174
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Specifically, we prepared ASC S-peptide by standard Fmoc-strategy solid-phase peptide
synthesis and purified the peptide by preparative reversed-phase HPLC, obtaining a high overall

yield (Figure A.11).
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Figure A.11. LC/MS analysis of purified ASC S-peptide. Retention time, 4.53 min (0-10% v/v
acetonitrile over 7 min, A =210 nm). m/z expected [M + 2H]**: 1191.3, [M + 3H]**: 794.5,

[M + 4H]*": 596.2. m/z found (ESI*) [M + 2H]?*: 1191.0, [M + 3H]*": 794.3, [M + 4H]*": 596.0.
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Immediately prior to conjugation, we prepared a solution of the lyophilized peptide (420 uM in
phosphate-buftered saline, pH 8.0, containing EDTA (40 mM)) and treated the solution with
immobilized tris(carboxyethyl)phosphine to ensure complete reduction of the peptide. After 30
min at 37 °C, we added the ASC S-peptide solution to a solution of NTB-protected V118C S-
protein (8.1 uM in 0.2 M sodium acetate buffer, pH 5.5), and agitated the resulting solution
gently at 37 °C. The solution gradually turned slightly yellow, indicative of the release of the
NTB? dianion, which provided a convenient visual indication that the conjugation reaction was
proceeding. After only 1 h, we found the formation of disulfide-linked RNase—S to be complete
by MALDI-TOF mass spectrometry. The conjugate was separated from residual excess A5C
S-peptide by cation-exchange chromatography and judged to be pure by SDS—PAGE (Figure

A.12).and Q-TOF mass spectrometry (Figure A.13).
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Figure A.12. SDS—PAGE analysis of RNase—S conjugate under non-reducing conditions with
Coomassie staining. Lane 1: molecular weight marker. Lane 2: wild-type RNase 1. Lane 3:

V118C(NTB) S-protein. Lane 4: RNase—S conjugate.
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Figure A.13. Q—TOF mass spectrometry total ion chromatogram (left) and deconvoluted mass
spectrum (right) for purified RNase—S conjugate. Retention time, 4.47 min (5-95% v/v

acetonitrile over 10 min). Expected mass, 14,515.3 Da.
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Next, we subjected the purified RNase—S conjugate to a fluorogenic assay of ribonucleolytic
activity to confirm that the active site had been reconstituted correctly. In this assay, the
fluorescence of the substrate, 6-FAM—-dArU(dA)>—6-TAMRA, increases by 200-fold upon
cleavage of its single RNA residue by a ribonuclease.®® Gratifyingly, the semisynthetic RNase—S

conjugate displayed robust activity, with kca/Km = 3.6 x 10° M s™! (Figure A.14).
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Figure A.14. Graph showing the ribonucleolytic activity of RNase—S (5 nM) with a fluorogenic
substrate, 6-FAM—dArU(dA),—6-TAMRA (200 nM), in 0.10 M DEPC-treated,?’® OVS-free?”!
MES-NaOH buffer, pH 6.0, containing NaCl (0.10 M); Aex 493 nm, Aem 515 nm. The assay was

performed in triplicate.
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This value is substantial, though somewhat lower than that of wild-type RNase 1 under the same
conditions (kca/Knm = 9.5 x 10° M !s7!). Notably, these assays were conducted with an enzymic
concentration (5 nM) at which the noncovalent bovine RNase S complex is largely dissociated
and thus inactive.?6

Then, we used differential scanning fluorimetry?’ to assess the thermostability of the

RNase-S conjugate. We found that RNase—S has a i, value of (44.5 + 0.3) °C (Figure A.15).
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Figure A.15. Heat denaturation profiles of human RNase—S and human RNase 1 obtained by
differential scanning fluorimetry using SYPRO Orange, Acx =470 £ 15 nm, Aem = 586 = 10 nm.

Assays were performed in quadruplicate.
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The data were indicative of a two-state transition, that is, the absence of an intermediate between
the native and denatured states. As a comparator, we also assessed the thermostability of wild-
type RNase 1. We found a 71, value of (55.9 + 0.1) °C, which is indistinguishable from one that
we reported previously.?”? Thus, RNase—S has lower conformational stability than does RNase 1,
but its 7 value is well above physiological temperature.

In contrast to the four native disulfide bonds, Cys5—Cys118 is likely to be more solvent
accessible and might, therefore, be more susceptible to reduction in the folded conformation.?%
To gauge the stability of the 5-118 cross-link in a reducing environment like the cytosol, we
treated RNase—S with glutathione (1 mM, 10:1 GSH/GSSG) at 37 °C and monitored reduction
by SDS-PAGE. After 1 h, we could detect some dissociated S-peptide from reduction of the

Cys5—Cys118 bond. Still, intact RNase—S survived for up to 4 h (Figure A.16).
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Figure A.16. SDS—PAGE analysis of RNase—S conjugate incubated at 37 °C with glutathione
(1 mM, 10:1 GSH/GSSG). Lane 1: molecular weight marker. Lane 3, wild-type RNase 1. Lane 4:

RNase 1 plus glutathione. Lanes 5—10: RNase—S plus glutathione.
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To prolong the half-life of the RNase—S conjugate even further, we attempted to generate a
thioether—cross-linked variant. Specifically, we dehydrated ASC S-peptide to form A5SDha S-
peptide (Figure A.17, A.18), which we linked to V118C S-protein by a conjugate addition

reaction.
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Figure A.17. Image of the envisioned thioether crosslink between V118C S-protein and A5Dha

S-peptide as generated with PyMOL software and adapted from PDB entry 1RNU. %4
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Figure A.18. LC/MS analysis of purified A5SDha S-peptide. Retention time, 0.36 min (5-95%
v/v acetonitrile over 7 min, A = 210 nm). m/z expected [M + 2H]*": 1174.3, [M + 3H]**: 783.2,

[M + 4H]*": 587.6. m/z found (ESI*) [M + 2H]?*: 1174.3, [M + 3H]": 783.0, [M + 4H]*": 587.5.
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After 24 h, we did observe the formation of some of the desired thioether-linked RNase—S

(Figure A.19).
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Figure A.19. SDS-PAGE analysis of RNase 1, disulfide-linked RNase—S and thioether-linked

RNase-S incubated at 37 °C with glutathione (1 mM, 10:1 GSH/GSSG).
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Unfortunately, the requisite pH of this reaction (>7.5) led to dimerization of V118C S-protein
and compromised the yield of the desired product. We therefore proceeded with the highly
efficient disulfide-cross-linking strategy, which proceeds in nearly quantitative yield within 1 h.
Finally, we realized that this semisynthetic strategy offers convenient access to active human
ribonucleases bearing homogeneous, noncanonical modifications. To demonstrate this capability,
we prepared exemplar S-peptide variants bearing N-terminal alkyne (Figure A.20), biotin
(Figure A.21), and fluorescein moieties (Figure A.22) and conjugated the modified peptides to

V118C S-protein as before.
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Figure A.20. LC/MS analysis of purified alkyne—A5C S-peptide. Retention time, 4.66 min (0—
10% v/v acetonitrile over 7 min, 4 = 210 nm). m/z expected (Met13 oxidized) [M + 2H]*":
1239.6, [M + 3H]*": 826.7, [M + 4H]*": 620.3. m/z found (EST") [M + 2H]**: 1239.0,

[M + 3H]*: 826.4, [M + 4H]*": 620.1.
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Figure A.21. LC/MS analysis of purified biotin—A5SC S-peptide. Retention time, 5.16 min (0—
10% v/v acetonitrile over 7 min, 4 = 210 nm). m/z expected [M + 2H]**: 1333.0, [M + 3H]*":
889.0, [M + 4H]*": 667.0. m/z found (EST") [M + 2H]?": 1332.5, [M + 3H]**: 888.8, [M + 4H]*":

666.9.
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Figure A.22. LC/MS analysis of purified fluorescein—AS5SC S-peptide. Retention time, 3.16 min

(5-95% v/v acetonitrile over 7 min, A = 280 nm). m/z expected [M + 3H]*": 962.1, [M + 4H]*":

721.8, [M + SH]**: 577.6. m/z found (ESI") [M + 3HJ**: 961.9, [M + 4H]**: 721.6, [M + SH]**:

577.5.

277



We isolated the resulting homogeneously tagged RNase—S variants by cation-exchange
chromatography and characterized them by Q—TOF mass spectrometry (Figure A.23, A.24, and

A.25).
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Figure A.23. Q—TOF mass spectrometry total ion chromatogram (left) and deconvoluted mass
spectrum (right) for purified alkyne—RNase—S conjugate. Retention time, 4.49 min (5-95% v/v

acetonitrile over 10 min). Expected mass, 14,611.9 Da.
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Figure A.24. Q—-TOF mass spectrometry total ion chromatogram (left) and deconvoluted mass
spectrum (right) for purified biotin—RNase—S conjugate. Retention time, 4.52 min (5-95% v/v

acetonitrile over 10 min). Expected mass, 14,798.7 Da.
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Figure A.25. Q—TOF mass spectrometry total ion chromatogram (left) and deconvoluted mass
spectrum (right) for purified fluorescein—RNase—S conjugate. Retention time, 4.68 min (5-95%

v/v acetonitrile over 10 min). Expected mass, 15,018.0 Da.
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We detected alkyne—RNase—S after a Cu(I)-catalyzed alkyne—azide cycloaddition (CuAAC) with
5-TAMRA-azide and SDS—PAGE (Figure A.26), biotin—RNase—S with an antibiotin
immunoblot (Figure A.27), and fluorescein—-RNase—S with fluorescence imaging following

SDS-PAGE (Figure A.28).
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Figure A.26. Analysis of CuAAC reaction of alkyne-RNase—S and Azide-Fluor 545 by SDS—
PAGE with Coomassie staining and fluorescence imaging. Lane 1: molecular weight marker.

Lane 2: wild-type RNase 1 (WT). Lane 3: product of the CuAAC reaction.
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Figure A.27. Immunoblot of biotin—-RNase—S conjugate. Lane 1: molecular weight marker.

Lane 2: wild-type RNase 1 (WT). Lane 3: biotin—RNase—S conjugate.
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Figure A.28. Analysis of fluorescein—RNase—S conjugate by SDS—PAGE with Coomassie
staining (A) and fluorescence imaging (B). Lane 1: molecular weight marker. Lane 2: wild-type

RNase 1 (WT). Lane 3: fluorescein—RNase—S conjugate.
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All three conjugates had high, nearly indistinguishable ribonucleolytic activity (Table A.1,

Figure A.29).
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Table A.1. Values of kca/ Km for catalysis by ribonucleases.

Ribonuclease e/ Ky M71s7Y)
RNase 1 (9.47 £0.33) x 10°
RNase-S (3.63£0.15) x 10°

Alkyne—RNase—S (2.23 £0.05) x 10*
Biotin—RNase—S (2.08 £0.21) x 10*
Fluorescein-RNase—S (2.74 £0.10) x 10*
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Figure A.29. Graph showing the ribonucleolytic activity of RNase—S and its conjugates (5 nM)
with a fluorogenic substrate, 6-FAM—dArU(dA),—6-TAMRA (200 nM), in 0.10 M MES-NaOH
buffer, pH 6.0, containing NaCl (0.10 M). Aex =493 nm, Aem = 515 nm. Assays were performed in

triplicate. Data for RNase—S are also shown in Figure A.14.
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Notably, with the requisite fragments in hand, each RNase—S conjugate could be assembled,
purified, and used for an application in less than one day. These examples highlight the
efficiency and flexibility of our semisynthetic strategy, which offers unprecedented opportunities

to produce an unlimited variety of precisely modified variants of an active human ribonuclease.
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A.4 Conclusions

Sixty years after the description of bovine RNase S, we employed recombinant DNA technology
and a sequence-specific protease to achieve the first preparation of its human homologue.
Strategic incorporation of an unpaired cysteine residue into the S-protein sequence enabled
disulfide cross-linking with a chemically synthesized S-peptide fragment to produce an RNase—S
conjugate. Conveniently, the disulfide conjugation reaction proceeds rapidly in mild conditions
and without any exogenous reagents. High ribonucleolytic activity confirmed the successful
reconstitution of the enzymic active site. The semisynthetic nature of this strategy enables
synthetic S-peptide variants bearing a plethora of modifications to be incorporated into an active
catalyst of RNA cleavage. We anticipate that this highly efficient semisynthetic strategy will find
broad utility in preparing modified human RNase—S variants that enable novel applications in

biotechnology and biomedicine.
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A.6 Experimental Details

A.6.1 Materials

The BL21(DE3) strain of Escherichia coli was from Novagen (Madison, WI). Ribonuclease A
(RNase A) was product number R6513 from Sigma—Aldrich (St. Louis, MO). A fluorogenic
ribonuclease substrate (6-FAM—-dArU(dA),—6-TAMRA) and DNA oligonucleotides were from
Integrated DNA Technologies (Coralville, IA). Phosphate-buffered saline (PBS) contained
NaHPO4 (10 mM), KH2PO4 (1.8 mM), NaCl (137 mM), and KCI (2.7 mM) at pH 7.4.
Immobilized TCEP was product 77712 from Thermo Fischer Scientific (Waltham, MA). A
Spectra Multicolor Broad Range Protein Ladder from Thermo Fisher Scientific was used as a
molecular mass standard during SDS-PAGE. Gels were stained with a solution of Bio-Safe™
Coomassie Brilliant Blue G-250 from Bio-Rad (Hercules, CA). SYPRO Orange was from
Sigma—Aldrich. All other chemicals and reagents were of commercial reagent grade or better and

were used without further purification.

A.6.2 Instrumentation

Aqueous solutions were made with water that was generated with a Milli-Q® IQ 7000 water
purification system from Millipore Sigma and had resistivity >18 MQ-cm ™! at 25 °C. SDS—
PAGE analyses were performed with Any kD™ Mini-PROTEAN® TGX™ Precast Gels in a
Mini-PROTEAN Tetra cell. Gels were imaged with an Amersham Imager 600 from GE Life
Sciences and images were processed with ImageJ software. FPLC chromatography was
performed with an AKTA Pure system from GE Healthcare Life Sciences (Piscataway, NJ), and
the results were analyzed with the UNICORN Control System. HiTrap SP-HP and HiLoad®

26/600 Superdex® 75 prep grade columns for protein purification were from GE Healthcare Life
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Sciences. Protein concentrations were determined by using either a bicinchonic acid (BCA)
assay kit from Thermo Fisher Scientific and an infinite M1000 microplate reader from Tecan
(Ziirich, Switzerland) or by absorbance at 280 nm with a DS-11 UV—Vis spectrophotometer from
DeNovix (Wilmington, DE). Mass spectrometry of synthetic peptides was performed with a
nominal mass 6125B mass spectrometer attached to a 1260 Infinity LC from Agilent
Technologies (Santa Clara, CA). The intact molecular masses of RNase—S conjugates were
determined by ESI mass spectrometry with a 6530 Accurate-Mass Q-TOF LC/MS equipped with
a PLRP-S column (1000-A pore size, 5-uM particle size, 50-mm length, and 2.1-mm ID) from
Agilent Technologies. Synthetic peptides were purified with a 1260 Infinity Preparative LC
System from Agilent Technologies equipped with a Nucleosil C18 column (100 A, 5 um, 250 x

21 mm) from Macherey—Nagel (Diiren, Germany).

A.6.3 Conditions

All procedures were performed in air at ambient temperature (~22 °C) and pressure (1.0 atm)

unless indicated otherwise.
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A.6.4 S—peptide preparation

A.6.4.A Preloading Rink Amide ProTide resin

Rink Amide ProTide resin was initially washed with dichloromethane (DCM) (5x) and
dimethylformamide (DMF) (5%), followed by removal of the Fmoc protecting group by
treatment with 20% v/v 4-methyl piperidine in DMF (2 x 5 min). The resin was washed with
DMF (5%), DCM (5x%), and DMF (5x%). To a solution of the first residue to be coupled (Fmoc-
AA-OH, 4 equiv) in DMF (final concentration 0.1 M) was added PyBOP (4 equiv) and DIPEA
(8 equiv). After 2 min of preactivation, the mixture was added to the resin and incubated with
agitation for 2 h. The resin was washed with DMF (5x), DCM (5%), and DMF (5%). Any
unreacted amino groups remaining on the resin were capped by treatment with a solution of 10%
v/v acetic anhydride in pyridine (2 X 3 min) and then washed with DMF (5x), DCM (5x), and

DMF (5x%). The resin was subsequently submitted to iterative peptide assembly (Fmoc-SPPS).

A.6.4.B Preloading CI-TCP(CI) ProTide resin

CI-TCP(CI) ProTide resin was swollen in DCM for 30 min then washed with DCM (5x%) and
DMF (5%). A solution of Fmoc-AA-OH (0.2 M) in DMF was added to the resin. To a 0.125 M KI
solution in DMF was added DIPEA (1.0 M final concentration), and the resulting solution was
added to the resin. The resin was agitated overnight. The resin was washed with DMF (5%) and
DCM (5%) and was treated with a solution of 17:2:1 DCM/methanol/iProNEt for 30 min to cap
any unreacted 2-chlorotrityl chloride resin handles. Finally, the resin was washed with DCM (5x)

and DMF (5x) and subsequently submitted to iterative peptide assembly (Fmoc-SPPS).
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A.6.4.C Estimating the load of the first amino acid

The resin was treated with 20% v/v 4-methyl piperidine in DMF (2 % 3 min). The combined
filtrate was diluted to 10 mL with DMF. A 10-pL aliquot of the solution was further diluted 200-
fold with DMF, and the UV absorbance of the piperidine—fulvene adduct was measured (4 =

301 nm, £ = 7800 M 'cm™!). The amount of amino acid loaded onto the resin could then be

estimated.

A.6.4.D General iterative peptide assembly (Fmoc-SPPS)

Deprotection. The resin was treated with 20% v/v 4-methyl piperidine in DMF (2 x 3 min) and
washed with DMF (5x), DCM (5%), and DMF (5x%).

General amino acid coupling. A preactivated solution of Fmoc-AA-OH (4 equiv), HATU

(4 equiv) and DIPEA (8 equiv) in DMF (final concentration: 0.10 M) was added to the resin.
After 2 h of agitation, the resin was washed with DMF (5%), DCM (5x%), and DMF (5x%).
Capping. A solution of 10% v/v acetic anhydride in pyridine was added to the resin (2 X 3 min).
The resin was washed with DMF (5x), DCM (5x), and DMF (5%).

Global deprotection and resin cleavage. A solution of 90:5:2.5:2.5 trifluoroacetic
acid/triisopropylsilane (iPr3;SiH)/thioanisole/H>O was added to the resin. After 2 h of agitation,
the resin was washed with trifluoroacetic acid (3 < 2 mL).

Work-up. The cleavage filtrate was concentrated to dryness under a stream of nitrogen gas. The
residue was suspended in diethyl ether and cooled to 0 °C. The precipitate was pelleted by
centrifugation at 4000 RPM for 5 min, the supernatant was decanted, and the pellet was dried
under a gentle stream of nitrogen gas. The resulting white powder was stored at —20 °C until it

could be purified via reversed-phase preparative HPLC.
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A.6.4.E Automated SPPS

Microwave-assisted peptide synthesis was performed at 90 °C on a Liberty Blue® automated
microwave peptide synthesiser from CEM (Matthews, NC). The general coupling method was
employed as follows: 2-min coupling (90 °C), 1-min deprotection (90 °C), and 1-min associated
washes and liquid handling. A fourfold excess of Fmoc-AA-OH, HOBt, and DIC was used, as is

standard.

A.6.4.F ASC S-peptide synthesis

AS5C S-Peptide was prepared on Rink Amide ProTide resin (116 mg, 0.43 mmol g!, 50 pmol)
via automated Fmoc-SPPS as described in Section A.6.4.E. Following complete elongation of
the sequence, the peptide was subjected to global deprotection/resin cleavage and precipitated
from cold diethyl ether (Section A.6.4.D) to produce a white powder. The crude material was
purified via reversed-phase preparative HPLC (10-40% v/v acetonitrile over 20 min, 0.1% v/v
trifluoroacetic acid) to afford ASC S-peptide as a white solid after lyophilization (19 mg, 7.98

pmol, 12% yield).

A.6.4.G Alkyne—ASC S-peptide synthesis

Alkyne-tagged ASC S-peptide was prepared on Rink Amide ProTide resin (77 mg,

0.43 mmol g!, 33 umol). The sequence was elongated to Lys1 via automated Fmoc-SPPS as
described in Section A.6.4.E. Fmoc-propargyl-Gly-OH (22 mg, 66 pmol, 2 equiv) was coupled
to the N terminus according to the general amino acid coupling procedure described in Section
A.6.4.D. Following deprotection of the N-terminal Fmoc protecting group, the crude peptide was

deprotected, cleaved from the resin and precipitated from cold diethyl ether (Section A.6.4.D).
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Finally, the crude material was purified via reversed-phase preparative HPLC (10-40% v/v
acetonitrile over 20 min, 0.1% v/v trifluoroacetic acid) to afford alkyne—A5C S-peptide as a

white solid after lyophilization (8 mg, 3.22 umol, 10% yield).

A.6.4.H Biotin—ASC S-peptide synthesis

Biotin-tagged A5C S-peptide was prepared on Rink Amide ProTide resin (77 mg, 0.43 mmol g,
33 umol). The sequence was elongated via automated Fmoc-SPPS as described in Section
A.6.4.E, with an additional Gly residue added to the N terminus. Following Fmoc-deprotection,
(+)-biotin N-hydroxysuccinimide ester (23 mg, 66 umol, 2 equiv) was coupled as a solution in
DMF with DIPEA (12 pL, 66 pmol, 2 equiv) for 2 h. The crude peptide was deprotected, cleaved
from the resin, and precipitated from cold diethyl ether (Section A.6.4.D) before purification via
reversed-phase preparative HPLC (10—40% v/v acetonitrile over 20 min, 0.1% v/v trifluoroacetic
acid) to afford biotin—AS5C S-peptide as a white solid after lyophilization (11 mg, 4.13 pmol,

12% vield).

A.6.4.1 Fluorescein—ASC S-peptide synthesis

Fluorescein-tagged A5SC S-peptide was prepared on Rink Amide ProTide resin (116 mg, 0.43
mmol g1, 50 umol). The sequence was elongated via automated Fmoc-SPPS as described in
Section A.6.4.E, with an additional 6-aminohexanoic acid residue added to the N terminus.
Inclusion of this non-a amino acid spacer was necessary to avoid acid-catalyzed thiohydantoin
formation via the Edman degradation pathway.?’* Following Fmoc-deprotection, fluorescein
isothiocyanate (98 mg, 250 umol, 5 equiv) was coupled as a solution in DMF with DIPEA (45

uL, 250 pmol, 5 equiv) for 2 h. The crude peptide was deprotected, cleaved from the resin, and
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precipitated from cold diethyl ether Section A.6.4.D) before purification via reversed-phase
preparative HPLC (10—40% v/v acetonitrile over 20 min, 0.1% v/v trifluoroacetic acid) to afford

fluorescein—ASC S-peptide as a white solid after lyophilization (13 mg, 4.50 umol, 9% yield).

A.6.4.J ASDha S-peptide synthesis

To a solution of ASC S-peptide (20 mg, 8.40 umol) in 50 mM sodium phosphate buffer, pH 8.0,
containing EDTA (20 mM), was added 2,5-dibromohexanediamide (20 mg, 66.2 umol, 7.9
equiv).?”® The reaction mixture was agitated overnight at 37 °C. Purification was performed via
reversed-phase preparative HPLC (10-30% v/v acetonitrile over 40 min, 0.1% v/v trifluoroacetic
acid) to afford A5Dha S-peptide as a white solid after lyophilization (7.05 mg, 3.00 umol, 35%

yield).
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A.6.5 S—protein preparation

A.6.5.A Preparation of the RNase 1 variant

Synthetic cDNA encoding the H12A/S20 S21insDDDDK/V118C RNase 1 variant flanked by
regions of homology near the T7 promoter and terminator of the pET22b vector were obtained
from Integrated DNA Technologies. Linear pET22b was prepared by PCR using primers that

complement the DNA encoding RNase 1:

Forward: 5'-ACTGAGCTCGTGGTGGTGG-3 "

Reverse: 3'-CCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATG-5"

All gene and plasmid fragments were combined with Gibson assembly for expression in E.
coli. The corresponding amino acid sequence for the RNase 1 variant is as follows (changes in
red). Note that the variant is missing the inconsequential C-terminal threonine residue (Thr128),
which was absent from both the initial report of the amino acid sequence?’® and the crystal

structure.!’*

KESRAKKFQR QAMDSDSSPS DDDDKSSSTY CNQOMMRRRNM TQGRCKPVNT FVHEPLVDVQ NVCEFQEKVTC

80 90 100 110 120 130

KNGQGNCYKS NSSMHITDCR LTNGSRYPNC AYRTSPKERH IIVACEGSPY VPCHFDASVE DS __

The RNase 1 variant was produced and purified essentially as described previously.!”® Briefly,
transformed BL21(DE3) cells were grown at 37 °C with shaking in Terrific Broth containing

ampicillin (400 ug mL™!) until ODgoo = 1.8-2.2. Gene expression was induced by the addition of

299



0.5 mM isopropyl-B-d-thiogalactopyranoside (IPTG). After 3—4 h, cells were harvested by
centrifugation and lysed at 19.0 kPSI with a benchtop cell disruptor (Constant Systems). After
centrifugation at 10,500 RPM for 45 min, the resulting inclusion bodies were dissolved in 20
mM Tris-HCI buffer, pH 8.0, containing guanidine-HCI (7 M), EDTA (10 mM), and DTT (100
mM). This solution was diluted tenfold by the slow addition of degassed 20 mM acetic acid, then
subjected to centrifugation at 10,500 RPM for 45 min. The resulting supernatant was then
dialyzed using 3.5-kDa MWCO tubing (Spectrum Labs) against 16 L of 20 mM acetic acid
overnight. After centrifugation at 10,500 RPM for 40 min, the retentate was added dropwise to
refolding buffer, which was 100 mM Tris-HCI buffer, pH 7.8, containing NaCl (100 mM),
reduced glutathione (1.0 mM), and oxidized glutathione (0.2 mM), then allowed to refold at 4 °C
for 5 days. The pH of the solution was adjusted to 5.0, and the resulting solution was
concentrated to 10 mL with an Amicon® Stirred Cell concentrator (EMD Millipore) with
Hydrostart® 10-kDa filters (Sartorius). The resulting protein solution was purified by
chromatography on a HiLoad® 26/600 Superdex® 75 pg gel-filtration column from GE
Healthcare Life Sciences with 50 mM sodium acetate buffer, pH 5.0, containing NaCl (100 mM)
and sodium azide (0.05% w/v).

After gel-filtration chromatography, the fractions containing ribonuclease were combined, and
the pH of the resulting solution was increased by adding 2.0 M Tris-HCI buffer, pH 8.3,
containing EDTA (10 mM). To this solution was added 50 mM Tris-HCI buffer, pH 8.0,
containing DTNB (5 mM) and EDTA (50 mM) such that the DTNB was in a fourfold molar
excess to the protein. After incubation for 10 min at 4 °C, the pH of the solution was adjusted to
5.0 by the addition of 3.0 M sodium acetate, and the resulting solution was incubated at 4 °C

overnight. The protected protein was purified further by passage through a HiTrap® SP cation-
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exchange column from GE Healthcare Life Sciences with 50 mM sodium acetate buffer, pH 5.0,

and a gradient of 0.0-1.0 M NaCl over 10 min.

A.6.5.B Preparation of V118C(NTB) S-protein

CaCl, (2 mM final concentration) was added to the RNase 1 variant (10 mL of a 1 mg mL™!
solution) in 20 mM Tris-HCI buffer, pH 7.4, containing NaCl (50 mM). Enterokinase (light
chain) was product number P8070S from New England Biolabs. Enterokinase (10 U per 1 mg of
protein) was added, and the reaction mixture was incubated with gentle agitation. Aliquots were
removed over 24 h and subjected to SDS—PAGE analysis.

The V118C(NTB) S-protein fragment was isolated by semi-preparative reversed-phase
HPLC with a C4 column and two-step linear gradient (Step 1: 20-50% v/v solvent B over 3 min;
Step 2: 50-100% v/v solvent B over 25 min. Solvent A is 50 mM sodium phosphate buffer, pH
2.7. Solvent B is 40% v/v solvent A and 60% v/v acetonitrile). Fractions containing
V118C(NTB) S-protein were pooled and concentrated under a stream of nitrogen gas to remove
acetonitrile. The concentration of V118C(NTB) S-protein was determined by absorbance at 280
nm using ¢ = 7950 M 'em™!. The identity of each peak on the HPLC trace was confirmed by Q—

TOF mass spectrometry.
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A.6.6 Disulfide conjugation to prepare RNase—S constructs

Lyophilized ASC S-peptide, alkyne-AS5C S-peptide, biotin—A5C S-peptide, or fluorescein—A5C
S-peptide (10 equiv) was dissolved in PBS, pH 8.0, containing EDTA (40 mM), to a final
concentration of 1 mg mL™!. An equivalent volume of immobilized TCEP was drained using a
fritted syringe, and then the S-peptide solution was taken up and allowed to reduce for 30 min at
37 °C. Then, the reduced S-peptide solution was ejected directly into a solution of NTB-
protected V118C S-protein (0.1 mg mL ™! in sodium acetate buffer, pH 5.5). The conjugation
reaction was allowed to proceed for 1 h with gentle agitation at 37 °C. The solution gradually
turns yellow due to removal of the NTB protecting group on Cys118. Complete conversion to the
disulfide-linked RNase—S conjugate was confirmed by MALDI-TOF mass spectrometry. The
solution was concentrated to <500 pL using a Vivaspin® 20 centrifugal concentrator (5000
MWCO PES) and then purified by passage through a HiTrap® SP cation-exchange column (GE
Healthcare Life Sciences) with 50 mM sodium acetate buffer, pH 5.0, and a gradient of 0.0-0.8

M NaCl over 80 min. The conjugated product elutes at approximately 0.5 M NaCl.

A.6.7 Thioether conjugation to prepare RNase—S

NTB-protected V118C S-protein (0.3 mg mL™! in 50 mM sodium phosphate buffer, pH 2.7) was
deprotected for 1 h at 37 °C with immobilized TCEP with gentle agitation. After this time, the
yellow solution was desalted and exchanged into 50 mM Tris-HCI buffer, pH 7.0, containing
NaCl (50 mM) and EDTA (10 mM) using a PD MiniTrap G-25 column (GE Healthcare Life
Sciences). The solution of deprotected V118C S-protein was immediately combined with ASDha
S-peptide (12 equiv, 0.4 mg mL™") in 50 mM Tris-HCl buffer, pH 7.0, containing NaCl (50 mM)

and EDTA (10 mM). The conjugation reaction was allowed to proceed overnight with gentle
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agitation. The solution was concentrated to <500 uL using a Vivaspin® 20 centrifugal
concentrator (5000 MWCO PES) and then purified by passage through a HiTrap® SP cation-
exchange column (GE Healthcare Life Sciences) with 50 mM sodium acetate buffer, pH 5.0, and
a gradient of 0.0-0.8 M NaCl over 80 min. The thioether-linked RNase—S product elutes at
approximately 0.5 M NaCl.

It should be noted that a substantial amount of S-protein dimerization was observed under the
conditions required for thioether conjugation. We were, however, able to isolate a small amount
of the desired thioether-linked RNase—S conjugate. To confirm that the thioether-crosslink
enhanced the stability of the conjugate in a reducing environment, we incubated thioether-linked

RNase-S with glutathione and monitored the conjugate stability over 4 h at 37 °C.

A.6.8 Detection of RNase—S constructs

A.6.8.A Detection of Alkyne—RNase-S

Alkyne-RNase-S (1 mg mL ™! in PBS) was reacted with 5-carboxytetramethylrhodamine-azide
(Azide-Fluor 545; 5-TAMRA-azide; Sigma—Aldrich product number 760757) in a CuAAC
reaction. The reaction was performed by the addition of CuSO4 (to 1 mM from a 100x stock
solution in water), Tris((1-benzyl-4-triazolyl)methyl)amine (to 0.1 mM from a 100x stock
solution in DMSO), Azide-fluor 545 (to 0.1 mM from a 100x stock solution in DMSO), and
sodium ascorbate (to 2 mM from a 200x stock solution in water). The reaction mixture was

agitated for 1 h before analysis by SDS-PAGE.
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A.6.8.B Detection of Biotin—RNase-S

The biotin—RNase—S conjugate was subjected to SDS—PAGE under non-reducing conditions and
then transferred onto a PVDF membrane using an iBlot® Gel Transfer Device. After protein
transfer, the membrane was washed with Tris-buffered saline supplemented with Tween® 20
(0.1% v/v) (TBST, 5 x 5 min). The membrane was blocked with TBST containing non-fat dry
milk (5% w/v) with gentle agitation at 4 °C overnight and then washed with TBST (5 x 5 min).
The membrane was incubated with anti-biotin HRP-linked antibody, which was product number
70758 from Cell Signaling Technologies (Danvers, MA) and was diluted 1:1500 in TBST
containing bovine serum albumin (3% w/v), with gentle agitation for 1 h. After incubation, the
membrane was washed with TBST (5 x 5 min) and the blot was then developed using
SuperSignal West Pico PLUS Chemiluminescent Substrate according to the manufacturer’s

protocol (Thermo Scientific).

A.6.9 Assays of ribonucleolytic activity

Assays were carried out in 0.10 M DEPC-treated,?’® OVS-free?’! MES-NaOH buffer, pH 6.0,
containing NaCl (0.10 M), 6-FAM—-dArU(dA),—6-TAMRA (200 nM), and a ribonuclease

(5 nM).* Fluorescence intensity was measured with a M1000 microplate reader (Tecan) by
monitoring at Aex =493 = 5 nm and Aem = 515 + 5 nm. Assays were performed in triplicate in a

flat, black, 96-well plate (Corning). The value of kc./Km was calculated with the equation:

kcat _ AI/At (Al)
KM (Imax - IO)[E]

where Al/At is the slope of the fluorescence vs. time data collected during the observation period
and [E] is the concentration of enzyme. The background intensity of the substrate (/o) was

determined by measuring fluorescence intensity prior to the addition of enzyme. Product
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intensity (/max) Was determined by measuring fluorescence intensity after the addition of enzyme

to a final concentration of 5 uM, which was sufficient to cleave all of the substrate.

A.6.10 Determining protein thermostability by differential scanning fluorimetry
Differential scanning fluorimetry (DSF) was used to determine the thermostability of RNase—S
in relation to RNase 1. SYPRO Orange protein gel stain (Supelco) was added to RNase—S and
RNase 1 to achieve 1 mg mL™! protein and 50x SYPRO Orange (vendor stock: 5000x in DMSO)
in Dulbecco’s phosphate-buffered saline (Gibco). The resulting samples were heated from 15—
95 °C at 1 °C/min using a QuantStudio 7 Flex Real-Time PCR system (Applied Biosystems);
fluorescence was monitored in real-time with lex =470 £ 15 nm and Aem = 586 + 10 nm. Data
were processed with Protein Thermal Shift software (Applied Biosystems) using the Boltzmann
fitting method. Values of 7m represent the temperature at which fluorescence reached 50% of its

maximum.
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Appendix B:
Primer: Determining the Ky of an
Obligate Homodimeric Enzyme with
Half-Site Reactivity from Progress Curves

Reprinted with permission from ref. 180.

Wralstad, E. C.; Sayers, J.; Raines, R. T. Bayesian inference elucidates the catalytic competency
of the SARS-CoV-2 main protease 3CLP™. Anal. Chem. 2023, 95, 14981-14989.

Copyright 2023 American Chemical Society.
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B.1 Michaelis-Menten kinetics in terms of dimer

For the dimerization of two enzyme monomers M to form the dimeric species D, 2M = D and:

_ M
Kq= D (B.1)
Er = [M]+2[D] (B.2)

where Et is the analytical enzyme concentration on a per-protomer basis.

For a homodimeric enzyme in which only the dimer exhibits catalytic competency and the
enzyme has half-site reactivity (i.e., protomer active sites alternate catalytic function), the maximal
enzyme reaction rate is

Vinax = kecat [D] (B.3)
From Equation B.3, the Michaelis-Menten equation can be written as:

Vimax [S]

Ky + [S]
keat[D][S]

= Kut S B4

where [S] is the free substrate concentration, k.o 1S the enzyme’s turnover rate, and Ky is the
Michaelis constant. It is assumed that the total substrate concentration [S]p >> Er, and thus
[S] = [S]o (i.e., the amount of substrate bound in the substrate-enzyme complex is negligible at any
given moment). We seek to recast Equation B.4 in terms of the total enzyme concentration Et and

the enzyme dissociation constant Kj.

B.2 Quantifying dimer concentration

Equation B.1 can be rewritten as

MJ2 — Ky[D] = 0
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Inserting Equation B.2 results in:
(Er—2[D])* ~ Kg[D] = 0

which, upon expansion, is

4[D)?> — (4Er +Ky)[D]+E3 =0

Solving this quadratic expression in terms of [D] leads to:

1
m:§0m+min+wm0

From mass balance (Equation B.2), we know that [D] < %ET, which is the first term in the above
expression for [D]. Thus, the additive solution for [D] is not physically realizable, and therefore

the concentration of dimer is equal to:

D] =

0| =

Gﬁ+m—MQ+wmo (B.5)
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B.3 Reframing the Michaelis-Menten equation

With an analytical expression for [D] in hand, we can rewrite Equation B.4:

1 [ keat[S]

The second term in parentheses depends only on intrinsic enzyme properties (kcat, Knv) and the
design of the assay ([S]), and it is entirely independent of ET.

For the first term in parentheses, we consider two asymptotic conditions. In the first case of
negligble enzyme, EtT << Ky — 4ET1+ K4 ~ K4 and Kg +8K4ET ~ Kg. As aresult, v tends to zero,
as is expected under conditions where nearly all of the enzyme is in the inactive monomeric state.

In the second case of abundant enzyme, ET >> Kj, the parenthetical expression tends to %ET,

as expected under conditions where all of the enzyme is driven to dimerize.

B.4 Pseudo-first order conditions

Focusing on the Michaelis-Menten equation in the form described by Equation B.4, with [D] de-
scribed by Equation B.5, we consider the case where [S] << Ky. Under these conditions, the

Michaelis-Menten equation simplifies to:

Lo _dis) ("—) D[S

dr Km

Integrating this equation to solve for [S] results in:
keat
5] = co~ (B ) ol (B.7)

where C is a constant of integration that is solved for upon considering the precise format of the

enzyme assay (see below).
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B.5 Fluorescence-based assay monitoring

For the catalyzed reaction S — P, product concentration [P] is related to substrate concentration by
[P] = [S]o — [S] (again, it is assumed that ET << [S]o, and therefore the concentration of enzyme-

bound substrate may be neglected). Substituting Equation B.7 into this expression results in:
kca
P) = [slo—ce” (&)

As expected, lim;_,.[P] = [S]o. Invoking the initial condition that [P] = 0 atf = 0 results in C = [S]o,

and therefore

[Pl =[Slo (1 - e(ﬁfﬁ)[mf) (B.8)

For an enzyme assay in which a non-fluorescent substrate is converted to a fluorescent product

(such as a FRET cleavage assay), the fluorescence intensity F is related to [P] by
F = Fy+alP] (B.9)

where Fj is the background fluorescence intensity and o is a proportionality constant. Given that
the maximum fluorescence intensity Fpax Will be observed when all substrate has been converted
to product (i.e., [P] = [S]o),

Frax :FQ—I—OC[S]() (B.lO)

Rearranging Equations B.9 and B.10 to isolate [P] and [S]o, respectively, then inserting the expres-

sions into Equation B.8 results in:

keat
F = Fo+ (Fnax — Fo) (1 —e‘W)[Dl’) (B.11)
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B.6 Determining Kg and %f;

To start, we assay the homodimeric enzyme under a range of substrate and enzyme concentrations.
The substrate concentration should span orders of magnitude with the goal of assaying concentra-
tions less than the (unknown) Ky, and the enzyme concentration Et should be significantly less
than [S]o. Then, the fluorescence vs time data are fitted by nonlinear regression to a modified form

of Equation B.11:

F =Fy+ (Fnax— F) (1—¢7") (B.12)
where
re= (%) py, (B.13)
Km

and [D], is the concentration of enzyme dimer for a given analytical enzyme concentration Ep =
Et (x denoting that several concentrations are assayed in the complete dataset). Note that ry is
independent of [S]y, and for a single Et , assayed across a range of [S], a consistent fitted r, should
be determined as long as the condition [S]y << Ky is valid. In fact, by examining at what [S]o the
fitted r, appears to begin deviating, we can qualitatively judge at what [S]y the pseudo-first order
approximation begins breaking down and therefore in what approximate regime the value of the
unknown Kjy; must be.

Focusing on a single [S]o for which the pseudo-first order approximation is valid, we determine
the fitted r, for all assayed Et,. Then, we let r represent the fitted r, for the largest enzyme

concentration assayed, Et ;. We normalize the fitted r, values to ry:

e (%) Dl
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Inserting Equation B.5 into the above equation yields:

"' 4E7)+Kq— /K3 +8K4Er)

re  AETxt+Ki—y /K34 8K4ET
= \/— (B.14)

A plot of ry/r; vs Ety is a function with one fittable parameter, Ky (recall that Et; is simply
the largest enzyme concentration used and is therefore an empirically-defined constant). Thus,

nonlinear regression of the data to Equation B.14 will determine Kj.

B.7 Summary

We assay an obligate homodimeric enzyme with half-site reactivity using a FRET pair-tagged sub-
strate to produce a fluorescent product under a range of substrate concentrations [S]y and analytical

enzyme concentrations Et . We fit the data of each assay (i.e., one [S]p and Et ) to Equation B.12:

F=Fy+ (Fnax—F) (1—e™"") (B.15)

This yields a collection of fitted 7.

For a given Et,, we assess the fitted r, across the assayed substrate concentrations and qual-
itatively decide where the assumption [S]y << Ky breaks down. We restrict further analysis to
the [S]o below this cutoff. Within each [S]y for which the pseudo-first order approximation ap-
pears valid, we normalize the fitted r, to r|, which is simply the fitted r, at the largest enzyme

concentration Et . Plotting :—’1‘ against Et , and fitting the transformed data to Equation B.14

"' 4Er)+Kq— /K3 +8K4ET,

ro  AET.+Kq—\/KG+8KiET
= \/— (B.16)

will yield Kj.
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Appendix C:
Primer: Ribonucleolytic Activity of the
Uncleaved and Cleaved Zymogen

This primer has been included as Supporting Information for:

Wralstad, E. C.; Raines, R. T. Sensitive detection of SARS-CoV-2 main protease 3CLP™ with an
engineered ribonuclease zymogen.
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C.1 Defining the reaction system

We have a ribonuclease (RNase) zymogen of concentration [Z] whose active site is occluded by a

pro

peptidic linker that is recognized and cleaved by 3CLP'®. We let U represent the zymogen in its

unactivated, pre-cleaved state and A represent the activated zymogen after linker cleavage. If Z

represents the total population of zymogen regardless of its cleavage state, then by mass balance,

U]+ [A] = [Z] (C.D)

Both the unactivated and activated zymogen are capable of cleaving a generic RNA substrate

S to yield a product P, albeit with different catalytic efficiencies:

U+S—=U+P (C.2)

A+S—A+P (C.3)

The unactivated zymogen hydrolyzes the substrate with catalytic efficiency (kat/ky);, and the
activated zymogen correspondingly hydrolyzes with efficiency (kea/Ky) 5.

Letting R represent 3CLP™, the reaction equation for zymogen cleavage is:

R+U—R+A (C.4)

The protease likewise has a catalytic efficiency (keat/ky)g for cleavage of the zymogen linker. In
the context of the protease cleavage reaction, the unactivated and activated zymogen are substrate

and product, respectively, rather than catalysts.

314



C.2 Modeling the time evolution of zymogen activation

Proteolytic activation of the zymogen follows standard Michaelis-Menten kinetics, and the initial

rate vg of zymogen activation represented by chemical reaction C.4 is expressed by

VR = keat,R [R][U]

— C.5
Kyvr +[U] (€2)

where k¢ R 1 the rate constant and Ky r is the Michaelis constant for proteolytic cleavage. We

make our first simplifying assumption, the validity of which will be justified shortly:
Assumption 1: the concentration of unactivated zymogen is always much less than Ky g

By invoking [U] << Km g, equation C.5 can be approximated and solved for [U] as a function of

time ¢:

== = () Rivj=u

where we define the pseudo-first order rate constant r = (’;g—ﬁ) ® [R]. Then:

M = —rdt
U]

/ﬁd[U]:—r/dt

In[U]4+B=—-rt+C

After consolidating the constants of integration B and C and cleaning up the equation, we are left
with:

U] = De "

for some constant D. With equation C.1, we can express the time-dependent concentration of

activated zymogen by

Al =[Z] e
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Applying the initial condition that [A] =0 at ¢ = 0, we find that

[U] = [Z]e™" (C.6)

Al =[Z](1—¢") (C.7)

We note that the assumption [U] << Ky is dependent on the protease of interest and the
identity of the zymogen linker. In our 3CLP™-directed zymogen, we have installed the linker
sequence ATLQSGNA. Our lab recently characterized 3CLP™ cleavage of the peptidic substrate
R-E(EDANS)-ATLQSGNA-K(DABCYL)-R and found Ky=229 uM (at 25 °C in 50 mM HEPES,
pH 7.5). It is likely that the zymogen linker (installed within a protein) is a poorer substrate than
the analogous free peptide, thus Ky r is believed to be higher for cleavage of the zymogen linker.
The zymogen is utilized at concentrations well below this (e.g., high picomolar to low nanomo-
lar), as it is itself being used as a catalyst in the cleavage of an RNA substrate. As a result, the

approximation [U] << Ky r should be valid.

C.3 Characterizing ribonucleolytic activity over time

Both the unactivated and activated zymogen follow Michaelis-Menten kinetics in their cleavage of

an RNA substrate (chemical reactions C.2 and C.3):

N kcat,U[U] [S]
v KM7U + [S]
o kcat,A[A] [S]
AT Kwa+[S]
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We now make our second simplifying assumption:

Assumption 2: the concentration of RNA substrate is always much less

than both Ky y and Ky o

This assumption can be rendered valid by the design of the zymogen activity assay, namely the
initial substrate concentration [S]o that we choose to run the assay at. The Ky for cleavage of the
short oligonucleotide substrate dArU(dA), by wild-type RNase A (the bovine homologue of the
zymogen’s progenitor human RNase 1, 68% sequence identity) is ~22 uM. Typical ribonucleolytic
activity assays are conducted with substrate in the mid- to high-nanomolar concentration range;
thus, this assumption is valid.

Applying Assumption 2 results in:

Km
keat _
va— (m)A (AJIS] = ca[A][S]
o= v = (ol +eala s

For notational simplicity, we denote the catalytic efficiencies of the unactivated and activated zy-
mogen by cy = ('[‘{C—ﬁ)U and cp = (%)A, respectively. As [U] and [A] are defined by equations

C.6 and C.7, we can express the rate of RNA turnover as:
— =—[Z] (cUe_” +ca (1 — e_”)) [S] (C.8)

Note that if [R] = 0 (i.e., no protease is present to cleave the zymogen), then equation C.8 simplifies
to the general expression for pseudo-first order enzyme kinetics, as would be expected when the

zymogen remains unactivated at all times. Rearranging terms and integrating results in:
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1
/—d[S] = —[z]cU/e—” dr — [z]cA/ (1—e™")drt
[S]
Z Z
In[S]+J = (H) cue " —[Z]cat — (u) cae"+K
r r
for some constants of integration J and K. Note that this expression for [S] requires that r # 0,
which is to say that the expression is only applicable when the protease is present (for if [R] =0,
then r = 0). After consolidating the constants of integration and cleaning up the equation, we are
left with
_ @ o —rt
[S] =L exp (cu—ca)e [Z]cat (C.9)

r

for some constant L. If we apply the initial condition that at [S] = [S]o at# = 0, we learn that

L=[S]o exp (—Er] (cu— CA))

Inserting this into equation C.9 results in:

[S] = [S]o exp (-@ (cu — cA)) exp (@ (cu—ca)e ™ — [Z]cAt>

r

= [S]o exp (@ (cu—ca) (e —1)— [Z]c,g)

Z _
= [S]o exp (g (ca—cu)(1—e)— [Z]cAt>
Finally, if we make a common assumption of enzyme assays that the substrate concentration greatly

exceeds that of the enzyme (i.e., [S] >> [Z]), we can neglect the concentration of zymogen-bound

substrate and say that the product concentration is [P] = [S]p — [S]. Thus,

[P] = [S]o (1 —exp (E (ca—cu)(1—e™) = [Z]cAt>) (C.10)

r
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C.4 Monitoring ribonuclease activity by fluorescence

We monitor ribonucleolytic activity using a FRET-tagged, chimeric oligonucleotide substrate

6-FAM-dArU(dA),—6-TAMRA in which the core tetranucleotide has one scissile bond (rU]dA);
substrate cleavage liberates the donor FAM from the quencher TAMRA, inducing fluorescence
and enabling monitoring product formation. The relationship between fluorescence intensity F

and product concentration [P] is linear:

F = OC[P] + Fy

=Pl=a ' (F-F)

where « is a proportionality constant (dictated by experimental parameters such as instrument
gain) and Fy is the background fluorescence intensity. Given that the maximum concentration of

product [P]max = [S]o, there is a corresponding maximum fluorescence intensity:

Fmax = OC[P]maX +FO = OC[S]() +FO

Inserting the above expressions into equation C.10 allows us to model product fluorescence as a

function of time:

F = Fy+ (Fnax — F) (1 —exp (@ (ca—cu)(l—e)— [Z]CAI>) (C.11)
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C.5 Summary

We have an RNase zymogen of concentration [Z] whose active site is occluded by a peptidic linker
that is recognized and cleaved by 3CLP™. If at t = 0 we mix the zymogen with 3CLP™, then the
concentration of uncleaved/unactivated and cleaved/activated zymogen at any time ¢ is determined

by

[U] = [Z]e™" (C.12)
Al =[Z](1—e™") (C.13)

where r = <I;<°—§;>R [R].

If, at the same time that we mix the zymogen and 3CLP™, we mix in the oligonucleotide
RNase substrate 6-FAM—-dArU(dA),—6-TAMRA, then the fluorescence intensity of the product is

governed by

F = Fy+ (Fnax — Fo) (1 —exp (@ (ca—cu)(1—e")— [Z]CAZ)) (C.14)
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