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METHODS AND DEVICES RELATED TO AMPLIFYING NUCLEIC ACID AT A

TARIETY OF TEMPERATURES

I CROSS-REFERENCE TO RELATED APPLICATIONS

I This application claims benefit of U.S. Provisional Application No.
62/504,230, filed May 10, 2017, incorporated herein by reference in its entirety.
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v, BACKGROUND
A, Background for Thermophilic Strand-Displacing Polymerase

3 Over the last several decades, isothermal nucleic acid amplification (1A)
has become a transformative technology for point of care diagnostics that seck to deliver
clinical results to patients in near real~time {Craw 2012; Hartman 2013). Because A
methods seck to amplify DNA or RNA via contimuous replication at a single
temperature, they obviate the need for thermal cyvclers and can reduce the time to result
{Craw 2012; Gill 2008; Mon 2013; Njiru 2012; Zhao 2015). These assay advantages
have in turn enabled the creation of a variety of fascinating and useful point of care
devices (Craw 2012; Hartman 2013; Moni 2013; Zhao 2015; Asicllo 2011; Du 2015;
Jiang 2015},

4. While some A mechanisms depend upon mukltiple enzymes, inchuding
nickases, recombinases, and ligases, to achieve continuous rephication, rolling circle
amplification {RCA} and loop-mediated 1sothermal amplification (LAMP) require only
polymerases and primers (Gill 2008; Notomi 2000; Dean 2001). RCA can proceed at
mesophilic or igher temperatures, amplifving continuously around a circular template
to generate long, concatenated DNA products (Jiang 2013} When initiated from a nick
or single primer, amplification is lincar; by including both forward and reverse primers,
however, amplification becomes exponential, generating 10°-fold amplification in 90

minutes from 10 copies of template in a reaction commonly referred to as
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hyperbranched RCA (hbRCA) (Craw 2012; Dean 2001; Lizardi 1998; Zhang 2001},
LAMP, also exponential, is currently an inberently higher temperature mechanism,
using 4-6 primers to generate 10°-fold amplification of short (100-300bp) DNA targets
in an hour or less by creating ladder-like concatenated amplicons (Njira 2012; Notonu
2000; Bhadra 2015). Overall, both methods are rapid, single-enzyme DNA detection
systems that are comparable to PCR in terms of sensitivity, vet are faster and can
operate isothermally, likely explaining their prevalence tn pomt of care assays and
devices (Craw 2012; Zhao 2013},

5. Like many 1A strategics, LAMP and RCA rely upon the inherent strand
displacement activity of a polymerase to displace downstream DNA | thereby enabling
continuous replication withoot thermal cveling (Gill 2008; Zhao 2015). There are only
a limited number of polymerases with strong strand displacement characteristics,
primarily the large fragment (exo-}) of Geobacilius stearothermophilus pol 1 {Bst LF)
for high temperature reactions {65-70°C, (Kieter 19973) or the Bacillus subtilis phage
phi29 polymerase ($29) for low temperatare reactions (S30°C, (Blanco 1989)). These
polymerases are also highly processive (Kieter 1997, Blanco 1989}, a property that
often coineides with strand displacement and that makes them useful for sequencing
otherwise difficult BNA molecules (McClary 1991, Ye 1987, Zhang 2006).

6. Unfortunately, while many 1A mechanisms depend upon an nitial heating
step (~95°C) for template denaturation (Craw 2012), both $29 and Bst LF are denatured
at much lower temperatures (phi29 at 37°C, Bst at 80°C). Thus, some IA reactions
require opening reaction tubes and adding polymerase after the heating step, which 1s
both cumbersome and risky due to the common issues of spurious amplification and
cross~contamination mherent in ultrasensitive 1A strategies (Craw 2012; Hsich 2014),
While many [A mechanisms including LAMP and some versions of RCA do not
necessartly require template denataration, pre-reaction heating can nonetheless improve
assay sensitivity (Njira 2008; Sazuki 2010}, reduce amplification mhibition from crude
clinical samples (Verkooven 1996; Modak 20163, and serve as a nucleic acid extraction
method for detection of viruses and bacteria (Fereidount 2015; Queipo-Ortune 2008},
Thus, there is a pressing need for thermostable polymerases that possess significant

strand displacement activity for both A and PCR methods.
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B. Background for Phosphorothicated Loop-Mediated Isothermal
Amplification (PS-LAMP}

7. Loop-mediated isothermal amplification (LAMP) introduced by Notomi
et al. (Notom 2000} 1s a highly sensitive, specific and rapid method for DNA
amplification at a constant temperature (60~635 °C} (Nagamine, 2002; Tomita 2008,
Nagamine 2002; Mair 2013; Tanner 2012y LAMP can achieve 10°-fold amplification
within one hour, relving on auto-cveling strand displacement DNA synthesis. It is
performed with a strand-displacing Bacillus stearothermophilus (Bsty DNA polymerase
and four to six specially designed primers that enable the highly specific recognition of
target DNA | gencrating amplicons that have a loop structure that can be unlized for
sequence-specific signaling (Jiang 2015}, LAMP has also proven usefud for the detection
of many mfectious agents mcluding disease-causing parasites and other pathogens
{Suwancharoen 2016; Wang 2016; Abdulmawjood 2016; Song 2016; Kong 2016, Zhang

2016}

g Although LAMP 1s a valuable tool for the detection of nucleic acids,
LAMP’s applicability would be remarkably improved if it could be performed at low
temperatures. Working at low temperatures could tmprove detection of target variants by
enabling mismatched {(degenerate) primers to bind better. Additionally, it could reduce
device complexity and power consumption when incorporated into portable devices that
are useful for point of care applications. Reduced heating needs would mean less power
consumption and hence less cost. Several isothermal amplification methods at low
temperatures {around 40°C) such as nucleic acid sequence-based amplification
(NASBA)}, strand displacement amphification (SDA), rolling circle amplification (RCA},
helicase-dependent amplification (HI'A)Y and recombinase polymerase amplification
{RPA) have been reported. However, those methods require additional steps or enzymes
and show relatively low specificity with only two primers, while LAMP 1s performed by
only one enzvme with a high specificity denived from tour to six primers. What is needed

in the art is a version of LAMP which works at lower temperatures.

V. SUMMARY
9. Dhsclosed herein is a non-naturally occurring thermostable polvmerase,
wherein the thermostable polvmerase is characterized by increased temperature

stability in the range of 70°C to 100°C | mcreased strand displacement capability,
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increased processivity, or a combination thereof compared with a wild type large
fragment Bacillus stearothermophilus {Bst LF) polymerase.

16, Also disclosed herein is a method of identifying a non-naturally occurnng
thermostable polymerases, the method comprising: a} providing a pool of nucleic acids
comprising nucleic acid members each encoding non-naturally occurring, potential
thermostable polvmerases; b) subdividing the pool of nucleic acid members into cellular
compartments by transformation into a bacterial host, such that cach cell comprises a
nucleic acid member; ¢) expressing the nucleic acid member i the cell compartment to
form a potential thermostable polvmerase encoded by the nucleic acid member; d}
subdividing the pool of bacterial cells into compartments, such that each compartment
contains a single cell with a single nucleic acid member and encoded polymerase ¢}
subiecting the pool of nucleic acid members to thermal denaturation and isothermal
amplification conditions, such that the nucleic acid member may be processed by the a
thermostable polvmerase encoded by said nacleic acid member; and £} detecting
processing of the nucleic acid member by a thermostable polvmerase encoded by said
nucleic acid member, thereby identifving a thermostable polymerase.

It Further disclosed herein 15 a method of amplhifving a nucleic acid, the
method comprising exposing a target nucleic acid to a buffer solution with a polvmerase
and at least four primers, wherein at least one of the four primers comprises a
phosphorothicated nucleotide; and amplifying the target nucleic acid using an 1sothermal
amplification reaction, wherein the 1sothermal amplification reaction produces at least
ong loop product, wherein at least part of the single-stranded portion of the loop product

represents the target nucleic acid.

VL BRIEF DESCRIPTION OF THE DRAWINGS

12, The accompanying drawings, which are incorporated m and constituic a
part of this specification, illustrate several embodiments and together with the
description illustrate the disclosed compositions and methods.

13 Figure 1 shows an Isothermal CSR schematic. In IsoCSR, E. coli cells
expressing a plasmud-encoded polymerase bibrary are suspended in a water-in-oil
emulsion with a single cell per compartment, preserving genotype-phenotype linkage.
Each compartment contains either lysozvme and Nb.Bsmd nickase for enzymatic lysis
and RCA mitiation in mesothermophilic IsoCSR (A} or primers for heat-initiated lysis

and RCA m thermostable IsoCSR (B). Following lysis, functional polymerases replicaie
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their own plasmid via isothermal Rolling Circle Amplification, which is dependent upon
a polvmerase having strong strand-displacing activity. The most active polymerases
{green) produce more DNA, while less active variants (yvellow) produce less; non-
functional vanants (red} produce none. After the hbRCA reaction, emulsions are broken,

5 DNA 1s pooled, and the library is recovered by PCR, enriched for funcitional vananis by
the positive fecdback loop in emulsio. The ibrary can be further recloned into the
expression vector for subsequent rounds as neaded.

14, Figure 2 shows mock IsoCSR selection with wild-type Bst LF. The
IsoCSR selection was initially optirmized using wild-type Bst LF and BstX X, an inactive

1 variant with 6 stop codons and a unique EcoRI restriction site. BL21 cells carrying
plasmids encoding either polymerase were cultured with increasing ratios of mactive
BstX X Bst LF, then subjected to mesothermophilic IsoUSK to accommodate BstLF (see
Figure 1a). Following 2 rounds of recovery PCR (20 cycles each), products were
digested with EcoRl to distinguish Bst LF from BstX X and analvzed with gel

15 electrophoresis.

5. Figure 3 shows isothermal screening of evolved varants. LAMP activity
of two functional variants isolated from IsoCSR compared to Bst LF {A). LAMP activity
atter heating fully assembled LAMP reactions for | min at a range of teraperatures (B}
Solid and dashed hines indicate the temperature at which the reaction was heated prior to

20 LAMP.

16. Figure 4 shows thermostability kinetics of v5.9. Thermostability of
VYariant 5 9 was characterized by examining the polymerase’s reaction rafe in an
extension assay afier pre-heating at various temperatures and times. Activity is
normalized to enzyme activity without heating. Dashes indicate temperature. A light grey

25 line mdicates Y2 hife (50% activity).

17. Figure 5 shows Rolling Circle Amphfication (RCAY with V5.9, Bat LE,
and Klentaq. Enzymes were incubated with nicked temaplate (A, Enecar amplification),
nicked template with forward and reverse primers {B, exponential amplification), or
supercoiled plasmid with forward and reverse primers to mimic the RCA reaction in our

30 selections (C, exponential amplification). Polymerase colors are coordinated between
graphs and with other figures. Dashes indicate negative controls.

18 Figure 6 shows structural characteristics of chimerie variant 5.9. The
crystal structure alignment of wild-type Bst LF and Klentaq is pictured (A). The

polvmerase domain consists of 3 subdomains, fermed the fingers. palm, and thumb. The |
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and H helix of the thumb subdomain form an essential coiled-coil structure. Variant 5.9
consists of the Klentag protein sequence with 13 mutations (B), largely comprising a Bst
msertion focated at the base of the thumb subdomain. This region 15 highly divergent
between Klentag and Bst LEF. In Kientag (C), the region is largely unstructured; the site
of the Bst insertion (blue) contains only a small alpha helix (*) that 1s separated from the
 helix by an unstructared loop. The nearby E3225 mautation we observed in vartant 5.9
is also pictured (red}. In Bst (D), the inserted region (blug) is an extension of the § helix,
and contains a beta strand that is part of a small, antiparallel beta sheet {three black
arrows) not present in the Klentag structure,

1. Figure 7 shows program architecture of shuffle optimizer. The
functionality of Shuffle Optimizer, a program used to generate optimized DNA
sequences for hbrary shuffling 1s summarized. The program is available as open-souarce
python code.

20. Figure 8 shows results from DNA shuffling of Klentag and Bst LF. 20
individual variants were sequenced from the shuffled library. The location and number of
crossovers observed is summarized (A). Each individual variant is also pictured (B}

21 Figure 9 shows exonuclease HH treatment and Taq recovery of
contaminated products. An equimolar nusture of 3 daDNA molecules of sizes 647bp,
1,228bp, and 1,717bp was subjected to Exolll digestion at 25°C for varnious times, then
niixed with Tag and incubated at 68°C for 10 mun. The exonuclease breaks down the
bands synchronously in the 37 to 57 direction, while the subsequent Taq extension
recovers bands that still have overhangs. Increasimgly large bands are eliminated as
digest time is increased. While the smallest band appears to re-emerge in later reactions,
this 18 actually the breakdown product from the digested muddle band. This treatment is
effective for removing parasites from PCR reactions.

22. Figure 10 shows the melt curve analysis of gLAMP screening. LAMP
reactions were subjected to a melt curve analysis on the LightCycler 96 gPCR machine
{Roche) following isothermal EAMP incubation for product specificity analysis (see
Figure 4 for data). All products have similar melt peaks, including those from heat-
treated v5.9 reactions.

23. Figures 11A and 11B show LAMP amplification with Bst LF and SD Pol.
SB Pol (Bioron}, a commercially available Tag mutant reportedly capable of LAMP
{Ignatov 2014} was compared with other variants in an mitial gLAMP screening (114).

Template 1s incloded as indicated. Using manufactarer recommended conditions,
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Amplicons were not gencrated with SD Pol. Other templates were also attempted. SD pol
is capable of Rolling Circle Amplification from a nicked plasmid template (11B).

24, Figure 12 shows LAMP activity comparison of v5.9 after 1 or 2 mun of

heating. Variant 5.9 activity was assaved using gLAMP reactions identical to those m the

(v

main text with 1 or 2 minutes of pre-reaction heating at the indicated temperatures.
Results are similar at these temperatures whether heated for 1 or 2 min, with 89.5°C
producing more rapid amphification. This can be due to improved template denaturation.
25. Figures 13 A-C show a melt corve analysis of RCA Reactions. RCA
reactions were subjected to a melt curve analysis on the LightCycler 96 gPCR machine
10 {Roche) following 1sothermal incubation for product specificity analysis. Letiers
correspond to data in Figure 5. Lincar RCA produces small melt curves that are similar
between all products and correlate with amount of product (A). Results are similar for
hyperbranched RCA from the relaxed, nicked plasmid template (B}. The v3.9 00

template control shows a different melt peak, indicating non-specific amplification,

(v

likelv due to primer dimers. Vartant 5.9 n the only polymerase able to produce
exponential amplification from supercotled plasmid template; this is indicated by the
quantity and melt temperature of product (C). Bst LF produces a melt peak with reduced
Tm, overlapping with a small peak 1n v5.9.

26. Figures 14 A-C show an in-emulsion cell lysis of E. coli cells expressing
26 GFP using lyvsozyme. . coli cells expressing GFP polvmerase were emulsified using
standard IsoCSR emulsion conditions (sce Methods). Cells were incubated with or
without Lysozyme for the times indicated, then imaged osing an inverted fluorescent
microscope. Cells show very little lysis at 4°C even with lysozyme included forup to 1

hour incubations, as indicated by the tightly confined GFP signal (Figores 14A and 148,

(v

respectively). After digestion with lysozyme for 30 min at 37°C followed by 30 min at
65°C (simulating 1sothermal tncubation), cells have been completely tysed, as indicated
by GFP occupying the entirety of cach emulsion compartment (Figure 14C).

27. Figure 15 shows enuilsion size stability after incubation at 65°C.

Emaulsions were assembled as previously indicated with either 1x or 2x agqueous

o

component volume, emulsified using a TissucLyser ((hagen) with the indicated Hz
settings for 4 min, and subjected to incubations at 65°C 1 order to simulate 1sothermal
amplification conditions. Compartment sizes were calculated as pixel arca using
MATLARB software (MathWorks}). While the smaller emulsions generated by 42Hz

emulsification appeared stable for up to 6 hr, emulsifications at either frequency were
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stable for 3 hus. 35Hz emulsions had a larger average and maximum size after 3 hr
incubations, indicating that these larger compartments are stable.

2% Figure 16 shows a scheme of a phosphorothicated loop-mediated
isothermal amplification (PS-LAMP).

29. Figures 17 A-C show a comparison of R-LAMP and PS-LAMP with
different temperatures. {a) Under the same butfer condition, R-LAMP and PS-LAMP
were performed with different temperatures (line 1. no template/R-LAMP/65 °C, line 2:
1.2 x 10° copies of template/R-LAMP/65 °C, line 3: no template/PS-LAMP/65 °C, hine
4: 1.2 x 10° copies of template/PS-LAMP/65 °C, line 3: no template/R-LAMP/60 °C,
line 6: 1.2 x 10® copies of template/R-LAMP/60 °C, line 7: no template/PS-LAMP/60
°C, line 8 1.2 x 10° copies of template/PS-LAMP/60 °C). (b) Fluorescence intensities at
a 30 ¢cycle for R-LAMP and PS-LAMP with a 500 pg of template were compared
according to different temperatures. {¢) At 45 °C, R-LAMP with a normal buffer and PS-
LAMP with a semi-optimized buffer (12 U of Bst 2.0 DNA polymerase, 0.5 g of ET
SSB and 2 mM of Mg504) were performed.

30, Figures 18 A-D show the effects of urea and Bst 2.0 DNA polvmerase.
Fluorescenoe intengstties were monitored with different concentrations of urea {hne 1: 0
M/mo template, line 2: 0 M/1.2 < 10% copies of template, line 3: 0.48 M/no template, line
4: 0.48 M/1.2 x 10® copies of template, line 5: 0.96 M/no template, line 6: .96 M/1.2 x
10* copies of template, Hine 7: 1.2 M/no template, line 8: 1.2 M/1.2 x 10° copies of
template, fine 9: 1.44 M/no template, line 10: 1.44 M/1.2 < 10® copies of template) (a)
and umnits of Bst 2.0 DNA polvmerase (line 1 20 U/no template, line 2: 20 U/1.2 x 108
copies of template, line 3: 40 U/no template, line 4: 40 U/1.2 x 10® copies of template,
line 3: 60 U/no template, Hine 6: 60 U/1.2 < 10% copies of template, line 7: 80 U/no
template, Tine 8: 80 U/1.2 x 10® copies of template, Hne 9: 120 U/no template, line 10:
120 U/1.2 x 10® copies of template) (¢} during PS-LAMP at 40 °C. Cg values were
plotted with the concentrations of urea (b} and units of Bst 2.0 DNA polymerase (d).

31 Figures 19 A-D show the effects of ET SSB and MgSQ.. Fluorescence
intensities were monttored with different amounts of ET 85B (line 1 0 yg/no template,
line 2: 0 pug/1.2 x 10® copies of template, line 3: 0.25 ug/no template, line 4: 0.25 ng/1.2
x 10% copies of template, line 3: 0.5 pg/no template, line 6: 0.5 ug/1.2 x 10" copies of
template, line 7: 0.75 pug/mo template, line 8: 0.75 pug/1.2 x 10® copies of template) (a)
and concentrations of MgS80Os (Iime 1: 0.5 mM/no template, line 2: 0.5 mM/1.2 x 10®

copies of template, line 3: 1 mM/no template, line 4: 1 mM/1.2 x 10° copies of template,
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line 5: 1.5 mM/mo template, line 6: 1.5 mM/1.2 x 10% copies of template, line 7: 2 mM/no
template. line 8: 2 mM/1.2 x 10° copies of template. line 9: 2.5 mM/no template, line 10
2.5 mM/1.2 x 10? copies of template) (¢} during PS-LAMP at 40 °C. Cq values were

plotted with the amounts of ET §SB (b) and concentrations of MgSQs (d).

943

32, Figures 20 A-D show guantitative analysis of PS-LAMP for different
templates. The fluorescence intensities were monitored for PS-LAMP at 40 °C {a, ¢} and
R-LAMP at 65 °C (b, d} with titrated mersib (a, b} and mersla {c, d) plasmids.

33. Figure 21 shows the scheme of one-step strand displacement (GSD).

34 Figures 22A-F show the effects of ET 558B, Bst 2.0 DNA polvmerase and
16 MgSOs0n PS-LAMP at 45 °C for MERS 1b. Flucrescence intensitics were monttored

with different amounts of ET S8B (line 1: 0 pg/no template, line 2: 0 ug/1.2 x 10° copies
of template, line 3: 0.5 pg/no template, line 4: 0.5 pg/1.2 x 10° copies of template. line 5
I wg/no template, line 6: 1 pe/l 2 x 10° copies of template, line 7: 2 ug/no template, line
- 2 ug/1.2 x 10° copies of template) (a}, Bst 2.0 DNA polymerase (lme 1: 12 U/no
15 template. line 2: 12 U/1.2 x 10% copies of template, line 3: 16 U/no temaplate, line 4: 16
/1.2 x 10° copies of template. line 5: 20 U/no template, line 6: 20 U/1 2 x 10® copies of
template, line 7: 24 U/no template, line 8: 24 U/1.2 x 10® copies of template) (¢} and
MgS0; (line 11 0 mM/no template. line 2: 0 mM/1.2 x 10® copies of template. line 3: 1
mM/no template, line 4: 1 mM/1.2 x 10° copies of template, line 5: 2 mM/no template,
20 line 6: 2 mM/1.2 x 10% copies of template, line 7: 3 mM/no template, line 8§: 3 mM/1.2 x
10% copies of template, line 9: 4 mM/no template, line 10: 4 mM/1.2 x 10° copies of
template) (¢} dunng PS-LAMP at 45 °C. DT values were plotted with the amounts of ET
S8B (b}, Bst 2.0 DNA polymerase (d) and concentrations of MgSO4 (),

35. Figures 23 A-B show the effects of RecA. Fhiorescence intensities were

NS
(v

monitored with a ET SSB (line 1: 0.5 pg/no template, line 2: 0.5 pg/1.2 x 10° copies of
template} as a control and different amounts of RecA (line 3: 1 pg/no template, line 4: 1
ug/1.2 x 10° copies of template, line 5: 2 ug/no template, line 6: 2 pg/1.2 x 10® copies of
template, line 7: 3 pg/no template, line 8: 3 pg/l.2 x 10 copies of template, line 9: 4
ug/no template, line 10: 4 pg/1.2 < 10% copies of template) during PS-LAMP at 40 °C.
3¢ {’q values were plotted with the amounts of ET 5B and RecA (b}, Experimental
condition (urea: 1.44 M, Bst 2.0 DNA polymerase: 60 U, MgSQ04: 2 mM).

36. Figures 24 A and 24B show PS-LAMP at different temperatures and effect
of MgSQ: for MERS 1b. Fluorescence intensities for PS-LAMP were monitored at

different temperatures in the normal buffer (ine 1: 43 °C/no template, hne 2; 45 °(C/1.2 x
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10% copies of template, line 3: 50 °C /no template, line 4: 50 °C /1.2 x 10° copies of
template. line 5: 55 °C /no template. fine 6: 55 °C /1.2 x 10° copies of template, line 7
60 °C /no template, line 8: 60 °C /1.2 x 10® copies of template) (a). At 45 °C, various
MgSO4 concentrations were tested (line 1: 0 mM/no template, line 2: 0 mM/1.2 x 10°
copies of template, line 3. 1 mM/no template, line 4: 1 mM/1.2 x 10® copies of template,
line 3: 2 mM/no template, line 6: 2 mM/1.2 x 10 copies of template, line 7: 3 mM/no
template, line 8: 3 mM/1.2 x 10° copies of template, line 9: 4 mM/no template, line 10: 4
mM/1.2 x 10® copies of template) in the buffer (8 U of Bst 2.0 DNA polymerase) (b).

37. Figure 25 shows sclectivity analysis of PS-LAMP for different types of
non-complementary templates. PS-LAMP with primers specific to MERS 1b was
performed for various templates (blank, MERS 1a, NRP2 and human gDBNA) n
absence/presence of MERS 1h and the fluorescence intensitics of PS-LAMP were
measured after 3 hours at 40 °C i the buffer (1.44 M of urea, 60 U of Bst 2.0 DNA
polymerase, 0.5 pg of ET S5B and 2 mM of MgS504) after 3 hours. The concentration of
MERS 1b, MERS 1a, NRP2 and human genomic DNA was 500 pg.

38. Figure 26 A-D show optimization of RTX polvmerase. with 12 M Urea:
{a) amplification mix, (b}, amphification curve (¢} and {d) formamide optimization for
zika RNA amplification.

39. Figure 27A-C shows final experimental protocol for zika NS5 PS LAMP.
Real time data was collected using formamide at 8%. (3} shows protocol. (b} shows
amplification curve. {¢) shows picture of zika PS LAMP afier 3 hour reaction under

optimized condition. The LOD s 0.5 fg (~1000 copies}.

Vil. DETAILED DESCRIPTION
40.  Before the prescnt compounds, corapositions, articles, devices, and/or
methods are disclosed and described. it is to be understood that they are not limited to
specific synthetic methods or specific recombinant biotechnology methods unless
otherwise specified, or to particular reagents unless otherwise specified, as such may, of
course, vary. K is also to be understood that the terminology used herein is for the

purpose of describing particular embodiments only and is not intended to be limiting.
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A. Definitions

41, As used in the specification and the appended claims, the singular forms
“a,” “an” and “the” include plural referents unless the context clearly dictates otherwise.
Thus, for example, reference to “a phamaceutical carrier” includes muixtures of two or
more such carriers, and the like.

42 Ranges can be expressed herein as from “about” one particular value,
and/or to “about” ancther particular value. When such a range is expressed, another
embodiment inchudes from the one particular value and/or to the other particular value.
Similarly, when values are expressed as approximations, by use of the antecedent
“about,” it will bg understood that the particular value forms another embodiment. It
will be further understood that the endpoints of each of the ranges are significant both in
relation to the other endpoint, and independently of the other endpoint. It is also
understood that there are a number of values disclosed herein, and that cach value 15 also
herein disclosed as “about” that particular value in addition to the value itself. For
example, if the vahie “107 15 disclosed, then “about 107 15 also disclosed. Itis also
understood that when a value 1s disclosed that “less than or equal to” the value, “greater
than or equal to the value” and possible ranges between values are also disclosed, as
appropriately onderstood by the skilled artisan. For example, if the valug “107 15
disclosed the “less than or equal to 107as well as “greater than or equal to 107 is also
disclosed. It is also understood that the throughout the application, data is provided in a
number of different formats, and that this data, represents endpoints and starting points,
and ranges for any combination of the data points. For example, if a particular data point
“107 and a particalar data point 15 are disclosed, it 1s understood that greater than,
greater than or equal to, less than, less than or equal to, and equal to 10 and 15 are
considered disclosed as well as between 10 and 13, It 15 also anderstood that cach unit
between two particular units are also disclosed. For example, if 10 and 15 are disclosed,
then 11, 12, 13, and 14 are also disclosed.

43, In this specification and in the claims which follow, reference will be
made to a mumber of terms which shall be defined to have the following meanings:

44, “Optional” or “optionally” means that the subsequently described event or
circumstance may or may not occur, and that the description includes instances where
said event or circumstance occurs and instances where it does not.

43, A “self-assembly pathway™ 13 a senies of reactions autonomously executed

by nucleic acid sequences in the execution of hybridized, detectable nucleic acid
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sequences. The self-assembly pathway comprises assembly, or hybridization, of nucleic
acid sequences. In some embodiments, the self-assembly pathway can also comprise ong
or more disassembly reactions.

46, The term “nuocleic acid™ refers to natural nucleie acids, artificial nucleic
acids, analogs thereof, or combinations thereof. Nucleic acids may also include analogs
of BNA or RNA having modifications to either the bases or the backbone. For example,
nucleic acid, as used herein, includes the use of peptide nucleic acids (PNA}. The term
“nucleic acids” also mncludes chimeric molecules.

47. The term “haitrpin” as used herein refers to a structure formed by
intramolecular base pairing in a single-stranded polynucleotide ending in an unpaired
loop {the “hairpin loop™). In varicus embodiments, hairpins comprise a hairpin loop
protected by stems. For example, a hatrpin can comprise a first stem region, a hairpin
loop region, and a second stem region. The first and second stem regions can hybridize
to cach other and together form a duplex region. Thus, a stem region of a hairpin nucleic
acid is a region that hvbridizes to a complementary portion of the same nucleic acid to
form the duplex stem of a hairpin.

48. the term “hairpin loop” refers to a single stranded region that loops back
on itself and 13 closed by a single base pair.

49, “Interior loop™ and “mternal loop,” are used interchangeably and refer to
aloop closed by two base pairs. The closing base pairs are separate by single stranded
regions of zero or more bases. A “bulge loop™ 15 an mtenior loop where one of the
separated single-stranded regions 13 zero bases in length and the other is greater than
ze10 bases in length.

50. An “inititator” 1s a molecule that is able to initiate the hybnidization of two
other nucleic acid sequences. The initiator is also referred to herein as the third nucleie
acid sequence, while it facilitates the hybridization of what is referred to hergin as the
first and second nucleic acid sequences.

51 “Monomers” as used herein refers to mdividual nucleic acid sequences.
For example, monomers are referred o herein as a first nucleic acid sequence, a second
nucleic acid sequence, or a third nucleic acid sequence, ete.

52. By “nucleic acid sequence” 18 meant a nucleic acid which comprises an
individual sequence. When a first, second, or third nucleic acid sequence is referred to,
this 1s meant that the individual nucleotides of each of the first, second, third, etc |

nucleic acid sequence are unigue and differ from each other. In other words, the first
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nucleic acid sequence will differ in nucleotide sequences from the second and third. etc.
There can be multiple nucleic acid sequences with the same sequence. For instance,
when a “first nucleic acid sequence” is referred to, this can mclude multiple copies of the
same sequence, all of which are referred to as a “first nucleic acid sequence.”

53. Typically, at least two different nucleic acid sequences are used n self-
assembly pathways, although three, four, five, six or more may be used. Typically each
nucleic acid sequence comprises at least one domain that is complementary 1o at least a
portion of one other sequence being used for the self-assembly pathway. Individual
nucleic acid sequences are discussed tn more detail below.

54, The term “domain” refers to a portion of a nucleic acid or protein
sequence. An “input domain” of a nucleie acid or protein sequence refers to a domain
that 1s configared to receive a signal winch mutiates a physical and/or chemical change,
such as, a for example, a conformational change, of the nucleic acid sequence. In some
embodiments, an put domain can be an initiator binding domain, an assembly
complement domain, or a disassembly complement domain. An “output domain” of a
nucleic acid sequence refers to a domain that is configured to confer a signal. For
example, the signal can bind a complementary sequence to an mput domain. In some
embodiments, an output domain is configured to confer a signal to an input domain of
angther nucleic acid sequence. In some embodiments, an cutput domain can be, for
example, an assembly domain, or a disassembly domain. In some embodiments, an
output domain can be present in an initiator.

55, The term “nacleate” as used hergin means to begin a process of, for
example, a physical and/or chemical change at a discrete pomt in a system. The term
“nucleation” refers to the beginning of physical and/or chemical changes at discrete
points in a system.

36. A “propagation region” as ased herein refers to a portion of a domam of a
first nucleic acid sequence that is configured to hybridize to a complementary second
nucleic acid sequence once the tochold of the domain nucleates at an exposed tochold of
the second nucleic acid sequence. The propagation region is configured such that an
available secondary nucleic acid sequence does not nucleate at the propagation region;
rather, the propagation region hvbridizes to the second nucleic acid sequence only after

nucleation at the toehold of the same domain.
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37 In some embodiments, nucleic acid sequences can be “metastable” That
is, in the absence of an wutiator they are kinetically disfavored from associating with
other nucleic acid sequences compnsing complementary regions.

58. As used herein, the terms “polymerization” and “assembly” are used
mterchangeably and refer to the association of two or more nucleic acid sequence, or one
or more nucleic acid sequences and an initiator, to form a polymer. The “polymer” may
comprise covalent bonds, non-covalent bonds or both. For example, in some
embodiments a first; second, and third nucleic acid sequence can hybridize sequentially
to form a polymer comprising a three-arm branched junction.

59 As used herein term “disassembly” refers to the disassociation of an
initiator or at least one nucleic acid sequence.

60. As used herein “reaction graph” refers to a representation of assembly
{and, optionally, disassembly) pathways that can be translated nto molecular
executables.

61. As used herein the terms “flip” and “switch” are used interchangeably and
refer to a change from one state {¢.g., accessible) to another state {e.g., maccessible}.

62, “Kinetically trapped” means that the nucleic acid sequences are
inaccessibie. In other words, a nucleic acid sequence which is “kinetically trapped” is not
available for hybridization. For example, a nucleie acid sequence which has formed a
hairpin is considered to be kinetically trapped.

63. As used herein, an “aptamer” is an oligonucleotide that is able to
specifically bind an analvte of interest other than by base pair hvbridization. Aptamers
typically comprise DNA or RNA or a mixtare of DNA and RNA. Aptamers may be
naturally ocearring or made by synthetic or recombinant means. The aptamers are
typically single stranded, but may also be double stranded or triple stranded. They may
comprise naturally occurring nucleotides, nucleotides that have been modified in some
way, such as by chemical modification, and unmatural bases, for example 2-aminopurine.
See, for example, U.S. Pat. No. 5,840,867 The aptamers may be chemically modified,
for example, by the addition of a label, such as a flacrophore, or by the addition of a
molecule that allows the aptamer to be crosslinked to a molecule to which if ts bound.
Aptamers are of the same “type” if they have the same sequence or are capable of
specific binding to the same molecule. The length of the aptamer will vary, but is

typically fess than about 100 naclestides.



(v

(v

(v

L3
o

WO 2018/209092 PCT/US2018/032074

64. The term “oligonucicotides,” or “oligos” as used herein refers to
oligomers of natural (RNA or DNA) or modified nucleic acid sequences or linkages,
including natural and unnatural deoxyribonucleotides, nbomucleotides, anomeric forms
thereof, peptide nucleic acid monomers {(PNAs), locked nucleotide acids monomers
(LNA}, and the like and/or combinations thercof, capable of specifically binding to a
single-stranded polynucleotide by way of a regular pattern of sequence-to-sequence
interactions, such as Watson-Crick type of base pairing, base stacking, Hoogsteen or
reverse Hoogsteen types of base pairing, or the hke. Usually nucleic acid sequences are
linked by phosphodiester bonds or analogs thereof to form oligonucleotides ranging in
size from a few base units, e.g., 8-12, to several tens of base units, ¢.g., 100-200. Suitable
oligonucleotides may be prepared by the phosphoramidite method described by
Beaucage and Carruthers (Tetrahedron Lett, 22, 1859-1862, 1981), or by the tnester
method according to Matteacet, et al. (J. Am. Chem. Soc., 103, 3185, 1981}, both
meorporated herein by reference, or by other chemical methods such as using a
commercial avtomated oligonucleotide synthesizer. Oligonucleotides (both DNA and
RNA) may also be synthesized enzymatically for instance by transcription or strand
displacement amplification. Typically, oligonucleotides are single-stranded, but dosble-
stranded or partially double-stranded oligos mav also be used in certain embodiments of
the mvention. An “oligo pair” is a pair of oligos that specifically bind to one ancther
{L.c., are complementary {¢.g., perfectly complementary) to one another).

65, The terms “complementary” and “complementarity” refer to
oligonucleotides related by base-pairing rules. Complementary nucleotides are,
generally, A and T (or A and U}, or C and G. For example, for the sequence “5-AGT-
3" the perfectly complementary seguence is “3'-TCA-5"." Methods for calculating the
level of complementanty between two nucleic acids are widely known to those of
ordinary skill in the art. For example, complementarity may be computed using onhine
resourees, such as, e.g., the NCBI BLAST website
{nchindm.nth goviblast/producttable shtml) and the Oligonucleotides Properties
Calculator on the Northwestern University website
{basic.northwestem.edwhbictools/oligocale html}. Two single-stranded RNA or DNA
molecules may be considered substantially complementary when the nucleotides of one
strand, optimally aligned and with appropriate nucleotide insertions or deletions, pair
with at least about 80% of the nucleotides of the other strand, usually at least about 90%

10 95%, and more preferably from about 98 to 100%. Two single-stranded
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oligonucleotides are considered perfectly complementary when the nuclestides of one
strand, optimally aligned and with appropriate nuclectide insertions or deletions, pair
with 100% of the nuclectides of the other strand. Alternatively. substantial
complementarity exists when a first oligonucleotide will hvbridize under selective
hybridization conditions to a second oligonucleotide. Selective hvbridization conditions
include, but are not limited to, stringent hvbridization conditions. Selective
hybridization, or substantially complementary hyvbnidization, ccours when at least about
65% of the mucleic acid sequences within a first oligonucleotide over a stretch of at least
14 to 25 sequences pair with a perfectly complementary sequences within a second
oligonucleotide, preferably at least about 75%, more preferably at least about 90%.
Preferably, the two nucleic acid sequences have at least 959%, 96%, 97%, 98%, 99% or
100% of sequence dentity. See, M. Kanehisa, Nucleic Acids Res. 12, 203 (1984),
meorporated herein by reference. For shorter nuclectide scquences selective
hybridization occars when at least about 65% of the nucleic acid sequences within a first
oligonucleotide over a stretch of at least 8 to 12 nucleotides pair with a perfectly
complementary nucleic acid sequence within a second oligonucleotide, preferably at
least about 75%, more preferably at least about 90%. Stringent hybridization conditions
will typically inchude salt concentrations of less than about 1 M, more usually less than
about 500 mM and preferably less than about 200 mM. Hybndization temperatores can
be as low as 5° €, and are preferably lower than about 30° C. However, longer
fragments may require higher hybridization temperatures for specific hybridization.
Hybridization temperatures are generally at least about 2° C. to 6° C. lower than melting
temperatures (Tn), which are defined below.

66, As used herein, “two perfectly matched nucleotide sequences” refers to a
nucleic acid duplex wherein the two nucleotide strands match according to the Watson-
Crick basepair principle, 1.¢., A-T and C-G pairs in DNA:DNA duplex and A-U and C-G
patrs in DNARNA or RNARNA deplex, and there is no deletion or addition i each of
the two strands.

67, The term, “mismatch™ refers to a nucleic acid duplex wheremn at least one
of the nucleotide base pairs do not form a match according to the Watson-Crick basepair
principle. For example, A-C or U-G “pairs™ are lined up, which are not capable of
forming a basepair. The mismatch can be in a single set of bases, or in two, three, four,

five, or more basepairs of the nucleic acid duplex.
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58, As used herein, “complementary to each other over at least a portion of
their sequence” means that at least two or more consecutive nucleotide base pairs are
complementary o cach other. Forexample, 3,4, 5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 14,
17,18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, or more consecutive nucleotide base
patrs can be complementary to cach other over the length of the nucleic acid sequence. .

69, As used herein, “substantially hybndized” refers to the conditions under
which a stable duplex is formed between two nucleic acid sequences, and can be
detected. This is discussed in more detail below.

70. As used herein, a “significant reduction in background hybridization”
means that non-specific hybridization, or hyvbridization between snintended nucleic acid
sequences, 1s reduced by at least 809%, more preferably by at least 90%, even more
preferably by at least 95%, still more preferably by at least 89%.

71 By “preferentially binds™ it is meant that a specific binding event between
a first and second molecule occurs at feast 20 times or more, preferably 50 times or
motre, more preferably 100 imes or more, and even 1000 times or more often than a
nonspecific binding event between the first molecule and a molecule that s not the
second molecule. For example, a capture moicty can be designed to preferentially bind {o
a given target agent at least 20 tumes or more, preferably 50 imes or more, more
preferably 100 times or more, and even 1000 times or more often than to other molecules
in a biological solution. Also, an immobibized binding partner, 1 certain embodiments,
will preferentially bind to a target agent, capture motety, or capture moiety/target agent
complex. While not wishing to be limited by applicants present understanding of the
invention, it is believed binding will be recognized as existing when the Kais at 107
/mole or greaier, preferably 10* 1/mole or greater. In the embodiment where the capture
moiety is comprised of antibody, the binding affinity of 107 /mole or more may be due to
{1} a single monoclonal antibody (e.g., large nombers of one kind of antibodv) or (2) a
plurality of different monoelonal antibodies {e.g., large numbers of cach of several
different monoclonal antibodies) or (3) large numbers of polvelonal antibodies. It 1s also
possible to use combinations of (13+(3). The differcntial in binding affinity may be
accomplished by using several different antibodies as per (1)-(3) above and as such some
of the antibodies in a mixture could have less than a four-fold difference. For purposes of
most embodiments of the invention an indication that no binding occurs means that the

equilibrium or affinity constant K. is 10°Vmole or less. Antibodies may be designed to
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maximize binding to the intended antigen by designing peptides o specific epitopes that
are more accessible to binding, as can be predicted by ong skilled in the art.

72. The term “samplie” in the present specification and claims is used in its
broadest sense and can be, by non-limiting example, any sample that is suspected of
containing a target agent(s) to be detected. It is meant to inclade specimens or cultures
{c.g., microbiological cultures), and biological and environmental specimens as well as
non-biological specimens. Biological samples may comprise animal-derived materials,
including thud (e.g., blood, saliva, urine, lymph, ¢t }, solid (¢ 2., stool} or tissue (e.g.,
buceal, organ-specific, skin, ¢tc.), as well as hqund and solid food and feed products and
mgredients such as dairy tems, vegetables, meat and meat by-products, and waste.
Biglogical samples may be obtained from, e.g., humans, any domestic or wild animals,
plants, bacteria or other microorganisms, ete. Environmental samples can tnclude
environmental matenial such as surface matter, soil, water (e.g., contanunated water), air
and mdustrial samples, as well as samples obtained from food and dairy processing
mstruments, apparatis, equipment, utensils, disposable and non-disposable items. These
examples are not to be construed as hmiting the sample types applicable to the present
invention. Those of skill in the art would appreciate and understand the particular type of
sample required for the detection of particular target agents (Pawliszvn, 1., Sampling and
Sample Preparation for Field and Laboratory, (2002, Venkatesh Ivengar, G, et al.,
Element Analysis of Bivlogical Samples: Principles and Practices (1998}, Dmelak, S,
Hot Zone Forensics. Chemical, Biological, and Radiological Fvidence Collection
{2004); and Nielsen, B M, Practical Handbook of Environmental Site Characterization
and Ground-Water Monitoring (2003)}.

73. A substance 1s commonly said to be present in “excess” or “molar excess”
relative to another component if that component is present at a higher molar
concentration than the other component. Often, when present in excess, the component
will be present in at least a 10-fold molar excess and commonly at 160-1,000,000 fold
molar excess. Those of skill in the art would appreciate and understand the particular
degree or amount of excess preferred for any particular reaction or reaction conditions.
Such excess 1s often crpirically determined and/or optimized for a particular reaction or
reaction conditions.

74. As used heremn, “a promoter, a promoter region or promoter clement”
refers to a segment of DNA or RNA that controls transcription of the DNA or RNA to

which it is operatively linked. The promoter region includes specific sequences that are
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sufficient for RNA polymerase recognition, binding and transcription initiation. This
portion of the promoter region is referred to as the promoter. In addition, the promoter
region includes sequences that modudate this recognition, binding and transcription
initiation activity of RNA polymerase. These sequences may be ¢is acting or may be
responsive to trans acting factors. Promoters, depending vpon the nature of the
regulation, may be constitutive or regulated.

75. As used herein, “operatively linked or operationally associated” refers to
the functional relationship of nucleic acids with regolatory and effector sequences of
nucleotides, such as promoters, enhancers, transcriptional and translational stop sites,
and other signal sequences. For example, operative linkage of DNA to a promoter refers
to the physical and functional relationship between the DNA and the promoter such that
the transcription of such DNA is imtiated from the promoter by an RNA polymerase that
specifically recognizes, binds to and transcribes the DNA. In order to optimize
expression and/or in vitro transcription, it may be necessary to remove, add or alter &'
untranslated portions of the clones to eliminate extra, potential inappropriate alternative
translation mitiation {i.c., start) codons or other sequences that may interfere with or
reduce expression, either at the level of transcription or translation. Alternatively,
consensus ribosome binding sites {see, ¢.g., Kozak, I Bigl Chem., 266:19867-19870
{1991}) can be mserted immediately 5" of the start codon and may enhance expression.
The destrability of {or need for} such modification may be empirically determined.

76. As used heremn, “RNA polymerase” refers to an enzyme that synthesizes
RNA using a DNA or RNA as the template. It 1s intended o encompass any RNA
polymerase with conservative amino acid substitutions that do not substantially alter #ts
activity.

77. As used herein, “reverse transcriptase” refers (o an enzyme that
synthesizes DNA using a RNA as the template. It 1s intended {o encompass any reverse
transcriptase with conservative amino acid substitutions that do not substantially alter its
activity.

78. “Enzymatically prodaced” refers to the prodaction or secondary or
tertiary folding of a nucleic acid by an enzyme rather than by chemical synthesis.
Enzymatically prodoced nucleic acids can be made in vifro or i vivo. For example,
ribozyme-containing transeription template scaffolds can be engincered to enable
enzymatic co-transcriptional synthesis of RNA circwnts that can operate without any

post-synthetic scparation and re-folding of individual circuit components.
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B. Systems, Methods, and Bevices

79. Disclosed herein are systems and methods, as well as the components to
be used to prepare the disclosed systems, devices, and methods. These and other
materials are disclosed herein, and it 15 understood that when combmations, subsets,
mteractions, groups, ete. of these materials are disclosed that while specifie reference of
each vartous individual and collective combinations and permutation of these
compounds may not be explicitly disclosed, cach is specifically contemplated and
described herein. For example, if a particular nucleic acid sequence ts disclosed and
discussed and a number of modifications that can be made to a namber of molecules
including the nucleic acid sequence are discussed, specifically contemplated 1s each and
every combination and permutation of the nucleic acid sequence and the modifications
that are possible unless specifically indicated to the contrary. Thas, if a class of
molecules A, B, and C are disclosed as well as a class of molecules B, E, and F and an
example of a combination molecule, A-D 1s disclosed, then even if each is not
individually recited each 1s individually and collectively contemplated meaning
combinations, A-E, A-F, B-D, B-E, B-F, {-D, C-E, and C-F are considered disclosed.
Likewtse, any subset or combination of these 1s also disclosed. Thus, for example, the
sub~group of A-E, B-F, and C-E would be considered disclosed. This concept applies to
all aspects of this application including, but not limited to, steps in methods of making
and vsing the disclosed compositions. Thus, if there are a variety of additional steps
that can be performed it is understood that each of these additional steps can be
performed with any specific embodiment or combination of embodiments of the
disclosed methods.

1. Thermophilic Strand-Displacing Polymerase

80, Strand-displacing polymerases are a crucial component of 1sothermal
amplification (IA) reactions, DNA amplification technigues that, unlike PCR, don’t
require thermal cyvcling. Becanse they simplify equipment needs and are often faster and
less prone to inhibition than PCR, these techniques are appealing for nucleic acid-based
point of care detection. While pre-reaction heating is useful in isothermal amplification
(1A} for cell lvsis, contammant denaturation, and template denaturation for improved
primer binding, there is currently no thermostable polvmerase demonstrated for multiple
IA mechanisms that can survive these high temperatures, complicating point of care

workflow. Addifionally, polyvmerase engineenng of strand-displacing polymerases has
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been limited to in sifico approaches due to the inherent challenges in evolving
mesophilic polymerases and selecting for strand displacement.

&1 Disclosed herein is iscthermal compartmentalized self-replication
(IsoC"SR), an isothermal emulsion-based directed evolution method analogous to CSR.
Using an algorithm-optimized shuffled hibrary of exonuclease-deficient polvmerases

¥

from Geobacilius stearothermophilus {Bst LF) and Thermus aguaticus (Klentag),
IsoCSR was demonstrated by evolving a thermostable strand-displacing polymerase
capable of high temperatare A methods bke loop-mediated 1sothermal amphification
and rolling circle amphification (LAMP and RCA), even after incubation at
temperatures as high as 95°C. The polvmerase outperforms Bst LF polymerase, the high
terperature isothermal polymerase of choiee, 1n RCA and performs similarly im LAMP
reactions. IsoCSR is essential for evolving other useful characteristics for point of care
applications, such as enhanced imhibitor tolerance in wnprocessed samples.

§2.  Although Bst LF works at higher temperatures, it is not truly thermostable
at temperatures that may be required for DNA denaturation and “hot start” LAMP,
There have been reports of two thermostable polvmerases that could potentially be
mcladed in a denaturation step in [A reactions such as LAMP. OmniAmp, a viral
polymerase from PyroPhage 3173 with PNA polymerase and reverse transcriptase
activities {Chander 2014), and SD Polyvmerase, a mutant of the well-known Thermus
aquaticus {Tag) polymerase (Ignatov 2014). However, neither of these polymerases
have been validated for hot start LAMP, either due to the lack of sufficient
thermostability to survive denaturation steps (OmniAmp}, or insufficient strand
displacement activity for LAMP (5D Polvmerase).

g3. Directed polymerase evolution using compartmentalized self-replication
{(CSR) and other methods have previously been used to wlentify sequence variants of
DNA and RNA polymerases that have altered phenotypes such as increased
thermostability, incorporation of unnataral or modified bases, reverse transcription,
orthogonal promoter recognition, and resistance to enzymatic inhibitors {Ghadessy
2001; Baar 2011; Chen 2014; Meyer 2015; Ellefson 2016}, Recently, an isothermal
CSR selection was used to evolve the phi29 polyvmerase, but this selection required
cumbersome freezing and thawing cycles for cell lysis that may limit the acquisition of
thermostability or other novel phenotypes. In addition, the use of random primers
resulted m off-target £, coll genome amplification, hmiting the selection’s utility and

efficiency (Povilaitis 2016}, A more robust isothermal compartmentalized self-
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rephication (IsoUSR} method has been developed for engineering thermostable strand-
displacing polvmerases. IsoCSR retains the emulsion-based linkage of genotype and
phenotype that was established in thermal cvcling CSR, but replaces the i emudsio PCR
step with hvperbranched rolling circle amplification (hbRCA) of sopercotled plasmid
DNA. This innovation necessitates that a polymerase have excellent strand
displacement activity in order to self-amplify its gene.

&4. IsoCSR was used to combing the robust strand displacement capability of
Bst LF with the extreme thermostability found in Klentag. These distantly related
enzvmes were recoded to ensure maximal overlap, a shuffled library was created, and a
thermostable chimeric polymerase was selected that enabled one pot, hot start LAMP,
Strand displacement seemed to arise from a relatively short Bst insertion mnto a Klentag
backbone that can stabilize the “thumb’ domatn common to DNA polymerases.

&5.  Therefore, disclosed herein is a non-paturally occurning thermostable
polvmerase, wherein thermostable polymerase is characterized by increased temperature
stability in the range of 70°C to 100°C, increased strand displacement capability,
increased processivity, or a combination thereof compared with a wild type large
fragment Bacillus stearothermophilus (Bst LF} polymerase. The polvmerase is also
more thermostable than Bst 2.0, The polyvmerase is capable of both scthermal
amphification, such as LAMP and hyperbranched rolling circle amplification (RCA}
from supercoiled plasmids without the use of nicking endonucleases. It 1s also usefal
with strand displacement amplification {(8DA), polvmerase spiral reaction (PSR}, or
helicase dependent amplification (HBA}. The polymerase can also be capable of
replicating DNA in a polvmerase chain reaction (PCR).

g6, By “mgcreased temperature stability” is meant that the polymerase 18 2, 3,
4,5,6,7 8,9, 10, or 100 ore more times stable at the range of 70 to 100°C than other
polyvmerases. By “increased strand displacement capability” 1s meant that the
polyvmerase disclosed herein 1s 10, 20, 30, 40, 50, 60, 70, 80, 90, or 100% or more
capable of strand displacement than other polvmerases. By “increased processivity™ is
meant that the polymerase disclosed herein is 10, 20, 30, 40, 50, 60, 70, 80, 90, or 100%
or morg processive than other polymerases.

87.  'The thermostable polvmerase disclosed herein can be heated to above 60,
65,70, 75, 86, 85, 90, 95, or 100°C or higher without significant denaturation.

Amplification can also oceur at elevated temperatarces, such as above 65°C.
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#8.  As described in Example 1, the thermostable polymerase can comprise
sequences from at least Bst LF and Klentag polymerase. For example, disclosed is a
polymerase which is 90, 91, 92, 93, 94, 95, 96, 97, or 99% or more identical to SEQ 1D
NG 1. Alse disclosed is a nucleic acid encoding SEQ ID NG: 1. For example, disclosed
herein is the nucleic acid of SEQ ID NO: 2, which encodes a thermostable polymerase.
This specific thermostable polymerase is referred to herein as v5.9. Also disclosed is a
host cell comprising the nucleie acid encoding the polymerase disclosed herein.

89.  The thermostable polyvmerase disclosed herein can be stored in a storage
buffer, or a reaction buffer. For example, the baffer can comprise a temperature
dependent inhibitor of polymerase activity. The polymerase can substantially lack 3' to
5' exonuclease activity.

90.  Also disclosed herein is a method of identifving a non-naturally occurnng
thermostable polymerases, the method comprising: a} providing a pool of nucleic actds

comprising nucleic acid members gach encoding non-naturally occurring

o0

potential
thermostable polvmerases; b) subdividing the pool of nucleic acid members into ccHular
compartments by transformation into a bacterial host, such that each cell comprises a
nucleic acid member; ¢} expressing the nucleic acid member in the cell compartment to
form a potential thermostable polvmerase encoded by the nucleic acid member; d}
subdividing the pool of bacterial cells into compartments, such that each compartment
contains a single cell with a single nucleic acid member and encoded polymerase ¢}
subjecting the pool of nucleic acid members to thermal denaturation and isothermal
amplification conditions, such that the nucleic acid member may be processed by the a
thermostable polymerase encoded by said nucleic acid member; and 3 detecting
processing of the nucleic acid member by a thermostable polyvmerase encoded by said
nucleic acid member, thereby identifving a thermostable polymerase.

91.  Fhe pool of nucleic acids can be created by gene shuffling, error-prone
PCR, or site-saturation mutagenesis. For example, gene shuffling can take place with
nucleic acid encoding one or more known polvmerases. This can be seen tn Example 1.
The polymerases can inchude, but are not limited to, Bst LF and Klentaq, for example.
Thermal denaturation can take place at 65, 70, 75, 80, 83, 90, 95, or 100°C or higher.

92, 'Fhe sothermal amplification to which the polymerase can be subjected
can be, but 13 not limited to, hyperbranched rolling circle amplification, recombinase
polymerase amplification, or loop-mediated 1sothermal amplification. Amplification can

also be by polymerase chain reaction (PCR). In one exampie, the contents of cach
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compartment are not in contact with the contents of other compartments. The processing
of the nucleic acid member can resolt in one copy of said nucleic acid member. The
processing of the nucieic acid member can also result in more than one copy of said
nucleic acid member. In one example, the nomber of copies of the nucleic acid member
can be proportional to the activity of the thermostable polymerase.

93, Processing of nucleic acids can be detected by assaying the copy number
of the nucleic acid member. For example, processing can be detected by assaving the
presence of a tag on the nucleic acid member. Processing can also be detected by
determining thermostable polymerase activity.

94. In one example, the step of expressing the nucleic acid member to form
the thermostable polymerase encoded by said nucleic acid member can be carrted out by
in vitro transcription and translation. The step of expressing the nucleic acid member to
form the thermostable polymerase encoded by said nucleie acid member can be carried
out by i vive transcription and translation in an expression host cell. The expression
host cell can be a bacterial cell.

The compartments for carrving out the assay can comprise aqueous
compartments of a water-in-oil emulsion. In one example, the non-agueous portion of
emulsion mix 18 73% Tegosoft DEC, 7% AWIWEQ9, and 20% mineral oil. with an o1l
phase and a surfactant comprising Span80, Tween80, and TritonX100. The surfactant

can comprise AbifWEQS,

2. Isothermal Amplification Using Phosphorothioated Loop Mediated
Isothermal Amplification (PS-LAMP)

95. Loop-mediated isothermal amplification (LAMP) 15 an extremely
powerful tool for the detection of nucieic acids with high sensitivity and specificity.
LAMP shows best performance at around 65°C, which is relatively high to be casily
applied to point-of-care-testing (POCT). Dhsclosed herein is a phosphorothioated
LAMP (P5-LAMP) working at low temperature by providing a more efficient
amplification path. PS-modifications enabled efficient selt-folding at the termini to
generate more loops where mtact mner primers bind and extend. By optimizing several
factors such as urea, Bst 2.0 BNA polymerase, single-stranded DNA binding protein
{(SSB) and Mg504, comparable sensitivity and selectivity with a regular LAMP (R~
LAMP) at 65°C were achieved with a PS-LAMP at 40°C. As the novel PS-LAMP
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system is performed at arcund physiological temperature, it has g great potential in
apphications to hand-held or POCT diagnostic devices.

96. By incorporating the PS-THSP mechanism into a regular LAMP system,
LAMP that performs well at low temperature has beern made (Example 2. A
phosphorothicate (PS5} modification is mmcorporated into a part of inner primer’s BNA
backbong, leading to an increased self-folding of terminal hairpins. It can produce more
loop sites where other inmer primers can bind to and finally result in more efficient
amplification. By optimizing conditions to accelerate the self-folding, the sensitivity of
PS-LAMP at 40°C was comparable with that of a regular LAMP at optimal temperature.
The PS-modified DNA can also display enhanced stability against degradation by
vartous nucleases that may be present in biological samples. As the novel PS-LAMP
system 1s performed at around physiological temperature, it can be used in hand-held or
pomnt-of-care (POC) diagnostic devices.

97. Regarding LAMP in particular, it is a powerful 1sothermal nucleic acid
amplification technique that can generate ~10° copies from less than 10 copies of
template DNA within an hour or two. Unfortanately, while the amplification reactions
are extremely powerful, quantitative detection of LAMP products has remained
analytically challenging. LAMP can be conducted with two, three, four, five, or six
primers, for example. OSD-LAMP can be used with 2 primers (FIP + BIP) and also 3
primers (FIP+BIP+F3 and FIP+BIP+B3). 2 as well as 3-primer OSD-LAMP assays can
also be used The five primer LAMP system: disclosed herein, and depicted m Figure 1,
is ultra-fast, sensitive, and a highly selective.

98.  The 4-primer LAMP is the basic form of LAMP that was onginally
described for iscthermal nucleic acid amplification. The system is composed of two
loop-forming mner primers FIP and BIP and two cuter primers F3 and B3 whose
primary fimetion is to displace the PNA strands initiated from the inner primers thus
allowing formation of the loops and strand displacement DNA synthesis. Subsequently
6-primer LAMP was reported that incorporated 2 additional primers, LF and LB, that
bind to the loop sequences located between the F1/Flc and F2/F2¢ priming sites and the
B1/Blc and B2/B2¢ priming sttes. Addition of both loop primers significantly
accelerated LAMP. The S-primer LAMP has been described herein, wherein the 4
LAMP primers (F3, B3, FIP and BIP) arc used in conjunction with only one of the loop
primers {either LF or LB). Thig allows the aceelerated amplification afforded by the

loop primer while using the other LAMP loop {not bound by the loop primer} for
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hybridization o loop-specific OSD probe. This innovation allows for high-speed LAMP
operation while performing real-time scquence-specific signal transduction.

99, Therefore, disclosed herein is a method of using PS-LAMP comprising
amplifyving a nucleic acid, the method comprising exposing a target nucleic acid to a
buffer solution comprising a polymerase and at least four primers, wherein at least one
of the four primers comprises a phosphorothicated nucleotide: and amplifying the target
nucleic acid using an iscthermal amplification reaction, wherein the 1sothenmal
amplification reaction produces at least one loop product, wherein at least part of the
single-stranded portion of the loop product represents the target nucleie acid.

100,  Inthe PS-LAMP method disclosed herein, the loop product is exposed to
a strand displacement reporter, wherein the strand displacement reporter comprises
single-stranded and double-stranded nucleic acid, and further wherein a portion of the
single-stranded nucleic acid of the strand displacement reporter 1s complementary to at
least a portion of the single-stranded nucleie acid of the loop product representing the
target nucleic acid, and allowing the loop product and the strand displacement reporter
to interact, whergin interaction between the strand displacement reporter and the targst
nucleic acid portion of the loop product produces a detectable signal, wherein the signal
mdicates the presence of the target nucleic acid.

101, "Fhe isothermal amplification reaction can take place at 20, 25, 30, 35, 40,
45, 50, or 55°C. In one specific embodiment, the isothermal reaction can take place
around 40°C.

102, "Fhe buffer can comprise various components which have been optimized
for PS-LAMP. For example, urea can be present in the buffer at a concentration of 1.3-

1.6 M, specifically 1.44 M. The buffer can also comprise a DNA polvmerase, such as

W

Bst, specifically Bst 2.0. Bst 2.0 can be present at a concentration of 35, 30, 45, 50, 55,
60, 65, or more units (U}, The buffer can comprise Mgh04 MgS04can be present at a
concentration of 1.0, 1.1 12,13, 14, 15,16, 1.7, 18,19,20,21,22,23, 24, 0r25
or more mM. The buffer can also comprise a Single-Stranded Binding (85B) protein.
SSB can be present at a concentration of abowut 0.2 t6 0.7 ug, for example about 0.5 ug.
Specific examples of buffers can be found in Example 2.

103,  Inthe method disclosed hersin, the strand displacement reporter can be

one step tochold displacement {(OSD) reporter. The target nucleic acid can be RNA or

DNA. Four, five, or six primers can be used with the isothermal amplification reaction.
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104. Figure 16 shows a reaction schematic for PS-LAMP. For example, the
method can comprise using at least one forward inner primer (FiP), at least one
backward mner primer {BIP), at least one forward outer primer {FOP), and at least one
backward outer primer (BOP). At least one FIP comprises at least one
phosphorothicated nuclectide. At least one BIP can comprise at least one
phosphorothicated nucleotide. Both a FIP and a BIP can comprise at least one
phosphorothicated nuclectide. For example, two or more nucleotides of at least one
primer are phosphorothicated. 1,2,3,4,5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18,
19, or 20 or more nucleotides of a primer can be phosphorothioated. The
phosphorothicated nucleotides can be at either the N-terminal or the C-terminal of the
primer.

103, Amplification of the target nucleic acid takes place in real time. Many
examples of real-time amplification are known to those of skill in the art. One of skill i
the art could therefore readily ascertain a real-time method for use with the mvention
disclosed herein.

106, Also disclosed is a method of diagnosing a subject with a disease, the
method comprising carrying out the method of amplification described herein, wherein
the presence of a target nucleic acid indicates the presence of a disease in the subject.

107, In one example, multiple target nucleic acids can be amplified
stmeltancously. The primers can bind a primer binding region of the target nucleic acid,
as shown in Figure 16. The method can take place in a single vessel, also referred to
herein as “one pot” amplification.

108.  Dhsclosed herein is a kit for amplifying nucleic acids, wherein the kit
comprises DNA polymerase, and at east four distinct primers, wherein at least one of
the primers 1s phosphorothicated. The kit can further comprise a buffer sohution.

109, LAMP can be carried out osing DNA or RNA (RT-LAMP). LAMP can
amphify nucleic acids from a wide variety of samples. These nclude, but not imited to,
bodily fluids (including, but not limited to, blood, urine, serum, bymph, saliva, anal and
vaginal secretions, perspiration and semen, of virtually any organism, with mammalian
samples being preferred and human samples being particularly preferred);
environmental samples (including, but not limited to, air, agricultural, water and soil
samples); plant matenals; biological warfare agent samples; research samples (for
example, the sample may be the product of an amplification reaction, for example

general amplification of genomic DNA); purified samples, such as purified genomic
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DNA, RNA, proteins, eic.; raw samples (bactenia, virus, genonic DNA | etc.}; as will be
appreciated by those in the art, virtually any experimental manipulation may have been
done on the sample. Specifically, it is noted that the polymerases disclosed herein can
be used to amplify Zika Virus. Some embodiments utilize siRNA and microRNA as
target sequences {Zhang et al.| J Cell Physiol. (2007 210(2):279-89; Osada et al.,
Carcinogengsis. (2007) 28(1):2-12; and Maties ¢t al, Am J Regpir Cell Mol Biol.
(2007) 36(1):8-12, each of which 1s meorporated herein by reference in its entirety).
110, Some embodiments otilize nucleic acid samples from stored (e.g. frozen
and/or archived) or fresh tissues. Paraffin-embedded samples are of particular use in
many embodiments, as these samples can be very aseful, due to the presence of
additional data associated with the samples, such as diagnosis and prognosis. Fixed and
paratfin-embedded tissue samples as described herein refers to storable or archival
tissue samples. Most patient-derived pathological samples are routinely fixed and
paratfin-embedded to allow for histological analvsis and subsequent archival storage.
111, The target analytes can be nucleic acids. A nucleic acid of the present
mvention, whether referring to the target nucleic acid or the strand displacement
reporter, will gencrally contain phosphodiester bonds {for example in the case of the
target sequences), although in some cases, nucleic acid analogs are included that may
have alternate backbones, comprising, for example, phosphoramide (Beaucage et al..
Tetrahedron (1993) 49(103:1925 and references therein; Letsinger, 1. Org. Chem. (1970}
35:3800; Sprinzl et al., Eur. . Biochem. (1977} 81:579; Letsinger et al., Nucl. Acids
Res. (1986) 14:3487; Sawa et al, Chem. Lett. (1984) 803; Letsmgerctal,, I Am.
Chem. Soc. (1988} 110:4470; and Pauwels ¢t al.. Chemica Scripta (1986} 26:141),
phosphorothicate (Mag et al., Nucleic Acids Res. (1991) 19:1437; and U.S. Pat. No.
5,644,048), phosphorodithicate (Briu et al., J. Am. Chem. Soc. (1989) 111:.2321, O-
methylphophoroamidite linkages (sec Eckstem, Oligonucleotides and Analogues: A
Practical Approach, Oxford University Press), and peptide nucleic acid backbones and
Imkages (see Egholm, I. Am. Chem. Soc. (1992)114:1895; Meier et al., Chem. Int. Ed.
Engl (1992) 31 :1008; Nielsen, Nature, (1993} 365:566; Carlsson et al., Nature (1996}
380:207, all of which are incorporated herein by reference in their entirety). Other
analog nucleic acids include those with bicyehie structurgs including locked nucleic
acids, Koshkim et al., J. Am. Chem. Soc. (1998} 120:13252 3); positive backbones
(Benpey et al, Proc. Natl, Acad. Sci. USA (1995} 92:6097; non-ionic backbones (1.8,
Pat. Nos. 5,386,023, 5,637.684, 5,602.240, 5,216,141 and 4,469 863; Kiedrowshi et al.,
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Angew. Chem. Intl. Ed. English {1991) 30:423; Letsinger et al.. . Am. Chem. Soc.
{1988} 110:4470; Letsinger et al., Nucleoside & Nucleotide (1994) 13:1597; Chapters 2
and 3, ASC Symposium Series 580, Ed. Y. 8. Sanghui and P. Ban Cook; Mesmacker et
al., Bicorganic & Medicinal Chem. Lett. (1994} 4:395 ; Jeffs et al | I Biomolecular
NMR (1994} 34:17; Xu et al., Tetrahedron Lett. (1996) 37:743) and non-nibose
backbongs, including those described in U5, Pat. Nos. 5,235,033 and 5,034,506, and
Chapters 6 and 7, ASC Symposium Series 580, Ed. Y. S. Sanghui and P. Dan Cock.
Nucleic acids containing one or more carboeyclic sugars are also included within the
definition of nucleic acids (see Jenkins ¢t al, Chem. Soc. Rev. (1995} pp 169-176).
Several nucleic acid analogs are described in Rawls, C & E News Tun. 2, 1997 page 35.
All of these references are herein expressly incorporated by reference. These
modifications of the ribose-phosphate backbone may be done o facilitate the addition
of labels or other moteties, to increase or decrease the stability and half-life of such
molecules in phystological environments, cte.

3. Uses

112, Fhe methods, products, and devices disclosed herein can be used for
multiple applications. Detection and identification of virtaally any nucleic acid
sequence, or non-nucleic acid sequence, can be accomplished. For example, the
presence of specific viruses, microorganisms and parasites can be detected. For
example, Zika Viras can be amplified. Genetic diseases can also be detected and
diagnosed, either by detection of sequence variations (mutations) which cause or are
associated with a disease or are linked (Restriction Fragment Length Polymorphisms or
RFLP's) to the disease locus. Sequence vanations which are associated with, or cause,
cancer, can also be detected. This can allow for both the diagnosis and prognosis of
discase. For example, if a breast cancer marker is detected m an individual, the
individual can be made aware of their increased likelihood of developing breast cancer,
and can be treated accordingly. The methods and devices disclosed herein can also be
used in the detection and identification of nucleic acid sequences for forensic
fingerprinting, tissue typing and for taxonomic purposes, namely the identification and
speciation of microorgamisms, flora and fauna.

113, The methods and devices disclosed heremn have apphications m clinical
medicine, veternnary science, aquaculture, horticulture and agriculture. The methods and
devices can also be used 1 maternity and patemity testing, fetal sex determination, and

pregonancy tests.
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4. Devices

114, Dnsclosed herein arg devices for detection of a target nucleic acid,
wherein the device comprises: aj an amplification umit, wherein said amplification unit
amplifies the target nucleic acid via an 1sothermal amplification reaction); b} a
transducer, wherein said transducer comprises strand displacement reporters, wherein
said strand displacement reporters interact with the target nucleic acid amplification
product of step a); and ¢} a signal output unit, which displays the detectable signal of
step b},

115, The amplification unit is the portion of the device where amplification of
a nucleic acid takes place. This can be via the LAMP methods disclosed herein, for
example. The signal output anit detects the signal from the strand displacement reporter.
The signal output unit can be part of a computer system, and the signal can be displayed
on a monttor. The resulting signal can also be used in a computer processor to compare
it to other results or databases, and the results can be displayed. Computer systems and
computer readable media are discussed in more detaid below.

116, Fhe amplification unit, transducer, and signal cutput unitcan be n a
stngle device, and can be in fhad communication with cach other. For example,
amplification and detection can all take place in the same well of a microfluidics device.
Furthermore, amplification and detection can take place simultaneously, and detection
can occur in “real time.”

117, 'Fhe device can also comprise a heater. Because the amplification and
detection reactions may require a temperature above room temperatare, a heat source 1s
contemplated herein. Heat sources may include, but are not limited to, contacting and
non-contacting sources, as known in the art. In one embodiment, the heat source may
comprise an optical heating device. For example, the optical device may comprise a
defocused laser that 1s directed at an underside of the device. For example, heating may
be achigved by using an 808 nm infra-red laser diode module {¢.g., tcetec-UIK)
operating at approximately 130 mW direcied onto the device. The power of the laser
may be controlled through an n-channel power MOSFET gated by a logic optocoupler
driven by pulse width modulated (PWM) signal from a microcontroller (e.g., Fox
LP3500, Rabbit Semiconductor, Davis, Calif)).

118,  To provide temperature control, the controlier may be programmed with
a modified proportional-mtegral control routine using feedback from the pyrometer. The

pyrometer feedback may be received by the microcontroller afier a cahibration
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correction is applied. To perform optical temperature detection, the sample may be
ithuminaied obliquely, for example, by a ligh mtensity light source having a selected
wavelength. In one embodiment, the Hight source may comprise a blue light enitting
diode (LED) that emits light at a wavelength selected within the range between about
450 nm to about 475 nm {e.g., approximately 470 nm}. An example of an LED hight
source capable of this illumination is HLMP CB28 STDO0O, manufactured by Agilent
Technologies, Santa Clara, Calif Heating may also be achieved by other methods such
as by chemical exothermic reactions or by using the computer’s CPU-generated heat, or
heating specific metals with batteries, ete.

5. Detection

119, Detection systems are known in the art, and include optical assays
(inchuding fluorescence and chemiluminescent assays), enzymatic assays,
radiolabelling, surface plasmon resonance, magnetoresistance, cantilever deflection,
surface plasmon resonance, ete. In some embodiments, OSD reporter can be used in
additional assay technologies, for example, as described in 2006/0068378, hereby
mcorporated by reference, the OSD reporter can serve as a linker between light
scattering particles such as colloids, resulting 1n a color change in the presence of the
OSD reporter.

120,  Insome embodiments, the strand displacement reporters of the invention
are attached to solid supports for detection. For example, strand displacement reporiers
can be attached to beads for subseguent analysis. Simdarly, bead arrays as described
below may be used.

121, Inone embodiment, the present invention provides arrays, each array
location comprising at a minimum a covalently attached strand displacement reporter,
also referred to herein as a "capture probe”. By "array" herein 1s meant a plurality of
nucleic acid probes (OSD reporters, for example) in an array format; the size of the
array will depend on the composition and end use of the array. Generally, the array will
comprise from two to as many as 100,000 or more reporters, depending on the size of
the electrodes, as well as the end use of the array. Preferred ranges are from about 2 to
about 10,000, with from about 5 to about 1000 being preferred, and from about 10 to
about 100 being particularly preferred. In some embodiments, the compositions of the
mvention may not be in array format, that is, tor some embodiments, compositions
comprising a single capture probe may be made as well. In addition, in some arrays,

multipie substrates may be used, either of different or identical compositions. Thus, for
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example, farge arrays may comprise a plurality of smaller substrates. Nucleic acids
arrays are known in the art, and can be classified in a number of ways; both ordered
arrays {(¢.g. the ability to resolve chemistrics at discrete sites), and random arrays {e.g.
bead arrays) are included. Ordered arrays tnclude, but are not limited to, those made
using photolithography techmiques {(Affymetrix GeneChip™}, spotiing techniques
{Synteni and others), printing technigues (Hewlett Packard and Rosetia), origami pads,
paperfluidics, electrode arrays, three dimensional "gel pad” arravs, ete. Liquid arrays
may also be vsed.

122, By "substrate” or "solid support” or other grammatical equivalents herein
is meant any material that can be modified to contain discrete individual sites
appropriate for the attachment or association of nucleic acids. The substrate can
comprise a wide vartety of materials, as will be appreciated by those m the art.
including, but not limited to glass, plastics, polvmers, metals, metalloids, ceramiges,
organics, etc. When the solid support is a bead, a wide variety of substrates are possible,
including magnetic materials, glass, silicon, dextrans, plastics, etc.

123, In another aspect of the invention, a fhadic is used to automate the
methodology described in this mvention. See for example U8, Patent No. 6,942,771,
herein incorporated by reference for components incloding but not Hmited to cartridges,
devices, pumps, wells, reaction chambers, and detection chambers.

124, 'The devices of the mvention can comprise liquid handling components,
mclading components for loading and unloading fhuds at each station or sets of
stations. The hguid handhing systems can include robotic systems comprising any
number of components. In addition, any or all of the steps outlined herein may be
automated; thus, for example, the systems may be completely or partially automated.

125, As will be appreciated by those in the art, there are a wide variety of
components which can be used, including, but not limited to, one or more robotic arms;
plate handlers for the positioning of microplates; holders with cartridges and/or caps;
automated lid or cap handlers to remove and replace hids for wells on non-cross
contamination plates; tip assemblies for sample distribution with disposable tips;
washable tip assemblies for sample distribation; 96 well loading blocks; cooled reagent
racks; microtitler plate pipette positions {optionally cooled); stacking towers for plates
and tips; and computer systems.

126, Fully robotic or microthudic systems mclude avtomated liguad-, particle-,

cell- and organism- handhing including high throughpat pipetting fo perform all steps of
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screening apphications. This includes liqqud, particle, cell, and organism manipulations
such as aspiration, dispensing, mixing, diluting, washing, accurate volumetric transfers;
retrieving, and discarding of pipet tips; and repetitive pipetting of identical volumes for
multiple deliveries from a single sample aspiration. These manipulations are cross-
contamination-free liguid, particle, cell, and orgamism transfers. This instrument
performs automated replication of microplate samples to filters, membranes, and/or
danghter plates, high-density transfers, fidi-plate serial ditutions, and high capacity
operation.

127, Chemically denvatized particles, plates, cartridges, tubes, magnetic
particles, or other solid phase matrix with specificity to the assay components can also
used. The binding surfaces of microplates, tubes or any solid phase matrices mclude
non-polar surfaces, highlyv polar surfaces, modified dextran coating to promote covalent
binding, antibody coating, affinity media to bind fusion proteins or peptides, surface-
fixed proteins such as recombinant protein A or GG, nucleotide resins or coatings, and
other affinity matrix are useful in this invention.

128, Platforms for mubti-well plates, multi-tubes, holders, cartridges,
minitubes, deep-well plates, microfuge tubes, crvovials, square well plates, fitters,
chips, optic fibers, beads, and other solid-phase matrices or platform with various
volumes can be accommodated on an upgradable modular platform for additional
capacity. This modalar platform includes a variable speed orbital shaker, and mukti-
position work decks for source samples, sample and reagent dilution, assav plates,
sample and reagent reservoirs, pipette tips, and an active wash station.

129, Interchangeable pipet heads (simgle or multi-channel} with single or
multiple magnetic probes, affinity probes, or pipetters robotically manipulate the hiqind,
particles, cells, and orgamisms can be used. Multi-well or multi-tube magnetic
separators or platforms manipulate liguid, particles, cells, and organisms in single or
multiple sample formats.

130,  'Fhe instrumentation can include a detector, which can be a wide varnety
of different detectors, depending on the labels and assay. In a preferred embodiment,
useful detectors mclude a microscope(s) with multiple channels of fluorescence; plate
readers to provide fluorescent, electrochemical and/or electrical impedance analyvzers,
ultraviolet and visible spectrophotometry detection with single and dual wavelength
endpoint and kinetics capability, fluroescence resonance energy transfer (FRET),

faminescence, quenching, two-photon excitation, and mtensity redistribution; CCD
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cameras to capture and transform data and images into quantifiable formats; and a
computer workstation,

131,  These instruments can fit in a sterile laminar flow or fume hood, or are
enclosed, self- contained systems, for cell culture growth and transformation i multi-
well plates or tubes and for hazardous operations. The living cells may be grown under
controlled growth conditions, with controls for temperature, homidity, and gas for time
series of the live ccll assays. Automated transformation of cells and astomated colony
pickers may facilitate rapid screening of desired cells. Flow cytometry or capillary
electrophoresis formats can be used for individual capture of magnetic and other beads,
particles, cells, and orgamisms.

132, 'Fhe flexible hardware and software allow instrument adaptability for
multiple applications. The software program modules allow creation, modification, and
renning of methods. The system diagnostic modules allow instnument alignment, correct
connections, and motor operations. The customized tools, labware, and liquuid, particle,
cell and organism transfer patterns allow different applications to be performed. The
database allows method and parameter storage. Robotic and computer interfaces allow
communication between instruments.

133, 'Fhe robotic apparatus can include central processing unit which
communicates with a memory and a set of input/output devices {e.g., keyboard, mouse,
monttor, printer, etc.) through a bus. Again, as outlined below, this may be m addition
to or in place of the CPU for the multiplexing devices of the wnvention. The general
interaction between a central processing wnit, a memory, input/output devices, and a bus
1s known i the art. Thus, a variety of different procedures, depending on the
experiments to be run, are stored in the CPU memory. These robotic thud handling
systems can vtilize any number of different reagents, mcluding buffers, reagents,
samples, washes, assay components such as label probes, stc.

6. Hybridization/selective hybridization

134, 'The term hybndization typically means a sequence driven interaction
between at least two nucleic acid molecules, such as a primer or a probe and a gene.
Sequence driven interaction means an interaction that cocurs between two nucleotides
or nucleotide analogs or nucleotide dervatives in a nucleotide specific manner. For
example, G interacting with C or A mteracting with T are sequence driven interactions.
Typicallv sequence driven interactions occur on the Watson-Crick face or Hoogsteen

face of the nucleotide. The hybridization of two nucleic acids is affected by a number
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of conditions and parameters known to those of skill in the art. For example, the salt
concentrations, pH, and temperature of the reaction all affect whether two nucleic acid
molecules will hybridize.

135, Parameters for selective hybridization between two nucleic acid
molecules are well known to those of skill in the art. For example, in some
embodiments selective hybridization conditions can be defined as stringent
hybridization conditions. For example, stringency of hybridization 1s controlled by both
temperature and salt concentration of etther or both of the hybridization and washing
steps. For example, the conditions of hvbridization to achieve selective hybridization
may involve hybridization in high 1onic strength solution (6X 55C or 6X §§PE) at a
temperature that 1s about 12-25°C below the Tm (the melting temperature at which half
of the molecules dissociate from their hybndization partners) followed by washing at a
combination of temperature and salt concentration chosen so that the washing
temperature i about 3°C 1o 20°C below the Tm. The temperature and salt conditions
are readily determined empirically in preliminary experiments in which samples of
reference DNA immobilized on filters are hybridized to a labeled nucleic acid of
mterest and then washed under conditions of different stringencies. Hybridization
temperatures are typically higher for DNA-RNA and RNA-RNA hybnidizations. The
conditions can be used as described above to achieve stringency, or as 1s known m the
art. (Sambrook et al., Molecular Clonming: A Laboratory Manual, 2nd Ed., Cold Spring
Harbor Laboratory, Cold Spring Harbor, New York, 1989; Kankel et al. Methods
Enzymol. 1987:154:367, 1987 which is herein incorporated by reference for material at
least related to hyvbndization of nucleic acids). A preferable stringent hybndization
condition for a DNADNA hybridization can be at about 68°C (in aqueous solotion} in
6X 88C or 6X SSPE followed by washing at 68°C. Stringency of hybndization and
washing, if desired, can be reduced accordingly as the degree of complementarity
desired 15 decreased, and further, depending upon the G-C or A-T richness of any arga
wherein vanability is searched for. Likewise, stringency of hybridization and washing,
if desired, can be mereased accordingly as homology desired is increased, and further,
depending upon the G-C or A-T richness of any arca wherein high homology is desired,
all as known in the art.

136,  Another way to define selective hyvbridization is by looking at the amount
{percentage) of one of the nucleic acids bound to the other nucleic acid. For example,

in some embodiments selective hybridization conditions would be when at least about,
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60,65,70,71,72,73, 74,75, 76,77, 78, 79, 80, 81, 82, 83, 84, 85, 86, &7, 88, 89, 99,
91, 92,93, 94, 95, 96, 97, 9% 99, 100 percent of the limiting nucleic acid is bound to the
non-limiting nucleic acid. Typically, the non-himiting primer is in for example, 10 or
100 or 1000 fold excess. This type of assay can be performed at under conditions where
both the limiting and non-Himiting primer are for example, 10 fold or 100 fold or 1000
fold below their kg, or where only one of the nucleic acid molecules 15 10 fold or 100
fold or 1000 fold or where one or both nucleic acid molecules are above their ka.

137, Another way to define selective hvbridization 1s by locking at the
percentage of primer that gets enzymatically manipulated under conditions where
hybridization is required to promote the destred enzymatic manipalation. For example,
in some embodiments selective hybridization conditions would be when at least about,
60,65, 70, 71,72, 73,74, 75,76, 77, 78, 79, &0, 81, 82, 83, 84, 85, 86, 87, 88, &9, 60,
91, 92,93, 94, 95, 96, 97, 98, 99, 100 percent of the primer 1s enzymatically
manipulated ender conditions which promote the enzymatic manipulation, for example
if the enzymatic manipulation is DNA extension, then selective hybridization conditions
would be when at least about 60, 65, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80, 81, 82,
83, 84, 85, 86, 87, 88, 89, 90, 81,92, 93, 94, 95, 96, 97, 98, 99, 100 percent of the
primer molecules are extended. Preferred conditions also include those suggested by
the mamsfacturer or indicated in the art as being appropriate for the enzyvme performing
the manipulation.

138, Fust as with homology, 1t is understood that there are a varigty of methods
herein disclosed for determining the level of hybridization between two nueleic acid
molecules. It is understood that these methods and conditions may provide different
percentages of hybridization between two nucleie acid molecules, but unless otherwise
indicated meeting the parameters of any of the methods would be sufficient. For
example if 80% hybridization was required and as long as hybridization ocours within
the regquired parameters in any one of these methods it is considered disclosed herem.

139, Itis understood that those of skill in the art understand that if a
composition or method meets any one of these eriteria for determining hyvbndization
either collectively or singly it is a composition or method that 18 disclosed herein.

140.  Fhe following examples are put forth so as to provide those of ordmary
skill in the art with a complete disclosure and description of how the compounds,
compositions, articles, devices and/or methods claimed herem are made and evaluated,

and are intended to be purely exemplary and are not intended to limit the disclosure.
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Efforts have been made to ensure accuracy with respect to numbers {¢.g., amounts,
temperature, etc ), but some errors and deviations should be accounted for. Unless
indicated otherwise, parts are parts by weight, temperature is in °C or is at ambient
temperature, and pressure is at or near atmospheric.
5 . Examples
i. Example 1: Evolution of a Thermophilic Strand-Displacing Polvmerase

Using Isothermal Compartmentalized Seif Replication

@) MATERIALS AND METHODS
(1) Strains, Primers, Plasmids, and Cloning
10 141, All primers and gene sequences were ordered from IDT DNA

Technologics. Primer sequences are included 1n Table 1; gene sequences are included in
Supplementary Matenals. All PCRs used Accuprime Pfx (Thermo Fisher Scientific)
with manufacturer’s recommended conditions unless otherwise noted. Standard Gibson
assembly techniques were used for all assemblies uniess otherwise noted. Shuttie-

13 optimized KlenTag, Bst LF, and all libraries for [soCSR selections were cloned into
pLTet(, an in-house designed plasmid based on the pASK-IBA37plus vector (IBA
GmbH) that replaces the pAww promoter with a plaeo promoter (Lutz 1997 and
removes the 6xHis tag, multiple cloning site, and Rop gene. For expression and
purification, polymerase genes were cloned into pATetO 6xHis, a similar modification

20 of pASK-IBA37plus that retains the N-terminal 6xHis tag and a similar pAwo promoter
with a smgle point mutation to make it umdirectional, but again removes the multiple
cloning sitc and Rop gene, making it high copy. Asscmbled plasmids were transformed
nto electrocompetent Topl 0 (Thermo Fisher Scicntific) or BL21 (New England
Biolabs) #. coli strains as described and cultured in 2xYT media (Thermo Fisher

25 Scientific) supplemented with 100 pg/mi Ampicillin to maintain plasmid at 37°C unless
otherwise mndicated.

(2} Sequences and Analysis
142, Protein sequences were obtained from the sources indicated in the text.

All known Tag mutations (Chen 2014) were mapped onto Tag for comparative analysis

30 with the sclected libraries. Protein sequences for Bst LF, Klentaq, v3.9, and v7.16 arc
mcluded 1o Supplementary Materials. Sanger sequencing was utilized for all
sequencing. For sequencing after rounds 3, 3, and 7, primers JNM245 and INM259
were used {see Table 1}. For verification after cloning into pATet( for expression,

primers JINM135 and INM 141 were used. as well as cither JNM101 for Bst LF-based
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sequences or INM2Z5R for Klentag-based sequences {see Table 1}, All sequence
assembly and analysis utilized Geneious version 7.1 created by Biomatters. Alignments
were performed with 65% identity cost matrix, gap open penalty 12, and gap extend
penalty 3.

(3} Shuffled Library Preparation

143, Bst LF and Klentaq protein sequences were (Kiefer 1997; Korolev 1995}
codon optimized for expression in . colf using the IDT codon optimization tool. The
resultant DNA sequences were then copied into Shuffle Optimizer, an m-hoase
developed open-source python program that optimizes one sequence for DNA shuffling
in reference to another (Milligan 2017), Figure 7). Klentag was optimized in refergnce
to Bst LF. These DNA sequences were ordered as gBlocks (Integrated DNA
Technologies). These sequences were amphified using primers INM219 and JNM220
{Table 5713, such that ~150bp of homology to the backbone s added to cach side of the
gene for optimal shuffling. Fragments were run on an 0.8% agarose gel, cut, and
purified using a Wizard §V Gel and PCR Cleanmup System (Promega). 3 pg of
equimolar concentrations of BstLF and Klentag were brought up to a volume of 130 pL
with deionized water, placed in Covanis microAFA tubes {(part number 520043) and
added to a Covaris 52 ultrasomcator. The wltrasonicator was run following
manufacturer’s recommendations for DNA shearing to get 150bp fragment peaks.
Approximately 300 ng of each fragmented library was included in a primerless PCR
reassembly reaction using Platimum Tag HiFt (Invitrogen) containing 1X Platinam Tag
HiFi buffer, 0.2 uM ea. dNTP, and 2 mM additional magnesiuvm sulfate up to a final
vohime of 100 pl.. The reactions were incubated on a thermal cvcler at 95°C for 2 min,
then subjected to 35 cveles of the following series of incubations: 95°C for 30 sec, 65°C
for 90 sec, 62°C for 90 sec, 39°C for 90 sec, 33°C for 90 sec, SO°C for 90 sec, 47°C for
90 sec, 44°C for 90 sec, 41°C for 90 sec, and 68°C 125 sec. The assembly reactions
were purtfied using a standard PCR cleanup kit. 50 ng of DNA from each library
assembly were amplified i a recovery PCR reaction with primers INM221 and
INM222 {Table 1) using AccuPrime Pfx (Thermo Fisher Scientific). Fragments were
ren on an 0.8% agarose gel, cot, and purified using standard techniques. After Gibson
assembly and transformation, serial dilutions of transformed cells were plated to
calculate library efficiency. 20 colonies from each Iibrary were cultured, miniprepped,

and sequenced.
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{4} IseCSR Mock Selections

144, The IsoCSR selection was imtially optimized using wild-type Bst LF and
BstXX, an mactive variant with 5 stop codons and an EcoRI digestion site. BL21 cells
carrving pLietO plasmids encoding either polymerase were cultured with increasing
ratios of inactive BstXX:Bst LF and induced with a final concentration of 200 ng/mi
Anhydrotetracveline (ATe, Sigma) for 4 hr at 37°C for protein expression. ~1.5x10%
cells were washed, then resuspended in 150 gl of an agueous muxture consisting of 1X
NEBuffer? (30mM NaCl, 10mM Trs-HCL, 10mM MgCiZ, ImM DTT, pH 7.9}, 0.4 mM
dNTPs, 15 ug BSA, 30 pg bysozvme (Sigma), 1 mM additional dTTP, 18U dUTPase
{ProSpec), and 75U Nb Bsml (Nicking endonuclease, New England Biolabs}. The
mixtures were then added to 600 uL of oil mix (73% Tegosoft DEC, 7% AbiIWEQ0S
{Evonik}, and 20% nuneral oil (Sigma-Aldrich)) and emulsified using a TissueLyser LT
{Q1agen) set to 35 Hy for 4 min. Emulsions were distributed equally into PCR tubes and
incubated at 37°C for 20 nun (Iysis}, 65°C for 3 hr (nicking and RCA) and 80°C for 20
(to mactivate Bst LF), then cooled to 4°C. Emulsions were broken by spinning the
reaction at 10,000 x g for 5 min at 4°C, removing the top oil phase, adding 150 pL of
Ho (3 and 300 uL chloroform, mixing via pipette, and finally phase sgparating in a phase
lock tube (SPrime). Pooled DNA was purtfied by cthanol precipitation and resuspended
in 75 b Ix HF Buffer (New England Biolabs}. 5 pk. of purified product was digested in
30 ub reactions containing 1x HF Buffer and 40 U Dpul (New England Biolabs) for 12
hr to remove unamplified plasmid DNA. DNA was recovered with 2 rounds of PCR
using Phasion polymerase (New England Biolabs} (20 cycles cach) with primers
INM182 and 183 for the first PCR and JINM102 and 133 for the second. Products were
purified using PCR purification kits {Zvmo Research) after cach PCR reaction. Products
were digested in 30 puL reactions contaiming 1X CutSmart Buffer (50mM Potassium
Acctate, 20mM Tris-acetate, 10mM Magnesium Acetate, 100ug/mi BSA, pH 7.9} and 10
U EcoRI-HF (New England Biolabs) for 3 hr at 37°C to distinguish Bst LF from BstXX
and analyzed with gel clectrophoresis.

{5} IsoeCSR Selection of Thermostable, Strand-displacing
Polymerases

1435, Libraries were cloned using Gibson assembly with 2 to 3-fold ratios of
library insert to plasnuid using 500-1,000 ng pL TetO plasnud backbone, then column
purified using PCR purnification kits {Zvmo Research) and clectroporated into BL21

cells. Typical transformations vielded 10°-10° cf. Overnight cultures were diluted 1:20
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into fresh media, grown for 1 hr at 37°C, induced with a final concentration of 200ng/ml
ATc, and further cultured for 4 hr. ~1.5x10" cells were washed with 75 pL Ix PCR
buffer (50 mM KC, 10 mM Tns HClpH 8.3, 1.5 mM MgCl), and resuspended in 150
uLl of an aqueouns mixture containing 1x PCR buffer, 0. 4mM dNTPs, 15ug BSA and 1,
5, or 10 forward and reverse primers at a concentration of 0.5 ;1M each as described in
Table 1, INM264-283, The mixtures were then added to 600 L of oil mix (73%
Tegosoft BEC, 7% AbiIWE0S (Evomk), and 209 mineral o1l (Sigma-Aldrich)) and
emulsified using a TissueLyser LT ((hagen} set to 42 Hz for 4 min. Emulsions were
distributed equally into PCR tubes and incubated at 95°C for 5 mun (Iysis and template
denaturation), 65°C for 3 hr (RCA) and 80°C for 20 min, then cooled to 4°C. Emalsion
breaking, DNA purification, and Dpnl digests were identical to mock selections.
Prodacts were recovered using 2-3 rounds of PCR amplification, 20-30 cycles each.
Initial recovery PCRs used primers INM219 and JNM220 and 1x HF buffer with
Accuprime Pfx (Thermo Fisher Scientific), while subsequent PCRs used INM221 and
222 with standard Accuprime conditions. PCRs were gel or column purified using PCR
purification kits (Zvmo Research). Products were cloned as before and electroporated
mto Topl9 (Invitrogen} cells for sequencing or BL21 {(New England Biolabs) cells for
further selections as necded.

{6} Exonuclease [ Parasite Removal

146.  PCR hibrary recovery in later rounds of IscCSR was difficult, as reaction
products were overran with parasites, or small off-target amplicons. Where indicated,
the following procedure was used to remove parasttes. After the recovery PCR,
products were purified using PCR purification kits (Zymo Rescarch) and ehited in 6 pLL
Ha 0. 600 ng PCR product was added to a 60 pb. reaction containing 1X PCR buffer (50
mM K1, 10 mM Tris HCLpH 8.3, 1.5 mM MgCl) and 60 U Exolll (New England
Biolabs). Reactions were assembled on 1ce, then mceubated at 25°C for 8.5 min. Exolll
digests DNA in the 37 to 57 divection at ~100nt/min at 25°C from both ends of double-
stranded DNA, so this mncubation is expected to remove products smaller than 1,700 bp,
but can be adjusted as needed. Immediately following incobation, reactions were mixed
with 30 pb of 1X PCR buffer containing 0.4 mM dNTPs and 3 U Taq Polvmerase (New
England Biolabs) and incubated at 68°C for 10 min, which heat inactivates the Exoli

enzyme and enables overlap extension of incompletely digested products.
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{7} Polymerase Purification
147 Wild-type Bst LF and Klentag as well as individual variants isolated from
selection were cloned into pATet( 6xHis {see Cloning above). Products were amplified

using primers INM316 and INM309 for §” and 37 Bt LF ends and primers INM317

(v

and INM310 for Klentag 37 and 37 ends, respectively. Plasmids were transformed into
BL21 cells. Single colontes were inoculated into 5 mL Superior Broth (Athena Enzyme
Svstems) supplemented with 100 pg/ml Ampicillin and grown overnight at 30-37°C.
Cultures were diuted 1:200 into 250 mL to 1 L fresh media and cultured to ODeoo 0.5-1,
then induced with a final concentration of 200 ng/mL ATc and further cultored for 3-7
10 hr for expression. Cells were harvested (4,000 x g, 15 min, 4°C), frozen in hiquid
nitrogen, and stored at -80°C. Cells were resuspended m 20-40 mL Lysis Buffer (20
mM Tns pH 7.4, 300 mM NaCl, 0.1% Tween-20 (Thermeo Fisher Scientific), 10 mM
Inndazole) supplemented with EDTA-free Protease Inhibitor Tablets (Thermo Fisher

Seientific) and 0.5 mg/mL Lysozyme, and mixed end-over-end for 30 min at 4°C. Cells

(v

were further lvsed using sonication. Supernatants were cleared (40,000 x g, 30 min,
4°C), heated for 63°C for 20 min with shakang (400 rpm), and cleared agamn (20,000 x
g, 20 min, 4°C). Polymerases were purified by metal ion chromatography. Briefly,
lysates were added to 1 mL pre-equifibrated HisPur Ni-NTA resin and mcubated for 30
min at 4°C with end-over-end mixing for batch binding. These were applied to gravity
20 columns and allowed to drain, then washed with 3x10 mL Wash Buffer (Lysis Buffer
with 40 mM Imidazole} and cloted with 4x1 mb Elution Buffer (Lysis Buffer with 230
mM Imedazole).

148, Forininal gLAMP screening, elutions were pooled, dialyzed mto Storage

Boffer (10 wmM Tris pH 74, 160 mM KCL 1 mM DTT, 0.1 mM EDTA, 0.5% Tween-

(v

20, 0.5% Triton-X 100, and 50% Glycerely, and stored at -20°C. For characterization of
thermostability and RCA assays, elutions (Bst LF, Klentag, v5.9) were further punified
and mstead dialyvzed into Buffer A 20 mM Tris, 150 mM NaCl, | mM DTTE, 1 mM
EDTA, and 0.1% Tween-20), then diluted with 14 mL Buffer Al {Bufter A without

Tween-20). Elutate was apphied to a gravity column with 1 mL Type I Heparin agarose

o

resin (Sigma} pre-cquilibrated with 10 mL Buffer Al, then washed 2510 mb with
Buffer Al. Proteins were eluted on a 0.15 M 1o 0.8 M Na(l gradient, with polymerases
typically elating at 470-375 mM NaCl. Elutions were pooled and dialvzed into storage
buffer and stored at -20°C. For Nickel punifications, protein purity was 30-90% as

indicated by SDS-PAGE electrophorests, typically ~80%. For Nickel and Heparin
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purifications, proteins were >99% pure. For all assays, protein concentrations were
equilibrated to commercial Bst LF (New England Biolabs) using SDS-PAGE
densitometry. It was chosen to normalize to concentration rather than activity in order to
accurately compare the fimetionality of the vartants to their wild-type ancestor
polymerases, Bat LF and Klentaq.

(8} gLAMP Screening

149, LAMP reactions contained 1x Thermopol butfer (20 mM Tris-HCL, 10
mM (NH1»S04, 10 mM KCL 2 mM MgS04, 0.1% Triton X-100, pH 8.8, New England
Biolabs}, an additional 2 mM MgS804 {4 mM final concentration), 0.4 mM dNTPs, 20
pg template (GAPDH, Table 2), 1X primer nux (FIP=1.6 uM, BIP=1.6 uM, LR=0 8§
uM, F3=04 uM, B3=04 uM, Table 2}, 1M Betame, 1X EvaGreen fluorescent DNA
mtercalating dve {Biotium) to monitor amplification, and 2.5 ol polymerase in a total
reaction volume of 25 L. Reactions used 5 primers mstead of the typical 4 or 6 as in
previous studies (Bhadra 2013). Fully assembled reactions were heat denatured at imes
and temperatares indicated in the text prior to LAMP with or without polvmerase
included as noted. For 8D Pol LAMP tests, 5D Polymerase Hotstart was purchased
(Bioron}, and reactions were assembled according to manufacturer’s recommendations
{1x 5S¢ Reaction Buffer, 3.5 mM MgCls, 15-50 U 5D Pol) with the addition of primers,
teraplate, and fluorescent dve as mentioned above; these reactions were heated for 2 min
at 92°C to activate hotstart before assaying.

150. Reactions were monitored using a LightCycler 96 quantitative PCR
machine {Roche) by incubating at 68°C and taking FAM flucrescence measurements
every 4 min, followed by a post-amplification melt curve analysis to determine product
specificity. Curves were analysed using accompanying software with absolute
quantitation and Tm calling analyses. Thus, Cg values {where indicated) represent
crossing a fluorcscent threshold value determined by the software and correspond to a
time point {multiply by 4 mun) rather than a cycle number as in gPCR.

{9} Thermostability Assays

151, Kinetic activity assays were pertormed according to manufacturer’s
mstructions using the EvalZ fluorometric polymerase activity assay kit (Biotium}). 10
pl reactions consisting of Ix PCR buffer (30 mM KCL 10 mM Trs HCIpH 83, 1.5
mM MgCla) and 0.1 gL v53.9 (Nickel and Heparin punified) were incubated at 83, 89.5,
or92.5°C for 0, 1, 2, 3, or 10 nun, then vumediately cooled on ice. Reactions were

nuxed with 10 gl 2x Polymerase Activity Mix and monitored on a Light Cycler 96 with
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readings every | min. Initial slopes, indicating reaction rates, were measured. Activity
of samples was normalized to the no heating countrol and expressed as a percentage.

(16} Rolling Circle Amplification Assays

152, RCA reactions contamed 1x Thermopol buffer (20 mM Tris-HCL, 10 mM
(NH4)2504, 10 mM KCL 2 mM Mg504, 0.1% Triton X-100, pH 8.8, New England
Biolabs}, 0.4 mM dNTPs, 100 ng pATet( plasmid template {(excepting no template
controls), 1X EvaGreen fluorescent DNA intercalating dye (Biotiunt) to monitor
amphification, and 2.5 ul polymerase (Nickel and Heparin purified) in a total reaction
volume of 25 yL. Where indicated, reactions also included 0.5 uM sach of 20 primers,
10 forward and 10 reverse, for exponential amplification (JNM264-283, see Table 1},
For reactions containing nicked template, 2.5 ug of plasmid pATetO was nicked in a 50
pl digestion reaction containing 1x NEBuffer 3.1 (100 mM NaCl, 50 mM Tris-HCL, 10
mM MgCl, 100 pg/ml BSA, pH 7.9} and 20 U Nb Bsmd (New England Biolabs} by
mcubation at 63°C for 1.5 hr followed by 80°C for 20 min to heat-kill the nickase. 2 pL
of this reaction or 30 ng/ul non-nicked pAtetO in 1x NEBuffer 3.1 were added to
reactions containing template in order to maintain consistency.

153, Reactions were monitored similardy to gLAMP, using a LightCycler 96
quantitative PCR machine (Roche) by mmcubating at 68°C and taking FAM fluorescence
measurements every 4 min, followed by a post-amplification melt curve analysis to
determine product specificity. Curves were analysed using accompanying software with
Tm calling analysis. Unlike LAMP, RCA reactions do not produce gPCR-like curves
that are eastly mterpretable by the Light Cycler 96 software. Thus, all RCA data
presented is unprocessed fluorcscence data, and therefore does not have Cq values.

{11} Structural Analvsis of Polymerases

134, Protem structure files (PDB) were obtaimed from RSB {(Berman 2000},
The structures used in this studv were 113s for Bst LF and 3kig for Klentag (Kiefer
1998; L1 1998). Alignments and other structural figures were prepared using pymol
{The PyMOL Molecular Graphics System, Version 1.8 Schrodinger, LLC).

b) RESULTS

(1) Isothermal Selection Schemes for DNA Polymerases

1535, Wiale there are a number of schemes for the self-selection of thermophalic
DNA polvmerases for PCR applications, there have previously been few ways to select
functional polvmerases that work at more moderate temperatures and for end uses other

than PCR. A novel selection strategy termed term sothermal compartmentalized self-
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replication (IsoUSR, Figure 1) has been developed. In this scheme, hibraries of
polymerase variants are cxpressed in celis, and cells are ensconced within individual
compartments in water-in-oil emulsions. However, genes that produce functional
polyvmerases are not amplified by PCR, as is the case with technigues such as
compartmentalized self-replication (CSR} that rely on thermal cycling to disrupt cells,
but rather via rolling circle ampkification (RCA) and enzymatic lysis of cells. Thus, the
scheme i3 able to accommodate mesothermophilic (functional up to 70°C) strand-
displacing polvmerases, such as the widely used Bst polymerase. Others have recently
used an isothermal variant of compartmentalized self-rephication to evolve phi29
polymerase, but this method rebied on repeated freeze-thaw cycles to byse emulsified
cells and would not be suitable for a more thermostable polymerase (Povilaitis 20163,

156,  lIsoCSR begins by transforming F. colf with an expression plasmid
carrving a library of polymerase genes cloned downstream of an immducible promoter
{Figure 1a). Polvmerase expression is iitiated with anhvdrotetracycline (A'Te), after
which the cells are harvested and resuspended in an aqueous mixture contaming buffer,
dNTPs, a high-temperatare nicking endonuclease (Nb.Bsml, New England Biolabs),
and yvsozyme. This mixture is emulsified using established methods (Ellefson 016,
Kiefer 2014}, Cells are lysed within the emalsion compartment enzymatically by
lysozyme during an initial 37°C mcubation, releasing polymerase and plasmid. Raising
the temperabire to 63°C activaies the thermostable nickase, which nicks the plasmd to
enable linear RCA via strand-displacing polymernization. After the reaction, emulsions
are broken and genes encoding vartants that have been successful at RCA can be further
enriched by PCR. Multiple cycles of emulsion, expression, RCA, extraction, and PCR
are anticipated to vield polvmerases that are highly functional under 1sothermal, rather
than thermal cycling, regimes.

157 lIsoCSR was attempted (Kiefer 1997) with Bst LF, a mesothermophilic
enzvme that 1s especially interesting because of its strand-displacement propertics,
facilitating its use in powerful isothermal amplification schemes such as rolling circle
amplification (RCA} (Zhang 2001), helicase-displacement amplification (HDA) (An
20035}, and loop-mediated isothermal amphification (LAMP) (Notomt 20003, RCA was
focused on for self~amplification as it can most readily reproduce full-length genes.
Enzymatic lysis with lysozyme and template amplification via the mesothermophilic
nicking endonuclease Nb.Baml was designed and vernified, which generates an RCA

mitiation site on the expression plasmid. In-emulsion cell bysis, nicking, and RCA were
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all verified independently, then combined for further optimization (see Selection
Optimization),

158,  Once the selection protocol was fully optimized, a mock selection
experiment was carried out to investigate whether functional polymerases could be
enriched relative to a nonfunctional mustant. The non-functional variant BatXX was
created by inserting 6 stop codons and a unique EcoRI cut site upstream of the active
stte of Bst LF. 1soCSR was then performed with ratios of 1:10, 1100, and 1:1000 Bst
LE:BstXX cells. PCR recovery products were digested with EcoRlI to differentiate
between Bst LF and BstXX. The mock selection demonstrated that if can be possible to
recover wild-type Bst LF even in the presence of 10° excess inactive mutant Bst {Figure
2), a ratie that s similar to that observed for some other polymerase selections {(Chen
2016} and significantly improves upon reports with phi29 polyvmerase (Povilaitis 2016),
but was less efficient than CSR, which was reported to recover active variants in the
presence of a 10° excess of an inactive mutant (Ghadessy 2001). This could be due to
the linear natore of rolling circle amphification and to the requirement that multiple
enzymes (polymerase, nickase, lvsozyme} function within the emulsion.

159, Fo improve the selection coefficient and recovery efficiency, a modified
IsoCSR selection was contemplated in which nickase and lysozyme were replaced with
thermal denaturation, similar to the original CSR protocol, et still requiring strand
displacement activity for RCA. So-called thermostable IsoCSR, which inclades a pre-
RCA heat denaturation step for cellular lvsis and template denaturation, also allowed
primer-initiated hyperbranched RCA | which has exponential rather than linear reaction
kinetics. However, because this embodiment necessitated thermostability in addition to
strand displacement activity, neither wild-type Bst LF nor other strand-displacing
polymerases could effectively carry out the cvele. A thermostable version of Bst was
therefore created that could mn tum be used to instantiate thermostable 150CSR.

(2} Library Generation

1606.  DNA shutfhing has proven useful as a means of generating diverse protein
libraries, especially for selecting polymerases with novel phenotypes (Baar 2011;
Stemmer 1994; Cramert 1998). A library for thermostable 1s0CSR was created by
shutfling two family A polymerases: the strand-displacing DNA polymerase [ from
Bacillus (Geobacillus) stearothermophilus {Bst) and the thermostable Thermus
Aguaticus (Taq). The large (Klenow) fragments of these polymerases, Bst LF and

Klentag, are truncated versions that lack the N-terminal 57-37 exonuclease domain, and
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thus promote strand displacement activity, although to different degrees (Kiefor 1998,
Lawyer 1993}, Bst LF and its engineered homologs are the polymerages of choice for
high temperature 1sothermal amplification reactions due to their high strand
displacement activity {(Mori 2013; Notomi 2000; Lizardi 1998; Zhang 2001}, but are
unstable at temperatures above 70°C. In contrast, Klentag has much weaker strand
displacement activity but is more thermostable than full-length Taq, with a half-life of
21 min at 97.53°C (Lawver 1993}, Through molecular breeding of these related-but-
phenotypically-different enzymes, a chimeric variant was selected that would combine
both activitics.

161, DNA shuffling requires high levels of homology between molecules for
suecess (Baar 2011}, However, Bst LF and Klentag were only 53% identical at the
DNA level, which proved to be msufficient for shuffing methods. Increasing homology
at the DNA level leads to increased shuffled library diversity, and has previousty been
accomphlished by computer programs that optimized codons to maximize stretches of
homelogy between DNA molecules without changing the resulting protein (Mogre
2000; Moore 2002; Moorg 2001}, The lack of ready availability of these programs led
us to develop the development of a Python script called Shuffie Optimizer (Milligan
20173, now available as open-source code for public use (Figure 7). Shuffle Optinuzer
generated an optimized Klentag DNA sequence that was nearly 70% wdentical to Bst LF
DNA, a significant improvement over the original sequence identity (53%;).

162, Optimized sequences were then shuffled. Ultrasonication was used to
generate 150 bp DNA fragments of Bst LF and optimized Klentag, and these fragments
were then mixed in equal ratios and reassembled using overlap extension PCR (see also
Methods). Shuffling of the optimized sequences resulted in a library of ca. 5x107
variants, of which 14 out of 20 unselected vartants were chimeric, with an average of
1.8 crossovers per chimeric variant (Figure 8). A side-by-side attempt to shuffle
sequences not optimized by Shuffle Optimizer resulted n 0 observed crossovers in 20
variants. Notably, few crossovers were observed near the 57 ends of the genes, likely
due to high sequence divergence in this region even after optimization. Nevertheless,
Shuffle Optimizer enabled the successful creation of a shuffled protein library from Bst
LF and Klentaq sequences where it had previously failed, and should be usefd for other

rescarchers mterested in shuffling or recombining distantly related sequences.
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(3} Selection of Thermostable, Strand-Bisplacing
Polymerases

163.  Thermostable polymerases capable of isothermal amplification were
selected by carrving out hyperbranched rolling circle amplification (hbRCA) in emulsio.
The use of hbRCA greatly simplified the selection by ehiminating the need for nicking
endonuclease and lysozvme, as these steps were replaced with a pre-RCA denataration
step of 95°C at 5 min that both tysed cells and denatured the plasmid for primer binding
{Figure 1b). In addition, hbRCA likelv increased the selection coefficient for active
variants because it imvolves exponential reaction kinetics (Zhao 2015; Dean 2001;
Lizard 1998; Zhang 2001},

164, 'Fhis selection can vigld thermophilic enzymes, as amplification is
dependent on the polymerase surviving the imtial denaturation step. The polymerase
must also retain or acquire strand displacement activity i order to perform hbRCA.
Interestingly, while Klentaq had sufficient strand displacement activity to carry out
RCA on nicked templates, it inifially fatled to amplify plasmid DNA in a hbRCA
reaction {sec Figure 5b versus 5S¢}, On the other hand, Bst LF has strand-displacing
activity sufficient for hbRCA, but lacks thermostability. Thus, netther wild-type
polymerase used to gencerate the library-—indeed, no polymerase known-—possessed the
combination of activities necessary to survive the selection, a strong argument for the
selection of a chimera.

165. 7 rounds of IsoCSR were tumed to evolve novel thermostable, strand-
displacing vanants. 20 primers were utilized m the emulsion hbRCA reaction, with 10
forward and 10 reverse primers equally spaced arouvnd the non-library portion of the
expression plasmid at a concentration of 0.5 uM each. The stringency of the selection
was mereased over successive rounds by scaling down the number of primers included,
as the number of primers positively correlated with replication efficiency (Dean 2001).
This scaling methodology required optimization to ensure successtul recovery of the
library, as overly high selection pressures resulied n no product recovery from post-
emulsion PCR. Indeced, post-craulsion library recovery in Iater rounds with only two
hbRCA primers was challenging, as reactions were dominated by parasites, small off-
target PCR products that were preferentially amplified over the larger (~1800 bp)
polvmerase gene product. To circumvent these difficulties a novel parasite removal
strategy was developed that relied on exonuclease T {Exolll, New England Biolabs), a

syanchronous 3 to 5 DNA exonuclease with well-studied reaction kinetics (Hoheisel
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1993; Rovchoudhury 1977, James 1984}, By lowering the digestion reaction
teraperature to 25°C, where Exolll cuts at a rate of ~100bp. it was found that § minutes
of treatment would completely digest products less than 1700 bp in length, while
leaving overhangs on larger products. The remaining hemiduplexes served as sabstrates
for primer extension by Tag polvmerase at 68°C (a temperature that also denatured
Exclll). The combined Exolll digestion and Tag polyvmerase extension resulted in the
recovery of only the desired large product from later rounds of selection (Figure 9), and
led to successful library recovery from IsoCSR i Rounds 5, 6, and 7.

166.  In addition to sceing how the selection could respond to mereased
strimgency {(Himiting the primers required for successful amplification), its progress was
assessed by sequencing 12-20 individual variants from Rounds 3, 5, and 7. Most
polymerase variants were chimeras composed of Bst LF and Klentag. In later rounds,
these msertions appeared to converge. In Round 5, over half (7/13} of the observed
msertions overlapped at the € terminas of the protein (Klentag residues 530-535/ Bst
LF residues 570-575}; this had mereased to 75% of the chimeric population by Round 7.

167, Increasing numbers of non-synonymous mutations were also observed
over successive rounds, presumably due to rephication errors that arcse during self-
replication and then became fixed. Scveral concentrated clusters of mutations occurred
in Round 7 at or near previously identified mutations in Taq that led to a relaxation of
substrate specificity (Ghadessy 2001; Chen 2014; Laos 2013; Leconte 2010; Sazuki
1996; Vichier-Guerre 2006). Relaxed substrate specificity is often svnonymous with
decreased fidelity (Chen 2014), and it appeared that the library was becoming enriched
for error-prone polymerases with increased replication rates, as has been scen in
previous selections (Suzoki 1996; Patel 2001; Arvan 20103,

{4} Variant Purification and Screening

168,  Since it seemed from sequencing results as though there was no consensus
sequence for thermostable, strand-displacing polymerases, for initial screening, twelve
vartants from Round 7 and six vanants from Round 5 were cloned info a protein
expression vector with an N-terminal 6x His. Of the 18 polvmerases cloned, 3 vanants
could not be expressed and purified in sufficient quantities for screening; these latter
largely consisted of proteins that had a Klentag backbone with a C-terminal Bst
msertion.

169, The 13 punfied varants were screened for thermostability and strand

displacement activity using loop-mediated isothermal amplification (LAMP) with a
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well-known GAPDH template as an assay, as this combination ¢can readily yvield
mterpretable gPCR-like exponential amplification curves. gLAMP Reactions were
assembled and monitored on a LightCycler 96 ¢PCR machine (Roche} as previously
described (Jiang 2015; Zhang 2001}, except that EvaGreen intercalating fluorescent dye
(Biotium} was used rather than oligonucleotide probes (sec also Methods). Amplicon
homogeneity was monitored via post-reaction melt curves (INjiru 2008). A secondary
screen was also carried out using RCA with a nicked plasmid template at 68°C; this
assay requires less robust strand displacement capablity.

170, Initial screening identified two highly functional vanants capable of
LAMP and RCA, v5.9 from Round 5 and v7.16 from Round 7 (Figure 3a}. Cq values,
which represent the time at which fluorescence exceeds a determined threshold value
(see Methods}, indicated that v3.9 was 24.7 min slower (Cg=16.6) than purified wild-
type Bst LF (Cg=10.5), while v7.16 was 7.3 mn faster (Cg=8.6), all with similar melt
peaks. v3.9 and v7.16 were compared with 5D Pol (Bioron), a commercially available
Tag mutant reportedly capable of LAMP (Ignatov 2014); however, it was found that
this enzyme was unable to amphfy products via LAMP under recommended conditions,
though 1t was capable of RCA from a nicked plasmud template. Additional vanants
{v7.3}) that were not LAMP capable could also carry out RCA.

(5} Nequences of Functional Polymerase Variants

171, Seguoencing data showed that variant 5.9 had a Klentag backbone with a
small Bst insertion and two point mutations, while variant 7.16 consisted of Bst LF with
no tnsertions and four point mutations. The insertion 1n v3.9 1s located near other
insertions observed i Round 5, but did not contain an insertion in the C-terminal region
where most insertions converged. Similar polymerases with C-terminal insertions may
have been lost in the initial screen, as chimeras containing C-terminal Bst LF insertions
could not be purified in sufficient quantitics for testing, as described above. V7.16, had
several mutations (Q249R, N416§, E453G) ocourring at or near known Tag mutations
related to decreased fidelity, similar to other sequenced variants from Round 7. Two of
these mutations (N416S, E453(G) were within highlv-mutated regions in Round 7, while
an additional mutation (3249R} aligned to a Tag mutation involved 1n unnatural
nucleobase incorporation.

{6} Thermal Stabilities of Evolved Polymerase Variants

172, One key advantage of a more thermostable strand-displacing polvmerase

is the ability to carry out 1sothermal amplification reactions that rely on strand
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separation, such as LAMP, with an initial strand denaturation step or at higher
teraperatures in general. To that end, “one pot’ reactions were set up with V5.9 and
v7.16 1n which the entire reaction was pre-heated for 1 ouin at 85°C, 89.53°C, or 95°C
prior to carrying out the remainder of the gLAMP amplification reaction. Remarkably,
variant 5.9 successtully performed LAMP after heating at all the tested temperatures,
while neither Bst LF nor v7.16 were able to amplify after any of the thermal challenges
(Figure 3b). Variant 5.9 performed just as well after heating at 85°C or 88.53°C (Figure
3b} as it did i assays without pre-heating {(compare with Figure 3a). Increasing heating
time from 1 min to 2 nun did not further affect performance (Figure 12}, These results
show that v5.9 can be used in much more streamlined LAMP assays in which an nitial
thermal denaturation provides primers with umiform access to templates, inclading G:C
rich templates, which can lead to orders-of-magnitude improvements in assay sensifivity
(Njiru 2008; Sagner 1991; Kong 1993). Because the evolved polymerase is
thermostable, it can now be directly included dunng the denaturation step,
circumventing an unwicldy workflow that would require opening tubes between heat
steps, something that s particalarly onerous with muultiple samples in parallel. This
advance also affords for the possibility of meluding thermal denataration in labon a
chip diagnostic devices that use isothermal nucleic acid amplification methods.

173.  In order to further characterize the thermal tolerance of vanant 5.9,
activity assays were performed similar to radicactivity-based assays previously
described (Ghadessy 2001, Lawyer 1993; Sagner 1991}, except that the EvaEZ
Hucrometric polymerase activity assay kit (Biotium) was used (o monitor reactions in
real-time. Activity was determined by measuring inittal reaction rates after heating at
85°C, 88.5°C, or 92.5°C for 1-10 min and normalizing these to activity without heating
{Figure 4). V5.9 retained full activity after heating at 85°C for up to 10 min. At 89.5°C,
the enzyme had a half-life of approximately 3.75 min, while at 92.5°C, the half-lifc was
~1.3 min. This represents a significant decrease in thermal tolerance from the variant’s
parent enzyme, Klentag, which has a half~hife of ~21 min at 97 .5°C and shares 97.5%
protein sequence identity with v5.9.

{7} Assay performance of Variant 3.9

174, The combination of thermostability and strand displacement
characteristics found in v3.9 can prove useful in other reactions as well. v5.9 was tested

against its parent enzymes in high temperature rolling circle amplhification reactions,
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including both hncar {(single nitiation) and exponential (multiple primer,
hyperbranched) RCA (Lizardi 1998).

175, A nicked plasmid was used to monitor linear RCA and strand
displacement activity at high temperatures similar to other strand displacement assays
{Kong 1993}, and melt curve analyses were carried out to ensure that only specific
products were being amplified. Reactions were momnttored via EvaGreen incorporation
on a LightCycler 96 gPCR machine (Roche). The plasmid pTetA-6xHis was used as a
teraplate, and was nicked at a single site with Nb Bsml (New England Biolabs). Bst LF,
Klentaq, and v5.9 were all able to amplify DNA asing lincar RCA from a nicked
plasmid template to varving degrees (Figure 3a). V3.9 produced the largest signal and
fastest rate, while Bst LF reached an early platean, despite intially producing signal
faster than v5.9. Klentaq, a weak strand displacer, produced very little signal, yet had
melt curve peaks similar to Bst LF and v5.9, indicating at least some amplification
(Figure 13a}. No template negative controls gencrated no signal, as expected.

176, When primers were included with the nicked template (the same 20
primers--10 forward and 10 reverse--used 1o the selections) and samples were pre-
heated at 95°C for 1 min to allow primer binding, all three polymerases were capable of
exponential hbRCA amplification (Figure 5b). Variant 5.9 and Bst LF produced nearly
identical curves, while Klentag produced lower signal due to its weak strand
displacement activity. No template controls produced small amounts of non-specific
signal as indicated by melt curve analysis, likely from the extension of primer dimers, a
common 1ssue in multiply primed hbRCA (Figure 13b).

177, Swpercoiled template hbRUA reactions are similar to randomly primed
RCA reactions, which typically use low temperatare Phi29 polymerase to amphfy
genomic and plasmid DNA (Nelson 2002; Reagin 2003). In addition, hyperbranched
RCA reactions with non-nicked, supercotled plasmid templates are similar to the
reaction mechanism that was actually used in the IsoCSR selections. v53.9 proved to be
the only polymerase capable of exponential amplification from the supercoiled plasmid
teraplates (Figure 5¢). The carve produced by v3.9 appears 1o be biphasic, producing a
small amount of amplification and plateaving before reaching exponential amplification.
While Bst LF mitially produced some amplification, the curve appears to be hincar and
platcaus prior to reaching an exponential phase. Klentag is unable to produce any
product, as confirmed by melt analysis (Figure 13¢). Note that the no template controls

for this experiment are identical to Figure 5b; this 1s because all experiments were run
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stmitltanecusly, and the no template controls for exponential hbRCA are the same
regardless of whether the template is nicked or not 1o positive reactions.

178, Overall, v5.9 has superior strand displacement activity to Bst LF in both
linear and hyperbranched RCA, and has acquired the umigue ability to exponentially
amphify supercoiled plasmid DNA via hyperbranched RCA {(an activity that is not
present in either of the polvmerases used {o generate the shuffled library}. The only
other polymerase known to be capable of exponential RCA from supercoiled templates
1s $29, largely considered the most processive strand displacement polymerase known
(Blanco 1989:; Nelson 2002; Reagin 2003},

(8} Correlating Structure and Function of v5.9

179, Sanger sequencing had revealed that variant 5.9 is a chimera consisting
mostly of Klentag, with a 14 aa insertion of Bst LF (Bst LF residues 305 t0 318)
resulting in 11 mutations (D283E, P284G, P236L, D237K, L2388V, 1289V, H290R,
R292D, 294K, R295K, £.296V} as well as 2 sent mutations and 2 non-synonymous
mutations, E322G and 14848 (Figure 6b}. The Bst LF msertion was unigue, but similar
msertions were also found.

180.  Inthe original crystal structure characterizations of Bst LF and Klentag
{Kiefer 1997, Korolev 1993}, it was noted that increased ratios of certain amino acids
(E:D, L1, and R:K) and increased numbers of prolines can be indicative of higher
thermal tolerance. Thus, it 18 notable that the mudations observed in v5.9 shuft most of
these ratios toward decreased thermostabihity when compared to Klentag: 3 leucines
were lost compared to only ong iscleucine, 3 lysines were gained compared to a loss of
one arginine, and two prolines were lost. This correlates to the observed loss of
thermostability of v5.9 relative to Klentaqg.

181, In order to provide a structiral context for the observed functional
properties of variant 5.9, the structure of v3.9 was modelled in comparison to its
ancestors, the large fragment of Bst and Tag polvmerases (Bst LF and Klentag). When
the Bst L¥F and Klentag structures are aligned, the structures are guite homologous,
especially i the finger and thumb subdomains (Figure 6a). The crossover region was
mapped where the Bst LF insertion occurred in v3.9 onto the stractures of Klentag and
Bst LF for comparison. The mserted region was located in the polymerase domain at the
base of the thumb subdomain, just below the 1 hehix (Figure 6a}. The msertion observed
n variant 5.9 differed significantly between the two protem structurcs {Figure 6¢ and

6d, blue). In Klentag (Figure 6¢), the original region 1s largely unstructured, with a
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small alpha helix {denoted as *) near the I helix. In Bst, the homologous region {(Figure
6d} has a larger alpha helix, essentially extending the length of the  helix. This { helix
is an essential structure of the thumb subdomain, forming an antiparaliel coiled-coil
structure with the neighboring H helix that is dependent on hydrophobic interactions
between leucine residucs on the two helices (Kiefer 1997). In addition to extending the 1
helix, the Bst msertion observed in v3.9 resulis in an additional leucine residue at the
base of the structure {denoted as x), which can show that the mserted sequence could
increase mteractions between the T and H helices, stabilizing the thumb sebdomain.

182, In firther support of this model, Bst also has a small antiparallel beta
sheet in this region (Figure 6d, 3 black arrows) that is not observed in Klentag,
consisting of three mteracting beta strands at the base of the I, H, and K helicies of the
thumb domain. One beta strand contributing to this structure (Figure 64, left arrow) is
contained m the inserted region in v5.9, while the other beta strands consist of 1dentical
or similar residues i both structures. Given this, the observed insertion could also
enable the formation of 3 beta sheet at the base of the thumb subdomain i vanant 5 9,
which may involve the nearby E3220 point mutation (Figure 6¢).

183, Qverall, it appears that the Bst msertion observed in v5.9 stabilizes the
structure of the thumb subdomain of the polymerase by extending the [ alpha helix and
allowing the formation of a beta shect at the subdomain’s base. This offers a new nsight
into the structural basis of strand displacement activity i polymerases, and with the
finding that multiple crossovers in this region were observed in the hibrary potentially
provides a more direct path to engincering strand displacement in any polymerase.

{9} Relection Optimization

184. Designing a polymerase selection for strand displacement poses several
unique challenges compared to typical C5R. First, no thermophilic polymerase has been
shown to be capable of RCA . For this reason, mitial optimization of the parameters and
methods necessary for IsoCSR relied on enzymatic lvsis with lysozyme to break open
cells and plasmid DNA nicking using the Nb. Bsml restriction endonuclease {(New
England Biolabs) to mitiate rolling circle amplification rather than heating to
accommodate wild-type Bst LF. Enzymatic lysis was optimized by monitoring
emulsified E. coli expressing GFP on an inverted thuorescent microscope. Emulsions
held at 370C for 30 nun for lysozyme digestion followed by heating at 650C for 30 nun

{(simulating the RCA step) were fully lvsed in emulsion bubbles, while those held at
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4o with and withowt lysozyme for 60 nin did not byse (Figure 14). Lysis was later
shortened to 20 nun, as this proved to be sufficient.

185,  The emulsified nicking RCA mechanism for IsoCSR was first optimized
without cells by including commercial Bst LF (New England Biolabs} and plasmid
template in the emulsions, producing a charactenistic RCA “smear” when analysed by
gel electrophoresis. BNA was purified from the recovered emulsion by ethanol
precipttation, as typical DNA colummns are inefficient for punifying the large molecular
weight products of RCA. Additionally, a Dpal digest (37°C for 2 hr) was included after
DNA recovery from emualsion RCA to reduce background from unamplified plasmids.
Emulsion RCA product was enaffected by Dpnl when analvsed by gel electrophoresis,
and the subsequent recovery PCR produced a band corresponding to the Bst gene
product only when polymerase was included m the initial emulsion RCA.

186. These conditions were further refined to accommodate £, cofi cclis
expressing Bst as a source for both plasmid template and polymerase, as cell lysate
inhibited the combined nicking and RCA reaction. This was accomplished by increasing
emulsion compartment size through redaction of the frequency of emulsification from
42 Hz to 35 Hz, as lower frequency emulsions were unstable. These larger emulsions
were stable at 650C for 3 hr, sufficient for RCA /7 emulsio (Figure 15). Thig
optimization resulted in successful PCR recovery from emulsion RCA products
generated from cellular polvmerase and template, validating the IsoCSR mechanism.
Further optimization benefited from including dUTPase to remove dUTP, a known Bst
mhibitor, and increasing the volume of the aquecus component of the emulsions. In
spite of these maprovements, nicking Iso{’SR was only able o recover wild-type Bst LF
in 103 excess mnactive mutant Bst (Figure 23, likely due to the complex mechanism
reliant on multiple enzymes to circumvent boiling and linear nature of RCA initiated
from a single nick site on the plasmid template. For this reason, IsoCSR was adapted to
accommodate hyperbranched RCA| enabling exponential amplification ( Lizardi 1998;
Zhang 2001; Zhao 2015},

¢} DISCUSSION

187, Compartmentalized self-replication (Ghadessy 2001) typically relies on
multipie thermal cycling steps and has been used primanly with thermophilic
polymerases to evolve novel functionalities. The development of IsoCSR 1s described
herein, a directed evolution method that relies on self-replication of less thermostable

strand-displacing polymerases. The Family A polvmerases Bst LF and Klentag were



L3

(v

o

(v

(v

o

WO 2018/209092 PCT/US2018/032074

shuffled and the chimenc Hbrary was then iteratively challenged for the ability to carey
out strand displacement polyvmerization following thermal challenge. Functional strand-
displacing polymerases were still recovered from Rounds 5 and 7 (Figure 3a) through
the introduction of carefully tuned increases in sclection pressure (in the form of
reduced numbers of primers for amphification). The selection was successful in evolving
v3.9, a thermostable polymerase with improved strand displacement capability. This
chimera proved to be useful for carrying out hot start LAMP and a variety of high
teraperature RCA reactions,

188.  During the development of isoCSR, a variety of experimental hurdles had
to be overcome. In order to bridge the phyvlogenetic distance between Family A
polvmerases with desirable phenotypes was developed using Shuffle Optimizer, an open
access algorithm that can be used to mcerease overlaps between distantly related DNA
sequences for DNA shuffling. The exonuclease exoHI was used to eliminate small, off-
target parasitic products that arose during PCR Fmally, sequencing data showed that the
polymerase hibrary had become error-prone by Round 7 and in consequence “cheater”
polvmerases like v7.16 were recovered that survived the selection despite lacking
thermostability, ikely due to mcreased replication rate at the expense of fidehty. This
has been seen in other CSR selections as well, and mutations that impagct fidelity while
retaming valaable new phenotypes can often be repaired through judicious reversion to
wild-type residues.

189, IsoCSR is notable for being an emulsion-based selection that can allow
large libranies to be sieved, but requires only a single thermal or enzymatic lysis step to
accommodate both thermostable and mesophilic polymerases. Recently, Povilaitis and
co-workers developed a similar isothermal, emuidsion-based directed evolution scheme
that relied on whole genome amplification (WGA) to evolve a phi29 polymerase mutant
with slightly mmproved thermostability {up to 42°C) and increased amplification rate.
However, their selection required pre-emudsion treatment with lysozyme to lvse cells, a
step that can lead to cross-contamination of variants before emulsified compartments
are produced. Additionally, WGA necessitates the use of random primers and thus the
burden of amplifying not only the gene of mterest but genomic DNA. Over many
cycles, this may hamper efficient self-amplification and lead to artefact production. In
contrast, the IsoCSR selection requires only in emulsio lysozyme incubation or a single
heating step to accomplish lysis (Figure 1, Figure 2}, leaving cells intact prior to

compartmentalization.
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196, Varnant 5.9 is useful for a variety of applications. The enzyme survived 1-
2 min template denaturation steps at ~90°C, which were sufficient for complete
template denaturation in LAMP assays. The ability to subject pre-assembled 1sothermal
amplification reactions to high temperature incubations is be useful for diagnostic
applications, as pre-reaction heating can improve assay sensitivity, reduce amplification
imhibition from crude clinical samples, and serve as a nucleic acid extraction method for
the direct detection of viruses and bacteria. Such “one pot” reactions can be gspecially
useful for point of care applications, where the high temperature step could now be
included 10 lab on a chip devices. Furthermore, variant 5.9 performed similarly or better
than Bst LF in all the isothermal mechamsms tested; its saperior performance in both
standard linear RCA reactions and atypical hyperbranched RCA from supercotled
teraplates can actually make v3.9 preferable for many apphications.

191, Varnant 5.9 and its shuffled brethren also offered surprising insights into
the structural and mechanistic properties that underlic the poorly understood process of
strand displacement. For instance, it is significant that a polymerase known for strand
displacement activity (Bst LF) 1s unable to amplify DNA from supercoiled plasmids
using hyperbranched RCA, a mere 14 residue insertion of Bat LF into Klentaq alongside
two point mutations enables this, as well as strand displacement sufficient for LAMP
and relaxed template RCA reactions. The identification of this insertion can lay the
foundation for understanding the structural basis for strand displacement, as it appears
that small changes in the secondary structure at the base of Klentag’s thumb subdomain
are sufficient to enable a versatile strand displacement phenotype.

192, IsoCSR can allow the directed evolution of many different polymerase
phenotypes including altered nucleotide specificity, resistance to mhibitors, and the
utilization of new templates. The mitial selection optimization with wild-type Bst LF
shows that lysozyme-mediated IsoCSR can be used to optimize multi-enzyme reactions,
such as the polymerase and nickase together for RCA. Such co-optimizations can
greatly mmprove diagnostic applications, whose efficiency can often be stymied by

something as simple as a dissonance in buffer conditions between enzymes.
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2. Example 2: Phosphorothioated Primers Lead to Loop-Mediated
Isothermal Amplification at Low Temperatures
a} INTRODUCTION

193, In order to lower the operating temperature at which LAMP reactions can

(v

be carried out, a imdamental biophysical principle was exploited: the fact that
phosphorothicate residues destabilize helices. Boczkowska and co-workers have
carried out thermodvnamic studies on the stability of duplexes formed between
phosphorothicate (PS)-modified ssDNA and complementary phosphodiester (PO}-
modified ssDNA (Boczkowska et al. 2002), and reported that the PS modifications
16 substantially reduced the melting temperature of P5-PO dsDNA. This in turn allows
more breathing at the termini of dsDNA| and can promote the formation of foldback
hairpins for extension during LAMP. Based on this phenomenon, a different
amplification method has been developed: phosphorothicated-terminal hairpin

formation and self-priming extension {PS-THSP) (hung 2016}, in which the

—t
(v

incorporation of phosphorothicate (PS) moditications lead to tmproved seif-folding
efficiency of terminal hairpins (LaPlanche 1986).

194. By mncorporating phosphorothioate {PS) modifications into the foldback
primers used for LAMP a more generic mechamism (PS-LAMP) has been created for
low temperature amplification. PS-LAMP can operate at temperatures as low as 40°C
20 with sensitivities that are similar to regular LAMP. The PS-termunated DNA can also
display enhanced stability against degradation by various nucleases that may be present
in biological samples, further enhancing the applicability of PS-LAMP for point-of-care
(POC) diagnostics.

b) MATERIALS AND METHODS

(1) Reagent
195. Al chemicals were of analytical grade and were purchased from Sigma-
Aldrich (5t. Lows, MO, U.5 A ) unless otherwise indicated. All enzymes including Bst
2.0 DNA polvmerase, ET S5B and RecA were obtained from New England Biolabs
30 (NEB, Ipswich, MA, USA) Middle East respiratory syndrome (MERS) 1a, 1b and
Neuropilin 2 (NRP2) DNA plasoud templates were generated as described previously
(Jiang et al. 2017; Bhadra et al. 2015). Human genomuc DNA was obtained from

Promega (Madison, Wi, USA). All oligonucleotides were ordered from Integrated DNA
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Technology {(IDT, Coralville, 1A, U5 A ). Oligonucleotide sequences are summarized
in Table 4.
(2} One-step strand displacement ((3SD) probe preparation
196,  An OSD stock solution was prepared by annealing 10 uM Reporter F with
50 uM Reporter Q in 1X Isothermal Boffer (20 mM Tris-HCL 10 mM (NHs)S04, 10
mM K, 2 mM Mg&O4, 0.1% Trton X-100, pH 8.8). The solution was incubated at 95
°C for 5 min followed by slow coohing to room temperature at a rate of 0.1 °C/s. This

OSD probe was then kept on ice before use.

(3} Real-time LAMP with OSD probe

197, In atypical experiment, reaction mixtires containing templates freshly
diluted in specific copies, 20 pmol each BIP and FIP primers, 5 pmol cach B3 and F3
primers, 10 pmol loop primer, 25 gmol betaine, 10 nmol dNTPs and 36 pmol ureamn a
total volume of 20 L of 1X Isothermal Buffer (20 mM Tris-HCL 10 mM (NHa»pSOs,
10 mM K, 2 mM Mg&G4, 0.1% Triton X-100, pH 8.8) were heated to 95 °C for 5
min. The solutions were chilled on ice for 2 min, and then 5 ul stock solution
containing an OSD reporter {at a final amount of 1.5 pmol Reporter Fy, 60 U of Bst 2.0
DNA polvmerase and 0.5 ug of ET S8B {or certain amount of RecA) was added to
iitiate LAMP reactions. Subsequently, 25 ul of the LAMP-OSD solutions were
transferred into a 96-well plate. The reactions were analyzed using the LightCycler 96
real-time PCR machine (Roche, Basel, Switzerland) that was set up to incubate the
samples for 45/50/60 cveles of two-step mcubations—step 1: mcubation at 40/45/60/65
°C for 150 sec, step 2: incubation at 40/45/60/65 °C for 30 sec (total incubation time of
3 min / cvele unless otherwise indicated}. The resulting data was analyzed using the
LightCycler 96 analvsis software to generate Cq (quantification cvcle) valucs for each
amplification and Cqg was redefined as DT {detection time, min} by multiplyimg Cq bv 3.

¢} RESULTS AND DISCUSSION

(1} Design of PS-LAMP reactions

198,  Inatypical LAMP reaction (Figure 1}, there are at [east four primers: two
inner primers (FIP and BIP) and two outer primers (F3 and B3). These primers are
spectfic to six consecutive blocks of target sequences: 83, B2, B, Flc, FZe and F3c
(trom the 53 -¢nd of the amplicon). Both the mnner and outer primers anneal to the target
template and are ecxtended simultancouslv. The extension of the outer primer with a

strand displacing polvinerase, such as Bs¢, therefore displaces the inner primer, which
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can then fold back on itself to create a dumbbell-shaped amplicon. The ner primers
can hvbridize to the single-stranded loops in the foldback structures and initiate another
round of strand displacement svnthesis, forming a concatamer amplicon with a self-
priming 3 -hatrpin. The ensuing exponential amplification during continuous strand
displacement DNA synthesis generates mcreasingly complex, double-stranded
concatamer amplicons. The single-stranded loops in these amplicons can be used to
trigger sequence-specific strand exchange reporters, as we have previouosly described
(Figure 21) (Bhadra et al. 2015, Jiang et al. 2015). These reporters greatly reduce
background signal and provide greater surety in the detection of LAMP amplicons.
199, The loop structure 18 key to the amplification mechanism in LAMP
reactions. Attempts were made to mmprove the formation of the foldback structire in
the extended dsDNA (red box} replication mtermediate. All the internucleotide
linkages in the Flc portion of the FIP primer {20 phosphates for MERS 1a and MERS
Ib} and m the Blc portion of the BIP primer (23 and 21 phosphates for MERS 1a and
MERS 1b, respectively) were modified with phosphorothioates (see also Figure 16).
The F2 region in FIP and the B2 region in BIP were excluded from phosphorothicate
modification as this might have reduced priming efficiency. The P5 modifications
should lead to great reductions in thermal stability at the terminus of the extended
dsDNA replication intermediates (Jung et a. 2016), and thus intrastrand hybridization
(hairpin structure formation} can occur more readily, allowing more efficient
exponential amplification and the exccation of LAMP at lower reaction temperatures.
200.  To venfy that exponential amplification during PS-LAMP is more
efficient than doring regular LAMP, amplification performance was compared at two
different temperatures, 60°C and 65°C). Amplification for LAMP and PS-LAMP was
carried out identically except for the primers used, and was monitored in real-time using
a sequence-specific strand exchange reporter for 150 min in the absence or presence of
target template (1.2 x 10° copies). Figure 17a shows that at 60 °C LAMP could detect
1.2 < 10® molecules within about 22 min, while PS-LAMP required only 18 min to
detect the same sample. At 65 °C, the detection times for LAMP and P5-LAMP were
stlar (22 and 24 min, respectively). Interestingly, the fluorescence intensity of the
PS-LAMP reaction at 150 min was 1.8 thmes higher than that of LAMP at 60 °C (Figure
17b}. This signal improvement at lower temperatures is consistent with our hypothesis

that phosphorothicates improve the sclf-folding of loops.
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(2} Optimization of lower temperature PS-LAMP reactions
201, Gaven these resulis, attempts to further optimize PS-LAMP for even lower
terperatures were made, which would also further its potential use as a point-of-care

diagnostic. When PS-LAMP was performed at progressively lower temperatures (60,

(v

55, 50 and 45°C) no amplification was eventually observed at 45 °C (Figure 24a). The
buffer and reaction conditions (4 mM of Mg&04 and 8 U of Bst 2.0 DNA polymerase)
were therefore further optimized at 45°C to see if a signal could be generated.
Magnesiam ions are known to greatly impact self-folding (Zahran 2011; Sigsi et al.
20093, and thus different concentrations of magnesium (0, 1, 2, 3 and 4 mM} were

10 assessed. At 2 mM MgS8Qs, a small signal increase was observed (Figure 24b}. The
amount of Bst 2.0 BNA polymerase was then mereased from B U to 12 Uand a
thermostable single-stranded DNA binding protein (ET SSB) was added (0.5 pg} to
further destabilize duplexes and promote self-folding at the termini (27-30). ET $8B

proved more effective than an altermative single-stranded DNA binding protein, RecA

(v

(Figure 23).

202.  Using the optimized reaction conditions {Figore 22), template
amphification by PS-LAMP was possible at 45 °C, while normal LAMP reactions
showed no amplification at this temperature (Figure 17¢). That said, optinized PS-
LAMP at 45°C still took alonger time (63 min} to come to completion than did a
20 normal LAMP reaction at a higher temperatures (65 °C, 22 min}.

203, To further lower the operational temperature of PS-LAMP, urca was
added to the reaction mixture. Like heat and phosphorothioates, urea can disrupt base
stacking and again improve the possibility of foldback priming (Singer ¢t al. 2010;
Conway et al. 1956, Schwinctus ¢ tal. 2013}, Upon optimization, a urca concentration

of 1.44 M viclded a workable PS-LAMP reaction at 40 °C (Figure 18z and 18b). Both

(v

urca and low temperatures decrease Bst 2.0 DNA polymerase activity, and thus the
amount of Bst 2.0 DNA polymerase in the reaction was optimized once again, as shown
in Figure 318c and 18d, and subsequent reactions contained 60 U of polymerase; higher

concentrations (80 U and 120 U) mhibited the reaction. At optimal urea and

o

polyvmerase concentrations, ET 88B and MgS0O4 were re-optimized (0.5 pg and 2 mM,
respectively (Figure 19), further decreasing the detection time from approxamately 117

to 70 mun.
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(3} selectivity

204.  To validate the sequence-specificity of PS-LAMP, various non-target
templates (MERS la, NRP2 and human genomic BNA) were tested m parallel with the
target template (MERS 1b). Asindicated in Figure 25, at template concentrations of
500 pg (1.2 < 10% copies) PS-LAMP produced negligible responses with non-cognate
teraplates. When the target amplicon(MERS 1b) was mixed with the non-
complementary terplates, no diminution in positive signal was observed (Figure 25},

{4} Quantitation by PS-LAMP

205.  The quantitative behavior of PS-LAMP at 40°C in the presence of urca
and onder fully optimized conditions was analyzed by monitoring the changes in the
Huorescence intensity oft he 05D reporter as a function of template concentration. As
shown in Figure 20, when plasmids bearing the MERS 1b and MERS 1a genes were
used as targets, as few as 4,800 molecules and 12 molecules, respectively, could be
successtully detected within 110 min and 80 min by PS-LAMP. The detection of the
MERS la amplicon was roughly comparable with regular LAMP at 65° C, but detection
of the MERS 1b amplicon with PS-LAMP at 40 °C was less sensitive than for regular
LAMP at 63 °C (24 molecules within 30 mim) (Figure 20}, This is not surprising, as
there can be wide vanation in the detection limits for different amplicons even with
regular LAMP, depending upon the sequences of primers and templates, and as the PS-
LAMP technigue is further developed it should be possible to identify comparable
optimization rules for amplicon choice and primer design.

d) CONCLUSIONS

206,  LAMP is an ultrasensitive nucleic acid amphification method that can
often detect small numbers DNA or RNA templates within roughly an houwr. However,
the requirement for high teraperatures hiouts it applicability, and nucleic acid
hybridization chemistry, along with the disruption of helical stability by
phosphorothicates have been relied upon to develop PS-LAMP, which shows
comparable seusitivities even down to 40°C. Operating at lower teraperatures can
iherently reduce device complexity and power consumption when adapting molecular
diagnostics to microscale or portable devices.

207, 1o addition to being able to operate at more moderate temperatures, PS-
LAMP can betier enable the use of degenerate primer sets to capture a wider range of

phvlogenetic vanants into amplicons. Improving amplification at lower temperatures
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alsc enables the use of A'F-rich primers and probes, which have previously proven
problematic for LAMP (Tomita 2008).

208, Overall, PS-LAMP can now allow mesothermal amplification and
concomitant applications in molecular diagnostics that should be on par with similar
techmiques, such as RPA. As the technique is further developed, the development of
primer design rules that accommodate lower temperatures and phosphorothicates can
icrease its overall applicability, and the ability to *dial in” amplicon acquisition via the
number of phosphorothicates, the amount of urea present. and the temperature of the
reaction provides much greater experimental control over the amplification and
detection of specific targets.

3. Example 3: Zika RNA and P5-LAMP

209, P5-LAMP is ideal for use with amplifving RNA from Zika virus. Below
are the naclete acids used with the polymerase for amplifving Zika:

zZkNS35: (SEQ 1D NO: 6)

CTAGTAACGGCCGCCAGTGTGCTGGAATTCGGTAGATCCATTIGTGGTC

CCTTGCCGCCACCAAGATGAATTGATIGGCCGAGCCCGTGTATCACCA

GGGGCAGGATGGAGCATTCGGGAGACTGUCTGTCTAGCAAAATCATA

TGCACAGATGTGGCAGCTTICTTTACTICCACAGAAGAGACCTTCGACT

GATGOGCCAATGCTATTIGTTCGGCTGTGCCAGTTIGACTGGGTACCAALC

CGOGGAGAACCACCTGGTCAATCCACGGAAAGGGAGAATGCGATGACTA

CTGAGGACATGCTCATGGTGTGGAATAGAGTGTGGATTGAGGAGGAA

TTCTGCAGATATCCATCACACTGGCGGCCGCTCGAGE

zk B3 dalt: SEQID NG 7)

GTCATCCARTCTCCRTTRCC

zk ¥3.1d (SEQ ID NO: 8):

ATCCATIGTGGTYCCYTGY

Zk LR 14 (SEQ ID NG: 9)

TGCTCCATCCYGCCCCYGGHGA

zk BIP.1daltPS: (SEQ ID NO: 10}

A¥TFGFCHVFCFAFRYAFTFGR T GHGFCR ARG OFTRY*CYTFTCC CHG TG

GNACCC A

Zk FIP 1dPS (SEQ ID NO: 11}

GYCHHFAFGFRYCFAFRAGHCF A GYTHOYTH O MF CH OGP RFGATGAAYTGAT

TGGCCGRGC
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210.  Figures 26A-D show optimization of RTX polvmerase. Denaturation was
carried out at 65°C for 5 mimutes, then samples were transferred on ice for at feast two
minutes. The temperature of amplification was 42C for 3 hours. Figures 26A and B
compare the performance of non-warm start RTX and warm-start RTX in urea condition
for zika NS5, Figures 26C and 26D show formamide optimization. The best
concentration of formamide was shown to be 8%. Figare 27 shows the final

expermmental protocol and results. Formamide was used at 8%.



(v

WO 2018/209092

TABLE 1. Pnmers used for PCR, sequencing, cloning, and RCA of Thermostable

Polvmerase

i hbRCA as indicated. Primers are numbered consecutively as SEQ ID NG: 12-21 for
INMIOT, INM135, INM 141, INM219-222, INM245, INM2358, and JINM259. Primers are
munbered consecutively as SEQ 1D NO: 22-41 for INM264-INM283. Primers are
munbered consecutively as SEQ 1D NOS: 42-45 for INM309, INM310, INM316, and

INM317.

PCT/US2018/032074

B.TABLES

design. All Primers written 1n 37 to 37 orientation. Selection primers were used

INM245
INM258

INM259

(GCCATACAGACCCTAATTTICACATCATATGACAC

ATAGGGS
CCAGACATCAAATAAAACAAAAGEL
CCCGACACCATCGAATGE!

CAGACCCTAATTTCACATCATATGAC

GTTTAACTITAAGAAGGAGTAGGATCC

ASG 3 A

INM264

INM266
INM267

JN'\/\? 78
INM273

INM281

INMZE

hbRCA Primers {alternating F and R}

:cm"'r-;mh]ccr'n ATICAGETE

Usedin2
rimer RCA

Usedin20  :Usedin 10
‘primer RCA  Iprimer RCA

AA GCTFGCA“T" AAATTC TC TCCTCAAG

GCAGCAGC

CAQTGGTAACAG

TACAGAAAAACAGTATG

CAGTGLTGLCATAACCATEAGTG

GCTGGTGAAAGTAAAAGATGCTGAAGATC

GAGTGTTCACCGACAAACAACAGATAAAAC

JNM3083

INM310

INM317

COCTTGAGGACAGAATTT GGCAGAGGCAATTATCATFFCG;

GGLAATTATCAT

TITGYTTAACTTTA

AAGGAGATATACATATGGLTAGCA
AGGATCGCATCACCATCACCATCACATCGAAGGGLGCGAA !

TTFUT!TAACT!TAAGAAGGAGATATACATATGGCTAGCAG :
AGGATCGLATCACCATCALLATCACATCGAAGGGECGCCTT
CYTCACGAGTICGGAL :




WO 2018/209092 PCT/US2018/032074

TABLE Z: Primers and template used for gLAMP reactions for thermostable

polymerase design. Prmers are numbered consecutively as SEQ D NG 46-51 in the table

below.
""""""""" F3  GOCACCCAGAAGACTETG
B3 TGGCAGGTTTTTCTAGACGS

Fip COCLAGTAGAGGCAGGGATGAGGGAAACTGTGGOGETGAT

CTABTAACGOCCGCCAGTATOUTEGAATICCCACABTCOATECCATCACTE
CCACCCAGAAGACTOTGGATGEUCCOTCCGGGARCTRTGGURTATES
COBCGOGROTCTCOAGAACATOATCOCTEOCTCTACTRGCGUTGONAAGG
CIGTOGEUAAGGTCATECOTEAGC TEAALGGGAAGCTCACTEGOATGRLD

GAPDH  TTCOGTGTCCCCACTEOCAACGTGTCAGTRGTGGACCTGACCTRCCGTCTA |
(Template) GAAARACCTGUCAAATATBATBACATOAAGAAGGTGGTBAABCAGECGTE
GGAGGGCUCICTCAAGGRCATICTEGGCTACACTEAGCACCAGGTAGTS
TCCTCTGACTTICAACAGCGACACCCACTCCTCOACCTTTGACGOTGGGGOT |
GBGCATTGUCCTCAALGATCACTTIGTRAAGCTCATTTCCTRBAATICTGCAG
ATATCCATCACACTGGCBBOCBOTOGAGS f
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Table 3: Gligonucleotide Sequences for PS-LAMEP.

MERS 1b primers

TAATACGACTCACTATAGEGCETGAATCTTAATTTACCCGCAAATG
TCCCATACTCTCGTGTTATTITCCAGGATGGGCTTTAAACTCGATGEC
AACAGTTCCTGGATATCCTAAGCTTTTCATTACTCGTGAAGAGGCT

Template GTAAGGCAAGTTCGAAGCTEGATAGGCTTCGATGTTGAGGGTGC
TCATGCTTCCCRTAATGCATCTGOCACCAATGTGCCTCTACAATT
AGGATTTTCAACTOGTGTGAACTTTGTTGTTCAGCCAGTTGETGTT
GTAGACACTCAGTCOTGACGAGTGEGTTTAACG (SEQ D NG: 52)

F3 ACAGTTCCTGGATATCCTAAG (SEQ ID NO: 53)
83 CTCAGTGTCTACAACACCA (SEQ ID NO: 54)
e AGCACCCTCAACATCCAAGLACTCOTOAAGAGBLTGIA (SEQ D
' NC: 55)
TGCTICCCGTAATGCATGTCEACTGECTGAACAACAAAGT (SEQ
BIP ,
D NC: 56)
Loop CTATCCAGCTTCGAACTTGCCT (SEQ 1D NQ: 57)
g 5B AMICACAGCAGT TGAAAATCCTAATTGTAGAGGCACATTGGTG
> /3Invd T/ (SEQ 1D NO: 58)
o8O CTCTACAATIAGGATITICAACTGG TG TG/3IABKFGY (SEQ D NG:

59)

MERS 1a primers

TAATACGACTCACTATAGGGCTTCTGACTATGGCCTTCGTTATGTT
CTTGGTTAAACACAAACACACCTTTTTGACACTTITCTTGTTGCCT
GTGGCTATTTGTTTCACTTATGCAAACATAGTCTACGAGCCCACTA
CTCCCATTTCCTCACCGCTGATTGCAGTTGCAAATTGECTTGCCC

Template CCACTAATGCTTATATGCGCACTACACATACTGATATTGGTGTCTA
CATTAGTATGTCACTTGTATTAGTCATTGTAGTGAAGAGATTGTAC
AACCCATCACTTTCTAACTTTGCGTTAGCATTGTGCAGTGOTGTAA
TOTGGTTGTACACTTATAGCATTGGAGAAGCCTGACGAGTGGETT
TAACG (SEQ ID NO: 60)

F3 TTATGCAAACATAGICTACGAG (SEQ 1D NO: B1)
83 CGCAAAG T TAGAAAGTGATGE (SEQ ID NO- 62)
-~ AAGCATTAGTGOGEGCAAGLOCCCACTACTCCCATTICG
‘ (SEQ ID NO: 63)
5P ATGCBCAGTACAGATACTGATATTTGTACAATCTCTTCACTA
CAATGA (SEQ D NC: 62)
Loop o GGTGTCTACATIAGTATGTCACTIGTATIAG (SEQ 1D NO-
5)
OSDF " /56FAMICGAAGCCAATTTGCAACTGCAATCAGCGCTGAGI
v T/ (SEQ ID NO: 66)
0SD-Q ATTGCAGTTGCAAATTGGCTTCG/3IABKFY (SEQ ID NO: 67)
CACTCATTGGCACAGTGGTAGTTAGAGG TCAAMAGTAGAGLTGTC
AAGCCCAAGGGOTTAGCTTTAGBGCTCCTCOTCGAGTTCRGCCOA
CAGTAGAAGCAAGATTTTAACTAGCCCCTTTTCCTCTTCACCCTCD
CATGATGCGCACTGTTCAGAAAGCTGGTAAGTCCTAGGGATTTCC
Template AGAAGTAGCCTGCAGAAGAAGGTAAGTTTGAAAGCCACTCCAGS

GGTCCTGATGCTOTCATGCTCAGTGAGCCATTTTACAGTTCTCCA
AAGTCTAGCCCTGTTTCGGACCTGCACTTCACCTCTAAGTTATGTA
CAACTCAACT

(SEQ ID NO: 68)

*Underlining indicates phosphorothioate (PS) modifications.
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E. POLYMERASE SEQUENCES
Primers used for PCR, sequencing, cloning, and RCA. All Primers written in 37 to 37 orientation.

Selection primers were used in hbRCA as imdicated.

SEQG ID NQ: 3.
MESPSSEEEKPLAKMAFTLADRVTEEMLADKAALVVEVVEENYHDAPIVGIAVVNEHG
RFFLRPETALADPGFVAWLGDETKEKSMFDSKRAAVALKWKGIELOCGYSFDLLLAAYL
LDPAQGVDDVAAAAKMEOQYEAVRPDEAVYGRKGAKRAVPDEPVLAEHLVRKAAAIWE
LERPFLDELRRNEQDRLLVELEGPLSSILAEMEFAGVEVDTKRLEQMGKELAEQLGTVE
QRIYELAGQEFNINSPRKOLGVILFEKLOLPVLKKTRTGYSTSADVLEKLAPYHEIVENILH
YROLGKLOSTYIEGLLKVVRPDTKKVHTIFNGALTQTGRLSSTERNLONIPIRLEEGRKIR
QAFVPSESDWLIFAADY SQIELRVLAHIAEDDNLMEAFRRDLDIHTK TAMDIFQVSEDEY
TPNMRROAKAVNFGIVYGISDYGLAGNENISRKEAAEFIERYFESFPGVRRY MENIVQE
AKQKGYVTTLLHRRRYLPDITSRNFNVRSFAERMAMNTPIQGSAADIHKKAMIDLNARL
KEERLOAHLLLOVHDELILEAPKEEMERLCRLYVPEVMEQGAVTLRVPLEVDYHYGSTWY
BAK

Klentag (SEQ D NGO 4)
MLLHEFGLLESPKALEEAPWPPPEGAFVGEFVLSRKEPMWADLLALAAARGGRVHRAPE
PYKALRDLKEARGLLAKDLSVEALREGLGLPPGDDPMLLAYLLDPSNTIPEGVARRYG
GEWTEEAGERAALSERLFANLWGRLEGEERLLWLYREVERPLSAVLAHMEATGVRLD
VAYLRALSLEVAEFIARLEAEVFRLAGHPFNINSRDQLERVLFDELGLPAIGKTEKTGKR
STSAAVLEALREAHPIVEKILOQYRELTKLKSTYIDPLPDLIHPRTGRLHTRINGQTATATGR
LSSSDPNLONIPYVRTPLGORIRRAFIAFEGWLEVALDY SQIELRVLAHLSGDENLIRVEFQE
GRDIHTETASWMFGVPREAVDPLMRRAAKTINFGVLYGMSAHRLSQELAIPYEREAQAFT
ERYFQSFPEVRAWIEKTLEEGRRRGYVETLFGRRRYVPDLEARVKSVREAAERMAFNM
PYOQGTAADLMKLAMVKLFPRLEEMGARMLLOGVHDELVLEAPKERAEAVARLAKEVM
EGVYPLAVPLEVEVGIGEDWLSAKE

Variant 5.9 (v3.9) (SEQ ID NO: 1)
MASRGSHHHHHHIEGRLLHEFGLLESPKALEEAPWPPPEGAFVGFVLSRKEPMWADLL
ALAAARGGRVHRAPEPYKALRDLKEARGLLAKDLSVLALREGLGLPPGDDPMLLAYLL
DPSNTTPEGVARRYGGEWTEEAGERAALSERLFANLWGRLEGEERLLWLYREVERPLS
AVLAHMEATGVRLDVAYLRALSLEVAEEIARLEAEVFRLAGHPFNLNSRDQLERVLED
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ELGLPAIGKTEKTGKRSTSAAVLEALREAHPIVEKILOYRELTKLKSTYIEGLLKVVRPDT
KEVHTRFNQTATATGRLSSSDPNLONIPVRTPLGORIRRAFIAGEGWLLYVALDYSQIELR

VLAHLSGBDENLIRVFQEGRDIHTETASWMEFGVPREAVBPLMRRAAKTINFGVLYGMSA

HRLSQELAIPYEEAQAFIERYFOSFPKVRAWIEKTLEEGRRRGY VETLFGRRRYVPDLEA

RVKSVREAAERMAFNMPVOQUGTAADLMKSAMYVKLFPRLEEMGARMLLOVHDELVLEA

PKERAEAVARLAKEVMEGVYPLAVPLEVEVGIGEDWLSAKE

Nucleic Acid Encoding Varant 5.9 (v3.9) (SEQ ID NO: 2)
atggcegagecgeggeagecatcatcateatcatcatatigaaggecgectgotgeatgaa
ttiggectactogaaagoccgaaagogciggaagaagegcogigaocgeegeggaagec
gogtitgtppectiiptgcigagccgaaagaaccgaigtgggoggatctgoiggegcty
geggeggegegcggoggecgegtgeategegcgocggaacegtataaagegetigegogat
cigaaagaagogegoggectectogegaaagatctgagegiociggegotgogogaagac
ctgggoctgocgecgggegatgatecgatgotgetggogtatetgctgeatecgageaad
accaccocggaaggegiggegcgecgetalggoggeeaalgsaccgaagaagegaocgaa
cgcgeggegetgagegaacgooigtitecgaaccigtggagccgeciggaaggcgaagan

cgoctgetgtgectatategegaagtgoaacgoccgetigagogegaigeiggogcatalg
gaagegaceggogtocgectgeateigoogtatcigegegogctgagoctggaagioacy
gaagaaaitgegegociggangeggaagigtitcgociggegggecatocgtitaaccig
aacagecgegatcagetggaacgogtgctgttizatgaactgeaccigecggegatigee

Dot

aaaaccgaanaaaccggcasacgeageaccagegeggeggteciggaagcgctgegegan
gegeatccgattgtegaaaaaatictgoagtlategogaactgaccaaacigaaaageace
tatattgaaggcctgetgaaagtgstocgocoggataccaaaaaagtocataccogottt

aaccagaccgegaccgegacoggoogectigageageagogatecgaaccigeagaacatt

coggloogeacceogetgggocagegeaticgecgegogtitatigegggogaaggoisgg

ctgctegtoocgctggatiatagccagattgaactgcgogtecigaegeatotgagoggc
gatgaaaaccigaticgegtgtttcaggaaggocgcgatattcataccgaaaccgegage
tggatgtitegcgtocogegegaageggtggatccgCteato CgrCgegeserganaace
attaacttiggegtgetigtatgocatgagegogeatcgectgagecaggaactggogatt
cogtatgaagaagogcaggegtttatigaacgctattitcagagctitcogaaagtgege
gogiggatigaaanaaccotggaagaageccgecgecgeggotatgigganaccotgttt
ggoogeegeegetatgigecggatctggaagegogoegiganaagegtorgieaagcggcy
gaacgeatggogtitaacatgecggigeagggeaccgoggoggatoigaiganaagogeg

fete [ hade=}

atggteaaacigtiiccgegectiggaagaaatgggogegegeatgetgctgeaggigeat
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gatgaactggtgctggangepocgaaagaacgogcggaageggigacgegoctggcgaaa
gaagtgatgeaagocgigtatcegotggegatoccgctggaagigeangtsoocattggc

[=hats et

gaagatiggeigagegcgaaagaa

Vanant 7.16 (v7.16) (SEQ ID NO: 3)
MESPSSEEEKPLAKMAFTLADRVTEEMLADKAALVVEVVEENYHDAPIVGIAVVNEHG
RFFLRPETALADPQFVAWLGDETKKKSMIFDSKRAAVALKWKGIELCGVSFDLLLAAYL
LDPAQGVDDVAAAAKMEQYEAVRPDEAVYGKGAKRAVPDEPVLAEHLVRKAAAIWE
LERPFLDELRRNEQDRLLVELEQPLSSILAEMEFAGVKVDTKRLEQMGKELAGQLGTVE
QRIYELAGQEFNINSPKRLGVILFEKLQLPVLEKTKTGYSTSADVLEKLAPYHEIVENILH
YROLGKLOSTYIEGLEKVVRPDTKKVHTIFNGQALTQTGRLSSTEPNLONIPIRLEEGRKIR
GAFVPSESDWLIFAADY SQIELRVLAHIAEDDNLMEAFRRDLDIHTK TAMDIFQVSEBREY
TPSMRRQAKAVNFGIVYGISPYGLAQNENISRKEAAEFIGRYFESFPGVKRYMENIVQEA
KQEKGYVTILLHRRRYLPDITSRNIFNVRSFAERMAMNTPIQGSAADIHKKAMIDLNARLK
EERLQAHLLLOVHDELILEAPKEEMERLCREVPEVMEQAVTLRVPLEVDYHYGSTWY D
AK
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Vill. CLAIMS

What is claimed is:
1. A non-naturally occurring thermostable polvmerase, wherein the

5 thermostable polymerase is characterized by increased temperature stability in the
range of 70°C to 100°C, increased strand displacement capability, increased
processivity, or a combination thereof compared with a wild type large fragment
Bacillus stearvothermophilus (Bst LF} polymerase.

2. The non-naturally occurring thermostable polymerase of claim 1, wherein

10 the polvmerase is capable of carrving out high temperature strand displacement
activity i relation to Bst LEF.

3. The non-naturally occurring thermostable polvmerase of claim 1, wherein
the polvmerase enables hyperbranched rolling circle amplification (RCA) from
supercoiled plasmids without the use of micking endonucleases.

i3 4. The non-naturally occurring thermostable polymerase of claim 1, wherein
the polymerase can be heated to above 63°C without significant denaturation.

5. The non-naturally occurring thermostable polvmerase of claim 1, wherein
the polymerase can be heated to above 75°C without significant denaturation.

6. The non-naturally occurring thermostable polvmerase of claim 1, wherein

20 the polymerase can be heated to above 853°C without significant denaturation.

7. The non-naturally occurnng thermostable polyvmerase of claim 1, wherein
the polymerase can be heated to above 95°C without significant denaturation.

8. The thermostable polymerase of claim 1, whercin the polymerase
corprises sequences from at least two of the following polvmerases: Bst LF and

25 Klentag.

9. The thermostable polvmerase of claim 1, wherein the polymerase is
capable of replicating DNA in an isothermal amplification reaction.

10. The thermostable polymerase of claim 9, wherein the isotheumal
amplification reaction is loop-mediated isothermal amplification (LAMP), strand

3¢ displacement amplification (SDA), polymerase spiral reaction (PSR}, or helicase
dependent amplification (HDA).

11 The thermostable polymerase of claim 1, wherein the polymerase

is capable of replicating DNA in a polvmerase chain reaction (PCR).
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12. The thermostable polymerase of claim 1, wherein the polymerase
is stored in a storage buffer, or a reaction buffer.

13. The thermostable polyvmerase of claim 12, whercin the buffer
further comprises temperature dependent inhibitor of polymerase activity.

14. The thermostable polvmerase of claim 1, wherein the polymerase
substantially facks 3'to 5' exonuclease activity.

15. The thermostable polvmerase of claim 1, wherein the polymerase

is more thermostable than Bst 2.0,

16. Anucleic acid encoding the protein of claim 1.
17. Ahost cell comprising the nucleic acid of claim 16.
18. A non-naturally occurring thermostable polymerase, wherein the

thermostable polyvmerase is at least 90% identical to a sequence comprising SEQ

IDNO: 1

19, Anucleic actd encoding the thermostable polymerase of claim 18,
24, The nucleic actd of claim 19, wherein the nucleic acid sequence is

90% 1dentical to a polypeptide comprising SEQ ID NG 2.

21. A host cell comprising the nucleic acid of claim 19
22. A method of identifying a non-naturally occurring thermostable

polymerases, the method comprising:

a. providing a pool of nucleic acids comprising nucleic acid
members each encoding non-naturally occurring, potential thermostable
polymerases;

b. subdividing the pool of nucleic acid members into cellular
compartments by transformation into a bactenal host, such that each cell
comprises a nucleic acid member;

c. expressing the nucleic acid member in the cell compartment to
form a potential thermostable polymerase encoded by the nucleic acid member;

d. subdividing the pool of bacterial cells into compartments, such
that each compartment contains a single cell with a single nucleic acid member
and encoded polymerase

e. subjecting the pool of nucleic acid members to thermal

denaturation and isothermal amplification conditions, such that the nucleic acid
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member may be processed by the thermostable polymerase encoded by said
nucheic acid member; and
f detecting processing of the nucleic acid member by a thermostable

polymerase encoded by said nucleic acid member, thereby identifying a
thermostable polvmerase.

23. The method of claim 22, wherein the pool of nucleic acids is

created by gene shuffhing, error-prone PCR, or site-saturation mutagenesis.
24, The method of claim 23, wherein gene shuffling takes place with

nucleic acid encoding one or more known polymerases.

25. The method of claim 22, wherein at least one of the polvmerases is
Bst LE

26, The method of claim 22, wherein at least one of the polvmerases is
Klentag.

27. The method of claim 22, wherein thermal denaturation takes place

at 63°C or higher.

28. The method of claim 22, wherein thermal denaturation takes place
at 75°C or higher.

29, The method of claim 22, wherein thermal denaturation takes place
at 85°C or higher.

30. The method of claim 22, wherein thermal denaturation takes place

at 953°C or higher.

2
iy

The method of claim 22, wherein the isothermal amplification 1s rolling circle
amplification., recombinase polymerase amplification, loop-mediated isothermal
amplification (LAMP), strand displacement amplification (SDA), polymerase
spiral reaction {PSR), or helicase dependent amplification (HDA).

32. The method of claim 22, wherein the contents of each
compartment are not in contact with the contents of other compartments,

33. The method of claim 22, wherein the processing of the nucleic
acid member results in one copy of sard nucleic acid member,

34, The method of claim 22, wherein the processing of the nucleic
actd member results in more than one copy of said nucleic acid member.

35. The method of claim 22, wherein the number of copies of the

nucleic acid member is proportional to the activity of the thermostable polymerase.
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36. The method of claim 22, 1 which the processing is detected by
assaying the copy number of the nucleic acid member.

37. The method of claim 22, 1 which the processing is detected by
assaying the presence of a tag on the nucleic acid member.

38. The method of claim 22, in which the processing s detected by
determining thermostable polymerase activity.

39 The method of claim 22, wherein the step of expressing the
nucleic acid member to form the thermostable polymerase encoded by said nucleic
acid member 18 carried out by in vitro transcription and translation.

49, The method of claim 22, wherein the step of expressing the
nucleic acid member to form the thermostable polymerase encoded by said nucleic
acid member 18 carried out by 7 vivoe transeription and transiation in an expression
host cell.

41 The method of claim 22, wherein said expression host cell is a
bacterial cell.

42 The method of claim 22 in which the compartments comprise
agueous compartments of a water-in-otl emudsion.

43. The method of claim 42, in which non-agueocus portion of
emulsion mix is 73% Tegosoft DEC, 79 AbiIWEOS, and 20% mineral otl, with an

oil phase and a surfactant.

44, The method of claim 43, wherein said surfactant comprises
AbtfWEQS.
45. A method of amplifying a nucleic acid, the method comprising

exposing a target nucleie acid to a buffer solution comprising at least four primers,
wherein at least one of the four primers comprises a phosphorothicated nucleotide;
and amplifying the target nucleic acid vsing an isothermal amplification reaction,
wherein the 1sothermal amplification reaction produces at least ong loop product,
wherein at least part of the single-stranded portion of the loop product represents
the target nucleic acid.

46. The method of claim 45, wherein the loop product is exposed to a
strand displacement reporter, wherein the strand displacement reporter comprises
single-stranded and double-stranded nucleic acid, and further wherein a portion of
the single-stranded nucleic acid of the strand displacement reporter is

complementary to at least a portion of the single-stranded nucleic acid of the loop
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product representing the target nucleic acid, and allowing the loop product and the
strand displacement reporter to interact, wherein interaction between the strand
displacement reporter and the target nucleic acid portion of the loop product
produces a detectable signal, wherein the signal indicates the presence of the target
nucleic acid.

47. The method of claim 45, wherein the isothermal amplification
reaction 18 loop-mediated i1sothermal amplification {(LAMP), strand displacement
amplification (§DA), polvmerase spival reaction (PSR}, or helicase dependent
amplification (HDA)..

48. The method of claim 45, wherein the isothermal amplification
reaction takes place between 25°C and 55°C.

49, The method of claim 48, wherein the isothermal amplification
reaction takes place between 30°C and 50°C.

50. The method of claim 49, wherein the isothermal reaction takes

place around 40°C.

51 The method of claim 45, wherein the buffer comprises denaturant.
52. The method of claim 45, wherein the denatarant comprises urea at

a concentration of 1.3-1.6 M.

53, The method of claim 45, wherein the buffer comprises a DNA
polymerase.

54, The method of claim 45, wherein the buffer comprises a reverse
transcriptase.

35, The method of claim 53, wherein the DNA polymerase comprises
Bst.

36, The method of claim 53, wherein the DNA polymerase comprises
Bst 2.0

57. The method of claim 53, wherein Bst 2.0 1s present at a

concentration of 40-60 U,
58. The method of claim 55, wherein the polymerase is at least 90%
identical to SEQ ID NG: 1.
59, The method of claim 45, wherein the buffer comprnses MgSQa.
60. The method of claim 59, wherein MgSO4 15 present at a

concentration of 1.5 t0 2.5 mM.
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61. The method of claim 59, wherein MgS04is present at a
concentration of about 2.0 mM.

62. The method of claim 45, wherein the buffer comprises a Single-
Stranded Binding (S5B) protein.

63. The method of claim 62, wherein SSB is present at a concentration
of about 0.210 0.7 ug.

64, The method of claim 63, wherein SSB is present at a concentration
of about 0.5 pg.

63. The method of claim 45, wherein the strand displacement reporter
is ong step tochold displacement (OSD) reporter.

66. The method of claim 45, wherein the target nucleic acid 1s RNA or
DNA.

67. The method of claim 45, wherein four primers are used with the
isothermal amplification reaction.

68. The method of claim 45, wherein five primers are used with the
isothermal amplification reaction.

69, The method of claim 45, wherein six primers are used with the
isothermal amplification reaction.

70. The method of claim 45, wherein the method comprises using at
least one forward nmer primer (FIP), at least one backward mner primer (BIP), at
least one forward outer primer (FOP), and at least one backward cuter primer
{BOP).

71. The method of claim 70, wherein at least one FIP comprises at
least one phosphorothicated nucleotide.

72. The method of claim 70, wherein at least one BIP comprises at
least one phosphorothicated nucleotide.

73. The method of claim 45, wherein two or more nucleotides of at
least one primer are phosphorthioated.

74. The method of claim 45, wherein the one or more
phosphorothioated nucleotides are at the 57-end of the primer.

75. The method of claim 45, wherein the one or more

phosphorothioated nucleotides are at the 37-end of the primer.
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78, A method of diagnosing a subject with a disease, the method
comprising carryving out the method of claim 46, wherein the presence of 3 target

nucleic acid indicates the presence of a disgase in the subject.

77. The method of claim 76, wherein sad discase 18 a virus.
78. The method of claim 77, wherein said virus is Zika Virus.
79. The method of claim 45, wherein multiple target nucleic acids can

be amplified simultancously.

80. The method of claim 45, wherein the primers bind a primer
binding region of the target nucleic acid.

81, The method of claim 45, wherein the method takes place ina
single vessel.

82. A kit for amplifying nucleie acids, wherein the kit comprises
DNA polymerase, and at least four distinct primers, wherein at least one of the

primers 18 phosphorothioated.

83. The kit of claim &2, wherein the kit further comprises a buffer
sohition.

84, The kit of claim 82, wherein the kit further comprises a
denaturant.

85. The kit of claim &2, wherein the denaturant comprises urea at a

concentration of 1.3-1.6 M.

86. The kit of claim 83, wherein the buffer comprises a DNA
polymerase.

87. The kit of claim 82, wherein the BDNA polymerase s Bst.

88. The kit of claim 82, wherein the DNA polymerase is Bst 2.0.

89, The kit of claim &8, wherein Bst 2.0 is present at a concentration
of 40-60 1.

90. The kit of claim &9, wherein Bst 2.0 is present at a concentration

of about 50 U.

91, The kit of claim 83, wherein the buffer comprises Mg&0;s.
92. The kit of claim 91, wherein MgS5Qa1s present at a concentration

of 1.51t0 2.5 mM.
93. The kit of claim 92, wherein MgS5Qa1s present at a concentration

of about 2.0 mM.
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64, The kit of claim 82, wherein the buffer comprises Single-Stranded
Binding {58B) protein.

85, The kit of claim 94, wherein S5B is present at a concentration of
about 0210 0.7 ug.

96, The kit of claim 95, wherein S5B is present at a concentration of

about 0.5 ug.
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