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DESCRIPTION

NON-LTR-RETROELEMENT REVERSE TRANSCRIPTASE AND USES THEREOF

[0001] The present application claims the priority benefit of U.S. Provisional Patent
Application No. 62/567,504, filed October 3, 2017, the entire contents of which are

incorporated herein by reference.

[0001] The invention was made with government support under Grant Nos. RO1
GMO037949 and GM037951 awarded by the National Institutes of Health. The government has

certain rights in the invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0002] The present invention relates generally to the field of molecular biology and
biochemistry. More particularly, it concems non-LTR-retroelement reverse transcriptase
enzymes (RTs), which include non-LTR-retrotransposon RTs, bacterial RTs, and group II
intron RTs. Non-LTR-retroelement RTs are characterized by a larger fingers region than
retroviral RTs. This larger fingers region typically contains a distinctive N-terminal extension
(NTE), often with a conserved sequence element RTO, and at least two distinctive insertions,
denoted RT2a and RT3a, between conserved RT sequence blocks RT1-7 found in all RTs.
Examples of non-LTR-retroelement RTs are given in Malik ef al., 1999; Blocker et al., 2005;
Toro and Nisa-Martinez, 2014; and Zimmerly and Wu, 2015, and are incorporated herein by

reference.

2. Description of Related Art

[0003] Non-LTR-retroelement reverse transcriptase enzymes (RTs) have to date been
the subject of much less study than retroviral RTs. For instance, mobile group II introns are
bacterial retrotransposons, which are closely related to the evolutionary ancestors of
spliceosomal introns, the spliceosome, non-LTR-retrotransposons, telomerase, and
retroviruses in eukaryotes (Lambowitz and Belfort, 2015). They are comprised of an
autocatalytic intron RNA (a "ribozyme") and a distinct species of intron-encoded RT
(Lambowitz and Zimmerly, 2011). The intron RNA catalyzes its own excision from a precursor
RNA by RNA splicing reactions identical to those of eukaryotic spliceosomal introns (Fica et
al., 2013; Peebles et al., 1986; Sontheimer et al., 1999), while the intron-encoded RT functions
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both as an RNA splicing co-factor and to promote intron mobility to new genomic DNA sites
(Carignani ef al., 1983; Kennell et al., 1993; Saldanha et al., 1999). The latter occurs by a
process called retrohoming in which the excised intron RNA inserts (“reverse splices™) directly
into a DNA site and is reverse transcribed by the RT to produce an intron cDNA integrated into
the genome (Cousineau et al., 1998; Yang et al., 1996; Zimmerly ef al., 1995a; Zimmerly et
al., 1995b).

[0004] Mobile group II intron RTs are homologous to well-studied retroviral RTs but
have key structural and functional differences, reflecting their different biological functions
(Mohr et al., 2013). While error prone and poorly processive retroviral RTs evolved to help
retroviruses evade host defenses, group II intron RTs evolved to faithfully reverse transcribe a
long, highly structured intron RNA (Lambowitz and Belfort, 2015). As a result, group II intron
RTs have higher fidelity, processivity and strand displacement activity than retroviral RTs,
along with a novel end-to-end template switching activity that is minimally dependent upon
base pairing (Mohr ef al., 2013). Recently, new methods for producing group II intron RTs in
soluble form with high yield and activity have enabled their use for biotechnological
applications, including new approaches for next-generation RNA sequencing (RNA-seq),
identification of RNA post-transcriptional modifications, and RNA structure mapping (Clark
et al., 2016; Nottingham ef al., 2016; Wu and Bartel, 2017; Zheng et al., 2015; Zubradt et al.,
2016).

[0005] An evolutionary relationship between group II and spliceosomal introns was
first suggested by their similar splicing mechanisms and by the ability of group II intron RNAs
to be fragmented into functional segments that can reassociate to promote RNA splicing
analogous to the function of snRNAs in eukaryotes (Sharp, 1985). Together with their
phylogenetic distribution, these findings suggested a scenario in which mobile group II introns
evolved in bacteria, entered ancestral eukaryotes with bacterial endosymbionts that gave rise
to mitochondria and chloroplasts, invaded the nucleus, proliferated to high copy number, and
then degenerated into spliceosomal introns, with group II intron RNA domains evolving into
snRNAs that reconstitute to form the spliceosome (Cavalier-Smith, 1991; Martin and Koonin,
2006). Recent structural and biochemical studies have strongly supported this evolutionary
relationship by showing that the core spliceosomal protein Prp8 likely evolved from a group II

intron-like RT and functions similarly by acting as a protein scaffold for an RNA catalytic core
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composed of snRNAs that are structurally and functionally related to group II intron RNA
domains (Galej ef al., 2014; Nguyen ef al., 2016).

[0006] Despite their biochemical, biotechnological, and evolutionary significance,
high-resolution structural information about group II intron RTs has been lacking. Group II
introns and their encoded RTs have evolved into the three main structural subgroups denoted
ITA, 1IB, and I1C (Lambowitz and Zimmerly, 2011; Michel and Ferat, 1995). However, there

is an unmet need to elucidate the structural features that contribute to functions of the enzymes.

SUMMARY OF THE INVENTION

[0007] In a first embodiment of the present disclosure, there is provided a crystal
comprising a substantially pure non-LTR-retroelement reverse transcriptase comprised of at
least a reverse transcriptase and a thumb domain in complex with template and primer
oligonucleotide and incoming dNTP. In some aspects, the non-LTR-retroelement reverse
transcriptase is a bacterial reverse transcriptase, such as a group Il intron reverse transcriptase

or a thermostable reverse transcriptase. In some aspects, the incoming dNTP is dATP.

[0008] In certain aspects, the crystal has lattice constants of a=179.2 A, b=95.1 A,
c=71.6 A, 0.=90°, B=113.5°, y =90°. In particular aspects, the crystal has a space group of C 1
2 1. In some aspects, the crystal has the crystal structure as defined in Table 1.

[0009] In some aspects, the non-LTR-retroelement reverse transcriptase has the amino
acid sequence at least 85%, such as 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%,
96%, 97%, 98%, 99%, or 100%, identical to the reverse transcriptase and the thumb domains
of the polypeptide of SEQ ID NO: 1. In particular aspects, the non-LTR-retroelement reverse
transcriptase has the reverse transcriptase and a thumb domain of the polypeptide of SEQ ID
NO: 1 (see, e.g., U.S. Patent 7,670,807 and U.S. Pub. No. US2016/0289652A1, which are

incorporated herein by reference).

[0010] In certain aspects, the non-LTR-retroelement reverse transcriptase has the
amino acid sequence at least 85%, such as 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%,
95%, 96%, 97%, 98%, 99%, or 100%, identical to the polypeptide of SEQ ID NO: 1. In
particular aspects, the non-LTR-retroelement reverse transcriptase has the amino acid sequence

of the polypeptide of SEQ ID NO: 1.
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[0011] In another embodiment, there is provided a tangible computer-readable media
comprising the crystal structure constants of a crystal of the embodiments, such as a crystal
comprising a substantially pure non-LTR-retroelement reverse transcriptase comprised of at
least a reverse transcriptase and a thumb domain in complex with template and primer

oligonucleotide and incoming dNTP. In particular aspects, the crystal has a resolution of about

3.0 A

[0012] Further embodiments provide a method for identifying a non-LTR-
retroelement RT having an improved property, the method comprising obtaining a crystal of
the embodiments (e.g., a crystal comprising a substantially pure non-LTR-retroelement reverse
transcriptase comprised of at least a reverse transcriptase and a thumb domain in complex with
template and primer oligonucleotide and incoming dNTP) or a tangible computer-readable
media of the embodiments (e.g., a tangible computer-readable media comprising the crystal
structure constants of a crystal of the embodiments); and identifying one or more residues of

interest for amino acid substitution, deletion or insertion predicted to provide an improved

property.

[0013] In additional aspects, the method further comprises expressing a nucleic acid

encoding the identified non-LTR-retroelement RT to provide an enzy me having said improved

property.

[0014] In yet another embodiment, there is provided a method of generating mutants
of a non-LTR-retroelement RT with improved property comprising generating crystals of the
embodiments; performing x-ray crystallography on the crystals; and identifying one or more
residues of interest for amino acid substitution, deletion or insertion predicted to provide an
improved enzymatic activity. In further aspects, the method further comprises generating
mutants of a non-LTR-retroelement RT by mutating at least one residue of interest identified

in the identifying step.

[0015] In some aspects, the non-LTR-retroelement RT is a bacterial reverse
transcriptase. In some aspects, the RT is a group II intron reverse transcriptase. In some aspects,
the non-LTR-retroelement RT is at least 50%, such as at least 60%, 70%, 80%, or 90%,
identical to SEQ ID NO: 1.

[0016] In certain aspects, the residues of interest comprise a region of conservation. In

specific aspects, the region of conservation comprises the fingertip motifs, such as V65, 179,

-4-
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P68, and/or R63. In certain aspects, the region of interest comprises the N-terminal extension

(NTE). In particular aspects, the NTE comprises at least 1 alpha helix.

[0017] In some aspects, the at least one alpha helix comprises at least amino acids Q24
and K18. In certain aspects, the NTE comprises the RTO region. In particular aspects, the RTO
region comprises the RTO loop and/or R85. In some aspects, the RTO loop comprises amino

acids 23-31.

[0018] In certain aspects, the residues of interest are in the thumb domain, in the palm
subdomain, in the D domain, in the amino acids contacting the major groove, in the amino
acids contacting the minor groove, in the amino acids contacting the phosphodiester backbone,
base, ribose or deoxyribose sugar, and/or in RT2a. In some aspects, the residues of interest

comprise F110.

[0019] In some aspects, the method comprises identifying one or more residues of
interest for amino acid substitution. In certain aspects, the substitution comprises replacing the
amino acid with an amino acid of opposite charge, replacing the amino acid with an uncharged
amino acid, replacing the amino acid with a charged amino acid, replacing the amino acid with
a hydrophobic amino acid, replacing the amino acid with a proline, replacing the amino acid

with a cysteine or selenocysteine, and/or replacing the amino acid with a glycine or alanine

[0020] In additional aspects, the method further comprises expressing an enzyme

comprising the substitution and evaluating the properties or activity of the enzyme.

[0021] In some aspects of any of the above embodiments, the improved property is an
improved enzymatic activity. In certain aspects, the improved enzymatic activity comprises:
increased or decreased template switching activity; increased or decreased processivity;
increased or decreased strand displacement activity; or increased or decreased fidelity. In
particular aspects, the improved enzymatic activity comprises: increased or decreased template
switching activity; increased processivity; increased strand displacement activity; or increased

fidelity.

[0022] In certain aspects of the above embodiments, the improved property comprises

higher solubility, higher thermostability or decreased non-specific nucleic acid binding.
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[0023] Further provided herein is a non-LTR-retroelement reverse transcriptase (RT)
comprising, an amino acid substitution at an amino acid position corresponding to a position
of SEQ ID NO: 1 that contacts a template nucleic acid, a primer oligonucleotide and/or an
incoming ANTP. Another embodiment provides a non-LTR-retroelement reverse transcriptase
(RT) comprising, an amino acid substitution at an amino acid position corresponding to a
position of SEQ ID NO: 1 that is on the surface of the RT. Yet still a further embodiment
provides a non-LTR-retroelement reverse transcriptase (RT) comprising, an amino acid
substitution at an amino acid position corresponding to positions 18, 19, 21, 23, 24, 25, 26, 27,
28,29, 30, 31, 32, 33, 63, 65, 67, 68, 69, 75, 77, 79, 85. 89,92, 110, 111, 112, 113, 114, 115,
138, 139, 140, 141, 142, 143, 175, 176, 177, 178, 179, 180, 181, 182, 183, 184, 191, 192, 193,
194, 197, 221, 223, 255, 258, 270, 290, 291, 293, 294, 297, 298, 301, 303, 304, 305, 306, 307,
311,317, 318, 321, 322, 324, 325, 326, 327, 343, 344, 345, 347, 353, 355, 356, 358, 360, 379,
380, 381, 382, 386, 389, 394, 399, 413 and/or 415 of SEQ ID NO: 1.

[0024] In several aspects, the RT comprises an amino acid substitution selected from
the group consisting of: E21A, F415A, N301H, N301G, N303H, N303G, S305H, S305G,
S307H, S307G, Q353R, R311L, R327L, R343L, R344L, R345L, R347L, Q353H, Q353R,
K355D, K355G, R356L, R356G, R358A, R360A, N379A, T380A, K399D and H394A. In
other aspects, the RT comprises an amino acid substitution selected from the group consisting

of: replacing positions 23-33 with GGGG and replacing positions 175-184 with polyG.

[0025] In certain aspects, the RT comprises an amino acid substitution at a position
corresponding to position 29, an amino acid substitution at a position corresponding to position
29 to an Arg residue, an amino acid substitution at a position corresponding to position 85, an
amino acid substitution at a position corresponding to position 85 to an Ala residue, an amino
acid substitution at a position corresponding to position 30, an amino acid substitution at a
position corresponding to position 30 to an Ala residue, an amino acid substitution at a position
corresponding to one of amino acids 23-31 to a Gly, and/or an amino acid substitution at a

position corresponding to one of amino acids 23-28 to a Gly.

[0026] In some aspects, the RT comprises a bacterial reverse transcriptase, such as a
group II intron reverse transcriptase. In certain aspects, the RT comprises an amino acid
sequence at least 85%, such as 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%,
97%, 98%, 99%, or 100%, identical to SEQ ID NO: 1. In some aspects, the RT comprises:

increased or decreased template switching activity; increased or decreased processivity;

-6-
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increased or decreased strand displacement activity; or increased or decreased fidelity. In
certain aspects, the RT comprises increased or decreased template switching activity; increased
processivity; increased strand displacement activity; or increased fidelity. In particular aspects,
the RT comprises: higher solubility, higher thermostability or decreased non-specific nucleic
acid binding. In several aspects, the RT exhibits increased yield during recombinant
production. In additional aspects, the RT further comprises a stability tag. In a specific aspect,

the stability tag comprises MalE.

[0027] In another embodiment, there is provided a non-LTR-retroelement reverse
transcriptase (RT) comprising, an amino acid substitution at an amino acid position
corresponding to positions 18, 19, 23, 24, 25, 26, 27 28, 29, 30, 31, 63, 65, 67, 68, 69, 75, 77,
79, 85.89,92, 110, 111, 112, 113, 114, 115, 138, 139, 140, 141, 142, 143, 191, 192, 193, 194,
197, 221, 223, 255, 258, 270, 290, 291, 293, 294, 297, 298, 304, 306, 317, 318, 321, 322, 324,
325, 326, 327, 381, 382, 386, 389 and/or 413 of SEQ ID NO: 1. Further aspects, a non-LTR-
retroelement comprises an amino acid substitution at an amino acid position corresponding to
positions 18, 19, 23, 24, 25, 26, 27 28, 29, 30, 31, 63, 67, 68, 69, 75, 77, 79, 85, 89, 92, 110,
111, 112, 113, 114, 115, 138, 139, 140, 141, 142, 143, 191, 192, 193, 194, 197, 221, 223, 255,
258,270,291, 317, 318, 321, 322, 324, 325, 326, 327 and/or 413 of SEQ ID NO: 1. In certain
aspects, the RT comprises an amino acid substitution at a position corresponding to position
29, an amino acid substitution at a position corresponding to position 29 to an Arg residue, an
amino acid substitution at a position corresponding to position 85, an amino acid substitution
at a position corresponding to position 85 to an Ala residue, an amino acid substitution at a
position corresponding to position 30, an amino acid substitution at a position corresponding
to position 30 to an Ala residue, an amino acid substitution at a position corresponding to one
of amino acids 23-31 to a Gly, and/or an amino acid substitution at a position corresponding to

one of amino acids 23-28 to a Gly.

[0028] A further embodiment provides a method for reverse transcribing a template
comprising contacting the template with a RT of the above embodiments in conditions
permissible for reverse transcription. Also provided herein is a kit comprising a RT of the

embodiments.

[0029] In yet another embodiment, there is provided a non-LTR-retroelement reverse
transcriptase (RT) comprising, at least one amino acid substitution at an amino acid position

corresponding to a position of SEQ ID NO: 1 that is positioned on the exterior of the protein,

-7-
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does not contact a template nucleic acid, a primer oligonucleotide and/or an incoming dNTP.
In certain aspects, the RT further comprises at least one amino acid substitution in the thumb
domain, the palm subdomain, the fingers subdomain, or the N-terminal extension. In some
aspects, the at least one substitution is at an amino acid position conserved in other non-LTR-
retroelement RTs. In specific aspects, the at least one substitution is at an amino acid position
in the thumb domain. In certain aspects, the RT comprises an improved property, such as
improved stability, improved solubility, decreased non-specific nucleic acid binding or

improved ability to be purified.

[0030] In particular aspects, the at least one substitution is at an amino acid position
selected from Q290, Q294, Q298, K293, R297, W304 and/or [306. In some aspects, the at least
one substitution is at amino acid positions Q290, Q294 and Q300. In certain aspects, at least
one substitution comprises Q290A, Q294A and Q298A. In particular aspects, the at least one
substitution is at amino acid positions K293 and R297. In some aspects, the at least one
substitution comprises K293A and R297A. In certain aspects, the at least one substitution is at
amino acid positions W304 and 1306. In some aspects, the at least one substitution comprises
W304A and 1306A. In one specific aspect, the at least one substitution is at an amino acid
position in or in the D domain (positions 356 to 420 of SEQ ID NO: 1). In some aspects, the at
least one substitution is at an amino acid position selected from R381, K382, R386 and/or
K389. In certain aspects, the at least one substitution is at amino acid positions R381, K382,
R386 and K389. In certain aspects, the at least one substitution comprises R381A, K382A,
R386A and K389A. In some aspects, the at least one substitution comprises R381D, K382A,
R386D and K389A.

[0031] As used herein a non-LTR-retroelement reverse transcriptase refers to a RNA-
dependent DNA polymerase encoded by a retrotransposon or by a free-standing gene lacking
long terminal repeats or engineered versions thereof. Non-LTR-retroelement reverse
transcriptases may comprise sequence dependent polymerase activity, sequence independent
polymerase activity and template-switching activity. Non-LTR-retroelement reverse
transcriptases have NTE, RT2a, and RT3a insertions and comprise a family of reverse
transcriptases distinct from retroviral reverse transcriptases or LTR-containing-retroelement
reverse transcriptase. Non-LTR-retroelement-reverse transcriptases are sometimes referred to

as non-retroviral reverse transcriptases.
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[0032] As used herein, “essentially free,” in terms of a specified component, is used
herein to mean that none of the specified component has been purposefully formulated into a
composition and/or is present only as a contaminant or in trace amounts. The total amount of
the specified component resulting from any unintended contamination of a composition is
preferably below 0.01%. Most preferred is a composition in which no amount of the specified

component can be detected with standard analytical methods.

[33-3]

[0033] As used herein in the specification and claims, “a” or “an” may mean one or
more. As used herein in the specification and claims, when used in conjunction with the word
“comprising”, the words “a” or “an” may mean one or more than one. As used herein, in the

specification and claim, “another” or “a further” may mean at least a second or more.

[0034] As used herein in the specification and claims, the term “about” is used to
indicate that a value includes the inherent variation of error for the device, the method being

employed to determine the value, or the variation that exists among the study subjects.

[0035] Other objects, features and advantages of the present invention will become
apparent from the following detailed description. It should be understood, however, that the
detailed description and the specific examples, while indicating certain embodiments of the
invention, are given by way of illustration only, since various changes and modifications within
the spirit and scope of the invention will become apparent to those skilled in the art from this

detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0036] The following drawings form part of the present specification and are included
to further demonstrate certain aspects of the present invention. The invention may be better
understood by reference to one or more of these drawings in combination with the detailed
description of specific embodiments presented herein. The patent or application file contains
at least one drawing executed in color. Copies of this patent or patent application publication
with color drawings(s) will be provided by the Office upon request and payment of the

necessary fee.

[0037] FIG. 1: Comparison of GsI-IIC RT to other RTs, Spliceosomal Protein
Prp8, and HCV RdRP. The schematics show the domain organization and conserved

sequences in Geobacillus stearothermophilus group IIC intron GsI-IIC RT (PDB:6ARI1);

-9.
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group IIA intron LILtrB RT (LtrA protein; GenBank:AABO06503); retrovirus HIV-1 RT
(PDB:4PQU); Tribolium castaneum telomerase RT (PDB:3KYL); non-LTR-retrotransposon
human LINE-1 RT (UniProtKB:000370) and Bombyx mori R2Bm element RT
(GenBank:AAB59214); Saccharomyces cerevisiae Prp8 (PDB:4143); and hepatitis C virus
(HCV) RdRP (PDB:4WTA). Conserved RT sequence blocks are numbered 0-7, and conserved
sequence motifs are shown below each protein when present. APE, apurinic endonuclease
domain; CTS, conserved carboxy-terminal segment; Cys, cysteine-rich conserved sequence; D
or DB, DNA-binding domain; En, DNA endonuclease domain; REL, restriction endonuclease-
like domain; TRBD, telomerase RNA-binding domain. (YADD = SEQ ID NO: 16; GWIGY =
SEQ ID NO: 17; GICNY = SEQ ID NO: 18; YMDD = SEQ ID NO: 19; GKLNW = SEQ ID
NO: 20; TVDD = SEQ ID NO: 21; FADD = SEQ ID NO: 22; PKVIY = SEQ ID NO: 23;
PRFQH = SEQ ID NO: 24; YLDR = SEQ ID NO: 25; SLFTY = SEQ ID NO: 26; CGDD =
SEQ ID NO: 27)

[0038] FIGS. 2A-2E: Structural Overview and Comparison of GsI-IIC RT to
HIV-1 RT and HCV RdRP. (A) Structure of GsI-IIC RT bound to RNA template (SEQ ID
NO: 29)/DNA primer (SEQ ID NO: 28) and dATP substrate. a-helices and B-strands are
labeled, and insert regions not present in retroviral RTs are demarcated with brackets. 'N' and
'C' denote N- and C-termini of the protein. The RNA template and DNA primer sequences are
indicated below. Fingers, salmon; insertions, red; palm, dark blue; thumb, green; D domain,
yellow; RNA template, purple; DNA primer, cyan; dATP (stick representation; yellow). See
also FIG. 8. (B) Schematic of protein-nucleic acid interactions. Bases, ribose rings, and
phosphates are represented by rectangles, pentagons, and circles, respectively, and interactions
between amino acids and nucleotides are indicated by a double black arrow (RNA 2' OH H-
bond), black line (polar interaction), or dashed black line (non-polar interaction). Amino acid
names are color-coded according to their domain location within the RT as in panel A.
Nucleotide n-1 is the templating RNA base. (C-E) Comparison of GsI-IIC RT to HIV-1 RT
(PDB:4PQU) and HCV RdRP (PDB:4WTA), aligned via the palm subdomain, two views with
90° rotation (helices in cylindrical cartoon, colors as above). For HIV-1 RT, RNase H and p51
regions are faded yellow and orange, respectively. For HCV RdRP, regions homologous to RT
insert regions are labeled in quotation marks and non-homologous N- and C-terminal regions
are faded silver and yellow, respectively. A similar depiction for telomerase RT is shown in
FIG. 9. The orientation of GsI-IIC RT domains relative to the bound nucleic acid substrate

more closely resembles HCV RdRP than HIV-1 RT.

-10 -
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[0039] FIGS. 3A-3I: Comparison of Active Site Regions of GsI-IIC RT, HIV-1 RT,
and HCV RdRP. (A-C), (D-E), and (G-I) show three views highlighting different aspects for
GsI-IIC RT, HIV-1 RT, and HCV RdRP, respectively. Regions are colored as in FIG. 2, and
side chains important for catalytic pocket formation or function are labeled and shown in stick
figure; catalytic Mg?* (green) or Mn”>" (lime) are shown as spheres; the highly conserved
YXDD and PQG motifs of the RT family and their homologs in RARPs are circled with dashed
lines. (A, D, G) ANTP-binding pocket showing the conformations of the YXDD/CGDD and
PQG/ASG loops in the three polymerases. (B, E, H) Another view of the ANTP-binding pocket.
The aromatic ANTP 'gating' residue below the nucleotide ribose moiety (F143 in GsI-IIC RT,
Y115 in HIV-1 RT) is absent in HCV RdRP, but GsI-IIC RT and HCV RdRP possess a nearby
conserved Asp (D144 or D225, respectively), which H-bonds (green dash) to the PQG or
homologous ASG motif, potentially rigidifying the pocket. (C, F, I) Templating base (n-1)-
binding pocket. While the HIV-1 RT templating base is held in place almost exclusively by
weak hydrophobic interactions and is exposed in the major groove, in both GsI-IIC RT and
HCV RdRP the RTO motif forms alid over n-1 in the major groove and H-bonds (green dashes)
to the phosphates on either side of n-1.

[0040] FIGS. 4A-41: Comparison of Template/Primer Binding between GsI-IIC
RT, HIV-1 RT, and HCV RdRP. Three views for GsI-IIC RT, HIV-1 RT, and HCV RdRP
are shown in panels A-C, D-F, and G-I, respectively. Nucleic acid and protein residues involved
in binding the template/primer are depicted in stick figure; polar interactions are shown as
green dashes; and the 'fingertips' B-hairpin loop is circled by a salmon dashed line (other colors
as in FIG. 2). (A, D, G) Binding of the single-stranded 5° RNA overhang by GsI-IIC RT, HIV-
1 RT, and HCV RdRP, respectively. GsI-IIC RT H-bonds to the phosphate backbone of every
nucleotide from n-3 to n+1, while HIV-1 RT H-bonds only to the 2'-OH groups of nucleotide
n-2 and n-1. The HCV-RdRP H-bonds to the n-1 and n+1 phosphates in a structure in which
n-1 is the 5” terminal nucleotide (structures with longer 5' RNA overhangs unavailable). (B, E,
H) Binding of the NTE in the major groove. Helix al' of the NTE in GsI-IIC RT projects into
the major groove of the nucleic acid duplex, making contacts to both template and primer in a
region free of contacts in HIV-1 RT. The HCV RdRP "NTE" behaves similarly, with H95 and
R109 being potential primer-binding homologs of Q24 and K18 in GsI-IIC RT (structures with
longer HCV RdRP primers unavailable). See also FIG. 10. (C, F, I) Interaction of RT2a and
neighboring regions with the RNA template. GsI-IIC RT forms 14 polar interactions (6 peptide-
backbone H-bonds) with the RNA template, including 4 from RT2a (F110, R111, and N115
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with 2' OHs; G113 with phosphate backbone). HIV-1 RT makes only 6 polar contacts and one
peptide backbone H-bond. HCV RdRP preserves the general shape of RT2a insert region but
contacts primarily n-1 to n+3, leaving the remaining RN A nucleotides free of polar interactions
(the crystallized HCV RdRP construct lacks a large C-terminal segment, which may make
additional contacts to the RNA template).

[0041] FIGS. SA-5C: Structure and Interactions of the GsI-IIC RT Thumb and D
Domains with Template/Primer. (A, B) Comparison of thumb domain interactions with the
DNA primer between GsI-IIC RT and HIV-1 RT, respectively. Y of the YXDD motifs (Y221
in GsI-IIC RT and Y183 in HIV-1 RT), the FLG/WMG motifs, the G-(X)3-Y/W motifs, nucleic
acids, and dATP are labeled and shown in stick representation (colors as in FIG. 2). (C)
Structure of the D domain and its interface with the thumb. Lef?, cartoon representation with
potential nucleic acid-binding residues shown in stick figure, and a bound sulfate molecule
shown as spheres (other colors as in FIG. 2). Right, electrostatic surface potential (red, negative;
white, neutral; blue, positive). Electrostatic surface potential for the entire protein shown in
FIG. 8C. Bottom: Amino acid sequence of the GsI-IIC RT thumb and a portion of the D domain
(SEQ ID NO: 30), with bars representing a-helices. The residues with side chains displayed in
(C) are highlighted in blue. See also FIG. 11.

[0042] FIGS. 6A-6D: RTO0-Lid Mutations Inhibit Template-Switching Activity.
(A) Model of the template-switching pocket. Space-filling format with semi-transparency
around the RTO loop and R85, colors as in FIG. 2. The bound template/primer substrate is
depicted without n-2 to n+1 leaving a single-nucleotide 3° DNA overhang (p+1) in a pocket
for binding of the 3 end of an incoming RNA template. (B) Electrostatic surface potential of
the template-switching pocket, colors as in FIG. 5C. (C) and (D) Assays of template-switching
and primer-extension activity, respectively. Reactions were carried out with unlabeled template
RNAs and 5°-end labeled DNA primers in reaction medium containing 200 mM NaCl (optimal
for template-switching) at 60°C for times near the end of the linear range; cDNA products
(arrows) were analyzed by denaturing PAGE. Lighter bands above the major template-
switching product result from multiple end-to-end template-switches. Schematics of the

reactions are shown beneath the gels, and the reactions are described in detail in Example 2.

[0043] FIGS. 7A-7D: Model of GsI-IIC RT Bound to a Group II Intron Lariat
RNA and Adaptation of Group II Intron RT Regions for RNA Splicing. (A) Leff, Model
of GsI-IIC RT bound to a group IIC intron RNA lariat. The intron lariat (PDB:5J02) with the
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5" end of the intron linked to the branch-point adenosine (5'I-BP, teal triangle) is poised to use
its 3° OH (3’I-OH, orange circle) to attack the sSDNA exon junction (EJ). The latter is located
downstream of a 5'-exon DNA hairpin recognized by the GsI-1IC RT. The black arrow denotes
the gap (~6-A, or 1 nucleic acid base) between 3' exon position +3 (from PDB:3IGI; 5' exon,
5'E; 3'exon, 3' E) and the 5° end of the RN A template strand in the crystal structure. The group
IIC intron lariat RNA is depicted in faded space-filling format with DVI, cartoon white. GslI-
IIC RT/template-primer complex is shown in cartoon cylinder format with regions colored as
in FIG. 2 and template and primer 5' and 3' ends labeled. Right, Schematic of intron lariat RNA
(gray) at a single-stranded DN A target site before (fop) and after (hotfom) reverse splicing into
the DNA strand, labels as at /efi. (B) NTE/RTO interactions. Left, GsI-IIC RT NTE/RTO bound
to template/primer structure with intron DVI positioned as in the model of panel A; middle,
L1.LtrB RT NTE bound to DIVa(iii) from cryo-EM structure (PDB:5G2X); right, Prp8 NTE
near the U2 branch-point recognition site bound to intron 3' end (U2-BP Recog. Site/3',
PDB:5LJ3). (C) RT3a interactions. Zeft, GsI-IIC RT RT3a and 3a loop near PQG motif bound
to template/primer; middle, L1.LtrB RT RT3a bound to intron DIVa(i) and (ii); right, Prp8
RT3anear U4 snRNA (PDB:5GAN) (D) Thumb and D domain interactions. Left, GsI-IIC RT
thumb and D domain bound to template/primer with 5' exon (5' E, faded blue) model and IIC
5'-exon hairpin model (faded white) as in panel A; middle, L1 LtrB RT thumb and D domain
bound to 5' exon and intron DI; right, Prp8 thumb and switch loop region bound to 5' exon and

U5 snRNA 5'-exon recognition site (PDB:5LJ3).

[0044] FIGS. 8A-8C: Crystallographic Asymmetric Unit Details and Monomer
Electrostatic Surface Potential. (A) Asymmetric unit contents of the GsI-IIC RT crystal
structure showing the head-to-tail pseudo-symmetric dimer (fingers/inserts, red/pink shades;
palm, blue shades; thumb, green shades; D domain, yellow shades; RNA template, purple
shades; DNA primer, cyan shades). Boxes to the left and right show detailed views of the dimer
interface (dashed regions). The right monomer, corresponding to chain A-C, was used for all
depictions of GsI-IIC RT in the current work. (B) Overlay of the two monomers of the
asymmetric unit aligned by the template/primer duplex, two views at 90° rotation. The tip of
the D domain and exterior regions of the palm (dotted circles) displayed the most variability
between monomers. (C) Two views at 180° rotation of the electrostatic surface potential of the

right monomer.
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[0045] FIG. 9: Structural Organization of Telomerase RT. Telomerase RT
(PDB:3KYL), two views with 90° rotation, aligned along the palm subdomain as in FIG. 2C-
2E (helices in cylindrical cartoon; fingers, salmon; conserved inserts, red; palm, blue; thumb,
green; DNA nucleotides, cyan; RNA nucleotides, purple). The non-conserved N-terminal
TRBD and C-terminal regions of the thumb are depicted in faded silver. The finger helix
homologous to the HIV-1 RT helix oA is labeled.

[0046] FIG. 10; Comparison of Bound versus Free Template/Primer Duplex.
Comparison of the template/primer duplex found in the GsI-IIC RT complex to the crystal
structure of a similar duplex (containing only one 5' overhang RNA base and two additional
base pairs at the end of the duplex; PDB:6ARS), sequences and color-code shown below. The
duplexes were aligned via the first 5 base pairs from the 5' RNA end, corresponding to RNA
bases n+1 to n+5 and DNA bases p+1 to p+5. Red arrows indicate the distance from the n+2

phosphate to the p+9 phosphate (free duplex, 11.8A, protein-bound duplex, 13.5A).

[0047] FIG. 11: GsI-IIC RT D Domain Similarity to a Helix-Hairpin-Helix DNA
Binding Domain. Side-by-side comparison and overlay of the o-helical hairpin structures
found in the GsI-IIC RT D domain (/ef?, colored as in Fig. 2A) and the DNA polymerase [
(PDB:1BPX) fingers helix-hairpin-helix (HhH) domain (right, silver with HhH domain in

maroon). Structures within the dotted circle region are shown in close-up overlay, bottom right.

[0048] FIG. 12: GsI-IIC RT Amino Acid Coding Sequence. The GsI-1IC RT
sequence (SEQ ID NO: 1) is shown with domains labeled.

[0049] FIG. 13: Protein Production Yield with GsI-IIC RT Mutants. Additional
amino acid substitutions were made on the surface of the GsI-IIC RT protein and the effects on
protein production were tested. The top panel shows the yield of GsI-IIC RT mutant proteins.
Proteins were purified as described in Biochemical Methods of the examples and protein
concentration was measured by Bradford assay. The total yield was calculated per liter of
culture medium. The y-axis indicates milligrams of protein per liter of LB culture medium. The
x-axis lists the GsI-IIC RT mutants grouped by location. Combinations of single residue
mutants (R343, R381, K382, R386, K389 and K399) gave higher yields than wild-type (WT)
GsI-IIC RT. The 3RK/1L5D mutant showed the highest vield among all of the mutants tested
in this experiment. Bottom panel: Coomassie stained SDS-polyacrylamide gel showing

fractions from a heparin column for WT GSI-IIC RT and mutant 3RK/1L5D, respectively. See
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Table 3 for details on the mutations. The GsI-IIC protein in these experiments is fused at the

N-terminus to a solubility tag (MalE protein) via a non-cleavable linker (Mohr ef al., 2013).

[0050] FIG. 14: Protein Production Yield with GsI-IIC RT Mutants. Verification
of protein expression levels for single and double mutants of GsI-IIC RT by measuring soluble
protein in cell lysates using Coomassie blue-stained SDS-polyacrylamide gels. Shown are cell
lysates after induction with (+) or without (-) 1mM IPTG for 20 hours at 19°C. Cell pellets
were resuspended and sonicated, as described in Biochemical Methods of Example 2 —
Methods and Materials. The same amount of supernatant was loaded on a SDS-PAGE gel.
Mutants are grouped by location. All mutants expressed similarly when compared to WT Gsl-
IIC RT except for R311L. The size of protein markers are indicated on the left of each gel. See
Table 3 for details on the mutations. The GsI-IIC protein in these experiments is fused at the

N-terminus to a solubility tag (MalE protein) via a non-cleavable linker (Mohr ef al., 2013).

[0051] FIG. 15: RT Activity of GsI-IIC RT Mutants Having Multiple
Substitutions. Primer extension assay time course experiments are shown for GsI-IIC RT
mutants having multiple substitutions using a 1.1-kb in vitro transcribed RN A with an annealed
DNA primer. Primer extension assays were conducted as described in Biochemical Methods
of Example 2 — Methods and Materials. All mutants showed comparable RT activity to WT
GsI-IIC. See Table 3 for details on the mutations. The GsI-IIC protein in these experiments is
fused at the N-terminus to a solubility tag (MalE protein) via a non-cleavable linker (Mohr et

al., 2013).

[0052] FIGS. 16A-16D: RT Activity of GsI-IIC RT Mutants Having One or Two
Substitutions. Primer extension assay time course experiments are shown for GsI-IIC RT
mutants having one or two substitutions using a 1.1 kb in vitro transcribed RNA with an
annealed DNA primer. Primer extension assays were conducted as described in Biochemical
Methods of Example 2 Methods and Material. All mutants showed comparable RT activity to
WT GsI-IIC RT. (A) Mutants in the lower basic cleft region; (B) Mutants in the middle basic
cleft region; (C) Mutants in the Cap and RNA template region; (D) Mutants in the upper basic
cleft region, see Table 3 for details on the mutations. The GsI-IIC protein in these experiments
is fused at the N-terminus to a solubility tag (MalE protein) via a non-cleavable linker (Mohr

etal., 2013).
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[0053] FIG. 17: RT Activity of GsI-IIC RT Fingers and Palm Domain Mutants.
Some positively charged amino acid residues in the fingers and palm regions were mutated
resulting in a RS8A/K160A and K213A/R214E/K217A mutant. Mutants were concentrated
using Amicon centrifugal filters to the indicated concentration (left). Primer extension
reactions of wild-type, RS8A/K160A, and K213A/R214E/K217A GsI-IIC RT usinga 1.1 kb in
vitro transcribed RNA with an annealed DNA primer (right). The reactions contained GsI-I11C
RT (500 nM), 50 nM template-primer substrate, 200 mM NaCl and 1 mM of each ANTP and
were incubated at 60°C for 15 min. The products were analyzed by electrophoresis in a
denaturing 6% polyacrylamide gel, which was dried and scanned with a Phosphorlmager. See
Table 3 for details on the mutations. The GsI-IIC protein in these experiments is fused at the

N-terminus to a solubility tag (MalE protein) via a non-cleavable linker (Mohr ef al., 2013).

DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

I. The Present Embodiments

[0054] Bacterial group II intron reverse transcriptases (RTs) function in both intron
mobility and RNA splicing and are evolutionary predecessors of retrotransposon, telomerase,
and retroviral RTs, as well as spliceosomal protein Prp8 in eukaryotes. The present studies
determined a crystal structure of a full-length thermostable group II intron RT in complex with
an RNA template/DNA primer and incoming dNTP at 3.0-A resolution. It was found that the
binding of template/primer and key aspects of the RT active site are surprisingly different from
retroviral RTs, but remarkably similar to viral RNA-dependent RNA polymerases. The
structure reveals a host of features not seen previously in RTs that may contribute to the
distinctive biochemical properties of group II intron RTs, and it provides a prototype for many
related bacterial and eukaryotic non-LTR-retroelement RTs. It also reveals how protein
structural features used for reverse transcription evolved to promote the splicing of both group

IT and spliceosomal introns.
II. Examples

[0055] The following examples are included to demonstrate preferred embodiments of
the invention. It should be appreciated by those of skill in the art that the techniques disclosed
in the examples which follow represent techniques discovered by the inventor to function well
in the practice of the invention, and thus can be considered to constitute preferred modes for

its practice. However, those of skill in the art should, in light of the present disclosure,

-16 -



10

15

20

25

30

WO 2019/070843 PCT/US2018/054147

appreciate that many changes can be made in the specific embodiments which are disclosed
and still obtain a like or similar result without departing from the spirit and scope of the

invention.

Example 1 — Thermostable Group II Intron Reverse Transcriptase
Characterization

[0056] Comparison of Group II Intron RTs and Related Proteins: FIG. 1 compares
the domain structures of two group II intron RTs, GsI-IIC RT analyzed in the present studies
and the L1.LtrB RT (LtrA protein) studied previously, with a series of related proteins to which
group II intron RTs were compared in this work. These include the retrovirus HIV-1 RT,
telomerase RT (TERT), non-LTR-retrotransposon LINE-1 and R2Bm RTs, spliceosomal
protein Prp8, and hepatitis C virus (HCV) RdRP. Like retroviral RTs, group II intron RTs have
an N-terminal RT domain, which corresponds to the fingers and palm of the canonical right-
hand like structure of nucleic acid polymerases and contains seven conserved sequence blocks
(RT1-7) present in all RTs. Following the RT domain is a region corresponding to the thumb
domain of retroviral RTs (Blocker e a/., 2005). This region has been referred to as domain X
and sometimes as the maturase domain because it was first identified as a site of mutations
affecting the RNA splicing activity, but here we refer to it simply as the thumb. The RT
(fingers/palm) domain of group II intron RTs is larger than those of retroviral RTs due to a
distinctive N-terminal extension (NTE) with an additional conserved sequence motif RTO, and
“inserts” between the conserved RT sequence blocks (e.g., RT2a, RT3a). The thumb domain
of group Il intron RTs is also larger than that of retroviral RTs, with three longer a.-helices than
retroviral RTs (Blocker ef al., 2005). Notably, cognates of the NTE/RTO, RT2a, and RT3a and
the longer thumb are also found in non-LTR-retrotransposon RTs, Prp8, and RdRPs (FIG. 1).

[0057] Appended to their common conserved RT and thumb domains, RTs and RdRPs
have various additional N- and/or C-terminal domains that specialize the proteins for different
functions. Group II intron RTs lack an RNase H domain present in retroviral RTs and instead
have a C-terminal DNA binding domain (D), which contributes to recognition of the DNA
target site for intron integration during retrohoming (San Filippo and Lambowitz, 2002). Most
subgroup ITA and IIB intron RTs, including the LL.LtrB RT, have an additional DNA
endonuclease (En) domain, which nicks the DNA target site to generate a primer for reverse
transcription of the intron RNA, whereas group IIC introns, such as the GsI-IIC RT, lack an En

domain and instead use a nascent strand at a DNA replication fork to prime reverse
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transcription (reviewed in (Lambowitz and Belfort, 2015)). Prp8 and some non-LTR
retrotransposon RTs have a different appended DNA endonuclease domain (REL), which has
not been found associated with a group II intron RTs, indicating multiple independent

acquisitions of an En domain by this RT family.

[0058] Structure Determination and Overview: The full-length GsI-IIC RT (420
amino acids) with a C-terminal 8x histidine tag (i.e., 8 consecutive histidine residues added
after amino acid position 420 of SEQ ID NO:1) was co-crystallized with an 11-bp RNA/DNA
heteroduplex with a three nucleotide 5' overhang of the RNA template strand and a dideoxy
nucleotide at the 3' end of the DNA primer in the presence of dJATP and Mg?* to mimic an
active polymerase conformation just prior to polymerization of an incoming dNTP (FIG. 2A).
Nucleotide positions from the 5° to 3” end of the RNA template strand are denoted n-3 ton+11,
with n-1 being the templating RNA base, and primer nucleotides are numbered p+1 to p+11
according to the base-paired nucleotide in the template. The complex crystallized in space
group C2, and the structure was solved by a combination of multi-domain molecular
replacement and seleno-methionine single-wavelength anomalous diffraction (SAD) phasing
at 3.0-A resolution (Table 1). The asymmetric unit contains two pseudo-symmetric monomers
(root mean square deviation (RMSD) of 0.88 A) both bound to a template/primer in a head-to-
tail dimer arrangement (FIG. 8A and 8B). All main chain atoms of GsI-IIC RT, except the N-

terminal methionine and last two amino acids, are visible in the structure (FIG. 2A).

[0059] The GsI-IIC RT structure follows the canonical right-handed domain
organization present in all other RTs of known structure, with 20 a-helices and 9 B-strands
(FIG. 2A). As in other RTs, the fingers, palm, and thumb form a cleft, which binds the
template/primer substrate, with the RT active site in the palm harboring the three highly
conserved aspartates that bind two catalytic Mg?* ions. Notably, the distinctive group II intron
RT insertions, NTE/RTO (bent helices al/al” and a2/a2’ separated by the conserved RTO
motif loop) and RT2a (a3 and a4) are seen to be integral parts of the fingers and palm that
contribute to an extended binding interface with the nucleic acid duplex. By contrast, RT3a,
which corresponds to the Insertion in Fingers Domain (IFD) in telomerase, forms an a-helical
hairpin (a6 and a7) that packs into the interface of the fingers and palm domains on the side
opposite the active site and does not contact the template/primer substrate (FIG. 2). The thumb
domain inserts into the minor groove of the nucleic acid duplex, acting as a track for the

elongating duplex as in HIV-1 RT, while the D domain forms a small globular capping structure
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at the top of the thumb with a helical tail that threads down along the outer face of the thumb

to interact with the nucleic acid duplex, as described in more detail below.

[0060] Unlike HIV-1 RT, which functions as a heterodimer comprised of a catalytic
p66 subunit and a structural p51 subunit, the group II intron RT binds the template/primer
substrate as a monomer. The RT2a and RT3a inserts provide structural support for formation
of the catalytic right-hand-like structure in the same manner as p51 in HIV-1 RT (FIG. 2C and
2D).

[0061] Surprisingly, the orientation of the fingers and thumb domain relative to the
nucleic acid duplex differ markedly between GsI-IIC RT and HIV-1 RT (FIG. 2C and 2D). The
change in orientation of the fingers reflects that the N-terminal (aA) helix of HIV-1 RT is
positioned close to the 5' end of the template RNA overhang, while the NTE of GsI-IIC RT
interacts extensively with the template/primer duplex at and downstream of the templating
RNA base. The thumb of GsI-IIC RT is shifted upward toward the 5° end of the RNA template,
with the distal regions of the thumb no longer contacting the duplex as in HIV-1 RT. As a
result, GsI-IIC RT contacts only the first 7 bp of the template/primer duplex (positions +1 to
+7. 1,551 A? buried), whereas HIV-1 RT binds up to 19 bp of the duplex along an extended
binding surface that continues from distal regions of the thumb along the connecting domain,
parts of p51, and the RNase H domain (2,117 A? buried; FIG. 2D). These extended contacts
may reflect a requirement for RNase H cleavage of the copied RNA template strand by HIV-1
RT, whereas GsI-1IC RT lacks an RNase H domain and instead relies on a host RNase H to
cleave the RNA template (Lambowitz and Belfort, 2015). Surprisingly, the configuration of
the GsI-IIC RT fingers, palm, and thumb interacting with the template/primer substrate is
remarkably similar to that of HCV RdARP (FIG. 2E), and it is shown below that the remarkable

similarities extend to distinctive features of the RT active site and template/primer interactions.

[0062] RT Active Site: Overall, the structure of the GsI-IIC RT active site is similar to
that of HIV-1 and other RTs, but with key differences that may enhance fidelity (FIG. 3). As
in HIV-1 RT, the three catalytic aspartates (D138, D223, and D224) sit near the triphosphate
of the incoming dNTP. D138 and D223 coordinate the dNTP-bound Mg?* ion. The second,
lower affinity Mg?* is absent and D224 points away from the ANTP, as seen in an HIV-1 RT
structure in the absence of a primer 3' OH with no impact on nearby residues except for the
flipped orientation of the third aspartate (Lansdon, et al., 2010). Y221 points into the minor

groove of the duplex, forming part of a pocket positioning the 3' end of the primer for
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polymerization. Surprisingly, in GsI-IIC RT, the highly conserved alanine of the YADD motif
(A222, nearly invariant in group II intron RTs) is constrained by the presence of the similarly
conserved, bulky F110 side chain, which protrudes into the active site from the RT2a insert.
This feature has not been seen previously in any RT structure, but is similar to a G/F
combination in the active site of HCV RdRP (G317/F193; FIG. 3G). The A222/F110
combination in GsI-IIC RTs replaces the conformationally more flexible M184 in HIV-1 RT
and may contribute to a more restrictive binding pocket for the 3' end of the primer and correct

base pairing of the incoming dNTP.

[0063] In the previous Roseburia intestinalis (R.i.) group II intron RT fragment
structure, the RT3a insertion loop occupies the active site forcing the PQG motif near the
beginning of RT4 into an inactive conformation (Zhao and Pyle, 2016). By contrast, in the GslI-
IIC RT structure with bound template/primer, RT3a is flipped out of the active site, allowing
the PQG loop to adopt an active conformation similar to that of HIV-1 RT (FIG. 3A and 3D,
dashed circle). As in HIV-1 RT, the PQG loop helps position a conserved arginine (R75) of the
"fingertips' f-hairpin loop to pack against the ring of the incoming base, and both R75 and the
nearby conserved lysine (K69) form canonical salt bridges to the triphosphate of the incoming

dNTP.

[0064] As in all nucleic acid polymerases, the remainder of the INTP-binding pocket
in GsI-IIC RT is formed by the C-terminal end of a 3 strand (B5) and the following small helix
(a5) of the palm (FIG. 3A and 3B). In both GsI-IIC RT and HCV RdRP, however, Al114 at the
beginning of the a5 cognate in HIV-1 RT is replaced by an aromatic (F142 and F224,
respectively), which further constrains the dNTP-binding pocket (FIG. 3B, 3E, and 3H).
Additionally, F116 toward the end of a5 in HIV-1 RT is replaced by a conserved acidic residue
(D144 in GsI-IIC RT and D225 in HCV RdRP), which H-bonds to a residue in the PQG loop
of GsI-IIC RT (Q191) or the structurally homologous ASG loop in HCV RdRP (S282) (FIG.
3B and 3H). These differences may stabilize the a5 helix, whose flexibility has been shown to
affect the fidelity of RdRPs (Arnold ef al., 2005).

[0065] Finally, GsI-IIC RT makes a series of novel contacts to the templating RNA
nucleotide (n-1), which may deter misalignment of the template base. These include polar
contacts to the phosphates on either side of n-1 from R85 of the fingers and the amide of A26
of RTO and more extensive hydrophobic contact to the n-1 base by 179 (FIG. 3C and 3F). These
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interactions are not present in retroviral RTs, but mirrored in HCV RdRP by the n-1 base

interactions of R168, A97, and Y162 (FIG. 3]).

[0066] Interactions of the GsI-IIC RT Fingers with the RNA Template Strand: In
HIV-1 RT, contacts with the incoming RNA template strand are made by residues near a A,
which is not present in GsI-IIC RT, and by the fingertips loop, which is present in GsI-IIC RT
and interacts similarly with the bases of n-1 and n+1 through a series of hydrophobic residues
(V65,167, L77 in GsI-IIC RT or F61, 163, L74 in HIV-1 RT) (FIG. 4A and 4D). Additionally,
the main-chain carboxyl group of the G of the PQG motif binds the 2' OH of the templating
RNA base n-1 in both GsI-IIC RT and HIV-1 RT (G192 and G152, respectively). In HIV-1
RT, the mutation of F61 in the fingertips to leucine, a branched hydrophobic, increases strand-
displacement activity (Fisher ef al., 2003). Notably, the fingertips of GsI-IIC RT and other
group II intron RTs contain two conserved branched hydrophobics (V65 and 179), a somewhat
conserved P residue (P68), and a highly conserved basic residue (R63) that makes a unique
contact to a kinked conformation of the n-2 phosphate backbone (FIG. 4A and 4D). These
residues might contribute to the higher strand displacement activity of group II intron RTs by

disrupting duplex-favorable orientations of the upstream bases.

[0067] Functions of the NTE/RTO0 and RT2a Insertions: Strikingly, the GsI-IIC RT
structure shows that the NTE/RTO and RT2a insertions of group II intron RTs contribute
extensive template/primer interactions around the RT active site, which are not present in
retroviral RTs but comparable to those in viral RARPs. For retroviral RTs, the major groove of
the bound template/primer duplex is devoid of protein contacts and completely exposed to
solvent (FIG. 4E). By contrast, the NTE of GsI-IIC RT inserts into the major groove of the
template/primer duplex between positions +1 and +8 (FIG. 4B and 4E) with no major protein
structural rearrangements compared to the unbound NTE in the R.i. RT fragment structure (0.82
A RMSD over 48 residues; (Zhao and Pyle, 2016)). In the complex, Q24 at the tip of a1' and
K18 on the second turn contact the primer DN A backbone phosphates of p+6 and p+8, while
the conserved RTO loop forms a 'lid' over the RNA template strand, a structure that has no
cognate in retroviral RTs. Three residues of the NTE (R19 and N23 in a1' and the backbone
amide of A26 in RT0) completely sandwich the backbone phosphates of the RNA template
strand from n+1 to n+3 and most of the 5' phosphate of n-1. The conserved hydrophobic (129)
and D30 residues of RTO (C-terminal to the 'lid' region) may help to anchor the loop in place,
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along with R85 (see below). Both the NTE protrusion into the major groove and the RTO 'lid'
are similar in HCV RdRP (FIG. 4H).

[0068] The RT2a insertion of GsI-IIC RT consists of a3 and a4 joined by an extended
loop (FIG. 4C). The latter contains F110, which protrudes toward the active site and packs
against the alanine of the Y ADD motif (see above). The a3 helix of RT2a packs on the exterior
of the fingers, while the a4 helix packs against the B5-p7 sheet of the palm domain. These
features suggest that a major function of RT2a is to provide a supporting surface for the RNA
template strand along the face of the RT where the duplex emerges after polymerization, a
region partially supported by the p51 subunit of HIV-1 RT. Notably, while the HIV-1 RT
duplex binding cleft between fingers and thumb contains only a few residues that H bond to
the RNA template strand (E89 of p66 and K22 of p51), GsI-IIC RT makes a number of polar
interactions to the substrate duplex, which are provided primarily by the RT2a insert (the
backbone carbonyls of F110 and R111, the amide of G113, and the side chain of N115) and
by nearby residues from the fingers and base of the thumb (FIG. 4C and 4F). In HCV RdRP,
the RT2a homologous region spatially resembles that of GsI-IIC RT and closely approaches
the RNA template, but makes fewer polar contacts with the RNA template strand (FIG. 4I).
The higher number of RNA template/protein polar interactions from GsI-IIC RT RT2a may
help compensate for the shortened duplex interacting surface compared to HIV-1 RT and could

contribute to higher processivity.

[0069] Notably, the positioning of the first helix of the GsI-IIC RT NTE sterically
precludes the RNA/DNA duplex in our structure from adopting the same conformation as
RNA/DNA duplexes in HIV-1 and TERT (Das ef al., 2014; Mitchell et al., 2010). Because of
the location of the a1' helix of the NTE, the second turn of the duplex is displaced toward the
thumb domain, resulting in a distortion of the duplex shape and a widening of the major groove.
As a result, the distance between the n+2 and p+9 phosphates widens to 13.5 A compared to
11.2 A in the HIV-1 RT structure (PDB:4PQU, FIG. 4B and 4E). In the absence of the protein,
the RNA/DNA duplex used in the GsI-IIC RT structure (with the addition of two base pairs on
the duplex end) adopts a more compact A-form-like conformation as expected (FIG. 10),

indicating that the distortion results from protein contacts.

[0070] Thumb Domain: The thumb domain of GsI-IIC RT adopts an elongated
parallel three-helix structure similar to those seen in Prp8 structures and the first 3 helices of

the thumb of RARPs (Appleby ef al., 2015; Galej et al., 2013). The second helix of the GsI-IIC
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RT thumb is homologous to the first thumb helix in retroviral RTs and similarly occupies the
minor groove of the template/primer duplex. The prominent conserved motif of the thumb of
group Il intron RTs, G-x-x-x-Y/F-Y/F, serves the same function as the G-x-x-x-W motif in
HIV-1 and other retroviral RTs, whereby the glycine allows close approach of the helix to the
minor groove, and the conserved aromatic side chain at the fifth position of the motif (Y325 in
the case of GsI-IIC RT) forms a pi-pi stacking interaction with the DNA primer and presumably
disfavors polymerization of RNA bases by clashing with their 2'-OH group (FIG. 5A and 5B).

[0071] The conserved FLG loop in RT7 of group II intron RTs is located in the palm
at the base of the thumb in the same general position as the WMG loop (“primer grip”) of HIV-
1-RT and forms a similar pocket for proper positioning of the primer during catalysis (FIG. SA
and 5B). The highly conserved presence of a phenylalanine in this loop (F269) instead of
tryptophan (W229 in HIV-1 RT) is explained by its proximity to the second helix (a4) of the
RT2a insert of group II intron RTs. The smaller F in the FLG primer grip loop allows RT2a to
pack against the palm domain in GsI-IIC RT, taking the place of a portion of the p5S1 monomer
in the HIV-1 RT dimer structure (FIG. 5A and 5B).

[0072] The first and third helices of the thumb provide a structural scaffold for the
second helix and harbor a number of positively charged residues, which form a strong basic
patch on the side of the thumb opposite the polymerizing duplex (FIG. 5C). Due to the rigid
extended helical structure, the tip of the GsI-IIC RT thumb points away from the duplex, with
no additional loops or helices that bend back to contact the duplex as in HIV-1 RT or TERT
(see FIG. 2C, FIG. 9).

[0073] DNA-Binding Domain: The remainder of the GsI-IIC RT protein is composed
of the C-terminal DNA binding (D) domain. This domain forms a small globular structure,
which caps the tip of the thumb in a series of a-helix hairpin structures, reminiscent of short -
helical hairpin domains often observed in canonical DNA-binding domains (Sawaya ef al.,
1997)(FIG. 5C, FIG. 11). Although most of the D domain is positioned away from the nucleic
acid duplex, a short C-terminal helix (o 18), the most conserved secondary structural element
within the diverse sequences of the DNA-binding region of group II intron RTs (San Filippo
and Lambowitz, 2002), packs against the longer helices at the bottom of the thumb domain and
contacts the RNA template strand via an H-bond between R413 and the 2'-OH of n+6 (FIG.
50).
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[0074] Notably, the packing of the D domain along the outer surface of the thumb forms
a highly positively charged cleft on the face of the thumb opposite that which binds the
template/primer duplex (FIG. 5C, and FIG. 8C). This basic cleft occupies the same region of
the thumb that binds intron DI and the 5'-exon in the L1.LtrB RT or snRNAs and the 5’-exon
in Prp8, indicating a role in RNA splicing and/or DNA target site recognition activity rather
than RT activity. The poor conservation of the D domain outside of the substrate-binding C-
terminal helix in group II intron family members may reflect its divergence to bind diverse
DNA target site sequences or structures in different mobile group II introns (Lambowitz and

Zimmerly, 2011).

[0075] RTO Loop Mutations Affect Template-Switching Activity: The GsI-IIC RT
structure will enable comprehensive structure-function analysis of group II intron RTs, as well
as their engineering for biotechnological applications. It was noticed that the NTE/RTO lid
forms a large pocket that could contribute to the potent template-switching activity of group II
intron RTs by capturing the 3° end of an incoming template strand (FIG. 6A and 6B). To test
this hypothesis, we constructed mutants with amino acid changes in the glycine-rich RTO loop
and the adjacent a3 helix and compared their ability to initiate cDNA synthesis at the 3” end of
atarget RN A by template-switching (FIG. 6C) or conventionally from a DNA primer annealed
to an RNA template (FIG. 6D). The artificial template-primer substrate used to initiate the
template-switching reaction had a single-nucleotide 3° DNA overhang (a G residue), which can
base pair the 3” C residue of the target RNA, mirroring a likely in vivo configuration in which
template-switching follows addition of a single non-coded nucleotide to the 3° end of a

completed cDNA (Mohr et al., 2013).

[0076] Strikingly, it was found that replacing the entire RTO loop (positions 23-31)
with four glycines (23-31/4G) strongly decreased template-switching activity, while leaving
high primer extension activity. Further dissection of the loop showed that replacement of the
first half with 6 glycines (23-28/6G) had only a minimal effect on template-switching activity,
possibly reflecting that the RTO lid binds the RNA template primarily via peptide backbone
interactions. By contrast, the mutations I29R, an anchoring residue at the end of the lid, and
R85A, a residue that structurally stabilizes the conformation of the lid, strongly decreased
template-switching activity. The I29R mutants retained high primer extension activity, while
the R85A mutant had some decrease in primer extension activity, possibly reflecting that the

hydrophobic side chain stem of R85 forms part of the active site cavity below the n-1
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templating base. A D30A mutation in the second half of the loop had a relatively mild effect
on template-switching activity. The severe loss of template-switching activity when mutating
anchoring residues of the RTO loop highlights the importance of the structural integrity of the

lid for trapping incoming templates for polymerization.

[0077] Adaptation of Template/Primer-Binding Regions for RNA splicing: The
crystal structure enabled modeling of the binding of the full-length GsI-IIC RT to a group IIC
intron lariat RNA (Costa ef al., 2016) by using positioning information from the cryo-EM
structures of the L1.LtrB RT bound to a group ITA intron RNA and spliceosomal protein Prp8
bound to snRNAs. In order to mimic the configuration of the complex during reverse splicing
of the intron lariat RNA into a DNA target site during retrohoming, a DNA strand containing
the exon junction (EJ) and 5°-exon hairpin recognized by group IIC introns was added to the
model based on the position of an RNA bound at the exon-binding site in a group IIC intron
structure (PDB:3IGI) (FIG. 7A). Remarkably, it was found that the entire GsI-IIC RT structure
with the template/primer bound in its catalytic cleft could be docked onto the group I1C intron
structure in a position that maintains previously observed intron and/or snRNA interactions in
the L1.LtrB or Prp8 structures with minimal steric hindrance. This was possible because the
group Il intron RT binds the intron RNA on its exterior surface, leaving the interior RT catalytic

cleft free to bind the template/primer substrate.

[0078] Comparison of the GsI-IIC RT model with the L1.LtrB and Prp8 spliceosome
cryo-EM structures showed that key regions of the group II intron RT involved in binding the
template/primer are dually functional and use non-overlapping regions to bind template/primer
and RNA splicing substrates (FIG. 7B-D). Thus, NTE/RTO binds the template/primer by using
only the compact surface at the end of al' and the RTO motif loop, leaving the unoccupied o2
in close proximity to DVI in the model (FIG. 7B). In the L1.LtrB structure, 02’ of the NTE and
the outer face of RT3a form an extended RNA-binding surface for DIVa, an intron-specificity
element, which was deleted from the crystallized group IIC intron used in the GsI-IIC model
(FIG. 7B and 7C, middle). In Prp8, which is not a functional RT, the tip of the NTE is in
proximity to the branch-point recognition site of U2 snRNA, a cognate of DVI, while the outer
surface of RT3a is in proximity to a DIV-like stem-loop region of U4 snRNA (FIG. 7B and
7C, right). Similarly in the GsI-IIC RT structure, all of the thumb contacts with the
template/primer duplex are made by the second helix on the inner face of the helical bundle

leaving the remainder of the thumb and adjoining D domain free for other contacts (FIG. 7D,
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left). In the LL.LtrB structure, the outer surface of the helical bundle binds the 5’-exon
nucleotides that are base-paired to the exon-binding sequences in intron DI (EBS1 and EBS2),
as well as another region of DI using the ti insert at the end of the first thumb helix, a feature
not present in group IIC introns (FIG. 7D, middle). In the Prp8 structure, the outer surface of
the thumb helical bundle binds the 5° exon and U5 snRNA, a cognate of the EBS1 sequence,
thereby helping position the 5° exon near the active site of U6 snRNA (FIG. 7D, right). Finally,
the elongated GsI-IIC RT thumb/D domain interface forms a basic cleft on the outer surface,
which could potentially bind the 5’-exon hairpin for DNA target site recognition (FIG. 7A and
7D, left).

[0079] Remarkably, the GsI-IIC RT model indicates that after reverse splicing of the
intron RNA into a DNA strand, the RT active-site cleft is precisely positioned to initiate reverse
transcription by using an incoming nascent DNA strand as primer at or just downstream of the
3’ end of the intron sequence (FIG. 7A). This finding suggests how the reverse splicing and

reverse transcription steps might be seamlessly coordinated during retrohoming.

[0080] Thus, the present studies solved the crystal structure of the full-length
thermostable group IIC intron RT (GsI-IIC RT) in complex with an RNA template/DNA primer
duplex and dATP, the first non-LTR-retroelement RT for which such a structure has been
determined. In addition to providing a prototype for a large group of related but structurally
uncharacterized Non-LTR-retroelement RTs, the structure reveals remarkably close structural
and mechanistic similarities between group II intron RTs and viral RdRPs, provides insight
into the structural basis for the distinctive enzymatic properties of group II intron RTs, and
suggests how RT structural features that initially evolved to promote reverse transcription have

been adapted to bind group II intron and spliceosomal RNAs for RNA splicing.

Example 2 — Methods and Materials

[0081] Constructs: Full length His-tag GsI-IIC RT used for crystallization contained
the native N-terminus and was constructed by adding a non-cleavable 8xHis tag directly to the
C-terminus by PCR from a GsI-IIC RT pMal fusion vector described previously (Mohr et al.,
2013). The PCR product was ligated into the pET 14b expression vector (Millipore) using Ncol
and Pstl restriction sites. The vector was transformed into BL21-CodonPlus (DE3)-RIPL
chemically competent cells (Agilent) and plated onto LB plates containing 100 pg/mL
ampicillin and 25 pg/mL chloramphenicol.
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[0082] Wild-type and mutant GsI-IIC RT proteins used in biochemical assays were
expressed as maltose-binding protein rigid fusions from pMRF-GsI-IIC (Mohr et al., 2013).
GsI-IIC RT mutants were constructed in pMRF-GsI-IIC by site-directed mutagenesis using a
Q5 Site Directed Mutagenesis Kit (New England Biolabs) with primers listed in Table S2.
Constructs were transformed into Rosetta 2 (DE3) (EMD Millipore) chemically competent
cells and plated onto LB plates containing 100 pg/mL ampicillin and 25 pg/mL

chloramphenicol. All constructs were verified by sequencing.

[0083] Protein Expression, Purification, and Crystallization: For His-tag GsI-I1IC
RT protein expression, starter cultures were prepared by inoculating 25 mL of LB containing
100 pg/mL ampicillin and 25 ug/mL chloramphenicol with a single colony and grown at 37°
C shaking overight. 20 mL of starter culture was added to 1 L of LB shaking culture containing
100 pug/mL ampicillin and grown at 37° C to an ODsos of 0.6-0.8. Cells were induced by the
addition of 1 mM isopropyl B-D-thiogalactoside (IPTG) and incubated at 37° C for a further

2.5 hr. Cell pellets were collected by centrifugation and stored at -80° C prior to purification.

[0084] For seleno-methionine substituted His-tag GsI-IIC RT production,
metabolic inhibition was used to incorporate seleno-methionine. After starter culture growth
as described above, cells were collected by centrifugation and resuspended in 1 mL M9
minimal media and then inoculated into 1 L of M9 minimal media and grown to an ODsos of
0.3 at 37° C shaking incubation. Solid amino acid supplements were added at 100 mg L-lysine,
100 mg L-phenylalanine, 100 mg L-threonine, 50 mg L-isoleucine, 50 mg L-leucine, 50 mg L-
valine, and 50 mg L-seleno-methionine. Cells were incubated with shaking for an additional
20 min and then induced with 1 mM IPTG for 2 hr at 37°C followed by 14 hr at 18° C. Cell

pellets were collected by centrifugation and stored at -80° C prior to purification.

[0085] For protein purification, cells from 1 L of culture of either native or seleno-
methionine substituted His-tag GsI-IIC RT were resuspended in 40 mL of cold Lysis Buffer,
containing 20 mM Tris-HCI pH 8.5, 100 mM NaCl, 10% glycerol, 5 mM imidazole, 0.1% -
mercapto-ethanol (B-ME), 0.2 mM phenylmethylsulfonyl flouride (PMSF), and one EDTA-
free Complete protease inhibitor cocktail tablet (Roche). Cells were lysed by sonication at 4°
C. Lysate was clarified by centrifugation at 40,000 x g for 1 hr at 4° C. Clarified lysate was
combined with 10 mL bed volume of Ni-NTA Agarose beads (Invitrogen) and incubated by
slow rotation at 4° C for 2 hr. The beads were washed with 250 mL Wash Buffer, containing
20 mM Tris-HCI pH 8.5, 100 mM NacCl, 10% glycerol, 5 mM imidazole, and 0.1% B-ME,
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under gravity flow. The beads were further washed with 150 mL of Wash Buffer containing an
additional 50 mM imidazole. GsI-IIC RT was eluted from the beads by adding 5 x 5 mL of
Elution Buffer, containing 20 mM Tris-HCI1 pH 8.5, 100 mM NacCl, 10% glycerol, 0.1% B-ME,
and 250 mM imidazole. Eluted fractions were analyzed by SDS-PAGE, and fractions
containing GsI-IIC RT were pooled and applied to a 5 mL HiTrap Heparin HP column (GE
Healthcare) pre-equilibrated in Heparin Buffer A, containing 20 mM Tris 8.5, 100 mM NacCl,
10% glycerol, and 0.1% B-ME, at a flow-rate of 1 mL/min. The column was washed with 5
column volumes (CVs) of Heparin Buffer A. A 10 CV gradient was applied from Heparin
Buffer A to 50% of Heparin Buffer B, containing 20 mM Tris-HCI pH 8.5, 2 M NacCl, 10%
glycerol, and 0.1% B-ME. A final 5 CVs of 100% Heparin Buffer B was applied. GsI-IIC RT
typically eluted during the final step at a purity of >98% by SDS-PAGE. Fractions containing
Gsl-IIC RT were pooled and incubated in the presence of 65-70% saturating ammonium sulfate
for 2-3 hr on ice, as the protein could not be successfully concentrated by other means. The
precipitated protein was then pelleted by centrifugation at 40,000 x g for 1 hr at 4° C, with
utmost care taken during aspiration of the supernatant to remove as much ammonium sulfate
solution as possible. The protein was then resuspended in Crystallization Buffer, consisting of
20 mM Tris-HCI pH 8.5, 500 mM NacCl, 10% glycerol, and 5 mM DTT, to a final concentration
of 2-3 mg/mL.

[0086] Annealed RNA/DNA duplex for crystallization trials was produced by
combining the single-stranded RNA and DNA oligonucleotides (Integrated DNA
Technologies) at a 1:1 molar ratio, heating to 82° C for 2 min, and then slowly cooling to room
temperature. The annealed duplex was then combined with the concentrated GsI-IIC RT at a
1:1.2 protein:nucleic acid molar ratio in Crystallization Buffer also containing 2 mM MgClz
and 1 mM dATP and incubated on ice for 30 min. Crystals were grown by the hanging drop
vapor diffusion method, with the drop containing 0.5 uL. of GsI-IIC RT/duplex combined with
0.5 pL of a well solution containing 0.1 M Tris-HCL pH 7.5-8.5 and 1.2-1.4 M sodium citrate
tribasic dihydrate. Crystals grew as thin plates over the course of 1 to 2 weeks with dimensions
of approximately 20 um x 50 pum x 100 um for seleno-methionine protein or 25 um x 100 um

x 200 pum for native protein.
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[0087] The RNA/DNA duplex-only crystals were obtained from hanging drop vapor
diffusion experiments performed with a GsI-IIC RT/nucleic acid duplex complex prepared as
described above, using a well solution containing 1.2 M sodium malonate pH 7.0 and 0.6 M

ammonium citrate tribasic pH 7.0. Crystals grew to a 125 um radius in 2-3 weeks.

[0088] Crystals were harvested with a cryoloop (Hampton Research), and immersed
briefly in Al's oil (Hampton Research) for the GsI-IIC RT containing crystals, or paraffin oil

for the duplex-only crystals, before flash freezing into liquid nitrogen.

[0089] Data Collection, Analysis, and Structure Determination: Diffraction data
were collected at 100K at the Advanced Light Source (ALS) on beamline 5.0.3. Images were
integrated using the XDS package (Kabsch, 2010) and scaled with Aimless (Evans and
Murshudov, 2013). For the GsI-IIC RT/duplex complex, the initial molecular replacement
model was obtained using the program EPMR (Kissinger ef al., 1999). Initial refinement was
carried out in the Phenix package (Adams ef al., 2010), with subsequent refinement also
incorporating Buster (Bricogne ef al., 2016) and Refmac5 (Murshudov ef al., 2011). Data

collection and refinement parameters are reported in Table 1.

[0090] Table 1. Crystallographic Data Collection and Refinement Statistics, Related to
Methods.

| RT/Duplex (Nat) | RT/Duplex (Se-SAD) | Duplex only
Data Collection
PDB ID 6AR1 6AR3 6ARS
Wavelength 0.9765 0.9765 0.9765
Resolution range 475 -3.0@3.1 -3.0) 487 -3435 -34 361 -2425 -24
Space group Cl21 Cl21 P3121
Unit cell: a,b,c (A) 179.2,95.1, 71.6 179.5, 109.0, 72.5 46.4,46.4,82.2
Unit cell: o.B.y( °) 90, 113.5, 90 90, 113.8, 90 90, 90, 120
Total reflections 166553 (16758) 132407 (13028) 88600 (8691)
Unique reflections 21940 (2211) 17492 (1724) 4250 (407)
Multiplicity 7.6 (1.6) 7.6 (7.6) 20.8 (21.4)
Completeness (%) 99.8 (98.9) 99.9 (99.7) 99.9 (100.0)
Mean Isigma(l) 16.9 (2.0) 9.1(2.0) 49.8 (6.6)
Wilson B-factor 78.8 84.9 46.3
R-merge 0.112 (0.958) 0.218 (1.01) 0.0531 (0.557)
R-meas 0.120 (1.03) 0.234 (1.08) 0.0545 (0.570)
R-pim 0.0434 (0.371) 0.0848 (0.393) 0.0119 (0.123)
CC1/2 0.999 (0.874) 0.996 (0.855) 1(0.977)
CC* 1 (0.966) 0.999 (0.96) 1 (0.994)
Refinement
Reflections used in refinement | 21940 (2211) 17492 (1724) 4249 (407)
Reflections used for R-free 1092 (103) 1736 (169) 212 (15)
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R-work 0.216 0.273 0.185
R-free 0.255 0.324 0.212
CC(work) 0.884 0.781 0.967
CC(free) 0.934 0.703 0.986
Number of non-hydrogen atoms | 7873 7660 577
macromolecules 7801 7598 556
ligands 72 62 -
solvent - - 21
Protein residues 832 837 0
RMS(bonds) 0.007 0.008 0.007
RMS(angles) 1.16 1.24 0.95
Ramachandran favored (%) 97.1 96.3 -
Ramachandran allowed (%) 2.7 3.5 -
Ramachandran outliers (%) 0.2 0.2 -
Rotamer outliers (%) 1.1 0.9 -
Clashscore 2.0 5.0 1.2
Average B-factor 87.3 99.5 39.8
macromolecules 87.3 99.6 39.9
ligands 81.7 87.2 -
solvent - - 38.7
Number of TLS groups 10 - -

Statistics for the highest-resolution shell are shown in parentheses.

[0091] The protein/nucleic acid complex crystallized in space group C2, and the
structure was solved by a combination of multi-domain molecular replacement and seleno-
methionine single-wavelength anomalous diffraction (SAD) phasing. The data display
anisotropy, with CC12=0.5 to 2.6 A in the /4 direction, but only to 3.4 A in the k direction (with
the / direction intermediate). Including higher resolution data did not enhance the electron
density; therefore, 3.0 A resolution was chosen according to the criterion of the mean I/sigma(l)
= 2.0 in the highest resolution shell. A combination of the molecular replacement solution
obtained in EPMR using the R.i. fingers/palm domain (PDB:5IRF) and the TERT RNA/DNA
hairpin (PDB: 3KYL) with Se-Met SAD phases using the MR-SAD feature from the Phenix
package in the GsI-IIC RT/Duplex (Se-SAD) dataset (a=179.5, 5=109.0, c=72.5A, f=113.8°;
PDB:6AR3) yielded initial density for the missing thumb and D domain, with the seleno-
methionine locations matching with expected positioning based on homology to known RT
structures. However, refinement stalled at high R-factors (~40% Rgiee), with many side chains
absent and much of the thumb and D domain backbone trace unclear. After the crystals had
remained in the drop for several months, C2 crystals with a slightly compacted unit cell were
obtained (GsI-IIC RT/Duplex (Nat); PDB:6AR1)(@=179.2, b=95.1, c=T1.6A, f=113.5°).
Molecular replacement followed by rigid body refinement was carried out using the model

from the GsI-IIC RT/duplex (Se-SAD) data set, with more difference density features apparent.
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Once most of the model had been built (bulk solvent parameters, NCS restraints, TLS, and
individual temperature factors applied during refinement), rigid body twin refinement (twin
law h+2*1, -k, -1, twin fraction = 0.5) with the fingers, palm, thumb, and duplex domains as
independent bodies (carried out in Refmac5) revealed the different domain conformations
amongst the two monomers in the asymmetric unit and allowed completion of the refinement.
Note that the pseudo-merohedral twin law combined with the pseudo-symmetry of the two
molecules in the C2 asymmetric unit cause the data to assume an apparent 1222/121212;
symmetry. The structure may also be partially solved and refined in the 1222 space group, but
with similar poor density and stalled R-factors as described above. The Rirec set was chosen to
match both pseudo-symmetry related and twin related reflections. Model building was
performed in Coot (Emsley et al., 2010). The monomer composed of chains A, B, and C were
used throughout this work for depictions and structure analysis due to having more visible
density for the loop region between helices 010 and a.11 and the non-protein-bound end of the

nucleic acid duplex.

[0092] The nucleic acid duplex-only crystallized in space group P3121 with unit
cell constants as in Table 1 (PDB:6ARS5). The structure was solved by molecular replacement
in Phaser using the isolated RNA/DNA duplex chains from the native data set. Refinement was
carried out in Phenix and model building in Coot, applying bulk solvent parameters and

individual temperature factors.

[0093] Biochemical Methods: Wild-type and mutant GsI-IIC RT proteins were
expressed from pMRF-GsI-IIC (see above) with maltose-binding protein fused to their N-
termini via a non-cleavable rigid linker with minor modifications of the previously described
procedure (Mohr et. al., 2013). Briefly, transformed single colonies of Rosetta 2 (DE3) cells
(EMD Millipore) were inoculated into 100 mL LB + ampicillin/chloramphenicol media and
grown overnight with shaking at 37° C. The starter culture was added to 1 L of LB + ampicillin
media (ratio of 1:50) and grown at 37° C to an ODeoo of 0.6-0.7. Protein expression was induced
by adding 1 mM IPTG and incubating at 37° C for 2 hr. Cells were pelleted by centrifugation
and stored in -80° C overnight. Cells were thawed and then lysed by sonication in 20 mM Tris-
HCI pH 7.5, 500 mM KCIl, 20% glycerol, 1 mg/mL lysozyme, 0.2 uM PMSF. The lysate was
clarified by centrifugation at 24000 xg for 1 hr at 4° C. Polyethyleneimine (PE}) was added
stowly to the clarified lvsate to a final concentration of 0.4% 1o order fo precipitate nucleic

acids and centrifuged at 24000 xg for 25 nun at 4° C. Nuclew-acid free GsIl-IIC RT was
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precipiiated from the supematant with 60% saturating ammonivm sulfate, and resuspended in
Al buffer (25 ntM Tris-HCI pH 7.5, 300 mM KCL 10% glycerol}. The protemn was then loaded
omio MBPTrap HP colunn (GE Healthcare), washed with 10 CVs of Al buffer, 6 CVs of A2
buffer (25 mM Trs pH 7.5, 1.5 M K, 10% glveerol), and agam with 6 CVs of Al buffer,
GsI-IIC RT was ehuted with 10 CVs of 25 mM Tris-HCH pH 7.5, 500 oM K1, 10% glycerol
cortaiming 10 mM maliose. Fractions containing protemn were dibuted to 100 oM KCl, loaded
onto a HiTrap Heparin HP column {GFE Healthcare), and eluted with a 12 CV gradient from
buffer Al to A2. Fractions containing Gsi-IIC RT were identified by 8DS-PAGE, pooled, and
dialvzed mto 20 mM Tris-HCI pH 7.5, 300 mM K, 50% glveerol RT aliguots were flash

frozen using hgud nitrogen and stored in -80° C.

[0094] Template-switching and primer extension assays were carried out using Gsl-
IIC-MRF RT, as described (Mohr ef al., 2013). The initial template-primer substrate used for
template switching reactions was the same as that used for RN A-seq adapter addition in RNA-
seq protocols (Nottingham et al., 2016). It consists of a 34-nt RNA oligonucleotide containing
an [llumina R2 sequence (R2 RNA; Table 2) with a 3’-blocking group (3SpC3; Integrated DNA
Technologies) annealed to a 35-nt 5° 32P-labeled DNA primer ([y-P3?]-ATP, Perkin Elmer),
which contains the reverse complement of the R2 sequence and leaves a single nucleotide 3° G
overhang (R2RG DNA; Table 2). The oligonucleotides were annealed at a ratio of 1:1.2 to a
yield a final duplex concentration of 250 nM by heating to 82° C for 2 min and then slowly
cooling to room temperature. GsI-IIC RT (400 nM) was preincubated with the annealed
R2/R2R-G heteroduplex (50 nM) and 50-nt acceptor template RNA (100 nM) in final 10 pl of
reaction medium containing 200 mM NaCl, 5 mM MgClz, 20 mM Tris-HCI pH 7.5, and 5 mM
DTT for 30 min at room temperature, and the template-switching reverse transcription
reactions were initiated by adding 0.4 uL of 25 mM dNTPs (an equimolar mix of 25 mM dATP,
dCTP, dGTP, and dTTP, Promega). Reactions were incubated at 60° C for 15 min and stopped
by adding 5 pL of the reaction mixture to 15 pL. of 0.25 M EDTA. The RNA templates were
then degraded by adding 1 pL of 5 N NaOH and heating to 95° C for 3 min followed by a
cooling to room temperature and neutralization with 1 pL. of 5 N HCI. 10 pL of formamide
loading dye (95% formamide, 0.025% xylene cyanol, 0.025% bromophenol blue, 6.25 mM
EDTA) was added and products were denatured by heating to 99°C for 10 min and placed on
ice prior to electrophoresis in a denaturing 8% TBE-Urea polyacrylamide gel. The gel was
dried, exposed to a phosphor screen, and scanned using a Typhoon phosphorimager at a PMT

of 1000.
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[0095] Table 2: Biochemical Assay and Site-directed Mutagenesis Oligonucleotides,

Related to Methods.

Primers

Sequence

Biochemical Assays

AMLI1 TCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCA
GTTC (SEQ ID NO: 2)

R2RG GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTG (SEQ ID NO: 3)

R2 rArGrATUrCrGrGrArArGrArGrCrArCrArCrGrUrCrUrGrArArCrUrCrCrArG
rUrCrArC/3SpC3/ (SEQ ID NO: 4)

Acceptor RNA oligo 1CrGrCrCrGrGrArCrCrGrUrGrCrArCrCrArUrCrUrGrGrArGrUrUrArUrArG

rATGrATUrGrArGrUrCrUCrArCrArUrArGrArCrC (SEQ ID NO: 5)

Site-directed Mutagenesis

23-28 F' GGCGGCGGCATCGACGGAGTATCAACCG (SEQ ID NO: 6)
23-28 R’ GCCGCCGCCGGCTTCGACCCGTTTGAG (SEQ ID NO: 7)
23-31F' GGCGGCGTATCAACCGATCAACTCCG (SEQ ID NO: 8)
2331 R’ GCCGCCGGCTTCGACCCGTTTGAG (SEQ ID NO: 9)

I29R F' AGCACCGGGACGAGACGGAGTATCAACC (SEQ ID NO: 10)
I29R R’ CCTTGGTTGGCTTCGACC (SEQ ID NO: 11)

D30A F' ACCGGGAATCGCTGGAGTATCAACC (SEQ ID NO: 12)
D30A R’ GCTCCTTGGTTGGCTTCG (SEQ ID NO: 13)

RS8SA F' CGTGGTGGACGCACTGATCCAACAAGC (SEQ ID NO: 14)
RS8SA R’ GTGGGAATGCCTAGCTGC (SEQ ID NO: 15)

[0096] Primer extension reactions were carried out similarly using a 50-nt 5° **P end-

labeled DNA primer (AML1; Table 2) annealed near the 3” end of a 1.1 kb in vitro transcribed

RNA. The transcript was generated by T3 runoff transcription (T3 MEGAscript kit, Thermo

Fisher Scientific) of pBluescript KS (+) (Agilent) linearized using Xmnl (New England

Biolabs) and cleaned up using a MEGACclear kit (Thermo Fisher Scientific). The labeled DNA

primer was annealed to the RNA template at a ratio of 1:1.2 to a yield a final duplex
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concentration of 250 nM by heating to 82° C for 2 min followed by slowly cooling to room
temperature. GsI-IIC RT (400 nM) was preincubated with 50 nM of the annealed
template/primer in final 10 pl of reaction medium containing 200 mM NaCl, 5 mM MgClz, 20
mM Tris-HCI pH 7.5, 5 mM DTT for 30 min at room temperature, and reverse transcription
was initiated by adding 0.4 pl of the 25 mM dNTP mix. After incubating at 60° C for 15 min,
the reaction was terminated, processed, and analyzed by electrophoresis in a denaturing 8%

TBE-Urea polyacrylamide gel, as described above for template-switching reactions.

Example 3 — Further Amino Acid Substitutions into the RT

[0097] Further studies were undertaken to generate and study additional amino acid
substitutions into the surface of the non-LTR-retroelement reverse transcriptase. Details
regarding the additional substitutions made are shown in the Table 3 below. Various of the
additional substituted RT proteins were further tested to determine effects on protein yield

during recombinant expression (FIGs. 13-14, 17) and/or effects on RT activity (FIGs. 15-17).

[0098] GsI-IIC RT mutants were expressed as recombinant proteins in £. cofi, and
those that could be expressed were purified and tested for RT activity in primer extension
assays. All proteins contain an N-terminal solublity tag (MalE protein) fused to the GsI-IIC RT
via a non-cleavable linker (Mohr ef al., 2013). In general, all proteins expressed similarly to
WT, the only exception was the R311L mutant (FIG. 13). In terms of yield we observed that
several mutants increased the total yield of purified protein per L of growth medium. For
example, single amino acid substitutions R327L, K322A, R386A, H394A, and K399A
increased protein yield about 3- to 4-fold (FIG. 13), and other mutations had more moderate
effects. Combinations of individual point mutations resulted in higher protein yield than single
mutations. The highest yield (about 10 mg protein per L of growth medium) was achieved for
the 3RK/1L5D protein which combines mutations R343L, R381D, K382D, R386D, K389D, and

K399D in a single protein. In general, we found that most mutations in GsI-IIC had little or no effect

on the amount of soluble protein in soluble cell extracts (FIG. 14).

[0099] In addition, we verified that the purified recombinant GsI-IIC RT mutant
proteins had RT activity. Since the mutated regions were remote from the RT active site, we
expected that thumb and D-domain mutants would not affect RT activity of GsI-IIC RT. To
test for RT activity we used a primer extension assay with purified mutant protein and a 1.1-
kb RNA template with an annealed DNA primer. Reverse transcription was initiated from a

p-labeled 50-nt DNA primer that annealed near the 3” end of RNA. The reaction mixture was
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incubated at 60°C in the presence of dNTPs for up to 60 minutes (FIGS. 15, 16A-16D). The
results showed that most mutants in the thumb and the D-domain had RT activity comparable

to WT GsI-IIC RT.

[00100]
residues in the RT fingers and palm domains, such as R58, K160 and K213, R214, and K217.

The GsI-IIC protein has patches of positively charged amino acid

These residues can nonspecifically bind nucleic acids. To reduce this nonspecific binding and
to reduce the positive charge, we made two mutants, one having the mutations RS8 A/K160A
and the other having the mutations K213A/R214E/K217A. The R58A/K160A and
K213A/R214E/K217A could be concentrated to very high concentrations (12.50 mg/mL and
3.5 mg/mL, respectively) by Amicon centrifugal filtration (FIG. 17, left).
K213A/R214E/K217A has primer-extension activity similar to WT, whereas RS8A/K160A
has a slight reduction in primer-extension activity (FIG. 17, right). The results indicate that the
strong positive charge of the GsI-IIC protein’s surface is not required for reverse transcriptase

activity.

[00101] Table 3: Further substitutions in a reverse transcriptase of SEQ ID NO:

Number | Mutants Plasmid Assay Effect
1 KI18A pMal Primer
extension,
Template
switching
2 KI8E pMal Primer Processivity
extension, defect
Template
switching,
processivity
3 R19A pMal Primer Processivity
extension, defect
Template
switching,
processivity
Primer extension

4 RI9E pMal

RISA/R63A

pMal

Primer
extension,
Template
switching

Template
switching
defect

RI19E/R63E

pMal

Primer extension

E21A

pMal

Primer
extension,
Template

Processivity
defect
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switching,
processivity

8 N23A pMal Primer
extension,
Template
switching

9 I29R pMal, pDonor | Primer template
extension, switching
Template defect
switching,
Mobility

10 D30A pMal Primer
extension,
Template
switching

11 23-28/6G pMal Primer template
extension, switching
Template defect
switching

12 23-31/4G pMal, pDonor | Primer Template
extension, switching
Template and mobility
switching, defect
Mobility

13 23-31/polyG pMal Primer template
extension, switching
Template defect

switching

14 23-33/4G pMal Primer extension

15 N23A/L92A/P112G/R114A/P194G | pMal Primer Primer
extension, extension and
Template template
switching switching
defect

16 R63A pMal, pDonor | Primer
extension,
Template
switching,
Mobility

17 P68A pMal, pDonor | Primer
extension,
Template
switching,
Mobility

18 R85A pMal, pDonor | Primer Template
extension, switching
Template defect
switching,
Mobility

19 L92A pMal Primer extension

20 L92A/N23A pMal Primer extension

21 P112G pMal Primer extension

22 P112G/L92A/N23A pMal Primer
extension,
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Template
switching
23 RI114A pMal Primer extension
24 F143A pMal, pDonor | Primer Template
extension, switching,
Template mobility,
switching, NTA defect
Mobility,
nontemplated
addition
25 KI141A pMal Primer extension
26 DI144A pMal, pDonor | Primer
extension,
Template
switching,
Mobility,
nontemplated
addition
27 175-184/poly G pMal Primer
extension,
Template
switching
28 P194G pMal Primer extension
29 R291A pMal Primer extension
30 Q294A pMal Primer extension
31 R297A pMal Primer extension
32 Q298A pMal Primer extension
33 Y318A pMal Primer
extension,
Processivity
assay
34 Y318A/W322A pMal Primer extension
35 W322A pMal Primer extension
36 Y325A pMal Primer extension
37 Y325F pMal Primer extension
38 F326A pMal Primer extension
39 F415A pMal Primer
extension,
Template
switching
40 F415A/P68A pMal, pDonor | Primer
extension,
Template
switching,
Mobility
41 YAAA pDonor Mobility Active site
defect/control
42 R58A/K160A pMal Primer extension | greatly
increased
protein yield
43 K213A/R214E/K217A pMal Primer extension | increased
protein yield
Mutant Tested? (Y/N) | NTP or dNTP? Effect
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44 P68A/F415A Y - In mobility
assay showed
no effect
when
compared to
WT.
45 F110A Y dNTP Slightly
slower than
WT
46 F142A N - -
47 F143A Y NTP Incorporated
~4 bases.
Essentially
no extension
48 F143V N - -
49 F143V/Y325V N - -
50 D144F Y dNTP Slightly
slower than
WT
51 Y325A N - -
52 Y325V N - -
Mutation position Mutant name Effect/protein
yield
33 Q290A, Q294A, Q298A 3Q/A
54 K293A, R297A KR/2A
35 N301H
56 N303H
57 N301H, N303H NN/2H
58 N301H, N303H, S305H, S307H NNSS/4H
59 N301G, N303G, S305G, S307G NNSS/A4G
60 N301H, N303H, S305H, S307H, NNSSQ/4H1R
Q353R
61 N301H, N303H, S305H, S307H, NNSSQ/5H
Q353H
62 W304A, I306A WI/A
63 S305H, S307H SS/2H
64 R311L
65 R327L increased
protein yield
66 R343L
67 R343L, K399D RK/LD increased
protein yield
68 R343L, R381D, K382D, R386D, 3RK/1L5D greatly
K389D, K399D increased
protein yield
69 R344L
70 R345L
71 R344L, R345L RR/L
72 R347L
73 Q353H
74 Q353R

-38 -



WO 2019/070843 PCT/US2018/054147

75 K355D, R356L KR/DL increased
protein yield

76 K355G, R356G, R358A, R360A, 3K5R/2G6A increased

R381A, K382A, R386A, K389A protein yield

77 R356G

78 R360A

79 N379A

80 T380A

81 R381A

82 K382A increased
protein yield

83 R386A increased
protein yield

84 K389A

85 R381A, K382A RK/A-1

86 R386A, K389A RK/A-2

87 R381A, K382A, R386A, K389A RKRK/A increased
protein yield

88 R381D, K382A, R386D, K389A RKRK/DADA increased
protein yield

89 K399D increased
protein yield

90 H394A increased
protein yield

91 R413A

LI
[00102] All of the methods disclosed and claimed herein can be made and

executed without undue experimentation in light of the present disclosure. While the
compositions and methods of this invention have been described in terms of preferred
embodiments, it will be apparent to those of skill in the art that variations may be applied to
the methods and in the steps or in the sequence of steps of the method described herein without
departing from the concept, spirit and scope of the invention. More specifically, it will be
apparent that certain agents which are both chemically and physiologically related may be
substituted for the agents described herein while the same or similar results would be achieved.
All such similar substitutes and modifications apparent to those skilled in the art are deemed to

be within the spirit, scope and concept of the invention as defined by the appended claims.
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WHAT IS CLAIMED IS:

1. A crystal comprising a substantially pure non-LTR-retroelement reverse transcriptase
comprised of at least a reverse transcriptase and a thumb domain in complex with template and

primer oligonucleotide and incoming dNTP.

2. The crystal of claim 1, wherein the non-LTR-retroelement reverse transcriptase is a

bacterial reverse transcriptase.

3. The crystal of claim 1, wherein the non-LTR-retroelement reverse transcriptase is a

group II intron reverse transcriptase.

4. The crystal of claim 1, wherein the non-LTR-retroelement reverse transcriptase is a

thermostable reverse transcriptase.

5. The crystal of claim 1, wherein the crystal has lattice constants of a=179.2 A, b=95.1
A, c=71.6 A, . =90°, B=113.5°, y =90°.

6. The crystal of any one of claims 1-5, wherein the crystal has a space group of C 12 1.

7. The crystal of any one of claims 1-5, wherein the crystal has the crystal structure as
defined in Table 1.

8. The crystal of any one of claims 1-5, wherein the non-LTR-retroelement reverse
transcriptase has the amino acid sequence at least 85% identical to the reverse transcriptase and

the thumb domains of the polypeptide of SEQ ID NO: 1.

9. The crystal of claim 8, wherein the non-LTR-retroelement reverse transcriptase has the

reverse transcriptase and a thumb domains of the polypeptide of SEQ ID NO: 1.

10.  The crystal of claim 8, wherein the non-LTR-retroelement reverse transcriptase has the

amino acid sequence at least 85% identical to the polypeptide of SEQ ID NO: 1.

11.  The crystal of claim 8, wherein the non-LTR-retroelement reverse transcriptase has the

amino acid sequence of the polypeptide of SEQ ID NO: 1.

12. The crystal of claim 8, wherein the incoming dNTP is dATP.
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13. A tangible computer-readable media comprising the crystal structure constants of a

crystal according to any one of claims 1-12.

14, The tangible computer-readable media of claim 13, wherein crystal has a resolution of

about 3.0-A.

15. A method for identifying a non-LTR-retroelement RT having an improved property, the

method comprising:

a) obtaining a crystal according to any one of claims 1-12 or a tangible computer-

readable media of claim 13; and

b) identifying one or more residues of interest for amino acid substitution, deletion or

insertion predicted to provide an improved property.

16. The method of claim 15, further comprising expressing a nucleic acid encoding the

identified non-LTR-retroelement RT to provide an enzyme having said improved property.

17. A method of generating mutants of a non-LTR-retroelement RT with improved

property comprising;
a) generating crystals according to anyone of claims 1-12;
b) performing x-ray crystallography on the crystals; and

c) identifying one or more residues of interest for amino acid substitution, deletion

or insertion predicted to provide an improved enzymatic activity.
18. The method of claim 17, further comprising:

d) generating mutants of a non-LTR-retroelement RT by mutating at least one

residue of interest identified in step c.

19. The crystal of any one of claims 1-12 or the method of any one of claims 15-18, wherein

the non-LTR-retroelement RT is a bacterial reverse transcriptase.

20. The crystal of any one of claims 1-12 or the method of any one of claims 15-18, wherein

the non-LTR-retroelement RT is a group II intron reverse transcriptase.
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21. The crystal of any one of claims 1-12 or the method of any one of claims 15-18, wherein

the non-LTR-retroelement RT is at least 50% identical to SEQ ID NO: 1.

22. The crystal of any one of claims 1-12 or the method of any one of claims 15-18, wherein

the residues of interest comprise a region of conservation.

23. The crystal or method of claim 22, wherein the region of conservation comprises the

fingertip motifs.

24. The crystal or method of claim 23, wherein the fingertip motifs comprise V65, 179, P68,
and/or R63.

25. The crystal or method of claim 17 wherein the region of interest comprises the N-

terminal extension (NTE).
26. The crystal or method of claim 25, wherein the NTE comprises at least 1 alpha helix.

27. The crystal or method of claim 26, wherein the at least one alpha helix comprises at

least amino acids Q24 and K18.
28. The crystal or method of claim 25, wherein the NTE comprises the RTO region.

29. The crystal or method of claim 28, wherein the RTO region comprises the RTO loop
and/or R85.

30.  The crystal or method of claim 29, wherein the RTO loop comprises amino acids 23-

31

31. The crystal of any one of claims 1-12 or the method of any one of claims 15-18, wherein

the residues of interest are in the thumb domain.

32. The crystal of any one of claims 1-12 or the method of any one of claims 15-18, wherein

the residues of interest are in the palm subdomain.

33. The crystal of any one of claims 1-12 or the method of any one of claims 15-18, wherein

the residues of interest are in the fingers subdomain.

34, The crystal of any one of claims 1-12 or the method of any one of claims 15-18, wherein

the residues of interest are in the D domain.
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35. The crystal of any one of claims 1-12 or the method of any one of claims 15-18, wherein

the residues of interest are in the amino acids contacting the major groove.

36. The crystal of any one of claims 1-12 or the method of any one of claims 15-18, wherein

the residues of interest are in the amino acids contacting the minor groove.

37. The crystal of any one of claims 1-12 or the method of any one of claims 15-18, wherein
the residues of interest are in the amino acids contacting the phosphodiester backbone, base,

ribose or deoxyribose sugar.

38. The crystal of any one of claims 1-12 or the method of any one of claims 15-18, wherein

the residues of interest are in RT2a.
39.  The crystal or method of claim 38, wherein residues of interest comprise F110.

40. The method of any one of claims 15-39, comprising identifying one or more residues of

interest for amino acid substitution.

41. The method of claim 40, wherein the substitution comprises replacing the amino acid

with an amino acid of opposite charge.

42. The method of claim 40, wherein the substitution comprises replacing the amino acid

with an uncharged amino acid.

43. The method of claim 40, wherein the substitution comprises replacing the amino acid

with a charged amino acid.

44, The method of claim 40, wherein the substitution comprises replacing the amino acid

with a hydryophobic amino acid.

45, The method of claim 40, wherein the substitution comprises replacing the amino acid

with a proline.

46. The method of claim 40, wherein the substitution comprises replacing the amino acid

with a cysteine or selenocysteine.

47. The method of claim 40, wherein the substitution comprises replacing the amino acid

with a glycine or alanine
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48.  The method of any of claims 13-47, wherein the method further comprises expressing

an enzyme comprising the substitution and evaluating the properties or activity of the enzyme.

49, The method of any one of claims 15-39, wherein the improved property is an improved

enzymatic activity.

50. The method of claim 49, wherein the improved enzymatic activity comprises: increased
or decreased template switching activity; increased or decreased processivity; increased or

decreased strand displacement activity; or increased or decreased fidelity.

51. The method of claim 49, wherein the improved enzymatic activity comprises: increased
or decreased template switching activity; increased processivity; increased strand displacement

activity; or increased fidelity.

52. The method of any one of claims 15-39, wherein the improved property comprises

higher solubility, higher thermostability or decreased non-specific nucleic acid binding.

53. A non-LTR-retroelement reverse transcriptase (RT) comprising, an amino acid
substitution at an amino acid position corresponding to a position of SEQ ID NO: 1 that

contacts a template nucleic acid, a primer oligonucleotide and/or an incoming dNTP.

54, A non-LTR-retroelement reverse transcriptase (RT) comprising, an amino acid
substitution at an amino acid position corresponding to a position of SEQ ID NO: 1 that is on

the surface of the RT.

55. A non-LTR-retroelement reverse transcriptase (RT) comprising, an amino acid
substitution at an amino acid position corresponding to positions 18, 19, 21, 23, 24, 25, 26, 27,
28,29, 30, 31, 32, 33, 63, 65, 67, 68, 69, 75, 77, 79, 85. 89,92, 110, 111, 112, 113, 114, 115,
138, 139, 140, 141, 142, 143, 175, 176, 177, 178, 179, 180, 181, 182, 183, 184, 191, 192, 193,
194, 197, 221, 223, 255, 258, 270, 290, 291, 293, 294, 297, 298, 301, 303, 304, 305, 306, 307,
311,317, 318, 321, 322, 324, 325, 326, 327, 343, 344, 345, 347, 353, 355, 356, 358, 360, 379,
380, 381, 382, 386, 389, 394, 399, 413 and/or 415 of SEQ ID NO: 1.

56. The RT of any one of claims 54, comprising an amino acid substitution selected from
the group consisting of: E21A, F415A, N301H, N301G, N303H, N303G, S305H, S305G,
S307H, S307G, Q353R, R311L, R327L, R343L, R344L, R345L, R347L, Q353H, Q353R,
K355D, K355G, R356L, R356G, R358A, R360A, N379A, T380A, K399D and H394A.
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57. The RT of any one of claims 54, comprising an amino acid substitution selected from
the group consisting of: replacing positions 23-33 with GGGG and replacing positions 175-
184 with polyG.

58. A non-LTR-retroelement reverse transcriptase (RT) comprising, an amino acid
substitution at an amino acid position corresponding to positions 18, 19, 23, 24, 25, 26, 27, 28,
29, 30, 31, 63, 65, 67, 68, 69, 75, 77. 79, 85, 89, 92, 110, 111, 112, 113, 114, 115, 138, 139,
140, 141, 142, 143, 191, 192, 193, 194, 197, 221, 223, 255, 258, 270, 290, 291, 293, 294, 297,
298, 304, 306, 317, 318, 321, 322, 324, 325, 326, 327, 381, 382, 386, 389 and/or 413 of SEQ
ID NO: 1.

59. The RT of any one of claims 53-58, comprising an amino acid substitution at a position

corresponding to position 29.

60. The RT of claim 59, comprising an amino acid substitution at a position corresponding to

position 29 to an Arg residue.

61. The RT of claim 53 or 58, comprising an amino acid substitution at a position

corresponding to position 85.

62. The RT of claim 61, comprising an amino acid substitution at a position corresponding to

position 85 to an Alaresidue.

63. The RT of any one of claims 53-58, comprising an amino acid substitution at a position

corresponding to position 30.

64. The RT of claim 63, comprising an amino acid substitution at a position corresponding to

position 30 to an Alaresidue.

65. The RT of any one of claims 53-58, comprising an amino acid substitution at a position

corresponding to one of amino acids 23-31 to a Gly.

66. The RT of any one of claims 53-58, comprising an amino acid substitution at a position

corresponding to one of amino acids 23-28 to a Gly.

67.  The RT of any one of claims 53-58, wherein the RT comprises a bacterial reverse

transcriptase.
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68. The RT of any one of claims 53-58, wherein the RT comprises a group Il intron reverse
transcriptase.
69. The RT of any one of claims 53-58, wherein the RT comprises an amino acid sequence

at least 85% identical to SEQ ID NO: 1.

70.  The RT of any one of claims 53-58, wherein the RT comprises: increased or decreased
template switching activity; increased or decreased processivity; increased or decreased strand

displacement activity; or increased or decreased fidelity.

71.  The RT of any one of claims 53-58, wherein the RT comprises increased or decreased
template switching activity; increased processivity; increased strand displacement activity; or

increased fidelity.

72. The RT of any one of claims 53-58, wherein the RT comprises: higher solubility, higher

thermostability or decreased non-specific nucleic acid binding.

73.  The RT of any one of claims 53-58, wherein the RT exhibits increased yield during

recombinant production.
74. The RT of any one of claims 53-58, wherein the RT further comprises a stability tag.
75. The RT of claim 74, wherein the stability tag comprises MalE.

76. A method for reverse transcribing a template comprising contacting the template with

a RT in accordance with anyone of claims 53-72 in conditions permissible for reverse

transcription.
717. A kit comprising a RT in accordance with any one of claims 53-72.
78. A non-LTR-retroelement reverse transcriptase (RT) comprising, at least one amino acid

substitution at an amino acid position corresponding to a position of SEQ ID NO: 1 that is
positioned on the exterior of the protein, does not contact a template nucleic acid, a primer

oligonucleotide and/or an incoming dNTP.

79.  TheRT of claim 78, further comprising at least one amino acid substitution in the thumb

domain.
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80. The RT of claim 78, further comprising at least one amino acid substitution in the palm
subdomain.
81. The RT of claim 78, further comprising at least one amino acid substitution in the

fingers subdomain.

82.  The RT of claim 78, further comprising at least one amino acid substitution in the N-

terminal extension.

83. The RT of claim 78, wherein the at least one substitution is at an amino acid position

conserved in other non-LTR-retroelement RTs.

84. The RT of claim 78, wherein the at least one substitution is at an amino acid position

in the thumb domain

85. The RT of claim 84, wherein the at least one substitution is at an amino acid position

selected from Q290, Q294, Q298, K293, R297, W304 and/or 1306.

86. The RT of claim 85, wherein the at least one substitution is at amino acid positions

Q290, Q294 and Q298.

87. The RT of claim 86, wherein the at least one substitution comprises Q290A, Q294A
and Q298A.

88. The RT of claim 85, wherein the at least one substitution is at amino acid positions

K293 and R297.
89. The RT of claim 88, wherein the at least one substitution comprises K293 A and R299A.

90. The RT of claim 85, wherein the at least one substitution is at amino acid positions

W304 and 1306.
91. The RT of claim 90, wherein the at least one substitution comprises W304A and [306A.

92. The RT of claim 78, wherein the at least one substitution is at an amino acid position
in or in the D domain (positions 356 to 420 of SEQ ID NO: 1) or (positions 343 to 420 of SEQ
ID NO: 1).
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93. The RT of claim 92, wherein the at least one substitution is at an amino acid position

selected from R381, K382, R386 and/or K389.

94, The RT of claim 92, wherein the at least one substitution is at an amino acid position

selected from L343, R381, K382, R386 K389 and/or K399.

95. The RT of claim 93, wherein the at least one substitution is at amino acid positions

R381, K382, R386 and K389.

96. The RT of claim 95, wherein the at least one substitution comprises R381A, K382A,
R386A and K389A.

97. The RT of claim 95, wherein the at least one substitution comprises R381D, K382A,
R386D and K389A.

98. The RT of claim 78, wherein the RT comprises an improved property.

99.  The RT of claim 98, wherein the improved property comprises improved stability,
improved solubility, decreased non-specific nucleic acid binding or improved ability to be

purified.

-54 -



PCT/US2018/054147
1/17

WO 2019/070843

%

1°OId

Py 7wt e
“.\(N.:f\ .rva\a\x i

AL o ampdb £ Py mﬁa

AEEYS S0

et W

wittes B

%
M§ i

MR D G0 G0N

mmi w iuntsialfivial in AN

ed T

B8 §
sslind 7

N
=
32
©
5=
=
¥
S
$
&
\:
Q

@Oj

R EINRY:

T HSEIIOR,

cings BEDY AL S

AT e

455 B30 i v3 .m a \.ﬁw«uw va\\w M...W,VQ 5 A
} HETY




WO 2019/070843
2/17

ooy

> 63

S

SR

5%

7ot

B¢ LB QLRI B

5

Eulumnd: (AS
PoapLaksy {8035

il rss™

et ivaety”

i
FIGS. 2A-E

A

PCT/US2018/054147



3/17 PCT/US2018/054147

WO 2019/070843

»

%,

7

gt
P s =7
<

I-V€ 'SOIA

i %

R

75
A

5

“
2

Sttt
RS

s

A

7

4

14

k2. R

%,

"
\\ o™
T i W

dHPd AOH

VAIH

B9



PCT/US2018/054147
4/17

WO 2019/070843

|

Vv

SOIA

)

G,
,

ot
7 EC
\ 3

rd

P 2
’ \\\\\\\»\\\\.

\\\\&..m«w\

.

2
%

g,

3 %

¢
Nt

%
5

| U AOH

12 D129



5/17 PCT/US2018/054147

WO 2019/070843

I-VE "'SOIA

B B R B B B L T B R S R N BB Y D S %%
8 £ . e

1% in £ip F4% 4
GRS TN ART N 55 TN 0 ; w&@w&\&sw%
%3 ,

“, BUBGA IRl 2
D N

G

P,
«&&\\ &F&a\mwww

D

SN

RN




6/17 PCT/US2018/054147

WO 2019/070843

a-v9 ‘'SOIA

Sty Ly s
9L L Y i
VIRt R

L 5 U

wE

D

ML v .m
4 051 Y Sdug,
R3]
.
w W gel _
..................... W%
el g% &'}




PCT/US2018/054147
717

WO 2019/070843

d-v.i - 'SOId

RHZ 5 T

CHOHRS 7

LG
25y
3

XHRUSTy SHUS 84,

KD T

b
(3Y Eah

swosoandeadig

Bz
-W o
&
“\\ BLIBIEY G
.w.x\b.\.“.\\\\\\
\Wo HBHO%
3540259

w\
Z
Z
Z
%,
Z
%,

“,
Pt



8/17 PCT/US2018/054147

WO 2019/070843

D-V8 "'SOId

%

\.Hau\\\‘.\\\\“.\\\\w\“ \\.\&W /
L P,

S
e S
Ay
\\“\\3\& s, W%

e %

YIS, Pk yd o

\\N\m“«\o\ \\\\ mx.\\..\ N&

7%




9/17 PCT/US2018/054147

WO 2019/070843

6 "OIA

a1y Ly

FLIITTE



WO 2019/070843 PCT/US2018/054147
10/17

—
™
o
=
Q
g
|
25

(SEQ ID NO: 33)
(SEQ ID NO: 34)

~
™
o
=
Q
o]
|
L

FIG. 10

o 00 o »
&Y o SRR
SN N
\:}} ‘o&\z
B )
FY R
{8 &‘.\
G of
Wl S
. Ny 4y
o \~_>-$‘
& &3 EN
2 > R
FN PR
5 Mo
B K WY
™ By o
X N N 3
NN e
B £
§ ~ WO
&3 N o
‘3\@&% s@‘\r \Z‘?
\ 23 &%
BN MR
NS SR
N S
N R
N
N
SN
N
NN
N
R
X
@\\\
N N . .
\ § ~ Y R e
A \\\\\ 2
N
§
N
N}

SRR R,

< ]
SRR ol
W™ Ry

Boes <
¥ &
and aad
SR
e B
&8 e
2R R
);::\5} s::\"
PR SN
B
R
R
SR
T




WO 2019/070843

SN

3
X
N

Gsi-lIC RT

\\\\3 \\\\\ A

11/17

PCT/US2018/054147

FIG. 11



PCT/US2018/054147
12/17

WO 2019/070843

474 4

06E

f 532

<it

€Ll

YET

461

957%

LI%

8L

&6t

<1 "OId

DOUTIJ AUDLISHIDOVIMALND TVOH 10 T6E
e
INLLUMYODNUINVIZWAVLIINTIO IV TIUI HLUAYIMD 1 25€E

Y BB AN Y §§.~

MODTHTYHYIMD AT hm.‘»&m&hmmamn«»wngwﬁk%@z&xm €1
Nwmaxmmmgz&zwa@mm&@ xwmmwﬁﬁummxdxmm&bmwmﬁw
5497 mﬁm&ﬁmﬁﬁh«mxwmmbagm.“»mmqnﬁmwum m@xmm@m«mmw
21 Ema}i G §§ﬁ§
YE4I153A A1 zwn&«wﬁw&x@wﬂuxm»m.&maaﬁ‘«@m NY 1145 9561

Gl ém m?;ss b
a&&@@&k@mmh@?&#wwm WASVYDTAVEI TN TAHMIQNANY LST

ey m?%; an
«»xmxdwm:x»«a&mxwgmzmﬁmwxywmwm»mwawmmﬁawﬁ
o2 w - L1 sy m

HYNUDdHdD46858S40dA41d1013011vDDIT8OAALAY 62
3

wa@m»wwwu Mm»zama«ax»wwagdwamm»w%mwwm»a@

iii%si e — e —
ax«@awm»wmmwaawqum»ux@@»Nﬁzam«&mqugaxﬁ
dooT p1s I -3}

244
Md




WO 2019/070843

ﬁ‘
=
8
.
&
—
Qs

HESE

13/17

FOVORD
YRR
¥
vEIPY

YHEEH

it
WHIEN
OREY
S50
PN

HESED

TEEE

s
Eie>

e}

Cosriraions

Lipper hegic ol

& o
S H
=

]

-

HRKLS

7
e

o

=

=

Rl
%

PCT/US2018/054147

LTS 1044 12 13 1415 I8 1Y 18 1 20

=
5
&3
]
£

&
=
&3
N

FIG. 13



PCT/US2018/054147
14/17

WO 2019/070843

v1°OId

oy | v m wigsn | wimn | el m VA

L A T T

S 1 @‘w,&wﬁwﬁw F sz _xﬁiﬁ

R, ARy TRRRKRKRRN  RRKRKRKKE  nnsnennne  ssnensnsn.  snensssen  Nensessnss  nmsnsnens

YELY  ldEd W DEEER EsEd WEPEY YIBEH  WOEEL  WBiEM

iR DR vt gy YA s S
)

E A T S A S
¥

EM CIAEEE THEREY R EREY el YRR wEM A

o

e SR D HOIR BAES 00

&w
G 50 avm
&



PCT/US2018/054147
15/17

WO 2019/070843

S1

O

e

& o\‘(‘.\.?mw

Sf7

L

L5




PCT/US2018/054147
16/17

WO 2019/070843

a-vIi "D

PG 34 CAYE REEM WCY Tt 1M

Yo 584G J880N apiius i + voibs degy

.

S RN

R TS e s 14 i V. VM W

g YA BB SR



PCT/US2018/054147
17/17

WO 2019/070843

LT D14

P 5E YLACH AV LML LA
PR 05T Rty fhiit
0} Pajueijuiasiun’y SaNpsay

. v
N
2 \hw”m Aé&

] %@ ?



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US 18/54147

A. CLASSIFICATION OF SUBJECT MATTER

CPC

IPC(8) - C12N 9/52, C12N 7/00, C12N 9/12 (2019.01)
- C12N 9/127, CO7K 14/005, GO6F 19/706, CO7K 2299/00, C12N 2770/24222

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

See Search History Document

Minimum documentation searched (classification system followed by classification symbols)

See Search History Document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History Document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A

2, pg 10, para 4, pg 13, para 3

5394, pg 1669-1675; abstract

October 2016 (06.10.2016) para [0005], SEQ ID NO: 5

AP

2017, Vol 68, No 5, pages 926-939; whole doc. (A,P)

ZHAO et al. "Crystal structures of a group Il intron maturase reveal a missing link in
spliceosome evolution” Nat Struct Mol Biol. June 2016,

HUANG et al. "Structure of a Covalently Trapped Catalytic Complex of HIV-1 Reverse
Transcriptase: Implications for Drug Resistance”. Science Vol, 27 November 1998, Vol 282, No

US 2016/0289652 A1 (BOARD OF REGENTS, THE UNIVERSITY OF TEXAS SYSTEM) 06

LSTAMOS et al. "Structure of a Thermostable Group Il Intron Reverse Transcriptase with
Template-Primer and Its Functional and Evolutionary Implications” Molecular Cell, 7 December

Vol 23, No 6, pages 558-565; pg 3, para

D Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

" “A”  document defining the general state of the art which is not considered

to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“Q” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y™” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

28 January 2019

Date of mailing of the international search report

19 FEB 2019

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer:
Lee W. Young

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT International application No.

PCT/US 18/54147

Box No. I1 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. I___l Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. m Claims Nos.: 13-52, 76, 77
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

- see extra sheet for Box No. Il Observations where unity of invention is lacking -

. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

-

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. I:l As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. m No required additional search fees were timely paid by the applicant. Consequently, this international search report is
res;n’cted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

|:| The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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Box No. lll. Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be searched, the appropriate additional search fees must be paid.

Group I: claims 1-12, drawn to a crystal comprising a substantially pure non-LTR-retroelement reverse transcriptase

Group l+: Claims 53-75, 78-99, drawn to a non-LTR-retroelement reverse transcriptase (RT) comprising, an amino acid substitution at
an amino acid position corresponding to a position of SEQ ID NO: 1. The non-LTR RT may be searched, for example, to the extent that
the amino acid substitution encompasses amino acid residue 18 of SEQ ID NO: 1, for an additional fee and election as such. itis
believed that claims 53-55, 58, (67-75)(in part) read on this exemplary invention. Additional amino acid substitution(s) will be searched
upon the payment of additional fees. Applicants must specify the claims that encompass any additionally elected amino acid
substitution(s). Failure to clearly identify how any paid additional invention fees are to be applied to the"+" group(s) will result in only the
first claimed invention to be searched.

Another exemplary election would be wherein the amino acid substitution encompasses amino acid residue 29 of SEQ ID NO: 1 (claims
53-55, 58, 59, 60, (65, 67-75)(in part)).

Another exemplary election would be wherein the amino acid substitution encompasses amino acid residue Q290 of SEQ ID NO: 1
(claims 55, 58, (67-75)(in part), 78, 79, 83, 84, 85, 86, 87, 98, 99).

The inventions listed as Groups | and I do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT
Rule 13.2, they lack the same or corresponding special technical features for the following reasons:

Special Technical Features
Group | includes the special technical feature of a protein crystal structure, not required by Groups |l1+.

Groups I+ include the special technical feature of a non-LTR-retroelement RT comprising, at least one amino acid substitution at an
amino acid position corresponding to a position of SEQ ID NO: 1, not required by Group I.

The inventions of Groups I+ each include the special technical feature of a specific amino acid substitution of SEQ ID NO: 1, recited
therein, not required by any of the other inventions of Group I+.

Common Technical Features

The inventions of Groups | and |1+ share the technical feature of a non-LTR-RT, a template nucleic acid, a primer oligonuclectide and/or
an incoming dNTP.

However, these shared technical features do not represent a contribution over prior art in view of the article "Crystal structures of a
group Il intron maturase reveal a missing link in spliceosome evolution” by Zhao et al. (hereinafter 'Zhao') (Nat Struct Mol Biol. 2016
June ; 23(6): 558-565.).

Zhao teaches a non-LTR-RT (abstract, Here we present the crystal structures of reverse transcriptase (RT) domains from two group i
intron encoded proteins (maturases) from Roseburia intestinalis and Eubacterium rectale, obtained at 1.2 A and 2.1 A respectively.), a
template nucleic acid, a primer oligonucleotide and/or an incoming dNTP (pg 13, para 3, Primer Extension Assay. The RNA template
consisted of residues 988-1630 from a well-studied long-noncoding RNA known as RepA..... The DNA primer sequence for reverse-
transcription was 5'-TAATAGGTGAGGTTTCAATG-3'. The primer was 5'-end radiolabeled with gamma-AT(.sup.32)P using T4
polynucleotide kinase.).

The inventions of Groups I+ share the technical feature of claims 53, 54, 78 and 92.

However, these shared technical features do not represent a contribution over prior art in view of WO 2005/084409 A2 to East
Tennessee State University Research Foundation (hereinafter 'ETSU'), NCBI Reference Sequence: WP_013524602.1
"MULTISPECIES: group il intron reverse transcriptase/maturase [Geobacillus]” (retrieved 14 December 2018,
https://www.ncbi.nlm.nih.gov/protein/WP_013524602.1/) (28 July 2015) (hereinafter 'WP_013524602.1").

ETSU teaches (instant claims 53, 54) a non-LTR-retroelement reverse transcriptase (RT) of SEQ ID NO: 1 ( Claim 1, An isolated
Geobacillus stearothermophilus reverse transcriptase, wherein the reverse transcriptase is a group Il intron- type reverse transcriptase.;
Claim 2, A substantially purified polypeptide, comprising an amino acid sequence selected from the group consisting of: a) SEQ 1D NO:
2.; Note, SEQ ID NO: 2 is 99.1% (3/420) match to claimed SEQ ID NO: 1) comprising, an amino acid substitution at an amino acid
position corresponding to a position of SEQ ID NO: 1 (pg 13, In 15-29, A variant Tirt protein, for example, can be obtained by altering the
amino acid sequence by insertion, deletion or substitution of one or more amino acids.). ETSU does not specifically teach that said
amino acid substitution comprising amino acid residue that contacts a template nucleic acid, a primer oligonucleotide and/or an incoming
dNTP or that is on the surf ace of the RT.

WP_013524602.1 teaches a non-LTR RT amino acid sequence that is 99% match to claimed SEQ ID NO: 1 comprising an amino acid
substitution at position 27 (P27S) relative to SEQ ID NO: 1 (Note, see instant claim 55, amino acid residue 27 is one of the amino acid
substitutions listed in claim 55.). It would have been obvious to one of ordinary skill in the art to have performed site-directed
mutagenesis on amino acid residue that contacts a template nucleic acid, a primer oligonucleotide and/or an incoming dNTP or that is
on the surf ace of the RT, to analyze the contribution of said amino acid in the function of non-LTR-RT.

-—--continued on next sheet--—
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ETSU teaches (instant claims 78, 92) a non-LTR-retroelement reverse transcriptase (RT) of SEQ ID NO: 1 (Claims 1-2, SEQ ID NO: 2 is
99.1% (3/420) match to claimed SEQ ID NO: 1) comprising, an amino acid substitution at an amino acid position corresponding to a
position of SEQ ID NO: 1 (pg 13, In 15-29). ETSU does not specifically teach that said amino acid substitution comprising amino acid
residue that is positioned on the exterior of the protein, does not contact a template nucleic acid, a primer oligonucleotide and/or an
incoming dNTP or an amino acid position in or in the D domain (positions 356 to 420 of SEQ ID NO: 1) or (positions 343 to 420 of SEQ
ID NO: 1).

NCBI Reference Sequence: WP_079936086.1 "group Il intron reverse transcriptase/maturase [Geobacillus sp. LEMMYO01]" (retrieved
15 December 2018, https:/iwww.ncbi.nim.nih.gov/protein/WP_079936086.1) (22 March 2017) (hereinafter ' WP_079936086.1) teaches
a non-LTR RT amino acid sequence that is 97% match to claimed SEQ ID NO: 1 comprising an amino acid substitution at position 309
and 352 (P309T, L352H) relative to SEQ ID NO: 1 (Note, see instant claim 99, amino acid residues 309 and 352 are in the D domain). It
would have been obvious to one of ordinary skill in the art to have performed site-directed mutagenesis on amino acid residue that is
positioned on the exterior of the protein, does not contact a template nucleic acid, a primer oligonucleotide and/or an incoming dNTP or
an amino acid position in or in the D domain, to analyze the contributions of said amino acids in the function of non-LTR-RT.

As said technical features were known in the art at the time of the invention, these cannot be considered special technical features that
would otherwise unify the groups.

Groups | and 1+ therefore lack unity under PCT Rule 13 because they do not share a same or corresponding special technical feature.
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