(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
30 March 2023 (30.03.2023)

(10) International Publication Number

WO 2023/049937 A2

WIPO I PCT

(51) International Patent Classification:
CI2P 19/30 (2006.01)

(21) International Application Number:
PCT/US2022/077108

(22) International Filing Date:
27 September 2022 (27.09.2022)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
63/248.,801 27 September 2021 (27.09.2021) US

(71) Applicant: INTERGALACTIC THERAPEUTICS,
INC. [US/CA]; 150 Cambridgepark Drive, Suite 800, Cam-
bridge, Massachusetts 02140 (US).

(72) Inventors: HUH, Jin; 150 Cambridgepark Drive, Suite
800, Cambridge, Massachusetts 02140 (US). HIGHAM,
Eileen, 150 Cambridgepark Drive, Suite 800, Cam-
bridge, Massachusetts 02140 (US). LORA, Jose; 150
Cambridgepark Drive, Suite 800, Cambridge, Massa-
chusetts 02140 (US). KENNEDY, Jodi; 150 Cam-
bridgepark Drive, Suite 800, Cambridge, Massachusetts
02140 (US). MAGUIRE, Anne; 150 Cambridgepark Dri-
ve, Suite 800, Cambridge, Massachusetts 02140 (US).
BAKHSHAYESH, Meisam; 150 Cambridgepark Drive,
Suite 800, Cambridge, Massachusetts 02140 (US). DORN-
BUSH, Eliza; 150 Cambridgepark Drive, Suite 800A, Cam-
bridge, Massachusetts 02140 (US).

Agent: OWENS, Thomas; Wilson Sonsini Goodrich
& Rosati, 650 Page Mill Road, Palo Alto, California
94304-1050 (US).

(74)

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CV, CZ, DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IQ, IR, IS, IT, JM, JO, JP, KE,
KG,KH, KN, KP, KR, KW,KZ, LA, LC, LK, LR, LS, LU,
LY,MA, MD, ME, MG, MK, MN, MW, MX, MY, MZ, NA,
NG, NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO,
RS, RU,RW, SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH,
TJ, T™M, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS,
ZA,ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,

GM, KE,LR, LS, MW, MZ, NA,RW, SD, SL, ST, SZ, TZ,

UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
without international search report and to be republished
upon receipt of that report (Rule 48.2(g))

(54) Title: SYNTHETIC PRODUCTION OF CIRCULAR DNA VECTORS

(57) Abstract: Provided herein are improved methods of producing therapeutic circular DNA vectors, pharmaceutical compositions

produced by such methods, and methods of using pharmaceutical compositions. The invention is based, at least in part, on cell-free

manufacturing processes involving restriction digest and ligation schemes, such as restriction digest processes involving type Ils re-

o striction enzymes. Methods provided herein are amenable to large scale production of high-purity compositions of therapeutic circular
DNA vectors.

2023/0499377 A2 I 000 010 O 00



5

10

15

20

25

30

WO 2023/049937 PCT/US2022/077108

SYNTHETIC PRODUCTION OF CIRCULAR DNA VECTORS

CROSS REFERENCE
This international application claims priority to United States Provisional Patent
Application No. 63/248,801.
FIELD OF THE INVENTION

In general, the invention involves synthetic circular DNA vectors.

BACKGROUND

Gene therapy is emerging as a promising approach to treat a wide variety of diseases and
disorders in human patients. Recombinant adeno-associated viral (rAAV) vectors have an
established record of high-efficiency gene transfer in human patients and a variety of model
systems. Genomes of rAAV vectors are advantageous for their ability to persist in vivo as
circular episomes for the life of the target cell. On the other hand, rAAV-based vectors suffer
substantial drawbacks, such as limited maximum payload, immunogenicity, and manufacturing
inefficiencies.

To address some of these challenges in rAAV technology, non-viral alternatives have
gained traction in recent years. However, development of a scalable non-viral gene therapy
platform that enjoys the efficiency and persistence of rAAYV has proven elusive. For example,
traditional bacterial plasmid DNA vectors represent a versatile tool in gene delivery but are
limited by their bacterial origin. Bacterial components of plasmid DNA vectors, such as
antibiotic resistance genes, origins of replication, and impurities from the bacterial host, such as
endotoxins, bacterial genomic DNA and RNA, and host cell protein, can lead to immunogenicity
and loss of gene expression by transcriptional silencing.

While improvements to plasmid DNA vectors have been achieved on a small scale by
removing bacterial components through site-specific recombination, such processes nevertheless
rely on production in bacterial host cells, which inherently carries risks of unacceptable impurity
profiles in resulting pharmaceutical compositions. Synthetic DNA vectors are made in cell-free
conditions and obviate these risks; however, their scalability, to date, is constrained by
inefficient manufacturing processes, often requiring gel purification steps and multiple
restriction enzymes.

Thus, there is a need in the field for controllable, scalable methods of producing non-

viral DNA vectors with high purity and efficiency.



10

15

20

25

30

WO 2023/049937 PCT/US2022/077108

SUMMARY OF THE INVENTION

Provided herein are improved, cell-free methods of producing therapeutic circular DNA
vectors, pharmaceutical compositions produced by such methods, and methods of using
pharmaceutical compositions. The invention is based, at least in part, on the development of
cell-free manufacturing processes involving restriction digest and ligation schemes, such as
restriction digest processes involving type IIs restriction enzymes. Moreover, Applicant has
identified conditions (e.g., DNA and ligase concentrations), process sequences, and high-
efficiency overhang compositions that confer dramatic improvements in synthetic DNA vector
manufacturing efficiency. Methods and compositions provided herein are amenable to large-
scale production of high-purity compositions of therapeutic circular DNA vectors.

In one aspect, provided herein is a method of producing a therapeutic circular DNA
vector involving the following steps: (a) providing a sample comprising a template DNA vector
(e.g., a plasmid DNA vector) comprising a therapeutic sequence and a backbone sequence; (b)
amplifying the template DNA vector using a polymerase-mediated rolling-circle amplification
(e.g., Phi29-mediated rolling-circle amplification) to generate a linear concatemer; (¢) digesting
the linear concatemer with a type Ils restriction enzyme that cuts a first site and a second site per
unit of the linear concatemer, wherein the first and second sites flank the therapeutic sequence
and form self-complementary overhangs, thereby producing a linear therapeutic fragment and a
linear backbone fragment, wherein the linear therapeutic fragment comprises the therapeutic
sequence and the linear backbone fragment comprises the backbone sequence, or a portion
thereof, and (d) contacting the linear backbone fragment and the linear therapeutic fragment
with a ligase to produce a circular backbone and a therapeutic circular DNA vector lacking a
type IIs restriction site. In some embodiments, the linear backbone fragment of (c) comprises a
type Ils restriction site, the circular backbone of (d) comprises the type IIs restriction site, and
the type IIs restriction enzyme cuts the circular backbone and does not cut the therapeutic
circular DNA vector.

In another aspect, provided herein is a method of producing a therapeutic circular DNA
vector involving the following steps: (a) providing a sample comprising a template DNA vector
(e.g., plasmid DNA vector) comprising a therapeutic sequence and a backbone sequence; (b)
amplifying the template DNA vector using a polymerase-mediated rolling-circle amplification to
generate a linear concatemer; (c) digesting the linear concatemer with one or more restriction
enzymes that cut at least a first site, a second site, and a third site per unit of the linear
concatemer, wherein: (i) the first and second sites flank the therapeutic sequence and form self-

complementary overhangs, and (ii) the third site is within the backbone sequence and forms an
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overhang that is non-complementary to the first or second site, thereby producing a linear
therapeutic fragment comprising the therapeutic sequence and at least two linear backbone
fragments each comprising a portion of the backbone sequence; and (d) contacting the linear
therapeutic fragment with a ligase to produce a therapeutic circular DNA vector in solution.

In some embodiments of either of the preceding aspects, the method further comprises
diluting the DNA between steps (c¢) and step (d). In some embodiments, the DNA concentration
at the beginning of step (d) is greater than or equal to 20 ug/mL but less than 160 ug/mL. In
some embodiments, the DNA concentration at the beginning of step (d) is about 40 pg/mL. In
some embodiments, the DNA concentration at the beginning of step (d) is about 80 pg/mL. In
some embodiments, the ligase concentration in step (d) is from about 10 to about 20 U ligase per
ug DNA. In some embodiments, the ligase is a T4 ligase. In some embodiments, no
temperature increase is performed immediately after step (d).

In some embodiments, the linear concatemer is digested with a single restriction enzyme
that cuts the first site, the second site, and the third site (e.g., step (b) involves a single (i.e., one
and only one) restriction enzyme (e.g., a type IIs restriction enzyme, e.g., Bsal). In some
embodiments, the one or more restriction enzymes cut a fourth site of the linear concatemer per
unit, wherein the fourth site is within the backbone sequence and forms an overhang that is non-
complementary to the first or second site, and wherein the digestion produces at least three
linear backbone fragments each comprising a portion of the backbone sequence. In some
embodiments, step (b) involves a single restriction enzyme (e.g., a type IIs restriction enzyme,
e.g., Bsal) that cuts a fourth site of the linear concatemer per unit, wherein the fourth site is
within the backbone sequence and forms an overhang that is non-complementary to the first or
second site, and wherein the digestion produces at least three linear backbone fragments each
comprising a portion of the backbone sequence.

In some embodiments, no restriction enzyme inactivation step precedes step (d) (e.g., no
heat inactivation of the restriction enzyme precedes step (d)). In some embodiments, no
temperature increase is performed between steps (¢) and (d). In some embodiments, the
temperature is reduced between steps (c) and (d). In some embodiments, no temperature
increase is performed immediately after step (d). In some embodiments in which no heat
inactivation is performed, the reaction is carried out in a single-use vessel not suitable for high
temperatures. In some embodiments, steps (¢) and (d) occur simultaneously.

In some embodiments, the method further involves raising the temperature of the

solution containing the therapeutic circular DNA vector to about 65 °C.
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In some embodiments, the method further involves (e) contacting the therapeutic circular
DNA vector with a topoisomerase or a helicase. In some embodiments, step (e) is performed at
about 37 °C.

In some embodiments, the method further involves (f) contacting the linear backbone
fragments with an exonuclease (e.g., a terminal exonuclease, e.g., TS exonuclease). In some
embodiments, step (f) is performed at about 37 °C.

In some embodiments, the method further includes (e) contacting the therapeutic circular
DNA vector with a topoisomerase or a helicase; and (f) contacting the linear backbone
fragments with an exonuclease (e.g., a terminal exonuclease, e.g., TS exonuclease), wherein no
enzyme inactivation step is performed between steps (e) and (f). In some embodiments,
contacting the therapeutic circular DNA vector with a topoisomerase or a helicase occurs before
contacting the linear backbone fragments with an exonuclease (e.g., a terminal exonuclease). In
other embodiments, contacting the therapeutic circular DNA vector with a topoisomerase or a
helicase occurs after contacting the linear backbone fragments with an exonuclease (e.g., a
terminal exonuclease).

In some embodiments of any of the preceding methods, the restriction enzyme is provided at
a concentration from about 0.5 U/ug to about 20 U/ug, e.g., from about 1 U/ug DNA to about 10
U/ug DNA, e.g., from about 2 U/ug DNA to about 5 U/ug DNA, e.g., about 2.5 U/ug DNA.
For example, the restriction enzyme may be provided at a concentration of about 0.5 U/ug DNA,
1.0 U/ug DNA, 1.5 U/ug DNA, 2.0 U/ug DNA, 2.5 U/ug DNA, 3.0 U/ug DNA, 3.5 U/ug DNA,
4.0 U/ug DNA, 4.5 U/ug DNA, 5.0 U/ug DNA, 5.5 U/ug DNA, 6.0 U/ug DNA, 6.5 U/ug DNA,
7.0 U/ug DNA, 7.5 U/ug DNA, 8.0 U/ug DNA, 8.5 U/ug DNA, 9.0 U/ug DNA, 9.5 U/ug DNA,
10.0 U/ug DNA, 11 U/pg DNA, 12 U/ug DNA, 13 U/ug DNA, 14 U/ug DNA, 15 U/ug DNA,
16 U/ug DNA, 17 U/pg DNA, 18 U/ug DNA, 19 U/pg DNA, or 20 U/ug DNA. In some
embodiments, the restriction enzyme is provided at a concentration from about 0.5 U/ug to
about 2.5 U/ug.

In some embodiments, the restriction enzyme is provided at a concentration of about 2.5
Ulug.

In some embodiments, digestion (e.g., step (¢)) involves incubation from one to 12
hours, e.g., for about one hour. In some embodiments, digestion (e.g., step (c)) involves
incubation for one hour or less.

In some embodiments, the ligase is provided at a concentration no greater than 50 U
ligase per ug DNA (U/pg) (e.g., no greater than 40 U/ug DNA, no greater than 30 U/pg DNA,
no greater than 25 U/ug DNA, no greater than 20 U/ug DNA, no greater than 15 U/ug DNA, no
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greater than 10 U/ug DNA, no greater than 5 U/ug DNA, no greater than 4 U/ug DNA, no
greater than 3 U/ug DNA, no greater than 2.5 U/ug DNA, no greater than 2.0 U/pg DNA, no
greater than 1.5 U/ug DNA, or no greater than 1.0 U/ug DNA; e.g., from 0.1 U/ug DNA to 20
U/ug DNA; e.g., from 0.1 U/ug DNA to 30 U/ug DNA, from 0.1 U/ug DNA to 20 U/ug DNA,
from 0.2 U/ug DNA to 15 U/ug DNA, from 0.5 U/ug DNA to 12 U/ug DNA, or from 1 U/pg
DNA to 10 U/ug DNA; e.g., from 0.1 U/ug DNA to 0.5 U/ug DNA, from 0.5 U/pg DNA to 1.0
U/ug DNA, from 1.0 U/ug DNA to 2.0 U/ug DNA, from 2.0 U/ug DNA to 3.0 U/ug DNA,
from 3.0 U/pg DNA to 4.0 U/ug DNA, from 4.0 U/ug DNA to 5.0 U/ug DNA, from 5.0to 6.0
U/ug DNA, from 6.0 U/ug DNA to 7.0 U/ug DNA, from 7.0 U/ug DNA to 8.0 U/ug DNA,
from 8.0 U/ug DNA to 9.0 U/ug DNA, from 9.0 U/ug DNA to 11 U/ug DNA, from 11 U/ug
DNA to 12 U/ug DNA, from 12 U/pug DNA to 15 U/ug DNA, from 15 U/ug DNA to 20 U/ug
DNA, from 20 U/ug DNA to 25 U/ug DNA, from 25 U/ug DNA to 30 U/pg DNA, from 30
U/ug DNA to 35 U/ug DNA, from 35 U/pug DNA to 40 U/pug DNA, or from 40 U/ug DNA to 50
U/ug DNA). In some embodiments, the ligase is provided at a concentration no greater than 20
U/ug DNA. In some embodiments, the ligase is provided at a concentration of about 10 U/ug.
In some embodiments, the ligase is T4 ligase.

In some embodiments, the topoisomerase is provided at a concentration no greater than
10 U topoisomerase per ug DNA (U/ug) (e.g., no greater than 5 U/ug DNA, no greater than 4
U/ug DNA, no greater than 3 U/ug DNA, no greater than 2.5 U/ug DNA, no greater than 2.0
U/ug DNA, no greater than 1.5 U/ug DNA, or no greater than 1.0 U/ug DNA; e.g., from 0.1
U/ug DNA to 10 U/ug DNA; e.g., from 0.5 U/ug DNA to 8 U/ug DNA, or from 1 U/ug DNA to
5 U/ug DNA; e.g., from 0.1 U/ug DNA to 0.5 U/ug DNA, from 0.5 U/ug DNA to 1.0 U/ug
DNA, from 1.0 U/ug DNA to 2.0 U/ug DNA, from 2.0 U/ug DNA to 3.0 U/ug DNA, from 3.0
U/ug DNA to 4.0 U/ug DNA, from 4.0 U/ug DNA to 5.0 U/ug DNA, from 5.0 to 6.0 U/ug
DNA, from 6.0 U/ug DNA to 7.0 U/ug DNA, from 7.0 U/ug DNA to 8.0 U/ug DNA, from 8.0
U/ug DNA to 9.0 U/ug DNA, or from 9.0 U/pg DNA to 10 U/ug DNA).

In some embodiments, the topoisomerase is a type II topoisomerase. In some
embodiments, the topoisomerase is gyrase. In some embodiments, the topoisomerase is
topoisomerase V.

In some embodiments, the exonuclease (e.g., terminal exonuclease, e.g., TS exonuclease)
is provided at a concentration from about 0.5 U/ug to about 20 U/ug, e.g., from about 0.5 U/ug
to about 10 U/ug, e.g., from about 1 U/ug to about 10 U/pg, e.g., from about 2 U/ug to about 5
Ul/ug, e.g., about 2.5 U/ug. For example, the exonuclease (e.g., terminal exonuclease) may be

provided at a concentration of about 0.5 U/ug, 1.0 U/pg, 1.5 U/ug, 2.0 U/pg, 2.5 U/ug, 3.0
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Ulug, 3.5 U/ug, 4.0 U/pg, 4.5 U/ug, 5.0 U/ug, 5.5 U/pg, 6.0 U/ug, 6.5 U/ug, 7.0 U/pg, 7.5
U/ug, 8.0 U/ug, 8.5 U/ug, 9.0 U/ug, 9.5 U/ug, 10.0 U/ug, 11 U/ug, 12 U/ug, 13 U/ug, 14 Ulug,
15 U/ug, 16 U/ug, 17 U/ug, 18 U/ug, 19 U/ug, or 20 U/ug.

In some embodiments, step (f) is performed two or more times (e.g., two times, three
times, or four times). In some embodiments, step (f) comprises incubation from one hour to 12
hours. In some embodiments, step (f) comprises incubation from one hour to 18 hours. In some
embodiments, step (f) comprises incubation from three hours to 18 hours. In some
embodiments, the exonuclease is a terminal exonuclease, e.g., TS exonuclease.

In some embodiments of any of the preceding methods, the method further includes: (g)
running the therapeutic circular DNA vector through a column (e.g., a capture column); and/or
(h) precipitating the therapeutic circular DNA vector with isopropyl alcohol.

In some embodiments, step (b) is performed using site-specific primers. In other
embodiments, step (b) is performed using random primers.

In some embodiments, the quantity of therapeutic circular DNA vector produced is at
least five-fold the quantity of template DNA vector (e.g., plasmid DNA vector) in the sample of
step (a).

In some embodiments, no DNA purification or gel extraction step is performed before
step (d).

In some embodiments, the amount of the therapeutic circular DNA in the solution of step
(d) is at least 2.0% of the amount of the linear concatemer in step (b) by weight (e.g., at least
3.0%, at least 4.0%, at least 5.0%, at least 6.0%, at least 7.0%, at least 8.0%, at least 9.0%, at
least 10%, at least 20%, at least 30%, at least 40%, or at least 50% of the amount of the linear
concatemer in step (b) by weight).

In some embodiments, the amount of the therapeutic circular DNA produced in step (d)
is at least 1.0 mg (e.g., from 1.0 mg to 10 mg, from 2.0 mg to 10 mg, from 3.0 mg to 10 mg,
from 4.0 mg to 10 mg, or from 5.0 mg to 10 mg; e.g., from 1.0 mg to 2.5 mg, from 2.5 mgto 5.0
mg, from 5.0 mg to 7.5 mg, or from 7.5 mg to 10 mg). In some embodiments, the amount of the
therapeutic circular DNA produced in step (d) is at least 2.0 mg. For example, in some
embodiments, the amount of the therapeutic circular DNA produced in step (d) is at least 5.0
mg.

In some embodiments, the concentration of the therapeutic circular DNA in the solution
after step (d) is from 1.0 pg/mL to 1.0 mg/mL without any purification or concentration being
performed (e.g., from 5.0 pg/mL to 100 pg/mL, or from 10 pg/mL to 50 pug/mL without any

purification or concentration being performed, e.g., from 1.0 ug/mL to 10 pg/mL, from 5.0
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ng/mL to 10 pg/mL, from 10 pg/mL to 50 pg/mL, from 50 pg/mL to 100 pg/mL, or more,
without any purification or concentration being performed).

In some embodiments, the volume of the solution of step (d) is at least 5 liters (e.g., from
5 liters to 200 liters, e.g., from 7 liters to 100 liters, from 10 liters to 80 liters, from 15 liters to
75 liters, or from 20 liters to 70 liters, e.g., at least 1.0 liters, at least 2.0 liters, at least 5.0 liters,
at least 10 liters, at least 20 liters, at least 50 liters, or at least 100 liters).

In some embodiments, step (b) is performed in a reaction vessel having a volume of at
least 0.5 liters (e.g., at least 1.0 liters, at least 2.0 liters, at least 5.0 liters, at least 10 liters, at
least 20 liters, at least 50 liters, at least 100 liters, at least 150 liters, or at least 200 liters). In
some embodiments, step (b) is performed in a reaction vessel having a volume of at least 5 liters.
Additionally, or alternatively, steps (c) and (d) are performed in a reaction vessel having a
volume of at least 0.5 liters (e.g., at least 1.0 liters, at least 2.0 liters, at least 5.0 liters, at least 10
liters, at least 20 liters, at least 50 liters, at least 100 liters, at least 150 liters, or at least 200
liters). For example, in some embodiments, steps (¢) and (d) are performed in a reaction vessel
having a volume of at least 5 liters. In some embodiments, steps (b)-(d) are each performed in a
reaction vessel having a volume of at least 0.5 liters (e.g., at least 1.0 liters, at least 2.0 liters, at
least 5.0 liters, at least 10 liters, at least 20 liters, at least 50 liters, at least 100 liters, at least 150
liters, or at least 200 liters). In some embodiments, steps (b)-(d) are each performed in a
reaction vessel having a volume of at least 5 liters.

In some embodiments, the amount of the therapeutic circular DNA produced in step (d)
is at least 20% of the amount of the template DNA vector (e.g., plasmid DNA vector) provided
in step (a) (e.g., at least 50%, at least 75%, at least 100%, at least 150%, at least twice, at least
three-fold, at least four-fold, at least five-fold, or at least ten-fold the amount of template DNA
vector (e.g., plasmid DNA vector) provided in step (a); e.g., at least twice the amount, at least
three-fold the amount, at least five-fold the amount, at least 10-fold the amount, at least 20-fold
the amount, at least 30-fold the amount, at least 40-fold the amount, at least 50-fold the amount,
or at least 100-fold the amount of template DNA vector (e.g., plasmid DNA vector) provided in
step (a)). In particular embodiments, the amount of the therapeutic circular DNA produced in
step (d) is at least five-fold the amount of the template DNA vector (e.g., plasmid DNA vector)
provided in step (a). In some embodiments, the amount of the therapeutic circular DNA
produced in step (d) is at least ten-fold the amount of the template DNA vector (e.g., plasmid
DNA vector) provided in step (a).

In another aspect, provided herein is a method of removing a backbone sequence from a

DNA molecule to produce a therapeutic circular DNA vector, wherein the DNA molecule
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comprises the backbone sequence and a therapeutic sequence, the method comprising: (a)
digesting the DNA molecule with a type Ils restriction enzyme that cuts a first site and a second
site per unit of the linear concatemer, wherein the first and second sites flank the therapeutic
sequence and form self-complementary overhangs, thereby producing a linear therapeutic
fragment and a linear backbone fragment, wherein the linear therapeutic fragment comprises the
therapeutic sequence and the linear backbone fragment comprises at least a portion of the
backbone sequence and a type IIs restriction site; and (b) contacting the linear backbone
fragment and the linear therapeutic fragment with a ligase to produce a circular backbone
comprising the type IIs restriction site and a therapeutic circular DNA vector lacking a type Ils
restriction site.

In another aspect, the method includes providing a sample that includes a template DNA
vector (e.g., plasmid DNA vector) including a therapeutic sequence and amplifying the template
DNA vector using a polymerase-mediated rolling-circle amplification to generate a linear
concatemer. The linear concatemer is digested with a restriction enzyme that cuts at least two
sites of the linear concatemer per unit of the template DNA vector to generate linearized
fragments of the DNA vector. The method further includes self-ligating the linearized fragment
of the DNA vector that includes the therapeutic sequence to produce a therapeutic circular DNA
vector. In some embodiments, the digesting and self-ligating are performed simultaneously.
The sample can then be treated with a topoisomerase or a helicase. In some embodiments, the
method further includes digesting the sample with an exonuclease (e.g., a terminal exonuclease,
e.g., TS5 exonuclease).

In another aspect, the method includes providing a sample that includes a template DNA
vector (e.g., plasmid DNA vector) including a therapeutic sequence and amplifying the template
DNA vector using a polymerase-mediated rolling-circle amplification to generate a linear
concatemer. The method further includes digesting the linear concatemer with a restriction
enzyme to generate a linearized fragment of the DNA vector. The linear concatemer contains
multiple copies of the template DNA vector, each copy having a unit length and the linear
concatemer having multiple unit lengths of the vector. The restriction enzyme cuts at least two
sites of the linear concatemer per unit of the template DNA vector. The method further includes
self-ligating the linearized fragment of the DNA vector to produce a therapeutic circular DNA
vector. The method also includes digesting the sample with an exonuclease (e.g., a terminal
exonuclease, e.g., TS exonuclease). In some embodiments, the method further includes treating
the sample with a topoisomerase or a helicase. In some embodiments, the digesting and self-

ligating are performed simultaneously.
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In another aspect, the method includes providing a sample having a template DNA
vector (e.g., plasmid DNA vector) including a therapeutic sequence and amplifying the template
DNA vector using a polymerase-mediated rolling-circle amplification to generate a linear
concatemer. The method further includes digesting the linear concatemer with a restriction
enzyme to generate a linearized fragment of the DNA vector. The restriction enzyme cuts at
least two sites of the linear concatemer per unit of the template DNA vector. The method
further includes self-ligating the linearized fragment of the DNA vector to produce a therapeutic
circular DNA vector. The method may further include treating the sample with a topoisomerase
or a helicase and digesting the sample with an exonuclease (e.g., a terminal exonuclease). In
some embodiments, the digesting and self-ligating are performed simultaneously (in the same
reaction conditions).

In another aspect, the invention provides a method of removing a backbone sequence
from a DNA molecule to produce a therapeutic circular DNA vector. The DNA molecule
comprises the backbone sequence and a therapeutic sequence. The method involves the steps of
(a) digesting the DNA molecule with one or more restriction enzymes that cut at least a first site,
a second site, and a third site per unit of the DNA molecule, wherein: (i) the first and second
sites flank the therapeutic sequence and form self-complementary overhangs, and (ii) the third
site 1s within the backbone sequence and forms an overhang that is non-complementary to the
first or second site, thereby producing a linear therapeutic fragment comprising the therapeutic
sequence and at least two linear backbone fragments each comprising a portion of the backbone
sequence; and (b) contacting the linear therapeutic fragment with a ligase to produce a
therapeutic circular DNA vector in solution.

In some embodiments, the linear concatemer is digested with a single restriction enzyme
that cuts the first site, the second site, and the third site. In some embodiments, the one or more
restriction enzymes cut a fourth site of the DNA molecule, wherein the fourth site is within the
backbone sequence and forms an overhang that is non-complementary to the first or second site,
and wherein the digestion produces at least three linear backbone fragments each comprising a
portion of the backbone sequence. In some embodiments, the single restriction enzyme cuts a
fourth site of the DNA molecule, wherein the fourth site is within the backbone sequence and
forms an overhang that is non-complementary to the first or second site, and wherein the
digestion produces at least three linear backbone fragments each comprising a portion of the
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In some embodiments, the DNA molecule is a concatemer produced by amplification of
a template DNA vector. In some embodiments, the DNA molecule is a template DNA vector.
In some embodiments, the template DNA vector is a plasmid DNA vector.

In some embodiments, the single restriction enzyme is a type Ils restriction enzyme, e.g.,
Bsal.

In some embodiments, no restriction enzyme inactivation step precedes step (b).

In some embodiments, no temperature increase is performed between steps (a) and (b).

In some embodiments, steps (a) and (b) occur simultaneously.

In some embodiments, the method further includes raising the temperature of the
solution containing the therapeutic circular DNA vector to about 65 °C.

In some embodiments, the method further includes (c) contacting the therapeutic circular
DNA vector with a topoisomerase or a helicase. In some embodiments, step (c) is performed at
about 37 °C. In some embodiments, the method further includes: (d) contacting the linear
backbone fragments with an exonuclease (e.g., a terminal exonuclease). In some embodiments,
step (d) is performed at about 37 °C.

In some embodiments, the method further includes: (c¢) contacting the therapeutic
circular DNA vector with a topoisomerase or a helicase; and (d) contacting the linear backbone
fragments with an exonuclease (e.g., a terminal exonuclease), wherein no enzyme inactivation
step is performed between steps (¢) and (d). In some embodiments, step (c) occurs before step
(d).

In some embodiments, the restriction enzyme is provided at a concentration of from
about 0.5 U/ug to about 20 U/ug, e.g., from about 1 U/pg DNA to about 10 U/ug DNA, e.g.,
from about 2 U/ug DNA to about 5 U/ug DNA, e.g., about 2.5 U/ug DNA. For example, the
restriction enzyme may be provided at a concentration of about 0.5 U/ug DNA, 1.0 U/ug DNA,
1.5 U/ug DNA, 2.0 U/ug DNA, 2.5 U/ug DNA, 3.0 U/ug DNA, 3.5 U/ug DNA, 4.0 U/ug DNA,
4.5 U/ug DNA, 5.0 U/ug DNA, 5.5 U/ug DNA, 6.0 U/ug DNA, 6.5 U/ug DNA, 7.0 U/ug DNA,
7.5 U/ug DNA, 8.0 U/ug DNA, 8.5 U/ug DNA, 9.0 U/ug DNA, 9.5 U/ug DNA, 10.0 U/ug
DNA, 11 U/ug DNA, 12 U/ug DNA, 13 U/ug DNA, 14 U/ug DNA, 15 U/ug DNA, 16 U/ug
DNA, 17 U/ug DNA, 18 U/ug DNA, 19 U/ug DNA, or 20 U/ug DNA. In some embodiments,
the restriction enzyme is provided at a concentration of about 2.5 U/ug.

In some embodiments, step (a) comprises incubation from one to 12 hours (e.g., about
one hour).

In some embodiments, the ligase is provided at a concentration no greater than 20 U

ligase per ug DNA (U/pg) (e.g., no greater than 15 U/ug DNA, no greater than 10 U/pg DNA,
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no greater than 5 U/ug DNA, no greater than 4 U/pg DNA, no greater than 3 U/ug DNA, no
greater than 2.5 U/ug DNA, no greater than 2.0 U/ug DNA, no greater than 1.5 U/ug DNA, or
no greater than 1.0 U/ug DNA; e.g., from 0.1 U/ug DNA to 20 U/ug DNA; e.g., from 0.2 U/ug
DNA to 15 U/ug DNA, from 0.5 U/pg DNA to 12 U/pg DNA, or from 1 U/ug DNA to 10 U/ug
DNA; e.g., from 0.1 U/ug DNA to 0.5 U/ug DNA, from 0.5 U/pg DNA to 1.0 U/ug DNA, from
1.0 U/ug DNA to 2.0 U/ug DNA, from 2.0 U/pg DNA to 3.0 U/ug DNA, from 3.0 U/ug DNA
to 4.0 U/ug DNA, from 4.0 U/ug DNA to 5.0 U/ug DNA, from 5.0 to 6.0 U/pg DNA, from 6.0
U/ug DNA to 7.0 U/ug DNA, from 7.0 U/ug DNA to 8.0 U/ug DNA, from 8.0 U/ug DNA to
9.0 U/pg DNA, from 9.0 U/ug DNA to 11 U/pg DNA, from 11 U/ug DNA to 12 U/pg DNA,
from 12 U/ug DNA to 15 U/ug DNA, or from 15 U/ug DNA to 20 U/ug DNA). In some
embodiments, the ligase is at a concentration of about 10 U/ ug DNA. In some embodiments,
the ligase is T4 ligase.

In some embodiments, the topoisomerase is provided at a concentration no greater than
10 U topoisomerase per ug DNA (U/ug) (e.g., no greater than 5 U/ug DNA, no greater than 4
U/ug DNA, no greater than 3 U/ug DNA, no greater than 2.5 U/ug DNA, no greater than 2.0
U/ug DNA, no greater than 1.5 U/ug DNA, or no greater than 1.0 U/ug DNA; e.g., from 0.1
U/ug DNA to 10 U/ug DNA; e.g., from 0.5 U/ug DNA to 8 U/ug DNA, or from 1 U/ug DNA to
5 U/ug DNA; e.g., from 0.1 U/ug DNA to 0.5 U/ug DNA, from 0.5 U/ug DNA to 1.0 U/ug
DNA, from 1.0 U/ug DNA to 2.0 U/ug DNA, from 2.0 U/ug DNA to 3.0 U/ug DNA, from 3.0
U/ug DNA to 4.0 U/ug DNA, from 4.0 U/ug DNA to 5.0 U/ug DNA, from 5.0 to 6.0 U/ug
DNA, from 6.0 U/ug DNA to 7.0 U/ug DNA, from 7.0 U/ug DNA to 8.0 U/ug DNA, from 8.0
U/ug DNA to 9.0 U/ug DNA, or from 9.0 U/pg DNA to 10 U/ug DNA).

In some embodiments, the topoisomerase is a type II topoisomerase. In some
embodiments, the topoisomerase is gyrase or topoisomerase IV. In some embodiments, the
exonuclease (e.g., the terminal exonuclease, e.g., TS5 exonuclease) is provided at a concentration
from about 0.5 U/ug to about 20 U/ug, e.g., from about 0.5 U/ug to about 10 U/ug, e.g., from
about 1 U/ug to about 10 U/ug, e.g., from about 2 U/ug to about 5 U/ug, e.g., about 2.5 U/ug.
For example, the exonuclease (e.g., the terminal exonuclease) may be provided at a
concentration of about 0.5 U/ug, 1.0 U/ug, 1.5 U/ug, 2.0 U/pg, 2.5 U/ug, 3.0 U/ug, 3.5 U/ug,
4.0 U/ug, 4.5 U/ug, 5.0 U/pg, 5.5 Ulug, 6.0 U/ug, 6.5 U/pg, 7.0 U/ug, 7.5 U/pug, 8.0 U/pg, 8.5
Ulug, 9.0 U/ug, 9.5 U/ug, 10.0 U/pg, 11 U/pg, 12 U/pg, 13 U/pg, 14 U/pg, 15 U/pg, 16 U/pg,
17 U/ug, 18 U/pg, 19 U/ug, or 20 U/ug.

In some embodiments, step (d) is performed two or more times. In some embodiments,

step (d) comprises incubation from one hour to 12 hours. In some embodiments, the
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exonuclease is a terminal exonuclease. In some embodiments, the terminal exonuclease is TS
exonuclease. In some embodiments, the method further includes: (e) running the therapeutic
circular DNA vector through a column (e.g., capture column); and/or (f) precipitating the
therapeutic circular DNA vector with isopropyl alcohol.

In some of any of the preceding embodiments, the therapeutic circular DNA vector is
produced in the absence of a gel extraction step (e.g., an in-process gel extraction step).

In another aspect, provided is a method of producing a supercoiled therapeutic circular
DNA vector, the method comprising: (a) providing a sample comprising a template DNA vector
comprising a therapeutic sequence and a backbone sequence; (b) amplifying the template DNA
vector using a polymerase-mediated rolling-circle amplification to generate a linear concatemer;
(c) digesting the linear concatemer with a type IIs restriction enzyme that cuts a first site and a
second site per unit of the linear concatemer, wherein the first and second sites flank the
therapeutic sequence and form self-complementary overhangs, thereby producing a linear
therapeutic fragment and a linear backbone fragment, wherein the linear therapeutic fragment
comprises the therapeutic sequence and the linear backbone fragment comprises at least a
portion of the backbone sequence; (d) diluting the linear therapeutic fragment and the linear
backbone fragment to a cumulative DNA concentration from 20 pg/mL to 160 pg/mL; (e)
contacting the diluted linear backbone fragment and the linear therapeutic fragment with a ligase
to produce a circular backbone and a therapeutic circular DNA vector lacking a type Ils
restriction site; (f) contacting the therapeutic circular DNA vector with gyrase at a concentration
of about 1.5 U per ug DNA to produce a mixture of supercoiled therapeutic circular DNA
vectors and linear backbone fragments; and (g) after step (f), digesting the linear backbone
fragments with an exonuclease.

In another aspect, provided is a method of producing a supercoiled therapeutic circular
DNA vector, the method comprising: (a) providing a sample comprising a template DNA vector
comprising a therapeutic sequence and a backbone sequence; (b) amplifying the template DNA
vector using a polymerase-mediated rolling-circle amplification to generate a linear concatemer;
(c) digesting the linear concatemer with a type IIs restriction enzyme that cuts a first site and a
second site per unit of the linear concatemer, wherein the first and second sites flank the
therapeutic sequence and form self-complementary overhangs, thereby producing a linear
therapeutic fragment and a linear backbone fragment, wherein the linear therapeutic fragment
comprises the therapeutic sequence and the linear backbone fragment comprises at least a
portion of the backbone sequence; (d) diluting the linear therapeutic fragment and the linear

backbone fragment to a cumulative DNA concentration from 20 pug/mL to 160 ug/mL; (e)
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contacting the diluted linear backbone fragment and the linear therapeutic fragment with a ligase
to produce a circular backbone and a therapeutic circular DNA vector lacking a type Ils
restriction site; (f) digesting the linear backbone fragment with an exonuclease; and (g) after step
(), supercoiling the therapeutic circular DNA vector with gyrase at a concentration of less than
1.5 U per ug DNA. In some embodiments, the ligase of step (e) is at a concentration from 10 to
20 U ligase per pg DNA. In some embodiments, the diluted cumulative DNA concentration of
step (d) is about 10% to about 80% of cumulative DNA concentration immediately after step (c).
In some embodiments, the cumulative DNA concentration immediately after step (¢) is between
100 pg/mL and 300 pg/mL. In some embodiments, the first or second cut sites flanking the
therapeutic sequence comprises AAAA or AACC.

In another aspect, provided is a method for large-scale production of a therapeutic
circular DNA vector, the method comprising: (a) providing a sample of a template DNA vector
(e.g., plasmid DNA vector) comprising a therapeutic sequence and a backbone sequence; (b)
amplifying the template DNA vector in a reaction volume of at least 1.0 liter (e.g., at least 2.0
liters, at least 5.0 liters, at least 10 liters, at least 20 liters, at least 50 liters, at least 100 liters, at
least 150 liters, or at least 200 liters) using a polymerase-mediated rolling-circle amplification to
generate a linear concatemer; (c) digesting the linear concatemer with one or more restriction
enzymes that cut at least a first site, a second site, and a third site per unit of the linear
concatemer, wherein: (i) the first and second sites flank the therapeutic sequence and form self-
complementary overhangs, and (i1) the third site is within the backbone sequence and forms an
overhang that is non-complementary to the first or second site, thereby producing a linear
therapeutic fragment comprising the therapeutic sequence and at least two linear backbone
fragments each comprising a portion of the backbone sequence; and (d) contacting the linear
therapeutic fragment with a ligase to produce a therapeutic circular DNA vector in solution.

In some embodiments, the amount of the template DNA vector provided in step (a) is at
least 0.5 mg, at least 0.75 mg, or at least 1.0 mg (e.g., from 1.0 mg to 10 mg, from 2.0 mg to 10
mg, from 3.0 mg to 10 mg, from 4.0 mg to 10 mg, or from 5.0 mg to 10 mg; e.g., from 1.0 mg to
2.5 mg, from 2.5 mg to 5.0 mg, from 5.0 mgto 7.5 mg, or from 7.5 mgto 10 mg). In some
embodiments, the amount of the template DNA vector provided in step (a) is at least 5.0 mg.
For example, in some embodiments, the amount of the template DNA vector provided in step (a)
is at least 10.0 mg.

In some embodiments, step (b) produces at least 100 mg of the linear concatemer (e.g.,
from 100 mg to 10 g, from 500 mgto 5 g, or from 1 gto 3 g; e.g., at least 200 mg, at least 300
mg, at least 400 mg, at least S00 mg, at least 1 g, at least 2 g, or at least 3 g; e.g., from 200 mg to
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10 g, from 300 mg to 10 g, from 400 mg to 10 g, from 500 mg to 10 g, or from 1 gto 10 g). In
some embodiments, step (b) produces a solution containing from 0.5 g to 2 g DNA per liter
reaction volume (e.g., about 1 g DNA per liter reaction volume).

In some embodiments, step (d) produces at least 1.0 mg of the therapeutic circular DNA
vector (e.g., from 1.0 mg to 10 mg, from 2.0 mg to 10 mg, from 3.0 mg to 10 mg, from 4.0 mg
to 10 mg, or from 5.0 mg to 10 mg; e.g., from 1.0 mg to 2.5 mg, from 2.5 mg to 5.0 mg, from
5.0 mgto 7.5 mg, or from 7.5 mg to 10 mg). In some embodiments, the amount of the
therapeutic circular DNA produced in step (d) is at least 2.0 mg (e.g., as in large-scale
production). For example, in some embodiments, the amount of the therapeutic circular DNA
produced in step (d) is at least 5.0 mg.

In some embodiments, steps (¢) and (d) occur simultaneously. In some embodiments, no
DNA purification is performed during or between steps (b), (c), and (d).

In some embodiments, the amount of the therapeutic circular DNA in the solution of step
(d) is at least 2.0% of the amount of the linear concatemer in step (b) by weight (e.g., at least
3.0%, at least 4.0%, at least 5.0%, at least 6.0%, at least 7.0%, at least 8.0%, at least 9.0%, at
least 10%, at least 20%, at least 30%, at least 40%, or at least 50% of the amount of the linear
concatemer in step (b) by weight).

In some embodiments, the amount of the therapeutic circular DNA produced in step (d)
is at least 20% of the amount of the template DNA vector (e.g., plasmid DNA vector) provided
in step (a) (e.g., at least 50%, at least 75%, at least 100%, or at least 150% of the amount of
template DNA vector (e.g., plasmid DNA vector) provided in step (a); e.g., at least twice the
amount, at least three-fold the amount, at least five-fold the amount, at least 10-fold the amount,
at least 20-fold the amount, at least 30-fold the amount, at least 40-fold the amount, at least 50-
fold the amount, or at least 100-fold the amount of template DNA vector (e.g., plasmid DNA
vector) provided in step (a)). In particular embodiments, the amount of the therapeutic circular
DNA produced in step (d) is at least five-fold the amount of the template DNA vector (e.g.,
plasmid DNA vector) provided in step (a). In some embodiments, the amount of the therapeutic
circular DNA produced in step (d) is at least ten-fold the amount of the template DNA vector
(e.g., plasmid DNA vector) provided in step (a).

In some embodiments, the DNA concentration at the beginning of step (d) is greater than
or equal to 20 pg/mL but less than 160 pg/mL. In some embodiments, the DNA concentration
at the beginning of step (d) is from about 40 ug/mL to about 80 ug/mL. In some embodiments,
the DNA concentration at the beginning of step (d) is about 40 pg/mL. In some embodiments,
the DNA concentration at the beginning of step (d) is about 80 pg/mL. In some embodiments,
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the ligase concentration (e.g., T4 ligase concentration) in step (d) is from about 10 to about 20 U
ligase per ug DNA. In some embodiments, no temperature increase is performed immediately
after step (d).

In another aspect, provided is a method producing a therapeutic circular DNA vector, the
method comprising: (a) providing a solution comprising DNA molecules, wherein each DNA
molecule comprises a backbone sequence and a therapeutic sequence; (b) adding a type IIs
restriction enzyme to the solution to digest the DNA molecules, thereby separating the backbone
sequences from the therapeutic sequences; (c¢) adding a ligase to the solution to produce a
reaction in a mixture comprising: (i) the ligase; (i1) the type Ils restriction enzyme; (iii)
therapeutic circular DNA vectors each comprising a single therapeutic sequence, wherein the
therapeutic circular DNA vectors each lack a type IIs recognition site; and (iv) byproducts,
wherein each byproduct comprises one or more type Ils restriction sites, wherein the ratio of the
therapeutic circular DNA vectors to the byproducts comprising one or more type IIs restriction
sites increases as the reaction proceeds. In some embodiments, some or all of the byproducts
comprise one, two, three, four, or more backbone sequences (e.g., circularized DNA containing
two or more backbone sequences connected through type IIs restriction sites, and/or linear DNA
containing two or more backbone sequences connected through type IIs restriction sites). In
some embodiments, some or all of the byproducts further comprise two, three, four, or more
therapeutic sequences (e.g., circularized DNA containing two or more copies of the therapeutic
sequence connected through type Ils restriction sites, and/or linear DNA containing two or more
copies of the therapeutic sequence connected through type Ils restriction sites). In some
embodiments, some or all of the byproducts are circularized. In some embodiments, the DNA
molecules of (a) are concatemers.

In some embodiments, the method further comprises, prior to step (a), amplifying a
template DNA vector (e.g., a plasmid DNA vector) using rolling circle amplification to generate
concatemers.

In some embodiments, the type IIs restriction enzyme is Bsal.

In some embodiments, no restriction enzyme inactivation step precedes step (c). In some
embodiments, no temperature increase is performed between steps (b) and (¢). In some
embodiments, the method further includes raising the temperature of the solution containing the
therapeutic circular DNA vector to about 65 °C. In some embodiments, the method further
includes: (d) contacting the therapeutic circular DNA vector with a topoisomerase or a helicase.

In some embodiments, step (d) is performed at about 37 °C. In some embodiments, the method
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additionally or alternatively includes: (e) contacting linear byproducts with an exonuclease. In
some embodiments, step (e) is performed at about 37 °C.

In some embodiments, the method further includes: (d) contacting the therapeutic
circular DNA vector with a topoisomerase or a helicase; and (e) contacting linear byproducts
with an exonuclease, wherein no enzyme inactivation step is performed between steps (d) and
(e). In some embodiments, step (d) occurs before step (e).

In some embodiments, the restriction enzyme is provided at a concentration from about 0.5
U/ug to about 20 U/ug, e.g., from about 1 U/ug DNA to about 10 U/ug DNA, e.g., from about 2
U/ug DNA to about 5 U/ug DNA, e.g., about 2.5 U/ug DNA. For example, the restriction
enzyme may be provided at a concentration of about 0.5 U/ug DNA, 1.0 U/ug DNA, 1.5 U/ug
DNA, 2.0 U/ug DNA, 2.5 U/ug DNA, 3.0 U/ug DNA, 3.5 U/ug DNA, 4.0 U/ug DNA, 4.5 U/ug
DNA, 5.0 U/ug DNA, 5.5 U/ug DNA, 6.0 U/ug DNA, 6.5 U/ug DNA, 7.0 U/ug DNA, 7.5 U/ug
DNA, 8.0 U/ug DNA, 8.5 U/ug DNA, 9.0 U/ug DNA, 9.5 U/ug DNA, 10.0 U/ug DNA, 11
U/pg DNA, 12 U/ug DNA, 13 U/ug DNA, 14 U/ug DNA, 15 U/ug DNA, 16 U/ug DNA, 17
U/ug DNA, 18 U/ug DNA, 19 U/ug DNA, or 20 U/ug DNA. In some embodiments, the
restriction enzyme is provided at a concentration of about 2.5 U/ug. In some embodiments, the
restriction enzyme is provided at a concentration from about 0.5 U/ug to about 2.5 U/ug.

In some embodiments, digestion (e.g., step (b)) involves incubation from one to 12
hours, e.g., for about one hour.

In some embodiments, the ligase is provided at a concentration no greater than 50 U
ligase per ug DNA (U/pg) (e.g., no greater than 40 U/ug DNA, no greater than 30 U/pg DNA,
no greater than 25 U/ug DNA, no greater than 20 U/ug DNA, no greater than 15 U/ug DNA, no
greater than 10 U/ug DNA, no greater than 5 U/ug DNA, no greater than 4 U/ug DNA, no
greater than 3 U/ug DNA, no greater than 2.5 U/ug DNA, no greater than 2.0 U/pg DNA, no
greater than 1.5 U/ug DNA, or no greater than 1.0 U/ug DNA; e.g., from 0.1 U/ug DNA to 20
U/ug DNA; e.g., from 0.1 U/ug DNA to 30 U/ug DNA, from 0.1 U/ug DNA to 20 U/ug DNA,
from 0.2 U/ug DNA to 15 U/ug DNA, from 0.5 U/ug DNA to 12 U/ug DNA, or from 1 U/pg
DNA to 10 U/ug DNA; e.g., from 0.1 U/ug DNA to 0.5 U/ug DNA, from 0.5 U/pg DNA to 1.0
U/ug DNA, from 1.0 U/ug DNA to 2.0 U/ug DNA, from 2.0 U/ug DNA to 3.0 U/ug DNA,
from 3.0 U/pg DNA to 4.0 U/ug DNA, from 4.0 U/ug DNA to 5.0 U/ug DNA, from 5.0to 6.0
U/ug DNA, from 6.0 U/ug DNA to 7.0 U/ug DNA, from 7.0 U/ug DNA to 8.0 U/ug DNA,
from 8.0 U/ug DNA to 9.0 U/ug DNA, from 9.0 U/ug DNA to 11 U/ug DNA, from 11 U/ug
DNA to 12 U/ug DNA, from 12 U/pug DNA to 15 U/ug DNA, from 15 U/ug DNA to 20 U/ug
DNA, from 20 U/ug DNA to 25 U/ug DNA, from 25 U/ug DNA to 30 U/pg DNA, from 30
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U/ug DNA to 35 U/ug DNA, from 35 U/pug DNA to 40 U/pug DNA, or from 40 U/ug DNA to 50
U/ug DNA). In some embodiments, the ligase is provided at a concentration no greater than 20
U/ug DNA, e.g., about 10 U/ug DNA. In some embodiments, the ligase is T4 ligase.

In some embodiments, the topoisomerase is provided at a concentration no greater than
10 U topoisomerase per ug DNA (U/ug) (e.g., no greater than 5 U/ug DNA, no greater than 4
U/ug DNA, no greater than 3 U/ug DNA, no greater than 2.5 U/ug DNA, no greater than 2.0
U/ug DNA, no greater than 1.5 U/ug DNA, or no greater than 1.0 U/ug DNA; e.g., from 0.1
U/ug DNA to 10 U/ug DNA; e.g., from 0.5 U/ug DNA to 8 U/ug DNA, or from 1 U/ug DNA to
5 U/ug DNA; e.g., from 0.1 U/ug DNA to 0.5 U/ug DNA, from 0.5 U/ug DNA to 1.0 U/ug
DNA, from 1.0 U/ug DNA to 2.0 U/ug DNA, from 2.0 U/ug DNA to 3.0 U/ug DNA, from 3.0
U/ug DNA to 4.0 U/ug DNA, from 4.0 U/ug DNA to 5.0 U/ug DNA, from 5.0 to 6.0 U/ug
DNA, from 6.0 U/ug DNA to 7.0 U/ug DNA, from 7.0 U/ug DNA to 8.0 U/ug DNA, from 8.0
U/ug DNA to 9.0 U/ug DNA, or from 9.0 U/ug DNA to 10 U/ug DNA).

In some embodiments, the topoisomerase is a type II topoisomerase. In some
embodiments, the topoisomerase is gyrase. In some embodiments, the topoisomerase is
topoisomerase V.

In some embodiments, the exonuclease (e.g., terminal exonuclease, e.g., TS exonuclease)
is provided at a concentration from about 0.5 U/ug to about 20 U/ug, e.g., from about 0.5 U/ug
to about 10 U/ug, e.g., from about 1 U/ug to about 10 U/pg, e.g., from about 2 U/ug to about 5
Ul/ug, e.g., about 2.5 U/ug. For example, the exonuclease (e.g., terminal exonuclease) may be
provided at a concentration of about 0.5 U/ug, 1.0 U/pg, 1.5 U/ug, 2.0 U/pg, 2.5 U/ug, 3.0
Ulug, 3.5 U/ug, 4.0 U/pg, 4.5 U/ug, 5.0 U/ug, 5.5 U/pg, 6.0 U/ug, 6.5 U/ug, 7.0 U/pg, 7.5
U/ug, 8.0 U/ug, 8.5 U/ug, 9.0 U/ug, 9.5 U/ug, 10.0 U/ug, 11 U/ug, 12 U/ug, 13 U/ug, 14 Ulug,
15 U/ug, 16 U/ug, 17 U/ug, 18 U/ug, 19 U/ug, or 20 U/ug.

In some embodiments, step (e) is performed two or more times (e.g., two times, three
times, or four times). In some embodiments, step (e) comprises incubation from one hour to 12
hours. In some embodiments, the exonuclease is a terminal exonuclease, e.g., TS exonuclease.

In some embodiments of any of the preceding methods, the method further includes: (f)
running the therapeutic circular DNA vector through a column (e.g., a capture column or an
anion exchange column); and/or (g) precipitating the therapeutic circular DNA vector with
isopropyl alcohol.

In some embodiments, the amplification is performed using site-specific primers. In

other embodiments, the amplification is performed using random primers.
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In some embodiments, no in-process gel extraction step is performed before step (¢). In
some embodiments, no in-process DNA purification is performed before step (c).

In some embodiments, the amount of the therapeutic circular DNA in the solution of step
(c) is at least 2.0% of the amount of the DNA molecule in step (a) by weight (e.g., at least 3.0%,
at least 4.0%, at least 5.0%, at least 6.0%, at least 7.0%, at least 8.0%, at least 9.0%, at least
10%, at least 20%, at least 30%, at least 40%, or at least 50% of the DNA molecule in step (a)
by weight).

In some embodiments, the amount of the therapeutic circular DNA produced in step (¢)
is at least 1.0 mg (e.g., from 1.0 mg to 10 mg, from 2.0 mg to 10 mg, from 3.0 mg to 10 mg,
from 4.0 mg to 10 mg, or from 5.0 mg to 10 mg; e.g., from 1.0 mg to 2.5 mg, from 2.5 mgto 5.0
mg, from 5.0 mg to 7.5 mg, or from 7.5 mg to 10 mg). In some embodiments, the amount of the
therapeutic circular DNA produced in step (c) is at least 2.0 mg (e.g., as in large-scale
production). For example, in some embodiments, the amount of the therapeutic circular DNA
produced in step (c) is at least 5.0 mg.

In some embodiments, the concentration of the therapeutic circular DNA in the solution
after step (c) is from 1.0 pg/mL to 1.0 mg/mL without any purification or concentration being
performed (e.g., from 5.0 pg/mL to 100 pg/mL, or from 10 pg/mL to 50 pug/mL without any
purification or concentration being performed, e.g., from 1.0 ug/mL to 10 pg/mL, from 5.0
ng/mL to 10 pg/mL, from 10 pg/mL to 50 pg/mL, from 50 pg/mL to 100 pg/mL, or more,
without any purification or concentration being performed). In some embodiments, the volume
of the solution of step (c) is at least 5 liters (e.g., from 5 liters to 200 liters, e.g., from 7 liters to
100 liters, from 10 liters to 80 liters, from 15 liters to 75 liters, or from 20 liters to 70 liters, e.g.,
at least 1.0 liters, at least 2.0 liters, at least 5.0 liters, at least 10 liters, at least 20 liters, at least
50 liters, or at least 100 liters).

In some embodiments, steps (b) and (c) are performed in a reaction vessel having a
volume of at least 0.5 liters (e.g., at least 1.0 liter, at least 2.0 liters, at least 5.0 liters, at least 10
liters, at least 20 liters, at least 50 liters, at least 100 liters, at least 150 liters, or at least 200
liters). In some embodiments, steps (b) and (¢) are performed in a reaction vessel having a
volume of at least 5 liters (e.g., from 5 liters to 200 liters, e.g., from 7 liters to 100 liters, from 10
liters to 80 liters, from 15 liters to 75 liters, or from 20 liters to 70 liters, e.g., at least 1.0 liters, at
least 2.0 liters, at least 5.0 liters, at least 10 liters, at least 20 liters, at least 50 liters, or at least
100 liters).

In another aspect, provided is a method of producing a therapeutic circular DNA vector,

the method comprising: (a) providing a mixture of DNA comprising a plurality of linear
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therapeutic DNA fragments and a plurality of linear backbone DNA fragments, wherein each
linear therapeutic DNA fragment comprises a therapeutic sequence and self-complementary
ends, wherein the plurality of linear therapeutic DNA fragments and linear backbone DNA
fragments are at a cumulative DNA concentration from 20 ug/mL to 160 ug/mL; and (b)
performing a ligation reaction by contacting the mixture of DNA with a ligase at a concentration
from 10 to 20 U ligase per pg DNA to produce a therapeutic circular DNA vector. In some
embodiments, the mixture of DNA was produced by a type Ils restriction digest reaction,
wherein a type IIs restriction enzyme cleaves the linear therapeutic DNA fragments from the
linear backbone DNA fragments, wherein the self-complementary ends are type IIs overhangs.

In another aspect, provided is a method of producing a therapeutic circular DNA vector,
the method comprising: (a) producing a mixture of DNA comprising a plurality of linear
therapeutic DNA fragments and a plurality of linear backbone DNA fragments by a type IIs
restriction digest reaction, wherein a type IIs restriction enzyme cleaves the linear therapeutic
DNA fragments from the linear backbone DNA fragments, wherein each linear therapeutic DNA
fragment comprises a therapeutic sequence and self-complementary type IIs overhangs, wherein
the plurality of linear therapeutic DNA fragments and linear backbone DNA fragments are at a
cumulative DNA concentration from 20 pg/mL to 160 pg/mL; and (b) performing a ligation
reaction by contacting the mixture of DNA with a ligase at a concentration from 10 to 20 U
ligase per ug DNA to produce a therapeutic circular DNA vector.

In some embodiments of either of the previous two aspects, the cumulative DNA
concentration of step (a) is achieved by adjusting (e.g., diluting) the cumulative DNA
concentration immediately after the type IIs restriction digest. In some embodiments, the
cumulative DNA concentration immediately after the type IIs restriction digest is diluted to
achieve the cumulative DNA concentration of step (a). In some embodiments, the cumulative
DNA concentration immediately after the type Ils restriction digest is from 100 pg/mL to 300
ug/mL. In some embodiments, the cumulative DNA concentration of step (a) is diluted to about
10% to about 80% of the cumulative DNA concentration immediately after the type IIs
restriction digest. In some embodiments, the cumulative DNA concentration of step (a) is from
about 40 pg/mL to about 80 pg/mL. In some embodiments, the type IIs restriction enzyme in
the type IIs restriction digest reaction is at a concentration from about 0.5 to about 2.5 U per pg
DNA. In some embodiments, the ligase (e.g., T4 ligase) is at a concentration of about 10 U/ug.
In some embodiments, the ligation reaction is carried out for at least five hours, e.g., 18-24

hours.
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In some embodiments, the type IIs restriction enzyme in the type IIs restriction digest
reaction (e.g., Bsal) is at a concentration from about 0.5 to about 2.5 U per ug DNA. In some
embodiments, the type IIs restriction digest reaction is carried out for no more than two hours,
e.g., 10 minutes to one hour.

In some embodiments, the type IIs overhangs each comprise four bases. In some
embodiments, two and only two of the four bases are A or T. In some embodiments, the type IIs
overhangs comprise AAAA or AACC.

In some embodiments, the method further includes (c) contacting the therapeutic circular
DNA vector with a topoisomerase or a helicase and/or (d) contacting the linear backbone
fragments with an exonuclease.

In some embodiments, the method further includes (c) contacting the therapeutic circular
DNA vector with a topoisomerase or a helicase and (d) contacting the linear backbone fragments
with an exonuclease. In some embodiments, no enzyme inactivation step is performed between
steps (¢) and (d). In some embodiments, step (c) occurs before step (d). In other embodiments,
step (d) occurs before step (¢).

In some embodiments, the topoisomerase (e.g., gyrase) is provided at a concentration no
greater than 10 U topoisomerase per ug DNA (U/ug). In some embodiments, the topoisomerase
is a type Il topoisomerase. In some embodiments, the topoisomerase is gyrase or topoisomerase
IVv.

In some embodiments, the exonuclease (e.g., TS exonuclease) is provided at a
concentration from about 0.5 U/ug to about 20 U/ug. In some embodiments, step (d) is
performed two or more times. In some embodiments, step (d) comprises incubation from one
hour to 18 hours. In some embodiments, step (d) comprises incubation from 3-18 hours.

In some embodiments, the method further includes (e) running the therapeutic circular
DNA vector through a column and/or (f) precipitating the therapeutic circular DNA vector with
isopropyl alcohol.

In some embodiments, the amount of the therapeutic circular DNA produced in step (b)
is at least 1.0 mg. In some embodiments, the concentration of the therapeutic circular DNA in
the solution after step (b) is at least 5 pg/mL without any purification or concentration being
performed. In some embodiments, the volume of the solution of step (d) is at least five liters. In
some embodiments, step (b) is performed in a reaction vessel having a volume of at least one
liter.

In some embodiments, the mixture of DNA is a product of in vitro amplification.
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In some embodiments, the in vifro amplification is a polymerase-mediated rolling-circle
amplification.

In some embodiments, the method does not comprise a gel-extraction step.

In some embodiments, the DNA mixture comprises only one species of linear backbone
DNA fragment (e.g., the restriction digest produces a single fragment containing the backbone
of the plasmid).

In another aspect, provided is a method of producing a supercoiled therapeutic circular DNA
vector, the method comprising: (a) providing a sample comprising a therapeutic circular DNA
vector in relaxed circular form, wherein the therapeutic circular DNA vector comprises a
therapeutic sequence; (b) contacting the sample with a gyrase, wherein the concentration of the
gyrase is about 1.5 U per mg of therapeutic circular DNA vector, thereby producing a
composition of supercoiled therapeutic circular DNA vector. In some embodiments, the sample
of (a) further comprises linear DNA byproducts, and wherein the method further comprises,
after (b), contacting the composition of supercoiled therapeutic circular DNA vector with an
exonuclease under conditions suitable to digest linear DNA byproducts.

In another aspect, the invention includes a method of producing a supercoiled therapeutic
circular DNA vector, the method comprising: (a) providing a sample comprising a therapeutic
circular DNA vector in relaxed circular form and linear DNA byproducts, wherein the
therapeutic circular DNA vector comprises a therapeutic sequence; (b) contacting the sample
with an exonuclease under conditions suitable to digest the linear DNA byproducts to form a
digested sample; and (c) contacting the digested sample with a gyrase, wherein the concentration
of the gyrase is greater than 0.1 U per mg of therapeutic circular DNA vector and less than 1.5 U
per mg of therapeutic circular DNA vector, thereby producing a supercoiled therapeutic circular
DNA vector.

In some embodiments of either of the preceding aspects, the exonuclease is a TS
exonuclease and/or the ligase is a T4 ligase. In some embodiments, the method includes, before
step (a), contacting a linear therapeutic fragment with a ligase to produce the therapeutic circular
DNA vector. In some embodiments, the method includes, before contacting the linear
therapeutic fragment with the ligase, digesting a linear concatemer comprising a therapeutic
sequence with a restriction enzyme to cut a first site and a second site per unit of the linear
concatemer, wherein the first and second sites flank the therapeutic sequence and form self-
complementary overhangs, thereby producing the linear therapeutic fragment and the linear
DNA byproducts. In some embodiments, the supercoiled therapeutic circular DNA vector is

within a composition of therapeutic circular DNA vectors, wherein at least 70% of the
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therapeutic circular DNA vectors are supercoiled (e.g., at least 80% of the therapeutic circular
DNA vectors are supercoiled).

In some embodiments of any of the preceding aspects, the therapeutic circular DNA
vector is formulated as a pharmaceutical composition. In some embodiments, the
pharmaceutical composition comprises no more than 1.0% (e.g., no more than 0.5%) of residual
protein or backbone sequence by weight in comparison to the amount of the therapeutic circular
DNA vector. In some embodiments, the therapeutic sequence is greater than 5 kb. In some
embodiments, the therapeutic sequence is from 5 kb to 15 kb. In some embodiments, the
therapeutic sequence is from 5 kb to 10 kb. In some embodiments, the therapeutic sequence is
from 10 kb to 15 kb. In some embodiments, the therapeutic sequence comprises two or more
transcription units. In some embodiments, the therapeutic sequence encodes one or more
therapeutic proteins. In some embodiments, the one or more therapeutic proteins is a multimeric
protein. In some embodiments, the therapeutic sequence encodes a therapeutic nucleic acid. In
some embodiments, the therapeutic nucleic acid is an RNA molecule. In some embodiments,
the RNA molecule is a self-replicating RNA molecule, a short hairpin RNA, or a microRNA.

In some embodiments of any of the preceding aspects, the method further includes
formulating the therapeutic circular DNA vector in a pharmaceutically acceptable carrier to
produce a pharmaceutical composition. In some embodiments, the pharmaceutical composition
comprises at least 1.0 mg therapeutic circular DNA vector in a pharmaceutically acceptable
carrier. In some embodiments, the therapeutic circular DNA vector in the pharmaceutical
composition is at least 70% supercoiled monomer (e.g., by densitometry analysis of gel
electrophoresis). In some embodiments, the therapeutic circular DNA vector in the
pharmaceutical composition is at least 80% supercoiled monomer (e.g., by densitometry analysis
of gel electrophoresis). In some embodiments, the pharmaceutical composition comprises
<1.0% protein content by mass, less than <1.0% RNA content by mass, and less than <0.5
EU/mg endotoxin.

In another aspect, provided herein is a composition (e.g., a pharmaceutical composition)
produced by the method of any of the preceding embodiments of any of the preceding aspects.

In another aspect, provided herein is a method of expressing a therapeutic sequence in an
individual, wherein the method comprises administering to the individual the pharmaceutical
composition produced by the method of any of the preceding embodiments of any of the
preceding aspects. Therapeutic sequences of any of the therapeutic circular DNA vectors
described herein, or pharmaceutical compositions thereof, can be expressed in skin, skeletal

muscle, tumors (including, e.g., melanomas), eye, or lung via in vivo electrotransfer.
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In another aspect, provided herein is a method of treating a disease or disorder in an
individual in need thereof, the method comprising administering to the individual the
pharmaceutical composition produced by the method of any of the preceding embodiments of
any of the preceding aspects. In some embodiments, the method includes in vivo electrotransfer
of the therapeutic circular DNA vector to the skin, skeletal muscle, tumor (including, e.g.,
melanomas), eye, or lung of the individual.

In another aspect, provided is a therapeutic circular DNA vector comprising a therapeutic
sequence having a 3’ end and 5’ end, wherein the 3’ end of the therapeutic sequence is
connected to the 5° end of the therapeutic sequence by a four-base pair sequence comprising at
least two consecutive adenines (A's). In some embodiments, the four-base pair sequence
consists of AAAA. In some embodiments, the therapeutic circular DNA vector comprises (e.g.,
consists of) a nucleic acid sequence having 85% sequence identity to SEQ ID NO: 1. In some
embodiments, the therapeutic circular DNA vector comprises SEQ ID NO: 1. In some
embodiments, two and only two consecutive bases of the four-base pair sequence are AA. In
some embodiments, the four-base pair sequence consists of AACC. In some embodiments, the
therapeutic circular DNA vector comprises a nucleic acid sequence having at least 85%
sequence identity to (e.g., at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at
least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% sequence identity to)
SEQ ID NO: 3. In some embodiments, the therapeutic circular DNA vector comprises, or
consists of, SEQ ID NO: 3.

In another aspect, the invention provides a pharmaceutical composition comprising the
therapeutic circular DNA vector of the previous aspect. In some embodiments, the
pharmaceutical composition comprises at least 1.0 mg of the therapeutic circular DNA vector in
a pharmaceutically acceptable carrier. In some embodiments, the therapeutic circular DNA
vector is at least 70% supercoiled monomer. In some embodiments, the pharmaceutical
composition comprises no more than 1.0% of residual protein or backbone sequence. In some
embodiments, the pharmaceutical composition comprises <1.0% protein content by mass, less
than <1.0% RNA content by mass, and less than <5 EU/mg endotoxin.

In another aspect, the invention involves a method of expressing a therapeutic sequence
in an individual (e.g. human), wherein the method comprises administering to the individual the
pharmaceutical composition of any embodiment of the previous aspect. In some embodiments,
the method comprises delivering the therapeutic circular DNA vector to an eye of the individual

by in vivo electrotransfer.
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In another aspect, the invention involves a method of treating an ocular disease or
disorder in an individual (e.g. human) in need thereof, wherein the method comprises
administering to the individual the pharmaceutical composition of any embodiment of the
previous aspect. In some embodiments, the method comprises delivering the therapeutic
circular DNA vector to an eye of the individual by in vivo electrotransfer. In another aspect,
provided herein is a kit comprising any of the therapeutic circular DNA vectors or compositions
thereof (e.g., pharmaceutical compositions) described herein (or produced by the methods
described herein) and instructions for expressing the therapeutic circular DNA vector in a cell,
or a culture of cells, using electroporation (e.g., in vitro or ex vivo electroporation) or
electrotransfer (e.g., in vivo electrotransfer).

In another aspect, provided herein is a cell (e.g., a mammalian cell) that expresses any
one of the therapeutic circular DNA vectors described herein (or produced by the methods
described herein). In some embodiments, the cell has been electrotransfected with the vector by
electroporation (e.g., in vifro or ex vivo electroporation).

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1E are a schematic diagram showing a series of reaction steps as described
herein, in which two restriction enzymes are used in a cell-free process of producing c3DNA.
FIG. 1A shows a plasmid DNA vector containing a therapeutic sequence (solid fill) and a
backbone sequence (hatched fill). The backbone sequence contains two Pvull restriction sites
therewithin. Two EcoRI restriction sites flank the backbone sequence and the therapeutic
sequence. FIG. 1B shows products of a reaction of the plasmid DNA vector, or an amplified
concatemer thereof, with EcoRI. A linear therapeutic fragment (solid fill) and a linear backbone
fragment (hatched fill) are produced for each unit of plasmid DNA or linear concatemer. FIG.
1C shows circularized products of a reaction of the linear fragments with a ligase, i.e., a
therapeutic circular DNA vector and a circularized backbone. FIG. 1D shows products of
circularized products of FIG. 1C with Pvull. The circularized backbone is linearized and
thereafter digestible with exonuclease. FIG. 1E shows a supercoiled therapeutic circular DNA
vector resulting from a reaction of the therapeutic circular DNA vector with a topoisomerase,
such as gyrase.

FIGS. 2A-2F are maps illustrating a process of removing a backbone from a plasmid
DNA vector using Bsal to cut at two sites within the plasmid DNA vector. FIG. 2A shows the
plasmid DNA vector, which contains a therapeutic sequence (“C3 region,” nucleotide bases of
which are represented as N’s in FIG. 2B for illustrative purposes) and a backbone sequence

(which contains a replication origin and two Bsal recognition sites that are distal from the

24



10

15

20

25

30

WO 2023/049937 PCT/US2022/077108

therapeutic sequence relative to their corresponding Bsal overhangs (cut sites)). FIG. 2B shows
the linear sequence corresponding to FIG. 2A. FIG. 2C shows the therapeutic circular DNA
vector resulting from the plasmid of FIG. 2A. The therapeutic circular DNA contains no
replication origin — only a four base-pair Bsal overhang remains. FIG. 2D shows the linear
sequence corresponding to FIG. 2C. FIG. 2E shows a circularized backbone resulting from the
plasmid of FIG. 2A, which contains the Bsal recognition sites separated by a Bsal cut site
(overhangs). FIG. 2F shows the linear sequence corresponding to FIG. 2F.

FIGS. 3A-3D are a schematic diagram showing a series of reaction steps as described
herein, in which a single restriction enzyme is used in a cell-free process of producing c3DNA.
FIG. 3A shows a plasmid DNA vector containing a therapeutic sequence (solid fill) and a
backbone sequence (hatched fill). The plasmid DNA vector contains four Bsal restriction sites —
two within the backbone sequence and two flanking both the backbone sequence and the
therapeutic sequence. FIG. 3B shows products of a reaction of the plasmid DNA vector, or an
amplified concatemer thereof, with Bsal. A linear therapeutic fragment (solid fill) and three
linear backbone fragments (hatched fill) are produced for each unit of plasmid DNA or linear
concatemer. FIG. 3C shows products of a reaction of the linear fragments with a ligase, i.e., a
therapeutic circular DNA vector and linear backbone fragments, which are digestible with
exonuclease. FIG. 3D shows a supercoiled therapeutic circular DNA vector resulting from a
reaction of the therapeutic circular DNA vector with a topoisomerase, such as gyrase.

FIGS. 4A-4C are drawings showing three DNA vectors generated using the methods
described herein. FIG. 4A is a single transcription unit (TU) DNA vector (1103) having,
arranged in a 5’-to-3’ direction, a CMV promoter (Pcmv), a coding sequence, and a polyA tail.
FIG. 4B is a multi-TU DNA vector (1147) having, arranged in a 5’-to-3’ direction, a first TU
having a first promoter, a first coding sequence, and a first polyA tail; a second TU having a
second promoter, a second coding sequence, and a second polyA tail; a third TU having a third
promoter, a third coding sequence, and a third polyA tail; and a fourth TU having a fourth
promoter, a fourth coding sequence, and a fourth polyA tail. FIG. 4C is a single TU DNA
vector (1258) having three coding sequences under control of a single promoter, followed by a
polyA tail.

FIGS. SA-5D are photographs of electrophoresis gels showing bands corresponding to
DNA fragments after digestion. FIGS. SA and 5B show actual and theoretical bands,
respectively, after digestion. FIG. SC shows band patterns post-ligation, and FIG. 5D shows

band patterns after exonuclease digestion.
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FIGS. 6A and 6B are schematic diagrams showing two variants of a process of reaction
steps as described herein. FIG. 6A shows a process in which a first Bsal digest is followed by
heat inactivation before ligation (Condition 1). FIG. 6B shows a streamlined process in which
Bsal digest was combined with ligation (Condition 2).

FIGS. 7A and 7B are maps illustrating a process of removing a backbone from a plasmid
DNA vector using Bsal to cut at five sites within the plasmid DNA vector. FIG. 7A shows the
plasmid DNA vector, which contains a therapeutic sequence (C3 region, nucleotide bases of
which are represented as N’s in FIG. 7B for illustrative purposes) and a backbone sequence
(which contains a replication origin and resistance genes). FIG. 7B shows the linear sequence
corresponding to FIG. 7A.

FIGS. 8A and 8B are gels showing theoretical bands (Fig. 8A) or actual bands (FIG. 8B)
following exonuclease digestion of the three constructs shown in FIGS. 4A-4C. Lanes 1-3
contain product from Condition 1, while lanes 4-6 contain product from Condition 2. Lanes 1
and 4 contain construct 1103 (1431 bp), lanes 2 and 5 contain construct 1147 (6293 bp), and
lanes 3 and 6 contain construct 1258 (5065 bp).

FIG. 9 is a photograph of an electrophoresis gel showing recovery of a 12.75 kb ¢c3DNA
construct after TS exonuclease digestion.

FIG. 10 is photograph of an electrophoresis gel showing a ligation reaction in which a
linear fragment containing a reporter gene sequence was self-ligated to form a closed circular
DNA vector.

FIG. 11 is a photograph of an electrophoresis gel showing a ligation reaction in which a
linear fragment containing a reporter gene sequence was self-ligated to form a closed circular
DNA vector. Lanes 1-3 show 20 pg/mL of DNA treated with 100 U/ug ligase, 20 U/ug ligase,
and 5 U/ug ligase, respectively. Lanes 4-6 show 40 ug/mL of DNA treated with 100 U/ug
ligase, 20 U/ug ligase, and 5 U/ug ligase, respectively. Lanes 7-9 show 100 ug/mL of DNA
treated with 100 U/pg ligase, 20 U/ug ligase, and 5 U/ug ligase, respectively.

FIG. 12 is a photograph of a gel showing results of time courses of a TS exonuclease
digest from O hours (lane 2) to two hours (lane 6) or overnight hours (lane 11).

FIG. 13 is a photograph of an electrophoresis gel showing banding profiles for C’DNA
after ligation for various ligase enzymes and DNA concentrations at ligation. The black box
identifies the desired C’DNA vector band. Lane numbering corresponds with Sample Number
identified in Table 3.

FIG. 14 is a photograph of an electrophoresis gel showing banding profiles for C’DNA

after various durations of ligation with T4 ligase. The white box indicates the desired C’DNA
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band. Lane 1 is a control sample post-Bsal treatment; Lanes 2-5 show Sample 1 of Table 3 at t=
0 (Lane 2), t= 2 hour (Lane 3), t= 5 hours (Lane 4), t=21.5 hours (Lane 5); Lanes 6-9 show
Sample 2 of Table 3 at t= 0 (Lane 6), t= 2 hour (Lane 7), t= 5 hours (Lane 8) , t=21.5 hours
(Lane 9); and Lanes 10-13 show Sample 2 of Table 3 at t= 0 (Lane 10), t= 2 hour (Lane 11), t=5
hours (Lane 12), t=21.5 hours (Lane 13).

FIG. 15 is a photograph of an electrophoresis gel showing banding profiles for C’DNA
after various durations of ligation with T3 ligase (Lanes 2-9) and T7 ligase (Lanes 10-17). The
white box indicates the desired C’DNA band. Lane 1 is a control sample post-Bsal treatment;
Lanes 2-5 show Sample 4 of Table 3 at t= 0 (Lane 2), t= 2 hour (Lane 3), t= 5 hours (Lane 4) ,
t=21.5 hours (Lane 5); Lanes 6-9 show Sample 5 of Table 3 at t= 0 (Lane 6), t= 2 hour (Lane 7),
t= 5 hours (Lane 8) , t=21.5 hours (Lane 9); Lanes 10-13 show Sample 6 of Table 3 at t=0
(Lane 10), t=2 hour (Lane 11), t= 5 hours (Lane 12) , t=21.5 hours (Lane 13); and Lanes 14-17
show Sample 7 of Table 3 at t= 0 (Lane 14), t= 2 hour (Lane 15), t= 5 hours (Lane 16) , t=21.5
hours (Lane 17).

FIG. 16 is a graph showing ligation kinetics as a reduction of linear DNA over time for
Samples 1-7 of Table 3.

FIG. 17 is a photograph of an electrophoresis gel showing banding patters of various
C’DNA construct preparations after ligation and before heat kill. Lanes correspond to Sample
Numbers of Table 4. White boxes indicate desired C’DNA monomer band for each construct
size.

FIGS. 18A and 18B are photographs of electrophoresis gels showing banding patters of
various C’DNA construct preparations after supercoiling by gyrase treatment. Lanes correspond
to Sample Numbers of Table 4. White boxes indicate desired C3DNA monomer band for each
construct size.

FIGS. 19A and 19B are photographs of electrophoresis gels showing banding patters of
various C’DNA construct preparations after exonuclease digest. Lanes correspond to Sample
Numbers of Table 4. White boxes indicate desired C3DNA monomer band for each construct
size.

FIG. 20 is a graph showing quantification of C’DNA monomer yield of C’DNA
construct preparations after purification. The left-hand bar in each sample shows heat-killed
samples.

FIG. 21 is a photograph of an electrophoresis gel showing banding patterns of C’DNA

produced under the conditions identified in Table 6, through supercoiling and exonuclease
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digestion, before downstream column purification. Lane number corresponds to Sample
Number of Table 6.

FIG. 22 is a graph showing relative quantification of C’DNA monomer yield for samples
shown in FIG. 21.

FIG. 23 is a photograph of an electrophoresis gel showing banding patterns of C’DNA
produced under the conditions identified in Table 6, through downstream purification, excluding
160 ug/mL DNA concentration samples.

FIG. 24 is a graph showing relative quantification of C’DNA monomer yield for samples
shown in FIG. 23.

FIG. 25 is a photograph of an electrophoresis gel showing banding patterns of C’DNA
produced under various gyrase concentrations identified in Table 8.

FIG. 26 is a photograph of an electrophoresis gel showing banding patterns of different
sizes of C’DNA produced using different restriction processes (overhang sequences and number
of cut sites), over various durations of Bsal digest steps. Sample numbers are provided in Table
9.

FIGS. 27A and 27B are photographs of electrophoresis gels showing banding patterns of
different sizes of C’DNA produced using different restriction processes (overhang sequences
and number of cut sites), over various durations of ligation steps carried out as part of the same
study. FIG. 27A shows time points at 1 hour, 3 hours, and 18 hours. FIG. 27B shows time
points at 3 hours, 18 hours, and 24 hours. Sample numbers are provided in Table 9. White
arrows point to the desired bands. White boxes indicate byproduct bands.

FIG. 28A is a photograph of an electrophoresis gel showing post-exonuclease banding
patterns of different sizes of C’DNA produced using different restriction processes (overhang
sequences and number of cut sites), as indicated in Table 9.

FIG. 28B is a graph showing post-exonuclease C’DNA concentrations for each sample
described in Table 9, quantified by Qubit.

FIG. 29 is a graph showing DNA concentrations of byproduct DNA over a time course
of exonuclease treatment. Samples were tested in replicate (A and B).

FIG. 30 is a schematic showing two constructs tested in Example 11. Each construct was
produced by a different restriction process (either AAAA or AACC overhangs, with backbones
consisting of either one or four fragments).

FIG. 31 is a plasmid map of the 8.7 kb construct with AAAA overhang exemplified in
Example 11. Bsal recognition sites (GGTCTC) are denoted with black arrows near the Bsal cut
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site (sticky ends delineated with black lines). At cut sites flanking the therapeutic sequence,
each side of the cut site is marked as the therapeutic sequence or backbone sequence.

FIG. 32 is a plasmid map of the 8.7 kb construct with AACC overhang exemplified in
Example 11. Bsal recognition sites (GGTCTC) are denoted with black arrows near the Bsal cut
site (sticky ends delineated with black lines). Each side of each cut site is marked as the
therapeutic sequence or backbone sequence.

FIG. 33 is a photograph of an electrophoresis gel showing 8.7 kb C3DNA banding
patterns for samples identified in Table 14 at the end of the ligation step. The white box
indicates the desired C’DNA monomer band.

FIG. 34 is a photograph of an electrophoresis gel showing 8.7 kb C’DNA banding
patterns for Conditions 1, 2, and 4, at the end of the supercoiling step. The white box indicates
the desired C’DNA monomer band.

FIG. 35 is a photograph of an electrophoresis gel showing 8.7 kb C°’DNA banding
patterns for Condition 3 at the end of the exonuclease digestion step. The white box indicates
the desired C’DNA monomer band.

FIG. 36 is a photograph of an electrophoresis gel showing 8.7 kb C’DNA banding
patterns for Conditions 1, 2, and 4 at the end of the exonuclease digestion step and Condition 3
at the end of the supercoiling step. The white box indicates the desired C’DNA monomer band.

FIG. 37 is a photograph of an electrophoresis gel showing 10.3 kb C’DNA banding
patterns for samples identified in Table 16 at the end of the ligation step. The white box
indicates the desired C’DNA monomer band.

FIG. 38 is a photograph of an electrophoresis gel showing 10.3 kb C’DNA banding
patterns for Conditions 1, 2, and 4, at the end of the supercoiling step. The white box indicates
the desired C’DNA monomer band.

FIG. 39 is a photograph of an electrophoresis gel showing 10.3 kb C’DNA banding
patterns for Conditions 1, 2, and 4 at the end of the exonuclease digestion step and Condition 3

at the end of the supercoiling step. The white box indicates the desired C’DNA monomer band.

DETAILED DESCRIPTION
The present invention features improved methods of producing non-viral DNA vectors,
such as therapeutic circular DNA vectors. The invention is based, in part, on the development of
a cell-free process to synthetically produce circular DNA by rolling-circle amplification and
ligation-mediated circularization (e.g., as opposed to bacterial expression and/or site-specific

recombination). The present methods allow for improved scalability and manufacturing
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efficiency in production of non-viral, circular DNA vectors and can reduce risks associated with
bacterial processing. The invention allows production of circular DNA vectors with a
therapeutic sequence that can be used for treating a disease or disorder, e.g., by transfecting a
target cell.

Methods disclosed herein can provide enhanced purity and yield of desired products as
compared to conventional methods. In particular, the use of steps that include treatment with
certain restriction enzymes, (e.g., type IIS restriction enzymes), exonucleases, such as terminal
exonucleases (e.g., TS exonuclease), and/or a helicase or topoisomerase (e.g., type 11
topoisomerase, such as gyrase), produce products with enhanced yields and purity by reducing
and/or degrading impurities, such as bacterial sequences. In certain embodiments, the present
methods streamline the manufacturing process by performing a restriction digest and a ligation
simultaneously by using a type IIS restriction enzyme.

Therapeutic circular DNA vectors, and pharmaceutical compositions thereof, generated
by the present methods exhibit several advantageous properties. For instance, by eliminating or
reducing bacterial plasmid DNA sequences, such as RNAPII arrest sites, transcriptional
silencing of a therapeutic circular DNA vector can be reduced or eliminated, resulting in
persistence of the therapeutic sequence in an individual. In particular embodiments of the
present invention, immunogenic components (e.g., bacterial endotoxin, DNA, or RNA, or
bacterial signatures, such as CpG motifs) are absent in the present therapeutic circular DNA
vectors; therefore, the risk of stimulating a host immune response is reduced relative to
conventional DNA vectors, such as plasmid DNA vectors.

Thus, the methods described herein produce DNA vectors that are substantially devoid of
bacterial plasmid DNA sequences (e.g., RNAPII arrest sites, origins of replication, and/or
resistance genes) and other bacterial signatures (e.g., immunogenic CpG motifs), and/or can be
synthesized and amplified entirely in vitro (e.g., replication in bacteria is unnecessary; bacterial
origins of replication and bacterial resistance genes are unnecessary; and recombination sites are
unnecessary). These methods and steps are described in more detail below.

I. Definitions

Unless defined otherwise, technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this invention
belongs and by reference to published texts, which provide one skilled in the art with a general
guide to many of the terms used in the present application. In the event of any conflicting
definitions between those set forth herein and those of a referenced publication, the definition

provided herein shall control.
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As used herein, the term “circular DNA vector” refers to a DNA molecule in a circular
form. Such circular form is typically capable of being amplified into concatemers by rolling
circle amplification. A linear double-stranded nucleic acid having conjoined strands at its
termini (e.g., covalently conjugated backbones, e.g., by hairpin loops or other structures) is not a
circular vector, as used herein. The term “circular DNA vector” is used interchangeably herein
with the terms “covalently closed and circular DNA vector” and “c3DNA.” A skilled artisan
will understand that such circular vectors include vectors that are covalently closed with
supercoiling and complex DNA topology, as is described herein. In particular embodiments, a
circular DNA vector is supercoiled (e.g., monomeric supercoiled). In certain instances, a
circular DNA vector lacks a bacterial origin of replication (e.g., in instances in which the
circular DNA vector encodes a self-replicating RNA molecule, the circular DNA vector lacks a
bacterial origin of replication and encodes an RNA origin of replication).

As used herein, a “cell-free” method of producing a circular DNA vector refers to a
method that does not rely on containment of any of the DNA within a host cell, such as a
bacterial (e.g., £. coli) host cell, to facilitate any step of the method, from providing the template
DNA vector (e.g., plasmid DNA vector) through producing the therapeutic circular DNA vector.
For example, a cell-free method occurs within one or more synthetic containers (e.g., glass or
plastic tubes, bioreactors, vessels, tanks, or other suitable containers) within appropriate
solutions (e.g., buffered solutions), to which enzymes and other agents may be added to
facilitate DNA amplification, modification, and isolation. Cell-free production methods may use
template DNA that has been produced within cells.

As used herein, the term “therapeutic sequence” refers to the portion of a DNA molecule
(e.g., a plasmid DNA vector or a concatemer thereof) that contains any genetic material required
for transcription in a target cell of one or more therapeutic moieties, which may include one or
more coding sequences, promoters, terminators, introns, and/or other regulatory elements. A
therapeutic moiety can be a therapeutic protein (e.g., a replacement protein (e.g., a protein that
replaces a defective protein in the target cell) or an endogenous protein (e.g., a modulatory
protein, such as a cytokine)) and/or a therapeutic nucleic acid (e.g., one or more microRNAs).
In DNA vectors having more than one transcription unit, the therapeutic sequence contains the
plurality of transcription units. A therapeutic sequence may include one or more genes (e.g.,
heterologous genes or transgenes) to be administered for a therapeutic purpose.

As used herein, the term “protein” refers to a plurality of amino acids attached to one
another through peptide bonds (i.e., as a primary structure), including multimeric (e.g., dimeric,

trimeric, etc.) proteins that are non-covalently associated (e.g., proteins having quaternary
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structure). Thus, the term “protein” encompasses peptides (e.g., polypeptides), native proteins,
recombinant proteins, and fragments thereof. In some embodiments, a protein has a primary
structure and no secondary, tertiary, or quaternary structure in physiological conditions. In some
embodiments, a protein has a primary and secondary structure and no tertiary or quaternary
structure in physiological conditions. In particular embodiments, a protein has a primary
structure, a secondary structure, and a tertiary structure, but no quaternary structure in
physiological conditions (e.g., a monomeric protein having one or more folded alpha-helices
and/or beta sheets). In some embodiments, any of the proteins described herein have a length of
at least 25 amino acids (e.g., 50 to 1,000 amino acids).

The term “therapeutic gene” refers to a transgene to be administered (e.g., as part of a
DNA vector or self-replicating RNA molecule). A therapeutic gene can be a mammalian gene
encoding a therapeutic protein.

As used herein, the term “therapeutic protein” refers to a protein that can treat a disease
or disorder in a subject. In some embodiments, a therapeutic protein is a therapeutic
replacement protein administered to replace a defective (e.g., mutated) protein in a subject. In
some embodiments, a therapeutic protein is the same or functionally similar to a native protein
that is not defective in a subject (e.g., a cytokine, chemokine, or growth factor). In some
embodiments, a therapeutic protein is an antigen. In some embodiments, a therapeutic protein is
an antigen-binding protein.

As used herein, the term “therapeutic replacement protein” refers to a protein that is
structurally similar to (e.g., structurally identical to) a protein that is endogenously expressed by
a normal (e.g., healthy) individual. A therapeutic replacement protein can be administered to an
individual that suffers from a disorder associated with a dysfunction of (or lack of) the protein to
be replaced. In some embodiments, the therapeutic replacement protein corrects a defect in a
protein resulting from a mutation (e.g., a point mutation, an insertion mutation, a deletion
mutation, or a splice variant mutation) in the gene encoding the protein. Therapeutic
replacement proteins do not include non-endogenous proteins, such as proteins associated with a
pathogen (e.g., as part of a vaccine). Therapeutic replacement proteins may include enzymes,
growth factors, hormones, interleukins, interferons, cytokines, anti-apoptosis factors, anti-
diabetic factors, coagulation factors, anti-tumor factors, liver-secreted proteins, or
neuroprotective factors. In some instances, the therapeutic replacement protein is monogenic.

As used herein, the term “therapeutic nucleic acid” refers to a nucleic acid that binds to
(e.g., hybridizes with) a molecule (e.g., protein or nucleic acid) in the subject to confer its

therapeutic effect (i.e., without necessarily being transcribed or translated). Therapeutic nucleic
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acids can be DNA or RNA, such as small interfering RNA (siRNA), short hairpin RNA
(shRNA), microRNA (miRNA), a CRISPR molecule (e.g., guide RNA (gRNA)), an
oligonucleotide (e.g., an antisense oligonucleotide), an aptamer, or a DNA vaccine. In some
embodiments, the therapeutic nucleic acid may be a non-inflammatory or a non-immunogenic
therapeutic nucleic acid. In other embodiments, the therapeutic nucleic acid is recognizable by
the immune system (e.g., adaptive immune system) and may induce an immune response (e.g.,
an innate immune response). Such therapeutic nucleic acids include toll-like receptor (TLR)
agonists.

As used herein, the term “type IIs restriction enzyme” refers to an enzyme that
recognizes a recognition site on a DNA molecule and cleaves the DNA molecule at a cut site
that 1s outside the recognition site, thereby producing an overhang (sticky end) having a
sequence that is unrelated to the recognition site. Type Ils restriction enzymes include natural
type Ils restriction enzymes (e.g., Bsal, Acul, Alwl, Bael, Bbsl, Bbvl, Bccl, BeeAl, Begl,
BciVI, BeoDI, BfuAl Bmrl, Bpml, BpuElI, Bsal, BsaXI, BseRI, Bsgl, BsmAI, BsmBI, BsmFI,
Bsml, BspCNI, BspMI, BspQI, BsrDI, Bsrl, BtgZI, BtsCI, Btsl, BtsIMutl, CspCI, Earl, Ecil,
Esp31, Faul, Fokl, Hgal, Hphl, HpyAV, Mboll, Mlyl, Mmel, Mnll, NmeAIll, PaqCI, Plel, Sapl,
and SfaNI) and synthetic type IIs restriction enzymes (e.g., as described in Lippow et al. Nucleic
Acids Res. 2009, 37(9): 3061-3073, which is incorporated by reference in its entirety).

As used herein, the term “backbone sequence” refers to a portion of plasmid DNA
outside the therapeutic sequence that includes one or more bacterial origins of replication or
fragments thereof, one or more drug resistance genes or fragments thereof, one or more
recombination sites, or any combination thereof. In some embodiments, the backbone sequence
includes one or more bacterial origins of replication. Backbone sequences include truncated
plasmid backbones of 20 base pairs or more (e.g., 31-40, e.g., 38 base pairs), which may include,
e.g., a functional origin of replication.

As used herein, the term “recombination site” refers to a nucleic acid sequence that is a
product of site-specific recombination, which includes a first sequence that corresponds to a
portion of a first recombinase attachment site and a second sequence that corresponds to a
portion of a second recombinase attachment site. One example of a hybrid recombination site is
attR, which is a product of site-specific recombination and includes a first sequence that
corresponds to a portion of attP and a second sequence that corresponds to a portion of attB.
Alternatively, recombination sites can be generated from Cre/Lox recombination. Thus, a vector
generated from Cre/Lox recombination (e.g., a vector including a LoxP site) includes a

recombination site, as used herein. Other site-specific recombination events that generate
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recombination sites involve, e.g., lambda integrase, FLP recombinase, and Kw recombinase.
Nucleic acid sequences that result from non-site-specific recombination events (e.g., [TR-
mediated intermolecular recombination) are not recombination sites, as defined herein.

As used herein, the term “flank,” “flanking,” and “flanked” refer to a pair of regions or
points on a nucleic acid molecule (e.g., a plasmid DNA vector) that are outside a reference
region of the nucleic acid molecule. In some embodiments, a pair of regions or points flanking a
reference region on a nucleic acid are adjacent to (i.e., abut) the reference region (i.e., there are
no intervening bases between the reference point and the flanking point). In other embodiments,
a pair of regions or points on a nucleic acid molecule that flank a reference region are separated
from the reference region by one or more intervening bases (e.g., up to 1,000 intervening bases).
For example, a first and second restriction site are said to flank a therapeutic sequence if the first
restriction site is 200 bases upstream of the therapeutic sequence and the second restriction site
is 100 bases downstream of the therapeutic sequence.

In some embodiments, all intervening sequences between a flanking region or point and
a reference region are devoid of bacterial sequences. Thus, there are no bacterial sequences in a
circular DNA vector produced by self-ligating a therapeutic sequence that was cut out of a
plasmid DNA vector at restriction sites flanking the therapeutic sequence. For example, in such
embodiments, a type IIs restriction enzyme that cuts sites flanking a therapeutic sequence may
produce a therapeutic circular DNA vector having a sequence between the 5” end and 3’ end of
the therapeutic sequence; however, this region contains no bacterial sequences (e.g., bacterial
origins of replication or drug-resistance genes). Such intervening sequences may be artifacts
from sticky end ligation, e.g., corresponding to overhang bases generated by the type Ils
restriction enzyme.

As used herein, steps are performed “simultaneously” when the steps overlap, wholly or
partially. Thus, restriction digestion and ligation occur simultaneously in any of the following
scenarios: (1) the restriction enzyme acts on the DNA at the same time as the ligase and both
enzymes are inactivated at the same time; (i1) the restriction enzyme acts on the DNA at the
same time as the ligase and the enzymes are inactivated at different times; (iii) the restriction
enzyme acts on the DNA before the ligase and both enzymes are inactivated at the same time; or
(iv) the restriction enzyme acts on the DNA before the ligase, the ligase acts on the DNA before
the restriction enzyme is inactivated, and the restriction enzyme is inactivated before the ligase
in inactivated.

As used herein, a step is said to “immediately” follow a preceding step if there are no

intervening functional steps, such as purifications (e.g., purifications that reduce DNA yield,
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such as gel purifications or column purifications), enzymatic reactions, or enzyme inactivation
steps (e.g., heat-inactivation steps, also referred to heat-kill steps). When proceeding from one
step to an immediate subsequent step, it will be understood that transition conditions may occur,
such as an increase or decrease in temperature and/or increases or decreases in reagent
concentration. Whether such transition conditions occur instantaneously or gradually (e.g., over
the course of seconds or minutes), a subsequent step is nevertheless said to “immediately”
follow a preceding step if there are not intervening functional steps. For example, a 65 °C post-
ligation heat inactivation step may be immediately proceeded by a 37 °C supercoiling step after
a two-hour cooling period during which the temperature is reduced from 65 °C to 37 °C.

As used herein, “large-scale production” means production of at least 2 mg therapeutic
circular DNA vector per batch. Large-scale production enables therapeutically effective
amounts of therapeutic circular DNA vector for one or more doses.

As used herein, the term “self-replicating RNA molecule” refers to a self-replicating
genetic element comprising an RNA that replicates from one origin of replication. The terms
“self-replicating RNA,” “replicon RNA,” and “self-amplifying replicon RNA” are used
interchangeably herein.

As used herein, the term “operably linked” refers to an arrangement of elements, wherein
the components so described are configured so as to perform their usual function. A nucleic
acid is “operably linked” when it is placed into a functional relationship with another nucleic
acid sequence. For example, a promoter is operably linked to one or more heterologous genes if
it affects the transcription of the one or more heterologous genes. Further, control elements
operably linked to a coding sequence are capable of effecting the expression of the coding
sequence. The control elements need not be contiguous with the coding sequence, so long as
they function to direct the expression thereof. Thus, for example, intervening untranslated yet
transcribed sequences can be present between a promoter sequence and the coding sequence,
and the promoter sequence can still be considered “operably linked” to the coding sequence.

As used herein, the term “isolated” means artificially produced and not integrated into a
native host genome. For example, an isolated nucleic acid vector includes nucleic acid vectors
that are encapsulated in a lipid envelope (e.g., a liposome) or a polymer matrix. In some
embodiments, the term “isolated” refers to a DNA vector that is: (i) amplified in vitro (e.g., in a
cell-free environment), for example, by rolling-circle amplification or polymerase chain reaction
(PCR); (i1) recombinantly produced by molecular cloning; (iii) purified, as by restriction
endonuclease cleavage and gel electrophoretic fractionation, or column chromatography; or (iv)

synthesized by, for example, chemical synthesis. An isolated nucleic acid vector is one which is
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readily manipulable by recombinant DNA techniques well-known in the art. Thus, a nucleotide
sequence contained in a vector in which 5” and 3’ restriction sites are known or for which
polymerase chain reaction (PCR) primer sequences have been disclosed is considered isolated,
but a nucleic acid sequence existing in its native state in its natural host is not. An isolated
nucleic acid vector may be substantially purified, but need not be.

As used herein, the term “naked” refers to a nucleic acid molecule (e.g., a circular DNA
vector) that is not encapsulated in a lipid envelope (e.g., a liposome) or a polymer matrix and is
not physically associated with (e.g., covalently or non-covalently bound to) a solid structure
(e.g., a particulate structure) upon administration to the individual. In some instances of the
present invention, a pharmaceutical composition includes a naked circular DNA vector.

As used herein, a “vector” refers to a nucleic acid molecule capable of carrying a
therapeutic sequence to which is it linked into a target cell in which the therapeutic sequence can
then be transcribed, replicated, processed, and/or expressed in the target cell. After a target cell
or host cell processes the therapeutic sequence of the vector, the therapeutic sequence is not
considered a vector. One type of vector is a “plasmid”, which refers to a circular double
stranded DNA loop containing a bacterial backbone into which additional DNA segments may
be ligated. Another type of vector is a phage vector. Another type of vector is a viral vector,
wherein additional DNA segments may be ligated into the viral genome. Certain vectors are
capable of autonomous replication in a host cell into which they are introduced (e.g., bacterial
vectors having a bacterial origin of replication and episomal mammalian vectors). Other vectors
(e.g., non-episomal mammalian vectors) can be integrated into the genome of a host cell upon
introduction into the host cell, and thereby are replicated along with the host genome.
Moreover, certain vectors are capable of directing the expression of genes to which they are
operatively linked. Such vectors are referred to herein as “recombinant expression vectors” (or
simply, “recombinant vectors” or “expression vectors”).

As used herein, the terms “individual” and “subject” are used interchangeably and
include any mammal in need of treatment or prophylaxis, e.g., by a therapeutic circular DNA
vector, or pharmaceutical composition thereof, described herein. In some embodiments, the
individual or subject is a human. In other embodiments, the individual or subject is a non-
human mammal (e.g., a non-human primate (e.g., a monkey), a mouse, a pig, a rabbit, a cat, or a
dog). The individual or subject may be male or female.

As used herein, an “effective amount” or “effective dose” of a therapeutic circular DNA
vector, or pharmaceutical composition thereof, refers to an amount sufficient to achieve a

desired biological, pharmacological, or therapeutic effect, e.g., when administered to the
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individual according to a selected administration form, route, and/or schedule. As will be
appreciated by those of ordinary skill in this art, the absolute amount of a particular composition
that 1s effective can vary depending on such factors as the desired biological or pharmacological
endpoint, the agent to be delivered, the target tissue, etc. Those of ordinary skill in the art will
further understand that an “effective amount” can be contacted with cells or administered to a
subject in a single dose or through use of multiple doses. An effective amount of a composition
to treat a disease may slow or stop disease progression or increase partial or complete response,
relative to a reference population, e.g., an untreated or placebo population, or a population
receiving the standard of care treatment.

As used herein, “treatment” (and grammatical variations thereof such as “treat” or
“treating”) refers to clinical intervention in an attempt to alter the natural course of the
individual being treated, which can be performed either for prophylaxis or during the course of
clinical pathology. Desirable effects of treatment include, but are not limited to, preventing
occurrence or recurrence of disease, alleviation of symptoms, diminishment of any direct or
indirect pathological consequences of the disease, decreasing the rate of disease progression,
amelioration or palliation of the disease state, and improved prognosis. In some embodiments,
therapeutic circular DNA vectors of the invention are used to delay development of a disease or
to slow the progression of a disease.

The terms “level of expression” or “expression level” are used interchangeably and
generally refer to the amount of a polynucleotide or an amino acid product or protein in a
biological sample (e.g., retina). “Expression” generally refers to the process by which gene-
encoded information is converted into the structures present and operating in the cell.
Therefore, according to the invention, “expression” may refer to transcription into a
polynucleotide, translation into a protein, or post-translational modification of the protein.
Fragments of the transcribed polynucleotide, the translated protein, or the post-translationally
modified protein shall also be regarded as expressed whether they originate from a transcript
generated by alternative splicing or a degraded transcript, or from a post-translational processing
of the protein, e.g., by proteolysis. “Expressed genes” include those that are transcribed into a
polynucleotide as mRNA and then translated into a protein, and also those that are transcribed
into RNA but not translated into a protein (for example, transfer and ribosomal RNAs).

As used herein, the term “expression persistence” refers to the duration of time during
which a therapeutic sequence, or a functional portion thereof (e.g., one or more coding
sequences of a therapeutic DNA vector), is expressible in the cell in which it was transfected

(“intra-cellular persistence”) or any progeny of the cell in which it was transfected (“trans-
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generational persistence”). A therapeutic sequence, or functional portion thereof, may be
expressible if it is not silenced, e.g., by DNA methylation and/or histone methylation and
compaction. Expression persistence can be assessed by detecting or quantifying (i) mRNA
transcribed from the therapeutic sequence in the target cell or progeny thereof (e.g., through
gPCR, RNA-seq, or any other suitable method) and (ii) protein translated from the therapeutic
sequence in the target cell or progeny thereof (e.g., through Western blot, ELISA, or any other
suitable method). In some instances, expression persistence is assessed by detecting or
quantifying therapeutic DNA in the target cell or progeny thereof (e.g., the presence of
therapeutic circular DNA vector in the target cell, e.g., through episomal DNA copy number
analysis) in conjunction with either or both of (i) mRNA transcribed from the therapeutic
sequence in the target cell or progeny thereof and (ii) protein translated from the therapeutic
sequence in the target cell or progeny thereof. Expression persistence of a therapeutic sequence,
or a functional portion thereof, can be quantified relative to a reference vector, such as a control
vector produced in bacteria (e.g., a circular vector produced in bacteria or having one or more
bacterial signatures not present in the vector of the invention (e.g., a plasmid)), using any gene
expression characterization method known in the art. Expression persistence can be quantified
at any given time point following administration of the vector. For example, in some
embodiments, expression of a therapeutic circular DNA vector of the invention persists for at
least two weeks after administration if it is detectable in the target cell, or progeny thereof, two
weeks after administration of the therapeutic circular DNA vector. In some embodiments,
expression of a gene “persists” in a target cell if it is detectable in the target cell at one week,
two weeks, three weeks, four weeks, six weeks, two months, three months, four months, five
months, six months, seven months, eight months, nine months, ten months, eleven months, one
year, or longer after administration. In some embodiments, expression of a therapeutic sequence
is said to persist for a given period after administration if any detectable fraction of the original
expression level remains (e.g., at least 1%, at least 5%, at least 10%, at least 20%, at least 30%,
at least 40%, at least 50%, at least 70%, or at least 100% of the original expression level) after
the given period of time (e.g., one week, two weeks, three weeks, four weeks, six weeks, two
months, three months, four months, five months, six months, seven months, eight months, nine
months, ten months, eleven months, one year, or longer after administration).

As used herein, “intra-cellular persistence” refers to the duration of time during which a
therapeutic sequence, or a functional portion thereof (e.g., one or more coding sequences of a
therapeutic DNA vector), is expressible in the cell in which it was transfected (e.g., a target cell,

such as a post-mitotic cell or a quiescent cell). Intra-cellular persistence can be assessed by

38



10

15

20

25

30

WO 2023/049937 PCT/US2022/077108

detecting or quantifying (i) mRNA transcribed from the therapeutic sequence in the target cell
and (i1) protein translated from the therapeutic sequence in the target cell. In some instances,
intra-cellular persistence is assessed by detecting or quantifying therapeutic DNA in the target
cell (e.g., the presence of therapeutic circular DNA vector in the target cell) in conjunction with
either or both of (1) mRNA transcribed from the therapeutic sequence in the target cell and (i1)
protein translated from the therapeutic sequence in the target cell. In some embodiments, the
therapeutic circular DNA vector of the invention exhibits improved intra-cellular persistence
relative to a reference vector (e.g., a plasmid DNA vector).

As used herein, “trans-generational persistence” refers to the duration of time during
which a therapeutic sequence, or a functional portion thereof (e.g., one or more coding
sequences of a therapeutic DNA vector), is expressible in progeny of the cell in which the gene
was transfected (e.g., progeny of the target cell, such as first-generation, second-generation,
third-generation, or fourth-generation descendants of the cell in which the gene was transfected,
e.g., through a therapeutic circular DNA vector). Trans-generational persistence accounts for
any dilution of a gene over cell divisions and may therefore be useful in measuring persistence
of a vector in a dividing tissue over time. In some embodiments, the therapeutic circular DNA
vector of the invention exhibits improved trans-generational persistence relative to a reference
vector (e.g., a plasmid DNA vector). Trans-generational persistence can be assessed by
detecting or quantifying (i) mRNA transcribed from the therapeutic sequence in progeny of the
target cell and (i1) protein translated from the therapeutic sequence in progeny of the target cell.
In some instances, intra-cellular persistence is assessed by detecting or quantifying therapeutic
DNA in progeny of the target cell (e.g., the presence of therapeutic circular DNA vector in
progeny of the target cell) in conjunction with either or both of (i) mRNA transcribed from the
therapeutic sequence in progeny of the target cell and (i1) protein translated from the therapeutic
sequence in progeny of the target cell. In some embodiments, the therapeutic circular DNA
vector of the invention exhibits improved trans-generational persistence relative to a reference
vector (e.g., a plasmid DNA vector).

The term “pharmaceutically acceptable” means safe for administration to a mammal,
such as a human. In some embodiments, a pharmaceutically acceptable composition is approved
by a regulatory agency of the Federal or a state government or listed in the U.S. Pharmacopeia
or other generally recognized pharmacopeia for use in animals, and more particularly in humans.

The term “carrier” refers to a diluent, adjuvant, excipient, or vehicle with which a vector

or composition of the invention is administered. Examples of suitable pharmaceutical carriers
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are described in “Remington’s Pharmaceutical Sciences,” Mack Publishing Co., Easton, PA ,
23" edition, 2020.
The terms “a” and “an” mean “one or more of.” For example, “a gene” is understood to

2%

represent one or more such genes. As such, the terms “a” and “an,” “one or more of a (or an),”
and “at least one of a (or an)” are used interchangeably herein.

As used herein, the term “about” refers to a value within = 10% variability from the
reference value, unless otherwise specified.

For any conflict in definitions between various sources or references, the definition
provided herein shall control.

I1. Methods of Producing Therapeutic Circular DNA Vectors

The methods provided herein involve cell-free synthesis of therapeutic circular DNA
vectors as alternative means to conventional production methods that are based on bacterial cell
synthesis. Because the amplification of the bacterial plasmid DNA vector is feasible using a
polymerase in cell-free conditions, the circular DNA vector can be isolated from the bacterial
components of a plasmid in which it was cloned, and bacterial signatures are substantially absent
from the isolated product vector. Cell-free synthesis therefore minimizes risk of bacterial
impurities and offers purer compositions of resulting circular DNA vectors (i.e., synthetic
circular DNA vectors) relative to bacterial-derived vectors (i.e., non-synthetic circular DNA
vectors). The present methods are amenable to scale-up and provide improved efficiency in
manufacturing. No gel extraction steps are required. Thus, in some embodiments, no gel
purification (e.g., agarose gel purification) is performed as part of the production process (e.g.,
gel electrophoresis may be conducted in parallel for analytics purposes). In some embodiments,
streamlined restriction digest schemes are provided. Therapeutic circular DNA vectors
produced using such cell-free processes are referred to herein as “synthetic” vectors, reflecting
the absence of bacterial cells in their production from templates.

In one aspect, the method includes providing a sample that includes a template DNA
molecule (e.g., a template DNA vector (e.g., a plasmid DNA vector)) including a therapeutic
gene sequence and amplifying the template DNA vector using a polymerase-mediated rolling-
circle amplification to generate a linear concatemer. The linear concatemer is digested with a
restriction enzyme that cuts at least two sites of the linear concatemer per unit of the bacterial
plasmid DNA vector to generate linearized fragments of the DNA vector. The method further
includes self-ligating the linearized fragment of the DNA vector that includes the therapeutic
sequence to produce a therapeutic circular DNA vector. The method also includes treating the

sample with a topoisomerase or a helicase. In some embodiments, the method further includes
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digesting the sample with an exonuclease (e.g., a terminal exonuclease). In some embodiments,
the digesting and self-ligating are performed simultaneously.

In one aspect, the method includes providing a sample that includes a template DNA
molecule (e.g., a template DNA vector (e.g., a plasmid DNA vector)) including a therapeutic
sequence and amplifying the template DNA vector using a polymerase-mediated rolling-circle
amplification to generate a linear concatemer. The method further includes digesting the linear
concatemer with a restriction enzyme (e.g., a type Ils restriction enzyme, e.g., Bsal) to generate
a linearized fragment of the DNA vector. The linear concatemer contains multiple copies of the
template DNA vector, each copy having a unit length and the linear concatemer having multiple
unit lengths of the vector. The restriction enzyme cuts at least two sites (e.g., two and only two
sites, or more than two sites (e.g., three, four, five, or more sites)) of the linear concatemer per
unit of the bacterial plasmid DNA vector. The method further includes self-ligating the
linearized fragment of the DNA vector to produce a closed circular DNA vector (e.g., C’DNA).
The method also includes digesting the sample with an exonuclease (e.g., a terminal
exonuclease, e.g., TS exonuclease). In some embodiments, the method further includes treating
the sample with a topoisomerase (e.g., gyrase) or a helicase. In some embodiments, the
digesting and self-ligating are performed simultaneously.

In another aspect, the method includes providing a sample having a template DNA
molecule (e.g., a template DNA vector (e.g., a plasmid DNA vector)) including a therapeutic
sequence and amplifying the template DNA vector using a polymerase-mediated rolling-circle
amplification to generate a linear concatemer. The method further includes digesting the linear
concatemer with a restriction enzyme (e.g., a type Ils restriction enzyme, e.g., Bsal) to generate
a linearized fragment of the DNA vector. The restriction enzyme cuts at least two sites (e.g.,
two and only two sites, or more than two sites (e.g., three, four, five, or more sites)) of the linear
concatemer per unit of the template DNA vector. The method further includes self-ligating the
linearized fragment of the DNA vector to produce a closed circular DNA vector (e.g., C’DNA).
The method may further include treating the sample with a topoisomerase (e.g., gyrase) or a
helicase. The method may also include digesting the sample with an exonuclease (e.g., a
terminal exonuclease, e.g., TS exonuclease). In some embodiments, the digesting and self-
ligating are performed simultaneously (in the same reaction conditions).

In some embodiments, the method utilizes a single restriction enzyme to generate
overhangs such that the restriction digest step can be consolidated with the ligation step (e.g., the
restriction digest step can overlap with the ligation step or occur simultaneously with the

ligations step). For example, some embodiments of such a method include: (a) providing a
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sample comprising a template DNA vector comprising a therapeutic sequence and a backbone
sequence; (b) amplifying the template DNA vector using a polymerase-mediated rolling-circle
amplification to generate a linear concatemer; (¢) digesting the linear concatemer with a
restriction enzyme (e.g., type Ils restriction enzyme, e.g., Bsal) that cuts at least a first site, a
second site, and a third site per unit of the linear concatemer, thereby producing a linear
therapeutic fragment comprising the therapeutic sequence and at least two linear backbone
fragments each comprising a portion of the backbone sequence; and (d) contacting the linear
therapeutic fragment with a ligase to produce a therapeutic circular DNA vector in solution. The
first and second sites flank the therapeutic sequence and form self-complementary overhangs,
and the third site is within the backbone sequence and forms an overhang that is non-
complementary to the first or second site.

Alternatively, a type IIs restriction enzyme can be used to cut a template DNA molecule
at two sites, thereby producing a single backbone fragment and a therapeutic fragment. By
designing the template such that the type IIs recognition site (e.g., GGTCTC in embodiments
involving Bsal) is on the backbone fragment and not on the therapeutic fragment, self-ligation of
the backbone fragment reconstitutes the type Ils restriction site on the circularized backbone,
whereas self-ligation of the therapeutic fragment produces a therapeutic DNA vector lacking the
type Ils restriction site. Thus, the backbone is subject to further digestion, while the therapeutic
DNA vector is uncleaved.

In some embodiments, the restriction enzyme cuts a fourth site of the linear concatemer
per unit, wherein the fourth site is within the backbone sequence and forms an overhang that is
non-complementary to the first or second site, and wherein the digestion produces at least three
linear backbone fragments each comprising a portion of the backbone sequence.

In some embodiments, no restriction enzyme inactivation step precedes step (d). For
example, no heat inactivation of the restriction enzyme (e.g., type Ils restriction enzyme, e.g.,
Bsal) is performed before ligation. This allows for streamlined DNA production, enabled by the
overhang design that allows for restriction digest and ligation steps to occur simultaneously,
obviating the need to inactivate the restriction enzyme of step (¢). It also permits use of single-
use vessels not suitable for increased temperatures.

After step (d), the temperature of the solution containing the therapeutic circular DNA
vector can be raised to about 65 °C to inactivate enzymes (e.g., restriction enzymes and/or
ligase). Alternatively, no heat inactivation is performed after (e.g., immediately after) restriction

enzyme digestion and/or ligation.
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In another aspect, the invention provides a method of removing a backbone sequence
from a DNA molecule (e.g., a template DNA vector) to produce a therapeutic circular DNA
vector. The DNA molecule (e.g., template DNA vector) comprises the backbone sequence and a
therapeutic sequence. The method involves the steps of (a) digesting the DNA molecule with
one or more restriction enzymes (e.g., type IIs restriction enzymes) that cut at least a first site
and a second site of the DNA molecule, wherein: (i) the first and second sites flank the
therapeutic sequence and form self-complementary overhangs, and (ii) the recognition sites are
within the backbone sequence, thereby producing a linear therapeutic fragment comprising the
therapeutic sequence and a linear backbone fragments comprising the backbone sequence and
the recognition sites (e.g., type IIs recognition sites); and (b) contacting the linear therapeutic

fragment with a ligase to produce a therapeutic circular DNA vector in solution.

In another aspect, the invention provides a method of removing a backbone sequence
from a DNA molecule (e.g., a template DNA vector) to produce a therapeutic circular DNA
vector. The DNA molecule (e.g., template DNA vector) comprises the backbone sequence and a
therapeutic sequence. The method involves the steps of (a) digesting the DNA molecule with
one or more restriction enzymes that cut at least a first site, a second site, and a third site per unit
of the DNA molecule, wherein: (i) the first and second sites flank the therapeutic sequence and
form self-complementary overhangs, and (ii) the third site is within the backbone sequence and
forms an overhang that is non-complementary to the first or second site, thereby producing a
linear therapeutic fragment comprising the therapeutic sequence and at least two linear backbone
fragments each comprising a portion of the backbone sequence; and (b) contacting the linear
therapeutic fragment with a ligase to produce a therapeutic circular DNA vector in solution.

In some embodiments, the therapeutic circular DNA vector is contacted with
topoisomerase (e.g., gyrase) or a helicase. Such reactions can be carried out at about 37 °C.
Additionally, or alternatively, the therapeutic circular DNA vector can be contacted with an
exonuclease (e.g., a terminal exonuclease) (e.g., in a reaction carried out at about 37 °C). In
particular embodiments, the therapeutic circular DNA vector (and reaction mixture thereof) is
contact with a topoisomerase or a helicase and, without raising the reaction temperature to
inactivate the topoisomerase or helicase, the therapeutic circular DNA vector (and reaction
mixture thereof) is thereafter contacted with an exonuclease (e.g., a terminal exonuclease).
Alternatively, the exonuclease digestion occurs before contact with the topoisomerase or a

helicase.
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In some embodiments, after contacting the therapeutic circular DNA vector with the
topoisomerase or helicase and/or the terminal exonuclease, the method includes running the
therapeutic circular DNA vector through a column (e.g., capture column). In some
embodiments, the therapeutic circular DNA vector is then precipitated with isopropyl alcohol.
In some embodiments, the methods include amplifying a template vector in vitro, digesting the
amplified vector with a restriction enzyme, self-ligating the resultant fragment, and treating the
sample with a terminal exonuclease and/or a helicase or topoisomerase, using any combination

of the steps described in Sections A-G, below.

A. Template

In general, production of a therapeutic circular DNA vector begins with providing a
sample having a template DNA molecule (e.g., template DNA vector), such as a plasmid DNA
vector, having a therapeutic sequence and a backbone sequence. By designing a template DNA
vector to contain restriction sites (e.g., type Ils restriction sites, e.g., Bsal restriction sites, e.g.,
GGTCTC) flanking the therapeutic sequence (e.g., within the backbone sequence), the backbone
sequence can be separated from the therapeutic sequence. The therapeutic sequence can then be
self-ligated to produce a therapeutic circular DNA vector. Restriction sites can be designed in
positions within the backbone sequence to allow for removal of the backbone sequence from the
product without performing a yield-reducing step, such as gel purification, by further restriction
digest and/or exonuclease digest. For example, a type IIs recognition site can be positioned
distal to its corresponding cut site relative to the therapeutic sequence (see, e.g., FIG. 2A), i.e,,
the cut site is between the recognition site and the therapeutic sequence.

In some embodiments, the template contains, linked the following order: a first type IIs
recognition site, a first type IIs cut site corresponding to the first type IIs recognition site, a
therapeutic sequence, a second type IIs cut site, and a second type IIs recognition site
corresponding to the second type IIs cut site. The second type IIs recognition site may be
connected to the first type IIs recognition site by a backbone sequence (or portion thereof, where
one or both of the first and second type IIs recognition sites are within the backbone sequence).
In some instances, there are two and only two (i.e. no more than two) type IIs recognition sites
on the template DNA molecule. In some instances, there are two and only two Bsal recognition
sites on the template DNA molecule (e.g., as shown in FIG. 32). Such a design allows for both
type Ils recognition sites to be positioned on a linear backbone sequence produced upon type IIs
restriction enzyme digest and, upon, re-ligation, the type IIs restriction enzyme can cut the

circularized backbone sequence. In some embodiments, the therapeutic sequence contains no
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type IIs recognition sites (e.g., Bsal recognition sites, e.g., GGTCTC). In some embodiments,
the therapeutic sequence contains no restriction enzyme recognition sites.

In some embodiments in which a template is a plasmid DNA vector having a therapeutic
sequence and a backbone sequence, the plasmid DNA contains at least three restriction sites
(e.g., at least four restriction sites, or at least five restriction sites; e.g., three restriction sites,
four restriction sites, or five restriction sites) that are recognized by the same restriction enzyme
(e.g., a type IIs restriction enzyme, e.g., Bsal). Two of the at least three restriction sites flank
the therapeutic sequence such that, upon restriction digest by the restriction enzyme (e.g., the
type Ils restriction enzyme, e.g., Bsal), a linear therapeutic fragment is formed (e.g., a single
linear therapeutic fragment is formed) having self-complementary overhangs at its termini. The
at least one remaining restriction site is within the backbone sequence such that, upon digestion
of the plasmid DNA vector with the restriction enzyme (e.g., the type Il restriction enzyme, e.g.,
Bsal), at least two linear backbone fragments are produced, each of which includes a portion of
the backbone sequence. The at least one remaining restriction site is positioned within the
backbone sequence such that, upon digestion of the plasmid DNA vector with the restriction
enzyme (e.g., the type Il restriction enzyme, e.g., Bsal), the overhang produced by the restriction
site within the backbone sequence is non-complementary to an overhang produced at the
flanking ends of the therapeutic sequence.

In some embodiments in which the plasmid DNA contains four restriction sites
recognized by a type Ils restriction enzyme (e.g., Bsal), the two remaining restriction sites
within the backbone sequence are positioned such that, upon digestion of the plasmid DNA
vector with the type IIs restriction enzyme (e.g., Bsal), three linear backbone fragments are
produced, each of which includes a portion of the backbone sequence, and the overhangs
produced by the restriction sites within backbone sequence are both non-complementary to an
overhang produced at the flanking ends of the therapeutic sequence. In some such
embodiments, the two type IIs restriction sites within the backbone sequence produce overhangs
that are non-complementary to each other.

In embodiments in which two different restriction enzymes are used, the template (e.g.,
plasmid DNA vector) may contain at least three restriction sites (e.g., at least four restriction
sites, or at least five restriction sites; e.g., three restriction sites, four restriction sites, or five
restriction sites), wherein two of the restriction sites flank the therapeutic sequence and are
recognized by a first restriction enzyme. The at least one remaining restriction site is within the
backbone sequence and is recognized by a different, second restriction enzyme. In some

embodiments, the restriction sites flanking the therapeutic sequence are EcoRI restriction sites
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and the first restriction enzyme is EcoRL. In some embodiments, the restriction sites flanking
the therapeutic sequence are Pvull restriction sites and the first restriction enzyme is Pvull. In
some embodiments, the restriction site within the backbone sequence is a Pvull restriction site
and the second restriction enzyme is Pvull. In some embodiments, the restriction site within the
backbone sequence is an EcoRI restriction site and the second restriction enzyme is EcoRL

In some embodiments, the template (e.g., plasmid DNA vector) contains four restriction
sites, wherein two restriction sites flank the therapeutic sequence and are recognized by a first
restriction enzyme, and the two remaining restriction sites within the backbone sequence are
recognized by a second restriction enzyme. In some embodiments, the restriction sites flanking
the therapeutic sequence are EcoRI restriction sites and the first restriction enzyme is EcoRL. In
some embodiments, the restriction sites flanking the therapeutic sequence are Pvull restriction
sites and the first restriction enzyme is Pvull. In some embodiments, the restriction sites within
the backbone sequence are Pvull restriction sites and the second restriction enzyme is Pvull. In
some embodiments, the restriction sites within the backbone sequence are EcoRI restriction sites
and the second restriction enzyme is EcoRL

The sample containing the template DNA can be a lysate or other preparation from a cell
or tissue (e.g., a mammalian cell or tissue or a bacterial cell) that includes a template DNA
vector (e.g., bacterial plasmid DNA vector). Double stranded circular DNA can be obtained
from the cells using standard DNA extraction/isolation techniques. In some embodiments,
linear DNA 1is specifically degraded, e.g., using plasmid-safe DNase, to purify the plasmid DNA
vector prior to further processing.

In other embodiments, template DNA lacks one or more bacterial elements of plasmid
DNA vectors. In some instances of the methods described herein, synthetic DNA vectors
described in International Publication No. WO 2021/055760, incorporated herein by reference in
its entirety, are used as template DNA. Such synthetic DNA vectors can be amplified using
rolling circle amplification and re-circularized by restriction digest and ligation. In
embodiments in which synthetic DNA vectors lacking backbone sequences is used as a
template, steps involving exonuclease digestion of linear backbone fragments are obviated and

omitted from the present methods of production.

B. Amplification
In some instances, cell-free synthesis of circular DNA vectors relies on effective
amplification using a polymerase, such as a phage polymerase (e.g., Phi29 polymerase). The

polymerase used herein can be, for example, a thermophilic polymerase having high
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processivity through GC-rich residues. In particular embodiments, the polymerase used to
amplify the vector is Phi29 polymerase.

In some embodiments, the plasmid DNA vector is amplified in vitro, in a cell-free
preparation, by incubating the DNA with a polymerase (e.g., a phage polymerase, e.g., Phi29
DNA polymerase; TempliPhi kit, GE Healthcare), primers (e.g., site-specific primers or random
primers, e.g., random hexamer primers), and a nucleotide mixture (e.g., dNTP, e.g., dATP,
dCTP, dGTP, and dTTP). The polymerase (e.g., phage polymerase, e.g., Phi29 polymerase)
amplifies the template by rolling-circle amplification (e.g., isothermal rolling-circle
amplification), generating a linear concatemer having a plurality of unit length copies of the
template vector (e.g., plasmid DNA vector). Suitable polymerases include thermophilic
polymerases and polymerases featuring high processivity.

A suitable polymerase concentration (e.g., Phi29 DNA polymerase concentration) can be
from 10 U/mL to 2,000 U/mL (e.g., from 50 U/mL to 1,000 U/mL, from 100 U/mL to 500
U/mL, or from 150 U/mL to 300 U/mL, e.g., from 10 U/mL to 50 U/mL, from 50 U/mL to 100
U/mL, from 100 U/mL to 150 U/mL, from 150 U/mL to 200 U/mL, from 200 U/mL to 250
U/mL, from 250 U/mL to 300 U/mL, from 300 U/mL to 400 U/mL, from 400 U/mL to 500
U/mL, from 500 U/mL to 750 U/mL, from 750 U/mL to 1,000 U/mL, from 1,000 U/mL to 1,500
U/mL, or from 1,500 U/mL to 2,000 U/mL). In some embodiments, the polymerase (e.g., Phi29
DNA polymerase) concentration is about 200 U/mL.

Starting concentration of template DNA vector (e.g., plasmid DNA vector) can be from
10 ng/mL to 5 mg/mL (e.g., from 0.1 pg/mL to 1 mg/mL, from 0.2 ug/mL to 0.5 mg/mL, from
0.5 pg/mL to 0.1 mg/mL, from 1.0 pg/mL to 50 pg/mL, from 2.0 pg/mL to 25 pg/mL, from 4.0
nug/mL to 10 pg/mL, or about 5.0 ug/mL; e.g., from 10 ng/mL to 50 ng/mL, from 50 ng/mL to
100 ng/mL, from 100 ng/mL to 500 ng/mL, from 500 ng/mL to 1 pg/mL, from 1 pg/mL to 2
nug/mL, from 2 pg/mL to 3 pg/mL, from 3 pg/mL to 4 pug/mL, from 4 pg/mL to 5 pg/mL, from 5
ug/mL to 6 pg/mL, from 6 pg/mL to 7 pg/mL, from 7 pg/mL to 8 ug/mL, from 8 pg/mL to 9
nug/mL, from 9 ug/mL to 10 pg/mL, from 10 pg/mL to 20 ug/mL, from 20 ug/mL to 50 pg/mL,
from 50 pg/mL to 100 pg/mL, from 100 pg/mL to 500 ug/mL, from 500 pg/mL to 1 mg/mL, or
from 1 mg/mL to 5 mg/mL; e.g., about 0.5 pg/mL, about 1.0 ug/mL, about 2 pg/mL, about 3
ug/mL, about 4 pg/mL, about 5 pg/mL, about 6 pg/mL, about 7 ug/mL, about 8 ug/mL, about 9
ug/mL, or about 10 ug/mL). In some embodiments, the starting concentration of template DNA
vector (e.g., plasmid DNA vector) is from 1.0 pug/mL to 10 ug/mL (e.g., about 1.0 ug/mL, about
5.0 pg/mL, or about 10 ng/mL). In some embodiments, the starting concentration of template

DNA vector (e.g., plasmid DNA vector) is 10 pg/mL. In some embodiments, the starting
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concentration of template DNA vector (e.g., plasmid DNA vector) is 1 ug/mL. In some
embodiments, the starting concentration of template DNA vector (e.g., plasmid DNA vector) is
5 ug/mL.

Starting concentration of primers (e.g., random primers or specific primers) can be from
0.1 uM to 1.0 mM (e.g., from 0.5 uM to 500 uM, from 1.0 pM to 250 puM, from 2.0 pM to 200
uM, from 4 uM to 100 uM, or from 5 pM to 50 pM; e.g., from 0.1 pM to 0.5 pM, from 0.5 pM
to 1.0 uM, from 1.0 uM to 2.0 uM, from 2.0 uM to 5.0 uM, from 5.0 uM to 10 pM, from 10
uM to 50 pM, from 50 pM to 100 pM, from 100 uM to 500 uM, or from 500 uM to 1.0 mM;
e.g., about 1 uM, about 2 uM, about 5 uM, about 10 uM, about 20 uM, about 25 pM, about 50
uM, about 100 uM, about 200 uM, about 250 uM, about 300 uM, about 400 uM, about 500
uM, about 600 uM, about 700 uM, about 750 uM, about 800 uM, about 900 uM, or about 1.0
mM).

In some instances, the starting concentration of template DNA vector (e.g., plasmid
DNA vector) at the start of amplification is from 1 pg/mL to 10 pg/mL and the starting
concentration of primers is from 1 uM to 100 uM. In some instances, the starting concentration
of plasmid DNA vector at the start of amplification is about 5 pg/mL and the starting
concentration of primers is from 1 uM to 100 uM (e.g., about 50 uM).

Any suitable amplification buffer known in the art or described herein may be used in the
present methods.

In some embodiments, the amplification reaction proceeds for a duration from about 1
hour to about 24 hours, e.g., about 18 hours. For example, the amplification reaction may be
about 1 hour, about 2 hours, about 3 hours, about 4 hours, about 4 hours, about 5 hours, about 6
hours, about 7 hours, about 8 hours, about 9 hours, about 10 hours, about 11 hours, about 12
hours, 13 hours, 14 hours, 15 hours, 16 hours, 17 hours, 18 hours, 19 hours, 20 hours, 21 hours,
22 hours, 23 hours, or 24 hours. In some embodiments, the amplification reaction proceeds for
about 18 hours.

In some embodiments, the amplification reaction is performed at a temperature from
about 25 °C to about 42 °C (e.g., about 28 °C to about 40 °C, e.g., about 29 °C to about 40 °C,
e.g., about 30 °C). For example, the amplification step may be performed at about 25 °C, 26 °C,
27°C, 28 °C, 29 °C, 30 °C, 31 °C, 32 °C, 33 °C, 34 °C, 35 °C, 36 °C, 37 °C, 38 °C, 39 °C, 40 °C,
41 °C, or 42 °C. In some embodiments, the amplification step is performed at about 30 °C.

In some instances, the total quantity of DNA present after amplification is at least five-
fold the quantity (e.g., mass) of template DNA (e.g., plasmid DNA vector) present at the start of
the amplification reaction (e.g., at least 10-fold, at least 15-fold, at least 20-fold, at least 25-fold,
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at least 30-fold, at least 40-fold, or at least 50-fold the quantity of template DNA present at the
start of the amplification reaction; e.g., from 10-fold to 50-fold, from 10-fold to 40-fold, from
10-fold to 30-fold, or from 10-fold to 20-fold the quantity of template DNA present at the start
of the amplification reaction; e.g., from 20-fold to 50-fold, from 20-fold to 40-fold, or from 20-
fold to 30-fold the quantity of template DNA present at the start of the amplification reaction;
e.g., from 30-fold to 50-fold or from 40-fold to 50-fold the quantity of template DNA present at
the start of the amplification reaction).

In some embodiments, the total quantity of DNA present after amplification is at least
50-fold the quantity (e.g., mass) of template DNA (e.g., plasmid DNA vector) present at the start
of the amplification reaction (e.g., from 50-fold to 300-fold, e.g., at least 82-fold, e.g., from 82-
fold to 236-fold the quantity of template DNA present at the start of the amplification reaction.

In some instances, the restriction digest step occurs immediately after the amplification
step (e.g., there is no heat inactivation step between amplification of the template DNA (e.g.,
plasmid DNA vector) and the restriction digest step).

In other instances, a heat inactivation step is performed after amplification (e.g.,
immediately after amplification). Heat inactivation may be conducted to inactivate the
polymerase (e.g., phage polymerase, e.g., Phi29 polymerase) by raising the temperature to at
least 50 °C, at least 55 °C, at least 60 °C, at least 65 °C, or at least 70 °C. In some instances, the
temperature is raised to at least 65 °C. In some instances, the temperature of the heat
inactivation after amplification is about 65 °C. In some embodiments, restriction digest occurs
immediately after heat inactivation.

Certain embodiments of the present methods allow for the manufacturing process to
proceed from amplification to restriction digest without intervening steps that may compromise
yield, such as in-process purification (e.g., gel purification (e.g., agarose gel extraction) or
column purification). Thus, in some embodiments, there is no purification step (e.g., no gel
purification step (e.g., no agarose gel extraction) or column purification step) between
amplification and restriction digest. Additionally, or alternatively, in some embodiments, at
least 90% of the amplified DNA product proceeds to restriction digest (e.g., at least 91%, at least
92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least
99%, or more of the amplified DNA product proceeds to restriction digest; e.g., from 90% to
95%, from 95% to 97%, from 97% to 98%, from 98% to 99%, or from 99% to 100% of the
amplified DNA product proceeds to restriction digest).

C. Restriction Digest
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Template DNA vectors (e.g., plasmid DNA vectors), and/or concatemers thereof
produced by rolling circle amplification, can be digested using restriction enzymes. In some
embodiments, one or more restriction enzymes cut at least two sites (e.g., at least three sites or at
least four sites) per unit of template DNA vector (e.g., plasmid DNA vector) to generate linear
fragments of DNA, some of which include the therapeutic gene sequence.

In some embodiments, multiple restriction enzymes are used (e.g., two restriction
enzymes are used). In such instances, a first restriction enzyme can be used to cut the
therapeutic gene sequence from the backbone sequence (e.g., by designing the plasmid DNA
vector such that the first restriction sites flank the therapeutic gene sequence). A second
restriction enzyme can be used to cut the backbone sequence into one or more (e.g., two, three,
or more) linear backbone fragments, which can then be degraded using an exonuclease (e.g., TS
exonuclease or Plasmid-Safe). Suitable restriction enzymes for such methods include, e.g.,
EcoRI and Pvull (e.g., EcoRI as the first restriction enzyme and Pvull as the second restriction
enzyme).

In particular embodiments, a single restriction enzyme is used (i.e., the step comprises
use of one and only one restriction enzyme). In such instances, type IIS restriction enzymes are
suitable as a single restriction enzyme. Type IIS restriction enzymes may be particularly useful
because they recognize a restriction site that is outside the cut site. Thus, following cleavage
and ligation, the restriction site is no longer present in the ligated product (e.g., therapeutic
circular DNA vector). This allows for the simultaneous treatment of a DNA fragment with the
restriction enzyme and ligase.

In some instances, as discussed herein, type IIs restriction sites are positioned in a DNA
molecule (e.g., a template DNA vector, e.g., plasmid DNA vector) outside the therapeutic
sequence in such a way that a reaction containing a ligase and a type IIs restriction enzyme will
drive the reaction forward to increase the relative concentration of therapeutic circular DNA
vector to byproducts containing type IIs restriction sites (e.g., byproducts containing one or
more backbone sequences and type IIs restriction sites).

In some embodiments, the type IIS restriction enzyme used in such embodiments is Bsal.
Other suitable type IIS restriction enzymes that may be used in conjunction with the methods
described herein include, for example, Acul, Alwl, Bael, Bbsl, Bbvl, Beel, BeeAl Begl, BeiVI,
BcoDI, BfuAl, Bmrl, BpmlI, BpuEI Bsal, BsaXI, BseRI, Bsgl, BsmAI, BsmBI, BsmFI, Bsml,
BspCNI, BspMI, BspQI, BsrDI, Bsrl, BtgZI, BtsCI, Btsl, BtsIMutI, CspCI, Earl, Ecil, Esp31,
Faul, FoklI, Hgal, Hphl, HpyAV, Mboll, Mlyl, Mmel, Mnll, NmeAIII, PaqCI, Plel, Sapl, and
SfaNIL.
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In some embodiments, the restriction enzyme is provided at a concentration from about
0.5 U/ug DNA to about 20 U/ug DNA, e.g., from about 1 U/ug DNA to about 10 U/ug DNA,
e.g., from about 2 U/ug DNA to about 5 U/ug DNA, e.g., about 2.5 U/ug DNA. For example,
the restriction enzyme may be provided at a concentration of about 0.5 U/ug DNA, 1.0 U/ug
DNA, 1.5 U/ug DNA, 2.0 U/ug DNA, 2.5 U/ug DNA, 3.0 U/ug DNA, 3.5 U/ug DNA, 4.0 U/pg
DNA, 4.5 U/ug DNA, 5.0 U/ug DNA, 5.5 U/ug DNA, 6.0 U/ug DNA, 6.5 U/ug DNA, 7.0 U/ug
DNA, 7.5 U/ug DNA, 8.0 U/ug DNA, 8.5 U/ug DNA, 9.0 U/ug DNA, 9.5 U/pg DNA, 10.0
U/pg DNA, 11 U/ug DNA, 12 U/ug DNA, 13 U/ug DNA, 14 U/ug DNA, 15 U/ug DNA, 16
U/ug DNA, 17 U/ug DNA, 18 U/ug DNA, 19 U/ug DNA, or 20 U/ug DNA. In some
embodiments, the restriction enzyme is Bsal at a concentration of about 2.5 U/ug DNA.

In some embodiments, the restriction digest step is from about 1 hour to about 24 hours,
e.g., about 1 hour to about 12 hours. For example, the digesting step can be about 1 hour, about
2 hours, about 3 hours, about 4 hours, about 4 hours, about 5 hours, about 6 hours, about 7
hours, about 8 hours, about 9 hours, about 10 hours, about 11 hours, about 12 hours, 13 hours,
14 hours, 15 hours, 16 hours, 17 hours, 18 hours, 19 hours, 20 hours, 21 hours, 22 hours, 23
hours, or 24 hours. In some embodiments, the digesting step is about 2 hours. In some
embodiments, the digesting step is about 1 hour or less, e.g., about 30 minutes or less.

In some embodiments, the total quantity of DNA present after the restriction digest is at
least 50-fold the quantity (e.g., mass) of template DNA (e.g., plasmid DNA vector) present at
the start of the amplification reaction (e.g., from 50-fold to 300-fold, e.g., at least 82-fold, e.g.,
from 82-fold to 236-fold the quantity of template DNA present at the start of the amplification
reaction.

Restriction digestion can be performed at a reaction temperature from about 30 °C to
about 42 °C (e.g., about 32 °C to about 40 °C, e.g., about 35 °C to about 40 °C, e.g., about 37 °C).
For example, in some instances, the restriction digestion step is performed at about 30 °C, 31 °C,
32°C, 33 °C, 34 °C, 35 °C, 36 °C, 37 °C, 38 °C, 39 °C, 40 °C, 41 °C, or 42 °C. In some
embodiments, the restriction digestion step is performed at about 37 °C.

Some embodiments of the present methods allow for the manufacturing process to
proceed from restriction digest to ligation without intervening steps that may compromise yield,
such as purification (e.g., gel purification (e.g., agarose gel extraction) or column purification).
Thus, in some embodiments, there is no purification step (e.g., no gel purification step (e.g., no
agarose gel extraction) or column purification step) between restriction digest and ligation.
Additionally, or alternatively, in some embodiments, at least 90% of the total DNA present at or

after restriction digest (including digested linear fragments (e.g., backbone and/or therapeutic
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sequences) and any undigested or circular DNA) proceeds to ligation (e.g., at least 91%, at least
92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least
99%, or more of the total DNA present at or after restriction digest proceeds to ligation; e.g.,
from 90% to 95%, from 95% to 97%, from 97% to 98%, from 98% to 99%, or from 99% to
100% of the total DNA present at or after restriction digest (including digested linear fragments
(e.g., backbone and/or therapeutic sequences) and any undigested or circular DNA) proceeds to
ligation).

In some instances, a heat inactivation step is performed after restriction digest and before
ligation (e.g., a restriction digest involving one or more non-type Il restriction enzymes, such as
EcoRI and/or Pvull). Heat inactivation may be conducted to inactivate the restriction enzyme
(e.g., a non-type Il restriction enzyme, such as EcoRI and/or Pvull) by raising the temperature to
at least 50 °C, at least 55 °C, at least 60 °C, at least 65 °C, or at least 70 °C. In some instances,
the temperature is raised to at least 65 °C. In some instances, the temperature of the heat
inactivation after amplification is about 65 °C. In some embodiments, ligation occurs
immediately after heat inactivation of the restriction enzyme(s).

Alternatively, no heat inactivation step is performed after (e.g., immediately after)
ligation (e.g., no heat inactivation step is performed along the entire process).

In some embodiments involving a type II restriction enzyme, such as Bsal, no
inactivation (e.g., heat inactivation) of restriction enzyme is necessary prior to ligation. In some
embodiments, ligation occurs immediately after restriction digest (e.g., there is no heat
inactivation step between restriction digest (e.g., restriction digest with a type II restriction
enzyme, e.g., Bsal) and the ligation step). In some embodiments, ligation occurs, wholly or
partially, during restriction digest. For example, the ligation reaction may be initiated at
initiation of, or during, the restriction digest (e.g., ligase may be added to the DNA at the same
time that the restriction enzyme (e.g., type I restriction enzyme, e.g., Bsal) is added or after the
time of restriction enzyme is added (e.g., within one minute after the restriction enzyme is
added, within five minutes after the restriction enzyme is added, within 10 minutes after the
restriction enzyme is added, within 30 minutes after the restriction enzyme is added, within 60
minutes after the restriction enzyme is added, within 90 minutes after the restriction enzyme is
added, or within 120 minutes after the restriction enzyme is added)). Alternatively, the ligation
reaction may be initiated after the restriction digest is complete (e.g., after 2 hours from the time

the restriction enzyme is added).
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After restriction digest (e.g., immediately after restriction digest or immediately after
heat inactivation, if performed), the reaction temperature can be adjusted to match the

temperature of the aforementioned ligation reaction (e.g., 25 °C).

D. Ligation

Self-ligation of the linear therapeutic fragment containing the therapeutic sequence
results in a therapeutic circular DNA vector (e.g., a monomeric therapeutic circular DNA
vector). In some embodiments, the self-ligating step includes providing a ligase (e.g., a DNA
ligase) to the digested DNA sample to obtain a ligation solution. The ligase may be, e.g., T3
ligase, T4 ligase, or T7 ligase. In particular embodiments, T4 ligase is used. The ligation
solution may contain additional components, such as ATP (e.g., ribo ATP) or other buffering
agents at suitable concentrations known in the art or described herein. For example, some
instances of the present methods involve preparing a ligation solution containing ligase in
CUTSMART® or recombinant CUTSMART® (rCUTSMART®) buffer or equivalent buffer
with ribo ATP, wherein the ribo ATP is at a concentration from 0.1 to 100 mM (e.g., about 10
mM).

In some embodiments, the total quantity of DNA contacted with ligase is 90% or more of
the total quantity of DNA produced at the end of amplification (e.g., at least 91%, at least 92%,
at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or
more of the total quantity of DNA produced at the end of amplification; e.g., from 90% to 99%,
from 91% to 99%, from 92% to 99%, from 93% to 99%, from 94% to 99%, from 95% to 99%,
from 96% to 99%, from 97% to 99%, from 98% to 99%, from 90% to 98%, from 91% to 98%,
from 92% to 98%, from 93% to 98%, from 94% to 98%, from 95% to 98%, from 96% to 98%,
from 97% to 98%, from 90% to 97%, from 91% to 97%, from 92% to 97%, from 93% to 97%,
from 94% to 97%, from 95% to 97%, from 96% to 97%, from 90% to 96%, from 91% to 96%,
from 92% to 96%, from 93% to 96%, from 94% to 96%, from 95% to 96%, or from 90% to 95%
the total quantity of DNA produced at the end of amplification).

Ligase (e.g., T4 ligase) can be present in the ligation solution at a concentration from
about 0.5 U/ug DNA to about 20 U/ug DNA, e.g., from about 0.5 U/pg DNA to about 10 U/ug
DNA, e.g., from about 1 U/ug DNA to about 10 U/ug DNA, e.g., from about 1 U/ug DNA to
about 5 U/ug DNA, e.g., about 1.5 U/ug DNA, about 2.0 U/ug DNA, or about 2.5 U/ug DNA.
For example, ligase (e.g., T4 ligase) may be provided at a concentration of about 0.5 U/ug DNA,
1.0 U/ug DNA, 1.5 U/ug DNA, 2.0 U/ug DNA, 2.5 U/ug DNA, 3.0 U/ug DNA, 3.5 U/ug DNA,
4.0 U/ug DNA, 4.5 U/ug DNA, 5.0 U/ug DNA, 5.5 U/ug DNA, 6.0 U/ug DNA, 6.5 U/ug DNA,
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7.0 U/ug DNA, 7.5 U/ug DNA, 8.0 U/ug DNA, 8.5 U/ug DNA, 9.0 U/ug DNA, 9.5 U/ug DNA,
10.0 U/ug DNA, 11 U/pg DNA, 12 U/ug DNA, 13 U/ug DNA, 14 U/ug DNA, 15 U/ug DNA,
16 U/ug DNA, 17 U/pg DNA, 18 U/ug DNA, 19 U/pg DNA, or 20 U/ug DNA. In some
embodiments, the ligase is provided at a concentration no greater than 50 U ligase per pg DNA
(U/ug) (e.g., no greater than 40 U/ug DNA, no greater than 30 U/ug DNA, no greater than 25
U/ug DNA, no greater than 20 U/ug DNA, no greater than 15 U/ug DNA, no greater than 10
U/ug DNA, no greater than 5 U/ug DNA, no greater than 4 U/ug DNA, no greater than 3 U/ug
DNA, no greater than 2.5 U/pug DNA, no greater than 2.0 U/ug DNA, no greater than 1.5 U/ug
DNA, or no greater than 1.0 U/pg DNA; e.g., from 0.1 U/ug DNA to 20 U/ug DNA; e.g., from
0.1 U/ug DNA to 30 U/ug DNA, from 0.1 U/pg DNA to 20 U/pg DNA, from 0.2 U/ug DNA to
15 U/ug DNA, from 0.5 U/ug DNA to 12 U/ug DNA, or from 1 U/ug DNA to 10 U/ug DNA;
e.g., from 0.1 U/ug DNA to 0.5 U/ug DNA, from 0.5 U/ug DNA to 1.0 U/ug DNA, from 1.0
U/ug DNA to 2.0 U/ug DNA, from 2.0 U/ug DNA to 3.0 U/ug DNA, from 3.0 U/ug DNA to
4.0 U/pg DNA, from 4.0 U/pg DNA to 5.0 U/pg DNA, from 5.0 to 6.0 U/ug DNA, from 6.0
U/ug DNA to 7.0 U/ug DNA, from 7.0 U/ug DNA to 8.0 U/ug DNA, from 8.0 U/ug DNA to
9.0 U/ug DNA, from 9.0 U/pg DNA to 11 U/pg DNA, from 11 U/ug DNA to 12 U/ug DNA,
from 12 U/ug DNA to 15 U/pg DNA, from 15 U/pg DNA to 20 U/ug DNA, from 20 U/ug
DNA to 25 U/ug DNA, from 25 U/pug DNA to 30 U/ug DNA, from 30 U/ug DNA to 35 U/ug
DNA, from 35 U/pg DNA to 40 U/pg DNA, or from 40 U/ug DNA to 50 U/ug DNA). In some
embodiments, the ligase (e.g., T4 ligase) is provided at a concentration no greater than 20 U/ug
DNA (e.g., no greater than 15 U/ug DNA, no greater than 10 U/ug DNA, no greater than 5 U/ug
DNA, no greater than 4 U/ug DNA, no greater than 3 U/ug DNA, no greater than 2.5 U/ug
DNA, no greater than 2.0 U/pg DNA, no greater than 1.5 U/ug DNA, or no greater than 1.0
U/ug DNA; e.g., from 0.1 U/ug DNA to 20 U/ug DNA; e.g., from 0.2 U/ug DNA to 15 U/ug
DNA, from 0.5 U/ug DNA to 12 U/ug DNA, or from 1 U/ug DNA to 10 U/ug DNA; e.g., from
0.1 U/ug DNA to 0.5 U/ug DNA, from 0.5 U/ug DNA to 1.0 U/ug DNA, from 1.0 U/ug DNA
to 2.0 U/ug DNA, from 2.0 U/ug DNA to 3.0 U/ug DNA, from 3.0 U/pg DNA to 4.0 U/ug
DNA, from 4.0 U/ug DNA to 5.0 U/pg DNA, from 5.0 to 6.0 U/pg DNA, from 6.0 U/ug DNA
to 7.0 U/ug DNA, from 7.0 U/ug DNA to 8.0 U/ug DNA, from 8.0 U/ug DNA to 9.0 U/ug
DNA, from 9.0 U/ug DNA to 11 U/pg DNA, from 11 U/pg DNA to 12 U/ug DNA, from 12
U/ug DNA to 15 U/ug DNA, or from 15 U/pug DNA to 20 U/ug DNA).

In particular embodiments, the linear therapeutic fragment is contacted with T4 ligase at

a concentration from 5.0 U/ug DNA to 15 U/ug DNA (e.g., about 10 U/ug DNA).
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In some embodiments, the ligation step is from about 30 minutes to about 24 hours, e.g.,
about 1 hour to about 12 hours. For example, the ligation step can be about 1 hour, about 2
hours, about 3 hours, about 4 hours, about 4 hours, about 5 hours, about 6 hours, about 7 hours,
about 8 hours, about 9 hours, about 10 hours, about 11 hours, about 12 hours, 13 hours, 14
hours, 15 hours, 16 hours, 17 hours, 18 hours, 19 hours, 20 hours, 21 hours, 22 hours, 23 hours,
or 24 hours. In some embodiments, the ligation step is about 2 hours. In some embodiments,
the ligation step is about 18 to about 24 hours (e.g., about 18 hours, about 19 hours, about 20
hours, about 21 hours, about 22 hours, about 23 hours, or about 24 hours).

Ligation can be performed at a reaction temperature from about 20 °C to about 42 °C
(e.g., about 20 °C to about 37 °C, about 22 °C to about 30 °C, or about 25 °C). For example, in
some instances, the ligation step is performed at about 20 °C, 21 °C, 22 °C, 23 °C, 24 °C, 25 °C,
26 °C, 27 °C, 28 °C, 29 °C, or 30 °C. In some embodiments, the ligation step is performed at
about 25 °C.

A heat inactivation step can be performed after ligation to inactivate the ligase. In
processes involving a type Il restriction enzyme (e.g., ligation simultaneous to or immediately
after restriction digest) this post-ligation heat inactivation step may inactivate both the type II
restriction enzyme (e.g., Bsal) and the ligase (e.g., T4 ligase). Heat inactivation may be
conducted by raising the temperature to at least 50 °C, at least 55 °C, at least 60 °C, at least 65
°C, at least 70 °C, or at least 80 °C. In some instances, the temperature is raised to at least 65 °C.
In some instances, the temperature of the heat inactivation after amplification is about 65 °C. In
some embodiments, ligation occurs immediately after heat inactivation of the restriction
enzyme(s). Heat inactivation may proceed for 10 minutes to 2 hours (e.g., from 30 minutes to
90 minutes, from 40 minutes to 60 minutes, or about 45 minutes). In some embodiments, the
heat inactivation involves a post-ligation incubation at about 65 °C for about 45 minutes.

In some embodiments, after post-ligation heat inactivation, the method involves reducing
the temperature of the solution to below 50 °C (e.g., from 20 °C to 40 °C, from 25 °C to 37 °C, or
about 37 °C).

In other instances, no heat inactivation step is performed after (e.g., immediately after)
ligation. In some instances, the temperature of the reaction after ligation (e.g., immediately after
ligation) is less than 50 °C or less than 45 °C. In some instances, the temperature is kept within
(+/-) 10 °C of the ligation reaction temperature (e.g., within (+/-) 8 °C, within (+/-) 5 °C, or
within (+/-) 2 °C of the ligation reaction temperature).

In some embodiments, the present methods allow for the manufacturing process to

proceed from ligation to supercoiling and/or exonuclease digestion without intervening steps
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that may compromise yield, such as purification (e.g., gel purification (e.g., agarose gel
extraction) or column purification). Thus, in some embodiments, there is no purification step
(e.g., no gel purification step (e.g., no agarose gel extraction) or column purification step)
between ligation and supercoiling and/or exonuclease digestion. Additionally, or alternatively,
in some embodiments, at least 90% of the total DNA present at or after ligation (including
therapeutic circular DNA, linear backbone fragments, and any unligated therapeutic fragments)
proceeds to supercoiling and/or exonuclease digestion (e.g., at least 91%, at least 92%, at least
93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or more
of the total DNA present at or after ligation proceeds to supercoiling and/or exonuclease
digestion; e.g., from 90% to 95%, from 95% to 97%, from 97% to 98%, from 98% to 99%, or
from 99% to 100% of the total DNA present at or after ligation proceeds to supercoiling and/or

exonuclease digestion).

E. Supercoiling

Cell-free methods of producing therapeutic circular DNA vectors that are supercoiled (and
pharmaceutical compositions thereof) may involve a step in which a relaxed circular DNA
vector is contacted with a topoisomerase or a helicase under conditions suitable for supercoiling.
In some embodiments, the therapeutic circular DNA vector produced by a method described
herein is positively supercoiled. Methods described herein include any reagents and conditions
known in the art or described herein to facilitate effective supercoiling.

For instance, an exemplary suitable buffer for a supercoiling reaction contains 35 mM Tris-
HCI, 24 mM KCl, 4 mM MgCl2, 1 mM ATP, 2 mM DTT, 1.8 mM spermidine, 32% glycerol
(w/v), and 100 pg/mL BSA.

In some embodiments, the total quantity of DNA contacted with topoisomerase or a
helicase is 90% or more of the total quantity of DNA produced at the end of amplification or at
the end of ligation (e.g., at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at
least 96%, at least 97%, at least 98%, at least 99%, or more of the total quantity of DNA
produced at the end of amplification or at the end of ligation; e.g., from 90% to 99%, from 91%
t0 99%, from 92% to 99%, from 93% to 99%, from 94% to 99%, from 95% to 99%, from 96%
t0 99%, from 97% to 99%, from 98% to 99%, from 90% to 98%, from 91% to 98%, from 92%
to 98%, from 93% to 98%, from 94% to 98%, from 95% to 98%, from 96% to 98%, from 97%
to 98%, from 90% to 97%, from 91% to 97%, from 92% to 97%, from 93% to 97%, from 94%
to 97%, from 95% to 97%, from 96% to 97%, from 90% to 96%, from 91% to 96%, from 92%
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to 96%, from 93% to 96%, from 94% to 96%, from 95% to 96%, or from 90% to 95% the total
quantity of DNA produced at the end of amplification or at the end of ligation).

In some embodiments, the topoisomerase is a type II topoisomerase. The type II
topoisomerase may be, e.g., gyrase or topoisomerase [V.

In some embodiments, the topoisomerase (e.g., type Il topoisomerase, e.g.,
topoisomerase [V or gyrase) or helicase is provided at a concentration of from about 0.5 U/ug
DNA to about 20 U/ug DNA, e.g., from about 0.5 U/ug DNA to about 10 U/ug DNA, e.g., from
about 1 U/ug DNA to about 10 U/ug DNA, e.g., from about 1 U/ug DNA to about 5 U/ug DNA,
e.g., about 1.5 U/ug DNA, about 2.0 U/ug DNA, or about 2.5 U/ug DNA. For example, the
topoisomerase (e.g., type Il topoisomerase, e.g., topoisomerase IV or gyrase) or helicase may be
provided at a concentration of about 0.5 U/ug DNA, 1.0 U/ug DNA, 1.5 U/ug DNA, 2.0 U/ug
DNA, 2.5 U/ug DNA, 3.0 U/ug DNA, 3.5 U/ug DNA, 4.0 U/ug DNA, 4.5 U/ug DNA, 5.0 U/pg
DNA, 5.5 U/ug DNA, 6.0 U/ug DNA, 6.5 U/ug DNA, 7.0 U/ug DNA, 7.5 U/ug DNA, 8.0 U/ug
DNA, 8.5 U/ug DNA, 9.0 U/pg DNA, 9.5 U/pg DNA, 10.0 U/ug DNA, 11 U/ug DNA, 12 U/ug
DNA, 13 U/ug DNA, 14 U/ug DNA, 15 U/ug DNA, 16 U/ug DNA, 17 U/ug DNA, 18 U/ug
DNA, 19 U/ug DNA, or 20 U/ug DNA. In some embodiments, the topoisomerase (e.g., type 11
topoisomerase, e.g., topoisomerase IV or gyrase) or helicase is provided at a concentration no
greater than 10 U/ug DNA (e.g., no greater than 5 U/ug DNA, no greater than 4 U/ug DNA, no
greater than 3 U/ug DNA, no greater than 2.5 U/ug DNA, no greater than 2.0 U/pg DNA, no
greater than 1.5 U/ug DNA, or no greater than 1.0 U/ug DNA; e.g., from 0.1 U/ug DNA to 10
U/ug DNA; e.g., from 0.5 U/ug DNA to 8 U/ug DNA, or from 1 U/ug DNA to 5 U/ug DNA;
e.g., from 0.1 U/ug DNA to 0.5 U/ug DNA, from 0.5 U/ug DNA to 1.0 U/ug DNA, from 1.0
U/ug DNA to 2.0 U/ug DNA, from 2.0 U/ug DNA to 3.0 U/ug DNA, from 3.0 U/ug DNA to
4.0 U/ug DNA, from 4.0 U/ug DNA to 5.0 U/pug DNA, from 5.0 to 6.0 U/ug DNA, from 6.0
U/ug DNA to 7.0 U/ug DNA, from 7.0 U/ug DNA to 8.0 U/ug DNA, from 8.0 U/ug DNA to
9.0 U/pg DNA, or from 9.0 U/ug DNA to 10 U/pg DNA).

In particular embodiments, the relaxed circular DNA vector is contacted with gyrase at a
concentration from 1.0 U/pg DNA to 2.5 U/pg DNA (e.g., about 1.0 U/pg DNA, about 1.5 U/ug
DNA, or about 2.0 U/pg DNA). In embodiments in which the gyrase is contacted to the DNA
after terminal exonuclease digestion (e.g., TS exonuclease digestion), the gyrase is at a
concentration from 0.1 U/ug DNA to 1.5 U/ug DNA (e.g., 0.2 U/ug DNA to 1.5 U/ug DNA, 0.5
U/ug DNA to 1.5 U/ug DNA, 0.5 U/ug DNA to 1.0 U/ug DNA, or 1.0 U/ug DNA to 1.5 U/ug
DNA, e.g., about 0.1 U/ug DNA, about 0.2 U/ug DNA, about 0.3 U/pug DNA, about 0.4 U/ug
DNA, about 0.5 U/pg DNA, about 1.0 U/ug DNA, or about 1.5 U/ug DNA).
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In some embodiments, the step of contacting the circular DNA vector with the
topoisomerase or helicase (e.g., type Il topoisomerase, e.g., topoisomerase IV or gyrase) is from
about 1 hour to about 24 hours, e.g., about 1 hour to about 12 hours. For example, the step of
contacting the circular DNA vector with the topoisomerase or helicase (e.g., type 11
topoisomerase, e.g., topoisomerase IV or gyrase) is about 1 hour, about 2 hours, about 3 hours,
about 4 hours, about 4 hours, about 5 hours, about 6 hours, about 7 hours, about 8 hours, about 9
hours, about 10 hours, about 11 hours, about 12 hours, 13 hours, 14 hours, 15 hours, 16 hours,
17 hours, 18 hours, 19 hours, 20 hours, 21 hours, 22 hours, 23 hours, or 24 hours. In some
embodiments, the step of contacting the circular DNA vector with the topoisomerase or helicase
(e.g., type II topoisomerase, e.g., topoisomerase IV or gyrase) is about 12 hours.

In some embodiments, the step of contacting the circular DNA vector with the
topoisomerase or helicase (e.g., type Il topoisomerase, e.g., topoisomerase IV or gyrase) is
performed at a temperature from about 30 °C to about 42 °C (e.g., about 32 °C to about 40 °C,
e.g., about 35 °C to about 40 °C, e.g., about 37 °C). For example, the digesting step may be
performed at about 30 °C, 31 °C, 32 °C, 33 °C, 34 °C, 35 °C, 36 °C, 37 °C, 38 °C, 39 °C, 40 °C,
41 °C, or 42 °C. In some embodiments, the step of contacting the circular DNA vector with the
topoisomerase or helicase (e.g., type Il topoisomerase, e.g., topoisomerase IV or gyrase) is
performed at about 37 °C.

F. Terminal Exonuclease

Any of the methods of cell-free production of therapeutic circular DNA vectors
described herein may involve a cleanup step in which undesired DNA (e.g., bacterial sequences,
linear or nicked DNA byproducts, etc.) are enzymatically degraded. In particular instances,
linear backbone fragments produced upon restriction digestion can be selectively degraded in a
solution containing circularized therapeutic fragments (e.g., relaxed circular therapeutic DNA
vector or supercoiled therapeutic DNA vector) using a terminal exonuclease at any suitable
conditions known in the art or described herein. In some embodiments, the terminal
exonuclease is TS exonuclease.

Methods described herein include any reagents and conditions known in the art or
described herein to facilitate effective terminal exonuclease activity. For instance, an exemplary
suitable buffer for a terminal exonuclease reaction may be a potassium acetate buffer (e.g., from
10 mM to 100 mM potassium acetate, e.g., about S0 mM potassium acetate).

In some embodiments, the total quantity of DNA contacted with a terminal exonuclease
is 90% or more of the total quantity of DNA produced at the end of amplification or at the end
of ligation (e.g., at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,
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at least 97%, at least 98%, at least 99%, or more of the total quantity of DNA produced at the
end of amplification or at the end of ligation; e.g., from 90% to 99%, from 91% to 99%, from
92% to 99%, from 93% to 99%, from 94% to 99%, from 95% to 99%, from 96% to 99%, from
97% to 99%, from 98% to 99%, from 90% to 98%, from 91% to 98%, from 92% to 98%, from
93% to 98%, from 94% to 98%, from 95% to 98%, from 96% to 98%, from 97% to 98%, from
90% to 97%, from 91% to 97%, from 92% to 97%, from 93% to 97%, from 94% to 97%, from
95% to 97%, from 96% to 97%, from 90% to 96%, from 91% to 96%, from 92% to 96%, from
93% to 96%, from 94% to 96%, from 95% to 96%, or from 90% to 95% the total quantity of
DNA produced at the end of amplification or at the end of ligation).

In some embodiments, the terminal exonuclease (e.g., TS exonuclease) is provided at a
concentration of from about 0.5 U/ug to about 20 U/ug, e.g., from about 0.5 U/ug to about 10
Ul/ug, e.g., from about 1 U/ug to about 10 U/ug, e.g., from about 2 U/ug to about 5 U/ug, e.g.,
about 2.5 U/ug. For example, the terminal exonuclease may be provided at a concentration of
about 0.5 U/pg, 1.0 U/ug, 1.5 U/pg, 2.0 U/pg, 2.5 Ulug, 3.0 U/pg, 3.5 U/ug, 4.0 Ulug, 4.5
Ulug, 5.0 U/ug, 5.5 U/pg, 6.0 U/ug, 6.5 U/ug, 7.0 U/ug, 7.5 U/ug, 8.0 U/ug, 8.5 U/ug, 9.0
Ul/ug, 9.5 Ulug, 10.0 U/ug, 11 U/ug, 12 U/pg, 13 U/ug, 14 U/ug, 15 U/ug, 16 U/pg, 17 U/ug,
18 U/ug, 19 U/ng, or 20 U/ug.

In some embodiments, the digesting step with the terminal exonuclease is from about 1
hour to about 24 hours, e.g., about 1 hour to about 12 hours. For example, the digesting step is
about 1 hour, about 2 hours, about 3 hours, about 4 hours, about 4 hours, about 5 hours, about 6
hours, about 7 hours, about 8 hours, about 9 hours, about 10 hours, about 11 hours, about 12
hours, 13 hours, 14 hours, 15 hours, 16 hours, 17 hours, 18 hours, 19 hours, 20 hours, 21 hours,
22 hours, 23 hours, or 24 hours. In some embodiments, the digesting step is between 2 hours
and 12 hours (e.g., 2 to 5 hours, 2 to 4 hours, or 2 to 3 hours).

In some embodiments, digesting the sample with the terminal exonuclease is performed
from about 30 °C to about 42 °C (e.g., about 32 °C to about 40 °C, e.g., about 35 °C to about 40
°C, e.g., about 37 °C). For example, the digesting step can be performed at about 30 °C, 31 °C,
32°C, 33 °C, 34 °C, 35 °C, 36 °C, 37 °C, 38 °C, 39 °C, 40 °C, 41 °C, or 42 °C. In some
embodiments, digesting the sample with the terminal exonuclease is performed at about 37 °C.

In some instances, no heat inactivation of the terminal exonuclease is performed
immediately after the exonuclease digestion.

In some instances, terminal exonuclease digestion is conducted after supercoiling. (e.g.,

immediately after supercoiling). Alternatively, terminal exonuclease digestion is conducted
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before supercoiling (e.g., immediately before supercoiling). In some embodiments, terminal
exonuclease digestion is conducted simultaneously with supercoiling.

G. Purification/Precipitation

In some embodiments of any of the methods described herein, the method further
includes precipitating the therapeutic circular DNA vector, e.g., via isopropanol precipitation.

In some embodiments, prior to precipitation, solution containing therapeutic circular
DNA vector (e.g., supercoiled circular DNA vector) is sterile filtered, e.g., through a 0.22 um
filter. Solution can be reconstituted in buffer containing IPA according to methods known in the
art and described herein. In some embodiments, a sterile filtrate from Section F above is
reconstituted in IPA buffer to a final concentration of 760 mM NaCl, 50 mM MOPS, 15%
isopropyl alcohol (IPA), and 0.15% Triton X-100 (v/v). Therapeutic circular DNA vector (e.g.,
supercoiled circular DNA vector) in IPA buffer is added to an equilibrated Qiagen-tip column
(Qiagen plasmid kit), and the column is washed and contents eluted. 24.5 mL IPA bufter is
added per 35 mL elution. IPA precipitation can then be performed in which the sample is
centrifuged for 30 minutes at 15,000 g at 4 °C. The dried pellet can be resuspended in water or
desired final buffer.

In some embodiments, the quantity of therapeutic circular DNA vector obtained after
purification/precipitation (e.g., a single purification/precipitation step, e€.g., not more than one
purification/precipitation step) is at least two-fold the number of therapeutic sequences (e.g., at
least two-fold, at least three-fold, at least four-fold, at least five-fold, at least six-fold, at least
seven-fold, at least eight-fold, at least nine-fold, at least ten-fold, at least 20-fold, at least 30-
fold, at least 40-fold, at least 50-fold, at least 60-fold, at least 70-fold, at least 80-fold, at least
90-fold, at least 100-fold; e.g., from two-fold to 1,000-fold, from two-fold to 500-fold, from
two-fold to 100-fold, from two-fold to 50-fold, from two-fold to 40-fold, from two-fold to 30-
fold, from two-fold to 20-fold, or from two-fold to ten-fold; e.g., from five-fold to 1,000-fold,
from five-fold to 500-fold, from five-fold to 100-fold, from five-fold to 50-fold, from five-fold
to 40-fold, from five-fold to 30-fold, from five-fold to 20-fold, or from five-fold to ten-fold; e.g.,
from ten-fold to 1,000-fold, from ten-fold to S00-fold, from ten-fold to 100-fold, from ten-fold
to 50-fold, from ten-fold to 40-fold, from ten-fold to 30-fold, or from ten-fold to 20-fold; e.g.,
from two-fold to five-fold, from five-fold to ten-fold, from ten-fold to 20-fold, from 20-fold to
30-fold, from 30-fold to 40-fold, from 40-fold to 50-fold, from 50-fold to 60-fold, from 60-fold
to 70-fold, from 70-fold to 80-fold, from 80-fold to 90-fold, from 90-fold to 100-fold, from 100-
fold to 200-fold, from 200-fold to 500-fold, or from 500-fold to 1,000-fold; e.g., about two-fold,
about three-fold, about four-fold, about five-fold, about six-fold, about seven-fold, about eight-
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fold, about nine-fold, about 10-fold, about 15-fold, about 20-fold, about 25-fold, about 30-fold,
about 40-fold, about 50-fold, about 60-fold, about 70-fold, about 80-fold, about 90-fold, or about
100-fold the number of therapeutic sequences) the quantity of template DNA vector (e.g.,
plasmid DNA vector) from which it was produced. In some embodiments, the quantity of
therapeutic circular DNA vector obtained after purification/precipitation (e.g., a single
purification/precipitation step, e.g., not more than one purification/precipitation step) is at least
three-fold the quantity of template DNA vector (e.g., plasmid DNA vector) from which it was
produced. Additionally, or alternatively, the quantity of therapeutic circular DNA vector
obtained after purification/precipitation (e.g., a single purification/precipitation step, e.g., not
more than one purification/precipitation step) is at least 1.0 mg (e.g., from 1.0 mg to 10 g, from
1.0 mgto 5.0 g, from 1.0 mgto 1.0 g, from 1.0 mg to 500 mg, from 1.0 mg to 200 mg, from 1.0
mg to 100 mg, from 1.0 mg to 50 mg, from 1.0 mg to 25 mg, from 1.0 mg to 20 mg, from 1.0
mgto 15 mg, from 1.0 mg to 10 mg, from 1.0 mg to 5.0 mg, from 2.0 mg to 10 g, from 2.0 mg
to 5.0 g, from 2.0 mg to 1.0 g, from 2.0 mg to 500 mg, from 2.0 mg to 200 mg, from 2.0 mg to
100 mg, from 2.0 mg to 50 mg, from 2.0 mg to 25 mg, from 2.0 mg to 20 mg, from 2.0 mg to 15
mg, from 2.0 mg to 10 mg, from 2.0 mg to 5.0 mg, from 5.0 mgto 10 g, from 5.0 mgto 5.0 g,
from 5.0 mg to 1.0 g, from 5.0 mg to 500 mg, from 5.0 mg to 200 mg, from 5.0 mg to 100 mg,
from 5.0 mg to 50 mg, from 5.0 mg to 25 mg, from 5.0 mg to 20 mg, from 5.0 mg to 15 mg,
from 5.0 mg to 10 mg, from 10 mg to 10 g, from 10 mg to 5.0 g, from 10 mgto 1.0 g, from 10
mg to 500 mg, from 10 mg to 200 mg, from 10 mg to 100 mg, from 10 mg to 50 mg, from 10
mg to 25 mg, from 10 mg to 20 mg, or from 10 mg to 15 mg). In some embodiments, the
quantity of therapeutic circular DNA vector obtained after purification/precipitation (e.g., a
single purification/precipitation step, e.g., not more than one purification/precipitation step) is at
least 2.0 mg.

In some instances, the amount (mass) of therapeutic circular DNA vector produced by
methods of the invention is at least twice the amount (mass) of template DNA (e.g., plasmid
DNA vector) input in the production at amplification (e.g., at least three-fold, at least four-fold,
at least five-fold, at least six-fold, at least seven-fold, at least eight-fold, at least nine-fold, or at
least 10-fold the mass of template DNA (e.g., plasmid DNA vector) input in the production at
amplification; e.g., from two-fold to 20-fold, from two-fold to 15-fold, from two-fold to 13-fold,
from three-fold to 10-fold, or from four-fold to 8-fold the mass of template DNA (e.g., plasmid
DNA vector) input in the production at amplification; e.g., about two-fold, about three-fold,

about four-fold, about five-fold, about six-fold, about seven-fold, about eight-fold, about nine-
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fold, about 10-fold, about 11-fold, about 12-fold, or about 13-fold the mass of template DNA
(e.g., plasmid DNA vector) input in the production at amplification).

IV. Therapeutic Circular DNA Vectors

Provided herein are therapeutic circular DNA vectors produced by any of the methods of
production described herein. In some instances, such therapeutic circular DNA vectors persist
intracellularly (e.g., in dividing or in quiescent cells, such as post-mitotic cells) as episomes,
e.g., in a manner similar to AAV vectors. In any of the embodiments, described herein, a
therapeutic circular DNA vector may be a non-integrating vector. Therapeutic circular DNA
vectors provided herein can be naked DNA vectors, devoid of components inherent to viral
vectors (e.g., viral proteins) and bacterial plasmid DNA, such as immunogenic components (e.g.,
immunogenic bacterial signatures (e.g., CpG islands or CpG motifs)) or components
additionally, or otherwise associated with reduced persistence (e.g., CpG islands or CpG motifs).
The therapeutic circular DNA vectors produced as described herein feature one or more
therapeutic sequences and may lack plasmid backbone elements (e.g., bacterial elements such as
(1) a bacterial origin of replication and/or (i1) a drug resistance gene) and a recombination site.

Therapeutic circular DNA vectors provided herein can be naked DNA vectors, devoid of
components inherent to viral vectors (e.g., viral proteins) and bacterial plasmid DNA, such as
immunogenic components (e.g., immunogenic bacterial signatures (e.g., CpG motifs)) or
components additionally or otherwise associated with reduced persistence (e.g., CpG islands).
For example, in some embodiments, the vector contains DNA in which at least 50% (e.g., at
least 60%, at least 70%, at least 80%, at least 90%, at least 95%, at least 97%, at least 99%, or
essentially all) of the DNA lacks one or more elements of bacterial plasmid DNA, such as
immunogenic components (e.g., immunogenic bacterial signatures (e.g., CpG motifs)) or
components additionally or otherwise associated with reduced persistence (e.g., CpG islands).
In some embodiments, at least 50% (e.g., at least 60%, at least 70%, at least 80%, at least 90%,
at least 95%, at least 97%, at least 99%, or essentially all) of the DNA lacks CpG methylation.
In some embodiments, the vector contains DNA in which at least 50% (e.g., at least 60%, at
least 70%, at least 80%, at least 90%, at least 95%, at least 97%, at least 99%, or essentially all)
of the DNA lacks bacterial methylation signatures, such as Dam methylation and Dcm
methylation. For examples, in some embodiments, the vector contains DNA in which at least
50% (e.g., at least 60%, at least 70%, at least 80%, at least 90%, at least 95%, at least 97%, at
least 99%, or essentially all) of the GATC sequences are unmethylated (e.g., by Dam
methylase). Additionally, or alternatively, the vector contains DNA in which at least 50% (e.g.,
at least 60%, at least 70%, at least 80%, at least 90%, at least 95%, at least 97%, at least 99%, or
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essentially all) of the CCAGG sequences and/or CCTGG sequences are unmethylated (e.g., by
Dcm methylase).

In some embodiments, the therapeutic circular DNA vector is persistent in vivo (e.g., the
therapeutic circular DNA vector exhibits improved expression persistence (e.g., intra-cellular
persistence and/or trans-generational persistence) and/or therapeutic persistence relative to a
reference vector, e.g., a circular DNA vector produced in bacteria or having one or more
bacterial signatures not present in the vector of the invention, e.g., plasmid DNA). In some
embodiments, expression persistence of the therapeutic circular DNA vector is 5% to 50%
greater, 50% to 100% greater, one-fold to five-fold, or five-fold to ten-fold (e.g., at least 5%,
10%, 20%, 30%, 40%, 50%, 75%, one-fold, two-fold, three-fold, four-fold, five-fold, six-fold,
seven-fold, eight-fold, nine-fold, ten-fold, or more) greater than a reference vector. In some
embodiments, intra-cellular persistence of the therapeutic circular DNA vector is 5% to 50%
greater, 50% to 100% greater, one-fold to five-fold, or five-fold to ten-fold (e.g., at least 5%,
10%, 20%, 30%, 40%, 50%, 75%, one-fold, two-fold, three-fold, four-fold, five-fold, six-fold,
seven-fold, eight-fold, nine-fold, ten-fold, or more) greater than a reference vector. In some
embodiments, trans-generational persistence of the therapeutic circular DNA vector is 5% to
50% greater, 50% to 100% greater, one-fold to five-fold, or five-fold to ten-fold (e.g., at least
5%, 10%, 20%, 30%, 40%, 50%, 75%, one-fold, two-fold, three-fold, four-fold, five-fold, six-
fold, seven-fold, eight-fold, nine-fold, ten-fold, or more) greater than a reference vector. In
some embodiments, therapeutic persistence of the therapeutic circular DNA vector is 5% to 50%
greater, 50% to 100% greater, one-fold to five-fold, or five-fold to ten-fold (e.g., at least 5%,
10%, 20%, 30%, 40%, 50%, 75%, one-fold, two-fold, three-fold, four-fold, five-fold, six-fold,
seven-fold, eight-fold, nine-fold, ten-fold, or more) greater than a reference vector. In some
embodiments, the reference vector is a circular vector or plasmid that (a) has the same
therapeutic sequence as a therapeutic circular DNA vector to which it is being compared, and (b)
is produced in bacteria and/or has one or more bacterial signatures not present in the therapeutic
circular DNA vector to which it is being compared, which signatures may include, for example,
an antibiotic resistance gene or a bacterial origin of replication.

In some embodiments, expression of a therapeutic circular DNA vector persists for one
week, two weeks, three weeks, four weeks, six weeks, two months, three months, four months,
five months, six months, seven months, eight months, nine months, ten months, eleven months,
one year, or longer after administration. In particular embodiments, the therapeutic circular
DNA vector exhibits intra-cellular persistence and/or trans-generational persistence of one week,

two weeks, three weeks, four weeks, six weeks, two months, three months, four months, five

63



10

15

20

25

30

WO 2023/049937 PCT/US2022/077108

months, six months, seven months, eight months, nine months, ten months, eleven months, one
year, or longer after administration. In some embodiments, therapeutic persistence of a
therapeutic circular DNA vector endures for one week, two weeks, three weeks, four weeks, six
weeks, two months, three months, four months, five months, six months, seven months, eight
months, nine months, ten months, eleven months, one year, or longer after administration.

In some embodiments, expression and/or therapeutic effect of the therapeutic circular
DNA vector persists for one week to four weeks, from one month to four months, or from four
months to one year (e.g., at least one week, at least two weeks, at least one month, or longer). In
some embodiments, the expression level of the therapeutic circular DNA vector does not
decrease by more than 90%, by more than 50%, or by more than 10% in the 1 week or more,
e.g., 2 weeks, 3 weeks, 5 weeks, 7 weeks, 9 weeks or more, 13 weeks or more, 18 weeks or
more following transfection from levels observed within the first 1, 2, or 3 days.

The therapeutic circular DNA vector may be monomeric, dimeric, trimeric, tetrameric,
pentameric, hexameric, etc. In some preferred embodiments, the circular DNA vector is
monomeric. In some embodiments, the DNA vector is supercoiled, e.g., following treatment
with a topoisomerase (e.g., gyrase). In some embodiments, the therapeutic circular DNA vector
is a monomeric, supercoiled circular DNA molecule. In some embodiments, the therapeutic
circular DNA vector is nicked. In some embodiments, the therapeutic circular DNA vector is
open circular. In some embodiments, the therapeutic circular DNA vector is double-stranded

circular.

Therapeutic Sequences

Therapeutic circular DNA vectors described herein contain a therapeutic sequence,
which may include one or more protein-coding domain and/or one or more non-protein coding
domains (e.g., a therapeutic nucleic acid).

In particular embodiments involving a therapeutic protein-coding therapeutic domain,
the therapeutic sequence includes, linked in the 5” to 3 direction: a promoter and a single
therapeutic protein-coding domain (e.g., a single transcription unit); a promoter and two or more
therapeutic protein-coding domains (e.g., a multicistronic unit); or a first transcription unit and
one or more additional transcription units (e.g., a multi-transcription unit). Any such protein-
coding therapeutic sequences may further include non-protein coding domains, such as
polyadenylation sites, control elements, enhancers, sequences to mark DNA (e.g., for antibody
recognition), PCR amplification sites, sequences that define restriction enzyme sites, site-

specific recombinase recognition sites, sequences that are recognized by a protein that binds to
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and/or modifies nucleic acids, linkers, splice sites, pre-mRNA binding domains, regulatory
sequences, and/or a therapeutic nucleic acid (e.g., a microRNA-encoding sequence).
Therapeutic protein-coding domains can be full-length protein-coding domains (e.g.,
corresponding to a native gene or natural variant thereof) or a functional portion thereof, such as
a truncated protein-coding domain (e.g., minigene).

In some embodiments, the therapeutic sequence encodes a monomeric protein (e.g., a
monomeric protein with secondary structure under physiological conditions, e.g., a monomeric
protein with secondary and tertiary structure under physiological conditions, e.g., a monomeric
protein with secondary, tertiary, and quaternary structure under physiological conditions).
Additionally, or alternatively, the therapeutic sequence may encode a multimeric protein (e.g., a
dimeric protein (e.g., a homodimeric protein or heterodimeric protein), a trimeric protein, etc.)

In some embodiments, the therapeutic sequence encodes an antibody, or a portion,
fragment, or variant thereof. Antibodies include fragments that are capable of binding to an
antigen, such as Fv, single-chain Fv (scFv), Fab, Fab’, di-scFv, sdAb (single domain antibody),
(Fab’)2 (including a chemically linked F(ab’)2), and nanobodies. Papain digestion of antibodies
produces two identical antigen-binding fragments, called “Fab” fragments, each with a single
antigen-binding site, and a residual “Fc” fragment, whose name reflects its ability to crystallize
readily. Pepsin treatment yields an F(ab’): fragment that has two antigen-combining sites and is
still capable of cross-linking antigen. Antibodies also include chimeric antibodies and
humanized antibodies. Furthermore, for all antibody constructs provided herein, variants having
the sequences from other organisms are also contemplated. Thus, if a human version of an
antibody 1s disclosed, one of skill in the art will appreciate how to transform the human
sequence-based antibody into a mouse, rat, cat, dog, horse, etc. sequence. Antibody fragments
also include either orientation of single chain scFvs, tandem di-scFv, diabodies, tandem tri-
sdcFv, minibodies, nanobodies, etc. In some embodiments, such as when an antibody is an
scFv, a single polynucleotide of a therapeutic gene sequence encodes a single polypeptide
comprising both a heavy chain and a light chain linked together. Antibody fragments also
include nanobodies (e.g., sdAb, an antibody having a single, monomeric domain, such as a pair
of variable domains of heavy chains, without a light chain). Multispecific antibodies (e.g.,
bispecific antibodies, trispecific antibodies, etc.) are known in the art and contemplated as
expression products of the therapeutic gene sequences of the present invention.

In some instances, the therapeutic sequence encodes one or more proteins (e.g., a single
protein, two proteins, three proteins, four proteins, or more), each having a length of at least 25

amino acids, at least 50 amino acids, at least 100 amino acids, at least 200 amino acids, at least
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500 amino acids, at least 1,000 amino acids, at least 1,500 amino acids, at least 2,000 amino
acids, at least 2,500 amino acids, at least 3,000 amino acids, or more (e.g., from 25 to 5,000
amino acids, from 50 to 5,000 amino acids, from 100 to 5,000 amino acids, from 200 to 5,000
amino acids, from 500 to 5,000 amino acids, from 1,000 to 5,000 amino acids, from 1,500 to
5,000 amino acids, or from 2,000 to 5,000 amino acids; e.g., from 25 to 4,000 amino acids, from
50 to 4,000 amino acids, from 100 to 4,000 amino acids, from 200 to 4,000 amino acids, from
500 to 4,000 amino acids, from 1,000 to 4,000 amino acids, from 1,500 to 4,000 amino acids, or
from 2,000 to 4,000 amino acids; e.g., from 25 to 3,000 amino acids, from 50 to 3,000 amino
acids, from 100 to 3,000 amino acids, from 200 to 3,000 amino acids, from 500 to 3,000 amino
acids, from 1,000 to 3,000 amino acids, from 1,500 to 3,000 amino acids, or from 2,000 to 3,000
amino acids). In embodiments in which such therapeutic sequence encodes two or more
proteins, the therapeutic sequence can be a multicistronic therapeutic sequence or a multi-
transcription unit therapeutic sequence.

In some embodiments, the therapeutic sequence encodes an ocular protein. In particular
embodiments, the ocular protein is ABCA4. An exemplary human ABCA4 sequence is
provided as NCBI Reference Sequence: NG 009073 or NM_000350.

In embodiments involving a non-protein coding therapeutic sequence, the therapeutic
sequence lacks a protein-coding domain (e.g., a therapeutic protein-coding domain). For
instance, in some embodiments, a therapeutic sequence includes a non-protein-coding
therapeutic nucleic acid, such as a short hairpin RNA (shRNA)-encoding sequence or an
immune activating therapeutic nucleic acid (e.g., a TLR agonist).

In some embodiments, the therapeutic sequence is from 0.1 Kb to 100 Kb in length (e.g.,
the therapeutic gene sequence is from 0.2 Kb to 90 Kb, from 0.5 Kb to 80 Kb, from 1.0 Kb to 70
Kb, from 1.5 Kb to 60 Kb, from 2.0 Kb to 50 Kb, from 2.5 Kb to 45 Kb, from 3.0 Kb to 40 Kb,
from 3.5 Kb to 35 Kb, from 4.0 Kb to 30 Kb, from 4.5 Kb to 25 Kb, from 4.6 Kb to 24 Kb, from
4.7 Kb to 23 Kb, from 4.8 Kb to 22 Kb, from 4.9 Kb to 21 Kb, from 5.0 Kb to 20 Kb, from 5.5
Kb to 18 Kb, from 6.0 Kb to 17 Kb, from 6.5 Kb to 16 Kb, from 7.0 Kb to 15 Kb, from 7.5 Kb
to 14 Kb, from 8.0 Kb to 13 Kb, from 8.5 Kb to 12.5 Kb, from 9.0 Kb to 12.0 Kb, from 9.5 Kb
to 11.5 Kb, or from 10.0 Kb to 11.0 Kb in length, e.g., from 0.1 Kb to 0.5 Kb, from 0.5 Kb to
1.0 Kb, from 1.0 Kb to 2.5 Kb, from 2.5 Kb to 4.5 Kb, from 4.5 Kb to 8 Kb, from 8 Kb to 10
Kb, from 10 Kb to 15 Kb, from 15 Kb to 20 Kb in length, or greater, e.g., from 0.1 Kb to 0.25
Kb, from 0.25 Kb to 0.5 Kb, from 0.5 Kb to 1.0 Kb, from 1.0 Kb to 1.5 Kb, from 1.5 Kb to 2.0
Kb, from 2.0 Kb to 2.5 Kb, from 2.5 Kb to 3.0 Kb, from 3.0 Kb to 3.5 Kb, from 3.5 Kb to 4.0
Kb, from 4.0 Kb to 4.5 Kb, from 4.5 Kb to 5.0 Kb, from 5.0 Kb to 5.5 Kb, from 5.5 Kb t0 6.0
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Kb, from 6.0 Kb to 6.5 Kb, from 6.5 Kb to 7.0 Kb, from 7.0 Kb to 7.5 Kb, from 7.5 Kb to 8.0
Kb, from 8.0 Kb to 8.5 Kb, from 8.5 Kb to 9.0 Kb, from 9.0 Kb to 9.5 Kb, from 9.5 Kb to 10
Kb, from 10 Kb to 10.5 Kb, from 10.5 Kb to 11 Kb, from 11 Kb to 11.5 Kb, from 11.5 Kb to 12
Kb, from 12 Kb to 12.5 Kb, from 12.5 Kb to 13 Kb, from 13 Kb to 13.5 Kb, from 13.5 Kb to 14
Kb, from 14 Kb to 14.5 Kb, from 14.5 Kb to 15 Kb, from 15 Kb to 15.5 Kb, from 15.5 Kb to 16
Kb, from 16 Kb to 16.5 Kb, from 16.5 Kb to 17 Kb, from 17 Kb to 17.5 Kb, from 17.5 Kb to 18
Kb, from 18 Kb to 18.5 Kb, from 18.5 Kb to 19 Kb, from 19 Kb to 19.5 Kb, from 19.5 Kb to 20
Kb, from 20 Kb to 21 Kb, from 21 Kb to 22 Kb, from 22 Kb to 23 Kb, from 23 Kb to 24 Kb,
from 24 Kb to 25 Kb in length, or greater, e.g., about 4.5 Kb, about 5.0 Kb, about 5.5 Kb, about
6.0 Kb, about 6.5 Kb, about 7.0 Kb, about 7.5 Kb, about 8.0 Kb, about 8.5 Kb, about 9.0 Kb,
about 9.5 Kb, about 10 Kb, about 11 Kb, about 12 Kb, about 13 Kb, about 14 Kb, about 15 Kb,
about 16 Kb, about 17 Kb, about 18 Kb, about 19 Kb, about 20 Kb in length, or greater). In
some embodiments, the therapeutic sequence is at least 10 Kb (e.g., from 10 Kb to 15 Kb, from
15 Kb to 20 Kb, or from 20 Kb to 30 Kb; e.g., from 10 Kb to 13 Kb, from 10 Kb to 12 Kb, or
from 10 Kb to 11 Kb; e.g., from 10-11 Kb, from 11-12 Kb, from 12-13 Kb, from 13-14 Kb, or
from 14-15 Kb). In some embodiments, the therapeutic sequence is at least 1,100 bp in length
(e.g., from 1,100 bp to 10,000 bp, from 1,100 bp to 8,000 bp, or from 1,100 bp to 5,000 bp in
length). In some embodiments, the therapeutic sequence is at least 2,500 bp in length (e.g., from
2,500 bp to 15,000 bp, from 2,500 bp to 10,000 bp, or from 2,500 bp to 5,000 bp in length; e.g.,
from 2,500 bp to 5,000 bp, from 5,000 bp to 7,500 bp, from 7,500 bp to 10,000 bp, from 10,000
bp to 12,500 bp, or from 12,500 bp to 15,000 bp). In some embodiments, the therapeutic
sequence is at least 8,000 bp, at least 9,000 bp, at least 10,000 bp, at least 11,000 bp, at least
12,000 bp at least 13,000 bp, at least 14,000 bp, at least 15,000 bp, at least 16,000 bp (e.g.,
11,000 bp to 16,000 bp, 12,000 bp to 16,000 bp, 13,000 bp to 16,000 bp, 14,000 bp to 16,000
bp, or 15,000 bp to 16,000 bp). In particular embodiments, the therapeutic sequence is
sufficiently large to encode a protein and is not an oligonucleotide therapy (e.g., not an
antisense, siRNA, shRNA therapy, etc.).

In some embodiments, the 3’ end of the therapeutic sequence is connected to the 5’ end
of the therapeutic sequence in a therapeutic circular DNA vector by a non-bacterial sequence of
no more than 30 bp (e.g., from 3 bp to 24 bp, from 4 bp to 18 bp, from 5 bp to 12 bp, or from 6
bp to 10 bp; e.g., from 3 bp to 5 bp, from 4 bp to 6 bp, from 8 bp to 12 bp, from 12 bp to 18 bp,
from 18 bp to 24 bp, or from 24 bp to 30 bp; e.g., 3 bp, 4 bp, 5 bp, 6 bp, 7 bp, or 8 bp). For
example, in any of the therapeutic circular DNA vectors generated using type IIs restriction

enzymes described herein, the 3° end of the therapeutic sequence may be connected to the 5° end
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of the therapeutic sequence by a non-bacterial sequence corresponding to sticky end or overhang
of the type Ils restriction enzyme cut site (e.g., TTTT, AAAA, or AACC). In some instances,
the sticky end or overhang of the type Ils restriction enzyme cut site comprises (or consists of)
four bases, wherein two and only two of the four bases are A or T (e.g., AACC or TTGG). In
some instances, the sticky end or overhang of the type Ils restriction enzyme cut site comprises
(or consists of) four bases, wherein two and only two of the four bases are A (e.g., AACC). In
some instances, the sticky end or overhang of the type Ils restriction enzyme cut site comprises
(or consists of) four bases, wherein two and only two of the four bases are T (e.g., TTGG).

In some embodiments, the therapeutic sequence includes a reporter sequence in addition
to a therapeutic protein-encoding domain or a therapeutic non-protein encoding domain. Such
reporter genes can be useful in verifying therapeutic gene sequence expression, for example, in
specific cells and tissues. Reporter sequences that may be provided in a transgene include,
without limitation, DNA sequences encoding B-lactamase, 3-galactosidase (LacZ), alkaline
phosphatase, thymidine kinase, green fluorescent protein (GFP), chloramphenicol
acetyltransferase (CAT), luciferase, and others well known in the art. When associated with
regulatory elements which drive their expression, the reporter sequences provide signals
detectable by conventional means, including enzymatic, radiographic, colorimetric, fluorescence
or other spectrographic assays, fluorescent activating cell sorting assays and immunological
assays, including enzyme linked immunosorbent assay (ELISA), radioimmunoassay (RIA), and
immunohistochemistry. For example, where the marker sequence is the LacZ gene, the presence
of the vector carrying the signal is detected by assays for B-galactosidase activity. Where the
transgene is green fluorescent protein or luciferase, the vector carrying the signal may be
measured visually by color or light production in a luminometer.

In some embodiments, the therapeutic sequence lacks a reporter sequence.

As part of the therapeutic sequence, therapeutic circular DNA vectors of the invention
may include conventional control elements which modulate or improve transcription,
translation, and/or expression in a target cell. Suitable control elements are described in
International Publication No. WO 2021/055760, which is incorporated herein by reference in its
entirety.

In some instances, any of the therapeutic circular DNA vectors of the invention encodes
a self-replicating RNA molecule. Such self-replicating RNA molecules include replicase
sequences derived from alphavirus, which are characterized as having positive-stranded
replicons that are translated after delivery to a target cell into a replicase (or replicase-

transcriptase). The replicase is translated as a polyprotein which auto-cleaves to provide a
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replication complex which creates genomic negative-strand copies of the positive-strand
delivered RNA. These negative-strand transcripts can themselves be transcribed to give further
copies of the positive-stranded parent RNA and also to give a subgenomic transcript (e.g., a
modulatory sequence). Translation of the subgenomic transcript thus leads to in situ expression
of the modulatory protein by the infected cell.

Non-limiting examples of alphaviruses from which replicase-encoding sequences of the
present invention can be derived include Venezuelan equine encephalitis virus (VEE), Semliki
Forest virus (SF), Sindbis virus (SIN), Eastern Equine Encephalitis virus (EEE), Western equine
encephalitis virus (WEE), Everglades virus (EVE), Mucambo virus (MUC), Pixuna virus (PIX),
Semliki Forest virus (SF), Middelburg virus (MID), Chikungunya virus (CHIK), O'Nyong-
Nyong virus (ONN), Ross River virus (RR), Barmah Forest virus (BF), Getah virus (GET),
Sagiyama virus (SAG), Bebaru virus (BEB), Mayaro virus (MAY), Una virus (UNA), Aura
virus (AURA), Babanki virus (BAB), Highlands J virus (HJ), and Fort Morgan virus (FM). In
particular instances of the invention, the self-replicating RNA molecule comprises a VEE
replicase or a variant thereof.

Mutant or wild-type virus sequences can be used. For example, in some instances, the
self-replicating RNA includes an attenuated TC83 mutant of VEE replicase. Other mutations in
the replicase are contemplated herein, including replicase mutated replicases (e.g., mutated VEE
replicases) obtained by in vitro evolution methods, e.g., as taught by Yingzhong et al., Sci Rep.
2019, 9: 6932, the methodology of which is incorporated herein by reference.

In some instances, a self-replicating RNA molecule includes (i) a replicase-encoding
sequence (e.g., an RNA sequence that encodes an RNA-dependent RNA polymerase which can
transcribe RNA from the self-replicating RNA molecule) and (ii) a heterologous modulatory
gene. The polymerase can be an alphavirus replicase, e.g., an alphavirus replicase comprising
one, two, three, or all four alphavirus nonstructural proteins nsP1, nsP2, nsP3, and nsP4. In
some instances, the polymerase is a VEE replicase, e.g., a VEE replicase comprising one, two,
three, or all four alphavirus nonstructural proteins nsP1, nsP2, nsP3, and nsP4.

In some instances of the present invention, a self-replicating RNA molecule does not
encode alphavirus structural proteins (e.g., capsid proteins). Such self-replicating RNA can lead
to the production of genomic RNA copies of itself in a cell, but not to the production of RNA-
containing virions. The inability to produce these virions means that, unlike a wild-type
alphavirus, the self-replicating RNA molecule cannot perpetuate itself in infectious form. The

alphavirus structural proteins can be replaced by gene(s) encoding the heterologous modulatory
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protein(s) of interest, such that the subgenomic transcript encodes the heterologous modulatory
protein(s) rather than the structural alphavirus virion proteins.

Accordingly, in some instances, a self-replicating RNA molecule of the invention can
have two open reading frames. The first (5') open reading frame encodes a replicase; the second
(3") open reading frame encodes one or more (e.g., two or three) therapeutic proteins. In some
embodiments, the RNA may have additional (e.g.. downstream) open reading frames, e.g., to
encode further genes or to encode accessory polypeptides.

Suitable self-replicating RNA molecules can have various lengths. In some
embodiments of the invention, the length of the self-replicating RNA molecule is from 5,000 to
50,000 nucleotides (i.e., 5 kb to 50 kb). In some instances, the self-replicating RNA molecule is
5 kb to 20 kb in length (e.g., from 6 kb to 18 kb, from 7 kb to 16 kb, from 8 kb to 14 kb, or from
9 kb to 12 kb in length, e.g., from 5 kb to 6 kb, from 6 kb to 7 kb, from 7 kb to 8 kb, from 8 kb
to 9 kb, from 9 kb to 10 kb, from 10 kb to 11 kb, from 11 kb to 12 kb, from 12 kb to 13 kb, from
13 kb to 14 kb, from 14 kb to 15 kb, from 15 kb to 16 kb, from 16 kb to 18 kb, or from 18 kb to
20 kb in length, e.g., about 5 kb, about 6 kb, about 7 kb, about 8 kb, about 9 kb, about 10 kb,
about 10.5 kb, about 11 kb, about 11.5 kb, about 12 kb, about 12.5 kb, about 13 kb, about 14 kb,
about 15 kb, about 16 kb, about 17 kb, about 18 kb, about 19 kb, or about 20 kb in length).

A self-replicating RNA molecule may have a 3’ poly-A tail. Additionally, the self-
replicating RNA molecule may include a poly-A polymerase recognition sequence (e.g.,
AAUAAA).

In a particular embodiment, the RNA according to the invention does not encode a
reporter molecule, such as luciferase or a fluorescent protein, such as green fluorescent protein
(GFP).

In some embodiments, the replicase encoded by the self-replicating RNA can be a
variant of any of the replicases described herein. In some embodiments, the variant is a
functional fragment (e.g., a fragment of the protein that is functionally similar or functionally
equivalent to the protein).

V. Pharmaceutical Compositions

Improvements in efficiency render the present methods particularly amenable to scalable
manufacturing of pharmaceutical compositions containing therapeutic circular DNA vectors.
Any of the methods of producing therapeutic circular DNA vectors described herein can be
adapted for production of pharmaceutical compositions containing the therapeutic circular DNA

vector in a pharmaceutically acceptable carrier.
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Provided herein are methods of producing a pharmaceutical formulation containing a
therapeutic circular DNA vector (e.g., a supercoiled therapeutic circular DNA vector). In some
embodiments, such methods include the following steps: First, a sample containing a plasmid
DNA vector having a therapeutic gene sequence and a backbone sequence is provided. The
plasmid DNA vector is amplified using polymerase-mediated rolling-circle amplification to
generate a linear concatemer. Next, the linear concatemer is digested with a restriction enzyme
that cuts at least a first site and a second site of the linear concatemer per unit, wherein the first
and second sites flank the therapeutic sequence. This digestion produces a linear therapeutic
fragment containing the therapeutic sequence and a linear backbone fragment containing the
backbone sequence. The linear therapeutic fragment is then self-ligated to produce a relaxed
circular DNA vector, which is then contacted with a topoisomerase or a helicase to produce a
supercoiled circular DNA vector. In some embodiments, the linear bacterial fragments are
digested with a terminal exonuclease.

In certain instances, methods of producing a pharmaceutical formulation containing a
therapeutic circular DNA vector include the following steps: A sample containing a plasmid
DNA vector having a therapeutic sequence and a backbone sequence is provided. The plasmid
DNA vector is amplified using polymerase-mediated rolling-circle amplification to generate a
linear concatemer. Next, the linear concatemer is digested with a restriction enzyme that cuts at
least a first site and a second site of the linear concatemer per unit, wherein the first and second
sites flank the therapeutic sequence. This digestion produces a linear therapeutic fragment
containing the therapeutic sequence and a linear backbone fragment containing the backbone
sequence. The linear therapeutic fragment is then self-ligated to produce a circular DNA vector,
and the linear backbone fragment is digested with a terminal nuclease. In some embodiments,
the circular DNA vector is contacted with a topoisomerase or a helicase to produce a supercoiled
circular DNA vector.

In some instances, methods of producing a pharmaceutical formulation containing a
therapeutic circular DNA vector include the following steps: A sample comprising a plasmid
DNA vector comprising a therapeutic sequence and a backbone sequence is provided. The
plasmid DNA vector is amplified using a polymerase-mediated rolling-circle amplification to
generate a linear concatemer. Next, the linear concatemer is digested with a restriction enzyme
(e.g., type Ils restriction enzyme, e.g., Bsal) that cuts at least a first site, a second site, and a
third site per unit of the linear concatemer. The first and second sites flank the therapeutic
sequence and form self-complementary overhangs, and the third site is within the backbone

sequence and forms an overhang that is non-complementary to the first or second site. The
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digestion produces a linear therapeutic fragment having the therapeutic sequence and at least
two linear backbone fragments each including a portion of the backbone sequence. The linear
therapeutic fragment is contacted with a ligase to produce a therapeutic circular DNA vector in
solution.

In some embodiments, the restriction enzyme cuts a fourth site of the linear concatemer
per unit, wherein the fourth site is within the backbone sequence and forms an overhang that is
non-complementary to the first or second site, and wherein the digestion produces at least three
linear backbone fragments each comprising a portion of the backbone sequence.

In some embodiments, the therapeutic circular DNA vector is contacted with
topoisomerase or a helicase. Such reactions can be carried out at about 37 °C. Additionally, or
alternatively, the therapeutic circular DNA vector can be contacted with a terminal exonuclease
(e.g., in a reaction carried out at about 37 °C). In particular embodiments, the therapeutic
circular DNA vector is contact with a topoisomerase or a helicase and, without raising the
reaction temperature to inactivate the topoisomerase or helicase, the therapeutic circular DNA
vector is thereafter contacted with a terminal exonuclease.

In some embodiments, after contacting the therapeutic circular DNA vector with the
topoisomerase or helicase and/or the terminal exonuclease, the method includes running the
therapeutic circular DNA vector through a column (e.g., a capture column). In some
embodiments, the therapeutic circular DNA vector is then precipitated with isopropyl alcohol.

The aforementioned methods can produce pharmaceutical formulations containing a high
quantity and purity of therapeutic circular DNA vector (e.g., supercoiled therapeutic circular
DNA vector). Thus, the invention includes any of the pharmaceutical formulations described
herein. In some embodiments, a pharmaceutical formulation of the invention contains at least
two-fold the number of therapeutic sequences as the sample of plasmid DNA vector from which
it was produced. In some embodiments, the pharmaceutical formulation contains at least five-
fold the number of therapeutic sequences as the sample of plasmid DNA vector. In some
embodiments, the pharmaceutical formulation contains at least ten-fold the number of
therapeutic sequences as the sample of plasmid DNA vector.

In particular embodiments, a pharmaceutical formulation of the invention (e.g., the
pharmaceutical composition produced by any of the methods described herein) contains at least
two-fold the number of therapeutic sequences (e.g., at least two-fold, at least three-fold, at least
four-fold, at least five-fold, at least six-fold, at least seven-fold, at least eight-fold, at least nine-
fold, at least ten-fold, at least 20-fold, at least 30-fold, at least 40-fold, at least 50-fold, at least
60-fold, at least 70-fold, at least 80-fold, at least 90-fold, at least 100-fold; e.g., from two-fold to

72



10

15

20

25

30

WO 2023/049937 PCT/US2022/077108

1,000-fold, from two-fold to 500-fold, from two-fold to 100-fold, from two-fold to 50-fold, from
two-fold to 40-fold, from two-fold to 30-fold, from two-fold to 20-fold, or from two-fold to ten-
fold; e.g., from five-fold to 1,000-fold, from five-fold to 500-fold, from five-fold to 100-fold,
from five-fold to 50-fold, from five-fold to 40-fold, from five-fold to 30-fold, from five-fold to
20-fold, or from five-fold to ten-fold; e.g., from ten-fold to 1,000-fold, from ten-fold to 500-fold,
from ten-fold to 100-fold, from ten-fold to 50-fold, from ten-fold to 40-fold, from ten-fold to 30-
fold, or from ten-fold to 20-fold; e.g., from two-fold to five-fold, from five-fold to ten-fold, from
ten-fold to 20-fold, from 20-fold to 30-fold, from 30-fold to 40-fold, from 40-fold to 50-fold,
from 50-fold to 60-fold, from 60-fold to 70-fold, from 70-fold to 80-fold, from 80-fold to 90-
fold, from 90-fold to 100-fold, from 100-fold to 200-fold, from 200-fold to 500-fold, or from
500-fold to 1,000-fold; e.g., about two-fold, about three-fold, about four-fold, about five-fold,
about six-fold, about seven-fold, about eight-fold, about nine-fold, about 10-fold, about 15-fold,
about 20-fold, about 25-fold, about 30-fold, about 40-fold, about 50-fold, about 60-fold, about
70-fold, about 80-fold, about 90-fold, or about 100-fold the number of therapeutic sequences) as
the sample of template DNA vector (e.g., plasmid DNA vector) from which it was produced.

In some embodiments, a pharmaceutical formulation of the invention (e.g., the
pharmaceutical composition produced by any of the methods described herein) contains at least
1.0 mg therapeutic circular DNA vector in a pharmaceutically acceptable carrier (e.g., from 1.0
mgto 10 g, from 1.0 mgto 5.0 g, from 1.0 mg to 1.0 g, from 1.0 mg to 500 mg, from 1.0 mg to
200 mg, from 1.0 mg to 100 mg, from 1.0 mg to 50 mg, from 1.0 mg to 25 mg, from 1.0 mg to
20 mg, from 1.0 mg to 15 mg, from 1.0 mg to 10 mg, from 1.0 mg to 5.0 mg, from 2.0 mgto 10
g, from 2.0 mg to 5.0 g, from 2.0 mg to 1.0 g, from 2.0 mg to 500 mg, from 2.0 mg to 200 mg,
from 2.0 mg to 100 mg, from 2.0 mg to 50 mg, from 2.0 mg to 25 mg, from 2.0 mg to 20 mg,
from 2.0 mg to 15 mg, from 2.0 mg to 10 mg, from 2.0 mg to 5.0 mg, from 5.0 mgto 10 g, from
5.0mgto 5.0 g, from 5.0 mg to 1.0 g, from 5.0 mg to 500 mg, from 5.0 mg to 200 mg, from 5.0
mg to 100 mg, from 5.0 mg to 50 mg, from 5.0 mg to 25 mg, from 5.0 mg to 20 mg, from 5.0
mgto 15 mg, from 5.0 mg to 10 mg, from 10 mg to 10 g, from 10 mgto 5.0 g, from 10 mg to
1.0 g, from 10 mg to 500 mg, from 10 mg to 200 mg, from 10 mg to 100 mg, from 10 mg to 50
mg, from 10 mg to 25 mg, from 10 mg to 20 mg, or from 10 mg to 15 mg).

In some embodiments, a pharmaceutical formulation of the invention (e.g., the
pharmaceutical composition produced by any of the methods described herein) contains at least
2.0 mg therapeutic circular DNA vector in a pharmaceutically acceptable carrier. In some
embodiments, a pharmaceutical formulation produced by any of the methods described herein

contains at least 5.0 mg therapeutic circular DNA vector in a pharmaceutically acceptable
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carrier. In some embodiments, a pharmaceutical formulation produced by any of the methods
described herein contains at least 10.0 mg therapeutic circular DNA vector in a pharmaceutically
acceptable carrier.

In some embodiments, a pharmaceutical formulation of the invention (e.g., the
pharmaceutical composition produced by a method described herein (e.g., a method involving
contacting a therapeutic circular DNA vector with a topoisomerase or helicase)) contains
therapeutic circular DNA vector that is at least 60% supercoiled monomer, at least 70%
supercoiled monomer, at least 80% supercoiled monomer, or at least 90% supercoiled monomer
(e.g., 60% to 80% supercoiled monomer, 60% to 90% supercoiled monomer, 60% to 95%
supercoiled monomer, 60% to 99% supercoiled monomer, 60% to 99.5% supercoiled monomer,
60% to 99.9% supercoiled monomer, 65% to 80% supercoiled monomer, 65% to 90%
supercoiled monomer, 65% to 95% supercoiled monomer, 65% to 99% supercoiled monomer,
65% to 99.5% supercoiled monomer, 65% to 99.9% supercoiled monomer, 70% to 80%
supercoiled monomer, 70% to 90% supercoiled monomer, 70% to 95% supercoiled monomer,
70% to 99% supercoiled monomer, 70% to 99.5% supercoiled monomer, 70% to 99.9%
supercoiled monomer, 75% to 80% supercoiled monomer, 75% to 90% supercoiled monomer,
75% to 95% supercoiled monomer, 75% to 99% supercoiled monomer, 75% to 99.5%
supercoiled monomer, 75% to 99.9% supercoiled monomer, 80% to 85% supercoiled monomer,
80% to 90% supercoiled monomer, 80% to 95% supercoiled monomer, 80% to 99% supercoiled
monomer, 80% to 99.5% supercoiled monomer, 80% to 99.9% supercoiled monomer, 85% to
90% supercoiled monomer, 85% to 95% supercoiled monomer, 85% to 99% supercoiled
monomer, 85% to 99.5% supercoiled monomer, 85% to 99.9% supercoiled monomer, 90% to
95% supercoiled monomer, 90% to 99% supercoiled monomer, 90% to 99.5% supercoiled
monomer, 90% to 99.9% supercoiled monomer, 95% to 99% supercoiled monomer, 95% to
99.5% supercoiled monomer, 95% to 99.9% supercoiled monomer, 98% to 99% supercoiled
monomer, 98% to 99.5% supercoiled monomer, or 98% to 99.9% supercoiled monomer; e.g.,
about 60% supercoiled monomer, about 65% supercoiled monomer, about 70% supercoiled
monomer, about 75% supercoiled monomer, about 80% supercoiled monomer, about 85%
supercoiled monomer, about 90% supercoiled monomer, about 95% supercoiled monomer,
about 96% supercoiled monomer, about 97% supercoiled monomer, about 98% supercoiled
monomer, about 99% supercoiled monomer, or about 99.9% supercoiled monomer). In any of
these instances, supercoiled monomer is calculated using densitometry analysis of gel

electrophoresis (e.g., as described in Example 5, below).
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In other embodiments, a pharmaceutical formulation of the invention (e.g., the
pharmaceutical composition produced by a method described herein (e.g., a method in which the
therapeutic circular DNA vector is not contacted with a topoisomerase or helicase)) contains
therapeutic circular DNA vector that is not supercoiled (i.e., relaxed circular DNA).

In some embodiments, percent supercoiled monomer is determined by agarose gel
electrophoresis or capillary electrophoresis. Additionally, or alternatively, percent supercoiled
monomer is determined by anion exchange-HPLC.

In some embodiments, the pharmaceutical formulation of the invention (e.g., the
pharmaceutical composition produced by a method described herein) is substantially devoid of
impurities. For instance, in some embodiments, the pharmaceutical formulation contains <1.0%
protein content by mass (e.g., <0.9%, <0.8%, <0.7%, <0.6%, <0.5%, <0.4%, <0.3%, <0.2%,
<0.1%, <0.05%, or <0.01% protein content by mass). In some instances, protein content is
determined by bicinchoninic acid assay. Additionally or alternatively, protein content is
determined by ELISA.

In some instances, the pharmaceutical formulation of the invention (e.g., the
pharmaceutical composition produced by a method described herein) contains <1.0% RNA
content by mass (e.g., <0.9%, <0.8%, <0.7%, <0.6%, <0.5%, <0.4%, <0.3%, <0.2%, <0.1%,
<0.05%, or <0.01% RNA content by mass). In some embodiments, the RNA content is
determined by agarose gel electrophoresis. In some embodiments, the RNA content is
determined by quantitative PCR. In some embodiments, the RNA content is determined by
fluorescence assay (e.g., Ribogreen).

In some embodiments, the pharmaceutical formulation of the invention (e.g., the
pharmaceutical composition produced by a method described herein) contains <1.0% gDNA
content by mass (e.g., <0.9%, <0.8%, <0.7%, <0.6%, <0.5%, <0.4%, <0.3%, <0.2%, <0.1%,
<0.05%, or <0.01% gDNA content by mass). In some embodiments, the gDNA content is
determined by agarose gel electrophoresis or capillary electrophoresis. In some embodiments,
the gDNA content is determined by quantitative PCR. In some embodiments, the gDNA content
is determined by Southern blot.

In some embodiments, the pharmaceutical formulation of the invention (e.g., the
pharmaceutical composition produced by a method described herein) contains <40 EU/mg
endotoxin. In some embodiments, the pharmaceutical formulation contains <20 EU/mg
endotoxin. In some embodiments, the pharmaceutical formulation contains <10 EU/mg
endotoxin. In some embodiments, the pharmaceutical formulation contains <5 EU/mg

endotoxin (e.g., <4 EU/mg endotoxin, <3 EU/mg endotoxin, <2 EU/mg endotoxin, <1 EU/mg
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endotoxin, <0.5 EU/mg endotoxin), e.g., as measured by Limulus Ameobocyte Lysate (LAL)
assay.

Pharmaceutical compositions provided herein may include one or more pharmaceutically
acceptable carriers, such as excipients and/or stabilizers that are nontoxic to the individual being
treated (e.g., human patient) at the dosages and concentrations employed. In some
embodiments, the pharmaceutically acceptable carrier is an aqueous pH buffered solution.
Examples of pharmaceutically acceptable carriers include buffers such as phosphate, citrate, and
other organic acids; antioxidants including ascorbic acid; low molecular weight (less than about
10 residues) polypeptide; proteins, such as serum albumin, gelatin, or immunoglobulins;
hydrophilic polymers such as polyvinylpyrrolidone; amino acids such as glycine, glutamine,
asparagine, arginine or lysine; monosaccharides, disaccharides, and other carbohydrates
including glucose, mannose, or dextrins; chelating agents such as EDTA; sugar alcohols such as
mannitol or sorbitol; salt-forming counterions such as sodium; and/or nonionic surfactants such
as tween, polyethylene glycol (PEG), and pluronics.

If the pharmaceutical composition is provided in liquid form, the pharmaceutically
acceptable carrier may be water (e.g., pyrogen-free water), isotonic saline, or a buffered aqueous
solution, e.g., a phosphate buffered solution or a citrate buffered solution. Injection of the
pharmaceutical composition may be carried out in water or a buffer, such as an aqueous buffer,
e.g., containing a sodium salt (e.g., at least S0 mM of a sodium salt), a calcium salt (e.g., at least
0.01 mM of a calcium salt), or a potassium salt (e.g., at least 3 mM of a potassium salt).
According to a particular embodiment, the sodium, calcium, or potassium salt may occur in the
form of their halogenides, e.g., chlorides, iodides, or bromides, in the form of their hydroxides,
carbonates, hydrogen carbonates, or sulfates, etc. Without being limited thereto, examples of
sodium salts include NaCl, Nal, NaBr, Na;COz, NaHCOz, and Na2SO4. Examples of potassium
salts include, e.g., KCI, KI, KBr, K2CO2, KHCO:, and K2SO4. Examples of calcium salts
include, e.g., CaCly, Calz, CaBr2, CaCOz, CaSO4, and Ca(OH).. Additionally, organic anions of
the aforementioned cations may be contained in the buffer. According to a particular
embodiment, the buffer suitable for injection purposes as defined above, may contain salts
selected from sodium chloride (NaCl), calcium chloride (CaClz) or potassium chloride (KCl),
wherein further anions may be present. CaClz can also be replaced by another salt, such as KCI.
In some embodiments, salts in the injection buffer are present in a concentration of at least 50
mM sodium chloride (NaCl), at least 3 mM potassium chloride (KCl), and at least 0.01 mM
calcium chloride (CaClz). The injection buffer may be hypertonic, isotonic, or hypotonic with

reference to the specific reference medium, i.e., the buffer may have a higher, identical or lower
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salt content with reference to the specific reference medium, wherein preferably such
concentrations of the afore mentioned salts may be used, which do not lead to damage of cells
due to osmosis or other concentration effects. Reference media can be liquids such as blood,
lymph, cytosolic liquids, other body liquids, or common buffers. Such common buffers or
liquids are known to a skilled person. Ringer-Lactate solution is particularly preferred as a
liquid basis.

One or more compatible solid or liquid fillers, diluents, or encapsulating compounds may
be suitable for administration to a person. The constituents of the pharmaceutical composition
according to the invention are capable of being mixed with the nucleic acid vector according to
the invention as defined herein, in such a manner that no interaction occurs, which would
substantially reduce the pharmaceutical effectiveness of the (pharmaceutical) composition
according to the invention under typical use conditions. Pharmaceutically acceptable carriers,
fillers and diluents can have sufficiently high purity and sufficiently low toxicity to make them
suitable for administration to an individual being treated. Some examples of compounds which
can be used as pharmaceutically acceptable carriers, fillers, or constituents thereof are sugars,
such as lactose, glucose, trehalose, and sucrose; starches, such as corn starch or potato starch;
dextrose; cellulose and its derivatives, such as sodium carboxymethylcellulose, ethylcellulose,
cellulose acetate; powdered tragacanth; malt; gelatin; tallow; solid glidants, such as stearic acid,
magnesium stearate; calcium sulfate; vegetable oils, such as groundnut oil, cottonseed oil,
sesame oil, olive oil, corn oil and oil from theobroma; polyols, such as polypropylene glycol,
glycerol, sorbitol, mannitol, and polyethylene glycol; or alginic acid.

The choice of a pharmaceutically acceptable carrier can be determined, according to the
manner in which the pharmaceutical composition is administered.

Suitable unit dose forms for injection include sterile solutions of water, physiological
saline, and mixtures thereof. The pH of such solutions may be adjusted to about 7.4. Suitable
carriers for injection include hydrogels, devices for controlled or delayed release, polylactic
acid, and collagen matrices. Suitable pharmaceutically acceptable carriers for topical
application include those which are suitable for use in lotions, creams, gels and the like. If the
pharmaceutical composition is to be administered perorally, tablets, capsules and the like are the
preferred unit dose form.

Further additives which may be included in the pharmaceutical composition are
emulsifiers, such as tween; wetting agents, such as sodium lauryl sulfate; coloring agents;

pharmaceutical carriers; stabilizers; antioxidants; and preservatives.
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The pharmaceutical composition according to the present invention may be provided in
liquid or in dry (e.g.. lyophilized) form. In a particular embodiment, the nucleic acid vector of
the pharmaceutical composition is provided in lyophilized form. Lyophilized compositions
including nucleic acid vector of the invention may be reconstituted in a suitable buffer,
advantageously based on an aqueous carrier, prior to administration, e.g.. Ringer-Lactate
solution, Ringer solution, or a phosphate buffer solution.

In certain embodiments of the invention, any of the therapeutic circular DNA vectors of
the invention can be complexed with one or more cationic or polycationic compounds, e.g.,
cationic or polycationic polymers, cationic or polycationic peptides or proteins, e.g.. protamine,
cationic or polycationic polysaccharides, and/or cationic or polycationic lipids.

According to a particular embodiment, the therapeutic circular DNA vector of the
invention may be complexed with lipids to form one or more liposomes, lipoplexes, or lipid
nanoparticles. Therefore, in one embodiment, the pharmaceutical composition comprises
liposomes, lipoplexes, and/or lipid nanoparticles comprising a therapeutic circular DNA vector.

Lipid-based formulations can be effective delivery systems for nucleic acid vectors due
to their biocompatibility and their ease of large-scale production. Cationic lipids have been
widely studied as synthetic materials for delivery of nucleic acids. After mixing together,
nucleic acids are condensed by cationic lipids to form lipid/nucleic acid complexes known as
lipoplexes. These lipid complexes are able to protect genetic material from the action of
nucleases and deliver it into cells by interacting with the negatively charged cell membrane.
Lipoplexes can be prepared by directly mixing positively charged lipids at physiological pH
with negatively charged nucleic acids.

Conventional liposomes include of a lipid bilayer that can be composed of cationic,
anionic, or neutral phospholipids and cholesterol, which encloses an aqueous core. Both the
lipid bilayer and the aqueous space can incorporate hydrophobic or hydrophilic compounds,
respectively. Liposome characteristics and behavior in vivo can be modified by addition of a
hydrophilic polymer coating, e.g.. polyethylene glycol (PEG), to the liposome surface to confer
steric stabilization. Furthermore, liposomes can be used for specific targeting by attaching
ligands (e.g., antibodies, peptides, and carbohydrates) to its surface or to the terminal end of the
attached PEG chains.

Liposomes are colloidal lipid-based and surfactant-based delivery systems composed of
a phospholipid bilayer surrounding an aqueous compartment. They may present as spherical
vesicles and can range in size from 20 nm to a few microns. Cationic lipid-based liposomes are

able to complex with negatively charged nucleic acids via electrostatic interactions, resulting in
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complexes that offer biocompatibility, low toxicity, and the possibility of the large-scale
production required for in vivo clinical applications. Liposomes can fuse with the plasma
membrane for uptake; once inside the cell, the liposomes are processed via the endocytic
pathway and the genetic material is then released from the endosome/carrier into the cytoplasm.

Cationic liposomes can serve as delivery systems for therapeutic circular DNA vectors.
Cationic lipids, such as MAP, (1,2-dioleoyl-3-trimethylammonium-propane) and DOTMA (N-
[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethyl-ammonium methyl sulfate) can form complexes or
lipoplexes with negatively charged nucleic acids to form nanoparticles by electrostatic
interaction, providing high in vitro transfection efficiency. Furthermore, neutral lipid-based
nanoliposomes for nucleic acid vector delivery as e.g., neutral 1,2-dioleoyl-sn-glycero-3-
phosphatidylcholine (DOPC)-based nanoliposomes are available.

Thus, in one embodiment of the invention, the therapeutic circular DNA vector of the
invention is complexed with cationic lipids and/or neutral lipids and thereby forms liposomes,
lipid nanoparticles, lipoplexes or neutral lipid-based nanoliposomes in the present
pharmaceutical compositions.

In a particular embodiment, a pharmaceutical composition according to the invention
comprises the therapeutic circular DNA vector of the invention that is formulated together with
a cationic or polycationic compound and/or with a polymeric carrier. Accordingly, in a further
embodiment of the invention, the therapeutic circular DNA vector as defined herein is
associated with or complexed with a cationic or polycationic compound or a polymeric carrier,
optionally in a weight ratio selected from a range of about 5:1 (w/w) to about 0.25:1 (w/w), e.g.,
from about 5:1 (w/w) to about 0.5:1 (w/w), e.g., from about 4:1 (w/w) to about 1:1 (w/w) or of
about 3:1 (w/w) to about 1:1 (w/w), e.g., from about 3:1 (w/w) to about 2:1 (w/w) of nucleic
acid vector to cationic or polycationic compound and/or with a polymeric carrier; or optionally
in a nitrogen/phosphate (N/P) ratio of nucleic acid vector to cationic or polycationic compound
and/or polymeric carrier in the range of about 0.1-10, e.g., in a range of about 0.3-4 or 0.3-1,
e.g., in a range of about 0.5-1 or 0.7-1, e.g., in a range of about 0.3-0.9 or 0.5-0.9. For example,
the N/P ratio of the therapeutic circular DNA vector to the one or more polycations is in the
range of about 0.1 to 10, including a range of about 0.3 to 4, of about 0.5 to 2, of about 0.7 to 2
and of about 0.7 to 1.5.

The nucleic acid vectors described herein can also be associated with a vehicle,
transfection or complexation agent for increasing the transfection efficiency and/or the

expression of the modulatory gene according to the invention.
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In some instances, the therapeutic circular DNA vector according to the invention is
complexed with one or more polycations, preferably with protamine or oligofectamine. Further
cationic or polycationic compounds, which can be used as transfection or complexation agent
may include cationic polysaccharides, for example chitosan, polybrene, cationic polymers, e.g.
polyethyleneimine (PEI), cationic lipids, e.g. DOTMA: [1-(2,3-sioleyloxy)propyl)]-N,N,N-
trimethylammonium chloride, DMRIE, di-C14-amidine, DOTIM, SAINT, DC-Chol, BGTC,
CTAP, DOPE, LEAP, DOPE: Dioleyl phosphatidylethanol-amine, DOSPA, DODAB, DOIC,
DMEPC, DOGS: Dioctadecylamidoglicylspermin, DIMRI: Dimyristo-oxypropyl dimethyl
hydroxyethyl ammonium bromide, MAP: dioleoyloxy-3-(trimethylammonio)propane, DC-6-14:
0,0O-ditetradecanoyl-N-(a-trimethylammonioacetyl)diethanolamine chloride, CLIP1: rac-[(2,3-
dioctadecyloxypropyl)(2-hydroxyethyl)]-dimethylammonium chloride, CLIP6: rac-[2(2,3-
dihexadecyloxypropyl-oxymethyloxy)ethyl]trimethylammonium, CLIP9: rac-[2(2,3-
dihexadecyloxypropyl-oxysuccinyloxy)ethyl]-trimethylammonium, oligofectamine, or cationic
or polycationic polymers, e.g. modified polyaminoacids, such as f-aminoacid-polymers or
reversed polyamides, etc., modified polyethylenes, such as PVP (poly(N-ethyl-4-
vinylpyridinium bromide)), etc., modified acrylates, such as pPDMAEMA
(poly(dimethylaminoethyl methylacrylate)), etc., modified amidoamines such as pAMAM
(poly(amidoamine)), etc., modified polybetaaminoester (PBAE), such as diamine end modified
1,4 butanediol diacrylate-co-5-amino-1-pentanol polymers, etc., dendrimers, such as
polypropylamine dendrimers or pAMAM based dendrimers, etc., polyimine(s), such as PEI:
poly(ethyleneimine), poly(propyleneimine), etc., polyallylamine, sugar backbone based
polymers, such as cyclodextrin based polymers, dextran based polymers, chitosan, etc., silan
backbone based polymers, such as PMOXA-PDMS copolymers, etc., block polymers consisting
of a combination of one or more cationic blocks (e.g.. selected from a cationic polymer as
mentioned above) and of one or more hydrophilic or hydrophobic blocks (e.g.
polyethyleneglycole); etc.

According to a particular embodiment, the pharmaceutical composition of the invention
includes the therapeutic circular DNA vector encapsulated within or attached to a polymeric
carrier. A polymeric carrier used according to the invention might be a polymeric carrier
formed by disulfide-crosslinked cationic components. The disulfide-crosslinked cationic
components may be the same or different from each other. The polymeric carrier can also
contain further components. It is also particularly preferred that the polymeric carrier used
according to the present invention comprises mixtures of cationic peptides, proteins or polymers

and optionally further components as defined herein, which are crosslinked by disulfide bonds
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as described herein. In this context, the disclosure of WO 2012/013326 is incorporated herein
by reference. In this context, the cationic components that form basis for the polymeric carrier
by disulfide-crosslinkage are typically selected from any suitable cationic or polycationic
peptide, protein or polymer suitable for this purpose, particular any cationic or polycationic
peptide, protein or polymer capable of complexing the nucleic acid vector as defined herein or a
further nucleic acid comprised in the composition, and thereby preferably condensing the
nucleic acid vector. The cationic or polycationic peptide, protein or polymer, may be a linear
molecule; however, branched cationic or polycationic peptides, proteins or polymers may also
be used.

Every disulfide-crosslinking cationic or polycationic protein, peptide or polymer of the
polymeric carrier, which may be used to complex the therapeutic circular DNA vector according
to the invention included as part of the pharmaceutical composition of the invention may contain
at least one SH moiety (e.g., at least one cysteine residue or any further chemical group
exhibiting an SH moiety) capable of forming a disulfide linkage upon condensation with at least
one further cationic or polycationic protein, peptide or polymer as cationic component of the
polymeric carrier as mentioned herein.

Such polymeric carriers used to complex the therapeutic circular DNA vector of the
present invention may be formed by disulfide-crosslinked cationic (or polycationic) components.
In particular, such cationic or polycationic peptides or proteins or polymers of the polymeric
carrier, which comprise or are additionally modified to comprise at least one SH moiety, can be
selected from proteins, peptides, and polymers as a complexation agent.

In other embodiments, the therapeutic circular DNA vector according to the invention
may be administered naked in a suitable buffer without being associated with any further
vehicle, transfection, or complexation agent.

VI. Methods of Use

Provided herein are methods of inducing expression (e.g., persistent expression) of a
therapeutic sequence in a subject in need thereof (e.g., as part of a gene therapy regimen) by
administering to the subject any of the therapeutic circular DNA vectors, or pharmaceutical
compositions thereof, described herein. Target cells or tissues of a subject can be characterized
by examining a nucleic acid sequence (e.g., an RNA sequence, e.g., an mRNA sequence) of the
host cell, such as by Southern Blotting or PCR analysis, to detect or quantify the presence (e.g.,
persistence) of the therapeutic sequence delivered. Alternatively, expression of the therapeutic
sequence in the subject can be characterized (e.g., quantitatively or qualitatively) by monitoring

the progress of a disease being treated by delivery of the therapeutic sequence (e.g., associated
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with a defect or mutation targeted by the therapeutic sequence). In some embodiments,
transcription or expression (e.g., persistent transcription or persistent expression) of the
therapeutic sequence is confirmed by observing a decline in one or more symptoms associated
with the disease.

Accordingly, the invention provides methods of treating a disease in a subject by
administering to the subject any of the therapeutic circular DNA vectors, or pharmaceutical
compositions thereof, described herein. Any of the therapeutic circular DNA vectors, or
pharmaceutical compositions thereof, described herein can be administered to a subject in a
dosage from 1 ug to 10 mg of DNA (e.g., from 5 pgto 5.0 mg, from 10 pg to 2.0 mg, or from
100 pg to 1.0 mg of DNA, e.g., from 10 pg to 20 ug, from 20 pg to 30 ug, from 30 pg to 40 ug,
from 40 pg to 50 ug, from 50 pg to 75 pg, from 75 pg to 100 pg, from 100 ug to 200 pg, from
200 pg to 300 pg, from 300 pg to 400 ug, from 400 pg to 500 ug, from 500 pg to 1.0 mg, from
1.0 mgto 5.0 mg, or from 5.0 mg to 10 mg of DNA, e.g., about 10 pg, about 20 pg, about 30 pg,
about 40 pg, about 50 pg, about 60 pg, about 70 pg, about 80 ug, about 90 ug, about 100 pg,
about 150 ug, about 200 pg, about 250 ug, about 300 pg, about 350 ug, about 400 pg, about 450
ug, about 500 ug, about 600 pg, about 700 ug, about 750 pg, about 1.0 mg, about 2.0 mg, about
2.5 mg, about 5.0 mg, about 7.5 mg, or about 10 mg of DNA).

In some embodiments, administration of a therapeutic circular DNA vector of the
invention, or a pharmaceutical composition thereof;, is less likely to induce an immune response
in a subject compared with administration of other gene therapy vectors (e.g., plasmid DNA
vectors and viral vectors).

In some instances, the therapeutic circular DNA vectors, and pharmaceutical
compositions thereof, provided herein are amenable to repeat dosing due to their ability to
transfect target cells without triggering an immune response or inducing a reduced immune
response relative to a reference vector, such as a plasmid DNA vector or an AAV vector, as
discussed above. Thus, the invention provides methods of repeatedly administering the
therapeutic circular DNA vectors and pharmaceutical compositions described herein. Any of the
aforementioned dosing quantities may be repeated at a suitable frequency and duration. In some
embodiments, the subject receives a dose about twice per day, about once per day, about five
times per week, about four times per week, about three times per week, about twice per week,
about once per week, about twice per month, about once per month, about once every six weeks,
about once every two months, about once every three months, about once every four months,
twice per year, once yearly, or less frequently. In some embodiments, the number and frequency

of doses corresponds with the rate of turnover of the target cell. It will be understood that in
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long-lived post-mitotic target cells transfected using the vectors described herein, a single dose
of vector may be sufficient to maintain expression of the heterologous gene within the target cell
for a substantial period of time. Thus, in other embodiments, a therapeutic circular DNA vector
provided herein may be administered to a subject in a single dose. The number of occasions in
which a therapeutic circular DNA vector is delivered to the subject can be that which is required
to maintain a clinical (e.g., therapeutic) benefit.

Methods of the invention include administration of a therapeutic circular DNA vector or
pharmaceutical composition thereof through any suitable route. The therapeutic circular DNA
vector or pharmaceutical composition thereof can be administered systemically or locally, e.g.,
intravenously, ocularly (e.g., intravitreally, subretinally, by eye drop, intraocularly,
intraorbitally), intramuscularly, intravitreally (e.g., by intravitreal injection), intradermally,
intrahepatically, intracerebrally, intramuscularly, percutaneously, intraarterially,
intraperitoneally, intralesionally, intracranially, intraarticularly, intraprostatically, intrapleurally,
intratracheally, intrathecally, intranasally, intravaginally, intrarectally, intratumorally,
subcutaneously, subconjunctivally, intravesicularly, mucosally, intrapericardially,
intraumbilically, orally, topically, transdermally, by inhalation, by aerosolization, by injection
(e.g., by jet injection), by electroporation, by implantation, by infusion (e.g., by continuous
infusion), by localized perfusion bathing target cells directly, by catheter, by lavage, in creams,
or in lipid compositions.

Therapeutic circular DNA vectors described herein can be delivered into cells via in vivo
electrotransfer (e.g., in vivo electroporation). n vivo electroporation has been demonstrated in
certain tissues, such as eye, skin, skeletal muscle, certain tumor types, and lung epithelium.
Delivery of naked DNA into cells by in vivo electroporation involves administration of the DNA
into target tissue, followed by application of electrical field to temporarily increase cell
membrane permeability within the tissue by generating pores, allowing the DNA molecules to
cross cell membranes. As an example, delivery to skin using in vivo electroporation is
described in Cha & Daud Hum. Vaccin. Immunother. 2012, 8(11):1734-1738, which is
incorporated by reference in its entirety. /n vivo electroporation of skeletal muscle is described
in Sokolowska & Blachnio-Zabielska, Int. J. Molecular Sci. 2019, 20:2776, which is
incorporated by reference in its entirety. Intratumoral delivery using in vivo electroporation is
described in Aung et al. Gene Therapy 2009, 16:830-839, which is incorporated by reference in
its entirety. /n vivo electroporation of DNA into lung cells is described in Pringle et al. J. Gene
Med. 2007, 9:369-380, which is incorporated by reference in its entirety. /n vivo electrotransfer

of circular DNA vectors to cells in the eye (e.g., retinal cells and/or photoreceptor cells) is
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described in International Patent Publication No. WO 2022/198138, which is incorporated by
reference in its entirety. In some instances, after administration of the circular DNA vector to
the eye, an electrode can be positioned within the interior of the eye (e.g., within about 1 mm
from the retina), and an electric field can be transmitted through the electrode into a target ocular
tissue at conditions suitable for electrotransfer of the circular DNA vector into the target cell
(e.g., by applying six to ten pulses from 10-100 V each). Devices and systems having electrodes
suitable for transmitting electric fields in mammalian tissues are commercially available and can
be useful in the methods disclosed herein. In some instances, the electric field is transmitted
through an electrode comprising a needle (e.g., a needle positioned within the vitreous humor or
in the subretinal space). Suitable needle electrodes include CLINIPORATOR® electrodes
marketed by IGEA® and needle electrodes marketed by AMBU®. Methods of the invention
include administration of any of the therapeutic circular DNA vectors described herein, or
pharmaceutical compositions thereof, to skin, skeletal muscle, tumors (including, e.g.,
melanomas), eye, and lung via in vivo electrotransfer.

Additionally, or alternatively, therapeutic circular DNA vectors or pharmaceutical
compositions thereof can be administered to host cells ex vivo, such as by cells explanted from
an individual patient, followed by reimplantation of the host cells into a patient, e.g., after
selection for cells which have incorporated the vector. Thus, in some aspects, the disclosure
provides transfected host cells and methods of administration thereof for treating a disease.

Additionally or alternatively, the present invention includes methods of treating a subject
having a disease or disorder by administering to the subject the isolated DNA vector (or a
composition thereof) of the invention.

Assessment of the efficiency of transfection of any of the therapeutic circular DNA
vectors described herein can be performed using any method known in the art or described
herein. Isolating a transfected cell can also be performed in accordance with standard
techniques. For example, a cell comprising a therapeutic gene can express a visible marker,
such as a fluorescent protein (e.g., GFP) or other reporter protein, encoded by the sequence of
the heterologous gene that aids in the identification and isolation of a cell or cells comprising the
heterologous gene. Cells containing a therapeutic gene can also be characterized by examining
the nucleic acid sequence (e.g., an RNA sequence, e.g., an mRNA sequence) of the host cell,
such as by Southern Blotting or PCR analysis, to assay for the presence of the heterologous gene
contained in the vector.

Accordingly, methods of the present invention include, after administering any of the

therapeutic circular DNA vectors described herein to a subject, subsequently detecting the
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expression of the heterologous gene in the subject. Expression can be detected one week to four
weeks after administration, one month to four months after administration, four months to one
year after administration, one year to five years after administration, or five years to twenty
years after administration (e.g., at least one week, at least two weeks, at least one month, at least
four months, at least one year, at least two years, at least five years, at least ten years after
administration). At any of these detection timepoints, persistence (e.g., episomal persistence) of
the DNA vector may be observed. In some embodiments, the persistence of the circular DNA
vector is from 5% to 50% greater, 50% to 100% greater, one-fold to five-fold, or five-fold to
ten-fold (e.g., at least 5%, 10%, 20%, 30%, 40%, 50%, 75%, one-fold, two-fold, three-fold,
four-fold, five-fold, six-fold, seven-fold, eight-fold, nine-fold, ten-fold, or more) greater than a
reference vector (e.g., a circular vector produced in bacteria or having one or more bacterial
signatures not present in the vector of the invention).

Additionally, or alternatively, any of the therapeutic circular DNA vectors of the
invention can be administered to host cells ex vivo, such as cells explanted from an individual
patient, followed by reimplantation of the host cells into a patient, e.g., after selection for cells
which have incorporated the vector. Thus, in some aspects, the disclosure provides transfected
host cells (e.g., electrotransfected host cells), methods of transfecting host cells, and methods of
administering host cells to a subject, e.g., for treating a disease in the subject. In some instances,
any of the therapeutic circular DNA vectors described herein can be transfected into host cells
by electroporation using known methods and devices (e.g., by NEON transfection (Thermo
Fisher) or flow electroporation chambers (e.g., as described in U.S. Patent No. 9,546,350 or U.S.
Patent Publication No. 2020/0131500, each of which is incorporated by reference)).

VIIL. Kits and Articles of Manufacture

In another aspect of the invention, an article of manufacture or a kit containing any of the
therapeutic circular DNA vectors, or pharmaceutical compositions thereof, described herein.
The article of manufacture includes a container and a label or package insert on or associated
with the container. Suitable containers include, for example, bottles, vials, syringes, IV solution
bags, etc. The containers may be formed from a variety of materials, such as glass or plastic.
The container holds a composition which is by itself or combined with another composition
effective for treating, preventing and/or diagnosing a condition and may have a sterile access
port (for example the container may be an intravenous solution bag or a vial having a stopper
pierceable by a hypodermic injection needle). At least one active agent in the composition is a
therapeutic circular DNA vector of the invention or a pharmaceutical composition comprising

the therapeutic circular DNA vector. The label or package insert indicates that the composition
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is used for treating the condition treatable by its contents. Moreover, the article of manufacture
may comprise (a) a first container with a composition contained therein, wherein the
composition comprises a therapeutic circular DNA vector, or pharmaceutical composition
thereof, and (b) a second container with a composition contained therein, wherein the
composition comprises an additional therapeutic agent. The article of manufacture may further
comprise a package insert indicating that the compositions can be used to treat a particular
condition. Alternatively, or additionally, the article of manufacture may further comprise a
second (or third) container comprising a pharmaceutically acceptable carrier, such as
bacteriostatic water for injection (BWFI), phosphate-buffered saline, Ringer's solution, dextrose
solution, or any of the pharmaceutically acceptable carriers disclosed above. It may further
include other materials desirable from a commercial and user standpoint, including other
buffers, diluents, filters, needles, syringes, or other delivery devices.

In some instances, kits provided herein include any of the therapeutic circular DNA
vectors or compositions thereof (e.g., pharmaceutical compositions) described herein (or
produced by the methods described herein) and instructions for expressing the therapeutic
circular DNA vector in a cell, or a culture of cells, using electroporation (e.g., in vitro or ex vivo
electroporation) or electrotransfer (e.g., in vivo electrotransfer).

EXAMPLES
Example 1. Generation and purification of closed circular DNA using two restriction
enzymes

Therapeutic circular DNA vectors can be produced through a cell-free process using
plasmid DNA vectors as a template, which can be amplified into concatemers by rolling circle
amplification. This Example compares a process involving gel extraction of digested DNA with
a streamlined process in which no gel extraction is required. In the streamlined process,
restriction digestion is followed immediately by ligation (i.e., without gel extraction), and
undesired products are purified using a second restriction enzyme in lieu of gel extraction.

The process described in this Example involves two different restriction enzymes: a first
restriction enzyme to cut two sites located between the plasmid backbone and the desired DNA
sequence, and a second restriction enzyme to cut at least once within the plasmid backbone to
digest the plasmid backbone.

FIGS. 1A-1E illustrate such a dual-enzyme process. First, the plasmid DNA containing
two EcoRI restriction sites flanking the closed circular DNA sequence and two Pvull restriction
sites within the plasmid DNA sequence is amplified by Phi29 in a rolling circle amplification

reaction. The sample is heat-inactivated at 65°C. Next, EcoRI is added to the sample to cut out
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the desired closed circular DNA insert and separate it from the plasmid DNA backbone. The
reaction is stopped by another heat inactivation step at 65°C. Next, both linear products are
intramolecularly self-ligated using T4 ligase, and yet another heat inactivation step is performed
at 65°C. The sample is then contacted with Pvull to digest the plasmid backbone, leaving the
closed circular DNA intact. Closed circular DNA can be supercoiled using gyrase and purified
of plasmid backbone fragments using an exonuclease, such as TS exonuclease or Plasmid-Safe
(Lucigen).

Example 2. Process for generation and purification of closed circular DNA using a
single, type IIs restriction enzyme to cut two sites on a template DNA

Therapeutic circular DNA vectors are generated from plasmid DNA using a single, type
IIs restriction enzyme to cut two sites flanking the therapeutic sequence. FIGS. 2A-2F illustrate
such a single-enzyme process.

A plasmid DNA is used as a template. The plasmid contains a therapeutic sequence
(represented in FIGS. 2A and 2B as C3 region/Payload) and a backbone sequence (depicted in
FIGS. 2A and 2B as the sequence containing the Rep origin, resistance genes, and Bsal
recognition sites). Prior to restriction digest, the template can be amplified by rolling circle
amplification (e.g., using Phi29 polymerase).

Next, Bsal and ligase are added. Bsal enzymes recognize the two Bsal recognition sites
within the backbone and each cuts the template (which can be a circular template or an
amplified concatemer resulting from rolling circle amplification) at a cut site between the
therapeutic sequence and the recognition site to generate a linear therapeutic fragment and a
linear backbone fragment. The linear therapeutic fragment contains the therapeutic sequence,
and the linear backbone fragment contains the backbone sequence and the two Bsal recognition
sites. Upon ligation, the linear therapeutic fragment circularizes into a therapeutic circular DNA
vector as shown in FIGS. 2C and 2D, and the linear backbone fragment circularizes as shown in
FIGS. 2E and 2F. Because the circular backbone fragment contains Bsal sites and ligation
occurs in the presence of the Bsal enzyme, Bsal can cut the backbone and does not cut the
therapeutic circular DNA vector, thereby driving the reaction forward toward a purer therapeutic
circular DNA product. Exonuclease is added to digest the remaining linear backbone, and

gyrase is added to supercoil the therapeutic circular DNA vector.
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Example 3. Process for generation and purification of closed circular DNA using a single,
type IIs restriction enzyme to cut four sites on a template DNA

Therapeutic circular DNA vectors were generated from plasmid DNA using a single,
type Ils restriction enzyme to cut (1) two sites flanking the desired DNA sequence and (2) twice
within the plasmid backbone to digest the plasmid backbone.

FIGS. 3A-3D illustrate such a single-enzyme process. First, the plasmid DNA
containing two Bsal restriction sites flanking the closed circular DNA sequence and two Pvull
restriction sites within the plasmid DNA sequence were amplified by Phi29 in a rolling circle
amplification reaction. The sample was heat-inactivated at 65°C. Next, Bsal was added to the
sample to cut at four sites within each unit amplicon to cut out the desired closed circular DNA
insert and separate it from the plasmid DNA backbone and to digest the plasmid backbone. The
reaction was stopped by heat inactivation at 80°C. T4 ligase was added to self-ligate the closed
circular DNA. During self-ligation of closed circular DNA, fragments of plasmid DNA self-
ligate. Accordingly, after 65°C heat inactivation of the ligation reaction, a final Bsal digest step
was carried out to digest the plasmid backbone. Closed circular DNA was then supercoiled
using gyrase and purified of plasmid backbone fragments using Plasmid-Safe.

FIG. 4A-4C depict the three closed circular DNA constructs generated as described
above. Construct 1103 is a 1431 bp single transcription unit (TU) vector, including a single
CMYV promoter (Pcmv), a transgene, and a polyA tail. Construct 1147 is a 6293 bp multi-TU
vector, including four transgenes, each flanked by a promoter and a polyA tail. Construct 1258
is a 5065 bp multi-cistronic vector, including three transgenes flanked by a single promoter and
a single polyA tail.

Various reaction conditions were tested on the three constructs. Animal-free Bsal (New
England Biolabs) was compared to standard Bsal. In addition, random hexamer primers were
tested alongside specific primers, although primer quantities were not equivalent (random
primers were used in greater quantity than specific primers). Digestion controls were included
(lanes 7 and 10), in which a Pvull cut site was included in the closed circular DNA transgene.

Table 1, below, describes the reaction conditions for each well.
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Table 1. Reaction conditions

Lane | Construct Primer Enzyme

ID
1 1103 Random Standard Bsal
2 1103 Random Animal-free Bsal
3 1103 Specific Standard Bsal
4 1103 Specific Animal-free Bsal
5 1147 Random Standard Bsal
6 1147 Random Animal-free Bsal
7* 1147 Random EcoRI
8 1147 Specific Standard Bsal
9 1147 Specific Animal-free Bsal
10* 1147 Specific EcoRI
11 1258 Random Standard Bsal
12 1258 Random Animal-free Bsal

A simulation gel showing theoretical bands after the digestion step is shown in FIG. 5B,
and its corresponding actual gel is shown in FIG. SA. Lane 1 of the simulation corresponds to
the banding pattern expected in lanes 1-4 of the actual gel; lane 2 of the simulation gel
corresponds to the banding pattern expected in lanes 5, 6, 8, and 9 of the actual gel; lane 3 of the
simulation gel corresponds to the banding pattern expected in lanes 7 and 10 of the actual gel,
and lane 4 of the simulation gel corresponds to the banding pattern expected in lanes 11 and 12
of the actual gel. All banding patterns appeared as expected.

A gel showing banding patterns following ligation in vitro is shown in FIG. 5C.
Intermediate ligation products were observed in each well.

FIG. 5D shows banding patterns after exonuclease digestion. Each of lanes 1-4
contained a single prominent band corresponding to a DNA size of 1431 bp, the expected size of
closed circular DNA of sample 1103. Each of lanes 5 and 6 contained a single prominent band
corresponding to a DNA size of 6293 bp, the expected size of closed circular DNA of sample
1147. Each of lanes 11 and 12 contained a single prominent band corresponding to a DNA size

of 5065 bp, the expected size of closed circular DNA of sample 1258. Digestion controls in
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lanes 7 and 10 did not contain a prominent single band, as expected due to the presence of a

Pvull cut site within the closed circular DNA transgene.

Example 4. Streamlined process for generating and purifying c3DNA using a single, type
IIs restriction enzyme

Closed circular DNA was generated from plasmid DNA using a single, type IIs
restriction enzyme as described in Example 3 (referred to in this Example as “Condition 1”) and
compared to a streamlined variation of the process in which the Bsal restriction digest was
combined with the ligation step (“Condition 2”). Conditions 1 and 2 are shown in FIG. 6.

The streamlined process was achieved using a type Ils restriction enzyme, Bsal, by
leveraging its ability to cut outside the recognition sequence. Applicant exploited this property
to ensure that, upon self-ligation of the closed circular DNA, no recognition site was present in
the closed circular DNA. An exemplary template plasmid DNA vector for such a process is
shown in FIGS. 7A and 7B. Upon self-ligation of plasmid backbone, a Bsal sites are limited to
backbone byproducts, leading to enzymatic cleavage of the plasmid backbone. As a result, the
combined digestion/ligation reaction proceeds to digest the plasmid backbone, while self-ligated
closed circular DNA accumulates without further digestion.

This streamlined process precludes the need to heat-inactivate the restriction digest prior
to ligation. Instead, heat-inactivation was performed after ligation. T4 ligase was inactivated
while leaving Bsal activity intact by raising the reaction temperature to 65°C, which is sufficient
to inactivate T4 ligase but insufficient to inactivate Bsal.

In the present experiment, random primers and animal-free Bsal were used. Heat
inactivation was carried out for ten minutes, followed by addition of DTT to final concentration
of ImM and TS5 exonuclease. FIG. 8A shows a simulated banding pattern, and FIG. 8B shows
the actual gel. Lanes 1-3 contain product from Condition 1, while lanes 4-6 contain product
from Condition 2. Lanes 1 and 4 contain construct 1103 (1431 bp), lanes 2 and 5 contain
construct 1147 (6293 bp), and lanes 3 and 6 contain construct 1258 (5065 bp). 1 Kb Plus DNA
Ladder (Left marker, Invitrogen, Waltham, MA.) and supercoiled DNA ladder (right marker,
New England Biolabs, Ipswich, MA.) were used. Both conditions resulted in production of
correctly sized c3DNA for all three constructs tested. Thus, by utilizing unique properties of
type IIs restriction enzymes, such as Bsal, it was confirmed that c3DNA production prior to
supercoiling was carried out in a single reaction vessel without buffer exchange, which makes it

simpler and allows for higher throughput.
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Example 5. Cell-free production of c3DNA using a single restriction digest

A. Methods

The following reagents were mixed in 1x Phi29 buffer (New England Biolabs) to prepare
the rolling circle amplification (RCA) solution: plasmid DNA (5 ug/mL final concentration);
random primers (50 uM final concentration), NaOH (10 mM final concentration); dNTPs (2
mM final concentration); bovine serum albumin (BSA) (0.2 mg/mL final concentration); Phi29
DNA polymerase (200 U/mL final concentration); and pyrophosphatase stock (New England
Biolabs; 0.4 mU/mL final concentration). The RCA solution was continuously mixed for 18
hours at 30 °C.

After incubation, the RCA solution was heat-inactivated by raising the temperature to 65
°C for 45 minutes. The temperature of the inactivated RCA solution was then reduced to 25 °C.

To produce the Bsal solution, the inactivated RCA solution (0.2 mg DNA/mL final
concentration) was added to rCutSmart buffer (New England Biolabs; 1x final concentration)
containing Bsal (2.5 U/pg DNA final concentration). The Bsal solution was continuously
mixed for two hours at 37 °C. No heat-inactivation was carried out on the Bsal solution. The
temperature of the digested Bsal solution was reduced to 25 °C.

To produce the ligation solution, the digested Bsal solution (40 pg DNA/mL final
concentration) was added to rCutSmart buffer containing T4 ligase (10 U T4 ligase per pug
DNA) and ribo ATP (1 mM final concentration). The ligation solution was incubated for two
hours at 25 °C.

After incubation, the ligation solution was heat-inactivated by raising the temperature to
65 °C for 45 minutes. The temperature of the inactivated ligation solution was then reduced to
37°C.

To produce the supercoiling solution, the ligation solution was added to gyrase buffer
containing DNA gyrase (1.5 U gyrase per pg DNA). Gyrase buffer contains 35 mM Tris-HCI,
24 mM KCI, 4 mM MgCl12, 1 mM ATP, 2 mM DTT, 1.8 mM spermidine, 6.5% glycerol (w/v),
and 100 pg/mL BSA. The supercoiling solution was continuously mixed for at least two hours
at 37 °C. No heat-inactivation was carried out on the supercoiling solution.

Next, the supercoiling solution was added to potassium acetate buffer (50 mM potassium
acetate, final concentration) containing TS exonuclease (2.5 U TS exonuclease per ug DNA) to
produce the cleanup solution. The cleanup solution was continuously mixed for at least two

hours at 37 °C. No heat-inactivation was carried out on the cleanup solution.
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The cleanup solution was then sterile-filtered through a 0.22 um filter and diluted 1:1 in
a buffer containing 1.5 M NaCl, 100 mM MOPS, 30% isopropyl alcohol (IPA), and 0.3% Triton
X-100 (v/v) to achieve a final concentration of 750 mM NaCl, 50 mM MOPS, 15% isopropyl
alcohol (IPA), and 0.15% Triton X-100 (v/v). Diluted cleanup solution was added to Qiagen
plasmid prep columns, DNA was washed with QC buffer, and DNA was eluted with QN buffer.
Eluate was diluted with IPA (40% v/v) and centrifuged at 4 °C for 30 minutes at 15,000 g. The
pellet was washed with 70% EtOH and centrifuged again at 4 °C for 30 minutes at 15,000 g.
After the second centrifugation, the pellet was resuspended in PBS at concentrations from 1.0
mg/mL to 2.0 mg/mL.

For scaled-up production of ¢c3DNA, discussed below, supercoiled monomer was
calculated by densitometry analysis of gel electrophoresis preparations using Image Lab
software (BIO-RAD®). 200 ng ¢c3DNA sample was loaded into tris-acetate-EDTA gels and
electrophoresis was run at 110 V for 40 minutes prior to staining with 1% EtBr for 20 minutes.
For each c3DNA sample, the target band was identified according to its size compared to
supercoiled ladder, and “Band Detection Sensitivity” was set as a “Custom Sensitivity” at a

value of 50 in “Detection Settings.”

B. Results

Production of 12.75 kb ¢c3DNA

The methods described above were adapted to a bench-scale production of a 12.75 kb
c3DNA construct, starting with 0.15 mg of template, in which two lots of gyrase were tested.
FIG. 9 shows bands corresponding to 12.75 kb ¢c3DNA recovered after TS exonuclease digestion
for both gyrase lots (lanes 1 and 2).

Large-scale production of c3DNA

One advantage of the streamlined, cell-free processes of embodiments disclosed herein,
such as those that do not include in-process gel extraction, is that they are suitable for scalability
to large-scale production of therapeutic circular DNA vector (i.e., producing at least 2 mg
circular DNA vector per batch). Reaction volumes in large-scale production methods can be at
least 100 mL, at least 1 L, at least 10 L, at least 100 L, at least 500 L, or greater, and the yield of
therapeutic circular DNA vector can be at least 2 mg per liter of initial reaction volume (e.g.,

rolling circle amplification solution).
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The methods described in Example SA above were scaled up to generate larger quantities
of c3DNA containing a variety of therapeutic sequences, ranging in size, number of transcription
units, and number of regulatory elements. An exemplary large-scale production involves
volumes of 150 mL of RCA solution, 500 mL of Bsal solution, 2.5 L of ligation solution, about
3.2 L of supercoiling solution, about 3.2 L of cleanup solution, and 2-20 mL of ¢c3DNA product.

After a single purification step, the quantity of c3DNA in each lot exceeded 2 mg,
corresponding to at least three-fold greater quantity of c3DNA product relative to the plasmid
DNA vector from which it was produced. Each lot of ¢c3DNA was verified for protein

expression in vitro (data not shown), endotoxin level of no greater than 0.5 EU/mL, and percent

supercoiled monomer of 70% or higher.

Table 2: Summary of c3DNA constructs produced by cell-free production using a single

restriction digest

Composition Size (bp)
[P]-[RD] 2744
[P]-[RD] 3677
[P]-[RD] 2383
[P]-[TD] 8482
[P]-[TD] 7985
[P]-[TD]-[TD]-[TD] 4537
F%[]TD]-[A]-[P]-[TD]-[A]-[P]- 8035
[P]-[TD] 3466
[P]-[TD] 8656
[P]-[RD]-[TD]-[R] 10927
[P]-[RD]-[TD]-[R] 8425
[R]-[P]-[R]-[RD]-[R]-[A] 5162
[P]-[R]-[RD]-[A] 2991

[P] = Promoter; [TD] = Therapeutic protein-encoding domain; [RD] = Reporter protein-

encoding domain; [A] = Poly-adenylation site; [R] = Regulatory element
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Example 6. Effects of varying ligation conditions.

Following digestion with a restriction enzyme, a ligation reaction was performed on
linear DNA in which the total DNA concentration was varied from 40 ng/uL to 100 ng/uL.. As
shown in FIG. 10, 20 ng/uL of plasmid DNA (pDNA) was treated with ligase as a reference
(lanes 2 and 3), and 20 ng/uL of closed circular DNA was treated with ligase as a reference
(lanes 4 and 5). Lanes 6 and 7 show 40 ng/uL linear DNA, lanes 8 and 9 show 100 ng/uL linear
DNA, and lanes 10 and 11 show 40 ng/pL linear DNA without buffer. As shown in lanes 8 and
9, a large undesired band appears, indicative of an undesired intermolecular ligation. In
contrast, lanes 6 and 7 show less undesired product, indicating that reduced linear DNA
concentration reduced intermolecular ligation (undesired) and increased intramolecular self-
ligation (desired).

FIG. 11 shows another ligation experiment in which the amount of ligase enzyme was
varied. On the left of the gel is a marker and a control reaction of the linear DNA previously
treated with a restriction enzyme. Lanes 1-3 show 20 pg/mL of DNA treated with 100 U/ug
ligase, 20 U/ug ligase, and 5 U/ug ligase, respectively. Lanes 4-6 show 40 pg/mL of DNA
treated with 100 U/ug ligase, 20 U/ug ligase, and 5 U/pg ligase, respectively. Lanes 7-9 show
100 pg/mL of DNA treated with 100 U/ug ligase, 20 U/ug ligase, and 5 U/ug ligase,
respectively. Samples 4-9 were diluted to 20 pg/mL prior to sample loaded, so that lanes 1-9 all
contain the same amount of total DNA. As shown in lanes 3, 6, and 9, a decrease in ligase
concentration to 5 U/ug ligase produced the largest amount of desired intramolecular ligation

product, denoted as the desired band.

Example 7. Ligase composition comparison

In this study, three different ligase enzymes, T3, T4, and T7, were purchased from New
England Biolabs for comparison as reagents for synthetic C'DNA production. Bsal digestion
was performed with a Bsal concentration of 2.5 U Bsal per ug DNA (500 U/mL) for 3 hours and
42 minutes. Ligation reactions were carried out on Bsal-digested DNA samples (construct size
of 9,542 bp) in rTCUTSMART® buffer containing ATP (1 mM), without polyethylene glycol

(PEG). Conditions for each sample are summarized in Table 3, below:
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Table 3: Sample conditions for ligase comparison study

Sample ) DNA Ligase

Number Ligase concentration | concentration
1 T4 40 pg/mL 10 U/ug DNA
2 T4 80 ug/mL 5 U/ug DNA
3 T4 80 ug/mL 10 U/ug DNA
4 T3 40 pg/mL 10 U/ug DNA
5 T3 80 ug/mL 5 U/ug DNA
6 T7 40 pg/mL 10 U/ug DNA
7 T7 80 ug/mL 5 U/ug DNA

Ligase reactions were carried out over various time courses for each sample, and samples
were exposed to enzyme heat-inactivation at the end of ligation. Samples were collected at
various timepoints and for analysis after gyrase treatment and a subsequent TS exonuclease
digest.

FIG. 13 shows gel profiles of each sample after ligation. Desired therapeutic vector
(C’DNA) band is shown within the black box. Samples 1-5 (T3 ligase and T4 ligase) showed
similar gel profiles, whereas Samples 6 and 7 (T7 ligase) show fewer bands and nearly invisible
desired bands.

FIGS. 14 and 15 show gel profiles for time course studies for T4 ligase (FIG. 14) and T3
and T7 ligases (FIG. 15). Results are plotted in FIG. 16 to show ligation kinetics as a reduction
of linear DNA over time for each sample. This study suggests that T4 ligase exhibited the
fastest ligation kinetics, and T7 ligase exhibited minimal ligation activity. T3 exhibited effective
ligase activity, albeit with slower kinetics than T4 ligase. Together, these results show that both

T3 and T4 were suitable ligases for self-ligation of synthetic circular DNA.

Example 8. Maintenance of high efficiency ligation with streamline modifications

In an endeavor to improve manufacturing efficiency by reducing reaction volume and
decreasing process duration, Applicant systematically studied the impact on product yield
resulting from two process modifications — (1) increasing DNA concentration in the ligation
reaction; and (2) removing post-ligation heat inactivation. Specifically, Applicant sought to (1)
reduce the volume of the ligation reaction by increasing the concentration of DNA in a smaller
ligation reaction volume and (2) expedite the process by removing the heat inactivation step
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after ligation (a time-consuming step requiring up to two hours). Each of these two process
modifications was expected to adversely impact yield of ligated DNA. Surprisingly, adopting
both of these process modifications had no substantial adverse impact on yield, indicating that a
process incorporating both modifications could substantially improve manufacturability without
sacrificing efficiency. Study details are provided below:

In the first experiment within this study, the effect of post-ligation heat-kill was assessed
on constructs of different sizes — 5,065 kb and 8,656 kb (SEQ ID NO: 1). Briefly, the
production was carried out as follows: DNA was amplified using Phi29 rolling circle
amplification starting with plasmid DNA at a concentration of 5 ug/mL, Phi29 at 200 U/mL, and
dNTPs at 2 mM, for 18 hours, 14 minutes. Bsal digestion was carried out for 2 hours and 10
minutes with Bsal at a concentration of 2.5 U/ug (500 U/mL), and ligation was performed using
10 U/ug T4 ligase on 40 ug/mL. DNA. Heat-inactivation was performed after ligation on only
the samples indicated. All samples were then supercoiled with gyrase, followed by T5
exonuclease digestion and purification according to methods described above. Each construct
was tested with and without heat-kill immediately after ligation, and samples were tested in

duplicate. Sample identities are summarized in Table 4 below:

Table 4: Sample summary for heat kill removal

Sample Construct Heat
Number Size Kill?
1 5,065 Yes
2 5,065 Yes
3 5,065 No

4 5,065 No

5 8,656 No

6 8,656 No

7 8,656 Yes
8 8,656 Yes

FIG. 17 is a gel showing banding patterns after ligation, before heat kill. Desired bands
are indicated by boxes, and no differences were observed among each construct type, as
expected.

Post-gyrase gels are shown in FIG. 18A for samples 1-4 and FIG. 18B for samples 5-8,

and post-exonuclease gels are shown in FIG. 19A for samples 1-4 and FIG. 19B for samples 5-8.
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Results of post-purification gels were quantified and are shown below in Table 5 and in FIG. 20.
Yield was calculated by dividing the mass of total C’DNA product by the mass of total DNA

post-Bsal digest.

Table 5: Results of heat kill removal study

Post-
Sample Ligase
Number Yield (mg) Heat % Yield
Kill?
1 0.515 Yes 7.0
2 0.518 Yes 7.1
3 0.843 No 11.5
4 0.805 No 10.9
5 0.687 No 93
6 0.410 No 5.6
7 0.290 Yes 3.9
8 0.284 Yes 3.9

Removal of heat kill had no adverse effect on yield. In fact, yield unexpectedly
improved across every sample in which heat kill was removed. Specifically, yield of the 5,065
bp construct was improved by 59%, and yield of the 8,656 construct was improved by 91%
(taking mean values across duplicates). This result shows that removal of heat kill from the
synthetic C’DNA production process could improve manufacturing efficiency by meaningfully
reducing process time (heat kill had previously taken 1.5-2 hours).

Next, the effect of increasing DNA concentration in the ligation reaction (ligation
intensification) was assessed using the 8,656 kb construct as a model construct. Relative order
of supercoiling by gyrase and exonuclease digestion with TS exonuclease (i.e., gyrase before TS
exonuclease vs TS5 exonuclease before gyrase) was also compared within each DNA
concentration. Other conditions (amplification, Bsal digestion, and ligation) were the same as in
the heat kill removal study with the exception of the DNA concentration at ligation, which is
shown in Table 6, below, for each sample. DNA was diluted to each given concentration from

133 pg/mL, the DNA concentration immediately after Bsal digestion, measured by Qubit.
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Table 6: Sample identification for DNA concentration
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DNA
Post-Ligase TS/Gyrase
Sample Number | concentration at
Heat-kill? Order
ligase reaction
1 40 pg/mL Yes Gyrase - T5
2 40 pg/mL No Gyrase —» TS5
3 40 pg/mL No T5 — Gyrase
4 80 ug/mL No Gyrase —» TS5
5 80 pg/mL No T5 — Gyrase
6 160 pg/mL No Gyrase - T5
7 160 pg/mL No T5 — Gyrase

Samples were carried through production through gyrase/exonuclease processing and run
on gels prior to purification. Supercoiled monomer percent as measured post-exonuclease/pre-

5  purification for each sample is shown in Table 7, below:

Table 7: Purity as measured pre-purification

% Supercoiled
Sample Number
monomer

1 86%
78%
78%
78%
84%
T7%
83%

~| &N | = W] DN

As shown in the gel profiles (FIG. 21) and relative quantification of yield (FIG. 22),

10 doubling DNA concentration from 40 pg/mL to 80 pg/mL at the ligation step had only a minor
effect on yield and purity relative to Sample 1; however, a second doubling of DNA
concentration to 160 pg/mL had a more substantial (negative) impact on yield (see Samples 6
and 7, FIG. 22). Moreover, placing TS exonuclease digest prior to gyrase had minimal impact

on yield (FIG. 22), while increasing purity (Table 7).
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Next, select samples were carried through downstream purification to produce drug
substance. As shown in the gel profiles (FIG. 23) and relative quantification of yield (FIG. 24),
removal of heat-inactivation resulted in substantial increase in yield of drug substance. By
running the TS5 exonuclease step prior to gyrase-mediated supercoiling, the previous purity was
maintained with full removal of low molecular weight species.

Together, these results show, surprisingly, that purity and yield can be maintained
despite (a) increasing the DNA concentration in the ligation reaction to reduce the necessary
reaction volume; and (b) removing the time-consuming post-ligation heat inactivation step. A
process involving these modifications (and, optionally, performing exonuclease digest before
supercoiling) therefore offers benefits in manufacturability (e.g., smaller required reactors and
less processing time, and ability to use single-use vessels incompatible with heat-kill) without
sacrificing product quality, representing a substantial improvement in synthetic DNA

manufacturing.

Example 9: Improved gyrase efficiency

In processes described above that involve supercoiling before exonuclease digestion, the
lowest concentration of gyrase used was 1.5 U/ug. This example describes a titration study
intended to determine whether lower concentrations of gyrase were feasible in view of new
process modifications, such as performing exonuclease digestion before supercoiling.

The production was carried out as follows: Amplified DNA was produced using Phi29
rolling circle amplification using a starting plasmid DNA concentration of 5 pg/mL, Phi29
concentration of 200 U/mL, dNTP concentration of 2 mM, and a duration of 18 hours, 49
minutes. Bsal digestion was carried out using a Bsal concentration of 2.5 U/ug DNA (500
U/mL) and a DNA concentration of 200 ug/mL, for a duration of 4 hours, 5 minutes. Ligation
was performed using 10 U/ug T4 ligase on 80 ug/mL DNA. No heat-inactivation was
conducted after ligation. Rather, immediately after ligation, TS exonuclease was added at a
concentration of 2.5 U/ug DNA. Next, three concentrations of gyrase were tested; 1.5 U/ug, 1.0
U/ug, and 0.5 U/ug. Results were observed by gel electrophoresis (relative quantification and
average adjusted concentration by Qubit).

Notably, no substantial change in desired product intensity or purity was observed at
decreased gyrase concentrations (FIG. 25 and Table 8). Additionally, minimal change in
undesired band intensity was observed across the three samples (FIG. 25), suggesting minimal

impact to product quality at lower gyrase concentrations.
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Table 8. Gyrase study results

Purity (C’DNA
Gyrase Avg. Adj. Conc.
Lane Relative Quant monomer band
concentration (ug/mL) by Qubit
%)
1 1.5 Uug DNA 1.00 2.96 92.4
2 1.0 Uug DNA 1.17 2.97 90.5
3 0.5 Uug DNA 1.02 3.11 89.3

Importantly, these results suggest that process efficiency can be meaningfully improved
by reducing the minimal effective amount of gyrase usage when exonuclease digestion is

performed before supercoiling.

Example 10: Effect of type Ils overhang sequence and number of cut sites

In previous Examples, the overhang sequence AAAA was used as the Bsal overhang
sequence flanking the therapeutic sequence. The overhang sequence AAAA was selected due to
its low-efficiency, which, without being bound by theory, was hypothesized to be advantageous
to skew the kinetics toward intramolecular ligation (self-ligation; desired) rather than
intermolecular ligation (ligation with another therapeutic sequence; undesired). However, the
type IIs restriction processes described herein allow for selection of desired overhang sequences.
Accordingly, Applicant tested a second overhang sequence — AACC.

The present study also included an assessment of the effect of the number of Bsal cut
sites within the template plasmid (i.e., whether the template plasmid contained only two Bsal cut
sites flanking the therapeutic sequence or, alternatively, more than two Bsal cut sites, wherein
additional cut sites are within the backbone).

Constructs having two different sizes were tested. The study design is shown in Table 9,

below:
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Table 9. Study design

Sample | Construct size Overhang | Number of
Number sequence | cut sites

1 10,927 bp AAAA 5

2 10,927 bp AACC |2

3 8,425 bp AAAA |5

4 8,425 bp AAAA |2

5 8,425 bp AACC 2

For this study, the production was carried out generally as follows: Phi29 amplification
(starting DNA concentration of 5 pg/mL, Phi29 concentration of 200 U/mL, dNTPs at a
concentration of 2 mM, and primers at a concentration of 50 uM, for a duration of 18 hours, 55
minutes) — Bsal digestion (2.5 U/ug (500 U/mL), starting DNA concentration of 200 pg/mL.,
for a duration of 4 hours, 18 minutes) — ligation (DNA concentration of 40 ug/mL, T4 ligase at
a concentration of 10 U/ug DNA) — heat kill — supercoiling — TS5 exonuclease digestion —
column purification. Samples were retained at various timepoints within the Bsal digestion step,
ligation step, and TS exonuclease step to compare the rate of reaction between samples. Percent
supercoiled monomer was quantified on the final product at the end of the production, using gel
analysis methods described above.

Results from the Bsal digestion time course show similar banding profiles and intensities
between 30-minute, 60-minute, and 120-minute timepoints (FIG. 26). No differences in
digestion kinetics were observed from this gel. These results indicate that the Bsal reaction was
highly efficient, occurring primarily within the first 30 minutes of the reaction.

Results from the ligation time course study (FIGS. 27A and 27B) show that constructs
having two Bsal cut sites and AACC overhangs exhibited stronger desired monomer bands
(indicated by white arrows) at the 18-hour timepoint (FIG. 27A). Sample 5 exhibited a high
ligation efficiency, with similar banding profile between one-hour, three-hour, and 18-hour
timepoints (FIG. 27A). Sample 4 showed similar banding profiles and ligation efficiencies as
Sample 3 (FIG. 27A). Samples 1, 3, and 4 exhibited increased C’DNA monomer band intensity
from three hours through 24 hours (FIG. 27B). In both construct sizes, samples with AACC
ligase overhangs led to faster self-ligation kinetics than AAAA Samples 1, 3, and 4. There was
no visually observed difference between three-hour and 24-hour timepoint for either sample

containing AACC overhangs. These results indicate that AACC ligase overhangs conferred
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substantially faster self-ligation kinetics, which can allow for shorter overall process durations
and increased C’DNA monomer yields.

An effect of number of cut sites was also observed, albeit to a lesser degree than the
overhang sequence. The lower band in the white box on Sample 4 in FIG. 27B corresponds with
its 8.4kb linear C’DNA. For Sample 4 (AAAA with two cut sites), the intensity of the lower
band decreases as the reaction proceeded from three hours to 18 hours to 24 hours. In contrast,
the corresponding band of Sample 3 (AAAA with five cut sites) remained the same throughout
the entire 24-hour time course. These results indicate that the reaction kinetics were faster for
Sample 4 than Sample 3. The corresponding band was not visible in any timepoint for Sample 5
(AACC with two cut sites), indicating faster self-ligation kinetics than either Sample 3 or 4.

Table 10, below, shows relative quantifications of the C’DNA monomer band post-
ligation at the 18-hour timepoint. Relative quantification was executed on the C’'DNA monomer
band, utilizing the five-cut site reference sequence as reference (Sample is the reference for

Sample 2, and Sample 3 was the reference for Samples 4 and 5).

Table 10. Relative quantification of post-ligase C*DNA monomer band (18 hours)

Sample | Construct size Overhang | Number of | Relative
Number sequence | cut sites Quantification
1 10,927 bp AAAA 5 1.00

2 10,927 bp AACC 2 1.60

3 8,425 bp AAAA 5 1.0

4 8,425 bp AAAA 2 1.56

5 8,425 bp AACC 2 1.90

These results verify the visual observations that, in the first 18 hours of ligation reaction,
(1) reduction to two Bsal cut sites moderately improved C3DNA self-ligation, and (i1) changing
from AAAA to AACC ligase overhangs substantially boosted self-ligation formation.

FIG. 28A shows gel profiles of Samples 1-5 after TS exonuclease treatment. Here,
Sample 2 (AACC with two cut sites) had a substantially stronger C’DNA monomer band
(darkest band in each lane) than Sample 1 (AAAA with five cut sites). Visual differences were
less pronounced across Samples 3-5. Relative quantification was executed on the post-
exonuclease samples and is shown in Table 11, below. References were taken as described

previously.
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Table 11. Relative quantification of post-exonuclease C’DNA monomer band

Sample | Construct size Overhang | Number of | Replicate 1 | Replicate 2
Number sequence | cut sites

1 10,927 bp AAAA 5 1.00 1.00

2 10,927 bp AACC 2 1.23 1.48

3 8,425 bp AAAA 5 1.00 1.00

4 8,425 bp AAAA 2 0.85 0.96

5 8,425 bp AACC 2 1.06 1.02

AACC overhang sequences conferred higher yield for both constructs, relative to AAAA
overhangs.

At the post-exonuclease timepoint, results were further quantified by Qubit, with
different operators producing results for each replicate (FIG. 28B). Results across operators
were similar, showing replicability. Like the gel quantifications, Qubit results also showed that
pivoting from ligase overhang AAAA to AACC yielded substantially higher counts following
18-hour exonuclease digest. Additionally, reducing the number of Bsal cut sites from five to
two without altering ligase overhangs (Sample 4 vs Sample 3) produced similar counts, as
measured by Qubit.

FIG. 29 shows Qubit results post-exonuclease treatment over the course of 18 hours,
replicated by two operators A and B. Without being bound by theory, decreasing counts over
time reflect consumption by exonuclease of non-supercoiled DNA (linear and nicked DNA) into
nucleotides. Trendlines suggest that the rate of exonuclease digestion slowed (or plateaued)
between three hours and 18 hours (36.7%-48.7% (excluding one outlier) decrease in counts
within the first three hours versus >88% by 18 hours). Total count reduction at 18 hours

exonuclease digest across operators is shown in Table 12, below:
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Table 12. Linear and nicked DNA reduction efficiency at 18 hours exonuclease

digestion

Sample | Construct size Overhang | Number of | Operator A | Operator B

Number sequence cut sites % %
reduction reduction

1 10,927 bp AAAA 5 912 91.9

2 10,927 bp AACC 2 872 872

3 8,425 bp AAAA 5 89.6 88.9

4 8,425 bp AAAA 2 88.0 86.1

5 8,425 bp AACC 2 852 87.6

Final product yields were measured across two operators. Mean and standard deviation

for each samples are shown in Table 13, below.

Table 13. Final product total yields

Sample | Construct size Overhang | Number of Mean Standard
Number sequence cut sites C’DNA Deviation
yield (mg)
1 10,927 bp AAAA 5 0.465 0.092
2 10,927 bp AACC 2 0.61 0.028
3 8,425 bp AAAA 5 0.68 0.014
4 8,425 bp AAAA 2 0.68 0.014
5 8,425 bp AACC 2 0.71 0.042

For both construct sizes, total C'DNA product yield was increased in samples containing

the AACC overhang with two cut sites relative to the AAAA overhang with five cut sites. This

effect was more pronounced in the 10,927 bp construct than the 8,425 bp construct (30%

increase vs 4.4% increase).

Together, these results show that C’DNA having an AACC overhang sequence can be

produced with unexpectedly faster kinetics and improved product yield, relative to AAAA

overhang-containing C’DNA. Reducing the number of cut sites can also improve
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manufacturability, although the impact of this modification did not appear as substantial as the

AACC overhang in this study.

Example 11: Head-to-head comparison of AAAA + S cut sites vs. AACC + 2 cut sites
across various conditions
In this study, two constructs of different sizes were each produced by two different
restriction processes, with each restriction process tested across four different conditions. The
two constructs correspond to C'DNA vector sizes of 8,656 bp (the “8.7 kb construct”) and
10,300 bp (the “10.3 kb construct”). Both constructs contain a CAG promoter and an ABCA4-
encoding sequence; the 10.3 kb construct includes an additional regulatory element downstream
of the ABCA-encoding sequence (FIG. 30). Each construct was made with the following two
restriction processes: (1) Bsal overhang of AAAA with four backbone fragments (AAAA) and
(2) Bsal overhang of AACC with one backbone fragment (AACC). Constructs and restriction
processes are illustrated in FIG. 30. Plasmid maps are shown for the 8.7 kb construct with
AAAA restriction process (FIG. 31; SEQ ID NO: 2) and the 8.7 kb construct with AACC
restriction process (FIG. 32; SEQ ID NO: 4). Nucleic acid sequences of the final therapeutic
circular C’DNA vector are provided for the 8.7 kb construct with AAAA restriction process
(SEQ ID NO: 1) and the AACC restriction process (SEQ ID NO: 3).
The four conditions were:
(1) Phi29 amplification — Bsal digestion — ligation (40 pg/mL T4 ligase) — heat kill
— supercoiling — TS exonuclease digestion — column purification;

(2) Phi29 amplification — Bsal digestion — ligation (80 pg/mL T4 ligase) (no heat kill)
— supercoiling — TS5 exonuclease digestion — column purification;

(3) Phi29 amplification — Bsal digestion — ligation (40 pg/mL T4 ligase) (no heat kill)
— TS5 exonuclease digestion — supercoiling — column purification; and

(4) Phi29 amplification — Bsal digestion — ligation (40 pg/mL T4 ligase) (no heat kill)
— supercoiling — TS5 exonuclease digestion — column purification.

For each condition, Phi29 amplification was conducted with a starting plasmid DNA
concentration of 5 ug/mL (90 pg starting plasmid DNA in each sample), random hexamer
primers at 50 pM, dNTPs at 2 mM, Phi29 polymerase at 200 U/mL, and for a duration of about
19 hours; Bsal digestion was conducted with a Bsal concentration of 2.5 U/ug DNA (500

U/mL), for a duration of about three hours; supercoiling was conducted with 1.5U gyrase per pug
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DNA, DNA concentration from 3-10 pg/mL, for four hours; and TS exonuclease digestion was
conducted with 2.5 U TS5 exonuclease per ug DNA for about 18 hours.

In addition to the differences noted above, Condition 4 included a smaller-scale
amplification step relative to Conditions 1-3 (1/3 quantity of DNA template at the start of
amplification) and included alternative buffer conditions (Conditions 1-3 include buffers as
described in Example 5). Samples were taken after ligation, gyrase, and TS exonuclease steps

and run on gels to quantify yield.

8.7kb Construct
Gel profiles are shown for the 8,656 bp construct at ligase end of run (EOR) in FIG. 33,
gyrase EOR for Conditions 1, 2, and 4 in FIG. 34, TS exonuclease EOR for Condition 3 in FIG.

35, and TS exonuclease EOR for conditions 1, 2, and 4 and gyrase EOR for Condition 3 in FIG.
36. Ateach EOR, desired bands appear stronger for AACC than AAAA under all conditions
(FIGS. 33-36). Band intensity for FIG. 36 was quantified, and yields are shown in Table 14,

below:

Table 14: Yields for 8.7kb construct across restriction processes and conditions —

desired band (monomer) intensity

Lane Sample C3 Band Adj. AACC yield
Volume improvement
factor
1 AAAA Condition 1 20170925 n/a
2 AACC Condition 1 31481195 1.56
3 AAAA Condition 2 13265610 n/a
4 AACC Condition 2 22332305 1.68
5 AAAA Condition 3 35522180 n/a
6 AACC Condition 3 44448710 1.25
7 AAAA Condition 4 23671225 n/a
8 AACC Condition 4 47154175 1.99

Yield results were also quantified by Qubit assay for each of the samples. Mass values
quantified by Qubit were multiplied by the Band % of Table 14 to calculate an improvement

factor (of desired product), as shown in Table 15, below:
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Table 15: Yields for 8.7kb construct across restriction processes and conditions —
Qubit

Lane Sample Mass (ug) Mass * Desired Yield
band % Improvement

factor
1 AAAA Condition 1 475 451 n/a
2 AACC Condition 1 695 595 1.32
3 AAAA Condition 2 453 453 n/a
4 AACC Condition 2 663 550 1.22
5 AAAA Condition 3 692 647 n/a
6 AACC Condition 3 1082 898 1.39
7 AAAA Condition 4 597 597 n/a
8 AACC Condition 4 1507 1245 2.08

As shown in Table 15, yield improvements were also captured by Qubit assay with a
similar range of improvement between AAAA and AACC restriction processes. The AACC
restriction process exhibited increased yield of desired product (C’DNA) across all four
conditions. Overall, AACC exhibited a 20-40% improvement in yield over AAAA across all

conditions.

10.3kb Construct

Gel profiles are shown for the 10.3kb construct at ligase EOR in FIG. 37, gyrase EOR
for Conditions 1, 2, and 4 in FIG. 38, and T5 exonuclease EOR for Conditions 1, 2, and 4 and
gyrase EOR for Condition 3 in FIG. 39. Generally, desired bands appear stronger for AACC
than AAAA. Band intensity is for FIG. 39 was quantified, and yields are shown in Table 16,

below:

Table 16: Yields for 10.3kb construct across restriction processes and conditions —

desired band (monomer) intensity

Lane Sample C’ Band Adj. AACC Yield
Volume improvement
factor
1 AAAA Condition 1 16969848 n/a
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2 AACC Condition 1 37096248 2.19
3 AAAA Condition 2 9172296 n/a
4 AACC Condition 2 17876376 1.95
5 AAAA Condition 3 11740764 n/a
6 AACC Condition 3 28915320 2.46
7 AAAA Condition 4 42832440 n/a
8 AACC Condition 4 15498924 0.36

Qubit assays were performed for each of the 10.3kb samples. Mass values quantified by
Qubit were multiplied by the Band % of Table 16 to calculate an improvement factor (of desired

product), as shown in Table 17, below:

Table 17: Yields for 8.7kb construct across restriction processes and conditions —

Qubit
Lane Sample Mass (ug) Mass * Desired Yield
band % Improvement

factor

1 AAAA Condition 1 285 285 n/a

2 AACC Condition 1 1198 1076 3.77

3 AAAA Condition 2 270 270 n/a

4 AACC Condition 2 790 660 2.44

5 AAAA Condition 3 223 189 n/a

6 AACC Condition 3 919 778 412

7 AAAA Condition 4 883 747 n/a

8 AACC Condition 4 401 401 0.54

As shown in Table 17, and similar to the 8.7kb construct, 10.3kb construct yield
10  improvements were also captured by Qubit assay with a similar range of improvement between
AAAA and AACC restriction processes. The AACC restriction process exhibited increased
yield of desired product (C°’DNA monomer) across Conditions 1-3.
DNA quantities for each construct and condition were quantified at various points along
the production process. Each sample had an initial DNA quantity (plasmid DNA) of 90 ug.
15  C’DNA mass was measured at the end of the process, and C’DNA mass was divided by initial
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plasmid DNA mass to show the ratio of C’DNA product to initial quantity. Results are shown in
Table 18, below.

Table 18: DNA quantities summary

Construct | Condition Initial Post-Bsal C’DNA | C°DNA:initial
DNA (mg) | digestion (mg) plasmid DNA
DNA (mg) (mass/mass)
8.7kb 1 0.090 12.2 0.45 5.01
AAAA 2 0.090 12.9 0.45 5.03
3 0.090 12.0 0.65 7.19
4 0.090 18.7 0.60 6.64
8.7kb 1 0.090 99 0.59 6.61
AACC 2 0.090 9.6 0.55 6.11
3 0.090 9.7 0.90 9.98
4 0.090 14.0 1.24 13.83
10.3 kb 1 0.090 11.4 0.29 3.17
AAAA 2 0.090 113 0.27 3.01
3 0.090 9.5 0.19 2.1
4 0.090 213 0.75 8.3
10.3 kb 1 0.090 9.5 1.08 11.95
AACC 2 0.090 8.9 0.66 7.34
3 0.090 8.9 0.78 8.65
4 0.090 7.4 0.40 4.45

Together, these results, which span both 8.7 kb and 10.3 kb constructs and various
conditions described throughout the present specification, are consistent with observations of
Example 10 and further suggest that the AACC restriction process (AACC overhang with 1
backbone fragment) can increase C’DNA yield, offering an unexpected and useful improvement
in synthetic circular DNA manufacturability.

NUMERATED PARAGRAPHS
1. A method of producing a therapeutic circular DNA vector, the method comprising:
(a) providing a sample comprising a template DNA vector comprising a therapeutic

sequence and a backbone sequence;
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(b) amplifying the template DNA vector using a polymerase-mediated rolling-circle
amplification to generate a linear concatemer;

(c) digesting the linear concatemer with a type IIs restriction enzyme that cuts a first site
and a second site per unit of the linear concatemer, wherein the first and second sites flank the
therapeutic sequence and form self-complementary overhangs, thereby producing a linear
therapeutic fragment and a linear backbone fragment, wherein the linear therapeutic fragment
comprises the therapeutic sequence and the linear backbone fragment comprises at least a
portion of the backbone sequence and a type IIs restriction site; and

(d) contacting the linear backbone fragment and the linear therapeutic fragment with a
ligase to produce a circular backbone comprising the type IIs restriction site and a therapeutic
circular DNA vector lacking a type IIs restriction site.

2. The method of paragraph 1, wherein the type Ils restriction enzyme cuts the circular
backbone and does not cut the therapeutic circular DNA vector.

3. A method of producing a therapeutic circular DNA vector, the method comprising:

(a) providing a sample comprising a template DNA vector comprising a therapeutic
sequence and a backbone sequence;

(b) amplifying the template DNA vector using a polymerase-mediated rolling-circle
amplification to generate a linear concatemer;

(c) digesting the linear concatemer with one or more restriction enzymes that cut at least
a first site, a second site, and a third site per unit of the linear concatemer, wherein: (i) the first
and second sites flank the therapeutic sequence and form self-complementary overhangs, and (i)
the third site is within the backbone sequence and forms an overhang that is non-complementary
to the first or second site, thereby producing a linear therapeutic fragment comprising the
therapeutic sequence and at least two linear backbone fragments each comprising a portion of
the backbone sequence; and

(d) contacting the linear therapeutic fragment with a ligase to produce a therapeutic
circular DNA vector in solution.

4. The method of paragraph 3, wherein the linear concatemer is digested with a single
restriction enzyme that cuts the first site, the second site, and the third site.

5. The method of paragraph 3, wherein the one or more restriction enzymes cut a fourth site
of the linear concatemer per unit, wherein the fourth site is within the backbone sequence and
forms an overhang that is non-complementary to the first or second site, and wherein the
digestion produces at least three linear backbone fragments each comprising a portion of the

backbone sequence.
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6. The method of paragraph 5, wherein the single restriction enzyme cuts a fourth site of the
linear concatemer per unit, wherein the fourth site is within the backbone sequence and forms an
overhang that is non-complementary to the first or second site, and wherein the digestion
produces at least three linear backbone fragments each comprising a portion of the backbone
sequence.

7. The method of any one of paragraphs 1, 2, 4, and 6, wherein the restriction enzyme is a
type Ils restriction enzyme.

8. The method of paragraph 7, wherein the type Ils restriction enzyme is Bsal.

9. The method of any one of paragraphs 1-8, wherein no restriction enzyme inactivation step
precedes step (d).

10. The method of any one of paragraphs 1-9, wherein no temperature increase is performed
between steps (c) and (d).

11. The method of any one of paragraphs 1-10, wherein steps (c¢) and (d) occur
simultaneously.

12. The method of any one of paragraphs 1-11, further comprising raising the temperature
of the solution containing the therapeutic circular DNA vector to about 65 °C.

13. The method of any one of paragraphs 1-12, further comprising:

(e) contacting the therapeutic circular DNA vector with a topoisomerase or a helicase.

14. The method of paragraph 13, wherein step (e) is performed at about 37 °C.

15. The method of any one of paragraphs 1-14, further comprising:

(f) contacting the linear backbone fragments with an exonuclease.

16. The method of paragraph 15 wherein step (f) is performed at about 37 °C.

17. The method of any one of paragraphs 1-12, further comprising:

(e) contacting the therapeutic circular DNA vector with a topoisomerase or a helicase;
and

(f) contacting the linear backbone fragments with an exonuclease,

wherein no enzyme inactivation step is performed between steps (e) and (f).

18. The method of paragraph 17, wherein step (e) occurs before step (f).

19. The method of any one of paragraphs 1-18, wherein the restriction enzyme is provided
at a concentration from about 0.5 U/pg to about 20 U/ug.

20. The method of paragraph 19, wherein the restriction enzyme is provided at a
concentration of about 2.5 U/ug.

21. The method of any one of paragraphs 1-20, wherein step (c) comprises incubation from

one to 12 hours.
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22. The method of paragraph 21, wherein step (¢) comprises incubation for about one hour.

23. The method of any one of paragraphs 1-22, wherein the ligase is provided at a
concentration no greater than 20 U ligase per ug DNA (U/ug).

24. The method of any one of paragraphs 1-23, wherein the ligase is T4 ligase.

25. The method of any one of paragraphs 13-24, wherein the topoisomerase is provided at a
concentration no greater than 10 U topoisomerase per pg DNA (U/ug).

26. The method of any one of paragraphs 13-25, wherein the topoisomerase is a type II
topoisomerase.

27. The method of any one of paragraphs 13-26, wherein the topoisomerase is gyrase or
topoisomerase V.

28. The method of any one of paragraphs 15-27, wherein the exonuclease is provided at a
concentration from about 0.5 U/ug to about 20 U/ug.

29. The method of any one of paragraphs 15-28, wherein step (f) is performed two or more
times.

30. The method of any one of paragraphs 15-29, wherein step (f) comprises incubation from
one hour to 12 hours.

31. The method of any one of paragraphs 15-30, wherein the exonuclease is T5
exonuclease.

32. The method of any one of paragraphs 1-31, further comprising:

(g) running the therapeutic circular DNA vector through a column; and/or
(h) precipitating the therapeutic circular DNA vector with isopropyl alcohol.

33. The method of any one of paragraphs 1-32, wherein step (b) is performed using site-
specific primers.

34. The method of any one of paragraphs 1-33, wherein step (b) is performed using random
primers.

35. The method of any one of paragraphs 1-34, wherein the quantity of therapeutic circular
DNA vector produced is at least five-fold the quantity of plasmid DNA vector in the sample of
step (a).

36. The method of any one of paragraphs 1-35, wherein no DNA purification or gel
extraction step is performed before step (d).

37. The method of any one of paragraphs 1-36, wherein the amount of the therapeutic
circular DNA in the solution of step (d) is at least 2.0% of the amount of the linear concatemer

in step (b) by weight.
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38. The method of any one of paragraphs 1-37, wherein the amount of the therapeutic
circular DNA produced in step (d) is at least 1.0 mg.

39. The method of any one of paragraphs 1-38, wherein the concentration of the therapeutic
circular DNA in the solution after step (d) is at least 5 ug/mL without any purification or
concentration being performed.

40. The method of any one of paragraphs 1-39, wherein the volume of the solution of step
(d) is at least five liters.

41. The method of any one of paragraphs 1-40, wherein steps (b) through (d) are performed
in a reaction vessel having a volume of at least one liter.

42. The method of any one of paragraphs 1-41, wherein the amount of the therapeutic
circular DNA produced in step (d) is at least five-fold the amount of the template DNA vector
provided in step (a).

43. A method of removing a backbone sequence from a DNA molecule to produce a
therapeutic circular DNA vector, wherein the DNA molecule comprises the backbone sequence
and a therapeutic sequence, the method comprising:

(a) digesting the DNA molecule with a type IIs restriction enzyme that cuts a first site and a
second site per unit of the linear concatemer, wherein the first and second sites flank the
therapeutic sequence and form self-complementary overhangs, thereby producing a linear
therapeutic fragment and a linear backbone fragment, wherein the linear therapeutic fragment
comprises the therapeutic sequence and the linear backbone fragment comprises at least a
portion of the backbone sequence and a type IIs restriction site; and

(b) contacting the linear backbone fragment and the linear therapeutic fragment with a ligase
to produce a circular backbone comprising the type Ils restriction site and a therapeutic circular
DNA vector lacking a type IIs restriction site.

44. A method of removing a backbone sequence from a DNA molecule to produce a
therapeutic circular DNA vector, wherein the DNA molecule comprises the backbone sequence
and a therapeutic sequence, the method comprising:

(a) digesting the DN'A molecule with one or more restriction enzymes that cut at least a first
site, a second site, and a third site per unit of the DNA molecule, wherein: (i) the first and
second sites flank the therapeutic sequence and form self-complementary overhangs, and (ii) the
third site is within the backbone sequence and forms an overhang that is non-complementary to
the first or second site, thereby producing a linear therapeutic fragment comprising the
therapeutic sequence and at least two linear backbone fragments each comprising a portion of

the backbone sequence; and
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(b) contacting the linear therapeutic fragment with a ligase to produce a therapeutic circular
DNA vector in solution.

45. The method of paragraph 44, wherein the linear concatemer is digested with a single
restriction enzyme that cuts the first site, the second site, and the third site.

46. The method of paragraph 44, wherein the one or more restriction enzymes cut a fourth
site of the DNA molecule, wherein the fourth site is within the backbone sequence and forms an
overhang that is non-complementary to the first or second site, and wherein the digestion
produces at least three linear backbone fragments each comprising a portion of the backbone
sequence.

47. The method of paragraph 45, wherein the single restriction enzyme cuts a fourth site of
the DNA molecule, wherein the fourth site is within the backbone sequence and forms an
overhang that is non-complementary to the first or second site, and wherein the digestion
produces at least three linear backbone fragments each comprising a portion of the backbone
sequence.

48. The method of any one of paragraphs 44-47, wherein the DNA molecule is a
concatemer produced by amplification of a template DNA vector.

49. The method of any one of paragraphs 44-47, wherein the DNA molecule is a template
DNA vector.

50. The method of paragraph 49, wherein the template DNA vector is a plasmid DNA
vector.

51. The method of any one of paragraphs 43-50, wherein the restriction enzyme is a type Ils
restriction enzyme.

52. The method of paragraph 51, wherein the type IIs restriction enzyme is Bsal.

53. The method of any one of paragraphs 43-52, wherein no restriction enzyme inactivation
step precedes step (b).

54. The method of any one of paragraphs 43-53, wherein no temperature increase is
performed between steps (a) and (b).

55. The method of any one of paragraphs 43-54, wherein steps (a) and (b) occur
simultaneously.

56. The method of any one of paragraphs 43-55, further comprising raising the temperature
of the solution containing the therapeutic circular DNA vector to about 65 °C.

57. The method of any one of paragraphs 43-56, further comprising:

(c) contacting the therapeutic circular DNA vector with a topoisomerase or a helicase.

58. The method of paragraph 57, wherein step (c¢) is performed at about 37 °C.
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59. The method of any one of paragraphs 43-58, further comprising:
(d) contacting the linear backbone fragments with an exonuclease.
60. The method of paragraph 59, wherein step (d) is performed at about 37 °C.
61. The method of any one of paragraphs 43-60, further comprising:
(c) contacting the therapeutic circular DNA vector with a topoisomerase or a helicase;
and
(d) contacting the linear backbone fragments with an exonuclease,
wherein no enzyme inactivation step is performed between steps (c¢) and (d).
62. The method of paragraph 61, wherein step (¢) occurs before step (d).
63. The method of any one of paragraphs 43-62, wherein the restriction enzyme is provided
at a concentration of from about 0.5 U/ug to about 20 U/ug.
64. The method of paragraph 63, wherein the restriction enzyme is provided at a
concentration of about 2.5 U/ug.
65. The method of any one of paragraphs 43-64, wherein step (a) comprises incubation from
one to 12 hours.
66. The method of paragraph 65, wherein step (a) comprises incubation for about one hour.
67. The method of any one of paragraphs 43-66, wherein the ligase is provided at a
concentration no greater than 20 U ligase per ug DNA (U/ug).
68. The method of any one of paragraphs 43-67, wherein the ligase is T4 ligase.
69. The method of any one of paragraphs 57-68, wherein the topoisomerase is provided at a
concentration no greater than 10 U topoisomerase per pg DNA (U/ug).
70. The method of any one of paragraphs 57-69, wherein the topoisomerase is a type II
topoisomerase.
71. The method of any one of paragraphs 57-70, wherein the topoisomerase is gyrase or
topoisomerase V.
72. The method of any one of paragraphs 59-71, wherein the exonuclease is provided at a
concentration from about 0.5 U/ug to about 20 U/ug.
73. The method of any one of paragraphs 59-72, wherein step (d) is performed two or more
times.
74. The method of any one of paragraphs 59-73, wherein step (d) comprises incubation from
one hour to 12 hours.
75. The method of any one of paragraphs 59-74, wherein the exonuclease is T5
exonuclease.

76. The method of any one of paragraphs 43-75, further comprising:
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(e) running the therapeutic circular DNA vector through a column; and/or
(f) precipitating the therapeutic circular DNA vector with isopropyl alcohol.
77. The method of any one of paragraphs 43-76, wherein the therapeutic circular DNA
vector is produced in the absence of a gel extraction step.
78. A method for large-scale production of a therapeutic circular DNA vector, the method
comprising:
(a) providing a sample of a plasmid DNA vector comprising a therapeutic sequence and
a backbone sequence;
(b) amplifying the plasmid DNA vector in a reaction volume of at least S00 mL using a
polymerase-mediated rolling-circle amplification to generate a linear concatemer;
(c) digesting the linear concatemer with one or more restriction enzymes that cut at least
a first site, a second site, and a third site per unit of the linear concatemer, wherein: (i) the first
and second sites flank the therapeutic sequence and form self-complementary overhangs, and (i)
the third site is within the backbone sequence and forms an overhang that is non-complementary
to the first or second site, thereby producing a linear therapeutic fragment comprising the
therapeutic sequence and at least two linear backbone fragments each comprising a portion of
the backbone sequence; and
(d) contacting the linear therapeutic fragment with a ligase to produce a therapeutic
circular DNA vector in solution.
79. The method of paragraph 78, wherein the amount of the plasmid DNA vector provided
in step (a) is at least 1.0 mg.
80. The method of paragraph 78 or 79, wherein step (b) produces at least 100 mg of the
linear concatemer.
81. The method of any one of paragraphs 78-90, wherein step (d) produces at least 2.0 mg
of the therapeutic circular DNA vector.
82. The method of any one of paragraphs 78-81, wherein steps (¢) and (d) occur
simultaneously.
83. The method of any one of paragraph 78-82, wherein no DNA purification is performed
during or between steps (b), (c), and (d).
84. The method of any one of paragraphs 78-83, wherein the amount of the therapeutic
circular DNA in the solution of step (d) is at least 2.0% of the amount of the linear concatemer

in step (b) by weight
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85. The method of any one of paragraphs 78-84, wherein the amount of the therapeutic
circular DNA produced in step (d) is at least twice the amount of the plasmid DNA vector
provided in step (a).

86. A method producing a therapeutic circular DNA vector, the method comprising:

(a) providing a solution comprising DNA molecules, wherein each DNA molecule
comprises a backbone sequence and a therapeutic sequence;

(b) adding a type IIs restriction enzyme to the solution to digest the DNA molecules,
thereby separating the backbone sequences from the therapeutic sequences;

(c) adding a ligase to the solution to produce a reaction in a mixture comprising:

(1) the ligase;

(i1) the type Ils restriction enzyme;

(ii1) therapeutic circular DNA vectors each comprising a single therapeutic
sequence, wherein the therapeutic circular DNA vectors each lack a type IIs recognition
site; and

(iv) byproducts, wherein each byproduct comprises one or more type IIs
restriction sites,
wherein the ratio of the therapeutic circular DNA vectors to the byproducts comprising

one or more type IIs restriction sites increases as the reaction proceeds.

87. The method of paragraph 86, wherein some or all of the byproducts comprise one or
more backbone sequences.

88. The method of paragraph 87, wherein some or all of the byproducts further comprise
two or more therapeutic sequences.

89. The method of any one of paragraphs 86-88, wherein some or all of the byproducts are
circularized.

90. The method of any one of paragraphs 86-89, wherein the DNA molecules of (a) are
concatemers.

91. The method of any one of paragraphs 86-90, wherein the method further comprises,
prior to step (a), amplifying a template DNA vector using rolling circle amplification to generate
concatemers.

92. The method of any one of paragraphs 86-91, wherein the type IIs restriction enzyme is
Bsal.

93. The method of any one of paragraphs 86-92, wherein no restriction enzyme inactivation

step precedes step (d).
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94. The method of any one of paragraphs 86-93, wherein no temperature increase is
performed between steps (b) and (¢).
95. The method of any one of paragraphs 86-94, further comprising raising the temperature
of the solution containing the therapeutic circular DNA vector to about 65 °C.
96. The method of any one of paragraphs 86-95, further comprising:
(e) contacting the therapeutic circular DNA vector with a topoisomerase or a helicase.
97. The method of paragraph 96, wherein step (e) is performed at about 37 °C.
98. The method of any one of paragraphs 86-97, further comprising:
(f) contacting linear byproducts with an exonuclease.
99. The method of paragraph 98, wherein step (f) is performed at about 37 °C.
100. The method of any one of paragraphs 86-95, further comprising:
(e) contacting the therapeutic circular DNA vector with a topoisomerase or a helicase;
and
(f) contacting linear byproducts with an exonuclease,
wherein no enzyme inactivation step is performed between steps (e) and (f).
101. The method of paragraph 100, wherein step (e) occurs before step (f).
102. The method of any one of paragraphs 86-101, wherein the restriction enzyme is
provided at a concentration from about 0.5 U/ug to about 20 U/ug.
103. The method of paragraph 102, wherein the restriction enzyme is provided at a
concentration of about 2.5 U/ug.
104. The method of any one of paragraphs 86-103, wherein step (c) comprises incubation
from one to 12 hours.
105. The method of paragraph 104, wherein step (c¢) comprises incubation for about one
hour.
106. The method of any one of paragraphs 86-105, wherein the ligase is provided at a
concentration no greater than 20 U ligase per ug DNA (U/ug).
107. The method of any one of paragraphs 86-106, wherein the ligase is T4 ligase.
108. The method of any one of paragraphs 96-107, wherein the topoisomerase is provided at
a concentration no greater than 10 U topoisomerase per ug DNA (U/pg).
109. The method of any one of paragraphs 96-108, wherein the topoisomerase is a type 11
topoisomerase.
110. The method of any one of paragraphs 96-109, wherein the topoisomerase is gyrase or

topoisomerase V.
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111. The method of any one of paragraphs 98-110, wherein the exonuclease is provided at a
concentration from about 0.5 U/ug to about 20 U/ug.

112. The method of any one of paragraphs 98-111, wherein step (f) is performed two or
more times.

113. The method of any one of paragraphs 98-112, wherein step (f) comprises incubation
from one hour to 12 hours.

114. The method of any one of paragraphs 98-113, wherein the exonuclease is TS
exonuclease.

115. The method of any one of paragraphs 86-114, further comprising:

(g) running the therapeutic circular DNA vector through a column; and/or
(h) precipitating the therapeutic circular DNA vector with isopropyl alcohol.

116. The method of any one of paragraphs 86-115, wherein step (b) is performed using site-
specific primers.

117. The method of any one of paragraphs 86-116, wherein step (b) is performed using
random primers.

118. The method of any one of paragraphs 86-117, wherein no gel extraction step is
performed before step (d).

119. The method of any one of paragraphs 86-118, wherein the amount of the therapeutic
circular DNA in the solution of step (d) is at least 2.0% of the amount of the DNA molecule in
step (a) by weight.

120. The method of any one of paragraphs 86-119, wherein the amount of the therapeutic
circular DNA produced in step (d) is at least 2.0 mg.

121. The method of any one of paragraphs 86-120, wherein the concentration of the
therapeutic circular DNA in the solution after step (d) is at least 5.0 ug/mL prior to any
purification or concentration being performed.

122. The method of any one of paragraphs 86-121, wherein the volume of the solution of
step (d) is at least 5.0 liters.

123. The method of any one of paragraphs 86-122, wherein steps (b) through (d) are
performed in a reaction vessel having a volume of at least 1.0 liter.

124. The method of any one of paragraphs 1-123, wherein the therapeutic sequence is
greater than 5 kb.

125. The method of any one of paragraphs 1-124, wherein the therapeutic sequence

comprises two or more transcription units.
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126. The method of any one of paragraphs 1-125, wherein the therapeutic sequence encodes
one or more therapeutic proteins.

127. The method of paragraph 126, wherein the one or more therapeutic proteins is a
multimeric protein.

128. The method of any one of paragraphs 1-127, wherein the therapeutic sequence encodes
a therapeutic nucleic acid.

129. The method of paragraph 128, wherein the therapeutic nucleic acid is an RNA
molecule.

130. The method of paragraph 129, wherein the RNA molecule is a self-replicating RNA
molecule, a short hairpin RNA, or a microRNA.

131. The method of any one of paragraphs 1-130, wherein the therapeutic circular DNA
vector is formulated as a pharmaceutical composition.

132. The method of any one of paragraphs 1-131, further comprising formulating the
therapeutic circular DNA vector in a pharmaceutically acceptable carrier to produce a
pharmaceutical composition.

133. The method of paragraph 131 or 132, wherein the pharmaceutical composition
comprises at least 1.0 mg of the therapeutic circular DNA vector in a pharmaceutically
acceptable carrier.

134. The method of paragraph 132 or 133, wherein the therapeutic circular DNA vector in
the pharmaceutical composition is at least 70% supercoiled monomer.

135. The method of any one of paragraphs 131-134, wherein the pharmaceutical
composition comprises no more than 1.0% of residual protein or backbone sequence.

136. The method of any one of paragraphs 131-135, wherein the pharmaceutical
composition comprises <1.0% protein content by mass, less than <1.0% RNA content by mass,
and less than <5 EU/mg endotoxin.

137. A pharmaceutical composition produced by the method of any one of paragraphs 131-
136.

138. A method of expressing a therapeutic sequence in an individual, wherein the method
comprises administering to the individual the pharmaceutical composition of paragraph 137.

139. A method of treating a disease or disorder in an individual in need thereof, the method
comprising administering to the individual the pharmaceutical composition of paragraph 137.

140. The method of paragraph 138 or 139, wherein the method comprises in vivo

electrotransfer.
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141. The method of paragraph 140, wherein the in vivo electrotransfer induces expression of

the therapeutic sequence in skin, skeletal muscle, tumor, eye, or lung of the individual.

OTHER EMBODIMENTS

All publications, patents, and patent applications mentioned in this specification are
herein incorporated by reference to the same extent as if each independent publication or patent
application was specifically and individually indicated to be incorporated by reference.

While the invention has been described in connection with specific embodiments thereof,
it will be understood that it is capable of further modifications and this application is intended to
cover any variations, uses, or adaptations of the invention following, in general, the principles of
the invention and including such departures from the invention that come within known or
customary practice within the art to which the invention pertains and may be applied to the
essential features hereinbefore set forth, and follows in the scope of the claims.

Other embodiments are within the claims.

SEQUENCES

SEQ | Description Sequence

ID

NO:

1 8,656 bp AAAACTCTTCGGTATCACAGGAGAATTTCAGGGAGACAT
C’DNA with TGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGT
AAAA CATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATA
overhang ACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGA

CCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATA
GTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTG
GAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAA
GTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATG
ACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGA
CCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATT
AGTCATCGCTATTACCATGTCGAGGTGAGCCCCACGTTCT
GCTTCACTCTCCCCATCTCCCCCCCCTCCCCACCCCCAATT
TTGTATTTATTTATTTTTTAATTATTTTGTGCAGCGATGGG
GGCGGGGGGEGEEGEGEGGEGEGEECGECGCGCCAGGCGGGGCGG
GGCGGGGCGAGGGGCGGEGCGGGGCGAGGCGGAGAGGT
GCGGCGGCAGCCAATCAGAGCGGCGCGCTCCGAAAGTTT
CCTTTTATGGCGAGGCGGCGGCGGCGGCGGCCCTATAAA
AAGCGAAGCGCGCGGCGGGCGGGAGTCGCTGCGACGCT
GCCTTCGCCCCGTGCCCCGCTCCGCCGCCGCCTCGCGCCG
CCCGCCCCGGCTCTGACTGACCGCGTTACTCCCACAGGTG
AGCGGGCGGGACGGCCCTTCTCCTCCGGGCTGTAATTAG
CGCTTGGTTTAATGACGGCTTGTTTCTTTTCTGTGGCTGCG

TGAAAGCCTTGAGGGGCTCCGGGAGGGCCCTTTGTGCGG
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GGGGAGCGGCTCGGGGGGTGCGTGCGTGTGTGTGTGCGT
GGGGAGCGCCGCOGTGCGGCTCCGCGCTGCCCGGCGGCTG
TGAGCGCTGCGGGCGCGGCGCGGGGCTTTGTGCGCTCCG
CAGTGTGCGCGAGGGGAGCGCGGCCGGGGGCGGTGCCCC
GCGGTGCGGGGGGGGCTGCGAGGGGAACAAAGGCTGCG
TGCGGGGTGTGTGCGTGGGGGGGTGAGCAGGGGGTGTGG
GCGCGTCGGTCGGGCTGCAACCCCCCCTGCACCCCCCTCC
CCGAGTTGCTGAGCACGGCCCGGCTTCGGGTGCGGGGCT
CCGTACGGGGCOGTGGCGCGGGGCTCGCCGTGCCGGGCGG
GGGGTGGCGGCAGGTGGGGOTGCCGGGCGGGGCGGGEL
CGCCTCGGGCCGGGGAGGGCTCGGGGGAGGGGCGCGGC
GGCCCCCGGAGCGCCGGCGGCTGTCGAGGCGCGGCGAGC
CGCAGCCATTGCCTTTTATGGTAATCGTGCGAGAGGGCG
CAGGGACTTCCTTTGTCCCAAATCTGTGCGGAGCCGAAAT
CTGGGAGGCGCCGCCGCACCCCCTCTAGCGGGCGCGGGG
CGAAGCGGTGCGGCGCCGGCAGGAAGGAAATGGGCGGG
GAGGGCCTTCGTGCGTCGCCGCGCCGCCGTCCCCTTCTCC
CTCTCCAGCCTCGGGGCTGTCCGCGGGGGGACGGCTGCC
TTCGGGGGGGACGGGGCAGGGCGGGGTTCGGCTTCTGGC
GTGTGACCGGCGGCTCTAGACAATTGTACTAACCTTCTTC
TCTTTCCTCTCCTGACAGGGAGTTTAAACAGATAAGTTTG
TACAAAAAAGAGAGGTGCCACCATGGGCTTTGTGCGACA
GATTCAGCTGCTGCTGTGGAAGAACTGGACCCTGCGGAA
GCGGCAGAAAATCAGATTCGTGGTGGAACTCGTGTGGCC
CCTGAGCCTGTTTCTGGTGCTGATCTGGCTGCGGAACGCC
AATCCTCTGTACAGCCACCACGAGTGTCACTTCCCCAACA
AGGCCATGCCTTCTGCCGGAATGCTGCCTTGGCTGCAGG
GCATCTTCTGCAACGTGAACAACCCCTGCTTTCAGAGCCC
CACACCTGGCGAAAGCCCTGGCATCGTGTCCAACTACAA
CAACAGCATCCTGGCCAGAGTGTACCGGGACTTCCAAGA
GCTGCTGATGAACGCCCCTGAGTCTCAGCACCTGGGCAG
AATCTGGACCGAGCTGCACATCCTGAGCCAGTTCATGGA
CACCCTGAGAACACACCCCGAGAGAATCGCCGGCAGGGG
CATCAGAATCCGGGACATCCTGAAGGACGAGGAAACCCT
GACACTGTTCCTCATCAAGAACATCGGCCTGAGCGACAG
CGTGGTGTACCTGCTGATCAACAGCCAAGTGCGGCCCGA
GCAGTTTGCTCATGGCGTGCCGGATCTCGCCCTGAAGGAT
ATCGCCTGTTCTGAGGCCCTGCTGGAACGGTTCATCATCT
TCAGCCAGCGGAGAGGCGCCAAGACCGTCAGATATGCCC
TGTGCAGTCTGAGCCAGGGAACCCTGCAGTGGATCGAGG
ATACCCTGTACGCCAACGTGGACTTCTTCAAGCTGTTCCG
GGTGCTGCCCACACTGCTGGATTCTAGATCCCAGGGCATC
AACCTGAGAAGCTGGGGCGGCATCCTGTCCGACATGAGC
CCAAGAATCCAAGAGTTCATCCACCGGCCTAGCATGCAG
GACCTGCTGTGGGTTACCAGACCTCTGATGCAGAACGGC
GGACCCGAGACATTCACCAAGCTGATGGGCATTCTGAGC
GATCTGCTGTGCGGCTACCCTGAAGGCGGAGGATCTAGA
GTGCTGAGCTTCAATTGGTACGAGGACAACAACTACAAG
GCCTTCCTGGGCATCGACTCCACCAGAAAGGACCCCATC
TACAGCTACGACCGGCGGACAACCAGCTTCTGCAATGCC
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CTGATCCAGAGCCTGGAAAGCAACCCTCTGACCAAGATC
GCTTGGAGGGCCGCCAAACCTCTGCTGATGGGAAAGATC
CTGTACACCCCTGACAGCCCTGCCGCCAGAAGAATCCTG
AAGAACGCCAACAGCACCTTCGAGGAACTGGAACACGTG
CGCAAGCTGGTCAAGGCCTGGGAAGAAGTGGGACCTCAG
ATTTGGTACTTCTTCGACAATAGCACCCAGATGAACATGA
TCAGAGACACCCTGGGCAACCCTACCGTGAAGGACTTCC
TGAACAGACAGCTGGGCGAAGAGGGCATTACCGCCGAG
GCCATCCTGAACTTTCTGTACAAGGGCCCCAGAGAGTCC
CAGGCCGACGACATGGCCAACTTCGATTGGCGGGACATC
TTCAACATCACCGACAGAACCCTGCGGCTGGTCAACCAG
TACCTGGAATGCCTGGTGCTGGACAAGTTCGAGAGCTAC
AACGACGAGACACAGCTGACCCAGAGAGCCCTGTCTCTG
CTGGAAGAGAATATGTTCTGGGCTGGCGTGGTGTTCCCC
GACATGTACCCTTGGACAAGCAGCCTGCCTCCTCACGTG
AAGTACAAGATCCGGATGGACATCGACGTGGTCGAAAAG
ACCAACAAGATCAAGGACCGGTACTGGGACAGCGGCCCT
AGAGCTGATCCCGTGGAAGATTTTCGGTACATCTGGGGC
GGATTCGCATACCTGCAGGACATGGTGGAACAGGGAATC
ACACGGTCCCAGGTGCAGGCTGAAGCTCCTGTGGGAATC
TACCTGCAGCAGATGCCTTATCCTTGCTTCGTGGACGACA
GCTTCATGATCATCCTGAATCGGTGCTTCCCCATCTTCAT
GGTGCTGGCCTGGATCTACTCCGTGTCTATGACCGTGAAG
TCCATCGTGCTGGAAAAAGAGCTGCGGCTGAAAGAGACA
CTGAAGAACCAGGGCGTGTCCAATGCCGTGATCTGGTGC
ACCTGGTTTCTGGACAGCTTCTCCATTATGAGCATGAGCA
TCTTTCTGCTGACGATCTTCATCATGCACGGCCGAATCCT
GCACTACAGCGACCCCTTTATCCTCTTCCTGTTCCTGCTG
GCCTTCAGCACCGCTACAATCATGCTGTGTTTTCTGCTGT
CCACCTTCTTCAGCAAGGCCTCTCTGGCCGCTGCTTGTAG
CGGCGTGATCTACTTCACCCTGTACCTGCCTCACATCCTG
TGCTTCGCATGGCAGGACAGAATGACCGCCGAGCTGAAG
AAAGCTGTGTCCCTGCTGAGCCCTGTGGCCTTTGGCTTTG
GCACCGAGTACCTCGTCAGATTTGAGGAACAAGGACTGG
GACTGCAGTGGTCCAACATCGGCAATAGCCCTACAGAGG
GCGACGAGTTCAGCTTCCTGCTGTCTATGCAGATGATGCT
GCTGGACGCCGCCGTGTATGGACTGCTGGCTTGGTATCTG
GACCAGGTGTTCCCAGGCGATTACGGCACTCCTCTGCCTT
GGTATTTCCTGCTGCAAGAGAGCTACTGGCTCGGCGGCG
AGGGATGTAGCACCAGAGAAGAAAGAGCCCTGGAAAAG
ACCGAGCCTCTGACCGAGGAAACAGAGGACCCTGAACAC
CCAGAGGGCATCCACGATAGCTTTTTCGAGAGAGAACAC
CCCGGCTGGGTGCCAGGCGTGTGTGTGAAGAATCTGGTC
AAGATTTTCGAGCCCTGCGGCAGACCTGCCGTGGACAGA
CTGAACATCACCTTCTACGAGAACCAGATTACCGCCTTTC
TGGGCCACAACGGCGCTGGCAAGACAACCACATTGAGCA
TCCTCACAGGCCTGCTGCCTCCAACAAGCGGCACAGTTCT
CGTTGGCGGCAGAGACATCGAGACAAGCCTGGATGCCGT
CAGACAGTCCCTGGGCATGTGCCCTCAGCACAACATCCT
GTTTCACCACCTGACCGTGGCCGAGCACATGCTGTTTTAT
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GCCCAGCTGAAGGGCAAGAGCCAAGAAGAGGCTCAGCT
GGAAATGGAAGCCATGTTGGAGGACACCGGCCTGCACCA
CAAGAGAAATGAGGAAGCCCAGGATCTGAGCGGCGGCA
TGCAGAGAAAACTGAGCGTGGCCATTGCCTTCGTGGGCG
ACGCCAAGGTTGTGATCCTGGATGAGCCTACAAGCGGCG
TGGACCCTTACAGCAGAAGATCCATCTGGGATCTGCTGCT
GAAGTACAGATCAGGCCGGACCATCATCATGAGCACCCA
CCACATGGACGAGGCCGATCTGCTCGGAGACAGAATCGC
CATCATTGCTCAGGGCAGACTGTACTGCAGCGGCACCCC
ACTGTTTCTGAAGAACTGTTTCGGCACCGGACTGTATCTG
ACCCTCGTGCGGAAGATGAAGAACATCCAGTCTCAGCGG
AAGGGCAGCGAGGGCACCTGTAGCTGTTCTAGCAAGGGC
TTTAGCACCACCTGTCCAGCTCACGTGGACGATCTGACCC
CTGAACAGGTGCTGGATGGCGACGTGAACGAGCTGATGG
ACGTGGTGCTGCACCATGTGCCTGAGGCCAAGCTGGTGG
AATGCATCGGCCAAGAACTGATTTTTCTGCTCCCGAACAA
GAACTTCAAGCACCGGGCCTACGCCAGCCTGTTCAGAGA
GCTGGAAGAAACCCTGGCCGACCTGGGCCTGTCTAGCTT
TGGCATCAGCGACACCCCTCTCGAAGAGATTTTCCTGAA
AGTGACAGAGGACAGCGATAGCGGCCCTCTGTTTGCTGG
CGGAGCACAGCAAAAGCGCGAGAACGTGAACCCTAGAC
ACCCCTGTCTGGGCCCAAGAGAGAAAGCCGGACAGACCC
CTCAGGACAGCAATGTGTGCTCTCCTGGTGCTCCTGCCGC
TCATCCTGAGGGACAACCTCCACCTGAACCTGAGTGTCCT
GGACCTCAGCTGAACACCGGAACACAGCTGGTTCTGCAG
CACGTGCAGGCTCTGCTCGTGAAGAGATTCCAGCACACC
ATCAGAAGCCACAAGGACTTTCTGGCCCAGATCGTGCTG
CCCGCCACCTTTGTTTTTCTGGCTCTGATGCTGAGCATCG
TGATCCCTCCATTCGGCGAGTACCCCGCTCTGACACTGCA
CCCTTGGATCTACGGCCAGCAGTACACCTTTTTCTCCATG
GACGAACCCGGCAGCGAGCAGTTCACAGTGCTGGCTGAT
GTCCTGCTGAACAAGCCCGGCTTCGGCAACCGGTGTCTG
AAAGAAGGATGGCTGCCTGAGTACCCTTGCGGCAACAGC
ACACCTTGGAAAACCCCTAGCGTGTCCCCTAACATCACCC
AGCTGTTCCAAAAGCAGAAATGGACCCAAGTGAACCCCT
CTCCATCCTGCCGGTGCTCCACAAGGGAAAAGCTGACCA
TGCTGCCCGAGTGTCCAGAAGGCGCTGGCGGACTTCCTC
CACCTCAGAGAACACAGAGATCCACCGAGATTCTCCAGG
ACCTGACCGACCGGAATATCAGCGACTTCCTGGTTAAGA
CATACCCCGCACTGATCCGGTCCAGCCTGAAGTCCAAGTT
CTGGGTCAACGAACAGAGATACGGCGGCATCAGCATCGG
CGGAAAACTGCCTGTGGTGCCTATCACAGGCGAGGCCCT
TGTGGGCTTTCTGTCCGATCTGGGGAGAATCATGAACGTG
TCCGGCGGACCTATCACCAGGGAAGCCAGCAAAGAGATC
CCCGATTTCCTGAAGCACCTGGAAACCGAGGACAATATC
AAAGTGTGGTTCAACAACAAAGGATGGCACGCCCTCGTG
TCTTTTCTGAACGTGGCCCACAATGCCATCCTGCGGGCTA
GCCTGCCTAAGGACAGAAGCCCTGAGGAATACGGCATCA
CCGTGATCTCCCAGCCTCTGAATCTGACCAAAGAGCAGC
TGAGCGAGATCACCGTGCTGACCACCTCTGTGGATGCTGT
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GGTGGCCATCTGCGTGATCTTCAGCATGAGCTTCGTGCCC
GCCTCCTTCGTGCTGTACCTGATTCAAGAGAGAGTGAAC
AAGAGCAAGCACCTCCAGTTCATCTCCGGGGTGTCCCCA
ACCACCTACTGGGTCACCAATTTTCTGTGGGACATCATGA
ACTACAGCGTGTCAGCCGGCCTGGTCGTGGGCATCTTTAT
CGGCTTTCAGAAGAAGGCCTACACGAGCCCCGAGAACCT
GCCTGCTTTGGTTGCTCTGCTGCTCCTGTATGGCTGGGCC
GTGATTCCCATGATGTACCCCGCCAGCTTTCTGTTTGACG
TGCCCAGCACAGCCTACGTGGCCCTGTCTTGCGCCAATCT
GTTCATCGGCATCAACAGCAGCGCCATCACATTCATCCTG
GAACTGTTCGAGAACAACAGGACCCTGCTGCGGTTCAAC
GCCGTGCTGCGGAAACTGCTGATCGTGTTCCCTCACTTCT
GTCTCGGCAGAGGCCTGATCGACCTGGCTCTGTCTCAGGC
CGTGACCGATGTGTACGCCAGATTTGGCGAGGAACACTC
CGCCAATCCATTCCACTGGGACCTGATCGGCAAGAACCT
GTTCGCCATGGTGGTGGAAGGCGTCGTGTACTTCCTGCTC
ACTCTGCTGGTGCAGAGACACTTTTTTCTGTCCCAATGGA
TCGCCGAGCCTACCAAAGAACCCATTGTGGACGAGGACG
ACGATGTGGCCGAGGAAAGACAGAGAATCATCACCGGC
GGCAACAAGACCGATATCCTGAGACTGCACGAGCTGACA
AAGATTTACCCCGGCACAAGCTCCCCAGCCGTGGATAGG
CTTTGTGTGGGAGTTAGACCCGGCGAGTGCTTTGGCCTGC
TGGGAGTTAATGGCGCCGGAAAGACCACCACCTTCAAGA
TGCTGACCGGCGACACCACAGTGACAAGCGGAGATGCTA
CAGTGGCCGGCAAGAGCATCCTGACCAACATCAGCGAAG
TGCATCAGAACATGGGCTACTGCCCTCAGTTCGACGCCAT
CGACGAACTGCTGACAGGCCGCGAACACCTGTATCTGTA
TGCCAGACTGAGAGGCGTGCCCGCTGAAGAGATCGAGAA
GGTGGCCAACTGGTCCATCAAGTCTCTGGGCCTGACAGT
GTACGCCGACTGTCTGGCCGGAACATACAGCGGAGGAAA
CAAGCGGAAGCTGAGCACCGCCATTGCTCTGATCGGATG
CCCACCTCTGGTCCTGCTGGATGAACCCACCACCGGAAT
GGACCCCCAGGCTAGAAGAATGCTCTGGAACGTGATCGT
GTCTATCATCCGCGAGGGCAGAGCTGTGGTGCTGACCTCT
CACAGCATGGAAGAGTGCGAGGCTCTGTGTACCCGGCTG
GCCATTATGGTCAAGGGCGCCTTCAGATGCATGGGCACC
ATTCAGCATCTGAAAAGCAAGTTCGGCGACGGCTACATC
GTGACAATGAAGATCAAGAGCCCCAAGGACGACCTCCTG
CCTGATCTGAACCCCGTGGAACAGTTTTTTCAGGGCAACT
TCCCCGGCTCCGTGCAGCGGGAAAGACACTATAACATGC
TGCAGTTTCAGGTGTCCTCCTCCAGCCTGGCTCGGATCTT
TCAACTGCTGCTCTCTCACAAGGACAGCCTGCTGATTGAA
GAGTACAGCGTGACACAGACCACACTCGACCAGGTTTTC
GTGAACTTCGCCAAGCAGCAGACCGAGAGCCACGACCTG
CCTCTGCATCCTAGAGCCGCTGGTGCCTCTAGACAAGCTC
AGGACTAAGCTTCCACTGGATTGTACAATTACATAAAAT
AAAATATCTTTATTTTCATTACATCTGTGTGTTGGTTTTTT
GTGTGCGCTACT

Plasmid
template for

GTCGCTGCCGACTGGGCAATGGAGCGCCTGCCGGCCCAG
TATCAGCCCGTCATACTTGAAGCTAGACAGGCTTATCTTG
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8,656 bp
C’DNA with
AAAA
overhang

GACAAGAAGAAGATCGCTTGGCCTCGCGCGCAGATCAGT
TGGAAGAATTTGTCCACTACGTGAAAGGCGAGATCACCA
AGGTAGTCGGCAAATAACCTTAATGAGACCAACTCAATG
AGACCGATCTGTTGATCAGCAGTTCAACCTGTTGATAGTA
CGTACTAAGCTCTCATGTTTCACGTACTAAGCTCTCATGT
TTAACGTACTAAGCTCTCATGTTTAACGAACTAAACCCTC
ATGGCTAACGTACTAAGCTCTCATGGCTAACGTACTAAG
CTCTCATGTTTCACGTACTAAGCTCTCATGTTTGAACAAT
AAAATTAATATAAATCAGCAACTTAAATAGCCTCTAAGG
TTTTAAGTTTTATAAGAAAAAAAAGAATATATAAGGCTTT
TAAAGCTTTTAAGGTTTAACGGTTGTGGACAACAAGCCA
GGGATGTAACGCACTGAGAAGCCCTTAGAGCCTCTCAAA
GCAATTTTGAGTGACACAGGAACACTTAACGGCTGACAT
GGGAATTAGCCATGGGCCCGTGCGAATCACTATATGAGA
CCGCTGATCCTTCAACTCAGCAAAAGTTCGATTTATTCAA
CAAAGCCACGTTGTGTCTCAAAATCTCTGATGTTACATTG
CACAAGATAAAAATATATCATCATGAACAATAAAACTGT
CTGCTTACATAAACAGTAATACAAGGGGTGTTATGAGCC
ATATTCAACGGGAAACGTCGAGGCCGCGATTAAATTCCA
ACATGGATGCTGATTTATATGGGTATAAATGGGCTCGCG
ATAATGTCGGGCAATCAGGTGCGACAATCTATCGCTTGT
ATGGGAAGCCCGATGCGCCAGAGTTGTTTCTGAAACATG
GCAAAGGTAGCGTTGCCAATGATGTTACAGATGAGATGG
TCAGACTAAACTGGCTGACGGAATTTATGCCTCTTCCGAC
CATCAAGCATTTTATCCGTACTCCTGATGATGCATGGTTA
CTCACCACTGCGATCCCCGGAAAAACAGCATTCCAGGTA
TTAGAAGAATATCCTGATTCAGGTGAAAATATTGTTGATG
CGCTGGCAGTGTTCCTGCGCCGGTTGCATTCGATTCCTGT
TTGTAATTGTCCTTTTAACAGCGATCGCGTATTTCGTCTC
GCTCAGGCGCAATCACGAATGAATAACGGTTTGGTTGAT
GCGAGTGATTTTGATGACGAGCGTAATGGCTGGCCTGTT
GAACAAGTCTGGAAAGAAATGCATAAACTTTTGCCATTC
TCACCGGATTCAGTCGTCACTCATGGTGATTTCTCACTTG
ATAACCTTATTTTTGACGAGGGGAAATTAATAGGTTGTAT
TGATGTTGGACGAGTCGGAATCGCAGACCGATACCAGGA
TCTTGCCATCCTATGGAACTGCCTCGGTGAGTTTTCTCCTT
CATTACAGAAACGGCTTTTTCAAAAATATGGTATTGATAA
TCCTGATATGAATAAATTGCAGTTTCATTTGATGCTCGAT
GAGTTTTTCTAATCAGAATTGGTTAATTGGTTGTAACACT
GGCAGAGCATTACGCTGACTTGACGGGAGAATTCGGTCT
CAAAAACTCTTCGGTATCACAGGAGAATTTCAGGGAGAC
ATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGG
GTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACA
TAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAAC
GACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCA
TAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGG
TGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCA
AGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAAT
GACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATG
ACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTAT
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TAGTCATCGCTATTACCATGTCGAGGTGAGCCCCACGTTC
TGCTTCACTCTCCCCATCTCCCCCCCCTCCCCACCCCCAAT
TTTGTATTTATTTATTTTTTAATTATTTTGTGCAGCGATGG
GGGCGGGGGEGEEEGEGEGGEGEGEEECECECGCCAGGCGGGGCG
GGGCGGGGCGAGGGGCGGGGCGGGGCGAGGCGGAGAGG
TGCGGCGGCAGCCAATCAGAGCGGCGCGCTCCGAAAGTT
TCCTTTTATGGCGAGGCGGCGGCGGCGGCGGCCCTATAA
AAAGCGAAGCGCGCGGCGGGCGGGAGTCGCTGCGACGC
TGCCTTCGCCCCGTGCCCCGCTCCGCCGCCGCCTCGCGCC
GCCCGCCCCGGCTCTGACTGACCGCGTTACTCCCACAGGT
GAGCGGGCGGGACGGCCCTTCTCCTCCGGGCTGTAATTA
GCGCTTGGTTTAATGACGGCTTGTTTCTTTTCTGTGGCTGC
GTGAAAGCCTTGAGGGGCTCCGGGAGGGCCCTTTGTGCG
GGGGGAGCGGCTCGGGGGGTGCGTGCGTGTGTGTGTGCG
TGGGGAGCGCCGCGTGCGGCTCCGCGCTGCCCGGCGGCT
GTGAGCGCTGCGGGCGCGGCGCGGGGCTTTGTGCGCTCC
GCAGTGTGCGCGAGGGGAGCGCGGCCGGGGGCGGTGCC
CCGCGGTGCGGGGGGGGCTGCGAGGGGAACAAAGGCTG
CGTGCGGGGTGTGTGCGTGGGGGGGTGAGCAGGGGGTGT
GGGCGCOGTCGGTCGGGCTGCAACCCCCCCTGCACCCCCC
TCCCCGAGTTGCTGAGCACGGCCCGGCTTCGGGTGCGGG
GCTCCGTACGGGGCGTGGCGCGGGGCTCGCCGTGCCGGG
CGGGGGGTGGCGGCAGGTGGGGOETGCCGGGCGGGGCGG
GGCCGCCTCGGGCCGGGGAGGGCTCGGGGGAGGGGCGC
GGCGGCCCCCGGAGCGCCGGCGGCTGTCGAGGCGCGGCG
AGCCGCAGCCATTGCCTTTTATGGTAATCGTGCGAGAGG
GCGCAGGGACTTCCTTTGTCCCAAATCTGTGCGGAGCCG
AAATCTGGGAGGCGCCGCCGCACCCCCTCTAGCGGGCGC
GGGGCGAAGCGGTGCGGCGCCGGCAGGAAGGAAATGGG
CGGGGAGGGCCTTCGTGCGTCGCCGCGCCGCCGTCCCCTT
CTCCCTCTCCAGCCTCGGGGCTGTCCGCGGGGGGACGGC
TGCCTTCGGGGGGGACGGGGCAGGGCGGGGTTCGGCTTC
TGGCGTGTGACCGGCGGCTCTAGACAATTGTACTAACCTT
CTTCTCTTTCCTCTCCTGACAGGGAGTTTAAACAGATAAG
TTTGTACAAAAAAGAGAGGTGCCACCATGGGCTTTGTGC
GACAGATTCAGCTGCTGCTGTGGAAGAACTGGACCCTGC
GGAAGCGGCAGAAAATCAGATTCGTGGTGGAACTCGTGT
GGCCCCTGAGCCTGTTTCTGGTGCTGATCTGGCTGCGGAA
CGCCAATCCTCTGTACAGCCACCACGAGTGTCACTTCCCC
AACAAGGCCATGCCTTCTGCCGGAATGCTGCCTTGGCTGC
AGGGCATCTTCTGCAACGTGAACAACCCCTGCTTTCAGA
GCCCCACACCTGGCGAAAGCCCTGGCATCGTGTCCAACT
ACAACAACAGCATCCTGGCCAGAGTGTACCGGGACTTCC
AAGAGCTGCTGATGAACGCCCCTGAGTCTCAGCACCTGG
GCAGAATCTGGACCGAGCTGCACATCCTGAGCCAGTTCA
TGGACACCCTGAGAACACACCCCGAGAGAATCGCCGGCA
GGGGCATCAGAATCCGGGACATCCTGAAGGACGAGGAA
ACCCTGACACTGTTCCTCATCAAGAACATCGGCCTGAGC
GACAGCGTGGTGTACCTGCTGATCAACAGCCAAGTGCGG
CCCGAGCAGTTTGCTCATGGCGTGCCGGATCTCGCCCTGA
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AGGATATCGCCTGTTCTGAGGCCCTGCTGGAACGGTTCAT
CATCTTCAGCCAGCGGAGAGGCGCCAAGACCGTCAGATA
TGCCCTGTGCAGTCTGAGCCAGGGAACCCTGCAGTGGAT
CGAGGATACCCTGTACGCCAACGTGGACTTCTTCAAGCT
GTTCCGGGTGCTGCCCACACTGCTGGATTCTAGATCCCAG
GGCATCAACCTGAGAAGCTGGGGCGGCATCCTGTCCGAC
ATGAGCCCAAGAATCCAAGAGTTCATCCACCGGCCTAGC
ATGCAGGACCTGCTGTGGGTTACCAGACCTCTGATGCAG
AACGGCGGACCCGAGACATTCACCAAGCTGATGGGCATT
CTGAGCGATCTGCTGTGCGGCTACCCTGAAGGCGGAGGA
TCTAGAGTGCTGAGCTTCAATTGGTACGAGGACAACAAC
TACAAGGCCTTCCTGGGCATCGACTCCACCAGAAAGGAC
CCCATCTACAGCTACGACCGGCGGACAACCAGCTTCTGC
AATGCCCTGATCCAGAGCCTGGAAAGCAACCCTCTGACC
AAGATCGCTTGGAGGGCCGCCAAACCTCTGCTGATGGGA
AAGATCCTGTACACCCCTGACAGCCCTGCCGCCAGAAGA
ATCCTGAAGAACGCCAACAGCACCTTCGAGGAACTGGAA
CACGTGCGCAAGCTGGTCAAGGCCTGGGAAGAAGTGGGA
CCTCAGATTTGGTACTTCTTCGACAATAGCACCCAGATGA
ACATGATCAGAGACACCCTGGGCAACCCTACCGTGAAGG
ACTTCCTGAACAGACAGCTGGGCGAAGAGGGCATTACCG
CCGAGGCCATCCTGAACTTTCTGTACAAGGGCCCCAGAG
AGTCCCAGGCCGACGACATGGCCAACTTCGATTGGCGGG
ACATCTTCAACATCACCGACAGAACCCTGCGGCTGGTCA
ACCAGTACCTGGAATGCCTGGTGCTGGACAAGTTCGAGA
GCTACAACGACGAGACACAGCTGACCCAGAGAGCCCTGT
CTCTGCTGGAAGAGAATATGTTCTGGGCTGGCGTGGTGTT
CCCCGACATGTACCCTTGGACAAGCAGCCTGCCTCCTCAC
GTGAAGTACAAGATCCGGATGGACATCGACGTGGTCGAA
AAGACCAACAAGATCAAGGACCGGTACTGGGACAGCGG
CCCTAGAGCTGATCCCGTGGAAGATTTTCGGTACATCTGG
GGCGGATTCGCATACCTGCAGGACATGGTGGAACAGGGA
ATCACACGGTCCCAGGTGCAGGCTGAAGCTCCTGTGGGA
ATCTACCTGCAGCAGATGCCTTATCCTTGCTTCGTGGACG
ACAGCTTCATGATCATCCTGAATCGGTGCTTCCCCATCTT
CATGGTGCTGGCCTGGATCTACTCCGTGTCTATGACCGTG
AAGTCCATCGTGCTGGAAAAAGAGCTGCGGCTGAAAGAG
ACACTGAAGAACCAGGGCGTGTCCAATGCCGTGATCTGG
TGCACCTGGTTTCTGGACAGCTTCTCCATTATGAGCATGA
GCATCTTTCTGCTGACGATCTTCATCATGCACGGCCGAAT
CCTGCACTACAGCGACCCCTTTATCCTCTTCCTGTTCCTGC
TGGCCTTCAGCACCGCTACAATCATGCTGTGTTTTCTGCT
GTCCACCTTCTTCAGCAAGGCCTCTCTGGCCGCTGCTTGT
AGCGGCGTGATCTACTTCACCCTGTACCTGCCTCACATCC
TGTGCTTCGCATGGCAGGACAGAATGACCGCCGAGCTGA
AGAAAGCTGTGTCCCTGCTGAGCCCTGTGGCCTTTGGCTT
TGGCACCGAGTACCTCGTCAGATTTGAGGAACAAGGACT
GGGACTGCAGTGGTCCAACATCGGCAATAGCCCTACAGA
GGGCGACGAGTTCAGCTTCCTGCTGTCTATGCAGATGATG
CTGCTGGACGCCGCCGTGTATGGACTGCTGGCTTGGTATC
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TGGACCAGGTGTTCCCAGGCGATTACGGCACTCCTCTGCC
TTGGTATTTCCTGCTGCAAGAGAGCTACTGGCTCGGCGGC
GAGGGATGTAGCACCAGAGAAGAAAGAGCCCTGGAAAA
GACCGAGCCTCTGACCGAGGAAACAGAGGACCCTGAACA
CCCAGAGGGCATCCACGATAGCTTTTTCGAGAGAGAACA
CCCCGGCTGGGTGCCAGGCGTGTGTGTGAAGAATCTGGT
CAAGATTTTCGAGCCCTGCGGCAGACCTGCCGTGGACAG
ACTGAACATCACCTTCTACGAGAACCAGATTACCGCCTTT
CTGGGCCACAACGGCGCTGGCAAGACAACCACATTGAGC
ATCCTCACAGGCCTGCTGCCTCCAACAAGCGGCACAGTT
CTCGTTGGCGGCAGAGACATCGAGACAAGCCTGGATGCC
GTCAGACAGTCCCTGGGCATGTGCCCTCAGCACAACATC
CTGTTTCACCACCTGACCGTGGCCGAGCACATGCTGTTTT
ATGCCCAGCTGAAGGGCAAGAGCCAAGAAGAGGCTCAG
CTGGAAATGGAAGCCATGTTGGAGGACACCGGCCTGCAC
CACAAGAGAAATGAGGAAGCCCAGGATCTGAGCGGCGG
CATGCAGAGAAAACTGAGCGTGGCCATTGCCTTCGTGGG
CGACGCCAAGGTTGTGATCCTGGATGAGCCTACAAGCGG
CGTGGACCCTTACAGCAGAAGATCCATCTGGGATCTGCT
GCTGAAGTACAGATCAGGCCGGACCATCATCATGAGCAC
CCACCACATGGACGAGGCCGATCTGCTCGGAGACAGAAT
CGCCATCATTGCTCAGGGCAGACTGTACTGCAGCGGCAC
CCCACTGTTTCTGAAGAACTGTTTCGGCACCGGACTGTAT
CTGACCCTCGTGCGGAAGATGAAGAACATCCAGTCTCAG
CGGAAGGGCAGCGAGGGCACCTGTAGCTGTTCTAGCAAG
GGCTTTAGCACCACCTGTCCAGCTCACGTGGACGATCTGA
CCCCTGAACAGGTGCTGGATGGCGACGTGAACGAGCTGA
TGGACGTGGTGCTGCACCATGTGCCTGAGGCCAAGCTGG
TGGAATGCATCGGCCAAGAACTGATTTTTCTGCTCCCGAA
CAAGAACTTCAAGCACCGGGCCTACGCCAGCCTGTTCAG
AGAGCTGGAAGAAACCCTGGCCGACCTGGGCCTGTCTAG
CTTTGGCATCAGCGACACCCCTCTCGAAGAGATTTTCCTG
AAAGTGACAGAGGACAGCGATAGCGGCCCTCTGTTTGCT
GGCGGAGCACAGCAAAAGCGCGAGAACGTGAACCCTAG
ACACCCCTGTCTGGGCCCAAGAGAGAAAGCCGGACAGAC
CCCTCAGGACAGCAATGTGTGCTCTCCTGGTGCTCCTGCC
GCTCATCCTGAGGGACAACCTCCACCTGAACCTGAGTGT
CCTGGACCTCAGCTGAACACCGGAACACAGCTGGTTCTG
CAGCACGTGCAGGCTCTGCTCGTGAAGAGATTCCAGCAC
ACCATCAGAAGCCACAAGGACTTTCTGGCCCAGATCGTG
CTGCCCGCCACCTTTGTTTTTCTGGCTCTGATGCTGAGCA
TCGTGATCCCTCCATTCGGCGAGTACCCCGCTCTGACACT
GCACCCTTGGATCTACGGCCAGCAGTACACCTTTITTCTCC
ATGGACGAACCCGGCAGCGAGCAGTTCACAGTGCTGGCT
GATGTCCTGCTGAACAAGCCCGGCTTCGGCAACCGGTGT
CTGAAAGAAGGATGGCTGCCTGAGTACCCTTGCGGCAAC
AGCACACCTTGGAAAACCCCTAGCGTGTCCCCTAACATC
ACCCAGCTGTTCCAAAAGCAGAAATGGACCCAAGTGAAC
CCCTCTCCATCCTGCCGGTGCTCCACAAGGGAAAAGCTG
ACCATGCTGCCCGAGTGTCCAGAAGGCGCTGGCGGACTT
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CCTCCACCTCAGAGAACACAGAGATCCACCGAGATTCTC
CAGGACCTGACCGACCGGAATATCAGCGACTTCCTGGTT
AAGACATACCCCGCACTGATCCGGTCCAGCCTGAAGTCC
AAGTTCTGGGTCAACGAACAGAGATACGGCGGCATCAGC
ATCGGCGGAAAACTGCCTGTGGTGCCTATCACAGGCGAG
GCCCTTGTGGGCTTTCTGTCCGATCTGGGGAGAATCATGA
ACGTGTCCGGCGGACCTATCACCAGGGAAGCCAGCAAAG
AGATCCCCGATTTCCTGAAGCACCTGGAAACCGAGGACA
ATATCAAAGTGTGGTTCAACAACAAAGGATGGCACGCCC
TCGTGTCTTTTCTGAACGTGGCCCACAATGCCATCCTGCG
GGCTAGCCTGCCTAAGGACAGAAGCCCTGAGGAATACGG
CATCACCGTGATCTCCCAGCCTCTGAATCTGACCAAAGA
GCAGCTGAGCGAGATCACCGTGCTGACCACCTCTGTGGA
TGCTGTGGTGGCCATCTGCGTGATCTTCAGCATGAGCTTC
GTGCCCGCCTCCTTCGTGCTGTACCTGATTCAAGAGAGAG
TGAACAAGAGCAAGCACCTCCAGTTCATCTCCGGGGTGT
CCCCAACCACCTACTGGGTCACCAATTTTCTGTGGGACAT
CATGAACTACAGCGTGTCAGCCGGCCTGGTCGTGGGCAT
CTTTATCGGCTTTCAGAAGAAGGCCTACACGAGCCCCGA
GAACCTGCCTGCTTTGGTTGCTCTGCTGCTCCTGTATGGC
TGGGCCGTGATTCCCATGATGTACCCCGCCAGCTTTCTGT
TTGACGTGCCCAGCACAGCCTACGTGGCCCTGTCTTGCGC
CAATCTGTTCATCGGCATCAACAGCAGCGCCATCACATTC
ATCCTGGAACTGTTCGAGAACAACAGGACCCTGCTGCGG
TTCAACGCCGTGCTGCGGAAACTGCTGATCGTGTTCCCTC
ACTTCTGTCTCGGCAGAGGCCTGATCGACCTGGCTCTGTC
TCAGGCCGTGACCGATGTGTACGCCAGATTTGGCGAGGA
ACACTCCGCCAATCCATTCCACTGGGACCTGATCGGCAA
GAACCTGTTCGCCATGGTGGTGGAAGGCGTCGTGTACTTC
CTGCTCACTCTGCTGGTGCAGAGACACTTTTTTCTGTCCC
AATGGATCGCCGAGCCTACCAAAGAACCCATTGTGGACG
AGGACGACGATGTGGCCGAGGAAAGACAGAGAATCATC
ACCGGCGGCAACAAGACCGATATCCTGAGACTGCACGAG
CTGACAAAGATTTACCCCGGCACAAGCTCCCCAGCCGTG
GATAGGCTTTGTGTGGGAGTTAGACCCGGCGAGTGCTTT
GGCCTGCTGGGAGTTAATGGCGCCGGAAAGACCACCACC
TTCAAGATGCTGACCGGCGACACCACAGTGACAAGCGGA
GATGCTACAGTGGCCGGCAAGAGCATCCTGACCAACATC
AGCGAAGTGCATCAGAACATGGGCTACTGCCCTCAGTTC
GACGCCATCGACGAACTGCTGACAGGCCGCGAACACCTG
TATCTGTATGCCAGACTGAGAGGCGTGCCCGCTGAAGAG
ATCGAGAAGGTGGCCAACTGGTCCATCAAGTCTCTGGGC
CTGACAGTGTACGCCGACTGTCTGGCCGGAACATACAGC
GGAGGAAACAAGCGGAAGCTGAGCACCGCCATTGCTCTG
ATCGGATGCCCACCTCTGGTCCTGCTGGATGAACCCACCA
CCGGAATGGACCCCCAGGCTAGAAGAATGCTCTGGAACG
TGATCGTGTCTATCATCCGCGAGGGCAGAGCTGTGGTGCT
GACCTCTCACAGCATGGAAGAGTGCGAGGCTCTGTGTAC
CCGGCTGGCCATTATGGTCAAGGGCGCCTTCAGATGCAT
GGGCACCATTCAGCATCTGAAAAGCAAGTTCGGCGACGG
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CTACATCGTGACAATGAAGATCAAGAGCCCCAAGGACGA
CCTCCTGCCTGATCTGAACCCCGTGGAACAGTTTITTTCAG
GGCAACTTCCCCGGCTCCGTGCAGCGGGAAAGACACTAT
AACATGCTGCAGTTTCAGGTGTCCTCCTCCAGCCTGGCTC
GGATCTTTCAACTGCTGCTCTCTCACAAGGACAGCCTGCT
GATTGAAGAGTACAGCGTGACACAGACCACACTCGACCA
GGTTTTCGTGAACTTCGCCAAGCAGCAGACCGAGAGCCA
CGACCTGCCTCTGCATCCTAGAGCCGCTGGTGCCTCTAGA
CAAGCTCAGGACTAAGCTTCCACTGGATTGTACAATTAC
ATAAAATAAAATATCTTTATTTTCATTACATCTGTGTGTT
GGTTTTTTGTGTGCGCTACTAAAATGAGACCGAATTCCCA
TCCAGCTGATATCCCCTATAGTGAGTCGTATTACATGGTC
ATAGCTGTTTCCTGGCAGCTCTGGCCCGTGTCTCAAAATC
TCTGATGTTACATTGCACAAGATAAAAATATATCATCATG
CCTCCTCTAGACCAGCCAGGACAGAAATGCCTCGACTTC
GCTGCTGCCCAAGGTTGCCGGGTGACGCACACCGTGGAA
ACGGATGAAGGCACGAACCCAGTGGACATAAGCCTGTTC
GGTTCGTAAGCTGTAATGCAAGTAGCGTATGCGCTCACG
CAACTGGTCCAGAACCTTGACCGAACGCAGCGGTGGTAA
CGGCGCAGTGGCGGTTTTCATGGCTTGTTATGACTGTTTT
TTTGGGGTACAGTCTATGCCTCGGGCATCCAAGCAGCAA
GCGCGTTACGCCGTGGGTCGATGTTTGATGTTATGGAGCA
GCAACGATGTTACGCAGCAGGGCAGTCGCCCTAAAACAA
AGTTAAACATCATGAGGGAAGCGGTGATCGCCGAAGTAT
CGACTCAACTATCAGAGGTAGTTGGCGTCATCGAGCGCC
ATCTCGAACCGACGTTGCTGGCCGTACATTTGTACGGCTC
CGCAGTGGATGGCGGCCTGAAGCCACACAGTGATATTGA
TTTGCTGGTTACGGTGACCGTAAGGCTTGATGAAACAAC
GCGGCGAGCTTTGATCAACGACCTTTTGGAAACTTCGGCT
TCCCCTGGAGAGAGCGAGATTCTCCGCGCTGTAGAAGTC
ACCATTGTTGTGCACGACGACATCATTCCGTGGCGTTATC
CAGCTAAGCGCGAACTGCAATTTGGAGAATGGCAGCGCA
ATGACATTCTTGCAGGTATCTTCGAGCCAGCCACGATCGA
CATTGATCTGGCTATCTTGCTGACAAAAGCAAGAGAACA
TAGCGTTGCCTTGGTAGGTCCAGCGGCGGAGGAACTCTTT
GATCCGGTTCCTGAACAGGATCTATTTGAGGCGCTAAAT
GAAACCTTAACGCTATGGAACTCGCCGCCCGACTGGGCT
GGCGATGAGCGAAATGTAGTGCTTACGTTGTCCCGCATTT
GGTACAGCGCAGTAACCGGCAAAATCGCGCCGAAGGAT

8,656 bp
C3DNA w
AACC
overhang

AACC
CTCTTCGGTATCACAGGAGAATTTCAGGGAGACATTGATT
ATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTA
GTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTA
CGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCC
GCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAAC
GCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGTA
TTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTAT
CATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGT
AAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTAT
GGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCAT
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CGCTATTACCATGTCGAGGTGAGCCCCACGTTCTGCTTCA
CTCTCCCCATCTCCCCCCCCTCCCCACCCCCAATTTTGTAT
TTATTTATTTTTTAATTATTTTGTGCAGCGATGGGGGCGG
GGGGGGGGEEGEGGEGECGCGCGCCAGGCGGGGCGGGGCGG
GGCGAGGGGCGGGGCGGEGCGAGGCGGAGAGGTGCGGC
GGCAGCCAATCAGAGCGGCGCGCTCCGAAAGTTTCCTTT
TATGGCGAGGCGGCGGCGGCGGCGGCCCTATAAAAAGCG
AAGCGCGCGGCGGGCGGGAGTCGCTGCGACGCTGCCTTC
GCCCCAGTGCCCCGCTCCGCCGCCGCCTCGCGCCGCCCGCC
CCGGCTCTGACTGACCGCGTTACTCCCACAGGTGAGCGG
GCGGGACGGCCCTTCTCCTCCGGGCTGTAATTAGCGCTTG
GTTTAATGACGGCTTGTTTCTTTTCTGTGGCTGCGTGAAA
GCCTTGAGGGGCTCCGGGAGGGCCCTTTGTGCGGGGGGA
GCGGCTCGGGGGGTGCGTGCGTGTGTGTGTGCGTGGGGA
GCGCCGCGTGCGGCTCCGCGCTGCCCGGCGGCTGTGAGC
GCTGCGGGCGCGGCGCGGGGCTTTGTGCGCTCCGCAGTG
TGCGCGAGGGGAGCGCGGCCGGGGGCGGETGCCCCGCGGT
GCGGGGGGGGCTGCGAGGGGAACAAAGGCTGCGTGCGG
GGTGTGTGCGTGGGGGGGTGAGCAGGGGGTGTGGGCGCG
TCGGTCGGGCTGCAACCCCCCCTGCACCCCCCTCCCCGAG
TTGCTGAGCACGGCCCGGCTTCGGGTGCGGGGCTCCGTA
CGGGGCATGGCGCGGGGECTCGCCOTGCCGGGCGGGGGAET
GGCGGCAGGTGGGGGETGCCGGGCGGGEGCGGEGGECCGCCT
CGGGCCGGGGAGGGCTCGGGGGAGGGGCGCGGCGGCCC
CCGGAGCGCCGGCGGCTGTCGAGGCGCGGCGAGCCGCAG
CCATTGCCTTTTATGGTAATCGTGCGAGAGGGCGCAGGG
ACTTCCTTTGTCCCAAATCTGTGCGGAGCCGAAATCTGGG
AGGCGCCGCCGCACCCCCTCTAGCGGGCGCGGGGCGAAG
CGGTGCGGCGCCGGCAGGAAGGAAATGGGCGGGGAGGG
CCTTCGTGCGTCGCCGCGCCGCCGTCCCCTTCTCCCTCTC
CAGCCTCGGGGCTGTCCGCGGGGGGACGGCTGCCTTCGG
GGGGGACGGGGCAGGGCGGGGTTCGGCTTCTGGCGTGTG
ACCGGCGGCTCTAGACAATTGTACTAACCTTCTTCTCTTT
CCTCTCCTGACAGGGAGTTTAAACAGATAAGTTTGTACA
AAAAAGAGAGGTGCCACCATGGGCTTTGTGCGACAGATT
CAGCTGCTGCTGTGGAAGAACTGGACCCTGCGGAAGCGG
CAGAAAATCAGATTCGTGGTGGAACTCGTGTGGCCCCTG
AGCCTGTTTCTGGTGCTGATCTGGCTGCGGAACGCCAATC
CTCTGTACAGCCACCACGAGTGTCACTTCCCCAACAAGG
CCATGCCTTCTGCCGGAATGCTGCCTTGGCTGCAGGGCAT
CTTCTGCAACGTGAACAACCCCTGCTTTCAGAGCCCCACA
CCTGGCGAAAGCCCTGGCATCGTGTCCAACTACAACAAC
AGCATCCTGGCCAGAGTGTACCGGGACTTCCAAGAGCTG
CTGATGAACGCCCCTGAGTCTCAGCACCTGGGCAGAATC
TGGACCGAGCTGCACATCCTGAGCCAGTTCATGGACACC
CTGAGAACACACCCCGAGAGAATCGCCGGCAGGGGCATC
AGAATCCGGGACATCCTGAAGGACGAGGAAACCCTGACA
CTGTTCCTCATCAAGAACATCGGCCTGAGCGACAGCGTG
GTGTACCTGCTGATCAACAGCCAAGTGCGGCCCGAGCAG
TTTGCTCATGGCGTGCCGGATCTCGCCCTGAAGGATATCG
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CCTGTTCTGAGGCCCTGCTGGAACGGTTCATCATCTTCAG
CCAGCGGAGAGGCGCCAAGACCGTCAGATATGCCCTGTG
CAGTCTGAGCCAGGGAACCCTGCAGTGGATCGAGGATAC
CCTGTACGCCAACGTGGACTTCTTCAAGCTGTTCCGGGTG
CTGCCCACACTGCTGGATTCTAGATCCCAGGGCATCAACC
TGAGAAGCTGGGGCGGCATCCTGTCCGACATGAGCCCAA
GAATCCAAGAGTTCATCCACCGGCCTAGCATGCAGGACC
TGCTGTGGGTTACCAGACCTCTGATGCAGAACGGCGGAC
CCGAGACATTCACCAAGCTGATGGGCATTCTGAGCGATC
TGCTGTGCGGCTACCCTGAAGGCGGAGGATCTAGAGTGC
TGAGCTTCAATTGGTACGAGGACAACAACTACAAGGCCT
TCCTGGGCATCGACTCCACCAGAAAGGACCCCATCTACA
GCTACGACCGGCGGACAACCAGCTTCTGCAATGCCCTGA
TCCAGAGCCTGGAAAGCAACCCTCTGACCAAGATCGCTT
GGAGGGCCGCCAAACCTCTGCTGATGGGAAAGATCCTGT
ACACCCCTGACAGCCCTGCCGCCAGAAGAATCCTGAAGA
ACGCCAACAGCACCTTCGAGGAACTGGAACACGTGCGCA
AGCTGGTCAAGGCCTGGGAAGAAGTGGGACCTCAGATTT
GGTACTTCTTCGACAATAGCACCCAGATGAACATGATCA
GAGACACCCTGGGCAACCCTACCGTGAAGGACTTCCTGA
ACAGACAGCTGGGCGAAGAGGGCATTACCGCCGAGGCC
ATCCTGAACTTTCTGTACAAGGGCCCCAGAGAGTCCCAG
GCCGACGACATGGCCAACTTCGATTGGCGGGACATCTTC
AACATCACCGACAGAACCCTGCGGCTGGTCAACCAGTAC
CTGGAATGCCTGGTGCTGGACAAGTTCGAGAGCTACAAC
GACGAGACACAGCTGACCCAGAGAGCCCTGTCTCTGCTG
GAAGAGAATATGTTCTGGGCTGGCGTGGTGTTCCCCGAC
ATGTACCCTTGGACAAGCAGCCTGCCTCCTCACGTGAAGT
ACAAGATCCGGATGGACATCGACGTGGTCGAAAAGACCA
ACAAGATCAAGGACCGGTACTGGGACAGCGGCCCTAGAG
CTGATCCCGTGGAAGATTTTCGGTACATCTGGGGCGGATT
CGCATACCTGCAGGACATGGTGGAACAGGGAATCACACG
GTCCCAGGTGCAGGCTGAAGCTCCTGTGGGAATCTACCT
GCAGCAGATGCCTTATCCTTGCTTCGTGGACGACAGCTTC
ATGATCATCCTGAATCGGTGCTTCCCCATCTTCATGGTGC
TGGCCTGGATCTACTCCGTGTCTATGACCGTGAAGTCCAT
CGTGCTGGAAAAAGAGCTGCGGCTGAAAGAGACACTGA
AGAACCAGGGCGTGTCCAATGCCGTGATCTGGTGCACCT
GGTTTCTGGACAGCTTCTCCATTATGAGCATGAGCATCTT
TCTGCTGACGATCTTCATCATGCACGGCCGAATCCTGCAC
TACAGCGACCCCTTTATCCTCTTCCTGTTCCTGCTGGCCTT
CAGCACCGCTACAATCATGCTGTGTTTTCTGCTGTCCACC
TTCTTCAGCAAGGCCTCTCTGGCCGCTGCTTGTAGCGGCG
TGATCTACTTCACCCTGTACCTGCCTCACATCCTGTGCTTC
GCATGGCAGGACAGAATGACCGCCGAGCTGAAGAAAGC
TGTGTCCCTGCTGAGCCCTGTGGCCTTTGGCTTTGGCACC
GAGTACCTCGTCAGATTTGAGGAACAAGGACTGGGACTG
CAGTGGTCCAACATCGGCAATAGCCCTACAGAGGGCGAC
GAGTTCAGCTTCCTGCTGTCTATGCAGATGATGCTGCTGG
ACGCCGCCGTGTATGGACTGCTGGCTTGGTATCTGGACCA
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GGTGTTCCCAGGCGATTACGGCACTCCTCTGCCTTGGTAT
TTCCTGCTGCAAGAGAGCTACTGGCTCGGCGGCGAGGGA
TGTAGCACCAGAGAAGAAAGAGCCCTGGAAAAGACCGA
GCCTCTGACCGAGGAAACAGAGGACCCTGAACACCCAGA
GGGCATCCACGATAGCTTTTTCGAGAGAGAACACCCCGG
CTGGGTGCCAGGCGTGTGTGTGAAGAATCTGGTCAAGAT
TTTCGAGCCCTGCGGCAGACCTGCCGTGGACAGACTGAA
CATCACCTTCTACGAGAACCAGATTACCGCCTTTCTGGGC
CACAACGGCGCTGGCAAGACAACCACATTGAGCATCCTC
ACAGGCCTGCTGCCTCCAACAAGCGGCACAGTTCTCGTT
GGCGGCAGAGACATCGAGACAAGCCTGGATGCCGTCAGA
CAGTCCCTGGGCATGTGCCCTCAGCACAACATCCTGTTTC
ACCACCTGACCGTGGCCGAGCACATGCTGTTTTATGCCCA
GCTGAAGGGCAAGAGCCAAGAAGAGGCTCAGCTGGAAA
TGGAAGCCATGTTGGAGGACACCGGCCTGCACCACAAGA
GAAATGAGGAAGCCCAGGATCTGAGCGGCGGCATGCAG
AGAAAACTGAGCGTGGCCATTGCCTTCGTGGGCGACGCC
AAGGTTGTGATCCTGGATGAGCCTACAAGCGGCGTGGAC
CCTTACAGCAGAAGATCCATCTGGGATCTGCTGCTGAAG
TACAGATCAGGCCGGACCATCATCATGAGCACCCACCAC
ATGGACGAGGCCGATCTGCTCGGAGACAGAATCGCCATC
ATTGCTCAGGGCAGACTGTACTGCAGCGGCACCCCACTG
TTTCTGAAGAACTGTTTCGGCACCGGACTGTATCTGACCC
TCGTGCGGAAGATGAAGAACATCCAGTCTCAGCGGAAGG
GCAGCGAGGGCACCTGTAGCTGTTCTAGCAAGGGCTTTA
GCACCACCTGTCCAGCTCACGTGGACGATCTGACCCCTG
AACAGGTGCTGGATGGCGACGTGAACGAGCTGATGGACG
TGGTGCTGCACCATGTGCCTGAGGCCAAGCTGGTGGAAT
GCATCGGCCAAGAACTGATTTTTCTGCTCCCGAACAAGA
ACTTCAAGCACCGGGCCTACGCCAGCCTGTTCAGAGAGC
TGGAAGAAACCCTGGCCGACCTGGGCCTGTCTAGCTTTG
GCATCAGCGACACCCCTCTCGAAGAGATTTTCCTGAAAG
TGACAGAGGACAGCGATAGCGGCCCTCTGTTTGCTGGCG
GAGCACAGCAAAAGCGCGAGAACGTGAACCCTAGACAC
CCCTGTCTGGGCCCAAGAGAGAAAGCCGGACAGACCCCT
CAGGACAGCAATGTGTGCTCTCCTGGTGCTCCTGCCGCTC
ATCCTGAGGGACAACCTCCACCTGAACCTGAGTGTCCTG
GACCTCAGCTGAACACCGGAACACAGCTGGTTCTGCAGC
ACGTGCAGGCTCTGCTCGTGAAGAGATTCCAGCACACCA
TCAGAAGCCACAAGGACTTTCTGGCCCAGATCGTGCTGC
CCGCCACCTTTGTTITTTCTGGCTCTGATGCTGAGCATCGT
GATCCCTCCATTCGGCGAGTACCCCGCTCTGACACTGCAC
CCTTGGATCTACGGCCAGCAGTACACCTTTTTCTCCATGG
ACGAACCCGGCAGCGAGCAGTTCACAGTGCTGGCTGATG
TCCTGCTGAACAAGCCCGGCTTCGGCAACCGGTGTCTGA
AAGAAGGATGGCTGCCTGAGTACCCTTGCGGCAACAGCA
CACCTTGGAAAACCCCTAGCGTGTCCCCTAACATCACCCA
GCTGTTCCAAAAGCAGAAATGGACCCAAGTGAACCCCTC
TCCATCCTGCCGGTGCTCCACAAGGGAAAAGCTGACCAT
GCTGCCCGAGTGTCCAGAAGGCGCTGGCGGACTTCCTCC
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ACCTCAGAGAACACAGAGATCCACCGAGATTCTCCAGGA
CCTGACCGACCGGAATATCAGCGACTTCCTGGTTAAGAC
ATACCCCGCACTGATCCGGTCCAGCCTGAAGTCCAAGTTC
TGGGTCAACGAACAGAGATACGGCGGCATCAGCATCGGC
GGAAAACTGCCTGTGGTGCCTATCACAGGCGAGGCCCTT
GTGGGCTTTCTGTCCGATCTGGGGAGAATCATGAACGTGT
CCGGCGGACCTATCACCAGGGAAGCCAGCAAAGAGATCC
CCGATTTCCTGAAGCACCTGGAAACCGAGGACAATATCA
AAGTGTGGTTCAACAACAAAGGATGGCACGCCCTCGTGT
CTTTTCTGAACGTGGCCCACAATGCCATCCTGCGGGCTAG
CCTGCCTAAGGACAGAAGCCCTGAGGAATACGGCATCAC
CGTGATCTCCCAGCCTCTGAATCTGACCAAAGAGCAGCT
GAGCGAGATCACCGTGCTGACCACCTCTGTGGATGCTGT
GGTGGCCATCTGCGTGATCTTCAGCATGAGCTTCGTGCCC
GCCTCCTTCGTGCTGTACCTGATTCAAGAGAGAGTGAAC
AAGAGCAAGCACCTCCAGTTCATCTCCGGGGTGTCCCCA
ACCACCTACTGGGTCACCAATTTTCTGTGGGACATCATGA
ACTACAGCGTGTCAGCCGGCCTGGTCGTGGGCATCTTTAT
CGGCTTTCAGAAGAAGGCCTACACGAGCCCCGAGAACCT
GCCTGCTTTGGTTGCTCTGCTGCTCCTGTATGGCTGGGCC
GTGATTCCCATGATGTACCCCGCCAGCTTTCTGTTTGACG
TGCCCAGCACAGCCTACGTGGCCCTGTCTTGCGCCAATCT
GTTCATCGGCATCAACAGCAGCGCCATCACATTCATCCTG
GAACTGTTCGAGAACAACAGGACCCTGCTGCGGTTCAAC
GCCGTGCTGCGGAAACTGCTGATCGTGTTCCCTCACTTCT
GTCTCGGCAGAGGCCTGATCGACCTGGCTCTGTCTCAGGC
CGTGACCGATGTGTACGCCAGATTTGGCGAGGAACACTC
CGCCAATCCATTCCACTGGGACCTGATCGGCAAGAACCT
GTTCGCCATGGTGGTGGAAGGCGTCGTGTACTTCCTGCTC
ACTCTGCTGGTGCAGAGACACTTTTTTCTGTCCCAATGGA
TCGCCGAGCCTACCAAAGAACCCATTGTGGACGAGGACG
ACGATGTGGCCGAGGAAAGACAGAGAATCATCACCGGC
GGCAACAAGACCGATATCCTGAGACTGCACGAGCTGACA
AAGATTTACCCCGGCACAAGCTCCCCAGCCGTGGATAGG
CTTTGTGTGGGAGTTAGACCCGGCGAGTGCTTTGGCCTGC
TGGGAGTTAATGGCGCCGGAAAGACCACCACCTTCAAGA
TGCTGACCGGCGACACCACAGTGACAAGCGGAGATGCTA
CAGTGGCCGGCAAGAGCATCCTGACCAACATCAGCGAAG
TGCATCAGAACATGGGCTACTGCCCTCAGTTCGACGCCAT
CGACGAACTGCTGACAGGCCGCGAACACCTGTATCTGTA
TGCCAGACTGAGAGGCGTGCCCGCTGAAGAGATCGAGAA
GGTGGCCAACTGGTCCATCAAGTCTCTGGGCCTGACAGT
GTACGCCGACTGTCTGGCCGGAACATACAGCGGAGGAAA
CAAGCGGAAGCTGAGCACCGCCATTGCTCTGATCGGATG
CCCACCTCTGGTCCTGCTGGATGAACCCACCACCGGAAT
GGACCCCCAGGCTAGAAGAATGCTCTGGAACGTGATCGT
GTCTATCATCCGCGAGGGCAGAGCTGTGGTGCTGACCTCT
CACAGCATGGAAGAGTGCGAGGCTCTGTGTACCCGGCTG
GCCATTATGGTCAAGGGCGCCTTCAGATGCATGGGCACC
ATTCAGCATCTGAAAAGCAAGTTCGGCGACGGCTACATC
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GTGACAATGAAGATCAAGAGCCCCAAGGACGACCTCCTG
CCTGATCTGAACCCCGTGGAACAGTTTTTTCAGGGCAACT
TCCCCGGCTCCGTGCAGCGGGAAAGACACTATAACATGC
TGCAGTTTCAGGTGTCCTCCTCCAGCCTGGCTCGGATCTT
TCAACTGCTGCTCTCTCACAAGGACAGCCTGCTGATTGAA
GAGTACAGCGTGACACAGACCACACTCGACCAGGTTTTC
GTGAACTTCGCCAAGCAGCAGACCGAGAGCCACGACCTG
CCTCTGCATCCTAGAGCCGCTGGTGCCTCTAGACAAGCTC
AGGACTAAGCTTCCACTGGATTGTACAATTACATAAAAT
AAAATATCTTTATTTTCATTACATCTGTGTGTTGGTTTTTT
GTGTGCGCTACT

Plasmid
template for
8,656 bp
C3DNA with
AACC
overhang

GGTATCACAGGAGAATTTCAGGGAGACATTGATTATTGAC
TAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCAT
AGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAA
ATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCAT
TGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAAT
AGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACG
GTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATG
CCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGG
CCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACT
TTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTAT
TACCATGTCGAGGTGAGCCCCACGTTCTGCTTCACTCTCC
CCATCTCCCCCCCCTCCCCACCCCCAATTTTGTATTTATTT
ATTTTTTAATTATTTTGTGCAGCGATGGGGGCGGGGGGGG
GGGGGGGGCGCGECGCCAGGCGGGGCGGGGECGGGGCGAG
GGGCGGGGCGGGGCGAGGCGGAGAGGTGCGGCGGCAGC
CAATCAGAGCGGCGCGCTCCGAAAGTTTCCTTTTATGGCG
AGGCGGCGGCGGCGGCGGCCCTATAAAAAGCGAAGCGC
GCGGCGGGCGGGAGTCGCTGCGACGCTGCCTTCGCCCCG
TGCCCCGCTCCGCCGCCGCCTCGCGCCGCCCGCCCCGGCT
CTGACTGACCGCGTTACTCCCACAGGTGAGCGGGCGGGA
CGGCCCTTCTCCTCCGGGCTGTAATTAGCGCTTGGTTTAA
TGACGGCTTGTTTCTTTTCTGTGGCTGCGTGAAAGCCTTG
AGGGGCTCCGGGAGGGCCCTTTGTGCGGGGGGAGCGGCT
CGGGGGGTGCGTGCGTGTGTGTGTGCGTGGGGAGCGCCG
CGTGCGGCTCCGCGCTGCCCGGCGGCTGTGAGCGCTGCG
GGCGCGGCGCGGGGCTTTGTGCGCTCCGCAGTGTGCGCG
AGGGGAGCGCGGCCGGGGGCGGETGCCCCGCGETGCGGG
GGGGGCTGCGAGGGGAACAAAGGCTGCGTGCGGGGTGT
GTGCGTGGGGGGGTGAGCAGGGGGTGTGGGCGCGTCGGT
CGGGCTGCAACCCCCCCTGCACCCCCCTCCCCGAGTTGCT
GAGCACGGCCCGGCTTCGGGTGCGGGGCTCCGTACGGGG
CGTGGCGCGGGGCTCGCCGTGCCGGGCGGGEGEGGETGGCGG
CAGGTGGGGGTGCCGGGCGGGGCGGGEGECCGCCTCGGGCC
GGGGAGGGCTCGGGGGAGGGGCGCGGECGGCCCCCGGAG
CGCCGGCGGCTGTCGAGGCGCGGCGAGCCGCAGCCATTG
CCTTTTATGGTAATCGTGCGAGAGGGCGCAGGGACTTCCT
TTGTCCCAAATCTGTGCGGAGCCGAAATCTGGGAGGCGC
CGCCGCACCCCCTCTAGCGGGCGCGGGGCGAAGCGGTGC

GGCGCCGGCAGGAAGGAAATGGGCGGGGAGGGCCTTCG
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TGCGTCGCCGCGCCGCCGTCCCCTTCTCCCTCTCCAGCCT
CGGGGCTGTCCGCGGGGGGACGGCTGCCTTCGGGGGGGA
CGGGGCAGGGCGGGGTTCGGCTTCTGGCGTGTGACCGGC
GGCTCTAGACAATTGTACTAACCTTCTTCTCTTTCCTCTCC
TGACAGGGAGTTTAAACAGATAAGTTTGTACAAAAAAGA
GAGGTGCCACCATGGGCTTTGTGCGACAGATTCAGCTGC
TGCTGTGGAAGAACTGGACCCTGCGGAAGCGGCAGAAAA
TCAGATTCGTGGTGGAACTCGTGTGGCCCCTGAGCCTGTT
TCTGGTGCTGATCTGGCTGCGGAACGCCAATCCTCTGTAC
AGCCACCACGAGTGTCACTTCCCCAACAAGGCCATGCCT
TCTGCCGGAATGCTGCCTTGGCTGCAGGGCATCTTCTGCA
ACGTGAACAACCCCTGCTTTCAGAGCCCCACACCTGGCG
AAAGCCCTGGCATCGTGTCCAACTACAACAACAGCATCC
TGGCCAGAGTGTACCGGGACTTCCAAGAGCTGCTGATGA
ACGCCCCTGAGTCTCAGCACCTGGGCAGAATCTGGACCG
AGCTGCACATCCTGAGCCAGTTCATGGACACCCTGAGAA
CACACCCCGAGAGAATCGCCGGCAGGGGCATCAGAATCC
GGGACATCCTGAAGGACGAGGAAACCCTGACACTGTTCC
TCATCAAGAACATCGGCCTGAGCGACAGCGTGGTGTACC
TGCTGATCAACAGCCAAGTGCGGCCCGAGCAGTTTGCTC
ATGGCGTGCCGGATCTCGCCCTGAAGGATATCGCCTGTTC
TGAGGCCCTGCTGGAACGGTTCATCATCTTCAGCCAGCG
GAGAGGCGCCAAGACCGTCAGATATGCCCTGTGCAGTCT
GAGCCAGGGAACCCTGCAGTGGATCGAGGATACCCTGTA
CGCCAACGTGGACTTCTTCAAGCTGTTCCGGGTGCTGCCC
ACACTGCTGGATTCTAGATCCCAGGGCATCAACCTGAGA
AGCTGGGGCGGCATCCTGTCCGACATGAGCCCAAGAATC
CAAGAGTTCATCCACCGGCCTAGCATGCAGGACCTGCTG
TGGGTTACCAGACCTCTGATGCAGAACGGCGGACCCGAG
ACATTCACCAAGCTGATGGGCATTCTGAGCGATCTGCTGT
GCGGCTACCCTGAAGGCGGAGGATCTAGAGTGCTGAGCT
TCAATTGGTACGAGGACAACAACTACAAGGCCTTCCTGG
GCATCGACTCCACCAGAAAGGACCCCATCTACAGCTACG
ACCGGCGGACAACCAGCTTCTGCAATGCCCTGATCCAGA
GCCTGGAAAGCAACCCTCTGACCAAGATCGCTTGGAGGG
CCGCCAAACCTCTGCTGATGGGAAAGATCCTGTACACCC
CTGACAGCCCTGCCGCCAGAAGAATCCTGAAGAACGCCA
ACAGCACCTTCGAGGAACTGGAACACGTGCGCAAGCTGG
TCAAGGCCTGGGAAGAAGTGGGACCTCAGATTTGGTACT
TCTTCGACAATAGCACCCAGATGAACATGATCAGAGACA
CCCTGGGCAACCCTACCGTGAAGGACTTCCTGAACAGAC
AGCTGGGCGAAGAGGGCATTACCGCCGAGGCCATCCTGA
ACTTTCTGTACAAGGGCCCCAGAGAGTCCCAGGCCGACG
ACATGGCCAACTTCGATTGGCGGGACATCTTCAACATCA
CCGACAGAACCCTGCGGCTGGTCAACCAGTACCTGGAAT
GCCTGGTGCTGGACAAGTTCGAGAGCTACAACGACGAGA
CACAGCTGACCCAGAGAGCCCTGTCTCTGCTGGAAGAGA
ATATGTTCTGGGCTGGCGTGGTGTTCCCCGACATGTACCC
TTGGACAAGCAGCCTGCCTCCTCACGTGAAGTACAAGAT
CCGGATGGACATCGACGTGGTCGAAAAGACCAACAAGAT
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CAAGGACCGGTACTGGGACAGCGGCCCTAGAGCTGATCC
CGTGGAAGATTTTCGGTACATCTGGGGCGGATTCGCATA
CCTGCAGGACATGGTGGAACAGGGAATCACACGGTCCCA
GGTGCAGGCTGAAGCTCCTGTGGGAATCTACCTGCAGCA
GATGCCTTATCCTTGCTTCGTGGACGACAGCTTCATGATC
ATCCTGAATCGGTGCTTCCCCATCTTCATGGTGCTGGCCT
GGATCTACTCCGTGTCTATGACCGTGAAGTCCATCGTGCT
GGAAAAAGAGCTGCGGCTGAAAGAGACACTGAAGAACC
AGGGCGTGTCCAATGCCGTGATCTGGTGCACCTGGTTTCT
GGACAGCTTCTCCATTATGAGCATGAGCATCTTTCTGCTG
ACGATCTTCATCATGCACGGCCGAATCCTGCACTACAGC
GACCCCTTTATCCTCTTCCTGTTCCTGCTGGCCTTCAGCAC
CGCTACAATCATGCTGTGTTTTCTGCTGTCCACCTTCTTCA
GCAAGGCCTCTCTGGCCGCTGCTTGTAGCGGCGTGATCTA
CTTCACCCTGTACCTGCCTCACATCCTGTGCTTCGCATGG
CAGGACAGAATGACCGCCGAGCTGAAGAAAGCTGTGTCC
CTGCTGAGCCCTGTGGCCTTTGGCTTTGGCACCGAGTACC
TCGTCAGATTTGAGGAACAAGGACTGGGACTGCAGTGGT
CCAACATCGGCAATAGCCCTACAGAGGGCGACGAGTTCA
GCTTCCTGCTGTCTATGCAGATGATGCTGCTGGACGCCGC
CGTGTATGGACTGCTGGCTTGGTATCTGGACCAGGTGTTC
CCAGGCGATTACGGCACTCCTCTGCCTTGGTATTTCCTGC
TGCAAGAGAGCTACTGGCTCGGCGGCGAGGGATGTAGCA
CCAGAGAAGAAAGAGCCCTGGAAAAGACCGAGCCTCTG
ACCGAGGAAACAGAGGACCCTGAACACCCAGAGGGCAT
CCACGATAGCTTTTTCGAGAGAGAACACCCCGGCTGGGT
GCCAGGCGTGTGTGTGAAGAATCTGGTCAAGATTTTCGA
GCCCTGCGGCAGACCTGCCGTGGACAGACTGAACATCAC
CTTCTACGAGAACCAGATTACCGCCTTTCTGGGCCACAAC
GGCGCTGGCAAGACAACCACATTGAGCATCCTCACAGGC
CTGCTGCCTCCAACAAGCGGCACAGTTCTCGTTGGCGGC
AGAGACATCGAGACAAGCCTGGATGCCGTCAGACAGTCC
CTGGGCATGTGCCCTCAGCACAACATCCTGTTTCACCACC
TGACCGTGGCCGAGCACATGCTGTTTTATGCCCAGCTGAA
GGGCAAGAGCCAAGAAGAGGCTCAGCTGGAAATGGAAG
CCATGTTGGAGGACACCGGCCTGCACCACAAGAGAAATG
AGGAAGCCCAGGATCTGAGCGGCGGCATGCAGAGAAAA
CTGAGCGTGGCCATTGCCTTCGTGGGCGACGCCAAGGTT
GTGATCCTGGATGAGCCTACAAGCGGCGTGGACCCTTAC
AGCAGAAGATCCATCTGGGATCTGCTGCTGAAGTACAGA
TCAGGCCGGACCATCATCATGAGCACCCACCACATGGAC
GAGGCCGATCTGCTCGGAGACAGAATCGCCATCATTGCT
CAGGGCAGACTGTACTGCAGCGGCACCCCACTGTTTCTG
AAGAACTGTTTCGGCACCGGACTGTATCTGACCCTCGTGC
GGAAGATGAAGAACATCCAGTCTCAGCGGAAGGGCAGC
GAGGGCACCTGTAGCTGTTCTAGCAAGGGCTTTAGCACC
ACCTGTCCAGCTCACGTGGACGATCTGACCCCTGAACAG
GTGCTGGATGGCGACGTGAACGAGCTGATGGACGTGGTG
CTGCACCATGTGCCTGAGGCCAAGCTGGTGGAATGCATC
GGCCAAGAACTGATTTTTCTGCTCCCGAACAAGAACTTCA
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AGCACCGGGCCTACGCCAGCCTGTTCAGAGAGCTGGAAG
AAACCCTGGCCGACCTGGGCCTGTCTAGCTTTGGCATCAG
CGACACCCCTCTCGAAGAGATTTTCCTGAAAGTGACAGA
GGACAGCGATAGCGGCCCTCTGTTTGCTGGCGGAGCACA
GCAAAAGCGCGAGAACGTGAACCCTAGACACCCCTGTCT
GGGCCCAAGAGAGAAAGCCGGACAGACCCCTCAGGACA
GCAATGTGTGCTCTCCTGGTGCTCCTGCCGCTCATCCTGA
GGGACAACCTCCACCTGAACCTGAGTGTCCTGGACCTCA
GCTGAACACCGGAACACAGCTGGTTCTGCAGCACGTGCA
GGCTCTGCTCGTGAAGAGATTCCAGCACACCATCAGAAG
CCACAAGGACTTTCTGGCCCAGATCGTGCTGCCCGCCACC
TTTGTTTTTCTGGCTCTGATGCTGAGCATCGTGATCCCTCC
ATTCGGCGAGTACCCCGCTCTGACACTGCACCCTTGGATC
TACGGCCAGCAGTACACCTTTTTCTCCATGGACGAACCCG
GCAGCGAGCAGTTCACAGTGCTGGCTGATGTCCTGCTGA
ACAAGCCCGGCTTCGGCAACCGGTGTCTGAAAGAAGGAT
GGCTGCCTGAGTACCCTTGCGGCAACAGCACACCTTGGA
AAACCCCTAGCGTGTCCCCTAACATCACCCAGCTGTTCCA
AAAGCAGAAATGGACCCAAGTGAACCCCTCTCCATCCTG
CCGGTGCTCCACAAGGGAAAAGCTGACCATGCTGCCCGA
GTGTCCAGAAGGCGCTGGCGGACTTCCTCCACCTCAGAG
AACACAGAGATCCACCGAGATTCTCCAGGACCTGACCGA
CCGGAATATCAGCGACTTCCTGGTTAAGACATACCCCGC
ACTGATCCGGTCCAGCCTGAAGTCCAAGTTCTGGGTCAA
CGAACAGAGATACGGCGGCATCAGCATCGGCGGAAAACT
GCCTGTGGTGCCTATCACAGGCGAGGCCCTTGTGGGCTTT
CTGTCCGATCTGGGGAGAATCATGAACGTGTCCGGCGGA
CCTATCACCAGGGAAGCCAGCAAAGAGATCCCCGATTTC
CTGAAGCACCTGGAAACCGAGGACAATATCAAAGTGTGG
TTCAACAACAAAGGATGGCACGCCCTCGTGTCTTTTCTGA
ACGTGGCCCACAATGCCATCCTGCGGGCTAGCCTGCCTA
AGGACAGAAGCCCTGAGGAATACGGCATCACCGTGATCT
CCCAGCCTCTGAATCTGACCAAAGAGCAGCTGAGCGAGA
TCACCGTGCTGACCACCTCTGTGGATGCTGTGGTGGCCAT
CTGCGTGATCTTCAGCATGAGCTTCGTGCCCGCCTCCTTC
GTGCTGTACCTGATTCAAGAGAGAGTGAACAAGAGCAAG
CACCTCCAGTTCATCTCCGGGGTGTCCCCAACCACCTACT
GGGTCACCAATTTTCTGTGGGACATCATGAACTACAGCGT
GTCAGCCGGCCTGGTCGTGGGCATCTTTATCGGCTTTCAG
AAGAAGGCCTACACGAGCCCCGAGAACCTGCCTGCTTTG
GTTGCTCTGCTGCTCCTGTATGGCTGGGCCGTGATTCCCA
TGATGTACCCCGCCAGCTTTCTGTTTGACGTGCCCAGCAC
AGCCTACGTGGCCCTGTCTTGCGCCAATCTGTTCATCGGC
ATCAACAGCAGCGCCATCACATTCATCCTGGAACTGTTCG
AGAACAACAGGACCCTGCTGCGGTTCAACGCCGTGCTGC
GGAAACTGCTGATCGTGTTCCCTCACTTCTGTCTCGGCAG
AGGCCTGATCGACCTGGCTCTGTCTCAGGCCGTGACCGAT
GTGTACGCCAGATTTGGCGAGGAACACTCCGCCAATCCA
TTCCACTGGGACCTGATCGGCAAGAACCTGTTCGCCATG
GTGGTGGAAGGCGTCGTGTACTTCCTGCTCACTCTGCTGG
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TGCAGAGACACTTTTTTCTGTCCCAATGGATCGCCGAGCC
TACCAAAGAACCCATTGTGGACGAGGACGACGATGTGGC
CGAGGAAAGACAGAGAATCATCACCGGCGGCAACAAGA
CCGATATCCTGAGACTGCACGAGCTGACAAAGATTTACC
CCGGCACAAGCTCCCCAGCCGTGGATAGGCTTTGTGTGG
GAGTTAGACCCGGCGAGTGCTTTGGCCTGCTGGGAGTTA
ATGGCGCCGGAAAGACCACCACCTTCAAGATGCTGACCG
GCGACACCACAGTGACAAGCGGAGATGCTACAGTGGCCG
GCAAGAGCATCCTGACCAACATCAGCGAAGTGCATCAGA
ACATGGGCTACTGCCCTCAGTTCGACGCCATCGACGAAC
TGCTGACAGGCCGCGAACACCTGTATCTGTATGCCAGAC
TGAGAGGCGTGCCCGCTGAAGAGATCGAGAAGGTGGCCA
ACTGGTCCATCAAGTCTCTGGGCCTGACAGTGTACGCCG
ACTGTCTGGCCGGAACATACAGCGGAGGAAACAAGCGG
AAGCTGAGCACCGCCATTGCTCTGATCGGATGCCCACCTC
TGGTCCTGCTGGATGAACCCACCACCGGAATGGACCCCC
AGGCTAGAAGAATGCTCTGGAACGTGATCGTGTCTATCA
TCCGCGAGGGCAGAGCTGTGGTGCTGACCTCTCACAGCA
TGGAAGAGTGCGAGGCTCTGTGTACCCGGCTGGCCATTA
TGGTCAAGGGCGCCTTCAGATGCATGGGCACCATTCAGC
ATCTGAAAAGCAAGTTCGGCGACGGCTACATCGTGACAA
TGAAGATCAAGAGCCCCAAGGACGACCTCCTGCCTGATC
TGAACCCCGTGGAACAGTTTTTTCAGGGCAACTTCCCCGG
CTCCGTGCAGCGGGAAAGACACTATAACATGCTGCAGTT
TCAGGTGTCCTCCTCCAGCCTGGCTCGGATCTTTCAACTG
CTGCTCTCTCACAAGGACAGCCTGCTGATTGAAGAGTAC
AGCGTGACACAGACCACACTCGACCAGGTTTTCGTGAAC
TTCGCCAAGCAGCAGACCGAGAGCCACGACCTGCCTCTG
CATCCTAGAGCCGCTGGTGCCTCTAGACAAGCTCAGGAC
TAAGCTTCCACTGGATTGTACAATTACATAAAATAAAAT
ATCTTTATTTTCATTACATCTGTGTGTTGGTTTTTTGTGTG
CGCTACTAACCTGAGACCGATCTGTTGATCAGCAGTTCAA
CCTGTTGATAGTACGTACTAAGCTCTCATGTTTCACGTAC
TAAGCTCTCATGTTTAACGTACTAAGCTCTCATGTTTAAC
GAACTAAACCCTCATGGCTAACGTACTAAGCTCTCATGG
CTAACGTACTAAGCTCTCATGTTTCACGTACTAAGCTCTC
ATGTTTGAACAATAAAATTAATATAAATCAGCAACTTAA
ATAGCCTCTAAGGTTTTAAGTTTTATAAGAAAAAAAAGA
ATATATAAGGCTTTTAAAGCTTTTAAGGTTTAACGGTTGT
GGACAACAAGCCAGGGATGTAACGCACTGAGAAGCCCTT
AGAGCCTCTCAAAGCAATTTTGAGTGACACAGGAACACT
TAACGGCTGACATGGGTGTCTCAAAATCTCTGATGTTACA
TTGCACAAGATAAAAATATATCATCATGAACAATAAAAC
TGTCTGCTTACATAAACAGTAATACAAGGGGTGTTATGA
GCCATATTCAACGGGAAACGTCGAGGCCGCGATTAAATT
CCAACATGGATGCTGATTTATATGGGTATAAATGGGCTC
GCGATAATGTCGGGCAATCAGGTGCGACAATCTATCGCT
TGTATGGGAAGCCCGATGCGCCAGAGTTGTTTCTGAAAC
ATGGCAAAGGTAGCGTTGCCAATGATGTTACAGATGAGA
TGGTCAGACTAAACTGGCTGACGGAATTTATGCCTCTTCC

140




WO 2023/049937

PCT/US2022/077108

GACCATCAAGCATTTTATCCGTACTCCTGATGATGCATGG
TTACTCACCACTGCGATCCCCGGAAAAACAGCATTCCAG
GTATTAGAAGAATATCCTGATTCAGGTGAAAATATTGTTG
ATGCGCTGGCAGTGTTCCTGCGCCGGTTGCATTCGATTCC
TGTTTGTAATTGTCCTTTTAACAGCGATCGCGTATTTCGTC
TCGCTCAGGCGCAATCACGAATGAATAACGGTTTGGTTG
ATGCGAGTGATTTTGATGACGAGCGTAATGGCTGGCCTG
TTGAACAAGTCTGGAAAGAAATGCATAAACTTTTGCCAT
TCTCACCGGATTCAGTCGTCACTCATGGTGATTTCTCACT
TGATAACCTTATTTTTGACGAGGGGAAATTAATAGGTTGT
ATTGATGTTGGACGAGTCGGAATCGCAGACCGATACCAG
GATCTTGCCATCCTATGGAACTGCCTCGGTGAGTTTTCTC
CTTCATTACAGAAACGGCTTTTTCAAAAATATGGTATTGA
TAATCCTGATATGAATAAATTGCAGTTTCATTTGATGCTC
GATGAGTTTTTCTAATCAGAATTGGTTAATTGGTTGTAAC
AGGTCTCAAACC
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CLAIMS

What is claimed is:

1. A method of producing a therapeutic circular DNA vector, the method comprising:

(a) providing a sample comprising a template DNA vector comprising a therapeutic
sequence and a backbone sequence;

(b) amplifying the template DNA vector using a polymerase-mediated rolling-circle
amplification to generate a linear concatemer;

(c) digesting the linear concatemer with a type Ils restriction enzyme that cuts a first
site and a second site per unit of the linear concatemer, wherein the first and second sites
flank the therapeutic sequence and form self-complementary overhangs, thereby producing a
linear therapeutic fragment and a linear backbone fragment, wherein the linear therapeutic
fragment comprises the therapeutic sequence and the linear backbone fragment comprises the
backbone sequence, or a portion thereof; and

(d) contacting the linear backbone fragment and the linear therapeutic fragment with a
ligase to produce a circular backbone and a therapeutic circular DNA vector lacking a type

IIs restriction site.

2. The method of claim 1, wherein the linear backbone fragment of (c) comprises a type
IIs restriction site, the circular backbone of (d) comprises the type IIs restriction site, and the
type IIs restriction enzyme cuts the circular backbone and does not cut the therapeutic

circular DNA vector.

3. A method of producing a therapeutic circular DNA vector, the method comprising:

(a) providing a sample comprising a template DNA vector comprising a therapeutic
sequence and a backbone sequence;

(b) amplifying the template DNA vector using a polymerase-mediated rolling-circle
amplification to generate a linear concatemer;

(c) digesting the linear concatemer with one or more restriction enzymes that cut at
least a first site, a second site, and a third site per unit of the linear concatemer, wherein: (1)
the first and second sites flank the therapeutic sequence and form self-complementary

overhangs, and (ii) the third site is within the backbone sequence and forms an overhang that
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is non-complementary to the first or second site, thereby producing a linear therapeutic
fragment comprising the therapeutic sequence and at least two linear backbone fragments
each comprising a portion of the backbone sequence; and

(d) contacting the linear therapeutic fragment with a ligase to produce a therapeutic

circular DNA vector in solution.

4. The method of any one of claims 1-3, wherein the method further comprises diluting

the DNA between steps (c¢) and step (d).

5. The method of any one of claims 1-4, wherein the DNA concentration at the beginning

of step (d) is greater than or equal to 20 pg/mL but less than 160 pg/mL.

6. The method of claim 5, wherein the DNA concentration at the beginning of step (d) is
about 40 pg/mL.

7. The method of claim 5, wherein the DNA concentration at the beginning of step (d) is
about 80 pg/mL.

8. The method of any one of claims 1-7, wherein the ligase concentration in step (d) is

from about 10 to about 20 U ligase per ug DNA.

9. The. method of any one of claims 1-8, wherein the ligase is a T4 ligase.

10. The method of any one of claims 1-9, wherein no temperature increase is performed

immediately after step (d).

11. The method of any one of claims 3-10, wherein the linear concatemer is digested

with a single restriction enzyme that cuts the first site, the second site, and the third site.
12. The method of claim 11, wherein the one or more restriction enzymes cut a fourth

site of the linear concatemer per unit, wherein the fourth site is within the backbone sequence

and forms an overhang that is non-complementary to the first or second site, and wherein the
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digestion produces at least three linear backbone fragments each comprising a portion of the

backbone sequence.

13. The method of claim 12, wherein the single restriction enzyme cuts a fourth site of
the linear concatemer per unit, wherein the fourth site is within the backbone sequence and
forms an overhang that is non-complementary to the first or second site, and wherein the
digestion produces at least three linear backbone fragments each comprising a portion of the

backbone sequence.

14. The method of any one of claims 1, 2, 4-11, and 13, wherein the restriction enzyme is

a type Ils restriction enzyme.

15. The method of claim 14, wherein the type IIs restriction enzyme is Bsal.

16. The method of any one of claims 1-15, wherein no restriction enzyme inactivation

step precedes step (d).

17. The method of any one of claims 1-16, wherein no temperature increase is performed

between steps (c) and (d).

18. The method of any one of claims 1-17, wherein no temperature increase is performed

immediately after step (d).

19. The method of any one of claims 1-18, wherein steps (¢) and (d) occur

simultaneously.

20. The method of any one of claims 1-19, further comprising raising the temperature of

the solution containing the therapeutic circular DNA vector to about 65 °C.

21. The method of any one of claims 1-20, further comprising:

(e) contacting the therapeutic circular DNA vector with a topoisomerase or a helicase.

22. The method of claim 21, wherein step (e) is performed at about 37 °C.
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23. The method of any one of claims 1-22, further comprising:
(f) contacting the linear backbone fragments with an exonuclease.
24. The method of claim 23, wherein step (f) is performed at about 37 °C.
25. The method of any one of claims 1-20, further comprising:
(e) contacting the therapeutic circular DNA vector with a topoisomerase or a helicase;
and
(f) contacting the linear backbone fragments with an exonuclease,
wherein no enzyme inactivation step is performed between steps (e) and (f).
26. The method of claim 25, wherein step (e) occurs before step (f).

27. The method of claim 25, wherein step (f) occurs before step (d).

28. The method of any one of claims 1-27, wherein the restriction enzyme is provided at

a concentration from about 0.5 U/ug to about 20 U/pg.

29. The method of claim 28, wherein the restriction enzyme is provided at a

concentration from about 0.5 U/ug to about 2.5 U/pg.

30. The method of claim 29, wherein the restriction enzyme is provided at a

concentration of about 2.5 U/ug.

31. The method of any one of claims 1-30, wherein step (c) comprises incubation from

one to 12 hours.

32. The method of any one of claims 1-30, wherein step (c) comprises incubation for one

hour or less.

33. The method of claim 32, wherein step (c) comprises incubation for about one hour.
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34. The method of any one of claims 1-33, wherein the ligase is provided at a

concentration no greater than 20 U ligase per ug DNA (U/ug).

35. The method of claim 34, wherein the ligase is provided at a concentration of about 10

Ulug.

36. The method of any one of claims 1-35, wherein the ligase is T4 ligase.

37. The method of any one of claims 21-36, wherein the topoisomerase is provided at a

concentration no greater than 10 U topoisomerase per pg DNA (U/ug).

38. The method of any one of claims 21-37, wherein the topoisomerase is a type II

topoisomerase.

39. The method of any one of claims 21-38, wherein the topoisomerase is gyrase or

topoisomerase V.

40. The method of any one of claims 23-39, wherein the exonuclease is provided at a

concentration from about 0.5 U/ug to about 20 U/ug.

41. The method of any one of claims 23-40, wherein step (f) is performed two or more

times.

42. The method of any one of claims 23-41, wherein step (f) comprises incubation from

one hour to 18 hours.

43. The method of claim 42, wherein step (f) comprises incubation from 3-18 hours.

44. The method of any one of claims 23-43, wherein the exonuclease is TS exonuclease.

45. The method of any one of claims 1-44, further comprising:

(g) running the therapeutic circular DNA vector through a column; and/or
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(h) precipitating the therapeutic circular DNA vector with isopropyl alcohol.

46. The method of any one of claims 1-45, wherein step (b) is performed using site-

specific primers.

47. The method of any one of claims 1-46, wherein step (b) is performed using random

primers.

48. The method of any one of claims 1-47, wherein the quantity of therapeutic circular
DNA vector produced is at least five-fold the quantity of plasmid DNA vector in the sample
of step (a).

49. The method of any one of claims 1-48, wherein no DNA purification or gel

extraction step is performed before step (d).

50. The method of any one of claims 1-49, wherein the amount of the therapeutic circular
DNA in the solution of step (d) is at least 2.0% of the amount of the linear concatemer in step

(b) by weight.

51. The method of any one of claims 1-50, wherein the amount of the therapeutic circular

DNA produced in step (d) is at least 1.0 mg.
52. The method of any one of claims 1-51, wherein the concentration of the therapeutic
circular DNA in the solution after step (d) is at least 5 ug/mL without any purification or

concentration being performed.

53. The method of any one of claims 1-52, wherein the volume of the solution of step (d)

is at least five liters.

54. The method of any one of claims 1-53, wherein steps (b) through (d) are performed

in a reaction vessel having a volume of at least one liter.
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55. The method of any one of claims 1-54, wherein the amount of the therapeutic circular
DNA produced in step (d) is at least five-fold the amount of the template DNA vector
provided in step (a).

56. A method of removing a backbone sequence from a DNA molecule to produce a
therapeutic circular DNA vector, wherein the DNA molecule comprises the backbone
sequence and a therapeutic sequence, the method comprising:

(a) digesting the DNA molecule with a type Ils restriction enzyme that cuts a first site
and a second site per unit of the linear concatemer, wherein the first and second sites flank
the therapeutic sequence and form self-complementary overhangs, thereby producing a linear
therapeutic fragment and a linear backbone fragment, wherein the linear therapeutic fragment
comprises the therapeutic sequence and the linear backbone fragment comprises at least a
portion of the backbone sequence and a type IIs restriction site; and

(b) contacting the linear backbone fragment and the linear therapeutic fragment with a
ligase to produce a circular backbone comprising the type IIs restriction site and a therapeutic

circular DNA vector lacking a type IIs restriction site.

57. A method of removing a backbone sequence from a DNA molecule to produce a
therapeutic circular DNA vector, wherein the DNA molecule comprises the backbone
sequence and a therapeutic sequence, the method comprising:

(a) digesting the DNA molecule with one or more restriction enzymes that cut at least
a first site, a second site, and a third site per unit of the DNA molecule, wherein: (1) the first
and second sites flank the therapeutic sequence and form self-complementary overhangs, and
(11) the third site is within the backbone sequence and forms an overhang that is non-
complementary to the first or second site, thereby producing a linear therapeutic fragment
comprising the therapeutic sequence and at least two linear backbone fragments each
comprising a portion of the backbone sequence; and

(b) contacting the linear therapeutic fragment with a ligase to produce a therapeutic

circular DNA vector in solution.

58. The method of claim 57, wherein the linear concatemer is digested with a single

restriction enzyme that cuts the first site, the second site, and the third site.
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59. The method of claim 57, wherein the one or more restriction enzymes cut a fourth
site of the DNA molecule, wherein the fourth site is within the backbone sequence and forms
an overhang that is non-complementary to the first or second site, and wherein the digestion
produces at least three linear backbone fragments each comprising a portion of the backbone

sequence.
60. The method of claim 58, wherein the single restriction enzyme cuts a fourth site of
the DNA molecule, wherein the fourth site is within the backbone sequence and forms an
overhang that is non-complementary to the first or second site, and wherein the digestion
produces at least three linear backbone fragments each comprising a portion of the backbone

sequence.

61. The method of any one of claims 57-60, wherein the DNA molecule is a concatemer

produced by amplification of a template DNA vector.

62. The method of any one of claims 57-60, wherein the DNA molecule is a template
DNA vector.

63. The method of claim 62, wherein the template DNA vector is a plasmid DNA vector.

64. The method of any one of claims 56-63, wherein the restriction enzyme is a type IIs

restriction enzyme.

65. The method of claim 64, wherein the type IIs restriction enzyme is Bsal.

66. The method of any one of claims 56-65, wherein no restriction enzyme inactivation

step precedes step (b).

67. The method of any one of claims 56-66, wherein no temperature increase is

performed between steps (a) and (b).

68. The method of any one of claims 56-67, wherein steps (a) and (b) occur

simultaneously.
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69. The method of any one of claims 56-68, further comprising raising the temperature of

the solution containing the therapeutic circular DNA vector to about 65 °C.

70. The method of any one of claims 56-69, further comprising:

(c) contacting the therapeutic circular DNA vector with a topoisomerase or a helicase.

71. The method of claim 70, wherein step (c) is performed at about 37 °C.

72. The method of any one of claims 56-71, further comprising:

(d) contacting the linear backbone fragments with an exonuclease.
73. The method of claim 72, wherein step (d) is performed at about 37 °C.
74. The method of any one of claims 56-73, further comprising:

(c) contacting the therapeutic circular DNA vector with a topoisomerase or a helicase;

and
(d) contacting the linear backbone fragments with an exonuclease,
wherein no enzyme inactivation step is performed between steps (c¢) and (d).
75. The method of claim 74, wherein step (c) occurs before step (d).

76. The method of claim 74, wherein step (d) occurs before step (c).

77. The method of any one of claims 56-76, wherein the restriction enzyme is provided at

a concentration of from about 0.5 U/ug to about 20 U/pg.

78. The method of claim 77, wherein the restriction enzyme is provided at a

concentration of about 2.5 U/ug.

79. The method of any one of claims 56-78, wherein step (a) comprises incubation from

one to 12 hours.
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80. The method of claim 79, wherein step (a) comprises incubation for about one hour.

81. The method of any one of claims 56-80, wherein the ligase is provided at a

concentration no greater than 20 U ligase per ug DNA (U/ug).

82. The method of claim 81, wherein the ligase is provided at a concentration of about 10

Ulug.

83. The method of any one of claims 56-82, wherein the ligase is T4 ligase.

84. The method of any one of claims 70-83, wherein the topoisomerase is provided at a

concentration no greater than 10 U topoisomerase per pg DNA (U/ug).

85. The method of any one of claims 70-84, wherein the topoisomerase is a type I1

topoisomerase.

86. The method of any one of claims 70-85, wherein the topoisomerase is gyrase or

topoisomerase V.

87. The method of any one of claims 70-86, wherein the exonuclease is provided at a

concentration from about 0.5 U/ug to about 20 U/ug.

88. The method of any one of claims 70-87, wherein step (d) is performed two or more

times.

89. The method of any one of claims 70-88, wherein step (d) comprises incubation from

one hour to 12 hours.
90. The method of any one of claims 70-89, wherein the exonuclease is TS exonuclease.
91. The method of any one of claims 56-90, further comprising:

(e) running the therapeutic circular DNA vector through a column; and/or

(f) precipitating the therapeutic circular DNA vector with isopropyl alcohol.
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92. The method of any one of claims 56-91, wherein the therapeutic circular DNA vector

is produced in the absence of a gel extraction step.

93. A method of producing a supercoiled therapeutic circular DNA vector, the method
comprising:

(a) providing a sample comprising a template DNA vector comprising a therapeutic
sequence and a backbone sequence;

(b) amplifying the template DNA vector using a polymerase-mediated rolling-circle
amplification to generate a linear concatemer;

(c) digesting the linear concatemer with a type Ils restriction enzyme that cuts a first
site and a second site per unit of the linear concatemer, wherein the first and second sites
flank the therapeutic sequence and form self-complementary overhangs, thereby producing a
linear therapeutic fragment and a linear backbone fragment, wherein the linear therapeutic
fragment comprises the therapeutic sequence and the linear backbone fragment comprises at
least a portion of the backbone sequence; and

(d) diluting the linear therapeutic fragment and the linear backbone fragment to a
cumulative DNA concentration from 20 pg/mL to 160 pg/mL;

(e) contacting the diluted linear backbone fragment and the linear therapeutic
fragment with a ligase to produce a circular backbone and a therapeutic circular DNA vector
lacking a type IIs restriction site;

(f) contacting the therapeutic circular DNA vector with gyrase at a concentration of
about 1.5 U per ug DNA to produce a mixture of supercoiled therapeutic circular DNA
vectors and linear backbone fragments; and

(g) after step (f), digesting the linear backbone fragments with an exonuclease.

94. A method of producing a supercoiled therapeutic circular DNA vector, the method
comprising:
(a) providing a sample comprising a template DNA vector comprising a therapeutic
sequence and a backbone sequence;
(b) amplifying the template DNA vector using a polymerase-mediated rolling-circle

amplification to generate a linear concatemer;

152



WO 2023/049937 PCT/US2022/077108

(c) digesting the linear concatemer with a type Ils restriction enzyme that cuts a first
site and a second site per unit of the linear concatemer, wherein the first and second sites
flank the therapeutic sequence and form self-complementary overhangs, thereby producing a
linear therapeutic fragment and a linear backbone fragment, wherein the linear therapeutic
fragment comprises the therapeutic sequence and the linear backbone fragment comprises at
least a portion of the backbone sequence; and

(d) diluting the linear therapeutic fragment and the linear backbone fragment to a
cumulative DNA concentration from 20 pg/mL to 160 pg/mL;

(e) contacting the diluted linear backbone fragment and the linear therapeutic
fragment with a ligase to produce a circular backbone and a therapeutic circular DNA vector
lacking a type IIs restriction site;

(f) digesting the linear backbone fragment with an exonuclease; and

(g) after step (f), supercoiling the therapeutic circular DNA vector with gyrase at a
concentration of less than 1.5 U per pg DNA.

95. The method of claim 93 or 94, wherein the ligase of step (e) is at a concentration

from 10 to 20 U ligase per pg DNA.

96. The method of any one of claims 93-95, wherein the diluted cumulative DNA
concentration of step (d) is about 10% to about 80% of cumulative DNA concentration

immediately after step (c).

97. The method of claim 96, wherein the cumulative DNA concentration immediately

after step (c) is between 100 pg/mL and 300 pg/mL.

98. The method of any one of claims 1-97, wherein the first or second cut sites flanking

the therapeutic sequence comprises AAAA or AACC.

99. A method for large-scale production of a therapeutic circular DNA vector, the
method comprising:
(a) providing a sample of a plasmid DNA vector comprising a therapeutic sequence

and a backbone sequence;
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(b) amplifying the plasmid DNA vector in a reaction volume of at least 500 mL using
a polymerase-mediated rolling-circle amplification to generate a linear concatemer;

(c) digesting the linear concatemer with one or more restriction enzymes that cut at
least a first site, a second site, and a third site per unit of the linear concatemer, wherein: (1)
the first and second sites flank the therapeutic sequence and form self-complementary
overhangs, and (ii) the third site is within the backbone sequence and forms an overhang that
is non-complementary to the first or second site, thereby producing a linear therapeutic
fragment comprising the therapeutic sequence and at least two linear backbone fragments
each comprising a portion of the backbone sequence; and

(d) contacting the linear therapeutic fragment with a ligase to produce a therapeutic

circular DNA vector in solution.

100. The method of claim 99, wherein the amount of the plasmid DNA vector provided
in step (a) is at least 1.0 mg.

101. The method of claim 99 or 100, wherein step (b) produces at least 100 mg of the

linear concatemer.

102. The method of any one of claims 99-101, wherein step (d) produces at least 2.0 mg

of the therapeutic circular DNA vector.

103. The method of any one of claims 99-102, wherein steps (¢) and (d) occur

simultaneously.

104. The method of any one of claim 99-103, wherein no DNA purification is performed
during or between steps (b), (c), and (d).

105. The method of any one of claims 99-104, wherein the amount of the therapeutic

circular DNA in the solution of step (d) is at least 2.0% of the amount of the linear

concatemer in step (b) by weight
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106. The method of any one of claims 99-105, wherein the amount of the therapeutic
circular DNA produced in step (d) is at least twice the amount of the plasmid DNA vector
provided in step (a).

107. The method of any one of claims 99-106, wherein the DNA concentration at the

beginning of step (d) is greater than or equal to 20 ug/mL but less than 160 pg/mL.

108. The method of claim 107, wherein the DNA concentration at the beginning of step
(d) is from about 40 pg/mL to about 80 ug/mL.

109. The method of claim 108, wherein the DNA concentration at the beginning of step
(d) is about 40 pg/mL.

110. The method of claim 108, wherein the DNA concentration at the beginning of step
(d) is about 80 pg/mL.

111. The method of any one of claims 99-110, wherein the ligase concentration in step

(d) is from about 10 to about 20 U ligase per pg DNA.

112. The. method of any one of claims 99-111, wherein the ligase is a T4 ligase.

113. The method of any one of claims 99-112, wherein no temperature increase is

performed immediately after step (d).

114. A method of producing a therapeutic circular DNA vector, the method comprising:
(a) providing a solution comprising DNA molecules, wherein each DNA molecule
comprises a backbone sequence and a therapeutic sequence;
(b) adding a type IIs restriction enzyme to the solution to digest the DNA molecules,
thereby separating the backbone sequences from the therapeutic sequences;
(c) adding a ligase to the solution to produce a reaction in a mixture comprising:
(1) the ligase;

(i1) the type Ils restriction enzyme;
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(ii1) therapeutic circular DNA vectors each comprising a single therapeutic
sequence, wherein the therapeutic circular DNA vectors each lack a type IIs
recognition site; and

(iv) byproducts, wherein each byproduct comprises one or more type IIs
restriction sites,
wherein the ratio of the therapeutic circular DNA vectors to the byproducts

comprising one or more type IIs restriction sites increases as the reaction proceeds.

115. The method of claim 114, wherein some or all of the byproducts comprise one or

more backbone sequences.

116. The method of claim 115, wherein some or all of the byproducts further comprise

two or more therapeutic sequences.

117. The method of any one of claims 114-116, wherein some or all of the byproducts

are circularized.

118. The method of any one of claims 114-117, wherein the DNA molecules of (a) are

concatemers.
119. The method of any one of claims 114-118, wherein the method further comprises,
prior to step (a), amplifying a template DNA vector using rolling circle amplification to

generate concatemers.

120. The method of any one of claims 114-119, wherein the type IIs restriction enzyme is

Bsal.

121. The method of any one of claims 114-120, wherein no restriction enzyme

inactivation step precedes step (d).

122. The method of any one of claims 114-121, wherein no temperature increase is

performed between steps (b) and (¢).
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123. The method of any one of claims 114-122, further comprising raising the

temperature of the solution containing the therapeutic circular DNA vector to about 65 °C.

124. The method of any one of claims 114-123, further comprising:

(e) contacting the therapeutic circular DNA vector with a topoisomerase or a helicase.

125. The method of claim 124, wherein step (e) is performed at about 37 °C.

126. The method of any one of claims 114-125, further comprising:

(f) contacting linear byproducts with an exonuclease.
127. The method of claim 126, wherein step (f) is performed at about 37 °C.
128. The method of any one of claims 114-123, further comprising:

(e) contacting the therapeutic circular DNA vector with a topoisomerase or a helicase;

and
(f) contacting linear byproducts with an exonuclease,
wherein no enzyme inactivation step is performed between steps (e) and (f).
129. The method of claim 128, wherein step (e) occurs before step (f).

130. The method of claim 129, wherein step (f) occurs before step (e).

131. The method of any one of claims 114-130, wherein the restriction enzyme is

provided at a concentration from about 0.5 U/ug to about 20 U/ug.

132. The method of claim 131, wherein the restriction enzyme is provided at a

concentration from about 0.5 U/ug to about 2.5 U/pg.

133. The method of claim 132, wherein the restriction enzyme is provided at a

concentration of about 2.5 U/ug.
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134. The method of any one of claims 114-133, wherein step (¢) comprises incubation

from one to 12 hours.

135. The method of claim 134, wherein step (c) comprises incubation for about one hour.

136. The method of any one of claims 114-135, wherein the ligase is provided at a
concentration no greater than 20 U ligase per ug DNA (U/ug).

137. The method of claim 136, wherein the ligase is provided at a concentration of about

10 Ulug.

138. The method of any one of claims 114-137, wherein the ligase is T4 ligase.

139. The method of any one of claims 104-138, wherein the topoisomerase is provided at

a concentration no greater than 10 U topoisomerase per ug DNA (U/pg).

140. The method of any one of claims 104-139, wherein the topoisomerase is a type 11

topoisomerase.

141. The method of any one of claims 104-140, wherein the topoisomerase is gyrase or

topoisomerase V.

142. The method of any one of claims 104-141, wherein the exonuclease is provided at a

concentration from about 0.5 U/ug to about 20 U/ug.

143. The method of any one of claims 104-142, wherein step (f) is performed two or

more times.

144. The method of any one of claims 104-143, wherein step (f) comprises incubation

from one hour to 12 hours.

145. The method of any one of claims 104-144, wherein the exonuclease is TS

exonuclease.
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146. The method of any one of claims 104-145, further comprising:
(g) running the therapeutic circular DNA vector through a column; and/or

(h) precipitating the therapeutic circular DNA vector with isopropyl alcohol.

147. The method of any one of claims 104-146, wherein step (b) is performed using site-

specific primers.

148. The method of any one of claims 104-147, wherein step (b) is performed using

random primers.

149. The method of any one of claims 104-148, wherein no gel extraction step is

performed before step (d).
150. The method of any one of claims 104-149, wherein the amount of the therapeutic
circular DNA in the solution of step (d) is at least 2.0% of the amount of the DNA molecule

in step (a) by weight.

151. The method of any one of claims 104-150, wherein the amount of the therapeutic

circular DNA produced in step (d) is at least 2.0 mg.
152. The method of any one of claims 104-151, wherein the concentration of the
therapeutic circular DNA in the solution after step (d) is at least 5.0 pg/mL prior to any

purification or concentration being performed.

153. The method of any one of claims 104-152, wherein the volume of the solution of

step (d) is at least 5.0 liters.

154. The method of any one of claims 104-153, wherein steps (b) through (d) are

performed in a reaction vessel having a volume of at least 1.0 liter.

155. A method of producing a therapeutic circular DNA vector, the method comprising:
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(a) providing a mixture of DNA comprising a plurality of linear therapeutic DNA
fragments and a plurality of linear backbone DNA fragments, wherein each linear therapeutic
DNA fragment comprises a therapeutic sequence and self-complementary ends, wherein the
plurality of linear therapeutic DNA fragments and linear backbone DNA fragments are at a
cumulative DNA concentration from 20 pg/mL to 160 pg/mL; and

(b) performing a ligation reaction by contacting the mixture of DNA with a ligase at a
concentration from 10 to 20 U ligase per pg DNA to produce a therapeutic circular DNA

vector.

156. The method of claim 155, wherein the mixture of DNA was produced by a type IIs
restriction digest reaction, wherein a type IIs restriction enzyme cleaves the linear therapeutic
DNA fragments from the linear backbone DNA fragments, wherein the self-complementary

ends are type IIs overhangs.

157. A method of producing a therapeutic circular DNA vector, the method comprising:

(a) producing a mixture of DNA comprising a plurality of linear therapeutic DNA
fragments and a plurality of linear backbone DNA fragments by a type Ils restriction digest
reaction, wherein a type IIs restriction enzyme cleaves the linear therapeutic DNA fragments
from the linear backbone DNA fragments, wherein each linear therapeutic DNA fragment
comprises a therapeutic sequence and self-complementary type IIs overhangs, wherein the
plurality of linear therapeutic DNA fragments and linear backbone DNA fragments are at a
cumulative DNA concentration from 20 pg/mL to 160 pg/mL; and

(b) performing a ligation reaction by contacting the mixture of DNA with a ligase at a
concentration from 10 to 20 U ligase per pg DNA to produce a therapeutic circular DNA

vector.

158. The method of any one of claims 155-157, wherein the cumulative DNA
concentration of step (a) is achieved by adjusting the cumulative DNA concentration

immediately after the type IIs restriction digest.
159. The method of any one of claims 155-158, wherein the cumulative DNA

concentration immediately after the type IIs restriction digest is diluted to achieve the

cumulative DNA concentration of step (a).
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160. The method of any one of claims 155-159, wherein the cumulative DNA
concentration immediately after the type Ils restriction digest is from 100 pg/mL to 300

ug/mL.

161. The method of any one of claims 155-160, wherein the cumulative DNA
concentration of step (a) is diluted to about 10% to about 80% of the cumulative DNA

concentration immediately after the type IIs restriction digest.

162. The method of any one of claims 155-161, wherein the cumulative DNA
concentration of step (a) is from about 40 ug/mL to about 80 pg/mL.

163. The method of any one of claims 155-162, wherein the type IIs restriction enzyme
in the type IIs restriction digest reaction is at a concentration from about 0.5 to about 2.5 U

per ug DNA.

164. The method of any one of claims 155-163, wherein the ligase is at a concentration

of about 10 U/ug.

165. The method of any one of claims 155-164, wherein the ligation reaction is carried

out for at least five hours.

166. The method of claim 165, wherein the ligation reaction is carried out for 18-24

hours.

167. The method of any one of claims 155-166, wherein the ligase is a T4 ligase.

168. The method of any one of claims 156-167, wherein the type IIs restriction enzyme
in the type IIs restriction digest reaction is at a concentration from about 0.5 to about 2.5 U

per ug DNA.

169. The method of any one of claims 156-168, wherein the type IIs restriction digest

reaction is carried out for no more than two hours.
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170. The method of claim 169, wherein the type IIs restriction digest reaction is carried

out for 10 minutes to one hour.

171. The method of any one of claims 156-170, wherein the type IIs restriction enzyme is

Bsal.

172. The method of any one of claims 156-171, wherein the type IIs overhangs each

comprise four bases.

173. The method of claim 172, wherein two and only two of the four bases are A or T.

174. The method of any one of claims 156-183 wherein the type IIs overhangs comprise

AAAA or AACC.

175. The method of any one of claims 155-174, further comprising:

(c) contacting the therapeutic circular DNA vector with a topoisomerase or a helicase.

176. The method of any one of claims 155-174, further comprising:

(d) contacting the linear backbone fragments with an exonuclease.
177. The method of any one of claims 155-174, further comprising:
(c) contacting the therapeutic circular DNA vector with a topoisomerase or a helicase;
and

(d) contacting the linear backbone fragments with an exonuclease.

178. The method of any one of claims 175-177, wherein no enzyme inactivation step is

performed between steps (c) and (d).

179. The method of claim 178, wherein step (c) occurs before step (d).

180. The method of claim 178, wherein step (d) occurs before step (c).
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181. The method of any one of claims 175 or 177-180, wherein the topoisomerase is

provided at a concentration no greater than 10 U topoisomerase per pg DNA (U/ug).

182. The method of any one of claims 175 or 177-181, wherein the topoisomerase is a

type II topoisomerase.

183. The method of any one of claims 175 or 177-181, wherein the topoisomerase is

gyrase or topoisomerase IV.

184. The method of any one of claims 176-183, wherein the exonuclease is provided at a

concentration from about 0.5 U/ug to about 20 U/ug.

185. The method of any one of claims 176-184, wherein step (d) is performed two or

more times.

186. The method of any one of claims 176-185, wherein step (d) comprises incubation

from one hour to 18 hours.

187. The method of claim 186, wherein step (d) comprises incubation from 3-18 hours.

188. The method of any one of claims 176-187, wherein the exonuclease is TS

exonuclease.

189. The method of any one of claims 155-188, further comprising:
(e) running the therapeutic circular DNA vector through a column; and/or

(f) precipitating the therapeutic circular DNA vector with isopropyl alcohol.

190. The method of any one of claims 155-189, wherein the amount of the therapeutic

circular DNA produced in step (b) is at least 1.0 mg.
191. The method of any one of claims 155-190, wherein the concentration of the

therapeutic circular DNA in the solution after step (b) is at least 5 ug/mL without any

purification or concentration being performed.
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192. The method of any one of claims 155-191, wherein the volume of the solution of

step (d) is at least five liters.

193. The method of any one of claims 155-192, wherein step (b) is performed in a

reaction vessel having a volume of at least one liter.

194. The method of any one of claims 155-193, wherein the mixture of DNA 1is a product

of in vitro amplification.

195. The method of claim 194, wherein the in vitro amplification is a polymerase-

mediated rolling-circle amplification.

196. The method of any one of claims 155-195, wherein the method does not comprise a

gel-extraction step.

197. The method of any one of claims 155-196, wherein the DNA mixture comprises

only one species of linear backbone DNA fragment.

198. A method of producing a supercoiled therapeutic circular DNA vector, the method
comprising:
(a) providing a sample comprising a therapeutic circular DNA vector in relaxed
circular form, wherein the therapeutic circular DNA vector comprises a therapeutic sequence;
(b) contacting the sample with a gyrase, wherein the concentration of the gyrase is
about 1.5 U per mg of therapeutic circular DNA vector, thereby producing a composition of

supercoiled therapeutic circular DNA vector.

199. The method of claim 198, wherein the sample of (a) further comprises linear DNA
byproducts, and wherein the method further comprises, after (b), contacting the composition
of supercoiled therapeutic circular DNA vector with an exonuclease under conditions suitable

to digest linear DNA byproducts.

164



WO 2023/049937 PCT/US2022/077108

200. A method of producing a supercoiled therapeutic circular DNA vector, the method
comprising:

(a) providing a sample comprising a therapeutic circular DNA vector in relaxed
circular form and linear DNA byproducts, wherein the therapeutic circular DNA vector
comprises a therapeutic sequence;

(b) contacting the sample with an exonuclease under conditions suitable to digest the
linear DNA byproducts to form a digested sample; and

(c) contacting the digested sample with a gyrase, wherein the concentration of the
gyrase is greater than 0.1 U per mg of therapeutic circular DNA vector and less than 1.5 U
per mg of therapeutic circular DNA vector, thereby producing a supercoiled therapeutic

circular DNA vector.

201. The method of claim 200, wherein the exonuclease is a TS exonuclease.

202. The method of any one of claims 198-201, further comprising, before step (a),
contacting a linear therapeutic fragment with a ligase to produce the therapeutic circular

DNA vector.

203. The method of any one of claims 198-201, wherein the ligase is a T4 ligase.

204. The method of claim 202 or 203, further comprising, before contacting the linear
therapeutic fragment with the ligase, digesting a linear concatemer comprising a therapeutic
sequence with a restriction enzyme to cut a first site and a second site per unit of the linear
concatemer, wherein the first and second sites flank the therapeutic sequence and form self-
complementary overhangs, thereby producing the linear therapeutic fragment and the linear

DNA byproducts.
205. The method of any one of claims 198-204, wherein the supercoiled therapeutic
circular DNA vector is within a composition of therapeutic circular DNA vectors, wherein at

least 70% of the therapeutic circular DNA vectors are supercoiled.

206. The method of any one of claims 1-205, wherein the therapeutic sequence is greater

than 5 kb.
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207. The method of any one of claims 1-206, wherein the therapeutic sequence

comprises two or more transcription units.

208. The method of any one of claims 1-207, wherein the therapeutic sequence encodes

one or more therapeutic proteins.

209. The method of claim 208, wherein the one or more therapeutic proteins is a

multimeric protein.

210. The method of any one of claims 1-209, wherein the therapeutic sequence encodes a

therapeutic nucleic acid.

211. The method of claim 210, wherein the therapeutic nucleic acid is an RNA molecule.

212. The method of claim 211, wherein the RNA molecule is a self-replicating RNA
molecule, a short hairpin RNA, or a microRNA.

213. The method of any one of claims 1-212, wherein the therapeutic circular DNA

vector is formulated as a pharmaceutical composition.

214. The method of any one of claims 1-213, further comprising formulating the
therapeutic circular DNA vector in a pharmaceutically acceptable carrier to produce a

pharmaceutical composition.
215. The method of claim 213 or 214, wherein the pharmaceutical composition
comprises at least 1.0 mg of the therapeutic circular DNA vector in a pharmaceutically

acceptable carrier.

216. The method of claim 214 or 215, wherein the therapeutic circular DNA vector in the

pharmaceutical composition is at least 70% supercoiled monomer.
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217. The method of any one of claims 213-216, wherein the pharmaceutical composition

comprises no more than 1.0% of residual protein or backbone sequence.

218. The method of any one of claims 213-217, wherein the pharmaceutical composition
comprises <1.0% protein content by mass, less than <1.0% RNA content by mass, and less

than <5 EU/mg endotoxin.

219. A pharmaceutical composition produced by the method of any one of claims 213-

218.

220. A method of expressing a therapeutic sequence in an individual, wherein the method

comprises administering to the individual the pharmaceutical composition of claim 219.

221. A method of treating a disease or disorder in an individual in need thereof, the
method comprising administering to the individual the pharmaceutical composition of claim

219.

222. The method of claim 220 or 221, wherein the method comprises in vivo

electrotransfer.

223. The method of claim 222, wherein the in vivo electrotransfer induces expression of

the therapeutic sequence in skin, skeletal muscle, tumor, eye, or lung of the individual.

224. A therapeutic circular DNA vector comprising a therapeutic sequence having a 3’
end and 5° end, wherein the 3’ end of the therapeutic sequence is connected to the 5’ end of
the therapeutic sequence by a four-base pair sequence comprising at least two consecutive

adenines (A's)

225. The therapeutic circular DNA vector of claim 224, wherein the four-base pair

sequence consists of AAAA.
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226. The therapeutic circular DNA vector of claim 225, wherein the therapeutic circular
DNA vector comprises a nucleic acid sequence having 85% sequence identity to SEQ ID NO:

1.

227. The therapeutic circular DNA vector of claim 226, wherein the therapeutic circular

DNA vector comprises SEQ ID NO: 1.

228. The therapeutic circular DNA vector of claim 224, wherein two and only two

consecutive bases of the four-base pair sequence are AA.

229. The therapeutic circular DNA vector of claim 228, wherein the four-base pair

sequence consists of AACC.

230. The therapeutic circular DNA vector of claim 229, wherein the therapeutic circular
DNA vector comprises a nucleic acid sequence having 85% sequence identity to SEQ ID NO:

3.

231. The therapeutic circular DNA vector of claim 230, wherein the therapeutic circular

DNA vector comprises SEQ ID NO: 3.

232. A pharmaceutical composition comprising the therapeutic circular DNA vector of

any one of claims 224-231.

233. The pharmaceutical composition of claim 232, wherein the pharmaceutical
composition comprises at least 1.0 mg of the therapeutic circular DNA vector in a

pharmaceutically acceptable carrier.

234. The pharmaceutical composition of claim 232 or 233, wherein the therapeutic

circular DNA vector is at least 70% supercoiled monomer.
235. The pharmaceutical composition of any one of claims 232-234, wherein the

pharmaceutical composition comprises no more than 1.0% of residual protein or backbone

sequence.
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236. The pharmaceutical composition of any one of claims 232-235, wherein the
pharmaceutical composition comprises <1.0% protein content by mass, less than <1.0% RNA

content by mass, and less than <5 EU/mg endotoxin.

237. A method of expressing a therapeutic sequence in an individual, wherein the method
comprises administering to the individual the pharmaceutical composition of any one of

claims 232-236.
238. A method of treating an ocular disease or disorder in an individual in need thereof,
the method comprising administering to the individual the pharmaceutical composition of any

one of claims 232-236.

239. The method of claim 237 or 238, wherein the method comprises delivering the

therapeutic circular DNA vector to an eye of the individual by in vivo electrotransfer.

240. The method of any one of claims 220-223 or 237-239, wherein the individual is a

human.
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2-5: Sample 1;t=0, t=2 hr, t=5 hr, t=21.5 hr
6-9: Sample 2;t=0, t=2 hr, t=5 hr, t=21.5 hr
10-13: Sample 3; t=0, t=2 hr, t=5 hr, t=21.5 hr

1: Bsa1 retain

2-5: Sample 4;t=0, t=2 hr, t=5 hr, t=21.5 hr
6-9: Sample 5; t=0, t=2 hr, t=5 hr, t=21.5 hr
10-13: Sample 6; t=0, t=2 hr, t=5 hr, t=21.5 hr
14-17: Sample 7; t=0, t=2 hr, t=5 hr, t=21.5 hr
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FIG. 31

GTEGCTGLCGACTGOECAATGCABCOCCTGULGRCCTAGTATCAGCLCGTCATALTTRAAGCTAGACAGECTTATCTTGRACAAGAASAAGATCOLTTGGUCTCGLG
CAGCGALGEUTRACCCOTTACCTCOCRGACGRLCEERTCATARTCEGHCAGTATGAACTTLCATCTG TCCOAATAGAALCTETTCTTCTTCTAGLGAACCGRAGLGD

bos
S
-5

1@ 20 30 5 59 56 78 a8 @

al ol

CGCAGATCAGTTGOAAGAATTTGTCCACTACG TGAAAGGUCGARATCACCAAGLTAGTCCCLAMATAACT taatgagaccaacR cant gagaccCATCTGTTGATCA

BCBTCTARTCARCCT FCTTAACAGG T GATGOALTT TCCGC TCTAGTOGTTCCATCAGCOGT TTATTS6as T et ct gt taag Lo tet gpC TAGACAACTAGT
-— -

118 128 139 149 158 160 176 188 198 288 218

GLAGTTUAACCTGTTGATAGTACGTACTAAGCTCTCATGT T TCACETACTAAGCTCTCATOT T TAACGTACTAAGETCTCATGT T TRACGAACT AAALCLTCATRGL
COTCAAGTTGOACAACTATCATGCATGATTCOAGAGTACAAAGTGCATCATTCOAGAGTACAAATTGCATCAT TCGAGAGTAC ARATTGCTTRATTTGGGAGTALEG

220 230 240 258 258 278 288 256 0@ 310 328

TAACGTALTARGUICTCATGECTAACGTACTAAGCTCTCATETT TCACGTACT AAGUTCYCATGT T TGAACAA T AAAATTAATATARATCAGCAALTTAAATAGCLY
ATTGCATGATTCGAGAGTACCGATTOCATGAT TCCAGAGTACARARTGUATGAT TCOAGAGTACAAACTTET TATT T TART TATATTTACTCGTTGAAT TTATCGGA

330 340 358 380 378 388 T 400 a1e 429

CTAAGETTTTAAGTTT TATAAGAAAAARAAGAATATATAAGECTTT TAAAGLT T TTAAGETT TAACGETTGTGOACAACAAGLCAGGEATE TAACHCAL TEAGAARC
GATTCCAAAATTCAAAATATICTITITTTTICTTATATATT CORAAAAT TTCGAAAATT COAAATTOCCAALACCTGTTGTITEGSTCLCTACATTGCGTGACTTTTCE

438 440 458 459 478 480 298 2 514 528 538

74

COTTAGAGCCTOTCAAAGCAAT TTTGAGTGACACAGGAACAC TTAACGOC TGACAT GG paat tagecatgggcecgtgepaat cadtatatgagacegetgatent
GOAATCTCGGAGAGTTTCETTARAALYCACTETRTICCTTCTRAATTRCCGALTGTALC et taateggtancegpacacget tagtgatalfscteo iggegactagean
4—

548 559 6@ 578 584 590 ) 518 528 538 548

caactcagcaasagttegatitaticascasagecacgttgtgicicasaastotetgatgttacattgeacaagataaaaatatateateatigaacaatasaactygt
gtigagtegttttcaagetanataagttgtiteggigcaacacagagtittagagactacaatgtaacgtgtictatitttatatagtagtact tgttatttigaca

658 668 3 &30 538 730 718 728 738 748

ctgettacalasacagtadtacaagggetgtiatgageeataticascgggasacgiogaggocgogatiasaattocaacatggatgelgatitatatgggtataas
gacgaatgiatitgteatiatgitocceacsatacteggiatangtigeert ttgeagricecggegetaat ttanggtigtacotavgactanatatacocatatit

750 766 1o 786 74 280 210 329 338 549 56
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FIG. 31 (continued)

tgggoetcgegataatgicggecaatcaggigcgacaatotategetigtategrasgocgatgogecagagitgitictgaaacatggraaaggtagegitgccas
accogagegotatiacageocgitagtceacgetgtingatagegancataccot togggctacgeggicicaacaangactitigtaccg it tocatograacgg it

tgatgttacagatgagatggtcagactagactggrigacggaatitatgecteitecgarcatcaageattttatecgtactoctgatgatgcatggitactoacna
actacaatgictactotaccagictgatitgaccgactgect tagatacgragaaggctggtagttogtaasataggeatgaggactiactacgtaccaatgsgigst

37 988 938 1,008 1,210 1,828 1,030 1,848 1,8% 1,888 1.eve

ctgegatorccgpasaascageattecaggtatisgasgastatoctgaticaggigaasatatigt igatpegetgpeaptgticctgegecgpttgeaticgatt
gacgetaggepectittigtogtaaggtocatantotictiataggactasgtecaci titatancaactacgegacegtcacasggeegeggecaagtangotaa

1,88¢ 1,262 1,180 1,110 1,128 1,130 1.148 1,150 1,158 1,178

cotgttigtaatigteotittaacagegatogegtatttegtctegotcaggegcasteacgaatgastaacggitiggtigatgegagtgattitgatgacgageg
ggacaaacattaacaggsaastigtogetagegeataaageagagegagtocgegtiagtgcttacttatigersaaceaactacgct cactagaactactgotoge

1,208 1,219 1,228

1,230 1,248 1,250 1,262 1,272 1,283

1,188 1,159

taatggetggectgitgaacaagtctggaaagaaatgeataaactittgecaticteaceggatteagtegtecacteatggtgatttctcactigataaccttatit
attaccgaceggacaactigticagacctitetttacgtatttgaaaacggtasgagtggectaagtcageagtgagtaccactsaggagtgsactattggantaasg

298 . 300 1,318 135 1,338 1,342 1,358 1,368 1,378 1,388 1,388

s

trgacgaggegaaatiastaggtigiattgatgitggncgagteggastegeagacogatacoaggatctigeoasticciatggaactgecteggtgagitiictoct
aacigeiccoctitaat tatenaacatsactacnaccigeicagect tagegtolggotatggtectagaacggtaggatacctigacggagocacionasagagea

teattacagasacggcttitticasaaatatggtatigataatecigatatgaatagat tgcagtiteatitpatgotogatgagtttttotaatcagaatigpttas
agtaatgtotttgcogaaaaagittitataccataactattaggactatact tatttaacgtcaragtaractacgagctactcanaasgat tagtoettaaccaatt

1,568 1,518 1,520 1,538 1,540 1,558 1,560 1,578 1,589 1,558 1,608

)

Recognition Site
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FIG. 31 (continued)

GTTATTAATAGTAATCAATTACGGOGTCATTAGT TCATAGUCCATATATGCAGTTCCOCGT TACATAACTTACGE TAAATGGUCCGLCTRBC TEACCGUCCAATEAL
CAATAATTATCATTAGTTAATCCCCCAGTAATCAAGT ATCGGGTATATACCTCAAGGLGCAATGOTATTGAATGCCATT TACCGGGCGGACCCACTRECGRETTELTG

1,720 1,738 1,748 1,758 1,758 1.778 1,798 1,75 1,808 1,819

COCCGCCTATTCACGTCAATAATGACGTATGOT TCCCATAGTAACGCCAATAGGGACT T TCCATTGACGTCAATGGOTGEAGTATTTACGE TABACTGCCCACTIGEE
GHOGCGEGTAATTCCAGTTATTACTGCATACAAGEETATCATTGCOGTTATCCUTGARAGRT AACTCCAST TACCCAUCTCAT AAATGCCAT TTGACGEGTEAALCE

1.828 1,830 1,848 1,858 1,860 1.872 1,880 1,890 1,500 1,610 1,928

AGTACATCAAGTGTATCATATGLCAAGTACGCLCCUTAT TRACGTLAATGALGETAAATGRUCCECOTGECAT TATGUCCAGTACATCACTT TATEGRACTTTILT A
TCATGTAGTTCACATAGTATACGOTTCATGCRGAGGATAACTGCAGT TACTGUCATTTACCGRGCERACCOTAATACGRG TCATGTALTRGAA TACCCT GARAGGAT

1,330 1,848 1,558 1,568 1,970 1,936 1,999 2,000 2,818 2,020 2,830

GAAC L&!CATGTAUAFGL TAAT AGYAGLGAFAARLC¥AL%C€¥ CCACTUGLOGTGUAAGALGAASTL

2,840 7,858 2,089 2,870 2,888 2,800 2,186 2.110 2,122 2,138 8,140

ATTTATTTATTTTTTAATTATT TYOTGCATCGATOGEEGCOEOGEGGLGECGEHGACETGCHLCAGSCACELCEEEETECEEC GAGLOGLEERGIGHEECTALTLG
TAAATAAATAAAAAATTAATAAAACACGTCOC TACCCCOGLTCLCLCCCLLCUTCCRUGLECEETCLGCCCLGLTCCRUCCLGLTCLLOBLCLCECCLCBLTICG

r*,/“-
o

2,156 2,16 2,170 2,188 2,196 2, 0% 2,218 2,229 2,238 2,340

AGAGETGUAGCOECAGCCAATCAGAGCGOCELGCTCUCAMAGT TTCOTT TTATGRCCAGECGRCAELEOLEGLEELCCTAT AAAMABCCAAGLGLGCHGUEEECEGG
TCYCCACGCCRUCETCOSTTAGTCTCGUCOUGUGABGUT TTCASAGGAAMTATCACTCLRUCELCOLCOCCECIGGRATATT T TTCRLT TCGUGLGLLG LCCC

¢

L

2,288 2,208 2,300 2,318 2,328 7,338 3,140 2,350

LAY s
]
)

2,258 2,269 2,1

AGTCGCTRCEACECTECCT TG CATECCCOECTRUELCHCCELLTCECOLIGLCIGLCCLOEITCTSACTRATCOLCT TALTCTCACAGU T GAGLELGCRGGAT
TCAGCGACGCTECOACEOAAGLUGEGTACGLGECCAGECEECGACEEABTECHECEEOLEGECCCOABACTCACTOGIGCAA T GAGGETGTCCAL TCGUTLGCLCTE

2,368 2,378 2, 364 2,3% 2,400 2,418 3,438 2,438 2,430 2,450 2,488
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FIG. 31 (continued)

GECCCTTCTCCTCCOGRUTATAAT TAGCOCTTGGT T TAAT GACGRCT TETTTCT T T TCTGTGRUTRUOTGAAAGLCT TCAGGRGCTLCRECAGOGLCCTITTIGTRARG
CCBGRAABAGRAGGCCLGACAT TAATCOCGARCE AR TTACTGCUGAACAAAGAAAAGACALCGACGLACTTTCGRAALTCCCCRAGLCCITCCCRGEAAALALKLC

¥ 4ve 2,459 7,498 2,509 2,518 2,520 2,538 2,548 2,558 2,560

GOGHAGLGGLTCHEREGETGIGTECATGTETRTGTHCGTGRCEAGLECIGCATGLGCLTCLGORCTHCLCGECARCTHTRAGLECTECREGUGCHGLEIELGRCTTY
CCCCTOGLCGAGCUCCLCALGCACGLACACACALACECACCCLTLGCHECCHCALGILGAGGLGCHACBEHICECCEACACTIGIBACECCCGLGLCGCRLCLCEALA

2,578 2.588 2,550 2,600 2,510 2,628 2,530 2,840 2,650 2,880 2,67

GTGLGCT CCRCAGTGTGUGCHAGHGRAGLELRGLIGGHGEIGET GLLCLGLGGTECOHGREGAECTHCRAGRERAACAMGGLITGLGTRCGRGE TG THT GCGTRGEG
CACGEGAGGCGTCACALGLGCTCCLCTUGCLLNEGCLCCTGLTALGE 5 TYGTTECCGALGCACGUCCCALACATGLACLCE

2,588 1,696 2,708 718 2,78 2,718 2,740 3,758 2,760 3,778 2,78

BEOTGASCAGGGGEOTGT GRGUCCHETCRETLERGCTHRCAACCCCLCCTGLACLCCLCTUCONGAGT TRCTCAGCALGGUCCHEETTLRGH TGUERGECTCULTACGRG
CCLACTCRTCOCCCACACCLGLGCAGCCAGLCCHACHT TGORGGHCALC TECEHGEAGEGGITCAACGACTCGTGLLGHELIGAAGLICALGLLCLGAGGCATGLCT

2,790 7,508 2,818 2,828 2,830 2,848 2,850 2,860 879 2,888

GCETGELGCHEOGHCTCOLLETGCLCGHLEGGEEETHOLGOUAGGTEEGEETRCCROELGHEGCHGEHCLCLITCROGLLGHERAGHEE TCOEEEEAGEGHCEIGELG
CHLACLGLECLCCRAGLEGRACBGICCRCCLCCLALCGILETCCACCLLCACGHLCLGICCLGLICCEEIHEAGCINGRUC LCTLLCHAGLCCLLTCCLCGLEIIGL

2,858 2,800 2,638 2,576 2,830 2,948 2,850 2,969 2,379 7,993 2,999

GCCLCCHOAGCOCCHECHECTETCCAGGLGLHELHRAGLCGCAGCCATTGUCTTTTATRGT AAT COTGULAGACGRLGUAGGGACTTCCTTITRICCOARATCTRTIGLG
COEGEELLTCOCOECCECIRACAGITCLGLACCGCTURGLETCOLT AACGEAAAATACCATTAGCACGCTCTCCCOCE TCCUT CAAGEAAACAGEHT TTAGACALSL

1,888 3,010 1,828 3,232 3,848 3,850 3,888 3,078 3,988 ¥, 008 3,199

GAGTCGARTCTGERAGRLGLCGLCGCACCCOLITITAGCAGGEGCEGGHL GAAGTERT GLGGEGTLGRT AGRAAGGAA AT GERCERGGAGRGCCTTCGTIRIGTLGEC
CTLGRCTTTAG . GG GGAGATCG QL CCACGCUGCEECEETLCTTCUTT TACCCEUCCOTCLCRGAAGCACGUAGLES

1,118 3,120 3,138 3,140 3,158 3,160 3,178 3,180 1,198 3,208 3,218
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FIG. 31 (continued)

GUGCCRLCGTCCCCTTCTCOCTUTCCAGCCTOREGRC TRTCOGLGHGARGACEEETCOLTTCHEAEGEHACHGEATAGGCLRGERTTCHECTTCTERUG TATCACLG
CECGHCGHECAGHGEARGAGGEAGALGTCGGABCITCEACAGECECCITCCTCCLCATEGARGELCCICCTRCCLCETCCIELOUCAAGCUGAABACLGCACALT GG

3,228 3,230

GUGGLTCTAGACAATTGTACTAACCT TCTTCTCTYTCCTOVCOTGALAGGGAG T T TAAALAGA TAAGT TTGTACAAAABAGAGAGGTGLCACCATGLGCTTIOT GG
CECCRAGATCTLTTAACATCAT TRLAAGAARAGAAAGGAGAGGACTOTCOOTCAAAT T TRTCTATTCAAALATRT YT TTTCTC TCCACGRTGRT ACLCGAAALACED

R 3,338 3,340 3,358 3,36¢ 3,37 i, 380 1, 3%

w

ACAGATTCAGCTGCTGCTCTGLAAGAACTGRACCCTOUGGAAGLGEL AGAARA TCAGA T TR TGO TLLAACTCLTGTGECCCOTGACCTOT T TCTEGTECTGATCY
TEICTAAGTCRACGACGACACLYTCTTRACETGRBACECCTTCRCCOTCTTITAGTC T AASCACCACCTTRAGUACACCHEGEACTIGGACAAAGALUCALGACTAGA

3,439 3,448 3,450 3,460 3,478 3,430 3,490 3,508 2,518 2528 3,538
GEUTGUGGAACGCCAATOCTCTGTACAGLCACCACGAGTGTCALTTCCCCAACAAGGCCATCLCTTOT GLORGAATEC TGCTT Y SGUTGRAGGGLATETTCTGRAML

CLOATGCETTGUCGT TAGGAGACATCTCGOTEOTHCTLACAGTRAAGGGETTOT TCORGTACGRAAGACOECC T T AL GAL GCAACCRACRTCCLGTAGAAGALLT TR

3,568

3,580 3,81

GTEAACAACTCCTGCT T TCAGAGCCLLACACTTCAUGAAAGCCCTHGCATCOTOTCCAACTAC ARCAACAGT A TCCTGGCCAGASTGT ACCOGRACTTCCAAGAGLT
CACTTGTTCGOGACGAAACTCTCOBGETCTRGACTGC T TTCOGEACCOTARCACAGE T TRATG T TGT TGTUGT AGGACCOGTU TCALATRECCCTRARGRTTCTCEA

3,548 3,650 1,660 3,670 3,686 ER 5,760 1,710 1,73 3,738 3,748

GCTEATGAACGECCCTGAGTCTCAGCACCTGOLUAGAAT CTECACLGAGCTECACATCUTCAGCUAGT YCATGOACACCCTRAGAACATACCCCBAGAGAATCGLCE
COALTACTTOLGBLGACTCACAGTCOTRGACCCET CTTAGACCTGEC T COACGTGTAGGACTCGGTCAAGTACCTOTGEGACTCTTGT G TGOLRETCTCT TAGCGEE

3,759 3,760 3,770 3,780 3,750 3,800 3,810 3,870 ¥, 438 3,848 8,858

GCAGGRLCATCARAATCCORCALATICTRAAGACGAGGAAALCCTGALACTE T TLCT CATCAAGAACATCAGCOT GAGCOACARCOT GO TGTACCTRITGATC AAC
COTCOCCATAGTCTTAGGUCCTSTAGGACTYCCTRCTCCTY T GEGAC T GTEACAAGGAGTAGT TCT TG TAGCCGOACTCOCTB TCOCACCACA T COALBACTAGT TR

3,868 3,879 3,880 3,890 3,500 3,910 3,928 3,930 3,040 3,950

AGCCAMTOIGELCCOAGUACTTTGUTCATGGLGTRCCEGATCTCLCCLTCAAGGATATCOLLTGT TCTGAGGCLCTRUTORAALGET T CATCATCTTLAGLCAGLG
TCOETTCACBLCGERETOCTCAAALCAGTACCELALGRCC TAGAGCGGGACT TCCTAT AGCOBACAAGAL TCCOUBACCACCT TOLCASGT AGT AGAAG TCGS

3,868 3,578 3,982 3,998 4,000 4,218 4,028 4,830 4,040 4,850 4,850
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FIG. 31 (continued)

GAGAGGLGCLAAGAC LG TCAGATATGE LT R TELAGT CTEAGLCAGGHAACLCTRCAGTOGATCOAGGATACCCYCTACGLCAACGYGRATTTCTYCARGCTETYCC
CTCTCCOLGOTTCTRGCAGTCTATACGOGACACGTCAGACTCOGTCOCTTGOGACETCACCTAGCTCC TATGOOACATGCSG T TECACTTCAAGAAG TTCRACAAGG

4,878 §.988 1,000 4,188 3,118 1,120 4,138 3,140 4,158 . 158 2,172

GGGETGCTGOCCACACTGUTGGATT {TAGATCCCAGGGCATCAATCTCAGAAGC TGROGCERCATCCTETCCRACATGAGCCCAAGAATCC AAGAGT TCATCCATCSG
CCLACBACGGGTCTRACGACCTAAGATCTAGRGTCCCOTAGT TRGALTCTTCOACLCCOCCHTABGAUAGEC TG TACTCRGRTTCTTAGGTTC

4,28 4,238 4,240 4, 258 4,260 3,378 4,289

4,138 1,190 4,208

CCTAGCATGCASGACCTGCTRTREGTYATCAGACCTCTGATGCAGAACGRCGRACLCEAGALATTCATCAAGC TOATGRACATTCTGAGCRATC TR TATECRGCT A
GGATCOTACGTCLTGRACGACACCUAATGGTCTRCAGACTACGTCTTRLCGLCTGOGIUTUTCT AAGTORT TCGALTAC COLTAAGACTCGCTAGACGACACGCORAT

1,266 4,308 4,310 4,328 4,339 4,340 4,359 4,360 4,178 4,382

CCCTGAAGGUGGAGGATCTAGAGT BCTRAGC T TCAAT TG TACGAGGAL AACAACTACAAGGLCTTLCTGRRCATCOACTCCACCABAAAGRACCECAT CTACABCT
GOBACTTCLGCETCLTABATLTCACGACTCGAAGT TAACCATGLTCLTGT TGT TGATGT TCLGGAAGRACCCOTAGLTCAGGTGETCTTTULTCLOGTAGATETCGA

4,399 4,408 4,418 4,429 4,436 4,446 4,458 4,468 &, 478 4,482 4, Agg

ACGACLGGECCGACAACCAGCTTCTGCAATGCLCTRATCCAGAGICTRGAAAGL AALCCTCTRACLAABATUGC T TRRAGRGCLGLCAAACCTCTGCTGATGORAAG

FOCYOGLCGLOTEI TGO TCOAACALGT TACGGGATTAGG TCTCOOACCTTTCET Y GORAGACTUG Y YC TAGLUARCC Y CCLCOLGH T T TROALACGACTACT

500 4,518 4,529 4,570 4,548 4,550 4,668 4,579 4,588 4,558 4,508

ATCCTOTACACCLCTOACAGCLCTRCC GCCAGAAGAA TCLTCAAGAALGCCAACAGEACCTTCGAGGAACTGRAACAL CTECCLAAGCTRETCAAGCCUTORGAAGA
TAGGACATGETGGGGACT GHACGGCGETCTTITTAGGAL CGTGGAAGCTCCTTOALET ACGCGTTCOACTCAGTTCCOGALCLTTICY

4,510 4,628 4,628 4,540 4,650 4,688 4,870 4,682 4,599 4,789

AGTGERALCTCAGATLTGOTACTYCTTCOACAATAGCACCCAGATGAACATGATCAGABACACCCTGRGCAACCCTACCLTEAAGGAT TTUCTCAATAGACAGCTRG
TCALCOTCGAGTUT ASACCATLAAGAAGCT G T TATCHTGUGTCTACT TETACTAGTCTOTGT GRGACCCU T TEGEATGCCACT TCCTGAAGGACTYGTCTGYCCATC

4,718 4,738 4,738 4,748 4,758 4,760 4,776 4,788 4,7% 4,808 4,812

GCEAAGAGGGCATTACCGCCCAGGCCATCCTGAATT TTCTOTACAABGGUC CUAGAGAG TCUCAGGCLGACGACATGLCCAACT TCGATTGECGGEACATCTTCAAL
CECTTCTCCOBTAATRGCRGCTCCOGTAGGACTTGAAAGACATGTTCLLGAHGTUTCTCABGRTCULGITGITGTACCEATTEAAGITAACCHCCITATAGAAGTTG

§, 858 4,868 4,878 1,880 4,868 $ 988 4,516 4,928

4,828 3,230 4,848
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FIG. 31 (continued)

ATCACCRACAGAACLCTHCEEC TORTCAACCAGTACT TERAA TRECTGRTCCTORACAAGT TCHASAGL TALAACGACGAGACAT AGLTRACTCABAGAGLCCTETE
TASTGECTETLTTRGOACECCHACCAR T TR LATCGACC Y TACGRACLACHACCTETTCAAGC T CTLGATOT TR GCTCYG TGTLGACTRGRTCRUTLICGHALAG

1,936 4,990 4,959 4,468 3,970 4,380 4,998 5, 066 5,210 5,328

TCTECTREAAGAGAATATGTTCTGGEE TRELGTREGTGTTCCCCOACATO TACCCT TGRACAAGCAGCC TRECTICTCACG TOAAGTACAAGATCLGEAT GLACATEG

5,142 4,158 5,160 5,170 5,152 5,166 5,300 5,218 5,228 G, 236 5,240

CAGEACATGETGUAACAGGGAATCACALGG TCCLAGL TGCAGGUY GAAGLTCCTGTGLUAATC Y ACTTGUAGCAGATGCCTTATLCTY GUT TGO TGOALGACALCYY
GTCCTGTACCACCYTGTCOCTTAGTGTGCCAGGETCCACGTCLGACTTCOAGGACACCCTTAGATGRACKH TCLTCTACGGAATAGGAACGAAGCACTTOCTOTUGAA

5,250 5, 259 5, 278 5, 280 5,299 5,308 5,318 5,320 5,338 5,346 5,350

CATGATCATCCTGAATCGRTGUTTCCCCATCTTCATGRTGUTGGCUTGEATCTACTCCOTGTCTATGACCETBAAGTC CATCO TG TRRAAAAAGAGLTRCGGCTGA
GTACTAGTAGGACTTAGCCACGAAGRGOTAGAAGTALCACGACCEOACCTAGATOAGRCATAGATACTRGCACTTCAGRTARCALGATCTTTT TCTCGACGLCRALT

5,350 5,378 8 380 5,396 5,480 5,418 5,420 5,430 5,448 5 430

AAGAGACACTGAAGAACCAGGELCTETCCAATGCCOTBATCT ST HCACCTGRTTTCTOOACAGL Y TCTCLAT TATGAGCATGAGCATCTTTCTGCTGALGATCTTC
TYCTCTETGACTICTTGETCCCRCACAGGTTACECCACTAGACCACETGBACCAAAGACCTCTLCAAGAGET AN TALT COTACTIGTAGAAAGACBACT GUTAGAAD

5,450 5,479 5,450 5,489 5,568 5,510 5,528 3,538 5, 54g 5,55 3,560

ATCATGCACGRCCERATCUTGUACTACAGLGACCUCY TTATCOTCTICCTETTECTGLTGGUCT TCAGCACCECT ACAATCATGCTGT BT TTICTRUTGTCCACTTY
TAGTACSTGLCGGCLTAGGACGTCATGTLGUTGRGGAAATAGGASAAGGACAAGEACSACLGCAAGTCRTERCRATGT TAGTACRACACAAAAGATGATAGG TGGAA

5,578 5,538 5,599 5,600 5,618 5,528 5,638 5,640 5,658 5858 5,570

CTTCABCAAGRCCTCTCTRGCUGCTGLYTRTAGCOGCHTGATCTALTTEACCCTGTACCTGCCTCACATCCTGTGET T COLATHOTAGRACAGAATOACLGCIGALC
GAAGTCOTTLCOGAGAGACTGGUGALGAACATURCCHCACTAGATGAAGTGORACATGCALGCAG TG TAGCACACGAAGLGTACCGTLCTETCT TACTRGIGGLTCR

5,650 5,690 5,788 5,718 5,720 5,720 5,748 5,750 5,760 5,772
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FIG. 31 (continued)

TCAAGAAAGCTGIGTCCCTRCTEAGLCCTGTRGUCTVIGEUT TIGECACCOAG TACCTOGTCAGAT T T GALGAAC AAGGAL TOOEACT GLAGTGG T LU AALATIGEE
ACTTCTTTCRACACAGRGACGAC TCOGGACACCRGANACCOAAACCGTHOCTCATOBAGCASTCTARACTCCT TATTCLYGACCCYGACBTCACCAGGT TETAGCLS

AATAGCCCTACAGAGGUCLACEAGT TCAGCTTCCTGCTRTCTATCCAGATOAT G T GLTGLACGCCOCOOTLT ATCOACTOC TGO T TGOTATCTGRACCAGGTGTT
TTATCGGRATGTCTCCCGUTRUTCARGTCRAAGRACGACAGA TACGTCTACTACSACSACCTGRLEGRUGHRCATATACCTGACGACCOAACCATABACTTERTCCACAA

5,39 5, 08 5, 910 5,320 5, g7@ 5,548 5,950 5,958 5,878 5928 5,309

CCCAGGLGAT TACGHCACTCLTETGLCTTGET AT T TCTECT GCAAGAGAGC TACTRGUTCOECRGLHAGRCATAT AGTACTAGAGAAGAAAGAGLCITGRAAA AGA
GOGTCCOUTAATGUCETGAGGAGALGEAACCA T ARAGGACGACETTCTCTCOATRACLGARCCHCCOCYCCUTALATCG TGO T CTLY VLT T TCTCOROALCTTTHCY

6,800 8,912 6,528 6,030 6,840 5,858 4,060 5,875 §,280 6,899

CCOAGCLTCT GACCHAGGAAACAGALGACCCTGAACACCCAGAGGGCATCCACBATAGCT T T TEGAGAGAGAACACTUCHGCTEGET GLCAGGLGTCTOTGTGAAL
GECTCOCAGACTGRCICCT T HT CYCCTOECALT TG GGG ITTCCCE T AGGTGE TATCOARARAGCTCTCTCT T T GGOECCEACTCACGE TCOGCACALACACTTC

6,128 5,138 6,148 6,158 &, 188 6,378 8,188 6,198 6,288

AATCTGGTCAAGAT LT TCLAGLCCTGLGGLAGACCTGLLGT GOACALACTCAACATCACCT TCTACGAGAALCAGAT TACCGLCTTTCTGRGCCACAACHGCRCTEG
TTAGACCAGTTCT AaAAGCTCOEGALGCLGTT GUACCTETCTGACTTOTA: AGATGCYCTTGRTCTAATGGLGGAA R

CAAGACAACCACALTGAGCATCCTCACAGLLCTSCTGCCTLCAACAAGCGGCACAGTTCTCUT Y GEUOGCARAGACATCRAGACAASCCTGRATGILGTCAGATAGT
GETCTGTTEOTGT sACTCBTAGGAGTETCCGRACGACGBAGG T TG TY COUCOTRTCAAGABCAACCELTOTETCTGTAGCTCTGT TCGGACCTACGBLAGTCTGTCA

5,329 6,338 5,340 8,350 &, 350 8,378 5,386 5,390 6,408 5,410 6,470

CCETGEECATRTGCECTCAGCALAACATLCTRTTTCACCACCTGALCRTGRCC BAGLACATRUTGTTT TATGLLCAGC TGAAGRECAAGAGL LAARAAGAGGC T CAG
GLGALCCCLTACACGGRAGTCGTGTTGT AGGACAAMNT GHTGHACTORCALCOECTCOT CTACGACAAAATALGGI TCHACTTCCCHTTLTCRGTTCTICTCCRAGTC

€, 43@ 5,492 6,458 5,360 §,470 &, 480 5,498 &, 568 5,518 8,528

CTGGAAATGUAAGCCATGE T gBAGGACACTGRLLUTGUACCACARGAGAAA TCAGEAAGLCUAGGATCT CAGTGOUGHCATGCAGAGAASATT GAGCSTGGLCATTGL
CACCTTTACCTTCOETACACCTCCTG TEGLCRBACS TGS TG TCTCT TTACTCCTYCOGRTCOT AGACTCOCCEUCATACBTCTCTY T TGACTCGLACCEGTAMLS
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FIG. 31 (continued)

CTTCGTGOOGCEACGECAMGGTTSTCATCCTORATCAGCCTACAAGCGECGTGEACCCT TACAGCAGAAGATCCATCTGOGATCTOCTRCTRAAGTATAGA teaGhLT
GAAGCACCCGETOCLOT TCCAACACTAGCACCYACTCLOAT T TCRC COCACCTOLOAATETCGTCT TCTAGG TAGAL CCTAGACGALGAC T TCATG T CTag tClGG

6,610 5,550 5,568 8,579 8,588 6,696 &, 786 £, 71¢ 6,720 5,730 5,748

GOACCATCATCATOAGCACCCACCACATGGACGAGGLCRATCTRCTGEACACAGAATCHECATLATTGUTCAGLGCAGACTR T AU TRCALCGGCACCCCACTLTTY
CCTGETACTAGTACTCOTGECTEOYGTACCTGUTCCGLUTAGACGAGLCTUT G YCY TAGCHG T AGTAACCAGTLCCETUTCACATGATGTCRUCETRGOE TRACAAA

8,759 5,759 &,778 &, 768 5.79% &, 368 5,819 5,828 5,858 5,848

CTGAAGAACTGT TTCRGCACCHGACTSTATCTGALCUTCE TECHBAAGAT GAAGAACATCCAG T TCAGULGAASEGLAGCGAGGECACCTRTAGUTGT TCTAGCAA
GACTTCTTGACAAAGCCGTOECCTOACATAGACTOGOAGCACGCCTTCTACTTCTTGTAGS TCAGAG TCGUCTTCCLETCOUT CLCETOBACATCGATAAGATCETY

5,858 5,860 5,878 5,883 5,898 6, 966 &, 91¢ §,920 5,830 5,332 5,950

GHGCTTTAGCACCALCTGTUCAGC TCALGTCRACCATCTGACLCC Y GAACAGG TCLTGRATGGLCACC TGAACTAGL T GATREACG TGGTGLIGLALCATOTGLLYG
CCCGARATCGTGEYGRACAGGTCHRAGY GLACCTECTAGACTRGGEGAL T TETCCALGACCTACLGIYGLACTTRCTCGACTACCTECACCALGACG Y GG T ALACEGAC

6,562 5,670 5,980 §,998 7,088 7,819 7,628 7,038 7,048 7,050 T.060

AGGCLAAGCTGRTGHEAATGLATCGGCCAAGAALTGATTTTTCTGETCLCGAACAAGAALTTCAAGCACTGRECLTALGUCAGCITAT TCAGAGAGCTGRAAGAAALCT
TCCGETTCEACCACCT TACCTAGLCGE T TCT TGACT AAAAAGACGAGGRLTT G TTCT TGAAGT TG TEGLCCHOATGUGRTCRGAL AAGTCTCTCRACLTTCTTIRG

7,878 7,288 7,868 7,188 7,118 7,108 7,138 7,140 7,150 7,152

7,478 7.18% 7,198 7.268 7,219 7,220 7,23 7,248 7,250 7,260 7,270

AGCACAGUAAAAGCGLGAGAALCGTGAACCCTAGACALCCCTRTCTGRGCCCAAGAGAGAAAGLCHGACAGACTCCTCAGRACAGCAATGTRTRCTUICLTRETRETC
TCRTGTCGTTTTCREGCTCTTGCALT T GEOATETGTGGGRACAGALCOBAET TCTCTCTITCAECCTATCTRGRCARTLCTRT CETTACACACGACGAGRACCACEAG

54

7,289 7,299 7,300 7.318 7,320 7,338 7,340 7,350 7,360 7,378 7,388

CTGCCGLTCATCCTGAGGGACAACCTCCACCTRAACCTGAGTETCCT GRACCTCAGCTGAACACEGOAACACAGETGG T TCTGRAGCACGTGCAGGLTCTOLTLGTG
GACGGLCAGTACGACTCCCTGT TEGAGGTCEACTTGRACTCACAGGACCTGGAGTCOACT TETGRUCT TGTCT COACTAAGACGTCOTCCACGTCCOAGALGALTAC

4

ity 7,468 7. 478 7,388 ¥, 498

7,48

7,352 7,488 7,418 7,428 ¥,43% 7,448
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FIG. 31 (continued)

AMGAGAT TCCAGCATCACCATLAGAAGCLACAAGGALT TTCTGOCCASATCGT GCTGCLCELCACCTT TG TTT T TCTGOECTC T SATGLUTRAGCATCE TRATILCTCC
TTCTCTAAGGTCOTERTGETAGTCTICGGTGT TCLTGAAAGACCGEGT CTAGCACGACGABCEGTGRAMACAAAAAGAL CCAGACTACGACTCGTAGCAC TAGGEAGS

7,588 7,518 7,526 7,536 7,540 7,55 7,560 7,578 7,558 7,508

ATTCGGLGAGTACCCCGCTCTGACACTECACCCTTERATCTACGGCCAGCAGTACACCTT TTTCTCCATGOACSAALLCGGUAGCRAGTART TCACAGTBCTERETG
TAAGCCECTCATGRGGUCAGACTCTGACGTCOGAACC TAGATGLOGETCOTCATCTGEAAAAAGAGGTACCTECTTGEGCERTLECTCOTCAAGTSTCACGACTRAC

7,600 7,518 7.6528 7,638 7,648 7,658 7,660 7,672 7,680 7,598 1,798

ATGICCTGCTGAALAAGCCCOLLTTCHEUAACCHETETCTGAAAGAAGGATRGCY GLUTRAGT ALCCYTRCGHCAACAGLACACE T TGGAARALCCLCTAGLGTGICL
TACABGACGACTIGTTCGGGCLBAAGCLGTTGHECCACAGALTY TCTTCLTACCLALGGACTCATGRBAACGUCHTTETCGTETREAACCTTT TGEGRATLGTACAGG

7,718 7,728 .78 7,742 7,750 7,760 7,778 7,78% 7,799 7,808 7,818

CCTAACATCACCCAGCTOTY COAMAAGCAGAAATCOACTCAALT GAACCCCTCTCOATCUTCCCOG TOCTCCATAAGDCASAAGLTTACCATCU T GUCLRAGTEYCC
GOAT TR AGTEGOTCLACAAGG T T TYCBTCTTTACCY GG T TCACT Y GLGOAGALG TAGLACGEUCALGAGG Y S TY CUCT T TCOAT TGO TACGALGOLUTCALALGG

7,828 7,838 7,848 7,858 7,868 7.87¢ 7,880 7,888 7,900 7,818

AGAAGGLGCTGECOEACTTLCTCCACCTCACALAACALAGAGATCLALCGAGA TTETCCAGGALCTRALCGACTGEAR TATCAGCOACT Y CLTOLT TAMACATACC

CLGCACTRATCCGATCCAGUCTGAAG T CCAART TCTGOGTCAALGAATAGAGATALGGLGRCATCAGCATCOGUGGARAACTGLCTCTGGTOLCTATCATAGGCRAG
GGLGTRACTAGGCCAGGTLGRACTTCAGOTTCAAGAC CCAGTIGETTRTCTCTATGCCGCCOTAGTCO TAGCCGLCTT T TRACGCACACCACGGATAGT GTCCGLTC

§,939 8,848 £, €59 £, €6 8,270 8,080 3,230 8,188 8,118 8,128 §,13¢

GECCTTGTGGRCTTTCTOTCLGATCTROLGARAATCATCAALGTGTLCORCGGALCT ATCACTAGGOAAGCCAGTAAAGAGAT COLLOATTTCOTRAARCACCTGGA
COGHAALACCCGARAGACABGE YAGAC CCOTCT TAGTACT TGLACAGELCGLE TGEATAGTGG T CCCT T COGTIGT T TCTCTAGGGEC T AMGEACT TCHTGEALLT

8. 148 8,158 g,168 §, 179 8,186 8,180 2,202 2,310 2,200 8,233

AACCOAGRACARTATCAAAGTGTRGT TCAACAATAAAGEATRGUACSCCUTEG THICT T TCTGAACK TRGCLCALAA TRUCA TCUTRCAEGCTARCCY GLCTAAGG
TTGGLTCCTOTTATAGT T TCACACCAASTTETTGTTTCCTACLGTRCEGRAGCACAGAAAAGALTTGCACCHGETCT TACGETAGGACCLCIGATCOGALGRATTCL

5,248 &, 258 g, 268 2,278 3,280 8,290 8,308 5,312 8,328 8,338 &, 346
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FIG. 31 (continued)

ACAGAAGCLCTRARGAL TACGRCATCACCETRATCTCCCAGLCTLTRAATCTGACCAMAGAGE AGC TOAGULAGATCACCRTGUTGALCACCTCTGTRGATEOTGTG
TEICTTOGGRACTCETTATGECGTAGTGRCAT TAGAGGG T COGARACT TAGACTGRTT TCTLGTCRACTLGCTCTAGT GRCACGALTGL TEGAGACACCTALGALAL

8,350 8,368 §.376 §,386 3,380 9,488 8,418 8,420 §.438 §, 448 8,450

GTRGCCATCTGUOTCATCTTCAGCATGAGUT TG THRCCCOUCTLCT T COTGLUT GTACLTRATTCAAGAGAGAG TGAACARGAGT AAGU ALCTCCAGTTCATCTICGE

§, 568 8,472 §.488 §, 498 8,500 3,518 8,570 8,530 3 .54 §.556 8,582

GGYGTLCCCAACCACCTALTOGCTCACCAATT T TCTGTGORALATCATCAALT ACAGCGTGTCAGLLOCCOTGOTUGTGCOCATITT T ATCOEC T TTTAGRAGARAGG
CCACAGHCGTTGOTHGATCALCCAGTGETTAAAAGACACLCTGTAGT ACTTGATO TCGLACAGTCGLLCGGACCAGCACCCGTAGAAA TAGCCGAAAGTCTTICTICC

8,57 5,580 8,590 8, 588 8,612 8,620 8,558 8,640 3,550 8,568

CCYACACGAGLCCUOALAACCTCCCTGUTTTGRTTRCTCTRCTRCTLCTETAT GRCTEORCCHETCATTCCCATGATE T ACCLCRCCAGCTI TCTRTTTCALGTGCIC
GRATETGCTCCGEGITC T TOHACGGACGAAALCAACGAGACGACTAGEACATACCRACCCGECACTAAGGGTACTACATGEEHLEH T CRAARGACAAACTGLALCKGE

8,67% 2,588 g, 698 3,700 8,718 g, 738 3,730 8,748 g, 758 8, 760 8,778

AGCACAGCCTACGTGGLCCTGTCTIGCGCCAATCTGT TCATCOREAT CAACAGCAGLGLCATCACAT TCATCCTRCAAC TG T TCRAGAACAACAGGACCCTGLTELG
TCOTGTCOGATGCACCBGRACAGASCALGET T ACATAAGTAGCCGTARTTGTCATCOCRETAGTGT AAGTAGRACCTTGACAABCYCYTRY TETCCTGGRACGALRE

3,780 3,793 8,808 5,812 8,828 8,838 3,840 3,558 8,260 8,872 5,588

GTTCAALGCLGTOUTGUBGAAALTRCTRATCE TETTCCCTCACT TLTBTCTCRGCAGAGGUCTRATCHACCTORCTCT T CTCAGBLCGTGALTGATG T GTALGLCA
CAAGTTGCGELACBACECCTTTCACGACTAGCACAAGRGAG T GAAGACAGAGCCETCTCUGRACTAGUTCRACCCAGATAGAGTCCSGCACTOGLTACACATGUGRY

8,890 5,500 8,318 8,920 5,939 8,548 8,958 3,360 2,978 &, 98¢

GATTTGRCGAGGAACACTCCBCCAATCCATTUCACTGGGACCTRATCRGUAAGAACCT BT TCGUCATGETGRTGRAAGGLG T CETETACTTCCTGEYCACTITELYG
CTAMALCCCTCCTTGTGAGGCOGTTAGG TAAGETGACCLTGGALTAGCIGTTCTTGOACAAGLGATACCATCACCTTCLGCAGLACATGAAGTACGASTGAGALGAL

-
K4

8. 993 3,888 9,618 5,020 3,838 9, 848 3,062 3,260 9,678 9,080 3,850
GYGCAGAGACACTTTTTTCTGTCCCAATGRBAT COCCHAGCCTACTAAAGAACCCATTGTGRACTAGEACGATGATETRGL CGAGCARAGACAGAGAATCATCACLGE

CALGTLTCTGTGAARAAAGACAGEET TACCTALCGRCTCORATEGT T TCTTRGE TAACALCTROTCCTCCTCCTACACCCELTTCTY Y CTGTCTITTAGTAGTRGEC

SUBSTITUTE SHEET (RULE 26)



WO 2023/049937 PCT/US2022/077108
48/69

FIG. 31 (continued)

CUGCAMDAAGACCEATATCCTCAGACT GLALGAGC TRACAAAGA T L TACCTCRGUACAAGL TCCCCAGCUO T GRATAGGC T T TETGTGOOAGT TARACLCGGCGAGT
GCCGTTGTTCTGECTAT AGSACTCTSACGTCCTCCACTOTTTUT AnATREGECLOTRT TCRAGGEE TCGECACCTATCCGAAACACALCCTCAA TCTRERUCECTCA

218 3,220 9,239 9,248 9,250 8,260 2 379 9,288 3,290 3,398

GCTTTGRCCTOCTEGRAGT TAA TGECRCCREAMAGACTACTALTT T AAGATGLTGALCGRIGACACTACAGT CACAAGCRGABAT L TACAGTSGICGRLAAGAGC
CHAAACTEGACGACLCTAAT TACCRLGGCCT TTCTGOTGGT CRAAGT TCTACGAL TRECUGCTOTGGTETLACTOT TCGCLTCTACRATGTCACLGGUCETTITCG

0,310 9,128 5,330 3,39 9,359 g, 166 9,378 %3859 , 396 9, 1ee 9,418

STCCTEACCAACATCAGCOAAGTRCATCASRAACATHROGC TACTOCLC TCAGT TCEALGUCATCGACGAAL TR TRACAGGLLOUCAACACCTRTATOTGTATECCAG
TAGRACTCRTTGTASTCOCTTCACRTARTCTTGRTACCCGATGACGGRAGT CAAGC TRL GATARCTRL Y TRALCACT S TCCGRLGETIGTGRALA TAGACATACGRTC

9,420 g 430 o, 448 3,450 9,459 4,476 5,480 3,493 ¢, 586 4 5ta 3,528

ACTGAGACGCGTGULCGUTCAAGAGAT CRAGAAGGTGOLCAALTGETCCATCAAG TCTCTGEGCCTCACAGTSTACGCCRACTGTCTGOLCOGAACATACAGLGEAG
TEACTCTCCGCACGOGLGACT TCTCTAGCTCT TCCACCOGT T GACTAGGT AGT TCAGAGACCCORACT GTCACATGLGRLTCACAGACCGGCCTTGTATGTCGLLTC

9,538 3,548 9,550 3,560 3,578 5,580 9,598 9,688 3,410 9,622 9,530

GAAACAAGLGOAAGCTGABCACCGLCATTRCTLTCATCGOAT SCCCACCTCTGRTCUTCLTGOATGAACCCATCALCGGAATORACLCCCAGGE TAGAAGAATGLTC
CTTTETTCGUCT TCOACTCOTOOCEETAACCAGACTAGLLTACGHG T GGAGATCAGGACGACCTACTT GG TAGTRRCCTTALCTRGOGRTCCCATCTTCTTALGAS

9,648 2,558 9,660 9,678 9,688 9,598 9,788 5,716 3,728 9,738

TGEAACGTOATCGTOTCTATCATCCOLCAGGGCAGAGLTGTGOTGITGACCTCTCACACCATGGAAGAGTCUGAGGCTCTETGTACCCGOCTGCCCATTATGETCAA
ACCTTGUACTAGCACAGATAST AGGLCCTCCLETCTCGACACCALGAL TREABAGTGTCATACCTTCTTACBCTCCRAGACALATGGECCEACCOBTAATACCAGTY

4,749 3,750 8,768 8,779 9,788 3,79 3,509 §,810 9,828 2,830 9,848

GGECELCTTCAGATGLATRGGUACCATTCAGCATCTGAARAGLAASTTCGRLEACGRCTACATCOTGACAA TRAAGAT CAAGAGCCUCAAGRALBATCYICTHLITG
CLCOCGRAAGTCTALGTACCCATGETAAGTCGTACACT I TTCGT TCAAGLCGCTRCCRATGTAGCACTOT TACTTCTAGTTCTCRGGOT TCCTGLTGRAGGACGGAL

3 850 9,863 2,878 5,88 9,862 %, 95 8,918 8,820 9,938 2,848 8,358

ATCYGAACLCCGTEOAACAGTT T T TCAGRGCARC T TLCCLGRUTUCO Y GLAGTLGEHAAAGACACT AT AACAT GCYGLAGT T TLAGRTETCCTCOTTCALCCYGRET
TAGACTTGGHEGCACTTTRICAAAAAAGTCCCETTGAAGGEGLCCAGCLALGTCGCCCTTTCTGTGATATTCT ACGALGTCAAAGTCCACAGBGAGGAGE T CRGALCGA

5,360 3,070 3,988 8,59¢ 12,000 15,918 10,628 10,030 18,040 18, 559
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FIG. 31 (continued)

COOATCTTTCAACTGCTECTCTCTCACAAGGACARUL TGCTGAT TOAAGARTACAGC G TCACACAGACCACAT TCOACCAGG T TYTCRTCAACT TCGLCAAGCAGEA
GCCTAGAAAGT TOACCACGAGAGAGTBTTCCTATCASACCACTAM TTCTCATATCECACTS TG TCTRETATRAGCTEETCCAAAAGT AT TTGAAGCRG TTORTCGT

6,068 18,070 14,088 10,250 19,109 16,118 16,128 10,134 19,148 18,159 14 168

GACCGAGARCCACGACCTGCTCTRCATCCTAGAGLCRLTOLTHCLTCTAGACAAGE TCAGRACT AAGCTTCUACTGRAT TG TACAAT TACATAAAATAARATATCT
CTGGCTCTCAGTOCTGOACGRAGACGTAGEATCTCGOCGACCACGRAGATCTRT TCRAGTUCTGAT TCRAAGG TGACC TAACATETTAATGTATTTTATTTTATAGA

1@, 176 12,188 18,138 19, 289 18, 208 10,220 18,236 18,249 18, 258 10,368 18,200

< Therapeutic sequence m Backbone sequence >
TIATTITCATTACATCTGTGIGTTGGTTIITIGTETCCLCTAC Thaaat gagaccgaat LeCCATCCAGUTGATATCCCCTATAGTGAGTCGTATTACATGGTCATA
AATAAAAGTAATLTAGACACACAACCAAAAMACACACCCGATGAL tI o tet gge t L aagCO T AGGTCGALTAT ALGOLATATLACT CAGCAT AATGT ACCALTAT

~— Recognition Site
10, 286 10,290 18,300 18,318 10, 326 12,338 12,340 18,350 18,359 13,378
GOTRTTTCCTGECAGCFCTEGCOCE TG TCTCARAATCTU TGAT ST TACA T TRCACAAGAT AAAAA AT ATCAT CATOECTEUTE TAGALCABCC AGGACAGAAATGE

CGACAAA&oALCQYC&ACACLLG&CALABAGTf?*AqAGACIACAA &iAnCG?GT¥CTATTI*fﬂ*éTAGTA& Al CGAGGAGATCTG&TCBG?LC}CILIIT&LC

E@,.SS‘@ 18, 4'7@ iQ, 41{3 ig, 4;@ i@, 43@ ‘2,44@ i8, 456 ¢, 46{3 ‘@,4?@ ;,48@

CTCGACTTCGCTGCTGCCCAAGGT TEOCGUGTCACGLACACCETEOAAAL GOATGAAGULACGAACCCAS TGRS ACATAAGCCTGT TCGETTUGT AAGLTGTAATGUA
GAGCTGAAGCGACGACGOGTTCCAACGRULCACTEOETRTGRCACCT TTGLCTACTTCLETGCTIGORTCACCTOTATTCGOACAAGTCAAGCATTCOACATTACGY

16, 430 10,502 12,510 19,520 m;ssa 12, 54¢ 12,550 18,550 18,578 1@, 548 12,590

AGTAGCETATGUGCTCACGUAAC TGO TCCAGAALCT YCALCGAACGCAGCGO T GO AACGLUGUAGTOREGET VY TATGOUT TR TATGACTCTT T T TTGHGGTA

TCATCECATACRD 6A93LC&T1LA CCARGTCTYCGAACTORCTTG CG1CCCLAFLA¥?G(LGLGTCA(LG&CAA%A %ACCG&ALAAEAh?&APAAAAAAA"L€£A¥

ze,‘sw 12,610 1@,62@ 3.8‘63?.« 16,548 w,es«, 10,560 1@‘67@ 19, 550 w,é% ;@Je@

CAGTCTATGCCTCGOECATCLAAGCABCAAGTGUGTTACGCCETRGATCCATOT TTCGATGT TATGRAGCAGTAALGAT CTTACGLAGTAGGGUAGTCRCCITARAAL
GTCAGATACGRAGCLCRTAGGTYCRTCRT TCGLGCAATRCRGCACCLAGCTACAAALTACAATALCTLGTCOTTGUTACAATGLGTCATCCCGT CABCGRGATTTTG

10,716 10, 120 18,730 1, 748 m,"xﬁ@ 2. 760 0,77 16, 788 m,,ge 1,500

AAAGTTAAACATCATGAGGHAAGCEG TEATCGLCCAAGTATCGACTUAACTATCAGAGG TAGT THGCETCATIGARCECCATCTCRAALCCACETTHRCTRGICETAC
TTTCAATTTOTAGTALTCCCTTCRCCACTAGLGOCTY CATAGCTGAGTTCATAGTCYCCATCAACCGCAGTAGL T CRCOETAGAGLT T GRCTRCAACGACLGGLATG

18,818 19,82 10,839 18,848 19,959 18,858 19,879 18,880 18,996 18,500 19,918

ATTTGTACGGCTCCBCAGTROATGRCGECCTGAAGICACACAGTCATATTGAT TTGLTCGTTACKGTOACCAT AAGGETTBATGAAACAACGCEGERAGLTTTRATE
TAAMCATGLCGAGGEGT CACCTACCGLCGCACTTCGRIGTGTCACT ATAACTAAACGACCAAT GCCAC TOOLATTCLGAACTACTITGTTGCGCCELTCGARALTAG

19,922 16,938 10,248 12,350 18, 960 18,978 18,888 12,930 11,202 11,816 11,820
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FIG. 31 (continued)
AACCACCTTTTGSARAC T TCLGCT TCCCCTRGALAGACCGAGAT TCT CLGLGUTGTAGAAGTCALCATTOT TOTGCAUCACGACATLATTCCOTGEUSTTATLCAGL

TTGCTHECAMMALCTT TGAAGLCGAAGGGOALCTUTCTCRLTCTAAGAGRLGCEACATCT TCAGTGGTAACAACALGTGCTRCTRTAGT AAGGUACCHCAATARGTLG

11,83¢ 11,840 11,852 11,3860 11,878 11,288 1,909 11,i6& 11,118 11,128

TAAGCOCEAACTOCAAT TTCAGAATGRCAGCECAATCACATYCTTGCAGGTATCY TCRAGCCAGCLACCATCCATATTCATC YOG T ATCT TRUTRACAASAGTAA
ATTCOLGCTTGACGT TAAACETCTTACCGTLGCET TACTGTAAGAALGTCCATAGAAGLTCOGTCGOTGCTAGCTGTAACTAGACCCATAGAAL GALTGTTTTCGTT

11,148 11,158 11,162 11,17 11,180 11,168 11,288 11,218 11,220 11,230

11,138

GAGAACATAGCETTRCCT TORTAGGTCCAGLGHIGGACGAACTCTTTGATCCGGTTCCTCAACAGGAT CTAT T TRAGRCOLTAAAT RAAACCT TAMLGE TATRGAAC
CTCYTGTATCGCAACGRAACTATCCAGGTCGLOGICTCOTTGAGAAACTAGGC CAAGGACT TO TCCTAGAT ARACTCCGLCAT TTACT TTGGAATTGLGATALCTTE

11,249 11,258 13, 268 11,278 11,280 11,290 11,360 1,08 11,328 11,338 11,340

TCOCOGTLCCACTGOGCTGRUGATGAGCCGAAATBTAGTGC T TACGT TGTCCCGTAT T TG TACAGLGCAGT AACT GG AAAAT CGCRTCRAAGGAT
AGCHGCHGGUTGACCOBACLGETACTCOUTTTACATCALGAA TEU AR AGEGCET AAACCATETCGUGTCATTGGLCGTTITAGIECGECTTCCTYA

131,350 11,368 11,378 11,388 11,388 11,40Q 11,418 31,428 11.43%
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FIG. 32

CICTIChgtatcacagragaat LLeagGOAGACAT TEAT T AT TRACTAGTTAT T AATAGTAATCAAT T ACGGEGTCAT TAGT TCATAGCCCATATATGRALTYCCGC
GAGAAGCcatagtgtcctattaragteCOTCTATAACT AATAACTHRATCAATAAT TATCATTAGT TAATOCCCLAG T AATCAAGTATLCRGTATATACCTCAAGGLS

18 2@ £ 20 59 e e 88 98

R
&

GTTACATAACTTACGGTAARTRGOUCGCCTEGCTCACCECLCAACGALCLCCGUUCATTRALGTCAATAATCALGTATGT TCLCAT AL TARCGCLAATAGGGACTTT
CARTETATTGARTECCATTTACCOGECEOACCHACTCGILGH TTECT GOGGECEGETAACTOUAGT TATTACTGUATACAAGGETATCATTGEEGT TATCLCTGAAA

110 120 136 143 158 162 178 189 182 200 218

CCATTOACGTCAATOGETAEAGTATTTACGRTAAACT GCCCACTTOREAGTACATCAAGTRTATCATATGUCAAGTACGCCCUCTATTGACCTCAATCACGETARAT
GOTAACTGLAGT TACCCACCTCATAAATGCCAT T TCACCGET CAACURTCATETAGT TCACAT AGTATACGET VCATGUGEOGEATAAUTGCAGT TACTGCCATTTA

228 238 246 25¢ 268 270 288 298 380 30 326

GECCLGUCTRGUATTATGUCCAGTALATCACCTTATGGGACT TTCCTALTTGGLAGTACATCTACGTATTAGTCATCGCTAT TACCATE TCCABG T GALBCTCTATEY
CCRGELGRACCGTAATACGEGTCATGTATTORAATALCCTRAAAGEATGAACCGTCATGTAGATGCATAATCAGTAGCCATAA TOE T ACAGCTCLALTCLGHGTGEA

138 348 358 360 17e 389 32 168 418 428

TCYGCTTCACTETCCCCATOT CCCCCCCCTCCCLACCCCCART T TG TAT T TAT T EATTTT T TARTTATTT TG VGUAGCGATROGHGLGECEEGHGECERHEGECET
AGACGAAGTCAGAGGGG TAGAGGGEGGGHECAGCEGTCOGEETT AARALATAMATAAATAAAAAATT AAT AAARTALGYCGUTALCLCCOLCLCCLCUCCCCUCITELE

330 44 450 162 478 488 450 500 519 528 530

GCGCCAGGLEGGECEHEGCEGEGCEACGEELEGEELEEEGLEAGETEEAGAGETELOGTEGUAGCCAATCAGAGCORCGCSCTLCGAMAGTTTCLCTTTTATGRUGAG
COCGETCLGLCCCEICCLGLLCCOCTCCCCHLCLCGCCCCRUTCCRCCTCT CCACGUCGUCHTUGO T TAGTCTCOUCGLGCOAGRC T Y TCAAAGLAAAA TALCELCTC

530 558 558 572 550 54 a9 51 2 §39 549

GLGOEGHCHECHGLGGLTCTATAAAMAGCEAAGCHCCCGRLRGOLGHAAGTCGUTRCEACECT GCLTTCOLLLCHTRCCLORCTLCRCLGTLALCTCRIGLLRCILE
CECCECCBLCGCCGCCGEOATATTTTTCGLTTCOLGL GLOGLCCOCCCTCAGCRALGL TOLOALGLAAGLGGECALCGLGUEAGGLEGCGECEEAGLGLGELGEEL

550 G6e 670 583 550 ya 19 728 730 Fag
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FIG. 32 (continued)

CCCCORCTCTRACTGACCOLGT TACTCCCACAGRTGAGCGGGLGERACCOCCCTTCTCCTCCOOECTOTAATTAGCGC TTRET TTAATGACGRCTTETTICTTTICY
GOGGUCGAGACTCACTROLGLAATGAGGGTETLCACTCGLCCGCLCT GUCGEGAAGAGRAGGLCCLACAT TAATUGC GAACCAAATTACTOUCHAACAAAGAAA MG

750 76@ 778 750 730 0@ gig 829 230 845 g58

GTGECTOULTRARAGLCTTGAGEGECT CLGGRAGGCLCCTTTETGUGRECHEAGLGGLTUGREREGRT GG TOCHTRTRTRTGT G TOGRGAGCHCCHLETRLGECT
CACCOACGCACTTTCGRAALTLCCCCAGGCLCT COCGORAAACACGICCCCCTIGLCAAGUCCCCTCACRCACGCACACACACACGCAC COCTCRCGLCOCALECIGA

g3 203 918 928 930 4@ 958 5958

<=3
<

860 878

CLECHCTRCCCHEEUGETTRTRAGCGLTGCEEGIGIGELGLGEAELTT TETGLGLTCCGLAGT GTGLGUGALGLGAGLHELLELCHEHEHEGUGE TELLICGLEHTRCGES
GOCHECEALCEECLGCCGACACTLELGACRLCLGIGTLGLGUCITGARACALGLGAGGIGT CACALGIGUTCLCEYCECHCIBGLCTCIGUTALGRGGLGICATELCLT

are RET 338 1,888 1,818 1,929 1,030 1,948 1,858 1,058 1,6‘)?%3.

GEGGELTHRCOAGLGRAACAAAGECTGLGTGCLGECTGTET UG TORGEGHGTRARCARGLERT G TGRGLCUETLCO TCRGECT GLAALCCCCLCTGCACCCICOTCR
CCCCLGACGUTCCCCTY Y TTCCRALGLACGCLCCACACACECALCUCCCCACT CETCUCCCACALCIGILCAGUCABCLCEACHTY GRGEHGHACE TEORGEEEALG

3,888 1,080 1,108 1,118 1 128 1,130 1,148 1,158 1,158 1,170

CCEAGTTOCTGABCACGGCTCOECTICGRGTECEEAGCTCCETACSGEECETERIGCHGEGCTCOLIRTECLGERUGAGREATLOLERCAGET GRERGTGCIGEHELS
GOCTCAACCACTCOYGCCRLEICEAAGLLCACSCCCCOAGGCATGLLCCOCACTRECGCCCUGAGCEREACORELCTGLCCCLACCRITETCCALLLCCACTLLCIGE

1,189 1,188 1,208 1,21@ (128 1,238 1,242 1,25 1,368 1,278 1,28

GGECHGECLLGICTCGEAUCEEEHAGGECTLGHGRRAGGEGLEIHGIGGLCLCLGGAGLGICEECHGITETCOAGGLLCEGLEALCLGUAGLCATTGCITTITATEG
CCCHCCCTHRERBAGCCCGRCCLCTCLCOAGTCLICTCLCCELGCLRICEEGEGICTCGUGECCHCLRACAGCTCCGCOCUECTCORLGTCGETAACGGAAAATACT

I.2%@ 1,368 1,316 1,328 1,33 1,34¢ 1,358 1,369 1 372 1;38&} 1,39

TAATCOT GLGAGAGRGCGCALGLACTTCETTTGTCCLAAATCTGTRCOGAGCLRARMAT CTGRBAGGIGICGUCECACCLCTTCTAGIRGGLGUGERELGAAGLEETE
ATTAGCACGCTCTCCCSCOTCCCTRAAGGAAACAGGG T T TAGACACSCCTCORETTTAGACCCTCLEL GRCGECETEEEHEAGATCOCCOCCELLCIGETTCGCCAC

1,428 1,410 1,478 1,438 1,440 1,450 1,468 1,478 1,480 1,498
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FIG. 32 (continued)

CORUGLUGHRTAGGAAGGARATLGELGEEGARGELCTTCOTRCATCRLCAICCLGCLGTLCCOTTI TCCCTOTCLAGCL T CRGERUTRTCLGCOEGREGALEEITGEC
GOCEORGECCETCCTTCCT TTACCCBCCCCTCLOBEAAGCACGLAGCOLCELOGCOBIAGGREAAGAGGRAGAGATCOBARTLCCBACAGRLGUCCCCLTELLBALEE

1,560 1,518 1,52 1,528 1,548 1,558 1,569 1,570 1,588 1,508 1,50

TTCOUGOGEEACGLEGELAGEGC GO T TLRBU T TCYCGCUT G CALCLUCOGCTCTAGACAAT TG TACTAACCTICT TCTCTTICCTCTCCTCACAGLGAGT TTAAA
AAGCCCCCCCTGRUCCOTCUCRULCCAARCCEAAGACCHCACACTGOLCGLCCAGATC TG T TAACATGAT TGRAAGAAGAGAAAGGAGAGGACT GTCCLTRAAATTY

1.678 1,582 1,588 1,78 1,7i8

@l
L4143
o

1,518 1.62¢ 1,436 1,840 1,850 1

CAGATAAGTTTGTACAAAAAAGAGAGE TGCCACCATEGEC T TTGTGCOACAGATTCAGCTGC T GLTGTGOAASAAL TGOACCC TOLERAAGCGRUAGAAANTCAGAT
GTCTATTCAAACATOTITTTITCICTCCACGRTGHTACCCOARACACHCTETCT AAGTCOACRACSACACCTTCTTGALCTRGGACGICTTCOLCGTLYTTTAGTCTA

1,720 1,738 1,740 1,756 1,740 1,770 1,780 1,790 1.80% 1,818

FOGTEGTGGAACTCGTGT GLCCCCTOAGCCTGTTTCT GLIGUTCATC TGO TOLLGAACCLTAATCCTCTCTACALCCACCATGAG T GTCACT TCCCLAALASGELL
AGCACCACCTTGASCACACTGRRGACTCOGACAAABACCACGACT AGACCRACTLCTTGUGE T TAGCAGACAT GTUGGT GG TECTCACAGTGAAGGRRTTRTTTCER

1,820 1,830 1,540 1,858 1,860 1,878 1,886 1,808 i,928 1,918 1,928

ATGECTTUTGLCORAAT GO CCOT TRECTECALGGLATCT TCT GLAALGTEAAT AACTCCTCE VT TCAGAGCLCCACACTTGLECHOARAMGCCOTGRCATCGTRTITAA
TACGGAAGACGCCCTTACGACGRAACCRGALGTCOUGTAGAAGACGTY SCALTT AT TROGRACCGALMBTCTCGRGAT G TRGACCGLT T TCGRGACCGTAGCALAGGTY

1,930 1,648 1,858 1,960 1,370 1,980 1,968 2,389 2,812 2,030 1,638

CTACARCAACAGCATCOTGRLCABAGTGTACCRGRACTTCCAAGAGCTGCTBATGAALGCLICCTCARTCTCAGCATL T GLGCAGAA TCTGRACCRAGITGUACATCL
GATGTYIGTTGTCGTAGGACCOLTCTCALATOGCICTOAAGG T TCTCRACGACTACTTGLEGHGAC TCAGAGTCOTGGACCLGTET TAGACCTOLCTCOALGTGTARG

2,040 2,050 2,856 2,676 2,080 2,899 2,180 7,138 2,128 2,13 2,140

TCAGCCAGTTCATGOATACCCY GAGAACACACCOCGAGAGAA TCOLCEGCAGLGGLATCAGAA T LCGERACATCCT GAAGLAL GAGEAAACCCTGACALTEITCCTT

ACTCGRTCAAGTACCTGTRGCACTCTTGIGTGORGCTCTCTTAGCORCORTCCCORTAGTCTTAGGCOLTETAGRACT TCCTGLTCOTTTGERACTGTGACAAGEAG

2,258 2,268 2,278 2,280 2,298 2,388 2,318 2,320 2,330 3,340 2,358
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FIG. 32 (continued)

COCCTETTCTEAGECCCTOCTRRAACGE T TCATCATCT TCAGTCAGUGLRAGAGGCCCCAARACCGTCAGATATECCCTETGLAGTC T GAGCCAGLGAALCCTGLAGY
GOBGACAAGACTCOGEOACGACTT T GCCAAGT AGTAGAAGTCOG T COCUTCTCCOCGE T TCTGGCAGTCTAT ACBGGACACGTCAGACTLRETCLCTTEOGRACETCA

2,369 2,370 2, 480 2,35 2,468 2,418 2,428 2,438 2,448 2,458 2,460

GOATCOAGGATACCLYGTACGCLAALG TECACTTCTTCAAGCTG T TCCBGRTGCTGCLCALACTGETERATTCTAGAT CCLAGGECATCAACL TRAGAAGLTGRGRT
CLTAGCTCCTATEOGACATGLRGTYGCACTTGAAGAAGT TCRACAAGHCLCACBACGOE TRTCALCACCTAAGATE TARGGTCCUGTAGTTCRACTLTTCRALCLCG

2,470 2,486 2,490 2,568 2,518 2,528 2,538 2,548 2,550 2,569
GGCATCCTRTCCOACATGAGLC CAAGAATCCAAGAS T TCATCCACTIGGLCTAGCATGLAGRACCTCCTGI GEETTACCAGACC T CTRATGLAGAALEHECHRACLEGA

COGTAGGACAGGCTGTACTCOGETTCTTAGGTTICTCAAGT AGGTGECCGRATCOTACGTCOTGEACGACACCLAATGE TCTGRAGACTACGTCTTGCLGLCTREEC

2,872 2,588 2,508 2,588 i.618 2,828 2,83 2,548 2,658 2,588 2,678

CACATTCACCAAGCTRATRGEUATYCTGAGCGATCTGCTGTRCGECTACCCTGAAGGC GEAGCATCTAGAGTGCTGAGCT TCAATTGRTACCAGGATAALAACTACA
CHGETAAGTGGTTCOACYAC TAACACTCOCT AGATGACACHCCOATLEGGALTTCL TCOTACATCTCACCATTCGAAGT TAACCATGCTCOIGTTETTGATGY

.68 2,690 7,708 2,710 3,728 2,730 7,748 2,758 2,758 2778 2,788

AGGCCTTCCTGRGUATCGACTCCACCAGAAAGSACTCCATCTACAGC TACGACCGECEBACAACCAGC T TCTGCAATGUCCTGATCCAGAGCUTGRAAAGCAACCEY

i)
'S

Gr"
TCCGRAAGBACCCGTAGCTGAGSTGETCTT TCCTRGRGTAGATGTCOATCUTGRCCALCTOTTGRTCCAAGALGT TALGGGACTAGGTETCS

ACCTTTCGTTRGRA

2,759 2,864 2,819 3,870 2,839 2,846 2,850 3,860 2,878 2,880

CTGACCARGATCHCTTGOAGGRLTGCCAAACCTOTECTRATRGOAAASATCCTGTACACCCLTGACAGCCCTGCCGCCAGAAGAATCUTCAAGAALELU AALAGTAL
CACTGLTTCTAGECAACCT CCCLGCEGT T GRAGACGATTACCCT VT CYAGRACAT G T GRGEEACTC Y COGOACGLSGEI CTTCT TAGGACT ICT Y CCLGTTBTOGTG

‘2,836 2,998 2,818 2,92¢

3,066 3,818 3,870 3,839 1,040 3,850 2,859 3,878 3,080 3,060 3,108

ACACCCTGGRCAACCUTALCGT GAAGRACT TCLTGARCAGALAGLTGROIGAKGAGGOLATTACCCCUGAGGLLATCCTGAACTT TCT GTACAAGGRCCCCAGAGAG
TOTCGEACCCOTTGEOA T CLCALTTTLCTGAAGGACTIGTCTS YCOACCLGCT TCTCCUGT AATGOTEGUT COCOTAGEAL TTGAAAGALATGT TLCCHGEETCTCTC

3,118 3,120 3,138 3,148 3,159 3,160 3,178 3,182 3,198 3,200 3,718
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FIG. 32 (continued)

FTCCCAGLCCGACGACAT GOCCAALTTCGATTOGLGERACATCTTCAACA TCACCOACAGAACCUTGUGGLT GL T CAACCAGT ALCTLGAATGLCTEGTRCTGGACAA
AGGGTCCGRCTRCTGTACCEETTCAAGCTAACCGLCCT R TAGAAGT TET AGTGECTETCTTGREACSLCCACCAGT TG TTATSEATC T TACGGACCACGALCTGTT

3,288 3,290 1, 360 3,310

3,228 3,230 3,248 3,250 3, 260 3,

2
i
1)

G TCGAGAGCTACAACGACGAGATACAGCTGACCCAGAGAGCCCTGT CTOTGU T GRAAGAGAATATST TCTGRRCTGRCETGRTGT TCCCLGACATATACTCTTOGA
CAAGCTCTCGATGT TR TEUTCTRTGTCGACTEGET U TCTCGRGALASAGACGACCTTCTCTTATACAAGACCUGALCGTACTACAAGHGRCTRTATAT BEGARCEY

3,320 3,330 3,345 3,350 3,368 3,370 3,388 3,390 3,408 3,410 3,428

CAAGCALCCTGCCTCCTCACGTGAAG T ACAAGATCCGCATRGACATCGALG TGO TCOAAAAGALCAACAAGA TCARGEACLGG TACTGRHACAGCEGLLCTAGAGEY
GYTCGTCGOACGOAGGAGTGEACTTCATETTCTAGGLE TACCTCTAGC TOCACTAGCT TV TCTOOT TG T TCTAGR T TUCTGRCCATGACTCTETCOCLGEEATCTCRA

3,439 3,448 2,450 3,460 2,470 3,480 2,490 3,500 3,558 3,526 3,538

GATCCCGTEOAAGATTT TCRGT ACATCTGGLGCGGAT TCOCATACL T GCAGGALATRG THGAACAGGRAATCATACGGTCCCAGGT GLAGGUTGAAGRCTLCTHTGEG
CTAGGGUACCTTCTARAAGCCATETAGACCCOECITAAGCET ATGEACGTCCTGYACCACCTTETCUCT TAGY GTSCCAGGE T CCALGTCCGACT TCCAGGATALLD

%.548 3,558 3,568 3,872 3,588 3,888 3. 6e8 3,818 3,628 3,83

ARTCTACCTRCAGCAGATGCOTTATCLTTGCT TCRTGRACGACAGE T TCATCATCATCCT GAATCORTGUT TLCCCATCTFCATOGTGCTGOUCTGGATCTACT LS
TTAGATGGACGTCLETCYACGBAATAGGAACGAAGCALCTECTETTGAAGTACTAGTAGCACT TAGCCACGAAG GO TAGAAG T ACCACGACCGOALLT AGATEAGES

3,640 3,850 2,664 3,578 3,686 3,598 3,760 3,718 3,720 3,738 3,748

TETCTATGACCGTOAAGTCLATLGTECTGRAAAAAGAGCTGCEGCTGAAAGAGACAL TGAAGAACTAGGGIE T TCLAATGCLOTRATCTGGTGCALCYGETTICTG
ACAGATACTGRGCACT TCAGRTAGIACGACCT TTTTCTCRACGCLGAL T T TCTEYGTGACT TCTTGGRT CCCGCACALGT TACRGEACTAGACCACGTGRACTAAAGAL

3,750 3,760 3,778 3, 78@ 3,798 3,808 7,818 3,820 3,538 3,840 3,858
GACAGCTTCTOCATTAYGALCATCAGCATCY TG CACCATU T TCATCATGCALGGLCCaATECTECAC T ACALCEACCLCT Y EATCOTCTICLIGVICLT 6L

CIGYCOAAGAGG T AATACTCLT ACTCETAGAAAGACSACTGCTAGAASTAGTACE YTCCTGGCt TAGGACGTOATG Y COCTGUGHEAAAT AGCAGAAGGACAAGEALGA

3,568 3,872 3,880 3,898 3,580 3,918 3,920 3,938 3,749 3,958

GGCLTTUAGCACCOCTACARTCATCCYCTGT T T TCYCCTOTCCACCY TUT TCAGCAAGGCCTCTCTRGCLGCT GUT TG TAGCGLCG TGATCTACTYCALCLYST AL
CCQUAAGTCGTCCUCATGTTAG Y ACGACACAAAAGALGACAGRT GOAAGAARTCOT TCCLGAGAGACCOGLRALGAACATCOLCECAL T AGATGAAGTGLEACATRE

3,368 3,976 3,938 1,999 4,908 4,818 4,328 4,830 4,848 4,856 4,359
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FIG. 32 (continued)

TECCTCACATCCTGTGE T TCOCATGGEAGBACAGAATOACCHCCOAGE T GAAGAAAGL TGT G TECCTGCTRAGLCETGT LG TTTCRLT TTGRUACTGAGTALLTT
ACGRAGTCTAGGACACCAAGCE TACCOTCCTRTCY TACTORCEECTLCALTTUTTTCCACACAGEHAL GAC TCORCALACLGEARAL CEARACLGTRGC TCATEGAG

4,128 4,130 4,148 4,15¢ 4,180 4,178

4,872 4,988 4,8%¢ 4,188

QTCAGATTTGAGQAACAAGRACTGGGACTGCABTGETCCAATATOGGUAATAGCCCTACAGAGRGCOACRART TCABCTTCCTGCTET CTATGCAGATGATECTGET
CAGTCTAMALTCCTTET TCCTCACCLY GACGT CALCAGGT TG TAGCLG T TATCGGRAT GTCTLLCGCTHCTUAAGTCOAAGGALCACAGATACETC TAC TACBACEA

4,188 4,199 1,200 4, 210 4,228 4,238 4,248 4,75 4,268 4,278 4,230

GEACGCLGCCCTETATCOACTRCTRGET TGO TATCTGEACCAGRTGY TCLCAGGCOATTACGRCACTECTCTGCCTTRGTATTTCCTECTGUAAGAGAGLTALTGEC
CCTGUOOCORCACATALCTOALGACTGAACTATAGACCTGG TECACAAGTG TCLGUTAATGCCETCAGGAGALGEAATCAT AAAGCACGACGTTCTCTCOATRALLG

4,298 4,389 4,318 4,320 4,338 4,548 4,352 4,380 4,370 4,3

(273
ca
&

TCOGCGECRAGGEATCTAGCATCAGAGAAGAAAGAGCCCTGRAAAABACTGAGECTCT GACCOAGGAAACAGAGEACC CTCAATACCCAGAGGGCATCCACGATASC
AGCCHRCCGCTCCCTACATCRTCETCTETTCT T TCTLGGHRACC T T TCTRGETCOBAGACTRGCTCCTTTRTCTCCTRGRACT TGTRCGTCTOCCHTAGGTOLTATCS

5,390 4,400 4,418 4,420 4,430 4,440 4,458 4,468 &,479 4,480 4,458

4,508 4,518 4,520 4,538 4,548 4,558 4,560 R 4,580 4,588 4,680

CYICTACGAGAACCAGAT TACCGLCTTTCTOGECCACAACGRCGI TGRIAAGACAACACAL TRAGEA TCCTCACAGGCLTOLTGICT CCAACAAGE RECACAGTTC
GCETGTTAAG

4,618 1,628 4,839 4,842 4,658 4,668 4,67Q 4,689 4,838 4, 788

TCGTTGRUGGCAGAGACATCGAGACAAGCCTGBATECCGTCAGACAGTCCCTCRECATGTGCCCTCAGCACAACATCC TG T TTCACCACCTGACTGT BGCLGAGCAL
AGCAACLGCLGTCTCTETAGCTCTRTTCGGALCTACGOCAGTCTGTUAGRGAT COOTACACGRGAGTCGTGT TGTAGRACAABTGETGRACTRGLACCLGCTCRTE

4,710 4,728 4,738 4,740 4,759 4,760 4,779 4,780 4,799 4,860 4,818

ATGCTOTTTTATGCCCAGLTGAAGGGC AAGAGCCAAGAAGAGGLTCACC TCGAAATEEAAGCCATOL TgBAGCACACCGELETGCATCACAAGAGAAATRGAGGAAGT
TACGACAAAATACGERTCRACTTCCCGTTCTLGRTTCT T CTCCRAGT CGACC T TTACCTTCOGTACAACCTUCTGTGOCCRGATGT GG TRTTCTCTTYACTCLTTCG

4,328 4,830 5, 840 4, E5¢ 4,358 3,870 2,880 4,896 4,908 3,318 4,920
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FIG. 32 (continued)

CLAGDATCTCALCLGUGELATGCAGAGAAAACTCALC G GRCLAT TELETTCETHOCLCACCUCAAGE T TGYCATCUT GRA TOAGLL T ACAAGLGIG T GLACELTY

et
o
=

5,030 5,04 5,852 5,060 5,078 5,246 G, 698 5,199 5,118 5,128 5.8

GLCATCATTGCTCAGELCAGALTETACTECAGTGGIALCCCATTRTT TCTGAAGAACTGT TTLGECACCRBACTH TATCTGACICTIGTGLLGA AGATHAAGAARCAT
COBTAGT RACGAGTCLCGTUTRACATCACGTCGCCATRGGET GATASAGACT TCT TCACAAAGCCOTRECLTEACATACAC TGROAGCACGLCTTITACTTCTTGTA

5,142 5,150 5,166 5,178 5,146 5,109 5,208 5,218 5,230 5,338 5,348

CCAGTCTCAGCGGAAGGGUAGCOAGGGCACCTRTAGCTGT TCYAGCAAGGGU T TTAGCALCACCTGTCCAGLTCACG TGOACGATC YGACCCC T GAACAGRTGLTRS
GOTCALALTCGCLTTCCCOTCRCTICCGTHGACATCR TTOCCHAAATCGTOGTGRACAGGTLGACTRCACCTGLTAGALTCGERALT TG TLCACEALT

(5

%, 366 5,378 5,389 5,398 5,489 5,410 5,42€ 53¢ g, 448 5,45

TYCAAGUACCGRGUCT ACGCCAGLCTGT TCAGAGAGC T GRAAGAAACCCTGOLCHALTTROGLCTCTCTAGUTTYGRCATCAGUGALALCCOTCTIGAAGAGATLTY
AAGTTCGTGRCCLGRATECOGTCOGACAAGTCTCTCACCTTCTTTRGRACCGECTCRACTCOGATAGATUGAAALCGTAGTCGUTRT GHGEAGAGLTTCTLTAaAA

5,460 5,470 5,480 5,498 5,500 5,518 5,528 5,530 5,540 5,550 8,562

AASAGCOCGAGAACGTCAACCE TAGACACCCC TETCTRGECCUAAGAGAGA
A TTTCCCRCTCT TELALTTGOEATCTGTCGOLACAGACCCGREYTCTCYCY

CCTGAAAGTCACAGAGOACALCGATAGLOGCCLTCTOTTTRC TOGCEGLAGTACAL
QCACTTTCACTOYCYCCTOTCOCTATCOCCOLOARACARAL GALCGLCTTGTSIC

@y (3

5,578 5,538 5,592 5,600 5,610 5,620 5,638 5,548 5,658 5,666 5,670

AAGCCGGACAGACCCCTCAGRACAGCAATGTGTECTCTCCTGETGCTCCTGCLGUTCATCCTGAGGGACAALCTCCACCTRAALCTGAGTGTCUTOBACCTCAGLCTG
TICGOCCTETCTGEOGAGTCLTGYCGT TACACACGAGAGCAC CACCAGBACGECHAGT AGCACTCCCTE T THCAGG T GRACT THOACT CACAGGALT TRGAGTCGAL
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FIG. 32 (continued)

ABCACCHGAACACAGCTEGTTCTGCAGCACGTGEAGRCTCTGLTIG T BAAGAGATTCCAGCACACCATCAGAA GUCALAAGGACTTTCTGRICCAGA TCETGLTRLC
TTGTGECCTTGTOTCOACTAAGACGTCGTECACGTLCGAGACCAGTACTTCTCT AAGG TUGTGTGETACTUTTLGETGTTCUTGARAGATCCGRG TLTAGCACGACGE

5,730 5,790 5, 980 5,810 5,820 5,830 5,840 5,858 5, 858 5,870 5,888
COCOACLTTYGTTTYICTGEUTOTCATCUIGAGLATUCTRATCCLTCLAT TCHRTGCRAGTACLC LG YCTRALACTGCACCUTTGOATC TACGGUCALCAG TALALLCT

GEEGTEOAAACAAAAAGACCGAGACTACGACTCOTAGCAC TAGESAGG T AAGCCECTCATCOGCCRAGAC TETGACETGOCAACCTAGATCCCOOTCOTCATGTGOA

5. 592

TTTTCTOCATGOACGAACCCOOUAGLGAGTAGTTCATAGT LT GLCTRATETCCTRCTGAACAAGCLCORCT Y CLGUAACCGETGTCTGARAGARGEATRCCTGLCT
AAAAGAGGTACTTECT T GLGCCETOLUTCLTCAAGT GTCACGACLGACTACAGEALGACT TO T TCEEGLCAAGLCE T TCECCACAGACT T TCTTCCTACCGALGGA

6,804 4,210 5,828 &, 830 5,240 5,359 &, 068 5,870 S, 888 6,698

GAGTACLCTTGCGGCAACAGCACACCT TESAASACCCCTAGLGTGTCCCCTAACATCACCCAGCTGT TCCASAAGCAGAAATOCACCC ARG TCAALLCCTCTCCATE
CTOATGOGAACGCCETTGTCOTSTEEAACCT TTTGGOGATCOCALAGGGEATTGTAGTGLETCCACAAGE T TT T COTCTTTACCTOGET TCACT TGRGGAGAGETAG

5,160 6,172 6,188 5,198 6,388

CTHECCHGTGCTCCACAAGHGAAAAGCT GALCATGCYGLCCHAGT G TLCAGAAGGLGL T GGCORACT T CTUCALUCTCAGAGAAC ACABAGATCCALCGAGATTCYCL
GACGGCLACBAGGTRTTCCCTTTTCRACTGRTALGALGGECT CALAGE TCTTCCGLGALCRUCTGAAGEAGR T GRAGT CTLTTETGRTCTCTAGR TGECTITANGAGG

§,218 8,220 5,239 6,248 &,250 5,268 6,270 8,282 5.299 &, 308 8,318

AGBACLTGACCGALCGEAATATCAGCRACT TCLTGE T T AAGACATALCLCGLACT AT CLGETCCAGTCTEAABTCLAAGTTCTRGRTCAACGAAL AGAGATALGEL
TCCYGGACTEGCYGECCT TATAGTCECTHAAGGACCAATTCTETATGHCGLGT GACTAGGCLAGGTUGRACT Y CAGE T TCAAGACICALTTIGCTIGYCTLTATGICG

6,370 §, 388 6,330 6,466 6,418 6,420

e
oy
&

8,326 6,330 5,340 €, 358 &,

GELATCALCATCEECREAAAMTELCTOTECTHECCTATCACAGECCAGECCOT TETGEGLTTTCTG T COATCTCGROAGAA TCATGAALGTGTCLGGLGHRACLTAT
CCOTAGTCGYAGCCGUCTTTY CACGUEACALCACGOATAGTGTCCECTCLGECAACACCCOARAGACAGEUTAGALCCUTCT TAGTACT TGCACAGGLLGLCYGOATA

,438 &, 442 5,450 &, 469 § 478 5,458 &, 408 6,504 5,518 §,528

CACCAGGGAAGCCAGCAAAGAGATCCCCRAT T TUCTOAAGCACCTOGAAACCCAGRAC AATATCAAAGTETAE TTCAACAACAAAGGATGGIACGCLCTCGTGTOTY
GIGETCCCTTCGETCOTTTCTLTAGGRGCTAAAGGACT TCRTCOACL T TTGRCTLCTGTTATAGT T TCACACCAAGTIGTTRT T TCCTACCRTGERGOAGTACAGAA

6,538 5,549 4,550 §,560 5,573 6,588 5,530 5,589 6,618 5,520 &,538
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FIG. 32 (continued)

TTLTRAACGTRGCLCALAATGECATCOTGLGGRCTAGCLTELCTAARCATAGAAGCCLTRAGRAAT ACGGCATCACTE TRATETLLCAGCLTCTGAATCTGACC ARR
GTGCT TALGETAGGACGLLCRATCGOACCEAT TCOTCTCTTCORGACTCCT TATHCLGTAGTRGC ACTAGAGGHT CLGAGATTTAGALTGGTTY

6,638 5,658 &, G6¢ 6,678 &, 558 G,59¢ 6,789 6,718 [N 8,732 &, 748

CAGCAGCTCAGCEAGAT CACCETOCTGACCACCTCTIGTOBATGCTOY GG TCLCCATCT GCRTGATCT TCAGCATCAGCTTCE T GCCLECCTCCTTLGTRCTRT ALY
CTCOTCGACTUGCTCTARTORUACCACTGOTOEAGACACCTACGACACCACCEETAGACCCACTAGAAGTCG TACTCCAAGCACOGGUGGAGGAASCACGACATGGA

&, 754 5,758 5,778 &, 720 5,798 &, a6e 5,810 5,828 &, 216 5,340

GATTCAAGAGAGAGTGAACAAGAGCAAGCACCTCCASTTCATCTCLGORERTG TCCCLAACCACCTACTGOETCACCAATTT TCYGTRGCACATCATRAACTATAGEG
CTAAGTTCTCTCTCACTTRTTCTCS T TCGTGRAGRTCAAGT AGAGGUCCLACAGRGET TR TGOATGACCCAGTHAT TAAAAGALACTCTGTAGTACT TCATGTCGE

5,658 6,860 §,878 5,889 5,898 5,300 6,918 §,978 #,939 5. 940 §,959

TOTCAGCCGRCCTORTCRTORGCATCTTTATLGRLTT TCAGAAGAAGGCCTACACGAGLCCUGABAALCTECOTGLTTTGRTTGCTCTGCTRCTLCTRTATGRCTRG

ACAGTLGGLCGGALCAGCACCCGTAGAMT AGLCGAMAGTC T TCT TUCGRATGTRCTLGOEECTC T TGRACGGACGAAALCAACLAGACGACGAGRACATALCGACT

6,960 5,978 6,588 &,992 7,008 7,818 7,228 7,938 7,84 7,058 7,060
GUCGTGATTCCCATEATGTACCCCGUCAGCTT TUY ST T TGACETGCCCAGCACAGCCTACGTOGLCCT GICTTSCECCAATUTRT TCATCOERATCAAL AGCAGLRL

COGCACT MBGATACTACATGCOBCGGTCGAAAGACARACTGCALGRETCETE

TCOGATOCACCOGCACACAALGCGOTTAGACAAGTAGCCGTAGTTGTCGTCGIG

7,878 7,080 7,898 7,108 7,112 7,128 7,138 7,148 7,158 7. 160

CATCACATTCATCCTOGAAC TRT TCCAGAACAACABGACCCTEUTGUGRTTCAATGCLGTGCT GCRGAAATTGITGATCRTETTTLCTCACTTCTGTCTCRGCAGAS
GTASTGTAAGTAGGACCTTGACAAGETCTTET TETCUTORGACCALGUCAAGTTGLGGUACSACECCT T TCALGAL TAGCACAAGGEAGT GAAGACARAGLCRTCTC

7.1% 7,148 7,190 7,289 7,218 7,220 7,238 7,248 7,25 7,260 7. 178

GCCTCATCGACCTGGCTCTOTCTCAGGLCOTGACCOATGTETACGCLAGATT TGECOAGTAACACTCCOCCAATCCAT TCCAL T OGGACCTGAT COGCAAGAACETS
CGGACTAGCTGGACCGAGACAGAGTUCOECALTRECTACACATGIEGTCTARALCGUTCCTTG TRAGEHCGGTT AGETAAGR TGACCETGRALTAGCCRTTCTTGGAC

¥, 288 7,290 7,398 7,310 7,320 7,339 7,340 7,359 ¥, 368 1. 370 7,388

TTCGCCATEGTCOTGRAAGGCETCRTGTACTTICTRUTCACTCYGC YOG TOCAGAGATACT TTTTTCTGTCCCAATGOATCOUCGAGLUTTACCAAAGAACCCATTGY
AAGLGGTACCACCALCTTTLGUAGCACATCAAGCACCAGTCAGACGALCALTTOTCT STCAAAAAAGACAGGET TACC TALLGLUTCOGATEE TV TCTTGRGTAACA

7,390 7,300 7,412 7,420 7,430 7,448 7,456 7,460 7,470 7,482 7,498
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FIG. 32 (continued)

GEACGAGHACGACGATGTGRUCHAGHAAAGACAGAGAATCATUACLCGCGRCAACARGACCCATATCC TCACGALTECALGAGL T GACAAAGAT L TALCTCEELACAA
CCTECTICTRCTGETALALCGECTCCT T TCTGTCTCT TAGTAGTBGICGUCOT TR TTCTRGCTATAGBALTCTEACE T GLTCHBACIGT TTCTARA TGRGRCCHTRTY

7,500 7,518 7,528 7,539 7,548 7,558 7,560 7,59 7,588 7,59

GCTCLCCAGLLRTGEATAGRLTTTATGTGORAGT TAGACCLGECEAGTECTTTCRLCT GCTCRGART T SATCGLGICEHAAAGACCACTACCTTCAAGATELT AL
COABGOGTUGGCACCTATUCGAAACACACCCTCAATETOGGICAUTCACGAAACCGRACGACCCTCAATTACCELGELCTITCTRG TORTRRAAST TCTACGACTGG

7,699 7,818 7,848 7,638 7,648 7,658 7, 668 Y. 678 7 688 7 690 7. 7o

GOCHACACCACAGTGALAAGCEGAGAT GUTACAGTGHCLGGUAABAGCATCCTCACCAALAT CAGCOAAGTGLATCAGAACATGRGC TACTGLCLYCAGTTCRALGC
CEECTETRGTGTCACTGTTCECCTCTACCATGYCALCOGCLGTTCTCOTAGCACTBGT TGTAGTCECTTCACG YASTCT TETALCCGATGACGRCABTEAABCTGCE

7,718 7,708 7,738 7,740 7,75 7,760 3,770 7,788 3,788 7,808 7,819

CATCRACEAACTRCTRACAGRLCGCRAACACCTOTATCTGTATGCCAGAC T GACARSCOTRCCCCOTC ASGABATLCARAAGG TCRCCASCTCRTCCATCAAGTCTC
GTARCTGCTTGACGACTGTCCGOLGC Y TGTORACATAGACATACGETCTGACTCTCCGCACGGGLCACTICTCTAGCTCTTCOATCOETYGACCAGGTAGT TCAGAG

¥,828 7,838 7,848 7,85 7,868 7.870 7,880 7,850 7,500 7,912

TGHEGLCTEACAGY GTACHCCEALTGTCTGGUCHGAACATACAGCGRAGGAAAC AABCGLAAGC TGAGC ACCEL CATYGUTCTGATCGRGATRUCCACTTITGETCCTS
ACCCGEACTGTCACATHCGCCTGACAGACCGECOTTRTATGTCRLCTCCT TG T TCRLCTTCRAL IO TRGUGGTAALGAGAL TAGCLTACGRGTGGAGACCAGRAL

CTCEATGAACCCACUACCLGAATEOACCOCCAGLCTAGAAGAATGC T CTUCAALGTRATCOYGTCTAT CATCCOLCARGECAGALC TR TEO TR TCACCTCTCACAG
GACCTACTTRGETCLTOHRCCT TACCT g GOGETICCATLTTCTTACHAGACCTTGCACTAGLACAGATAGTACGCCLTCLCHTCTCRACACTACGAC T GRABAGTGTC

S,éB@ 8,848 8,@5& 5‘,&-368 8 ,é?ﬁ 8,\'553 &égﬁ 8, iﬁﬂ 8, i.lﬁ g, 33@ 8, 13@:
CATGEAAGAGTGLGAGGLTCTGTGTACLCGECTGOLCATTATRETCAAGGLCELCTTCAGATGLATGEECACCATTCAGCATC TCAAAAGE AL T TCGRCGACHG

GTACCYYCTCACGUTCLGAGALACATLGECCHACCEETAATACCAGT TCLCGLEHAAGTCTACETACCCIETGE TAAGT

CLTAGACTTTTCOT TCAAGECGLTLLCGA

3,148 2,159 3,162 g. 178 E‘iﬁﬁ 2,182 3_.225 §,218 8,2223 §,438

ACATCGTGACAATGAAGATCAAGAGLCUCAAGRACGALCTCCTECCTRATCTCAALCCCGTGRAACAGTTTTTTCAGRGCAACTTCCCLGRCTECGTRUAGIGRRAA
TETAGCACTGTTACTTCTAGTTCTCOOGETTCCTOCT GRAGBALGRACT AGACT TGEEGCATCTTGTCAAARAAGTCCCG T TOAAGGEGLLGAGTLALGTCRUCLTY

B.240 258 §, 259 8,778 §, 788 §, 799 §, 300 5,518 8,328 8,338 8,348
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FIG. 32 (continued)

AGACACTATAACATGCTGCAGT TTCAQGTETCCTCCTCCAGCCTAOCTCORATCTTTCASCTECTECTCTCTCACAAGGACAGCCTOCTCATTCAAGAGTATAGLGT
TCTGTGATATTGTACCACGTCAAAGTCCACAGGAGGAGGTCGEALCGAGCCTAGAAAGTTGACGACGAGAGAGTGT TCCTETCGOACBACT AR TTCTCATETCEEA

&, 358 &, 768 8,370 8,388 2,399 g, 430 8,418 8,428 2,430 2,440 8,458

GACACAGACCACACTCRACCAGGTTTTCOTGAACTTCCLCAAGTAGCAGACTCAGAGCTCACCACCTRLCTCTRCATCCTAGAGLCRLTRETGCUTCTAGACAAGITC
CTGTOTCTGRTGTGAGCTGGRTCCAAARGLACT TRAARCORT TCRTCATCTRBRUTCTYCGETRCTRCACGRAGACETAGCGATCTLAGCOACCACGEABATCTGTTLGAG

3,458 8,478 8, 488 8,430 8,508 8,518 8,570 8,530 5,548 8,558 3,560

< Therapeutic sy Backbone
sequence @@ sequence >
AGGACTAAGCTTCCALT GEATTETACAAT TACATAMAATARAATATCTTTATY T TCAT TALATITG TG TG T TGGTTTTT TGTRTECCUTAC Thac  tgagateBATC
TCCYGATTUGAAGGTCACCTAACATGTTAATCTATTTTATTI TATAGAAATARAAGTAATGTAGACACACAALCAAAA AACACACECGATCAT Lgac ot ggCTAG
—

Recognition Site

8,574 8,580 8,598 4,608 8,616 3,620 B.532 8,648 §,65¢ 8,660

TCTTCATCAGCAGT TCAACCTOTTGATAGTACGT AT AAGCTCTCATGT T TCACGTACTAAGCTUTCATO T TTAACGTACTAAGCTCTCATGT Y TAADGAR L TAAAL

3,679 §,688 8,59@ 8{?83 §,718 §, 720 8,738 8{;’-‘&@ 8,758 §, 788 8,3.‘73

CCTCAYGGCYAACGTAC?AAGﬁ?CYCATGGCTAACGTACTAAGQYQTCATGT??CACGTACTAAECTQTCATGTTTGAACAATA&AA?TAATATAAATCAGCAACYT
GGAGTACLOATTOCATGATTCGAGAGTALCGAT TYCOAGAGTACARALTTGTTATTTTAATTATATTTA TGAA

3.730 §, 798 8,668 3,810 8,820 g,838 &, %48 5,85 8,852 8,870 &, 668

AAATAGCCTCTAAGGT VT TAAGT TTTATAAGAAAAAAARGAATATATAAGECT YTTAAAGCT T T TAAGET T TAACGO Y TG YGOACAACAAGCTAGGLATETAACESA
TTTATCGRAGAT TCCARAATTCAAAATATTCTTTTTTITCTTATATATTCCOAAAAT T TCLAAAAT TCCAAAT TCCTAACACCTRTTRT TCOGT COCTACATTLLGT

3,892 §, 983 8,938 8,920 3,939 8,943 &, 958 8,968 3,572 8,982

CTCAGAAGLCCTTABAGCCTCTCARAGEAA T TTCAGTCACACAGRAALACT T AACLGCTOACATGGg tg tet caanatotc tgatgttacat tgcacaagataana
GACTCTTLGGEAATCTCGGAGAGTTTUGT TAAMACTCACTCTGTCCT TGTRAAT TRCUGALTO YACCcacagg tt ttagagactacaatgtaacgtgtintat Lt

8,560 4 000 9.316 %, 820 9,030 8,040 9,058 3,855 8,87¢ 3,080 9,899

atatatcatcatgaacastanaacigictgetiiacatasacaginatacaagrggtigt iatgagocataticancgpgaaacgicgagrecgegati taaat focaac
tatatagtaglacttgtiatitigacagacganigtatitgicatiatgitecccacastactoggtataagtigeocttitgoageiocggegetaatttanggtiyg

9,100 3,110 9,128 $,138 9,148 5,150 9,160 %178 9,198 5,190 9,200
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FIG. 32 (continued)

atggatgctpattistatggeiatanatggpetegegatastgicgrgraatcaggtgcgacsatciatoget tglatggraagoncgaigegucagagtigtitct
tacciscgactaastataccos st tavcegagrgotatiacagecegitagtoracgetgitagaiagogaascatacectiogggc tacgeggiatcandanaga

$. 218 3,228 8,230 §, 240 9, 258 9,68 9,278 3,280 g, 368 §., 209

gaaacatpggoaaaggtagegtigeeaatgatygttacagatgagatggivagactaaacigectgacggaat ttatpoentoticegaceaivnageat ittateogta
cltigtaccgtticeatogeascggitactanaatglctacteiacengteigat tigaoogactigecttanatacggagasggoige tagitegtasaataggest

4,318 §,.3% 5,380 3,392 3,358 9,368 3,374 3, 3% 2,392 9,468 @, 418

cteotgatgstgoatggttactoaccactgogatoncoggananacagoat taoaggtat tagaagastatontgat teagptgaanatatigtigatgcgotgpcs
gaggantactacgtancastgagtegteacentaggggoct ttitptogtnaggtocataatot tottstageacisagtcract t it ataacaactacgogacogt

G, 480 9,498

9,428

14 3,450 3,459 g,478

9,438 3,500 8,512 g, 528

i

gtgtteotgrgecggtigeatiogaticetgtitptastigtocttttaacagegategogtatitogtotegetraggogeaateacgaatgaataacgptttagst
racaagpacgoggccaacatasgelaaggacaranat taacaggaaastiglcgctagogratarageagagegagtccgegttagtgettactiatigocasacea

2
Ly
&

2,539 9,548 §, 558 3,560 3,570 9,589 ¢, 598 9, 666 3,616 3,628 9,830

¥

tgatgegagtgatttigatgacgagegtaatggetggectgt tgaacaagtotggasagnaatgeataaactittgeratictcarcgpaticagtegteactoatyg
actacgeicantasaactactgetegratiaccgacoggacaactiigttosgaccitictitacgiatitignagacgetragagiggectaagteageagtgagiac

3,548 9,559 4,660 5,678 3,680 9,698 9,798 @, 718 5,73 2,730

gtpattteteactigatascottatittigacgaggagaratiastapgtigtatigatattggacgagtoggaatcgcagacogataccaggatoltgocatocta
cactasagagtgaactatiggaatasasactgetocectttaatiatocaacataactacaacotgotoagacttagegtctggotatggtoctagaacggtaggat

9,740 9,750 9,768 8,775 3,780 8, 789 4,200 9.216 9,828 9,830 4,840

tggaactgectogrigagtittctectioattacagaaacggetttitcanasatntggtatigataatcrtgatatgantaaattgeagtiteatttgatgotoga
acicasaagaggasgisatgiotitgocgsaanagtititatacestasctatiaggactatact st tiascgicaragtanantacgaget

acctigacgaged

2,858 8,860 3,370 5,888 9,899 3,8 %,%10 g, 820 R 3,948 §,559

Recognition Site  R&8&
—

3,960 9,978 3,938 2,998 1¢,000
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FIG. 33

AAAA Condition 1
AACC Condition 1
AAAA Condition 2
AACC Condition 2
AAAA Condition 3
AACC Condition 3
AAAA Condition 4
AACC Condition 4
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FIG. 34

AAAA Condition 1
AACC Condition 1
AAAA Condition 2
AACC Condition 2
AAAA Condition 4
AACC Condition 4
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FIG. 35

1: AAAA Condition 3
2: AACC Condition 3
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1: AAAA Condition
2: AACC Condition
3: AAAA Condition
4: AACC Condition
5: AAAA Condition
6: AACC Condition
7: AAAA Condition
8: AACC Condition
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FIG. 37

AAAA Condition 1
AACC Condition 1
AAAA Condition 2
AACC Condition 2
AAAA Condition 3
AACC Condition 3
AAAA Condition 4
AACC Condition 4
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FIG. 38

- AAAA Condition 1
AACC Condition 1
AAAA Condition 2
AACC Condition 2
AAAA Condition 4
AACC Condition 4
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FIG. 39

AAAA Condition 1
AACC Condition 1
AAAA Condition 2
AACC Condition 2
AAAA Condition 3
AACC Condition 3
AAAA Condition 4
AACC Condition 4
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