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AMENDMENT

In the Claims
Please amend the claims as follows. This listing of claims will replace all prior versions

and listings of claims in this application.

1. (Currently Amended) A non-naturally occurring or engineered vector system comprising
one or more vectors comprising:
a) a first regulatory element operably linked to a first polynucleotide sequence encoding
an RNA-targeting guide RNA (Rt-gRNA), wherein said Rt-gRNA is designed to hybridize
with a target RNA, wherein said Rt-gRNA comprises:
(1) asmall CRISPR/Cas system associated RNA (scaRNA) sequence, and
(i1) a trans-activating CRISPR/Cas system RNA (tracrRNA) sequence, wherein
said scaRNA and said tracrRNA are designed to at least partially hybridize to
each other, and
b) a second regulatory element operably linked to a second polynucleotide sequence
encoding
(1) aFrancisella novicida Cas protein (FnCas) or ortholog, homolog, or fragment
thereof comprising a Recl domain, Rec2 domain, HNH domain, and PAM
Interacting (PI) domain, and
(i1) one or more heterologous functional domains positioned at one or more sites
on-the in Fa€as9 FnCas that are analogous to [the] amino acid positions 94—
179 and 308-713 534-676- correspondingto ef—the a  Streptococcus

pyogenes Cas9 (SpCas9) Recl domain,
wherein the Rt-gRNA is capable of forming an RNA-targeting complex with the
FnCas and of directing sequence-specific binding of the RNA-targeting complex to the
target RNA,
wherein each of the one or more heterologous functional domains consists of
methylase activity, demethylase activity, translation activation activity, translation
repression activity, histone modification activity, RNA cleavage activity, or DNA cleavage

activity, and
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4-8.

10.

11.

12.

13.

14.

15.

wherein components (a) and (b) are located on the same or different vectors of the

system and wherein the Rt-gRNA and said FnCas protein do not naturally occur together.
(Canceled)

(Previously Presented) The vector system according to claim 1, wherein said FnCas protein

is a type II Cas protein.
(Canceled)

(Original) The vector system according to claim 1, wherein said scaRNA sequence is fused

to said tracrRNA sequence.

(Previously Presented) The vector system according to claim 1, wherein said FnCas protein

is codon optimized for expression in a eukaryotic cell.

(Previously Presented) The vector system according to claim 1, wherein said one or more
vectors are viral vectors, or wherein said one or more vectors are selected from the group
consisting of retroviral, lentiviral, adenoviral, adeno-associated and herpes simplex viral

vectors.
(Canceled)

(Previously Presented) The vector system according to claim 1, wherein said RNA-

targeting guide RNA 1is designed to direct said FnCas protein to said target RNA.

(Withdrawn) A vector comprising a regulatory element operably linked to a polynucleotide
sequence encoding an RNA-targeting Cas protein, preferably FnCas9 or an FnCas9

homolog or ortholog.

(Withdrawn) A vector comprising a regulatory element operably linked to a polynucleotide
sequence encoding an RNA-targeting guide RNA, wherein said RNA-targeting guide RNA
is capable of hybridizing with a target RNA, wherein said RNA-targeting guide RNA
comprises:

(1) a small CRISPR/Cas system associated RNA (scaRNA) sequence, and
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16.

17.

18.

19.

(i1) a trans-activating CRISPR/Cas system RNA (tracrRNA) sequence, wherein
said scaRNA and said tractRNA are capable of at least partially hybridizing.

(Previously Presented) A composition comprising a vector system according to claim 1.

(Withdrawn) A non-naturally occurring or engineered RN A-targeting system comprising
an RNA-targeting Cas protein and at least one RNA-targeting guide RNA, wherein said
RNA-targeting guide RNA is capable of binding to a target RNA in a eukaryotic cell,
wherein said RNA-targeting guide RNA comprises:

(1) a small CRISPR/Cas system associated RNA (scaRNA) sequence, and

(i1) a trans-activating CRISPR/Cas system RNA (tracrRNA) sequence, wherein

said scaRNA and said tractRNA are capable of at least partially hybridizing.

(Withdrawn) The system according to claim 17, wherein said RNA-targeting Cas protein

is FnCas9 or an FnCas9 homolog or ortholog.

(Withdrawn) A method for modulating synthesis of a protein comprising introducing into
a cell containing an RNA molecule encoding said protein, a vector system comprising one
or more vectors comprising:

a) a first regulatory element operably linked to a polynucleotide sequence encoding
an RNA-targeting guide RNA, wherein said RNA-targeting guide RNA is capable
of hybridizing with said target RNA, wherein said RNA-targeting guide RNA
comprises:

(1) asmall CRISPR/Cas system associated RNA (scaRNA) sequence, and
(i1) a trans-activating CRISPR/Cas system RNA (tracrRNA) sequence, wherein
said scaRNA and said tractRNA are capable of at least partially hybridizing, and

b) a second regulatory element operably linked to a polynucleotide sequence encoding
an RNA-targeting Cas protein, wherein components (a) and (b) are located on the
same or different vectors of the system, whereby synthesis of said protein is

modulated.
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20.

21.

(Withdrawn) The method according to claim 19, wherein the synthesis of said protein is
suppressed; or the synthesis of said protein is modulated by editing of said RNA molecule

encoding said protein or splicing of said RNA molecule encoding said protein.

(Withdrawn) The method according to claim 20, wherein the synthesis of said protein is

suppressed by knock-down of said RNA molecule encoding said protein.

22-23. (Canceled)

24.

25.

26.

(Withdrawn) A method for targeting RNA comprising introducing into a cell containing a
target RNA a non-naturally occurring or engineered vector system comprising one or more
vectors comprising:
a) a first regulatory element operably linked to a polynucleotide sequence
encoding an RNA-targeting guide RNA, wherein said RNA-targeting guide RNA
is capable of hybridizing with said target RNA, wherein said RNA-targeting guide
RNA comprises:
(1) asmall CRISPR/Cas system associated RNA (scaRNA) sequence, and
(i1) a trans-activating CRISPR/Cas system RNA (tractRNA) sequence, wherein
said scaRNA and said tractrRNA are capable of at least partially hybridizing,
and
b) a second regulatory element operably linked to a polynucleotide sequence
encoding an RNA-targeting Cas protein, wherein components (a) and (b) are
located on the same or different vectors of the system, whereby said RNA-

targeting guide RNA directs said RNA-targeting Cas protein to said target RNA.

(Withdrawn) The method according to claim 19, wherein said RNA-targeting Cas protein
is a type II Cas protein.

(Withdrawn) The method according to claim 25, wherein said RNA-targeting Cas protein
is a Cas9 protein, is from Francisella novicida, is an FnCas9 homolog showing at least

80% sequence homology with wild type FnCas9, or is an FnCas9 ortholog.

27-29. (Canceled)
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30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

(Withdrawn) The method according to claim 19, wherein said RNA-targeting Cas protein

is codon optimized for expression in a eukaryotic cell.

(Withdrawn) The method according to claim 19, wherein said one or more vectors are viral
vectors, or wherein said one or more vectors are selected from the group consisting of

retroviral, lentiviral, adenoviral, adeno-associated and herpes simplex viral vectors.
(Canceled)
(Withdrawn) The method according to claim 19, wherein the cell is a eukaryotic cell.

(Withdrawn) The method according to claim 30, wherein the eukaryotic cell is a

mammalian or human cell.

(Previously Presented) The composition according to claim 16, wherein one or more amino
acid residues of the FnCas protein, other than those amino acid positions at which the one

or more heterologous functional domains are positioned, are modified.

(Previously Presented) The composition according to claim 35, wherein the modification
comprises mutation of one or more, or two or more, or three or more amino acid residues

of the FnCas protein.

(Previously Presented) The composition according to claim 36, wherein the one or more,
or two or more, or three or more mutations are in one or more catalytically active domains

of the FnCas protein.

(Previously Presented) The composition according to claim 37, wherein the FnCas protein
has reduced or abolished nuclease activity compared with an FnCas protein lacking said

mutation(s).

(Previously Presented) The composition according to claim 38, wherein the one or more,
or two or more mutations are in a catalytically active domain of the FnCas protein

comprising a RuvCl, RuvCII or RuvCIII domain.

(Canceled)
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41.

(Previously Presented) The vector system according to claim 1, wherein the FnCas further

comprises one or more nuclear localization signals.

42-43. (Canceled)

44.

45.

46.

47.

48.

49.

(Withdrawn) The vector system according to claim 41, wherein the transcriptional

activation domain comprises VP64.
(Canceled)

(Withdrawn) The vector system according to claim 41, wherein the transcriptional

repression domain comprises a KRAB domain or a SID domain.
(Canceled)

(Withdrawn) The vector system according to claim 41, wherein a nuclease domain

comprises Fokl.

(Previously Presented) The vector system according to claim 1, wherein the one or more
functional domains have one or more of the following activities: deaminase activity,
methylase activity, demethylase activity, transcription activation activity, transcription
repression activity, transcription release factor activity, histone modification activity,
nuclease activity, single-strand RNA cleavage activity, double-strand RNA cleavage
activity, single-strand DNA cleavage activity, double-strand DNA cleavage activity and

nucleic acid binding activity.

50-56. (Canceled)

57.

58.

59.

(Previously Presented) The composition according to claim 16, wherein the tracrRNA or

the scaRNA comprises one or more protein-binding RNA aptamers.
(Canceled)

(Previously Presented) The composition according to claim 57, wherein the one or more

aptamers is designed to bind a bacteriophage coat protein.
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60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

(Previously Presented) The composition according to claim 59, wherein the bacteriophage
coat protein is selected from the group consisting of Qp, F2, GA, fr, JP501, MS2, M12,
R17,BZ13, JP34, JP500, KU1, M11, MX1, TW18, VK, SP, FI, ID2, NL95, TW19, AP205,
dCbS, ¢Cb8r, ¢Cb12r, $Cb23r1, 7s and PRR1.

(Canceled)

(Previously Presented) The composition according to claim 16, wherein the tractrRNA is

30 or more, 40 or more or 50 or more nucleotides in length.

(Previously Presented) The composition according to claim 16, wherein the FnCas protein
is modified to comprise a PAM sequence specificity which is different from the PAM

sequence specificity of the FnCas protein without said further modification.

(Previously Presented) The composition according to claim 63, wherein said modification
comprises the introduction of one or more amino acid mutations into the FnCas protein, or
by truncation of the FnCas protein, or by deletion and/or insertion of specific amino acids

or amino acid sequences into the FnCas protein.

(Previously Presented) The composition according to claim 16, wherein the vector
comprises a plurality of polynucleotide sequences encoding multiple Rt-gRNAs, wherein

each Rt-gRNAs is specific for a different target RNA whereby there is multiplexing.

(Previously Presented) A host cell or cell line comprising the composition according to

claim 16, or progeny thereof.

(Previously Presented) The host cell or cell line or progeny thereof according to claim 66,

which is ex vivo or in vitro, a stem cell or a stem cell line, or a plant cell or a plant cell line.
(Canceled)

(Previously Presented) The vector system according to claim 1, wherein the one or more

functional domains are associated with an adaptor protein.



Response to Office Action mailed December 19, 2023 Attorney Docket No.: BROD-3260US
U.S. Patent Application No. 15/632,067
Zhang, et al.

70.

71.

72.

73.

(Previously Presented) The vector system according to claim 1, wherein the FnCas protein

comprises two or more functional domains.
(Canceled)

(Currently amended) The vector system according to claim 1, wherein the FnCas protein
or ortholog, homolog, or fragment thereof, farthercomprises one or more heterologous

functional domains positioned at one or more sites in FnCas that are analogous to amino

acid positions 180-307 of a Streptococcus pyogenes Cas9 (SpCas9) at-one-ormore-amino

actd-posttrons1+75—306-of the FnCas-Rec2 domain.

(New) The vector system according to claim 1, wherein the FnCas protein or ortholog,
homolog, or fragment thereof, further comprises one or more heterologous functional
domains positioned at one or more sites in FnCas that are analogous to amino acid positions

534-676 of a Streptococcus pyogenes Cas9 (SpCas9) Recl domain.
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REMARKS

Status of the Claims

Claims 1, 3, 911, 13-21, 24-26, 30-31, 33-39, 41, 44, 46, 48-49, 57, 59-60, 62-67, 69—
70, and 72-73 are pending, with claims 1, 14-15, 17, 19, and 24 being independent. Claims 1 and
72 are amended. Claims 2, 4-8, 12, 22-23, 27-29, 32, 40, 42-43, 45, 47, 50-56, 58, 61, 68, and
71 are canceled. Claim 73 is new. Claims 14-15, 17-21, 24-26, 30-31, 33-34, 44, 46, and 48 are
withdrawn. All claim amendments are made without prejudice or disclaimer.

No new matter is added.

Priority

The Applicant respectfully disagrees that the subject matter of claim 1 is not supported by
provisional application 62/098,059, filed on December 30, 2014, as discussed in the response to
the claim rejections under 35 U.S.C. § 112(a) below. Further to the arguments presented below,
the Applicant submits that the earliest effective filing date of all the pending claims is December
23,2014, i.e., the filing date of Provisional Patent Application 62/096,324.

Claim Rejection Under 35 U.S.C. § 112(b) — Indefiniteness

Claims 1, 3, 9-11, 13, 16, 35-39, 41, 49, 57, 59, 60, 62—67, 69-70 stand rejected and claim
72 is newly rejected under 35 U.S.C. § 112(b) as allegedly being indefinite for failing to
particularly point out and distinctly claim the subject matter regarded as the invention. Specifically,
the Office has found there are no proper antecedent bases for the recitation of “the FnCas9” in the
cited claims. Office Action, at p. 9. The Office also finds that the recitation of “one or more sites
on the FnCas9 that are analogous to the amino acid positions 534-676 of the Streptococcus
pyogenes Cas9 (SpCas9) Recl domain” is indefinite. /d. at p. 10. The Office finds that the present
application does not provide an alignment of the amino acid sequences of SpCas9 Recl and
FnCas9 to locate the sites in FnCas9 that are analogous to the amino acid positions 534-676
SpCas9 Recl.” Id. (emphasis in original).

The Applicant respectfully disagrees with the Examiner for the following reasons.

The absence of antecedent basis has been addressed by the amendment of the claims
presented herein. Regarding the remaining indefiniteness issues, as noted in MPEP § 2173.02, the

disclosure, the prior art, and claim interpretation are all factors in determining the definiteness of

10
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presented claims. The test for definiteness is whether those of ordinary skill in the relevant art
would understand what is claimed without an explicit alignment of FnCas9 and SpCas9 Rec1.!

A structural comparison of the REC1 domain? of Streptococcus pyogenes Cas9 (SpCas9)
based on crystallographic data with the Cas9 REC1 domains of Streptococcus mutans,
Streptococcus thermophilus CRISPR-3; Streptococcus thermophilus CRISPR-1; Campylobacter
Jjejuni; Neisseria meningitidis was disclosed in Nishimasu et al. (2014)* that published on

February 13, 2014, i.e, before Applicant’s earliest filing date of December 23, 2014 *

Specifically, Nishimasu (2014)? states on page 938:

The crystal structure revealed that Cas9 consists of two lobes, a recognition (REC)
lobe and a nuclease (NUC) lobe (Figures 1A-D). The REC lobe can be divided into
three regions, a long a-helix referred to as the Bridge helix (residues 60-93), the
RECT fresidues 84179 and 308-713) domuain, and the REC2 (residues 180-307)
domain (Figures 1A-D}. (Emphasis added)

A diagram of SpCas9’s domain structure published by Nishimasu (2014) (FIG. 1A) is
shown below.

1 80 94 18C 308 LRAL 908 1089 1363

Ha | REC RECH

NUC iobe REC lobe NUC lobe

An amino acid sequence comparison of Cas9 Orthologs in Families II-A and II-C can be
found in Appendix IA (Nishimasu (2014), Suppl. FIG. S4). Residues 94—17%9 and 308-713 of the
RECT domain are highlighted (see black rectangles, Appendix I}, 1n addition o residues 534-

676, which are referenced in pending claim 1 of this application and reproduced below.

1< . [t]he specification need not disclose what is well-known to those skilled in the art and preferably omits that which is well-
known to those skilled and already available to the public.” MPEP § 2164.05(a) (emphasis added) (citing In re Buchner, 929 F 2d
660, 661, (Fed. Cir. 1991).

2 Supplemental Figure S4 of Nishimasu et al. (2014), reproduced in part in Appendix I, shows a sequence alignment of Cas9
orthologs in families II-A and II-C.

3 Nishimasu et al. (2014) Cell. 156(5):935-49.

4 filing date of Provisional Patent Application No. 62/096,324

11
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Hirano et al. (2016)°, published on February 25, 2016, reported on the structure of

Francisella novicida Cas9. A schematic representation of FnCas9’s domain organization of is

shown below (Hirano, FIG. 2A).
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At page S of the Office Action, the Examiner states:

However, there is not an amino acid sequence alignment provided for Francisella novicida
Cas and CRISPR-Cas9 (8. pyogenes) to locate the analogous position of residues 534- 676
so one of ordinary skill in the art could appreciate which are the analogous sites on the
FnCas9 and SpCas9 Recl domain. In fact, it was previously noted that location of amino
acid positions 534-676 of the SpCas9 does not correspond to the RECI domain according
to post-filing art of Hirano et al. (Cell 164, 950-961, February 25, 2016; of record).
Hirano et al., teaches the amino acid sequence Francisella novicida Cas9 of 1629 amino
acids, wherein the REC2 domain is inserted into the REC1 domain, and the REC1 and
REC3 domains are connected by a linker loop. (Emphasis added)

Besides the difference in the names, Hirano (2016) fails to indicate how “REC3”, “REC2”

or “REC1” of FnCas9 relate to corresponding REC1 and REC2 domains of SpCas9. Just because

the name is similar does not necessarily mean FnCas9 REC1 is equivalent to SpCas9 REC1 or that

FnCas9 REC3 is distinct from SpCas9 RECI1. In the absence of evidence to the contrary, the

designation of “REC3” appears to be entirely arbitrary. In apparent corroboration of this

assessment, Supplemental Figure S5 of the 2014 Nishimasu article, reproduced in part below,

shows a sequence alignment of Cas9 orthologs in families II-A, II-B and II-C, including

> Hirano et el. (2016) Cell 164(5): 950-961

12
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Francisella novicida Cas protein (FnCas) and SpCas9 (see Appendix IB).® Applicant notes those
sequences designated as REC3 by Hirano (2016) are labeled as REC1 by Nishimasu (2014)
suggesting the designation of “REC3” by Hirano is meant to emphasize a difference in FnCas9’s

protein structure as compared to SpCas9.

A &

RwC | BH RECH REC2 RECT RuvC it %I\:F Pi

HA ~ Streptocoecus pyogenes SF370 A

1B~ Frapcselia novickia U1112 R SER
As of Applicant’s filing, the amino acid sequence of SpCas9 and FnCas9 were publicly
available, for example, in the database at the UniProtKB/Swiss-Prot Consortium.’

The published amino acid sequence of FnCas9 (CAS9 FRATN Accession No: A0QS5Y3)

as of November 26, 2014, is shown below:

>sp|A0Q5Y3 |Release 2014_11/2014_11|26—Nov—2014

MNFKILPTAIDLGVKNTGVESAFYQKGTSLERLDNKNGKVYELSKDSYTLLMNNRTARRHQRRGIDRKQLVKRLFKL
IWTEQLNLEWDKDTQOATSFLFNRRGEFSFITDGYSPEYLNIVPEQVKAILMDIFDDYNGEDDLDSYLKLATEQESKI
SEIYNKLMOKILEFKLMKLCTDIKDDKVSTKTLKEITSYEFELLADYLANYSESLKTOKFSYTDKOQGNLKELSYYHH
DKYNIQEFLKRHATINDRILDTLLTDDLDIWNEFNFEKEDFDKNEEKLONQEDKDHIQAHLHHEVFAVNKIKSEMASG
GRHRSQYFQEITNVLDENNHQEGYLKNFCENLHNKKYSNLSVKNLVNLIGNLSNLELKPLRKYFNDKIHAKADHWDE
OKFTETYCHWILGEWRVGVKDQDKKDGAKYSYKDLCNELKQKVTKAGLVDFLLELDPCRTIPPYLDNNNRKPPKCQS
LILNPKFLDNQYPNWOQOYLOELKKLOSIONYLDSFETDLKVLKSSKDQPYEFVEYKSSNQOTASGOQRDYKDLDARILQ
FIFDRVKASDELLLNEIYFOAKKLKOKASSELEKLESSKKLDEVIANSQLSQILKSQHTNGIFEQGTFLHLVCKYYK
ORORARDSRLYIMPEYRYDKKLHKYNNTGREDDDNQLLTYCNHKPROKRYQLLNDLAGVLOQVSPNFLKDKIGSDDDL
FISKWLVEHIRGFKKACEDSLKIQKDNRGLLNHKINIARNTKGKCEKEIFNLICKIEGSEDKKGNYKHGLAYELGVL
LFGEPNEASKPEFDRKIKKFNSIYSFAQIQQIAFAERKGNANTCAVCSADNAHRMQQIKITEPVEDNKDKIILSAKA
QRLPAIPTRIVDGAVKKMATILAKNIVDDNWONIKOVLSAKHQLHIPIITESNAFEFEPALADVKGKS LKDRRKKAL
ERISPENIFKDKNNRIKEFAKGISAYSGANLTDGDEFDGAKEELDHITIPRSHKKYGTLNDEANLICVTRGDNKNKGNR
IFCLRDLADNYKLKQFETTDDLETIEKKIADTIWDANKKDEKEGNYRSEFINLTPOQEQKAFRHALFLADENPIKQAVIR
ATINNRNRTEVNGTQRYFAEVLANNIYLRAKKENLNTDKISEFDYFGIPTIGNGRGIAETIROLYEKVDSDIQAYAKGDK
POASYSHLIDAMLAFCIAADEHRNDGSIGLEIDKNYSLYPLDKNTGEVFTKDIFSQIKITDNEEFSDKKLVRKKATEG
FNTHROMTRDGIYAENYLPILTHKELNEVRKGYTWKNSEEIKIFKGKKYDIQQLNNLVYCLKFVDKPISIDIQISTL
EELRNILTTNNIAATAEYYYINLKTOQKLHEYYTENYNTALGYKKYSKEMEFLRSLAYRSERVKIKSIDDVKQVLDKD
SNFIIGKITLPFKKEWQRLYREWONTTIKDDYEFLKSFENVKSITKLHKKVRKDESLPISTNEGKFLVKRKTWDNNE
IYQILNDSDSRADGTKPFIPAFDISKNEIVEAITIDSEFTSKNIFWLPKNIELOQKVDNKNIFATIDTSKWEFEVETPSDLR

6 Thirty-five Cas9 orthologs from families IIA, IIB and IIC were aligned (BLOSUM®62) and clustered (Jukes-Cantor model
Neighbor-Joining method, with S. pyogenes Cas9 as the outgroup). Bars on the top show amino acid conservation. In each line,
the black bars show residues with at least 75% consensus, and the gray bars show non-conserved residues.

7 Brewza L, Poux S, Estreicher A, Famiglietti ML, Magrane M, Tognolli M, Bridge A, Baratin D, Redaschi N; UniProt
Consortium. The UniProtKB guide to the human proteome. Database (Oxford). 2016 Feb 20;2016:bav120. doi:
10.1093/database/bav120. PMID: 26896845, PMCID: PMC4761109.

13
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DIGIATIQYKIDNNSRPKVRVKLDYVIDDDSKINYFMNHSLLKSRYPDKVLEILKQSTIIEFESSGEFNKTIKEMLGM
KLAGIYNETSNN (Emphasis added)?®

The published amino acid sequence of SpCas9 (CAS9 STRP1 Accession No: Q99ZW2)
as of November 26, 2014, is shown below:

>sp|Q99ZW2 |Release 2014_11/2014_11|26—Nov—2014

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKEKVLGNTDRHSTKKNLIGALLFDSGETAEATRLKRTARRRYTRRKN
RICYLOQETFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLT
YLALAHMIKFRGHFLIEGDLNPDNSDVDKLEFIQLVQTYNQLFEENPINASGVDAKATLSARLSKSRRLENLIAQLPG
EKKNGLFGNLIALSLGLTPNFKSNEFDLAEDAKLOQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRV
NTEITKAPLSASMIKRYDEHHODLTLLKALVROQLPEKYKEIFFDOSKNGYAGYIDGGASQEEFYKFIKPILEKMDG
TEELLVKLNREDLLRKOQRTFDNGSIPHOQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRE
AWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNEFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAF
LSGEQKKAIVDLLFKTNRKVIVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDIL
EDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRY TGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNE
MQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPATKKGILQOTVKVVDELVKVMGRHKPENIVIEMARENQTT
OKGOKNSRERMKRIEEGIKELGSQILKEHPVENTQLONEKLYLYYLONGRDMYVDQELDINRLSDYDVDHIVPQSFEL
KDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWROLLNAKLITQRKFDNLTKAERGGLSELDKAGEFIKROLVET
ROITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFOQFYKVREINNYHHAHDAYLNAVVGTALIKKY
PKLESEEFVYGDYKVYDVRKMIAKSEQETGKATAKYFEFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGR
DFATVRKVLSMPOQVNIVKKTEVQTGGEFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSK
KLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELOKGNELALPSKY
VNFLYLASHYEKLKGSPEDNEQKQLEFVEQHKHYLDETITIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENT
THLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD (Emphasis added)’

With the availability of both the SpCas9 and FnCas9 amino acid sequences prior to
Applicant’s earliest effective filing date of December 23, 2014, it would have been routine for a
person of ordinary skill in the art to perform a sequence alignment using publicly available
software programs to identify amino acids in the FnCas9 that are analogous to amino acid positions
534-676 of SpCas9 within the REC1 domain.

For example, Panda and Ray published in 2022,'° a pairwise sequence alignment of SpCas9
and FnCas9 sequences using EMBOSS, which implements the Needleman-Wunsch Algorithm to
find the optimum alignment (including gaps) of two sequences along their entire length (see
Appendix II, Panda and Ray, Suppl. file 2). The EMBOSS software has been publicly available
since at least the year 2000.!!

The alignment between residues 534-676 of SpCas9 and analogous amino acids of FnCas9

as published in Suppl. File 2 by Panda and Ray (2022) is reproduced below.

8 amino acid sequence corresponding to residues 534-676 of SpCas9 are shown in bold (see sequence alignment)

? residues 534—676 are shown in bold.

10 panda G, Ray A. Comparative structural and dynamics study of free and gRNA-bound FnCas9 and SpCas9 proteins. Comput
Struct Biotechnol J. 2022 Aug 4;20:4172-4184. doi: 10.1016/j.¢sb7.2022.07.041. PMID: 36016716, PMCID: PMC9389198.

1 Rice P, Longden I, Bleasby A. EMBOSS: the European Molecular Biology Open Software Suite. Trends Genet. 2000
Jun;16(6):276-7. doi: 10.1016/s0168-9525(00)02024-2. PMID: 10827456.
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Applicant concludes that the recitation of “one or more sites on the FnCas9 that are
analogous to the amino acid positions 534-676 of the Streptococcus pyogenes Cas9 (SpCas9) Recl
domain” of claim 1, and claims dependent therefrom, would have been understood by a person of
ordinary skill in the art in view of Nishimasu et al. (2014), the publicly available FnCas9 and
SpCas9 amino acid sequences and the EMBOSS sequence alignment software.

Hence, claims 1, 3,9-11, 13, 16, 35-39, 41, 49, 57, 59, 60, 62-67, 69-70, and 72 comport
with the requirements of 35 U.S.C. § 112(b). Applicant respectfully requests withdrawal of the

rejection.

Claim Rejections Under 35 U.S.C. § 112(a) — Written Description

Claims 1, 3, 9-11, 13, 16, 35-39, 41, 49, 57, 59-60, 6267, 69-70 stand rejected, and new
claim 72 is rejected under 35 U.S.C. § 112(a) as allegedly failing to comply with the written
description requirement. The Office finds that the claims contain subject matter that was not
described in the specification in such a way as to reasonably convey to one skilled in the relevant
art that the inventors, at the time the application was filed, had possession of the claimed invention.
Office Action at p. 10 (citing Olffice Action of July 3, 2023, at pp. 7-9).

Applicant traverses this rejection.

Claim 1
Claim 1, b) (i1) is amended to require:

(i1) one or more heterologous functional domains positioned at one or more sites
on-the in Fn€as9 FnCas that are analogous to [the] amino acid positions 94—

15
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179 and 308-713 534-676-corresponding to efthe a Streptococcus pyogenes
Cas9 (SpCas9) Recl domain, . .

Written description support for this amendment can be found, for example, in the following

paragraphs of Provisional Patent Application 62/096,324, filed 23 December 2014:

[0058] Due to crystal structure experiments, the Applicant has identified that
positioning the functional domain in the Rec I domain, the Rec2 domain, the
HNH domain, or the PI domain of the SpCas9 protein or any ortholog
corresponding to these domains is advantageous. . . .. (Emphasis added)

[00241] In some embodiments, the CRISPR enzyme is part of a fusion protein
comprising one or more heterologous protein domains (e.g. about or more than
about 1, 2, 3, 4,5, 6,7, 8,9, 10, or more domains in addition to the CRISPR
enzyme). (Emphasis added)

[0260] The invention comprehends optimized functional CRISPR-Cas enzyme
systems. In particular the CRISPR enzyme comprises one or more mutations that
converts it to a DNA binding protein to which functional domains exhibiting a

function of interest may be recruited or appended or inserted or attached. (Emphasis
added)

As noted above, Nishimasu (2014)? reported that the Recl domain of SpCas9 corresponds

to amino acid residues 94-179 and 308-713.

Claim 72

Amended claim 72 requires:

72.  (Currently amended) The vector system according to claim 1, wherein the
FnCas protein or ortholog, homolog, or fragment thereof, comprises one or
more heterologous functional domains positioned at one or more sites in
FnCas that are analogous to amino acid positions 180-307 of a

Streptococcus pyogenes Cas9 (SpCas9) at-one-or-more-amino-actd-posttions
+75-3066-of the FnCas-Rec2 domain.

Written description support for this amendment can be found, for example, in paragraph
[0058] of the Provisional Patent Application 62/096,324, filed 23 December 2014 as shown below:

[0058] Due to crystal structure experiments, the Applicant has identified that

positioning the functional domain in the Rec I domain, the Rec2 domain, the HNH

domain, or the PI domain of the SpCas9 protein or any ortholog corresponding to
these domains is advantageous. . . .. (Emphasis added)
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As noted above, Nishimasu (2014)? reported that the Rec2 domain of SpCas9 corresponds

to amino acid residues §83-307.

Claim 73

New claim 72 requires:

73. (New) The vector system according to claim 1, wherein the FnCas protein
or ortholog, homolog, or fragment thereof, further comprises one or more
heterologous functional domains positioned at one or more sites in FnCas
that are analogous to amino acid positions 534-676 of a Streptococcus
pyogenes Cas9 (SpCas9) Recl domain.

Written description support for new claim 73, which is dependent on claim 1, can be found,
for example, in paragraph [0058] and [0251] of the Provisional Patent Application 62/096,324,
filed 23 December 2014 as shown below:

[0058] Due to crystal structure experiments, the Applicant has identified that

positioning the functional domain in the Rec I domain, the Rec2 domain, the

HNH domain, or the PI domain of the SpCas9 protein or any ortholog
corresponding to these domains is advantageous. . . .. (Emphasis added)

[0251] Moreover, the crystal structure demonstrates that there is a flexible loop
between approximately CRISPR-Cas9 (S. pyogenes) residues 534-676 which is
suitable for attachment of a functional group such as an activator or repressor.
(Emphasis added)

As shown in the sequence alignment (see p. 14 of this response), CRISPR-Cas9
(Streptococcus pyogenes) residues 534-676 are located within the Recl domain of SpCas9.

Furthermore, paragraphs [0058], [00251], [00255] and originally filed claims 31-32 of the
Provisional Patent Application 62/096,324, filed December 23, 2014, refer to the crystal structure
of SpCas9 and identify certain sites that may be suitable for positioning of functional domains
to the Recl domain at position 553, Recl domain at 575, . . of the SpCas9 protein or any ortholog
corresponding to these domains . . .7 Thus, the ‘324 Provisional application describes the
positioning of a heterologous functional domain within the region of amino acids 534-676 of
SpCas9 referenced in pending claim 73. Paragraphs [00251] and [00255] teach the crystal structure
data of SpCas9 may be used in combination with well-known homology modeling techniques as

“a means to design modified CRISPR-Cas9s, such as by attaching thereto a functional group.”
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When a disclosure describes a claimed invention in a manner that permits one skilled in
the art to reasonably conclude that the inventor possessed the claimed invention the written
description requirement is satisfied. MPEP §2163. This possession may be shown in any number
of ways and an Applicant need not describe every claim feature exactly because there is no in haec
verba requirement. MPEP § 2163. Rather, to satisfy the written description requirement, all that is
required is “reasonable clarity.” MPEP § 2163.02!2 (Emphasis added). Also, an adequate
description may be made in any way through express, implicit, or even inherent disclosures in the
application, including words, structures, figures, diagrams, and/or formulae. MPEP §§ 2163(I),
2163.02. One of ordinary skill in the art would have reasonably concluded the inventor had
possession of the claimed invention, as the disclosure satistied the “reasonable clarity”
requirement. Based on the totality of the disclosure, discussed in part supra, a person skilled in the
art would be able to readily ascertain the sites on FnCas9 analogous to amino acids 534—-676 of
SpCas9 for positioning of the one or more heterologous functional domains as demonstrated by
the sequence alignment between SpCas9 and FnCas9 described above.

Applicant submits that the claims comport with the requirements of 35 U.S.C. § 112(a) as
the subject matter of claims 1, 72, and 73 is fully supported by the written description and a person
skilled in the art, upon reading the specification, would be able to reasonably ascertain the
corresponding FnCas amino acid positions at which to position the heterologous function domain.
As such, Applicant respectfully requests reconsideration and withdrawal of the rejection of claims

1,3,9-11, 13, 16, 35-39, 41, 49, 57, 59, 60, 6267, 69, and 70 under 35 U.S.C. § 112(a).
No waiver

All of Applicants’ arguments and amendments are without prejudice or disclaimer.
Applicants may not have addressed each specific rejection of the independent and dependent
claims because Applicants submit that the independent claims are allowable, as discussed above.
Applicants have not acquiesced to any such rejection and reserves the right to address the

patentability of any additional claim features in the future.

12 The fundamental factual inquiry is whether the specification conveys with reasonable clarity to those skilled in
the art that, as of the filing date sought, the inventor was in possession of the invention as now claimed. See,

e.g., Vas-Cath, Inc., 935 F.2d at 1563-64, 19 USPQ2d at 1117. (MPEP § 2163)

(Emphasis added)
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CONCLUSION

Applicant submits the foregoing as a full and complete response to the Office Action dated
December 19, 2023, and that this Response places the application in condition for allowance and
respectfully requests such action. If any issues exist that can be resolved with an Examiner’s
Amendment or a telephone conference, please contact the Applicant’s representative at
912.257.4864.

The shortened statutory period expired on March 19, 2024. Accordingly, a petition for a
one-month extension of time is submitted herewith that extends the time to file a Response from
March 19, 2024 to April 19, 2024. No other fee is required for consideration of this paper.
However, the Commissioner is hereby authorized to charge any fee deemed necessary for
consideration of this paper, including any extension of time fees or additional claim fees, or to

credit any overpayment, to Deposit Account Number 50-5193, reference number BROD-3260US.

JOHNSON, MARCOU, ISAACS & NIX, LLC
PO Box 691
Hoschton, GA 30548
Tel: 912.257.4864 ]
198696 /Christopher Southgate/
CUSTOMER NUMBER
docketing@jmin.com

Respectfully submitted,

Attorney for Applicant

Christopher D. Southgate, Ph.D_, Esq.
Reg. No. 54,875
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The catalytic residues are indicated by red triangles. Critical arginine residues on the bridge helix are indicated by green triangles.
The secondary structure of S. pyogenes Cas9 is shown above the sequences. The figure was prepared using Clustal W
(McWilliam et al., 2013) and ESPript (Gouet et al., 2003). Sp, S. pyogenes; Sm, Streptococcus mutans; St3, Streptococcus
thermophilus CRISPR-3; St1, Streptococcus thermophilus CRISPR-1; Cj, Campylobacter jejuni; Nm, Neisseria meningitidis.
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The information on this form will be treated confidentially to the extent allowed under the Freedom of Information
Act (5 U.S.C. 552) and the Privacy Act (5 U.S.C. 552a). Records from this system of records may be disclosed to the
Department of Justice to determine whether the Freedom of Information Act requires disclosure of these records.

A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence to a
court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of settlement
negotiations.

A record in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a
request involving an individual, to whom the record pertains, when the individual has requested assistance from the
Member with respect to the subject matter of the record.

A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need
for the information in order to perform a contract. Recipients of information shall be required to comply with the
requirements of the Privacy Act of 1974, as amended, pursuantto 5 U.S.C. 552a(m).

A record related to an International Application filed under the Patent Cooperation Treaty in this system of records
may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property Organization,
pursuant to the Patent Cooperation Treaty.

A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes of
National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act (42 U.S.C. 218(c)).

A record from this system of records may be disclosed, as a routine use, to the Administrator, General Services,
or his/her designee, during an inspection of records conducted by GSA as part of that agency's responsibility to
recommend improvements in records management practices and programs, under authority of 44 U.S.C. 2904 and
2906. Such disclosure shall be made in accordance with the GSA regulations governing inspection of records for this
purpose, and any other relevant (i.e., GSA or Commerce) directive. Such disclosure shall not be used to make
determinations about individuals.

A record from this system of records may be disclosed, as a routine use, to the public after either publication of
the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a record may
be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the record was filed in an
application which became abandoned or in which the proceedings were terminated and which application is
referenced by either a published application, an application open to public inspections or an issued patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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Approved for use through 05/31/2024. OMB 0651-0031

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid OMB control number.

Docket Number (Optional)

PETITION FOR EXTENSION OF TIME UNDER 37 CFR 1.136(a) [groD-3260US

Application Number

15/632,067 " June 23, 2017
" RNA-TARGETING SYSTEM
1638 “"""Maria Gomez Leavitt

This is a request under the provisions of 37 CFR 1.136(a) to extend the period for filing a reply in the above-identified application.

The requested extension and fee are as follows (check time period desired and enter the appropriate fee below):

Fee Small Entity Fee Micro Entity Fee
[] one month (37 CFR 1.17(a)(1)) $220 $88 $44 $
Two months (37 CFR 1.17(a)(2)) $640 $256 $128 s 256
[] Three months (37 CFR 1.17(a)(3)) $1,480 $592 $296 $
[ ] Four months (37 CFR 1.17(a)(4)) $2,320 $928 $464 $
[] Five months (37 CFR 1.17(a)(5)) $3,160 $1,264 $632 $

Applicant asserts small entity status. See 37 CFR 1.27.

Applicant certifies micro entity status. See 37 CFR 1.29.
Form PTO/SB/15A or B or equivalent must either be enclosed or have been submitted previously.

A check in the amount of the fee is enclosed.

Payment by credit card. Form PTO-2038 is attached.

The Director has already been authorized to charge fees in this application to a Deposit Account.

OO0 o o O

The Director is hereby authorized to charge any fees which may be required, or credit any overpayment, to
Deposit Account Number

Payment made via EFS-Web.

WARNING: Information on this form may become public. Credit card information should not be included on this form. Provide
credit card information and authorization on PTO-2038.

| am the
|:| applicant/inventor.
|:| assignee of record of the entire interest. See 37 CFR 3.71. 37 CFR 3.73(b) statement is enclosed (Form PTO/SB/96).
attorney or agent of record. Registration number 545875
|:| attorney or agent acting under 37 CFR 1.34. Registration number
/Christopher Southgate/ May 17, 2024
Signature Date
Christopher D. Southgate 912.257.4864
Typed or printed hame Telephone Number

NOTE: This form must be signed in accordance with 37 CFR 1.33. See 37 CFR 1.4 for signature requirements and certifications. Submit
multiple forms if more than one signature is required, see below*.

|:| * Total of forms are submitted.

A Federal agency may not conduct or sponsor, and a person is not required to respond to, nor shall a person be subject to a penalty for failure to comply with an
information collection subject to the requirements of the Paperwork Reduction Act of 1995, unless the information collection has a currently valid OMB Control
Number. The OMB Control Number for this information collection is 0651-0031. Public burden for this form is estimated to average 6 minutes per response,
including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the
information collection. Send comments regarding this burden estimate or any other aspect of this information collection, including suggestions for reducing this
burden to the Chief Administrative Officer, United States Patent and Trademark Office, P.O. Box 1450, Alexandria, VA 22313-1450 or email
InformationCollection@uspto.gov. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. If filing this completed form by mail, send to:
Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.

If you need assistance in completing the form, call 1-800-PT0O-9199 and select option 2.



Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your
submission of the attached form related to a patent application or patent. The United States Patent and Trademark
Office (USPTO) collects the information in this record under authority of 35 U.S.C. 2. The USPTO’s system of records
is used to manage all applicant and owner information including name, citizenship, residence, post office address, and
other information with respect to inventors and their legal representatives pertaining to the applicant's/owner’s activities
in connection with the invention for which a patent is sought or has been granted. The applicable Privacy Act System
of Records Notice for the information collected in this form is COMMERCE/PAT-TM-7 Patent Application Files,
available in the Federal Register at 78 FR 19243 (March 29, 2013). https://www.govinfo.gov/content/pkg/
FR-2013-03-29/pdf/2013-07341.pdf

Routine uses of the information in this record may include disclosure to: 1) law enforcement, in the event that the
system of records indicates a violation or potential violation of law; 2) a Federal, state, local, or international agency, in
response to its request; 3) a contractor of the USPTO having need for the information in order to perform a contract; 4)
the Department of Justice for determination of whether the Freedom of Information Act (FOIA) requires disclosure of
the record; 5) a Member of Congress submitting a request involving an individual to whom the record pertains, when
the individual has requested the Member's assistance with respect to the subject matter of the record; 6) a court,
magistrate, or administrative tribunal, in the course of presenting evidence, including disclosures to opposing counsel
in the course of settlement negotiations; 7) the Administrator, General Services Administration (GSA), or their
designee, during an inspection of records conducted by GSA under authority of 44 U.S.C. 2904 and 2906, in
accordance with the GSA regulations and any other relevant (i.e., GSA or Commerce) directive, where such disclosure
shall not be used to make determinations about individuals; 8) another federal agency for purposes of National
Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act (42 U.S.C. 218(c)); 9) the Office of
Personnel Management (OPM) for personnel research purposes; and 9) the Office of Management and Budget (OMB)
for legislative coordination and clearance.

If you do not furnish the information requested on this form, the USPTO may not be able to process and/or examine
your submission, which may result in termination of proceedings, abandonment of the application, and/or expiration of
the patent.

Additional Uses

Additional USPTO uses of the information in this record may include disclosure to: 1) the International Bureau of the
World Intellectual Property Organization, if the record is related to an international application filed under the Patent
Cooperation Treaty; 2) the public i) after publication of the application pursuant to 35 U.S.C. 122(b), ii) after issuance
of a patent pursuant to 35 U.S.C. 151, iii) if the record was filed in an application which became abandoned or in which
the proceedings were terminated and which application is referenced by either a published application, an application
open to public inspections, or an issued patent, or iv) without publication of the application or patent under the specific
circumstances provided for by 37 CFR 1.14(a)(1)(v)-(vii); and/or 3) the National Archives and Records Administration,
for inspection of records.
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CERTIFICATION STATEMENT

Please see 37 CFR 1.97 and 1.98 to make the appropriate selection(s):

That each item of information contained in the information disclosure statement was first cited in any communication
[] from a foreign patent office in a counterpart foreign application not more than three months prior to the filing of the
information disclosure statement. See 37 CFR 1.97(e)(1).

OR

That no item of information contained in the information disclosure statement was cited in a communication from a
foreign patent office in a counterpart foreign application, and, to the knowledge of the person signing the certification
after making reasonable inquiry, no item of information contained in the information disclosure statement was known to

[] any individual designated in 37 CFR 1.56(c) more than three months prior to the filing of the information disclosure
statement. See 37 CFR 1.97(e)(2).

[[] See attached certification statement.
[] The fee set forth in 37 CFR 1.17 (p) has been submitted herewith.
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Name/Print Christopher D. Southgate Registration Number 54875

This collection of information is required by 37 CFR 1.97 and 1.98. The information is required to obtain or retain a benefit by the
public which is to file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR
1.14. This collection is estimated to take 1 hour to complete, including gathering, preparing and submitting the completed
application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you
require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S.
Patent and Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND
FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria,
VA 22313-1450.
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your submission of the
attached form related to a patent application or patent. Accordingly, pursuant to the requirements of the Act, please be advised
that: (1) the general authority for the collection of this information is 35 U.S.C. 2(b)(2); (2) furnishing of the information solicited
is voluntary; and (3) the principal purpose for which the information is used by the U.S. Patent and Trademark Office is to
process and/or examine your submission related to a patent application or patent. If you do not furnish the requested
information, the U.S. Patent and Trademark Office may not be able to process and/or examine your submission, which may
result in termination of proceedings or abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1.

The information on this form will be treated confidentially to the extent allowed under the Freedom of Information Act
(5 U.S.C. 552) and the Privacy Act (5 U.S.C. 552a). Records from this system of records may be disclosed to the
Department of Justice to determine whether the Freedom of Information Act requires disclosure of these record s.

A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence to a
court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of settlement
negotiations.

A record in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a
request involving an individual, to whom the record pertains, when the individual has requested assistance from the
Member with respect to the subject matter of the record.

A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need for
the information in order to perform a contract. Recipients of information shall be required to comply with the
requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m).

A record related to an International Application filed under the Patent Cooperation Treaty in this system of records
may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property Organization, pursuant
to the Patent Cooperation Treaty.

A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes of
National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act (42 U.S.C. 218(c)).

A record from this system of records may be disclosed, as a routine use, to the Administrator, General Services, or
his/her designee, during an inspection of records conducted by GSA as part of that agency's responsibility to
recommend improvements in records management practices and programs, under authority of 44 U.S.C. 2904 and
2906. Such disclosure shall be made in accordance with the GSA regulations governing inspection of records for this
purpose, and any other relevant (i.e., GSA or Commerce) directive. Such disclosure shall not be used to make
determinations about individuals.

A record from this system of records may be disclosed, as a routine use, to the public after either publication of
the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a record
may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the record was filed in
an application which became abandoned or in which the proceedings were terminated and which application is
referenced by either a published application, an application open to public inspections or an issued patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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% antigenic

Finds antigenic sites in proteins
Input sequence(s): swissprot:act1_fugru

Minimum length [6]:
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(b)
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The introduction of CRISPR/Cas9 based gene editing has greatly accelerated therapeutic genome editing.
However, the off-target DNA cleavage by CRISPR/Cas9 protein hampers its clinical translation, hindering
its widespread use as a programmable genome editing tool. Although Cas9 variants with better mismatch
discrimination have been developed, they have significantly lower rates of on-target DNA cleavage. Here,
we have compared the dynamics of a more specific naturally occurring Cas9 from Francisella novicida
(FnCas9) to the most widely used, SpCas9 protein. Long-scale atomistic MD simulation of free and
gRNA bound forms of both the Cas9 proteins was performed, and their domain rearrangements and bind-
ing affinity with gRNA were compared to decipher the possible reason behind the enhanced specificity of
FnCas9 protein. The greater binding affinity with gRNA, high domain electrostatics, and more volatility of
FnCas9 than SpCas9 may explain its increased specificity and lower tolerance for mismatches.
© 2022 Published by Elsevier B.V. on behalf of Research Network of Computatlonal and Structural B10—
technology. This is an open access article under the CC BY-NC-ND license (i {

1. Introduction

CRISPR/Cas (clustered regularly interspaced short palindromic
repeat-CRISPR associated) systems confer viral resistance by recog-
nizing and cleaving invading nucleic acids and have been found in
the genomes of most archaea, and nearly half of bacteria { 1.2}, The
CRISPR/Cas immune response involves three stages — spacer acqui-
sition/adaptation, crRNA expression-processing, and interference.
The CRISPR/Cas system consists of a DNA cleaving enzyme,
CRISPR-associated endonuclease (Cas protein), and its associated
¢gRNA components {preceding the Cas operon), crRNA (CRISPR
RNA), and tracrRNA (trans-activating gRNA, non-coding RNA links
Cas9 with crRNA) which recognize the DNA cleaving region and
initiate a double-stranded break.

The most often employed DNA cleaving enzyme from the type-
II CRISPR/Cas system is SpCas9, which is derived from the bacteria
Streptococcus pyogenes. SpCas9 enzyme is 1368aa long (4.1 kb) and
adopts a bilobed architecture containing a nuclease lobe (NUC) and
alpha-helical lobe or recognition (REC) lobe {3{. The nuclease lobe
(residues 51-55 and 719-1368) comprise HNH (residues 780-906)
and the RuvC-like domain residues (residues 1-55, 719-765, and
919-1099), Topoisomerase domain (residues 1099-1200) and C-
terminal domain (residues 1201-1368). The HNH and RuvC

* Corresponding author.
E-mail address: ac;

c.in (A. Ray).

(Y

domains help in DNA cleavage by bringing double-strand breaks
into the DNA. The recognition lobe contains a ‘bridge-helix’ (resi-
dues 59-76) which connects the NUC and REC lobes with posi-
tively charged arginine residues {<.%{. Despite the rising use of
the CRISPR/Cas9 technology in genome engineering, there are sig-
nificant constraints that prevent it from being widely used. This
includes Cas9’s large size (which makes delivery difficult), recogni-
tion of a specific PAM (which limits its efficiency), and the intro-
duction of random off-target mutations in target gene sequences.
The CRISPR/Cas system'’s site-specific cleavage fails 15% of the time
{48}, resulting in unintended genetic alterations, and off-target
effects. This limitation of Spcas9 led to the creation of novel Cas
variants (e.g., Hifi Cas9, eSpCas9(1. l), SpCas9-HF1, SpCas9-NG,
xCas9, Cpfl) with better efficiency {3 1. The varying specificity
and sensitivity of Cas variants empha51ze the relevance of different
Cas9 domains.

In work by Acharya et al.,, an ortholog of Cas9 from Francisella
novicida (FnCas9), was shown to have very low non-specific editing
compared to SpCas9 { 131, FnCas9 consists of 1,629 amino acids and
is significantly larger than other Cas9 orthologs such as SpCas9
(1,368 amino acids) and SaCas9 (1,053 amino acids). FnCas9 com-
prises seven domains - the REC1-3, RuvC, HNH, WED (Wedge), and
PI(PAM interacting) domains. The structural comparison of FnCas9
with SpCas9 revealed unanticipated conserved and divergent fea-
tures of inter-domain interaction { i}, In contrast to Streptococcus
pyogenes Cas9 (SpCas9), which has shown variable levels of off-

2001 0370/© 2022 Published by Elsev1er B.V. on behalf of Research Network of Computational and Structural Blotechnology
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targeting due to tolerance of mismatches predominantly in the
“non-seed” region of the gRNA, FnCas9 has been reported to have
strong intrinsic specificity for its targets by tolerating only a single
mismatch in the gRNA at the 5’ position of the PAM distal end { 141
Acharya et al. reported the specificity of FnCas9 is determined by
its minimal binding affinity with DNA in the presence of mis-
matches, the staggered cleavage at the cleavage site, and higher
homology-directed repair rates {i3{ They have also suggested
the basis behind the specificity of FnCas9 could be due to the inter-
action of its substrate with expanded REC3 and REC2 domains
which are structurally different from those in SpCas9 and SaCas9
{14}, They also speculated that FnCas9's high electrostatic potential
and interactions with several bases on PAM distal and proximal
ends of the substrate are necessary for FnCas9 to achieve its cleav-
age competent state.

Extensive structural and mechanistic studies involving atomis-
tic simulations, targeted-MD, and accelerated-MD provided inter-
esting insights into the understanding of the recognition
mechanism of SpCas9 domains, the mode-of-action, and the kinet-
ics behind SpCas9 mediated DNA cleavage. In 2016, Palermo et al.
performed all-atom molecular dynamic simulations of Apo-
SpCas9, SpCas9-gRNA {binary complex) state, SpCas9-gRNA-tDNA
bound to incomplete ntDNA and complete ntDNA state to reveal
the conformational reorganization of Cas9 associated with
nucleic-acid binding. They identified that the catalytic residue
H840 was at a distance of 25 A from the scissile phosphate of the
tDNA in the absence of ntDNA, whereas in the presence of ntDNA,
H840 stabilizes at a smaller distance of 15 A from the scissile phos-
phate of the tDNA, suggesting that ntDNA binding is crucial for the
formation of a catalytically competent Cas9 { i Zi, Gaussian Acceler-
ated MD (~ 16 us) on the pre-catalytic state of SpCas9 (PDB ID:
5F9R) showed how upon DNA-binding, the conformational dynam-
ics and flexibility of HNH domain might facilitate the unwinding of
dsDNA and formatlon of R-loop structure triggering the formation
of active state § 71, Ab-initio MD study of the pre-catalytic state
and active- state of SpCasQ was performed to disclose the two-
metal-dependent mechanism of phosphodiester bond cleavage by
RuvC Active site of CRISPR/Cas9 {i&},

While much has been studied for the SpCas9 {13.17,18}, the
cleavage and recognition mechanism of FnCas9 and the factors
responsible for its higher specificity are yet to be explored. Ques-
tions pertaining to the molecular inter-play for the interactions
and a comparison between the two orthologs can provide us
insights into the elusive future of designing customized Cas9
molecules.

To address these questions, crystal structures of gRNA-free and
¢RNA-bound forms of SpCas9 and FnCas9 complexes were simu-
lated for 1 us and analyzed. The principal component analysis, free
energy landscape, and clustering methods were used to investigate
the slow motions of Cas9 proteins and conformational changes due
to the binding of gRNA. The relative domain movement was stud-
ied by distance plots between the center of mass of each domain
pair. The crucial interactions and key residues involved in the bind-
ing of gRNA with Cas9 protein were examined at the Cas9 protein—
RNA interfaces by binding free energy calculations.

8
8

2. Results and discussions

2.1. Conservation analysis reveals the diversity of Sp- and FnCas9
proteins.

The results from ConSurf {1} revealed that bridge helix (BH)
and the HNH domains were most conserved (SpCas9: 44% and
41%; FnCas9: 43% and 35%) and the REC2 domain was found to
be least conserved (SpCas9: 12%; FnCas9: 7%) in both the proteins
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shown in g, 1A, In Fig. 1B, the conservation scores (Color codes)
assigned by ConSurf were used to illustrate residue-wise and
domain-wise conservation. Since the bridge-helix is an arginine-
rich motif that bridges the nuclease and REC lobe, hence, the per-
centage of charged residues in this region is higher in both the pro-
teins (SpCas9 (BH-Charged residues); 22.8% and FnCas9 (BH-
Charged residues): 25%). In all the other domains, non-polar resi-
dues have shown a major involvement in conservation. Pairwise-
sequence alignment of SpCas9 and FnCas9 sequences was per-
formed using EMBOSS, which implements Needleman-Wunsch
Algorithm to find the optimum alignment (including gaps) of two
sequences along their entire length {3{}, 23.9% re51dues in SpCasQ
were conserved with the FnCas9 sequence (Supplan N ).

2.2. gRNA-binding to Cas9 proteins stabilizes the complex.

The atomic fluctuations and structural stability of the SpCas9
and FnCas9 systems during MD simulations were examined by
monitoring the backbone root mean square standard deviation
(RMSD) with respect to their starting structures as a function of
simulation time. All the systems exhibited a stable deviation after
200 ns (200-1000 ns considered a stable part of the trajectory).
Various geometrical properties, including the number of intra-
protein hydrogen bonds, solvent accessible surface area (SASA),
intermolecular hydrogen bonds between Cas9 protein and gRNA,
and radius of gyratlon were calculated from the equilibrium MD
trajectories (Supyion 7y obigs ndd 53), Fig. 1C list the com-
parison between the average values of these geometr1ca1 proper-
ties in gRNA bound and unbound form for both the Cas9
systems. Time evolution of these properties was computed (Sus-
iyl 3 i 82) revealing some subtle differences in
geometrlcal properties in both cases. In the case of SpCasg the
average solvent accessibility (SASA) (5t
and the average number of intra-protein hydrogen S ¥
-{3) bonds increased after gRNA-binding w1th a small
1ncrease in the compactness of the structure ( e
Fig. S1-B), The SASA plot (Su i
SASA Values listed in (Table 1 in O) suggest an increase in sol-
vent accessibility due to gRNA- b1nd1ng leading to exposure of
hydrophobic residues and loss of compactness/ folding of the pro-
tein. In the case of FnCas9, a 51m11ar observatlon was made with an
increased radius of gyration (% 1) and SASA
after gRNA binding (Suppies 5 , while the number
of intra-protein hydrogen bonds (8 S2-13)
decreased after gRNA-binding. The average number of intermolec-
ular hydrogen bonds between FnCas9 protein and gRNA (94-mer)
(Buy was more than in SpCas9 gRNA bound
form (85 mer) St X

These observations suggest that gRNA binding has stabilized
the system (increased NHB); however, a reduced the compactness
of the structure (increased ROG). This has led to increased solvent
accessibility due to gRNA-binding and exposure to hydrophobic
residues.

Residue-wise, RMSF is an often-used measure of conformational
variance which highlights the regions of high mobility. To evaluate
and compare the structural flexibility between free and gRNA
bound forms of SpCas9 and FnCas9, per-residue root means square
fluctuation (RMSF) was computed for the stable part of trajectory
(200-1000 ns) and reported in ¥ig. ZA for SpCas9 and g, 3A for
FnCas9. In Fig. #A, we observe that the RMSF curve for Apo-
SpCas9 (v1olet) and SpCas9 with gRNA (light-coral) had similar
atomic fluctuations with average RMSF, 0.26 nm and 0.24 nm.
These RMSF values were mapped onto the protein structure to find
regions of higher flexibility. Regions in REC1, Topoisomerase, and
RuvC-III domains were found to have higher fluctuatlon (RMSF >
0.6 nm) in unbound form (shown in Red color in ¥is. %B), whereas
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Table 1: Geometrical Properties for siable

AN

by

g

%

7%

1

\?.

part of SpGas? trajectory (200-1000ns)

Avarage Average Average | Average Average- Intermelecular
System RMSD (nm) | RMSF (nm) ROG {nm) [ SASA(nm? | HBonds {count)| HBonds Spoast-RNA
Apo-SpCast .73 0.28 3.68 808.89 1053.22
90.613
SpCas8 + RNA 0.50 0.24 3.76 839.73 1108.82

Table 2: Geomstrical Properties for stable

part of FnCas$ frajectory {200-1000ns}

Average Average Average Average Average- intermoiecular
System RMSD (nm) | RMSF (nm) ROG {nm} | SASA{nm? | HBonds {count | HBonds Spcas®-RNA
Apo-FnCas9 1.84 0.48 4.09 087.72 1224.58
131.12
FnCag® + RNA 1.04 0.30 4.20 1007.67 1202.93

Fig. 1. A. Grouped bar plot showing the percentage of conserved residues (residues with color codes > 8) in SpCas9 (PDB ID:4CMP) (on the left) and FnCas9 (PDB ID:5B2Q) (on
the right) domains and the contribution made by charged, uncharged and non-polar residues in conservation. B. Residue and domain-wise conservation of residues in SpCas9
(on the left) and FnCas9 (on the right). The color schemes followed for domains and conservation color codes are added to the color bar on the top. C. Average geometrical
properties calculated from stable part of MD trajectories for SpCas9 and FnCas9 systems.

only the Topoisomerase domain and some portions of CTD
domains were found to be highly fluctuating in gRNA bound form
of SpCas9, indicating lesser fluctuating regions post-gRNA-binding.

The atomic fluctuations in Apo-FnCas9 (indian-red) were
slightly higher than the gRNA-bound form (teal) with average
RMSF, 0.46 nm and 0.30 nm (Table 2 in #g. 1C). The regions with
high mobility (RMSF > 0.6 nm) were determined by mapping RMSF
values onto the FnCas9 protein structure. It was found that regions
in the REC lobe, specifically segment of REC2-REC3 domains (resi-
dues 218-233, 727-791 ), HNH (residues 950-998; 1004-1065)

4174

were highly fluctuating in the free-FnCas9 form (shown in red
color) and only some regions of REC2 domain (residues 216-
224), HNH domain (residues 953-961; 1004-1065), and PI
domains (residues 1565-1572) had high-mobility in the gRNA
bound form of FnCas9 as shown in ¥ig. 3. Both states of SpCas9
were equally flexible, whereas Apo-FnCas9 was relatively more
flexible than its gRNA-bound form. On comparing, the radius of
gyration, RMSD, and RMSF values, we can say that FnCas9 is more
volatile than SpCas9 as it had a higher average radius of gyration
and RMSF values.
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Table 3
Computational alanine scanning result for hotspot residues involved in binding of
gRNA with SpCas9 and FnCas9 protein. All values are in kcal/mol.

HotSpot Residues AAG (cas)
Phe105 (SpCas9) 99512
Arg55 (FnCas9) 1523 +1.5
Arg62 (FnCas9) 13.06 £ 0.8
Arg63 (FnCas9) 1315+ 1.8
Arg401 (FnCas9) 1287 £ 1.7
1700+ 1.7

Arg455 (FnCas9)

2.3. Relative domain movement and domain structural deformations
are involved in the binding of gRNA to Cas9 proteins

Many structural and biophysical studies have reported about
the important conformational changes in Cas9 protein due to
nucleic acid binding {2 ‘i, Upon DNA binding, the HNH
domain undergoes a significant conformational change leading to
activation of Cas9 protein for catalysis of TS &1, Enhanced
MD simulations of pre-activated CRISPR-Cas9 (5F9R.pdb) (~
16 ps) revealed that the tight-coupling between REC lobe and
HNH domain aided in bringing the Cas9 to the activated state.

Computational and Structural Biotechnology journal 20 (2022) 4172-4184

The conformational transitions observed in the REC lobe disclosed
how the recognition domains ‘sense’ nucleic acids, ‘regulate’ the
HNH conformational change, and ultimately ‘lock’ the HNH domain
at the cleavage site, contributing to its catalytic activation {231
These studies justify the significance of conformational dynamics
of CRISPR-Cas9 in DNA catalysis, thereby improving its genome
editing abilities.

The relative movements of intramolecular domains due to the
binding of gRNA were determined by calculating distances
between the center of mass of each domain as a function of simu-
lation time for both the Cas9 forms.

The center of mass of HNH, RuvC, REC1, REC2, REC3, PI, and CTD
domains were computed for both the systems (SpCas9 and
FnCas9), and the distances between COM of every domam palr
for the simulation length were calculated (St cntary ¥
(SpCas9) and S4 (FnCas9)). The domain movement due to gRNA
binding was quantified by plotting a clustermap using the differ-
ence in average domain distance (200-1000 ns) in free and gRNA
bound form. Upon gRNA binding in SpCas9, we observed that the
domain movement by HNH-REC2 domains, CTD-Topo domains,
and REC3-RuvC domains was similar (¥g 4A). The HNH and
REC2 domains moved closer to REC3- RuvC domains and moved
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Fig. 2. Comparison between the structural flexibility of Apo-SpCas9 and SpCas9 with gRNA. (A) Per-residue RMSF profiles were calculated from MD trajectories of Apo-
SpCas9 (violet) and SpCas9 + RNA (coral). The residues corresponding to every domain in the SpCas9 structure are shown. (B) The structural representations of Apo-SpCas9
and SpCas9 + RNA mapped with per-residue RMSF values generated using UCSF Chimera. The color ranges from blue to red and denotes that RMSF varies from the lowest to

the highest values.
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Fig. 3. Comparison between the structural flexibility of Apo-FnCas9 and FnCas9 with gRNA. (A) Per-residue RMSF profiles were calculated from MD trajectories of Apo-
FnCas9 (Indian-red) and FnCas9 + RNA (teal). The residues corresponding to every domain in the FnCas9 structure are shown in the top horizontal bar. (B) The structural
representations of Apo-FnCas9 and FnCas9 + RNA mapped with per-residue RMSF values generated using UCSF Chimera. The color ranges from blue to red and denotes that

RMSF varies from the lowest to the highest values.

away from the REC1 domain after gRNA binding in SpCas9 form.
Similarly, CTD and Topo moved closer to REC2, and REC3, and
moved away from RuvC and REC1 domains. The RuvC and REC3
domains moved closer to REC2 and HNH domains and moved far-
ther from Topo domains. In Fncas9, the PI, WED, and RuvC domains
moved closer to each other, and REC3 and HNH domains, and
moved away from the REC2 domain (¥ig. 4B). REC1 and REC2
domains have shown a similar domain movement by moving away
from RuvC, PI, and WED domains. The FnCas9 protein has shown
larger domain deviations as compared to SpCas9, as the domain
deviation scale was larger in FnCas9.

The structural deformation of each of these domains in terms of
domain flexibility and domain-wise structural transitions was
studied by computing the domain-wise RMSF (i 4C and D).
The atomic fluctuations of every domain in the free form of SpCas9
were observed to be greater than in the gRNA-bound form. This
observation was in agreement with other observations (in #ig. -
and Fig. #), suggesting increased stability in the presence of nucleic
acids. The Topo and REC1 domains were found to be highly mobile
in both the forms of SpCas9. The domain-wise average RMSF was
calculated for Apo-FnCas9 and FnCas9 with gRNA for the stable

part of the trajectory and plotted in g,

<B. A similar observation
was made in the case of FnCas9 too, where the atomic fluctuations
of domains in the free form of FnCas9 were greater than the gRNA
bound form for RuvC, REC1, and REC2 domains, whereas the aver-
age RMSF of the HNH domain was higher in gRNA bound form than
in the free form. The PI and REC3 domains were highly mobile in
the pre-gRNA-bound form of FnCas9.

To evaluate the conformational flexibility of these domains, the
percentage of residues existing in coil conformation for more than
70% of the simulation time was calculated for every domain in Apo
and gRNA-bound form for both the systems in SpCas9 form
(Mg 4C) and in FnCas9 form (¥:ig. 4D). In SpCas9, the percentage
of residues existing as a coil for more than 70% times, decreased
after gRNA binding for all the domains except in the HNH and
the REC2 domains. In FnCas9, the percentage of coils increased
after gRNA-binding in RuvC, REC1, and PI domains.

The propensity of a residue to exist as a helix, sheet, turn, or coil
was computed for the stable part of the trajectory. Also, dynamic
residues with high order of transition between secondary struc-
tures were annotated (See Materials and Methods for details).
The secondary structure assignment of residues in Apo-SpCas9
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FnCas9 grouped bar plot with average RMSF values (200-1000 ns) corresponding to RuvC, REC1, REC2, REC3, and HNH domains in the free and bound form of (C) SpCas9
system and (D) FnCas9 system. Domain-wise percentage of Coil residues (>70% part of trajectory) in (D) SpCas9 system and (E) FnCas9 system.

and SpCas9 w1th gRNA are shown in Su antary S8-Aln
3, and Apo FnCa59 and FnCasQ bound

and Sypplementa
to gRNA are shown in $ yoarg
respectively. The probability of re51due to exist as a hehx sheet
or coil for 1000 frames was calculated and plotted to see regions
of structural deformatlons at the residue level (SpCasQ— >

pan A(HY and $3-8{i); FnCas9-Suppleme: -
The secondary structure transmon of residues
among several conformations of proteins contributes to the struc-
tural flexibility of the proteins. The percentage of these dynamic
residues that make up each of the functional domains of both the
forms of SpCas9 and FnCas9 proteins are shown in ¥ig. 3A and
¥ig. 3B. The percentage of dynamic residues has increased after
gRNA binding for all the domains in bot Cas9s. In the case of
Spcas9, residues with higher structural transitions were found to
predominantly exist in the REC lobe while the HNH domain had
the least dynamic residues. The REC2 domain had shown a drastic

increase in dynamic residues from 15% to 35% after gRNA binding,
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and on the contrary, HNH and CTD domains had shown less per-
centage of dynamic residues. This observation was in line with
conservation analysis where the HNH domain was the most con-
served, and the REC2 domain was least conserved. The conforma-
tional flexibility of a protein region also depends on the
proportion of regions with NMR chemical shifts of a random-coil;
regions that lack significantly ordered secondary structure (as
determined by CD or FTIR) {24{. A similar observation was made
in the case of FnCas9, the percentage of dynamic residues
increased after gRNA binding. Here, the REC lobe contained the
highest percentage of dynamic residues after gRNA binding.

After applying 70% cut-off, it was observed that the protein
structure was predominantly constituted by helices (30 - 40% resi-
dues), followed by the dynamic residues (16 - 23% residues) and
coils (16 - 20%), while sheets, turns, and bends were the least
favored (4 - 12% respectively) (Supgpie: 56), Interest-
ingly, RMSD and geometrical propertles of the systern during the
simulation revealed that the gRNA binding was stabilizing the
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Fig. 5. Domain structural movements and transitions in FnCas9. Domain-wise percentage of dynamic residues (>70% part of trajectory) in (A) Apo-SpCas9 and SpCas9 with
gRNA and in (B) Apo-FnCas9 and FnCas9 with gRNA. Most dominant mode, containing 100 conformations along eigenvector 1 for (C) Apo-SpCas9 and (D) SpCas9 with gRNA
(E) Apo-FnCas9 (F) FnCas9 with gRNA form and visualized in NMWiz of VMD. The arrows indicate the direction and relative amplitude of motions.

structure, however, the secondary structure analysis revealed a
decrease in  percentage helicity (Apo-SpCas9: 42.03%,
SpCas9 + RNA: 37.21%; Apo-FnCas9: 38.73%, FnCas9 + RNA:
30.95%) and increase in the percentage of dynamic residues
(Apo-SpCas9: 16.74%, SpCas9 + RNA: 22.15%; Apo-FnCas9:
17.03%, FnCas9 + RNA: 21.39%) due to the binding of gRNA shown
in S Y 1. 5%, The Topo and REC1 domains had higher
ould be a reason

RMSF/fluctuations {Supygd

behind the high average

TSIV TG e -
ONEATY AL 2,

2.4. Larger domain deviations are observed in SpCas9 protein than in
FnCas9

The principal component analysis was performed to capture the
essential motions of the simulated systems. To investigate the
dominant motions of free and gRNA-bound forms of Cas9 along
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the first principle component (PC1), corresponding to the system’s
largest amplitude motion, 100 conformations of the system along
eigenvectorl were stored in PDB format and visualized in Normal
Mode Wizard of VMD {31, The eigenvalues indicated fluctuations
of the eigenvector in the hyperspace. g SE-%
(SpCas9) and S8-D (FnCas9) show that only a few eigenvectors
have larger eigenvalues which played a major role in the overall
motion of the system.

The overlap between principal components and the coordinates
of the trajectory was determined for free and bound states of
SpCas9 and FnCas9. SE-A 8- show the
conformational sampling of free and bound forms of SpCas9 and
FnCas9, respectively, in the essential subspace by projecting the
backbone atom, showing the tertiary conformations along eigen-
vector 1 and 2. The 2D projection clearly depicted that free forms
of Cas9 cover a wide range of phase spaces as compared to
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gRNA-bound forms. The decrease in the overall motion of Cas9
forms due to gRNA binding indicates the stability of the structure
in the presence of nucleic acids.

In #ig. 3C, the dynamics of Apo-SpCas9 protein along the first
principal mode of motion (PC1) are shown. REC1, HNH, and CTD
domains have shown larger domain movements. The RuvC domain
moved closer to the REC lobe. The HNH and CTD domains have
moved towards the REC1 domain, and moved away from REC3
and REC2 domains. The dominant motions in the case of the
gRNA-bound form of SpCas9 in Fig. 5D, included REC1, CTD, and
Topo domain movements. HNH and RuvC domains moved closer
to the REC1 domain. The domain movements in the case of the free
form of SpCas9 were larger than the gRNA-bound form.

The most dominant mode of motion of the Apo-FnCas9 form is
shown in £ig. 3E. The HNH, RuvC, WED and REC3 domains moved
closer to the REC2 domain. The WED domain moved away from
HNH and PI domains. In gRNA bound form ( 3F), major
domain movement is shown by PAM interacting domain (PI
domain), it moved away from the REC lobe. The reorganization
of the PI domain after gRNA binding is indicative of the structural
preparation of FnCas9 for the next step of gene editing, which
requires scanning of PAM motif and binding with the DNA
strands. In both the Cas9 forms, the large amplitude motions
were observed in the Cas9 domains which are directly involved
in the process of recognition and binding of nucleic acids, i.e.
REC lobe, regions of HNH, PI, and CTD domains. The ribonucleic
acid-binding has stabilized the complex. In the first mode of
motion, SpCas9 protein has shown larger domain deviations as
compared to FnCas9.

A three-dimensional free energy landscape (FEL) was built for
the free and gRNA-bound form of both Cas9 systems using the
projections of first (PC1) and second (PC2) eigenvectors to show

Apo-SpCas?

G {id/mal)

G (ki/mol)
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protein stability in terms of Gibbs Free energy. ¥ig. & shows the
FEL values for Apo and gRNA bound form of SpCas9 and FnCas9.
In the case of Apo-SpCas9, there was only one main global free
energy minimum region, indicating only one stable conformational
state. The lowest energy conformer of Apo-SpCas9 was identified
at 636 ns with local free-energy 0 k]/mol (State A). The second
low energy state in the same energy basin had the energy of
0.74 kJ/mol (State B). The inter-conversion from State A to State
B had an energy barrier of 2.2 kJ/mol while from State B to State
A had an energy barrier of 2,96 kj/mol (Sug wviany fig SeA)
Whereas the gRNA-bound form of SpCas9 had shown two low-
energy basins with energy minima at 508 ns and 850 ns (G =0k
J/mol). The inter-conversion between these states had an energy
barrier of 3.8 kJ/mol (Supgieme Fig. §2-8), The state transition
barrier is slightly higher in the gRNA-bound form than in the free-
form of SpCas9, suggesting that state transition is easier in Apo
form than in gRNA bound form of SpCas9. Likewise, in Apo-
FnCas9 and FnCas9 bound to gRNA, two energy basins were
observed. The lowest energy conformation was extracted at
478 ns and 249 ns, respectively. In Apo-FnCas9, the lowest energy
state was at 0 kJ/mol {State A), and the second low energy state had
1.6 kJ/mol (State B) of energy. The transition from State A to State B
of Apo-FnCas9 had an energy barrier of 5.9 k]/mol and from State B
to State A, the energy barrier was 4.3 kJ/mol (Sagpiovaergany
fig. $9-0). In the gRNA-bound form of FnCas9, the lowest energy
state had 0 kJ/mol energy, and other low energy states had 0.79 kJ/-
mol of energy. Their inter-conversion had an energy barrier of
3.96 kJ/mol (State A to State B) and 3.17 kJ/mol (State B to State

A
ERN

N

A) (Suppiem v g, 3%-Id), Here, energy barriers for state tran-
sitions was lower in the gRNA bound of FnCas9 form than in its free
form (Suppiomentany §9), suggesting switch between low energy

states is easier in gRNA bound form than in the Apo form of FnCas9.

SpCasd+RNA

G (ki/mol)

G (kJ/mgl)

Fig. 6. A. Free energy landscape generated using principal components (PC1 and PC2) for Apo-SpCas9 and SpCas9 with gRNA during 1000 ns simulations. (B) Free energy
landscape generated using principal components (PC1 and PC2) for Apo-FriCas9 and FnCas9 with gRNA during 1000 ns simulations. Energy distribution is shown by the
coloring pattern: Blue defines the conformational space with minimum energy (stable state) while red defines a conformational space with maximum energy (unstable state).
Principal components are displayed as a contour map at the bottom of each FEL plot with similar color pattern like the energy landscape.
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2.5. Charge potentials reveal key insights into the greater specificity of
FnCas9 protein

MM-PBSA/GBSA (Molecular mechanics/Poisson-Boltzmann
(Generalized-Born)) is an end-state post-processing method to
estimate binding free energies. This method has been proven to
balance accuracy and computational efficiency, especially when
dealing with large systems. In order to calculate the binding affin-
ity of gRNA with SpCas9 and FnCas9 forms and to understand the
role of electrostatics and the atomic level interactions of gRNA to
the Cas9 protein, MM-GBSA calculations were performed over an
ensemble of 700 snapshots extracted from 50 ns (stable short
region of the MD trajectory (950-1000 ns) using gmx_MMPBSA.
Per-residue energy decomposition of MM-GBSA was used to
retrieve the individual amino acid contribution to the binding
energy of gRNA with Cas9 protein . The average of each energy
component that contributes to the binding free energy of gRNA

A

Binding Energy (Average kcal/mol)
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with SpCas9 and FnCas9 is shown in iaiviec 7A. The guide RNA
(SpCas9: 85-mer, FnCas9: 94-mer) had a lesser binding affinity
with SpCas9 form (—655.4 kcal/mol) than with FnCas9 form
(—1254.1 kcal/mol). In both cases, the gas phase energy, especially
the electrostatic energy, had contributed predominantly to the
binding energy of gRNA and protein. In the case of SpCas9
(Table  FA(i)), the contribution of electrostatic energy
(—2377.7 kcal/mol) was less than the polar solvation energy
(2452.0 kcal/mol). On the contrary, in FnCas9 system (Taiie 7A
(ii)), the electrostatic interaction (—4880.2 kcal/mol) had a greater
contribution than the polar solvation energy (4748.2 kcal/mol).
The energetic contribution of each residue was explored to identify
the hotspot residues involved in the binding of Cas9 protein with
gRNA (Sv met Fig, %), This analysis revealed that residues
from the arginine-helix and REC1 domain play a pivotal role in the
binding of gRNA with SpCas9 protein {31y Y Fig -
{i}); however, only a few residues had shown a greater contribution

Y
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Fig. 7. A. Bar plots indicating the free energy components (vdW, electrostatic, polar surface, SASA, obtained from MM-PBSA calculations for gRNA binding with SpCas9 (left)
and FnCas9 (right). B. Box plot showing the distribution of per-residue energy contribution in the binding of gRNA with SpCas9 and FnCas9. C. Electrostatic potential of HNH,
RuvC, REC domains, and bridge-helix in SpCas9 and FnCas9. D. Hotspot residues involved in gRNA binding shown in sticks representation in SpCas9 and FnCas9.
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to the binding energy (less than —6 kcal/mol). Many residues were
found to be involved in the binding of gRNA (171) with FnCas9 pro-
tein; only those residues which have contributed more than
-2 kcal/mol {<—2 kcal/mol) were plotted in the 5u ¥H
fig .. These residues belonged to WED, REC3, REC]
domams and the bridge-helix region of the protein. The contribu-
tion made by nucleotldes of gRNA in binding energy was also
shown in ¢ : 3103, The energy decomposmon
distribution for both Ca59 forms was compared in ¥ig. 7B. The box-
plot of residue-wise energy decomposition revealed that both the
Cas9 forms had nearly equal median energy values with a slightly
greater inter-quartile energy range for FnCas9. Interestingly, there
was one outlier, Phe105 (—8.3 kcal/mol) in SpCas9 and five outliers
in FnCas9, namely, Arg401 {—7.6 kcal/mol), Arg63 (—7.8 kcal/mol),
Arg62 (—8.6 kcal/mol), Arg55 (—10.7 kcal/mol), and Argd55
(—12.8 kcal/mol) with energy contribution greater than —7.5 kcal/-
mol. These residues were highlighted on the surface of SpCas9 and
FnCas9 structures in sticks representation in +ig. 7D. In FnCas9, all
the outlier residues (energy < —7.5 kcal/mol) were arginines, three
of which were a part of the bridge helix suggesting the pivotal role
of arginine helix in gRNA recognition and binding.

Due to the strong negative electrostatic field associated with the

gRNA phosphate backbone, charged interactions are expected to be
critical for correct protein-RNA binding and functioning. The
MMGBSA results emphasized the significance of positively charged
arginine residues located in close proximity to the gRNA-binding site.
This observation can be correlated with the role of electrostatic inter-
actions in gRNA binding. To elucidate the contribution made by each
Cas9 domain in maintaining a suitable environment for gRNA bind-
ing, the electrostatic potential of each domain was evaluated using
the APBS {2&{ tool and compared with their gRNA-free and gRNA-
bound forms in ¥ig. &C. A highly-positive electrostatic potential
was shown by the HNH domain, and a highly-negative electrostatic
potential was shown by the REC2 domain in the case of Apo-
SpCas9. A drastic change in electrostatic potential was observed in
the case of the REC2 domain of SpCas9 after gRNA binding, where
the negative potential transformed to a positive potential. In the case
of FnCas9, RuvC domain transformed its potential from electroposi-
tive to electronegative. On comparing the electrostatics of domain
centers after gRNA binding, it was found that FnCas9 domains had
high electrostatic potential as compared to SpCas9 (Positive potential
in HNH, REC1, and REC3 domain and Negative potential in RuvC and
REC2 domains), supporting the observation made in work by Acharya
et al.ii3y,
Computatlonal Alanine Scanning is an effective method to
determine the significance of side-chain functional groups of hot-
spot residues in protein-gRNA binding by substituting it to Alanine
and then evaluating the change in binding affinity between Cas9
protein and gRNA in both the systems. The binding free-energy
change due to Alanine mutation of hotspot residues (Spcas9 Sys-
tem: Phe105; FnCas9 System: Argd401, Arg63, Arg62, Arg55, and
Arg455) was performed to assess their significance in gRNA bind-
ing. The AAG (cas) for these residues is shown in Yali= 3. The ala-
nine conversion of Phe105 decreased the binding affinity of gRNA
with SpCas9 by 9.958 kcal/mol, and Argd455 decreased the binding
affinity of gRNA with FnCas9 by 17 kcal/mol (similar values were
observed for other hotspot residues), indicating an unfavorable
alanine-substitution demonstrating the significance of these resi-
dues in gRNA binding.

Riat

3. Conclusions

Comparative analyses of gRNA-free and gRNA-bound forms of
SpCas9 and FnCas9 suggested that the binding of gRNA has brought
structural stability to the system. gRNA-binding has led to a
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decrease in structural compactness, indicating the opening of the
structure and exposure of hydrophobic residues (i). The RMSF-
profile for both states of SpCas9 had similar flexibility. Interest-
ingly, in FnCas9, the Apo-form was more flexible than the gRNA-
bound form (). Residues in the REC2-REC3 domains (residues
218-233, 727-791 ) and the HNH (residues 950-998; 1004-
1065) domain were highly fluctuating in the gRNA-free form,
whereas the PI domain (residues 1565-1572) had high-mobility
in the gRNA bound form of FnCas9. The FnCas9 was more volatile
than the SpCas9 form, shown by the high radius of gyration, RMSD,
and RMSF values. Domains with higher fluctuations had shown lar-
ger domain movement, suggesting a correlation between them
(especially in Apo-FnCas9). As a consequence of gRNA-binding, a
concerted series of domain movements occurred in SpCas9
(HNH-REC2, CTD-Topo, and REC3-RuvC) and FnCas9 (HNH-REC3-
REC1 and PI-WED-RuvC). The FnCas9 form had shown larger
domain deviations as compared to SpCas9 as their difference in
average domain distance range was higher than the latter. The
increase in the percentage of dynamic residues observed in both
Cas9s post-gRNA-binding implies the occurrence of hlgher struc—
tural deformations in those regions (% ey S

7). In SpCas9, the REC2 domain contained a hlgher percentage of
dynamic residues, and HNH had low dynamic residue percentage.
This observation was in line with conservation analysis, where the
HNH domain was most conserved, and the REC2 domain was least
conserved. The high fluctuations and movement shown by the PI
domain in the gRNA-bound form of FnCas9 could be due to higher
structural transitions and increased coil percentage after gRNA-
binding. In the free-energy landscape, clusters with frames of the
initial part of the trajectory were structurally and energetically dis-
tinct. Energetically more stable states were observed in the gRNA-
bound form in both the Cas9s. The binding free energy analysis
revealed that gRNA is more tightly bound in FnCas9 form than in
SpCas9. In SpCas9, the polar-solvation energy (EGB) had con-
tributed predominantly to the binding energy, whereas in FnCas9
electrostatic energy (EEL) was the major contributor, disclosing
the significance of electrostatic interactions in gRNA-FnCas9 bind-
ing. The per-residue energy decomposition in SpCas9 form
revealed the significance of arginine-helix and REC1 domain in
gRNA binding. Many residues have shown contribution towards
the binding of gRNA in FnCas9, mainly belonging to WED, REC3,
REC1 domains, and the bridge-helix region {Sugg Hary
& ). Hotspot-residues (energy < —7.5 kcal/mol) w1th the great-
est contribution towards gRNA binding were Phe105 in SpCas9 and
Argd55, Argd01, Arg55, Argb2, and Arg63 in FnCas9. All hotspot
residues were arginines in the case of FnCas9, three of which were
a part of the bridge helix (R55, R62, R63), suggesting its pivotal role
in gRNA recognition and binding,

This study talks about the sequential differences as well as
changes in dynamics at theatomic level between Cas9 orthologs,
SpCas9 and FnCas9. It sheds light on the role of bridge-helix resi-
dues and electrostatic interactions in FnCas9-gRNA binding. Cas9
domains play an essential role in bringing the protein into the cat-
alytic—competent stage and, ultimately, in the DNA cleavage pro-
cess. The structural changes and differences in domain
rearrangement in both Cas9 orthologs show that the cleavage
mechanism differs in these systems, which might explain why
Cas9s have different specificity and sensitivity. To gain a better
understanding about the cleavage mechanism at atomic level
DNA bound ternary complex of SpCas9 and FnCas9 should be sim-
ulated and compared. Future research should focus on comparing
the domain rearrangement and change in binding free energies
in the presence of DNA and implementing high-level quantum-
mechanical simulations to describe the formation and breaking
of bondsto understand the DNA cleavage mechanism of FnCas9
systems which will aid in optimizing Cas9’s activity.
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4. Materials and methods
4.1. Estimation of evolutionary conservation of Cas9 domains

The amino-acid positions which evolve slowly are commonly
conserved sites that are important for protein structure and func-
tion. Proteins alter their secondary structure due to a change of
surroundings or as a result of interaction with other proteins, but
these conserved residues preserve their structures in all the con-
formations of the protein and therefore contribute less to the struc-
tural flexibility of the protein {37} The ConSurf server { 1%} was
used to estimate the level of conservation of amino acid p051t10ns
in different domains of the SpCas9 and FnCas9 protein based on
phylogenetic relationships between their homologous sequences.
The protein structure of SpCas9 (PDB ID:4CMQ) and FnCas9 (PDB
ID:5B2Q) were submitted to the ConSurf server, which calculated
the conservation scores partitioned into the discrete scale of nine
bins. The position with bins > 8 scores is considered conserved
sites, while the amino-acid positions with bin <= 2 are considered
variable sites. Applying these cut-offs for indicating conserved and
variable residues, the percentages of conserved and variable resi-
dues were calculated for HNH, RuvC, BH, REC1, REC2, and REC3
domains in both the proteins. The proportion of charged (H, K, R,
D, E), uncharged (C, S, T, Y, Q), and non-polar (A, G, [, L, M, W, F,
P, V) residues in conservation was also calculated.

14

4.2. System setup and MD Simulations

MD simulations have been performed using four model systems
of Cas9, which were the Apo form of SpCas9 and in complex with
gRNA, and Apo form of FnCas9 and in complex with gRNA. These
model systems have been prepared using the crystallographic
coordinates of Streptococcus pyogenes Apo SpCas9 (PDB ID:4CMQ)
{28}, SpCas9 + RNA (PDB ID:4ZT0) {i&}, Francsella novicida Apo-
FnCas9 (PDB ID:5B2Q w/o nucleic ac1ds) ; § and FnCas9 + RNA
{5B2Q, DNA strand removed), solved at 3.09 A, 2.90 A, and 1.70 A
resolution, respectively. The four independent MD simulations
were performed using GROMACS 2020 software package {:i%1.
AMBERff99SB and AMBER94 forcefields were used for protein,
and nucleic acid parameterization {33, The system was neutral-
ized and solvated by explicit water molecules, which were mod-
eled by the TIP3P) parameter set {3i} in a dodecahedron box.
Particle mesh Ewald was used to treat long-range electrostatic
interactions {32}, The pressure and temperature were controlled
with the Parrinello-Rahman coupling algorithm, and Langevin
thermostat {33{, The energy minimization of the whole system
was done using the steepest descent algorithm until the maximum
force was less than 1000 k] mol™! nm~! to remove any steric
clashes. The system was heated to 300 K and equilibrated for
100 ps in both Isothermal-Isobaric and canonical ensembles. The
positions of Cas9 protein and gRNA were restrained with a har-
monic constant of 0.1 kcal/mol A~ to avoid improper geometry.
A non-restraint MD simulation was performed for 1000 ns at con-
stant 1 atm pressure. The cut-off value for nonbonded interactions
was set to 12 A, The MD trajectory snapshot was saved after every
1 ns; thus, 1000 frames for every simulation were collected for fur-
ther analysis.

4.3. Distance between domains

The center of mass of HNH, RuvC, REC1, REC2, textcolorredand
REC3 domains in both the Cas9 forms was calculated usmg the
pdb centerrnass script of pdbtools ( ¥

i), Additionally, the COM of Topo and CTD in SpCasQ
and PI and WED domains in FnCas9 protein were also determined

RS !
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using the same script. To quantify and compare the domain move-
ment due to gRNA binding, the distance between the center of
mass of every domain pair during the simulation time (200-
1000 ns, stable part of trajectory) was calculated to characterize
relative movements of intramolecular domains (due to gRNA bind-
ing) as a function of simulation time. Interdomain distances in both
free and gRNA-bound forms for both the systems were averaged.
The difference (Dist-Free form - Dist-bound form) in these aver-
aged distances was determined for every domain pair. A positive
delta indicates that the domains came closer, and vice versa. Nor-
malized delta distances were taken as input to form a clustermap
to illustrate the relative movement of domains due to the binding
of gRNA. A clustermap uses hierarchical agglomeration clustering
to cluster similar columns together. The order of clustering forms
a dendrogram. These values were standard scaled to 1 to make a
comparison between both Cas9s.

4.4. Domain structural transitions and fluctuations

The propensity of a residue to attain a particular secondary
structural element was computed for 1000 frames (¥ig. 54). A sec-
ondary structure was assigned to those residues which had a
greater than 70% probability to exist either as a helix, turn, strand,
or coil throughout the simulation. Those residues that did not con-
form to any particular secondary structure throughout our simula-
tion (existed as a secondary structure for <70% of times
throughout simulation) were also quantified and referred textcol-
orredto as dynamic residues. The percentage of these dynamical
residues that make up each of the functional domains of the pro-
tein. To determine regions with high flexibility, the percentage of
residues existing in coil conformation in more than 70% of the sim-
ulation time were calculated for every domain in Apo and gRNA-
bound form for both the systems. Domain-wise atomic fluctuations
were studied by plotting root-mean-square fluctuation for every
domain. The average RMSF of SpCas9 and FnCas9 proteins in free
and bound form were plotted.

4.5. Principal component analysis

Principal component analysis (PCA) is a useful method for
assessing trajectory data frorn MD simulations and identifying
the essential dynamics {34 33}, Based on the calculation of the
covariance matrix, this rnethod applles a linear transformation to
project the original high-dimensional representation of macro-
molecular dynamics into the low-dimensional space. The covari-
ance matrix of the protein backbone atoms was built and
diagonalized using gmx covar method of GROMACS 5.1 package
{441 to investigate the dominant motions of free and gRNA bound
forms of Cas9. Only a very small number of eigenvectors (modes of
fluctuation) contribute significantly to the overall motion of the
protein. This can be seen from the eigenvalues contained in eigen-
val.xvg. The first principle component (PC1) corresponds to the
system'’s largest amplitude motion, and the system dynamics along
the PC1 is generally called “‘Essential Dynamics”. The most domi-
nant mode, containing 100 conformations along eigenvector 1
was saved in PDB format and visualized in Normal Mode Wizard
of VMD {25}

A5

4.6. MMGBSA calculations

The Molecular Mechanics/Generalized Born Surface Area (MM/
GBSA) method is a popular technique for determining binding
free energies between proteins and ligands. gmx_MMPBSA |
was used to calculate the enthalpy contribution to binding free
energy. The GB (OBC) model (igb = 2) was used to calculate the sol-
vation energy. A total of 700 snapshots, equally distributed in the
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last 50 ns of the SpCas9 + RNA and FnCas9 + RNA trajectory were
selected to calculate the enthalpy contribution using MM/GBSA.
The single trajectory approach was used to calculate the binding
free energy. Molecular mechanics potential energy (electrostatic
and van der Waals energies), the free energy of solvation (polar
and nonpolar solvation energies), and the energetic contribution
of each residue and nucleotide to total binding energy were
obtained for both SpCas9 and FnCas9 proteins with gRNA. The
gas-phase energies calculated using the Molecular Mechanics force
field, are a sum of van der Waals (VDWAALS) and electrostatic
(EEL) energies, whereas the solvation energy includes a polar and
a non-polar component. The polar component is calculated using
the implicit Solvent Model, i.e. Generalized Born (GB), (EGB) and
the non-Polar component depends on solvent accessible surface
area (ESURF). Free energies of solvation are estimated by applying
Poisson-Boltzmann (PB) calculations for the electrostatic contribu-
tion and a surface-area-dependent term for the non-electrostatic
contribution to solvation.

4.7. Electrostatic calculation of Cas9 domains

The electrostatic contribution made by HNH, RuvC, REC1, REC2,
and REC3 domains were calculated using the Adaptive Poisson-
Boltzmann Solver (APBS) {381, Prior to using APBS, the standalone
version of PDB2PQR 1 was used to assign charge and radius
parameters for the CHARMM force field to all the domain struc-
tures. APBS uses iterative solvers to solve the nonlinear algebraic
equations resulting from the discretized Poisson-Boltzmann equa-
tion with a fixed error tolerance of 1026, The electrostatic values
for the centroid coordinates of each of these domains were then
extracted from its corresponding electrostatic potential file using
the multivalue script (provided in APBS).

4.8. Gibbs free energy landscape

The free energy landscape (FEL) is used for describing conforma-
tion exchange in biomolecular processes such as molecular recogni-
tion, folding, and aggregation. The population and stability of
functionally different states are determined by free energy basins
and their depths, while the inter-basin barriers correspond to the
transient states that connect them. gmx sham module of GROMACS
was used to compute Gibbs Free Energy using the Boltzmann equa-
tion. The relative free energy between two states is given by:

AG = —KbT = In[P1(X)/P2(X)]

where Kb is the Boltzmann constant, T is absolute temperature, X
stands for the reaction coordinate and P(X) is the probability distri-
bution of the system along the reaction coordinate. Based on the
PCA calculation, PC1 and PC2 were chosen as reaction coordinates
in this analysis. Frame-wise free energy profiles of all four Cas9s
are shown in &: %

4.9. Computational alanine scanning

Computational Alanine Scanning is an energy-based method to
calculate the effects of alanine mutations on the binding free
energy of a protein-gRNA complex. This alanine substitution
removes the side chain from the selected residue which aids in
the assessment of the role of a side chain functional groups at a
particular position. It is used to determine the significance of a
residue in protein-gRNA binding. The principle followed is:

- AGbind(WiId—type)

In this formula, AAGcas) is the binding free energy difference
between AGbinda,) (residue substituted with Alanine) and

AAG™ — AGhind™®
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AGbind (wild_type) This analysis was performed to evaluate the
potential of hotspot residues in gRNA binding. 50 frames from
the last 10 ns part of the trajectory were considered as input for
both the systems.
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