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Abstract

Clustered regularly interspaced short palindromic repeats (CRISPR) and
CRISPR-associated (Cas) proteins are adaptive immune systems that protect bacteria
and archaea from mobile genetic elements. These systems have been repurposed for
gene editing biotechnologies. CRISPR-Cas9-based gene therapies are in clinical trials,
but a safety concern is that Streptococcus pyogenes Cas9 can trigger non-specific DNA
damage when not bound to guide RNA (gRNA). Such gRNA-free damage to genomic
DNA in human nuclei was reported recently with Streptococcus pyogenes Cas9
(SpyCas9) in human cells transfected with plasmids carrying the Cas9 but devoid of a
gRNA, signifying the prevalence of such promiscuous DNA damage under cellular
conditions. To eliminate these non-specific cleavage activities, SpyCas9 variants are
being developed through our research. One mutation that successfully removes Mn?*-
dependent gRNA-free DNA cleavage is SpyCas9"92A, Elucidating the fidelity-increasing
DNA cleavage mechanisms of SpyCas9H982A will advance the development of safe
Cas9-based gene therapies.

Another safety concern is the finding that SpyCas9 cuts the DNA at unintended
sites that partially hybridize to the guide RNA. Effects of such off-targeting include
increased risks of cancer and other health problems. The SpyCas9 L64P/K65P
substitution variant has been shown to have higher selectivity such that it is less likely to
cleave DNA when there is a mismatch to the guide RNA. In this research, a SpyCas9
L64A/K65A variant was constructed and assayed for RNA-guided DNA cleavage to
determine whether the loss of intra-protein interactions or compromised structure of the
helix containing L64/K65 has the primary role in eliciting this increase in specificity. In
vitro DNA cleavage assays showed that the compromised helical structure causes the
increase in selectivity for on-target as opposed to PAM-proximal mismatched DNA

cleavage in terms of linearization efficiency.
A novel coronavirus outbreak of Severe Acute Respiratory Syndrome

Coronavirus-2 (SARS-CoV-2) occurred in December 2019, and variants of the virus

have been emerging and causing surges in cases, hospitalizations, deaths, and societal
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disruptions over the past few years. Vaccines have been developed, but research on a
variety of vaccines and potentially antiviral targets for small-molecule drugs is helpful for
preventing infections from future variants. Initial contact between human cells and
SARS-CoV-2 is mediated by the viral Spike (S) protein. The objective of this research is
to identify antiviral target sites in S protein and categorize them into sites that are highly
evolving and that are highly conserved in a range of human-infecting coronaviruses.
The rationale is that targeted drug discovery to these two types of sites will enable
better preparedness in tackling coronavirus as it continues to evolve. S protein
sequence conservation was analyzed among severe disease causing human
coronaviral strains (including MERS, SARS-CoV, and SARS-CoV-2), along with
molecular docking of the S protein receptor binding domain with a compound library.
Our results identified four pockets and six compounds that are promising for rational
drug development.
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1.1.0

1.2.0

Chapter 1: Introduction to the Roles of CRISPR-Cas in Adaptive Immunity and
Various Aspects of Bacterial Physiology, and its Repurposing for Nucleic Acid

Manipulation Biotechnologies

Copyright information

This introductory chapter was originally published in Frontiers Cellular and
Infection Microbiology on January 28th, 2021 (Newsom et al., 2021). This
Frontiers article, copyright © 2021 Newsom, Parameshwaran, Martin, and Rajan,
is under the Creative Commons Attribution License (CC BY) which states that the
article contents can be shared (copied or redistributed) and adapted as long as

appropriate credit and a link to the license are given. Terms of the license are

that changes must be indicated and no additional restrictions may be applied.
Differences between the Frontiers article and this dissertation are noted in the
appendix (section 1.7.0).

Overview

Bacterial and archaeal CRISPR-Cas systems offer adaptive immune protection
against foreign mobile genetic elements (MGEs). This function is regulated by
sequence specific binding of CRISPR RNA (crRNA) to target DNA/RNA, with an
additional requirement of a flanking DNA motif called the protospacer adjacent
motif (PAM) in certain CRISPR systems. This chapter presents how the same
fundamental mechanism of RNA-DNA and/or RNA-RNA complementarity is
utilized by bacteria to regulate two distinct functions: to ward off intruding genetic
materials and to modulate diverse physiological functions. The best documented
examples of alternate functions are bacterial virulence, biofilm formation,
adherence, programmed cell death, and quorum sensing. While extensive
complementarity between the crRNA and the targeted DNA and/or RNA seems
to constitute an efficient phage protection system, partial complementarity seems
to be the key for several of the characterized alternate functions. Cas proteins
are also involved in sequence-specific and non-sequence specific RNA cleavage
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and control of transcriptional regulator expression, the mechanisms of which are
still elusive. Over the past decade, the mechanisms of RNA-guided targeting and
auxiliary functions of several Cas proteins have been transformed into powerful
gene editing and biotechnological tools. This chapter describes the biology of
CRISPR-Cas and provides a synopsis of CRISPR-based technologies. Even with
the abundant mechanistic insights and biotechnology tools that are currently
available, the discovery of new and diverse CRISPR types holds promise for
future technological innovations, which will pave the way for precision genome

medicine.

Defense against mobile genetic elements (MGEs) using CRISPR-Cas

In the microscopic world, bacteria and archaea are invaded by various nucleic
acids called mobile genetic elements (MGEs), such as viruses and plasmids, that
may co-opt cellular machinery and damage the host (Jackson et al., 2017;
Koonin and Wolf, 2008). To defend themselves against MGEs, about 50% of
bacteria and about 87% of archaea have an adaptive immune system called
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and
CRISPR- associated (Cas) proteins (Jackson et al., 2017). These systems use a
guide RNA (gRNA) to guide a nuclease to the MGE via base complementarity
(Bolotin et al., 2005b; Makarova et al., 2006; Mojica et al., 2005). The guide
region of the gRNA is integrated into the self-genome through an adaptation
process that occurred when the organism was previously exposed to the MGE
(Makarova et al., 2006). The Cas ribonuclear protein (RNP) follows certain rules
to distinguish self versus non-self nucleic acid using mechanisms such as
protospacer adjacent motif (PAM) recognition or protospacer flanking site (PFS)
discrimination (Abudayyeh et al., 2016b; Mojica et al., 2009). The RNP locates a
specific region in the intruder genome based on complementarity with the gRNA.
This leads to a nuclease, which is either a part of the RNP or an independent
Cas or another cellular nuclease, cleaving and inactivating the MGE, offering
protection to the host organism (Gasiunas et al., 2012; Jinek et al., 2012). There
is also evidence that besides this adaptive immunity role, CRISPR-Cas systems
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may have an additional role in endogenous gene regulation (Faure et al., 2019;
Liu and Doudna, 2020; Murugan et al., 2017).

Discovery of CRISPRs, spacer origins, and CRISPR-associated (Cas) gene
functions

CRISPR-Cas systems are encoded in bacterial and archaeal genomes, and they
were first discovered by scientists analyzing an archaeal genome for clues about
how it adapts to saline environments (Mojica et al., 1993). It was noticed that
many archaeal and bacterial genomes have clusters of regularly interspaced
short palindromic repeats (Bolotin et al., 2005b; Makarova et al., 2006; Mojica et
al., 2005). These clusters of regularly interspaced short palindromic repeats are
known as the CRISPR arrays, which are transcribed and processed into
individual CRISPR RNAs (crRNAs) each containing a “repeat” region that
facilitates complex formation with the Cas nuclease and a “spacer,” harvested by
the CRISPR-Cas system during a previous encounter with the MGE, that base
pairs to the target MGE (Charpentier et al., 2015; Gasiunas et al., 2012; Jinek et
al., 2012). Bioinformatics analysis revealed that many of the spacers are
fragments of MGE sequences (Horvath et al., 2008) and that a PAM sequence is
needed adjacent to that fragment in the MGE to make that MGE a target for
CRISPR-Cas-mediated defense (Mojica et al., 2009). It was also observed that
certain CRISPR-associated (Cas) genes are encoded near the CRISPR array,
but the function of these genes was unknown (Makarova et al., 2006). There
were hypotheses that these proteins had roles in gene repair (Makarova et al.,
2002), but their roles in CRISPR-Cas adaptive immunity, such as nucleases to
destroy MGEs and integrases to insert spacers from MGEs into the CRISPR
array, were eventually discovered (Barrangou et al., 2007; Beloglazova N, 2008;
Brouns et al., 2008; Marraffini and Sontheimer, 2008; Nunez et al., 2014).

Finally, the three stages of the CRISPR-Cas defense mechanism were
established as follows:



1. Adaptation — Adaptation is the process by which bacteria and archaea use
Cas1 and Cas2 proteins to integrate new spacer sequences into their
CRISPR arrays to offer future immunological protection against a specific
intruder (Jackson et al., 2017). Cas1 and Cas2 are conserved in most
CRISPR-Cas systems characterized so far (Makarova et al., 2020). The
Cas1-Cas2 heterohexameric complex (4 Cas1-2 Cas2) binds to pieces of
short DNA produced by the cellular machinery and integrates into the
CRISPR array following several mechanisms that maintain site-specific
integration (Alkhnbashi et al., 2016; Amitai and Sorek, 2016; Flusche and
Rajan; Heler et al., 2014; Mosterd et al., 2020). For type II-A CRISPR-Cas
systems, the integration location within the CRISPR array is determined
differently for three distinct subgroups type II-A adaptation machinery (Van
Orden et al., 2017; Van Orden et al., 2020). In each CRISPR-Cas type,
these spacers lead to individual crRNAs that possess the ability to
sequence-specifically target a plethora of unique complementary regions.

2. CRISPR-associated RNA (crRNA) processing — Cas proteins process the
CRISPR array transcript into individual crRNAs that can complex with Cas
nucleases to guide them to target MGEs (Behler and Hess, 2020). This
crRNA processing is done by specific Cas proteins and sometimes in
association with cellular RNases to create unique sequence regions in the
crRNAs that are essential for their functionality (Behler and Hess, 2020).

3. Interference — The Cas nuclease in complex with the crRNA sequence
specifically cleave the target nucleic acid (Plagens et al., 2015). In certain
CRISPR systems, the sequence-specific cleavage can turn on non-
sequence specific nucleic acid cleavage that causes host cell death or cell
arrest that is a mechanism to cope with the intruder MGE (Abudayyeh et
al., 2016b; Kazlauskiene et al., 2017).

1.3.2 Classification of CRISPR-Cas systems
There are a variety of CRISPR-Cas systems each with a different approach to
interfering with MGEs. There are two classes distinguished based on whether



interference is performed by a multi-protein complex (Class 1) or a single protein
(Class 2) (Koonin et al., 2017). Furthermore, there are types within each class
that are differentiated based on the signature Cas protein that is essential for
interference (Makarova and Koonin, 2015). There are also subtypes within each
type that are differentiated based on the molecular phylogeny of the CRISPR
locus (Makarova and Koonin, 2015). An overview of this classification scheme
and examples of subtype-specific crRNA processing and interference

mechanisms are shown in Figure 1.1.
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Figure 1.1. CRISPR-Cas classification, interference complexes, and
alternate functions. A) Interference complexes, crRNA maturation, and nucleic
acid targeting. Type I-E CASCADE from Escherichia coli is shown (Brouns et al.,
2008; Jore et al., 2011). The interference complex comprises six Cas7s, two
Cas11s, and one each of Cas5, Cas8, and Cas6. This complex recruits Cas3,
which uses a histidine aspartate (HD) nuclease domain to nick the target DNA,
followed by unwinding of the DNA by helicase domain and long-range
degradation of DNA by the HD domain. Type Ill is an RNA-targeting system with
a historical distinction into two groups of effector complexes, “Csm” (Cas subtype
Mtube, includes subtypes A, D, E and F) and “Cmr” (Cas module RAMP,
includes subtypes B and C), differentiated based on the sequences of Cas11
subunit, called as Csm2 and Cmr5 respectively in Csm and Cmr complexes
(Tamulaitis et al., 2017). Type IlI-B from Pyrococcus furiosus is shown (Cocozaki
et al., 2012). The interference complex comprises six Cas7s, coded by three
distinct genes (cmr4, cmr1 and cmr6), three Cas11s, and one each of Cas5 and
Cas10. While Cas7 cleaves target RNA with a 6-nucleotide periodicity, Cas10
cleaves ssDNA in the transcription bubble using its HD domain (Kazlauskiene et
al., 2016; Mogila et al., 2019; Taylor et al., 2015; You et al., 2019). The Palm
domain of Cas10 produces cyclic oligo-adenylate (cOA) that activates Csx1 for
non-specific RNA cleavage (Kazlauskiene et al., 2017). Type IV is represented
by subtype A1 from Aromatoleum aromaticum (Ozcan et al., 2019). The
interference complex comprises Cas5, Cas6, Cas8, and multiple Cas7s, although
the exact subunit stoichiometry is unknown. DinG is a helicase necessary for
interference (Crowley et al., 2019; Ozcan et al., 2019; Pinilla-Redondo et al.,
2020). Question marks and arrows in type 1V-A1 indicate that subunit
organization and nuclease identity is unknown. Cas6, the protein required for
crRNA processing may (for example, CasE, alternatively known as Cas6e
(Uniprot accession number Q46897), in the type I-E CASCADE complex (Brouns
et al., 2008)) or may not (for example, Cas6 in mature type I1I-B Cmr complexes
(Mogila et al., 2019)) be part of the effector complex in Class | systems. Each
class Il system is represented by its respective subtype “A”. Type II-A Cas9 uses



its HNH endonuclease domain to cleave the DNA strand hybridized to crRNA
and RuvC endonuclease domain to cleave the other strand (Jinek et al., 2012).
RNase Il is required for crRNA processing in type |l systems (Deltcheva et al.,
2011). Type V-A Cas12a (previously called Cpf1) uses RuvC domain to cleave
both strands of the target DNA, even though assistance of the Nuc domain is
needed to cleave the strand hybridized to crRNA (Zetsche et al., 2015a). Cas12a
also possesses non-specific DNA cleavage, called trans-cleavage (Li et al.,
2018a). Type VI-A Cas13a uses two higher eukaryotes and prokaryotes
nucleotide-binding (HEPN) domains to elicit sequence-specific and collateral
(non-specific) cleavage of target RNA (Abudayyeh et al., 2016a). Type V-A and
type VI systems possess specific sites within their effector protein for crRNA
processing (East-Seletsky et al., 2016; Fonfara et al., 2016). Secondary trimming
for crRNA maturation is not shown. Protein legacy names are given in
parentheses. PAM stands for protospacer adjacent motif, PFS stands for
protospacer flanking site, and 3' flank stands for 3' flanking sequence of the
protospacer that is non-complementary to the 5’-tag of crRNA; each of which are
used for self versus non-self recognition. Nucleic acids are not to scale with
proteins. Target or non-specifically cleaved RNA is in purple, crRNA is red,
tracrRNA is in black and DNA is blue. DNA strand complementary to the crRNA
(target strand DNA, tDNA) and the non-complementary strand of the double
stranded DNA (non-target strand DNA, ntDNA) are labeled for type II-A. B) Left:
Pseudomonas aeruginosa (type |-F) Cas3-mediated RNA and DNA targeting
affect host immune evasion and biofilm formation respectively. Right:
Comparison between Streptococcus agalactiae (type 11-A) and Francisella
novicida (type 11-B) mechanisms of Cas9-mediated down-regulation of
endogenous genes. The differences include the type of guide RNA (crRNA
versus scaRNA), nucleic acid target (MRNA versus genomic DNA), mode of
repression (transcript degradation versus steric hindrance to RNA-polymerase),
and endogenous gene target (master regulatory protein versus regulon affecting
virulence). Created with BioRender.com in the original publication (Newsom et
al., 2021).



Some interesting points about each subtype are as follows:

Type | — the plentiful type

Type | systems are the most abundant in nature (Koonin et al., 2017; Zheng et
al., 2020). The interference mechanism of type | adaptive immunity involves
Cas3 (a Cas protein recruited by the crRNA-guided interference complex)
unwinding target DNA and then cutting and degrading the DNA strand that is
single stranded in the R-loop formed between the DNA and the crRNA (Figure
1.1A) (Zheng et al., 2020).

Type Il — the pioneer type

Type |l systems are the best characterized for use in gene editing
biotechnologies, and Cas9 from Streptococcus pyogenes (SpyCas9) is currently
the most widely used CRISPR-Cas-based gene editing biotechnology (Jinek et
al., 2012; Liu et al., 2020). The interference mechanism of type Il adaptive
immunity involves Cas9 complexing with crRNA and trans-acting crRNA
(tracrRNA) (Figure 1.1A), which aids in crRNA processing and RNP complex
formation with Cas9 (Charpentier et al., 2015; Deltcheva et al., 2011), to make a
double stranded break in the target DNA (Jinek et al., 2012). Cas9 has two
endonuclease domains, HNH cleaving the target strand and RuvC cleaving the
non-target strand creating a double stranded cut that is timmed further by the
RuvC domain to produce 3’ recessed DNA ends in the protospacer region that
flanks the PAM (Jinek et al., 2012; Stephenson et al., 2018). Cas9-induced DSBs
are repaired in mammalian cells primarily through non-homologous end joining
(NHEJ) though it is possible to induce some level of homology directed repair
(HDR) through editing cells when they are in the S phase of the cell cycle
(Brandsma and van Gent, 2012; Engstrom and Kmiec, 2008) (Sansbury et al.,
2019). Another way to favor HDR is by suppressing the NHEJ pathway (Chu et
al., 2015). NHEJ tends to introduce frame shifts in gene sequences containing
the DSB (Kim and Kim, 2014), which makes Cas9 a suitable tool for knocking out



genes; however, its ability to induce HDR makes it a suitable tool for gene
replacement as well (Chu et al., 2015).

Type Il — the versatile type

Type Il systems use multiple activities to defend against MGEs:
Spatiotemporally controlled DNA-targeting, both specific and non-specific RNA-
targeting, and small-molecule signaling between the Cas proteins to name a few
(Figure 1.1A) (Kolesnik et al., 2021). The interference mechanism of type Ill
adaptive immunity starts with RNA-guided RNA-cleavage by Cas7 in the
interference complex (which contains multiple other Cas proteins as well as
crRNA) (Kazlauskiene et al., 2016). When the target-RNA is in a transcription
bubble, the Cas10 in the interference complex degrades the single stranded DNA
in the transcription bubble in a spatiotemporally controlled manner since this
degradation is activated when the interference complex binds to the RNA target
(Kazlauskiene et al., 2016; Mogila et al., 2019; Taylor et al., 2015; You et al.,
2019). The Cas10 also produces cyclic oligo adenylates that signal for Csx1 to
start non-specific RNA-cleavage that leads to cell death/arrest because it does
not differentiate between intruder and host RNA (Kazlauskiene et al., 2017).

Type IV — the mysterious type

Type IV systems are the least characterized and the function or mechanism of

many of the protein components is unknown (Figure 1.1A) (Taylor et al., 2021).
The interference mechanism of type IV adaptive immunity involves an unknown

nuclease doing crRNA-guided DNA targeting.

Type V — the sidekick type

Type V systems are the second most characterized for gene editing
biotechnologies, and the potential uses are somewhat complementary to those of
type-Il (Liu et al., 2020). The interference mechanism of type V adaptive
immunity involves the Cas12-crRNA RNP making a double stranded break in the
target DNA (Figure 1.1A) (Zetsche et al., 2015a). The Cas12a DSB has



staggered ends (Zetsche et al., 2015a). Relative to that of Cas9, the Cas12a
DSB-induced genome repair response in mammalian cells tends to be HDR as
opposed to NHEJ (Sansbury et al., 2019). When template DNA is delivered along
with the Cas12a RNP components to the mammalian cell, HDR replaces the
gene near the double stranded break with the template DNA (Kim and Kim,
2014), which makes Cas12a a suitable tool for knocking in genes. Cas12a has a
non-specific DNA cleavage activity that is activated after binding to the target
DNA (Chen et al., 2018; Li et al., 2018a; Parameshwaran et al., 2021), and this
activity is useful for diagnostic tools (Table 1.1.F.1)

Type VI — the selfless type

Type VI systems have a “self-destruct” function that kills the host cell possibly as
an altruistic attempt to protect other bacteria from viral infection (Faure et al.,
2019; Koonin and Zhang, 2017). The interference mechanism of type VI adaptive
immunity involves the Cas13-crRNA RNP doing RNA-guided RNA targeting
when the protospacer flanking site (PFS) requirements are met (Figure 1.1A)
(Abudayyeh et al., 2016a; O'Connell, 2019). PFS is similar to PAM, but it tends to
be less of a requirement for a specific motif and more of a requirement for certain
nucleobases to be absent near the target site (Gleditzsch et al., 2019). Target
recognition triggers a secondary activity called “collateral cleavage” which is non-
sequence specific RNA-degradation activity responsible for “self-destruction” of
the infected cell (Abudayyeh et al., 2016a). Type VI systems lend themselves to
RNA-targeting knockdown biotechnology applications (Abudayyeh et al., 2017;
Konermann et al., 2018), which, apart from the non-specific RNA-cleavage
activity inherent to this CRISPR-Cas type (Kelley et al., 2022; Konermann et al.,
2018), could be considered safer than the DNA-targeting knockout applications
because the effect is more transient since only the transcripts, not the template
DNA, are destroyed (Cox et al., 2017; Kushawah et al., 2020). Interestingly, it
has been observed that collateral cleavage does not occur when Leptotrichia
shahii Cas13a is used for RNA knockdown in mammalian cells (Abudayyeh et
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1.4.1

1.4.1.1

al., 2017), so Cas13’s collateral cleavage activity does not disqualify it from gene
therapy biotechnology applications.

Physiological roles of CRISPR-Cas observed in bacteria

Some bacteria regulate physiological processes using RNA-guided Cas proteins
that target the self-genome. While partial complementarity between the guide
RNA and the self-genome or endogenous transcripts seems to drive gene
regulation, complete complementarity with the genome has been shown to
regulate prophage and temperate phage life-cycles and trigger bacterial evolution
through recombination to avoid lethal self-targeting (Aklujkar and Lovley, 2010;
Goldberg et al., 2014; Vercoe et al., 2013). Selected examples CRISPR systems

regulating bacterial pathogenicity and survival are presented in this section.

Virulence

Host immune evasion
CRISPR-Cas systems can regulate gene expression to conceal bacteria from
host toll-like receptors (TLR). The best studied example is the Francisella
novicida U112 type II-B system, which downregulates a bacterial lipoprotein
(BLP) on the cell envelope to evade host immune responses (Ratner et al., 2019;
Sampson et al., 2013). This mechanism requires the association of Cas9 with
tracrRNA and small, CRISPR-Cas-associated RNA (scaRNA), which specifically
represses transcription of a regulon containing blp (FTN_1104-1101) (Figure
1.1B). Transcriptomic studies have revealed similar trends where blps are
upregulated in cas9 deletion mutants (acas9) of Streptococcus agalactiae
GD201008-001 (type 1I-A) and Riemerella anatipestifer (type 11-C) (Ma et al.,
2018; Wang et al., 2019). In Streptococcus pyogenes GAS-M1T1-5448 (type II-
A), Acas9 produces less master regulator protein Mga, which in turn
downregulates ScpA and SIC (streptococcal inhibitor of complement-mediated
lysis protein) proteins, which are essential to inactivate the host’'s complement
immune defense mechanism (Gao et al., 2019). S. pyogenes Cas9 also

downregulates the CovR/S two component system (TCS) which regulates
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capsule genes that confer antiphagocytic properties (Gao et al., 2019; Sarkar
and Sumby, 2017). Involvement of a type I-F CRISPR-system in virulence was
demonstrated in Pseudomonas aeruginosa UCBPP-PA14, where Cas3 degrades
the mRNA of the master regulator protein LasR to evade the TLR-initiated host
immune response (Figure 1.1B, (Li et al., 2016)).

1.4.1.2 Bacterial adherence and cytotoxicity
CRISPR-Cas systems modulate bacterial-host interactions, the mechanisms of
which are currently evolving. Relative to the wild-type, Neisseria, Streptococcus,
and Campylobacter, Acas9 strains adhere poorly to mammalian host cells (Gao
et al., 2019; Heidrich et al., 2019; Ma et al., 2018; Shabbir et al., 2018; Spencer
et al., 2019). The S. pyogenes mechanism involves Cas9-mediated down-
regulation of the FasA/FasB TCS that downregulates adhesion factors (Gao et
al., 2019). Campylobacter jejuni and S. agalactiae Cas9s can increase bacterial
cytotoxicity, adhesion, and survival within host cells (Louwen et al., 2013; Ma et
al., 2018; Saha et al., 2020a; Shabbir et al., 2018). In S. agalactiae,
hyaluronidase activity essential for blood-brain barrier penetration is regulated via
Cas9-mediated cleavage of the master regulator regR transcript (Figure 1.1B,
(Ma et al., 2018)).

1413 Group behavior
There is growing evidence that CRISPR systems can regulate group behaviors to
increase bacterial virulence. Based on Salmonella enterica serovar Enteritidis
acas3 (type I-E) transcriptome studies, Cas3 downregulates LsrF production,
preventing degradation of quorum sensing (QS) signaling molecules by LsrF,
ultimately increasing expression of the Isr QS operon (Cui et al., 2020).
Transcriptomic studies of Acas3 Streptococcus mutans UA159 (type I-C) showed
downregulation of biofilm formation genes controlled by the VicR/K TCS known
to influence streptococcal tissue specificity (Tang et al., 2019; Vega et al., 2016).
Phage-dependent biofilm regulation was observed in Pseudomonas aeruginosa
strain UCBPP-PA14, where partial crRNA hybridization to lysogenized DMS3
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1.4.2

phage recruits Cas3 (type |-F) to nick the bacterial genome, initiating RecA-
dependent SOS response that inhibits biofilm formation and swarming (Figure
1.1B, (Heussler et al., 2015)). Experiments have implicated Cas9-based virulent
group behaviors in C. jejuni (type II-C) (Shabbir et al., 2018), S. pyogenes (type
lI-A) (Gao et al., 2019), Neisseria meningitidis (type 11-C) (Sampson et al., 2013),
and S. agalactiae (type II-A) (Ma et al., 2018) where Acas9 strains had

decreased biofilm formation.

Relation to Genome Repair and Involvement in Non-Virulent Gene Regulation
and Programmed Cell Death

Current research also shows CRISPR-Cas systems regulating genes not directly
involved in bacterial virulence. Experimental evidence has demonstrated Cas1’s
ability to cleave branched DNA substrate and revealed enhanced sensitivity of
acast E. colito DNA damage (Babu et al., 2011). A recent study has shown that
non-homologous end-joining (NHEJ) does not co-exist with type II-A systems due
to the competition between Csn2 (type II-A) and NHEJ proteins for DNA
substrates (Bernheim et al., 2017). Another DNA-repair system, RecBCD, is
essential for spacer acquisition in E. coli (type I-E) (Levy et al., 2015). These
studies suggest complex interdependence of CRISPR and DNA repair systems,
the mechanisms of which are still elusive. Transcriptomic and proteomic studies
on Acas9 S. pyogenes (type II-A) (Gao et al., 2019), Group B Streptococcus
(type II-A) (Spencer et al., 2019), and Riemerella anatipestifer (type 11-C) (Wang
et al., 2019) have indicated both up- and down-regulation of several endogenous
genes, the implications of which are not clear. Several studies in Myxococcus
xanthus have shown that CRISPR systems are involved in cell-stress dependent
sporulation (type I-C) and fruiting body development (type IlI-B) (Viswanathan et
al., 2007; Wallace et al., 2014).

Type Il and type VI CRISPR systems promote indiscriminate RNA cleavage
leading to programmed cell death (PCD), a strategy employed when immune

protection has failed (Faure et al., 2019). In type Ill systems, crRNA binding to
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1.4.3

target RNA activates production of cyclic oligoadenylate (cOA) by Cas10. The
cOA molecules initiate Csm6/Csx1’s indiscriminate RNase activity resulting in
cell death (Kazlauskiene et al., 2017; Niewoehner et al., 2017). In type VI, crRNA
binding to target RNA activates Cas13 for promiscuous RNase cleavage
(Abudayyeh et al., 2016a). Interestingly, the resemblance of Cas2 to the toxin
component of toxin-antitoxin systems and the genomic co-localization of CRISPR
and PCD elements have led to the idea of their co-dependence in bacterial
physiology and are awaiting experimental conformation (reviewed in Faure et al.,
2019).

Diversity of CRISPR-Cas Mechanisms

Current studies indicate that CRISPR has functions beyond adaptive immunity,
primarily in regulating genome content and gene expression. Horizontal Gene
Transfer (HGT) can be negatively impacted in CRISPR-containing bacteria since
the acquired DNA can be targeted by CRISPR. The effects of CRISPR on HGT
are evolving. Some bacteria compensate limitations on HGT by maintaining a
defective CRISPR locus or establishing mechanisms for CRISPR-tolerance
(Sampson and Weiss, 2013; Wimmer and Beisel, 2020). A different perspective
on offsetting this disadvantage has been demonstrated by CRISPR-mediated
enhancement of transduction by phages which then enables transfer of genetic
materials between bacteria (Watson et al., 2018).

Based on studies of streptococcal physiology, we speculate that CRISPR-
mediated gene regulation promotes strain differentiation via genome remodeling
and regulatory changes. CRISPR changes expression of S. pyognenes master
regulators Mga and VicR and the TCS CovR/CovS, which then regulate
immunomodulatory virulence factors that drive development of strains with
different host tissue preferences and physiologies ranging from hypervirulent to
carrier status (Sarkar and Sumby, 2017; Vega et al., 2016). Similarly, natural
mutation in P. aeruginosa master regulator LasR increases bacterial fithess in

the cystic fibrosis lung (Smith et al., 2006). A common theme in these diverse

14



1.5.0

mechanisms is that Cas proteins target genes that bring about differential
phenotypes in bacteria. Legionella pneumophila’s requirement of Cas2 to infect
amoebas indicates the involvement of diverse Cas proteins in endogenous gene
regulation, requiring mechanistic characterizations of CRISPR in bacterial
physiology (Gunderson and Cianciotto, 2013). Interestingly, the versatile
mechanisms derived so far for both adaptive and physiological functions have
been harnessed to develop an impressive set of molecular tools for nucleic acid

manipulation.

CRISPR-Cas Biotechnology Tools

The RNA-guided nucleic acid targeting of Cas proteins offer several
biotechnology tools dependent on the diverse CRISPR mechanisms as shown in
Table 1.1 and in reviews (Pickar-Oliver and Gersbach, 2019; Xu and Qi, 2019).
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Biotechnology
Application

Cas Protein and CRISPR-Cas type,

relevant activities, modifications

References

A. Gene editing

1a. SpyCas9 (type II-A), sequence specific
DNA cleavage producing a mixture of
staggered and blunt ends

1b. Hyper-accurate Cas9 (HypaCas9),
derivative of SpyCas9 holding four amino
the RNA-DNA

acid mutations near

interface

1c. High-fidelity SpyCas9 (SpCas9-HF),
mutation of four amino acids that non-

specifically contact target DNA

1d. Enhanced SpyCas9
(eSpCas9), three amino acid mutations in

specificity

a groove that stabilizes the non-target
strand of the target DNA

1e. Light activated Cas9, split into two
fragments and fused to dimerization
domains

1f. sgRNA regulation to control Cas9

1g. chemically inducible Cas9, various

modifications

1a. (Cho et al., 2013;
Chu et al., 2015;
Jiang et al.,, 2013;
Jinek et al., 2012)

1b. (Chen et al,
2017)

1c. (Kleinstiver et al.,
2016)

1d. (Slaymaker et al.,
2016)

1e. (Nihongaki et al.,
2015; Yu et al., 2020)

1f. (Ferry et al., 2017;
Lee et al., 2016b; Liu
et al.,, 2016; Maji et
al., 2017; Tang et al.,
2017)

1g. (Davis et al.,
2015; Dow et al,
2015; Liu et al., 2016;
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1h. alternative Cas9 orthologs: Neisseria
meningitidis, Staphylococcus aureus, and

Francisella novicida

2. Cas12a (type V-A), sequence specific
dsDNA cleavage producing staggered

ends

3. CASCADE (type 1-E), sequence
specific DNA binding, fused to Fokl
nuclease

4. CASCADE and Cas3 (type I-A),
sequence specific DNA cleavage and

degradation of one of the strands of a DNA

5. Cmr (type llI-B), sequence specific
interference of transcriptionally active DNA

6. Direct injection of CRISPR-Cas-based
drug into the retina to treat hereditary
blindness

7. Cas10-Csm and Csm6 (type IlI-A), viral
DNA and RNA cleavage that increases
viral gene editing efficiency by selecting

against unedited phage

Maji et al., 2017;
Zetsche et al.,
2015b)

1h. ((Lee et al.,

2016a); (Ran et al.,
2015);
al., 2019))

(Acharya et

2. (Ferenczi et al.,
2017,
2016; Yan et al.,
2017)

Hur et al,

3. (Cameron et al.,
2019)

4 &5. (Lietal., 2015)

6. ClinicalTrials.gov
|dentifier:
NCT03872479
7. (Nayeemul Bari
and Hatoum-Aslan,
2019)

8. (Mayo-Mufioz et
al., 2018)
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8. Anti-CRISPR proteins, CRISPR-Cas
inhibition as a selectable marker for editing

viral genomes

9. Anti-CRISPR proteins, CRISPR-Cas
inhibition quenches gene editing reactions

to minimize off-targeting

9. (Marino et al.,
2020)

B. Base editing

1. SpyCas9 nickase (type Il-A), sequence
fused to both
DNA

specific  DNA binding,
cytidine deaminase and uracil

glycosylase inhibitor

2. SpyCas9 (type IlI-A), sequence specific
DNA binding, nuclease inactivated and
fused to an engineered adenosine to
inosine deaminase capable of targeting
DNA

3. nuclease inactivated Cas12a (type V-A),
sequence specific DNA binding, fused to
DNA

cytidine deaminase and uracil

glycosylase inhibitor

4. nuclease inactivated Cas13 (type VI-B),
sequence specific RNA binding, fused to

adenosine deaminase

1. (Komor et al,

2016)

2. (Gaudelli et al.,
2017)

3. (Li et al., 2018b)

4. (Cox et al., 2017)

C. Gene knockdown
via ssSRNA cleavage

1. Staphylococcus aureus Cas9 (ll-A),
ssRNA cleavage

1. (Strutt et al., 2018)
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2.  Neisseria meningitidis Cas9 (lI-C),
ssRNA cleavage

3. Cmr (ll1-B), ssRNA cleavage

4. Cas13 (VI-A and D), crRNA maturation

and ssRNA cleavage

5. nuclease inactivated SpyCas9 (type II-
A) fused to RNA endonuclease domain,

sequence specific ssRNA binding

2. (Rousseau et al.,
2018)

3. (Zebec et al,
2014)

4. (Abudayyeh et al.,
2017; Konermann et

al., 2018)

5. (Batra et al., 2017)

D. Transcriptional

repression

1. nuclease inactivated SpyCas9 (type II-
A), sequence specific DNA binding

2. nuclease inactivated SpyCas9 (type II-
A) fused to an epitope tag that recruits
that
methylates the genomic target to repress

antibody-fused methyltransferase

transcription, sequence specific DNA

binding
3. nuclease inactivated Cas12a (type V-A),
crRNA maturation and sequence specific

DNA binding

4. CASCADE (type I-E), DNA binding

1. (Qi et al., 2013)

2. (Huang et al.,
2017)

3. (Zhang et al.,
2017)

4. (Rath et al., 2014)
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E. Gene activation

1a. nuclease inactivated SpyCas9 (type II-
A) fused to a transactivation domain,
sequence specific DNA binding

1b. Light activated SpyCas9, nuclease
inactivated and fused to a light-inducible

heterodimerizing protein

2. Cas12a (type V-A), crRNA maturation
and sequence specific DNA binding, fused

to a transactivation domain

3. CASCADE (type I-E), crRNA maturation
and sequence specific DNA binding, fused

to plant transcriptional activation domain

1a. (Perez-Pinera et
al., 2013)

1b.
Gersbach, 2015)

(Polstein  and

2. (Breinig et al.,
2019)

3. (Young et
2019)

al.,

F. Nucleic acid

detection

1. Cas12a (type V-A), collateral ssDNA

cleavage activity upon target binding
2. Cas13 (type VI-A and B), collateral
ssRNA cleavage activity upon target

binding

3. Csm6 (type llI-A), non-specific nuclease

1-3. (Gootenberg et
al., 2018)

1. (Chen et al., 2018)

G. Antimicrobial

1. SpyCas9 dsDNA

interference

(type  1I-A),

2. CASCADE and Cas3 (type I-E), dsDNA

interference

1. (Citorik et
2014)

al.,

2. (Gomaa et al,
2014)
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3. Cas13a (type VI-A),
ssRNA cleavage

promiscuous

4. Anti-CRISPR proteins, CRISPR-Cas
inhibition to expand the host range for
phage-derived therapeutics

3. (Kiga et al., 2020)

4. (Marino et al.,
2020)

H. Transposition or|

genome tagging

1. CASCADE (type I-F), sequence specific

DNA binding, fused to transposition protein

2. Cas1 and Cas2 (type I-E), sequence-
selective DNA integration

1. (Klompe et al.,
2019)

2. (Wright et
2017)

al.,

|. Protect plants
from both RNA and

1. Cas13 (type VI-A), crRNA maturation

and sequence specific sSsSRNA cleavage

1. (Aman et al., 2018)

DNA viruses 2. (Alietal., 2015)
2. SpyCas9 (type IlI-A), sequence specific
DNA interference
J. Decrease Anti-CRISPR proteins to inhibit CRISPR- | (Marino et al., 2020)
bacterial Cas systems involved in bacterial
pathogenicity pathogenicity
K. Record Cas1:Cas2 complex (type llI-D), natural | (Schmidt et al., 2018)

transcription

fusion to reverse transcriptase, reverse
transcription and sequence selective DNA

integration

L. Store digital

information

Cas1:Cas2 complex (type I-E), sequence
selective DNA integration

(Shipman et

2017)

al.,
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M. Visualizing
nucleic acid

localization

1. nuclease inactivated SpyCas9 (type II-
A) fused to GFP, sequence specific
binding to target DNA

2. nuclease inactivated Cas13 (type VI-A)
fused to GFP, sequence specific ssSRNA
binding

1. (Chen et al., 2013;

Nelles et al., 2016)

2. (Abudayyeh et al
2017)

N. Mediate
chromatin
immunoprecipitation
for downstream
analysis of
epiproteome
(interacting
proteins, histone
post translational
modifications,
RNAs, and
neighboring
genomic regions)
via mass
spectrometry and
nucleic acid

sequencing

nuclease inactivated and affinity tagged
SpyCas9 (type Il-A), sequence specific
DNA binding

(Fujta and  Fujii,

2015; Waldrip et al
2014)

O. Subnuclear

proteomic profiling

nuclease inactivated SpyCas9 (type II-A)
fused to APEX2 (an engineered soybean
ascorbate peroxidase that labels near-by
proteins with biotin), sequence specific
DNA binding

(Gao et al., 2019)
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P. Influence mRNA
splicing outcomes
without hindering
translation to
protein (potential
treatment for
diseases caused by

gene mis-splicing)

Cas13d (CasRx, type VI-D), sequence
specific DNA binding, nuclease inactivated

(Konermann et al.,
2018)

Table 1.1. CRISPR-Cas biotechnology applications

1.5.1 Gene Editing

The revolutionary characteristic of CRISPR-Cas-based gene editing is the ability

to introduce heritable genome modifications by programing Cas proteins using

guide RNAs, instead of modifying the editing protein, which was the limiting
aspect of zinc fingers and TALENS (Gaj et al., 2013). Discovery of CRISPR-Cas-

based genome editing tools was awarded the Nobel prize in 2020.

The most widely used CRISPR-based gene editing system is Streptococcus

pyogenes Cas9 (SpyCas9) with a single guide RNA (sgRNA), where the crRNA

and tracrRNA are fused into sgRNA for easier delivery options (Table 1.1A). The

most prominent application is modification of eukaryotic genes utilizing efficient

DNA-repair pathways of eukaryotes to repair Cas9 induced DNA breakage by

NHEJ (creates gene knock-outs) or homology directed repair (HDR, creates

gene knock-ins). An approach to fix genetic mutations while eliminating

unwarranted effects from off-target DNA cleavage is fusing Cas9 with base
editors (Table 1.1B, (Komor et al., 2016)). Cas9-based gene editing in
prokaryotes is limited due to inefficient DNA repair mechanisms; however, Cas9

cleavage-induced killing of unedited cells can be used to increase efficiency of

other bacterial gene-editing methods (Wilson et al., 2003).
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1.6.0

Cas12a and CASCADE gene editing systems complement those of Cas9 as their
DNA cleavage mechanisms produce HDR-enhancing staggered ends and instill
long-range deletions respectively (Dolan et al., 2019; Paul and Montoya, 2020).

Transcript and Epigenetic Manipulation

Transcripts can be targeted and cleaved by Cas13 and some Cas9 orthologs
including Staphylococcus aureus Cas9 and Neisseria meningitidis Cas9 for
transcript level gene knock-down (Table 1.1C, (Konermann et al., 2018;
Rousseau et al., 2018; Strutt et al., 2018)). Nuclease inactivated dead Cas
(dCas) proteins can block or activate transcription via steric hindrance of RNA-
polymerase or fusion to transcriptional activators respectively (Table 1.1.D and E,
(Perez-Pinera et al., 2013; Qi et al., 2013)).

Nucleic Acid Detection Kits

Cas12a and Cas13 inherently cleave non-specific nucleic acids after RNA-
mediated target binding (Figure 1.1A), enabling several fluorescent-based
detection kits (Table 1.1F, (Gootenberg et al., 2018)). Notably, STOP
(SHERLOCK Testing in One Pot) for COVID-19 diagnostics (STOPCovid) uses
this technology (Joung et al., 2020).

Biomedical Tools and Future Prospects in Genome Medicine

The site-specific genetic modulation facilitated by Cas proteins has been
monumental in quickly advancing gene therapy with several ongoing clinical trials
for cancer immunotherapies, blood disorders, blindness etc. (Table 1.1.A.6,
clinicaltrials.gov). To facilitate progress, SpyCas9 off-targeting concerns are
being addressed using highly stringent Cas proteins, temporal control of protein
expression, and gene editing reaction activators/quenchers (Table 1.1.A, (Chen
et al., 2017)). As new CRISPR systems with diverse mechanisms are being
characterized, new biomedical applications will follow.

Outlook
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As described here, CRISPR-Cas is a two-in-one mechanism for protection
against intruding nucleic acids as well as for regulating bacterial physiology,
including pathogenicity. Following the current discovery trends, genomic
analyses will keep unearthing new CRISPR-Cas systems, sometimes even re-
writing the existing rules (e.g. discovery of first known Cas9 in nanoarchaea,
(Burstein et al., 2017)). The mechanistic basis of CRISPR-based physiology is
still evolving. Interestingly, most spacer targets are yet to be identified, (Shmakov
et al., 2017) and these target locations may hold the key to mechanisms of more
CRISPR-mediated alternate functions.

Currently, Cas9, Cas1, Cas2, and Cas3 have been directly implicated in several
physiological functions, implicating potential comparable functions in other Cas
proteins. So far, Cas9 has been the most divergent in function ranging from
phage defense to gene regulation to directly acting as a virulence factor in C.
Jejuni (Faure et al., 2019). Future research is crucial in understanding the
structure-function relations of these diverse Cas9 mechanisms. The recent
finding that secretion of guide-free Cas9 by C. jejuni can inflict host cell DNA
damage points to Cas9 mechanisms that are independent of guide RNA (Saha et
al., 2020c; Sundaresan et al., 2017).

The arms race between bacteria and viruses has delivered an arsenal of anti-
CRISPR proteins (Marino et al., 2020). In an interesting twist, the use of CasF
(also known as Cas12j) by huge phages showed adaptation of CRISPR-Cas
mechanisms to ward off virophages (Pausch et al., 2020). The fithess cost
benefits of an active CRISPR system and the maintenance of degenerated
CRISPR-Cas systems in several bacteria provide interesting future research
avenues. CRISPR-Cas systems have been unique because of their repurposing
into powerful diagnostic, therapeutical and experimental tools. While there are
several aspects such as off-target effects and promiscuous DNA damage that
need to be fixed by future research (Haapaniemi et al., 2018; Wang et al.,
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2020c), the days of personal precision genome medicine are a step closer with
this powerful technology.

Appendix

The title of the Frontiers review article, The CRISPR-Cas Mechanism for
Adaptive Immunity and Alternate Bacterial Functions Fuels Diverse
Biotechnologies, was modified to be the title of this dissertation chapter:
Introduction to the Roles of CRISPR-Cas in Adaptive Immunity and Various
Aspects of Bacterial Physiology, and its Repurposing for Nucleic Acid
Manipulation Biotechnologies. Furthermore, sections 1.3.0 — 1.3.2 replaced
similar content in the original Frontiers article. Figure 1.1 was created together
with the co-authors of the Frontiers review article and Figure 1.1.A has been
used in a modified form in Hari Priya Parameshwaran’s Ph.D. dissertation as
well.
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Chapter 2: Engineering a safer SpyCas9-based gene therapy tool by a H982A
substitution in the RuvC active site to reduce guide RNA-free DNA cleavage

Copyright information

This chapter is unpublished biochemical research from the Rajan lab at the
University of Oklahoma Department of Chemistry and Biochemistry and in silico
molecular dynamics analyses by Dr. Duen-Shian, a member of Dr. Jin Liu’s
laboratory at the University of North Texas Health Sciences Center. Figures 2.1,
2.13, 2.14, and 2.15 were made by Dr. Duen-Shian.

Overview

To protect against mobile genetic elements (MGEs), some bacteria and archaea
have CRISPR-Cas adaptive immune systems. CRISPR RNAs (crRNAs) bound to
Cas nucleases guide the nucleases to MGEs, enabling hybridization of the
crRNA and MGE based on sequence complementarity, followed by degradation
of the MGE. This programmable sequence-specific DNA cleavage activity has
been harnessed for gene editing. CRISPR-based applications possess safety
concerns such as off-target and guide RNA (gRNA)-free DNA cleavages, both of
which are observed in the Cas nuclease commonly used for gene editing,
Streptococcus pyogenes Cas9 (SpyCas9). We focused on developing SpyCas9
variants devoid of gRNA-free DNA cleavage activity, while retaining efficient
gRNA-dependent DNA cleavage. Towards this, we designed RuvC active site
variants based on divalent metal coordination in the active site and developed
the SpyCas9 H982A variant (SpyCas9"92A) which, compared to SpyCas9 wild-
type (SpyCas9"'T), has ~167-fold reduction in Mn?*-dependent gRNA-free DNA
cleavage and only ~1.2-fold reduction in the efficiency of gRNA-dependent DNA
cleavage. Mechanistic analysis by molecular dynamics simulations shows that
Mn?*, but not Mg?*, produces a gRNA-free DNA cleavage competent state that is
disrupted by the H982A substitution. Further assays of DNA cleavage target
specificity showed that SpyCas9"92A is more selective than is SpyCas9V"
against DNA substrates that possess a PAM-proximal mismatch with the gRNA.
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2.3.0

Phylogenetic analysis of Cas9 protein sequences show that H982 is prevalent in
multiple orthologs suggesting that this protein engineering approach can be
applied to multiple Cas9 orthologs for developing safer genome tools. Our
results demonstrate the feasibility of selectively modulating cation:protein
interactions to engineer superior gene editing tools.

Introduction

CRISPR-Cas systems are RNA-directed adaptive immune systems present in
bacteria and archaea (Bolotin et al., 2005a; Makarova et al., 2006; Mojica et al.,
2005). The CRISPR locus retains immunological memory of past mobile genetic
element infections as short pieces of intruder genome that are transcribed into
CRISPR RNA (crRNA). The crRNA assembles with Cas proteins and the RNA-
protein complex is guided, sequence-specifically, to the intruder genome for
cleavage and inactivation upon subsequent attacks. The sequence-specificity is
established by the complementarity between the guide region of the crRNA and
the invading DNA or RNA. CRISPR systems possess inherent mechanisms such
as the protospacer adjacent motif (PAM) or the protospacer-flanking site (PFS),
which are adjacent to the target and interact with the protein to differentiate self
and intruding nucleic acid (Gleditzsch et al., 2019). The gRNA-dependent nucleic
acid targeting and cleavage features of Cas proteins have been repurposed into
powerful genome and biotechnological applications (Newsom et al., 2020). Of the
numerous CRISPR systems (Makarova et al., 2020), Cas9, the signature protein
of the type Il CRISPR system, is being widely used for gene editing and gene
therapy applications due to the simplistic requirements of a single multi-domain
Cas9 protein and a single guide RNA (sgRNA, fusion of crRNA and trans-
activating crRNA (tracrRNA)) for sequence-specific DNA cleavage (Jinek et al.,
2012). Cas9 uses HNH and RuvC endonucleases, respectively, to cleave the
complementary strand (target strand DNA, tDNA) and non-complementary strand
(non-target strand DNA, ntDNA) of a double stranded DNA (dsDNA) that exists
as an R-loop with the sgRNA (Jinek et al., 2012; Nishimasu et al., 2014).
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One of the hallmarks of Cas9’s DNA cleavage is the intricate and orchestrated
conformational changes including the different domains of Cas9, sgRNA and the
DNA to establish site-specific DNA cleavage (Jiang and Doudna, 2017). Cas9
has a bilobed architecture consisting of a recognition (REC) lobe and a nuclease
(NUC) lobe, which are connected by an arginine-rich bridge helix (Jinek et al.,
2014; Nishimasu et al., 2014). The apo-Cas9 crystal structure shows a self-
inhibitory form of the protein where the endonuclease domains are not easily
accessible for DNA cleavage (Jinek et al., 2014), even though studies have
shown that Cas9 can bind non-specifically to DNA in the absence of sgRNA
(Sternberg et al., 2014). Upon binding to sgRNA, the REC lobe, especially the
REC3 domain, undergoes a large structural rearrangement consisting of ~65 A
rotation towards the HNH domain (Jiang and Doudna, 2017; Jiang et al., 2015;
Jinek et al., 2014; Nishimasu et al., 2014). The binary complex conformation has
a preordered seed region that is essential for searching complementarity in the
target DNA and has pre-formed grooves for binding nucleic acid (Jiang et al.,
2015; Jinek et al., 2014). Compared to structural rearrangements in the binary
complex, the extent of conformational reorientation in the ternary complex (Cas9-
sgRNA-DNA) is smaller. These changes include slight shifts in the positions of
REC2 and REC3 and the movement of HNH domain towards the target strand of
the DNA (Jiang and Doudna, 2017; Jiang et al., 2016; Jiang et al., 2015). The
DNA binding is initiated by searching and locating a cognate PAM, upon which
RNA-DNA base pairing occurs leading to the formation of an R-loop (Sternberg
et al., 2014; Szczelkun et al., 2014). To further ensure sequence-specificity in
DNA cleavage, the endonuclease domains, HNH and RuvC, undergo further
conformational transitions that are tightly regulated by RNA:DNA base pairing at
the PAM-distal end of the R-loop (Josephs et al., 2016; Sternberg et al., 2015).
The RuvC domain is conformationally dependent on HNH transition for activation
for DNA cleavage, and once the transitions of HNH and RuvC occurs placing
them near the scissile phosphates (Jiang et al., 2016; Sternberg et al., 2015),
DNA cleavage occurs in a concerted manner as demonstrated by kinetic analysis
of dsDNA scissions (Gong et al., 2018; Raper et al., 2018). Molecular dynamics
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simulations revealed allosteric mechanisms of Cas9 activation including crosstalk
between different domains of Cas9, activation by PAM-binding and role of the
non-target DNA (ntDNA) strand in coordinating the conformational transitions
essential for DNA cleavage (Babu et al., 2021; Casalino et al., 2020; East et al.,
2020; Nierzwicki et al., 2021a; Palermo, 2019; Palermo et al., 2017b; Zuo and
Liu, 2020).

In spite of the requirement of sgRNA-binding and intensive domain
reorganizations to activate conformational changes essential for sequence-
specific DNA cleavage, we previously showed that Cas proteins can promote
promiscuous DNA cleavage when cognate guide-RNA is absent (Sundaresan et
al., 2017). This activity, called guide RNA-free (also known as RNA-independent
(R-1) and guide-free) DNA cleavage, requires specific divalent metals (such as
Mn?* or Co?*) and manifests differently in Cas orthologs. For example, double
stranded plasmid DNA is nicked by Francisella novicida (Fno) Cas12a and
FnoCas9, while this activity is minimal in Streptococcus pyogenes (Spy) Cas9
(Sundaresan et al., 2017). With a single stranded circular plasmid, SpyCas9 and
FnoCas12a completely degrades the substrate, while this activity is nominal for
FnoCas9 (Sundaresan et al., 2017). FnoCas9 uses its HNH domain, SpyCas9
uses its RuvC domain, and FnoCas12a uses the coordinated activities of both
RuvC and Nuc domains for gRNA-free DNA cleavage. Interestingly the presence
of even one of the cognate RNAs (crRNA or tracrRNA) does not abolish gRNA-
free DNA cleavage of SpyCas9 and the gRNA-free DNA cleavage is PAM-
independent (Sundaresan et al., 2017). Another study showed that several
Cas12a orthologs possess gRNA-free single and dsDNA cleavage activities with
diverse divalent cations and that modifying DNAs with phosphorothioate links
prevent this promiscuous DNA cleavage (Li et al., 2020). These features of
gRNA-free DNA cleavage point to the importance of the consistent presence of
equimolar amounts of sgRNA and Cas9 to prevent unwarranted DNA cleavage in
biotechnology applications such as gene editing.
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A recent study demonstrated that gRNA-free DNA cleavage occurs under cellular
conditions (Saha et al., 2020c). This study that characterized gRNA-free activities
of SpyCas9 and Campylobacter jejuni (Cje) Cas9 in human cell lines
demonstrated that Cas9 can localize to the human cell nucleus using a native
helix, called the bridge helix, which serves as a nuclear localization signal (NLS).
Cas9 induced non-specific DNA damage in human cells which recruited p53 and
gH2AX markers when transfected with Cas9 in the absence of sgRNA. A
genome wide sequencing analysis showed accumulation of dsDNA breaks with
CjeCas9 induction and the position of the break points were PAM independent.
Inactivating the endonuclease domains of Cas9 or co-transfecting Cas9 and
sgRNA prevented recruitment of DNA damage markers (Saha et al., 2020c). This
study establishes that cellular conditions (both divalent metal concentrations and
forms of DNA) can promote gRNA-free DNA cleavage activity. Studies have also
indicated that Cas9 is a virulence factor in C. jejuni, which is secreted out of the
bacterium and that CjeCas9 acts as a cytotoxic agent that is essential for a

successful infection of human tissue (Saha et al., 2020b).

The delivery approaches for genome applications such as the use of separate
plasmids for Cas9 and sgRNA, and possible differences in the half-lives of Cas9
and sgRNA when delivered as a purified Cas9-sgRNA ribonucleoprotein complex
can potentially create conditions where Cas9 is free of its sgRNA. Several
studies have shown that unexpected effects are possible following Cas9-based
gene editing, the reasons of which are unclear currently. Examples include p53
upregulation as a response to DNA breaks (lhry et al., 2018; Merkle et al., 2017),
chromosomal truncations (Cullot et al., 2019; Zuccaro et al., 2020), unintended
gene regulations in neurons (Yang et al., 2018) etc. gRNA-free DNA cleavage is
different from off-target effects of gene editing. Off-target DNA cleavage is
associated with sgRNA-guided DNA cleavage of Cas9 where dsDNA breaks are
introduced at genomic regions that are only partially complementary to the guide
region of the sgRNA (Fu et al., 2013). While off-target effects can be mitigated by
sgRNA design strategies (Allen et al., 2020; Rahdar et al., 2015), such efforts
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would not remove the potentially deleterious effects of gRNA-free DNA cleavage.
Under this scenario, it is essential that we develop Cas protein variants that are
devoid of gRNA-free cleavage, while maintaining efficient sgRNA-guided,
sequence-specific, DNA cleavage. Furthermore, the molecular mechanism of
gRNA-free DNA cleavage should be elucidated to discover better ways of
differentially modulating the gRNA-free and gRNA-dependent DNA cleavage

activities to engineer safer and more efficient SpyCas9-based gene editing tools.

Towards this goal, a gRNA-free DNA cleavage resistant SpyCas9"92A variant
was engineered using the following reasoning. Since SpyCas9 uses the RuvC
catalytic center to catalyze gRNA-free single stranded DNA (ssDNA) cleavage
(Sundaresan et al., 2017), and certain interactions among divalent metal cations,
amino acids, and ntDNA might be compensating for the lack of hybridized
gRNA:tDNA to stabilize the RuvC center in a state competent for ntDNA
cleavage, removing such interactions could selectively modulate gRNA-free DNA
cleavage without significantly reducing the efficiency of sgRNA-guided DNA
cleavage. In addition, it has been reported that E188 of Bacillus halodurans
RNase H, which is spatially and functionally equivalent to H982 in SpyCas9, may
play a role in recruiting metal ions to the catalytic center (Nowotny et al., 2005).
We therefore hypothesized that the alanine substitutions of H982 and other
amino acids in the SpyCas9 RuvC center may disrupt Mn?* recruitment thus
reducing Mn?*-dependent gRNA-free DNA cleavage. Our data show that H982
provides a differential regulation of gRNA-free and sgRNA-guided DNA cleavage
activities. The substitution of His 982 to Ala (SpyCas9"%2A) causes a ~167-fold
reduction in Mn?*-mediated gRNA-free DNA cleavage with only a slight reduction
in sgRNA-guided DNA cleavage. We report methods to further improve the
safety of Cas9-based genome editing applications and is highly valuable

considering the increased use of Cas9 in gene therapy.

2.4.0 Methods

2.4.1 Protein variant construction and purification
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Wild-type SpyCas9 (SpyCas9"") and a H982A substituted variant, SpyCas9+%82A,
were purified using previously published protocols (Jinek et al., 2012;
Sundaresan et al., 2017). Briefly, the Ni-NTA column (Histrap FF Crude, 5 mL)
was washed with 15 CV buffer A (50 mM TRIS pH 8, 500 mM NaCl, 10 mM
imidazole, 1 mM TCEP) and loaded with clarified cell lysate containing the Cas9
protein. Gradient elution was done using 0-100% Nickel-NTA buffer B (50 mM
TRIS pH 8, 500 mM NacCl, 500 mM imidazole, 1 mM TCEP) over 100 mL. The
expected size of MBP-SpyCas9 is 202 kDa. Fractions were pooled and dialyzed
overnight in cation exchange buffer A (20 mM HEPES pH 7.5, 150 mM KCl, 2
mM DTT, 10% glycerol) at 4°C with a simultaneous incubation with TEV protease
to remove the MBP tag. The sample was loaded onto cation exchange column
(SP HP, 5 mL) and eluted over 100 mL, 0-100% cation exchange buffer B (20
mM HEPES pH 7.5, 1 M KCI, 2 mM DTT, 10% glycerol). The SpyCas9 protein
size after cleavage of MBP tag is 159 kDa. The protein was concentrated using a
centrifugal filter and injected onto a size exclusion column (SEC, Hi Prep 16/60
Sephacryl S-300 HR, 120 mL) equilibrated in SEC buffer (20 mM HEPES pH 7.5,
150 mM KCI, 2 mM TCEP) and eluted isocratically with 120 mL of SEC buffer.
The protein was quantified using a Nanodrop spectrophotometer, aliquoted, and
flash frozen in liquid nitrogen for storage at -80°C. After using site-directed
mutagenesis (SDM) (see Table 2.1 for primer sequences) to introduce H982A
substitution, SpyCas9+982A was purified using the same method as SpyCas9"'.

Name

Purpose

Sequence

SpyCas9
-H982A-
FP

Forward
PCR primer
for SDM to
introduce
the H982A
substitution
into
SpyCas9

TGAGATTAACAATTACGCTCATGCCCATGATGCGT
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SpyCas9 | Reverse ACGCATCATGGGCATGAGCGTAATTGTTAATCTCA
-H982A- | PCR primer
RP for SDM to
introduce
the H982A
substitution
into
SpyCas9
sgRNA in vitro DNA | §'-
cleavage gaaattaatacgactcactataGGGATTTCTTCTTGCGCTTTTTG
assays TTTTAGAGCTATGCTGTTTTGgaaaCAAAACAGCATAGC
AAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAA
GTGGCACCGAGTCGGTGCTT, TTTTATGTCTTC-3
italics — T7 promoter
BOLD UPPER CASE underlined — extra Gs for enhanced
transcription
BOLD UPPER CASE - 20 nt guide region
bold lower case — tetra loop
underlined — Bbsl restriction sites
comma (,) — the Bbsl cut site
Matched | in vitro DNA | GATTTCTTCTTGCGCTTTTT
(MCH) cleavage
substrate | assays
Mismatch | in vitro DNA | GATTTCTTCTTGCGCTTATT
in cleavage
position 3 | assays Bold - mismatch
(MM3)
substrate
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Mismatch | in vitro DNA | GATTTCTTCTTGCGCATTTT
in cleavage

position 5 | assays Bold - mismatch

(MM5)

substrate

Mismatch | in vitro DNA | GAATTCTTCTTGCGCTTTTT
in cleavage

position | assays Bold - mismatch

18

(MM18)

substrate

242

Table 2.1. Sequences of oligonucleotides used in this study

sgRNA transcription

In vitro run-off transcription was used to obtain sgRNA for gRNA-dependent DNA
cleavage assays. The transcription template was prepared by linearizing a
plasmid (pUC19 backbone, 2.7 kbp) containing the sgRNA sequence (see Table
2.1) using Bbsl restriction enzyme (4-hour incubation of 5 ug plasmid template
with 20 Units of Bbsl in a 100 uL reaction volume at 37°C) and cleaning and
concentrating the linearized plasmid using a PCR cleanup kit (E.Z.N.A.® Cycle
Pure Kit, Omega Biotech)(Babu et al., 2019). The linearized plasmid DNA
template was transcribed using T7-RNA polymerase, the promoter of which is
present upstream of the sgRNA gene in the plasmid. The 200 L transcription
contained 1XRNA Polymerase buffer (40 mM TRIS-HCI pH 8.0, 1 mM
Spermidine, 50 ug/mL BSA, 20 mM MgClz, 2 mM DTT), 9 mM GTP, 8 mM UTP,
8 mM ATP, 8 mM CTP, 56 Units of RNasin, 1.92 Units of inorganic
pyrophosphatase, 2.5 pg of linearized plasmid template, and 40 pg of T7 RNA
polymerase (25 pg added initially and 15 pug added at the 2-hour mark). The
reaction was incubated for 4 hours at 37°C. The reaction was ethanol
precipitated. The pellet was extracted and resuspended in 8 M Urea, 1XTBE (90

35



243

244

2441

mM TRIS-CI, 90 mM boric acid, 2 mM EDTA) and 0.03% bromophenol blue and
purified using a 10% acrylamide gel containing 8M urea. The 120-nucleotide
sgRNA band was excised from the gel, crushed, and soaked overnight in RNA
elution buffer (50 mM potassium acetate (C2H302K), 200 mM KCI pH 7), followed
by ethanol precipitation and 80% ethanol washes. The RNA pellet was
resuspended in nuclease-free water and annealed in 10 mM TRIS pH 8 and 50
mM NaCl by heating to 95 °C for 2 min and then allowing the heat block to cool

gradually to room temperature over the course of ~45 min.

Substrate production for gRNA-dependent DNA cleavage assays

Target sequences were ligated into a pUC19 backbone and mutated as
described previously (Babu et al., 2019). Plasmids were isolated from DH5a
using a mini-prep kit (E.Z.N.A.® Plasmid DNA Mini Kit |, Omega Biotech,
Norcross, GA, D6942). Some plasmid preparations had a higher fraction of non-
supercoiled DNA, so for all the substrates, the band corresponding to supercoiled
population was gel extracted using a kit (QIAquick Gel Extraction Kit, Qiagen,
Hilden, Germany) for use as the substrate.

In vitro SpyCas9 activity assays

Guide RNA-free single-stranded M13mp18 DNA cleavage
Unless otherwise stated, reaction components contained 1X buffer (20 mM
HEPES pH 7.5, 150 mM KCI, 2 mM TCEP), 100 ng (4.5 nM) single stranded
plasmid DNA (M13mp18), 10 mM divalent metal, and 100 nM SpyCas9.
Reactions were performed at 37°C for 30 min unless otherwise stated. All
divalent metals had chloride counterions. We noticed accumulation of reaction
products in the wells of the gels when the assay contained Co?*. To resolve this,
Co?* reactions were stopped with a 5X stock of 50 mM EDTA and 75 mM CaCl;
(for Proteinase K activity) and treated with 0.8 Units of Proteinase K (New
England Biolabs) for 20 min at 50°C. All the reactions were prepared for agarose
gel electrophoresis by adding 2X stop dye (100 mM EDTA, 2% SDS, 20%
glycerol, and 0.08% Orange G dye). The reaction products were resolved on a
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1% agarose gel and the bands were visualized post-gel running using 0.1 yg/mL

ethidium bromide.

2442 gRNA-dependent double-stranded pUC19 DNA cleavage
Reaction components were 1X cleavage buffer (20 mM Tris pH 7.5, 100 mM KCI,
5% (v/v) glycerol and 0.5 mM TCEP), 100 ng (5 nM) double stranded plasmid
DNA (pUC19) containing a target site complementary to the guide region of the
sgRNA (for time-course assays) or with some mismatches to the guide region
(for off-target DNA cleavage assays), 10 mM divalent metal, 120 nM sgRNA, and
100 nM SpyCas9 incubated at 37°C for 15 min unless otherwise stated. The
reaction products were resolved on a 1.1% agarose gel and the bands were

visualized post-gel running using 0.1 pg/mL ethidium bromide.

2.4.5 Quantification of DNA cleavage

2451 Guide RNA-free DNA cleavage rate constant calculation
The agarose gel images were analyzed using imagedJ software (Schneider et al.,
2012) to measure the band intensities of full-length M13mp18 single-stranded
DNA (substrate), which includes both the circular and linear forms. The
M13mp18 is degraded by SpyCas9 over time. For each lane, the intensity of
circular M13mp1s substrate remaining (C) was then normalized to that of the no
protein control lane (Co) to obtain the fraction of DNA precursor remaining

(Pm13mp18)-

C
Pyv1smpis = R (Equation 2.1a)
0

Three replications were averaged, and the program Matlab (Natick, MA) was
used to fit the following one-exponential decay equation to the Pm13mp1s to

calculate the rate constant for guide RNA-free DNA degradation:

Pyvismpis = e~ Kobst (Equation 2.1b)

37



Where t is time (min) and kobs is the observed DNA degradation rate constant

(min).

2452 gRNA-dependent DNA cleavage rate constant calculation
The agarose gel images were analyzed using imagedJ software to measure the
band intensities of the supercoiled (S), nicked (N), and linear (L) bands.

Normalized fraction supercoiled (Ppuc19) was calculated for each time point as

follows:
S . S "
Poucto = x 7155~ <N 1T S)o (Equation 2.2a)
Where (N+SL+s)° is the fraction of supercoiled in the control lane.

The program Matlab (Natick, MA) was used to fit the following two-exponential
decay equation to the average Ppuc1e from four replications to calculate the rate
constant for gRNA-dependent DNA cleavage:

— —Keastt -k t ;
PpUC19 = Ufast€ fast® + Aslow€ slow® + (1 — Ofast — O(slow) (Equatlon Z'Zb)

Where kfast and ksiow are the observed DNA cleavage rate constants (units of min-
1) for the biphasic reaction corresponding to the fast and slow phases of the
cleavage reaction respectively and asast and asiow are active fractions (the fraction

of DNA that has been cleaved at each phase).
2453 Off-target analysis

The results of the off-target DNA cleavage assays were graphed using the

average DNA linearization for three independent replications. Linear fraction was
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obtained by dividing the intensity of the linear band (L) by the sum of the
intensities of the nicked (N), L, and supercoiled (S) bands as follows:

m (Equatlon 23)

The no protein control linear fraction values are reported along with the
experimental values to account for any spontaneous DNA linearization
differences among the various mismatched substrates. In all DNA cleavage
assays, standard error of the mean (SEM) of the DNA band intensity values was

calculated to describe the variation among the replications (Babu et al., 2019).

2.4.6 Setup of SpyCas9-ntDNA complex models for molecular dynamics (MD)
simulations

2.4.6.1 Initial structure of SpyCas9-ntDNA complex
Molecular dynamics (MD) simulations can be used to analyze the dynamic
interactions of molecules to develop molecular mechanisms of complex systems
(Palermo, 2019; Palermo et al., 2018b; Palermo et al., 2016, 2017a; Ricci et al.,
2019; Zuo and Liu, 2016). SpyCas9+ntDNA models were used in MD simulations
to achieve the following two goals: 1) decipher the molecular mechanism of
SpyCas9’s gRNA-free DNA cleavage and 2) unveil the possible mechanism of
gRNA-free DNA cleavage resistance of SpyCas9H%2A_ Since the SpyCas9 RuvC
active site is responsible for gRNA-free DNA cleavage (Sundaresan et al., 2017),
the ideal initial structure for MD simulation of SpyCas9 poised for gRNA-free
DNA cleavage is SpyCas9 complexed with ssDNA close to the RuvC catalytic
center. We obtained such gRNA-free models (SpyCas9"T-ntDNA-Mg?*,
SpyCas9"VT-ntDNA-Mn?*, and SpyCas9%2A-ntDNA-Mn?*) for all-atom molecular
simulations using a crystal structure tailoring strategy that has previously been
applied for MD simulations of CRISPR-Cas9 (Palermo et al., 2016). This involved
stripping sgRNA and tDNA from the structural ensemble of a catalytically active

SpyCas9 complex that was developed for our previous study (full active state of
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model B (Babu et al., 2021), which contains SpyCas9-sgRNA-tDNA-ntDNA
derived from the experimental structure PDB code 5F9R (Jiang et al., 2016) and
catalytic Mg?* placed in a DNA cleavage competent state based on the positions
of Mn2*(A) and Mn?*(B) in experimental structure PDB code: 4CMQ (Jinek et al.,
2014). This stripping and catalytic ion placement tailoring strategy yielded
SpyCas9"VT-ntDNA-Mg?*, which models SpyCa9 in a gRNA-free environment.
Mn?* replacement was then used on SpyCas9"T-ntDNA-Mg?* to obtain
SpyCas9"T-ntDNA-Mn?*, from which SpyCas9"%2A-ntDNA-Mn?* was derived by
substituting His982 to Ala.

24.6.2 Setup of ion-perturbation model
lon perturbation models were used to investigate the role of residue H982 in the
recruitment of different metal ions to the catalytic center. In the RuvC center of
SpyCas9"VT-ntDNA-Mg?*, SpyCas9"VT-ntDNA-Mn?* and SpyCas9"9%?A-ntDNA-
Mn?*, there are two catalytic Mg2?*/Mn?* ions. The one closer to H982 is
Mg?*a/Mn?*a, and the other one is Mg?*s/Mn?*g based on the two-metal-ion model
for SpyCas9’s RuvC cleavage (Zuo and Liu, 2016). To investigate the role of
residue 982 in the recruitment of Mg2*a/Mn?*4 to the catalytic center, the original
Mg?*a/Mn?*a was removed. Ten Mg?*/Mn?* ions were randomly placed around the
RuvC enzymatic center by the CPPTRAJ program in Amber Tools (Roe and
Cheatham, 2013). Among these 10 Mg?*/Mn?* ions, the ion with the shortest
distance to the originally removed Mg?*a/Mn?*a location was named as
“perturbated Mg?*a/Mn?*a” for analysis in Figure 2.14.

2.4.7 Procedure of MD simulations

24.71 Preparations for all MD simulations
The above structures were solvated in truncated octahedral boxes of TIP3P
waters with a minimal thickness of 13 A from each edge using tLEaP of
Ambertools 16 (Case, 2016). The system was neutralized by CI-, and additional
K* and CI- were added to achieve the physiological ionic condition of 150 mM.
Additional Mg?*/Mn?* ions were added to reach 5 mM of Mg?*/Mn?* concentration.
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Adding the additional 10 Mg?*/Mn?* ions in the ion-perturbation model increased
the Mg?*/Mn?* concentration to 8.6 mM.

The system applied the amber force fields ff14SB (Maier et al., 2015) for protein,
OL15 (Galindo-Murillo et al., 2016) for DNA , TIP3P (Jorgensen, 1983) for
waters, the Joung-Cheatham parameter sets (Joung and Cheatham, 2008) for
monovalent ions (K*, CI') and the optimized I0OD-LJ parameter set (Li et al.,
2013) for Mg?*/Mn?*. The CPPTRAJ program in Amber Tools (Roe and
Cheatham, 2013) was utilized to randomize the positions of K and CI- such that
the randomized ions were at least 4 A away from any protein or DNA atom,
eliminating the bias from monovalent ion-protein and monovalent ion-DNA

interactions during the MD simulations.

24.7.2 Protocols for all Molecular Dynamics simulations
All systems underwent a sequence of steps to reach equilibration as described in
our previous work (Babu et al., 2021). First, the system was subjected to energy
minimization, followed by slow heating from 0 K to the target of 310.15 K'in an
isothermal isochoric (NVT) ensemble, while the heavy atoms were restrained
with the same force constant. 1 ns equilibration was performed in the isothermal-
isobaric (NPT) condition with the weaker heavy atoms constrained (force
constant for restraint: 1.0). Further, Mg?*/Mn?* ions in both HNH and RuvC
domain received additional constraint in the equilibration process. Finally, the
simulation was performed under the NPT ensemble without restraints, extending
up to 500 ns. The pressure was controlled at 1.013 bar via the Monte Carlo
barostat, and the temperature was maintained at 310.15 K through the Langevin
thermostat implemented in AMBER16. The bonds involving hydrogens were
constrained by the SHAKE algorithm(Kollman, 1992) with 2 fs integration steps
during the heating, equilibration and production stages. Hydrogen mass
repartitioning (Feenstra, 1999; Hopkins et al., 2015) was used to facilitate a 4 fs-
time step in MD production. For each setting, three individual 500 ns MD
simulations were conducted. The first 100 ns of each trajectory of all simulations
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was considered as the equilibration and discarded based on RMSD analysis. All
simulations were performed by the CUDA-accelerated version of AMBER16

pmemd engine (Salomon-Ferrer R, 2013).

Protein sequence conservation analysis of SpyCas9’'s H982-H985 region

The search term “Cas9” was used in the NCBI nucleotide RefSeq database to
get 33210 genomes with an annotated Cas9. These genome accession numbers
were downloaded in default order, which is reverse chronological order of the
date the genomes were deposited in the NCBI database (Romiti, 2006). One
genome from each species was downloaded as a representative by submitting
the first genome accession number for each species in the list to Batch Entrez
(Romiti, 2006). The resulting 1467 representative genomes were submitted to
CRISPRCasTyper: Automated Identification, Annotation, and Classification of
CRISPR-Cas Loci which allowed the genome accession numbers to be sorted by
CRISPR-Cas subtype (Russel et al., 2020). The CDS of proteins was then
collected for each genome accession number and Cas9 protein fastas were
compiled resulting in 558 sequences for type 1I-A, 16 sequences for type |I-B,
and 461 sequences for type II-C for a total of 1035 Cas9s. To obtain comparable
representation from each subtype, the number of subtype A and C sequences
were reduced using cd-hit to cluster the proteins with at least 40% sequence
identity for the resulting number of sequences: II-A: 119 clusters; 1I-C: 90
clusters (Li and Godzik, 2006). To further reduce the number of subtype A and C
sequences, the representatives (the longest sequences) from the 14 largest
clusters were taken. Clustal omega was used for multiple sequence alignment of
the subtyped Cas9s (Sievers and Higgins, 2014), and igtree was used to make
molecular phylogeny using Maximum Likelihood (Kalyaanamoorthy et al., 2017;
Minh et al., 2020). The tree was visualized using Iroki: automatic customization
and visualization of phylogenetic trees (Moore et al., 2020). The MSA was
visualized using the NCBI tool

(https://www.ncbi.nlm.nih.gov/projects/msaviewer/).
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Statistical analyses

Three replications using two independent protein preparations were done for
most assays comparing the effects of SpyCas9"™ and SpyCas9"9?A. For gRNA-
dependent DNA cleavage time-course assays, four replications were included.
Only one protein preparation each was used for assays with SpyCas9%7%¢ and
SpyCas9F766/H9%82A gince these variants were screened to identify a variant devoid
of gRNA-free DNA cleavage (Figure 2.2). Equations and other kinetic fitting
parameters used in this study are stated along with each experimental section.
We used t-test to identify which conditions yielded statistically significant
differences between averages shown in the gRNA-free all-metals assay and
gRNA-dependent mismatch assay bar graphs (Figures 2.5B and 2.12B).
Significance is indicated using one, two, or three asterisks meaning p < 0.05,
0.01, or 0.001 respectively.

Results

Residues in the RuvC active site of SpyCas9 contributes differently towards
guide RNA-free DNA cleavage

Previously we had shown that gRNA-free DNA cleavage is performed by the
RuvC active in SpyCas9 (Sundaresan et al., 2017). We analyzed the orientation
of amino acids, divalent metals and nucleic acids in SpyCas9’s RuvC
endonuclease domain to select residues that may contribute uniquely to gRNA-
free DNA cleavage. Analysis of the RuvC active site in apoCas9 (PDB ID: 4CMQ
(Jinek et al., 2014)) shows that essential residues for gRNA-dependent DNA
cleavage (D10, E762, H983, and D986) and a non-essential residue E766 are
involved in the octahedral coordination of the Mn?* ions (Figure 2.1A). Analyzing
the RuvC active site in the molecular dynamics structure of gRNA-free DNA
cleavage, H982 is identified as the second shell coordinating residue for Mn?*,
with it being closer to Mn?*(A) (Figure 2.1B). Our hypothesis is that even though
E766 and H982 are not essential for gRNA-dependent DNA cleavage possibly
due to favorable interactions from gRNA enabling DNA cleavage, active site
structuring by these residues is necessary to facilitate gRNA-free DNA cleavage.
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We created E766A and/or H982A variants (SpyCas9576¢A, SpyCas9%2A and
SpyCas9F766/H9%82A) tg test our hypothesis that these residues contribute to gRNA-
free DNA cleavage without impacting gRNA-dependent DNA cleavage (Figure
2.2).

Figure 2.1. RuvC nuclease active site. (A) RuvC catalytic site in apo SpyCas9
(PDB ID: 4CMQ) (Jinek et al., 2014). Catalytic residues essential for gRNA-
dependent DNA cleavage (D10, E762, H983, and D986 colored as dark cyan)
are shown among non-essential residue E766 and H982 colored as orange. (B)
Mn?* coordination by the non-target DNA strand (ntDNA colored as khaki) and
catalytic residues in the absence of gRNA. The catalytic residues are shown
among non-essential residue E766 and H982. This figure is generated from MD
simulation created structure after 500 ns simulation. The non-essential E766 is

away, and Mn?* coordinates to -4P ntDNA.
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Figure 2.2. DNA cleavage time-course assays for (A) SpyCas9"" and
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SpyCas9E7%6A gRNA-free cleavage of single stranded DNA plasmid (M13mp18),
(B) SpyCas9"T and SpyCas9%?A gRNA-free cleavage of M13mp18, (C)
SpyCas9"" and SpyCas9E766AH82A doyble variant gRNA-free cleavage of
M13mp18, (D) SpyCas9"" and SpyCas95766* gRNA-dependent cleavage of
double stranded DNA plasmid (pUC19), (E) SpyCas9"" and SpyCas9+982A
gRNA-dependent cleavage of pUC19, (F) SpyCas9"T and SpyCas9F766A/H82A
double variant gRNA-dependent cleavage of pUC19, and (G) SpyCas9F766/H834A
gRNA-dependent cleavage of pUC19 (left) and gRNA-free cleavage of M13mp18
(right). Only one protein preparation each was done for SpyCas9F766/H983A,
SpyCas9t7%6 and SpyCas9E766/M982A_ Protein concentration is 100 nM. gRNA-free
DNA cleavage (panels A, B C, and G) was done with 10 mM Mn?*, and gRNA-
dependent DNA cleavage (panels D, E, F, and G) was done with 10 mM Mg?*. [C
— circular, D — degraded, N — nicked, L — Linear, SC — supercoiled.]

SpyCas9E766A, SpyCas9Hoe2A, SpyCasQE766AHIE2A and SpyCas9E766AHIBA were
assayed in vitro for gRNA-free and gRNA-dependent DNA cleavage activities
(Figure 2.2). The data showed that SpyCas9"98?A has negligible gRNA-free DNA
cleavage activity even at 500 nM protein concentration (Figure 2.3); however, it is
active for the desired gRNA-dependent DNA cleavage (Figure 2.2E).
SpyCas9E7%A does not remove the undesired gRNA-free cleavage activity
(Figure 2.2A), and the double substitution variant SpyCas9t766A4H%2 does not
noticeably decrease this activity relative to the single substitution variant
SpyCas9H982A (Figures 2.2B and C), so the SpyCas9+982A variant was chosen for

further in-depth analyses towards its role in gRNA-free DNA cleavage.
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Figure 2.3. SpyCas9 protein concentration titration assay of gRNA-free
ssDNA cleavage with Mn?*. Reaction conditions were 10 mM Mn?* and 100 ng
M13mp18 ssDNA plasmid incubated for 30 min at 37°C. Pm1amp1s is the fraction
of uncleaved DNA (Equation 2.1a). Error bars are the standard error of the mean
(SEM) of three replications. A representative gel is shown to the right. [C —
circular, L — linear, D — degraded.]

2.5.2 His982 of SpyCas9’s RuvC active site is a major enhancer of gRNA-free DNA
cleavage
To analyze the effect of H982 on gRNA-free DNA cleavage, we tested gRNA-free
DNA cleavage with different divalent metal ions at two different concentrations
(Figures 2.4 and 2.5). Results from a two-sided t-test showed that the H982A
substitution significantly impairs the ability of SpyCas9 to catalyze gRNA-free
DNA cleavage with 1 mM and 10 mM Mn?*, 1 mM Co?*, and 10 mM Ni?*. In
SpyCas9982A gRNA-free DNA cleavage is reduced by 74% and 96% for 1 mM
and 10 mM Mn?* respectively, 53% for 1 mM Co?*, and 100% for 10 mM Ni?*
(Figure 2.5B). Divalent metal titration assays with Mn?* and Co?* showed that
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gRNA-free DNA cleavage is concentration dependent and that the H982A
substitution inhibits gRNA-free DNA cleavage at higher metal concentrations
compared to SpyCas9"", where lower metal concentrations can promote efficient
DNA cleavage (Figure 2.6). This effect is more pronounced with Mn?* than with
Co?*. SpyCas9"" can completely degrade all the substrate with 0.025 mM Mn?*,
while a significant amount of the substrate is left uncleaved at 10 mM Mn?* in the
case of SpyCas9H982A For Co?*, SpyCas9"" completely degraded all the
substrate at a concentration of 0.1 mM, while SpyCas9"982A required 0.5 mM
Co?* to achieve this (Figure 2.6). The results indicate that based on the sidechain
substitution and the type of divalent metal, SpyCas9 RuvC varies in its ability to
catalyze gRNA-free DNA cleavage.
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Figure 2.4. Analysis of the effect of different divalent metals on gRNA-free
DNA cleavage. (A) Uncropped agarose gels (cropped gels are in Figure 2.5A)

quantified to construct the bar graph in panel B of Figure 2.5. Only MgZ+, Mn*",
Co**, Ni*" are shown in Figure 2.5, but the gels shown in this figure include
additional metals: Cu®*, which was found to degrade M13mp18 ssDNA without

protein (data shown in panel 2.4B), and Ca**, Zn**, Cd*", and Ba*", which were
not found to facilitate gRNA-free DNA cleavage. (B). Protein-independent
degradation of M13mp18 in the presence of Cu?*. [C — circular, L — linear, D —

degraded.]
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Figure 2.5. Divalent metal dependence of gRNA-free DNA cleavage. (A)
Representative agarose gels that were quantified to construct the bar graph in

panel B. Figure 2.4 has the uncropped gels and shows a wider variety of metals.
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(B) The fraction of cleaved single stranded circular M13mp18 DNA (1-Pm13mp1s

from Equation 2.1a, Pgieaved M13mp18) is plotted for four conditions: SpyCas9W™

(WT) and SpyCas9"9%2A (H982A) protein, and 1 mM and 10 mM divalent metal.

As observed, Mg?* was expected to have very little gRNA-free DNA cleavage
with SpyCas9"'. Also as observed, Mn?*, Co?*, and Ni?* were expected to
facilitate significant gRNA-free DNA cleavage in SpyCas9"T. The error bars
plotted are standard error of the mean (SEM) of three replications shown as

black circles. According to the two-sample t-test, there is a significant difference

between the SpyCas9V" and SpyCas9H982A for 1 mM and 10 mM Mn?*, 1 mM
Co?*, and 10 mM Ni?*. One, two, or three asterisks means p < 0.05, 0.01, or
0.001 respectively. [C — circular, L — linear, D — degraded.]
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Figure 2.6. Divalent metal titration assay of SpyCas9 gRNA-free ssDNA
cleavage. (A) Mn?* and (B) Co?*. Reaction conditions were 100 nM SpyCas9
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and 100 ng M13mp18 ssDNA plasmid incubated for 30 min at 37°C. Pm13mp1s IS
the fraction of uncleaved DNA (Equation 2.1a). Error bars are the standard error
of the mean (SEM) of three replications. Representative gels are shown to the
right. [C — circular, L — linear, D — degraded.]

To quantify the inhibition of gRNA-free DNA cleavage by the H982A substitution,
we calculated rate constants from single exponential fitting (kobs, Equation 2.1b,
Figures 2.7 and 2.8) of data (Equation 2.1a) obtained from time course assays.
Briefly, we calculated the disappearance of the circular single stranded M13mp18
DNA substrate at each time point compared to the control reaction where no
protein was added. The rate constants for the different conditions are

summarized in Figure 2.9A and Table 2.2.
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Figure 2.7. Determination of rate constants (k , , min'1) and representative
gels for gRNA-free cleavage of circular, single stranded M13mp18 DNA with

Mn”". Single exponential fit (cyan line, Equation 2.1b) of average fraction of

uncleaved DNA (Equation 2.1a, PM13mp18) plotted against time (t, min) for (A)

9822 Mn®*. The data points (magenta) are the

SpyCasQWT—Mn2+ and (B) SpyCas9
average of three replications with standard error of the mean (SEM) shown as

error bars. Mean square error (MSE) represents deviation of data points from
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the single exponential fit line. The error reported for k ,  is the 95% confidence

interval determined with the Matlab fitting program. [C — circular, D — degraded.]
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Figure 2.8. Determination of rate constants (kobs, min-') and representative

gels for gRNA-free cleavage of circular, single stranded M13mp18 DNA with

Co?*. Single exponential fit (cyan line, Equation 2.1b) of average fraction of
uncleaved DNA (Equation 2.1a, Pu13mp1s) plotted against time (t, min) for (A)
SpyCas9"V'-Co?* and (B) SpyCas9H98?A-Co?*. The data points (magenta) are the
average of three replications with standard error of the mean (SEM) shown as
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(1/min)

kobs

error bars. Mean square error (MSE) represents deviation of data points from
the single exponential fit line. The error reported for kobs is the 95% confidence

interval determined with the Matlab fitting program. [C — circular, L — linear, D —
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Kobs (Min")
SpyCas9"VT-Mn?* 1.0+£0.3
SpyCas9H982A-Mn2* 0.006 +
0.002
SpyCas9"V'-Co?* 0.7+04
SpyCas9H982A_-Co?* 0.04 £ 0.01

Table 2.2. Rate constants for gRNA-free DNA cleavage from single exponential

fitting (kobs, Equation 2.1b) as shown in Figures 2.7 and 2.8.
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Figure 2.9 Comparison of SpyCas9"™ and SpyCas9"%2A DNA cleavage
rates. (A) Bar graph of gRNA-free DNA degradation rate constants (kobs) and
table of fold change (WT/H982A) in kobs. The gRNA-free DNA cleavage assays
were done using 10 mM metal (Mn?* or Co?*). (B) Bar graph of Mg?*-mediated

gRNA-dependent DNA degradation rates from both fast (ksast) and slow (Ksiow)
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phases of the reaction. Below is a table of fold change (WT/H982A) in ksast and
ksiow. (C) Bar graph of Mn?*-mediated gRNA-dependent DNA degradation rates
from both fast (kfast) and slow (ksiow) phases of the reaction. Below is a table of
fold change (WT/H982A) in krast and ksiow. The gRNA-dependent DNA cleavage
reactions were done using 10 mM metal. Error bars represent the 95%
confidence interval determined with the Matlab fitting program.

The H982A substitution reduced gRNA-free DNA cleavage activity ~167-fold
(200 = 100-fold with £ 100 being the propagated error from the 95% confidence
intervals calculated while determining the rate constants) and ~17-fold (20 + 10-
fold) compared to SpyCas9"V" with Mn?* and Co?* respectively (Figures 2.7, 2.8,
2.9A and Table 2.2). While both Mn?* and Co?* can promote gRNA-free DNA
cleavage at a similar efficiency in SpyCas9"" (~1 min-' and 0.7 min-!
respectively), there is an ~7-fold (~0.006 min-' versus ~0.04 min") difference in
how Mn?* and Co?* can organize the DNA cleavage competent state in
SpyCas9H982A (Table 2.2). These strongly support our hypothesis that RuvC
residues and their interactions with divalent metal ions play a significant role in
catalyzing gRNA-free DNA cleavage.

Substitution of His982 does not severely impair guide gRNA-dependent DNA
cleavage

As mentioned previously, we proposed that while H982 plays a significant role in
organizing the DNA cleavage competent state of RuvC in the absence of gRNA,
its role in DNA cleavage in the presence of gRNA should not be critical. A
SpyCas9 variant possessing these properties is essential for gene editing
applications. We proceeded to testing the effect of H982A substitution in gRNA-
dependent DNA cleavage (Figures 2.10 and 2.11). We performed time course
gRNA-dependent DNA cleavage assays using 10 mM Mg?* or Mn?*, ~5 nM
substrate, 100 nM SpyCas9 and 120 nM sgRNA. The results show a comparable
use of substrate (supercoiled DNA by both SpyCas9"™ and SpyCas9%?A even
though there is a slightly higher accumulation of nicked DNA in the Mg?*
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condition for SpyCas9M%2A relative to SpyCas9"T (Figure 2.10). The data from
the time-course assays (Equation 2.2a) were used to calculate rate constants for
gRNA-dependent DNA cleavage using a double exponential fitting (Equation
2.2b). This gave two rate constants (krast and ksiow for the early and late phases of
the reaction respectively) and two active fractions (st and asiow) representing
the fraction of DNA substrate being cleaved during the fast and slow phases. We
see that the kst and arast for both proteins are similar, with SpyCas9%2A having
a slightly faster ksiow value (Table 2.3). There is a 1.2 £ 0.5-fold reduction in fast
reaction rate constant in SpyCas9H982A compared to SpyCas9"" (Figure 2.9B),
which is an insignificant reduction compared to the ~167-fold reduction in gRNA-
free DNA cleavage. Fitting of the cleavage data using a single exponential
equation also revealed a similar trend where both SpyCas9"" and SpyCas9H%2A
demonstrated similar efficiencies in gRNA-dependent DNA cleavage (data not

shown).
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Figure 2.10. Determination of rate constants for SpyCas9 gRNA-dependent
cleavage of supercoiled, double stranded DNA in the presence of Mg?*. The
graph shows the double exponential fit (cyan line, Equation 2.2.3b) of average
fraction of uncleaved DNA (Equation 3a, Ppuci9) plotted against time (t, min) for
(A) SpyCas9"V'-Mg?* and (B) SpyCas9"982A-Mg?*. Active fraction (Ofast and Qsiow)
is the fraction of DNA that has been cleaved. The data points (magenta) are the
average of four replications with standard error of the mean (SEM) shown as
error bars. Mean square error (MSE) represents deviation of data points from the

double exponential fit line. The error reported for kast, Ksiow, Qfast, and Asjow iS the
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95% confidence interval determined with the Matlab fitting program. [N — nicked,
L — Linear, SC — supercoiled.]

Since we saw differential effect for Mg?* and Mn?* in gRNA-free DNA cleavage,
we tested the effect of Mn?* on catalyzing gRNA-dependent DNA cleavage
(Figure 2.11). Specifically, we wanted to analyze if the enhancement of gRNA-
free DNA cleavage by Mn?* translates in some fashion to gRNA-dependent DNA
cleavage. We observed similar efficiencies in cleaving supercoiled DNA for both
the proteins, with SpyCas9"T accumulating nicked products with Mn?* compared
to that with Mg?*, indicating that Mg?* is a preferred catalyst for the gRNA-
dependent DNA cleavage (Figures 2.10 and 2.11). Interestingly, we also saw that
the rate constants for the reaction in the presence of Mn?* reduced for both the
proteins (krast of ~5-6 min-! for Mg?* versus ~3 min' for Mn?*; Tables 2)
supporting that Mg?* is more favorable for gRNA-dependent DNA cleavage.
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Figure 2.11. Determination of rate constants for SpyCas9 gRNA-dependent
cleavage of supercoiled, double stranded DNA in the presence of Mn?*.

Figure 2.10 shows Mgz+—facilitated RNA guided DNA cleavage, while this figure

shows results for Mn’-facilitated gRNA-dependent DNA cleavage. The graph
shows the double exponential fit (cyan line, Equation 2.2b) of average fraction of
uncleaved DNA (Equation 2.2a, Ppuci9) plotted against time (t, min) for (A)
SpyCas9"V'-Mn?* and (B) SpyCas9"982A-Mn2*. Active fraction (Qrst and Qsiow) is
the fraction of DNA that has been cleaved. The data points (magenta) are the
average of four replications with standard error of the mean (SEM) shown as

error bars. Mean square error (MSE) represents deviation of data points from the
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double exponential fit line. The error reported for Krast, Ksiow, Ofast, and Gsiow is the
95% confidence interval determined with the Matlab fitting program. [N — nicked,
L — Linear, SC — supercoiled.]

Ktast (Min-") Olfast Ksiow (Min") | Ostow
SpyCas9"V'-Mg?* 56+1.2 0.48+0.02 | 0.06 £ 0.02 0.23+£0.03
SpyCas9"98A-Mg?* | 4.7+1.0 0.47+0.03|0.13+£0.05 0.20 £ 0.03
SpyCas9"'-Mn?* 26+1.0 0.27 £0.05 | 0.08 £ 0.02 0.41+£0.05
SpyCas9"98A-Mn2* | 25+ 0.7 0.23+£0.03 | 0.05+0.01 0.52 £0.03

Table 2.3. Rate constants and active fraction values for Mg?* and Mn?*-mediated
gRNA-dependent DNA cleavage from the fast (krst and arast respectively) and
slow (ksiow and asiow respectively) phases of the reaction based on the double
exponential fitting (Equation 2.2b) shown in Figures 2.10 and 2.11.

Another observation from our results is that the rate constants for SpyCas9V"
and SpyCas9M%2A with both with Mg?* and Mn?*, are comparable indicating that
H982 coordination of the divalent metal ion does not contribute significantly
towards the gRNA-dependent DNA cleavage process (Figures 2.9B and C, 2.10,
2.11, and Table 2.3). This supports our initial hypothesis that active site residues
contribute differentially towards gRNA-free and gRNA-dependent DNA
cleavages. The variations in the observed k and a values when comparing Mg?*
and Mn?* for the same protein sets (Figures 2.9B and C, 2.10, 2.11, and Table
2.3) indicate that the mechanisms by which these ions promote gRNA-dependent
DNA cleavage differ. Delineating these mechanisms will require further in-depth
studies. Nevertheless, in relation to the current study, the H982A substitution
exhibits similar rate constants (krstand ksiow) and active fractions (Gfast and Gsiow)
for gRNA-dependent DNA cleavage in the presence of both Mg?* and Mn?*
indicating that H982A substitution reduces gRNA-free DNA cleavage without
negatively impacting gRNA-dependent DNA cleavage.
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2.5.4 Substitution of His982 enhances DNA mismatch sensitivity of SpyCas9

Although the H982A mutation was originally intended to remove undesirable
gRNA-free DNA cleavage activity, it is also possible that it increases the
selectivity of the on-target DNA cleavage activity. To test the hypothesis that
H982A changes the RuvC nuclease domain such that the likelihood of cleavage
decreases when there is an imperfect complementarity between the guide region
of the gRNA and the DNA substrate, DNA substrates with a single mismatch at
3 5% or 18" nt (MM3, MM5, and MM18 respectively) position downstream of
the PAM were used for gRNA-dependent off-target DNA cleavage assays. The
total reaction time for this assay is 15 minutes using Mg?* as the divalent metal
ion. Previous studies have shown that PAM-proximal mismatches are cleaved at
varying efficiencies by SpyCas9 based on the mismatch position whereas as
PAM-distal mismatches are cleaved at similar efficiencies as the completely
matched DNA (Jinek et al., 2012; Kuscu et al., 2014). The results from our
mismatch cleavage assay showed that in general SpyCas9"%2A has a lower
efficiency in linearizing DNA substrates with a corresponding accumulation of
nicked DNA (Figure 2.12). Comparing the different mismatches, SpyCas9982A
was better than SpyCas9"'T at discriminating a mismatch at position 5 followed
by MM18 (Figure 2.12B). Direct comparison of SpyCas9"%2A and SpyCas9"'"
shows higher amounts of leftover supercoiled substrate and nicked intermediate
in the case of SpyCas9H98?A implicating better discrimination of DNA mismatches
by SpyCas9H982A  albeit its slightly reduced on-target cleavage efficiency (Figure
2.12A).
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Figure 2.12. Mismatched DNA substrate cleavage assay to assess on-target
selectivity (off-target discrimination. The activity being tested is SpyCas9'’s
gRNA-dependent DNA cleavage of supercoiled, double stranded pUC19 DNA in
the presence of Mg?*, and the DNA substrates vary based on the presence of
mismatches between the gRNA and the target DNA at positions 3 (MM3), 5
(MMS5), and 18 (MM18) nucleotides away from the PAM. (A) Representative gel
and (B) quantification of fraction of DNA linearized for each lane (Equation 2.1).
Control reactions have no protein. The error bars plotted are standard error of the
mean (SEM) of three replications shown as black circles. According to the two-
sample t-test with a p value of 0.05, there is a significant difference between WT
and H982A for each substrate type. One, two, or three asterisks means p < 0.05,
0.01, or 0.001 respectively.
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2.5.5 H982A proposedly modulates gRNA-free DNA cleavage by preventing proper
positioning of single-stranded DNA and by weakening the interaction between
Mn?*(A) and D10
Molecular dynamics simulations (500 ns) were done with SpyCas9 in a gRNA-
free state with either Mg?* or Mn?* in the RuvC catalytic center to investigate the
mechanism of H982A’s modulation of gRNA-free DNA cleavage activity. As
exemplified by the SpyCas9"™-Mg?* condition that is biochemically shown to
have little gRNA-free DNA cleavage activity (Figure 2.5), metal and DNA are
improperly positioned in the RuvC catalytic center for gRNA-free DNA cleavage
via the two-metal-ion catalysis mechanism when the distance between metal (A)
and the phosphate backbone of DNA is ~4 A (Figure 2.13, green line in Figure
2.13B; (Zuo and Liu, 2016)). As exemplified by the SpyCas9"'-Mn?* condition
biochemically shown to facilitate gRNA-free DNA cleavage (Figure 2.5), the
RuvC is organized for gRNA-free DNA cleavage when the distance between
metal (A) and the phosphate backbone is ~2 A (purple line in Figure 2.13B).
Figure 2.13B shows that, as in the SpyCas9"T-Mg?* condition, the SpyCas9H%82A.
Mn?* condition makes the distance between metal (A) and the phosphate
backbone ~4 A (red line in Figure 2.13B), so the H982A substitution disrupts the
positioning of metal (A) and the DNA phosphate for gRNA-free DNA cleavage.

A B
0.03 Dist. Mg? ,/Mn?*, — DC -3P@OP2
= Mg?*_SpyCas9oWT
0.025- 20A | — pp2 *_SpyCas9WT
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Figure 2.13. The distance between Mg?*a/Mn?*a and non-target DNA (ntDNA)
DC -3P (@OP2) in simulations. (A) Scheme of the distance between Mg?*a and

ntDNA (-3P) in our structural model. The dashed magenta line denotes the
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distance. (B) Distance distribution of the interactions between Mg?*a /Mn?*a and
ntDNA DC -3P (@OP2). [100-400 ns; accumulated 12000 frames].

In addition to the ssDNA stabilization effect of Mn2*(A) in a gRNA-free
SpyCas9"" RuvC, which effect is disrupted by the H982A substitution, there may
also be a Mn?*-recruitment phenomenon in the WT, but not in the H982A variant,
that brings Mn2*(A) into the RuvC for two-metal-ion catalysis (Zuo and Liu, 2016).
lon perturbation experiments in which Mn?*(A) was removed and followed by the
addition of new divalent ions was allowed to re-equilibrate for 200-500 ns post-
ion-perturbation (Figure 2.14A). The results were used to investigate Mn?*
recruitment. Results show that Mn?*(A) is recruited to the RuvC catalytic center
and positioned ~2 A from catalytic residue D10 in the SpyCas9"T-Mn2* condition
biochemically shown to facilitate gRNA-free DNA cleavage (purple line in Figure
2.14B; Figure 2.5). As exemplified by the SpyCas9"T-Mg?* and SpyCas9H%82A-
Mn?2* conditions that are biochemically shown to not facilitate gRNA-free DNA
cleavage (Figure 2.5), metal (A) is recruited to >4 A from catalytic residue D10 in
the simulations, showing that it is not ideally positioned for the RuvC two-metal-
ion catalysis mechanism (green and red lines in Figure 2.14B; (Zuo and Liu,
2016)). Altogether, this shows that the H982 is essential for recruitment of
Mn?*(A) to the RuvC to facilitate gRNA-free DNA cleavage (Figure 2.14).
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Figure 2.14. lon perturbation results comparing the ability of SpyCas9"T
versus SpyCas9192A RuvC to recruit Mg?*/Mn?*. (A) Scheme of ion
perturbation. (B) Distance distribution of the interactions between D10 (@OD1)
and perturbated Mg2*a/Mn?* A in simulations.

In addition to the DNA backbone, metals, and catalytic residues, water molecules
must also be positioned correctly in the RuvC active site to facilitate gRNA-free
DNA cleavage. To observe how this positioning occurs, the trajectories of the ion
perturbation experiments were analyzed. Results show that Mn?*(A) is
coordinated by both D10 and a water molecule at the start of the simulation.
During the simulation, H982 pulls that water molecule towards itself away from
D10 (Figure 2.15A and B). This enables closer coordination of Mn?*(A) and D10.
The H982A substitution causes the water molecule and Mn?*(A) to drift away
from D10 (Figure 2.15C). Based on these observations, we propose that
recruitment of the Mn?*(A) molecule to SpyCas9’s RuvC domain for gRNA-free

DNA cleavage involves proper positioning of water by H982.
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Figure 2.15. The role of a water molecule in the Mn?* recruitment. (A and B)
The representative structure of SpyCas9"VT-ntDNA-Mn?* before (A) and after (B)
the formation of Mn?*A — D10 coordination. (C) The representative structure of

SpyCas9H982A_-ntDNA-Mn?*shown after Mn?*a moves away from D10.

Discussion

Mn?* binding in RuvC active site allosterically improves the interaction between
SpyCas9 and ntDNA

Our activity assays showed that RuvC promoted gRNA-free ssDNA cleavage in
the presence of Mn?*, but not with Mg?* (Figure 2.5). Specifically, a significant
reduction of gRNA-free DNA cleavage in SpyCas998?A in the presence of Mn?*
was observed (Figures 2.7 and 2.8, Table 2.2). While SpyCas9%2A shows
almost complete absence of gRNA-free DNA cleavage, Co?* can still promote
DNA cleavage. The higher electronegativity of Co?* may enable enhanced metal
coordination even in the absence of H982. Nevertheless, a ~17-fold reduction of
rate constant in SpyCas9"982A compared to that in SpyCas9"" indicates that
H982 plays a role in stabilizing Co?* under gRNA-free conditions. Interestingly,
comparing the effects of Mg?* and Mn?* for gRNA-dependent DNA cleavage
demonstrates that Mn?* slightly reduces the rate of this DNA cleavage. It is
possible that there are differences in the organization of the RuvC active site in
the presence of gRNA with Mg?* versus Mn?* that causes differences in DNA
cleavage rates. The hypothesized mechanism for Mn?*-mediated gRNA-free
DNA cleavage in SpyCas9"" is that, relative to Mg?*(A) under gRNA-free
conditions, Mn?*(A) under gRNA-free conditions is better recruited and positioned

(along with ssDNA, RuvC catalytic residue D10, and water) for two-metal-ion
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catalysis of ssDNA cleavage. The proposed mechanism of H982A’s modulation
of Mn?*-mediated gRNA-free DNA cleavage is that H982 helps recruit Mn?*(A) to
the RuvC catalytic center and position a water molecule such that Mn2*(A) is

ideally coordinated by RuvC catalytic residue D10 to facilitate ssSDNA cleavage.

Phylogenetic conservation of histidine residues in Cas9 active sites

There are three histidine residues (H982, H983, and H985) in SpyCas9’s RuvC
active site and their prevalence indicates that these residues may partially
compensate for each other as general (Lewis) bases as indicated by the ability of
imidazole to rescue the activity of the SpyCas9H982AH983DH8SA ygriant (Tang et
al., 2021). Studies have shown that the main catalytic mediator for gRNA-
dependent DNA cleavage is H983 (Casalino et al., 2020), with a complete
inactivity of ntDNA cleavage with a H983A substitution in the presence of Mg?*
(Furuhata and Kato, 2021) (Figure 2.2G). Interestingly, Mn?* can partially rescue
the gRNA-dependent DNA cleavage activity in H983A or H983G substitutions,
but its rescue effect is significantly reduced in H983G/H982A double substitution
(Furuhata and Kato, 2021). Unlike other RuvC-like enzymes, SpyCas9 contains
only a DED (Asp10, Glu762 and Asp986) feature instead of the typical DEDD
motif in its RuvC center. It is possible that histidine (H983) compensates for the
last D of DEDD motif (Durr SL, 2019), and that extra histidine residues in the
RuvC site may enable the enzyme to adapt to different types of DNA cleavage

conditions.

Our data shows that H982 plays a very prominent role in SpyCas9’s gRNA-free
DNA cleavage, with H982A substitution causing ~167-fold reduction in Mn?*-
mediated gRNA-free DNA cleavage. The fact that the H982A variant is unable to
perform gRNA-free DNA cleavage (Figure 2.2B) indicates that for SpyCas9’s
gRNA-free DNA cleavage, H983 acts as the base while H982 is involved in metal
coordination and DNA binding.
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To further probe the essentiality of multiple histidine residues in Cas9 sequences,
we performed multiple sequence alignment with Cas9 protein sequences. The
results show that the three His in the SpyCas9 RuvC active site are conserved to
varying degrees among CRISPR-Cas subtypes IlI-A, 1I-B, and II-C (2.). This
molecular phylogeny analysis included the most variable and frequently occurring
Cas9s in the NCBI database (see Methods section 9 for details). Cas9s tested

for gene editing (see the Figure 2.16 caption) were individually added to this list
of Cas9s (complete list of Cas9 sequences in supplementary file Cas9-seq.csv).
As expected, H983 is conserved among all subtypes since it is crucial to the two
metal-ion catalysis mechanism (Figure 2.2G). The multiple sequence alignment
provides evidence that H985 may not be crucial to the two metal-ion catalysis
mechanism since it is only present in a selected few type II-A Cas9s (Figure
2.16). Cas9 subtype II-B has a conserved Serine where the H982 equivalent is
located in subtypes A and C (Figure 2.16). Interestingly, the RuvC domain of
Francisella novicida Cas9 (FnoCas9) has severely reduced/absent Mn?*-
dependent, gRNA-free ssDNA cleavage (Sundaresan et al., 2017), while
Campylobacter jejuni Cas9 (CjeCas9) has been shown to possess gRNA-free
ssDNA degradation using a combination of HNH and RuvC domains for the DNA
cleavage mechanism (Saha et al., 2020c). The RuvC active sites at the H982
position are conserved among type II-C and type II-A Cas9s, implicating their
potential to promote gRNA-free DNA cleavage. Further experimental
characterization of multiple Cas9 sequences with differences in the prevalence of
histidine residues in the RuvC active site and different structural features (for
example, different domain compositions due to protein size differences between

the different type Il subtypes) may enable such conclusions.
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Figure 2.16. Conservation of H982A in Cas9 orthologs. Molecular phylogeny
of Cas9 and multiple sequence alignment (MSA) of the H982 among the different
type Il CRISPR-Cas subtypes. Both the molecular phylogeny and MSA have the
same proteins, but the labels differ in that the three-letter abbreviations of the
bacterial species names are appended to the molecular phylogeny branch labels.
The Cas9 proteins were obtained by downloading one genome for each bacterial

species containing an annotated cas9 gene in NCBI. Subtypes were identified
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using a program called CRISPRCasTyper (Russel et al., 2020). Streptococcus
pyogenes Cas9 (SpyCas9 (Jinek et al., 2012), type |I-A), Streptococcus
thermophilus Cas9s (Sth1Cas9 from strain DGCC7710 (Muller et al., 2016) and
Sth3Cas9 from strain LMD-9 between open reading frames (ORFs) STER_1474
and STER_1473 (Horvath et al., 2008; Mdiller et al., 2016; Xu et al., 2015), type
lI-A), Staphylococcus aureus subspecies aureus strain 1276-3 Cas9 (SauCas9
(Ran et al., 2015), type 1I-A), Streptococcus canis strain FSL Z3-227 Cas9
(ScaCas9 (Chatterjee et al.), type 1I-A), Staphylococcus auricularis (SauriCas9
(Hu et al., 2020; Xu et al., 2022), type 1I-A), Francisella tularensis subspecies
novicida strain U112 Cas9 (FnoCas9 (Oh et al., 2022), type II-B), Campylobacter
Jejuni strain NCTC 11168 Cas9 (CjeCas9 (Kim et al., 2017), type 1I-C),
Geobacillus stearothermophilus (GoeCas9 (Harrington et al., 2017), type II-C),
Brevibacillus laterosporus strain SSP360D4 Cas9 (BlatCas9 (Gao et al., 2020;
Karvelis et al., 2015), type II-C), Pasteurella pneumotropica (also known as
Rodentibacter pneumotropicus) Cas9 (PpCas9 (Fedorova et al., 2020), type II-
C), and Neisseria meningitidis Cas9s (Nme1Cas9 from strain 8013 (Hou et al.,
2013; Zhang et al., 2013) and Nme2Cas9 from strain De11444 (Edraki et al.,
2019), type 1I-C) were added to the Cas9 dataset because they are proteins of
interest for gene editing (Tadi¢ et al., 2019; Wei et al., 2022). The Cas9s of
interest for gene editing have the abbreviation of the organism and protein name
added to the end of their labels in the MSA. This comparison of SpyCas9s of
interest for gene editing biotechnology (including those with known gRNA-free
DNA cleavage activity: SpyCas9 (Sundaresan et al., 2017), FnoCas9
(Sundaresan et al., 2017), and CjeCas9 (Saha et al., 2020c)) enables
assessment of amino acid distributions in the RuvC active site and analyze the
propensity to catalyze gRNA-free DNA cleavage. The Cas9 sequences used in
this analysis are tabulated in Cas9-seq.csv in the supplementary information.
SpyCas9 residue positions H982, H983, and H985 are labeled in the MSA.

RuvC is organized as an autonomous endonuclease that can access and cleave

DNA without gRNA-dependent conformational changes
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The conformational changes upon gRNA binding and organization of HNH and
RuvC endonucleases are essential for concerted cleavage needed to make a
dsDNA break through gRNA-dependent DNA cleavage. Upon R-loop formation
past the seed region of the gRNA, conformational changes of the REC domains
of Cas9 enables docking of HNH in a cleavage competent form. HNH docking in-
turn triggers activation of RuvC for DNA cleavage through conformational
changes of a hinge connecting HNH and RuvC domains. For gRNA-free DNA
cleavage, these conformational changes seem to be dispensable for RuvC to
cleave ssDNA. The fact that SpyCas9 preferentially degrades ssDNA by gRNA-
free DNA cleavage points to RuvC’s ability to accommodate only ssDNA in its
catalytic center. It is possible that the improved SpyCas9-ntDNA interactions in
the presence of Mn?*, and being mediated by H982, are important for by-passing
the extensive conformational changes needed for RuvC to access and cleave
DNA by gRNA-dependent DNA cleavage (Jinek et al., 2014). In this sense,
gRNA-free DNA cleavage is much like the frans-DNA cleavage that is an
aftermath of cis-cleavage in Cas12a where the RuvC active site is exposed for
progressive ssDNA degradation. For trans-cleavage by Cas12a, RuvC is
activated by removing occlusions to its active site through crRNA-target DNA
binding or after the cleaved DNA product at the PAM-distal site diffuses away
creating free access of ssDNA into RuvC’s active site pocket. It can be
envisioned that interactions of H982, Mn?* and ssDNA are similar to activation
needed for Cas12a’s trans-cleavage by keeping RuvC active site accessible for
progressive degradation of ssDNA.

RuvC active site modifications can potentially remove gRNA-free and off-target
DNA cleavages

One of the undesirable aspects of SpyCas9 based genome applications is its
tolerance to gRNA-DNA mismatches, which causes off-target DNA cleavages
during genome applications. SpyCas9"'T cleaves PAM-proximal mismatches at
positions 3-7 at variable efficiencies, with MM5 being the most sensitive (Jinek et
al., 2012). Our results show that there is further increase in discrimination of
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MM5 in SpyCas9H982A compared to that in SpyCas9"' (Figure 2.12). A recent
study analyzing DNA cleavage efficiencies of SpyCas9 showed that SpyCas9V"
discriminated against 2 consecutive nt mismatches anywhere from nucleotide
position 1-12 from the PAM (Tang et al., 2021). The H982A and H983D variants
were able to discriminate mismatches in positions 1-15 and additionally 18, and
the double mutant (H982A/H983D) was able to discriminate mismatches in
positions 1-15 and additionally 18-19 (Tang et al., 2021). These results indicate
that SpyCas9"%2A can reduce both gRNA-free and off-target DNA cleavages,

two of the undesirable effects of SpyCas9-based genome applications.
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2.6.5 Fine-tuning the SpyCas9 active site divalent metal ion interactions for a safer
gene editing tool
Since SpyCas9 is a powerful gene editing tool for clinical gene therapy, it will
raise critical concerns if its specificity is impaired by certain divalent metal
cations. The gRNA-free DNA cleavage phenomena we addressed serves as a
good example of how the specificity of SpyCas9 is compromised by different
transition metals such as Mn?*. Since it is unlikely that SpyCas9 is applied solely
to Mn?* free systems, optimizing SpyCas9 becomes a potential strategy to tackle
the issue of non-specific DNA cleavage. Our study of gRNA-free DNA cleavage
offers perspectives on how various metals modulate biological function of the
same protein, and it might shed light on off-target issues of CRISPR-SpyCas?9.
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Chapter 3: Distinguishing the roles of helix-integrity versus protein-nucleic acid
interactions of the SpyCas9 bridge helix in modulating RNA-guided DNA cleavage
target selectivity

3.1.0 Authorship

3.2.0

The SpyCas9 cloning, purification, and in vitro DNA cleavage assays were done
by Dr. Kesavan Babu and me at the University of Oklahoma Department of
Chemistry and Biochemistry. Protein variants SpyE60¢/2Pro/C80S/C574S
SpyCaSQE6OC/ZAIa/CS74S, SpyCaSQZPro/CSMS and SpyCaS9E60C/2Pr0/C808/C574S were
cloned and/or purified by Tamara Flusche at the University of Oklahoma
Department of Chemistry and Biochemistry. Ongoing work with electron
paramagnetic resonance measurements of SpyCas9 is being done by Difei Wu,
a member of Dr. Peter Qin’s laboratory at the University of Southern California
Department of Chemistry. Figure 3.2 was made by Venkatesan Kathiresan from
Dr. Peter Qin’s laboratory.

Overview

Streptococcus pyogenes Cas9 (SpyCas9) is the Cas protein commonly used in
gene editing biotechnologies, but there are concerns with its safety in gene
therapy applications because it can cleave DNA in regions similar to, but not
perfectly complementary to the target site. A previously established SpyCas9
variant (SpyCas92°), which has an L64P/K65P substitution in a region called the
bridge helix (BH) connecting the nucleic acid-recognition and nuclease lobes of
the protein, has increased on-target DNA cleavage selectivity. The proposed
mechanism is that the two-proline substitution compromises a loop-to-helix
transition that occurs in the BH when SpyCas9 binds to guide RNA, and that the
compromised integrity of BH in the SpyCas92F-gRNA ribonuclear particle
impairs the concerted conformational changes essential for target DNA cleavage.
Another possibility is that the loss of intra-protein/nucleic acid interactions of the
residues being substituted can contribute either solely or in combination with the
integrity of the BH to impair off-target DNA cleavage. To test these scenarios, a
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two-alanine substitution variant (L64A/K65A, SpyCas92A?), which is expected to
have a fully helical BH but lack sidechain interactions, was assayed in vitro for
DNA cleavage efficiencies with different target DNAs. SpyCas9?A"@ proved to be
faster than SpyCas9"™ and SpyCas9%F™ at DNA cleavage. In terms of DNA
cleavage efficiency relative to SpyCas9"'", SpyCas9?A? displayed reduced
selectivity in cleaving DNA with mismatches at positions closer to the
protospacer adjacent motif (PAM); SpyCas9?"°, however, showed increased
selectivity. Our results indicate a prominent role of BH integrity, as opposed to
sidechain interactions, in mismatch selectivity regarding target DNA linearization
efficiency. Ongoing studies are focused on experimentally measuring the helical
conformation of the BH in SpyCas9"'T, SpyCas9?"°, and SpyCas92A2 with
different types of DNA substrates. Electron paramagnetic resonance (EPR)
studies are being used to detect the loop-to-helix transition, and several SpyCas9
variants with ideally placed cysteine residues have been prepared to probe the
conformational changes. The results of these studies will shed light on
mechanisms that determine the on-target DNA cleavage selectivity of SpyCas9
to guide the development of safer gene therapy biotechnologies.

Introduction

The two-proline (L65P/K65P) substitution in SpyCas9 (SpyCas9%F™) improves its
RNA-guided DNA cleavage specificity (Babu et al., 2019). In other words, the
two-proline substitution makes SpyCas9 less likely to fully linearize dsDNA that
has an imperfect complementarity with the gRNA. Specifically, SpyCas9%F is
most sensitive to mismatches in the substrate dsDNA that are 7 nt upstream of
the PAM and in general displays reduced efficiency in cleaving DNA harboring
PAM-proximal mismatches (Babu et al., 2019). There could be many aspects of
the mechanism for this increase in selectivity for on-target DNA cleavage. One
potential explanation is that the two-proline substitution disrupts the loop-to-helix
transition that occurs upon sgRNA binding, and this disruption affects the
integrity of the BH and its role in positioning the HNH and RuvC nuclease
domains for complete cleavage of the target and non-target strands, respectively,
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of the dsDNA (Figure 3.1) (Babu et al., 2019). Another possibility is that the
proline substitutions eliminate intra-protein and protein-nucleic acid interactions
that are essential for conformational changes needed for target DNA cleavage.
Of importance is the interaction between the K56 sidechain and the phosphate
lock loop residue E1108 that has been shown to be important for strand
switching of the DNA and the accompanying R-loop formation that is a
prerequisite for Cas9 conformational changes and target DNA cleavage (Anders
et al., 2014; Babu et al., 2019). We propose that both BH integrity and
interactions with protein and nucleic acids contribute to target DNA cleavage
selectivity, with a more prominent contribution from the BH integrity. Previous
studies from our lab have shown altered coordination between the HNH and
RuvC endonuclease domains in SpyCas92F™ with the coordination pattern
changing with respect to the DNA mismatch position (Babu et al., 2021). In vitro
DNA cleavage assays and kinetic analyses showed that the relative use of two
possible DNA cleavage pathways, which differ based on whether the initial nick
occurs in the target strand by HNH or in the non-target strand by RuvC, is
affected by the position of the mismatch relative to the PAM in the substrate DNA
(Babu et al., 2021).

ternary
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Figure 3.1 Loop to helix conversion that occurs in the region Leu64-Thr67
in the bridge helix (BH) of SpyCas9 upon gRNA-binding. The loop form of
Leu64-Thr67 (labeled BH-loop) is shown in light pink and the helical regions are
shown in magenta. Apo is when SpyCas9 is not bound to any nucleic acid, binary
is when it is bound to gRNA, and ternary is when it is bound to gRNA and target
DNA. The target strand (TS) of the target DNA is the strand that hybridizes to the
gRNA.

To identify whether compromised BH integrity or loss of intra-protein and protein-
nucleic acid interactions has the greater effect on on-target DNA cleavage
selectivity, in vitro DNA cleavage assays with a SpyCas9 variant that both lacks
the sidechain interaction and has a strong propensity to undergo the loop-to-helix
transition is needed. Toward this end, the 2Ala (L64A/KE65A) variant
(SpyCas9?A'?) was constructed since alanine has a strong propensity toward helix
formation in proteins and does not have a positive charge to facilitate the intra-

protein interactions observed for the K65 sidechain (Blaber et al., 1993).

To confirm that the two-proline substitution impairs the loop-to-helix transition,
electron paramagnetic resonance (EPR) can be used to measure changes in
distance between BH residues located on either side of the loop since the
distance between these residues will change during the loop-to-helix transition
(or lack thereof) upon SpyCas9-sgRNA-binding (Figure 3.2) (Vazquez Reyes et
al., 2017). The more efficient this transition is, the more robust (and less
selective) the DNA cleavage is expected to be when the target DNA has a
mismatch. In collaboration with Dr. Peter Qin at the University of Southern
California, we plan to use site-directed spin labeling (SDSL) EPR to detect the
change in distance between resides on opposite ends of the loop region that
transitions to a helix make distance measurements. SDSL-EPR requires specific
cystine residues to be introduced into the protein where nitroxide labels will be
attached for distance measurements between them. Following the structures of
BH in the crystal structures of apo-SpyCas9 (PDB ID: 4CMP, (Jinek et al., 2014))
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and SpyCas9-sgRNA structure (PDB ID: 4ZTO0, (Jiang et al., 2015)), we identified
Cys80 and GIu60 as the ideal candidates for labeling. Dr. Qin’s lab used the
program ALLNOX (Ding et al., 2019) to measure the distance between nitroxide
labels at 60" and 80t positions and calculated a distance change of 29.3 A to
36.1 A in response to loop-to-helix transition, which is a measurable distance by
SDSL EPR. Glu60 was substituted with a Cys (E60C) to enable labeling at C80
and E60C (Babu et al., 2019).

Apo (PDB ID: 4CMP)

)

Figure 3.2. Distance comparison between SpyCas9 residue positions 60
and 80 before (Apo, PDB ID: 4CMP) and after (Binary, PDB ID: 4XT0) gRNA-
binding. The loop-to-helix transition upon gRNA-binding occurs at residue
positions 64-67 to increase the distance between positions 60 and 80 from 29.3
A to 36.1 A. The nitroxide label is designated as R5p. gRNA is shown in orange

in the binary structure.

In this research, in vitro DNA cleavage assays with SpyCas9%F™ and SpyCas?A'2
are used to elucidate whether a robust loop-to-helix transition or K65 sidechain
interactions have the most prominent role in the observed increase in the target
DNA cleavage selectivity of SpyCas9%F™. Furthermore, SpyCas9?" and
SpyCas?*? variants that facilitate detection of the loop-to-helix transition using
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3.4.2

EPR measurements were prepared to confirm that the loop-to-helix transition is
impacted by proline substitution but not with alanine substitution.

Methods

Construction of BH loop variants to measure contributions of bridge helix integrity
and sidechain interaction in target DNA cleavage sensitivity

Previous studies in the lab created SpyCas9?" that possessed L64P and K65P
substitutions in SpyCas9 protein (Babu et al., 2019; Babu et al., 2021). To
maintain BH integrity while changing sidechain interactions, we constructed a
SpyCas9 variant with L64A and K65A substitutions termed SpyCas92A2.

Designing SpyCas9 constructs for nitroxide labeling for SDSL EPR studies

To tag SpyCas9 residue positions 60 and 80 with nitroxide labels that enables
the measurement of distances between these positions using EPR, the residues
must be either native or substituted cysteines which form thio-ether bonds with
the nitroxide label precursor 3-iodomethyl-1-oxyl-2,2,5,5-tetramethylpyrroline
(Vazquez Reyes et al., 2017). SpyCas9 natively possesses two cystines, C80
and C574. Previous research in the lab had constructed a SpyCas9¢%74S variant
for EPR studies that retains one cystine at 80" position (C80) (Vazquez Reyes et
al., 2017). This backbone was used to construct a E60C variant, followed by
using that to create the BH variants needed in this study. The EPR experiments
use the following variants: SpyCas9"/T-E60C (contains E60C and C574S
substitutions, named SpyCas9"WT-BH-err) SpyCas92Pro-E60C (contains E6GOC, L64P,
K65P, and C574S substitutions, named SpyCas92"o-BH-err) ‘and SpyCas9?A!a-E60C

(contains E60C, L64A, K65A, and C574S substitutions, named SpyCas92Ala-BH-
epr)_

To ensure that Cys substitutions do not impact protein’s activity, different variants
were purified to and assayed in vitro for RNA-guided DNA cleavage to confirm
the proteins are properly folded (Figure 3.9 lanes 5-12). The EPR experimental
SpyCas9 variants are SpyCas9"T-BH-err SpyCasg92Pro-BH-epr gand SpyCas92Ala-BH-
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P’ (lanes 5, 6, and 12 respectively of Figure 3.9). The control variants that are
needed to determine the background signal from unincorporated nitroxide label
are the proteins with no cysteines (C80S/C574S, SpyCas9"T-¢P™C (reported in a
previous work; (Vazquez Reyes et al., 2017)), SpyCas92Fo-¢PC (lane 8 of Figure
3.9) (Vazquez Reyes et al., 2017)).

Cloning and purifying SpyCas9 protein variants

To clone the SpyCas9 variants for nitroxide labeling (E60C/L64P/K65P/C574S
(2Pro-BH-epr), E60C/C574S (WT-BH-epr), L64P/K65P/C574S,
L64P/K65P/C80S/C574S (2Pro-epr-C), EGO0C/C80S/C574S,
E60C/L64P/K65P/C80S/C574S, C574S, E60C/L64A/K65A/C574S (2Ala-BH-
epr)), site-directed mutagenesis (SDM) was used to introduce the cysteine and
serine mutations (see Table 3.1 for SDM template and primer sequences for the
SpyCas9 variants | cloned in the Rajan lab; see the authorship section for credit
given to Kesavan Babu, a previous post-doctoral fellow in the Rajan lab, and
Tamara Flusche, a graduate student in the Rajan lab, who cloned the remaining

variants for nitroxide labeling).

SpyCas9 SDM SDM Primer Name SDM Primer Sequence

Variant Template

2Pro 2Pro C574S-F GAAGATTATTTCAAAAAAA

(L64P/K65P | (L64P/K65P TAGAATCCTTTGATAGTGT

) ) TGAAATTTCAGGAG

C574S C574S-R CTCCTGAAATTTCAACACT
ATCAAAGGATTCTATTTTT
TTGAAATAATCTTC

E60C E60C C80S-F CGTCGGAAGAATCGTATT
TCTTATCTACAGGAGATTT
TTTCAAATGAG
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2Pro 2Pro C80S-R

(L64P/K65P | (L64P/K65P

) )

C80S C574S CTCATTTGAAAAAATCTCC

C574S TGTAGATAAGAAATACGAT
TCTTCCGACG

E60C C574S E60C_L64A _K65A_F | GTGTGCGACTCGTGCCGC

2Ala ACGGACAGCTCGTA

(L64A/K65A E60C_L64A K65A R

)

C574S TACGAGCTGTCCGTGCGG
CACGAGTCGCACAC

Table 3.1. Site directed mutagenesis templates and primers for SpyCas9

variants.

To purify the SpyCas9 variants for nitroxide labeling (see Figure 3.3 of a sample
cation exchange gel showing protein purity), nickel-NTA and cation exchange
columns were used as described in previously published protocols (Jinek et al.,
2012; Sundaresan et al., 2017). Briefly, the Ni-NTA column (Histrap FF Crude, 5
mL) was washed with 15 CV buffer A (50 mM TRIS pH 8, 500 mM NaCl, 10 mM
imidazole, 1 mM TCEP) and loaded with clarified cell lysate containing the Cas9
protein. Gradient elution was done using 0-100% Nickel-NTA buffer B (50 mM
TRIS pH 8, 500 mM NacCl, 500 mM imidazole, 1 mM TCEP) over 100 mL. The
expected size of MBP-SpyCas9 is 202 kDa. Fractions were pooled and dialyzed
overnight in cation exchange buffer A (20 mM HEPES pH 7.5, 150 mM KCI, 2
mM DTT, 10% glycerol) at 4°C with a simultaneous incubation with TEV protease
to remove the MBP tag. The sample was loaded onto cation exchange column
(SP HP, 5 mL) and eluted over 100 mL, 0-100% cation exchange buffer B (20
mM HEPES pH 7.5, 1 M KCI, 2 mM DTT, 10% glycerol). The SpyCas9 protein
size after cleavage of MBP tag is 158 kDa. The protein was dialyzed into storage
buffer (20 mM HEPES pH 7.5, 150 mM KCI, 2 mM TCEP) and concentrated to
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10 mg/mL using a Nanodrop spectrophotometer for concentration quantification.
The protein was then aliquoted and flash frozen in liquid nitrogen for storage at -
80°C.

SpyCasng-BH-epr SpyCasgzprO-BH-epr

Ladder
lpg
Sug
10 pg
Ladder
- lug
5ug
10 pg

kDa

200 —
150 —

100 —

Figure 3.3. SDS-PAGE gel showing protein purity of SpyCas9 variants
SpyCas9"WT-BH-err and SpyCas92Pro-BH-epr purified for nitroxide labeling. The
ladder is Unstained Protein Standard Broad Range (10-200 kDa) from New
England Biolabs. The expected protein size is 158 kDa.

While proteins used for EPR experiments had only Ni-NTA and cation exchange
column purification because size exclusion would be done after nitroxide
labeling, proteins used for activity assay measurements (SpyCas9"'7,
SpyCas9?°, SpyCas9?A'2) were purified using an additional size exclusion
column step. Instead of being dialyzed into storage buffer like the variants for
nitroxide labeling, these proteins were concentrated using a centrifugal filter and
injected onto a size exclusion column (SEC, Hi Prep 16/60 Sephacryl S-300 HR,
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120 mL) equilibrated in SEC buffer (20 mM HEPES pH 7.5, 150 mM KCI, 2 mM
TCEP) and eluted isocratically with 120 mL of SEC buffer. They were then
quantified using a Nanodrop spectrophotometer, aliquoted, and flash frozen in
liquid nitrogen for storage at -80°C. The variants for EPR experiments were
shipped to Dr. Qin’s laboratory, where they incubated proteins with
nitroxide/RNA/DNA and performed an SEC purification to separate unused label

from the protein/protein-nucleic acid complex.

3.4.4 In vitro gRNA-guided double stranded DNA cleavage assays
Reaction components were 1X buffer (20 mM HEPES pH 7.5, 150 mM KClI, 2
mM TCEP), 100 ng (5 nM) double stranded plasmid DNA (pUC19) containing a
target site complementary to the guide region of the sgRNA (98 nt; (Babu et al.,
2019; Nishimasu et al., 2014)) or with some mismatches to the guide region, 5
mM divalent metal, 50 nM sgRNA, and 50 nM SpyCas9 incubated at 37°C. The
reaction products were resolved on a 1.1% agarose gel and the bands were

visualized post-gel running using 0.1 pg/mL ethidium bromide.

3.4.5 Quantification of in vitro gRNA-guided double stranded DNA cleavage assays
The fraction or percent of double stranded pUC19 substrate DNA linearized or

nicked by Cas9 was calculated as follows:

Fraction Linear pUC19 = = a(1 — e Kobst) (Equation 3.1)

N+L+SC

L

- @ 0 i
NTLESC )X 100% (Equation 3.2)

Percent linear = (

Percent nicked = ( )x 100% (Equation 3.3)

N+L+SC

Where L is the intensity of the linear band, N is the intensity of the nicked band,

SC is the intensity of the supercoiled band, a is the active fraction (the fraction of
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DNA linearized as time approaches 60 min), kops is the rate of linear product

formation in units of min™', and t is time in units of min.

Results

SpyCas9?A@ has a higher RNA-guided DNA linearization rate than both
SpyCas9"" and SpyCas92"r

RNA-guided DNA cleavage time course assays with matched (MCH) and
mismatched (MM5 and MM18) double stranded DNA substrates show that
SpyCas9?A? is faster than both SpyCas9"" and SpyCas92?"™ at linearizing each
type of substrate (Figures 3.4, 3.5, 3.6 and 3.3A). In the case of MCH substrate,
all three proteins displayed similar amount of efficiency of DNA linearization by
the 60 min time-point, which is indicated by a (70-85%), even though the rate
constatns (kobs) varied between the three; SpyCas9"': 0.28 min-!, SpyCas92F:
0.15 min'', and SpyCas9%2: 0.6 min™' (Figure 3.4). This indicates that a BH with
a higher integrity increases the rate at which the enzyme cleaves DNA. In the
case of MM5 substrate, there is a difference among both the active fractions and
DNA cleavage rates of the three proteins (Figure 3.5). The a and kobs are as
follows: SpyCas9"'': 71% + 2%, 0.17 £ 0.02 min™'; SpyCas9%": 38% * 2%, 0.08
+ 0.01 min''; and SpyCas9%2: 77% + 2%, 0.25 + 0.03 min™'. The data indicates
that SpyCas92F™ has a compromised DNA linearization with a significant
reduction in a and kops. Interestingly, SpyCas9?A'@ has a higher rate constant than
SpyCas9"T to cleave MM5 DNA. This again shows that as the integrity of BH
increases, so does the ability of Cas9 to rapidly cleave DNA.

Comparing the cleavage of MM18 substrate, all the three proteins linearize to the
same extent (~70-75%), but there is difference in their kobs as follows:
SpyCas9"': 0.5 min-!, SpyCas92": 0.6 min', and SpyCas92A2: 1.5 min-' (Figure
3.6). While the data shows a similar trend for SpyCas92A2 with the highest rate of
linearizing MM18 DNA among the three proteins, the interesting difference is in
the rate of SpyCas92"™ to linearize MM18 DNA since SpyCas9?"" linearizes
MM18 faster than does SpyCas9"T. MM18 DNA linearization is the only instance
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where SpyCas9%F displayed faster kinetics than SpyCas9'VT in the different

experiments that we conducted. This implies that while BH integrity is important

in sensitivity towards PAM-proximal mismatches, it does not contribute towards

recognizing DNA mismatches towards the PAM-distal end.
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Figure 3.4. Rate constants (kobs, min-') and representative gels for RNA-

guided cleavage of double stranded plasmid DNA substrate matched (MCH)

to the guide RNA. Single exponential fit (cyan line, Equation 3.1) of average
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fraction of linearized double-stranded pUC19 DNA (Equation 3.1) plotted against
time (t, min) for SpyCas9 (A) WT (SpyCas9"'T), (B) 2Pro (SpyCas92F™), and (C)
2Ala (SpyCas9?A?). Active fraction (o) is the fraction of DNA linearized as time
approaches 60 min. The data points (magenta) are the average of three
replications with standard error of the mean (SEM) shown as error bars. Mean
square error (MSE) represents deviation of data points from the single
exponential fit line. The error reported for kobs is the 95% confidence interval. [N —
Nicked, L — linear, SC — Supercoiled.]
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Figure 3.5. Rate constants (kobs, min-') and representative gels for RNA-
guided cleavage of double stranded plasmid DNA substrate mismatched at
position 5 (MM5) to the guide RNA. Single exponential fit (cyan line, Equation
3.1) of average fraction of linearized double-stranded pUC19 DNA (Equation 3.1)
plotted against time (t, min) for SpyCas9 (A) WT (SpyCas9"T), (B) 2Pro
(SpyCas9?”©), and (C) 2Ala (SpyCas9?A?). Active fraction (o) is the fraction of
DNA linearized as time approaches 60 min. The data points (magenta) are the
average of three replications with standard error of the mean (SEM) shown as
error bars. Mean square error (MSE) represents deviation of data points from
the single exponential fit line. The error reported for kobs is the 95% confidence
interval. [N — Nicked, L — linear, SC — Supercoiled.]
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Figure 3.6. Rate constants (kobs, min-') and representative gels for RNA-

guided cleavage of double stranded plasmid DNA substrate mismatched at

position 18 (MM18) to the guide RNA. Single exponential fit (cyan line,
Equation 3.1) of average fraction of linearized double-stranded pUC19 DNA

(Equation 3.1) plotted against time (t, min) for SpyCas9 (A) WT (SpyCas9"'"), (B)
2Pro (SpyCas9?P), and (C) 2Ala (SpyCas9?A'4). Active fraction (a) is the fraction
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of DNA linearized as time approaches 60 min. The data points (magenta) are the
average of three replications with standard error of the mean (SEM) shown as
error bars. Mean square error (MSE) represents deviation of data points from
the single exponential fit line. The error reported for kobs is the 95% confidence
interval. [N — Nicked, L — linear, SC — Supercoiled.]

Integrity of BH is essential for Cas9 to cleave PAM-proximal mismatch containing
DNA

While a target DNA containing a PAM proximal mismatch (MM5) is cleaved more
slowly by SpyCas9%" compared to that by SpyCas9"V" and SpyCas9?A"2 (Figure
3.7A), the total amount of DNA linearization is compromised only in SpyCas92F™
(active fractions (a) for MM5: SpyCas9"™: 0.71 + 0.02; SpyCas92P: 0.38 + 0.02;
and SpyCas9%2: 0.77 + 0.02; Figure 3.5). To visualize how rapidly SpyCas9"T,
SpyCas9?"°, and SpyCas9?/2 cleave MCH substrate relative to MM5, a ratio of
the kobs for MCH over that of MM5 was calculated for each protein (Figure 3.7B).
A ratio greater than 1 indicates the protein cleaves MCH substrate more rapidly
than it cleaves the mismatch substrate. Relative to SpyCas9"" and SpyCas92°,
SpyCas9?"' has a higher rate constant for cleavage of MM5 (Figure 3.7A);
however, SpyCas92A? also cleaves MCH substrate most rapidly (Figure 3,7A),
which shows that SpyCas9?A is a faster enzyme regardless of DNA
mismatches (Figure 3.7A), but is still affected by PAM-proximal mismatches
(Figure 3.7B).

Comparing similar features while cleaving target DNA containing a PAM distal
mismatch (MM18) shows differences in the role of BH in discriminating PAM-
distal mismatches. SpyCas9?A@ displays the fastest kinetics in cleaving MM18
compared to SpyCas9"T and SpyCas9%F (Figure 3.7A). Furthermore,
SpyCas9?A is faster at cleaving MM18 than at cleaving MCH (Figure 3.7A). The
total amount of DNA linearization is comparable for all the three proteins (active
fractions (a) for MM18: SpyCas9"': 0.76 + 0.03; SpyCas92°: 0.73 + 0.03; and
SpyCas9?A2: 0.69 + 0.03; Figure 3.6). SpyCas9"" has a MCH/mismatch ratio
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slightly higher than that of either SpyCas9?" and SpyCas9?A"? for MM18 (Figure
3.7B), so SpyCas92P and SpyCas92/”? prefer to cleave MM18 more rapidly and
MCH more slowly (Figure 3.7B). The lack of a significant decrease in MM18
cleavage for SpyCas9?"™ and SpyCas9?A"@ indicates that both these proteins do
not sense PAM-distal mismatch through the BH. Together, these results indicate
that the integrity of BH is important in enabling SpyCas9 to cleave PAM-proximal
mismatch-containing DNA, but not PAM-distal mismatches. The proposed reason
for this is that SpyCas9 first identifies the PAM and then the gRNA invades and
begins hybridizing to the DNA substrate near the PAM, so the presence of a
mismatch is most likely to disrupt the DNA cleavage mechanism if it is located
near the PAM (Jinek et al., 2012). A BH that is intact provides extra stability to
initiate gRNA hybridization with target DNA that has PAM-proximal mismatches.
Since SpyCas9"T demonstrates the ability to slow down cleavage of both MM5
and MM18 substrates compared to the SpyCas9?A@ cleavage rates (Figure 3.7A),
nature appears to have selected amino acids in the BH-loop such that there is
some tolerance of DNA mismatches, such that they cannot be cleaved so quickly
as was observed in SpyCas9%A which cleaved all DNA substrates at a faster
rate than did SpyCas9"'.
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Figure 3.7 Rate constant comparison for RNA-guided SpyCas9"'T,
SpyCas9?’°, and SpyCas92A'2 DNA cleavage of double stranded DNA
plasmid matched (MCH) or mismatched (MM5 and MM18) to the guide RNA.
(A) Bar graph of gRNA-dependent DNA degradation rate constants (kobs).
The RNA-guided DNA cleavage assays were done using 5 mM metal (Mg?*).
Error bars represent the 95% confidence interval. (B) Graph of the ratio of the
kobs Of matched DNA linearization over the kobs of mismatched DNA linearization
(MCH/mismatch Ratio) such that a high ratio corresponds to greater selectivity

for cleavage of the MCH substrate relative to the mismatch substrate. The error
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bars plotted are propagated error from the 95% confidence intervals of the rate

constants.

DNA linearization is reduced in SpyCas9?”° with PAM-proximal mismatches
indicating better performance for gene editing

While rate constants provide a mechanistic implication of how BH affects the
DNA cleavage process in the presence of DNA mismatches in different positions
(PAM-proximal and PAM-distal), the most important aspect of a protein variant’s
efficient use as a gene editing tool is its ability to linearize mismatch containing
DNA. We analyzed the total DNA linearization at the 20 min time-point (Figure
3.8) and made a table of the percent nicked versus percent linear values at the

20 min time-point as well (Table 3.2, Equations 3.2 and 3.3).
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Figure 3.8. Efficiency of RNA-guided SpyCas9"", SpyCas9%°"°, and
SpyCas9?A'a DNA linearization for double stranded DNA plasmid (pUC19)
matched (MCH) or mismatched (MM5 and MM18) to the guide RNA. (A)
Fraction Linear pUC19 is calculated according to Equation 3.1 using the 20 min
time point from the time-course assays. (B) Graph of the ratio of Fraction Linear
pUC19 (Equation 3.1) for matched DNA over that of mismatched DNA
(MCH/mismatch Ratio) such that a high ratio corresponds to greater selectivity
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for linearization of the MCH substrate relative to the mismatch substrate. Error
bars represent the standard error of the mean (SEM) for three replications.

Protein DNA Percent linear | Percent nicked
SpyCas9VT MCH 83% £ 10% 13% £ 7%
MM5 67% + 4% 28% £ 2%
MM18 75% £ 6% 19% £ 6%
SpyCas9?© | MCH 63% £ 2% 32% £ 1%
MM5 32% £ 8% 48% % 2%
MM18 72% = 1% 25% £ 1%
SpyCas9?a | MCH 81% £ 1% 16% £ 1%
MM5 75% £ 3% 22% £ 2%
MM18 70% £ 6% 28% % 6%

Table 3.2. Comparison of amount of DNA linearization (final cleavage
product in gene editing applications) and DNA nicking (intermediate) for
different proteins and DNA substrates. Percentages are calculated at the 20
min DNA cleavage time-point according to Equations 2.2 and 2.3.

SpyCas92"® has a severe reduction in linearizing MM5 DNA compared to both
SpyCas9"" and SpyCas9?A"? indicating its ability to limit cleavage of PAM-
proximal mismatch containing DNA (Figure 3.8). To further characterize this, we
analyzed the amount of nicked DNA produced by all these variants with different
DNA substrates (Table 3.2). Nicked DNA is an intermediate in the DNA cleavage
reaction by SpyCas9 where only one of the two DNA strands is cleaved by one of
the endonucleases (HNH or RuvC). Nicked product is acted upon further by one
of the endonucleases to produce a linear DNA. As expected based on a previous
study (Babu et al., 2021), the percent of nicked product produced by SpyCas92r
is higher than what is produced by SpyCas9"" and SyCas9?A'2 with MCH and
especially with MM5 DNA (Table 3.2). This shows that SpyCas9?" stalls DNA
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linearization especially when there is a PAM-proximal mismatch, while
SpyCas9"T and SpyCas9?A"@ are not able to control DNA cleavage similarly. This
indicates the role of BH integrity in the coordinated DNA cleavage by HNH and
RuvC. We previously showed that BH is needed for coordinated actions of HNH
and RuvC, and this work provides a mechanistic role of BH integrity in the
coordinated actions of HNH and RuvC. The proposed mechanism is that a sturdy
BH, which has all intra-helical H-bonds within the helix being capable of
coordinating cleavages by HNH and RuvC, will facilitate efficient DNA cleavage
despite DNA mismatches. It should be noted that under gene editing conditions,
only linearization at an undesired site contributes to off-target cleavage since
nicked products are faithfully repaired by cellular machinery to the wild-type
genomic content. Thus, SpyCas92P™ is effective in reducing unwanted off-target
effects when the mismatches are present at the PAM-proximal side compared to
SpyCas9V" and SpyCa9?Aa.

EPR variants are active for RNA-guided DNA cleavage

While our DNA cleavage assays provides mechanistic roles of BH integrity being
an important contributor for DNA mismatch sensitivity, this is not direct measure
of integrity of BH in the different Cas9 proteins. Towards this, we are using SDSL
EPR to measure the distance between two nitroxide labels placed at 60" and
80t amino acids of SpyCas9 that flanks either side of the loop-to-helix transition
of the BH. We have purified different variants that are amenable for EPR studies:
SpyCas9WT-E60C (contains E60C and C574S substitutions, named SpyCas9VT-BH-
err), SpyCas92Pro-E60C (contains E6GOC, L64P, K65P, and C574S substitutions,
named SpyCas92Pro-BH-ep) and SpyCas9?A1a-E60C (contains EGOC, L64A, K65A,
and C5748S substitutions, named SpyCas9?Ala-BH-epr) - A cysteine-free variant of
SpyCas92" (contains C80S and C574S substitutions, named SpyCas92~ro-¢rr-C)
and single cysteine control variants (SpyCas92PTo/C574S  SpyCagQF60C/C80S/Co74S
SpyCasQEe0C/2Pro/C80SICST4S ' gand SpyCas9©%74S) have also been constructed. To
verify that the SpyCas9 variants are properly folded, in vitro DNA cleavage
assays were used to see if their structure is correct to facilitate RNA-guided DNA
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cleavage. All eight SpyCas9 variants linearized the DNA, indicating that they are
properly folded and fit for studies using EPR (Figure 3.9).
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Figure 3.9. RNA-guided DNA cleavage assay with SpyCas9 variants to be
carried forward for further study using electron paramagnetic resonance. [N —

nicked, L — Linear, SC — supercoiled.]

The EPR variants are being used by the Qin group at University of Southern
California to conduct SDSL-EPR measurements. Current results show that in
solution state, sgRNA binding to SpyCas9"" converts BH from a helix-loop-helix
conformation to a stable contiguous helix as reported in the crystal structures
(apo, PDB ID: 4CMP; (Jinek et al., 2014) and binary, PDB ID: 4XTO; (Jiang et al.,
2015)). With SpyCas92F™, sgRNA binding also drives towards BH toward the full-
helix conformation. However, the data reveal heterogeneous conformations of
BH. This indicates that the integrity of the full-helix is compromised, consistent
with the role of proline in destabilizing a helix. These initial studies indicate that
the differences in BH integrity likely contributes to the mismatch discrimination
that we reported previously (Babu et al., 2021). On-going studies are focused on

performing similar experiments with SpyCas92A? and with different DNA.
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3.6.0 Discussion and future directions

3.6.1 BH integrity plays a more important role than sidechain interaction in DNA
mismatch sensitivity
The purpose of this work was to distinguish between two possible mechanisms
by which BH contributes to DNA mismatch sensitivity: integrity of the helix after
loop-to-helix conversion of the BH versus sidechain interactions of the residues
within the BH loop with other domains of SpyCas9 and nucleic acids. To dissect
these roles, we compared the effect of two-proline and two-alanine substitutions
within the loop region that converts into a contiguous helix in response to sgRNA
binding. Our results indicate that two-alanine substitution rapidly cleaves DNA
(Figure 3.7A), with reduced ability to refrain from completely linearizing PAM-
proximal DNA mismatches like MM5 (Figure 3.8B). On the contrary, two-proline
substitution reduces the rate of target DNA cleavage with MCH and MM5, but not
with MM18 DNA (relative to the wild-type) (Figure 3.7A). SpyCas9?" is closer to
reaching similar levels of linearization efficiency in MCH than it is in MM5 (Figure
3.8). This indicates that the disruption in helical integrity after the loop-to-helix
transition in SpyCas9? is partially restored by the complete complementarity
between the RNA and DNA regions in MCH substrate. When the
complementarity is disrupted in MMS, at a position very crucial for stabilizing R-
loop, the impact of reduced BH integrity is not reparable. Our data show that
integrity of BH, and not the loss of intra-protein and protein-nucleic acid
electrostatic interactions, is the main contribution of the BH in PAM-proximal
DNA mismatch sensitivity based on the increased cleavage rate of all DNA
substrates by SpyCas9?A"? (Figures 3.7A) and lack of selectivity against complete
linearization of MM5 (Figure 3.8B).

One of our hypotheses at the beginning of this study was that an efficient loop-to-
helix transition would cause more robust (and less selective) DNA cleavage in
the presence of a PAM-proximal mismatch like MM5. This can be evaluated in
terms of linearization efficiency with different DNA substrates, including those

with DNA mismatches. Linearization efficiency data comes from a values which
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are the fraction of DNA linearized as time approached 60 min (Figures 3.4-3.6,
discussed in section 1.5.2 about Integrity of BH being essential for Cas9 to
cleave PAM-proximal mismatch containing DNA) and from percent of DNA
linearized at the 20 min time-point (which is when a significant amount of the
DNA is expected to remain uncleaved, thus showing reaction progress at a point
when one variant may be noticeably ahead of the other for the purpose of
comparison of SpyCas9 variant linearization efficiency in vitro) (Figure 3.8). The
20 min time-point was analyzed in terms of MCH/mismatch ratios of DNA
cleavage efficiency, and the trend expected based on helicity was observed
when comparing the MCH/MMS5 ratio of DNA linearization efficiency for
SpyCas9"T, SpyCas9%F™ and SpyCas9%? (Figure 3.8B). As expected based on
the helicity trend, the MCH/MM5 DNA cleavage efficiency ratio was highest for
SpyCas9?”°, medium for SpyCas9"', and lowest for SpyCas9?2. The fact that
this was observed in Figure 3.8B for MM5 means that helix integrity, not the K65
intra-protein interaction, is the main contributor to increasing the MCH/MM5
linearization efficiency ratio. In other words, it is the compromised helicity that
modulates the extent to which these BH substitution variants will carry MM5
cleavage to completion, which is defined as 100% linear product with no nicked

intermediate remaining.

Analyzing the contribution of the side chain interaction towards DNA selectivity,
in SpyCas9"T and SpyCas9%F, there is a reduction in rate constant for cleaving
MM5 compared to MCH DNA. SpyCas9?A2 displays a faster rate constant to
cleave MM5 compared to MCH (Table 3.4). These results show that the
increased BH integrity provided by the alanine substitutions, compared to the
wild-type or proline substituent, enabled SpyCas9%A"2 to suppress the negative
impacts from losing K65 interactions towards DNA cleavage.

Protein DNA Kobs (min)
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SpyCas9WT MCH 0.28 £ 0.05
MM5 0.15+£0.02
MM18 0601

SpyCas9?"° | MCH 0.17 £ 0.02
MM5 0.08 £ 0.01
MM18 0.25+0.03

SpyCas9?A2 | MCH 0.5+0.1
MM5 0.6+£01
MM18 1.5+£04

Table 3.4. Comparison of amount of rate constants (kobs, min-') for the different

proteins and DNA substrates.

SpyCas9?A?’s high DNA cleavage rate and comparable selectivity for on-target

cleavage rate relative to SpyCas9"" may lend it to certain biotechnology

applications

Although SpyCas9?A" linearizes matched and mismatched DNA more rapidly

than do SpyCas9"" and SpyCas9%F™ (Figure 3.7A, Table 3.4), the ratios of the

matched over the MM5 and MM18 DNA cleavage rate constants show that its

selectivity for rapidly cleaving matched DNA is comparable to, if not higher than,

those of SpyCas9"'™ and SpyCas92F™ (Figure 3.7B). Regarding Cas9-based

biotechnology applications, there may be some instances where SpyCas9?A? is

preferred over SpyCas9"" because efficiency of DNA cleavage is more important

than absolutely minimizing off-target DNA cleavage. For example, a diagnostic

use where higher sensitivity to the presence of lower amounts of on-target DNA

is a case where SpyCas9?A'@ may perform more efficiently than SpyCas9"'. In
the case of gene therapy applications, however, SpyCas92°" is probably
preferred because minimizing off-target DNA cleavage is prioritized over
efficiency of DNA cleavage to protect the genome from unintended damage.
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3.6.3 Mechanistic insights into the effects of the two-proline and two-alanine
substitutions on SpyCas9’s on-target DNA linearization selectivity reveal more
about how the actions of HNH and RuvC are coordinated for DNA linearization
There is evidence that the HNH domain is part of a signaling pathway within
SpyCas9 that helps coordinate recognition of gRNA with RuvC activation (Chen
et al., 2017; Dagdas et al., 2017; Nierzwicki et al., 2021b; Palermo et al., 2018a;
Raper et al., 2018; Sternberg et al., 2015), and the loop-to-helix transition in BH
may be part of this pathway (Babu et al., 2021). The fact that the two-alanine
substitution, which is expected to increase the helicity of the BH, increased the
DNA linearization rate indicates that the loop-to-helix-transition could be part of
the signal transduced from the nucleic acid recognition lobe of SpyCas9 to the
nuclease lobe for coordination of the HNH and RuvC to linearize DNA. It is
possible that the ongoing EPR studies will show that the SpyCas9"/T-gRNA
complex has only a slightly increased population in the stable helical
conformation as opposed to the loop form relative to SpyCas9?"°-gRNA
complex, and that the SpyCas9?*2-gRNA complex has a much greater
population in the helical form. If this helicity trend is observed in the EPR studies,
then it will match the DNA linearization rate trend observed in this study, which is
that SpyCas92P™ linearizes DNA the slowest, SpyCas9"'T being slightly faster,
and SpyCas9%2 being the fastest (Figure 3.7A). In this case, the transduction of
a nuclease coordinating signal from the nucleic acid recognition lobe via the BH
loop-to-helix transition would be a plausible mechanism describing how the two-
proline substitution hinders the coordination of the HNH and RuvC for complete
DNA linearization (Babu et al., 2021).

3.6.4 Future prospects

3.6.4.1 SDSL EPR studies with SpyCas9"T, SpyCas92" and SpyCas9?A? and
different DNA substrates to monitor the loop-to-helix transition
Our initial EPR studies with apo and binary (Cas9 bound to sgRNA) complexes
of SpyCas9"" and SpyCas9?" measuring the loop-to-helix transition show that
the proline substitutions impact the stability of BH such that the loop within BH is
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less able to form a helix upon sgRNA binding to SpyCas9 (data not shown).
Further EPR studies will include testing SpyCas92A? and different DNA
substrates to measure the stability of the BH under different conditions that will
provide mechanistic insights on the DNA cleavage differences that we report in

this study.

3.6.4.2 Testing the effect of different amino acids in the loop region of the BH and
its effect on the loop-to-helix transition
While this work tested only the effects of proline and alanine substitutions in the
loop region of the BH, future studies testing different amino acids, especially
assessing amino acids with different side chain properties (charge,
hydrophobicity, size, aromaticity etc.) will not only provide mechanistic details of
the loop-to-helix transition in SpyCas9’s DNA cleavage and mismatch sensitivity,
but will also have the potential to deliver newer variants that are more efficient for
gene editing applications. A repertoire of variants with very efficient on-target
DNA cleavage and severely compromised off-target DNA linearization will be

valuable for genome applications.
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4  Chapter 4: Predicting Potential Antiviral targets in Coronavirus-2 Spike Protein
Using Sequence Conservation Analysis

4.1.0 Authorship
This is unpublished work done in collaboration with Richard Van, a member of
Dr. Yihan Shao’s laboratory at the University of Oklahoma Department of
Chemistry and Biochemistry, and Dr. Fares Najar, former director of the
University of Oklahoma Chemistry and Biochemistry Bioinformatics Core. Dr.
Fares Najar obtained the spike protein sequences from NCBI, | organized the
spike protein sequences from NCBI into the datasets that | then used for
sequence conservation analysis, and Richard did the molecular dynamics and
molecular docking analysis. Figures 4.6 and 4.7 were made by Richard.

4.2.0 Overview
The 2019 severe acute respiratory syndrome coronavirus 2 (CoV-2) outbreak re-
opened spike protein structural characterization pipelines used to reveal the
similarities and differences between CoV-2 and other coronavirus host cell entry
mechanisms and re-intensified investigative efforts to elucidate the origins of
novel coronaviruses. A promising antiviral strategy is to prevent contact between
CoV-2 and host cell receptor proteins by targeting the spike protein. Spike
protein contains conserved amino acid residues that are crucial for the host-cell
entry mechanism and not amenable for frequent evolutionary changes due to
their crucial functional roles. We propose that such conserved residues are
potent antiviral targets and performed spike protein sequence conservation
analysis to identify such residues present in spike protein. Molecular dynamics
simulations were used to predict small molecule-binding pockets in the spike
receptor binding domain (RBD), which is the domain of spike protein that
interacts with the human cell receptor protein. Cross analysis of the conserved
amino acids with the pockets in the spike RBD, which are predicted to bind

potentially antiviral molecules, showed the presence of highly conserved amino
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acids that are biochemically shown to be crucial for protein expression or its
ability to bind to the host cell receptor protein in those pockets. To identify
features of the CoV-2 spike protein that facilitated its spillover into the human
population from zoonotic sources, we performed conservation analysis with
zoonotic-isolate spike proteins. This analysis revealed groups of residues with
similar functions that tend to be differentially conserved in human-isolate and

zoonotic-isolate coronavirus spike proteins.

Introduction

Outbreaks of novel coronaviruses (CoVs) in the human population occasionally
occur as demonstrated by the appearance of severe acute respiratory syndrome
coronavirus (SARS) in 2003, human coronavirus-NL63 (NL63), coronavirus-
HKU1 (HKU1) in 2005, and Middle East Respiratory Syndrome coronavirus
(MERS) in 2012 (Forcelloni et al., 2021). In December of 2019, the SARS-CoV-2
(CoV-2) species was detected for the first time in humans (Zhu et al., 2020). It
spread world-wide, and masking and social distancing became common
practices to reduce the spread of the virus. mMRNA vaccines became available
approximately one year after the outbreak (Hou et al., 2021), and various drugs
have been repurposed to treat those infected with SARS-CoV-2 (Chakraborty et
al., 2021). Research on how to prevent and treat SARS-CoV-2 is ongoing.

Despite coronaviruses causing severe respiratory outbreaks in the past, the
scientific community did not have efficient models of viral evolution strategies to
predict the severity of the CoV-2 pandemic. Specifically, analysis of the evolution
of coronaviruses infecting humans and other animal hosts to compare sequence
similarities that enable animals to serve as reservoirs in the emergence of new
strains with pandemic capabilities is crucial in predicting viral strain development

and also for strategic drug and antibody development plans.

We hypothesized that spike protein present on the surface of the coronavirus that
directly interacts with the receptor protein ACE2 (Angiotensin-converting enzyme
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2) to gain entry into human cell will be an ideal candidate to monitor evolutionary
changes to predict evolution of pandemic strains (Yan et al., 2020). Specifically,
we propose that pandemic strains will possess mutations that enable tighter
binding to human ACEZ2 protein and that some of these mutations enable binding
of spike protein to ACE2 from new animal carriers (Ozono et al., 2021),
potentially creating new strains and future pandemics. The emergence of the
gamma, kappa, delta, and omicron CoV-2 variant has supported the hypothesis
that CoV-2 spike mutations enhance human ACE2 binding (Zhang et al., 2022;
Zhang et al., 2021). To observe which regions are conserved versus variable
among spike protein sequences from SARS, MERS, and CoV-2 (in this case, the
CoV-2 sequences available in Spring of 2019), we used phylogenetic analysis to
map highly evolving and conserved regions of the spike protein. Further
phylogenetic analysis was done with spike protein from coronaviruses isolated
from both zoonotic and human hosts to identify residues that may be involved in
the emergence of CoV-2 in the human population. In addition, through a
collaborative work with the Shao lab, we identified compounds predicted to bind
spike protein as potential antiviral drugs. We analyzed amino acid conservation
at these drug binding pockets to rank the different pockets based on the level of
amino acid conservation since a drug targeting a highly conserved pocket will

have a long-lasting effect as an antiviral compound.

Coronavirus taxonomy

Coronavirinae (a subfamily of Coronaviridae) contains four genera of viruses: two
that infect mammals (alpha and beta) and two that primarily infect avian hosts
(delta and gamma) (Zhou et al., 2021). There are currently seven coronavirus
species that infect humans: human coronavirus-229E (229E), human
coronavirus-OC43 (OC43), NL63, HKU1, SARS, MERS, and CoV-2 (Forcelloni et
al., 2021). The alpha human-infecting coronaviruses cause common-cold like
symptoms: 229E and NL63 (Zhou et al., 2021). Some beta coronaviruses cause
severe symptoms in humans (SARS, MERS, and CoV-2), and others cause
common cold-like symptoms (OC43 and HKU1) (Zhou et al., 2021).
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CoV-2 genes and proteins

CoV-2 is a positive sense, single-stranded RNA virus coding for the replicase
complex and structural proteins (including spike, envelope, membrane, and
nucleocapsid proteins), both of which resemble those of SARS, as well as a
variety of accessory proteins that tend to vary among coronavirus species
(Figure 4.1) (Mody et al., 2021). The host ribosomes translate the CoV-2 RNA
into a polypeptide chain which then needs to be cleaved by 3-chymotrypsin like
protease to produce individual, functional viral proteins (Mody et al., 2021).

Replicase complex

I
5/ ORFla ORF1b structural -5,
and accessory
3-chymotrypsin spike
like protease envelope

membrane
nucleocapsid

Figure 4.1. Simplified depiction of the severe acute respiratory syndrome
coronavirus 2 RNA genome (Mody et al., 2021). 3-chymotrypsin like protease
is encoded in ORF1b, which codes for part of the replicase complex. Spike is a
structural protein encoded along with the other structural proteins: envelope,

membrane, and nucleocapsid.

Spike protein structure and function

Spike protein is a cell surface glycoprotein that is anchored into the membrane
by a short transmembrane domain (Figure 4.2). A major part of the protein is
extracellular. Spike protein occurs as a trimer on the viral envelope and appears
like a three-pronged grapple hook (Figure 4.2B). Within each monomer, the S1
subunit contains the Receptor Binding Domain (RBD) the function of which is to
bind the host receptor protein (ACE2), and is similar to the prongs of the grapple
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hook (Wrapp et al., 2020). The S2 subunit contains the fusion components
(fusion peptide and heptapeptide repeats) (Huang et al., 2020b; Wrapp et al.,
2020). The fusion peptide inserts into the host cell, and the heptapeptide repeats
help draw the viral particle near to the host cell membrane for fusion ultimately
resulting in introduction of the coronavirus RNA into the host cell (Ashour et al.,
2020; Huang et al., 2020b; White et al., 2008). Spike monomers can be in the
closed conformation where the RBD in each of the three monomers in a trimer
stays closed, which enhances spike protein stability and evasion of the host-
immune system. During binding to ACE2, one of the RBD in the trimer acquires
an open conformation where the RBD residues are positioned to facilitate
receptor binding (Shang et al., 2020; Wrapp et al., 2020), which is the initial

attachment point for the virus as it begins infecting the host cell.
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Figure 4.2. Domain architecture of the CoV-2 spike protein. (A) The domain
are as follows: NH2, N-terminus; NTD, N-terminal domain; CTD1, C-terminal
domain 1; RBD, receptor binding domain that interacts with the human-receptor
protein ACE2 (Angiotensin-converting enzyme 2); CTD2, C-terminal domain 2;
CTD3, C-terminal domain 3; S1/S2, the interface between the S1 subunit (host
receptor binding subunit) and the S2 subunit (subunit that mediates fusion with
the host cell); S1/S2, the protease cleavage site needed for the transition from
the host receptor protein binding phase to the host cell fusion phase; FP, fusion
peptide that anchors in the host cell and works alongside the heptad repeat
domains to draws it near to the viral particle; HR1, heptad repeat 1; CD,
connector domain; HR2, heptad repeat 2; TM, transmembrane domain that is

anchored in the viral particle membrane; COOH, C-terminus. Adapted from Wang
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et al. (2020) (Wang and Xiang, 2020). (B) Extracellular domain of spike protein
with three monomers shown. S1 trimers: red, green, blue. S2 trimers: orange,
cyan, yellow. PDB ID: 6VXX (Walls et al., 2020).

One determinant of coronavirus host specificity is spike:host receptor-binding
complementarity. In the case of CoV-2, the host receptor protein is ACE2 (Zhou
et al., 2020). Most vertebrates have ACE2 on the surface of their cells; however,
CoV-2 spike cannot bind all ACE2s. For example, CoV-2 can bind human-ACE2,
civet-ACE2, swine-ACE2, and Chinese horeseshoe bat-ACE2, but not mouse-
ACE2 (Zhou et al., 2020). The lack of CoV-2 spike protein binding to mouse
ACEZ2 can be explained by residues in the mouse ACEZ2 that are different from
those in other ACE2s: N30 (which is D30 in the human ACE2 and interacts with
K417 in CoV-2 spike), F83 (which is Y83 in the human ACE2 and interacts with
F486 and N487 in CoV-2 spike), and H353 (which is K353 in the human ACE2
and interacts with G496, G502, Y505, Q498, and N501 in CoV-2 spike) (Zhao et
al., 2020). SARS also uses ACE2 as a host receptor protein (Li et al., 2003), but
MERS uses CD26 (otherwise known as DPP4) (Lu et al., 2020; Raj et al., 2013).
Since humans have both ACE2 and CD26 on the surface of their cells (Lu et al.,
2013), humans can be infected by SARS, MERS, and CoV-2.

The objective of this research is to identify highly conserved antiviral target sites
in spike protein that will disrupt the host receptor protein binding and membrane
fusion mechanisms. This will save the host cell from ever being invaded by the
viral genetic material. Our hypothesis is that conserved spike protein residues
exist that are crucial for the host-cell entry mechanism, and that these residues
are mutated at slower rates despite the high rate of mutation that coronaviruses
undergo to be able to infect hosts. We propose that targeting drug-binding
pockets in spike protein with highly conserved amino acids will maintain potency
against future viral strains with variations in spike protein structure. Another goal
of our research is to give insight into the key adaptations in spike protein that
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contribute to spillover of coronaviruses from zoonotic sources into the human

population.

Methods

Curating the spike protein sequence database

Spike protein sequences were obtained from the National Center for
Biotechnology Information (NCBI) in the year 2020 using the search term “S
glycoprotein AND coronavirus[organism]” to download genbank files from which
a spike protein amino acid dataset containing 2690 spike sequences with
coronavirus species and host information in the headers was constructed (Figure
4.3A). From this dataset, three spike protein sequence datasets were obtained
for conservation analyses by sorting the spike sequences by coronavirus species
using information in the genbank files, selecting representative spike sequences
from clusters meeting certain sequence identity thresholds, and selecting spike
sequences from coronaviruses infecting certain zoonotic hosts: severe, human-
infecting coronavirus spikes (20 proteins with approximately equal representation
from SARS, MERS and CoV-2), human-isolate only (53 proteins with
approximately equal representation from SARS, MERS, CoV-2, 229E, OCA43,
NL63, and HKU1), and zoonotic-isolate added (the 53 proteins from the human-
isolate only analysis plus 10 from zoonotic isolates). Clustering was used to
obtain representative spike sequences because many of the spike sequences
were identical, and including multiple identical protein sequences in the
conservation analysis would artificially increase its weight in the conservation

analysis.

Cd-hit (Li and Godzik, 2006) was used to cluster and obtain 7 representatives
from 462 CoV-2 spikes and 4 representatives from 18 SARS spikes at a 99.9%
sequence identity threshold, 9 representatives from 244 MERS spikes and 10
representatives from 51 NL63 spikes and 10 representatives from 21 229E
spikes and 7 representatives from 16 HKU1 spikes at a 99.5% sequence identity
threshold, and 6 representatives from 137 OC43 spikes at a 98.5% sequence
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identity threshold (Figure 4.3B). The 7 CoV-2, 4 SARS, and 9 MERS spikes
makes up the severe, human infecting dataset of 20 spike sequences. That
dataset of 20 sequences plus the 33 sequences from the common cold-like CoVs
(NL63, 229E, HKU1, and OC43) make up the human-isolate only dataset of 53

spike sequences (Figure 4.3).

A

S protein  ERLTIT)

sequences seqguences
from NCBI a

Selected YT
human-

infecting sequences

e 53
Clustered
sequences
Selected * 20
EEE sequences

CoV type
(Number of cov-2 | sars [EYILEERNEE 229E HKU1 | oca3
sequences) (462) (18) (244) (51) (21) (16) (137)

Percent 99.9% 99.5% 98.5%
identity cutoff

Number of
representatives 7 9 10 10 7 6

53 human-infecting Spike sequences
20 from CoV-2, SARS, and MERS

Figure 4.3. Workflow describing how the severe, human infecting dataset of
20 spike sequences and human-isolate only dataset of 53 spike sequences
were obtained from the 2960 spike sequences downloaded from NCBI. (A)
The 2690 spike sequences from NCBI are shown at the top of the process, the
949 spike sequences from human-infecting coronaviruses (SARS, MERS, CoV-
2, 229E, OC43, NL63, and HKU1) are shown next, and the 53 representatives
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from the human-infecting coronaviruses selected based on sequence identity
clustering (shown in panel B of this figure) are shown third. Finally, the 20 spike
sequences from the severe, human-infecting coronaviruses (SARS, MERS, and
CoV-2) are shown fourth. (B) The clustering process used to select the 53
representatives from the 949 spike sequences from the seven human-infecting
coronaviruses. Clustering was done using the program cd-hit to group the
proteins based on the sequence identity cutoff shown next to each downward
arrow (Li and Godzik, 2006). The seven human-infecting coronaviruses are
named in the top row of boxes and have the number of sequences before
clustering in parentheses below them. CoV-2 and SARS share a blue color
because they were clustered at a 99.9% sequence identity cutoff; MERS, NL63,
229E, and HKU1 share a yellow color because they were all clustered using a
99.5% sequence identify cutoff; and OC43 is the only one colored white because
it is the only one clustered at a 98.5% sequence identity cutoff. Since the spike
proteins from the coronaviruses on the left had to have a higher percent identity
cutoff to obtain a comparable number of clusters as the ones on the right with a
lower percent identity cutoff, the spike proteins from the coronaviruses on the left
(those from CoV-2 for example) were more similar to one another while those on
the right (those from OC43 for example) were more different from one another.
The boxes below the downward arrows show how many representative spike
sequences were obtained from each human-infecting coronavirus species after

clustering.

Details on the selection of spike protein sequences from zoonotic-isolates are as
follows. A dataset of 82 zoonotic-isolate CoV nucleotide sequences had already
been compiled by Gussow et al. (2020) (Gussow et al., 2020). To obtain the
zoonotic-isolate spike sequences that are most similar to the human-isolate spike
sequences used in our study, the zoonotic-infecting coronavirus spike dataset
compiled by Gussow et. al. was submitted as a nucleotide fasta subject to tblastn
(Altschul et al., 1990) along with a protein sequence query of the 53 spike
sequences from the human-infecting coronaviruses. The output yielded the CoV
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genome accession numbers corresponding to the top hit from each human-
isolate spike sequence. The genome accession numbers were de-duplicated
resulting in 10 zoonotic-isolate CoV genomes which were used to obtain the 10

spike protein sequences comprising the zoonotic-isolate spike dataset.

Measuring spike protein conservation
Spike protein conservation was measured by constructing a multiple sequence

alignment (MSA) using clustal omega (Sievers and Higgins, 2014) and then

submitting that MSA to a program called TRAnsient Pockets in Proteins with
Druggability Calculation (TRAPP) to score conservation of the MSA positions

using Jensen—Shannon divergence (Capra and Singh, 2007). CoV-2 spike
accession number QHO62112 (the Wuhan strain) was used as the reference
sequence when reporting CoV-2 spike residues and positions.

|dentifying small-molecule-binding pockets in spike protein using molecular

dynamics simulations and molecular docking

We used a molecular dynamics structure that was available freely to the scientific
community from the D E Shaw Research group through a Creative Common

Attribution 4.0 International Public License. This structure was modeled based on
SARS CoV-2 spike structures PDB ID: 6VXX (Walls et al., 2020) and 6VW1 (Liu
et al., 2021) and only contained the RBD and a short region of S1 fusion region.

Two ps trajectories at 310 K and NPT ensemble were performed by D E Shaw
Research group. Other parameters were AMBER ffO9SB-ILDN force field
(Lindorff-Larsen et al., 2010), TIP3P model for water (Jorgensen et al., 1983),
GLYCAMOG for glycosylated asparagine (Kirschner et al., 2008), and generalized
AMBER ff for small molecules (Wang et al., 2004). Frames for molecular docking
analysis were taken every 0.2 ys, which resulted in 11 snapshots representing
different conformations of the protein. Molecular docking was done using each of
the 11 frames with AutoDock Vina (Eberhardt et al., 2021) (Trott and Olson,
2010), which was also used to predict binding energies. 5152 compounds were
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screened from the NCI diversity Set V compound library which contains FDA-
investigational drugs.

Analyzing biochemical data on spike expression and spike:ACEZ2 binding

Table S2 in Starr et al. 2020 reports the effect of mutating RBD residues to every
other amino acid such that more negative values indicate lower expression of
spike or weaker affinity of spike for ACE2 for each RBD substitution (Starr et al.,
2020). For Figures 3.6-3.9, the spike expression and spike:ACE2-binding score
for each residue was obtained by taking the average spike expression or
spike:ACE2-bindng score value of all amino acid substitutions for that residue in
Table S2 in Starr et al. 2020 and then normalizing those values by dividing each
by the average spike expression or average spike:ACE2-bindng score value with
the highest absolute value. This is shown in the steps below using the spike

expression score for example:

1. Column 12 of Table S2 in Starr et al. 2020 contains the spike expression
score for each variant (20 amino acid substitutions and one truncation variant)
for each residue in the spike RBD (positions 331-531 according to Starr et al.
2020). For example, if substitution of an amino acid residue in the spike RBD
to alanine decreased spike protein’s ability to express, then that substitution
for that residue would be given a positive score. If substitution of that same
residue in the spike RBD to aspartate increased spike protein’s ability to
express, then that substitution for that residue would be given a negative
score. This positive score for alanine and negative score for aspartate would
be two of the 21 spike expression score values for that spike protein residue,
so this analysis of the biochemical data takes information about both
deleterious and compensatory substitutions. The average score (of all 21
variants) was obtained for each spike RBD residue to determine whether
substituting this residue was more or less deleterious or compensatory on
average compared to the substitution of other spike RBD residues. Taking
position 331 for example, the average score for position 331 was obtained by
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summing the values in column 12 of the 21 variants of residue position 331
and dividing that sum by 21.

2. This was repeated for each RBD residue position (positions 331-531) such
that each position had an average spike expression score. For position 331,
for example, the average spike expression score was -0.73619.

3. The average spike expression score with the highest absolute value -
2.80238) belonged to position V433. To normalize all the average spike
expression scores to a value of 1, each average spike expression score was
divided by -2.80238. For residue 331, this yields a normalized average
expression score of 0.262702.

4. The resulting normalized average spike expression scores (for residue

positions 331-531) were used in the analyses in this research.

This makes RBD residues in Figures 3.6-3.9 with positive scores near 1 the most
crucial for spike expression or spike:ACE2 binding.

Results

Spike protein regions vary in amino acid conservation across SARS, MERS, and
CoV-2 strains

To visualize if there are any regions of spike protein that stand out as highly
conserved or variable, a multiple sequence alignment of spike proteins from
SARS, MERS, and CoV-2 was made and the amino acid residue positions were
scored for conservation using a Jensen—Shannon divergence-based algorithm
that quantifies the difference between the amount of amino acid distribution
present in each column of the MSA (Capra and Singh, 2007). The Jensen—
Shannon divergence-based algorithm uses amino acid identity (not similarity in
function as is used by the BLOSUM matrix method) as the criterion for
conservation and is as accurate as other more computationally intensive
methods, such as those that build phylogenetic trees, at identifying sequence
conservation (Capra and Singh, 2007). SARS, MERS, and CoV-2 spike
sequences were selected for analysis because they cause severe symptoms in
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humans. There are other CoVs such as 229E, OC43, NL63, and HKU1 that
cause mild symptoms in humans, and still others that infect zoonotic hosts only.
Since the main application of this study is identification of potential antiviral drug
binding pockets that are highly conserved, we prioritized viruses that cause
severe symptoms in humans to addresses the most pressing health concern.

The conservation scores for each position in the multiple sequence alignment
that contained a CoV-2 spike residue was plotted in Figure 4.4. The MSA
contained spike sequences from the 7 CoV-2, 4 SARS, and 9 MERS spike
sequences making up the dataset of 20 spike sequences from the severe,
human-infecting coronaviruses, which explains why the conservation score tends
to be approximately between 0.4 and 0.8 since the sequences from the same
CoV species are anywhere from 98.5% to 99.9% similar as shown in Figure 4.3
(leading to the minimum score of ~0.4) and the sequences from different species
are variable (77.38% similarity between SARS and CoV-2 and 31.98% similarity
between MERS and CoV-2 (Agrawal et al., 2021); leading to a maximum score of
~0.8). Figure 4.4 shows that the N-terminal domain (NTD, CoV-2 spike residue
positions 14-305) has multiple regions that are highly variable, the receptor
binding domain (RBD, CoV-2 spike residue positions 331-531), fusion peptide
(FP, CoV-2 spike residue positions 788-806), and heptapeptide repeat 1 (HP1,
CoV-2 spike residue positions 912-984) regions are mostly uniformly conserved,
and that the heptapeptide repeat 2 (HP2, CoV-2 spike residue positions 1163-
1213) region has some highly conserved residues near the transition to the
transmembrane (TM, CoV-2 spike residue positions 1214-1237) domain (Figure
4.2A). The RBD and heptapeptide repeat regions are of interest because their
roles in the CoV-2 infection mechanism is well known, and structural studies
have confirmed that the RBD is conserved while the NTD is variable for CoV-2
variants (Zhang et al., 2021). Table 4.1 shows the top five most conserved amino
acid residues in these regions.
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Figure 4.4. Conservation scores from a Jensen-Shannon divergence-based
algorithm used to analyze the multiple sequence alignment of a SARS,
MERS, and CoV-2 spike protein dataset collected from NCBI in 2020. The
program that uses this Jensen—Shannon divergence-based algorithm to score
the conservation is called TRAnsient Pockets in Proteins with Druggability
Calculation (TRAPP) (Capra and Singh, 2007). The position in the multiple
sequence alignment (MSA) is shown on the x axis, and below that is shown the
domain architecture of CoV-2 spike (protein accession number QHO62112) with
its amino acid numbers (Huang et al., 2020b). NTD is N-terminal domain, RBD is
receptor binding domain, S1/S2 is the interface between the S1 and S2 regions
of spike protein, FP is the fusion peptide, HR1 and HR2 are the heptapeptide
repeat domains, and TM is the transmembrane domain. The black boxes show
the position of the CoV-2 RBD and heptapeptide repeat domains in the multiple

sequence alignment.

Receptor Binding Domain Heptapeptide Repeat Domains
Residue Conservation Residue Conservation
Score Score
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Y423 0.84532 | W1212 0.87325
C361 0.84416 | Y1209 0.83010
C379 0.83596 | P1213 0.82929
N422 0.83355 | K1211 0.82530
C391 0.83311 | N955 0.82129

Table 4.1. Top five conserved amino acid residues from receptor binding
domain and heptapeptide repeat domains using the conservation analysis
of the severe, human-infecting coronavirus (SARS, MERS, and CoV-2)
spike proteins dataset from 2020. Receptor binding domain is residues 331-

531 and heptapeptide repeat domains are residues 912-984 and 1163—1213.

The conserved RBD residues were especially of interest because these are the
ones that make initial contact with the host cell receptor protein, which is ACE2
for CoV-2. This makes the RBD an appealing drug target since disrupting its
function can preclude contact with host cells. Figure 4.5 was made to visualize
the locations of the conserved RBD residues on the CoV-2 spike structure. The
structural representation shows that four out of the five most conserved residues
(N422, Y423, C361, and C391) are located in loop regions and the remaining
residue (C379) is located in a beta sheet (Figure 4.5).

C361

118



452

Figure 4.5. Structural representation of level of conservation of spike
receptor binding domain (RBD) residues among SARS, MERS, and CoV-2
spike sequences collected from the National Center for Biotechnology
information in 2020. Red color indicates the residue is highly conserved, white
color indicates intermediate conservation, blue color indicates lower
conservation, and gray color indicates the residue was not analyzed for
conservation. The color attribute was applied using the defattr (define attribute)
command in Chimera (Pettersen et al., 2004) with the attribute value for each
residue assigned as the corresponding conservation score. The top five most
conserved RBD residues listed in Table 4.1 (Y423, C361, C379, N422, C391) are
labeled in one monomer of the trimer and have side chains shown in all the three

monomers of the trimer.

Molecular docking studies reveal small molecules that can bind to different
pockets in the S1 domain of spike protein

The sequence conservation analysis has identified which residues may be
effective antiviral targets that will persist even as new viral strains emerge;
however, it remains to be investigated which residues are structurally targetable
using small-molecule drugs. To identify compounds and binding pockets of these
compounds within the spike protein, molecular docking was performed using a
molecular model provided the D.E. Shaw research group (Creative Common

Attribution 4.0 International Public License). This structure based on PDB IDs

6VXX and 6VW1 contained only the RBD and a short region of S1 fusion region.
11 different snapshots representing different conformations of the protein was
used for molecular docking. We screened a small molecule drug library (NCI
diversity Set V compound library - 5184 FDA-investigational drugs) against all
these 11 structures. Molecular docking was performed using AutoDock Vina
(version 1.1.2). We used the following criteria to identify compounds with high
binding affinity: (i) a cutoff score of -10.0 kcal/mol was used to select high affinity
compounds; (i) binding site for more than 5 conformations; (iii) rank and select
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the highest binding affinity. This gave us top 6 compounds ranked based on
highest binding affinity (NSC 5157, NSC 61610, NSC 37553, NSC 319990, NSC
84100, and NSC 670283) (Figure 4.6).

HO. 0_0 NY@ it )OL
s GO D e o
5 m O b
NSC 5157 NSC 61610 NSC 37553
(-11.2) (-12.4) (-12.2)
T >
R as e voUlNG aa'e SENN eevese
NSC 319990 NSC 84100 NSC 670283
(-12.0) (-11.4) (-12.5)

Figure 4.6. Six compounds with the highest predicted binding affinity to the
spike receptor binding. The compounds are NSC 5157 (binds pocket 4), NSC
61610 (binds pocket 2), NSC 37553 (binds pocket 1), NSC 319990 (binds pocket
2), NSC 84100 (binds pocket 1), and NSC 670283 (binds pockets 1 at-12.4
kcal/mol and 4 at -12.3 kcal/mol). The predicted binding affinity (in units of

kcal/mol) is shown in parentheses below each molecule.

Our analysis revealed that there are four binding pockets that are located in the
RBD regions of the spike protein timer (Figures 3.3 and 3.4 and Table 4.2). Each
pocket can bind to more than one compound indicating the accessibility of the
different binding cavities towards diverse chemical compounds (Figure 4.7).
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Figure 4.7. The four pockets identified in the spike RBD that are predicted

to bind small molecules. P stands for pocket. The molecules are shown in the

spike protein structure binding in the pockets, and a zoomed in view of the

molecules in pockets 1, 2, and 4 is shown on the right.

Mapping of the binding pockets onto the spike protein trimer shows different

interfaces of RBD as effective drug binding sites

We analyzed the amino acids that were located within 4 A of each of the four

pockets (Table 4.2.) Pockets 2 and 4 have more interactions with spike protein

compared to pockets 1 and 3.

Pocket 1 Pocket 2 Pocket 3 Pocket 4

F338, G339, D364, Y365, Y369, N370, F342, N343,
E340, V341, S366, V367, S371, S383, A344, T345,
F342, W353, L368, Y369, A384, T385, S371, T372,
E354, R355, S375, T376, K386, K403, F373, F374,
K356, K357, 1358, | F377, K378, G404, D405, S375, T376,
T385, K386, C379, Y380, D406, V407, Y380, R408,
L387, N388, A384, T385, R408, Q409, Q409, 1410,
D389, V395, K386, L387, Q414, T415, A411, P412,
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Y396, A397, N388, D389, G416, V417, G413, Q414,

D398, S399 G404, D405, K452, Y453, T415, V433,
D406, V407, R454, L455 L434, A435,
R408, Q409, W436, N437,
G416, V417, T438, R439,
1418, A419, D420, N440, 1441,
Y421, Q474, D442, Q498,
A475, G476, P499, T500,
S477, TAT8, N501, G502,
P479, N487, V503, G504,
C488, Y489, Y505, Q506,
F490 P507, Y508,

R509

Table 4.2. Index of the residues in the four small-molecule binding pockets in the
spike receptor binding domain (RBD).

Mapping these pockets onto the spike protein trimer (Figures 4.7 and 4.8) shows
interesting features about the distribution of these pockets. While three of the
pockets are in the RBD interfaces of the trimer (pockets 2, 3, and 4), one of them
(pocket 1) is covering only one RBD region (Figure 4.9). The location of pocket 2
on the spike structure as shown in Figure 4.9 is especially interesting because
the peripheral loop region of each monomer can open (as seen in the monomer
where pocket 3 is shown) and close (as seen in the monomer where pocket 2 is
shown) (Khare et al., 2021). The open conformation is the one that facilitates
recognition for the host receptor protein (Gui et al., 2017), the recognition of
which is a crucial step of the CoV-2 viral infection mechanism (Wrapp et al.,
2020). Small molecule-binding in pocket 2 has the potential to tether the
peripheral loop region to the central helices (Figure 4.9), which would trap the
protein in the closed conformation and disrupt the CoV-2 infection mechanism.
Furthermore, pocket 2 is located at the interface of two monomers in the trimeric

122




spike protein (Figure 4.9), so small molecule-binding in this region could disrupt
the overall stability of the trimer. As in pocket 2, small molecule binding at the
monomer interface in pockets 3 and 4 could disrupt the overall stability of the

spike trimer.

Figure 4.8. Surface representation of the spike protein S1 domain used for
molecular dynamics simulation to predict structural conformations that can
be used as molecular docking models. The four molecules predicted to have
the strongest binding interactions with spike are also shown. The molecules are
NSC 670283, NSC 37553, NSC 80735, and NSC 61610, which are the
molecules with the strongest predicted binding interaction in pockets 1-4
respectively. The residues colored magenta, green, teal, and orange are located
in pockets 1, 2, 3, and 4 respectively. These pockets were identified because
they are regions in the spike protein that are predicted to bind a variety of small
molecules. Each of the trimeric subunits of the spike protein are colored in a

different shade of gray.
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Figure 4.9. Ribbon representation of the spike protein structure obtained
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from molecular dynamics simulation. The molecules with the best binding
energy from pockets 1, 2, and 4 (NSC 670283, NSC 37553, and NSC 61610

respectively) are also shown. The units of predicted binding energy are kcal/mol.

Each of the trimeric subunits of the spike protein are colored in a different shade

of gray.

Conservation of spike protein residues in small-molecule-binding-pockets

One reason why conserved residues are desirable antiviral targets is that they

are less likely to change as new variants of the virus emerge, so the antiviral is

more likely to be effective against emerging strains. Another reason why

conserved residues are promising antiviral targets is that they are often essential

for the viral infection mechanism, so disrupting their protein-protein interactions

using small molecule drugs has the potential to prevent host infection. Table 4.3

was constructed to identify which pocket is the most advantageous antiviral

target based on level of amino acid conservation between the different severe

human infecting strains (SARS, CoV-2, and MERS).

Pocket 1

Pocket 2

Pocket 3

Pocket 4
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Res. Cons. Res. Cons. Res. Cons. Res. Cons.

Score Score Score Score

C379 | 0.83596 Y380 | 0.78321
F377 | 0.81991| S383| 0.78390 | P507 | 0.78016
Y421 | 0.81052 | G416 | 0.75903 | T376| 0.76805
D420 | 0.78964 | Q409 | 0.75045 | Y508 | 0.76364
1358 0.76760 | 1418 | 0.78589 | Q414 | 0.74488 | N440 | 0.75130
S399 0.76380 | Y380 | 0.78321| P384| 0.74315| S375| 0.75126
Y396 0.75470 | P479 | 0.78314 | R454 | 0.74221 | Q409 | 0.75045
E340 0.74978 | T376 | 0.76805| N370| 0.73969 | R509 | 0.74758
D389 0.74896 | D364 | 0.76386 | R408 | 0.73278 | Y505 | 0.74564
N388 0.73762 | G416 | 0.75903 | T415| 0.72780 | Q414 | 0.74488

Table 4.3. Top ten conserved amino acid residues from the four small-
molecule binding pockets in the spike receptor binding domain (RBD).
Conservation analysis was done with the dataset of spike proteins from the
severe, human-infecting coronavirus (SARS, MERS, and CoV-2) obtained from
the National Center for Biotechnology Information in 2020. All the residues in the
pockets are shown in Table 4.2. The bold and colored (magenta for pocket 1,
green for pocket 2, and cyan for pocket 3) residues and scores are the top ten
most conserved residues in the small-molecule binding pockets. They are
labeled and have their sidechains shown in the spike structure in Figure 4.10.

Res. — amino acid residue. Cons. score — conservation score.

The most conserved residues in the small-molecule-binding pockets are found
primarily in pockets 2 and 1 (Figure 4.10). Altogether, the molecular docking,
structural observation, and amino acid conservation analyses have indicated that
pocket 2 is a promising antiviral target based on its predicted susceptibility to
small molecule-binding, potential structural effects of small molecule binding on
the CoV-2 infection mechanism, and high conservation of amino acid residues.
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D420 v421 377

Figure 4.10. Structural representation of the level of conservation of the
residues in the small molecule binding pockets in the spike protein
receptor binding domain. Conservation analysis was done with the dataset of
spike proteins from the severe, human-infecting coronavirus (SARS, MERS, and
CoV-2) obtained from the National Center for Biotechnology Information in 2020.
The top ten most conserved residues in the pockets are labeled in magenta for
pocket 1, green for pocket 2, and cyan for pocket 3 (see bolded and colored
entries in Table 4.3). The pocket 1 (magenta), pocket 2 (green), pocket 3 (cyan),
and pocket 4 (orange) regions are shaded with color.

Conserved spike residues that are important for expression and spike:ACE2-
binding are found in small-molecule-binding pockets in the receptor binding
domain

Both the conservation analysis and the small-molecule-binding pocket prediction
are computational approaches. In order incorporate experimental data in our
analysis, we integrated biochemical data from Starr et al. 2020 which analyzed
the role of each amino acid in the CoV-2 spike RBD (residues 331-530) in protein
expression, which correlates with the stability and folding of the protein, and in
spike:ACE2-binding interactions (Starr et al., 2020).
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4.5.5.1 Conserved residues in the small-molecule-binding pockets of the receptor
binding domain affect spike protein expression
The first set of biochemical data from Starr et al. 2020 to complement the
sequence conservation and molecular docking analyses of spike protein is
measurements of spike expression after substitution of individual RBD residues
(Starr et al., 2020). In this study an in vivo approach was used to mutate each
individual amino acid in the RBD domain to all other 19 amino acids individually,
followed by protein expression analysis (Starr et al., 2020). The spike protein
expression score was obtained by taking the average spike expression signal
intensity value of all amino acid substitutions from Table S2 in Starr et al. 2020
(Starr et al., 2020), and then normalizing those values by dividing each by the
spike expression score value with the highest absolute value. We then plotted a
graph with protein expression score on the X-axis and the level of sequence
conservation (among spike protein from SARS, MERS, and CoV-2) on the Y-
axis. A higher spike protein expression score (X-axis) indicated that spike cannot
be properly expressed when that RBD residue is substituted to another amino
acid. A higher value on the Y-axis shows that a particular amino acid is highly
conserved across all the severe human infecting viruses. As shown previously
(Figure 4.4.), RBD residues are highly conserved compared to other regions of
the spike protein. Excluding the residues not located in a pocket, the upper right
corner of the spike expression analysis plot is dominated by pocket 4 (Figure
4.11). This indicates that targeting pocket 4 with small molecule drugs could
disrupt the ability of CoV-2 to express spike protein, thus preventing a successful

viral infection.
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Figure 4.11. Scatterplot of spike protein receptor binding domain (RBD)
residues showing their degree of influence on spike protein expression and
level of conservation. The color of the datapoint indicates which small-molecule
binding pocket contains that residue. The residues in the upper-right corner of
the plot (residues C379, P507, R454, N343, D398, Y380, 1418, V410, R509,
W436, P412, and V433) are both crucial for spike protein expression and highly
conserved among spike proteins from SARS, MERS, and CoV-2.

Structural representation of this biochemical data from Starr et al. 2020 shows
that residues crucial for spike expression (colored red) tend to appear in the beta
sheet regions (Figure 4.12). Figure 4.12 also reinforces the observation that
pocket 4 has a high density of conserved residues that are crucial for spike

protein expression.
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Figure 4.12. Structural representation of conserved small-molecule-binding
pocket residues crucial for spike protein expression. Red color indicates
substituting the residue hinders spike protein expression, white color indicates
substituting the residue does not affect spike expression, and tan color indicates
the residue was not biochemically tested by Starr et al. in 2020 (Starr et al.,
2020). The color intensity in this figure cannot be compared to that of other
figures because signal intensity of this assay cannot be normalized to that of the
spike ACE2-biniding assay (Figure 4.14) or sequence conservation analyses
(Figures 3.2, 3.5, and 3.11). The residues that are labeled and have sidechains
shown are found in the zoom-in box in Figure 4.11 (residue positions 379, 507,
454, 343, 398, 380, 418, 410, 509, 436, 412, and 433), and the label colors and
shaded regions correspond to the small-molecule-binding pockets: pocket 1
(magenta), pocket 2 (green), pocket 3 (cyan), pocket 4 (orange). Y380 is found in
both pockets 3 and 4, so it is colored both cyan and orange. The PDB ID is
6VXX, and the color attribute was applied using the defattr (define attribute)
command in Chimera (Pettersen et al., 2004) with the attribute value for each
residue assigned as the corresponding average spike expression signal intensity
value of all amino acid substitution from Table S2 in Starr et al. 2020 (Starr et al.,
2020).
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4.5.5.2 Conserved residues in the small-molecule-binding pockets of the receptor
binding domain affect spike:ACE2-interactions
The second set of biochemical data from Starr et al. 2020 to complement the
sequence conservation and molecular docking analyses of spike protein is
measurements of spike:ACE2-binding interactions after substitution of individual
RBD residues (Starr et al., 2020). The spike:ACE2-bindng score was obtained by
taking the average spike:ACE2-binding signal intensity value of all amino acid
substitution from Table S2 in Starr et al. 2020 (Starr et al., 2020), and then
normalizing those values by dividing each by the ACE2 binding score with the
highest absolute value. RBD residues are plotted in Figure 4.13 with spike:ACE2-
binding score on the X-axis and level of conservation (among spike protein from
SARS, MERS, and CoV-2) on the Y-axis. High ACE2 binding score indicated that
spike cannot properly bind ACE2 when that RBD residue is substituted to
another amino acid. As with the spike expression analysis plot in Figure 4.11,
pocket 4 residues dominate the upper right corner of the amino acid conservation
spike:ACE2-binding analysis plot (Figure 4.13), which indicates that targeting
pocket 4 with small molecule drugs could disrupt the ability of CoV-2 to bind
ACE?2 for infection.
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Figure 4.13. Scatterplot of spike protein receptor binding domain (RBD)
residues showing their degree of influence on spike:ACE2-binding and

level of sequence conservation. The color of the datapoint indicates which
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small-molecule binding pocket contains that residue. The residues in the upper-
right corner of the plot (residues G502, P507, R509, C488, and R454) are both
crucial for ACE2-binding and highly conserved among spike proteins from SARS,
MERS, and CoV-2.

Structural representation of this biochemical data from Starr et al. 2020 shows
that residues crucial for spike:ACE2-binding (colored red) tend to appear in the
beta sheet regions (Figure 4.14), which is similar to the spike expression results
in Figure 4.12; however, there is a noticeable increase in importance of the
peripheral loop regions for spike:ACEZ2 binding relative to spike expression
(Figures 3.7 and 3.9).

Figure 4.14. Structural representation of conserved small-molecule-binding
pocket residues crucial for spike:ACE2-binding. Red color indicates
substituting the residue for other amino acids hinders ACEZ2 binding, white color
indicates substituting the residue does not affect ACE2 binding, and tan color
indicates the residue was not biochemically tested by Starr et al. in 2020 (Starr et
al., 2020). The color intensity in this figure cannot be compared to that of other
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4.5.6

figures because signal intensity of this assay cannot be normalized to that of the
spike expression assay (Figure 4.12) or sequence conservation analyses
(Figures 3.2, 3.5, and 3.11). The residues that are labeled and have sidechains
shown are found in the zoom-in box in Figure 4.13 (residue positions 502, 507,
509, 488, and 454), and the label colors and shaded regions correspond to the
small-molecule-binding pockets: pocket 1 (magenta), pocket 2 (green), pocket 3
(cyan), pocket 4 (orange). The PDB ID is 6VXX and the color attribute was
applied using the defattr (define attribute) command in Chimera (Pettersen et al.,
2004) with the attribute value for each residue assigned as the corresponding
average ACEZ2 binding signal intensity value of all amino acid substitution from
Table S2 in Starr et al. 2020 (Starr et al., 2020).

Conservation of some spike residues changes when zoonotic-isolate spike
sequences are added to a dataset of human-infecting CoV spikes

Since CoV-2 probably originated in a zoonotic source and then adapted to
infecting humans (Qiu et al., 2020), it is of interest what changes may have
occurred between spike proteins from coronaviruses isolated from humans and
closely related coronaviruses isolated from zoonotic sources (Gussow et al.,
2020). To investigate this, a dataset of spike proteins from human-isolated CoVs,
including both severe and non-severe disease-causing strains, (229E, OC43,
NL63, HKU1, SARS, MERS, CoV-2) was collected, and then an expanded
dataset was made by adding 10 spike proteins from zoonotic-isolate CoVs to the
53 from the human-infecting strains. Conservation was scored for both datasets,

and the top five conserved residues from each dataset are shown in Table 4.4.
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Figure 4.15. Multiple sequence alignment (MSA) of the dataset containing
human and zoonotic spike proteins. The MSA is zoomed in on CoV-2
sequence QHO62112 residues 331-531, which encompass the receptor binding
domain. The colors in the MSA represent different amino acids according to the
RasMol amino color scheme. The magenta, green, cyan, and orange boxes at
the bottom of the MSA mark which MSA positions are in which pockets according
to the QHO62112 amino acid residue positions. CoV-2 sequence QHO62112 is
highlighted in blue. Figure made using the NCBI MSA viewer.

Examination of the multiple sequence alignment of the spike protein dataset with
both human and zoonotic strains reveals that eight of the ten spike sequences
from zoonotic-infecting coronaviruses (with exception to 229E-related
QHA24665.1 and camel alphacoronavirus YP_009194639.1) resemble the beta
coronavirus spikes (from SARS, MERS, CoV-2, OC43 and HKU1) which
constitute the majority of the dataset of 53 spikes from human-infecting
coronaviruses. These 8 zoonotic sequences are different from the alpha
coronavirus spikes (from 229E and NL63) which constitute the minority of the
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dataset of 53 spikes from human-infecting coronavirues (Figure 4.15), which
may explain why adding the 10 zoonotic-isolate sequences increased the overall
conservation score for RBD residues relative to the dataset with just the 53
sequences from human-infecting coronaviruses only (Table 4.4 and the

datapoints above the green line in Figure 4.5).

Table 4.4 shows that pocket 4 tends to be the most conserved in the human-
isolates while pocket 2 is more conserved in human+ zoonotic-isolates. This
indicates that pocket 4 of spikes from human-isolates has a different amino acid
composition than that of zoonotic-isolates; however, pocket 2 has similar amino
acid composition in spikes from human- and zoonotic-isolates. This means that
pocket 4 may be a region where changes occur that help CoVs adapt to new
hosts, while pocket 2 is a region that stays constant among the viruses infecting
different host strains. Furthermore, pocket 4 may be an effective antiviral target in
human-infecting CoVs, but not in animal-infecting CoVs, while pocket 2 may be a

broad antiviral effective against both human- and animal-infecting CoVs.

Notably, C488 in pocket 2 is conserved in the human-isolate only dataset but not
in the zoonotic-isolate added dataset (Table 4.4). This is of interest because
C488 is disulfide bonded to C480 which is located in a region that is reported to
appear as an insertion in the human-infecting CoV spikes whenever they are
compared to their closest zoonotic relative (Gussow et al., 2020). The results
from the conservation analysis in this study suggest that the regions related to
C480 tend to be found in human-isolates and not in zoonotic-isolates, which

supports the findings in Gussow et al.

Human-isolate only Human-isolates + zoonotic-isolates
Residue Conservation Residue Conservation
Score Score
W436 0.65154 C379 0.76180
A435 0.64082 F377 0.73763
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C488 0.63783 G416 0.68213
L434 0.61512 D442 0.66200
R439 0.61041 Y421 0.64884

Table 4.4. Top five conserved residues in the small-molecule-binding

pockets in the spike receptor binding domain (RBD) for datasets obtained
from the National Center for Biotechnology Information in 2020 containing
spike proteins from all seven human-infecting coronavirus species (229E,
0OC43, NL63, HKU1, SARS, MERS, CoV-2) and from coronaviruses isolated
from zoonotic hosts. Residue font color correspond to the small-molecule-
binding pockets: pocket 1 (magenta), pocket 2 (green), pocket 3 (cyan), pocket 4
(orange). G416 is in both pocket 2 and 3, so it is colored both green and cyan. A
structural representation of these residues and corresponding pockets is shown
in Figure 4.16.

Structural representation of the top five conserved residues from the human-
isolates (seven species from alpha and beta viruses: 229E, OC43, NL63, HKU1,
SARS, MERS, CoV-2) and all human + zoonotic-isolates show that C488 is in the
peripheral loop region of pocket 2 and that its disulfide partner C480 is close-by
and outside of the pocket 2 (Figure 4.16 A). The white shade of C488 in Figure
4.16 B relative to its red shade in Figure 4.16 A shows that adding the spike
protein sequences from the zoonotic-isolates significantly decreased its
conservation. Similar to the spike protein expression (Figure 4.12) and ACE2-
binding (Figure 4.14) representations analyzing only severe disease causing
strains, the conservation analysis with all seven human-infecting species (Figure
4.16 A) has a high concentration of residues of interest in pocket 4. Similar to the
severe, human-infecting coronavirus conservation analysis (SARS, MERS, and
CoV-2, Figure 4.10), the conservation analysis with integrated human and
zoonotic-isolates dataset (229E, OC43, NL63, HKU1, SARS, MERS, CoV-2 plus
zoonotic-isolates, Figure 4.16 A) have many conserved residues in pocket 2,
which indicates that pocket 2 of the spike proteins from the zoonotic-isolates may
be more similar to that of severe human-infecting CoVs (SARS, MERS, and CoV-
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2) than to that of the CoVs that cause common cold-like symptoms in humans
(229E, OC43, NL63, HKU1).

A Human isolates only B Human and Zoonotic isolates

Figure 4.16. Structural representation of the level of conservation of
residues in the small molecule binding pockets in the spike protein
receptor binding domain. The datasets collected from the National Center for
Biotechnology Information in 2020 are composed of spike proteins from
coronaviruses that are A) human-isolate only (229E, OC43, NL63, HKU1, SARS,
MERS, CoV-2) and B) (A) + zoonotic-isolates. The top five most conserved
residues (Table 4.4) in the pockets have their atoms shown and are labeled in
green for pocket 2, cyan for pocket 3, and orange for pocket 4. G416 is in
pockets 2 and 3, so its label is colored both green and cyan. The pocket 1
(magenta), pocket 2 (green), pocket 3 (cyan), and pocket 4 (orange) regions are
shaded with color.

To better visualize which spike RBD residues have major shifts in conservation
when the zoonotic-isolate sequences are added to all human-infecting isolates (7
species), the RBD residues were plotted with the conservation scores from the
human-isolate (7 species) only analysis on the x-axis and the conservation
scores from all human+zoonotic-isolates analysis on the y-axis (Figure 4.17). The
result of such a plot is that residues with little change in conservation before and
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after adding in the spike sequences from zoonotic-isolates will form a line with a
slope of 1 while those residues whose conservation was greatly affected by the
addition of spike protein sequences from the zoonotic-isolate will deviate from
that line. Residues that deviate above the line are those that spike proteins from
zoonotic- and human-isolates have in common while those that deviate below the
line are those that are dissimilar between spike proteins from zoonotic- and
human-isolates. Groups of deviant residues are circled in orange (because all
those residues are in pocket 4, Table 4.2), red, and blue (red and blue do not
show a strong trend of belonging to a particular small-molecule binding pocket;
Figure 4.17 A). Residues along the line with a slope of 1 are highlighted in green
(Figure 4.17 A). The colors are then used to structurally show where these
groups of residues are located in the spike RBD (Figure 4.17 B). The residues
whose conservation scores were unaffected by the addition of zoonotic-isolate
spike sequences (green) are found on the periphery of the spike RBD, the pocket
4 residues (orange) are mainly found in central loop and alpha-helical regions,
the residues in red are mainly in loop regions, and the residues in blue are mainly
in beta-sheets (Figure 4.17).
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Figure 4.17. Visualization of how adding spike protein sequences from
zoonotic-isolates to those from all human-infecting species changes
conservation of receptor binding domain (RBD) residues. A) Plot of
conservation scores of the spike RBD residues (including those that are not in
small-molecule binding pockets). The x-axis scores are from a dataset containing
only human-infecting coronavirus spikes (7 coronavirus species: 229E, OC43,
NL63, HKU1, SARS, MERS, CoV-2), and the y-axis scores are from a dataset
containing additional spike protein sequences from zoonotic-isolates. The green
line is drawn with a slope of one through the origin such that it will pass through
datapoints that have nearly the same conservation score before and after adding
the zoonotic isolate spike sequences. The residues that deviate from the green
line had a change in conservation score once spike protein sequences from the
zoonotic-isolates were added. Groups of residues that deviate from the green
line are circled in orange (residue numbers 503, 502, 504, and 501), red (residue
numbers 377, 379, 391, 422, and 423), and blue (residue numbers 510, 458,
438, and 436). Orange was chosen for residues N501, G502, V503, and G504
because they are all in pocket 4 (Table 4.2). The note for “CP insertion” on V483
and C480 indicates that these residues are involved in a cysteine-proline (CP)
insertion event associated with the adaptation of CoV-2 to infecting humans
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457

(Gussow et al., 2020). The zoomed-in panel shows the labels for the residues
that did not change conservations score after adding the zoonotic-isolate spike
sequences (residue numbers 520, 476, 518, 527, 385, 475, 357, 519, 470, 474,
365, 356, 523, 354, 366, 482, 363, 359, 364, 358, 362, 355, 440, 353, 360, 431,
441, 361, 526, and 425 are highlighted in green because they are the closest to
the green line). B) Residues from panel A visualized on the spike protein
structure. The residues in green are the green highlighted residues in panel A
that did not deviate from the green line. Those in orange, red, and blue are those
circled with the corresponding color in panel A.

Conserved residues have been shown to be important for biological function,
viral evolution, and antibody binding

A literature search analyzing the residues of interest from our conservation
analysis in each of the categories of deviant residues (orange, red, and blue)
showed them to be critical for biological functions and antibody interactions
(Table 4.5). Some residues (indicated with an asterisk) are discussed in more
detail in paragraph form below Table 4.5.

Color- Residue Function References
coded
location in
Figure 4.17
Y495 to affect RBD—ACEZ2 binding (Teng et al.,
G504 affinity 2021)
G502, CoV-2 spike residues that (Zhao et al.,
Y505, interact with human ACE2 2020)
Q498, and | residue K353 which is
N501 conserved in multiple zoonotic
ACE2 proteins that are
receptors for CoV-2 spike, but
different (H353) in mouse
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ACE2 that is not a receptor
for CoV-2 spike

G502

interacts with antibody B38;
G502 point mutants cause
severe destabilizing effect on
the RBD:ACE2 complex, with
G502P causing the most
destabilizing effect; in pocket
4

(Lim et al., 2020)
(Teng et al.,
2021)

G502 (along
with N501
and Q506)

main protein:protein
interaction hotspot between
spike and ACE2 and
specifically interacts with
ACE2 residues G354 through
a hydrogen bond and D355
through electrostatic
interactions; in pocket 4

(Lim et al., 2020)

N501*

evolves in highly
transmissible strains; in

pocket 4

(Aleem et al.,
2022)

N501-Y505

targets of neutralizing

antibodies; all in pocket 4

(Huang et al.,
2020a; Ku et al.,
2021)

Y505*

role in host specificity through
interactions with ACEZ2; one of
the top 10 conserved residues
in pocket 4 (Table 4.3)

(Dimonte et al.,
2021)

Q506*

in pocket 4 (Table 4.2)
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Q506 (along | in the main ACE2 protein- (Chowdhury et
with G502 protein interaction hotspot al., 2020; Lim et
and N501) al., 2020)

G447 B-cell epitope; binds (Verma and
negatively charged linear Subbarao, 2021;
polysaccharide heparan Wintjens et al.,
sulfate proteoglycans used by | 2020) (Seyran et
viruses for cell surface al., 2021)
attachment

T345 antibody epitope (Huang et al.,

2020a; Ku et al.,
2021)

T345 (along | binds heparin as do CoV-2 (Mycroft-West et

with Y505, | spike residues Y505, N501, al., 2020; Seyran

N501, and |and G502, and this heparin et al., 2021)

G502) binding capability affects the
transition from closed to open
conformation that allows the
spike RBD to bind the host
receptor; in pocket 4 (Table
4.2)

Red F377 in pocket 2 (Tables 3.2, 3.3, (Bangaru et al.,

and 3.4); contacts linoleic acid
that stabilizes the monomers
of the spike trimer such that
the closed conformation of the
spike RBD is favored due to
changes in flexibility, solvent
accessibility, and pH; located
in a hydrophobic pocket that

can bind steroids

2020)
(Warwicker,
2021) (Carino et
al., 2020)
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Red C379* in pocket 2 and highly (Starr et al.,
conserved among the severe, | 2020) (Gadanec
human-infecting et al., 2021) (Toor
coronaviruses (Tables 3.1, et al., 2021)

3.2, 3.3, and 3.4 and Figure (Hati and

4.5); crucial for CoV-2 spike Bhattacharyya,
expression (Figures 3.6 and 2020) (Carino et
3.7); potential target of al., 2020)
antibody neutralizing

therapies; interacts with

antiviral drugs; disulfide

bonds with C432 for structural

stabilization; located in a

steroid-binding hydrophobic

pocket

Red C391 highly conserved among the (Allam et al.,
severe, human-infecting 2020; Gadanec et
coronaviruses (Table 4.1 and | al., 2021) (Wang
Figure 4.5); binds GRP78 et al., 2020a)
which is an alternate receptor
other than ACEZ2; disulfide
bonds to C525 to enhance the
stability of RBD beta sheets

Red N422 highly conserved among the (Rezaei et al.,
severe, human-infecting 2022)

coronaviruses (Table 4.1 and
Figure 4.5); identified as a key
residue by the stress metric
which gives insight into the

mechanisms of protein
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folding, conformational
alterations, and the effects of
amino acid mutations on the

protein structure and function

Red Y423 highly conserved among the (Starr et al.,
severe, human-infecting 2020)
coronaviruses (Table 4.1 and | (Warwicker,
Figure 4.5); key for spike 2021)
protein expression and
spike:ACE2-binidng; works
with D398 to balance stability
and infectivity of CoV-2 via
pH-dependent transitions
between the open and closed
spike conformations

Blue V510 located in a 93-amino acid (Jiang et al.,
long sequence (N318-V510) 2021)
in the spike RBD that
corresponds to SARS-CoV
residues that are key targets
for neutralizing antibodies

Blue K458 infection mechanism-relevant | (Arbeitman et al.,
electrostatic interaction with 2020) (Luan and
E471; K458 (along with K417, | Huynh, 2020)
L455, N487, S477, and G476) | (Seyran et al.,
is important for RBD—-antibody | 2021)
interactions; heparin binding

Blue W436 located in pocket 4 (Table (Rezaei et al.,
4.2), highly conserved among | 2022) (Barnes et
the human-isolate coronavirus | al., 2020)

spikes (Table 4.4), and crucial
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for spike protein expression
(Figures 3.6 and 3.7);
predicted by the betweenness
metric (Hu et al., 2014) to be
key for stability of the spike
protein and its affinity for the
ACE2 receptor; located in the
neutralizing antibody C144

binding site

Table 4.5 Summary of literature findings for each residue of interest shown
in Figure 4.17. Some residues (indicated by an asterisk) require more in-depth
discussion, so paragraphs about some of the residues can be found below.

Orange — Since the Spike RBD residues circled in orange are above the green
line and shifted to the left of the graph, they were not very conserved in the
human-isolate only analysis, but became more conserved after the zoonotic-
isolate sequences were added. Interestingly, they all happen to be found in
pocket 4.

Spike residue N501 is mutated to tyrosine in the following highly transmissible
variants of CoV-2: Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), and Omicron
(B.1.1.529). The first three of these variants were known as the UK, South
African, and Brazil strains respectively and were first detected in late 2020 and
early 2021 (Aleem et al., 2022). The N501Y mutation is one of several spike
protein mutations that emerged in an immunocompromised individual who had
prolonged viral replication for over 20 weeks (Choi et al., 2020; Tegally et al.,
2021). The CoV-2 spike residue N501 corresponds to the SARS spike residue
T487, which is one of the six amino acids in the RBD crucial for ACE2-binding
(Andersen et al., 2020). Computational analyses predict that CoV-2 spike residue
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N501 is important for RBD:ACE2 hydrogen-bonding network and hydrophobic
interactions (Wang et al., 2020b), and Teng et al. found that the NS01E
substitution in spike causes the largest negative (stabilizing) change in ACE2-
binding free energy (-2.490 kcal/mol) (Teng et al., 2021). Electrostatic
interactions between ACEZ2 residue G354 and spike residue N501 occur in the
main ACE2 hotspot, which also contains spike residues G502 and Q506 (Lim et
al., 2020; Liu et al., 2021).

The CoV-2 spike residue Y505 is substituted to phenylalanine in most animal
coronaviruses, so amino acid position 505 might have a role in host specificity
(Dimonte et al., 2021). CoV-2 spike residue Y505 corresponds to SARS spike
residue Y4911 which is essential for ACE2 binding (Andersen et al., 2020). As
expected, CoV-2 spike residue Y505 does contact ACE2, and the specific ACE2
residues it interacts with are E37, K353, G354 and R393 (Durmaz et al., 2020).
The ACE2 binding event disrupts the spike H-bond network comprising multiple
residues near the orange circled region in Figure 4.17 (V504, Y505, and Q506)
(Meirson et al., 2021). Although these observations indicate Y505 is directly
involved in binding ACEZ2, there is controversy whether amino acid position 501
or 505 is key for ACE2 binding (Xu et al.).

CoV-2 spike residue Q506 is in the main ACE2 PPI hotspot along with G502 and
N501, and it specifically interacts with ACE2 residue Q325 via hydrogen bonding
(Chowdhury et al., 2020; Lim et al., 2020). ACE2-binding induces destabilization
of CoV-2 spike hydrogen bond networks comprising CoV-2 spike residues V504
and Y50 in addition to Q506 (Meirson et al., 2021). Along with CoV-2 residue
Y505, Q506 is frequently substituted for other residues in animal-infecting
coronavirus spikes (Dimonte et al., 2021). There is also a predicted Q506 (CoV-2
spike):E329 (human-AE2) hydrogen bond that appears to be disrupted by bat-
ACE2 substitution E329N, which may explain why CoV-2 does not infect bats
(Zhao et al., 2020).
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Red — Since the Spike RBD residues circled in red are above the green line and
shifted to the right of the graph, they are Spike RBD residues that were already
highly conserved in the human-isolates only analysis, and became even more

conserved after the zoonotic-isolate sequences were added.

CoV-2 spike residue C379 is located in pocket 2 and highly conserved among
the severe, human-infecting coronaviruses (Tables 3.1, 3.2, 3.3, and 3.4 and
Figure 4.5). It is also crucial for CoV-2 spike expression (Figures 3.6 and 3.7)
(Starr et al., 2020). The residues in SARS and MERS spike that correspond to
CoV-2 spike residue C379 are targets of antibody neutralizing therapies against
SARS-CoV and MERS (Gadanec et al., 2021), and CoV-2 residue C379 itself
interacts with antiviral drugs (Toor et al., 2021). C379 disulfide bonds with C432
for structural stabilization (Hati and Bhattacharyya, 2020), and the location of
C379 is a steroid-binding hydrophobic pocket (Carino et al., 2020).

Blue — Since the Spike RBD residues circled in blue are below the green line and
shifted to the right of the graph, they are Spike RBD residues that were highly
conserved in the human-isolates only analysis, but became even less conserved

after the zoonotic-isolate sequences were added.

In general, the residues in the orange circled region of Figure 4.17 are located in
pocket 4 of the spike RBD and are involved in ACE2 interactions, those in the red
circled region are located in pocket 2 and are involved in trimer stability and spike
conformation, and those in the blue circled region are targets for antibody
binding. It is interesting that analyzing differences in conservation of these RBD
residues using human-isolate only and an expanded dataset of human- and
zoonotic-isolates can reveal groups of residues that each share a functional
theme. This may indicate that the identity of the residues in the orange, red, and
blue circled regions in Figure 4.17 are key determinants of spike binding of the
host receptor, conformation/stability/flexibility, and host immune-system
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interactions that differ among various coronavirus species and their

corresponding hosts.

4.6.0 Discussion and future directions

4.6.1 Reasoning behind targeting highly conserved versus variable proteins or amino
acid residues
The rationale behind investigating spike protein as an antiviral target is the idea
that conserved residues in a variable protein are potentially effective antiviral
targets. The reasoning behind targeting conserved residues is that they are likely
to be essential for protein structure and function, so drugs binding in these
regions are likely to effectively disrupt the viral infection mechanism.
Furthermore, conserved residues are more stable drug targets, so the drug is
likely to be effective against various viral strains in the future. Residues
considered effective, stable drug targets in spike due to their high conservation
and necessity for spike protein expression or spike:ACE-2 binding are C379,
P507, R454, N343, D398, Y380, 1418, V410, R509, W436, P412, V433, G502,
P507, R509, C488, and R454, most of which are in spike RBD small-molecule-
binding pocket 4 or 2 (Figures 3.6-3.9).

It is, however, interesting to consider the advantages of targeting variable
residues since these are the most likely to have recently changed for the
adaptation of CoV-2 to human hosts. Analyses were done with animal-infecting
coronaviral spike protein sequences to investigate such potential adaptations.
Residues that vary with host were found to be CoV-2 spike residue position
numbers 503, 502, 504, and 501, 377, 379, 391, 422, and 423, 510, 458, 438,
and 436 (Figure 4.17). These residues fell into three groups with similar
conservation profiles and mechanistic roles, which indicates that they may be
related to key adaptations in spike protein that contribute to spillover of

coronaviruses from zoonotic sources into the human population.
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46.2

The reasoning behind targeting a variable protein like spike is that it is likely be
involved in the adaptation process that facilitated the entry and spread of CoV-2
in the human population. A conserved protein such as 3-chymotrypsin like
protease (Roe et al., 2021), however, is also a promising drug target since it is
likely needed for the viral infection mechanism in a wide variety of coronavirus

species.

Future Prospects

Since there is now a nearly three years’ worth of CoV-2 spike protein sequence
data, sequence conservation analysis with respect to time (especially correlating
sequence changes with known surges in CoV-2 cases) is a further investigation
that could be done to identify the CoV-2 spike residues that are currently most
active in helping CoV-2 adapt to human hosts. To introduce biophysical studies,
isothermal titration calorimetry could be used to measure which drugs best
disrupt spike:ACEZ2 binding. Alternatively, pseudoviral entry assays could be
used to study which molecules hinder CoV-2 entry into the host cell. Pocket 4
was identified as containing highly conserved residues crucial for Spike:ACE2
biding, and the molecule with the best predicted binding score is NSC 670283, so
that may be one of the first molecules to test. Long-term future work would be to
modify small molecule drugs to improve their ability to disrupt the spike:ACE2
binding. Another future work possibility is to do conservation analysis on 3-
chymotrypsin like protease protein to identify which of its residues are conserved
potential drug targets.
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Chapter 5: Outlook

5.1.0 Summary
5.1.1 CRISPR-Cas-related projects

Shortly after the characterization of SpyCas9 as a programmable endonuclease, it
began to be used in cell-based assays as a gene editing tool. Various unintended
effects, such as chromosome truncations and cytotoxicity, were observed in
mammalian cells treated with SpyCas9. These unintended effects could be
attributed to off-target DNA cleavage in instances where the gRNA partially
matches the genome at sites other than the target site. Another potential culprit is
gRNA-free DNA cleavage from Cas9 proteins that are not bound to a gRNA, but
are free in the mammalian cell nucleus damaging DNA that is transiently single
stranded during processes such as DNA replication. To mitigate the possibility of
non-specific DNA cleavage by SpyCas9, variants that are devoid of gRNA-free
ssDNA degradation activity (SpyCas9a"9?A) and more selective for on-target DNA

linearization (SpyCas9?") were developed.

5.1.1.1 Engineering SpyCas9 without guide RNA-free DNA cleavage

(SpyCas9H82A)

In this work, SpyCas9"'T and SpyCas9"9%?A was assayed for metal dependence
and kinetics of gRNA-free ssDNA degradation. The H982A substitution caused
~167 and ~17-fold reductions in the Mn?*- and Co?*-mediated gRNA-free ssDNA
cleavage rate constants respectively. Since the SpyCas9H%82A variant is intended
for use in gene therapy applications, another important activity to characterize is
its ability to do RNA-guided DNA cleavage. The H982A substitution causes a
~1.2-fold reduction in the RNA-guided DNA cleavage fast rate constant, which is
insignificant compared to the ~167- and ~17-fold reductions in the Mn?*-mediated
gRNA-free ssDNA cleavage rate constant. In all, the SpyCas9"92A variant is a
safer and comparably efficient for gene therapy applications relative to
SpyCas9'.
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51.1.2 Elucidating the Mechanism of SpyCas9?"’s reduced off-target DNA
cleavage
The SpyCas9?”° variant has already been established as being more selective
for on-target RNA-guided dsDNA linearization relative to the WT when there is a
PAM-proximal mismatch between the gRNA and the target DNA. Kinetic
analyses also have established that the increase in on-target selectivity is due to
SpyCas92" being forced to use an alternative, and slower, linearization pathway
than is used by SpyCas9"" to linearize dsDNA with a mismatch in a PAM-
proximal position. The reasons behind why SpyCas9?"© has to use this slower
pathway to cleave dsDNA with PAM-proximal mismatches is investigated in this
work, and it was hypothesized that the 2Pro substitution impairs a loop-to-helix
transition that is necessary to allow the PAM-proximal mismatched dsDNA
cleavage reaction to proceed down the faster pathway. An alternative hypothesis
is that the loss of intra-protein interactions from the K65 residue that is
substituted for proline in SpyCas92"" is what causes the change in on-target

DNA cleavage selectivity.

The experiments necessary to test these hypotheses are 1) in vitro matched and
mismatched DNA cleavage assays with SpyCas9"T, SpyCas9?"° (a variant with
impaired loop-to-helix transition in the BH upon gRNA-binding and no intra-
protein electrostatic interactions in the K65P substituted site), and SpyCas92/? (a
variant with a robust loop-to-helix transition in the BH upon gRNA-binding, but
still no intra-protein electrostatic interactions in the K65A substituted site); and 2)
EPR studies to measure the loop-to-helix transition upon gRNA-binding by
detecting the change in distance between two labels on either side of the loop
region expected to transition to a helix. This experiment with the EPR
measurements is necessary to confirm that the 2Pro and 2Ala substitutions have
a measurable effect on the BH structure as expected. These studies may also
give insight into how the 2Pro and 2Ala substitutions affect the Cas9 population
distribution of various structural states. For example, the 2Pro substitution may
broaden the distribution of the population of Cas9s in either the loop or the helix
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form because the protein is slipping in and out of the helix form due to the proline
disruption.

Towards the end of making these distance measurements using EPR, eight
SpyCas9 variants amenable to nitroxide labeling at the specific residues (E60C
and C80) on either side of the loop region that transitions to a helix were
constructed, purified, and assayed for RNA-guided DNA cleavage activity.
Confirming that the SpyCas9 variants are active for RNA-guided DNA cleavage
ensured that the substitutions that prepare the protein for labeling do not affect
the structure of the active site, so distance measurements obtained from these
mutants will accurately represent the effects of the 2Pro and 2Ala substitutions
and not the substitutions that facilitate nitroxide labeling.

The result of the in vitro assays is that, regarding RNA-guided DNA cleavage
kinetics, an unexpected trend is observed where the selectivity of SpyCas92A'2 for
on-target DNA cleavage over substrates with a PAM-proximal mismatch is
greater than that of both SpyCas9"'™ and SpyCas92F™. Furthermore, the RNA-
guided DNA cleavage rate constants themselves showed that SpyCas9?A'
cleaves all types of DNA substrates faster than does SpyCas9"'. A different
trend is observed regarding the RNA-guided DNA cleavage linearization
efficiency, which indicates which substrates the SpyCas9 variants tend to fully
convert to product (as opposed to the rate constants which indicate how quickly
product was produced). The observed RNA-guided DNA cleavage linearization
efficiency selectivity trend matched the expected inverse relationship with the BH
helicity trend, which is that SpyCas9?"°<SpyCas9"<SpyCas9%@ in term of
helical tendency and SpyCas92A2<SpyCas9""< SpyCas9?"" in terms of
selectivity for matched over mismatched substrate in terms of DNA cleavage

linearization efficiency.

For biotechnology application purposes, the DNA cleavage linearization

efficiency is more relevant than the cleavage kinetics because the main concern
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is the amount of off-target DNA cleavage that occurs in the mammalian cell
genome. Since linearization efficiency will be used as the main indicator for on-
target RNA-guided DNA cleavage selectivity, it appears that integrity of the BH
(not lost intra-protein interactions from K65 substitution) is the determinant of
SpyCas9?"’s selectivity. Further studies of different BH substitution variants
(besides 2Pro and 2Ala), such as substituting a negatively charged residue in the
place of positively charged K65, can be done to develop even safer SpyCas9-
based gene therapy options. This negatively charged residue-based future
research is especially interesting because it could exaggerate the effect that 2Ala
had on the RNA-guided DNA cleavage rate constants. The 2Ala substitution
changed K65 from positive to neutral, which caused an increase in on-target
DNA cleavage selectivity in terms of RNA-guided DNA cleavage rate constants.
If K65 is substituted for a negatively charged residue as opposed to a neutral
one, the effect may be even more extreme. This is relevant for biotechnology
applications because one of the effects of the 2Ala substitution was a drastic
increase in overall RNA-guided DNA cleavage rate constant accompanied by
some increase in on-target selectivity, which could be useful in some

applications.

Coronavirus spike protein project: Prioritizing antiviral targets in coronavirus-2
(CoV-2) spike using sequence conservation analysis

Four approaches were used to identify antiviral target sites in coronavirus spike
protein. Firstly, spike sequence conservation analysis was used to identify
residues that are predicted to be important to the coronavirus infection
mechanism or specifically to the adaptation of CoV-2 to infecting human as
opposed to zoonotic hosts. Secondly, molecular docking analysis was used to
identify residues that could be targeted by small molecules. Thirdly, biochemical
data on how crucial RBD residues are for spike-ACE2 binding was used to
identify which residues mediate the initial stage of infection with CoV-2. In all, it

was found that residues such as G502 are highly conserved, essential for ACE2-
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binding, and located in a pocket in spike that is targetable using small-molecule
drugs.

5.2.0 Future directions

5.2.1 High fidelity Cas9 variants for safer gene therapy tools

5.2.1.1 SpyCas9 variants with reduced gRNA-free DNA cleavage activity

5.2.1.1.1 Visualizing the effect of SpyCas9"%82A in mammalian cell nuclei using
fluorescence microscopy
A fluorescence microscopy experiment was done by Saha et al. with CjeCas9
and SpyCas9 to observe whether guide-free Cas9 damages genomic DNA in
mammalian cell nuclei (Saha et al., 2020c). Both proteins damage the
genomic DNA in the mammalian cell nuclei, so to test if the H982A
substitution in SpyCas9 has significant impact on the safety of SpyCas9 for
gene therapy applications, a next step in the Rajan lab is to do this
fluorescence microscopy assay with SpyCas9"9%?A. Based on the reduction in
gRNA-free DNA cleavage activity of SpyCas9"%2A jn vitro, the expected result
is that the H982A variant will cause less damage to the mammalian cell
genome relative to that caused by the wild-type SpyCas9.

5.2.1.1.2 Different substitution variants to further reduce gRNA-free DNA cleavage
activity (especially in the presence of Co?*)
Since the H982A substitution reduced the Mn?*-mediated RNA-guided DNA
cleavage rate constant ~167-fold, and the Co?*-mediated RNA-guided DNA
cleavage rate constant ~17-fold, it is of interest to identify a variant that can
further reduce the Co?*-mediated activity. This could possibly be achieved
using different substitutions (besides that of alanine) in the H982 position.
Another approach is to use molecular dynamics simulations to identify
different residue positions that may be helping structure the RuvC active site
for gRNA-free DNA cleavage. Using this method, S15A and L52A have been
identified as substitutions with potential to remove the SpyCas9 gRNA-free
DNA cleavage activity. A future direction in the Rajan lab is to purify these
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variants and assay them for gRNA-free and RNA-guided DNA cleavage

activities.

5.21.2 SpyCas9 variants with reduced off-target DNA cleavage activity

5.2.1.2.1 Negatively charged substitution variants of K65 in the SpyCas9 BH
To plan what type of substitution may elicit this even more drastic effect on
RNA-guided DNA cleavage rate constant and on-target selectivity, the intra-
protein and protein-nucleic acid interactions of K65 were structurally observed
in SpyCas9 bound to gRNA (PDB ID 4ZT0; note that the same results were
obtained with PDB ID: 5F9R (Jiang et al., 2016), which is SpyCas9 bound to
gRNA and substrate DNA) (Figure 5.1).

Figure 5.1. Structural observation of the K65 intra-protein and protein-
nucleic acid interactions. This structure is PDB ID 4ZT0 (Jiang et al., 2015),
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5.2.2

which is SpyCas9 bound to gRNA. The residues within a 5 A zone of the K65
sidechain nitrogen are Uracil 63 (U63) and glutamate 1108 (E1108), which are
4.4 A and 3.2 A away respectively. E1108 is in the phosphate lock loop region of
SpyCas9 and U633 is in the stem loop region of the gRNA.

The two interactions of K65 are in the SpyCas9 phosphate lock loop, which
facilitates substrate DNA-gRNA hybridization, and the gRNA stem loop 1 which is
from the tracrRNA and is alternatively named the nexus (Jiang et al., 2015)
(Briner et al., 2014). The nexus (stem loop 1) extensively interacts with SpyCas9
in the pre- and post-DNA bound structure and is essential for formation of the
SpyCas9-gRNA complex (Jiang et al., 2015; Nishimasu et al., 2014). Some
substitutions in the nexus reduce SpyCas9 RNA-guided DNA cleavage activity
but substituting nearby nucleic acid residue cytosine 61 is tolerated by SpyCas9
(Briner et al., 2014). This information about phosphate lock loop and the nexus
indicates that substituting K65 for a negatively charged residue has potential to
modulate formation of a functional Cas9-gRNA complex that can hybridize with
the substrate DNA at the 20 nt guide region of the gRNA, so this is a future
direction for the Rajan lab to further develop a safer SpyCas9 variant for gene
therapy applications.

Small molecule drugs to prevent infection from present and future CoV-2 strains
To identify if targeting the pocket where G502 is located can impair the ability of
CoV-2 to infect humans, a future direction in the Rajan lab is to do pseudoviral
entry assays with the small molecule that binds in that pocket (NSC 61610 in
pocket 4).

An additional future direction for this spike project is to take advantage of the
spike sequence and CoV-2 infection case number data that has been collected
over time since 2020 to correlate mutations in spike protein with the emergence
of new CoV-2 variants that caused surges in the number of infection cases.
MSAs will be constructed with CoV-2 spike sequences collected in a time range
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immediately following a case surge (which is expected to correlate with the
emergence of a new CoV-2 variant). The changes in conservation between the
various MSAs will be used to identify which sites are more stable drug targets
and which sites are more variable. These results will be cross checked with the
sequence conservation findings from this study of CoV-2 sequences from the
year 2020, which are the CoV-2 sequences that were compared to SARS and
MERS sequences to identify conserved and stable sites. If the sites identified as
stable in this study of CoV-2 spike sequences from 2020 are confirmed to remain
stable even in new CoV-2 variants, then we will have established sequence
conservation analysis with related viral species as a useful method for identifying
stable drug targets in novel viruses.
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LMNLLRSYFRVNNLDVKVKSINGGFTSFLRRKWKFKKERNKGYKHHAEDALIIANADF
IFKEWKKLDKAKKVMENQMFEEKQAESMPEIETEQEYKEIFITPHQIKHIKDFKDYKYS
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HRVDKKPNRELINDTLYSTRKDDKGNTLIVNNLNGLYDKDNDKLKKLINKSPEKLLMY
HHDPQTYQKLKLIMEQYGDEKNPLYKYYEETGNYLTKYSKKDNGPVIKKIKYYGNKLN
AHLDITDDYPNSRNKVVKLSLKPYRFDVYLDNGVYKFVTVKNLDVIKKENYYEVNSKC
YEEAKKLKKISNQAEFIASFYNNDLIKINGELYRVIGVNNDLLNRIEVNMIDITYREYLEN
MNDKRPPRIIKTIASKTQSIKKYSTDILGNLYEVKSKKHPQIIKKG

>[I-A_WP_003043819.1_Streptococcus_canis_ScaCas9

MEKKYSIGLDIGTNSVGWAVITDDYKVPSKKFKVLGNTNRKSIKKNLMGALLFDSGET
AEATRLKRTARRRYTRRKNRIRYLQEIFANEMAKLDDSFFQRLEESFLVEEDKKNERH
PIFGNLADEVAYHRNYPTIYHLRKKLADSPEKADLRLIYLALAHIIKFRGHFLIEGKLNAE
NSDVAKLFYQLIQTYNQLFEESPLDEIEVDAKGILSARLSKSKRLEKLIAVFPNEKKNGL
FGNIIALALGLTPNFKSNFDLTEDAKLQLSKDTYDDDLDELLGQIGDQYADLFSAAKNL
SDAILLSDILRSNSEVTKAPLSASMVKRYDEHHQDLALLKTLVRQQFPEKYAEIFKDDT
KNGYAGYVGIGIKHRKRTTKLATQEEFYKFIKPILEKMDGAEELLAKLNRDDLLRKQRT
FDNGSIPHQIHLKELHAILRRQEEFYPFLKENREKIEKILTFRIPYYVGPLARGNSRFAW
LTRKSEEAITPWNFEEVVDKGASAQSFIERMTNFDEQLPNKKVLPKHSLLYEYFTVYN
ELTKVKYVTERMRKPEFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEII
GVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAH
LFDDKVMKQLKRRHYTGWGRLSRKMINGIRDKQSGKTILDFLKSDGFSNRNFMQLIH
DDSLTFKEEIEKAQVSGQGDSLHEQIADLAGSPAIKKGILQTVKIVDELVKVMGHKPEN
IVIEMARENQTTTKGLQQSRERKKRIEEGIKELESQILKENPVENTQLQNEKLYLYYLQ
NGRDMYVDQELDINRLSDYDVDHIVPQSFIKDDSIDNKVLTRSVENRGKSDNVPSEEV
VKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSEADKAGFIKRQLVETRQITKHVAR
ILDSRMNTKRDKNDKPIREVKVITLKSKLVSDFRKDFQLYKVRDINNYHHAHDAYLNAV
VGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKRFFYSNIMNFFKTEVK
LANGEIRKRPLIETNGETGEVVWNKEKDFATVRKVLAMPQVNIVKKTEVQTGGFSKE
SILSKRESAKLIPRKKGWDTRKYGGFGSPTVAYSILVVAKVEKGKAKKLKSVKVLVGIT
IMEKGSYEKDPIGFLEAKGYKDIKKELIFKLPKYSLFELENGRRRMLASATELQKANEL
VLPQHLVRLLYYTQNISATTGSNNLGYIEQHREEFKEIFEKIIDFSEKYILKNKVNSNLKS
SFDEQFAVSDSILLSNSFVSLLKYTSFGASGGFTFLDLDVKQGRLRYQTVTEVLDATLI
YQSITGLYETRTDLSQLGGD

>|I-A_WP_107392933.1_Staphylococcus_auricularis_SauriCas9

MQENQQKQNYILGLDIGITSVGYGLIDSKTREVIDAGVRLFPEADSENNSNRRSKRGA
RRLKRRRIHRLNRVKDLLADYQMIDLNNVPKSTDPYTIRVKGLREPLTKEEFAIALLHIA
KRRGLHNISVSMGDEEQDNELSTKQQLQKNAQQLQDKYVCELQLERLTNINKVRGE
KNRFKTEDFVKEVKQLCETQRQYHNIDDQFIQQYIDLVSTRREYFEGPGNGSPYGWD
GDLLKWYEKLMGRCTYFPEELRSVKYAYSADLFNALNDLNNLVVTRDDNPKLEYYEK
YHIIEENVFKQKKNPTLKQIAKEIGVQDYDIRGYRITKSGKPQFTSFKLYHDLKNIFEQAK
YLEDVEMLDEIAKILTIYQDEISIKKALDQLPELLTESEKSQIAQLTGYTGTHRLSLKCIHI
VIDELWESPENQMEIFTRLNLKPKKVEMSEIDSIPTTLVDEFILSPVVKRAFIQSIKVINA
VINRFGLPEDIIELAREKNSKDRRKFINKLQKQNEATRKKIEQLLAKYGNTNAKYMIEKI
KLHDMQEGKCLYSLEAIPLEDLLSNPTHYEVDHIIPRSVSFDNSLNNKVLVKQSENSK
KGNRTPYQYLSSNESKISYNQFKQHILNLSKAKDRISKKKRDMLLEERDINKFEVQKE
FINRNLVDTRYATRELSNLLKTYFSTHDYAVKVKTINGGFTNHLRKVWDFKKHRNHGY
KHHAEDALVIANADFLFKTHKALRRTDKILEQPGLEVNDTTVKVDTEEKYQELFETPK
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QVKNIKQFRDFKYSHRVDKKPNRQLINDTLYSTREIDGETYVVQTLKDLYAKDNEKVK
KLFTERPQKILMYQHDPKTFEKLMTILNQYAEAKNPLAAYYEDKGEYVTKYAKKGNGP
AIHKIKYIDKKLGSYLDVSNKYPETQNKLVKLSLKSFRFDIYKCEQGYKMVSIGYLDVLK
KDNYYYIPKDKYEAEKQKKKIKESDLFVGSFYYNDLIMYEDELFRVIGVNSDINNLVEL
NMVDITYKDFCEVNNVTGEKRIKKTIGKRVVLIEKYTTDILGNLYKTPLPKKPQLIFKRG
EL

>|I-A_WP_124975533.1_Ligilactobacillus_salitolerans

MTQNISLGLDIGVSSVGFSILDYKAGEIELGADLFKASDAEKNQTRRVQRGGRRLGR
RKQNRRIDAVKLFKDYGLINDSIFGGFEITKENYYLPFNHNQNPYELRVKGQKSKLTK
EELSFALYNLVKRRGISYTLDDEAEQEQDSSYSKSLEINKNSLEKKSVAEIQLARLNEN
HKVRGQVNSNDDTLLNVFPNSAFLQEAKSIIQTQRQFYPNILTADFEEKYCNILTRKRE
YFEGPGSDKSRTDYGIYKTDGRTLNNLFEELIGHDQINPKELRAPNNSYTAQLFNLLN
DLNNLTITTYEDGKISSADKQEITTLKNATGNVQMLATIKKVAHCTDSDIRGYRTDPLN
DKPDISSLASYRKVKKEFAKEGIDVDQWPTEFFDQLCFILTLNTEDGEIRKRIETGLAP
KYKFLNKRIVQTIIDLKDSFKTSSKNKWHRFSLKTMNQLIPDMLQRPVEQMTLLSELGL
IKNDHKKFKDNSYLPYKEIAEGIFNPVVAKSVRESLKIVNYFIKKYGTLDYIVVEMPRDK
NEEEQKKFIQNLQKENAKVKDMAITTFSQSLSNPLDLESTLAKSGSGKLLTKIRLWYE
QDGKCLYSGKTITANDLLQNPNMFEIDHIIPQSVSYDDSLANKTLCYAGMNQAKSQRT
PYEFLITKDTKGAQTWEQYKAMVKANRTFSNKSNKAKKANLLFKDSLNSIETRKRFIA
RNLVDTRYASRVVLNNLQEFFSEKETGTKVSVVRGKFTSTLRKKWHLNKTRETFHHH
AVDASIIATTPFLKIWNRGGSIFAKKIAENTIDIQTGEILNNTKFNELALSLPFKNFTDQFE
NIESKIKFSHQVDKKMNRRLSDDTIRSVRTTQIDGETKSFDYMTWKTKDIYTTEGFKN
FKEIYDKNPNKFLMKQIDPSSFSKLEKIMSNYPAFEELLDQSSKVKRVDVSPFELYRR
EHGDIKKDSKKNKGPVIRRLKYYDKKVGTKIDITPSSAKNKKAILISLKPWRTDVFFNN
DTHEYEIMGIKYSDLSNVKGTLGIKKQRYQAIKNKENISNNSEFKFSLYENNRIKVLNTE
TNESVEMLFLSRIKENQTLYVELKMIDSDKPHDTTLPIYGKVKEGGRIQKRLIPKKYNN
VCRLWKVNTDIVGNTFYIEKEGDIPKNILV

>|I-A_WP_164905699.1_Limosilactobacillus_mucosae

MDSSKQGLRRYHLGLDIGTNSIGWTAIDDHFSLLRVKGKNAIGVRTFKEGETAADRR
GFRTARRRLSRRRWRLQFLDEFFAPYLAEVDPNFLARLKQSDISAKDPAKNQEFMGK
LLFPDQEAASDGNGYPTLIQMRKEMPAEKAADFPVFNIYQLRYALMNEKRKFDLREIY
LAVHHIVKYRGNFLNNTSVDKFKADQIDFNKSFETLNDLFRQVQQIAPFQIDLTKVDEL
GKLLLDTKQKKLDRQKAAAKLLPLIEDGTDKEIVKAHQQTAREISKLILGYKAKAGLILQ
NNLDQTLDMSTENSDDQLMQIAEELDDYQMELINQLSLLYSQIMLNEIVPNGETVSAS
MLNRYYKHRRQLKELKTYGAARDKKIREQLDHLYAEYIGQVPKDSKFDFTKDLKKLM
DKSDLGQKIKGEIEAGDYLPKQRTSANGVIPHQMHQQELDQIIENQKEYYPWLAEPN
PVEKNIKNAKYKLDQLVSFRVPYYVGPMITLADQQKTSKASFAWAVRKETGKITPWN
FDEKIDREKSANNFIKRMTNKDTYLLSEDVLPASSLLYQKFTVLNELNNIRVNGRKLQP
ALKQAIYTDLFQKRKTVNLKALTNFLTVHEPTLTKPKIEGLANGRSFNSSLGTYIDMSKI
LGDRVDDLNYRDDIEKIEWSTVFEDSEIYGVKLQEIQWLTNEQREKLVRKRYQGWG
RLSKKLLTGITDENGQRIIDLMWDTNKNFMQIVHQPVFEEQITELNQQLLQDADKAPL
EVVDDILADAYTSPQNKKAIRQVVKVVADVVKAVGNAPASISIEFARNEDRNKELKNS
RRRSIEKLYHETAEKLVKQTNLLEELGNVKDLNDRYYLYFTQAGRDMYDGTPINIDEIS
THYEIDHILPQSFLKDNSLDNRVLVKKSENAAKSDRVPAKLY GAKMRAFWKQLKESQ
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LISNRKYLNLMTDPEQVDKYQMQGFVHRQLVETRQIIKLAANIFGSLYPDSAVIETRAE
LTKQLREKFSLYKVRDVNDYHHAVDAYLTAFAGHYLYQRYPKLRPMFVYGDYAKIYA
DDLKRLRSVNLFHDLEKDQYNSGTAVNPETKEKIVDVDWLSDYVSKIQHFKYMLISKA
IYTQRGQLYGATILPAAQVDKISAPIGIKNDKPVDIYGAYTNEVAAYMAIVRVNGKKPKY
KVVSVPVRMLQRLKMAEQEGHEQYMQTLHDILSRNFTSLKKNRKTGLKEAVVKDFD
VLVPCVRYNQLVIDGDVKFTLGSAAYQHNAKQLVLSDHSLETLANNFEYVRKHPDEA
DERMTMLYDDILDQVNHYFTLYDKNKFREKLNAGRDKYLKLPTFSQFENNKKTAIGKS
EAIINILRGLHANATITNLKCLGMSTPFGQLQSQSGIELSENAKLVYQSPTGLFSREVLL
KDL

>|I-A_WP_204709078.1_Fusobacterium_mortiferum

MGYRLGLDIGIASVGWCILDENDTIMKAGVRLFPEGKSDENQKRREKRASRRLLRRR
QFRIERVRELLYRYEIIDNYEYDFYTNETTPYHIRKKGLFEKLTKKELAIALFHLAKRRG
AGEFNIEVKEDSKEEESTKSILAENEKLLKLGKYICEIQLERFEDKTEEVRGNKNNFRT
SDYIKEARKIIDTQREFYKNLDKCFEEEYIGIIEGRRKYFEGPGKNSPYSWKNQEEWM
EGLMGNCTYFPEELRIVKNCYTAEKFNLLNDFNNLRIKRAENDRLTKEEKLKLLNLFKE
TKTEKSITLKKIASILNVNEEDISGYRIKKDGSPEFTFLKSYIEVNKIFRCDDAEILDNISKI
ATYYQDIETRKEKYREELKDILAITEEIENLAQKIKFTGSHSLSKKAIKLIEDDLLETSKN
QMELFNEKGLIPYKMDFKDEKIKYIPKDYVNNWILSPTVKRSMIQTINVVNEILKEHGTP
EEIVIELAREKNSDDKRKTLIDIQKKNEKENNEIKELLENRKLDKRYFELLKYWKRQDGI
CLYSGSAIGINEILENPLAFEIDHIIPRSISFDDSQDNKVLVRRIENQRKGQRSPYEYFS
SKMTSRSYEEFKAQVLEMFKNKKISLKKRDLLLLEEDISKYSKNFIARNLVDTRYATKE
FMSLLRVFFRDKNKKVKIKAIRGSFTSQIRKEWKMTKMREVSHNHHAQDAYIILIAEKT
LNKLKWIKNYDENLESSKIYIKREDILSDDELKRLFDYKYSLPIKNYKDYLYSNFVDKKP
NRQLSDETLYSTRIQEKDKKGKNIESEYIIGKISNIYDKKSNVIKYFSDEKKHSELLIYQ
HDKQTFDKMLEIFNEYGGKGAKINPFTKYFEEFGKIRKYSKKNNGPEISDLKYRVSQL
GNHLDITHKYKESKNRVVMLSIPTYRADMYFNGKEYKFISVRYLMLRDKGKCYIIDSKE
YKKEKNKKGIDENYDFIFSLYTGDILEIERKDGSIEKVKFKGVNNDERKCIEVDNIERNY
GSYIELIRDIVAKKEEAEKKGSRYNFEEDLSLIGTTLTKDEGEKILKSTPISSKQKIVTIG
GDIKKLRKIYTNILGKEYDGKENFEETIKK

>|I-A_WP_106190294.1_Alkalibacterium_olivapovliticus

MHEYSKQILIIHIYCTPFHDKLFNIFIIMSGGFKMTNLVLGLDIGISSVGWGIIDKDTNEVV
DAGVRLFEEATRNANEDRRNFRGSRRLKRRRKHRLERAKDFLDSHGYSSENIGSVD
PYRVRYKGLHEELSKKELTAALYHLVKRRGTTIDTPQEDEKTSGSELSTKEQLKRNAK
KLEDKHVIEIQYEKLKNNEVVRNHTNRFKTSDYINEANALLEKQMEFHSEIDEEFQKGII
DLINNRRQYYDGPGSKKSPTPYGQYFYDEHGILQHESMIDKMRGRGTYFTDQFRIPK
KAYTAELFNLLNDLNNLRFPSDESGEVEGLTEKHKQYLIENFAEKGKKVTLKNIAKLIG
LFNELDIKGARLDLKTNNPIFTEFVGLKKLKKDLKDITLPADFFNNHDVLDQIAEILTAEK
SITRREEQLSEVFNTHYDDPLNDVIAALVNDTSFKEYHALSKKAMDLILPELWSTSKN
QMQLFTDHGLGKSRLEQLQKGSKIQFDDEAILSTVARRAHREAIKVTNAVRDKHGEL
SHVVVEMAREKNSDEAKQSYRNFQKKQGDFEKKMAKLLEVKELKDLKLNGKQMLAL
KLMDSQDYKCTYTGKQILPHDIVKEHYQFEIDHIIPLSYSFDDSQQNKVLCYRQENQD
KGQLTPFQYFQSGKAKRSFEEFKAECMNLFKSRKLSKSKLNYLLEQRDIQHDPEVQK
NFINRNLVDTRYAMRSFSSNLRTFYMNNEVDTKVLSIRGSFTSALRRRARLHKDRDE
SHAHHAIDALIVAAIGTTPILKQFKAVDFNREGIAVNTETGEILGEEEIFSSPTLKFIHWL
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RNMESEIKYSHKVDRKPNRTMTNQTLYSTREKDGEKYLVAKEKNIYEMDKKGFDAIK
KKIDKNPDNFLMAQHDPKTWKLLLKVMEEHKHAENPFQDYFKEHKYILKDGKVPVKS
LKYLDSKLGIHVDITNKYPESKRVVVLLSRKSVRIDVYKNDEGKYKYLGVPYNWFKKIG
NEYVLDLDKYYGKDGLAAPYKNIDESYEFEYSFYKNDRISYDKIEKIINPETGEKESQL
VQYDKLFRGDANPRQNKIEIYDISFKNEKRQFPAPSSLNNIQKYGVDVLGNEFLIDNEK
FQSKIKSI

>|I-A_WP_013252099.1_Olsenella_uli

MNLRNTTDEYNIGLDMGTNSVGWAVTDKAGAIAHFKGKPTLGSRLFDAAQTAAGARI
HRSQRRRYVRRRWRLDLLQSLFQDEVSKVDSEFFCRLRQSRLYVGDREKGHADYT
WPIFNDSDFNEVDYYKRFPTIYHLRKWLMETDEKADIRLIYLATHNIVKHRGNFLRENN
KSLSSRDANPAQAVKSLRLALNDWCSERDYECAWKGEEDDGAIDEAILNVLADGEK
GRSDQAKEIAKLTGVDCGDAKQSKQCNEAIAKAIVGLKVEMKNIFGEFPAEKTSYIYLS
SDEDVEAVRESCPDDSGELFQALCKLYSAYILQELLSYADPSGQTISANMVAKYKQY
GRDLRLLKELTRTYAPQKYDLFFRGETYAGSSDYVVDEARGYTRYNLGTTKANYDDF
QKSVKELFKGTDALQDERYQEMMVAFGEQKFLRRLKTSDNGSIYYQLHLEELHTILE
NQGKHYPFLLSEEDKIESLVSFRIPYYVGPLTRKNAAIGHDGKERFAWSSRKDGMEH
AVITPWNWEEIIDRDKSAEDFIMRMTGDCTYLQGEPVLPKCSLLYEEFCALNEFNGAH
WTVDGDDERRFDAAQRERIMCDLFRRTRSVTYNKVSDWLERKYNFTGARVRGGQG
EHGFESKLGSYIFFCKDVFKTDGLDEADYTMIEQIILWSTLFEDRDILKRKIEEAYGGD
RLTSEQIKVICKKRFTGWGRLSKRLLTDIKVNTDTGRKSIMDVLREGNPNNGQRSRT
MVFMEVLRDEDLGFQKAIDGLNRDYFREHNNGLMDVNDLPGSPAIRRSINQAVRIVD
EIASIARKEPTNIFIEVTREEDDPRKKGKRTKRRYDAIKSALEKFKKDDPSLWKELCEK
APGDMDERLSLYFMQRGKCMYSGRPIKIEELHTGKYEVDHIIPRSYIKDDSFENKVLV
YREENQHKTDALLIDSSIRQKMGGYWRMLHDAKLVGDKKFRNLFRNHIDDKAMKGF
VARQIVETSQMVKLVQTLFEARYPNTRIVPVKAGISHDLREAAGLVKCREANDFHHAH
DAFLACRIGLFIQKRHPSVYDNPIGLARIMRDYARMQAREYKKSHCLAHTQGFIVNSF
LSSGFDEETGEIFKDDWDAKAEVEGIRRVLNCRQCFISRMPVEGDTRYGGRYWGETI
YSPKGKHKHEIPLKQGLDPNLYGGYSDLLYSYFLIYEASDVSSGERVLRFIGIPTSIAAR
MANQKRLEEYVSRLALQENLEHVRMVRKIMKKQLIEVDNCRLLVTAADAVTNATELAF
SLDEMKIISTCAKCINGADPSAIDKIGNAQDSFFDNLKRRGSDRCALLFSQLKLDKLSQ
NFYMISSDDKSKILISILDRIRAKSNSVDLSLVGGAKHAAQMKFDFNAKLNNPASSFVLI
DQSVTGMFERRTRIGL

>|I-A_WP_076614067.1_Companilactobacillus_allii

MNRKTTKYNVGLDIGTASVGWATTGNNYNLLKAKKRNLWGVRLFNTAETAADRRMN
RSIRRRYRRRRNRLNWLDEIFSSELFKTDPGFLNRMKY SWVSKNDKSRTRDNYNLFI
DKDFNDQTYYEEYPTIFHLRKRLIENPEKADIRLVYLAIHNILKYRGNFTYEHQKFDVSR
MNDGLEYTLKELNQALDQFGLSFPNDTDFKLIGDILVKKDWNPSSKVSRIIKELNPTKD
MKQFYTYVIKLLVGNKADLTKLFNIESNELSPISFSSNSIENDLATAEEVLSDEQYNIILL
ANSIYSTIVLNNILNGKTYISFAQVEKYTEHHEDLMKLKNIWRNDEDTAAVKKARNAYE
KYLNNGKYTIQEFYKDIGKYLEEKDDDDSKNALEKIDNNKYLLKQRTSDNGVIPFQLNE
AELIKIIDNQSQYYPFLKDNKDKILSLINFRIPYYVGPLQSKDKIQSKDKIQSKDKSGFA
WMARKENGPIRPWNFDEKVDREKSSNNFIRRMTSTDTYLIGEPVVPKNSLIYQKYEV
LSELNNVKIVSTGEGSENQERLRVEVKQRIFNELFKKYNTVSAKRLKDWLIKESYYSA
PEIHGLSDKTKFVSSLSSYRKLSKIFGNDFVDNVKNQDQLEQIEWQTVFEDREILKLK
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LNKSNQYDEKQINQLVAIRYQGWGRFSNKLLTQLFVNTKIGNEHEPSNHSIIDLLWQT
KSNLMEILRDDKYNFESQIKELNIEDSSDKKPLELVNDLHGSPALKRGIWQAISIVQELS
EFMGHAPEHIFIEFTRDDQDSSITKSRYNSLKKRYQDIKQMVTDLAPTLKESLFPTKDL
EDLMKDKRNSLSNQRLMLYFSQMGRSLYSDAEIDITRLFTSDYQVDHILPQSYIKDDS
LENKALVKASENQRKQDDLLLSKDIIANNLTRWEYLKKAGLMGPKKFANLTRTVVTDR
QKEGFINRQLVQTSQMVKNVANILDSIYPDTQVIETRASLGMGFRDSFSNLNKKTWH
YEHPEFVKNRNVNDFHHAQDAYISTIVGTYQLKKYPRDNMRLVFNAY SKFFEDVKKK
TRQERGKIPAYSSNGFIIGSMFNGKTQVNKNGEIIWDQQIKDSISKTFKFKQYNITKQN
YINDGALYKQTILNKNNKELIPLKKDLDPHIYGGYTGDITSYSVLIDVDGKKKLISIPVRIA
REITAKRINIKDWISNKVKHKKEIQILIDVVPVGQLVKSGDKGLISLPSGTEIANANQLILD
YKETALLSLLEHSTLDNYRFILSGDNEDILQSIYSDLIFKIQKLYPLYSSESKRFNDNLDE
FNNCSIYDQFNIEQILNLLHANSTCANLNFGNIKSTRLGRRSNGYEFSDSDFIYKSPTG
LYESIIHID

>|I-A_WP_220751152.1_Apilactobacillus_sp.

MKNYHLGLDIGTSSVGFVAIDDNNNIIHKHGKNIIGARLFNEGQTAEERRTKRGARRR
YSRRRWRMHLLDNIFEPYLNAVDENFLQRMHESDMSPKDENKKYYGSLLFPDITDST
YYASNQTIYHLRNRLMNSNEKADIREIYLALKHIVKYRGNFLDSTPVSSFEISDLHLEDI
VYKVNELYEKLSINFKINVDNVNKISAILLDNKITNINKQKQIIKLLQVHSDMQDKTLQKA
VDKLNKDIATEITKLVLGYKTDIKKLLHFENDDQFKLCLSDENSEDQLASVMEVLNETQ
GTILTELKTLYSRVRLNQIIPNGKSLSQSMIDKYNQHKEQLRILKDSVLNVLPSNSDLKR
NIKILYAMYVGNFDSEEFKNNLKAVEDCLSNSINDSNAKTEIKRLFKNERHVISKTAFY
NALLSLIGNPVLYDSLKKIVNNNLDGMDIKYFKDAIKQYLNDDKSSKLSKLIFNMESKVT
KNSKYVNSSDMQAILDNPISHPWGNNEAMKATIENIRQDINNNDYLPKQRTNENGNL
PHQVHQLEMDKIIDKQKQYYPFLAELNPNQKRQHIAKYKLDELVTFRVPYYVGPMITP
EDQTKTSGANFAWMKRKAAGEITPWNFDEKVDRTKTANAFIKRMTVKDSYLLSEDVL
PDNSLIYQEFKVLNELNMVKVNSHRLTTAQKQAIFNDLFKQHKNITIKRLQTYLMSAFH
YPSTPNITGLADEKHFNNSLSTYVDFKNILNPDVFENEKIKNDLEKIVEWSTVFEDRNIF
ADKLKELDWLTDEQRKQFVNKRYSGWGRLSKRLLTEIVNENGERIIDTLWNSQVNFM
QAVSNPSIKKQIDKINGKQLKSLGMESILDNAFTSPQNKKAIRQTIKVVEDIERAMDGQ
KPSSVSIEFTRSPKDSSEISKTRFKNIDNLFKSLASEVSKQLKDELKDTKKRMGKLTDQ
YYLYFTQLGKDIYTGEPINIDDVPNYHIDHIIPRAFVKDNSLSNRVLTNHKTNEDKGNNT
PLQGLNISENVKQSWHKLAKMELIPKRKLTNLCTTLDNVNKYARRGFIQRQLVETSQV
IKLVANILGDRYNGDTKIIEVKAKMNSEIRKTFNLYKVRAVNDYHHALDAYLTAAIGRYL
YQRYPKLRNYFVYDEHKQMDIDDLKDLKTFDFLHEITNGKKSEIRDNVKEEVILNRDSL
IEKLNDIYKYKFMLVNHEVTTRKGALFDASLYSPKAGKKHLIPLKNSRNPSVYGGHSG
EKSAYMALIEMTDKQQNKTYKFIGIPMRYANKLKRLSNTDEQAYNEILNNIAKQNISKQ
TIAFRVLLNKVMYRQLIVDGDVKYTLGSAAYKYNAKQLVLSVDSMKTLGDKDFISSLSE
DELSQRYINVYKDILEKLNKYMPIYDTNNFRNKLNEGLEKFVKLPNYDKKTNSKVAKG
KYMILINILESLHNNPTNIKLNELGMSTPLGKMQIKTGIPVSPNARIYYQSPTGIFSHYVV
VKDL

>|I-A_WP_125715884.1_Agrilactobacillus_yilanensis

MMKDYSVGLDIGTGSVGFVAMDQQYRLMRAKGKNIIGVRLFEPSKTAEKRRRFRTTR
RRLSRRRWRLSLLNDCFAPELQNQGDPNFLHRLKYSWVHPKDTLNQQNYSAAPLFN
DSGQDKAFYNKYPTIYHLRRALMNDTKQHDLREVYLAIHHIVKYRGNFLLGDGQIDQE
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AIFDIHSFLEAMQDFCQPILSDESTLIDVDEARLVTILFDKQLSRAKRVTEGVKVFDGQ
KNKALKTVIKLSLTGIVGNQFNLATMLQKEGLNPKDSKWKIKFTESDLEAKLETINSGTI
LSDSEKEFLTAIQKAYNGLTLKLLLDDAHSWSEAMIKLY EAHKGDWKLIKKELRTSENK
AEVNQAYLNLQADNDDVRRKANKYFTGLIKKSTTLTKEKQNELLSKIENEIFLPVQRSK
ANVSIPHQLHLNELIKIIENQKQYYPFLAEVDKKGRNKLQQLLKFRVPYYVGPLVEPKT
VDGDSSNHWMTRLEAGPITPWNIEEKVDTDQAGLDFIKRMTGTDTYLIGEPALPKNAL
IYQSYNVLQELNNVRINVNQRLEVAQKQEIYENIFKGQKSVSVIDIKDYIKTKYGKDVNV
SGLSDTKGGHFNSKLTTYHYFLNIFDRAYVEDHDNQETLETIIELQTIFEDRKILKRQLS
KLSVLTKDQVESLSKQHLTGWGRLSKKLLTTKFVQLSTKAGTDKKSILETLYETKMNL
MEIISDSRDRYGARAWLEEENAIEDKETSLKSVINELAGPKNIKRGILQSFYILDEITRVL
GRPPKNVYLEVARNTQASELTNSRLAYLKTVYGNKSLSAEFKALSTQLNSVEDAKMN
AALRDDRLYLYYLQQGKDMYTGEPINIDLISSNYQIDHIIPRAYGIDCLDNRVLVKSELN
ARKADSPTYLPELICSRCNWWRSLKTAGLLSEQKFKNLTRKSDDFSDLQKERFIARSL
VETRQITRNVATLIGEHFNDETKVRAIRSEITTDMRHYLAIYKNRDLNDYHHAFDALLFT
TAGLFMDNIGFFKKGQLSDYAGHIYNRYTKQALAQARANAKDKHQQRIRPLGFVVGS
MASSNKQFQVNQATGELVWTMADEAYLRKVMDYKKILVTKMVYDQTGELYKQTRIP
RDGKEYGKRKIYGKVAFDKRKDLALYGGFDSLQTAYTALVFSKKKFKLVNVQRLWLS
EIKADANYLTKMVQQSLNDPKAKIILDHIPYEQLLIKDQAKVTIASENELHNFQQLYLSK
TDSKDLLILLNARSEEMAEARLKQYSHSQDAKQRFTELLTHIIEQALKYYKLQTHQTAL
LKLQDKVIEFTTLEFEKQQEVVQRVLQALHANAIRSNLEILGLSESWGRLNAMVNLSP
SDKFVYTSYTGLYTSTVSVQELADQAKLE

>[I-A_WP_154548804.1_Lactobacillus_porci

MAKPKNYTIGLDIGTNSVGWTVTDDQNNILRIKSRKAIGARLFEEGKVAAERRSFRTT
RRRLSRRKWRIKLLEELFDEEISKVDPNFFARSHESWISPKDKRKRYSAIVFPTPEED
KKFHDEYPTIYHLRDRLMKDDQKHDIREIYVAIHHIMKYRGNFLHDESIETYRSGMSSL
GGGDERTILSTKILDDLNNAFADNLATQGISVNSASADQINEIVISGHLNADSQKAIAKL
LLPTTLSSDDKKQEKKTKKLVTDAAKNVASAWLGYKANFAAILNIQEVDKDKKKVYNF
ALQGADEEGKVETLESILSQDQIEIVDQIIRIRHAIVLSEIIPVGLTLSEAMIEKYDQHAKD
LKNLKTVIRNLKDRKNAIKLQAIYDLYVNNRHADAAKAMKLAGVKKRTELLEPEEFNKS
IEKLLDDSPVSAEIKKRIAEKDFLPLQRSNSNGVIPNQLHQIELDEIIKKQSEYYPFLAET
NEHASVDVARKAPTKLDQLLTFRVPYYVGPLITKEEQEKQNGHSFAWMIRKNPKDHE
KITPWNFDEKVDRMASATQFIKRMTTKDTYLLGEDVLPSSSLKYQLFTVLNELNNLRIN
HKKLTRDEKEQVIEDLFKKYKTVKTDKFKNYWQKGHAGLDVKIQGMADPEKFNSTMS
TYIDLRRIFGDQLNDDQRQNDFEKIIEYSTIFEDRKILGEKLRADFTWLSEEQIKQLCRL
RLQGWGRLSLKLLTRLTDADGQNVLERLLNSNDNFMQIVKDPVIKAKIEQKNQKLLRA
DQSENATESILDEAYTSPQNKKAIRQVMRVVHDIVKACGGNLPAKFAIEFARSQDDDP
KRTVARADRLQKIYAQISDEVVSQGVKDQLNGMKSLKDRYYLYFMQGGRDAYTGEP
LNIDRLSDYDIDHIMPQSFIKDDSLDNRVLVTRAVNNQKSDNVPVLLYGNHLVADLGITI
REMWDRWQKSGMISKRKLANLLTDPATLSEYRAEGFINRQLVETSQVIKLTATILQSE
FPDSKIEVPAKYNSILRKQFDLYKSREVNDYHHAIDAYLSTIVGNYLYQVYPNLRRLFV
YGEFKKFSHGEEESSHQAVRRAKSMNFLDDLLRGKHGDDIYCRSTGEIVFSRKDIISK
LKQAYSFKQMLVTQEVFTKKSALFDQTVYPSPARDSKTRSGLIPRKQGMDTELYGGY
SGNKDAFFALVDVEKKKGHTLRIVGIPVRDFESLKNASNYSEKLMEIIKSQVLFDRNTG
KSIRGILNVKIIIDKILYRQPILEDDSYYMLGSSKYRYSLKQISLSQRSMKYILDYIDDPDF
NKHVAVHIEQQDEKQCLLSVYDEILEKMDKYLPLFDIRSFRQKLHDGREAFIALSSTEE
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ALAINKILRGLHANAEISKLPELGFGQAALGALVSTSGIKISDDAVFIYQSPTGLFERRV
KVSDLLK

>|I-A_WP_006907934.1_Facklamia_hominis

MYSVGLDIGIASCGYSIINDVNGNIVELGTLLFKSRNSDNNEERRTNRGSRRLINRRRT
RLDDGKKLLAEKGFKQDSKLKHVCPYELRVKGLHEKLTQGEIYKVVLHILKKRGISYLD
ESDENSSGIDGASYKDQVNLNLNLQKELTPGQIQLKRLKENGRIKSGVTFENGYQLN
VFSVSAYANELNKILTKQSEYYSEIDQIWIDRFTKNGYRKEAGLVYRKRPYYDGPGNE
KNNSIYGRWANFKEDGHPKENIFDQLIGLDSVDSTQVRASASTLTAQKYNLLNDLNNL
TIIEDDRKFTTDEKVSIINYLMTQDITRFGPKELAKFYQLEVDQIRGWRIDNKGNPEIHS
LKVYRDWKKIFNTSSIDLTSIQTWVVDELANVITLNTEIPSTLATLKIKIPDIDQQILNFVE
NNFYELKKKTSKNSWHSFSLKTLNILIPELLNTSEEQNTILERLNLKFDLKNKYAEKNQI
PVKELLEQIYNPTVTKSVHQSIKLFNEIIEKYGKNNISYVTIEMPRDKNDQDQKDTIKRIN
KLNSERKNDSEKYFLERSGWDTIRFESALKKPRFAEKLLFYYEQKGKCAYSGQDILAE
SLLNESCEVDHIIPLSISFDDSIHNKVLVTASSNQEKGQRTPYMAFIDGAKLGQSWDDF
VAWVNSCGFHRKKVQNLLYEENIFNPDVQRGFVSRNLNDTRYASRIVLNAIQSFFYK
QKDLTKVKVVNGSFTHTLRKKWGSSLDKNRDTYHHHAVDATLCAVTPFINIVKYEFFE
EDGIKYMVDLTTGEKVAYSDYKKMKFYDKRAYVPIWDGFIKQLTPANLYPKIKFSHQV
DSKWNRKISDATIYSTRKIVETKINKKGVAKETVKDIVIDKIKDIYTPEGWRKFKEKQDK
LLMKNFDEKTYNKLIKIAKEYPEKKEVQTSNGKVSLVEVSPFKMYCEEQNVPAIRKYS
KKGNGPYIRSLKFYDKELGKHINITKDSYGNDIERTIRNKKIILKNQNSWRTDVYYNSV
NNCYELLGIKYCHLKFYRGKYGIPKSIYDELKKEDEISSESVFKFSLYRHDRVRFEKDG
EYIEALFGSKNESNKNYLELSPIDKNKWLSKENVKFFGEVAASGRFIKGLKPGIKVIKQ
STDYMGHVYAIHQEKLKFVLSDA

>|I-A_WP_195217860.1_Turicibacter_sanguinis

MGYTLGLDIGVASVGFGLINNESGEVLEAGARLFSSANPDNNQTRRSNRGARRLNR
RKVHRLERIRDLFENYDILQGDIQEFTPYHLRVRGLNEKLELPELYAALYNLAKHRGIS
YLEDVDVSELKGNNPLEKNIDLLKELYPCQIQLQRYETYGQVRGMIEFQSSSGEIDYL
VNIFPTPAYKAEAETIIRKQMEFYSQLNEDFLKEYITILTDKREYFVGPGNDKSRTDYGI
YRTDGTNLTNLFDILVGKCSIYSDERRGARASYTAQLFDFLNDMNNLTVAGEKLTFEQ
KQQIYNEIMSSKSVNVIKFIMKVTHCKKDDIKGYRVDSKQKPEFHSFEGYRKLRNHLLL
TLDFQLDDVSREDRDKIAEVLTLNTEYMQIINQLKEQVNILSEELCEEIASFRKSCGSLF
SKWHSLSVKAMREIEEELWQTSYNQMQLFTQNGVFKSKSERFKNLKYIPTELLLEEIY
NPVVKGSIRESIKVINAILKKYGTLDAIVIEMPRETNEKEEKQKIEKMQKANANQKKSAI
AKAKEEYSFGKEAYRQQNNLDLKLRLWYEQKQRCLYSGKTITIYDLVNNPHLFDIDHII
PKSISYDDSLNNKVLCYASENRQKGQTTPYKYFMRKSNSDWNYEQYKSYIMTSLYID
GKGEMPRSKVDYLLFEEDLNKYEVRQQFINRNLNDTRYASKMVLNTLQSFMKENYE
HTKVAVVRGKFTAQLRRKWKIVKNREESHSHHAIDALIIASVPHLNLWKKAKNQVLSE
KVIYDEQTGEVLNQDYDSLVYQEPFSKYFIQLEQVLTNCKYSYKVDRKPNRQVADATI
YSTRTGVVKDSKGDKSFKIDVDSEEHYVVAKIKDIYQDNDAKRFMDRYKKDKTQFLM
YHHDPETFKILEEVMKTYPTSKNPFADYAKEYGTIRKYSKKNNGPEIRSIKYYDSRLG
QHIELQPGQSKSKKVVLQSLNPWRSDLYYYKKEQRYIVAGLKYADLSFQKGTGEYGI
SYEKYQYILQLEGIHLTIREIKDLIENNQEPQEYSFCFSLYKNDFIQWQDEENILQQYRF
LSRNLSSKNRIEVKPINKSKYEKQADGLKTIRKDIECIQKVSVDVLGYQHIINFEKLKLTF
K
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>|I-A_WP_132252121.1_Natranaerovirga_pectinivora

MKKNERYYVGLDIGTNSVGWAVTDDKYKLYKCNGHKMWGVRLFDEAETAESRRVS
RTSRRRLQRRNARIDLFQELMAEEICKVDPGFYQRLEDSKFYMEDKTVVEKHTLFIGD
KYNDKDYYSEFPTIFHLRAALIKGEKEYDIRLIYLAIHHILKNRGHFLYQGDKFDTSSSL
DESIHEVFDNNDVDTNGIEVTVELVSKIKDVILNERLTKTDKKKKLKYLFGKSKQLESIF
GLAIGTKESLEKVFGNPEYKELENDVVKISFSDKVYDEVRHLYEEVLEDRIVLIDNLKKI
YDTVLLNGIKKAELSLSESKVELYQKHKEELTTLKKIKAYSQEEYKRLFSEKDSNSTNY
KNYIGDGDKKCSREDFYKTLKALLEKVEDSPVKEYILEEISLDKYLPLQRVKENGVIPY
QIHQEELKLILDNASGYLDFLNQTDGKLSVKDKIMKIMTFRIPYYVGPINTYHAGKKNG
FAWAVKNSDEKITPWNFDDIIDLEASHDNFIRKMTNKCTYLRGKDVIPKSSLLYSEYTL
LNELNNIRCNGEKVSVSTRNKMIDSLFKDTDKKGKVTVKKILEFLKCEGECEGNATITG
IDDEVKADLKSYRDFKSVLGEKFNYEMVEDIKWITLYANEHNSIKKRIKDNYADKLTSS
QINKICKLRYKEWGRLSKEFLTEIICDEFTDYSTGEVGNVINAMRNTTNNLMQLLSNKY
DYIKQIKEINDLLINPNEEISHEMLDELYVSPGVKRMIWQSILIMEEIKKIMSREPEKIFIE
TVRSNKANKKRTDTRKKKLLELYSSCKDEVIDWPKEIQGRSDGQLRSKKLYLYYLQM
GKCLYTGEKINLDKLMSGEDYDIDHIYPRSKTKDDSFDNLVLVKRVINNEKSDNYPINP
AIQAKMKKTWDYLYQKGFISTRKYERLVRKEEFGTNELADFIARQLIETSQSTKAVAEI
MQRLYLDSHIIYVKAENVSAFRNDMKFIKVRDINDLHHAKDAYLNIVVGNVFDTKFTRS
PANFVKEAGFREYNLSRMYDFLIKRDGYIAWDGRNGDSKKMVDYQMKSNDVRVTRR
PTEQKGQLFDLTLHKKGDSKAHSYMGSKTGDLRLADVTKYGGYTSIKIAYLIPYSCDII
NKKGARKSISRLTGVPVYLANNVKSVEGFTEYIFSQVPTKSGETIENFKIINVKLRIGSLI
KYNGFYYYVGGRTGENFCADNAIQLLLGEDEERYIKEIFKFINNQKENKDLKAEKFSD
DITKENNYKLYDALVNKLNSNIYVQSTNNKYDVFNDAKMRNKFCDLVVEEQIKMLLNL
LNLLTNKTSTYDFKPLGFGIGRRKLGFNLADVKEFKLINQSITGLFENSLDLLSQL

>|1-B_WP_003038941.1_Francisella_novicida_FnoCas9

MNFKILPIAIDLGVKNTGVFSAFYQKGTSLERLDNKNGKVYELSKDSYTLLMNNRTAR
RHQRRGIDRKQLVKRLFKLIWTEQLNLEWDKDTQQAISFLFNRRGFSFITDGYSPEYL
NIVPEQVKAILMDIFDDYNGEDDLDSYLKLATEQESKISEIYNKLMQKILEFKLMKLCTDI
KDDKVSTKTLKEITSYEFELLADYLANYSESLKTQKFSYTDKQGNLKELSYYHHDKYNI
QEFLKRHATINDRILDTLLTDDLDIWNFNFEKFDFDKNEEKLQNQEDKDHIQAHLHHFV
FAVNKIKSEMASGGRHRSQYFQEITNVLDENNHQEGYLKNFCENLHNKKYSNLSVKN
LVNLIGNLSNLELKPLRKYFNDKIHAKADHWDEQKFTETYCHWILGEWRVGVKDQDK
KDGAKYSYKDLCNELKQKVTKAGLVDFLLELDPCRTIPPYLDNNNRKPPKCQSLILNP
KFLDNQYPNWQQYLQELKKLQSIQNYLDSFETDLKVLKSSKDQPYFVEYKSSNQQIA
SGQRDYKDLDARILQFIFDRVKASDELLLNEIYFQAKKLKQKASSELEKLESSKKLDEVI
ANSQLSQILKSQHTNGIFEQGTFLHLVCKYYKQRQRARDSRLYIMPEYRYDKKLHKY
NNTGRFDDDNQLLTYCNHKPRQKRYQLLNDLAGVLQVSPNFLKDKIGSDDDLFISKW
LVEHIRGFKKACEDSLKIQKDNRGLLNHKINIARNTKGKCEKEIFNLICKIEGSEDKKGN
YKHGLAYELGVLLFGEPNEASKPEFDRKIKKFNSIYSFAQIQQIAFAERKGNANTCAVC
SADNAHRMQQIKITEPVEDNKDKIILSAKAQRLPAIPTRIVDGAVKKMATILAKNIVDDN
WQNIKQVLSAKHQLHIPIITESNAFEFEPALADVKGKSLKDRRKKALERISPENIFKDKN
NRIKEFAKGISAYSGANLTDGDFDGAKEELDHIIPRSHKKYGTLNDEANLICVTRGDNK
NKGNRIFCLRDLADNYKLKQFETTDDLEIEKKIADTIWDANKKDFKFGNYRSFINLTPQ
EQKAFRHALFLADENPIKQAVIRAINNRNRTFVNGTQRYFAEVLANNIYLRAKKENLNT
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DKISFDYFGIPTIGNGRGIAEIRQLYEKVDSDIQAYAKGDKPQASYSHLIDAMLAFCIAA
DEHRNDGSIGLEIDKNYSLYPLDKNTGEVFTKDIFSQIKITDNEFSDKKLVRKKAIEGFN
THRQMTRDGIYAENYLPILIHKELNEVRKGYTWKNSEEIKIFKGKKYDIQQLNNLVYCL
KFVDKPISIDIQISTLEELRNILTTNNIAATAEYYYINLKTQKLHEYYIENYNTALGYKKYS
KEMEFLRSLAYRSERVKIKSIDDVKQVLDKDSNFIIGKITLPFKKEWQRLYREWQNTTI
KDDYEFLKSFFNVKSITKLHKKVRKDFSLPISTNEGKFLVKRKTWDNNFIYQILNDSDS
RADGTKPFIPAFDISKNEIVEAIIDSFTSKNIFWLPKNIELQKVDNKNIFAIDTSKWFEVE
TPSDLRDIGIATIQYKIDNNSRPKVRVKLDYVIDDDSKINYFMNHSLLKSRYPDKVLEIL
KQSTIIEFESSGFNKTIKEMLGMKLAGIYNETSNN

>|1-B_WP_014548420.1_Francisella_hispaniensis

MNIKILPIAIDLGAKNTGVFSAFYQKGTSLESLDNKNGKVYELSKDSYTLLMNNRTARR
HQRRGIDRKQLVKRLFKLIWTKQLNLEWNKDTQQTISFLLNRRGFSFITDGYSPEYLNI
APEAVKAILMSILDDYNGEDDLDSYLQSATENDSKIDELYNKLLQKALEFKLRKLCIDIK
EDKVTTKTLKELSNTEFKLLANYLVDYDRILRTQKFSYTDKQGNLRELNYYHHDKYNI
QEFLKRNIIINDVILEKLTDDLDIWNLNFDKFDFEKNLEKLENQEDKDYLQTHLHHFVFA
VNKIKSEMASGGRHRSQYFQEITNVLVENNHQEGYLKNFCENLHNKKYSNLSVKNLV
NLIGNLSNLELKPLRKYFNDKIHAKADYWDEQKFAETYSDWILGEWRVGAKDKDKKD
GAKYSYKNLCDELKQKVGINQDGIINQTKSDFVDFLLELDPCRTIPPYLDNNNRKPPK
CQSLILNPKFLDNKYPNWQQYLQELKKLQTVQNYLGNFEIDLKDLKSSKEQPYFVKYK
SLNQQIASGQRDYKDLDARVLQFIFDRVKASDELLLNEIYSHAKKLKQNTSSELEKLEL
CKKLDEVIANSQLSQILKSQHVNGIFEQGTFLHLVCKYYKQRQRARDSRLYIMPEYRY
DKKLDKYNNTGRFDDDNQLLTYCNHKPRQKRYQLLNDLAGVLQVSPNFLKDKIGSDD
DLFISKWLVEHIRGFKKACEDSLKIQKDNRGLLNHKINIARNTKGKCEKEIFNLICKIEGS
EDKKGNYKHGLAYELGVLLFGEPNQASKLEFDRKIKKFNSIYSFAQIQQIAFAERKGN
ANTCAVCSADNAHRMQQIKVAKPVEGNKDNIILSAKAQRLPAIPTRIVDGAVKKIATILA
RNIVDDNWDNIKQALSNNQQLHVPIITESNAFEFEPALADIKGKSLKDKRKKALERIDP
ENVFKDKNNRIKEFAKGISAY SDANLANGDFDGAKEELDHIIPRSHKKYGTLNDEANLI
CVTREDNQNRGNKAVFLYDLKPNYKLKQFNTTDDLEIEKKIADTIWDASKQDFKFGNY
RSFINLTPQEQIAFRHALFLADKNPIKKAVIRAIDNRNRTFVNGTQRYFAEVLANNIYLR
AKKENLATNRITFDYFGIETTNSNGRGIADVRKLYEKVDSDIQAYAKGDKPQDSYSHLI
DAMIAFCVAADEHKNEGSIGLKMGNQYGLFPTPDKYDENTGEIISWHNDDIFRKIKVS
DNQFSDKKLVRKKATEGFNTHRQMTRDGIYGESYLPILIHKNLNEVRKGYNWENSEEI
KIFKGKKYDIQQLNNLVYCLKFVDKPISIDIQITTLEELRNILETNNISTTAEYYYINLKTQ
KLHEYYIENYNTALGYKKYTKEMEFLRSLAYRTERVKIKSIDDVSMILAKDSNFKAGKIE
LPFKTEWQRLYLEWQNTTIKDNHEFLKSYFSVKNATKQHKKVRKDFSLPISTNEGKLL
VKRKTWDNNFIYQILNDSDSRADGTKPFIPAFDISKNEIVETIIKSFTSKNIFWLPKNIEL
QKVDNKSIFAIDTSRWFEVETPKDLIEIGVSTIQYKIDNNSRPKVRVKLDYVMDDDSKIN
YFMNHSLLKSRYPDKVLEILKQSTIEFESSGFNKTIKEMLGMTLAGIYNETSNN

>|1-B_WP_211490026.1_Francisella_philomiragia

MNIKILPIAIDLGAKNTGVFSAFYDKGLKLENLNNKAGKVYELSKDSYTLLMNNRTAKR
HQRRGIDRKQLVKRLFRLIWNEKLNLEWDKNTQQAISFLLNRRGFSFLEEKHDASYFE
KFPIEAIELLPQQLRLDKSSDEKYDLNSKIFETLENDTFKDVFVEIENNIKQVKKNIVKAN
[INIIKSAIDDKVSKGKIESTKQNKFDELKKVSSWIVEDIFDSEIFAYIDNVDNYSKNIFNY
LNSLSNDQLEALRKSLATIDLNEYKNSVWNFNISNFNLDNEKLIEKLEAGDISAHLHHL
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GYALQNIKKELDEGSRHRSKYFEEVASVLLEQNHKEEYLRSFCQNLHAGKYINLNVKK
LVNLIGNLSNLELKPLRKYFNDKAHTQADYWDEQKFAQTYCRWILGEWRVGSKDKD
KKDGAKYSYKELCNDLKREVGTTQNIKSSIIEFLADLDPCRTIPPYQDNNNRKPPKCQ
SLILNPKFLDTKYPEWQSWLDKLKSIQSVKEYLAIFEDDLKDLKTGKGQPYFIETKSSN
KQIASGQRDKKDLDARVLQFIFDRVKASDDLLLNEIYSQAKKVKQNASSEQDKQKAFN
NLKAVLLDSHLSNELKPEGHFDKLSDLKNDIFEQGTFLHLVCKYYKQRQRARDSRLY]
MPEYRHDKKLDKYNNTGRFDDDNQLLTYCNHKPRQKRYQLLNDIAGVLQVSPNLLK
DKIGSDDELQIEWLKNFKVASYCKAAVDMQKQYRGTLKNVAQTAIFKQRLEIIKKNKK
ASDEEKALVEKYKNAKALTSDENKLVKLVENIAKSSQKIGENLGLGDKQIAKFNSIYSF
AQIQQIAFAERNGNANTCAVCSADNAHRMAQIISALSQSKCDTQTSNVEASTSSAILDK
TNISHNKVTELVEVKTDNTPNDFDKAQSSLGAKAQRLPAIPTRIVDGAVKKIATILARNI
VDDNWHNIKQALYDKQQLHIPIITESNAFEFEPSLAEIKGTKKKDRISSQELFAKKENRI
KNFSKGISAYSDTILADGDYDGSKEELDHIIPRSHKKYGTLNDEANLICVTRDDNQKRG
NKAVYLSDLKPNYKSKQFGTTDNSQIEKYIAEKIWDAEKQDFKFGNYRSFINLTPEEQI
AFRHALFLADENPIKQAVIKAIDNRNRTFVNGTQRYFAEVLANNIYLRAKKENLDTNKIS
FDYFGVPTTDSSGRGIADIRKLYEVIDSDIQAYAKGDKPQDSYSHLIDAMLAFCVAADE
HKNDGSIGLEMDNQGGLFPTPDKYDENTGEILSWCDDDIFRKIKVADSEFGESKLAR
RKAYTVETNIRQEIQSRGDFKKSIPYKIHIDSLSAERFFPLLQISEDKWKYGFTLDNSVD
IPKKDIELIQEFLTKSKEYKDYTVWIVNKTQAQEFLINIGYVGADKQQEKIAKLLDKLSYT
TIKKEITSILAKANKTPDTVGDALDVIDELVFKTGKKNKLINFVKSEILLPVYNDWIKLKK
AMQKADMNQNLHDFLSMYFITTNFKNKHQKVRKNFSLPVVSTIGTIRIRRKSWDGSDI
YQVTGDESLAKYGFDGTVRPKTILSRNSVPIKYYNGKEKVVLIEPLSWINLDIDNLTDS
SIISAQIKNRSAGQVSIKVELSSLDNICLKEDSWLGNIVYAGDKDKPNIIKGDKFYIKKED
FYWLKDFSLMFDSGKTKASLSIDKIGNSYILEFVSSKGKKEKQWLKNETPNS

>|I-B_WP_011212792.1_Legionella_pneumophila

MESSQILSPIGIDLGGKFTGVCLSHLEAFAELPNHANTKYSVILIDHNNFQLSQAQRRA
TRHRVRNKKRNQFVKRVALQLFQHILSRDLNAKEETALCHYLNNRGYTYVDTDLDEY!I
KDETTINLLKELLPSESEHNFIDWFLQKMQSSEFRKILVSKVEEKKDDKELKNAVKNIK
NFITGFEKNSVEGHRHRKVYFENIKSDITKDNQLDSIKKKIPSVCLSNLLGHLSNLQWK
NLHRYLAKNPKQFDEQTFGNEFLRMLKNFRHLKGSQESLAVRNLIQQLEQSQDYISIL
EKTPPEITIPPYEARTNTGMEKDQSLLLNPEKLNNLYPNWRNLIPGIIDAHPFLEKDLEH
TKLRDRKRIISPSKQDEKRDSYILQRYLDLNKKIDKFKIKKQLSFLGQGKQLPANLIETQ
KEMETHFNSSLVSVLIQIASAYNKEREDAAQGIWFDNAFSLCELSNINPPRKQKILPLL
VGAILSEDFINNKDKWAKFKIFWNTHKIGRTSLKSKCKEIEEARKNSGNAFKIDYEEAL
NHPEHSNNKALIKIIQTIPDIIQAIQSHLGHNDSQALIYHNPFSLSQLYTILETKRDGFHK
NCVAVTCENYWRSQKTEIDPEISYASRLPADSVRPFDGVLARMMQRLAYEIAMAKWE
QIKHIPDNSSLLIPIYLEQNRFEFEESFKKIKGSSSDKTLEQAIEKQNIQWEEKFQRIINA
SMNICPYKGASIGGQGEIDHIYPRSLSKKHFGVIFNSEVNLIYCSSQGNREKKEEHYLL
EHLSPLYLKHQFGTDNVSDIKNFISQNVANIKKYISFHLLTPEQQKAARHALFLDYDDE
AFKTITKFLMSQQKARVNGTQKFLGKQIMEFLSTLADSKQLQLEFSIKQITAEEVHDHR
ELLSKQEPKLVKSRQQSFPSHAIDATLTMSIGLKEFPQFSQELDNSWFINHLMPDEVH
LNPVRSKEKYNKPNISSTPLFKDSLYAERFIPVWVKGETFAIGFSEKDLFEIKPSNKEK
LFTLLKTYSTKNPGESLQELQAKSKAKWLYFPINKTLALEFLHHYFHKEIVTPDDTTVC
HFINSLRYYTKKESITVKILKEPMPVLSVKFESSKKNVLGSFKHTIALPATKDWERLFNH
PNFLALKANPAPNPKEFNEFIRKYFLSDNNPNSDIPNNGHNIKPQKHKAVRKVFSLPVI
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PGNAGTMMRIRRKDNKGQPLYQLQTIDDTPSMGIQINEDRLVKQEVLMDAYKTRNLS
TIDGINNSEGQAYATFDNWLTLPVSTFKPEIIKLEMKPHSKTRRYIRITQSLADFIKTIDE
ALMIKPSDSIDDPLNMPNEIVCKNKLFGNELKPRDGKMKIVSTGKIVTYEFESDSTPQ
WIQTLYVTQLKKQP

>|I-B_WP_135767763.1_Leptospira_fletcheri

MILKSPIAIDLGAKNTGVVYTTYPPHSKPQGIHGATLILDNLKLSQVDRRAKRHQRRNY
SRMRLARRLVYLIVRSHYKVPENDLTPEVKVELQSLLTRRGYTFQSVVTESNEHGQT
AWAEIEDYFPKMQIQDKSLPIQTILDSFFSSENIRLEYLEPIKEAETKDDKNHLKMIREQ
KEAFEAEQNNGARHRIRYFEEIEEDLPRKIKLLECLKKNKIDEKRFLNLIQNISNLQIKPL
RDYFNDKNMKEKEIWDPKKLHSSIAGWIRVWHADSKDAEKRNIAKKLLSLLENGRLK
AIRGNSTYSTLKHIINFLEEVDPKDTIPPYEDQNNRKPPKCQNLWLDPGILDRYFPGW
SGSLQKLLAKEEDSPFEQLVTKDFQINETTEEGKSLLTLIKLYSRAHSDKELDVRAIILQ
RFLDRSANLDPWSIRLQRKASKEIKITGSLTKQELKKASDAYERMKETIGETDAKQFLD
LSGHYYREVEDIKKGMWFSPDSDKKHKEIPKSIVHEENDEVSLFYKCDTKTGSKQKN
LSSLVGNVLNVRFSAELFRSFLTFWTEKFDGRSSLNSLAKSIEEARLSTDEFGVEYSIL
LKKIEKGEIDRKSDIFKAYQNTTKSSGRLEQILKEELGFQAISKSYFDNPFSIAQLYNIIS
VDRSGFSKVCRSCQEENHWRSTLIDTDRGLRAWASKQVSDTGRPFDGQIAMLLDRI
ALEVVRLKKAEIEQYLKSNPSKIESVEIPLLIEENSFSFRYELAELKKLAKKKREQLGKS
VEEFDKRLNTKQDRIKEASREICPYTGKRISKGEIDHILPRSQTQKQFGTVFNAEVNLI
YVSREGNQAKGKRDYSLDDLDEKYLKKIFGTKDLTFIKKTISETVDRLVSSRKNSILVF
DRLSMEEQDCLRHALFEKPLRPKVFELLSGQLKARVNGTQLYLAKKIRNLLRKDQDLP
KIKFPQFSFFEPRGIDLPYMRRELAQKFPNLEKQNPQPTGSHIVDAAMVMAYAVETD
SGSLSYGSKSGSERFDSELLSKYLPNDIRFLRIKSKEKTNSRYPHKKPLFKDGVFGER
FLPILVLENGLRLGYTLENSLELSPQDSKKFFEVLRSVLLFKRKPVSHDYPALSSFAKK
DKRKYIVLPVNKAKALEVVSQKEHSLLASILKSISYTVFRTPVVSFLFDQKKELIPKIRGK
KVDWGEKIEKEFRIKIEVKLGDVKITSGFIQYPGKSEWEKLLLSDSLRGAIKNKSLTLK
WFDSRENLSKLDGFFKDTSEPKAKHKRRSNHYALSVPKSPSGRFRIRRNSFDDYKIY
QLYSVEGNAFNAFEINTETKENPILLDVYKNSNSVTYADKDYIYPTSGETIAFSEYREIV
FKPEERKNLLSTGIISLHIAPGTADRRYIRIVISKDFFSKIFKVKDSFWELALNESIPKENI
EKLSLILDKIPSEKRPGMPRSDAPKLNVTKIAVNSVELSYTSPSWKSWLSSYNDSI

>|1-B_WP_087108494.1_Parendozoicomonas_haliclonae

MRYISPISIDFGAKYTGIHNMHYLEGEDPRGSVQNTGCVLVMDDDNLQLSQVGRTQK
RHQSRNYKRQDLARRLLIVILKDCFDQDVWQWPVKNREFLFGLINRRGFNRFDDDSL
IEIEFCDLSVFESVLPDIAGYEGLEEWLQALAENAAECRLALQRLGRTREFLKTLPEIW
KEEKKSIEATHKHIIHFLETSINASEEGHLHRRKYLRNIAADIILEQHGRLASLFQTNSGI
TPDQFANLVGHISNLQLRVLRRYFNDQNAKPQNGQTDAWREDHFSKQFWRWIKSW
HCDEQTKSRWHELIKFKKKGGSVFKLMLTVQPELTIPPYEDQNNRRPPKDKTLFLNP
VALNKAYPLWREIVKRLVAAHPELDSDHASTIAHMDAALDQDCILLQRMLDRTSGLDL
YKIRALAMGRPDRGNQLKVASENLRLRLNQHAEPFIQSIARPYYLQINEARQGLWVEE
DSLLLCLNRTPQRKARQLPTLLGRIVGDLGSHGQEHIQSLKQQWSQRGVIKGARTPK
GWCKFAAEAQKDFGNGLKETIRSYRQLQARIKAGDTEEKLLPEAKKLLALEAALPDVA
RFIAQGLGLAAENSARFANPFSLAQIYNLLESDPSGFSHVSKPSAHENLWRMQYEQS
VDGKDCARASVLSADSIRPFDGMLSRILEKQAY SIAKRKLKQIESHEMTSAKVRVPILIE
ENRFQFAEDLQTIKKNTRKKKDAQKSCESDFIRFEDKEQRICKASKGMCAYTGEDLG
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RYGEFDHIIPRSYTQKRTGAIFNSEANLIFVSSRGNQQKRDQLYTLAELDDRYLTSQF
GSTNRQQIAQAVQDAVTPFLTKGELIGFHNLGLQEQRMIRHALFVPGLRDQVLQLLA
GQRKAKVNGTQAWLAKRIIHHIRQGASATIEFDIIKVPTDSVRFCRGVLASRFPAMAK
QSPQPVASHAIDAALVSGSLLMEPAIARSLSLAPVDTTTQAEWLKGLLPETIDIQILRKK
PLYRKDAPASSPLFKAGLYGERFLPLLVMNDELRVGFTLPNSAKVLDHADNLYALLRP
VLVCKDSHELPSTLAELQESLALGQRQILNINRQKAFAYLHEFGQSPTHNDNCLAIEAL
LYCVQKKKIDAHIYNKDKKTFKKDEDILADKFFIFETHKNNRPIFPRTVARIEKKDLTLPF
KQAWVELCDTDELKNFLGTKQTLPNNFWRNFGSSLFPSIHNEDHQHKKTRKVYSLPL
KISEGSYRVRRHTPEGASVWQRMSVGDFGAAGFAKIDGKTQWNKVVEIPHFAKSKN
LHSLNRSLEKNPQSITYFDEWRSLCALADALPNGVIKVACAPGTVGRPYIRFEMLESQ
FIKKINAASGSKYKSSWELPMEIPNVQLAGFDIFSCPLLPKPRTETKKPNKHKARFLRL
GKTVLIEYFASSKANKALQQAYEQGEPECI

>|1-B_WP_008864843.1_Parasutterella_excrementihominis

MGKTHIIGVGLDLGGTYTGTFITSHPSDEAEHRDHSSAFTVVNSEKLSFSSKSRTAVR
HRVRSYKGFDLRRRLLLLVAEYQLLQKKQTLAPEERENLRIALSGYLKRRGYARTEAE
TDTSVLESLDPSVFSSAPSFTNFFNDSEPLNIQWEAIANSPETTKALNKELSGQKEAD
FKKYIKTSFPEYSAKEILANYVEGRRAILDASKYIANLQSLGHKHRSKYLSDILQDMKR
DSRITRLSEAFGSTDNLWRIIGNISNLQERAVRWYFNDAKFEQGQEQLDAVKLKNVLV
RALKYLRSDDKEWSASQKQIIQSLEQSGDVLDVLAGLDPDRTIPPYEDQNNRRPPED
QTLYLNPKALSSEYGEKWKSWANKFAGAYPLLTEDLTEILKNTDRKSRIKIRSDVLPD
SDYRLAYILQRAFDRSIALDECSIRRTAEDFENGVVIKNEKLEDVLSGHQLEEFLEFAN
RYYQETAKAKNGLWFPENALLERADLHPPMKNKILNVIVGQALGVSPAEGTDFIEEIW
NSKVKGRSTVRSICNAIENERKTYGPYFSEDYKFVKTALKEGKTEKELSKKFAAVIKVL
KMVSEVVPFIGKELRLSDEAQSKFDNLYSLAQLYNLIETERNGFSKVSLAAHLENAWR
MTMTDGSAQCCRLPADCVRPFDGFIRKAIDRNSWEVAKRIAEEVKKSVDFTNGTVKI
PVAIEANSFNFTASLTDLKYIQLKEQKLKKKLEDIQRNEENQEKRWLSKEERIRADSHG
ICAYTGRPLDDVGEIDHIIPRSLTLKKSESIYNSEVNLIFVSAQGNQEKKNNIYLLSNLAK
NYLAAVFGTSDLSQITNEIESTVLQLKAAGRLGYFDLLSEKERACARHALFLNSDSEA
RRAVIDVLGSRRKASVNGTQAWFVRSIFSKVRQALAAWTQETGNELIFDAISVPAADS
SEMRKRFAEYRPEFRKPKVQPVASHSIDAMCIYLAACSDPFKTKRMGSQLAIYEPINF
DNLFTGSCQVIQNTPRNFSDKTNIANSPIFKETIYAERFLDIIVSRGEIFIGYPSNMPFEE
KPNRISIGGKDPFSILSVLGAYLDKAPSSEKEKLTIYRVVKNKAFELFSKVAGSKFTAEE
DKAAKILEALHFVTVKQDVAATVSDLIKSKKELSKDSIENLAKQKGCLKKVEYSSKEFK
FKGSLIIPAAVEWGKVLWNVFKENTAEELKDENALRKALEAAWPSSFGTRNLHSKAK
RVFSLPVVATQSGAVRIRRKTAFGDFVYQSQDTNNLYSSFPVKNGKLDWSSPIIHPAL
QNRNLTAYGYRFVDHDRSISMSEFREVYNKDDLMRIELAQGTSSRRYLRVEMPGEK
FLAWFGENSISLGSSFKFSVSEVFDNKIYTENAEFTKFLPKPREDNKHNGTIFFELVGP
RVIFNYIVGGAASSLKEIFSEAGKERS

>|I-B_WP_143066515.1_Ruminobacter_amylophilus

MSNTYYSNIAIDMGGKYTGFISYTSNDLPDSENVKAAIIEMPDDGSVINYTVKNRTAVR
HHLRANNRYKKARKLIFTILADTIKRNLTQSEQEAISSLMLRRGYTRLETEIDLEQLKEC
PVDLFFQCCPGLFTGDVPLYDQFINNCNDDTVYVYRESLSSIKETVSNLSDKTEKSMY
GSALKTMVDFVDKFIDQKEFGHKHRTEYLANIRKDIQKDSRLNDLIKLISGEDRLYNCI
GNISNLQLRALRWYFNDRGMSGKAVFDKKRFKDVWYRAYKYFHYTAGSNQKDNAE
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KVDIIKKKNEFLKRIEQTENITDLLLAQDPVFTIPPYEDQNNRRPPVDQTLLLSPQSLDA
HYPGKWELWVQKFMDYGSGSYSSLSDELEQIVKLTDRSSRLQSAGGKQSDHIASYT
EQKLIHSYYLQRLLDITYNRGNPESQIRKWAQNPNSCSATNAVIKNILGESDIDSFFEL
ANNYYREVSLSKKGLWSIVEHPLLEISGIHPPMKSKMLEELVAGVLNIRKGFNLERFKE
VWNSTVKGKSTVRSLCSYIEKTRKKYGNCFKQEYKNVCRYEELKNKASEVHFSSDIKI
DKEVVKVYEYTKNLSKFIGEKLELSTDQQSKFANPFSLAQLYTILETDVHGFSGNCKA
VCLENTCRMQMSDKGNALCCRLPAESTRPFDGSLGNILDRQAYEIAKIKIAEIKELSAL
KNTKVKLSVLVEENSFEFSSSLSTIKKSLKAKQLREFALKAEKTEREKWKSKDERLKN
DSHNICAYTGMALSDDLSENDHIVSRSETKESYGTIYNSEFNLIRVSRRGNQLKGNNI
YTLDNLNPKYLEAVFGTSDTAIITTRIRETLNRLLISNPNLNIDIMTEEERQCCRHALFTS
RTGVPFNQIIQAISKQYRARVNGTQAWFVKNLIAKIDEGLREWKSINNITVEYNAYKIDA
GSTSEIRHDIGKLDARYEKKDIQPITSHAIDAVCLLGNASTQQEISEEISGNNEISVLSD
VKELIKLIPDRFDIIRISSLNFAEKNNPESKQLFKDTIYAEHFLCIMEKDDTVKVGFDFGS
NSIQIVKGGKQLLSCLANYLESPKQNETTGFRTYKVCKTAAFKLFERFYRGLVAEGSD
EELAYLALMSLRYTTLHQDVFSLLYDVKSKKFAAKKDILKNLDIKISFPSVLKLKTDKAS
LVLPSFNEWAHIASIFEDYLGKKDEQESGYDKLKQYLGTILNKTINKNHAKSKRVYSLP
VVASPSGGVRIKRLTHTHGDIYQLVAANTPVTSISKGFASADNGDVLWDEAVMVDSY
TTKNLTVINKKISGDKNFVSMDEQRLVYESPDERVYMTPATDIRRGITIEQKFEKFVYCI
DQQNIYKSFHDLPTEIKTDPKIFMERLNIDICGKPRGNLKILSIGNIIKYSYMVESSNRVM
NQVYNNPIDKGTIFKSN

>|I-B_WP_215641693.1_Sutterella_wadsworthensis

MTQSERRFSCSIGIDMGAKYTGVFYALFDREELPTNLNSKAMTLVMPETGPRYVQAQ
RTAVRHRLRGQKRYTLARKLAFLVVDDMIKKQEKRLTDEEWKRGREALSGLLKRRG
YSRPNADGEDLTPLENVRADVFAAHPAFSTYFSEVRSLAEQWEEFTANISNVEKFLG
DSNIPADKEFVDFAVAEGLIDKTEKKAYLSALSTMRANANVLTGLRQMGHKPRSEYFK
AIEADLKKDSRLAKISEAFGGADRLARLLGNLSNLQLRAERWYFNAPDIMKDRGWEP
DRFKKTLVRAFKFFHPAKDQNKQHLELIKQIENSEDIETLCTLDPNRTIPPYEDQNNR
RPPLDQTLLLSPEKLTRQYGEIWKTWSARLTSDEPTLAPAAEILERSTDRKSRVAVNG
HEPQPTLAYQLSYALQRAFDRSKALDPYALRALAAGSKSNKLTSARTALENCIGGQN
VKTFLDCARRYYREADDAKVGLWFDNADGLLERSDLHPPMKKKILPLLVANILQTDET
TGQKFLDEIWRKQIKGRETVASRCARIETVRKSFGGGFNIAYNTAQYREVNKLPRNA
QDKELLTIRDRVAETADFIAANLGLSDEQKRKFANPFSLAQFYTLIETEVSGFSATTLA
VHLENAWRMTIKDAVINGETVRAAQCSRLPAETARPFDGLVRRLVDRQAWEIAKRVS
TDIQSKVDFSNGIVDVSIFVEENKFEFSASVADLKKNKRVKDKMLSEAEKLETRWLIKN
ERIKKASRETCPYTGDRLAEGGEIDHILPRSLIKDARGIVFNAEPNLIYASSRGNQLKK
NQRYSLSDLKANYRNEIFKTSNIAAITAEIEDVVTKLQQTHRLKFFDLLNEHEQDCVRH
ALFLDDGSEARDAVLELLATQRRTRVNGTQIWMIKNLANKIREELQNWCKTTNNRLH
FQAAATNVSDAKNLRLKLAQNQPDFEKPDIQPIASHSIDALCSFAVGSADAERDQNGF
DYLDGKTVLGLYPQSCEVIHLQAKPQEEKSHFDSVAIFKEGIYAEQFLPIFTLNEKIWIG
YETLNAKGERCGAIEVSGKQPKELLEMLAPFFNKPVGDLSAHATYRILKKPAYEFLAK
AALQPLSAEEKRLAALLDALRYCTSRKSLMSLFMAANGKSLKKREDVLKPKLFQLKVE
LKGEKSFKLNGSLTLPVKQDWLRICDSPELADAFGKPCSADELTSKLARIWKRPVMR
DLAHAPVRREFSLPAIDNPSGGFRIRRTNLFGNELYQVHAINAKKYRGFASAGSNVD
WSKGILFNELQHENLTECGGRFITSADVTPMSEWRKVVVEDNLSIWIAPGTEGRRYV
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RVETTFIQASHWFEQSVENWAITSPLSLPASFKVDKPAEFQKAVGTELSELLGQPRD
KIFIESIVNTKRIRFWYTVKNSNKKMNESYNNVSKS

>|I-B_WP_158222317.1_Tamilnaduibacter_salinus

MTKLVSPIAVDQGARYTGIYSLSYEPGVDPFLESKNAEVVVVDNDKLTLSMAPRRAG
RHLRRGNQRFKLARRLLTLVLREAFGVDPDQLDQREREFLFGLLKRRGFTFLGEEID
EEAISGLDPDLVKRLLRNCPPFESLESLWQSLSSDPGMCREFLQLSTGSDDSLDLETL
DKRWLKKWLKDNVEEASDKETIERLTSGVLALRDGCRAVIRAKWDGHHPRHIYLENI
AQDLKHQPEGNALADRIGLSTGELSHLIGNISNLPLRPLRRYFNDKRFSRNADRWYPE
RMARQLTREWKGWQPDGVSKDIVQRSRELLKGLSNAAQDPVRFWKYTDPLQTIPPY
ERHSNRRPPKCQSLLIDVTALGERWPEWERWIAPLHKANPELSEGIDGFSPSISGPN
EPRLAFLQRVLDRSTLFDPYGLRQLAVESRSHRAAQGKETLFRDLGDQHARGFLSFV
TAYHREREQARSGFWDNQREGRLLKRCHTNPPHKGKILHLLLNRLLDGDIEDVEGFR
DEITKTKIGRSTLKGIAQRASDVQKRYGNALNATLKEADLDKATYKRLNDLQALIEKAG
PEIGRIAGCPENRRNRLGNVFILAQLFNLLFGDPSGFSSTCRSCSEENAWRSRSVPV
PGEDREGWRMIPLTADSVRPFDGVVRRAVDAQARAMARLKKQELKKRDLPAGSFVS
IPVLLEQNRFSFSEDLAAIKQRIAPSARHRNRQKAAREAQEQQISRWRGKLDRIRDAS
HGICPYSGRDLNQVNGQIDHILPRAQSRKLDGTTWNHEANLIYCSTSANVDKGETLK
NLEDLDPGYLEAVFPGQSLTSIRQWIADRVKPLLARSGRMPSFVELERDQSIALRHAL
FDEDLRPQVMELLRGQARATRVNGTQAWLARRFVEELRRSVPELTLSFSVNRIQPED
VGLMRESLSEIRPEFLKAPDQPLSSHAIDAAMVYAAASSLPRMESELHVPAEPLAELH
DRLARLLPERIDFTDVSRKPVYSLPRADSQTLFKDTYYAERFLPLLVSSDGALRAGFT
PENSVEVKPARKRSESTPAEIAISRLDGFLRLRGARWSGDLSSLFASDASSDQWVAL
SVDRPLALARLQQVGRGEDELTDTDALLGALKYLTNKKELRTAVVGTGSALMSWEKL
NEEIEKKTTLSVSIKGAGLKSDGAKLSLPARSHWLRFAARLNEEGVLGSNPGWSDAE
WRRFFQTVFPSAKRDRQHQKVRKVWSLPVVPGSPSGLVRHQRRTRSGQTVFQVAS
LHEFKHMGVVLRERKAEGVFPGYLRWSTNLAPLAGVLQSPSQRMIRFDQWYPLDRP
SVCQSADILSVSAAWGSGLRRSVEVTVSQELACRVFDVNSAWNLPANLKLHNNASE
LWPIEAIGWPRNNKVELRAITPSGVVLRYQKDKGGKPIQQELERAIREEE

>|1-B_WP_066592711.1_Turicimonas_muris

MESSKYIFPVGIDMGAKYTGVFMLSHLDGVLPTAADATAMTIVNSDKIHYSMKHRTAV
RHRVRSKKRFVLARRLLNLIVDHQLMKAGFVLSAQEKSQLTEALSGYLKRRGYSRIET
EIDLDSLNDVDPIVFAMCPGFEDFFSSDIELLTQWNSLTADLSEVNKINSNKKIPDVKTF
KKYVKDNFPDYSSKESLERYLEARKTIIEAARQISELTSLGHLHREKYLDNILHDMGRD
SRLKKIGEAFGGICRFWNLIGNLSNLQLRALRWYFNDPWIEKVKPVETENSQPLNEQK
LKDIWVRAYKYFHPDPENKARISDVIRALSKADDIIDCLCELDCKSTIPPYEDQNNRRP
PLDYTLYLNPAKLTEVYGDSWRSWASRLVNADSDLQDNLDVILQNRDRKSRRTTQD
SLDFRLSYILQRALDRSKVNDIFEIRKILSSPTLYSEAATRNLLLFKTLEEQNFGPFLDFA
RRYFYEVAKAQKGLWNEKESILERSDLHPKQKKKVLDRLVANVLRVDEETAKRFIADV
WNGKVKGNSTVKSICTRIEQLRKDRGSAFNLEYQSALTKAALGNEKLDSEEKEYVKL
KQDVSLTAAFIGEQLGLSDEQRTKFANPFSLAQLYTIIETERSGFTKITTAALLENAWRL
TFKNGAAQCGPLPADSVRPFDGYMRRVLERNAREVGKRLIEKIKRDTQDQGAEIVVPI
LVEENKFNFTASLLELKRLELSDSRLKKKQEKIEKAGEAQKKKWLSKEERIKDDAKGIC
AYTGAPLNSEGEVDHIIPRSKTIKNYSSIFNSEVNLIFVSRQGNAAKKENLYFLKQLNSA
YLTAVFGTSDFSTIESKIESTVQQLIENKRLGYLDLLSQEERNCVRHALFLNPGSDARK
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EVLSVLGARRKTVVNGSQAWFIRTLRSYLENGLQNWLTETGNKLSFDAFSIPAVTVSS
LRSQLGELENSMFKEDIQSVSSHSVDAMCVYAAACGDASAECVLHGDALLADSHSM
RAAQLLKKLYPETCQVVQISPKSFSQKDRINNSAIFKDTIYAERFLNIYKKKEEVFVGFD
NDKKGSNEKESLTQVKGKNPHLLLQILEPFFEKRNESKDEGTYRIDKTKAFQLMGKA
GCALLSNDESRQLSLLNQLHYTTLKQEVLTELVDTASKKIKLKSKYQSNFKREFLLKLE
LRDRERQFSAKGNIVYPSYKRWQELSEELSNFLTACPEGGLEEVNARLSSLWTTSEK
SSVRHKKVKRSMSLPMLASQSGAVRIRRKDFRDGYVYQSIDANQLYYGFSKKDGKIL
FNSPLPHPRLTTKNLKIYEYQYQPVNECVKMDEWKTVYEKEGVIVEHAPGTKARRYIR
ATLPFDLYLLWDKELQKAKDKSSLTLPSKVIRETKDFFEEGIYKNEELAQFFPKPRENN
KKFTMNIELVGSTVKFSYVTA

>|1-B_WP_011139431.1_Wolinella_succinogenes

MLVSPISVDLGGKNTGFFSFTDSLDNSQSGTVIYDESFVLSQVGRRSKRHSKRNNLR
NKLVKRLFLLILQEHHGLSIDVLPDEIRGLFNKRGYTYAGFELDEKKKDALESDTLKEFL
SEKLQSIDRDSDVEDFLNQIASNAESFKDYKKGFEAVFASATHSPNKKLELKDELKSE
YGENAKELLAGLRVTKEILDEFDKQENQGNLPRAKYFEELGEYIATNEKVKSFFDSNS
LKLTDMTKLIGNISNYQLKELRRYFNDKEMEKGDIWIPNKLHKITERFVRSWHPKNDA
DRQRRAELMKDLKSKEIMELLTTTEPVMTIPPYDDMNNRGAVKCQTLRLNEEYLDKH
LPNWRDIAKRLNHGKFNDDLADSTVKGYSEDSTLLHRLLDTSKEIDIYELRGKKPNELL
VKTLGQSDANRLYGFAQNYYELIRQKVRAGIWVPVKNKDDSLNLEDNSNMLKRCNH
NPPHKKNQIHNLVAGILGVKLDEAKFAEFEKELWSAKVGNKKLSAYCKNIEELRKTHG
NTFKIDIEELRKKDPAELSKEEKAKLRLTDDVILNEWSQKIANFFDIDDKHRQRFNNLF
SMAQLHTVIDTPRSGFSSTCKRCTAENRFRSETAFYNDETGEFHKKATATCQRLPAD
TQRPFSGKIERYIDKLGYELAKIKAKELEGMEAKEIKVPIILEQNAFEYEESLRKSKTGS
NDRVINSKKDRDGKKLAKAKENAEDRLKDKDKRIKAFSSGICPYCGDTIGDDGEIDHIL
PRSHTLKIYGTVFNPEGNLIYVHQKCNQAKADSIYKLSDIKAGVSAQWIEEQVANIKGY
KTFSVLSAEQQKAFRYALFLQNDNEAYKKVVDWLRTDQSARVNGTQKYLAKKIQEKL
TKMLPNKHLSFEFILADATEVSELRRQYARQNPLLAKAEKQAPSSHAIDAVMAFVARY
QKVFKDGTPPNADEVAKLAMLDSWNPASNEPLTKGLSTNQKIEKMIKSGDY GQKNM
REVFGKSIFGENAIGERYKPIVVQEGGYYIGYPATVKKGYELKNCKVVTSKNDIAKLEK
IIKNQDLISLKENQYIKIFSINKQTISELSNRYFNMNYKNLVERDKEIVGLLEFIVENCRYY
TKKVDVKFAPKYIHETKYPFYDDWRRFDEAWRYLQENQNKTSSKDRFVIDKSSLNEY
YQPDKNEYKLDVDTQPIWDDFCRWYFLDRYKTANDKKSIRIKARKTFSLLAESGVQG
KVFRAKRKIPTGYAYQALPMDNNVIAGDYANILLEANSKTLSLVPKSGISIEKQLDKKLD
VIKKTDVRGLAIDNNSFFNADFDTHGIRLIVENTSVKVGNFPISAIDKSAKRMIFRALFE
KEKGKRKKKTTISFKESGPVQDYLKVFLKKIVKIQLRTDGSISNIVVRKNAADFTLSFRS
EHIQKLLK

>|1-C_WP_002864485.1_Campylobacter_jejuni_CjeCas9

MARILAFDIGISSIGWAFSENDELKDCGVRIFTKVENPKTGESLALPRRLARSARKRLA
RRKARLNHLKHLIANEFKLNYEDYQSFDESLAKAYKGSLISPYELRFRALNELLSKQDF
ARVILHIAKRRGYDDIKNSDDKEKGAILKAIKQNEEKLANYQSVGEYLYKEYFQKFKEN
SKEFTNVRNKKESYERCIAQSFLKDELKLIFKKQREFGFSFSKKFEEEVLSVAFYKRAL
KDFSHLVGNCSFFTDEKRAPKNSPLAFMFVALTRINLLNNLKNTEGILYTKDDLNALL
NEVLKNGTLTYKQTKKLLGLSDDYEFKGEKGTYFIEFKKYKEFIKALGEHNLSQDDLN
EIAKDITLIKDEIKLKKALAKYDLNQNQIDSLSKLEFKDHLNISFKALKLVTPLMLEGKKY
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DEACNELNLKVAINEDKKDFLPAFNETYYKDEVTNPVVLRAIKEYRKVLNALLKKYGKV
HKINIELAREVGKNHSQRAKIEKEQNENYKAKKDAELECEKLGLKINSKNILKLRLFKE
QKEFCAYSGEKIKISDLQDEKMLEIDHIYPYSRSFDDSYMNKVLVFTKQNQEKLNQTP
FEAFGNDSAKWQKIEVLAKNLPTKKQKRILDKNYKDKEQKNFKDRNLNDTRYIARLVL
NYTKDYLDFLPLSDDENTKLNDTQKGSKVHVEAKSGMLTSALRHTWGFSAKDRNNH
LHHAIDAVIIAYANNSIVKAFSDFKKEQESNSAELYAKKISELDYKNKRKFFEPFSGFRQ
KVLDKIDEIFVSKPERKKPSGALHEETFRKEEEFYQSYGGKEGVLKALELGKIRKVNG
KIVKNGDMFRVDIFKHKKTNKFYAVPIYTMDFALKVLPNKAVARSKKGEIKDWILMDEN
YEFCFSLYKDSLILIQTKDMQEPEFVYYNAFTSSTVSLIVSKHDNKFETLSKNQKILFKN
ANEKEVIAKSIGIQNLKVFEKYIVSALGEVTKAEFRQREDFKK

>|I-C_WP_033016936.1_Geobacillus_stearothermophilus_GoeCas9

MRYKIGLDIGITSVGWAVMNLDIPRIEDLGVRIFDRAENPQTGESLALPRRLARSARRR
LRRRKHRLERIRRLVIREGILTKEELDKLFEEKHEIDVWQLRVEALDRKLNNDELARVL
LHLAKRRGFKSNRKSERSNKENSTMLKHIEENRAILSSYRTVGEMIVKDPKFALHKRN
KGENYTNTIARDDLEREIRLIFSKQREFGNMSCTEEFENEYITIWASQRPVASKDDIEK
KVGFCTFEPKEKRAPKATYTFQSFIAWEHINKLRLISPSGARGLTDEERRLLYEQAFQ
KNKITYHDIRTLLHLPDDTYFKGIVYDRGESRKQNENIRFLELDAYHQIRKAVDKVYGK
GKSSSFLPIDFDTFGYALTLFKDDADIHSYLRNEYEQNGKRMPNLANKVYDNELIEELL
NLSFTKFGHLSLKALRSILPYMEQGEVYSSACERAGY TFTGPKKKQKTMLLPNIPPIAN
PVVMRALTQARKVVNAIIKKYGSPVSIHIELARDLSQTFDERRKTKKEQDENRKKNET
AIRQLMEYGLTLNPTGHDIVKFKLWSEQNGRCAYSLQPIEIERLLEPGYVEVDHVIPYS
RSLDDSYTNKVLVLTRENREKGNRIPAEYLGVGTERWQQFETFVLTNKQFSKKKRDR
LLRLHYDENEETEFKNRNLNDTRYISRFFANFIREHLKFAESDDKQKVYTVNGRVTAH
LRSRWEFNKNREESDLHHAVDAVIVACTTPSDIAKVTAFYQRREQNKELAKKTEPHF
PQPWPHFADELRARLSKHPKESIKALNLGNYDDQKLESLQPVFVSRMPKRSVTGAA
HQETLRRYVGIDERSGKIQTVVKTKLSEIKLDASGHFPMYGKESDPRTYEAIRQRLLE
HNNDPKKAFQEPLYKPKKNGEPGPVIRTVKIIDTKNQVIPLNDGKTVAYNSNIVRVDVF
EKDGKYYCVPVYTMDIMKGILPNKAIEPNKPYSEWKEMTEDYTFRFSLYPNDLIRIELP
REKTVKTAAGEEINVKDVFVYYKTIDSANGGLELISHDHRFSLRGVGSRTLKRFEKYQ
VDVLGNIYKVRGEKRVGLASSAHSKPGKTIRPLQSTRD

>|1-C_WP_003343632.1_Brevibacillus_laterosporus_BlatCas9

MAYTMGIDVGIASCGWAIVDLERQRIIDIGVRTFEKAENPKNGEALAVPRREARSSRR
RLRRKKHRIERLKYMFVRNGLAVDIQHLEQTLRSQNEIDVWQLRVDGLDRMLTQKEW
LRVLIHLAQRRGFQSNRKTDGSSEDGQVLVNVTENDRLMEEKDYRTVAEMMVKDEK
FSDHKRNKNGNYHGVVSRASLLVEIHTLFESQRQHHNFLASKDFELEYINIWSSQRPV
ATKDQIEKMIGTCTFLPKEKRAPKASWHFQYFMLLQTINHIRITNAQGTRPLNKEEIEQ
VVNMALTKSKVSYHDIRKVLDLSEEYQFVGLDYGKEDEKKKVESKETIIKLDDYHKLN
KIFNEVELAKGETWEAVDYDTVAYALTFFKDDEDIRDYLQNKYKDSKNRLVKNVANKE
YTNELIEKVSTLSFRKVGHLSLKALRKIIPFLEQGMTYDKACQAAGFNFQGISKKKRSV
VLPVIDQISNPVVNRALTQTRKVINALIKKYGSPETIHIETARELSKRFDERKNITKDYKE
NRDKNERAKKHLSELGIINPTGLDIVKYKLWCEQQGRCMYSNQPISFERLRESGYTEV
DHIIPYSRSMNDSYNNRVLVMTRENREKSNQTPYEYMGNDTQRWDEFEQRVTTNP
QIKKEKRQNLLLKGFTNRRELEMLERNLNDTRHITKYLSHFISTNLEFSPSDKKKKVVN
TSGRITSHLRSRWGLEKNREQNDLHHAMDAVVIAVTSDSFIQQVTNYYKRKERRELN
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GDDKFPLPWKFFREEVIARLSPNPKEQIEALPNHFYSEDELADLQPIFVSRMPKRSITG
EAHQAQFRRVVGKTKEGKNITAKKTALVDISYDKNGDFNMYGRETDPATYEAIKERYL
EFGGNAKKAFSTDLHKPKKDGTKGPLIKSVRIMENKTLVHPVNKGKGVVYNSSIVRTD
VFQRKEKYYLLPVYVTDVTKGKLPNKVIAAKKGYDDWIEVDDSFTFLYSLYPNDLIFIR
QNPKKKISLKKRIESHSISDSKEVQEILTYYKGVDSSTAAIEFITHDGSYYAKGVGVQNL
DCFEKYQVDILGNYSKVKGEKRLELETSDNNHKGKDVNSIKSTSR

>|I-C_WP_018356570.1_Pasteurella_pneumotropica_PpnCas9

MQNNPLNYILGLDLGIASIGWAVVEIDEESSPIRLIDVGVRTFERAEVAKTGESLALSR
RLARSSRRLIKRRAERLKKAKRLLKAEKILHSIDEKLPINVWQLRVKGLKEKLERQEWA
AVLLHLSKHRGYLSQRKNEGKSDNKELGALLSGIASNHQMLQSSEYRTPAEIAVKKF
QVEEGHIRNQRGSYTHTFSRLDLLAEMELLFQRQAELGNSYTSTTLLENLTALLMWQ
KPALAGDAILKMLGKCTFEPSEYKAAKNSYSAERFVWLTKLNNLRILENGTERALNDN
ERFALLEQPYEKSKLTYAQVRAMLALSDNAIFKGVRYLGEDKKTVESKTTLIEMKFYH
QIRKTLGSAELKKEWNELKGNSDLLDEIGTAFSLYKTDDDICRYLEGKLPERVLNALLE
NLNFDKFIQLSLKALHQILPLMLQGQRYDEAVSAIYGDHYGKKSTETTRLLPTIPADEIR
NPVVLRTLTQARKVINAVVRLYGSPARIHIETAREVGKSYQDRKKLEKQQEDNRKQR
ESAVKKFKEMFPHFVGEPKGKDILKMRLYELQQAKCLYSGKSLELHRLLEKGYVEVD
HALPFSRTWDDSFNNKVLVLANENQNKGNLTPYEWLDGKNNSERWQHFVVRVQTS
GFSYAKKQRILNHKLDEKGFIERNLNDTRYVARFLCNFIADNMLLVGKGKRNVFASNG
QITALLRHRWGLQKVREQNDRHHALDAVVVACSTVAMQQKITRFVRYNEGNVFSGE
RIDRETGEIPLHFPSPWAFFKENVEIRIFSENPKLELENRLPDYPQYNHEWVQPLFVS
RMPTRKMTGQGHMETVKSAKRLNEGLSVLKVPLTQLKLSDLERMVNRDREIALYESL
KARLEQFGNDPAKAFAEPFYKKGGALVKAVRLEQTQKSGVLVRDGNGVADNASMVR
VDVFTKGGKYFLVPIYTWQVAKGILPNRAATQGKDENDWDIMDEMATFQFSLCQNDL
IKLVTKKKTIFGYFNGLNRATSNINIKEHDLDKSKGKLGIYLEVGVKLAISLEKYQVDEL
GKNIRPCRPTKRQHVR

>|I-C_WP_014574210.1_Neisseria_meningitidis_1_Nme1Cas9

MAAFKPNSINYILGLDIGIASVGWAMVEIDEEENPIRLIDLGVRVFERAEVPKTGDSLA
MARRLARSVRRLTRRRAHRLLRTRRLLKREGVLQAANFDENGLIKSLPNTPWQLRAA
ALDRKLTPLEWSAVLLHLIKHRGYLSQRKNEGETADKELGALLKGVAGNAHALQTGD
FRTPAELALNKFEKESGHIRNQRSDYSHTFSRKDLQAELILLFEKQKEFGNPHVSGGL
KEGIETLLMTQRPALSGDAVQKMLGHCTFEPAEPKAAKNTYTAERFIWLTKLNNLRIL
EQGSERPLTDTERATLMDEPYRKSKLTYAQARKLLGLEDTAFFKGLRYGKDNAEAST
LMEMKAYHAISRALEKEGLKDKKSPLNLSPELQDEIGTAFSLFKTDEDITGRLKDRIQP
EILEALLKHISFDKFVQISLKALRRIVPLMEQGKRYDEACAEIYGDHYGKKNTEEKIYLP
PIPADEIRNPVVLRALSQARKVINGVVRRYGSPARIHIETAREVGKSFKDRKEIEKRQE
ENRKDREKAAAKFREYFPNFVGEPKSKDILKLRLYEQQHGKCLYSGKEINLGRLNEK
GYVEIDHALPFSRTWDDSFNNKVLVLGSENQNKGNQTPYEYFNGKDNSREWQEFKA
RVETSRFPRSKKQRILLQKFDEDGFKERNLNDTRYVNRFLCQFVADRMRLTGKGKK
RVFASNGQITNLLRGFWGLRKVRAENDRHHALDAVVVACSTVAMQQKITRFVRYKE
MNAFDGKTIDKETGEVLHQKTHFPQPWEFFAQEVMIRVFGKPDGKPEFEEADTLEKL
RTLLAEKLSSRPEAVHEYVTPLFVSRAPNRKMSGQGHMETVKSAKRLDEGVSVLRV
PLTQLKLKDLEKMVNREREPKLYEALKARLEAHKDDPAKAFAEPFYKYDKAGNRTQQ
VKAVRVEQVQKTGVWVRNHNGIADNATMVRVDVFEKGDKYYLVPIYSWQVAKGILP
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DRAVVQGKDEEDWQLIDDSFNFKFSLHPNDLVEVITKKARMFGYFASCHRGTGNINI
RIHDLDHKIGKNGILEGIGVKTALSFQKYQIDELGKEIRPCRLKKRPPVR

>|I-C_WP_002230835.1_Neisseria_meningitidis 2 Nme2Cas9

MAAFKPNPINYILGLDIGIASVGWAMVEIDEEENPIRLIDLGVRVFERAEVPKTGDSLA
MARRLARSVRRLTRRRAHRLLRARRLLKREGVLQAADFDENGLIKSLPNTPWQLRAA
ALDRKLTPLEWSAVLLHLIKHRGYLSQRKNEGETADKELGALLKGVANNAHALQTGD
FRTPAELALNKFEKESGHIRNQRGDYSHTFSRKDLQAELILLFEKQKEFGNPHVSGGL
KEGIETLLMTQRPALSGDAVQKMLGHCTFEPAEPKAAKNTYTAERFIWLTKLNNLRIL
EQGSERPLTDTERATLMDEPYRKSKLTYAQARKLLGLEDTAFFKGLRYGKDNAEAST
LMEMKAYHAISRALEKEGLKDKKSPLNLSSELQDEIGTAFSLFKTDEDITGRLKDRVQ
PEILEALLKHISFDKFVQISLKALRRIVPLMEQGKRYDEACAEIYGDHYGKKNTEEKIYL
PPIPADEIRNPVVLRALSQARKVINGVVRRYGSPARIHIETAREVGKSFKDRKEIEKRQ
EENRKDREKAAAKFREYFPNFVGEPKSKDILKLRLYEQQHGKCLYSGKEINLVRLNEK
GYVEIDHALPFSRTWDDSFNNKVLVLGSENQNKGNQTPYEYFNGKDNSREWQEFKA
RVETSRFPRSKKQRILLQKFDEDGFKECNLNDTRYVNRFLCQFVADHILLTGKGKRR
VFASNGQITNLLRGFWGLRKVRAENDRHHALDAVVVACSTVAMQQKITRFVRYKEM
NAFDGKTIDKETGKVLHQKTHFPQPWEFFAQEVMIRVFGKPDGKPEFEEADTPEKLR
TLLAEKLSSRPEAVHEYVTPLFVSRAPNRKMSGAHKDTLRSAKRFVKHNEKISVKRV
WLTEIKLADLENMVNYKNGREIELYEALKARLEAYGGNAKQAFDPKDNPFYKKGGQL
VKAVRVEKTQESGVLLNKKNAYTIADNGDMVRVDVFCKVDKKGKNQYFIVPIYAWQV
AENILPDIDCKGYRIDDSYTFCFSLHKYDLIAFQKDEKSKVEFAYYINCDSSNGRFYLA
WHDKGSKEQQFRISTQNLVLIQKYQVNELGKEIRPCRLKKRPPVR

>|I-C_WP_106659749.1_Confluentibacter_flavum

MKRILGLDLGTTSIGFAYIKEGENEKELSSIEKIGVRVNPLTTDEQTNFEKGKPLTTNAD
RTLKRGARRNLDRYQLRREDLIEILKKASLISDDSILTENGKNTTFETWRLRAKAVNEKI
EKHEFARVLLAINKKRGYKSSRKTKNEEDGQAVDGMGIAKLLYEENLTPGQLSFQILQ
NGKTLLPDFYRSDLQAEFNKVWNFQKQFYSEIFTDEFYKELQGKGQRATSALFWITC
KFNIAEIKDLEDSLKTEKTIKFNKRQQKKLQAYKWRSDAISKQLPKEEVAYVLTEINNDL
NKSSGYLGAISDRSKKLYFNKETVGQHLYRQLQKNQHTRLKNQVFYRQDYLDEFEII
WETQAKFHSELTKELKEEIRDIVIFYQRKLKSQKGLISFCEFESREIVKNGREKTVGLR
VASKSSSMFQEFKIWQILSNLEFRNKTTKEKLSLDLEAKEILFEELNLKGNLSASKIIELL
GCESKDWELNYKTIEGNRTNKSLYEAYLKILEIEGYDVKDLLKVKSNKDELELDDLNVP
ATKIKNMVNKIFDTLEISTEILDFDADLDGKDFEKQASYQLWHLLYSAEDDSKKYSEDD
ILTYGNDNIGLKKQLCAKFGFKPEHAKILVNVDFQDDYGNLSSKAMRKIYPYIKEHQYS
DACEQAGYRHSKYSLSKEELKKRELKPHLELLKKNSLRNPVVEKILNQMVNVVNTLID
NEKKKDPNFKFDEIRIELARELKKNAKERAEMTTNINAAKMRHEKIVKRLQSEFGVAN
PTRNDIIRYKLYEELKNNGYKDLYTNTYIPREKLFTKEIDIEHIIPQSKAFDDSFSNKTICY
REENLKKGNRTAIDYIQSEYGGEKLEEYLNRITALNKNWGKDKQEEGISKAKFQKLQK
RESEIGEGFAERDLRDSQYIAKKAKSMLFEITPSVVSTSGSITDRLREDWDLINVMKEL
NLPKYRMLGLAEIQERKFGKQVEVITDWTKRNDHRHHAMDALAVAFTKRNHIQYLNY
LNARKNENHKLHANIIAIEKKETELVENGNGSKKRLFKKPLPNFRQVAKEHLENVLVSH
KAKNKVVTKNKNKTKSKKGEKVKIELTPRGQLHKETVYGKYHYYNSKEEKVGTKFNK
ETIAQVSNPLYRKLLLQRLEENNNDPKKAFGGKNALVKNLIYLDKIKTEVLPEKVKLVW
LEEDFSIRKDITPENFKDLKTIEKVLDDGVKRVLKKRLSDFGNDPKKAFSDLGKNPIWL
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NEEKGISIKRVTISGVKNAEHLHYKKDHLGNFILDDDGHKIPVGYVSTGNNHHIAIYRD
ENGELLDYVVSFSDAVKRKSYGLPIVPKDTNKLWDKVFQLGIDNQSILATLPRQGLQL
EFSMKQNECFVFPNEAMDFNPKEVDLHNPNYKKLISPNLFIVQTISKVMYGNNAVRD
YVFRHHLDTTKDKSSALKGVSHQIIKSLSHLHGIVKVRINHLGDIVSVGEY

>|I-C_WP_125042402.1_Bacteroides_faecalis

MKRILGLDLGTSSIGWALVDEAENGNEKSSIVKLGVRVNPLTADELTNFEKGKSITTNA
DRTLKRSMRRNLQRYKLRREVLIQILKEHKFITDETILSENGNRTTFETYRLRAKAATE
EISLEEFARVLLMINKKRGYKSSRKANGTEEGTLIDGMDTALKLYNEDLTPGELCLQYL
NEGKKTLPDFYRSDLQNECDKIWIKQKEFYPEILTDTLKEELRGKKRDAVWAICAKYFI
WKETQTEWNNEEGKSEQIEKEHKLEGIYSKRKREEAKKENLQWRVNGLKKKLSLEQ
LVIILQEINTQINASSGYLGAISDRSKELYFNKQTVGQYQMEILNRNSNASLRNMVFYR
QDYLDEFNTLWEKQAEFHKELTEELKKEIRDIVIFYQRRLKSQKGLISFCEFESRQIEV
EIDGKKKVKTVGSRVIPRSSPLFQEFKIWQILNDIKVTVGEKKSKRREKSEQNDSRCL
NLEEKELLAKELFVRDKMTKSEVLKLLFDNPQELDLNFKTIDGNKTGAAIFRAYSKIIEM
SGHEPVDFKNSKEKIVEHIRAVFASFNWNTDILNFNPDEELDKQSYYKLWHLLYSFEG
DNTPTGNGCLIQKITELYGFEKEYATVLANVTFQDDYGSLSAKAIHKILPHMKEGNQY
DVACTYAGYKYSKSSLSKEEIANKILKDKLELLPKNSLRNPVVEKILNQMVNVINAIIDIY
GKPDEIRVELARELKKNAKEREDLTKSIAETTKAHEEYKKLLQNEFGLKNVSRTDILRY
KLYKELESRGHKTLYSNTYIPREKLFSKEFDIEHIIPQARLFDDSFSNKTLEARNINIEKG
NKTAYDFIKEKFGETGTENSLDCYLNNIEELFKSGKISKTKYNKLKMTQQDIPDEFIER
DLRNTQYIAKKALSMLHEISYRVVATTGSITDKLRQDWQLVDVMKELNWDKYKALGL
VEYFQDRDGRQIGRIKDWTKRNDHRHHAMDALTVAFTKDVFIQYYNNKNASLNPNTN
EYAIKNKYFQDGKAIAPIPLNEFRAEARKHLENTLISIKAKNKVVTSNMNETKKRGGTK
KKIQQTPRGQLHLETIYGSNKRYLVREEKVNASFDVDKIETVSKLVYRNALLKRLQEN
DNDPKKAFTGKNLLDKKPIWLDKEQTKKVPEKVKTVVFETIYSVRKEISPDLKIDKVIDV
GIRKILADRLSEYGNNAKKAFSNLDENPIWLNKEKGISIKRVAVLGISNAQSLHVKKDK
NGKVFLDENGKNIPVDFVNTGNNHHVAVYRKPVIDKKGQIVIDEDGNPQYELEEVVVP
FFDAVTKANLGQPVIDKDYKTSEGWQFLFSMKQNEYFVFPNEKTGFNPKEIDLLDAD
NYGVISPNLFRVQKFSHKNYVFRHHLETTIKDTSVLLKGITWTDFRSSKGLDSIVKVRV
NHIGQIVSVGEY

>|1-C_WP_240456008.1_Sphingomonas_pseudosanguinis

MTDMMNERGMAWRLGLDLGTNSLGWIALQLEGGKPAGIMAIGSRIISSSESAGRDPQ
SKQSLAVNRRDKRAMRRRRDRFKRRQAALLRYLVKDGLFPADQAARQALETRDPYE
LRARALDERLEPSEIARALFHLNQRRGFKSNRKTDRTGDKDDESGKVAFGIAGLKDKI
AAAEEAAGAEPGSWTFGKFLCERRAAADDLNALPPTRARAHAAPPENKNDVYDFYP
SRDIIEAEFEAIWEAQAAHHPDLLTDEVRHRLYEIFYQRPLKAPKIGLCTLVNGETRLA
KAHPLFQQRRLLEEINALQLIRTGEAPRRLMPDERDRILMKFQGKPSLTFVALRKELKL
DSTVRFNKESENRPKLLGDEMAARMGDKKRFGTHWRHLSVDQQWEVIQRRQNLES
DADEAAFVAWLAERYSLTSEQAAAVASVELPMGFGRIGLTATTKLIEALTNGRTEGGE
VLVYSEAVDAAGLGHHSDRRSDTRYSDAKGQPILPYYGLPLEHHLLPGTGDPSDPED
MRVGRLTNPTVHIGLNQLARVVNALIRRFGRPTEIALELARDLKLSDEEKQRRNKENN
RNRIEAEKRSIKLREIGKPDTGENRARLKLWEELGEDCLDRRCVYTGERIGIEKLFSDA
VEIDHILPFSITLDDSNANKIVCMRDANRRKGNRSPHDAWGHGEDWPDIAARASRLP
ANKRWRFDPDALARFTEERDFQPRQLVDTQYLGRLAREYLTSLYPERGQGSSKVWV
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SPGQMTELVRRKLGLNPMLGDDNILGSVNQPKNRLDHRHHSIDAFVVAVIDRAMLAEI
ARISGETGRDGTEKICIPDPWPNFRDELHAALRGIVVSHRPDHGTASKKGLKPGHDQ
TAGRLHNDTAYGFTGTTDAKGKPIVVRRIALTDLKSAADLNAIRDPHLRQALRDHTAH
QDGKAFEERIKAFPPFTLKKVYGGIRHVRVTEALSVIPIRDASGRAYKAYKGDSNYRY
DVWEMPDGKWITRWQAADGTERSSIVSMFDAHQPREQDRPHPAARKVLSVHQNDL
LAIEPPGEARRLGRVVKFGQDGRLYLADPKEGGALKARDADKEDAFRYDSLFPAKQK
LWKARQVRIDELGRVLDPGFPARKSVRRTRPRTAPVD

>|1-C_WP_115309099.1_Kingella_potus

MNKTYRYILGLDLGIASVGWALVLVDEEENPVGLLDCGVRVFERAEEPKTGESLSAG
RRVARSIRRLIRRRAHRLLRLRRTLKQSGILTAADFGSDGLPLDLPIDAWQLRVQGLD
RKLGNKEWAAVLLHLVKHRGYLSQRKSEMKTDDKELGRLLAGVAENSKLLAEASDE
YRTAAELALKRFAQANGHMRNKGGDYSHTFNRQDLQVELHLLFARQRELGNPFATV
DLERQADNLLMTQRSALQGEAVLKMLGKCTFEPSEYKAAKNTYSAERFVWLTKLNNL
RILHNGEERALDEGERKMLLDEPYKKAKLTYAQVRKLLGLPESAVFKGLRYGKDSDG
LKAESSTTLMEMRAWHAVRKALEKAGLKTEWQSLAGKPELLDAVGTAFSLYKTDEDI
LNYLTGKVASKTVLAIRNFWGGGVLDECDSGIEYLADEDMTQYLASGVLPVNVLQALL
EGLNFDEFIHLSLKTLSKILPLMEQGMRYDEACRVVYGNHYGLKKKEESRLLPHIQAD
DIRNPVVFRTLTQARKVINAIIRRYGSPQRVHIETARELGKSFKDRKEIEKRQEENRKD
RERAAAHFKELFPYFVGEPKGGDILKLRLYEQQQGKCLYSGGEIDLRRLNEKGYVEV
DHALPFSRTWDDSFNNKVLVLGSENQKKRNQTPYEYLDGANNSPRWREFQARVAG
CRFPYAKKQRIQTAKLDEQGFIERNLNDTRYIARFLCNFIGDNLHLEGAGKRRVFASN
GQITSLLRGLWGLRKVREENDRHHALDAVVVACSTVSMQQKITKAMQRRETFETVDT
ETGEIKSRIPQPWDFFRREVMIRVFSDDPVRELAEKLDSRPEAVHEHVVPLFVSRMP
MRKMSGQGHLETVRSPKRLDEKISTVKKPLSMLKSKDVEKIVGYPDREPALYAALLE
RLAAHKDDPAKAFAEPFYKPAKDGGQGSLVRSVRVEDVQKSGVMIRKDRSGRAQGI
ADNATMVRVDVYGKGGKNYLVPVYAWQVAEGILPNRAVASGKDESDWDVMDASYE
FRFSLCPNDLVEIISKKGRIFGYFSGLDRATSNIHIKEHDMDKTKGKDGLHRSLGVKTV
QSFQKYQIDPLGKEIRLCKAEPRPSLRVKKSKKQ

>|I-C_WP_246092851.1_Terrilactibacillus_laevilacticus

MILLGVKTLKYSIGFDIGISSVGWAVINHDKNRIEDMNVRMFDAAENPKNGSSLAEPR
RNARSSRRRLRRRRHRVLRTRQFIINKGLLTNGQMLKLYDWQDEDLDIWLIRVNALE
RKLTDREFARILIHFAKNRGFKSNRKSEASDKENGVVLAAVKENAQLMEEKGYTTVA
QLLTYESEIFKGRKRNRNGEYTHITTRHDLEHEIHIIFAKQREFGHIFANKENEETFVNI
WSSQRPFATKDDISKKIGKCTLEPNEKRAPKAAYTFQRFRAIDKLNRLRILSESHPSRK
VSEQERELAIQGLFSRKDVKYTDLRKLFNLSNNERFSELFYETDENIHDVEKKVFLSFV
EHDKVRKIIIKVLGKEALTTFRPVDFDCIAQALTVFKDDNDIRDYLLNRYVNQNGKKER
NLANRAFDKELIEELLTLSFSKFGHLSLRALHRILPHLEKGLSYDKACTEAGYSFNNKL
EKEKSRLLPAVNTNEIRNPVVIRSLSQTRKVLNAIIKRYGSPTSVFIELAREMGRPYNE
RRDLEKLFTKNHATNEKARNAIRELHPEISAPRGHDILKYKLWQEQCCKCAYSFEPISL
ERLFEPGYVEVDHIIPYSRSFDDSNANKVLVLAKQNQNKRNQTPFEWFGHDEIRWGH
FESFVNAMQIPSKKVAQKKRSLLLKKVFDDEQEEAFKSRHLNDTRYITRYFKNFVEEN
LLFREELGVKQHVFTVNGAYTSLMRKRWGFNKSREENDLHHAVDAVIVAVSGPFRH
QISAYFKQREVSATQLMKRKGDYFPQPWPGFGRELRSRTLQDPKLLKMALESLELPS
YDEKFISGLKPIFISRMPKRSVKGQIHEETLRRRRGETEKGYVRITKTKLEDISFNKNG
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DFNMYGKESDPKTYQAIKQRYLDSGNDKKKAFIKPLYKPSKDMDNAPLIRTIKIEDKKN
QIVDLGNGAVAFNGSIVRTEVFRHRESGKFYLAPVYIADVLRKRIPEKFITANKPYDQW
KDITTEYEFKFNLYPNDVIKIKMSKMKSIKNNLGEVVSWQEGYVYFKGIDAGTGALKIID
HMNSYKDRIGSQNLSVFEKYQVNPLGFLVKVHGEKRHGI

>|I-C_WP_188415172.1_Pedobacter_mendelii

MKKILGLDLGTNSIGWALIEVDELNGPFQILAMGSRIIPLDADARDQFQKGQAISKNKD
RTTARTQRKGYDRKQLKKSDDFKYSLKKILEKLNIFPTDELLNLPSLDLWKLRSNAVS
NNEEISPKQLGRILYLLNQKRGYKSSRSEANADKKDTDYVVEVKGRYKLLKEKNQTL
GQYFYDELSSANQNNTYFRVKEKVYPREAYIEEFDAIINTQKSKHSFLTDDVIHSLRNE
IYYQRKLKSQKGLVSICEFEGFETSYFDKKTQQDKTIFTGPKVAPRTSPLFQLCKIWE
VVNNISIKIKNPEGSKYKWDDRIPTIEEKQTIVNHLLENENLSFAELLKILELKKEQVYAN
KQILKGIQGNTTYSAIHKITGNSEHVKFDTHTIPSKHFAVLIDKKTGEILDERDSVELNSA
LEQEPFYQLWHTIYSIKELDECKNALMKRFNFEEEIAEKLSKIDFNKQAFGNKSNKAM
RKMLPYLMLGYNQADAESFAGYNRRLTKEEKSKNVSDEPLQLLAKNSLRQPVVEKIL
NQMINVVNAIIEKYGKPEEIRVELARELKQSKDEREDTDKQNGFNKKLNELVVTKLSEL
GLPTTKRYIQKYKFIFPAKDKNWKEAQVANQCIYCGETFNLTEALSGDNFDVDHIVPK
ALLFDDSQTNKVLVHRNCNSTKTNNTAYDYISKKGGNALGEYILRVDEWFKRGIISYG
KMQRLKVSFEEYQERKKVGKETEADKRIWENFIDRQLRETAYIARKAKEILGKVCHNV
TSTEGNVTAKLRGLWGWDDVLMNLQLPKYKEIGQTQIKEWTSDHGNRKHQKEEIAN
WTKRDDHRHHAIDALVIACTQQGFIQRINTLSSSETKDEMQREIDFAKKKYGNNYDEK
ILNENNEIVKGQKEKNNQLNSYLISQRPENFTTKYIEQEADKILVSFKAGKKVATISKFK
ATGKNKETGVIVPRGALHEQFVYGKIKTIAKDFKTGLLIKYPIKYLFENPDLIAEPIVKTK
VEERLNDFGRDIKKCIESLKKFPIYLDLAKSIVLISSYCYKDEFVIKYKITDLKNDDVKYII
DEKVMHLVQERLDAHNGKEKEAFKDILWFNENKRIPILTVRCFTGLSAVQAIKKDENG
KEIGFAKTGNNHHIALYKDNTGKHIQHLCTFWHAVERKKFKIPYIINNTNTLWNDLINKE
LPQSFLDKLPTDNLDLQLSMQQNEMFVLGLSQEEFDEAIQQNNKALLSKNIYLVWSIG
DNQYWFRHHLETKNSELKVTIGAKESRRFYLFKSIGAFLSKNPIKVRLNHLGEITKVGE
GHTKEQRYISSEVNLLLLNEPTAIYQTQNRLKIFNSFEEAKQDEIDFIIKQSPIDRIKHTV
DLILKAYGFNEEDLRIRKQNNTIRIKAE

>|I-C_WP_230343355.1_Methylobacillus_arboreus

MNNNKNFGQLTFGFDIGIASVGWAVLNERRIVDLGVRAFDKAETAKEGESLNLARRT
ARLMRRRLRRRAWRLTKVARLLKRHGLINDVTIFKPEHPFTFSLWELRKQALDRPLNA
EEWARVIYHLCKHRGFHWVSKAEEKKAEADTSGEGGKVKQGLAATARLMKEKGYRT
AAEMVLAEFPQAQRNKQGEYSKALSRSLLSEEFSTLFAVQRAFNNPHASLELESKLL
DRKTGLFWAQKPALSGEKLLEMLGYCTFERKKMTGEKDEYRAPKASFSAERHVWLT
RLNNLRVVMDGVTRPLSQEERQFVLPLPYNQASDLSYKQLKAALVKQGFWSEAVRF
TGLSYPSQNQVKDGKAKDPESATLVKIPAFQELRKALKEAGLETEWQGMVNAAMSG
DASLLDQIAWVLSIYKDDDEVERELKALSLPSKTNMVDVLQNIRFDKFSNLSLKALRNI
VPHMERGLRYDEACIKAGYHHSQLVKPDDEKLHYLPPFYSARDKTGKLICNENIDVPR
NPVVLRALNQARKVMNALIKKYGSPHQVNIEMARDLSRPFDERRKIKDAQEEFRDRN
KISRDKFNETFNTAGDLKGRDFEKWQLYEEQECKCAYSREPLDIHRLFEMGYVEIDH
ALPYSRSFDDSKNNRVLVLARENRNKGNLTPYEYLDGKNNSERWHQFEVSVNTNKA
YRQAKRSRLLRKEFGEKESAEFRDRNLNDTRYICRFFKNYVEQFLRLAETSESKRCIV
LSGQMTAFLRARWGLTKVRTDSDRHHALDAAVVAACSHGMVKRLSDYSRRKELEKV
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SEGFIDVTTGEVANIAMDRQLKEHFPDPWPHFRRELEARRLVDDLPLMKAELANLGT
YSEEELDSVKPLFVSRAPQRRNSGAAHKETIYGQTERLKKTGSVTQKVAVASMSLKD
LGEVIDGERVNCKLIDPHRNEKLYAAIAIWLQGKDDREKRAKEIEAGAGRGKEKRALT
VDEKAEIERLRALPRKPMNDGSIGPIVRTVTMVIDKLSGISIRHGVAKNDTMLRVDVFT
KANKFHLVPVYVHHAVAKHLPSRAIVAFKDEDEWTLIDESFAFCFSLYPNDFVKISQK
GKSPVSGYYSSCHRGTGNLNIWSHDRNQEIGKGGIIEGIGVKTALSIEKFNVDVLGNIY
PVLKEERRGLA

>[I-C_WP_108911279.1_Helicobacter_apodemus

MKILSFDIGVTSIGWAYVEGEKLKDCGVRIFTKAENPENGDSLAAPRREARGVRRRLA
RRKVRLNVIKRLLCKEFGLNLSDYFANDGELPKAYETTKDTKSPYELRSLALEQKLEP
KDLARVILHIAKHRGY GNKHAKRDLEAEEKAKKAAEKVPQEKESTTTNGDSKKEQEK
VLKALYQNETLLKNYQINYQTNDETNNKTIFLVGKYLYKEFQDKGQRIRNTTNNYQHT
MRQEWLKDELEFIFAKQREFGFPFSEKLYKVATENNKTKELDFASAIMETAFYQRDLK
SFEDKVGKCVFYENENRAPKDSLSVMEFVALTRIINTLKNLEEKSKNLGIGETYGKDKI
QEILKIVLDKGEMSYKELRKILKLNESILFAKDPKLDYTKGVQEAEKAKFIELKNLKAFK
KAMGGETEQKANKKTKKTIEVSLESFDRKELDLIATHIALIKSKENLAERLRNYPALSKE
QVEALSNLNFAKHIDLSLKALDKILPLMREGLRYDEAVKKAGLQEHRKHKQKGEFLIPL
KEYEPYLANPVVARALSEYRKVLNALLKKYGKVHKIHLEFTREAKLSAKERQKYEKEQ
REHFEANQNAIKQCEKLDLRLNGANILKMKLWIEQGEYCAYSVKKITTEDLKDSNKLQI
DHIYPYSRSFDDSYMNKVLVFSKENQNKLNKTPFEAFGSDKEKWDRILSLSAKLPKQ
KQRRISNTNFKDKEGGFLARNIVDTGYIARLASQWTNHCLKFEDLRENEVTITGEKGS
SVHIEVVSGSLTATLRHYWGLGDKDRNNHLHHAVDAIILAYVNDTMIQAFANFRKNQE
QNKAKFYAKQIAESEYKAKKAFFEPCENFRDKVLKKLDSIFVSKPPRKRARGALHKET
FYSFEDEKLLKSYGGKQGVQRAIDLGKIRRIGTKIVSNGAMVRVDIFKHKEGKFYAVPI
YTMDFAFGEWPNKAVATGKDEDGVIKDWIEMDSDYDFCFSLFKDDLIKVKKKKMKEA
EFCYFKRFKTSGASIEIVKHDNRADNLNGNQEKIFKVKLENNQKILDKSLISIQNLEIFEK
WQVSPLGKVQKAVPESRQGIKLKSSLKRKG

>|I-C_WP_101954953.1_Tenacibaculum_finnmarkense

MSKILGLDLGTNSIGWALVQNNIILGMGSRIFPEGVVNLGEGEGREASKNASRTEARG
VRRQIFRRRLRKRYLLKELAKHNFCPISADLIKDWNGTEIFKNQELQDWFKLNPYELR
AKAIHQEISLVEIGRIFYHIIQRRGFLSNSRSAGADVKETSTLFTGDAKIGKIGISSTLENI
KNIGNSEENKTLGSYLNSIQPKENEPYSECLERIRNRYTTRQMYIDEFELIWEFQKIYH
SELTENLKSLFGGRKKDGYKDDGVLFHQRPLRSQKHLVGYCSFEPKKTKCKISAIPFE
LFRIYQWVNTLSYDFNGEKQEITSEEKEKIIQLLLSKEKVAFKAIRKVIDKSESNYQFNY
KDKDNIVGTHTISQLSNKKFFGKQWFHFSEEEQENIWHVLSFFDDSDKLKEYALKNW
NFDDKKATEISKFNLKEGYSNLSRKAINTILPFLKQGFMFDIAVGLAGVKNVLSKENNW
AENEQFVLDNVPEIVRSNIKGGYIEPLKNMLKNEFNCTDKQLEKLYHHSSAIETQIILDK
LPVNINADREIQKIKNPVVITALFEIRKLVNQIITTYGKPTEIKVELARDLKASKTNRQETR
RRQQILERENDRVKVELEGLDQRTNHANILKYKLWEECNKTCPFTGKVITLSKLFTGE
VQIEHIFPWSRSLNDSFNNKTLCFADENRAKGNKTPYEFYTSQGLEKWEAIKLQALSC
FKTKAHYPNCYNKFKHFVKQKHDEDFISRQLNDTRYISKEAKNYLSKICANVMVAPGQ
MTAVLRHNWGLNTVLNKEQDAKTRDDHRHHAVDALVMACAKRSHLQELSKRNRYH
KNHELKDFPMPWQSFRMDAETAVEQILVSHKKQKNLVTIRTHKTKKNGVEYKNLGVS
ARGQLHKESVYGKRTAPDSSQAFHIRKPLESLTTEKHLDKIVDATVRLLILKRVKELGG
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FVKGKIPADTFFKIDENGIKQAQIFLPNRNGSKVPIKKIRIKENIGGAEKLKEDINQYVNP
RNNHHVLIYKDEDDNLKEDVVTFWTAVERKRQKQDVFQLPEDGKKIVTTLQINDMFLL
GLQNEQVDWDNIDANLLKDHLYRVQKFTSKDYYFRKDKESNLDGKLGIAFHYIKGFG
TGKTGWKTFNPIKVGINSIGVLKKL

>|1-C_WP_013389026.1_llyobacter_polytropus

MKYSIGLDIGIASVGWSVINKDKERIEDMGVRIFQKAENPKDGSSLASSRREKRGSRR
RNRRKKHRLDRIKNILCESGLVKKNEIEKIYKNAYLKSPWELRAKSLEAKISNKEIAQILL
HIAKRRGFKSFRKTDRNADDTGKLLSGIQENKKIMEEKGYLTIGDMVAKDPKFNTHVR
NKAGSYLFSFSRKLLEDEVRKIQAKQKELGNTHFTDDVLEKYIEVFNSQRNFDEGPSK
PSPYYSEIGQIAKMIGNCTFESSEKRTAKNTWSGERFVFLQKLNNFRIVGLSGKRPLT
EEERDIVEKEVYLKKEVRYEKLRKILYLKEEERFGDLNYSKDEKQDKKTEKTKFISLIG
NYTIKKLNLSEKLKSEIEEDKSKLDKIEILTFNKSDKTIESNLKKLELSREDIEILLSEEFS
GTLNLSLKAIKKILPYLEKGLSYNEACEKADYDYKNNGIKFKRGELLPVVDKDLIANPVV
LRAISQTRKVVNAIIRKYGTPHTIHVEVARDLAKSYDDRQTIKENKKRELENEKTKKFIS
EEFGIKNVKGKLLLKYRLYQEQEGRCAYSRKELSLSEVILDESMTDIDHIIPYSRSMDD
SYSNKVLVLSGENRKKSNLLPKEYFDRQGRDWDTFVLNVKAMKIHPRKKSNLLKEKF
TREDNKDWKSRALNDTRYISRFVANYLENALEYRDDSPKKRVFMIPGQLTAQLRARW
RLNKVRENGDLHHALDAAVVAVTDQKAINNISNISRYKELKNCKDVIPSIEYHADEETG
EVYFEEVKDTRFPMPWSGFDLELQKRLESENPREEFYNLLSDKRYLGWFNYEEGFIE
KLRPVFVSRMPNRGVKGQAHQETIRSSKKISNQIAVSKKPLNSIKLKDLEKMQGRDTD
RKLYEALKNRLEEYDDKPEKAFAEPFYKPTNSGKRGPLVRGIKVEEKQNVGVYVNGG
QASNGSMVRIDVFRKNGKFYTVPIYVHQTLLKELPNRAINGKPYKDWDLIDGSFEFLY
SFYPNDLIEIEFGKSKSIKNDNKLTKTEIPEVNLSEVLGYYRGMDTSTGAATIDTQDGKI
QMRIGIKTVKNIKKYQVDVLGNVYKVKREKRQTF

>|I-C_WP_106152678.1_Marinilabilia_salmonicolor

MKRILGLDLGTNSIGWALVEKDEKKKEIIGMGSRIVPLSPDDKDEFSKGNTISKNHRRT
VKRTQRKLYDRYQLRRNALIEELKNKNMMPDEDLIHVSKFRLWELRSKAVETKLTLPE
IGRILLHLNQKRGYKSARSEENLDKKDTEYVEKVKNRHEELRDAGLTIGQYLLKELKK
SENFRTKDLVYPREAYIEEFDRIISIQKGYYPEELSEDFIQRIRNEIFYQRALKSQKGLV
SICEFEGFWMEKEGKNLYVGPKVAPKSSPLFQIEKIWETINNIRLKDKYGQPIVLGIRE
KEKLFKVLNIPGAGSEDFDNFSKYSLDRNGKLSYSKLLNLLGLSKDDVYANKQLENGI
QGNILRQKILNCFNNPDEFSELLRFDISFIKTDKKVHLYDRKTGEVIHEEKESIIANKAED
IEKEPLYRLWHVLYSIKDREECENILKKKFNIPPDSAEKLSALDFTLMAFGNKSVRAIRR
ILPYLAEGYDYSESCMLAGYNHSNSLTKDQNRDRQIAERLSLLEKNSLRQPVVEKILN
QMINLVNAVIEEYGHPDEIRIELARELKQSRQERFDADKAIRKIERDNQSIRKELVENYA
LRASRNNVIKWRLYHEMNNQKLNAICVYCGQPISFTDAIKGNDVDIEHIIPKAKLFDDS
QSNKTLSHRSCNRQKDKQTAFDYMKTKKEDEFHEYIERVNYLYKNRLIGKAKRDKLL
MSEDKIPQDFIQRQLRESQYIARKSREILMEVCHDVWTTSGTVTAELRHIWGWDDVL
MNLQMPKYKKYDLTEEIEFENNGQKHKKERITDWNKRNDHRHHAIDALTVACTEQGF
IQRLNTLNSGKTRNEMLRAINEFQKNASEVDNKRSEFEIEKRKLYQDYLFVNKPFSTN
EVEQAASKIMISFKPGKKVATWGKRKVKRNGRKVTVQSDILVPRGALSEEQVYGRIK
VLKRENPVKFLFHNPHLIVKERIRKKVQKRLSEYDDNPDKALKSLENEPIYIKDDILLEW
ASCYSEEYVYKYKVDVDFKKADKIIDDRVREIVKQRLSEFDNNPKEAFKDLDGNPIWF
NEEKNIPIKSVRCFTGLSSIEPLKKNANNEVTGFVKPGNNHHIALYLDENGKLQEHICT
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FWHAVERKKYDIPVIIKNTDEIWEKVLSEGEDYFPDDFLEKLPDIKWQFVTSLQQNEM
FLLGLPEENVRQINVNQKDNYSFLSDYLYRVQKITSGDYVFRHHLETQIVDTTDSKLC
KRWYRVQSLKAFAGLNPVKIRVDVLGRMVWYQKCF

>1-C_WP_003611034.1_Methylosinus_

MRVLGLDAGIASLGWALIEIEESNRGELSQGTIIGAGTWMFDAPEEKTQAGAKLKSEQ
RRTFRGQRRVVRRRRQRMNEVRRILHSHGLLPSSDRDALKQPGLDPWRIRAEALDR
LLGPVELAVALGHIARHRGFKSNSKGAKTNDPADDTSKMKRAVNETREKLARFGSAA
KMLVEDESFVLRQTPTKNGASEIVRRFRNREGDYSRSLLRDDLAAEMRALFTAQARF
QSAIATADLQTAFTKAAFFQRPLQDSEKLVGPCPFEVDEKRAPKRGYSFELFRFLSRL
NHVTLRDGKQERTLTRDELALAAADFGAAAKVSFTALRKKLKLPETTVFVGVKADEES
KLDVVARSGKAAEGTARLRSVIVDALGELAWGALLCSPEKLDKIAEVISFRSDIGRISE
GLAQAGCNAPLVDALTAAASDGRFDPFTGAGHISSKAARNILSGLRQGMTYDKACCA
ADYDHTASRERGAFDVGGHGREALKRILQEERISRELVGSPTARKALIESIKQVKAIVE
RYGVPDRIHVELARDVGKSIEEREEITRGIEKRNRQKDKLRGLFEKEVGRPPQDGAR
GKEELLRFELWSEQMGRCLYTDDYISPSQLVATDDAVQVDHILPWSRFADDSYANKT
LCMAKANQDKKGRTPYEWFKAEKTDTEWDAFIVRVEALADMKGFKKRNYKLRNAEE
AAAKFRNRNLNDTRWACRLLAEALKQLYPKGEKDKDGKERRRVFSRPGALTDRLRR
AWGLQWMKKSTKGDRIPDDRHHALDAIVIAATTESLLQRATREVQEIEDKGLHYDLVK
NVTPPWPGFREQAVEAVEKVFVARAERRRARGKAHDATIRHIAVREGEQRVYERRK
VAELKLADLDRVKDAERNARLIEKLRNWIEAGSPKDDPPLSPKGDPIFKVRLVTKSKV
NIALDTGNPKRPGTVDRGEMARVDVFRKASKKGKYEYYLVPIYPHDIATMKTPPIRAV
QAYKPEDEWPEMDSSYEFCWSLVPMTYLQVISSKGEIFEGYYRGMNRSVGAIQLSA
HSNSSDVVQGIGARTLTEFKKFNVDRFGRKHEVERELRTWRGETWRGKAYI

>1-C_WP_214161343.1_Litoribacter_ruber

MKKILGLDLGTTSIGWAFVHEKEKEEEENRIVDVGVRIVPLTSDEENDFAKGKTISINA
DRTLKRSARKNLQRFKQRRDALLEIFAGLGYIDSDFSCAESGSKSTYSTLTLRALAVT
EKISREDFVKVLMALNKKRGYKSSRKVKSEDDEGVAIDSMGIAKELYQSNLTPGQWV
FEALKKGRKTIPDFYRSDLEEEFRCIYEFQKEFFPELLPTDFLDNVLGKTKDQTRFYFN
KLHNIPLAENKGKRPERTLQHYKWRNDALEEKLAPSELAFLFTEINGQISASSGYLGAI
SDRSKELYFNQETVGQYLLKQVEKNRHTRLKGQVFYRQDYLDEFERIWEKQAAYFP
ELTEKLKKEVRDITIFYQRRLKSQKHLISTCEFELLQKVAPKSSPIFQDFRIWQNLNHVT
LTNTETFEKLSLSQEHKEQLQAELTFKKKMAAADVLKEIGYDKNWELNFEELQGNRT
NHEIFTAFAKIIELEDGNEIKLNKLRADEILDVFSEAFLRFGINPEYLQVNNGLVGDGFE
KQPYLQLWHLLYASEDEKKLRKTMVKKFNFKENHAKIISGVSFQQEHCSLSSKAIKKIL
PYLILGLDYSEACEKAGYNHSSFLTKEENDNRPLKDELELVKKNALRNPVVEKILNQLV
NVVNAIVKDPALGRPDEIRVELARELKANSEQRKKMTNDIGRATKYHQEIRELLKKEF
GISRVTRNDIIRYKLWKECGGISIYTGRPIEATKLFSKEYDIEHIIPKARLFDDSFSNKTIC
ERQLNADKSNITAFTFLQETLSAGDFEQYLARVKGLYGKIGRTKIQKLLMATDKIPTDFI
ERQIRETQYISRKAKEILLSISRNVTVTSGSVTDKLRDDWGLVEVMKELNWDKYNALG
LTKIEKGKNGERLKKIKDWSKRNDHRHHAMDALAVAYTKPAYIQYLNNLSAKGIEGEK
GIEIRAIERKYLFKENRKLKFISPIPNFREEARFHLGNILVSFKSKNKVVTINKNKIKKAG
GFLIQTALTPRGQLHKETVYGKQHQYKTKIEKVGGNFDSESIAKVANKKYRDALSLRL
QQFGNDPKKAFTGKNSLTKLPIYLSLEKNITVPEKVKLVWLEPYYTIRKNITPDLKVDK
VIDPKIKSILKNRLTSYNEDPKLAFANIDENPIWLNKEKGIAIKKVKISGVSNIVSLHYKKD
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NRGNFILNAEGQKEEVNFVSTGNNHHVAIYRDEKGDLQEEVVSFFEAVERKNQGRA
VVEKQHEKGWEFLFTLKQNEYFVFPSMDFDPGDIDLMDPTNYSLISPNLYRVQKIAAK
NYMFRHHLETNVEEPAALKGIAFKSIRSTAPLKGIVKVRLNHLGKIVQIGESSPNILLETI
AKIKKNEALPEK

>|I-C_WP_011809011.1_Verminephrobacter_eiseniae

MNKAVAYRLALDLGSTSLGWAIFRLNEAREPTAIIRAGVRIFSDGRNANSEPLAVHRR
VARAMRRRRDRLLKRKKRMHDQLVQHGFFPAEVAERKELERLNPYQLRAKGLHEAL
TPGEFARALFHINQRRGFKSNRKTDRKDNDSGALKQAISELRKRIQDSDCATAGEWF
WKERMQQKPEGVRGQWVRARYRKTPSTTDEGKKRIGYDLYVDRAMVEQEFDALW
AAQAALQPGLFTEAARAELKDTLLYQRDLRPVKPGRCTLLPAEERAPLALPSTQRFRI
LQEVNNLRLLDEALREVPLNLAQRDAVVSALEGKKELSFAAIRKLLTLSGKFNLEDEK
RAELKGNATSVILARKDLFGDAWAGFDAAVQDEIVWRLVSQESEGALIAWLQQHTGV
DGVCAEAIVNTRLPDGYGRLSRKALERIVPALQREVCTYDKAVQAAGFAHHSDLGFD
FDYAEDEVQQVGEHTIASTGEVQAQYAFKQLPYYGKALQRHVAFGSGDAKDHEEKC
YGKIANPTVHIGLNQVRTVVNALIRRYGHPTEVVVELARDLKQSREQKQQTQREQAD
NQKRNEDIRKRIAPILETSPERVRDRDIKKWILWEELNKKDIADRHCPYSGERISATML
LSEAVEIEHILPFSRTLDDSLNNRTVAMRRANRIKGDRTPWEARADFEAQGWRYEAIL
QRAEGMPPRKRYRFAEDGYQRWLGKDRNFLARALNDTSYLSRLAANYLRLVCPQG
VRVIPGQMTDKLRGKFGLNSVLGLDGKKNRNDHRHHAVDACVIGVTDQGLMQRFAN
ASKQARENGLTRLVQDMLLPWWPSYYDHVERAVRHIRVSHRPDHGFEGAMMKGTA
HGIREDGIREDGRIKQRPKAKGSADHKTITLIPIDEPRQLARHGVDAEGKPLPYKGYAS
GSNYCIEITKNGKGKWEGQVISTFDAYRIKAAADAAARAGQVISTVEADSIVRKSGWE
RLRGAQSQNGQPLVMRLVIGDSVRMEVDGRDEVMRVVKMSGKEMVFAPVREANVD
KRNNMPDEQDPFTYTYKRADQLRKAKARQVTISPIGELRDPGFKG
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