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ments, methods of forming modified proteins including
one or more amino acid modifications to achieve desired
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vides methods for using such modified proteins in ion-pro-
ducing reactions, such as ion-based nucleic acid sequenc-
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MODIFIED PROTEINS AND METHODS OF MAKING AND USING SAME

{8661} This application claims the benefit under 35 US.C. § 119 of U8, Provisional
Application No. 61/308,863, filed February 26, 2019, as well as the benefit of
International Application No. PCT/US2011/026219, filed February 25, 2011, which
claims the benefit of U.S. Provisional Application No. 61/308,863, filed February 26,
2019, all of which forgoing applications are herein mcorporated by reference in their
entireties.

BACKGROUND

{8662} The direct detection of chemical moieties, such as ons, has treraendous
potential to simplify assay design and cost. For example, in some instances, such
techniques can redhice or eliminate the need for costly labeling reagents; similarly,
they can also chinunate the requirernent for complex detection steps that may
otherwise be necessary. The utilify of such technigques can be ilfustrated by their
application in the field of DNA sequence analysis, for which several chemical
detection schemes have been described. These include the detection of polymerase
extension by detecting physicochemical byproducts of the extension reaction, such as
pyrophosphate, hydrogen ion, charge transfer, heat, and the like, as disciosed, for
example, in Pourmand et al, Proc. Natl, Acad. Sci., HI3: 6466-6470 (2006}
Purushothaman et al., THEE ISCAS, TV-169-172; Rothberg et al, U.S. Patent
Publication No. 2009/0026082; Anderson et al, Sensors and Actuators B Cherm., 129
79-86 (2008); Sakata et al,, Angew. Chem, 118:2283-2286 (2006); Esfandvapour et
al., ULS. Patent Publication No. 2008/01666727; and Sakurai et al., Anal. Chem. 64:
i996-1997 (1992},

80683} Ion-based reactions, i.c., reactions involving the generation and detection of
ions, are widely performed. The use of divect ton detection methods to monitor the
progress of such reactions can simphfy many current biclogical assays. For example,
template-dependent mucleic acid synthesis by a polymerase can be monitored by
detecting hyvdrogen ions that are gencrated as natural byproducts of nucleotide
meorporations catalyzed by the polymerase. Ton-based sequencing (also referred to as
“pH-based” nuclete acid sequencing) explotts the direct detection of hydrogen ions
produced as a byproduct of nucleotide incorporation. In one exemplary system for
ion-based sequencing, the nucleic acid to be sequenced is captured in a microwell,
and nucleotides are floated across the well, one at a time, under nucleotide

I



WO 2011/106766 PCT/US2011/026450

meorporation conditions. The polymerase incorporates the appropriate nucieotide
mio the growing strand, and the hydrogen ion that is released changes the pH in the
solution, which is detected by an ion sensor. This technique does not require labeling
of the nucleotides or expensive optical components, and allows for far more rapid
completion of sequencing runs. Examples of such ion-based nucleic acid sequencing
methods including the Ton Torrent PGM™ sequencer (Life Technologies
Corporation).

{8684 For ion-based reactions, including ion-based mucleic acid sequencing, i
nnportant to detect as many released ions as possible in order to achieve as higha
signal, and a correspondingly high signal o noise ratio, as possible. Obtaining
sufficient signal can be chalienging given the rapid diffusion of ions away from the
reaction site, as well as the buffering effects of other reaction components and the
material of the container wall. For example, the butfering effects of proteins 1n an ion-
based sequencing reaction can hinder the efficient detection of hydrogen ions.

[B685] There is a therefore a need for methods and compositions for reducing the
buttering effects of proten reaction components, particilarly for use m ion-based

nucleic acid sequencing methods and systems.

SUMMARY
18686] In some embodiments, the disclosure relates generally o compositions,
methods, systems, apparatuses and kits comprising modified proteins having reduced
buffering capacities as compared to their unmodified counterparts, as well as methods
for making and using the modified profeins in a wide range of chemical reactions. In
some embodiments, the disclosure relates generally to methods, compositions,
systems and kits comprising modified proteins {e.g., mucleic acid binding proteins) for
use in ton-based nucleic acid sequence determination. In some embodiments, the
disclosure relates generally to compositions, methods, systems, Kits and apparatuses
for carrying out a plurality of label-free DNA sequencing reactions on a large-scale
array of electronic sensors, for example field effect transistors (“FET3”).
188871 Tn some embodiments, the disclosure relates generally to a modified protein
comprising one or more madifications that reduce the butfering capacity of the
madified protein relative to the corresponding unmodified protein. Optionally, the
one or more modifications reduce the buffering capacity of the modified protein
within the range of about pH 4 to about pH 10, In some embodiments, the one or
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more modifications reduce the buffering capacity of the modified protein relative to
the comresponding unmoditied protein within the range of about pH 7 to about pH 9.
In some embodiments, the one or more modifications include one or more anuno acid
additions, substitutions, deletions, additions or chemical modifications. In some
embodiments, the modified protein includes one or more aming acid substitutions,
which are not ncluded in the unmodified protein.

18088]  In some embodiments, the disclosure relates generally to an isolated protein
comprising one or more amino acid substitutions that reduce the buffering capacity of
the protein relative to the corresponding wild-type protein within the range of about
pH 4 to about pH 10. In some embodiments, the one or more amino acid substitutions
reduce the buffering capacity of the protein relative to the corresponding wild-tvpe
protein within the range of about pH 7 to about pH 8,

(86681 In some erobodiments, the modified protein is a nucleic acid binding protein.
For example, the protein can have DNA- or RNA-binding activity, In various
embodiments, the protein is selected from the group consisting of DNA polymerascs,
helicases, Higases, nucleases, single stranded DNA binding proteios and polymerase
ACCOSSOTY profeins.

(8618} In some embodiments, the one or more amino acid substitutions substantially
reduce the buffering capacity of said protein within the range of about pH 7 to pH 8.
In some embodiments, at least one of the one or more amino acid substitutions 18 a
conservative ammne acid substitution. In further embodiments, the at least one
conservative amino acid substitittion is selected from the group consisting of histidine
to arginine, glutamic acid to ghitamine, aspartic acid to asparagine, lysine to arginine,
and tyrosine to phenylalanine.

(8811} Insome embodiments, the protein is a DNA polymerase. In some
cmbodiments, the disclosure relates gencrally to an isolated DNA polymerase
comprising one or more conservative amino acid substitutions that substantially
reduce its buffering capacity relative to the corresponding wild-type protein within the
range of about pH 7 to about pH 9. In some embodiments, the DNA polvmerase is
selected from the group consisting of an A family DNA polymerase; a B family DNA
polymierase; a mixed-type polymerase; an unclassiticd DNA polymerase and RT
family polymerase; and variants and derivatives thereof,

18812} In some embodiments, the DNA polymerase is an A family DNA polymerase
selected from the group consisting of a Pol I-type DNA polymerase such as E. coli

)
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DNA polymerase, the Kienow fragment of E. coli BDNA polymerase, Bst DNA
polymerase, Tag DNA polymerase, Platinum Tag DNA polvmerase series, T7 DNA
polymierase, and Tth DNA polymcrase. In some embodiments, the DNA polymerase
is Bst DNA polymerase. In other embodiments, the DNA polymerase is E. coli DNA
polymerase. In some embodiments, the DNA polymerase is the Klenow fragment of
E. coli DNA polymerase. In some embodiments, the polymerase is Tag DNA
polymerase. In some embodiments, the polymerase is T7 DNA polymerase.

188131 In other embodiments, the DNA polymerase is a B family DNA polymerase
sefected from the group consisting of Bst polymerase, Th polymerase, Pfu
polymierase, Pfutubo polymerase, Pyrobest polymerase, Pwo polymerase, KOD
polymerase, Sac polymerase, Sso polymerase, Poc polymerase, Pab polymerase, Mth
polymerase, Pho polymerase, ES4 polymerase, VENT polymerase, DEEPVENT
polymerase, Therminator™ polymerase, phage Phi29 polymerase, and phage B103
polymerase. In some embodiments, the polymerase is KOD polymerase. In some
embodiments, the polymerase is Therminator™ polymerase. In some embodiments,
the polymerase is phage Phi29 DNA polymerase. In some embodiments the
polymierase is phage B103 polymerase, including, for exarple, the variants disclosed
im U.S, Patent Publication No. 20110014612 which is incorporated by reference
herein.

[6614] In other embodiments, the DNA polymerase is a mixed-type polymerase
selected from the group consisting of EX-Tag polyrmerase, LA-Taq polymerase,
Expand polymerase series, and Hi-Fi polymerase. In vet other embodiments, the DNA
polymerase is an unclassified DNA polymerase selected from the group consisting of
Thr polvmerase, T polymerase, Tru polymerase, Tac polymerase, Tne polymerase,
Tma polymerase, Tih polvmerase, and Tt polymerase.

18818} In other embodiments, the DNA polymerase s an RT polymerase selected
from the group consisting of HIV reverse transceriptase, M-MLV reverse transcriptase
and AMYV reverse transcriptase, In some embodiments, the polymerase s HIV reverse
transcriptase or a fragment thereof having BNA polymerase activity.

188161 o some embodiments, the DNA polymerase is a Bst DNA polymerase
COMPTISING 00 OF 1HoTe conservative anuno acid substitutions that substantially
reduce its buffering capacity relative to the corresponding wild-type protein within the
range of about pH 7 to about pH 9, wherein the one or more conservative amine acid
substitutions are selected from the group consisting oft histidine to arginine, ghitamic
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acid to glutamine, lysine to arginine and tyrosine to phenyialanine. In some
embodiments, the one or more conservative aming acid substitutions are of one or
more amine actd restdues shown in Table 2 or Table 3. In some embodiments, the one
or more conservative amino acid substitutions are selected from the group consisting
of H46R, H273R, H2BIR, E446Q, H473R, H528R, H572R and Y477F, the
numbering of amino acid residues being in accordance with that of SEQ 1D NO: 1L
18817] In some embodiments, the Bst DNA polymerase comprises one of more
conservative amino acid substitutions, wherein the one or more aming acid
substitutions nchides a substitution of alanine at position 2 with Met, Asn, Gin, Leu,
Tie, Phe, or Trp, the mumbering of amino acid restdues being in accordance with that
of SEG ID NO: 1.

(8618} In some embodiments, the disclosure relates generally to an isolated Bast
DNA polymerase comprising the amino acid sequence of SEQ 1D NO: 2, or a variant
thereot having one or more conservative amino acid substitutions, or g variant
comprising a deletion of the N-terminal methionine. In some embodiments, the Bst
DINA polymerase comprises the amino acid sequence of SEQ 1D NG: 2. In some
embodiments, the disclosure relates generally to an isolated variant of a protein
comprising the amino acid sequence shown in SEQ 1D NOG: 2, wherein the variant
comprises an amino acid sequence that is at least 95% identical to SEQ 1D NO: 2.
18619} In some embodiments, the DNA polymerase is a Therminator™ DNA
polymerase comprising one or more conservative anmuno acid substitutions that
substantially reduce its buffering capacity relative to the corresponding wild-type
protein within the range of about pH 7 to about pH 9, wherein the one or more
conservative amino acid substitutions are selected from the group consisting of!
histidine to arginine, glutamic acid to glutamine, lysine fo arginine and fyrosing to
phenyvlalanine. In some embodiments, the one or more conservative amino acid
substitutions are of one or more amino acid residues shown in Table 5.

18620} In some embodiments, the DNA polymerase is a KOD DNA polymerase
comprising one or more conservative amino acid substitutions that substentially
reduce s buffering capacity relative to the corresponding wild-type protein within the
range of about pH 7 to about pH 9, wherein the one or more conservative amino acid
substitutions are selected from the group consisting of: histidine to arginine, glutamic

acid to glotamine, lysine to arginine and tyrosine to phenvialanine. In some
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embodiments, the one or more conservative aming acid substifutions are of one or
more arino acid residues shown in Table 6.

(8821} In some embodiments, the DNA polymerase 1s a B103 DNA polymerase
COMPrISiNg ONe Of MOore conservative amino acid substitutions that substantially
reduce its buffering capacity relative to the corresponding wild-tvpe protein within the
range of about pH 7 to about pH 9, wherein the one or more conservative amino acid
substitutions are selected from the group consisting of: histidine to arginine, glutamic
acid to glutamine, lysine to arginine and tyrosine to phenyialanine. In some
embodiments, the one or more conservative aming acid substitutions are of one or
more arine acid residucs shown in Table 7.

18622} In other embodiments, the isolated protein comprising one or more amino
acid substitutions that reduce the buffering capacity of said protein relative to the
corresponding wild-type protein within the range of about pH 4 to about pH 1015 a
single stranded DNA binding protein (S8B).

iB8623] In some embodiments, the SSB comprises one or more conservative aming
acid substitutions that substantially reduce its buffering capacity within the range of
pH 7 to pH 9. In further embodiments, the one or more conservative amino acid
substitutions are selected from the group consisting of histidine to arginine, ghutamic
acid to glotamine, aspartic acid to asparagine, tyvsine to arginine, and tyrosing o
phenylalanine. In some embodiments, the SSB s E. coli 35B. In further
embodiments, the one or more conservative amino acid substitutions are of one or
more aniino acid residues shown in Table 4. In some embodiments, the SSB
comprises the amino acid substitution K7R.

{8824} In some embodiments, the disclosure relates generally to an isolated protein
comprising one or more aming acid substitutions that reduce the buffering capacity of
said protein relative to the corresponding wild-type protein within the range of about
pH 4 to about pH 10, wherein at least one of the one or more amino acid substitutions
imchides a substitution of an anino acid residue having a pKa within the range of
about 4.0 1o about 10.0 with another aminoe acid residue. In some embodiments, the
pka of the amino acid residue is a solution pKa of the amino acid residue. In other
embodiments, the pKa of the amine acid residue 1s a pKa of the amino acid residue in
the context of the corresponding wild-type protein.

(8628} In some embodiments, at least one of the one or more amino substitutions
imchides a substitution of an amino acid residue having a pKa of between about 4.0
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and about 10.0 with an amino acid residue having a pKa that is greater than about
10.0 or less than about 4.0, In further erabodiments the amino acid residue having a
pia that is greater than about 10.0 or less than about 4.0 is selected from the group
consisting of: Arg, Asp, Gin, Lys, He, Leu, Norleucine (Nle), Met, Phe, Ser, Thr, Trp,
Val and N-terminal Formylmethionine (N-fMet}).
[8626] In some erobodiments, al least one of the one or more amino acid
substitutions includes a substitution of an amino acid residue having a pKa within the
range of about 6.0 to about 8.0 with another amino acid residue.
(86271 In some embodiments, at least one of the one or more aming acid
modifications includes a substitution of an amino acid residue having a pKa of
ctween about 6.0 and about 8.0 with an amino acid residue having a pKa that is
greater than about 8.0 or less than about 6.0,
[8628] In some erobodiments, al least one of the one or more amino acid
substitutions includes a substitution of an amino acid residue selected from the group
consisting of His, Glu, Asp, Tyr, and Lys with another amino acid residue.
(86291 In some embodiments, at least one of the one or more aming acid
modifications includes a substitution of an amino acid residue with an alanine residue.
(8636} In some embodiments, at least one of the one or more amino acid
substitutions includes a substitution of an amino acid residue that is at least 30%
solvent exposed in the corresponding wild-type protein with another amino acid
residue.
18831} In some embodiments, the disclosure relates generally to an isolated protein
comprising one or more chemical amino acid moditications that reduce the butfering
capacity of said protein relative to the cotresponding wild-type protein within the
range of about pH 4 to about pH 10. In some embodiments, the one or more chemical
amino acid modifications includes a chemical modification of the N-terminal amino
acid. In some embodiments, the one or more chemical aming acid modifications
imchides a chemical modification of an amino acid residue mcluding a primary anune
group with an amine-reactive agent. In some embodiments, the amine-reactive reagent
meludes an acylating agent or an activated cster,
(8832} In some embodiments, the disclosure relates generally to an isolated
polymcrase protein comprising one or more amino acid additions, substitutions,

deletions or chemical modifications that reduce the buffering capacity of said protein
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relative to the corresponding wild-tvpe protein within the range of about pH 4 to
about pH 10, wherein the isolated protein retains polymerase activity,

(8833} In other ermbodiments, the disclosure relates generally to an isolated protein
of any of the embodiments described above, further including an affinity tag, a label,
a chemical moiety, a radionuclide, an enzyme, a fluorescent marker, a
chemilumnescent marker, or a combmation thereof, In other embodiments, the
isolated protein is coupled to a polymer, a support, or a sensor.

188341 In other embodiments, the disclosure relates generally o an isolated nucleie
acid that is at least 80% identical to a nucleic acid encoding a protein of any of the
embodiments described above. In further embodiments, the disclosure relates
generally fo a vector comprising the isolated nucleic acid. In further embodiments, the
disclosure relates generally to a host cell comprising the vector. In some
embodiments, the host cell 18 a bacierial cell. In some embodiments, the bacterial cell
has a reduced activity of methionine aminopeptidase (MAP) relative to a
corresponding wild-type bacteria cell.

188351 o other embodiments, the disclosure relates generally to a kit comprising an
isolated protein of any of the embodiments described above.

8836} In some embodiments, the disclosure relates generally to an isolated protein
comprising one or more amine acid additions, substitutions, deletions or chemical
modifications that reduce the buffering capacity of said protein relative to the
corresponding wild-type protein within the range of about pH 4 to about pH 10,
wherein the one or more amino acid substitutions substantially reduce the average
mumber of sequencing errors obtamed from an ion-based sequencing reaction using
satd protein, relative to the mumber of sequencing errors obtained from an ton-based
sequencing reaction using the corresponding wild-type protein,

86371 In some embodiments, the disclosure relates generally to an isolated nucleic
acid binding polypeptide of elaim comprising one or more amino acid substitutions,
deletions or chemical modifications that reduce the buffering capacity of said protein
relative to the corresponding wild-tvpe protein within the range of about pH 4 to
about pH 10, wherein the one or more amino acid substitutions, deletions or chemical
maodifications increase the average length of sequencing reads having at least 90%
accuracy obiained from an ion-based sequencing reaction using said, relative to
average length of sequencing reads having 909 accuracy obtained from an ion-based
sequencing reaction using the corresponding wild-type protein.
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[B338] In some embodiments, the disclosure relates generally to a method for
meorporating at least one mucleotide into a privaer, comprising: contacting a nucleic
acid duplex including a template nucleic acid and a primer with a polvmerase
comprising one or more aming acid substitutions, deletions or chemical modifications
that reduce the buffering capacity of said polymerase relative to the corresponding
wild-type polyvmerase within the range of about pH 4 to about pH 10 i the presence
ot one or more nucleotides, and incorporating at least one nucleotide info the primer
in a template-dependent fashion using said polymerase.

(86391 In some embodiments, the disclosure relates generally to methods for
sequencing a nucleie acid using the moditied proteins.  In one exenplary
cembodiment, the disclosure relates generally to a method for obtaining sequence
imformation from a nucleie acid template, comprising:

(a) providing a template nucleie acid hybridized to a sequencing primer and
bound to a polymerase, wherein the polymerase comprises one or more aming acid
substitations that substantially reduce its butfering capacity within the range of about
pH 4 to about pH 10;

{b) synthesizing a new nucleic acid strand by sequentially incorporating one
or more nucieotides at the 3° end of the sequencing primer, wherein a hydrogen ion
byproduct is generated when the nuclestide s complementary to corresponding
nucleotides in the template nueleic acid; and

{¢} detecting the incorporation of the one or more nucleotides into the
sequencing primer by detecting the release of hydrogen ions.

[8848] o some embodiments, the polymerase 1s a Bst DNA polymerase. Tn further
embodiments, the one or more conservative amino acid subsiitutions within the
polymerase are of one or more amino acid residues shown it Table 2 or Table 3. In
further embodiments, the one or more conservative amino acid substitutions are
selected from the group consisting of H341R, H368R, HS76R, E741Q, HT6ER,
HE823R, H8GTR and Y772F. In some cmbodiments, the polymerase includes the
amino acid sequence of SEQ ID NO: 2, or a variani thereof including one or more
conservative amino acid substitutions, or a variant comprising a deletion of the N-
terrainal methionine,

(8641} In some embodiments, the method further comprises providing an SSB,
wherein the SSB comprises one or more conservative amino acid substitutions that
substantially remove its butfering capacity within the range of pH 710 pH 9. In
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further embodiments, the S8B is E. coli S5B. In further embodiments, the one or
more conservative amino acid substitutions in the 388 are of one or more amino acid
esidues shown in Table 4.
(6642} In another embodiment, the disclosure relates generally to a method for
sequencing a nucleie acid, comprising: (a} disposing a phuality of template nucleic
acids into a plurality of reaction chambers, wherein one or more of the reaction
chambers are in contact with a field effect transistor {(FET), and contacting at least one
sf the template nucleic acids with a polymerase inchuding one or more conservative
amino acid substitutions that substantially redoce its buffering capacity within the
range of pH 7 to pH 9; (b) synthesizing a new nucleic acid strand by sequentially
meorporating one or more nucieotides into a nucleic acid molecule and generating one
or more hydrogen ions as a byproduct of such nucleotide incorporation; and
(¢} detecting the incorporation of the one or more nucleotides by detecting the
generation of the one or more hydrogen ions using the FET,
188431 In some embodiments, the detecting inchudes detecting a change in voltage
and/or current at the at least one FET within the array in response to the geveration of
the one or more hydrogen ions,
(6644} In some embodiments, the FET is sclected from the group consisting of ion-
sensitive FET (isFET) and chemically-sensitive FET {chemFET).
18645] In some embodiments, the polymerase is Bst DNA polymerase. In further
embodiments, the one or more conservative amino acid substitutions within the
polymerase are of one or more amino acid residucs shown in Table 2 or Table 3. In
further embodiments, the one or more conservative amno acid substitutions are
selected from the group consisting of H34 1R, HS68R, HA76R, E741(, HT68R,
HEZ3R, HEOTR and Y772F. In some embodiments, the polymerase inchides the
amino acid sequence of SEQ 1D N{» 2, or a vanant thereot having one or more
conservative amino acid substitutions, or a variant comprising a deletion of the N-
termunal methionine.
[B8346] In some embodiments, the method further comprises providing an SSH,
wherein the 55B comprises one or more conservative amino acid substitutions that
substantially remove its buffering capacity within the range of pH 7 to pH 9. In
further embodiments, the SSB is E. coli SSB. In further embodiments, the one or
more conservative aming acid substitutions i the SSB are of one or more aming acid
residues shown in Table 4.
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188471 In another embodiment, the disclosure relates generally to a method for
sequencing a nucleic acid comprising:

{(a} disposing a plurality of solid or semi-solid supports 1nto a plurality of
reaction chambers on a sensor array formed in a semiconductor substraie, at least ane
reaction chamber inclading a polymerase, a sequencing primer and a single solid or
semt-solid support attached to a plurality of template nucleic acids having at least
8% sequence identity to cach other, wherein the polymerase comprises one or more
amino acid substitutions that substantially remove its butfering capacity within the
range of pH 7 to pH 9, and cach reaction charber 1$ 1o contact with or capacitively
coupled fo a sensor including a FET configured to provide at least one output
reprasenting the presence of one or more hydrogen ions in the reaction chamber;

(b} introducing at feast one mucieotide into the at east one reaction chamber
and incorporating the at least one nucleotide into the primer using the polymerase,
thereby generating one or more hydrogen ion byproducts;

(¢} detecting the mcorporation of the at least one nucleotides by detecting the
presence of the hydrogen ion byproducts.

{8048} In some embodiments, the method further includes repeating steps (a)
through (¢} until the nucleic acid is sequenced.

18849} In some embodiments, the method further includes a step of washing
unincorporated nucleotides from the at least one reaction chambers,

18650]  In some ernbodiments, the method further includes repeating steps {a)
through (¢} as wel as the washing step untif the nucleis acid s sequenced.

18881} In some embodiments, the polymerase 1s Bst DNA polymerase. In further
embodiments, the one or more conservative amino acid subsiitutions within the
polymerase are of one or more amino acid residues shown it Table 2 or Table 3. In
further embodiments, the one or more conservative amino acid substitutions are
selected from the group consisting of H341R, H368R, HS76R, E741Q, HT6ER,
HS23R, H8GTR and Y772F. In some embodiments, the polymerase fncludes the
amino acid sequence of SEQ ID NO: 2, or a variant thereof having one or more
conservative amino acid substitutions, or a variant comprising a deletion of the N-
termainal methionine,

(8652} In some embodiments, the method further comprises providing an SSB,
wherein the SSB comprises one or more conservative amino acid substitutions that
substantially remove its butfering capacity within the range of pH 710 pH 9. In
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further embodiments, the S8B is E. coli S5B. In further embodiments, the one or
more conservative amino acid substitutions i the S8SB are of one or more amino acid
esiducs shown in Table 4.
8653} In a further embodiment, the disclosure relates generally to a method for
reducing the buffering capacity of a protein used in a DNA sequencing or
amplification reaction, comprising making one or more amino acid substitutions in the
protein sequence that substantially reduce the protein’s buffering capacity within the
range of about pH 4 to about pH 10,
[8634] In some embodiments, the amine acid substitutions substantially redoce the
protein’s buffering capacity within the range of about pH 7 to about pH 9.
(8688} In some embodiments, at least one of the one or more amino acid
substitutions includes a substitution of an amino acid residue having a pKa in the
range of about 4 to about 10 with an amino acid residue having a pKa less than about
4 or greater than about 10,
[B8386] In some embodiments, the protein is a DNA- or RNA-binding protein,
188871 o various embodiments, the protein is a DNA polymerase selected from the
group consisting of a o some embodiments, the DNA polyrmerase is an A family
DNA polymerase selected from the group consisting of a Pol I-type DNA polymerase
such as E. coli DNA polymerase, the Klenow fragment of E. coli BNA polymerase,
Bst DNA polymerase, Tag DNA polymerase, Platinom Tag DNA polvmerase scries,
T7 DNA polymerase, and Tth DNA polymerase; a B family DNA polymerase
selected from the group consisting of Bst polymerase, Th polymerase, Pfu
polymerase, Plutubo polymerase, Pyrobest polymerase, Pwo polymerase, KOD
polymierase, Sac polymerase, Sso polymerase, Poc polymerase, Pab polymerase, Mth
polymerase, Pho polymerase, ES4 polymerase, VENT polymerase, DEEPVENT
polymerase, phage PhiZ9 polymerase, and phage B103 polymerase; a mixed-type
polymerase selected from the group consisting of EX-Tag polymerase, LA-Taqg
polymerase, Expand polymerase series, and Hi-Fi polymerase; an unclassified DNA
polymerase selected from the group consisting of Thr polymerase, TH polymerase,
Tru polymerase, Tac polymerase, Toe polymerase, Tma polymerase, Tih polymerase,
and T polymerase; and an RT polymerase selected from the group consisting of HIV
reverse franseriptase, M-MLYV reverse transcriptase and AMY reverse transcriptase.
86588} In some embodiments, the polymerase is Bst DNA polymerase. In further
embodiments, the one or more conservative aminoe acid substitutions within the
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polymerase are of one or more amino acid residucs shown in Table 2 or Table 3. In
further embodiments, the one or more conservative amno acid substitutions are
selected from the group consisting of H34 1R, HS68R, HA76R, E741(, HT68R,
HEZ3R, HEOTR and Y772F. In some embodiments, the polymerase inchides the
amino acid sequence of SEQ 1D N{» 2, or a vanant thereot having one or more
conservative amino acid substifutions,

188591 In some embodiments, the method further comprises providing an SSB,
wherein the SSB comprises one or more conservative amino acid substitutions that
substantially remove its buffering capacity within the range of pH 7 to pH 8. In
further embodiments, the SSB is E. colt SSB. In further embodiments, the one or
more conservative aming acid substitutions in the SSHB are of one or more aming acid
residues shown in Table 2.

[8666] In a further embodiment, the disclosure relates generally {0 a8 method of
detecting a nucleotide incorporation, comprising:

{a} performing a nucleotide incorporation using a modified polymerase and
generating one or more hydrogen 1ons as a by-product of the nucleotide incorporation,
where the modified polymerase ncludes onc or more amino acid substitutions that
reduce the buffering capacity of the modified polymerase relative to the unmodified
polymerase; and

(b detecting the presence of the one or more hydrogen tons generated as a
by-product of the nucleotide incorporation, thereby detecting the nucleotide
incorporation.

188611 In some embodiment, the modified polymerase includes one or more amino
acid substitutions that reduce the buffering capacity of the modified polymerase
within the pH range of about 4 to about 10 relative to the unmodified polymerase.
18662} In some embodiments the detecting comprises using an ton-sensitive field
effect transistor (ISFET). In some embodiments the ISFET is in an ISFET array.
18663] In some erabodiments the reaction is performed in a reaction chamber
comprising or capacitively coupled to a chemFET.

[8864] In some embodiments, the reaction 18 in the presence of an agent that alters
the value of a pKa of at least an amino acid in the modified polypeptide from within
the range of about § to about & to less than about 6 or greater than about 8. In some

cmbodiments, the agent is a phospholipid, a sulfonic acid surfactant, a polyanionic
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electrolyte or a salt thereot, a polycationic electrolyte or a salt thereof, tetramethyl
amponiurn or g salt thereof, or a combination thereof.

(8865} In some embodiments, the method further comprises repeating steps aj-b).
18866} In a further aspect, the disclosure relates generally to a method of detecting a
change in ion concentration during a chemical reaction, comprising:

(a)  performing a chemical reaction in the presence of a modified
polvpeptide having one or more amino acid substitutions, wherein the concentration
st at least one type of on changes during the course of the chemical reaction; and

{by detecting a signal indicating the change in ion concentration, wherein
the signal is increased relative to a signal that is detected from a chemical reaction
performed in the presence of the unmodified polypeptide but under otherwise
identical reaction conditions.

18667] In some embodiments the modified polypeptide includes one or more amino
acid substitutions that reduce the buffering capacity of the modified polypeptide
relative to the unmodified polypeptide.

[B068] In some embodimenis at feast one of the one or more amino acid substitutions
meludes the substitution of an amuno acid residue having a pKa of between about 4
and 10 with another amino acid residue having a pKa less than about 4 or greater than
about H

18669] In some embodiments the modified polypeptide is a modified polymerase,
and the chemieal reaction mcludes a nucleotide incorporation.

184701 In some embodiments the detecting comprises using a chemFET. In some
embodiments the chemFET is an ISFET. In some embodiments, the ISFET s in an
ISFET array.

(8671} In some embodiments, the chemical reaction is performed in a reaction
chamber comprising or capacitively coupled to a chemFET.

186721 In some embodiments, the chemical reaction 1s in the presence of an agent
that alters the value of a pKa of at least an anuno acid in the modified polypeptide
from within the range of about 6 to about 8 to less than about 6 or greater than about
8. In some embodiments, the agent is a phospholipid, a sulfonic acid surfactant, a
polyanionic electrobyte or a salt thereof, a polyeationie electrolyie or a salt thereof,
tetramethy] anunontum or a salt thereof, or a combination thereof.

186731 In some embodiments, the at least one type of ion is hydrogen ion,
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188741 In some embodiments, the reaction is an enzymatic reaction or a binding
reaclion.

[8675] In some embodiments, the chemical reaction is an enzyraatic reaction. In
some embodiments the enzymatic reaction is a nucicotide ncarporation reaction.

18676] In some embodiments, the method further comprises repeating steps aj-b).

BRIEY DESCRIPTION OF THE FIGURES

188771 Figure 1 shows the amino acid sequence of the large fragment of the Bst
DINA polymerase. The conserved polymerase motifs are highlighted and underhined,
and the invariant restducs within these motifs are shown in bold.

18678} Figure 2 shows a sequence alignment of the amino acid sequences of the
bactertophage B103 DNA polymerase and the Phi29 BNA polymerase.

18679} Figure 3 shows the S0Q17 vs. Kevpass for a sequencing reaction using the
unmodificd Bst DNA polymerase having the amino acid sequence of SEQ ID NGO 1
("manta”} and the modified Bst DNA polymerase having the amino acid sequence of
SEQID NO: 2 (fion™),

{8088} Figure 4 shows the 100Q17 vs. Keypass for a sequencing reaction using the
unmodified Bst DNA polymerase having the amino acid sequence of SEQ D NGO 1
{“manta”} and the modified Bst DNA polymerase having the amino acid sequence of
SEQ D NO: 2 ("ion”).

18681} Figure S shows the Carryforward vs. S00Q17/Kevpass for a sequencing
reaction using the unmodified Bst DNA polvmerase having the amino acid sequence
of SEQ 1D NO: T (Pmanta”™) and the modified Bst DNA polymerase having the amino
acid sequence of SEQ HI NO: 2 ("ion™).

{8082} Figure 6 shows some exemplary data obtained from an ion-based sequencing
reaction using a modified polymerase having the amino acid sequence of SEQ 1D NO:
2 ("ion™) and a reference polyvmerase having the amino acid sequence of SEQ ID NO:
1. The fivst four rons (Run Nos. §-4) were performed using a modified polymerase
having the amino acid sequence of SE(} ID NO: 1, while the last three rons (Rum Nos.
5-7y were performed using the reference Gunmodified) Bst polymerase having the

anuno acid sequence of SEQ 1D NO: 1.
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DETAILED BESCRIPTION

180831 All patents, patent applications, published applications, treatises and other
publications referred fo hercin, both supra and infra, are incorporated by reference in
their entirety. If a definition and/or description is explicitly or implicitly set forth
herein that is contrary to or otherwise inconsistent with any definition set forth in the
patents, patent applications, published applications, and other publications that are
hercin incorporated by reference, the definition and/or description set forth herein
prevails over the definition that is incorporated by reference.

[8084] Unless otherwise defined, all terms of art, notations and other scientific terms
ot ternunology used herein are infended to have the meanings coramonly understond
by those of skifl in the arts to which this disclosure pertains. In some cases, terms
with commonly understood meanings are defined herein for elarity and/or for ready
reference, and the inclusion of such definitions herein should not necessarily be
construed to represent a substantial difference over what is generally understood in
the art.

[8885] Throughout this disclosure, various amino acid mutations, including, for
exaraple, amino acid substitutions are referenced using the amino acid single letter
code, and indicating the position of the residue within a reference amino acid
sequence. In the case of amino acid substitutions, the identity of the substituent is
also mndicated using the amino acid single letter code. For example, a reference to the
hypothetical amuno acid substitution “D66A, wherein the numbering is relative to the

mray

amino acid sequence of SE( 1D NO: 77 indicates an amino acid substitution wherein
a leucine (L) residue 1s substituted for the normally ocourning phenvlalanine (F)
residue at amino acid position 383 of the amine acid sequence of SEQ ID NG 7,
Many of the amino acid sequences disclosed herein begin with a methionine residue
("M}, which is typically introduced at the beginning of nucleic acid sequences
encoding peptides desired to be expressed in bacterial host cells. However, it is to be
understood that the disclosure also encorapasses all such amuno acid sequences
beginning from the second amine acid residue onwards, without the inclusion of the
first methionine residue.

[8086] As used herein, the form “amino acid” and its variants include without
exception naturally occurring and synthetic amino acids, as well as amino acid
analogs and amino acid mimetics that function in a manner similar to the naturally
occurring amino acids. Naturally occurring amine acids are those encoded by the
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genetic code, including selenomethionine, as well as those amino acids that are
modified afier incorporation into a polypeptide, ¢.g., hydroxyproline, v~
carboxyglutamate, O-phosphoserine, and cystine. “Amino acid analog” refers to
compounds that have the same basis chemical structure as a naturally occurring amino
acid, 1.¢., an a-carbon that 18 bound by a hydrogen, a carboxyl group, an amino group,
and an R group, e.g., homoserine, norleucine, methionine sulfoxide, methionine
methyl sulfonium. Such analogs have modified R groups (e.g., norleucine) or
maodified peptide backbones, but retain the same basic chemical structure as a
naturally occurring amino acid. “Amino acid mimetic” refers to chemical compounds
that have a structare that is differcnt from the general chemical struchure of an amino
acid, but that functions n a manner similar to a naturally occurring amino acid.
Amino acids may be referred to herein by cither their commonly known three fetter
symbols or by their one letier symbols.

[BG87]  As used herein, the term “percent (96) amine acid sequence identity” and i
variants, when used in reference to one or more polypeptide sequences, is defined as
the percentage of amino acid residucs in a candidate sequence that are identical with
the amino acid residues in the reference polypeptide sequence, atier aligning the
sequences and introducing gaps, i necessary, to achieve the maximur pereent
sequence identity, and not considering any conservative substitutions as part of the
sequence identity. Alignment for purposes of determining percent amino acid
sequence identity can be achieved in vartous ways that are within the skill in the art,
for instance, using publicly available computer software such as BLAST, BLAST-2,
ALIGN or Megalign (DNASTAR) software. Those skilled in the art can determine
appropriate parameters for aligning sequences, including any algorithms needed to
achicve maximal alignment over the full length of the sequences being compared.
18088]  As used herein, the terms “polynucleotide” and “oligonucientide” and their
variants, which can be used interchangeably, include a linear polymer of nucleotide
monomers. Monomers making up polynucleotides and oligonucleotides are capable of
specifically binding to a natural polynucleotide by way of a regular pattern of
monomer-fo-monomer interactions, such as Watson-Crick type of base pairing, base
stacking, Hoogsteen or reverse Hoogsteen types of base pairing, or the like. Such
monomers and their internucleosidic linkages may be naturally occurring or may be

analogs thereof, ¢.g. naturally occurring or non-paturally occurring analogs. Non-
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naturally occurring analogs may include PNAs, phosphorothicate internucleosidic
inkages, bases confaining linking groups permitting the attachiuent of labels, such as
fluorophores, or haptens, and the ke, Whenever the use of an oligonucicotide or
polymucleotide requires enzymatic processing, such as extension by a polymerase,
ligation by a ligase, or the like, one of ordinary skill would understand that
oligonucieotides or polynucleotides mn those instances would not contain certain
analogs of internucleosidic linkages, sugar moieties, or bases at any or some
positions. Whenever a polynucleotide or sligomucleotide is represented by a sequence
ot letters (upper ot lower case), such as "TATGCCTG," it will be understood that the
nucleotides arc in 5" to 3 order from left to right and that "A" denotes
deoxyadenosine, "C" denotes deoxyeytidine, "G" denotes deoxyguanosine, and "1
denotes thymidine, 1" denotes deoxyinosing, "U" denotes uridine, unless otherwise
indicated or obvious from context. Unless otherwise noted the terminology and atom
numbering conventions will foliow those disclosed in Strachan and Read, Human
Molecular Genetics 2 (Wiley-Liss, New York, 1999). Usually polynucieotides
comprise the four natural nucleosides {e.g. deoxyadenosine, deoxyeytidine,
deoxyguanosine, deoxvihymidine for DNA or their ribose counterparts for RNA)
tinked by phosphodiester linkages; however, they may also comprise non-natural
nucleotide analogs, ¢.g. inchuding modified bases, sugars, or internucleosidic linkages.
It is clear to those skalled in the art that where an enzyme has specific oligonucieotide
or polynucleotide substrate requirements for activity, ¢.g. single stranded DNA,
RNA/DNA duplex, or the like, then selection of appropriate composition for the
oligonucieotide or polynucleotide substrates is well within the knowledge of one of
ordinary skill, especially with guidance from treatises, such as Sambrook et al,
Molecular Cloning, Second Edition {Cold Spring Harbor Laboratory, New York,
1989}, and like references.

18689] As used herein, the term “primer” and its variants include any polynucleotide,
either natural or synthetic that is capable, upon forming a duplex with a
polynucleotide template, of acting as a point of inttiation of nucleic acid synthesis and
being extended from its 3' end along the template so that an extended duplex is
formed. The primer need not exiubit 100% coraplementarity with the polynucleotide
teraplate, and may hybridize only partially with the nucleic acid template in order to
be capable of initiating mucleic acid synthesis. Extension of a primer is usually
carried out with a nuclete acid polymerase, such as a DNA or RNA polymerase, The
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sequence of nucleotides added in the extenston process is typically determined by the
sequence of the template polymucleotide. In some embodiments, teraplate-dependent
nucleotide incorporation proceeds according to standard base-pairing paradigms, such
as the Watson-Crick paradigm wherein A nucleotides typically pair with T or U, and
G typically patrs with C. In other embodiments, the order of nucleotide incorporation
can be governed by any other, non-traditional base pairing paradigm.

188901 In some embodiments, primers can be extended by a BNA polymerase or an
RNA polymerase. The primers can optionally have a length in the range of from 14
to 40 nucleotides, or in the range of from 18 to 36 nucleotides. Primers can be
emploved in a varicty of nucleic amplification reactions, for example, Hoear
amplification reactions using a single primer, or polymerase chain reactions,
cemploying two or more primers, Guidance for selecting the lengths and sequences of
primers for particolar applications is well known to those of ordinary skill in the art,
as evidenced by the following references that are mcorporated by reference:
THeffenbach, editor, PCR Primer: A Laboratory Manual, 2 sup.nd Edition {(Cold
Spring Harbor Press, New York, 2003).

(8091} In some embodiments, the disclosure relates generally to modified proteins
having altered, e.g., increased or reduced, buffering capacities. Such moditied
proteins have atility, for example, in ion-sensitive reactions that involve the detection
and/or quantification of ion byproducts (e.g., H+ ion or OH- ion byproducts) in the
presence of the protein. Detection of such ion byproducts can be complicated by the
infrinsic buffering capacity of the protein, which may result in binding of the protein
to one ot more on byproducts, thereby reducing the number of lon byproducts
available for detection and/or gquantification.  Use of a modified protein having a
reduced buffering capacity can reduce or eliminate such complications, thereby
imcreasing the amount of jons available for detection and/or quantification.

186921 As used herein, the terms “butfering capacity” and ils variants refor, among
other things, to the ability of a composition to bind a particular type of ion (typically
H+ tons or OH- ions) in solution.  The greater the degree to which the particular type
ton can be, or is, bound by composition, the higher the buffering capacity of the
composition.  For example, in some embodiments the buffering capacity of a
particular composition {g.g., a protein} can be defined as the total mass of H+ ions {(in
moles or mitlimoles) absorbed by a umit mass {(e.g., moles or millimole) of the
composttion {e.g., protein) under defined reaction conditions. Proteins typically
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exhibit a buffering capacity, which can be influcnced by the number and type of side
chains in the amino acid residues within the profein. o other embodiments, the
buffering capacity of a composition can be measured as the composition’s resistance
to pH change upon addition of acid or base in solution. In such embodiments, the
buffering capacity of a protein may be determined by performing a conventional pH
firation on a known quantity of the candidate protein and determining the
characteristics of the titration curve in the pH range of inferest.

188931 Typically, the modified proteins include one or more amino acid
modifications, while the reference protein lacks at least one of these modifications. Tn
some embodiments, the one or more anuno acid modifications can alter {e.g., increase
or reduce) the buffering capacity of the modified protein relative to the buffering
capacity of the reference protein. The one or more modifications can include one or
more amine acid substitutions, deletions, additions or chemical modifications.  In one
typical embodiment, the modified protein and the reference proteins are polymerases.
18894} The reforence protein can be any suttable protein whose buffering capacity
can be measured and corapared to the activity of a modified protein of the present
disclosure,  In some cmbodiments, the modified proteins include one or more amino
acid modifications, while the reference protein lacks at least one of these
modifications but is otherwise identical to the modified protein. In some
ernbodiments, the reference protein can be the unmnodified counterpart of the modified
proteing for example, the reference protein can be the wild-type counterpart of the
modified protein. In some embodiments, the reference protein is a naturally occurring
protein.

[8695] In some embodiments, the modified proteins of the disclosure can exhibit
reduced buffering capacity in a desired pH range. For example, in some
cmbodiments, the reduced buffering capacity is manifested, or can be observed,
within the range of from about pH 4 to about pH 10, or from about pH 5.5 to about
pH 9.5, or from about pH 7 to about pH 9.

[B8896] In some embodiments, the modified proteins of the disclosure can exhibit
reduced buffering capacity such that relative small changes in concentration of
hydrogen ions n a solution comprising the protein will produce relatively large
changes in measured pH; such changes are typically greater than the changes in

measured pH observed using the unmodified counterpart of the modified protein.
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188971 In some embodiments, the disclosure relates generally to modified proteins
that have reduced buttering capacity relative to the corresponding uninodified {e.g.,
wild type protein).

(6698} In some embodiments, the modified protein comprises one or More amino
acid substitutions that reduce the buffering capacity of the modified protein relative to
the corresponding wild-type protein within the range of about pH 4 to about pH 10,
wherein at least one of the one or more amino acid substifitions includes a
substitation of an amine acid residue having a pKa within the range of about 4.0 to
about 10.0 with another amino acid residue. In some embodiments, the pKa of the
amuino acid residuc 15 a solution pKa of the amino acid residue. In other embodiments,
the pKa of the amino acid residuc is a pKa of the amino acid residue in the context of
the corresponding wild-type protein.

[8689] In some ernbodiments, at least one of the one or more amino substitutions
includes a substitution of an amino acid residue having a pKa of between about 4.0
and about 10.0 with an amino acid residue having a pKa that is greater than about
10.0 or less than about 4.0, In further erabodiments the amino acid residue having a
pia that is greater than about 10.0 or less than about 4.0 is selected from the group
consisting of: Arg, Asp, Gin, Iy, fle, Leu, Norleucine (Nle}, Met, Phe, Ser, Thr, Trp,
Val and N-terminal Formylmethionine (N-fMet}).

(861661 In some ernbodiments, al least one of the one or more amino acid
substitutions includes a substitution of an amino acid residue having a pKa within the
range of about 6.0 to about 8.0 with another amino acid residue.

(86181} In some embodiments, at least one of the one or more aming acid
modifications includes a substitution of an amino acid residue having a pKa of
between about 6.0 and about 8.0 with an amino acid residue having a pKa that is
greater than about 8.0 or less than about 6.0,

[86162] In some erobodiments, al least one of the one or more amino acid
substifutions includes a substitution of an amino acid residue sclected from the group
consisting of His, Glu, Asp, Tyr, and Lys with another amino acid residue.

[86183] In some embodiments, at least one of the one or more aming acid
modifications includes a substitution of an amino acid residue with an alanine residue.
(86184} In some embodiments, at least one of the one or more amino acid

substitutions includes a substitution of an amino acid residue that is at least 30%
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solvent exposed in the corresponding wild-tvpe protein with another amino acid
residue.

[88185] In some embodiments of the method, the polymerase comprises one or more
chemical amino acid modifications that reduce the buffering capacity of said protein
relative to the corresponding wild-type protein within the range of about pH 4 to
about pH 106, In some embodimuents, the one or more chemical amino acid
moditications inciudes a chemical modification of the N-terminal amino acid. In some
embodiments, the one or more chemical amino acid modifications inchudes a chemical
modification of an amino acid residue including a privoary amine group with an
amune-reactive agent. In some embodiments, the amine-reactive reagent includes an
acylating agent or an activated ester.

186166} In some embodiments, at least one of the one or more amino acid
modifications of the modified protein includes a substitation of an amino acid residue
having a pKa of between about 4.0 and about 10.0 with an amino acid residue having
a pKa that is greater than about 10.0 or less than about 4.0, In some embodiments, the
amino acid residue baving a pKa that is greater than about 10.0 or less than about 4.0
is selected from the group consisting of! Arg, Asp, Gin, ly, He, Leu, Norleucine (Nie),
Met, Phe, Ser, Thr, Trp, Val and N-terminal Formylmethionine (N-fMet).

186167} In some embodiments, at least one of the one or more amino acid
modifications of the modified protein includes a substitation of an amino acid residue
having a pKa within the range of about 6.0 to about 8.0 with another amino acid
residue. The pKa can optionally be the solution pKa or the whole-protein pKa of the
amino acid residue.

[80108] In some embodiments, at least one of the one or more amine acid
madifications of the modified protein includes a substitution of an amino acid residue
having a pKa of between about 6.0 and about 8.0 with an amino acid residue having a
pKa that 1s greater than about 8.0 or less than about 6.0, In some embodiments, the
amine acid to be substituted s His, Glu, Asp, Tyror Lys.

[B83169] In some embodiments, the modified protein includes at feast one conservative
amino acid substitution selected from the group consisting of His to Arg, Glu to Gln,
Asp to Asn, Lys to Arg, and Tyr to Phe.

(86118} In some embodiments, at least one of the one or more amino acid

modifications inchudes a substitution of an amino acid with an alanine residue.

N2
N2



WO 2011/106766 PCT/US2011/026450

{86111} In some embodiments, at least one of the one or more aming acid
modifications includes a deletion of an amino acid. In some embodiments, at least one
of the one or more deleted amino acids includes an amino acid residue having a pKa
of between about 4.0 and about 10.0. In some embodiments, the amino acid residue
having a pKa that is greater than about 10.0 or less than about 4.0 15 selected from the
group consisting oft Arg, Asp, Gln, 1y, He, Leu, Norleucine (Nie), Met, Phe, Ser, Thy,
Trp, Val and N-terminal Formylmethionine (IN-fMet},

861127 In some embodiments, at least one of the one or more deleted amino acids is
an amino acid residue baving a pKa within the range of about 6.0 to about 8.0 with
another amino acid residue. In some embodiments, the deleted amino acid 15 His, Gly,
Asp, Tyr or Lys.

186113} The buffering capacity of a composition can be measured in various ways,

In some embodiments, the buffering capacity of a8 composition can be measured in
terms of the etfect of the composition upon the concentrations of one or more types of
tons in a solution. For example, the buffering capacity of a protein can be measured
by measuring the H+ ton concentration in an aqueocus sohution that includes the
protein. The solution can optionally include other components such as salts,
nucleotides, and the like, which may or may not independently have buffering
capacity. In other embodiments, the butfering capacity of a composition can be
measured in terms of the amount of strong acid or base required to change the pH of a
composition a given amount., Van Slyke (J. Biol, Chera, 52: 525-570 (1922)) provided
a widely used conventional quantifative measure of buffering capacity, according to
which, for a solution, buffering capacity 1s expressed as the amount of strong acid or
base required to change the pH of one liter of the solution by one pH umit under
standard conditions of temperature and pressure.

(86114} In some embodiments, the modified protein includes one or more
modifications that increase or decrease the buttering capacity of the modified protein
for a particular ton {o.g., H+ ions or OH- tons).  For example, the one or more
modifications can reduce the buffering capacity of the modified protein for hydrogen
ions {¢.g., H ions). Optionally, the reduction in buffering capacity for H' ions is
manitested over a particular pH range. In some erabodirents, the one or more
maodifications can increase the intensity of the signal detected i an H+ ion-sensitive
reaction, where the signal indicates the amount of Ht ions present in the fon-sensitive
reaction. The H+ ion-sensitive reaction can be a nuclete acid sequencing reaction,
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wherein one or more H+ ions are released as a byproduct of mucleotide incorporation
by a polymerase. In some embodiments, the signal indicating the amount of H+ 1ons
present in the 1on-sensitive reaction can be generated using a suitable ficld-effect
transistor (FET), for example a chemFET or an isFET, as described in further detail
below.

(86115} In some ernbodiments, the reduction in buffering capacity of the modified
protein is determined by measuring the buffering capacify of the modified protein for
a particular ion of interest (e.g., hydrogen ions), measuring the buffering capacity of a
reference protein for the same ion, and comparing the buffering capacity of the
maodified protein to the buffering capacity of the reference protein, For exaraple, an
merease or decrease in the buffering capacity for hydrogen ions of particular moditied
protein can be determined by measuring the H+ ion concentration in a solution (“test
solution”) inchiding the modified protein and coraparing it to the H+ ion
concentration in a sofution (“reference solution”) including the reference protemn. In
some embodiments, the modified protein is a mutant polymerase exhibiting reduced
buffering capacity for H+ lons relative to a reforence polymerase (for example, the
corresponding wild-type version of the mutant polyroerase) and the reduction in
buffering capacity is deternuned by measuring the amount of H+ jons detected ina
polymerase reaction solution including the modified protein, which is then compared
to the amount of H+ lons measured in a polymerase reaction solution inchiding the
reference polymerase in hieu of the moditied polymerase. 1o some embodiments, the
amount of H+ ions present in test and/or reference solutions is measured using a FET,
for example a chemFET or an sFET.

188116} As used herein, the terms “huffer”, “buffering agent” and their variants
melude any substance that binds H+ ions or OH- ions in solution.  Typically, such
buffers or butfering agents prevent or reduce any change in the acidity of a solution
when an acid or base is added to the solution. For example, aqueous buffers typically
scavenge H+ or OH- tons 1n an aqueous solution. Buffers can in some embodiments
comprising a conjugate acid-base pair that scavenges the H+ or OH- ions in the
solution. Any buffer will have a pKa value, the pH at which the buffer has its
maximum buffering capacity.  The buffering action of the butfer typically manifests
over a pH range including from at least about one or two pH units below its pKa to at

least about one or two pH units above s pKa value.
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IB81E7] As used herein, the terms “non-buffering” and “bufferless” and their variants,
when used in reference to a protein, refer to a protein having reduced, slight ot no
buffering capacity for a given type of ion (e.g.,. H' ions or OH ions) in a given pH
range. Such proteins can be uscful for ion-based reactions requiring detection of the
ion type in the presence of the protein, For example, a small change in the ion
concentration can increase the amplitude of a signal indicating the ion concentration
in a reaction including the modified protein, relative to a reaction including a protein
having a higher buffering capacity. Typically, such non-buffering proteins inchude
modified proteins that exhibit reduced buffering capacities for a given type of ion
{o.g,. B ions, OH ions) relative to their unmodified counterparts.

86118} In some embodiments, the disclosure relates generally to use of modified
proteins having reduced buffering capacity in mucleic acid sequencing or
amplification reactions. The modified proteins may include both DNA and RNA
binding proteins, Such proteins may or may not be directly involved in macleic acid
extension n such reactions, and may include nucleic acid polymerases, single
stranded DNA binding proteins, ligases, helicases, nucleases, and polymerase
accessory profeins. In some embodiments, the modified protein having altered {(e.g.,
mereased or decreased) butfering capacity is a polymerase. The polymerase can be a
DNA polymerase or an RNA polymerase. As used herein, the term “polymerase™ and
its variants coraprise any enzyme that can catalyze the polymerization of mucleotides
(including analogs thereof) into a nucleic acid strand. Typically but not necessarily
such nuclentide polymerization can occur in a teraplate-dependent fashion.

(86119} In some embodiments, the modified polymerases can be used to sequence
nucleic acids in an ton-based sequencing reaction. One exemplary system is the lon
Torrent PGM™ sequencer {Life Technologies), which is an 1on-based sequencing
system that sequences nueleic acid templates by detecting ions produced as a
byproduct of mucleotide incorporation. Typically, hydrogen jons are released as
byproducts of nucleotide ncorporations occurring during template-dependent nucleie
acid synthesis by a polymerase. The on Torrent PGM™ gequencer detects the
nucleotide incorporations by detecting the hydrogen 1on byproducts of the nucleotide
meorporations. The {on Torrent PGM™ sequencer inchudes a plurality of mucleic acid
templates to be sequenced, cach template disposed within a respective sequencing
reaction well in an array. The wells of the array are each coupled to at east one ion

sensor that can detect the release of H jons or changes in sohution pH produced as a

(9,1
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byvproduct of nucleotide incorporation. The fon sensor comprises a field effect
transistor (FET) coupled to an ion-sensitive detection layer that can sense the presence
of H' ions or changes in sohition pH. The ion sensor provides cutput signals
mdicative of nucieotide incorporation which can be represented as voltage changes
whose magnitude correlates with the H' ion concentration in a respective well or
reaction chamber. Different nucleotide types are flowed serially into the reaction
chamber, and are incorporated by the polymerase into an extending primer (or
polymerization site) in an order determined by the sequence of the template. Each
nucleotide incorporation is accompanied by the release of H' ions in the reaction well,
along with a conconitant change in the localized pH. The release of H tons is
registered by the FET of the sensor, which produces signals indicating the occurrence
of the nucleotide incorporation. Nucleotides that are not incorporated during a
particular nucleotide flow will not produce signals. The amplitude of the signals from
the FET may also be correlated with the number of nucleotides of a particular type
meorporated into the extending nucleic acid molecule thereby permitting
homopolymer regions to be resolved. Thus, during a nun of the sequencer multiple
nuckeotide flows into the reaction chamber along with incorporation monttoring
across a multiplicity of wells or reaction chambers permit the instrument to resolve
the sequence of many nucleic acid templates simultancously.  Further details
regarding the compositions, design and operation of the Ton Torrent PGM™
sequencer can be found, for example, in ULS, Patent Application Ser. No. 12/002781,
now published as U.S. Patent Publication No. 2009/0026082; U S, Patent Application
Ser. No. 12/474897, now published as U.S. Patent Publication No, 2010/0137143; and
LS. Patent Application Ser. No. 12/492844, now published as U8, Patent Publication
No. 2010/0282617, all of which applications are incorporated by reference herein in
their entiretics.

1861281 In some embodiments, the disclosure relates generally to use of the modified
proteins of the present disclosure in methods of ton-based sequencing. Typically, the
moditied protein is a polymerase including one or more amino acid substitutions that
reduce the butfering capacity of the polymerase for H' ions relative to an unmodified
{e.g., wild-type) counterpart under sequencing reaction conditions. Use of such
madified polymerases having reduced buffering capacities in ion-based sequencing
reactions is particularly advantageous because the intrinsic buffering capacity of the
polymerase can reduce the number of B jons available for detection by the FET
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sensor and thus reduce the magnitude of the signal, as well as decrease the signal-to-
notse ratio, associated with nucleotide incorporation.  Such signal faterference
esulting from the polymerase’s buffering properties can result in sequencing errors
and reduce the average error-free read length in an ion-based scquencing system,
188121} In some embodiments, use of modified polymerases having reduced buffering
capacities redaces or eliminates such effects, thereby increasing the maguitude of the
voltage change associated with a particular nucleotide incorporation in an ion-based
sequencing system.
1881221 Tn some embodiments, use of modified polymerases having reduced buffering
capacities for H' ions can increase the magnitude of the signal indicating a nucleotide
meorporation and/or decrease the signal-to-noise rafio for the signal obtained in an
ion-based sequencing systom.
1861231 In some ernbodiments, use of the modified polymerases having reduced
buffering capacities for H' ions increases the average length of error-free sequencing
reads having an error rate of no greater than 1 ervor per 100 nuclestides in an on-
based sequencing system.
(88124} In some embodiments, use of the modified polymerases having reduced
buffering capacities for H ions decreases the average sequencing error rate in an ion-
based sequencing system.
186125} In some embodiments, the moditied polymerases exhibit reduced buffering
capacities in for H' ions in a pH range of from about pH 4 to about pH 10.
Sequencing reactions are typically performed at pH values of from about pH 6 to
about pH 8. In some embodiments, the modified polyruerases exhibit reduced
buffering capacitics in for H' ions in a pH range of from about pH 6 to about pH &,
88126} In some embodiments, the polymerases of the present disclosure can include
without limitation naturally occurring polymerases and any subunits and truncations
thereof, mutant polyruerases, variant polymerases, recombinant, fusion or otherwise
engineered polymerases, chemically modified polvmerases, synthetic molecules or
assemblies, and/or any analogs, derivatives or fragments thereof that retain the ability
to catalyze such polymerization. Optionally, the polymerase can be a mutant
polymierase coraprising one or more mutations involving the replacement of one or
more amine acids with other amino acids, the insertion or deletion of one or more
amino acids from the polymerase, or the linkage of parts of two or more polymerases.
Typically, the polymerase comprises one or more active sites at which nuclectide
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binding and/or catalysis of nucleotide polymerization can occur. Some exemplary
polymerases include without Hmttation DNA polyroerases (such as for example Phi-
29-type DNA polymerase, reverse transcriptases and £, cofi DNA polymerase) and
RNA polymerases. In some embodiments, the modified polymerase can be a fusion
protein comprising at least two portions Hinked to each other, where the {first portion
comprises a first polypeptide that can catalyze the polymernization of nucleotides nto
a nucleic acid strand, where the first portion is linked to a second portion that
comprises a second polypeptide, such as, for example, a reporter enzyme or a
processivity-enhancing domain. One exemplary embodiment of such a polymerase 8
Phusion® DNA polvmerase (New England Biolabs), which comprises a Pyrococcus-
tike polymerase fused to a processivity-enhancing domain as described, for example,
in U.S. Patent No. 6,627.424.

186127 In some embodiments, the modified polymerase is derived from a known
[INA polymerase. The DNA polymerases have been classified into seven different
families, based upon both amino acid sequence comparisons and three-dimensional
structure analyses. The DNA polymerase I (pol I} or type A polyrerase family
meludes the repair polymerases E. coli DNA pol 1, Thermus aguaticus pol 1, and
Bacillus stearothermaophilus pol I, replicative DNA polymerases from some
bactertophages (T3, TS and T7) and eukaryotic mitochondrial DNA polymerases. The
DNA polymerase o {(pol o} or type B polymerase family includes all eukaryotic
replicating DNA polymerases as well as archacbacterial DNA polymerases, viral
DINA polymerases, DNA polymerases encoded in mitochondrial plasmids of various
fungi and plants, and the polymerases from bacteriophages T4 and RB69. Family C
polymierases are the primary bacterial chromosome replicative enzymes. These are
sometimes considered a subset of family Y, which contains the eukaryotic polymerase
pol §, as well as other eukaryotic polymerases such as pol o, pol &, pol i, and terminal
deoxynucleotidyl transferase (TdT). Fanuly D polvmerases are all found in the
Euryarchacota subdomain of Archaca and are thought to be replicative polymierases.
The family Y polymerases are called translesion synthesis (TLS) polymerases due to
their ability to replicate through damaged DNA. They are also known as ervor-prone
polymierases since they have a low fidelity on undamaged templates. This family
includes Pol n, Poll, Pol « {iota), Pol « (kappa), and Revl, and Pol IV and PolV from
E coli. Finally, the reverse transcriptase family includes reverse transcriptases from
retroviruses and eukaryotic polymerases, usually restricted to telomerases. These
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polymerases use an RNA template to synthesize the DNA strand, and are also known
as RNA-dependent DNA polymerases.

88128} In some embodiments, the modified polymerase includes one or more aming
acid mutations that are located outside the catalytic domains of the polymerase. The
catalytic domains of the A family DNA polymerases, B family DNA polymerases and
reverse transcriptases, as well as the RNA-dependent RNA polymerases are well
known; all share a common overal structure and catalytic mechanism. The catalytic
domains of all these polymerases have a shape that has been compared to a right hand

Rl

and consists of “palm”, “thumb” and “finger” domains. The palm domain typically
contains the catalytic site for the phosphoryi transfer veaction. The thumb is thought
to play a role positioning the duplex DNA and in processivity and translocation, The
fingers interact with the incoming nucleotide as well as the template base with which
it is paired. The palm domains are homologous in the A, B and RT famlies, but the
arrangements of the fingers and thumb are different. The thumb domains of the
different polymerase families do share common features, containing parallel or anti-
parallel a-helices, with at least one o -helix interacting with the minor groove of the
primer-template complex. The fingers domain also conserves an o -helix positioned at
the blunt end of the primer-template complex. This helix contains highly conserved
side chains {the B motif}.
[86128] Three conserved motifs, A, B, and € were originally identified for the A
family polymerases. The A and C motifs were also found to be conserved i both the
B family polymerases and the RT polymerases. {Delarue ef al,, Protein Engineering 3:
461-467 (1990)).
[801308] For the A family polymerases, the A motif comprises the consensus
sequence:

DXSXXE (SEQ ID NO: 10y
(66131} The B motif comprises the consensus sequence:

EXXXXXXYG(SEQIDNOG: 1hH
183132} The C motif comprises the consensus sequence

VHDE (SEQ D NO: 12)
186133} For the B fanuly polymerases, the A motif comprises the consensus
sequence:

DXXSLYPS (SEQ 1D NO: 13),
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{83134} The B motif comprises the consensus sequence:

KXXXNIXYG (SEQID NO: 14
(88135 The C motif conmprises the consensus sequence

YGDTDS (SEQ ID NG 15)
(86136} The residues in bold indicate invariant residues. In some embodimenis, the
modified polymerase includes amine acid mutations (e.g., amino acid substitutions,
deletions, additions or chemical modifications located at any position other than the
mvariant residues.
1881371 The A and C motifs are part of the palm domain, and each contains a strictly
conserved aspartic acid residue, which are involved in the catalytic mechamism
common o all the DNA polymerascs. DNA synthesis is mediated by transfer of a
phosphoryl group from the incoming nucleotide to the 3" OH of the DNA, releasing a
polyphosphate moiety and forming a new DNA phosphodiester bond. This reaction 1s
catalyzed by a mechanism involving two metal ions, normally Mg’ and the two
conserved aspartic acid residues.
[88138] The conserved glutamie acid restdue inmotif A of the A family DNA
polymerases plays an important role in incorporation of the correct nucleotide, as does
the corresponding conserved tyrosine in B family members (Minnick et al., Proc.
Natl. Acad. Sci USA 99: 1194-1199 (2002); Parsell et al, Nucleic Acids Res. 35:
3076-3086 (2002). Mutations at the conserved Leu of motit A affect replication
fidelity (Venkatesan ot al, 1. Biol. Chem. 281: 4486-4494 (20066)).
18813%] The B motif contains conserved lysine, tyrosine and glycine residues. The B
motit of E coli pol T has been shown to bind nucleotide substrates and containg a
conserved tyrosine which has been shown to be in the active site.
86140} The B family polymerases contain six conserved motifs, of which regions [
and I correspond to the A and C motifs of the A family. Region H is involved in
nucleotide binding and 1s functionally homologous to motif B, Regions 1, Il and TH
converge at the center of the active site from the palm (3}, the fingers (1), and basc of
the thumb (111} to produce a contiguous conserved surface. Within these regions, a sct
ot highly conserved residues form three chemically distinet clusters consisting of
exposed aromatic residuecs (Y416, Y5367, and Y391}, negatively charged residucs
(D621, D623, D411, Do¥4, and E686), and a positively charged cluster (K560, R4¥2,

and K486). These three clasters encompass the region tn which the primer terminus
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and the incoming mucleotide would be expected to bind, (Wang et al, Cell 89: 1087-
1099 (1997,

{88141 The RT polymerases contain four conserved sequence motifs (Poch ot al,,
EMBQO I 12: 38673874 (1989})}, with motifs A and C confaining the conserved
catalytic aspartates. The integrity of motif B is also required for reverse transcriptase
function.

188142 The consensus sequence for motif A 1s DXXXXF/Y (SEQ ) NO:16)
83143} The consensus sequence for motif B is FXGXXXS/A (SEQ ID NG
{83144} The consensus sequence for motit C s YXBD (SEQ I NGO: 18)

886145} The consensus sequence for motit 1 1s GICOOKXXK (SEQ ID NO:19),
88146} Mutations in the YXDD motif (motif C}, the most highly conserved of these
motifs, can abolish polymerase activity and alter the processivity and fidelity.
{Sharma et al,, Antiviral Chemistry and Chemotherapy 160 169-182 (2005). In
addition, the conserved lysine residue in motit B, a loop that is unigue to the RT
polymerases, 15 an invariant restdue important for mucleotide binding (Canard et al.,
Biol. Chem. 274: 35768-35776 (1999).

(881471 In some embodiments, in addition to their polyraerase dornains, the moditied
polymerase can include one or more additional functional domains, including

¥

domains required for 3'-> 5" (reverse) exonuclease activity that mediates proofreading
of the newly synthesized DNA strand, ot for 57 -> 3" (forward) exonuclease activity
that mediates mick transiation during DNA repait, In some embodiments, the
moditied polymerase has strand-displacing activity, and can catalyze nucleic acid
synthesis by polymenizing nucleotides into the 3” end of a nick within a double
stranded nucleic acid template while simultaneously displacing the nucleic acid
located downstream of the nick.

(86148} The 37 to 57 exonuclease proofreading domains of both A and B family DNA
polymerases contain three conserved motifs, called Exo 1, Exo 1T and Exo TH, each of
which contams an invariant aspartic acid residue essential for mctal binding and
exonuclease function. Alterations of these conserved aspartic acid residues result in
proteins which retain polymerase activity, but are deficient in exonuclease activity,
(Hall etal,, J. Gen. Virol. 76: 2969-3008 (1995)), Conserved motifs in the 5™0 3’
exomuclease domains and amino acid afterations that affect exonuclease activity have

alse been identified (U.S. Patent No. 5,466,591).
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188149 Representative examples of A family enzyvmes are E. coli. Pol , or the
Klenow fragment of E coli. Pol I, Bst DNA polymerase, Tag DNA polymerase, T7
DINA polymerase and Tth DNA polymerase. A family enzymes also include the
Platinum Taq DNA polymerase series. Examples of suitable polymerases in this
family inchide Phi-29 DNA polymerase, B103 DNA polymerase, and the like.
1861581 It is genervally thought that A family enzymes achieve high DNA elongation
rates but have poor fidelity because of the lack of 3'-5" exonuclease activity, whereas
B family enzymes have high fidelity owing to their 3'-5" exonuclease activity but
achieve low DNA elongation rates. [t is possible to form mixed-type enzymes by
mixing and it is generally thought that A family enzymes achieve high DNA
clongation rates but have poor fidelity because of the lack of 3'-5' exonuciease
activity.

186151 Unclasstfied types of enzymes include, for exaraple, Thr polymerase, T
polymerase, Tru polymerase, Tac polvmerase, Tne polymerase, Tma polymerase, Tih
polymerase, Tii polymerase and the like. RT polymerases inclode HIV reverse
transcriptase, Moloney Murine Leukemia Vitus (M-MLV) reverse transcriptase,
Avian Myeloblastosis Vitas (AMV) reverse transcriptase of Rous Sarcoma Virus
{RSV) reverse franscriptase, Variants, modified products and derivatives thereof are
also usable.

[88152] Of these enzymes, Tag, Platinum Tag, Tth, Tl, Pfu, Plutubo, Pyrobest, Pwo
and KOD, VENT, DEEPVENT, EX-Tag, LA-Taq, Therminator™, the Expand series
and Platinum Tag Hi-Fi are all commercially available. The other enzymes can be
readily isolated from specific bacteria by those of ordinary skill in the art.

(88153} One exemplary polymerase, E coli DNA polymerase 1 ("Pol ") possesses

N

three enzymatic activities: a 57 to 3° DNA polymerase activity; 2 37 to 57 exonuclease
activity that mediates proofreading; and a 57 to 37 exomuclease activity mediating nick
translation during DNA repair. The Klenow fragment s a large protein fragment
produced when E. colt Pol | is proteclytically cleaved by subtilisin. It retains the
polymerase and proofreading exonuclease activities, but lacks the 57 to 37 exomuclease
activity. An exo- Klenow fragment which has been mutated to remove the
proofreading exomuclease activity is also available, The structure of the Klenow
fragment shows that highly conserved residues that interact with DNA include N673,
N67E, K635, R631, E6LL, To09, RE35, DB27, S562 and N579 (Beese ¢t al, Science
260: 352-355 (1993,

2
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188154] Arg682 in the Klenow fragment of E. colt BNA polymerase I (pol 1} is
nnportant for the template-dependent nucleotide-binding function, and appears to
maintain high processivity of the DNA polymerase. Pandey ¢t al,, European Journal
of Biochemistry, 214:59-65 (1993}

186155} In some embodiments, the modified polymerase is derived from the Bst DNA
polymerase of Bacillus stearothermophilus, which is another A family DNA
polymerase. The large fragment of the Bst DNA polymerase is equivalent to the
Klenow fragment of E. coli Pol I, retaining the polymerase and proofreading
exonuclease activities while lacking the 537 1o 37 exonuclease activity, Thus the term
“Bst DNA polvmerase” as used herem may refer to a full length protein or to a Bst
farge fragment.

1881386} In some embodiments, the modified polymerase is derived from Taq DNA
polymerase, which is an A family DNA polymerase derived from the thermophilic
bacterium Thernws aguaticus. It is best known for its use in the polymerase chain
reaction. Tag polvmerase lacks a proofreading activity, and thus has a relatively low
rephication fidelity. (Kim et al,, Nature 376: 612-616 (2002},

(881571 In some embodiments, the modified polymerase is derived from the T7 DNA
polymerase of bacteriophage T7, which is an A family DNA polymerasc that consists
of a 1:1 complex of the viral T7 gene 5 protein (80k Daj and the E. colt thioredoxin
{12k Da). It lacks a §' -> 3 exonuclease domain, but the 3' -> 5" exonuclease activity
is approximately 1000-fold greater than that of E coli Kienow fragment. The
exonuciease activity appears to be responsible for the high fidelity of this enzyme and
prevents sirand displacement syuthesis. This polymerase is unigue due to its
considerable processivity, or ability 1o stay on DNA for a greater than average number
of base pairs.

[86158] In some embodiments, the modified polymerase is derived from KOD DNA
polymerase, which is a B family DNA polymerase derived from Thermococous
kodakaraensis. KOD polymerase is a thermostable DNA polymierase with high
fidelity and processivity.

[88159] In some embodiments, the modified polymerase is derived from the
Therminator™™ DNA polymerase, which is also a B family DNA polymerase.
Therminator™ ™ ig an A485L point mutation of the DNA polymerase from

Thermococcus species YoN-7. (Ichida et al,, Nucleic Acids Res. 33: 52145222

2
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(2003). Therminator™™ pnolymerase has an enhanced ability to incorporate modified
substrates such as dideoxynucleotides, ribonucleotides, and acyclonucleotides.
[88168] In some embodiments, the modified polvmerase is derived from a Phi29
polymerase or a Phi2S-type polymerase, for example a polymerase derived from the
bactertophage B103. The Phi29 and B103 DNA polymerases are B family
polymerases from related bacteriophages. Tn addition to the A, B and C motifs, the
PhiZ9 family of DNA polymerases contain an additional conserved motif, KXY
region Y (Blanco et al., 1. Biol. Chem. 268: 16763-16770 (1993}, Mutations to Phi2®
and B103 polymerases that atfect polymerase activity and nucleotide binding affinity
are described in ULS. Patent Publication No. 20110014612 and s priority documents
LS. Provisional Application Nos: 61/307,356; 61/299,917; 61/299,91%9; 61/293,616;
61/293,618; 61/289,388; 61/263,974; 61/245,457; 61/242,771; 61/184,770; and
61/164,324, herein incorporated by reference in thefr entiveties.
1861611 In some embodiments, the modified polymerase is derived from the reverse
transcriptase from human immunodeficiency virus type 1 (HIV-1), which is a
heteroditoer consisting of one 66-kDa and one 51-kDa subunit. The p66 subunit
contains both a polymerase and an RNase H domain; protealvtic cleavage of p66
removes the RNase H domain to yvield the pS1 subunit. Wang ot al., PNAS 91:7242-
7246 (1994). The structure of the HEV-1 reverse transcriptase show multiple
imteractions between the 2°-OH groups of the RNA template and the reverse
transcriptase. Residues Ser280 and Arg284 of helix 1 1u the p66 thumb are involved in
the RNA-RT interactions, as well as residues Glu89 and Gin91 of the template grip in
the p66 palm. The pS1 subunit also plavs a role in the interactions between the RNA-
DINA duplex and the RT, with residues Lys398, Glu396, Lys22 and Lys390 of the
p51 subunif also interacting with the DNARNA duplex. (Kohistaedt et al, Science
256: 1783-179( (1992}, Safarianos et al, The EMBO Journal 2{0:1449-1461 (20011}
[88162] In some ernbodiments, the modified proteins of the disclosure can be derived
from protetus, particularly nucleic acid binding proteins, which can be useful fo
include in nucleotide incorporation and/or nucleic acid sequencing applications,
Many DNA polymerases interact with accessory profeins such as the single-stranded
DINA binding protein, the sliding clamp protein, and others. The DNA clamp proteins
are multimeric proteins that completely encircle the BNA and can significantly
imcrease polymerase processivity. The clamp proteins include the processivity factor -
sliding clamp for bacterial DNA polymerases 1T and 11, gpd5 for T4 DNA
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polymerase, UL44 for cytomegalovirus DNA polymerase, UL30 for herpes simplex
viras [ DNA polymerase, and proliterating cell nuclear antigen for eukarvotic DNA
polymierases (Lee etal, J. Biol, Chern. 295:1490-1499 (2010}, Use of such modified
proteins in ion-based nucleotide incorporation and sequencing reactions offers the
same advantages as does use of moditied polymerases, namely, reduced interference
with the 1on-based sequencing signal, increased signal to noise ratio, reduction of
sequencing error rate, and increase in average error-free sequencing read length.
{83163} In some embodiments, the modified protein is derived from a single stranded
INA binding protein. The single stranded DNA binding proteins (SSBe) are proteins
that prefercntially bind single stranded DNA (3sDDNA) over double-stranded DNA ina
nucleotide sequence ndependent manner, SSBs have been identified in virtually all
known organisms, and appear to be important for DNA metabolism, including
replication, recombination and repair. Naturally occurring SSBs typically are
comprised of two, three or four subunits, which may be the same or different. In
general, naturally occurring SSB subunits contains at least one conserved BNA
binding domain, or "OB fold” (Philipova et al. (1996) Genes Dev, 10:2222-2233; and
Murzin (1993) EMBO 1. 12:861-867), such that naturally occurring SSBs have four or
more OB folds,

[86164] The best characterized SSB is that from E. coli, which exists as a tetramer.
{Raghunathan, Nature Structural & Molecular Biology 7, 648- 652 (2000). The E coli
SSB (EcoSSB) monomer comprises an N-terminal domain rich in helices and sheets
and a less structured C-terminal domain. The N-terminal domain contains the OB
fold, while the C-terminal domain contains a highly conserved acidic region that
weakens binding of EcoSSB to DNA, but may be invelved in interactions with other
proteins in vive, The addition of single-stranded DNA-binding protein (S8B) in DNA
sequencing reactions has been found to dramatically increase the resolution of
sequencing runs. {Rapley (1994) Molecular Biotechnology 2: 295-298.) S8Bs are also
used o increase the efficiency of PCR. (Kur et al., Acta Biockimica Polonica 52 369-
574 (2005}, SSBs are available commercially and are used to improve the processivity
and fidelity of DNA polymerases (11.S. Patent Publication No. 200703059713},
(88165} In some embodiments, the modified proteins of the disclosure can be derived
from DNA ligases. Ligases are cssential components of DNA replication,
recombination, and repair systems found from viruses to humans, catalyze the
formation of a phosphodiester bond at single-stranded breaks on duplex DNA

3
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{Lehman, LR, Science, 186:790-797 {1974}, DNA ligases can be classified into two
families based on cofactor dependence. ATP-dependent ligases are found in
bacteriophages (Dunn, et al, J Mol Biok, 148(43:303-330 (1981} and Weiss, et al,,
Proc Natl Acad Sci USA, 57(4):1021-1028 (1967}), Chlorella virus PBCV-1 (Ho, et
al., I Virol, 7T1(3)1931-19374 {1997}}, Vaccinia virus {Shuman, S., Biochemistry,
34¢49116138-161475 (1995)), Archea (Kletzin, A, Nucleic Acids Res, 20(201:5389-
5396 (1992 and Bult, et al, Science, 273(3278:1058-1073 (1996}), yveasts { Andaluz,
ot al., Yeast, 12(9):893-8988& {1996}, Ramos, et al,, Nucleic Acids Res, 25(8);1485-
1492 (1997}, Schar, et al,, Genes Dev, 11{1511912-1924 (1997}), mammalian
{Tomkinson, ef al., Bioessays, 19(101:893-901 {1997}, Tomkinson, et al., Mutat Res,
407(1 1 1-9 (1998}, and Wang, ct al.,, J Biol Chem, 269(50):31923-3192811 (1994},
and more recently cubacteria (Cheng, et al,, Nueleic Acids Res, 25(71:1369-1374
{1997 and Deckert, et al,, Nature, 3926674 1:353-358 (1998}, NAD+ (i.e.
nicotinamide adenine dinucleotide}-dependent ligases, however, are found exclusively
in eubacteria. While some higher cucaryotic organisms may use multiple ATP {(i.e.
adenosine triphosphate}-dependent ligases to fulfill diverse biological functions, some
simple eubacteria genoraes could host both an NAD+-dependent ligase and an ATP-
dependent ligase (Deckert, et al,, Nature, 392(66743:353-358 (1998} and Fleischmann,
ot al., Science, 269(52231:496-512 (1995}). The origin of the additional ATP-
dependent ligases in these genomes rerpaius to be determined.
188166] Although the ATP-dependent ligases and NAD+-dependent higases share
fittle sequence homology, all the ligases investigated so far use the same motif to form
an adenylated enzyme intermediate (Tomkinson, et al,, Bioessays, 19(10):893-901
{1997, Shuman, et al,, Virclogy, 21 H{11:73-83 {1993}, and Luo, ¢t al,, Nucleic Acids
s, 24(15)3079-3085 (19963}, Furthermore, they seem o be organized by similar
domains and structural folds ({Doherty, ot al., Nucleic Acids Res, 24(12%:2281-2287
{1996}, Subramanya, et al., Cell, 85(43:607-615 (1996), and Sekiguchi, et al,, Nucleie
Acids Res, 25(4)727-734 (19973).
1831671 In some embodiments, the modified proteins of the disclosure can be derived
from helicases, which are motor proteins that move divectionally along a mucleic acid
phosphodiester backbone, separating two annealed nucleic acid strands (e, DNA,
RNA, or an RNA-DNA hybrid) using encrgy derived from ATP hyvdrolysis. All
helicases contain the classical Walker A and B motifs, associated with ATP-binding
and Mg2-+-binding Geviewed in Carathers and McKay. Curr. Opin. Stract. Biol.
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12:123-133 {2002}, Soultanas and Wigley. Trends Biochem. Sci. 26:47-54 (2001)).
Helicases have been classified into several superfamitics (Gorbalenya and Koonin.
Curr, Opin. Struct. Biol. 3:419-429 (1993} according to the number of helicase
signature motifs and differences in the consensus sequences for motifs, Superfamilies
i and 2 have seven characteristic helicase signature motifs and inchide helicases from
archaea, cubacteria, eukaryotes and viruses, with helicases unwinding duplex DNA or
RNA i either 3' to §' direction or 5" to 3' direction. Examples of superfamily 1
helicases include the E. coli UvrD helicase, the T. tongeongensis UvrDr helicase, and
the B subunit of RecBCD. Superfamily 3 has three motifs and saperfanuly 4 has five
motifs, Examples of superfamily 4 helicases include the T7 Gpd helicase and DnaB
helicases.

186168 Helicases may be used in helicase dependent amplification (HDA ) methods
for in vitro DNA aroplitication. Tn conirast to PCR, which requires thermocycling o
separate the two DNA strands, HAD utilizes a DNA helicase to generate single-
stranded templates for primer hybridization and subsequent primer extension by a
DINA polymerase. Since the use of a helicase eliminates the need for thermocycling,
HIDA can be perforroed at a single teraperature for the entire process. (Vincent et al,
EMBO Reports 3: 795-800 (2004},

18616%9] Examples of naturally ocourring DINA helicases, described by Komberg and
Baker in chapter 1 of their book, DNA Replication, W.H. Freeman and Company
2nd ed. (1992)), include E. coli helicase |, 1, Ui, & IV, Rep, DnaB, PriA, PerA, T4
Gp41 helicase, T4 Dda helicase, T7 Gp4 helicases, SV40 Large T antigen, yeast
RAD. Additional helicases that may be useful in the disclosed sequencing methods
imclude Ree() helicase (Harmon and Kowalceykowsk, ¥, Biol, Chem, 276:232-243
{20G1Y), thermostable Uvrly helicases from T, tengcongensis (U8, Patent No,
7,829,284} and T. thermophilus {Collins and MeCarthy, Extremophiles. 7:35-41.
{20031, thermostable DmaB helicase from T, aquaticus (Kaplan and Steitz, T Biol.
Chem. 274:68589-6897 (1999}), and MCM helicase trom archaecal and cukarvotic
srganisms ({Grainge of al., Nucleic Acids Res. 31:4888-4898 {26031

[B6178] In some embodiments, the modified proteins of the disclosure can be dertved
from a nuclease. Nucleases are enzymes that cleave the phosphodiester bonds
between the nucleotide subunits of mucleic acids. Endonucleases cleave
phosphodiester bonds within a polymucleotide chain, while exonucleases cleave
phosphodiester bonds at the end of a polynuclectide chain.
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18817 During DNA synthesis the 3" and 5" exonucleases function to remove
unwanted nucleotides from the DNA. Occasionally, a2 DNA polymerase will add an
meorrect nuclectide to the growing DNA polymer, A 3" exonuclease removes
nucleotides that have been incorrectly polymerized into DNA chains. These
exomucleases are referred to as "proofreading” exonucleases.

(881721 In many cases the exomuclease activity is contained in the same protein as the
[INA polymerase activity. For example, the Escherichia coli DNA polymerase[is a
single polypeptide with three separate domains, or regions of function. Each of these
three domaing confains an enzymatic activity. The DNA polymerase activity is m one
domain, and the two other domains contain 3" and 3 exonuclease activities, The 3/
exomuclease proofreads for the DNA polymerase, and the 5 exonucicase removes
snwanted nucleotides in advance of the BNA polymerase.

[86173] In some ernbodiments, the modified proteins of the disclosure can be derived
from a topoisomerase. DNA topoisomerases are a specialized class of nucleases that
bind to either single-stranded or double-stranded DNA and cut the phosphate
backbone of the BNA. This intermediate break allows the DNA o be untangled or
unwound, and, at the end of these processes, the DNA s reconnected again, Type |
topoisomerases cut one strand of a DNA double helix, while type {1 topoisomerases
cut both strands of one DNA double helix, pass ancther unbroken DNA helix through
it, and then reanneal the cut strand. Type T topoisomerases include topo 1, topo T and
topo V. Type I topoisomerases include eukaryotic topo I, E. colt gyrase, E. coli topo
1V, and topo VL (Champoux §J {2001} Annu. Rev. Biocher. 70: 369413}

[B86174] An example of a DNA topoisomerase that has been used in DNA sequencing
reactions is Topoisomcrase V from Methanopyrus kandleri, coromercially available as
Fidelase™. (U8, Patent No. 5,656,463}, This thermostable topoisomerase is used to
enzymatically unlink and denature plasmid DNA| to help DNA polymerase pass
through strong secondary structures and to protect DNA from thermal decomposition.
186175 In some ermnbodiments, the disclosure also relates generally o methods for
forming modified proteins having altered {¢.g., increased or decreased) buffering
properties relative to the unmodified protein. For example, in some embodiments, the
disclosure relates generally to methods for forming modified polymerases having
reduced buffering capacitics for H' ions within pH ranges of from about pH 4 to about
pH 190, typically from about pH 6 to about pH 9, even more fypically from aboutpH 7

to about pH 9.
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183176} In some embodiments, the modified proteins of the disclosure include
proteins that have been modified to substitute, delete or chemically modify any
chernical groups that have a pKa within the pH range of interest. Amuno acid side
chains that are targeted for substitution, deletion or modification inchide those having
a pKa within the range of interest, and which are likely to be on the surface of a
profein,

1661771 In some embodimenis, the selection of amino acid residues for mutation is
based on analysis of the buffering propertices, particularly the pKa vahue, of the amino
acids of the protein. Amino acid residues having pKa valucs that correspond to the
pH range of desired reaction conditions are likely to have stronger buffering
capacities at the desired reaction conditions. For example, the madified proteins of
the disclosure can be obtained by identifving amino acid residues within the protein
that have, or are predicted to have, pKa values falling outside typical reaction
conditions employed for the target protein-based assay, and replacing or substifuting
one of more of the wdentitied amino acid residues with different amino acid residues
having, or predicted to have, pKa vahies outside the intended range of operation.
Such substitutions should reduce the buffering capacity of the overall protein since the
new amino acid residucs will be expected to buffer anly weakly, if at all, under the
reaction conditions that are typically employed in applications using the protein.
186178} In some embodiments, these general principles of amino acid selection and
mutation can be applied to produce modified nucleic acid binding proteins {e.g.,
polymerases, ligases, helicases, SSBPs and the like), having reducing buffering
capacities for H' ions in primer extension assays and nucleotide incorporation
reactions (including nucleic acid sequencing reactions). In some embodiments, the
pKa values of the amino acid residues of a candidate protein can be predicted and
evaluated to identify all amino acid residues in the protein having pKa values falling
withm the range of intended operating conditions for the protem. Standard operating
conditions for protein-based assays typically correspond to physiclogical conditions
and are well known in the art. Standard operating conditions for protein assays,
especially assays involving macleie acid binding proteins and enzymes, typically
mclude pH ranges of from about pH 4 to about pH 10, more typically from about pH
6 to about pH 9, even more typically from about pH to about pH 9. In some
cembodiments, the pKa vahies of the amino acid residues of a candidate protein can be
predicted and evaluated to identify all amino acid residues in the protein having pKa
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vahies falling within the range of about pH 4 to about pH 10, more typically from
about pH 6 to about pH 9, even more typically from about pH 7 to about pH 9,
thereby identifving a fivst pool of candidate amino acid residues for modification.
(86179} In some embodiments, the amino acid residue to be modified is selected
based not only on the pKa value but also on the degree of solvent exposure of the
amino acid residue. For example, the candidate amino acid residues for modification
can be selected based on their predicted pKa value {e.g.,. selecting all amino acid
restdues having, or predicted to have, a pKa falling within a desired pH range
covering intended operating conditions) as well as their solvent exposures {e.g.,
selecting amino acid residues having, or predicied to have, solvent exposures of at
feast 30%, typically of at least about 40%, optionally having solvent expasures of at
least about 50%, 60%, 70%, 80%, or 80%:). The solvent exposure of an amino acid in
a protein measures the extont to which the amino acid is accessible to the solvent
(usually water) surrounding the protein, a parameter that can also be variously
referred to as surface exposure or solvation. The equivalent converse parameter is the
degree to which an anuno acid residue 1s buried (96 buried) within the protein; an
amuno acid residuc that 18 209% buried is one that s 80% solvent exposed. The solvent
accessibility (or conversely, the % burying) of an amino acid within a profein
structure may be determined by a variety of suttable methods, tnchiding by visual
analysis of the a three-dimensional rendering of protein structure (e.g., crystal
structure), ot by software analysis of the protein structure using methods known m the
art {Lee and Richards, 1. Mol Biol. 35(33:379-400 (1971); Shrake and Rupley, 1. Mol
Biol. 79(2): 351-371 (1973); Connolly, 1. Appl. Cryst. 16: S48-558 (1983)). A namber
ot molecular graphics programs are available which allow for the determination of
accessible surface arca of amino acids within a protein structure, such as Rasmol,
Charmm, AMBER, Swiss-PDBviewer, PropKa, and the bike. In cases where the three-
dimensional structure of the protein s not known, it may be modeled based upon
sequence homology to a protein having a known structure using molecular modeling
methods known in the art.

[B0188] In some embodiments, the first pool of candidate amino acids, which have
been selected based on pKa values, can be further narrowed by identifying all amino
acid residues within the first pool having, or predicted to have, at least a minimum
threshold degree of surface exposure, also referred to as solvent exposure or solvation,
Amino acid residues having, or predicted to have, degrees of solvation equal to or
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exceeding this threshold can be identified and selected to identify a second pool of
candidate amino acids for odification. In sorse embodiments, the second pool of
candidate anuno acids includes all amino acid residues of the first pool having at least
about 30% solvent exposure, typically at least about 50% solvent exposure, even more
typically at least about 60% solvent exposure, even more typically at feast about 76%
solvent exposure).

188181] Methods for forming a modified protein can optionally mclude modifying at
feast one of the amine acid residues in the candidate pool, thereby forming a modified
protein having altered (e.g., increased or decreased) butfering capacities relative to the
unmaodified protein.

(86182} In some embodiments, one or more of the amino acid residues of the first
pool of candidate amino acids, or the second pool of candidate amino acids, can
optionally be substituted with a different amino acid residue having a pKa value
falling cutside the range of intended operation, for example having pKa valucs that
are outside the pH ranges of from about pH 4 to about pH 10, more typically outside
the range of from about pH 6 to about pH 8, even more typically outside the range of
from about pH 7 to about pH 9.

{86183} In some embodiments of the method, the comprises one or more amino acid
substitutions that reduce the buffering capacity of said protein relative to the
corresponding wild-type protein within the range of about pH 4 to about pH 10,
wherein at least one of the one or more amino acid substitutions inchudes a
substitution of an amino acid residue having a pKa within the range of sbout 4.0 to
about 10.0 with another amino acid residue. In some embodiments, the pKa of the
amuno acid residuc 15 a solution pXa of the amino acid residue. 1o sone
cembodiments, particularly for internal amino acid residues lacking a primary amine or
free carboxylic group (e.g., non-terminal amino acid residues), the pKa of the amino
acid resicdue 18 approximated as the pKa value of the side chain of the amino acid
residue n solution. In other ermbodiments, the pKa of the amino acid residue is a pKa
sf the amino acid residue in the context of the corresponding wild-type protein {e.g.,
the “whole-protein pKa”).

(80184} In some embodiments, the modifying can include substituting at least one
amino acid residue having a pKa of between about 4.0 and about 10.0 with an amino
acid residue having a pKa that is greater than about 10.0 or less than about 4.6, For
example, the amino acid residue having a pKa that 1s greater than about 10.0 or less
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than about 4.0 can be selected from the group consisting oft Arg, Asp, Gin, 1y, Ile,
Ley, Norleucine (Nle), Met, Phe, Ser, Thy, Trp, Val and N-terminal
Formylmethioning (N-fMiet).

86185} In some embodiments, the modifving includes substituting at least one amino
acid residue having a pKa within the range of about 6.0 to about 8.0 with another
arnino acid residue,

188186] In some embodiments, the modifying includes substituting at least one amino
acid residue having a pKa of between about 6.0 and about .0 with an amino acid
residue having a pKa that is greater than about 8.0 or Tess than sbout 6.0.

{80187} In some embodiments, the modifying includes substituting at least one amino
acid residue sciected from the group consisting of: His, Ghu, Asp, Tyr, and Lys, with
any other different amino acid residue.

186188} In some embodiments, the moditying inclodes substituting at least one amino
acid residue of the protein with an alanine residue.

1881891 In some embodiments, the modifying inchides substituting at feast one amino
acid residue that 1s at least 30% solvent exposed i the corresponding wild-type
protein with another amino acid residue.

861908} In some embodiments of the method, the moditying includes infroducing at
jeast one chemical amino acid modification that reduces the buffering capacity of said
protein relative to the corresponding wild-type protein within the range of about pH 4
to about pH 10, In some embodiments, the at least one chersical amino acid
modification includes a chemical modification of the N-terminal amino acid. In some
embodunents, the at feast one chermcal amuno acid modification mcludes a chemical
maodification of an amino acid residue including a privaary amine group with an
amine-reactive agent. In some embodiments, the amine-reactive reagent includes an
acylating agent or an activated ester.

(86191} In some ernbodiments, the disclosure relates generally to methods for
reducing the buffering capacity of a protein used in a DNA sequencing or
amplification reaction, comprising making one or more conservative amino acid
substitutions 1o the protein sequence that substantially remove the protein’s buffering
capacity within the range of pH 7 to pH 9.

188192} Any suitable methods for designing and introducing modifications info
proteins may be used to design, engineer and synthesize the modified proteins of the
disclosure. Methods of genetically engineering nucleic acid sequences encoding
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proteins to selectively introduce mutations, optionally in a site-specific fashion, are
well known in the art of recombinant nucleic acid engineering, as are methods for
cloning, expressing and purifyving such sequences 1n vivo or i vilro., Some
exemplary methods of cloning, expression and purification are described in further
detail herein.

1861931 In some ernbodiments, the protein can be modified by changing the pKa
vahues or ranges of selected amino acid residues. The pKa of a composition {e.g., an
amino acid} is a logarithmic measure of the acid dissociation constant Ka, An acid
dissociation constant, Ka, {also known as acidity constant, or acid-ionization constant)
is a quantitative measure of the strength of an acid in solution. [t is the equilibrium
constant for a chemical reaction known as dissociation in the context of acid-base
reactions. By modifying pKa values of amino acids in a polypeptide, the ability of the
polypeptide to absorb hydrogen ions may alter (e.g., increase or decrease), and/or its
effect in ion detection and buffering capacity.

188194] The pKa values of amino acid side chains of a protein can play an important
role in defining the pH-dependent characteristics of a protein, The pH-dependence of
the activity displayed by enzymes and the pH-dependence of protein stability, for
example, are properties that are typically determined by the pKa values of amino acid
side chains. The pKa value of an amino acid residue may be the solution pKa value, a
pKa value based on the amino acid itself, but not on jnicraction with other aming
acids i the protein environment.

18831951 The pKa of the amino acid residues of a particular protein can be inferred or
estimated or determined using any suitable mcthod, Various methods for inferring the
pka value of a particular amino acid residue of a protein are known in the art. For
example, the pKa values of amino acid side chains can be inferred from the pKa
values of model compounds that are similar to the side chains of amino acids. The
pKas of the o-carboxylic acid, e-amino group, and titratable side chains for the free
amino acids in solution are well known in the art and available in standard tables, an

example of which is provided in Table 1.



WO 2011/106766 PCT/US2011/026450

[33196] Table 1: Some Typical pKa Values For Free Amine Acids In Solution

Amino Acid c~carboxylic acid o-arming Side chain
Alanine 2.35 .87
Argining 20 G.04 12.48
Asparagine 202 8.80
Aspartic Acid 210 0.82 3,85
Cysicine 2.05 10.25 &.00
Glutamic Acid 2. 40 Q.47 4.07
Glutamine 217 5.13
Glycing 2.35 0.78
Histidine 177 .18 614
Isoleucine 2.32 3,76
Leucine 233 .74
Wysine 218 §.03 10.53
Methionine 2.28 3.21
§Phenylaianine 258 G.24
§P1‘Oﬁf1€ 2 (0 10.60
Serine 2.21 5.15
Threonine 2.09 910
Tryptophan 238 3,39
Tyrosine 2.20 .11 10.67
Valing 229 Q.72

18841971 In some embodiments, the solution pKa value may be a model pKa valuce.
For example, the pKa values of an aming acid side chain in solution can be mferred
from the pKa values of model compounds {¢.g., compounds that are similar to the side

chaims of amino acids).
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[B88198] In some embodiments, the pKa value of an amino acid residue of a protein
can be estimated by simply approximating it to the value of its side chain residue, as
mdicated in Table 1. In other words, the pKa value of an anuno acid residue
{particularly an internal anuno acid residue) can be estimated as equal to the pKa
vatue of its side chain, as indicated in Table 1. An amino acid residue to be
substituted, deleted or modified may be sclected based upon its solotion pKa,

1884199 In some embodiments, the pKa value of an amino acid residue of a protein
can be estimated using available tools (e.g., software} that predict the pKa value of the
amino acid residue in the context of the whole protein. The pKa value of a given
amuino acid residue of a folded protein (referred to herein as the “whole-protein pKa”
of the amino acid residuc) can be different from the pKa of the free amine acid in
solution {referred to herein as the “solution pKa” of the amino acid residue). Ina
folded protein, an amino acid residue (inchiding s titratable aminoe acid side chain)
may be buried within the interior of the protein and have limited or no exposure to
solvent, and may also imteract with and other titratable groups in the protein as well as
permanent charges (e.g. ions} and dipoles 1o the protein. All of these effects can alter
the pKa value of the amino acid side chain from its solution pKa, An amuno acid
residue to be substituted, deleted or modified may also be selected based upon the
whole-protein pKa of the amino acid residue in the wild type protein. The whole-
protein pKa of an amine acid residue within a folded protein may be estimated by a
variety of techniques. Some methods are based on solutions to the Poisson-Boltzmann
equation, often referred to as FDPB-based methods (for “finite difference Poisson-
Boltzman). FDPB-based methods caloulate the change in the pKa value of an amino
acid side chain when that side chain is moved from a hypothetical fully solvated state
to its posifion in the protein, using knowledge of the pKa values of amino acid side
chains in their fully solvated states combined with theoretical methods that caleulate
the effect of the protein interior on a pKa value, Publically available programs to
calculate the estimated pKa values of amino acid side chains in a protein using FDPB
methods inchude H++, available at the H++ server at Virginia Polviechnic Institute
{Gordon et al,, Nucleic Acids Research 33: W368-W371 (2005); Anandakrishnan and
Omufriev, Journal of Computational Biology 15: 165-184 (2008)); Karlsherg+
{Kieseritzky and Knapp, Proteins: Structure, Function, and Bicinformatics 71:1335-
1348 (2008)); Rabenstein and Knapp, Biophysical Journal 83(33:1141-1150 Q001)
MCCE (Song and Gunner, §. Comp. Chem epub Mar 2009; Georgescu et al., Biophys
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J. B3, 1731-1748 (2002); and the pKD webserver (Tynan-Connolly and Nielsen,
Nuclete Acid Research 34: W4B-W51 (2006); Tynan-Connolly and Nielsen, Protein

Science 16: 236-249 (2007}).

86200 An alternative method is used by PropKa, a software program for calculation
of whole-protein pKa values available at the PROPKA Web Interface at the
University of Copenhagen (Li et al,, Proteins 61: 704-721 (2005); Bas et al,, Proteins
73 765-783 (2008}, The PropKa program for rapid prediction of pKa values is based
upon a set of empirical rules relating the protein structure (o the pKa values of
ionizable residuoes.

{88281 Molecular dynamics methods of calculating pKa values involve
computationally measuring the free energy difference between the protonated and
deprotonated forms of the molecule. Molecular dvnamics is typically a much more
computationally expensive way to predict pKa's than using the Poisson-Boltzmann
equation. In recent years, constant pH molecular dynamics methods have been
developed based on a microscopic description of the protein, {Wallace and Shen,
Methods in Enzymology 466: 455-47S {20093).

{88282} The publicly avatlable programs and webservers for pKa calculations of
amino acid side chains typically require a three-dimensional structure of the protein fo
be analyzed in PDB (Protein Data Bank) format. These structures can be downloaded
from sites such as PDBsum. (Laskowski, Nucleic Acids Res., 37, D353-D358
(2009, The programs will return a listing of the calculated pKa values for the
titratable ammo acid side chains of the protein, as well as the N-terminal and C-
terroinal groups. As an example, Tables 2 and 3 show the calculated pKas for amnino
acids within Bst DNA polymerase. Coluran 1 shows the amino acid residue, with
numbering based upon that of SEQ D NO:1; coluran 2 shows the calculated pKa of
the side chain. The values shown in Table 2 were determined using PropKa, while the
values m Table 3 were determined using B+, Since these programs use different
algorithms, they roay return different vakues for the pKas of individual arnino acid
restdes. In some cases, it may be useful to compare results from both programs as
confirmation that a given amino acid residue has a pKa in a pH range of interest.
(80283} in some ermbodiments, the modifying can include substituting at least one
amino acid residue having an undesirable pKa {e.g., 3 pKa falling within the range of
typical reaction conditions for the desired application) and likely to be on the protein
surface {e.g., at least 30% solvent exposed, more typically at least 50% solvent
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exposed} with an amino acid having a more desirable pKa (o.g., a pKa falling outside
the range of typical reaction conditions),
(86204} In some embodiments, the modifying can include substituting at least ong
amino acid residue having a pKa of between about 4.0 and about 10.0 with an amino
acid residue having a pKa that is greater than about 10.0 or less than about 4.0, In
some embodiments, the amino acid residue having a pKa that is greater than about
1.0 or less than about 4.0 is selected trom the group consisting of! Arg, Asp, Gin, 1y,
ile, Leu, Norleucine {(Nle}, Met, Phe, Ser, Thr, Trp, Val and N-terminal
Formylmethionine (N-fMet).
[88205] In some embodiments, the modifying can include substituting at least ong
amino acid residue having a pKa within the range of about 6.0 to about 8.0 with
ancther amino acid residue. The pKa can optionally be the solution pKa or the whole-
protein pKa of the amino acid residue.
1862061 In some embodiments, the modifying can inchude substituting at least one
amino acid residue having a pKa of between about 6.0 and about 3.0 with an amino
acid residue having a pKa that is greater than about 8.0 or less than about 6.0, Tn some
embodiments, the amino acid to be substituted is His, Glu, Asp, Tyvr or Lys.
862871 In some embodiments, the protein is a polvmerase and the substituting can
imchude replacement of any amino acid residue of the polymerase that is not an
invariant or conserved residue with another residoe. Further deseriptions of aming
acid residues that are conserved or mmvariant amongst polymerases are provided
herein.
[86208] In some embodiments, the modifying can include ntroducing at least one
conservative substitution mio the protein, in which at least one property such as the
size, shape or charge of the amino acid is conserved. A “conservative amino acid
substitution” refers to substitation of a structurally and/or functionally similar amino
acid that may be made without not substantially altering the function of a protein. An
example of conservative substitution is the exchange of an amine acid in one of the
following groups for another aming acid of the same group (U5, Patent No.
5,767,063; Kyte and Doolittle, I Mol. Biol 157: 18S-132 (1982)):

{1} Hydrophobic: Norleucine, e, Val, Leu, Phe, Cys, Met;

{2} Neutral hydrophilic: Cys, Ser, Thr;

(3 Acidic: Asp; Glyg

{4} Basic: Asn, Gln, His, Lys, Arg;
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{5} Residues that influence chain orientation: Gly, Pro;

{6} Aromatic: Trp; Tyr; Phe;

(7} Sraall amino acids: Gly, Ala, Ser.
[86209] For example, substitutions can be made by changing, e.g., Val to Leu; Serto
Thr; or Asp to Gla. Other substitutions can also be considered conservative,
depending on the environment of the particular amino acid and its role in the three-
dimensional structure of the protein. For exampie, when it is desired to alter the pKa
sf an amino acid side chatn while retaining the size and structure of the side chain,
(Glu may be substibited by Gln, and Asp may be substituted by Asn
(86218} In some embodiments, the amino acid residues selected for modification
{c.g., replacement with another amino acid residue) are selected from the group
consisting oft His, Glu, Asp, Cys, Lys and Tyr. In some embodiments, the amino acid
residues selected for modification include His and Glu residues. These amino acid
residucs typically have pKa values (even in the whole-protein context} of between
about pH 6 to about pH 8, and therefore possess high buffering capacities under
standard physiological conditions and standard in vitre protein assay conditions.  For
exarple, His typically has a solution pKa (e, side chain pKa) of about 6.1-6.5 under
standard physiological conditions (2.2, pH conditions of from about pH 6.0 to about
pH 5.0}, while that of Glotamine s about 4.1-4.5, and that of Cysteine s about 8.0
Replacement of these residues with amino acid residues that are typically non-
buffering under standard protein assay conditions can be advantageous in applications
in which it is desirable to achicve low-buffering conditions, ¢.g., ion-based reactions.
{86211 In some embodiments, the at least one conservative aminoe acid substitulion is
selected from the group consisting of His to Arg, Glu to Gln, Asp to Asn, Lyvs to Arg,
and Tyr to Phe.
186212} In some embodiments, at least one of the one or more amino acid
modifications inchides a substitution of an amino acid with an alanine residue.
Substitution or replacement of amino acid residues having high buftering capacitics
with alanine residues can be advantageous in applications in which it is desirable to
reduce the buffering capacity of the protein. Introduction of alanine residues i lieu
ot high-butfering residues s likely to reduce the overall buffering capacity of the
protein because alanine residues typically are small, interfere minimally with protein
structure, and typically have low butfering capacity under standard physiological
conditions {or standard in vitro protein assay conditions) because they are usually
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uncharged at physiological pHs. Alanine residues are theretore unlikely to possess
significant buffering capacity under the operating conditions of interest.

(86213} In some embodiments, at least one of the one or more aming acid
maodifications inchides a deletion of an amine acid. In some embodiments, at least one
of the one or more deleted amino acids includes an amino acid residue having a pKa
of between about 4.0 and about 10.0. In some embodiments, the amino acid residue
having a pKa that is greater than about 10.0 or less than about 4.0 is selected from the
group consisting oft Arg, Asp, Glu, 1y, He, Leu, Norleucine (Nie), Met, Phe, Ser, Thy,
Trp, Val and N-terminal Formylmethionine (N-fMet),

(86214} In some embodiments, at least one of the one or more deleted anuno acids s
an amino acid residuc having a pKa within the range of about 6.0 to about 8.0 with
ancther amino acid residue. In some embodiments, the deleted amino acid is His, Glu,
Asp, Tyr ot Lys.

180215] An amino acid residuc having an undesirable pKa may also be chemically
moditied so as to remove the buffering capacity of its titratable group. These
modifications may nchide, for example, acylation or alkylation of cysteine sulfhydryl
groups, acylation of tyrosine, derivatization of carboxylate groups on aspartic acid or
ghutamic acid through the use of amide bond forming agents or through active ester or
reactive carbonyl intermediates, and acylation or alkyvlation of amine groups of
histidine, lysine arginine, or the N-terminal amine group, using conventional reagents
such as those disclosed in Hermanson (Bioconjugate Technigues, Academic Press,
Londen, 2008). An N-ferminal amine may be acylated using N-succinimidyl-derived
reagents, to attach acetate groups, polycthylene glycol groups, biotins, or the like.
{86216} In some embodiments, after candidate protemn is modified in the selected
fashion, it may be synthesized, and tested for altered buffering capacity. For example,
testing for reduced or increased buffering capacity in a desired range, such as pH 7-9,
may be accomplished by performing a conventional pH #itration on a known quantity
of the candidate protein and determining the characteristic of the tifration curve inthe
desired pH range; namely, in the pH 7-9 range, small additions of hydroxide ion (ot
hydrogen ion) should correspond to large changes 1 measured pH.

882171 In some embodiments, the buffering capacity can be evaluated by comparing
the performance of a modificd protein with a reference profein (e.z., a reference
lacking at least one modification of the modified protein, or the unmodified
counterpart of the modified protein, or the wild-type version of the modified protein)
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in an ion-based sequencing reaction. In some embodiments, ion-based sequencing
can be performed using the Ion Torrent PGM™ sequencer (Life Technologies). In
some embodiments, sequencing can be performed according to the user protocols
supplied with the PGM™ sequencer. Example 7 provides one exemplary protocol for
ion-based sequencing using the lon Torrent PGM™ sequencer, and also describes
some of the sequencing performance metrics that can be used to evaluate buffering
capacity of the modified protein in a sequencing reaction. In some embodiments, the
number of 50317 reads can be plotted against the namber of keypass reads, and the
resulis obtained using the modified and reference proteins can be compared to
determine whether the modified protein has aliered butfering capacity relative to the
reference protein. In some embodiments, the number of 50(317 reads can be plotted
against the number of keypass reads, and the results obtained using the modified and
refoerence profemns can be compared to determine whether the moditied protein has
altered buffering capacity relative to the reference protein. In some embodiments, the
number of carrviorwards can be plotted against the number of keypass reads, and the
resulis obtained using the modified and reference proteins can be compared to
determine whether the modified protein has aliered butfering capacity relative to the
reference protein,

186218} In some embodiments, measuring and comparing the performance of a
modified protein with that of a reference protein can provide a useful tool for
screening modified proteins for altered buffering capacities. For exaraple, in soroe
embodiments, the disclosure relates to a method for screening moditied proteins for
altered buffering capacities, comprising: obtaining a candidate protein to be modified;
miroducing one or more modifications nto the candidate protein, thereby producing a
maodified protein; using the modified protein in an ion-based sequencing reaction and
measuring the modified protein’s performance in the ion-based sequencing system
according o a first parameter; measuring the performance of a reference protein in the
ion-based sequencing systom according to the first parameter; and comparing the
performances of the modified and reference proteins in the ion-based sequencing
system according to the first parameter, thereby determining whether the modified
protein has aliered buftering capacity relative to the reference profein. In some
cembodiments, the reference protein is a protein lacking at least one modification of
the modified protein. In some embodiments, the reference protein is the unmoditied
counterpart of the modified protein. In some embodiments, the reference protein is
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the wild-type version of the modified protein. In some embodiments, the first
parameter s the total number of 30Q17 reads obtained from a single sequencing run
In some embodiments, the first parameter is the total number of 100017 reads
obtained from 3 single sequencing run. In some embodiments, the 50Q17 reads or the
100Q17 reads obtained using the modified and reference proteins can be plotied
against the keypass reads, and the resuits can be compared.

186219 In some embodiments, the madified protein is a polymerase and the reference
protein is a wild-type version of the polyvmerase, or is an unmodified counterpart of
the polymerase.

[88228] In some embodiments, the modified protein comprises one or more chemical
amino acid modifications that reduce the buffering capacity of the protein relative to
the corresponding wild-type protein within the range of about pH 4 to about pH 10,
about pH 3.5 to about pH 9.5, or about pH 7 to about pH 9. In some embodiments, the
one or more chenucal amino acid modifications includes a chemical modification of
the N-terminal amino acid. In some embodiments, the one or more chemical amino
acid modifications mcludes a chemical modification of an amino acid residue
mcluding a primary amine group with an amine-reactive agent, In further
cembodiments, the amine-reactive reagent includes an acylating agent or an activaied
ester.

[86221] In some ernbodiments, al least one of the one or more amino acid
substitutions, deletions or chemical modifications includes a substitution of an amino
acid residuce that is at least 20%, at lcast 25%, at least 30%, at least 35% or at least
40% solvent exposed in the corresponding wild-type protein with another amino acid
residue.

186222} In some embodiments, the characteristic activity of the modified protein is at
least about 40%, 509, 60%;, 70%, 80% or 90% that of the corresponding wild tvpe
protein. fn order to retain the characteristic activity of the moditied protein, the siies
of amino acid substitutions, deletions or modifications are chosen so as to avoud
altering residues known to be important for protein function, such as residues that are
highly conserved across members of a protein family, or known catalytic site residues.
{88223} In various embodiments, the modificd protein has DNA- or RNA-binding
activity. In various embodiments, the protein is selected from the group consisting of

DNA polymerases, helicases, ligases, mucleases, single stranded DNA binding
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proteins and polymerase accessory proteins. These modified proteins may comprise
any combination of amino acid substitutions, deletions or chemical modifications.
(86224} In some embodiments, the one or more amino acid substitutions substantially
reduce the buffering capacity of said protein within the range of about pH 7 to pH 9,
In some embodiments, at least one of the one or more amino acid substitution is a
conservative amno acid substitution. In further embodiments, the at least one
conservative amine acid substitution is selected from the group consisting of histidine
to arginine, glutamic acid to ghitamine, aspartic acid to asparagine, lysine {o arginine,
and tyrosine to phenylalanine.

[88225] In some embodiments, the protein is a DNA polvmerase. In some
cembodiments, the disclosure relates generally to an isolated DNA polymerase
comprising one or more conservative amino acid substitutions that substantially
reduce its buffering capacity relative to the corresponding wild-type protein within the
range of about pH 7 to about pH 9. In some embodiments, the DNA polymerase is
selected from the group consisting of an A family DNA polymerase; a B family DNA
polymerase; a mixed-type polymerase; an unclassiticd DNA polymerase and RT
family polymerase; and variants and derivatives thereof,

86226} In some embodiments, the DNA polymerase is an A family DNA polymerase
selected from the group consisting of an A family DNA polymerase such as E. cobt
DNA polymerase, the Klenow fragment of E. coli DNA polymerase, Bst BINA
polymerase, Tag DNA polymerase, Plativur Tag DNA polymerase series, T7 DNA
polymerase, and Tth DNA polymerase. in some embodiments, the DNA polymerase
is Bst DNA polymerase. Tn other embodiments, the DNA polymerase 1s E. coli DNA
polymierase. In some embodiments, the DNA polymerase is the Klenow fragment of
E. coli DNA polymerase. In some embodiments, the polymerase is Taq DNA
polymerase. In some embodiments, the polymerase is T7 BNA polymerase,

1862271 In other embodiments, the DNA polymerase is a B family DNA polymerase
sclected from the group consisting of TH polymerase, Pfu polymerase, Pfutubo
polymerase, Pyrobest polymerase, Pwo polymerase, KOD polymerase, Sac
polymerase, 3so polymerase, Poc polymerase, Pab polymerase, Mth polymerase, Pho
polymerase, ES4 polymerase, VENT polymerase, DEEPVENT polymerase, phage
Phi29 polymerase, and phage B103 polymerase. In some embadiments, the
polymerase 1s KOD polymerase. In some embodiments, the polymerase s
Therminator™ polymerase. In some embodiments, the polyroerase is phage Phi29

2
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DNA polymerase. In some embodiments the polymerase is phage B103 polymerase,
meluding, for example, the variants disclosed in US. Patent Publication No.
20110014612 and Us priority docurents,

[80228] In other embodiments, the DNA polymerase is a mixed-type polymerase
selected from the group consisting of EX-Taqg polymerase, LA-Tag polymerase,
Expand polymerase series, and Hi-Fi polymerase. In yet other erobodiments, the DNA
polymerase is an unclassified DNA polymerasc selected from the group consisting of
Thr polymerase, Tl polymerase, Tru polymerase, Tac polymerase, Tne polymerase,
Tma polymerase, Tih polymerase, and T polymerase.

[88229] In other ernbodiments, the DNA polymerase 1s an RT polymerase selected
from the group consisting of HIV reverse transcriptase, M-MLV reverse franscriptase
and AMY reverse transcriptase. In some embodiments, the polymerase is HIV reverse
franseriptase or a fragment thereof baving DNA polymerase activity,

1862381 In some embodiments, the DNA polymerase is a Bst BNA polymerase
comprising one or more conservative aminoe acid substitutions that substentially
reduce s buffering capacity relative to the corresponding wild-type protein within the
range of about pH 7 to about pH 9, wherein the one or more conservative amino acid
substitutions are selected from the group consisting of: histidine to arginine, glutamic
acid to glotamine, lysine to arginine and tyrosine to phenylalanine. As used herein, 8
“Bst DNA polymerase” may refer to a full length protein or to a Bst DNA polymerase
farge fragroent which retains the polymerase and proofreading domains while lacking
the 57 to 3’ exonuclease domain,

(86231} In some embodiments, the one or more conservative aming acid substitutions
are of one or more anuno acid residucs shown in Table 2 or Table 3. Tables 2 and 3
show the calculated pKas for amine acids within Bst DNA polymerase. Column |
shows the amino acid residue, with numbering based upon that of SEQ 1D N1
columm 2 shows the caloulated pKa of the side chain; and column 3 indicates whether
the amino acid residue 18 on the surface of the protemn {(8) or 18 buried (B). The values
shown tn Table 2 were determined using PropKa, while the values in Table 3 were
determined using H+-+ To some embodiments, the one or more conservative amino
acid substitutions are of amine acid residues having a pKa of about 4.0 to about 10.0
as determined by both algorithms.

(86232} In some embodiments, the one or more conservative amino acid substitutions

are selected from the group consisting of H46R, H273R, H28IR, F446Q, H4T73R,

(9,1
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HS28R, HS72R and Y477F, the numbering of amino acid residues being in
accordance with that of SEQ 1D NO: 1.

{88233} In some embodiments, the Bst DNA polymcrase comprises one or more
conservative amine acid substitutions, wherein the one or more amino acid
substitutions includes a substitution of alanine at position 2 with Met, Asn, Gin, Ley,
Iie, Phe, or Trp, the numbering of amino acid residues being tn accordance with that
of SEQ 1D NO: 1.

186234} In some embodiments, at least one of the one or more aming acid
modifications in the Bst DNA polymerase includes a substitution of an amino acid
residue with an alanine residue.

(86235} In some embodiments, the disclosure relates generally to an isolated Hst
DNA polymerase comprising the amino acid sequence of SEQ 1D NQG: 2, or a variant
thereof having one or more conservative amino acid substitutions. The mnitial
methionine residue of these amino acid sequences is not derived from the native Bst
polymerase, but is present to facilitate the production of the large fragment. Thus in
soroe embodiments, the isolated Bst Polymerase comprises the amino acid sequence
of SEQ 1D NO: 2, or any variant as described herein, wherein the protein lacks the N-
terminal methionine residue.

186236} In some embodiments, the Bst DNA polymerase comprises the amino acid
sequence of SEQ ID NO: 2. In some ombodiments, the disclosuare relates generally to
an isolated variant of a protein coraprising the amino acid sequence shown in SEQ 1D
NQO: 2, wherein the variant comprises an amine acid sequence that is at feast 80%, at
feast 85%, at least 90%, at least 91%

at feast 92%, at least 9395, at least 94%, at least

;
05%, at least 96%, at least 97%, at least 8%, or at least 99% identical to SEQ 1D RKO:
2,

1862371 In some embodiments, the DNA polymerase is a Therminator™ DNA
polymerase comprising one of more aminoe acid substitutions, deletions or mutations
as described above, In some embodimaents, the Therminator™ DNA polymerase
comprises one or more conservative amino acid substitutions that substantially reduce
is buttering capacity relative to the corresponding wild-type protein within the range
ot about pH 7 to about pH 9, wherein the one or more conservative amine acid
substitutions are selected from the group consisting of: histidine to arginine, glutamic

acid to glotamine, lysine o arginine and tyrosine to phenylalanine.
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{88238} In some embodiments, the one or more conservative aming acid substitutions
are of one or more amine acid residucs shown in Table 3. Table 5 shows the
calculated pKas for amino acids within Thermunator™ DNA polymerase as
determined using PropKa. Columm 1 shows the amino acid residue, with numbering
based upon that of SEQ 1D NO: 5; while colummn 2 shows the calevlated pKa of the
side chain.

1802391 In some embodiments, the DNA polymerase is a KOD DNA polymerase
comprising one or more amino acid substitutions, deletions or mutations as described
above. In some embodiments, the KOD DNA polymerase comprises one or more
conservative amino acid substitutions that substantially reduce #ts buffering capacity
relative to the corresponding wild-fype protein within the range of about pH 7 to
about pH 9, wherein the one or more conservative amino acid substitutions are
selected from the group consisting of! histidine to arginine, glutamie acid to
glutamine, lysine to arginine and tyrosine to phenylalanine. In some embodiments, the
one of mote conservative amino acid substitutions are of one or more amino acid
residuces shown in Table 6. Table 6 shows the calculated pKas for amino acids within
KOD DNA polymerase as determined using PropKa. Column | shows the amino acid
residue, with numbering based upon that of SEQ ID NO: 6; while column 2 shows the
calculated pKa of the side chain. Optionally, the KOD polymerase includes one or
more motations reducing an exonuclease activity (for example, a 37> S'exonuclease
activity) of the protein,

1802481 In some embodiments, the DNA polymerase is a B103 DBNA polymerase
comprising one or wore aminoe acid substitutions, delelions or mutations as described
above., A B103 DNA polymerase may include any of the vanant B103 polymerases,
or biclogically active fragments thereof, as disclosed in U.S. Patent Publication Ne.
20110014612, which is incorporated by reference hercin.

186241} In some embodiments, the B103 polymerase has the amino acid sequence of
SEQ I NO: 7, further comprising amine acid substitutions at positions 383 and 384,
wherein the mimbering is relative to the amino acid sequence of SEQ IDNO: 7. In
sorpe embodiments, the polymerase comprises the amino acid substitutions F3R3L
and D384N, wherein the numbering is relative o the amino acid sequence of SEQ D
NG 7.

1862421 In some embodiments, the B103 polymerase has the amino acid sequence of

SEQ 1D NO: 8.
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1 mprimfscedf etttkldder vwaygvmaig nldn mowvme igadlyihnl
61 kifdgafivnw lebhgfkwsn eglpntyntl lskmgawymi dicfavkgkr kihtviydsi

121 kklpfpvikki akdfglpllk gdidvhaerp vgheitpeey evyikndieiil araldigfkg

181 gldrmtagsd sikgfkdils ir ravrggftwl ndkykekeig

241 egnmvidvnsl ypsgnvsrpl pygapiviag yvigrirfefe lkegyiptuig

301 ikknpffkgn eviknsgaep velyltnvdl nveyidgfkf rektglikef

<

361 ddkwtyvkth ekgakkglak Imfdslyvgkf Fpyvikedgslg frvgdeeykd

421 pyytpmgvii tawarfttit magacydrii 1t gtevpeiikd ivdpkklgyvw

481 ahestfkrak virgktyigqd ivakevdgkl tkfsvkecagm tdtikkkvee

541 dnfrvgfsst gkpkpvgvng gvvlivdsvit ik

(SEQ I NOG: 8)

186243} In some embodiments, the B103 polymerase comprises an amine acid
sequence that s at least 80%, 85%, 0%, 95%, 97%, 98% or 99% identical to the
amine acid sequence of SEQ TD NO: 8, or any biclogically active fragment thereot.
Typically, a polymerase having the amino acid sequence of SEQ 1D NO: 8 will
exhibit increased polymerase activity (e.g., primer extension activity} relative fo the
polymerase having the amino acid sequence of SEQ 1D NG: 7.

80244} In some embodiments, the B103-type polymerase comprises one or more
maodifications resulting in altered exonucicase activity (for example 3" t0 &
exonuclease activity} as compared {o a reference polymerase. In some embodiments,
the modification comprises an amino acid substitution, for example the amino acid
substitution D166A. In some embodiments, the moditied B103-type polymerase
facks 37 to 57 exonuclease activity, or lacks 5° to 37 exonuclease activity, or both,
Mutations that reduce or eliminaie 37 to 57 exonucleasc activity have been described,
for example, 10 Phi-29 polymerase at various residucs. See, e.g., de Vega ot al,,
EMBO I, 15(511182-1192 (1996); Soengas et al,, EMBO 1, 1111342274237
{1992}; Blanco et al,, U.S. Patent Nos. 5,001,050, 5,198,543 and 5,576,204,

186245] In some embodiments, the B103 polymerase comprises an amino acid
sequence that is at feast 70%, 75%, 83%, 90%, 95% or 99% wdentical to any one of
the amino acid sequences SEQ ID NG 7, SEQ D NO: Band SEQ D NO: S, or to
any biologically active fragment thereof, and further comprises one or more amino
acid substitutions, additions or deletions at one or more positions selected front the
group consisting oft 2, 9, 11, 12, 58, 59, 63, 162, 166, 377 and 3&5, wherein the
numbering is relative to SEQ ID NO: 7. In some embodiments, this polymerase can

exhibit reduced exonuclease activity relative to an unmoditied counterpart.
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1882461 In some embodiments, the B103 poiymerase comprises an aming acid
sequence that is at least 70%, 75%, 85%, 90%, 95% or 99% identical to any one of
the amino acid sequences SEQ 1D NO: 7 or SEQ 1D NO: § or to any biologically
active fragment thereof, and further comprises the amino acid mutation D166A,
wherein the numbering is relative to SEQ 1D NO: 7. In some embodiments, this
modified polymerase can exhibit reduced 37 to 5 exonuclease activity relative to a
reference polymerase having the amino acid sequence of SE( ID NO: 7.

1882471 In some embodiments, the B103 DNA polymerase comprises an amino acid
sequence that is at least 70%, 75%, 85%, 90%, 95% or 99% identical to any one of
the aming acid sequences SEQ D NO: 7, SEQ ID NO: 8and SEQ ID NO: 9, or to
any biologically active fragment thereot, and further comprises one or more amino
acid substitutions sefected from the group consisting of: DA, ETTA, EL L Ti2E
HA3ER, N3gD, D63A, YI6ZF, Y1620, DIGGA, Q377A and 83856, wherem the
numbering is relative to SEQ 1D NG 7. In some embodiments, this modified
polymerase can exhibit reduced exonuciease activity relative to an unmodified
counferpart.

{80248} In some embodiments, the B103 DNA polyraerase comprises an amino acid
sequence that is af least 70%, 75%, &3%, 90%, 95% or 99Y% identical to any one of
the amine acid sequences SE( ID NO: 7, SEQ ID NO: 8 and SE(Q ID NO: 8 or to any
biologically active fragment thereot, and further comprises one or more amino acid
substitutions selected from the group consisting oft DA, EULA, BT T12E, HSER,
NEOD, DE3A, YI6ZF, YI62C, Q377 A and S383(, wherein the mumbering is relative
to SEQ ID NO: 7. Typically, this moditied polymerase can exhubit reduced 37 to 57
exomuclease activity relative to an unmodified counterpart.

{86249} In some embodiments, the B103 DNA polymerase comprises an amino acid
sequence that is at feast 85%, 909, 95% or 99% identical to the amino acid sequence
of SEQ ID NO: 7 and firther comprises an anuno acid substitution wherein the amino
acid residue at position 9 1s replaced with an alanine (“A”) residue, wherein the
numbering is relative to the amino acid sequence of SEQ IDNG: 7

1882581 Tn some embodiments, the B103 DNA polymerase comprises an amino acid
sequence that is at least 83%, 0%, 95% or 99% wdentical to the amino acid sequence
of SE} 1D NO: 7 and further comprises one or more of the amino acid substitutions
D9A, E1TA, T121, HS8R, N5SD, D63A, DI66A, (3377A, S385(, or any combination

thereof, wherein the numbering is relative to the amino acid sequence of SEQ D NO:
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7. In some embodiments, the B103 DNA polymerase comprises any one, two, three,

four, five or all of these mutations.

In some embodiments, the

B103 DNA

polymierase coraprises the amine actd substitutions D9A and DO3A. In some

cembodiments, the B103 DBNA polymerase comprises the amino acid substitutions

N39D and TIZ2L

activity relative {o an unmodified counterpart.

Typically, this polymerase will exhibit reduced 37 to § exonuclease

186251 In some embodiments, the B103 DNA polymerase comprises an amino acid

sequence that is at least 85%, 80%, 95%

or 99%, identical io the amino acid sequence

of SEQ 1Ty N B8, and comprises any one, two, three or more of the mutations

deseribed herem

186252} Optionally, the modification(s} reducing 3" to §°

exonuciease activity can be

combined with additional modification(s} that increase polymerase activity.

Modifications increasing polymerase activity include, for example, the amino acid

substitutions F3

831 and D384N.

1882531 In some embodiments, the B103 DNA polymerase compriscs the amine acid

sequence of SEQ 1D NG: 7 and further comprises the amino acid substitution DI66A,

which reduces the 3

substitutions F3R3L and D384N, which increase

"o 57 exonuclease activity, in combination with the anuno acid

the polymerase activity of the

substituted polymerase, relative (o the unmodified protein having the amino acid

sequence of SEQ ID NO: §. The amino acid sequence of this triple mutant

polymerase 1s the amino acid segquence of SEGQ 1D NO: 9, below:

mprkmfscdf
kidgatfivnw

kklptfpvkki

egmvidvnsl

ikknpffkgn e

idkwtyvkth

Lrvgfise

(SEQ ID NO: 9}

<iddor

o it i}
cTTT

lehhgfkws

akdfglpllk gdi

sikgfkdils
ypsgumysrpl
viknsgaep

ekgakkglak

Q\F K’Q'\"qv neoy

aagacydrii

ivakevdgkl

gvvlivdsvit

1 eligehvemy

ld=

~fgvkakr

3
dic

o vgheitpeey eviknaielid

lslpmdkelr rayrggftwl

vigrirfefe .

kvekdegypl
nveyidgfks

snpdvtgky ikedgslyg

G
U)

vl

igadlvifhnl
kihtw L)’(lf)l

araldigfkg

ndkyvkekaig

ikegyiptiq
rektglikef
frvgdeeykd
ivdpkklgyw
cdtikkkveE

186254} In some embodiments, the modificd polymerase comprises an amino acid

sequenee

A
. 7D 70,

that is at feast 70%,

8@’3/1 85(/0, 9(}/0, 9300, Q7l/m :

or 99%,

identical to the amino acid sequence of SEQ ID NO: 9, or any biologically active
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fragment thereof. Typically, the modified polymerase of SEQ 1D NO: 9 will exhibit
reduced exonuclease activity relative to a reference polymerase comprising the amino
acid sequence of SEQ 113 NO: 7 or SEQ ID NO: 8,

(86255} In some embodiments, the disclosure relates generally to a B103 DNA
polymerase, including any of the variants described above, wherein the B103 DNA
polymerase comprises one or more conservative amino acid substitutions that
substantially reduce its buffering capacity relative fo the corresponding unmodified
protein within the range of about pH 7 to about pH 9, wherein the one or more
conservative amino acid substifutions are selected from the group consisting oft
histidine to arginine, ghutamic acid to glutarnine, lysine fo arginine and tyrosing to
phenvlalanine. In some embodiments, the one or more conservative amino acid
substitutions are of one or more amino acid residues shown in Table 7. Table 7 shows
the calculated pKas for amino acids within Thernunator™ DNA polymerase as
determined using PropKa. Column 1 shows the amino acid residue, with numbering

based upon that of SEQ 1D NO: 7; while column 2 shows the calculated pKa of the

[88256] In some embodiments, the modified polvmerase refains polyracrase activity.
In various embodiments, the polymerase activity of a modified DNA polymerase is at
least about 40%, 50%, 60%;, 70%, 80% or 90% that of the corresponding wild type
protein. As used herein, the term “polyvmerase activity” and ifs variants, when used in
refoerence to a given polymerase, Comprises any i vive or 1o vifro enzymatic activity
characteristic of 3 given polymerase that relates to catalyzing the polymerization of
nucleotides into a nucleic acid strand, e.g., macleotide incorporation activity {typically
measured as primer extension activity in a primer oxiension assay), and the like,
Typically, but not necessarily such nucleotide polymerization occurs in a tomplate-
dependent fashion. In addition to such polymerase activity, the polymerase can

By

typically possess other enzymatic activitics, for example, 37 o 5° exonuclease
activity, 87" 10 37 exonuclease activity, and the like,

1882571 In some embodiments, the amount of nucleotide incorporation activity {or
primer extension activity) exhibited by the polymerase can be quantified as the total
number of nucleotides mcorporated (as measured by, e.g., radiometric or other
suitable assay} by a unit amount of polymerase {in moles) per unit time {seconds}
snder a particular set of reaction conditions.  The nucieotide incorporation activity
{or prirer extension activity) can be measured using any suitable assay that provides

g
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a quantitative indication of the amount of extension product obtained using defined
reaction conditions comprising a known concentration of polymerase. Regardless of
which assay is used, differences in nucleotide incorporation activity {or primer
extension activity} between two samples, when obtained using identical reaction
conditions, can be evaluated by simply comparing levels of observed nuclectide
incorporation activity {or primer extension activity) obtained from each sample.
Optionally, the observed nucleotide incorporation activity {or primer extension
activity) can normalized for amount of polymerase by dividing the amount of
meorporated radicactivity by the polymerase concentration in the reaction mixture, o
allow comparison betwoen reactions containing different polymerase concentrations.
88258 In one exemplary embodiment, the nucleotide incorporation activity (or
primer extension activity} of a polymerase can be measured using a radiometric assay
that measures incorporation of a radioactively labeled nucleotide into acid-insohuble
material in a polymerase reaction. The amount of incorporated radioactivity indicates
the total number of nucleotides incorporated. See, e.g., Wuetal, Gene
Biotechnology, 2nd Ed., CRC Pregs; Sambrook, 1, Fritsch, EF, and Mamatis, T.
{1989} Molecular Cloning A Laboratory Manual, 2nd ed., Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY.

1862591 In another exemplary embodiment, levels of nucleotide incorporation activity
{or primer extension activity) 1n a sample can be measured by mounitoring the
fluorescence intensity change over ime during extension of a fluorescein-labeled
hairpin oligonucieotide.

18826081 Tn another exemplary embodiment, the nucleotide incorporation activity {or
primer extension activity) of a given polvmerase can be quantified by quantifying the
amount of pyrophosphate liberated after performing nuclootide incorporation {¢.g.,
primer extension} under standard tolerance assay conditions for S minutes.

186261] Various examples of such assays for polymerase activity can be found, for
example, in U8, Apphication Ser. No. 12/748339, now published as U.S, Publication
No. 20110014612,

1882621 Tn order to retain the characteristic activity of the modified protein, the sites
of amino acid subsittutions, deletions or chemical modifications are chosen 50 as o
avoid altering residues known fo be important for protein function, such as residues

that are highly conserved across members of the particular family of DNA

6



WO 2011/106766 PCT/US2011/026450

polymerases to which the modified protein belongs, or known catalytic site residues
mvolved in polymerase activity.

(86263} In some embodiments, the modified polymerase that retains polymerase
activity is 3 B103 DNA polymerase. Amino acid residues that atfect the polymerase
or exonuclease activity of the B103 DNA polymerase have been described in detail
above.

1862641 In some embodiments, the modified polymerase that refains polymerase
activity is a Bst DNA polymerase.. The amino acid sequence of the large fragment of
the Bst DNA polymerase protein 1s shown in SEQ ID NO: L

BVTEEMLADK AALVVEVVEE NYHDAPIVGI AVVNEHGREEY
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[862658] SEQ D NO: 1 contains the DNA polymerase motifs A, B, and C (Delahue,
supra} at residucs 358-363, 411-420 and 533-534, respectively, as shown in Figure 1.
The motifs are underiined and highlighted, and the invariant residucs within cach
motif are indicated in bold. Thus in order to retain the polymerase activity of a
modified Bst polymerase, any substitutions, deletions or chemical modifications will
be made fo amino acid residues that are not highly conserved within motifs A, B or C,
such as the invariant aspartic acid residues D358 and D535 required for polymerase
activity.

186266] In some embodiments, the moditied Bst DNA polyimerase retains
proofreading exonuciease activity. In various embodiments, the proofreading
exonuclease activity of a modified Bst DNA polymerase is at least about 409, 50%,
6196, 70%, B0% or 9(% that of the corresponding wild type protein. In order to retain
the proofreading exonuclease activity of a modificd Bst DNA polymerase, the skilled
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artisan will understand that any substitutions, deletions or chemical modifications
should be made to amino acid residhes that are not highly conserved within the Exo ||
Exo {1 and Exo [H motifs.

862671 In some embodiments, the disclosure relates generally to an isolated protein
comprising one or more aming acid substitutions, deletions, or chemical modifications
that reduce the buffering capacity of said protein relative to the corresponding wild-
type protein within the range of about pH 4 to about pH 10, wherein the one or more
amino acid substitutions, deletions or chemical modifications substantially reduce the
average number of sequencing errors obtained from an jon-based sequencing reaction
using the modified protein, relative to the number of sequencing errors obtained from
an ion-hased sequencing reaction using the corresponding wild-type (unmodified)
protein.

166268} The scquencing ervor rate will in part depend upon the fidelity of the
polymerase used in the sequencing reaction. The fidelity of a polymerase depends in
part upon the tendency of the polymerase to incorporate incorrect nuclestides, as well
as the presence of an integral 37 1o §7 exonuclease activity, which can increase fidelity
by excising mistncorporated nucleotides, It 18 known that a conserved residue i motif
A of DNA polymerases {E for family A members and Y for family B members), as
well as residues which interact with this conserved residue, play an important role in
imcorporation of the correct macleotide (Parsell, supra; Minnick, supra). Conserved
motifs nvolved in 37 t0 57 exomuclease activity are also known, as discussed above, 1t
is also known in the art that some polymerases have improved fidelity relative to
others. Residues that may play 4 role 1o either nucleotide mcorporation or 3" 10 &7
exomuclease activity may be determined by a review of the relevant motifs ina
polymeerase, or by comparison to polymerases having improved fidelity. Thus in some
cmbodiments, the disclosure relates generally to a modified DNA polymerase,
wherein one or more of the modifications o the polymerase affect either nucleotide
imcorporation or 37 to 57 exonuclease activity.

1882691 In some embodiments, the disclosure relates generally to an isolated protein
comprising one or more amino acid substitutions, deletions or chemical modifications
that reduce the butfering capacity of said protein relative to the corresponding wild-
type protein within the range of about pH 4 1o about pH 10, wherein the one or more
aming acid substitutions, deletions or chemical modifications increase the average
length of sequencing reads having at least 90% accuracy obtained from an ion-based
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sequencing reaction using the modified protein, relative to average length of
sequencing reads having 90% accuracy obtained from an fon-based sequencing
caction using the corresponding wild-type (unmodified) protein.
186278 The length of sequencing reads depends in part upon the processivity of the
polymerase used in the sequencing reaction. The processivity of a polymerase is a
measure of the average number of nueleotides added by the polymerase per
association/disassociation with the template.
188271 It 1s known in the art that some polymerases have improved processivity
relative to others. Residues that may play a role in processivity may be determined by
conmparison to polymerases having improved processivity. Thus in some
embodiments, the disclosure relates generally to a modified DNA polymerase,
wherein one or more of the modifications to the polymerase affect processivity.
1862721 It 1s also known 1o the art that accessory proteins, mcluding, for example,
sliding clamp proteins or single stranded DNA binding proteins (S8Bs), can improve
the processivity of a BNA polymerase, SSBs are also used in the art to improve
fidelity of DNA polymerases. Thus in some erobodiments, the disclosure relates
generally to a modified accessory protein or S8B, wherein the modified protein
provides increased improvementis to the processivity and/or fidelity of a polymerase
used in a sequencing reaction, as compared fo an unmodified accessory protein or
SSB.
1862731 In some ernbodiments, the isolated protein comprising one or more aming
acid substitutions that reduce the buffering capacity of said protein relative to the
corresponding wild-type protein within the range of about pH 4 to about pH W is a
single stranded DNA binding protein (SSB).
186274} In some embodiments, the SSB comprises one or more conservative aming
acid substitutions that substantially reduce its buffering capacity within the range of
pH 7 to pH 9. In further embodiments, the one or more conservative amino acid
substitutions are selected from the group consisting of histidine to arginine, glutamic
acid to glutamine, aspartic acid to asparagine, lysine to arginine, and tyrosing to
phenylalanine. In some embodiments, the SSB is E. coli SSB. In further
embodiments, the one or more conservative aming acid subsiitutions are of one or
more amine acid residues shown in Table 4. Tabies 2 and 3 show the calculated pKas
for amine acids within E. coli S8B. Column 1 shows the amino acid residue, with
numbering based upon that of SEQ 1D NO:1; column 2 shows the calculated pKa of
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the side chain. In some embodiments, the SS5B comprises the amino acid substitution
K7R.

[88275] In some embodiments, any of the isolated proteins described herein further
melude an atfinity tag, a label, a chemical moiety, a radionuclide, an enzyme, a
fhuorescent marker, a chemiluminescent marker, or a combination thereof,

1862761 In some erobodiments, the 1solated protein i3 coupled to a polymer, a support,
or a sensor, Polymers may include, for example, polyethylene glycol, PEA, a dextran,
an acrylamide, or a celhulose (e.g., methyl cellulose). Supports may nclude, for
example, beads or other solid surfaces such as the surface of a reaction chamber,
microwel! or sensor. Sensors may nclude, for example, g FET. In some embodiments,
the sensor is a chemFET, In some embodiments, the sensor is an ISFET,

186277} In some embodiments, the disclosure relates generally to a method for
incorporating at least one nucleotide into a primer, comprising: contacting a nucleic
acid duplex including a template nucieic acid and a primer with a modified
polymerase according to the disclosure in the presence of one or more nucleotides,
and ncorporating at least one nucleotide into the primer in a template-dependent
fashion using the polymerase. The modified polymerase may be any of the
polymerases having any of the modifications disclosed above, including onc or more
amineo acid substitutions, deletions and chemical medifications.

[86278] In some ernbodiments of the method, the polymerase comprises one or more
amine acid substitutions that reduce the buffering capacity of said protein relative to
the corresponding wild-tvpe protein within the range of about pH 4 to about pH 10. In
some embodiments, the one or more amino acid substitutions reduce the buffering
capacity of the polymerase relative to the corresponding wild-type polymerase within
the range of about pH 7 to about pH 9, or of about pH 6 to about pH 8,

(86279} In some embodiments, the one or more amino acid substitutions substantially
reduce the buffering capacity of the polymerase within the range of about pH 7 to pH
9. In embodiments, at feast one of the one or more amino acid substitution is a
conservative amino acid substitution. In further embodiments, the at least one
conservative amino acid substitution is selected from the group consisting of histidine
to arginine, ghutaric acid to glutamine, aspartic acid to asparagine, lysine to argining,
and fyrosine to phenylalanine.

{86288} In various embodiments of the method, the BNA polymerase is selected from
the group consisting of an A family DNA polymerase; a B family DNA polvmerase; a
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mixed-type polymerase; an unclassified DNA polymerase and RT family polymerase;
and variants and derivatives thercof,

{80281} In some embodiments, the DNA polymerase s an A family DNA polymerase
selected from the group consisting of a Pol [-type DNA polymerase such as E. coli
DNA polymerase, the Klenow fragment of E. coli DNA polymerase, Bst DNA
polymerase, Taq DNA polymerase, Platimim Tag DNA polymerase series, T7 DNA
polymerase, and Tth DNA polymerase. in some embodiments, the DNA polymerase
is Bst DNA polymerase. In other embodiments, the DNA polymerase 1s E. coli DNA
polymerase. In some embodiments, the DNA polymerase is the Klenow fragment of
E. coli DNA polymerase. In some embodiments, the polymerase is Taq DNA
polymerase. In some embodiments, the polymerase is T7 BNA polymerase.

186282} In other embodiments, the DNA polymerase is a B family DNA polymerase
selected from the group consisting of? Bst polymerase, Th polymerase, Ptu
polymerase, Pfutubo polymerase, Pyrobest polymerase, Pwa polymerase, KOD
polymerase, Sac polymerase, Sso polymerase, Poc polvmerase, Pab polymerase, Mth
polymerase, Pho polyrmerase, ES4 polymerase, VENT polymerase, DEEPVENT
polymierase, Therminator™ polyraerase, phage Phil% polymerase, aud phage B103
polymerase. In some embodiments, the polymerase is KOD polymerase, In some
cembodiments, the polymerase is Therminator™ polymerase. In some embodiments,
the polymerase is phage Phi29 DNA polymerase. Tn some embodiments the
polymerase 1s derived from phage B103 polymerase, including, for example, the
variants disclosed in U.S, Patent Publication No. 20110614612 which is incorporated
by reference herein,

{80283} In other ermbodiments, the DNA polymerase 15 a mixed-type polymerase
selected from the group consisting of EX-Taq polymerase, LA-Tag polymerase,
Expand polymerase series, and Hi-Fi polymerase. In yet other embodiments, the BNA
polymerase 1s an unclassified DNA polymerase selected from the group consisting of
Thr polymerase, T polymerase, Tru polymerase, Tac polymerase, Tne polvmerase,
Tma polymerase, Tih polymerase, and Tii polymerase.

188284} o some embodiments, the DNA polymerase is an RT polyvmerase selected
from the group consisting of HIV reverse transcriptase, M-MLV reverse franscriptase
and AMY reverse transcriptase. fn some embodiments, the polymerase is HIV reverse

transcriptase or a fragment thereof having DNA polymerase activity.
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[BG3285] In some embodiments of the method, the DNA polymerase is a Bst DNA
polymerase comprising one or more conservative amino acid substifutions that
substantially reduce its buffering capacity relative to the corresponding wild-type
protein within the range of about pH 7 to about pH 9, wherein the one or more
conservative amino acid subsiitutions are selected from the group consisting of:
histidine to arginine, ghitarnic acid to glatarmine, lysine to arginine and tyrosine to
phenylalanine. In some embodiments, the one or more conservative amino acid
substitations are of one or more aming acid residues shown in Table 2 or Table 3. In
some embodiments, the one or more conservative aming acid substitutions are
selected from the group consisting of HAGR, H273R, HIEIR, E44603, H4T73R,
H3ZER, H372R and Y477F, the numbering of amino acid residues being in
accordance with that of SEQ ID NG: L
1662861 In some ernbodiments, the Bst DNA polymerase comprises one or more
conservative aming acid substitutions, wherein the one or more amino acid
substitutions inchudes a substitution of alanine at position 2 with Met, Asn, Gin, Leu,
Tie, Phe, or Trp, the numbering of amino acid residues befng in accordance with that
of SEQ ID NO: 1.
862871 In some embodiments of the method, the polymerase is a Bst DNA
polymerase comprising the amino acid sequence of SEQ 1D NG: 2, or a variant
thereof having one or move conservative amino acid substitutions, or a variant
comprising a deletion of the N-terminal methionine. In some embodimoents, the Bst
DINA polymerase comprises the amino acid sequence of SEQ 1D NO: 2, In some
embodiments, the disclosure relates generally to an isolated vanant of a protein
comprising the amine acid sequence shown in SEQ 1D NG: 2, wheremn the variant
compriscs an amino acid sequence that is af feast 95% identical 1o SEQ ID NOG: 2.
186288} In other embodiments of the method, the DNA polymerase is a
Therminator™ DNA polymerase comprising one of more conservative amino acid
substifutions that substantially reduce its buffering capacity relative to the
corresponding wild-type protein within the range of about pH 7 to about pH 9,
wherein the one or more conservative amino acid substitutions are selected from the
group consisting of! histidine to arginine, glutaric acid to ghatanune, lysine to
arginine and tyrosine fo phenylalanine. In some embodiments, the one or more
conservative amino acid substitutions are of one or more aming acid residues shown
in Table S,
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1882891 In other embodiments of the method, the DNA polymerase is a KOD DNA
polymerase comprising one or more conservative amino acid substifutions that
substantially reduce its buffering capacity relative to the corresponding wild-type
protein within the range of about pH 7 to about pH 9, wherein the one or more
conservative amino acid subsiitutions are selected from the group consisting of:
histidine to arginine, ghitarnic acid to glatarmine, lysine to arginine and tyrosine to
phenylalanine. In some embodiments, the one or more conservative amine acid
substitations are of one or more aming acid residues shown in Table 6.

1882981 Tn other embodiments of the method, the DNA polyvmerase is a BI03 DNA
polymierase coraprising one or more conservative amino acid substitutions that
substantially reduce its buffering capacity relative o the corresponding wild-type
protein within the range of about pH 7 to about pH 8, wherein the one or more
conservative ammno acid substitations are selected from the group consisting of:
histidine to arginine, glutamic acid to glutamine, lysine to arginine and tyrosine o
phenylalanine. In some embodiments, the one or more conservative amino acid
substitutions are of one or more amino acid residues shown 1n Table 7.

{86291} Candidate modified proteins may be synthesized in a variety of ways,
mehuding by way of molecular cloning and expression, or by chemical synthesis.
Chemical synthesis of such proteins may be carried out by native chemical ligation, as
described by Dawson et al (Science 266: 776-779 (1994)); Hakeng ot al (Proc. Natl.
Acad. Sci. USA 94: 7845-7830 (1997)); Hakeng ot al (Proc. Nath Acad. Sci. USA 96:
H68-106073 (1999)); and Kent ot al,, U.S. Patent No. 6,184,344, which are
meorporated herein by reference.

(882921 Moditied proteins may also be produced by recombinant technigues, In some
cembodiments, the disclosure relates generally to recombinant DNA or RNA
molecules encoding a modified protein, inchuding but not limited to phages, plasmids,
phagemids, cosmids, YACSs, BACs, as well as various viral and non-viral vectors well
known in the art, and cells transformed or transtected with such recombinant DNA or
RNA molecules. Methods for generating such molecules are well known (see, for
example, Sambrook et al., Molecular Cloning: A Laboratory Manual 3rd. edition
{2001) Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y).

86293} In some embodiments, the disclosure relates generally to a host-vector system
comprising a recombinant DNA molecule containing a sequence encoding a moditied
protein within a suitable prokaryotic or eukaryotic host cell. Examples of suitable
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sukaryotic host cells include a yeast cell, a plant cell, or an animal celi, such as a
mammalian cell or an insect cell {e.g., a baculoviras-nfectible cell such as an 5% or
High¥Five cell). Polynucleotides coraprising the coding sequence of a non buffering
protein can be used fo generate modified proteins using any number of host-vector
systems routinely used and widely known in the art.

186294} The disclosure relates generally to an isolated nuclete acid that is at least

70%,

at least 75%, at least 80%, at least 81%, at least 82%, at least 83%, at least 849,
af lcast 859, at least 6%, at least 87%, at least 899%, at least 90%, at least 91%, at
feast 92%, at least 93%, at least 94%, at least 95%, at leasi 96%, at least 97%, at least
98%6, or at least 99% identical to a nucleie acid encoding any of the modified proteins
disclosed herein.

186295] Polymucleotide sequences encoding the modified proteins can be obtained
using standard recombinant techniques. Alternatively, polynuclectides can be
synthesized using nucleotide synthesizer or PCR techniques. Once abtained,
sequences encoding the modified proteins are inserted into a recombinant vector
capable of replicating and expressing heterologous polynucleotides in prokaryotic
hosts. Many vectors that are available and known in the art can be used. Selection of
an appropriate vector will depend mainly on the size of the nucleic acids o be
inserted into the vector and the particular host cell to be transformed with the vector.
Each vector contains various components, depending on its function {amplification or
expression of heterologous polynucleotide, or both) and its compatibility with the
particular host cell in which it resides. The vector components generally include, but
are not limited to: an origin of replication, a selection marker gene, a promoter, 8
rihosome binding site (RBS), a signal sequence, the heterologous nucleic acid insert
and a transcription fermination sequence.

186296} In general, plasmid vectors containing replicon and control sequences which
are derived from species compatible with the host cell are used n connection with
these hosts. The vector ordinarily carries a replication site, as well as marking
sequences which are capable of providing phenotypic selection in transformed cells.
For example, E. coli is typically transformed using pBR322, a plasmid derived from
an E. coli specics. pBR322 contains genes encoding ampicillin (Amp) and
tetracycline {Tet) resistance and thus provides casy means for identifying transformed
cells. pBR322, its derivatives, or other microbial plasmids or bacteriophage may also
contain, or be modified to contain, promoters which can be used by the microbial
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srganism for expression of endogenous proteins. Examples of pBR322 dernivatives
used for expression of particular antibodies are described in detail in Carter et al,, ULS.
Patent No. 5,648,237,

1862971 In addition, phage vectors contaiming replicon and control sequences that are
compatible with the host microorganism can be used as transforming veetors in
connection with these hosts. For examiple, bacteriophage such as AGEM.TM.-11 may
be utilized in making a recombinant vector which can be used to transform
susceptible host cells such as E. coli LE39Z,

1862981 The expression vector may COMpPrise {wo OF more promoter-cisiron pairs,
encoding cach of the polypeptide components. A promofer is an unftransiated
regulatory sequence located upstream (§') to a cistron that modulates 18 expression.
Prokaryotic promoters typically fall into two classes, inducible and constitutive.
Inducible promoter is a promoter that initiates increased levels of transcription of the
cistron under its control in response to changes in the culture condition, e.g. the
presence or absence of a nutrient or 4 change in {emperature,

166299 A large number of promoters recognized by a variety of potential host cells
are well known. The selected promoter can be operably linked to cistron DNA
encoding the light or heavy chain by removing the promoter from the source DNA via
restriction enzyme digestion and inserting the 1solated promoter sequence into the
vector. Both the native promoter sequence and many heterologous promoters may be
used fo direct amplification and/or expression of the target genes. In some
embodiments, heterologous promoters are utilized, as they generally pormit greater
transcription and higher yields of expressed target gene as compared to the native
target polypeptide promoter.

88388] Promoters suitable for use with prokaryotic hosts include the PhoA promoter,
the P-galactamase and lactose promoter systems, a tryptophan {trp) promoter system
and hyvbrid promoters sach as the tac or the tre promoter. However, other promoters
that are functional jo bacteria (such as other known bacterial or phage promoters) are
suitable as well. Their nucleotide sequences have been published, thereby aliowing a
skilled warker operably to ligate them to cistrons encoding the target fight and heavy
chains {Siebenlist et al. (1980) Cell 20: 269) using hinkers or adaptors to supply any

required restriction sites.
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[B863061] In some embodiments, each cistron within the recombinant vecior comprises
a seoretion signal sequence component that directs translocation of the expressed
polypeptides across a membrane. In general, the signal sequence may be a
component of the vector, or it may be a native part of the target polypeptide DNA that
is tnserted into the vector. The signal sequence selected should be one that is
recognized and processed (d.¢. cleaved by a signal peptidase) by the host cell. For
prokaryotic host cells that do not recognize and proccess the signal sequences native (o
the heterologous polypeptides, the signal sequence is substituted by a prokaryotic
signal sequence selected, for example, from the group consisting of the alkaline
phosphatase, penicillinase, Ipp, or heat-stable enterotoxin H {S8TH) leaders, LamB,
PhokE, PeiB, OmpA and MBP. In some embodiments, the signal sequences used in
both cistrons of the expression system are ST signal sequences or variants thereof.
1863821 In some embodiments, the production of the modified proteins can occur in
the cytoplasm of the host cell, and therefore does not require the presence of seeretion
signal sequences within cach cistron. Certain host strains {e.g., the E. coli irxB-
strains} provide cytoplasm conditions that are favorable for disulfide bond formation,
thereby permitiing proper folding and assembly of expressed protein subunits.  Proba
and Pluckthun Gene, 159:203 (1995).

188383} Prokaryotic host cells suntable for expressing modified proteins inclode
Archacbacteria and Eubacteria, such as Gram-negative or Gram-positive organisms.
Exampics of useful bacteria inchude Escherichia {e.g., E. coli), Bacilli{e.g, B.
subtilis}, Enterobacicria, Pscudomonas species {e.g., P. acruginosa), Salmonella
typhimuorium, Serratia marcescans, Klehsiella, Proteus, Shigella, Rhizobia,
Vitreoscilla, or Paracoccus. In soroe embodiments, gram-negative cells are used. In
some embodiments, E. coli cells are used as hosts. Examples of E. coli strains include
strain W3 110 (Bachmann, Celiular and Molecular Biology, vol. 2 (Washington, D.C.:
American Society for Microbiology, 1987), pp. 1190-1219; ATCC Deposit No.
27,325 and derivatives thereof, including strain 3303 having genotype W3110
AthuA (AtonA) pie3 lac Ig lacL8 AompTA{nmpe-fepE) degP41 kanR (U.S. Pat. No.
5,639,635}, Other strains and derivatives thereof, such as E. coli 294 {ATCC
31,446), E. coli B, E. cohd 1776 (ATCC 31,537) and E. coli RV308(ATCC 31,608)
are also suttable. These examples are Hustrative rather than limiting. Methods for

constructing derivatives of any of the above-mentioned bacteria having defined



WO 2011/106766 PCT/US2011/026450

genotypes are known in the art and described in, for example, Bass ¢t al,, Proteins,
8:309-314 (1990). It1s generally necessary to select the appropriate bacteria taking
mio consideration replicability of the replicon i the cells of a bacterivm. For
example, E. coli, Serratia, or Salmonella species can be suitably used as the host when
well known plasmids such as pBR322, pBR325, pACYCL77, or pKN410 are used to
supply the replicon. Typically the host cell should secrete minimal amounts of
proteolytic enzymes, and additional protease inhibitors may desirably be incorporated
in the cell culture.

{86304} Host colls are transtormed with the above-described expression vectors and
cultured in conventional nuinient media modified as appropriate for inducing
promaoters, selecting fransformants, or amplifying the genes encoding the desired
Sequences.

186385 Transtormation means introducing DNA into the prokaryotic host so that the
[3INA is replicable, either as an extrachromosomal element or by chromosomal
mtegrant. Drepending on the host cell used, transformation is done using standard
techniques appropriate to such cells. The calciom treatment employving calcium
chioride is generally used for bacterial cclls that contain substantial cell-wall barriers.
Another method for transtormation employs polyethylene glycol/DMSQ, Yet another
technique used is electroporation.

186386] Prokaryotic cells used o produce polypeptides according to the disclosure
can be grown in any suttable media, including media known in the art and suitable for
culture of the selected host cells. Examples of suitable media include luria broth (LB)
plus necessary nufrient supplements. In some embodiments, the media also contains a
selection agent, chosen based on the construction of the expression vector, to
selectively permit growth of prokarvetic cells confaining the expression vector, For
example, ampicillin is added to media for growth of cells expressing ampicillin
resistant gene.

1863071 Any necessary supplements besides carbon, nitrogen, and inorganic
phosphate sources may also be included at appropriate concentrations introduced
alone or as a mixture with another supplement or mediom such as a complex nitrogen
source. Optionally the culture medium may contain one or more reducing agenis
selected from the group consisting of glutathione, cysteine, cystamine, thioglycoliate,

dithicerythritol and dithiothreitol.
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[ 88308] The prokaryotic host cells are cultured at suttable temperatures. In certain
cmbodiments, for E. coli growth, growth temperatures range from about 20°C {o
about 39°C; from about 25°C to about 37°C; or about 30°C. The pH of the medium
may be any pH ranging from abont 5 to about 9, depending mainly on the host
organism. In certain embodiments, for E. coli, the pH is from about 6.8 o about 7.4,
st about 7.0,

883091 It an jnducible promoter s used 1n the expression vector, protein expression
is tnduced under conditions suitable for the activation of the promoter. In some
cembodiments, PhoA promoters are used for controlling transcription of the
polypeptides. Accordingly, the ransformed host cells are cultured in a phosphate-
hmiting medium for induction. In certain embodiments, the phosphate-limuting
medium is the C.R AP, medium (see, e.g., Simmons et al,, J. Immuncl. Methods
(2002), 263:133-147). A variety of other inducers may be used, according to the
vector construct emploved, as 18 known in the act,

(88318} In some embodiments, the expressed polypeptides are secreted into and
recovered from the periplasm of the host cells. Protein recovery typically involves
disrupting the microorganism, generally by such means as osmotic shock, sonication
or lysis. Once cells are disrupted, cell debris or whole cells may be removed by
centrifugation or filtration. The proteins may be further purified, for example, by
affinity resin chromatography. Alternatively, proteins can be transported into the
culture media and isolated therein, Cells may be removed from the culture and the
cubture supernatant being filtered and concentrated tor further purification of the
proteins produced. The expressed polypeptides can be further isolated and identitied
using comrnonly known methods such as polyacrylamide gel electrophoresis (PAGE}
and Western blot assay,

188311} In some embodiments, production of modified proteins is conducted in large
guantity by a fermeniation process, Various large-scale fed-baich fermentation
procedures are available for production of recombinant proteins. Large-scale
fermentations have at feast 1000 liters of capacity, and in certain embodiments, about
1,000 to 100,000 liters of capacity. These fermentors use agitator impellers to
distribute oxygen and nutrients, especially ghicose (the preferred cartbon/energy

source). Small scale ferraentation refers generally to fermentation in a fermentor that
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is no more than approximately 100 liters in volumetric capacity, and can range from
about 1 liter to about 100 liters.

(88312} In a fermentation process, induction of profoin expression 18 typically
mitiated after the cells have been grown under suifable conditions to a desired density,
e.g., an {30550 of about 180-220, at which stage the cells are in the carly stationary
phase. A variety of inducers may be used, according to the vector construct
employed, as is known in the art and described above. Cells may be grown for shorter
periods prior to mduction. Cells are usually induced for about 12-30 howrs, although
tonger or shorter induction time roay be used.

(88313} To improve the production vield and quality of the proteins, various
fermentation conditions can be suitably modified. For example, to improve the proper
assembly and folding of the secreted modified proteins, additional vectors
overexpressing chaperone proteins, such as Dsb proteins (D3sbA, DsbB, DisbC, DshD
and or DsbG}) or FkpA {a peptidylprolyl cis,trans-isomerase with chaperone activity}
can be used to co-transtform the host prokaryotic cells. The chaperone proteins have
been demonstrated to facilitate the proper folding and solubility of heterologous
proteins procduced in bacterial host cells, Chen et al. (1999} J. Biol. Chemu
274:19601-19605; Georgiou of al,, U.S, Patent No. 6,083,715, Georgiou et al,, UK,
Patent No. 6,027 888; Bothmann and Pluckibun (2000} J. Biol. Chem. 275:17100-
1710S; Ramwwn and Phickthun (20003 1. Biol. Chem. 275:17106-17113; Aric ot al.
{2001 Mol. Microbiol, 39:199-210,

188314} To minimize proteolysis of expressed heterologous proteins (especially those
that are proteolytically sensitive), certain host strains deficient for proteolytie
enzyraes can be used. For example, host cell strams may be modified to effect
genetic mutation(s) in the genes encoding known bacterial proteases such as Protease
I, OmpT, DegP, Tsp, Protease I, Protease Mi, Protease V, Protease Vi and
combinations thereof. Some E. coli protease-deficient straing are available and
described in, for example, Joly et al. (1998), supra; Georgiou et al,, U.S, Patent No.
5,264,365; Georgiou et al., U.S. Patent No. 5,508,192; Hara et al., Microbial Drug
Resistance, 2:63-72 {1996},

(88315} In some embodiments, the modified protein includes one or more chemical
maodifications that reduce the buffering capacity of the protein. In one example, the
modified protein inchudes an N-terminal amino acid restdue that is chemically
modified, for example an N-terminal methionine residue, by the addition of a formyl
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group. Such formylation can be useful in reducing the buffering capacity of the N-
termoinal amino acid residue that inchudes a primary amino group. Formyvl-modified
proteins can be expressed and/or purified from host cells having a reduced activity of
methionine aminopeptidase (MAP) relative to a corresponding wild-type host cell.
The use of such MAP-deficient strains can improve expression of formyl-modified
proteins. See, ¢.g., Sherman, F., J. W, Stewart, and S. Tsunasawa. 1985, Methioning
or not methionine at the beginning of 2 protein. BioEssays 3:27-31.

188316] In some embodiments, the modified protein produced herein is further
purified to obtain preparations that are substantially homogeneous for further assays
and uses. Standard protem purification methods known in the art can be cmiploved.
The following procedures are exemplary of suitable purification procedures:
fractionation on immuncaffinity or ion-exchange columns, cthanol precipitation,
reverse phase HPLC, chromatography on silica or on a cation-exchange resin such as
DEAFE, chromatofocusing, SDS-PAGE, ammonium sulfate precipiiation, and gel
filtration using, for example, Sephadex G-75.

1883171 In some embodiments, the disclosure relates generally to polypeptides
comprising a modified protein fused to another polypeptide to form a chimeric
polypeptide. In some embodiments, the chimeric polypeptide conprises a tag
polypeptide which provides an epitope which is selectively bound by an anti-tag
antibody. The epitope tag allows the modified protein to be purified by affimty
purification using the anti-tag antibody. Epifope tags and their respective antibodies
are well known in the art. Examples include the flu HA tag polypeptide and its
antibody 12CAS (Field et al. Mol Cell Biol. 8: 2159-2165 (1988)); the ¢-myc tag and
the 8F9, 3C7, 6E10, (G4, B7 and 9E10 antibodies thercto (Evan ot al,, Mol Cell Biol
5:3610-3616 {1985}; and the Herpes Simplex virus glveoprotein D (gD} tag and its
antibody {Paborsky et al., Protein Engineering 3: 547-353 (19903}, Other examples of
eptiope tags juchude the Flag-peptide (Hopp et al,, BioTechnology 6: 1204-1210
(1998); the K13 epitope peptide (Martin ot al, Science 255: 192-194 (1992)); an a-
tubulin epitope peptide {Skinner et al, J. Biol. Chem. 266: 15163-15166 (1991} jand
the T7 gp10 peptide tag (Lutz-Frevermuth et al., Proc. Nath, Acad. Sci. USA 87:
6393-6367 (1990},

88318} Epitope-tagged modified proteins can be conveniently purified by affinity
chromatography using the anti-tag antibody. The matrix to which the anti-tag
antibody is attached is most often agavose, but other matrices are available (e.g.,
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controlled pore glass or poly(styrenedivinylibenzene). The epitope-tagged modified
proteins can be eluted from the affinity columu by, for example, varving the buffer pH
ot ionie strength, or by addition of chaotropic agents.

86319} In some embodiments, a modified protein is fused to a histidine tag (His-tag).
The His-tagged modified protein can be purified by, for example, using a nickel
columm using standard techoiques.

1883281 In some embodiments, the disclosure relates generally to methods,
compositions, systems, apparatuses and kits that may be used for the detection and/or
monitoring of biclogical and chemical reactions. These reactions may inclade
enzyroatic reactions in which substrates and/or reagents are consumed and/or reaction
mitermediates, byproducts and/or products are generated. In some embodiments, the
disclosure relates generally to compositions and methods that may be used for the
detection and/or monitoring of biological and chemical reactions wherein the
concentration of af least one type of ion changes during the course of the reaction. An
example of such a reaction is a nucleic acid synthesis method such as one that
provides information regarding nucleic acid sequence.

(86321} In various embodiments, a biological or chemical reaction is detected and/or
monitored by a sensor including a ficld-cffect transistor (FET ). In various
cembodiments the FET is a chemFET or an ISFET. A “chewmFET” or chemucal field-
effect transisior, is a type of ficld effect transistor that acts as a chesvucal sensor. Ttis
the structural analog of a MOSFET transistor, where the charge on the gate electrode
is applied by a chemical process. An "ISFET” or ion-sensitive field-cffect transistor,
is used for measuring on concentrations in solution; when the ion concentration {(such
as H+) changes, the current through the transistor will change accordingly. A detailed
theory of operation of an ISFET is given in "Thirty years of ISFETOLOGY: what
happened in the past 30 years and what may happen in the next 30 vears,” P.
Bergveld, Sens. Actuators, 88 (2003}, pp. 1-20.

1863221 In some embodiments, the FET may be a FET array. As used herein, an
“array” is a planar arrangement of elements such as sensors or wells. The array may
be oue or two dimensional. A one dimensional array 18 an array having one colump
{or row} of clemernds in the first dimension and a plurality of colurans (or rows) i the
second dimension. The number of columns {or rows) in the first and second
dimensions may or may not be the same. The FET or array may comprise 102, 103,

104, 105, 106, 107 or more FETs.
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[B883323] In some embodiments, one or more microfluidic structures is/are fabricated
above the FET sensor array to provide for containment and/or confinement ot a
biclogical or chemical reaction. For example, in one implementation, the microthuidic
structure(s} may be configured as one or more wells {or microwells, or reaction
chambers, or reaction wells, as the terms are used interchangeably herein} disposed
above one ot more sensors of the array, such that the one or more sensors over which
a given well is disposed detect and measure analyte presence, level, and/or
concentration in the given well. In some embodiments, there is a 1:1 correspondence
of FET sensors and reaction wells,

[88324] Microwels or reaction chambers arc typically hollows or wells having well-
defined shapes and volumes which are manufactured into a substrate and may be
fabricated using conventional microfabrication techniques, ¢.g. as disclosed in the
following references: Doering and Nishiy, Editors, Handbook of Semiconductor
Mamufacturing Technology, Second Edition (CRC Press, 2007); Saliterman,
Fundamentals of BioMEMS and Medical Microdevices (SPIE Publications, 2006};
Elwenspock et al, Siticon Micromachining {Cambridge University Press, 2004); and
the like. Preferable configurations {¢.g. spacing, shape and volumes) of microwelis or
reaction chambers are disclosed in Rothberg ot al, U.S. patent publication
2009/3127589; Rothberg et al, UK. patent application GB24611127, which are
incorporated by reference.

1863251 In some ernbodiments, the biological or chemical reaction is performed ina
solution or a reaction chamber that is in contact with or capacitively coupled to a FET
such as a chemFET or an ISFET. The FET (ot chemFET or ISFET) and/or reaction
charnber may be an arcay of FETs or reaction charabers, respectively.

(86326} In some embodiments, a biclogical or chemical reaction is carried out in a
two-dimensional array of reaction chambers, wherein each reaction chamber is
coupled to a FET, and each reaction chamber is no greater than 10 um’ (e, 1 pL) in
volume. In some embodiments each reaction chamber is no greater than .34 pL,
3.096 pL or even 0.012 pL in volume. A reaction chamber can optionally be 22, 32,
42,52,62, 72, 82, 92, or 102 square microns m cross-sectional area at the top.
Preferably, the array has at least 102, 103, 104, 105, 106, 107,108, 108, or more
reaction chambers, In some embodiments, the reaction chambers are capacitively

coupled to the FETs.
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1883271 FET arrays as used in various embodiments according to the disclosure may
bie fabricated according to conventional CMOS fabrications techniques, as well as
maodified CMOS fabrication techniques and other semiconductor fabrication
technigues beyond those conventionally employed in CMOS fabrication.
Additionally, various lithography technigues may be employed as part of an array
fabrication process.

180328] Excmiplary FET arrays suitable for use in the disclosed methods, as well as
microwells and attendant fhuidics, and methods for manutacturing them, are disclosed,
for example, 1o U.S. Patent Publication No. 20100381398; U.S. Patent Publication
No. 20100300895, U8, Patent Publication No. 20100300559; ULS. Patent Publication
No. 20100197307, U5, Patent Publication No. 20100137143; U.S. Patent Publication
No. 20090127589: and U.S. Patent Publication No. 20090026082,

186329] In some embodients, the disclosure relates generally to a method of
detecting a change in ion concentration during a chemical reaction, comprising:
performing a chemical reaction in the presence of a modified polypeptide having one
ot more amino acid substitutions, wherein the concentration of at least one type of on
changes during the course of the chemical reaction; and detecting a signal indicating
the change in ton concentration, wherein the signal is incrcased relative to a signal
that is detected from a chemical reaction performed in the presence of the unmodified
polypeptide but under otherwise identical reaction conditions.

186336} In some embodiments, the modified polypeptide includes one or more ammo
acid substitutions that reduce the buffering capacity of the modified polypeptide
relative to the unmodified polypeptide.

(86331} In some embodiments, at least one of the one or more amine acid
substitutions includes the substitution of an amino acid residue having a pKa of
between about 4 and 10 with another amino acid residue having a pKa less than about
4 or greater than about 10,

1863321 In some embodiments, the modified polvpeptide is a DNA or RNA binding
protein. In various embodiments, the polypeptide is a DNA polymerase, a helicase, a
tigase, a nuclease, a single stranded DNA binding protein or a polymerase accessory
protein,

186333} In some embodiments, the modified polypeptide is a modified polymerase,

and the chemical reaction includes a nucleotide incorporation.
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1883341 In some embodiments of the method, the modified polypeptide is a
polymerase comprising one or more amino acid substitutions that reduce the butfering
capacity of said protein relative to the cotresponding wild-type protein within the
range of about pH 4 to about pH 10. In some embodiments, the one or more aming
acid substitutions reduce the buffering capacity of the polymerase relative to the
corresponding wild-type polymerase within the range of about pH 7 to about pH 9.
1883335] In some embodiments, the one or more amino acid substitutions substantially
reduce the buffering capacity of the polyvmerase within the range of about pH 7 to pH
9. In some embodiments, at least one of the one or more aming acid substitution s a
conservative amine acid substitution, In further embodiments, the at least one
conservative amino acid substitution is selected from the group consisting of histidine
to arginine, glotamic acid to glutamine, aspartic acid to asparagine, lysine to arginine,
and tyrosine to phenylalanine.

188336} In various embodiments, the DNA polymerase is selected from the group
consisting of an A family DNA polymerase; a B family DNA polymerase; a mixed-
type polymerase; an unclassified DNA polymerase and RT family polymerase; and
variants and derivatives thereof,

863371 In some embodiments, the DNA polymerase is an A family DNA polymerase
selected from the group consisting of a Pol I-type DNA polymerase such as E. coli
DNA polymerase, the Klenow fragment of E. coli DNA polymerase, Bst BINA
polymerase, Tag DNA polymerase, Plativur Tag DNA polymerase series, T7 DNA
polymerase, and Tth DNA polymerase. in some embodiments, the DNA polymerase
is Bst DNA polymerase. Tn other embodiments, the DNA polymerase 1s E. coli DNA
polymierase. In some embodiments, the DNA polymerase is the Klenow fragment of
E. coli DNA polymerase. In some embodiments, the polymerase is Tag DNA
polymerase. In some embodiments, the polymerase is T7 BNA polymerase,

[886338] In other embodiments, the DNA polymerase is a B family DNA polymerase
sclected from the group consisting of Bst polymerase, TH polymerase, Pfu
polymerase, Pfutubo polymerase, Pyrobest polymerase, Pwo polymerase, KOD
polymerase, Sac polymerase, 8so polymerase, Poc polymerase, Pab polymerase, Mth
polymierase, Pho polyraerase, ES4 polymerase, VENT polymerase, DEEPVENT
polymerase, Therminator™ polymerase, phage Phi2® polymerase, and phage B103
polymerase. In some embodiments, the polymerase is KOD polymerase. In some
emnbodiments, the polymerase is Therminator™ polymerase. In some erabodiments,
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the polymerase is phage Phi29 DNA polymerase. In some embodiments the
polymerase is phage B103 polymerase, including, for example, the variants disclosed
m .S, Patent Publication No. 20110014612 which is incorporated by reference
herem.

186339} In other embodiments, the DNA polymerase is a mixed-type polymerase
selected from the group consisting of EX-Taqg polymerase, LA-Tag polymerase,
Expand polymerase series, and Hi-Fi polymerase. In vet other embodiments, the DNA
polymerase is an unclassified DNA polymerase selected from the group consisting of
Thr polymerase, T polymerase, Tru polymerase, Tac polymerase, Tne polymerase,
Tma polymerase, Tih polymerase, and T8 polymerase.

80340 In other embodiments, the DNA polymerase is an RT polymerase selected
from the group consisting of HIV reverse transcriptase, M-MLYV reverse transcriptase
and AMY reverse transcriptase. In some embodiments, the polymerase s HIV reverse
transcriptase or a fragment thercof having DNA polymerase activity,

883341} In some embodiments of the method, the DNA polymerase is a Bst DNA
polymerase comprising one or more conservative amino acid substifutions that
substantially reduce its buffering capacity relative to the corresponding wild-type
protein within the range of about pH 7 to about pH 9, wherein the one or more
conservative amino acid subsiitutions are selected from the group consisting of:
histidine to arginine, ghitarnic acid to glatarmine, lysine to arginine and tyrosine to
phenylalanine. In some erbodimaents, the one or more conservative amino acid
substifutions are of one or more amine acid residues shown in Table 2 or Table 3. In
some embodiments, the one or more conservative aming acid substitutions are
selected from the group consisting of HAGR, H273R, HIEIR, E44603, H4T73R,
H3ZER, H372R and Y477F, the numbering of amino acid residues being in
accordance with that of SEQ ID NG: L

[86342] In some ernbodiments, the Bst DNA polymerase comprises one or more
conservative amine acid substitutions, wherein the one or more amino acid
substitutions inchudes a substitution of alanine at position 2 with Met, Asn, Gin, Leu,
Tie, Phe, or Trp, the numbering of amino acid residues being in accordance with that
of SEQ ID NO: 1.

1686343} In some embodiments of the method, the polymerase is a Bst DNA
polymerase comprising the amino acid sequence of SEQ 1D NG: 2, or a variant
thereof having one or move conservative amino acid substitutions, or a variant
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comprising a deletion of the N-terminal methionine. In some embodiments, the Bst
DXNA polymerase comprises the amino acid sequence of SEQ 1D NG: 2. In some
embodiments, the disclosure relates generally to an isolated variant of a protein
comprising the amino acid sequence shown in SEQ 1D NO: 2, wherein the variant
comprises an amino acid sequence that is at least 95% identical to SEQ ID NO: 2.
186344} In other embodiments of the method, the DNA polymerasc is a
Therminator™ DINA polymerase comprising one Of more consgrvative aming acid
substitations that substantially reduce its butfering capacity relative to the
corresponding wild-type protein within the range of about pH 7 to about pH 9,
wherein the one or more conservative amino acid substitutions are selected from the
group consisting of! histidine to arginine, glutamic acid to ghutanmine, lysine to
arginine and tyrosine {o phenyialanine. In some embodiments, the one or more
conservative amino acid substitutions are of one or more amino acid residues shown
in Tabie 5.

18833458} In other embodiments of the method, the DNA polymerase is a KOD DNA
polymerase comprising one or more conservative amino acid substifutions that
substantially reduce its buffering capacity relative to the corresponding wild-type
protein within the range of about pH 7 to about pH 9, wherein the one or more
conservative amino acid subsiitutions are selected from the group consisting of:
histidine to arginine, ghitarnic acid to glatarmine, lysine to arginine and tyrosine to
phenylalanine. In some embodimaents, the one or more conservative amino acid
substifutions are of one or more amino acid residues shown in Table 6.

88346} o other embodiments of the method, the DNA polymerase is a BI03 DNA
polymierase coraprising one or more conservative amino acid substitutions that
substantially reduce its buffering capacity relative o the corresponding wild-type
protein within the range of about pH 7 to about pH 8, wherein the one or more
conservative ammno acid substitations are selected from the group consisting of:
histidine to arginine, glutamic acid to glutanune, lysine to argimine and tyrosine to
phenylalanine. In some embodiments, the one or more conservative amino acid
substitutions are of one or more amino acid residues shown 1n Table 7.

(883471 In some embodiments of the method, the polymerase comprises one or more
amino acid substitutions that reduce the butfering capacity of said protein relative to
the corresponding wild-type protein within the range of about pH 4 to about pH 18,
wherein at least one of the one or more amine acid substitutions fmchides a
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substitation of an amine acid residue having a pKa within the range of about 4.0 to
about 10.0 with another amino acid residue. In some embodiments, the pKa of the
amuino acid residuc 15 a solution pKa of the amino acid residue. In other embodiments,
the pKa of the amino acid residuc is a pKa of the amino acid residue in the context of
the corresponding wild-type protein.
[86348] In some ervbodiments, at least one of the one or more amino substitutions
includes a substitution of an amino acid residue having a pKa of between about 4.0
and about 10.0 with an amino acid residue having a pKa that is greater than about
10.0 or less than about 4.0, In further erabodiments the amino acid residue having a
pia that is greater than about 10.0 or less than about 4.0 is selected from the group
consisting of: Arg, Asp, Gin, Iy, fle, Leu, Norleucine (Nle}, Met, Phe, Ser, Thr, Trp,
Val and N-terminal Formylmethionine (N-fMet}).
(863481 In some ernbodiments, al least one of the one or more amino acid
substitutions includes a substitution of an amino acid residue having a pKa within the
range of about 6.0 to about 8.0 with another amino acid residue.
[863508] In some embodiments, at least one of the one or more aming acid
maodifications includes a substitution of an amino acid residuc having a pKa of
between about 6.0 and about 8.0 with an amino acid residue having a pKa that is
greater than about 8.0 or less than about 6.0,
(86351} In some erobodiments, al least one of the one or more amino acid
substitutions includes a substitution of an amino acid residuce selected from the group
consisting of His, Giu, Asp, Tyr, and Lys with another amino acid residue.
[B86352] In some embodiments, at least one of the one or more aming acid
modifications includes a substitution of an amino acid residue with an alanine residue.
(86353} In some embodiments, at least one of the one or more amino acid
substitutions includes a substitution of an amino acid residue that is at least 30%
solvent exposed in the corresponding wild-type protein with ancther amino acid
residue.
188354] In some embodiments of the method, the polymerase comprises one or more
chemical amino acid modifications that reduce the butfering capacity of said protein
clative to the corresponding wild-type protem within the range of about pH 4 o
about pH 10, In some embodiments, the one or more chemical amine acid
modifications inchudes a chemical modification of the N-terminal amino acid. In some
embodiments, the one or more chemical amino acid modifications includes a chemical
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modification of an amino acid residue including a primary amine group with an
amine-reactive agent. In some embodiments, the amine-reactive reagent includes an
acylating agent or an activated ester.

{88355} In some embodiments of the method of detecting a change in ion
concentration during a chemical reaction, the detecting step comprises using a
chemPET. In some emboduments, the chem¥FET 18 an ISFET. In some embodiments,
the ISFET is in an ISFET array.

[B883356] In some embodimenis, the chemical reaction is performed in a reaction
chamber comprising or capacitively coupled to a chemFET.

(883571 In some embodiments, the chemical reaction is in the presence of an agent
that alters the value of a pKa of at least an amino acid in the moditied polypeptide
from within the range of about 6 to about 8 to less than about 6 or greater than about
&. In some erobodiments, the agent is a phospholipid, a sulfonic acid surfactant, a
polyanionic electrolyte or a salt thereof, a polycationic electrolyte or a salt thereod,
tetramethyl ammontum or a salt thereof, or a combination thereofl

[B8358] Tn some embodiments, at least one type of ion is hydrogen ion

(86359} In some embodiments, the reaction 1s an enzymatic reaction or a binding
reaction,

186368} In some embodiments, the chemical reaction is an enzymalic reaction. In
some embodiments, the enzymatic reaction is a nucleotide incorporation reaction.
186361} In some embodiments, the disclosed methods further melude repeating steps
a)-b).

1883621 Tn some embodiments, the disclosure relates generally to methods for using
the moditicd proteins of the disclosure o obtain sequence information regarding a
nucleic acid of interest. Such methods invelve the synthesis of a new nucleic acid
{c.g., using a primer that is hybridized to a template nucleie acid or a self-priming
template, as will be appreciated by those of ordinary skill}, based on the sequence of a
template nucleie acid. That is, the sequence of the newly synthesized nucleic acid is
complementary to the sequence of the template nucleic acid and theretore knowledge
ot sequence of the newly synthesized mucleic acid yields mtormation about the
sequence of the template nucleic acid.

88363} In one aspect, the disclosed methods, compositions, systems, apparatuses and
kits may be used for carrving out label-free nucleic acid sequencing, and in particular,
ion-based nucleic acid sequencing. The concept of label-free nucleie acid sequencing,
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mcluding ion-based nucleic acid sequencing, has been deseribed n the literature,
meluding the following references that are jucorporated by reference: Rothberg et al,
LS. patent publication 2009/0026082; Anderson et al, Sensors and Actuators B
Chem,, 129: 79-86 (2008); and Pourmand et al, Proc. Natl, Acad. Sci., 103: 6466-
6470 (2006). Briefly, in nucleic acid sequencing applications, nucleotide
incorporations are determined by measuring natural byproducts of polymerase-
catalyzed extension reactions, including hydrogen ions, polyphosphates, PPi, and Pi
{(e.g., in the presence of pyrophosphatase).

188364} Tn a typical embodiment of ton-based nucleie acid sequencing, nucleotide
meorporations are detected by detecting the presence and/or concentration of
hydrogen ions generated by polymerase-catalyzed extension reactions. In one
cmbodiment, femplates each having a primer and polymerase operably bound are
loaded into reaction chambers (such as the microwells disclosed in Rothberg et al,
cited above}, after which repeated cycles of nucleotide addition and washing are
carried out. In some embodiments, such templates may be attached as clonal
populations to a solid support, such as a microparticle, bead, or the like, and said
clonal populations are loaded to reaction chambers. For example, templates may be

-3

,323,305, which is incorporated by reference.

i
i

prepared as disclosed in U.S, Pat. No.
As used herein, “operably bound” means that a primer is annealed (o a template so
that the primer's 3' end may be extended by a polymerase and that a polymerase 8
hound to such primer-template duplex, or in close proxinaty thereof so that binding
and/or extension takes place whenever nucleatides are added.

[88365] Tn cach addition step of the cycle, the polymerase extends the primer by
meorporating added nucleotide only if the next base in the template s the complement
of the added nucleotide. If there is one complementary base, there is one
incorporation, if two, there are two incorporations, if three, there are three
incorporations, and so on. With each such incorporation there 1s a hydrogen ion
released, and collectively a population of templates releasing hydrogen 1ons changes
the local pH of the reaction chamber. The production of hydrogen ions is
monotonically related to the nomber of contiguous complementary bases in the
teraplate {as well as the total number of template molecules with primer and
polymerase that participate in an extension reaction). Thus, when there are a number
of contiguous identical complementary bases in the template (i.c. a homopolymer
region}, the number of hydrogen ions gencrated, and therefore the maguitude of the
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focal pH change, is proportional to the number of contiguous dentical complementary
bases. If the next base 1o the teraplate is not complementary to the added nucleotide,
then no ncorporation occurs and no hydrogen ion is released. In some erobodiments,
atter each step of adding a nucleotide, an additional step may be performed, in which
an unbutfered wash solution at a predetermined pH is used to remove the nucleotide
of the previous step in order to prevent misincorporations 1 later cyeles. In some
embodiments, the after cach step of adding a nucleotide, an additional step may be
performed wherein the reaction chambers are treated with a nocleotide-destroyving
agent, such as apyrase, to climinate any residual nucleotides remaining o the
charnber, which may result i spurious extensions in subsequent cycles.

88366} In one exemplary embodiment, different kinds of nucleotides arc added
sequentially to the reaction chambers, so that each reaction is exposed {o the different
nucleotides one at a time. For example, nucleotides can be added i the following
sequence: dATP, dCTP, dGTP, dTTP, dATP, TP, dGTP, dTTF, and so on; with
each exposure followed by a wash step. The cyeles may be repeated for 50 times, 100
times, 200 times, 300 times, 400 times, 500 times, 750 times, or more, depending on
the length of sequence information desired.

(86367} In some embodiments, the polymerase can include without imitation any
enzyme that can catalyze the polymerization of nucleotides (including analogs
thereof) into a maclete acid strand. Typically but not necessanly such nucleotide
polymerization can occur in a template-dependent tashion. Such polvmerases can
inchude without limitation naturally occurring polymerases and any subunits and
truncations thereof, mutant polymerases, variant polyimerases, recombinant, fusion ot
otherwise engineered polymerases, chemically modificd polymerases, synthetic
maolecules or assemblies, and any analogs, derivatives or fragments thereof that retain
the ability to catalyze such polymerization. Optionally, the polymerase can be a
mutant polymerase comprising one of roore mrafations fnvolving the replacement of
one or more amino acids with other amino acids, the insertion or deletion of one or
more amino acids from the polymerase, or the linkage of parts of two or more
polymerases. Typically, the polyvmerase comprises one or more active sites at which
nucleotide binding and/or catalysis of nucleotide polymerization can occur. Some
exemplary polymerases include without limitation DNA polymerases (such as for
example E. coli DNA polymerase, Bst DNA polymerase, Tag polymerase, T7
polymerase, Phi-29 DNA polymerase, B103 polymerase and reverse transcriptases)
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and RNA polymerases. The term “polymerase” and its variants may also refer to
fusion proteins comprising at least two portions Huked o each other, where the fivst
portion comprises a pepiide that can catalyze the polvmerization of nucleotides into a
nucleic acid strand and is linked to a second portion that comprises a second
polypeptide, such as, for example, a reporter enzyme or a processivity-enhancing
domain. One exemplary ermbodiment of such a polymerase is Phusion® DNA
polymerase (New England Biolabs), which comprises a Pyrococcus-like polymerase
fused to a processivity-enhancing domain as described, for example, in U.S. Patent
No. 6,627,424,

[80368] In some embodiments, the modified polvmerase comprises one or more
maodifications resulting in altered exonucicase activity (for example 3" t0 &
exonuclease activity} as compared {o a reference polymerase (for example, an
unmodified counterpart). In some ermbodiments, the modification comprises an
amino acid substitution. In some embodiments, the modified polymerase lacks 37 to
57 exonuclease activity, or lacks 57 to 37 exonuclease activity, or both, Mutations at
conversed amino acid residues that reduce or eliminate 37 to 5 exonuclease aclivity
have been described for vartous polymerases. For example, amine acid nutations
reducing exonuclease activity in Phi-29-type polymerases at varicus residues have
been described, for example, in de Vega et al., “Primer-terminus stabilization at the
3°-57 exonuclease active site of D29 DNA polymerase. Tovolvement of bwo amino
acid residues highly conserved in proofreading DNA polymerases” EMBO 1,
15(5):1182-1192 (1996}); Soengas et al, "Site-directed mutagenesis at the Exo {Ii
motif of D29 DNA polymerase; overlapping structural domains for the 3°-587
exomuclease and strand-displacement activities” EMBO J, 111 1)3:4227-4237 (1992);
Blanco et al., U.S. Patent Nos. 5,001,050, 5,198,543 and 5,576,204,

18636%9] Onec exemplary polymerase suitable for use in some but not all embodiments
is the exo-mimis {exo-) version of the Klenow fragment of E. coli DNA polymerase |
which lacks 3" 10 5" exomuclease activity, Other polymerases include T4 exo-,
Therminator™, and Bst polvmerases, as well as variants of the B106 DNA
polymerase containing modifications that reduce its 3" to 5" exonuclease activity as
disclosed fn U.S. Patent Publication No, 20110014612, which 1s incomporated by
reference herein, In still other embodiments that require excision of nucicotides (e.g.,
in the process of a nick translation reaction), polymerases with exonuclease activity
are preferred. Since DNA synthesis fidelity depends mainly on the presence or
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absence of 3°-5 exonuclease activity, enzymes with 3'-5" exonuclease activity can be
used o some embodiments. A combination of enzymes can also be used. The
polymierase may be one that is modified to comprise accessory factors inchiding
without limitation single or double stranded DNA binding proteins.

186378 Some embodiments may require that the polymerase have safficient
processivity. As used herein, processivity is the ability of a polymerase to remain
bound to a single primer/template hybrid, It may be measured by the number of
nucieotides that a polymerase incorporates into a nucleic acid (such as a sequencing
primer} prior to dissociation of the polymerase from the primer/template hybrid. Tn
some embodiments, the polymerase has a processivity of at least 100 nucleotides,
although in other embodiments it has a processivity of at least 200 nucleotides, at
least 300 nucleotides, at least 400 nucleotides, or atf feast 300 nucleotides. It will be
understood by those of ordinary skill in the art that the higher the processivity of the
polymerase, the more nuclentides that can be incorporated prior to dissociation, and
therefore the longer the sequence that can be obtained. In other words, polymerases
having low processivity will provide shorter read-lengths than will polymerases
having higher processivity. As an example, a polymerase that dissociates from the
hybrid after five incorporations will only provide a sequence of § nucleotides in
length, while a polymerase that dissociates on average from the hybrid after S00
mcorporations will provide sequence of about 500 nucleotides.

1863711 The rate at which a polymerase incorporates nucleotides will vary depending
on the particular application, although generally faster rates of incorporation are
destrable. The rate of "sequencing” will depend on the number of arrays on chip, the
size of the wells, the temperature and conditions at which the reactions are run, ¢,
(86372} In some embodiments, the nucleotides are delivered at substantially the same
time to cach template. In some embodiments, polymerase(s) are already present,
although in some embodiments they may be introduced along with the nucleotides.
The polymerases may be tomobilized or meay be free flowing. In embodiments where
the polymerases are immobilized, the polymerases may be attached (o a solid support
such as a bead surface, a bead interior or some combination of bead surface and
mierior. Typically, the bead is present in a reaction chamber, although the methods
may also be carried out in the absence of reaction chambers. The solid support may
also be the sensor surface or a wall of a reaction chamber that is capacitively coupled
to the sensor.
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{83373} The reaction may occur in a reaction chamber in some embodiments, while in
others i may occur in the absence of reaction chambers, In these latter embodiments,
the sensor surface may be continuous without any physical divider between scusors,
(86374} In some embodiments, the nucleotide can include any compound that can
bind selectively to, or can be polymerized by, a polymerase. Typically, but not
necessarily, selective binding of the nucleotide to the polyrerase is followed by
polymerization of the nucleotide into a nucleic acid sirand by the polymerase;
oecasionally however the nuclestide may dissociate from the polymerase without
becoming incorporated into the nucleie acid strand, an event referred to hereinas a
“non-productive” event. The nucleotide can include not ondy any naturally occurring
nucleotide but also any analog, regardless of its structure, that can bind selectively to,
or can be polymerized by, a polymerase. While natarally occurring nucleotides
typically comprise base, sugar and phosphate moteties, the nucleotides of the present
disclosure can include compounds lacking any one, some or all of such moieties. In
some embodiments, the nucleotide can optionally include a chain of phosphoras
atoms comprising three, four, five, six, seven, eight, ning, ten or more phosphorus
atorns, {o some embodiments, the phosphorus chain can be attached to any carbon of a
sugar ring, such as the §” carbon. The phosphorus chain can be linked to the sugar
with an intervening O or S. In one embodiment, one or more phosphorus atoms in the
chain can be part of a phosphate group having P and O. In another embodiment, the
phosphorus atoms in the chain can be linked together with intervening O, NH, §,
methylene, substituted methylene, ethylene, substitited ethylene, ONHZ, C{0),
C(CH2), CH2ZCHZ, or COHYCHZR (where R can be a 4-pyridine or T-imidazole). In
one embodiment, the phosphorus atoms n the chain can have side groups having O,
BH3, or 8. In the phosphorus chain, a phosphorus atom with a side group other than
O can be a substituted phosphate group. In the phosphorus chain, phosphorus atoms
with an intervening atom other than O can be a substituted phosphate group. Some
examples of nucleotide analogs are described in Xy, ULS, Patent No. 7405281, In
some embodiments, the nucleotide comprises a label and referred to hereinas a
“labeled nucleotide”. In sowe embodumnents, the label can be in the form of a
fluorescent dye attached to the tornunal phosphate group, 1.¢., the phosphate group
maost distal from the sugar. Some examples of nucleotides that can be used in the
disclosed methods and compositions include, but are not Himited to, ribonucleotides,
eoxyribonucleotides, modified ribomiclestides, modified deoxyribonucleotides,
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ribonucteotide polyphosphates, deoxyribonucleotide polyphosphates, modified
ribomacleotide polyphosphates, modified deoxyribonucleotide polyphosphates,
peptide nucleotides, modified peptide nucleotides, metallomucleosides, phosphonate
nucleosides, and modified phosphate-sugar backbone nucleotides, analogs,
dertvatives, or variants of the foregoing compounds, and the like. In some
emnbodiments, the nucleotide can comprise non-oxygen moieties sach as, for example,
thio- or borano- moieties, m place of the oxygen moiety bridging the alpha phosphate
and the sugar of the nucleotide, or the alpha and beta phosphates of the nucleotide, or
the beta and gamima phosphates of the micleotide, or between any other two
phosphates of the nucieotide, or any combination thercof.

[86375] Some embodiments of the disclosure relate generally to detecting hydrogen
ions released as a function of mucleotide incorporation; some embodiments relate
generally to detecting hydrogen ions released as a function of nucleotide excision. Itis
important in these and various other aspects fo detect as many released hydrogen ions
as possible in order to achieve as high a signal (and/or a signal to noise ratio} as
possible. Strategies for increasing the number of released protons that are ultimately
detected by the FET surface include without Umitation Hmiting micraction of released
protons with reactive groups in the well, choosing a material from which to
manufactore the well in the first instance that is relatively inert to protons, preventing
released protons from exiting the well prior to detection at the chemFET, and
increasing the copy number of templates per well (in order to amplify the signal from
cach nuclentide incorporation), among others.

1883761 Some erobodimuents of the disclosed methods employ an environment, for
exaraple a reaction solution, which is miramally buffered, if at all. Buffering can be
contributed by the components of the solution or by the solid supports in contact with
such solution. A solution having no or fow butfering capacity {or activity) is one in
which changes in hydrogen ion concentration on the order of at least about +/-0.005
pH units, at least about +/-0.01, at least about +/-0.015, at least about +/-0.02, at least
about +/-0.03, at least about +/-0.04, at least about +/-0.05, at lcast about +/-0.10, at
teast about +/-0.15, at least about +/-0.20, at least about +/-0.28, at least about +/-0.34,
at least about +/-0.35, at least about +/-0.45, at least about +/-0.80, or more are
detectable {e.g., using the chem¥FET sensors described herein). In some embodiments,
the pH change per nucleotide incorporation s on the order of about 8.065. In some
emnbodiments, the pH change per nucleotide incorporation is a decrease in pH.
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Reaction solutions that have no or low buffering capacity may contain no ot very low
concentrations of butfer, or may use weak buffers.

{88377 The reaction solution may have a buffer concentration cqual to or fess than |
mM, equal to or fess than 0.9 mM, equal to or less than 0.8 mM, equal to or fess than
0.7 mM, equal to or less than 6.6 mM, equal to or less than 0.5 mM, equal to or less
than 0.4 mM, equal to or less than 0.3 mM, equal to or less than 0.2 mM, equal to or
fess than 0.1 mM, or less including zero. The buffer concentration may be 50-100
uM. A non-limiting example of a weak buffer suitable for the sequencing reactions
deseribed herein wherein pH change is the readout 15 0.1 mM Tris or Tricine.
{88378} In some aspects, in addition to or nstead of using reduced buffering
salutions, nucleotide incorporation {and optionally excision) is carried out in the
presence of additional agents that serve to shield potential buffering events that may
occur in solution. These agents are referred o herein as buffering inhubitors since they
inhibit the ability of components within a solution or a solid supportt in contact with
the solution to sequester and/or stherwise intertere with released hydrogen ions prior
to their detection by the FET surface. In the absence of such inhibitors, released
hydrogen ions may nteract with or be sequestered by reactive groups in the solution
or on solid supports in contact with the solution. These hydrogen ions are less likely
to reach and be detected by the FET surface, leading to a weaker signal than s
otherwise possible. In the presence of such inhibitors however there will be fewer
reactive groups available for interaction with or sequestration of hydrogen ions. Asa
result, a greater proportion of reicased hydrogen ions will reach and be detected by
the FET surface, leading to stronger signals. Some suitable buttering inhibitors
demonstrate little or no buffering capacity in the pH range of 5-9, meaning that pH
changes on the order of G005, 0.01, 6.02, 0.03, 0.04, 0.065, 0.1, 0.2, 03,04, 05 or
more pH units are detectable {e.g., by using an ISFET) in the presence of such
inhibitors.

1863791 There are various types of buffering inbibitors. One example of a class of
buffering inhibitors is phospholiptds. The phospholipids may be naturally cccurring
ot non-naturally occurring phospholipids. Examples of phospholipids that may be
used as buffering inhibitors mclude but are not himited to phosphatidylcholine,
phosphatidylethanolamine, phosphatidylglycerol, and phosphatidyiserine.

186388} Another example of a class of butfering inhibitors is sulfonic acid based
surfactants such as poly{ethylene glveol) d-nonyiphenyl 3-sutfopropy! ether (PNSE),
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the potassivim salt of which s shown in FIG. 61D. In addition to shielding reactive
groups that would otherwise interfere with released protons, PNSE has also been
eported to enhance polyraerase activity.
(86381} Ancther example of a class of buffering inhibitors 18 polvanionic electrolyies
such as polv{styrenesulfonic acid or its sodium salt,
186382 Another example of a class of buffering inhubitors is polycationic electrolytes
such as poly{diallydimethylammonium} or its chloride salt. These compounds are
known to bind to DNA.
88383} Anocther example of a buffering inhibitor is tetramethy! anunoniam or ifs
chioride salt,
188384} These various inhibitors may be present throughout a reaction by being
included in nucleotide sohitions, wash solutions, and the like. Alternatively, they may
be flowed through the reaction chamber at set imes relative to the flow through of
nmucleotides and/or other reaction reagents, In still other embodiments, they may be
coated on the FET surface (or reaction chamber surface}. Such coating may be
covalent or non-covalent.
[B0385] In one embodiment, the disclosure relates generally to a method for obtaining
sequence information from a mucleic acid teraplate, comprising: (a) providing a
template mucleic acid hvbridized to a sequencing primer and bound to a polymerase,
wherein the polymerase comprises one or more amine acid substitutions that
substantially reduce s buffering capacity within the range of about pH 4 to about pH
1 (b} synthesizing a new nuckeic acid strand by sequentially incorporating onc or
more nucleotides at the 37 end of the sequencing primer, wherein a hyvdrogen jon
byproduct is generated when the nucleotide s complementary fo corresponding
nucleotides in the template mucleic acid; and (¢} detecting the incorporation of the one
or more nucleotides into the sequencing primer by detecting the release of hydrogen
ions.
[86386] In some embodiments, the one or more amino acid substitutions in the
polymerase reduce the buffering capacity of the polymerase relative to the
corresponding wild-type (unsubstituted) polymerase within the range of about pH 7 to
ahout pH 9.
(86387} In some embodimenis, at least one of the one or more aming acid
substitutions in the polymerase is a conservative amino acid substitation. In further
embodiments, the at least one conservative amuno acid substitution is selected from
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the group consisting of histidine to arginine, ghitamic acid to glutamine, aspartic acid
to asparagine, lysine to arginine, and tyrosine to phenylalanine.

[BG3BR] In some embodiments, the polymerase comprises one or more anuno acid
substitutions that reduce the buffering capacity of said polymerase relative to the
cotresponding wild-type polymerase within the range of about pH 4 to about pH 1},
wherein at least one of the one or more amine acid substitutions fnchides a
substifution of an amino acid residue having a pKa within the range of sbout 4.0 to
about 10.0 with another aming acid residue. In some embodiments, the pKa of the
amino acid residue s a solution pKa of the amino acid residue. In other embodiments,
the pKa of the amino acid residuc 1s a pKa of the amino acid residue in the context of
the corresponding wild-type protein.

(86389} In some embodiments, at least one of the one or more amino substitutions
imchides a substitution of an amino acid residue having a pKa of between about 4.0
and about 10.0 with an amino acid residue having a pKa that is greater than about
1.0 or less than about 4.0, In further embodiments the amino acid residue having a
pka that is greater than about 10.0 or less than about 4.0 s selected from the group
consisting oft Arg, Asp, Gln, Iy, lie, Leu, Norleucine (Nie}, Met, Phe, Ser, Thr, Trp,
Val and N-terminal Formylmethionine (N-fMet),

186398} In some embodiments, the polymerase comprises one or more amino acid
substitutions that reduce the buffering capacity of said polymerase relative to the
corresponding wild-type polymerase within the range of about pH 7 toabout pH 2. In
some embodiments, at least one of the one or more amino acid substitutions includes
a substitution of an amino acid residue having a pKa within the range ot about 7 to
about 9 with another anuno acid residue. In some embodiments, the pKa of the amine
acid residue is a solution pKa of the amino acid residue. In other embodiments, the
pKa of the amino acid residue is a pKa of the amino acid residue in the context of the
corresponding wild-type protein,

166391 | In some embodiments, at least one of the one or more amino substitutions
mncludes a substitution of an amino acid residue having a pKa of between about 7 and
about 9 with an anuno acid residuce having a pKa that is less than about 7 or greater
than about 9, In further embodiments the amino acid residue having a pKa that s
greater than about 10.0 or less than about 4.0 1is selected from the group consisting of!
Arg, Asp, Gln, 1y, He, Leu, Norleucine (Nle), Met, Phe, Ser, Thy, Trp, Val and N-
terminal Formyimethionine (N-fMet).
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18633921 In some embodiments, at least one of the one or more aming acid
substitutions jochudes a substitution of an amino acid residue having a pKa within the
range of about 6.0 to about 8.0 with another amino acid residue,

(86393} In some embodiments, at least one of the one or more amino acid
modifications inchudes a substitution of an amino acid residue having a pKa of
between about 6.0 and about 8.0 with an amino acid residue having a pKa that is
greater than about 8.0 or less than about 6.0,

[883394] In some embodiments, at least one of the one or more aming acid
substitutions inchudes a substitution of an amino acid residue selected from the group
consisting of His, Glu, Asp, Tyr, and Lys with another arnino acid residue,

(86395} In some embodiments, at least one of the one or more amino acid
substitutions are selected from the group consisting of! substitution of a surface
histidine with an arginine, substitution of a surface glutamic acid with a ghitamine,
and substitution of a surface lysine with an arginine.

[883396] In some embodiments, at least one of the one or more aming acid
modifications s a substitution of an amino acid residue with an alanine residue.
(86397} In some embodiments of the method, at least one of the one or more amine
acid modifications in the polymerase is a deletion of an amine acid. In some
embodiments, at feast one of the one or more deleted amingo acids is an amino acid
residue having a pKa of between about 4.0 and about 10.0, In some erobodiments, the
amine acid residue having a pKa that is greater than about 10.0 or less than about 4.0
is selected from the group consisting of: Arg, Asp, Gin, ly, Hle, Leu, Norleucine (Nie),
Met, Phe, Ser, Thr, Trp, Val and N-termainal Formylmethionine (N-fMet).

{86398} In some embodiments, at least one of the one or more deleted anuno acids is
an amino acid residuc having a pKa within the range of about 6.0 to about 8.0 with
ancther amino acid residue. In some embodiments, the deleted amino acid is His, Glu,
Asp, Tyr ot Lys.

1863941 In some ernbodiments of the method, the polymerase corprises one or muore
chemical amino acid modifications that reduce the buffering capacity of the protein
relative to the corresponding wild-type protemn within the range of about pH 4 io
about pH 10, about pH 5.5 to about pH 9.5, or about pH 7 to about pH 9. In some
entbodiments, the one or nore chemical amino acid modifications includes a chemical
modification of the N-terminal amino acid. In some embodiments, the one or more
chemieal amino acid modifications imchides a chemical modification of an amino acid
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restdue including a primary amine group with an amine-reactive agent. In further
embodiments, the amine-reactive reagent inchides an acylating agent or an activated
(66408} In some embodiments, at least one of the one or more amino acid
substitutions, deletions or chemical modifications includes a substifution of an amino
acid residue that is at least 209, at least 25%, at teast 30%, at least 35% or at least
4% solvent exposed in the corresponding wild-type protein with another amino acid
residue.
1884011 Tt will be understood that the polymerase may comprise any combination of
anuno acid substitutions, deletions or chemical maodifications. A polymcerase
comprising any one or more of such additions, substitutions, deletions and chemical
modifications may be referred to a “modified” polymerase.
[86462] In some ernbodiments, the modified polymerase is selected from the group
consisting of an A family DNA polymerase; a B family DNA polymerase; a mixed-
type polymerase; an unclassified DNA polymerase and RT family polymerase; and
variants and derivatives thereofl
88483} In some embodiments, the DNA polymerase s an A family DNA polymerase
selected from the group consisting of a Pol [-type DNA polymerase such as E. coli
DNA polymerase, the Klenow fragment of E. coli DNA polymerase, Bst DNA
polymerase, Taq DNA polymerase, Platimim Tag DNA polymerase series, T7 DNA
polymerase, and Tth DNA polymerase. in some embodiments, the DNA polvmerase
is Bst DNA polymerase. In other embodiments, the DNA polymerase is E. coli DNA
polymerase. In some embodiments, the DNA polymerase is the Klenow fragment of
E. coli DNA polymerase. In some embodiments, the polymerase is Taq DNA
polymerase. In some embodiments, the polymerase is T7 DBNA polymerase.
186464} In other embodiments, the DNA polymerase is a B family DNA polymerase
selected from the group consisting of Tl polymerase, Pfus polymerase, Plutubo
polymerase, Pyrobest polymerase, Pwo polymerase, KOD polymerase, Sac
polymerase, Sso polymerase, Poc polymerase, Pab polymerase, Mth polymerase, Pho
polymerase, ES4 polymerase, VENT polymerase, DEEPVENT polymerase, phage
Phi29 polymerase, and phage B103 polymerase. In some embodiments, the
polymerase is phage PhiZ9 DNA polymerase. In some embodiments the polymerase is
phage B103 polymerase, inchiding, for example, the variants disclosed in U.S. Patent
Publication No., 20110014612,

93



WO 2011/106766 PCT/US2011/026450

[88405] In other embodiments, the DNA polymerase is a mixed-type polymerase
selected from the group consisting of EX-Tag polymerase, LA-Tag polymerase,
Expand polymerase series, and Hi-Fi polymerase. In yet other embodiments, the DNA
polymerase is an unclassified DNA polymerase selected from the group consisting of
Thr polymerase, T polymerase, Tru polymerase, Tac polymerase, Tne polymerase,
Tma polymerase, Tilk polymerase, and T polymerase.

18834061 In other embodiments, the DNA polymerase is an RT polymerase selected
from the group consisting of HIV reverse transcriptase, M-MLV reverse transcriptase
and AMV reverse transeriptase. In some embodiments, the polymerase is HIV reverse
transcriptase of a fragment thereof having DNA polymerase activity.

88487} In some embodiments, the DNA polymerase is a Bst DNA polymerase
comprising one or more aming acid substititions that substantially reduce its
buffering capacity within the range of about pH 4 to about pH 10

[63408] In some embodiments, the one or more amino acid substitutions in the Bst
DNA polymerase reduce the buffering capacity of the polymerase relative to the
corresponding wild-type (unsubstituted) polymerase within the range of about pH 7 to
ahout pH 9.

(66409} In some embodiments, at least one of the one or more amino acid
substitutions in the Bst DNA polymerase is a conservative amine acid substitution. In
further embodiments, the at least ong conservative amino acid substitution 18 selected
from the group consisting of histidine to arginine, glutamic acid to glutamine, aspartic
acid to asparagine, lysine to arginine, and tyrosine to phenylalanine.

[83418] In some embodiments, the one or more conservative aming acid substitutions
are of one or more anuno acid residues shown m Table 2. In some embodiments, the
onc or more conservative amine acid substitutions are selected from the group
consisting of H46R, H273R, H281IR, H446Q, H473R, H52ER, H572R and Y477F, the
numbering of amino acid residues being in accordance with that of SEQ 1D NO: 1L
18641 1] In some erabodiments, the one or more amino acid substitutions inchides a
substitution of alanine at position 2 with Met, Asn, Gin, Leu, He, Phe, or Trp, the
numbering of amino acid residues being in accordance with that of SEQ 1D NO:2,
(88412} In some embodiments, the Bst DNA polymcrase comprises the amino acid
sequence of SEQ ID NO: 2, or a variant thereof having one or more conservative
amino acid substitutions, or a variant comprising a deletion of the N-terminal
methionine. In some embodiments, the Bst DNA polymerase comprises the amino

g4



WO 2011/106766 PCT/US2011/026450

acid sequence of SEQ ID NO: 2. In some embodiments, the Bst DNA polymerase is a
variant of a protein comprising the amino acid sequence shown in SEQ TR NO: 2,
wherein the variant comprises an anmino acid sequence that is at least 80%, at least
85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%,
at loast 96%, at least §7%, at lcast 98%, or at least 99% identical to SEQ ID NO: 2.
186413} In other embodiments of the method, the DNA polymerase is a
Therminator™ DINA polymerase comprising one Of more consgrvative aming acid
substitations that substantially reduce its butfering capacity relative to the
corresponding wild-type protein within the range of about pH 7 to about pH 9,
wherein the one or more conservative amino acid substitutions are selected from the
group consisting of! histidine to arginine, glutamic acid to ghutanmine, lysine to
arginine and tyrosine {o phenyialanine. In some embodiments, the one or more
conservative amino acid substitutions are of one or more amino acid residues shown
in Tabie 5.

883414} In other embodiments of the method, the DNA polymerase is a KOD DNA
polymerase comprising one or more conservative amino acid substifutions that
substantially reduce its buffering capacity relative to the corresponding wild-type
protein within the range of about pH 7 to about pH 9, wherein the one or more
conservative amino acid subsiitutions are selected from the group consisting of:
histidine to arginine, ghitarnic acid to glatarmine, lysine to arginine and tyrosine to
phenylalanine. In some embodimaents, the one or more conservative amino acid
substifutions are of one or more amino acid residues shown in Table 6.

188415} o other embodiments of the method, the DNA polymerase is a BI103 DNA
polymierase coraprising one or more conservative amino acid substitutions that
substantially reduce its buffering capacity relative o the corresponding wild-type
protein within the range of about pH 7 to about pH 8, wherein the one or more
conservative ammno acid substitations are selected from the group consisting of:
histidine to arginine, glutamic acid to glutanune, lysine to argimine and tyrosine to
phenylalanine. In some embodiments, the one or more conservative amino acid
substitutions are of one or more amino acid residues shown 1n Table 7.

88416} In some embodiments, the method for obtaining sequence mformation from a
nucleic acid template further comprises providing an SSB, wherein the SSB
comprises one or more amino acid substitutions that substantially reduce its buffering
capacity within the range of about pH 4 to about pH 10,
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1834171 In some embodiments, the one or more amino acid substitutions in the SSB
reduce the buffering capacity of the SSB relative to the corresponding wild-type 58B
within the range of about pH 7 to about pH 9,

(86418} In some embodiments, at least one of the one or more amino acid
substitutions in the SSB is a conservative amino acid substitution. In further
embodiments, the at least one conservative amuno acid substitution is selected from
the group consisting of histidine to arginine, glutamic acid to glutamine, aspartic acid
to asparagine, iysine to arginine, and tyrosine to phenylalanine.

[86419] In some embodiments, the SSB is E. coli SSB. In further embodiments, the
one Of MOTe conservative anino acid substitutions are of one or more amine acid
residues shown in Table 2. In some embodiments, the SSB comprises the amino acid
substitution K7R.

[88426] In some ernbodiments, the disclosure relates generally to a method for
sequencing a nucleic acid, comprising: disposing a plurality of template nucleic acids
into a plurality of reaction chambers, wherein one or more of the reaction chambers
are in contact with a field effect transistor (FET) array, and contacting at least one of
the template nucleic acids with a polymerase including one or more conservative
amino acid substitutions that substantially reduce its buffering capacity within the
range of pH 7 to pH 9; synthesizing a new nucleic acid strand by sequentially
incorporating one or more nucleofides into a nucleic acid molecule and generating one
or more hydrogen ions as a byproduct of such nucleotide incorporation; and detecting
the mcorporation of the one or more nucleotides by defecting the gencration of the
one of mote hydrogen ions using the FET.

(88421} In some embodiments, the detecting includes detecting 8 change in voltage
and/or current at the at least one FET within the array in response to the generation of
the one or more hydrogen ions.

[88422] In some ernbodiments, the FET 18 selected from the group consisting of: fon-
sensitive FET (isFET) and chemically-sensitive FET (chemFET).

1884231 In some embodiments, the polymerase is Bst DNA polymerase. In further
embodiuments, the one or more conservative aming acid substitutions within the
polymierase are of one or more amine acid residues shown in Table 2 or Table 3. In
further embodiments, the one or more conservative amino acid substitutions are
selected from the group consisting of H341R, HS68R, HST6R, E741Q, H768R,
HE23R, HEGTR and Y772F. In some embodiments, the polymerase fnchudes the
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amino acid sequence of SEQ ID NO: 2, or a variant thereof having one or more
conservative amino acid substitutions, or a variant comprising a deletion of the N-
termainal methionine,

(686424} In some embodiments, the method further comprises providing an S8B,
wherein the SSB comprises one or more conservative amino acid substitutions that
substantially remove its butfering capacity within the range of pH 710 pH 9. In
further emnbodiments, the SSB 1s E. coli SSB. In further embodiments, the one or
more conservative amino acid substitations in the SSB are of one or more amino acid
residuces shown in Table 4.

[80425] In another embodiment, the disclosure relates generally to a method for
obtaining sequence information from a nucleic acid comprising:

(a) disposing a plurality of solid or semi-solid supports into a phrality of
reaction chambers on a sensor array formed in 8 semiconduoctor subsirate, at least one
reaction chamber including a polymerase, a sequencing primer and a single solid or
semi-solid support attached to a plurality of template nucleic acids having at least
8% sequence identity to each other, wherein the polymerase comprises one of more
amuino acid substitutions that substantially remove its buffering capacity within the
range of pH 7 to pH 9, and each reaction chamber is in contact with or capacitively
coupled to a sensor including a FET configured to provide at least one cutput
representing the presence of one or mote hydrogen ions in the reaction charber;

(b introducing at least one nucleotide into the at least one reaction chamber
and incorporating the at least one nucleotide into the primer using the polymerase,
thereby generating one or more hydrogen ton byproducts;

(¢} detecting the mcorporation of the at least one nucleotides by detecting the
presence of the hydrogen ion byproducts,

188426} In some embodiments, the method further includes repeating steps (a)
through (¢} until the nucleic acid s sequenced.

1864271 In some ernbodiments, the method further includes a step of washing
unincorporated nucleotides from the at least one reaction chambers.

[803428] In some embodiments, the method further includes repeating steps {a)
through {¢) as well as the washing step until the nucleic acid is sequenced.

{88429} In some embodiments, the polymerase is Bst DNA polymerase. In further
embodiments, the one or more conservative amine acid substitutions within the
polymerase are of one or more anuno acid residues shown in Table 2 or Table 3. In

9 /
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further embodiments, the one or more conservative amino acid substitutions are
selected from the group consisting of H341R, HS68R, H576R, E741(3, HT768R,
HEI3R, HEOTR and Y772F. In some embodiments, the polymerase fncludes the
amino acid sequence of SEQ I NO: 2, or a variant thereot having one or more
conservative amino acid substitutions, or a variant comprising a deletion of the N-
terminal methionine.

18834381 In some embodiments, the method further comprises providing an SSB,
wherein the SSB comprises one or more conservative aming acid substititions that
substantially remove its buffering capacity within the range of pH 7 to pH 8. In
further embodiments, the SSB is E. colt SSB. In further embodiments, the one or
more conservative aming acid substitutions in the SSHB are of one or more aming acid
residues shown in Table 4.

(884311 In a further embodiment, the disclosure relates generally {0 38 method for
reducing the buffering capacity of a protein used in a DNA sequencing or
amplification reaction, comprising making one or more amino acid substitutions in the
protein sequence that substantially reduce the protein’s butfening capacity within the
range of about pH 4 to about pH 10,

(86432} In some embodiments, the amino acid substitutions substantially reduce the
protein’s butfering capacity within the range of about pH 7 to about pH 9.

[86433] In some ernbodiments, al least one of the one or more amino acid
substitutions includes a substitution of an amino acid residue having a pKa in the
range of about 4 to about 10 with an amino acid residue having a pKa less than about
4 or greater than about 10,

803434} In some embodiments, the protein is a DNA- or RNA-binding protein,
{88435} In various embodiments, the protein is a DNA polymerase selected from the
group consisting ot an A family DNA polymerase; a B family polymerase; a mixed-
type polymerase; an unclassified DNA polymerase; an RT family polymerase; and
variants and derivatives thercofl

[883436] In some embodiments, the DNA polymerase is an A family DINA polymerase
selected from the group consisting of a Pol I-type DNA polymerase such as E. coh
DINA polymerase, the Klenow fragment of E. colt DNA polymerase, Bst DNA
polymerase, Tag DNA polvmerase, Platinum Taq DNA polymerase serigs, T7 DNA
polymerase, and Tth DNA polymerase; a B family BNA polymerase selected from
the group consisting of, Tl polymerase, Pfu polymerase, Ptutubo polymerase,

98



WO 2011/106766 PCT/US2011/026450

Pyrobest polymerase, Pwo polymerase, KOD polymerase, Sac polymerase, Sso
polymerase, Poc polymerase, Pab polymerase, Mth polymerase, Pho polymerase, ES4
polymerase, VENT polymerase, DEEPVENT polymerase, phage Phi29 polymerase,
and phage B103 polymerase; a mixed-type polymerase selected from the group
consisting of EX-Taq polymerase, LA-Taq polymerase, Expand polymerase series,
and Hi-Fi polymerase; an unclassified DNA polymerase selected from the group
consisting of Thr polymerase, Tl polymerase, Tru polymerase, Tac polymerase, Tne
polymerase, Tma polvmerase, Tih polymerase, and Tii polymerase; and an RT
polymerase selected from the group consisting of HIV reverse transcriptase, M-MLV
reverse franseriptase and AMYV reverse franseriptase,

188437} In some embodiments, the polymerase ts Bst DNA polymerase. In further
embodiments, the one or more conservative amine acid substitutions within the
polymerase are of one or more anuno acid residues shown in Table 2 or Table 3. In
further emnbodiments, the one or more conservative amino acid substitutions are
selected from the group consisting of H341R, HS68R, H576R, E741Q, H76KR,
HB23R, HB6TR aud Y772F. In some embodiments, the polymerase includes the
amuing acid sequence of SEQ D NO: 2, or a variant thercof having one or more
conservative amino acid substitutions, or g variant comprising a3 deletion of the N-
terminal methionine.

1864381 In some embodiments, the method further comprises providing an 58B,
wherein the SSB comprises one or more conservative amino acid substitutions that
substantially remove its butfering capacity within the range of pH 710 pH 9. In
further embodiments, the SSB is E. coli SSB. In further embodimenis, the one or
more comservative aminoe acid substitutions in the 888 are of one or more amino acid
residues shown in Table 2.

186439} In a further embodiment, the disclosure relates generally {0 a method of
detecting a nucleotide incorporation, comprising:

{a} performing a nucleotide mcorporation using a modified polymerase and
generating one or more hydrogen ions as a by-product of the nucleotide incorporation,
where the modified polymerase includes one ot more amino acid substitutions that
reduce the buffering capacity of the modified polymerase relative to the unmodified

polymerase; and
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(b} detecting the presence of the one or more hydrogen ions generated as a
by-product of the nucleotide incorporation, thereby detecting the nucleotide
meorporation.

1804408} In various embodiments, the polymerase may be any of the moditied
polymerases containing any one or more of the substitutions, deletions or chemical
modifications described herein

1864411 In some embodiments, the modified polymerase includes one or more amino
acid substitutions that reduce the buffering capacity of the modified polymerase
within the pH range of about 4 to about 1 relative to the unmsodified polymerase,
803442} In some embodiments, the one or more amino acid substitutions in the
polymerase reduce the buffering capacity of the polymerase relative to the
cotresponding wild-type {unsubstituted) polymerase within the range of about pH 7 to
about pH 9.

186443} In some embodiments, at least one of the one or more aming acid
substitations in the polymerase is a8 conservative aming acid substitution. In further
embodimenis, the at feast one conservative amino acid substitution is selected from
the group consisting of histidine to arginine, ghutamic acid to ghitanune, aspartic acid
to asparagine, lysine to arginine, and tyrosine fo phenylalanine.

188444} In some embodiments, the polymerase comprises one or more amino acid
substitutions that reduce the buffering capacity of said polymerase relative to the
corresponding wild-type polymerase within the range of about pH 4 to about pH 10,
wherein at least one of the one or more amino acid substifitions includes a
substitution of an amino acid residue having a pKa within the range of about 4.0 to
about 10.0 with another amino acid residue. In some embodiments, the pKa of the
amino acid residue is a sohution pKa of the amino acid residue. In other embodiments,
the pKa of the amino acid residue is a pKa of the amino acid residue in the context of
the corresponding wild-type protein,

186445} In some crabodiments, at least one of the one or more amino substitutions
mncludes a substitution of an amino acid residue having a pKa of between about 4.0
and about 10.0 with an amino acid residue having a pKa that is greater than about
10.0 or less than about 4.0, In further erabodiments the amine actd residuc having a
pKa that is greater than about 10.0 or less than about 4.0 is selected from the group
consisting of: Arg, Asp, Gin, ty, He, Ley, Norleucine (Nle), Met, Phe, Ser, Thr, Trp,
Val and N-terminal Formylmethionine (N-fMet).
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[B83446] In some embodiments, at least one of the one or more aming acid
substitutions jochudes a substitution of an amino acid residue having a pKa within the
range of about 6.0 to about 8.0 with another amino acid residue,
(66447} In some embodiments, at least one of the one or more amino acid
modifications inchudes a substitution of an amino acid residue having a pKa of
between about 6.0 and about 8.0 with an amino acid residue having a pKa that is
greater than about 8.0 or less than about 6.0,
83448} In some embodiments, at least one of the one or more aming acid
substitutions inchudes a substitution of an amino acid residue selected from the group
consisting of His, Glu, Asp, Tyr, and Lys with another arnino acid residue,
66449} In some embodiments, at least one of the one or more amino acid
modifications is a substitution of an amino acid residue with an alanine residue.
{86458} In some erobodiments of the method, at least one of the one or more amine
acid modifications in the polymerase is a deletion of an amino acid. In some
embodiments, at least one of the one or more deleted amino acids is an amino acid
residue having a pKa of between about 4.0 and about 10.0. In some embodiments, the
amino acid residuc having a pKa that is greater than about 10.0 or less than about 4.0
is selocted from the group consisting of! Arg, Asp, Gin, Iy, He, Leu, Norleucine (Nie},
Met, Phe, Ser, Thr, Trp, Val and N-terminal Formylmethionine (N-fMet).
(88451} In some ernbodiments, al least one of the one or more deleted amino acids s
an arnine actd residuc having a pKa within the range of about 6.0 to about 8.0 with
another amino acid residue. In some embodiments, the deleted amino acid is His, Glu,
Asp, Tyvr or Lys.
884521 o some embodiments of the method, the polymerase comprises one or more
chemical amino acid modifications that reduce the buffering capacity of the protein
relative to the corresponding wild-type protein within the range of about pH 4 to
about pH 10, about pH 3.5 to about pH 9.5, or about pH 7 to about pH 9. In some
embodiments, the one or more chemical amino acid modifications includes a chemical
modification of the N-terminal amine acid. In some embodiments, the one or more
chemical amino acid modifications includes a chemical modification of an amino acid
esidue including a primary amine group with an amine-reactive agent. In further
cembodiments, the amine-reactive reagent includes an acylating agent or an activaied

csfer.
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[06453] In some embodiments, at least one of the one or more aming acid
substitutions, deletions or chemical modifications includes a substitution of an amino
acid residue that is at least 20%, at least 25%, af least 30%, at least 35% or at least
40% solvent exposed in the corresponding wild-type protein with another amino acid
residue.

186454] In some embodiments, the moditied polymerase is selected from the group
consisting of an A family DNA polymerase; a B family DNA polymerase; a mixed-
type polymerase; an unclassified DNA polymerase and RT family polymerase; and
variants and derivatives thereot

[80455] In some embodiments, the DNA polymerase s an A family DNA polymerase
selected from the group consisting of a Pol [-type DNA polymerase such as E. coli
DNA polymerase, the Klenow fragment of E. coli DNA polymerase, Bst DNA
polymerase, Taq DNA polymerase, Platimim Tag DNA polymerase series, T7 DNA
polymerase, and Tth DNA polymerase. in some embodiments, the DNA polymerase
is Bst DNA polymerase. In other embodiments, the DNA polymerase 1s E. coli DNA
polymerase. In some embodiments, the DNA polymerase is the Klenow fragment of
E. coli DNA polymerase. In some embodiments, the polyracrase is Tag DNA
polymerase. In some embodiments, the polymerase is T7 BNA polymerase.

1884586} In other embodiments, the DNA polymerase is a B family DNA polymerase
selected from the group consisting of Tl polymerase, Pfis polymerase, Plutubo
polymerase, Pyrobest polymerase, Pwo polymerase, KOD polymerase, Sac
polymerase, Sso polymerase, Poc polymerase, Pab polymerase, Mth polymerase, Pho
polymerase, ES4 polymerase, VENT polymerase, DEEPVENT polymerase, phage
Phi29 polymerase, and phage B103 polymerase. In some embodiments, the
polymerase is phage PhiZ9 DNA polymerase. In some embodiments the polymerase is
phage B103 polymerase, inchiding, for example, the variants disclosed in U.S. Patent
Publication No., 20110014612,

186457} In other embodiments, the DNA polymerase is a nuxed-type polymerase
selected from the group consisting of EX-Tag polymerase, LA-Tag polymerase,
Expand polvmerase series, and Hi-Fi polymerase. In yet other embodiments, the DNA
polymierase is an unclassified DNA polymerase selected from the group consisting of
Thr polymerase, Tl polymerase, Tru polymerase, Tac polymerase, Tne polymerase,

Tma polymerase, Tih polymerase, and Tt polymerase.
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1884581 In other embodiments, the DNA polymerase is an RT polymerase selected
from the group consisting of HIV reverse transcriptase, M-MLV reverse transcriptase
and AMY reverse transcriptase. In some embodiments, the polymerase is HIV reverse
transcriptase of a fragment thereof having DNA polymerase activity,

1884591 In some embodiments, the DNA polymerase is a2 Bst DNA polymerase
comprising one or more aming acid substitutions that substantially reduce its
buffering capacity within the range of about pH 4 to about pH 10,

[883460] In some embodiments, the one or more amine acid substitutions in the Bst
DINA polymerase reduce the buffering capacity of the polymerase relative to the
corresponding wild-type (unsubstituted} polymerase within the range of about pH 7 to
about pH 9.

1806461} In some embodiments, at least one of the one or more amino acid
substitutions in the Bst DNA polymerase is a conservative amino acid substitution. In
further emnbodiments, the at least one conservative amino acid substitution is selected
from the group consisting of histidine to arginine, ghutamic acid to glutamine, aspartic
acid to asparagine, lysine to arginine, and tyrosine to phenylalanine.

(88462} In some embodiments, the one or more conservative amino acid substitutions
are of one or more amuno acid residues shown in Table 2. In some embodiments, the
one or more conservative amino acid substitutions are selected from the group
consisting of H46R, H273R, H281IR, F446Q, H4A73R, H528R, H572R and Y477F, the
numbering of amino acid residues being in accordance with that of SEQ ID NO: 1
[663463} In some embodimenis, the one or more aming acid substitutions includes a
substitution of alanine at position 2 with Met, Asn, Gln, Loy, He, Phe, or Trp, the
numbering of amino acid residues being in accordance with that of SEQ 1D NOG:2,
180464} In some embodiments, the polymerase ncludes the amino acid sequence of
SEQ IR NO: 2, or a variant thereot having one or more conservative amino acid
substifutions, or a variant comprising a deletion of the N-terminal methionine. In
some embodiments, the Bst DNA polymerase comprises the aming acid sequence of
SEQ ID NO: 2. In some embodiments, the Bst DNA polymerase is a variant of a
protein comprising the amino acid sequence shown in SEQ 1D NO: 2, wherein the
variant comprises an amino acid sequence that s at least 80%, at least 85%, at least
0%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%,

at least 97%, at least 98%, or at least 9% identical to SEQ 1D NO: 2.
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188465] In other embodiments of the method, the DNA polymerase is a
Therminator™ DNA polymerase comprising one or more conservative amine acid
substitutions that substantially reduce tts butfering capacity relative to the
corresponding wild-type protein within the range of about pH 7 to about pH 9,
wherein the one or more conservative amino acid substitutions are selected from the
group consisting of! histidine to arginine, glutamic acid to ghitamine, lysine {o
arginine and fyrosine to phenylalanine. In some embodiments, the one or more
conservative amingo acid substitutions are of one or more amino acid residucs shown
mn Table 5.

[88466] In other ermbodiments of the method, the DNA polymerase is a KOD DNA
polymerase comprising one or more conservative aming acid substitutions that
substantially reduce its buffering capacity relative to the corresponding wild-type
protein within the range of about pH 7 to about pH 8, wherein the one or more
conservative amine acid substitutions are selected from the group consisting of!
histidine to arginine, glutamic acid to glutamine, lysine to arginine and tyrosine o
phenylalanine. Tn some embodiments, the one or more conservative amino acid
substitutions are of one or more amino acid residucs shown 1 Table 6,

{88467} In other embodiments of the method, the DNA polymerase is a B103 DNA
polymerase comprising one or more conservative aminoe acid substitutions that
substantially reduce its buffering capacity relative to the corresponding wild-type
protein within the range of about pH 7 to about pH 9, wherein the one or more
conservative amine acid substitutions are selected from the group consisting of!
histidine {o arginine, glotamic acid to ghitaming, lysine to arginine and tyrosine {o
phenylalanine. In sone embodiments, the one or more conservative arine acid
substitutions are of one or more amino acid residues shown in Table 7,

{80468} In some embodiments, the method further comprises providing an
SSR, wherein the S5B comprises one or more amino acid substitutions that
substantially reduce s buffering capacity within the range of about pH 4 to about pH
.

(86469} In some embodiments, the one or more amine acid substitutions in the SSB
reduce the buffering capacity of the SSB relative to the corresponding wild-type 58B
within the range of about pH 7 to about pH 9,

186478} In some embodiments, at least one of the one or more amino acid
substitutions in the SSB is a conservative amino acid substitution. In further
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embodimenis, the at feast one conservative amino acid substitution is selected from
the group consisting of histidine to arginine, ghitamic acid to glatamine, aspartic acid
to asparagine, lysine to argining, and tyrosine fo phenylalanme.

(66471} In some embodiments, the 8SB is E. coli 85B. In further embodiments, the
one or more conservative aming acid substitutions are of one or more amino acid
residues shown in Table 2. In some embodiments, the SSB comprises the amino acid
substitution K7R.

1834721 In some embodimenis of the method of detecting a nucleotide incorporation,
the detecting comprises using an ion-sensttive field etfect transistor (ISFET). In some
embodiments the ISFET 15 in an ISFET array.

(86473} In some embodiments the reaction is performed in a reaction chamber
comprising or capacitively coupled o a chemFET.

186474} In some embodiments, the reaction s in the presence of an agent that alters
the value of a pKa of at least an amino acid in the moditied polypeptide from within
the range of about 6 to about B to less than abowt 6 or greater than about 8. In some
embodiments, the agent is 3 phospholipid, a sulfonic acid surfaciant, a polyanionic
clectrolyie or a salt thereof, a polyeationic electrolyte or a salt thereof, tetramethyl
anmonium or a salt thereof, or a combination thereof.

188475} In some embodiments, the method further comprises repeating steps aj-b).
186476] In some embodiments, the disclosure relates generally o methods for
sequencing a nucleie acid, comprising: providing a template nucleic acid hybridized
to a sequencing primer and bound to a polymerase; synthesizing a new nucleic acid
strand by Jocorporating one or more known nucleoside triphosphates sequentially at
the 3” end of the sequencing primer; and detecting such incorporation at the 3” end of
the primer by measuring a concentration of a hydrogen ion byproduct generated if the
known mucleoside triphosphate is complementary o corresponding nucleotides in the
template macleic acid.

1864771 In some embodiments, the one or more amino acid substitutions in the
polymerase may include any one or more of the amino acid substitutions described
herein.

(88478} In some embodiments, at least one of the one or more amine acid
substitutions can be a conservative amino acid substitution,

(86479} In some embodiments, cach of the one or more aming acid substitutions s a
conservative amino acid substitution,
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884801 In some embodiments, the polymerase includes any one of the modified
polymerases described heretn. In some embodiments, the polymerase is a bufferless
polymerase. For example, the polymerase can have reduced buffering capacity
relative to the corresponding unsubstituted polymerase,
(86481} In some embodiments, the polymerase includes one or more amino acid
substitutions that substantially remove the buttering capacity of the polymerase within
the pH range of about 4 to about 10 relative to the corresponding unsubstifuted
polymerase. The unsubstituted polymerase can be the wild-type version of the
polymerase,
{80482} In some embodiments, the one or more amino acid substitutions in the
polymerase substantially remove the buffering capacity of the polymerase relative to
the corresponding unsubstituted polymerase within the range of about pH 7 to about
pH 9. The unsubstituted polymerase can be the wild-type version of the polymerase.
834831 In some embodiments, the polymerase includes one or more amino acid
substitations that substantially reduce the buffering capacity of the polymerase within
the pH range of about 4 to about 10 relative to the corresponding unsubstituted
polymierase. The unsubstituted polymerase can be the wild-type version of the
polymerase.
1806484} In some embodiments, the one or more amino acid substitutions in the
polymerase substantially reduce the buffering capacity of the polvmerase relative to
the corresponding unsubstituted polymerase within the range of about pH 7 to about
pH %, The unsubstituted polymerase can be the wild-type version of the polymerase.
[803485] In some embodiments, at least one of the one or more aming acid
substitutions 1o the polymerase is a conservative amino acid substitution that s
selected from the group consisting of histidine to arginine, glutamic acid to ghitamine,
aspartic acid to asparagine, lysine to arginine, and tyrosine fo phenylalanine.
[86486] In some ernbodiments, al least one of the one or more amino acid
substitutions includes a substitution of an amino acid residue having a pKa within the
range of about 4.0 to about 10.0 with ancther amino acid residue. In some
embodiments, the pKa of the amino acid residue 18 a solution pKa of the amino acid
esidue, In other emmbodiments, the pKa of the amino acid residue is a pKa of the
amino acid residue in the context of the corresponding wild-type protein.
186487} In some embodiments, at least one of the one or more amino acid
substitutions includes a substitution of an amino acid residue having a pKa within the
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renge of about 7 o about ¢ with another amino acid residue. In some embodiments,
the pKa of the amino acid residue 1s a solution pKa of the amino acid residue. In other
embodiments, the pKa of the amine acid residue 1s a pKa of the amine acid residue in
the context of the corresponding wild-type protein.

[06488] In some embodiments, at least one of the one or more conservative aming
substitutions includes a substitution of an amino acid residue having a pKa of between
about 4.0 and about 10.0 with an amino acid residuc having a pKa that is greater than
about 18.0 or less than about 4.0. In further embodiments the amino acid residue
having a pKa that is greater than about 10.0 or less than about 4.0 s selected from the
group consisting of: Arg, Asp, Glo, ly, He, Leu, Norleucine (Nie), Met, Phe, Ser, Thr,
Trp, Val and N-terminal Formyimethionine (N-fMet).

(06489} In some embodiments, at least one of the one or more conservative aming
substitutions includes a substitution of an amino acid residue having a pKa of between
about 7 and about 9 with an amino acid residue having a pKa that is greater than
about @ or less than about 7. In further embodiments the amine acid residue having a
pka that i3 greater than about 9 or less than about 7 is selected from the group
consisting oft Arg, Asp, Gln, Iy, lie, Leu, Norleucine (Nie}, Met, Phe, Ser, Thr, Trp,
Val and N-terminal Formylmethionine (N-fMet),

186498} In some embodiments, at least one of the one or more amino acid
substitutions includes a substitution of an amino acid residue having a pKa within the
range of about 6.0 to about 8.0 with another amino acid residue.

186491} In some embodiments, at least one of the one or more aming acid
substitutions inchudes a substitution of an amino acid restdue having a pKa of between
about 6.0 and about 8.0 with an arnino acid residue having a pKa that is greater than
about 8.0 or less than about 6.0,

186492} In some embodiments, at least one of the one or more amino acid
substitutions includes a substitution of an amino acid residue having a pKa within the
range of about 7.0 to about 9.0 with another amino acid residue.

883493} In some embodiments, at least one of the one or more aming acid
substitutions inchudes a substitution of an amino acid restdue having a pKa of between
about 7.0 and about 9.0 with an arnino acid residue having a pKa that is greater than

about 8.0 or less than about 7.0,
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883494} In some embodiments, at least one of the one or more aming acid
substitutions inchudes a substitution of an amino acid residue selected from the group
consisting of His, Glu, Asp, Tyr, and Lys with another amnino acid residue,
(66495} In some embodiments, at least one of the one or more amino acid
substifutions i3 a substitation of an amino acid residue with an alanine residue.
186496] In some embodiments, the polymerase comprises one or more conservative
amino acid substitutions that reduce the buffering capacity of the protein relative to
the corresponding wild-type protein within the range of about pH 4 to about pH 10,
about pH 5.5 to about pH 8.5, or about pH 7 to about pH 2. In some embodiments, at
teast one of the one or more anmino acid substitutions includes a substitution of an
amino acid residue that is at least 20%, at least 253%, at least 30%, at least 35% or at
least 40% solvent exposed in the corresponding wild-type protein with another aming
acid residue.
1864971 In some embodiments, at least one of the one or more aming acid
substitations is a substitution of an amino acid residue with an alanine residue.
[88498] o some embodiments, the polymerase comprises one or more amino agid
conservative amino acid substitutions that reduce the buftering capacity of the protein
relative to the corresponding wild-fype protein within the range of about pH 4 to
about pH 10, about pH 3.5 to about pH 9.5, or about pH 7 to about pH 9. In some
embodiments, ai least one of the one or more anino acid subsiitutions includes a
substitution of an amino acid residuce that is at least 20%, at least 25%, at least 30%, at
feast 35% or at least 40% solvent exposed in the corresponding wild-type protein with
another amino acid residue.
803499} In some embodiments, the polymerase comprises one or more conservative
amino acid substitutions that substantially remove the butfering capacity of the
polymerase within the range of about pH 4 to about pH 14}, about pH 5.5 to about pH
8.5, or about pH 7 to about pH 9.
1865001 In some ermbodiments, the polymerase is selected from the group consisting
sfan A family BNA polymerase; a B family DNA polymerase; a mixed-type
polymerase; an unclassified DNA polymerase and RT family polymerase; and
variants and derivatives thereof,
80581} In some embodiments, the DNA polymerase is an A family DNA polymerase
selected from the group consisting of a Pol I-type DNA polymerase such as E. coli
DNA polymerase, the Klenow fragment of E. coli DNA polymerase, Bst DNA
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polymerase, Tag PNA polymerase, Platinum Tag DNA polymerase series, T7 DNA
polymerase, and Tth DNA polymierase. In some embodiments, the DNA polymerase
is Bst DNA polymierase. In other embodiments, the DNA polymerase s E. colit DNA
polymerase. In some embodiments, the DNA polymerase is the Klenow fragment of
E. coli DNA polymerase. In some embodiments, the polymerase is Taq DNA
polymerase. In some embodiments, the polymerase is T7 DNA polymerase,

1885021 In other embodiments, the DNA polymerase is a B family DNA polymerase
selected from the group consisting of Th polymerase, Pfu polymerase, Plutubo
polymerase, Pyrobest polymerase, Pwo polymerase, KOD polymerase, Sac
polymierase, Sso polymerase, Poc polymerase, Pab polyroerase, Mth polymerase, Pho
polymerase, ES4 polymerase, VENT polymerase, DEEPVENT polymerase, phage
Phi29 polymerase, and phage B103 polymerase. In some embodiments, the
polymerase 1s phage Pu29 DNA polymerase. In sore embodiments the polymerase is
phage B103 polymerase, including, for example, the variants disclosed in U.S. Patent
Publication No. 20110014612,

1885831 Tn other embodiments, the DNA polymerase 1s a mixed-type polymerase
selected from the group consisting of EX-Taq polymerase, LA-Tag polymerase,
Expand polymerase series, and Hi-Fi polymerase. In yet other embodiments, the DNA
polymerase is an unclassified DNA polymerase selected from the group consisting of
Thr polvmerase, TH polymerase, Tru polymerase, Tac polymerase, Tne polyvmerase,
Tra polymerase, Tih polymerase, and T polymerase.

1885041 In other embodiments, the DNA polymerase is an RT polymerase selected
from the group consisting of HIV reverse transcriptase, M-MLV reverse transcriptase
and AMY reverse transcriptase. In some embodiments, the polymerase is HIV reverse
transcriptase of a fragment thereof having DNA polymerase activity,

88505} In some embodiments, the DNA polymerase is a2 Bst DNA polymerase
comprising one or more aming acid substitutions that substantially reduce its
huffering capacity within the range of about pH 4 to about pH 10, In some
embodiments, the one or more amino acid substitutions substantially remove the
buffering capacity of the polvmerase within the range of about pH 4 to about pH 10,
(88386} In some embodiments, the one or more amino acid substitutions m the Bst
DNA polymerase substantially reduce the buffering capacity of the polymerase
relative to the corresponding unsubstituted polymerase within the range of about pH 7
to about pH 9. In some embodiments, the one or more amino acid substitutions
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substantially remove the butfering capacity of the Bst polymerase within the range of
about pH 7 to about pH 9. In some embodiments, the one or more amino acid
substitutions substantially reduce the butfering capacity of the Bst polymerase relative
to the corresponding unsubstituted Bst polymerase within the range of about pH 7 to
about pH 2. In some embodiments, the unsubstituted polymerase can be the wild-type
version of the Bst polymerase.

1865071 In some embodiments, at least one of the one or more aming acid
substitations in the Bst DNA polvmerase is a conservative amino acid substitution. In
further embodiments, the at least one conservative amino acid subsiitution is selected
from the group consisting of histidine to arginine, ghutarnic acid to glutamine, aspartic
acid to asparagine, fysine to arginine, and tyrosing to phenylalanine.

[06588] In some embodiments, the one or more conservative amino acid substitutions
are of one or more aming acid residues shown in Table 2. In some embodiments, the
one of more conservative amino acid substitutions are selected from the group
consisting of H46R, H273R, HZ&IR, E4460, H473R, HS28R, HS72ZR and Y477F, the
mymbering of aming acid residues being n accordance with that of SEQ 1D NG 1,
[60309] In some embodiments, the one or more amino acid substitutions includes a
substitution of alanine at position 2 with Met, Asn, Gln, Leu, He, Phe, or Tip, the
numbering of amino acid residues being in accordance with that of SEQ ID NO:2.
186518} In some embodiments, the Bst DNA polymerase comprises the anuno acid
sequence of SEQ 1D NO: 2, or a variant thereof having one or more conservative
amino acid substitutions, or a variant comprising a deletion of the N-terminal
methionine. In some erobodiments, the Bst DNA polymerase comprises the amino
acid sequence of SEQ 1 NO: 2. In some emnbodiments, the Bst DNA polymerase is a
variant of a profein comprising the amino acid sequence shown in SEQ ID NO: 2,
wherein the vartant comprises an amino acid sequence that is at least 80%, at least
R5%, at least 90%, at least 91%, at least 92%, at least 93%, at least 949, at least 95%,
at foast 96%, at least 97%, at least 98%, or at least 99% identical to SEQ 1D NO: 2.
{83511} In some embodiments, the DNA polymerase is a Therminator™ DNA
polymerase comprising one or more conservative amino acid substifutions that
substantially reduce its buffering capacity relative to the corresponding unsubstituted
polymerase within the range of about pH 7 o about pH 9. The unsubstituted
polymerase can be the wild-type version of the polymerase. The one or more
conservative amino acid substitutions are optionally selected from the group
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consisting of; histidine to arginine, glutamic acid to glutamine, fysine to arginine and
tyrosine to phenylalanive. In some embodiments, the one or roore conservative amine
acid substitutions are of one or more amino acid residues shown in Table 5.

(86512} In some embodiments, the DNA polymerase is a Therminator™ DINA
polymerase comprising one of more conservative aming acid substitutions that
substantially reroove s butfering capacity within the range ot about pH 7 to about pH
9, wherein the one or more conservative amino acid substitutions are selected from
the group consisting of: histidine to arginine, glutamic acid to ghitamine, lysine to
arginine and tyrosine to phenylalanine. Tn some embodiments, the one or more
conservative amino acid substitutions are of one or moore aminoe acid residues shown
i Tabie 5.

186513} In some embodiments, the DNA polymerase is a KOD DNA polymerase
comprising one or more conservative amino acid substitutions that substantially
reduce its buifering capacity relative to the corresponding unsubstituted polymerase
within the range of about pH 7 to about pH 9. The unsubstituted polymerase can be
the wild-type version of the polvmerase. The one or more conservative amino acid
substitutions arc optionally selected from the group counsisting of: histidine fo
arginine, glutamic acid to ghutamine, lysine to arginine and tyrosine to phenylalanine.
In some embodiments, the one or more conservative amino acid substitutions are of
one or more amino acid residues showy i Table 6.

186514} In some embodiments, the DNA polymerase 15 a KOD DNA polymerase
comprising one or more aming acid substitutions that substantially remove its
buffering capacity within the range of about pH 7 to about pH 9. The one or more
conservative amino acid substitutions are optionally selected from the group
consisting of: histidine to arginine, glutamic acid to glutamine, lysing to arginine and
tyrosine to phenylalanine. In some embodiments, the one or more conservative amino
acid substitutions are of one or more amino acid residues shown in Table 6.

186515 In some embodiments, the DNA polymerase is a B103 DNA polymerase
comprising one or more conservative aminoe acid substitutions that substentially
reduce its buffering capacity relative to the corresponding unsubstituted polymerase
within the range of about pH 7 to about pH 9. The unsubstituted polymerase can be
the wild-type version of the polymerase. The one or more conservative aming acid
substitutions are optionally selected from the group consisting oft histidine to
arginine, glutamic acid to glutamine, lysine to arginioe and tyrosine to phenylalanine.
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in some embodiments, the one or more conservative aming acid substitutions are of
one of mote amino acid residues shown in Table 7.

{88516} In some embodiments, the DNA polymerase is a B103 DNA polvmerase
COMPrISiNg ONe Of MOore conservative amino acid substitutions that substantially
reduce its buffering capacity relative to the corresponding unsubstituted polymerase
within the range of about pH 4 to about pH 10, The unsubstituted polymerase can be
the wild-type version of the polymerase. The one or more conservative amino acid
substitations are optionally selected from the group consisting of: histidine to
arginine, glutamic acid to ghitamine, lysine to arginine and tyrosine to phenylalanine.
In some embodiments, the one or more conservative amine acid substituiions are of
one or more amino acid residues shown in Table 7.

1865171 In other embodiments of the method, the DNA polymerase is a BI103 DNA
polymerase comprising one of more conservative amino acid substitutions that
substantially remove its buffering capacity within the range of about pH 7 to about pH
9. The one or more conservative amino acid substitutions are optionally selected from
the group consisting oft histidine to arginine, glutamic acid to ghitaming, lvsine to
arginine and tyrosine o phenvialamine. In some embodiments, the one or more
conservative amino acid substitutions are of one or more amino acid residues shown
in Table 7.

186518} In some embodiments, the disclosure relates generally o methods for
sequencing a nucleic acid, comprising: {(a) disposing a plurality of teraplate nucleic
acids mto a plurality of reaction chambers, wherein the plurality of reaction chambers
is in contact with a chemical-sensitive field effect transistor {chemFET) array, the
cheraFET array comprising at least one cheraFET for each reaction chamber, and
wherein each of the template nucleic acids is bound to a polymerase, wherein the
polymerase comprises one or more amine acid modifications that substantially reduce
its buffering capacity relative to the corresponding vomoditied polymerase;

(b} synthesizing a new mucleic acid strand by sequentially incorporating one or more
known nucleoside triphosphates at the 37 end of the sequencing primer, wherein a
hydrogen ion byproduct is generated when the known mucleoside triphosphate is
complementary to corresponding nucleotides in the terplate nucleic acid; and

{c} detecting the incorporation of the one or more known nucleoside triphosphates by
a change in voltage and/or current at the at least one chemFET within the array in
response to a change in hydrogen ion concentration proximate thereto.
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[B83519] In some embodiments, the one or more amino acid substitutions in the
polymerase may inchude any one or moore of the amino acid substitutions described
herem.

(86528} In some embodiments, at least one of the one or more amino acid
substifutions can be a conservative amino acid substitution.

{86521} In some erobodiments, cach of the one or more amine acid substifufions s a
conservative amine acid substifution.

1885221 In some embodiments, the polymerase includes any one of the modified
polymerases described heretn. In some embodiments, the polymerase is a bufferless
polymerase. For example, the polymerase can have reduced buffering capacity
relative to the corresponding unsubstituted polymerase,

186523} In some embodiments, the polymerase includes one or more aming acid
substitutions that substantially remove the buttering capacity of the polymerase within
the pH range of about 4 to about 10 relative to the corresponding unsubstifuted
polymerase. The unsubstituted polymerase can be the wild-type version of the
polymerase,

80524} In some embodiments, the one or more amino acid substitutions in the
polymerase substantially remove the buffering capacity of the polymerase relative to
the corresponding unsubstituted polymerase within the range of about pH 7 to about
pH 9. The unsubstituted polymerase can be the wild-type version of the polymerase.
1865251 In some ernbodiments, the polymerase inchides one or more amino acid
substitutions that substantially reduce the buffering capacity of the polymerase within
the pH range of about 4 to about 10 relative to the corresponding unsubstituted
polymierase. The unsubstituted polymerase can be the wild-type version of the
polymerase.

186526} In some embodiments, the one or more amino acid substitutions in the
polymerase substantially reduce the buffering capacity of the polvmerase relative to
the corresponding unsubstituted polymerase within the range of about pH 7 to about
pH 9. The unsubstituted polvmerase can be the wild-type version of the polymerase.
[863527] In some embodiments, at least one of the one or more aming acid
substitutions 1o the polymerase is a conservative amino acid substitution that s
selected from the group consisting of histidine to arginine, glutamic acid to ghitamine,

aspartic acid to asparagine, lysine to arginine, and tyrosine to phenylalanine.
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[B3528] In some embodiments, at least one of the one or more aming acid
substitutions jochudes a substitution of an amino acid residue having a pKa within the
range of about 4.0 to about 10.0 with another amino acid restdue. Tn some
embodiments, the pKa of the amino acid residue is a solution pKa of the amine acid
residue. In other embodiments, the pKa of the amino acid residue is a pKa of the
amnino acid residue in the context of the corresponding wild-type protein.

186529 In some embodiments, at least one of the one or more aming acid
substitations includes a substitution of an amino acid residue having a pKa within the
range of about 7 to about 9 with another amino acid residue. In some ermbodiments,
the pKa of the amuno acid residue 1s a solution pKa of the anuno acid residue. In other
cmbodiments, the pKa of the amino acid residue is a pKa of the amino acid residuc in
the context of the corresponding wild-type protein.

{86538} In some ernbodiments, at least one of the one or more conservative amine
substitutions includes a substitution of an amino acid residue having a pKa of between
about 4.0 and about 10.0 with an amino acid residuc having a pKa that is greater than
about 10.0 or less than about 4.0, In further embodiments the amino acid residue
having a pKa that is greater than about 10.0 or less than about 4.0 18 selected from the
group consisting of! Arg, Asp, Glin, ly, He, Leu, Norleucine {Nie), Met, Phe, Ser, Thr,
Trp, Val and N-terminal Formyimethionine (N-fMet).

{86531} In some ernbodiments, at least one of the one or more conservative amine
substitutions includes a substitution of an amino acid residue having a pKa of between
about 7 and about 9 with an amino acid residue having a pKa that is greater than
about 8 or less than about 7. In further ernbodiments the amino acid residue having a
pka that is greater than about 9 or less than about 7 is selected from the group
consisting of: Arg, Asp, Gin, Iy, fle, Leu, Norleucine (Nle}, Met, Phe, Ser, Thr, Trp,
Val and N-terminal Formylmethionine (N-fMet}).

(86532} In some erobodiments, al least one of the one or more amino acid
substitutions includes a substitution of an amino acid residue having a pKa within the
range of about 6.0 to about 8.0 with another amino acid residue.

[86533] In some embodiments, at least one of the one or more aming acid
substitutions includes a substitution of an amino acid residuc having a pKa of between
about 6.0 and about 8.0 with an amino acid residue having a pKa that is greater than

about 8.0 or less than about 6.0,
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883534} In some embodiments, at least one of the one or more aming acid
substitutions jochudes a substitution of an amino acid residue having a pKa within the
range of about 7.0 to about 9.0 with another amino acid residue,

(86535} In some embodiments, at least one of the one or more amino acid
substitutions includes a substitution of an amino acid residhie having a pKa of between
about 7.0 and about 9.0 with an amino acid residue having a pKa that is greater than
about 8.0 or {css than about 7.0,

[B883536] In some embodiments, at least one of the one or more aming acid
substitutions inchudes a substitution of an amino acid residue selected from the group
consisting of His, Glu, Asp, Tyr, and Lys with another arnino acid residue,

(86537} In some embodiments, at least one of the one or more amino acid
substifutions i3 a substitution of an amino acid residue with an alanine residue.
186538} In some embodiments, the polymerase comprises one or more conservative
amino acid substitutions that reduce the buffering capacity of the protein relative to
the corresponding wild-type protein within the range of about pH 4 to about pH 10,
about pH 5.5 to about pH 8.5, or about pH 7 to about pH 2. In some embodiments, at
teast one of the one or more amino acid substitutions includes a substitution of an
amino acid residue that is at least 20%, at least 253%, at least 30%, at least 35% or at
least 40% solvent exposed in the corresponding wild-type protein with another aming
acid residue.

186538 In some erabodiments, at least one of the one or more aming acid
substifutions is a substifittion of an amino acid residue with an alanine residuc.
885481 Tn some embodiments, the polymerase comprises one or more amino agid
conservative amino acid substitutions that reduce the buftering capacity of the protein
relative to the corresponding wild-fype protein within the range of about pH 4 to
about pH 10, about pH 3.5 to about pH 9.5, or about pH 7 to about pH 9. In some
embodiments, ai least one of the one or more anino acid substitutions includes a
substitution of an amino acid residue that is at least 20%, at least 25%, at least 30%, at
feast 35% or at least 40% solvent exposed in the corresponding wild-type protein with
another amino acid residue.

806541} In some embodiments, the polymerase comprises one or more conservative
amino acid substitutions that substantially remove the butfering capacity of the
polymerase within the range of about pH 4 to about pH 14}, about pH 5.5 to about pH
8.5, or about pH 7 to about pH 9.
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1885421 In some embodiments, the polymerase is selected from the group consisting
ofan A family DNA polymerase; a B family DNA polymerase; a mixed-type
polymierase; an unclassified DNA polymerase and RT farily polymerase; and
variants and derivatives thereof,

1865431 In some embodiments, the DNA polymerase is an A family DNA polymerase
selected from the group consisting of a Pol I-type DNA polymerase such as E. coli
DINA polymerase, the Klenow fragment of E. coli DNA polymerase, Bst DNA
polymerase, Tag PNA polymerase, Platinum Tag DNA polymerase series, T7 DNA
polymerase, and Tth DNA polymierase. In some embodiments, the DNA polymerase
is Bst DNA polymierase. In other embodiments, the DNA polymerase s E. colit DNA
polymerase. In some embodiments, the DNA polymerase is the Klenow fragment of
E. coli DNA polymerase. In some embodiments, the polymerase is Taq DNA
polymerase. In some embodiments, the polymerase is T7 DNA polymerase,

1885441 In other embodiments, the DNA polymerase is 2 B family DNA polymerase
selected from the group consisting of Th polymerase, Pfu polymerase, Plutubo
polymerase, Pyrobest polymerase, Pwo polymerase, KOD polymerase, Sac
polymierase, Sso polymerase, Poc polymerase, Pab polyroerase, Mth polymerase, Pho
polymerase, ES4 polymerase, VENT polymerase, DEEPVENT polymerase, phage
Phi29 polymerase, and phage B103 polymerase. In some embodiments, the
polymerase 1s phage Pu29 DNA polymerase. In sore embodiments the polymerase is
phage BI03 polymerase, including, for example, the variants disclosed in U.S. Patent
Publication No. 20110014612,

[88545] o other embodiments, the DNA polymerase 1s a mixed-type polymerase
selected from the group consisting of EX-Taq polymerase, LA-Tag polymerase,
Expand polymerase series, and Hi-Fi polymerase. In yet other embodiments, the DNA
polymerase is an unclassified DNA polvmerase selected from the group consisting of
Thr polvmerase, TH polymerase, Tru polymerase, Tac polymerase, Tne polyvmerase,
Tra polymerase, Tih polymerase, and T polymerase.

1885461 In other embodiments, the DNA polymerase is an RT polymerase selected
from the group consisting of HIV reverse transcriptase, M-MLV reverse transcriptase
and AMY reverse transcriptase. In some embodiments, the polymerase is HIV reverse
transcriptase of a fragment thereof having DNA polymerase activity.

1865471 In some embodiments, the DNA polymerase is a Bst DNA polymerase
comprising one or more aming acid substitutions that substantially reduce its
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buffering capacity within the range of about pH 4 to about pH 10, In some
embodiments, the one or more amino acid substitutions substantially remove the
buffering capacity of the polymerase within the range of about pH 4 to about pH 10,
[08548] In some embodiments, the ane or more amino acid substitutions in the Bst
DNA polymerase substantially reduce the buffering capacity of the polymerase
relative to the corresponding unsubstituted polymerase within the range of about pH 7
to about pH 9. In some embodiments, the one or more amino acid substifutions
substantially remove the buffering capacity of the Bst polymerase within the range of
about pH 7 to about pH 9. In some embodiments, the one or more amino acid
substitutions substantially reduce the butfering capacity of the Bst polymerase relative
to the corresponding unsubstituted Bst polymerase within the range of about pH 7 to
about pH 2. In some embodiments, the unsubstituted polymerase can be the wild-type
version of the Bst polymerase.

186549 In some embodiments, at least one of the one or more aming acid
substitations in the Bst DNA polvmerase is a conservative amino acid substitution. In
further embodiments, the at least one conservative amino acid subsiitution is selected
from the group consisting of histidine to arginine, ghutarnic acid to glutamine, aspartic
acid to asparagine, fysine to arginine, and tyrosing to phenylalanine.

(86558} In some embodiments, the one or more conservative amino acid substitutions
are of one or more aming acid residues shown in Table 2. In some embodiments, the
one or MOTe conservalive amine acid substitutions are selected from the group
consisting of H46R, H273R, HIEIR, B446Q), H473R, HS28R, HS72R and Y477F, the
mymbering of aming acid residues being n accordance with that of SEQ 1D NG 1,
[66851] In some embodiments, the one or more amino acid substitutions includes a
substitution of alanine at position 2 with Met, Asn, Gln, Leu, He, Phe, or Tip, the
numbering of amino acid residues being in accordance with that of SEQ ID NO:2.
186552 In some embodiments, the Bst DNA polymerase comprises the anuno acid
sequence of SEQ 1D NO: 2, or a variant thereof having one or more conservative
amino acid substitutions, or a variant comprising a deletion of the N-terminal
methionine. In some erobodiments, the Bst DNA polymerase comprises the amino
acid sequence of SEQ 1 NO: 2. In some emnbodiments, the Bst DNA polymerase is a
variant of a profein comprising the amino acid sequence shown in SEQ ID NO: 2,

wherein the variant comprises an amino acid sequence that is at least 80%, at least
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85%, at least 90%, at least 91%, at least 929, at leasi 93%, at least 94%, at least 959,
at least 96%, at least 7%, at least 98%, or at least 99% identical to SEQ ID NO: 2.
[88553] In some embodiments, the DNA polyraerase 1s a8 Therminator™ DNA
polymerase comprising one or more conservative aming acid substitutions that
substantially reduce its buffering capacity relative to the corresponding unsubstituted
polymerase within the range of about pH 7 to about pH 9. The unsubstituted
polymerase can be the wild-type version of the polymerase. The one or more
conservative aminge acid substitutions are optionally selected from the group
consisting of; histidine to arginine, glutamic acid to ghitamine, lysine to arginine and
tyrosing to phenylalanine. In some emabodiments, the one or more conservative aming
acid substitutions are of one or more amino acid residues shown in Table 3.

1806554} In some embodiments, the DNA polymerase is a Therminator™ DNA
polymerase comprising one or mmore conservative amino acid substitutions that
substantially remove its buffering capacity within the range of about pH 7 to about pH
9, wherein the one or more conservative amino acid substitutions are selected from
the group consisting oft histidine to arginine, glutamic acid to ghitaming, lvsine to
arginine and tyrosine o phenvialanine. In some embodivaents, the one or wore
conservative amino acid substitutions are of one or more amine acid residues shown
in Tabie S,

186555 In some embodiments, the DNA polymerase is a KOD DNA polymerase
comprising one or more conservative amino acid substitutions that substantially
reduce its buifering capacity relative to the corresponding unsubstituted polymerase
within the range of about pH 7 to about pH 9. The unsubstituted polymerase can be
the wild-type version of the polymerase. The one or more couservative arino acid
substitutions arc optionally selected from the group consisting of: histidine fo
arginine, glutamic acid to glutamine, lysine to arginine and tyrosine to phenylalanine.
In some embodiments, the one or more conservative amino acid substituiions are of
one or more amino acid residues shown in Table 6.

1885561 In some embodiments, the DNA polymerase is a8 KOD DNA polymerase
cCOmMprising one of mwore aminoe acid substitutions that substantially remove its
buffering capacity within the range of about pH 7 to about pH 9. The one or more
conservative amino acid substitutions are optionally selected from the group

consisting of! histidine to arginine, glutamic acid to glutamine, lysine to arginine and
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tyrosine to phenvialanine. In some embodiments, the one or more conservative aming
acid substitutions are of one or more amino acid residues shown in Table 6.

885571 In some embodiments, the DNA polymerase is a B103 DNA polvmerase
COMPrISiNg ONe Of MOore conservative amino acid substitutions that substantially
reduce its buffering capacity relative to the corresponding unsubstituted polymerase
within the range of about pH 7 to about pH 8. The unsubstituted polymerase can be
the wild-type version of the polymerase. The one or more conservative amino acid
substitations are optionally selected from the group consisting of: histidine to
arginine, glutamic acid to ghitamine, lysine to arginine and tyrosine to phenylalanine.
In some embodiments, the one or more conservative amine acid substituiions are of
one or more amino acid residues shown in Table 7.

1865581 In some embodiments, the DNA polymerase is a B1{3 DNA polymerase
comprising one or more conservative amino acid substitutions that substantially
reduce its buifering capacity relative to the corresponding unsubstituted polymerase
within the range of about pH 4 to about pH 10, The unsubstituted polymerase can be
the wild-type version of the polvmerase. The one or more conservative amino acid
substitutions arc optionally selected from the group counsisting of: histidine fo
arginine, glutamic acid to ghutamine, lysine to arginine and tyrosine to phenylalanine.
In some embodiments, the one or more conservative amino acid substitutions are of
one or more aming acid residues shown in Table 7.

1865591 In other embodiments of the method, the DNA polymerase is a BI03 DNA
polymerase comprising one or more conservative amino acid substitutions that
substantially remove its buffering capacity within the range of about pH 7 to about pH
9. The onc or more conservative aming acid substitutions are optionally sclected from
the group consisting of! histidine to arginine, glutamic acid to glutamine, lysine to
arginine and tyrosine o phenylalanine. In some embodiments, the one or more
conservative amino acid substitutions are of one or more amino acid residues shown
in Table 7.

[B83360] In some embodiments, the disclosure relates generally to methods for
sequencing a nucleic acid, comprising: (a) disposing a plorality of template nucleie
acids into a plurality of reaction chambers, wherein the plurality of reaction chambers
is in contact with a chemical-sensitive ficld effect transistor (chemFET) array, the
chemVPET array comprising at least one chemFET for each reaction chamber, and
wherein cach of the template nucleic acids 1s bound to a polymerase, wherein the
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polymerase comprises one of more aminoe acid substitutions that substantially redoce
is buttering capacity; (b} synthesizing a new nucleic acid strand by sequentially
meorporating one or more known nucleoside triphosphates at the 37 end of the
sequencing primer, wherein a hydrogen ion byproduct is genorated when the known
nucleoside triphosphate is complementary to corresponding nucleotides in the
template nucleic acid; and (¢) detecting the incorporation of the one or more known
nucleoside triphosphates by a change in voltage and/or current at the af least one
chemFET within the array in response to a change in hydrogen ion concentration
proximate thereto.

806561} In some embodiments, the one or more amino acid substitutions in the
polymerase may include any one or more of the amino acid substifutions described
herein.

(865621 In some ernbodiments, al least one of the one or more amino acid
substitutions can be a conservative aminge acid substifution.

[883563] In some embodimentis, cach of the one or more amino acid subsiitutions is a
conservative amino acid substitution,

{88564} In some ecmbodiments, the polymerase includes any one of the modified
polymerases described herein. In some embodiments, the polymerase is a bufferless
polymerase. For example, the polymerase can have reduced buftering capacity
relative to the corresponding unsubstituted polymerase.

186565} In some ernbodiments, the polymerase inchides one or more amino acid
substitutions that substantially remove the buftering capacity of the polymerase within
the pH range of about 4 to about 10 relative to the corresponding unsubstituted
polymierase. The unsubstituted polymerase can be the wild-type version of the
polymerase.

18063566} In some embodiments, the one or more amino acid substitutions in the
polymerase substantially remove the bufforing capacity of the polvmerase relative to
the corresponding unsubstituted polymerase within the range of about pH 7 to about
pH 9. The unsubstituted polvmerase can be the wild-type version of the polymerase.
[88367] In some embodiments, the polymerase includes one or more amino acid
substitutions that substantially reduce the buffering capacity of the polymierase within
the pH range of about 4 1o about 10 relative to the corresponding unsubstituted
polymerase. The unsubstituted polymerase can be the wild-type version of the
polymerase.
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[B803568] In some embodiments, the one or more amino acid substitutions in the
polymerase substantially reduce the buffering ecapacity of the polymerase relative to
the corresponding unsubstituted polymerase within the range of about pH 7 to about
pH §. The unsubstituted polymerase can be the wild-type version of the polymerase.
186569} In some embodiments, at least one of the one or more amino acid
substitutions in the polymerase is a conservative amino actd substitution that is
selected from the group consisting of histidine to arginine, glutamic acid to ghutamine,
aspartic actd to asparagine, lysine fo arginine, and tyrosine to phenylalanine.

[B6570] In some embodiments, at least one of the one or more aming acid
substitutions includes a substitution of an amino acid residue having a pKa within the
range of about 4.0 to about 10.0 with another amino acid residue, In some
cmbodiments, the pKa of the amino acid residue 15 a solution pKa of the amine acid
residue. In other embodiments, the pKa of the amino acid residue is a pKa of the
amino acid residue in the context of the corresponding wild-type protein.

{86871} In some embodiments, at least one of the one or more aming acid
substitutions jochudes a substitution of an amino acid residue having a pKa within the
range of about 7 to about 9 with another amino acid residue. In some embodimentds,
the pKa of the amino acid residue is a solution pKa of the amino acid residue. In other
cmbodiments, the pKa of the amino acid residue 15 a pKa of the amino acid residue in
the context of the corresponding wild-type protein.

1865721 In some erobodiments, at least one of the one or more conservative amino
substitutions includes a substitution of an amino acid residue having a pKa of between
about 4.0 and about 10.0 with an amino acid residue having a pKa that is greater than
about 10.0 or less than about 4.0, In further embodiments the amine acid residue
having a pKa that is greater than about 10.0 or less than about 4.0 is selected from the
group consisting oft Arg, Asp, Gln, 1y, He, Leu, Norleucine (Nie), Met, Phe, Ser, Thr,
Trp, Val and N-terminal Formylmethionine (N-fMet),

186573} In some erobodiments, at least one of the one or more conservative amino
substitations includes a substitution of an amino acid residue having a pKa of between
about 7 and about @ with an amino acid residue having a pKa that is greater than
about § or less than about 7. In further embodimends the amino acid residue having a
pKa that is greater than about 9 or less than about 7 is selected from the group
consisting of: Arg, Asp, Gin, ty, He, Ley, Norleucine (Nle), Met, Phe, Ser, Thr, Trp,
Val and N-terminal Formylmethionine (N-fMet).
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{83874} In some embodiments, at least one of the one or more aming acid
substitutions jochudes a substitution of an amino acid residue having a pKa within the
range of about 6.0 to about 8.0 with another amino acid residue,

(86875} In some embodiments, at least one of the one or more amino acid
substitutions includes a substitution of an amino acid residhie having a pKa of between
about 6.0 and about 8.0 with an amino acid residue having a pKa that is greater than
about 8.0 or {css than about 6.0,

[B83876] In some embodiments, at least one of the one or more aming acid
substitutions jochudes a substitution of an amino acid residue having a pKa within the
range of about 7.0 to about 9.0 with another amino acid residue,

(86877} In some embodiments, at least one of the one or more amino acid
substitutions includes a substitution of an amino acid residhie having a pKa of between
about 7.0 and about 9.0 with an amino acid residue having a pKa that is greater than
about 8.0 or {css than about 7.0,

[BG878] In some embodiments, at least one of the one or more aming acid
substitutions inchudes a substitution of an amino acid residue selected from the group
consisting of His, Glu, Asp, Tyr, and Lys with another amino acid residue,

(86579} In some embodiments, at least one of the one or more amino acid
substifutions i3 a substitution of an amino acid residue with an alanine residue.
186588] In some embodiments, the polymerase comprises one or more conservative
amine acid substitutions that reduce the buffering capacity of the protein relative o
the corresponding wild-tvpe protein within the range of about pH 4 to about pH 10,
about pH 5.5 to about pH 8.5, or about pH 7 to about pH 2. In some embodiments, at
teast one of the one or more amino acid substitutions includes a substitution of an
amino acid residue that is at least 20%, at least 25%, at least 30%, at least 35% or at
least 40% solvent exposed in the corresponding wild-type protein with another aming
acid residue.

186581} In some erabodiments, at least one of the one or more aming acid
substitations is a substitution of an amino acid residue with an alanine residue.
885821 Tn some embodiments, the polymerase comprises one or more amino agid
conservative amino acid substitutions that reduce the buftering capacity of the protein
relative to the corresponding wild-fype protein within the range of about pH 4 to
about pH 10, about pH 3.5 to about pH 9.5, or about pH 7 to about pH 9. In some
embodiments, af least one of the one or more anmino acid substitutions includes a
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substitution of an amine acid residue that is at least 20%, at least 25%, at least 30%, at

.

teast 35% or at least 40% solvent exposed 1o the corresponding wild-type protein with
another amino acid residue.

{80583} In some embodiments, the polymerase Compriscs one of More conservative
amino acid substitutions that substantially remove the butfering capacity of the
polymerase within the range of about pH 4 to about pH 10, about pH 5.5 to about pH
9.5, or about pH 7 to about pH 9.

885841 In some embodiments, the polymerase is selected from the group consisting
ofan A family DNA polymerase; a B family DNA polymerase; a mixed-type
polymierase; an unclassified DNA polymerase and RT farily polymerase; and
variants and derivatives thereof,

88585} In some embodiments, the DNA polymerase is an A family DNA polymerase
selected from the group consisting of a Pol I-type DNA polymerase such as E. coli
DINA polymerase, the Klenow fragment of E. coli DNA polymerase, Bst DNA
polymerase, Tag PNA polymerase, Platinum Tag DNA polymerase series, T7 DNA
polymerase, and Tth DNA polymierase. In some embodiments, the DNA polymerase
is Bst DNA polymierase. In other embodiments, the DNA polymerase s E. colit DNA
polymerase. In some embodiments, the DNA polymerase is the Klenow fragment of
E. coli DNA polymerase. In some embodiments, the polymerase is Taq DNA
polymerase. In some embodiments, the polymerase is T7 DNA polymerase,

186586} In other embodiments, the DNA polymerase is a B family DNA polymerase
selected from the group consisting of Tl polymerase, Pfu polymerase, Pfutubo
polymerase, Pyrobest polymerase, Pwo polymerase, KOD polymerase, Sac
polymierase, Sso polymerase, Poc polymerase, Pab polyroerase, Mth polymerase, Pho
polymerase, ES4 polymerase, VENT polymerase, DEEPVENT polymerase, phage
Phi29 polymerase, and phage B103 polymerase. In some embodiments, the
polymerase 1s phage Phu29 DNA polymerase. In sore embodiments the polymerase is
phage BI03 polymerase, including, for example, the variants disclosed in U.S. Patent
Publication No. 20110014612,

1885871 In other embodiments, the DNA polymerase 1s a mixed-type polymerase
selected from the group consisting of EX-Taq polymerase, LA-Tag polymerase,
Expand polymerase series, and Hi-Fi polymerase. In yet other embodiments, the DNA

polymerase is an unclassified DNA polymerase selected from the group consisting of

—t
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Thr polymerase, Tl polymerase, Tru polymerase, Tac polymerase, Tne polymerase,
Tma polymerase, Tih polymerase, and T polymerase.

[B0588] In other ernbodiments, the DNA polymerase 1s an RT polymerase selected
from the group consisting of HIV reverse transcriptase, M-MLV reverse franscriptase
and AMY reverse transcriptase. In some embodiments, the polymerase is HIV reverse
franseriptase or a fragment thereof baving DNA polymerase activity,

805891 In some embodiments, the DNA polymerase is a Bst BNA polymerase
comprising one or more amino acid substitutions that substantially reduce its
buffering capacity within the range of about pH 4 to about pH 10, In some
embodiments, the one or more amine acid substitutions substantially remove the
buffering capacity of the polymerase within the range of about pH 4 to about pH 10,
(86598} In some embodiments, the one or more amine acid substitutions in the Bst
DNA polymerase substantially reduce the buffering capacity of the polymerase
relative to the corresponding unsubstifuted polymerase within the range of aboutpH 7
to about pH 9. In some embodiments, the one or more amino acid substitutions
substantially remove the buttering capacity of the Bst polymerase within the range of
about pH 7 to about pH 9. In some embodiments, the one or more amine acid
substitutions substantially reduce the buffering capacity of the Bst polymerase relative
to the corresponding unsubstituted Bst polymerase within the range of about pH 7 to
about pH 9. Tn some embodiments, the unsubstituted polymerase can be the wild-type
version of the Bst polymerase.

1865911 In some embodiments, at least one of the one or more aming acid
substitutions 1o the Bst DNA polymerase is a conservative amino acid substitution. In
further embodiments, the at least one conservative amino acid substitution is selected
from the group consisting of histidine to arginine, glutamic acid to glutamine, aspartic
acid to asparagine, fysine to argining, and tyrosine to phenylalanine.

[88582] In some erobodiments, the one or more conservative amino acid substitutions
are of one or more amino acid resichies shown in Table 2. In some embodiments, the
sne of more conservative amino acid substitutions are selected from the group
consisting of HA6R, H273R, H28IR, F446(y, H4T3R, HS2ZER, HS72ZR and Y477F, the
numbering of amino acid residues being in accordance with that of SEQ 1D NO: 1.
(86593} In some embodiments, the one or more amino acid substitutions inchides a
substitution of alanine at position 2 with Met, Asn, Gin, Leu, He, Phe, or Trp, the
numbering of amino acid residues being in accordance with that of SEQ 1D NO:2.
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1885941 In some embodiments, the Bst DNA polymerase comprises the amino acid
sequence of SEQ T NO: 2, or a vanant thereof having one or more conservative
amuno acid substitutions, ot a variant comprising a deletion of the N-termainal
methionine. In some embodiments, the Bst DNA polymerase comprises the amino
acid sequence of SEQ D NO: 2. In some embodiments, the Bst DNA polymerasc is a
variant of a protein comprising the amino acid sequence shown in SEQ ID NO: 2,
wherein the variant comprises an aming acid sequence that is at least 80%, at least
85%, at least 90%, at least 91%, at least 929, at leasi 93%, at least 94%, at least 959,
at least 96%, at least 7%, at least 98%, or at least 99% identical to SEQ ID NO: 2,
[B80595] In some embodiments, the DNA polyrerase s a8 Therminator™ DNA
polymerase comprising one or more conservative aming acid substitutions that
substantially reduce its buffering capacity relative to the corresponding unsubstituted
polymerase within the range of about pH 7 to about pH 9. The unsubstituted
polymerase can be the wild-type version of the polymerase. The one or more
conservative aminge acid substitutions are optionally selected from the group
consisting of; histidine to arginine, glutamic acid to ghitamine, lysine to arginine and
tyrosing to phenylalanine. In some erabodiments, the one or more conservative anino
acid substitutions are of one or more amino acid residues shown in Table 3.

1806596} In some embodiments, the DNA polymerase is a Therminator™ DNA
polymerase comprising one of muore conservative amino acid substitutions that
substantially reraove its butfering capacity within the range of about pH 7 to about pH
9, wherein the one or more conservative amino acid substitutions are selected from
the group consisting oft histidine to arginine, glutamic acid to ghitaming, lvsine to
arginine and tyrosine o phenvialanine. In some embodivaents, the one or wore
conservative amino acid substitutions are of one or more amine acid residues shown
in Table S,

1865971 In some embodiments, the DNA polymerase is a KOD DNA polymerase
comprising one or more conservative amino acid substitutions that substantially
reduce its butfering capacity relative to the corresponding unsubstituted polymerase
within the range of about pH 7 to about pH 9. The unsubstituted polymerase can be
the wild-type version of the polymerase. The one or more couservative arino acid
substitutions arc optionally selected from the group consisting of: histidine fo

arginine, glutamic acid to glutamine, lysine to arginine and tyrosine to phenylalanine.
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in some embodiments, the one or more conservative amino acid substitutions are of
one of mote amino acid residues shown m Table 6.

[B0598] In some embodiments, the DNA polymerase 1s a KOD DNA polvmerase
comprising one or more aming acid substifutions that substantially remove its
buffering capacity within the range of about pH 7 to about pH 9. The one or more
conservative amino acid substitutions are optionally selected from the group
consisting of: histidine to arginine, glutamic acid to glutamine, lysine to arginine and
tyrosine to phenvialanine. In some embodiments, the one or more conservative aming
acid substitutions are of one or more amino acid residues shown in Table 6.

86599} In some embodiments, the DNA polyraerase is 2 B103 DNA polymerase
COMPrISing one Of More conservative amino acid substitutions that substantially
reduce its buffering capacity relative to the corresponding unsubstituted polymerase
within the range of about pH 7 to about pH 8. The unsubstituted polymerase can be
the wild-type version of the polymerase. The one or more conservative amino acid
substitations are optionally selected from the group consisting of: histidine to
arginine, glutamic acid to ghitamine, lysine to arginine and tyrosine to phenylalanine.
In some embodiments, the one or more conservative amine acid substituiions are of
one or more amino acid residues shown in Table 7.

186608} In some embodiments, the DNA polymerase is a B1{3 DNA polymerase
comprising one or more conservative amino acid substitutions that substantially
reduce its buffering capacity relative to the corresponding unsubstituted polyroerase
within the range of about pH 4 to about pH 10, The unsubstituted polymerase can be
the wild-type version of the polvmerase. The one or more conservative amino acid
substitutions arc optionally selected from the group counsisting of: histidine fo
arginine, glutamic acid to ghutamine, lysine to arginine and tyrosine to phenylalanine.
In some embodiments, the one or more conservative amino acid substitutions are of
one or more aming acid residues shown in Table 7.

186601} In other embodiments of the method, the DNA polymerase is a BI03 DNA
polymerase comprising one or more conservative amino acid substitutions that
substantially remove its buffering capacity within the range of about pH 7 to about pH
9. The onc or more conservative amino acid substitutions are optionally sclected from
the group consisting of! histidine to arginine, glutamic acid to glutamine, lysine to

arginine and tyrosine o phenylalanine. In some embodiments, the one or more
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conservative amingo acid substitutions are of one or more amino acid residucs shown
mn Table 7.

[88682] In some embodiments, the disclosure relates generally to methods for
sequencing a nucieic acid, comprising: {a} disposing a plurality of solid supports into
a plurality of reaction chambers on a sensor array formed in a semiconductor
substrate, cach reaction chamber comprising a single solid support, cach solid support
attached to a plurality of identical template mucleic acids, each of the template nucleic
acids hybridized to a sequencing primer and bound to a polymerase, wherein the
polymerase comprises one or more aminoe acid subsiitutions that substantially reduce
its buffering capacity, and each reaction chamber in contact with or capacitavely
coupled to at least onc chem¥FET of a sensor, and cach such chemFET being
configured to provide at least one output representing the presence and/or
concentration of hydrogen ion proximate thereto; (b introducing a known nucleoside
triphosphate into cach reaction chamber; () defecting sequential incorporation at the
3Fend of the sequencing primer of one or more nucleoside triphosphates by the
generation of a change in hydrogen ion concentration when the known nucleoside
triphosphate is complementary to corresponding nucleotides in the template nucleic
acid; and (d) washing unincorporated nucleoside triphosphates from the reaction
chambers.

1866031 In some embodiments, the method further inchudes {¢) repeating steps (b)
through (&) uniil the nucleic acid s sequenced.

186664} In some embodiments, the one or more amino acid substitutions in the
polymerase may inchude any one or moore of the amino acid substitutions described
herem.

(86605} In some embodiments, at least one of the one or more amino acid
substifutions can be a conservative amino acid substitution.

{86686} In some erobodiments, cach of the one or more amine acid substibufions 1s a
conservative aming acid substitution,

1886871 In some embodiments, the polymerase includes any one of the modified
polymerases described heretn. In some embodiments, the polymerase is a bufferless
polymerase. For example, the polymerase can have reduced buffering capacity
relative to the corresponding unsubstituted polymerase,

{86608} In some embodiments, the polymerase includes one or more aming acid

substitutions that substantially remove the buttering capacity of the polymerase within

)]
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the pH range of about 4 to about 10 relative to the corresponding unsubstituted
polymerase. The unsubstitited polymerase can be the wild-type version of the
polymierase.

[86689] In some embodiments, the one or more aming acid substitutions in the
polymerase substantially remove the buffering capacity of the polymerase relative to
the corresponding unsubstituted polymerase within the range of about pH 7 to about
pH %, The unsubstituted polymerase can be the wild-type version of the polymerase.
83616} In some embodiments, the polvmerase includes one or more amino acid
substitutions that substantially reduce the buffering capacity of the polymerase within
the pH range of about 4 to about 10 relative to the corresponding unsubstituted
polymerase. The unsubstituted polymerase can be the wild-type version of the
polymerase.

(8861 1] In some ernbodiments, the one or more amino acid substitutions in the
polymerase substantially reduce the buffering capacity of the polymerase relative to
the corresponding unsubstituted polymerase within the range of about pH 7 to about
pH 9. The unsubstituted polymerase can be the wild-type version of the polymerase.
(806612} In some embodiments, at least one of the one or more aming acid
substitutions in the polvmerase is a conservative amino acid substitution that is
selected from the group consisting of histidine to arginine, glutamic acid to ghatamine,
aspartic acid o asparagine, lysine to arginine, aud tyrosine o phenylalanine.

18661 3] In some erabodiments, at least one of the one or more aming acid
substitutions includes a substitution of an amino acid residue having a pKa within the
range of about 4.0 to about 10.0 with ancther amino acid residue. Tn some
embodiments, the pKa of the armino acid residue is a solution pKa of the amine acid
residue. In other embodiments, the pKa of the amino acid residue is a pKa of the
amino acid residuc in the context of the corresponding wild-type protein.

[86614] In some ernbodiments, al least one of the one or more amino acid
substitutions includes a substitution of an amino acid residue having a pKa within the
renge of about 7 o about ¢ with another amino acid residue. In some embodiments,
the pKa of the amino acid residue 1s a solution pKa of the amino acid residue. In other
embodiments, the pKa of the amine acid residue 1s a pKa of the amine acid residue in
the context of the corresponding wild-type protein.

(86615} In some embodiments, at least one of the one or more conservative aming
substitutions includes a substitution of an amino acid residue having a pKa of between
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about 4.0 and about 10.0 with an amino acid residuc having a pKa that is greater than
about 10.0 or less than about 4.0, In further embodiments the amino acid residue
having a pKa that is greater than about 10.0 or less than about 4.0 18 selected from the
group consisting of! Arg, Asp, Glin, ly, He, Leu, Norleucine {Nie), Met, Phe, Ser, Thr,
Trp, Val and N-terminal Formyimethionine (N-fMet).

[86616] In some ernbodiments, at least one of the one or more conservative amine
substitutions includes a substitution of an amino acid residue having a pKa of between
about 7 and about @ with an amino acid residue having a pKa that is greater than
about 8 or less than about 7. In further ernbodiments the amino acid residue having a
pka that is greater than about 9 or less than about 7 is selected from the group
consisting of: Arg, Asp, Gin, Iy, fle, Leu, Norleucine (Nle}, Met, Phe, Ser, Thr, Trp,
Val and N-terminal Formylmethionine (N-fMet}).

(866171 In some ernbodiments, al least one of the one or more amino acid
substitutions includes a substitution of an amino acid residue having a pKa within the
range of about 6.0 to about 8.0 with another amino acid residue.

[86618] In some embodiments, at least one of the one or more aming acid
substitutions includes a substitution of an amino acid residuc having a pKa of between
about 6.0 and about 8.0 with an amino acid residue having a pKa that is greater than
about 8.0 or less than about 6.0,

[86619] In some ernbodiments, al least one of the one or more amino acid
substitutions includes a substitution of an amino acid residue having a pKa within the
range of about 7.0 to about 9.0 with another amino acid residue.

[86628] In some embodiments, at least one of the one or more aming acid
substitutions includes a substitution of an amino acid residuc having a pKa of between
about 7.0 and about 9.0 with an amino acid residue having a pKa that is greater than
about 9.0 or less than about 7.0,

[86621] In some erobodiments, al least one of the one or more amino acid
substitutions includes a substitution of an amino acid residuce selected from the group
consisting of His, Glu, Asp, Tyr, and Lys with another amino acid residue.

[86622] In some embodiments, at least one of the one or more aming acid
substitutions is a substitution of an anuno acid residue with an alanine residue.
86623} In some embodiments, the polymerase Compriscs one of More conservative
amino acid substitutions that reduce the butfering capacity of the protein relative to
the corresponding wild-type protein within the range of about pH 4 to about pH 10,
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about pH 5.5 to about pH 9.5, or about pH 7 to about pH 9. In some embodiments, at
teast one of the one or more amino acid substitutions inclades a substitution of an
antino acid residue that is at least 20%, at least 28%, at least 30%, at least 35% or at
feast 40% solvent exposed in the corresponding wild-type protein with another amino
acid residue.

(866241 In some ernbodiments, al least one of the one or more amino acid
substifutions is a substifittion of an amino acid residue with an alanine residue.
188625] In some embodiments, the polymerase comprises one or more aming acid
conservative amino acid substitutions that reduce the butfering capacity of the protein
relative to the corresponding wild-type protemn within the range of about pH 4 to
about pH 10, about pH 3.5 to about pH 9.5, or about pH 7 to about pH 9. In some
embodiments, af least one of the one or more amino acid substitutions includes a

substitution of an amine acid residue that 1 at least 20%, at least 259, at least 30%, at

fak)

feast 35% or at least 40% solvent exposed in the corresponding wild-type protein with
another amino acid residue.

188626} Tn some embodiments, the polymerase comprises one or more conservative
amuno acid substitutions that substantially remove the butfering capacity of the
polymerase within the range of about pH 4 to about pH 11}, about pH 5.5 to about pH
8.5, or about pH 7 to about pH 9.

1866271 In some embodiments, the polymerase is selected from the group consisting
of an A family DNA polymerase; a B family DNA polymerase; a nuxed-type
polymerase; an unclassified DNA polymerase and RT family polymerase; and
variants and derivatives thereot

[80628] In some embodiments, the DNA polymerase s an A family DNA polymerase
selected from the group consisting of a Pol [-type DNA polymerase such as E. coli
DNA polymerase, the Klenow fragment of E. coli DNA polymerase, Bst DNA
polymerase, Taq DNA polymerase, Platimim Tag DNA polymerase series, T7 DNA
polymerase, and Tth DNA polymerase. in some embodiments, the DNA polvmerase
is Bst DNA polymerase. In other embodiments, the DNA polymerase 1s E. coli DNA
polymerase. In some embodiments, the DNA polymerase is the Klenow fragment of
E. coli DNA polymerase. In some embodiments, the polymerase is Taq DNA
polymerase. In some embodiments, the polymerase is T7 DBNA polymerase.

186629} In other embodiments, the DNA polymerase is a B family DNA polymerase
selected from the group consisting of Tl polymerase, Pfus polymerase, Plutubo
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polymerase, Pyrobest polymerase, Pwo polymerase, KOD polymerase, Sac
polymerase, 3so polymerase, Poc polymerase, Pab polymerase, Mth polymerase, Pho
polymerase, ES4 polymerase, VENT polymerase, DEEPVENT polymerase, phage
Phi29 polymerase, and phage B103 polymerase. In some embadiments, the
polymerase is phage Phi29 DNA polvmerase. In some embodiments the polymerase is
phage BI103 polymerase, inchiding, for example, the variants disclosed in U.S. Patent
Publication No. 20110014612,

18863081 In other embodiments, the DNA polymerase is a mixed-type polymerase
selected from the group consisting of EX-Tag polymerase, LA-Tag polymerase,
Expand polymerase series, and Hi-Fi polymerase. In yet other embodiments, the DNA
polymerase is an unclassified DNA polymerase selected from the group consisting of
Thr polymerase, T polymerase, Tru polymerase, Tac polymerase, Tne polymerase,
Tma polymerase, Tilk polymerase, and T polymerase.

188631 In other embodiments, the DNA polymerase is an RT polymerase selected
from the group consisting of HIV reverse transcriptase, M-MLV reverse transcriptase
and AMV reverse transeriptase. In some embodiments, the polymerase is HIV reverse
transcriptase or a fragment thereof having DNA polymerase activity.

88632} In some embodiments, the DNA polymerase is a Bst DNA polymerase
comprising one or more aming acid substititions that substantially reduce its
buffering capacity within the range of about pH 4 to about pH 18, In some
embodiments, the one or more aming acid substitutions substantially remove the
buffering capacity of the polymerase within the range of about pH 4 to about pH 10,
[803633] In some embodimenis, the one or more aming acid substitutions in the Bst
DINA polymerase substantially reduce the buftermg capacity of the polymerase
relative to the corresponding unsubstituted polymerase within the range of aboutpH 7
to about pH 2. In some embodiments, the one or more amino acid substitutions
substantially remove the buffering capacity of the Bst polymerase within the range of
about pH 7 to about pH 9. In some embodiments, the one or more amine acid
substitations substantially reduce the butfering capacity of the Bst polymerase relative
to the corresponding unsubstituted Bst polymerase within the range of about pH 7 to
about pH 9. In some embodiments, the unsubstituted polymerase can be the wild-type
versian of the Bst polymerase.

186634} In some embodiments, at least one of the one or more amino acid
substitutions in the Bst DNA polymerase is a conservative amino acid substitution. In
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further embodiments, the at least one conservative amino acid substitution is selected
from the group consisting of histidine to arginine, ghutamic acid to glutamine, aspartic
acid to asparagine, lysine to arginine, and tyrosine to phenyvlalanine.

[86635] In some embodiments, the one or more conservative amino acid substitutions
are of one or more amino acid residues shown in Table 2. In some embodiments, the
one or more conservative aming acid substitutions are selected from the group
consisting of H46R, H273R, HI8IR, B446Q), H473R, HS28R, HS72R and Y477F, the
numbering of aming acid residues being in accordance with that of SEQ IR NO: 1,
[86636] In some embodiments, the one or more aming acid substitutions meludes a
substitution of alanine at position 2 with Met, Asn, Gln, Ley, He, Phe, or Trp, the
numbering of amino acid residues being in accordance with that of SEQ 1D NO:2,
1866371 In some embodiments, the Bst DNA polymerase comprises the amino acid
sequence of SEQ ID NO: 2, or a variant thereof having one or more conservative
amino acid substitutions, or a variant comprising a deletion of the N-terminal
methionine. In some embodiments, the Bst DNA polymerase comprises the amino
acid sequence of SEQ 1D NG: 2. In some erobodiments, the Bst DNA polymerase s a
variant of a protein comprising the anino acid sequence shown in SEQ TD NO: 2,
wherein the variant comprises an amino acid sequence that is at least 80%, at least
85%, at least 9096, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%,
at loast 96%, al least 97956, at least 98%, or at least 99% identical to SEQ ID NO: 2.
186638] In some embodiments, the DNA polymerase is a Therminator™ DNA
polvmerase comprising one or more conservative amino acid substitutions that
substantially reduce its buffering capacity relative to the corresponding onsubstituted
polymierase within the range of about pH 7 to about pH 9. The unsubstituted
polymerase can be the wild-type version of the polymerase. The one or more
conservative amino acid substitutions are optionally selected from the group
consisting oft histidine to arginine, ghitamic acid to glutamine, lysine to arginine and
tyrosine to phenylalanine. Tn some embodiments, the one or more conservative aming
acid substitutions are of one or more amino acid residues shown in Table §.

1886391 In some embodiments, the DNA polymerase is a Therminator™ DNA
polymierase comprising one or more conservative arnino acid substitutions that
substantially remove its buffering capacity within the range of about pH 7 to about pH
9, wherein the one or more conservative aming acid substitutions are selecied from
the group consisting oft histidine to arginineg, ghitaric acid to glutamine, lysine to
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arginine and tyrosine to phenylalanine. In some embodiments, the one or more
conservative amino acid substitutions are of one or more aminoe acid residoes shown
mn Tabic 5,
{66648} In some embodiments, the DNA polymerase is a KOD DNA polymerase
comprising one or more conservative amino acid substitutions that substantially
reduce its buffering capacity relative to the corresponding unsubstituted polymerase
within the range of about pH 7 to about pH 9. The unsubstituted polymerase can be
the wild-type version of the polymerase. The one or more conservative amino acid
substitutions are optionally selected from the group counsisting of: histidine fo
arginine, glutamic acid to ghitarnine, lysing to arginine and tyrosine to phenylalanine.
{n some embodiments, the one or more conservative amino acid substitutions are of
one or more aming acid residues shown in Table 6.
(866411 In some erobodiments, the DNA polymerase is a KOD DNA polymerase
comprising one or more aming acid substitutions that substantially remove its
buffering capacity within the range of about pH 7 to about pH 9. The one or more
conservative amino acid substitutions are optionally selected from the group
consisting of: histidine to arginine, glutamic acid to glutamine, lysine to arginine and
tyrosine to phenylalanine. In some embodiments, the one or more conservative amino
acid substitutions are of one or more amino acid residues shown in Table 6.
[86642] In some ernbodiments, the DNA polymerase s a B103 DNA polymerase
comprising one or more conservative amino acid substitutions that substantially
reduce its buifering capacity relative to the corresponding unsubstituted polymerase
within the range of about pH 7 to about pH 9. The unsubstituted polymerase can be
the wild-type version of the polymerase. The one or more couservative arino acid
substitutions arc optionally selected from the group consisting of: histidine fo
arginine, glutamic acid to glutamine, lysine to arginine and tyrosine to phenylalanine.
In some embodiments, the one or more conservative amino acid substitutions are of
one or mare amino acid residues shown in Table 7.
1886431 In some embodiments, the DNA polymerase is a B103 DNA polymerase
COMPTISING one Of 1uore conservative amino acid substitutions that substantially
educe its buffering capacity relative to the corresponding unsubstituted polymerase
within the range of about pH 4 to about pH 10, The unsubstituted polymerase can be
the wild-type version of the polymerase. The one or more conservative aming acid
substitutions are optionally selected from the group consisting of: histidine o
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arginine, glutamic acid to ghitamine, lysine to arginine and tvrosine to phenylalanine.
Tn some embodiments, the one or more conservative amine acid substitutions are of
one or more amino acid residues shown in Table 7.

{88644 In other embodiments of the method, the DNA polymerase is a B103 DNA
polymerase comprising one of more conservative amino acid substitutions that
substantially reroove s butfering capacity within the range ot about pH 7 to about pH
9. The one or more conservative amine acid substitutions are optionally selected from
the group consisting of histidine to argimine, glutamic acid to ghitamine, lysine to
arginine and tyrosine to phenylalanine. In some embodiments, the one or more
conservative amino acid substitutions are of one or moore aminoe acid residues shown
im Tabie 7.

186645} In some embodiments, the disclosure relates generally to methods for
sequencing a nucleic acid, comprising: {a) disposing a solid support uto a reaction
chamber on a sensor array formed in a semiconductor substrate, where the solid
sapport is attached to a plurality of substantially identical template nucleic acids, at
teast one of the template nucleic acids being hybridized to a sequencing primer and
bound to a polymerase, wherein the polymerase comprises one or more amine acid
substitutions that substantially reduce its buftering capacity, and the reaction chamber
is tn contact with or capacitavely coupled to at least one chemFET of a sensor, the
chemPET being configured o provide at least one output representing the presence
and/or concentration of hydrogen ion proximate thereto; (b) miroducing nucieoside
triphosphates of a known type into the reaction chamber; (¢} detecting incorporation
at the 3’end of the sequencing primer of one or more nucleoside triphosphates of the
known type by detecting the generation of a change in hydrogen ion concentration
resulting from the incorporation of the one or more nucleoside triphosphates by the
polymerase; and (d) washing unincorporated nucleoside triphosphates from the
reaction chamber,

186646} In some ernbodiments, the method further includes (¢} repeating steps

(b} through (4} unti} the mucleic acid is sequenced.

[83647] In some embodiments, the one or more amino acid substitutions in the
polymerase may include any one or more of the amino acid substitutions described
herem.

[80648] In some embodiments, at least one of the one or more amino acid
substitutions can be a conservative amino actd substitfution,
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[883649] In some embodiments, cach of the one or more amino acid subsiitutions is a
conservative amino acid substitution,

886501 In some ecmbodiments, the polymerase includes any one of the modified
polymerases described herein. In some embodiments, the polymerase is a bufferless
polymerase. For example, the polymerase can have reduced buftering capacity
relative to the corresponding unsubstituted polymerase.

188651 In some embodiments, the polymerase inchudes one or more amino acid
substitations that substantially remove the buffering capacity of the polymerase within
the pH range of about 4 to about 10 relative to the corresponding unsubstituted
polymierase. The unsubstituted polymerase can be the wild-type version of the
polymerase.

186652} In some embodiments, the one or more amino acid substitutions in the
polymerase substantially remove the bufforing capacity of the polvmerase relative to
the corresponding unsubstituted polymerase within the range of about pH 7 to about
pH 9. The unsubstituted polvmerase can be the wild-type version of the polymerase.
[86653] In some embodiments, the polymerase includes one or more amino acid
substitutions that substantially reduce the buffering capacity of the polymicrase within
the pH range of about 4 1o about 10 relative to the corresponding unsubstituted
polymerase. The unsubstituted polymerase can be the wild-type version of the
polymerase.

[86654] In some embodiments, the one or more amino acid substitutions in the
polymerase substantially reduce the buffering capacity of the polymerase relative to
the corresponding unsubstituted polymerase within the range of about pH 7 to about
pH 8. The unsubstituted polymerase can be the wild-type version of the polvmerase.
[86655] In some embodiments, at least one of the one or more amino acid
substitutions in the polvmerase is a conservative amino acid substitution that is
selected from the group consisting of histidine to arginune, glutamic acid to ghitamine,
aspartic acid to asparagine, lysine to arginine, aud tyrosine o phenylalanine,

[B883656] In some embodiments, at least one of the one or more aming acid
substitutions 1ochudes a substitution of an amino acid residue having a pKa within the
range of about 4.0 to about 10.0 with another amino acid restdue. Tn some
cembodiments, the pKa of the amino acid residue s a solution pKa of the amine acid
residue. In other embodiments, the pKa of the amino acid residue is a pKa of the
amino acid residue in the context of the corresponding wild-type protein.
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[B883657] In some embodiments, at least one of the one or more aming acid
substitutions jochudes a substitution of an amino acid residue having a pKa within the
range of about 7 to about 9 with another amino acid residue. In some embodimentds,
the pKa of the amino acid residue is a solution pKa of the amino acid residue. In other
cmbodiments, the pKa of the amino acid residue 15 a pKa of the amino acid residue in
the context of the corresponding wild-type protein.

[63658] In some embodimenis, at least one of the one or more conservative amine
substitations includes a substitution of an amino acid residue having a pKa of between
about 4.0 and about 10.0 with an amino acid residue having a pKa that is greater than
about 10.0 or less than about 4.0, In further embodiments the amine acid residue
having a pKa that is greater than about 10.0 or less than about 4.0 is selected from the
group consisting oft Arg, Asp, Gln, 1y, He, Leu, Norleucine (Nie), Met, Phe, Ser, Thr,
Trp, Val and N-terminal Formylmethionine (N-fMet).

[6365%9] In some embodimenis, at least one of the one or more conservative amine
substitations includes a substitution of an amino acid residue having a pKa of between
about 7 and about @ with an amino acid residue having a pKa that is greater than
about § or less than about 7. In further embodiments the amino acid residue having a
pKa that is greater than about 9 or less than about 7 is selected from the group
consisting of: Arg, Asp, Gin, ty, He, Ley, Norleucine (Nle), Met, Phe, Ser, Thr, Trp,
Val and N-terminal Formylmethionine (N-fMet).

186668} In some ecrabodiments, at least one of the one or more aming acid
substitutions includes a substitution of an amino acid residue having a pKa within the
range of about 6.0 to about 8.0 with ancther amino acid residue.

803661} In some embodiments, at least one of the one or more amine acid
substitutions includes a substitution of an amino acid residue having a pKa of between
about 6.0 and about 8.0 with an aming acid residue having a pKa that is greater than
about 8.0 or less than about 6.0,

186662} In some erabodiments, at least one of the one or more aming acid
substitations includes a substitution of an amino acid residue having a pKa within the
range of about 7.0 to about 9.0 with ancther amino acid residuoe.

806663} In some embodiments, at least one of the one or more aming acid
substitutions includes a substitution of an amino acid residue having a pKa of between
about 7.0 and about 9.0 with an aming acid residue having a pKa that is greater than

about 9.0 or less than about 7.0,
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883664} In some embodiments, at least one of the one or more aming acid
substitutions inchudes a substitution of an amino acid residue selected from the group
consisting of His, Glu, Asp, Tyr, and Lys with another amnino acid residue,

(86665} In some embodiments, at least one of the one or more amino acid
substifutions i3 a substitation of an amino acid residue with an alanine residue.
186666] In some embodiments, the polymerase comprises one or more conservative
amino acid substitutions that reduce the buffering capacity of the protein relative to
the corresponding wild-type protein within the range of about pH 4 to about pH 10,
about pH 5.5 to about pH 8.5, or about pH 7 to about pH 2. In some embodiments, at
teast one of the one or more anmino acid substitutions ncludes a substitution of an
amino acid residue that is at least 20%, at least 253%, at least 30%, at least 35% or at
least 40% solvent exposed in the corresponding wild-type protein with another aming
acid residue.

188667} In some embodiments, at least one of the one or more aming acid
substitations is a substitution of an amino acid residue with an alanine residue.
[80668] Tn some embodiments, the polymerase comprises one or more amino agid
conservative amino acid substitutions that reduce the buftering capacity of the protein
relative to the corresponding wild-fype protein within the range of about pH 4 to
about pH 10, about pH 3.5 to about pH 9.5, or about pH 7 to about pH 9. In some
embodiments, ai least one of the one or more anino acid subsiitutions includes a
substitution of an amino acid residuce that is at least 20%, at least 25%, at least 30%, at
feast 35% or at least 40% solvent exposed in the corresponding wild-type protein with
another amino acid residue.

803669} In some embodiments, the polymerase comprises one or more conservative
amino acid substitutions that substantially remove the butfering capacity of the
polymerase within the range of about pH 4 to about pH 14}, about pH 5.5 to about pH
8.5, or about pH 7 to about pH 9.

186676 In some ermnbodiments, the polymerase is selected from the group consisting
sfan A family BNA polymerase; a B family DNA polymerase; a mixed-type
polymerase; an unclassified DNA polymerase and RT family polymerase; and
variants and derivatives thereof,

86671} In some embodiments, the DNA polymerase is an A family DNA polymerase
selected from the group consisting of a Pol I-type DNA polymerase such as E. coli

DNA polymerase, the Klenow fragment of E. coli DNA polymerase, Bst BINA

)]
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polymerase, Tag PNA polymerase, Platinum Tag DNA polymerase series, T7 DNA
polymerase, and Tth DNA polymierase. In some embodiments, the DNA polymerase
is Bst DNA polymierase. In other embodiments, the DNA polymerase s E. colit DNA
polymerase. In some embodiments, the DNA polymerase is the Klenow fragment of
E. coli DNA polymerase. In some embodiments, the polymerase is Taq DNA
polymerase. In some embodiments, the polymerase is T7 DNA polymerase,

1886721 In other embodiments, the DNA polymerase is 2 B family DNA polymerase
selected from the group consisting of Th polymerase, Pfu polymerase, Plutubo
polymerase, Pyrobest polymerase, Pwo polymerase, KOD polymerase, Sac
polymierase, Sso polymerase, Poc polymerase, Pab polyroerase, Mth polymerase, Pho
polymerase, ES4 polymerase, VENT polymerase, DEEPVENT polymerase, phage
Phi29 polymerase, and phage B103 polymerase. In some embodiments, the
polymerase 1s phage Pu29 DNA polymerase. In sore embodiments the polymerase is
phage B103 polymerase, including, for example, the variants disclosed in U.S. Patent
Publication No. 20110014612,

1886731 o other embodiments, the DNA polymerase 1s a mixed-type polymerase
selected from the group consisting of EX-Taq polymerase, LA-Tag polymerase,
Expand polymerase series, and Hi-Fi polymerase. In yet other embodiments, the DNA
polymerase is an unclassified DNA polymerase selected from the group consisting of
Thr polvmerase, TH polymerase, Tru polymerase, Tac polymerase, Tne polyvmerase,
Tra polymerase, Tih polymerase, and T polymerase.

1886741 In other embodiments, the DNA polymerase is an RT polymerase selected
from the group consisting of HIV reverse trauscriptase, M-MLV reverse transcriptase
and AMY reverse transcriptase. In some embodiments, the polymerase is HIV reverse
transcriptase of a fragment thereof having DNA polymerase activity,

188675} In some embodiments, the DNA polymerase is a2 Bst DNA polymerase
comprising one or more aming acid substitutions that substantially reduce its
huffering capacity within the range of about pH 4 to about pH 10, In some
embodiments, the one or more amino acid substitutions substantially remove the
buffering capacity of the polvmerase within the range of about pH 4 to about pH 10,
(88676} In some embodiments, the one or more amino acid substitutions m the Bst
DNA polymerase substantially reduce the buffering capacity of the polymerase
relative to the corresponding unsubstituted polymerase within the range of about pH 7
to about pH 9. In some embodiments, the one or more amino acid substitutions
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substantially remove the buffering capacity of the Bst polymerase within the range of
about pH 7 to about pH 9. In some embodiments, the one or more amino acid
substitutions substantially reduce the butfering capacity of the Bst polymerase relative
to the corresponding unsubstituted Bst polymerase within the range of about pH 7 to
about pH 9. In some embodiments, the unsubstituted polymerase can be the wild-type
version of the Bst polymerase.

1866771 In some embodiments, at least one of the one or more aming acid
substitations in the Bst DNA polvmerase is a conservative amino acid substitution. In
further embodiments, the at least one conservative amino acid substitution is selected
from the group consisting of histidine to arginine, ghutarnic acid to glutamine, aspartic
acid to asparagine, fysine to arginine, and tyrosing to phenylalanine.

(86678} In some embodiments, the one or more conservative amino acid substitutions
are of one or more aming acid residues shown in Table 2. In some embodiments, the
one of more conservative amino acid substitutions are selected from the group
consisting of H46R, H273R, HZ&IR, E4460, H473R, HS28R, HS72ZR and Y477F, the
mymbering of aming acid residues being n accordance with that of SEQ 1D NG 1,
[88679] In some embodiments, the one or more amino acid substitutions includes a
substitution of alanine at position 2 with Met, Asn, Gln, Leu, He, Phe, or Tip, the
numbering of amino acid residues being in accordance with that of SEQ ID NO:2.
186688] In some embodiments, the Bst DNA polymerase comprises the anuno acid
sequence of SEQ 1D NO: 2, or a variant thereof having one or more conservative
amino acid substitutions, or a variant comprising a deletion of the N-terminal
methionine. In some erobodiments, the Bst DNA polymerase comprises the amino
acid sequence of SEQ 1 NO: 2. In some emnbodiments, the Bst DNA polymerase is a
variant of a profein comprising the amino acid sequence shown in SEQ ID NO: 2,
wherein the variant comprises an amino acid sequence that is at least 80%, at least
R5%, at least 90%, at least 91%, at least 92%, at least 93%, at least 949, at least 95%,
at foast 96%, at least 97%, at least 98%, or at least 99% identical to SEQ 1D NO: 2.
[B83681] In some embodiments, the DNA polymerase is a Therminator™ DNA
polymerase comprising one or more conservative amino acid substifutions that
substantially reduce its buffering capacity relative to the corresponding unsubstituted
polymerase within the range of about pH 7 o about pH 9. The unsubstituted
polymerase can be the wild-type version of the polymerase. The one or more
conservative amino acid substitutions are optionally selected from the group
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consisting of; histidine to arginine, glutamic acid to glutamine, iysine to arginine and
tyrosine to phenylalanive. In some embodiments, the one or roore conservative amine
acid substitutions are of one or more amino acid residues shown in Table 5.

(86682} In some embodiments, the DNA polymerase is a Therminator™ DINA
polymerase comprising one of more conservative amino acid substitutions that
substantially reroove s butfering capacity within the range ot about pH 7 to about pH
9, wherein the one or more conservative amino acid substitutions are selected from
the group consisting of histidine to argimine, glutamic acid to ghitamine, lysine to
arginine and tyrosine to phenylalanine. Tn some embodiments, the one or more
conservative amino acid substitutions are of one or moore aminoe acid residues shown
i Tabie 5.

1866831 In some embodiments, the DNA polymerase is a KOD DNA polymerase
comprising one or more conservative amino acid substitutions that substantially
reduce its buifering capacity relative to the corresponding unsubstituted polymerase
within the range of about pH 7 to about pH 9. The unsubstituted polymerase can be
the wild-type version of the polvmerase. The one or more conservative amino acid
substitutions arc optionally selected from the group counsisting of: histidine fo
arginine, glutamic acid to ghutamine, lysine to arginine and tyrosine to phenylalanine.
In some embodiments, the one or more conservative amino acid substitutions are of
one or more amino acid residues showy i Table 6.

1866841 In some embodiments, the DNA polymerase 15 a KOD DNA polymerase
comprising one or more aming acid substitutions that substantially remove its
buffering capacity within the range of about pH 7 to about pH 9. The one or more
conservative amino acid substitutions are optionally selected from the group
consisting of: histidine to arginine, glutamic acid to glutamine, lysing to arginine and
tyrosine to phenylalanine. In some embodiments, the one or more conservative amino
acid substitutions are of one or more amino acid residues shown in Table 6.

186685 In some embodiments, the DNA polymerase is a B103 DNA polymerase
comprising one or more conservative aminoe acid substitutions that substentially
reduce its buffering capacity relative to the corresponding unsubstituted polymerase
within the range of about pH 7 to about pH 9. The unsubstituted polymerase can be
the wild-type version of the polymerase. The one or more conservative aming acid
substitutions are optionally selected from the group consisting oft histidine to
arginine, ghitamic acid to glutamine, lysine to arginine and tyrosine to phenylalanine.
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in some embodiments, the one or more conservative amino acid substitutions are of
one of mote amino acid residues shown in Table 7.

[B80686] In some embodiments, the DNA polymerase is a B103 DNA polvmerase
COMPrISiNg ONe Of MOore conservative amino acid substitutions that substantially
reduce its buffering capacity relative to the corresponding unsubstituted polymerase
within the range of about pH 4 to about pH 10, The unsubstituted polymerase can be
the wild-type version of the polymerase. The one or more conservative amino acid
substitations are optionally selected from the group consisting of: histidine to
arginine, glutamic acid to ghitamine, lysine to arginine and tyrosine to phenylalanine.
In some embodiments, the one or more conservative amine acid substituiions are of
one or more amino acid residues shown in Table 7.

1866871 In other embodiments of the method, the DNA polymerase is a BI103 DNA
polymerase comprising one of more conservative amino acid substitutions that
substantially remove its buffering capacity within the range of about pH 7 to about pH
9. The one or more conservative amino acid substitutions are optionally selected from
the group consisting of! histidine to arginine, glutamic acid to ghitamine, lysine to
arginine and tyrosine o phenvialamine. In some embodiments, the one or more
conservative amino acid substitutions are of one or more amino acid residues shown
in Table 7.

1866881 Any suilable method of performing nucleic acid synthesis involving
nucleotide incorporation and/or primer extension using a polymerase may be used to
practice, use or perform any of the disclosed methods, compositions, systems,
apparatuses and kits. Typically, polymerases are capable of catalyzing nucleotide
meorporation onto the terminal 3’0OH end of an extending nucleic acid molecule,
When the extending nucleic acid molecule comprises a primer, the process is typically
referred to as “primer extension.” Typically but not necessarity such nucleotide
incorporation occurs in a template-dependent fashion. Primer extension and other
nucleotide incorporation assays are typically performed by contacting the template
nucleic acid with a polymerase in the presence of nucleotides in an aqueous solation
under nucleotide incorporation conditions.  In some embodients, the nucleotide
meorporation reaction can include a primer, which can optionally be hybridized to the
teraplate to form a primer-template duplex. Typical nucleotide incorporation
conditions are achieved once the template, polymerase, nucleotides and optionally
primer are moixed with cach other 1n a suitable agueous formulation, thereby forming a
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nucieotide mcorporation reaction mixture {or primer extension mixture}. The aqueous
formation can optionally include divalent cations and/or salts, particularly Mg™
and/or Ca' ions. Typical nuclectide incorporation conditions have included well
known parameters for time, temperature, pH, reagents, buffers, reagents, salts, co-
factors, nucleotides, target DNA, primer BINA, enzymes such as nucleic acid-
dependent polymerase, amounts and/or ratios of the components in the reactions, and
the like. The reagents or buffers can include a source of monovalent ions, such as
KCY, K-acetate, NHs-acetate, K-glutamate, NH.CL or amamonium sulfate, The
reagents or buffers can include a source of divalent fons, such as Mg® ™ and/or Mn®",
MgCl,, or Mg-acetate. Most polymerases exhibit some levels of nucleotide
meorporation activity over pH range of about 3.0 to about 9.5, more typically between
about pH 7 and about pH 9, and sometimes between about pH 6 to about pH 8. The
buffer can include chelating agents such as EDTA and EGTA, and the ke, Although
in some embodiments, nucicotide incorporation reactions may inchude buffering
agents, such as Tris, Tricine, HEPES, MOPS, ACES, or MES, which can provide a
pH range of about 5.0 to about 8.5, such buttering agents can optionally be reduced or
climinated when performing ion-based reactions requiring detection of ton
byproducts. Methods of performing nucleic acid synthesis are well known and
extensively practiced in the art and references teaching a wide range of nucleic acid
synthesis techniques are readily available, Some exerplary teachings regarding the
performance of nucleic acid synthesis (including, for example, teraplate-dependent
nucleotide incorporation, as well as primer extension methods) can be found, for
example, in Kim et al., Natare 376: 612-616 (2002); Ichida et al., Nucleic Acids Res.
33; 8214-5222 (2005Y; Pandey et al,, European Journal of Biochemistry, 214:59-65
{1993Y; Blanco et al,, 1. Biol. Chem, 268 1676316770 (1993); U.S. Patent
Application Ser. No. 12/002781, now published as U.S. Patent Publication No.
2009/0026082; UK. Patent Application Ser. No. 12/474897, now pubhished as U.S.
Patent Publication No. 2010/0137143; and U.S. Patent Application Ser. No.
12/492844, now published as U.S. Patent Publication No. 2010/0282617; US Patent
Application Ser. No. 12/748359, now published as U.S. Patent Publication No.
20110014612,

{86689} In some embodiments, the disclosure also relates to modes for analyzing,
mchuding for example sequencing, nucleie acids using reactions that imvolve
interdependent nucleotide mcorporation and nucleotide excision. As used herein,
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mterdependent nuclestide incorporation and nucleotide excision means that both
reactions occur on the same nucleic molecule at contiguous sites on the nueleie acid,
and one reaction facilitates the other. An example of such a reaction is a nic
transfation reaction. A nick translation reaction, as used herein, vefers to a reaction
catalyzed by a polymerase enzyme having 5" to 3' exonuclease activity, that involves

§

incorporation of a nucleotide onto the free 3' end of a nicked region of double
stranded DNA and excision of a nuclectide located at the free 57 end of the nicked
region of the double stranded DNA. Nick translation therefore refers to the movement
ot the nicked site along the length of the nicked strand of DNA ina 53" to 3' direction.
As will be recognized by those of ordinary skill i the art, the nick translation reaction
mehudes a sequencing-by-synthesis reaction based on the intact strand of the double
stranded DNA. This strand acts as the template from which the new strand is
synthesized. The method does not require the use of a primer because the double
stranded DNA can prime the reaction independently. While the disclosure (including
the following passages} may often refer to “nick translation” for the sake of brevity, it
is to be understood that the scope of this disclosure inchudes any other combined
caction of nucleotide excision and incorporation to be used in place of traditional
nick translation.
1866981 The nick translation approach has two features that make it well suited for use
in the nucleotide incorporation and sequencing methods provided herein. First, the
nick translation reaction results in the release of two hydrogen ions for each combined
excision/incorporation step, thereby providing a more robust signal at the chemFET
each time a nucleotide is incorporated into a newly synthesized strand. A sequencing-
by-synthesis method, in the absence of mucleotide excision, releases one hydrogen ion
per nucleotide meorporation. In contrast, nick transiation releases a first hvdrogen ion
gpon incorporation of a nuclestide and a second hydrogen ton upon excision of
another nucleotide. This mereases the signal that can be sensed at the chemFET,
thereby increasing signal to noise ratio and providing a more defiuitive readout of
nucleotide mcorporation.
[88691] Second, the use of a double stranded DNA template (rather than a single
stranded DNA template) results 1o less interference of the template with released ions
and a better signal at the chemFET. A single stranded DNA has exposed groups that
are able to mterfere with (for example, sequestery hydrogen tons. These reactive
groups are shielded in a double stranded DNA where they are hydrogen bonded to
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complementary groups. By being so shiclded, these groups do not substantially
nnpact hydrogen ion level or concentration, As a result, signal resulting from
hydrogen ion relcase is greater in the presence of double stranded as compared to
single stranded templates, as will be signal to noise ratio, thereby further contributing
to a more definitive readout of nucleotide incorporation.

186692 Templates suitable for nick translation typically arve completely or partially
double stranded. Such templates comprisc an opening {or a nick) which acts as an
entry point for a polymerase. Such openings can be introduced into the template ina
controlled ruanner as described below and known in the art

(88693 As will be appreciated by one of ordinary skill in the art, it is preferable that
these openings be present in cach of the phurality of identical templates at the same
location in the template sequence. Typical molecular biology technigues involving
nick translation use randomly created nicks along the double stranded DINA because
their aim is to produce a detectably labeled nucleic acid. These prior art methods
generate nicks through the use of sequence-independent micking enzymes such as
DNase 1 In many methods, however, the mick location muost be known, non-random
and untform for all teroplates of identical sequence. Vartous ways of achicving this
are known in the art, and some of these are discussed below by way of non-limiting
examples.

186694] Another example of a suitable nick translation template is a self-priming
nucleic acid. The self primung nuclete acid may coraprise a double stranded and a
single stranded region that is capable of self-annealing in order to prime a mucleic acid
synthesis reaction. The single stranded region s typically a known synthetic sequence
tigated to a nucleic acid of interest, Its length can be predefermined and enginecred to
create an opening following self-annealing, and such opening can act as an entry point
for a polymerase.

(86695} It 15 {0 be understood that, as the torm is used herein, a nicked nucleic acid,
such as a nicked double stranded nucleic acid, is a nucleic acid having an opening
{e.g., a break in tis backbone, or having abasic sites, etc.} from which a polvmerase
can incorporate and optionally excise mucleotides. The term s not limited to nucleic
acids that have been acted upon by an enzyme such as a nicking enzyme, noris it
Himited simply to breaks in a mucleic acid backbane, as will be clear based on the

exemplary methods described herein for creating such mucleic acids.
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188696 Unce the nicked double stranded nucleic acids are generated, they are then
subjected to 8 nick translation reaction, If the nick translation reaction 18 performed to
sequence the template nucleic acid, the ruck translation can be carried out in a manuoer
that paraliels the sequencing-by-synthesis methods described herein, More
spectfically, in some embodiments each of the four nucleotides is separately contacted
with the nicked templates in the presence of a polymerase having 5 to 3" exonuelease
activity. In other embodiments, known combinations of nucleatides are used.
Exampies of suitable enzymes include DNA polymerase I from E. coli, Bst DNA
polyimerase, and Tag DNA polymerase. The order of the macleotides is not important
as long as if is known and preferably remains the same throughout a run. After cach
nucleotide is contacted with the nicked templates, it is washed out followed by the
imtroduction of another nucleotide, just as described herein. In the nick translation
emnbodiments, the wash will also carry the excised mucleotide away from the
chemFET.
1886971 It should be appreciated that just as with other aspects and embodiments
deseribed herein the nucleotides that are incorporated juto the nicked region need not
¢ exirinsically labeled since it is a byproduct of their incorporation that is detected as
a readout rather than the incorporated nuclentide ttself. Thus, the nick translation
methods may be referred {o as label-free methods, or fluorescence-free methods, since
incorporation detection is not dependent on an extrinsic label on the incorporated
nucleotide. The nucleotides are typically naturally occurring nucleotides. It should
also be recognized that since the methods benefit from the consecutive incorporation
ot as many nucleotides as possible, the nucleotides are not for example modified
versions that lead to premature chain termination, such as those used m some

sequencing methods,

EXAMPLES

[06698] Example 1. Desion and Expression of Modified Bst DNA Polvinerases

88699} The amino acid sequence of the large fragment of the Bst BNA polymerase,
having the amino acid sequencing of SEQ 1D NO»: 1, was analyzed using both H++
and PropKa to calculate the pKas of titratable side chains within the folded protein
structure. Tables 2 and 3 show the calculated pKas for amino acids within Bst DNA

polymerase. Column 1 shows the amino acid residue, with mumbering based upon that
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of SEQ D N{O:1; column 2 shows the calculated pKa of the side chain, Column 3
indicates whether the residue s accessible on the surtace of the protein (8} or buried
{B), as determined by a review of the protein structure. The values shown in Table 2
were determined using PropKa, while the values in Table 3 were determined using
H++

1867881 Amuno acid residues having caloulated pKas within the range of about pH 6
to about pH 8.0 as determined by either algorithm were targeted for substitution. A
nucleic acid sequence encoding the large fragment of Bst DNA polymerase (having
the amino acid sequence of SEQ D NO: 1) was mutated using conventional
techniques to introduce the following amino acid substitutions o the encoded
protein product: Hisd6Arg, Glud46Gln, and HisS72Arg. The resulting amino acid
sequence is shown in SEQ [D NO: 2. The substituted amino acids are underlined and

in bold.

MARMAFTLADRVIEEMLADKAALYVVEVVEENYHDAPIVGIAVVNERGRFELRPETALADPOF
VAWLGDETKKKSMEDSKRAAVALKWKGIELCGVSEFDLLLAAYLLDPAQOGVDDVAARAAKMKOY

EAVERPDEAVYGHKGARRAVPDEPVLARHLVERKAAATWELERPFLDELRRNEQDRLLVELEQP]

SO ILAEMEFAGVKVDTKRLEDMGRELAEQLGTIVEQRIYELAGOEFNINS PKOLGVILFEKLG

LPVLEKTKTCY STSADVLEKLAPYHE IVENL LEYRQLGKLOSTY IEGLLKVVRPDTKKVRET I

QALTOTGRLESTEPNLONIPIRLEEGRRIROAFVPIESDWLIFAADY SQIELRVLAHIAL

AFRRDLDIHTRTAMBIFQVSEDEVIPNMRROARAVNEGIVYGISDYGLAQNINISR
RYFQEFFGVRKRYMENIVOEAKQRGYVITLLERRRY LEDITSRNENVRSFALRMA
MNTPIQGSAADIIKKAMIDLNARLKEERLOARLLLOVHDE LI LEAPKEEMERLCRLVPEVME

CAVITLRVPLKVDYRYGSTWYD SEQ ID NC: 2

186701 The mutated nucleic acid sequences encoding SEQ 1D NO: 2 were expressed
in an E. coli host, and the modified proteins were purified using conventional

techniques.

[68702] Example 2: Determination of Candidate Amine Acids for Madification
in K. Coli SSB

88793} The amino acid sequence of the single stranded DNA binding protein of E
q g 8P

coli having the anuno acid sequence of SEQ 1D NO: 19 was analyzed using PropKa.
1
ASRGVNEKVILVGNLGODRPEVRYMENGGAVANITLATSESNRDRATGEMKEQTEWHARVVLE
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(o)}

J
3
=

GRLAEVASEYLREKY COLRTRRKWTDOSGODR

3 VVVNVGGTMOMLGGROGGGA
121 PAGENIGE QEQUCV‘JCQPW")'“”r"‘"

{(SEQID NO: 19)

86704} The calculated pKas of the amino acid residues having titratable side chains
are shown in Table 4.

186705] Amuno acid residues having caloulated pKa values within the range of about
pH 4.0 to about pH 10.0 are targeted for substitution, Modified S8B proteins
comprising these substitutions are generated, expressed and purified using

conventional methods.

168766] Example 3: Determination of Candidate Amine Acids for Modificatisn

in KOD DMNA Polvmerase

The amino acid sequence of the Therminator™ DNA polymerase (SEQ 1D

NO: 5} 1s shown below:

MILDTDYITENGKPVIRVEFERENGEFRIEYDRTFEPYFYALLKDDSAIEDVERKVTAK
RHGTVVREVKRAEKVOEXRFLGRPIEVWELYFNHPODVPATIRDRIRAEPAVVDIYEYDT
PFRAKRYLIDKGLIPMEGDEELTMLAFDIETLYHEGEEFGTCPILMIEYADGSEARVT
TWEEKIDLEPYVDVVSTEKEMI KR LRVVRERDPDVLITYNGDNFDFAYILKERCERLGT
KEPTLGRDGEEPRIQRMGDRFAVEVHKGRIHFDLY PVIRRT INLPTYTLEAVYEAVECK
PREXKVYAEREETAQAWESGEGCLERVARY SMEDARKVTY ELGREFPPMEAQLERLIGOSLW
DVSRESTONLVEWFLLREKAYKRNELAPNEPDERELARRRGGYAGGY VEEPERGLWDN
IVYLDFPRSLYPSTTIITHNVSEDTLNREGCKEYDVAPEVGHRFCKDEFPGFIPSLLGDL

LEERQKIKREMEATVIDELL CRATEKTILANSFYGYYCYARARWY CKECAESY

TAWGREY TEMVIRELEERPCYRVLYADTDGLHATTI PCADARTVERKAKETNLEYINPK
LEGLLELEYEGEYVRCEEVTERKYAVIDEEGCKITTRCGLEIVRRDWSEIARKETQARVL
EATLRKHGDVEEAVRIVKEVTERLSKYEVEPEKIVIHEQTI TRDLRDY KATCPHVAVAK
RLAARGVEIRPOCTVISYIVLEKGSGRIGDEAIPADEFDEPTHHRYDAEYY TENOVLEAY
ERILRKAFGYRKEDLRYQRTROVGCLGAWLRKVEGEK

{(SEQ ID NO:5)

(88787 The amino acid sequence of Therminator™ polymerase (SEQ D NO: 5) was
analyzed using PropKa. The calculated pKas of the amino acid residues having
titratable side chains of the Therminator™ polymerase are shown in Table 5. Column

i shows the amino acid residue; colurnn 2 shows the pKa of the amuno acid residue in
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the protein as calculated by PropKa; and column 3 shows the model pKa value for the
amino acid in solution,

[88708] Amine acid residues having calculated pKa values within the range of about
pH 4.0 to about pH 10.0 are targeted for substitution employed any of the principles
of selection and modification described herein. Nucleic acid sequences encoding the
resulting modified polymerases comprising these substitutions are synthesized,

cloned, expressed and purified using conventional genetic enginecring methods.

[84789] Example 4: Determination of Candidate Aming Acids for Medification
in KOD DNA polvmerase
(86718} The amino acid sequence of the KOD DNA polymerase (SEQ I3 NO: 6) was

analyzed using PropKa.

MILDUDY ITEDGEKRPVIRIFKKE (DRTTEPYFYALLEKDDSATEEVERITAR

RAGTVVIVERVERVOEKRE RIRBHPAVIDIYEYDI

LERPVEVWKLYEPTHREGDA

By YLIDRGLVEMEC MLAPDIETLYHE EGPILMISYADEEGARVI

=

TWENVDLPYVDVVSTEREMIKRFLRVVEERKDPDVLITYNGDONEDFAY LKERCEKLGI

NEALGRUGSEPRIORMGORIPAVEVREGRIAEFDLYPVIRRTINLPTYTLEAVY EAVEGQ

PREXKVYAREITTAWETGENLERVARY SMEDARKVTYELGKEFLPMEAQLSRLIGOSTH

DVSRSSTGNLVEWF LLREKAYERNELAPNEKP DEKELARRROSYEGGYVEKEPERGLWEN

IVYLDEFRSLYPSIIITHRNVS PDTLNREGCKEYDVAPOVGHERFCKDEFPGE TIPS LLGDL

LEERORKIKKEKMEATIDPIERKLLDYRORATKILANSYYGYYGYARARWY CKECAESY
TAWGREY ITMT IRKEIEEKYGFRVIYSDTDGFFATIPCGADAETVEKRKKAMEFLEY INAK

LPCALELEYREGEYRRGEFEVTEKEYAVIDEEGKITTRGLEIVREDWSEIAKETOARVL

FALLKDGDVERKAVRIVREREVTEKLSKYEVPPEKLVIHEQITRDLEDYKRKATGPHVAVAK

RLAARGV PGTVISYIVLKGESGRIGDRATIPFDEFDPTEKERKYDARYYIENQVLEAY

ERILRAFGYRKEDLRYQKTREOVGLSAWLKPRGT

{SEQ ID NOC:&6)

186711} The calculated pKas of the amino acid residues having titratable side chains
are shown in Table 6. Cohuon 1 shows the amino acid residue; cohuman 2 shows the

pKa of the amino acid residue in the profein as calculated by PropKa; and colunmn 3

shows the model pKa value for the aming acid in solution.

867121 Amino acid residues having caleulated pKa values within the range of about

pH 4.0 1o about pH 10.0 are targeted for substitution. Modified polymerases
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comprising these substitutions are generated, expressed and purified using

conventional methods.

117 13]

i BiG3 DNA polvmerase

Examuple S: Determination of Candidate Amine Acids for Modification

188714 The amino acid sequence of a BI03-type polymerase, derived from the

published sequence of the DNA polymerase of bacteriophage B103, is shown below

as SEQ D NO: 7.

1
&1
121
181
241
381
361
421
481
541

mprkafscdf
kfdgativinw
kklpfpvkicd
gldrmtagsd
apmvidvnsl
ikknpffkgn
idkwtyvkth
pvytpmgvfi
ahestfkrak
dnfrvgfsst

(SEQ ID NO: 7)

etttklidder
lehhgfikwsn
akdfglpllic
slkgfkdils
vpsgmysepl
eylinsgasp
ekgalkkglak
tawarfttit
yvirgktyigd
gkpkpvavng

viwaygymeig
eglpntynti
gdidvhaerp
tikkfnkvipk
pygapivigg
velylinvdl
Iminsiygkf
aagacydrii
iyakevdgkl
gyvivdsvft

nldnyvkigns
iskmggwymi
vegheitpesy
1slpmdkeir
kyekdeqypl
eligehyemy
asnpdvigky
yedtdsihlt
iecspdeatt
ik

ldefmowvme
dicfgykegkr
eyikndieid
rayeggfiwl
yigrirfete
nveyidgtikf
pylkedgsly
gtevpeiikd
thkfsvkcagm

igadlythnl
kihtviydsl
araldigtkg
ndkykakeig
lkegyiptiqg
rektplfket
frvgdeeykd
ivdpkklgyw
tdtikikytf

186715 Further details regarding the B103-type polymcrase of SEQ 1D NO: 7 can be
found in U.S. Patent Publication No. 20110014612,
188716] Mutations to the B103-type DNA polymerase of SEQ 1B N(O: 7 to remove

potential buffering side chaing and thereby reduce the buffering capacity of the B103-
type polymerase may inchude replacement of any one or more histidine residues with
arginine and/or replacement of any one or more ghutamic acid residues with alanine,
as shown in Table 7. Mutations may further inchude replacement of any one or more
cysteine residues with serineg, also as shown i Table 7.

198717} Optionally, the modified B103-type polymerase can also include the amino
acid sequence of SEQ 1D NO: 7 and turther inchude the amino acid substitution
D66A, which reduces 37 to 57 exonuclease activity, The reduction or elimination of
exonuclease activity can be helpful in applications mvolving the detection of

nucleotide incorporation, such as ion-based nucleic acid sequencing.
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188718 The amino acid sequence of the B103-type DNA polymerase of SEQ 1D NO:
7 is highly homologous to the DNA polymerase of the bacteriophage Phi29, as shown

in SEG D NO: 18,

DCRVWAYGYM MIEL

o~

SA JL;L PRTY

VLEKVOQADLYE
L GKRKLRTVIY

,\.l

B QITARALLIC
EVRYAYRGGEE NDREKEK
3OYPLHIQHITE EFELKEGYIE

NEYLRSSG GEIADLWLSHN A

DLYRNV EYI;\S LEKFEATTGLE
SEGAL Q LAKLMLNCL‘_’ ALGEFRLGEEE

IKDIVDPKKL
FSVKD AGMTIDEKIKKE

RITYCDTDST
; I‘.LN"\E"D GKLVEGSFPDD
VPGGVVILNVDL TEFTIK

GYWAHEST YTDX

S41 VITENFRVGE

(SEQ 1D NO:18&)

188719 The crystal structure of the Phi 29 DNA polymerase is known {(Kamtekar et
al,, EMBO J. 28: 1335-1343 (2006). As the DNA polymerase of B1033 is likely to
fold into a simular structure as that of PhiZ9, the sequence of the Phi29 DNA
polymerase (SEQ D NO: 18} is analyzed by a program such as PropKa to determine
amino acid residucs having pKas within the range of about pH 4.0 to about pH 10.0.
Substitutions are then made to the corresponding amuno acids in the B103 DNA
polymerase, as determined using the amino acid sequence alignment shown in Figure
2.

1887281 Modified polymerases comprising any of the above substitutions are
nerated, expressed and purified using conventional methods,

Qe

196721] Example 6; Assay for Mon-buffering Propertics of Modified Proteins

1867221 The buftering properties of the modified Bst DNA polymerase of SEQ 1D
NO: 2 is evaluated by performing a standard titration as known in the art. The tifration
curves for the moditied polymerase are compared to the titration curve for the
unmodified protein having the amino acid sequence of SEQ 3 NG: 1. Similar

titrations are carried out for other modified proteins as described m Examples 2-5.

[66723] Example 7 Use of a wodificd Bst DNA Polyvmerase in an exemplary iog-

based DNA Sequencing Reaction

1867241 The modified Bst polymerase of SEQ 1D NO:» 2 was compared to the
unmodified polymerase (SEQ ID NO: 1} in a sequencing reaction using the Personal
Genome Machine (PGM ™) Systern (Applied Biosystems, Part Number 4462921) The

T

Personal Genome Machine™ System uses an array of serniconductor sensors o
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measure hydrogen ions generated when the polymerase adds nucleotides to a DNA
teroplate.

{88725 The uninodificd Bst DNA polymerase having the amino acid sequence of
SEQ I NO: 1 and the modified Bst DNA polymerase having the amino acid
sequence of SEQ ID NO: 2 were used to sequence nucleic acid templates using an fon
Torrent POM™ sequencer. Exemplary instructions for performing ion-based
sequencing using the fon Torrent PGM™ sequencer can be found in the User Guides
provided with the fon Torrent PGM™ 314 Sequencing System (inchuding the PGM™
314 Library Preparation User Guide, the PGM™ Template Preparation User Guide,
and {on PGM™ 315 Sequencing Chip User Guide and the lon Torrent PGM™
Sequencing User Guide, all of which are mcorporated by reference herein

186726 Sequencing was performed according (o the following exemplary protocol:

1867271 LABRARY PREPARATION

1847281 Brictly, the library preparation protocol was used to prepare a DNA library
having fragments with sizes having a distribution range of S0-60 bp arcund a median
size of 180-210 bp. Each library fragment is flanked by A and B adapters, allowing
subsequent amplification,

186729] The hibrary was prepared essentially using the following steps:

(867383 DNA Fragmentation:

186731] The DNA was sheared with the BioRuptof@ Sonication System, essentially
according to the protocol provided by the mamufacturer,

1867321 An aliquot of the sonicated DNA was diluted and analyzed ona

BioAﬂalyzsrTM High Sensitivity DNA l,,abChip@) or on an agarose gel to confrm a
fragment size range between ~ 50-500 bp, with a peak around 200 bp,

188733] The fragmented DNA was end-repaired using the buffer and enzyme mix
supplied in the Ton Fragroent Library Kit essentially using the following steps:
[88734] The end-ropair reaction mix was prepared according to the following Table

and then incubated for 20 mimites at room temperabire:
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Component Yohume
Fragmented DNA (step 5.1.9) Y ub
Nuclease-free Water 1A8—Y ul
5X End Repair Butter 40 ul
End Repair Eneyme 2 ul
Total 208

. ﬁ
Fi3d) ine A was puntied with the Agencourt - AMPure ™ XP Kit
[{#1735] The DNA was purified with the Ag ¥ AMPure " XP Ki

{83736} Adapter ligation:

(88737 The Amplification Adapters provided with the lon Torrent PGM™ were
tigated to the DNA using Ligase enzyme and the provided buffer. The buffer and
Higase were muixed with the end-repaired DNA in nuclease free water and let sit at
room temperature for 30 minutes.

® xp Kit

186738 The DNA was then purified using the /f\gencourt@‘/ AbMPure
{Beckman Coulter), cssentially according to the protocol provided by the
manufacturer.

. . . . L B .
186739 The purified DNA was then size-selected using the Pippin Prep@’ msirument

(SAGE Biosciences}, essentially according to the protocol provided by the
manufacturer. When the separation was complete, the size-sclected DNA was

recovered from the Elution Chamber and transferred to a new microcentrifuge tube,

B R)

188748] The DNA was then purified using the Agencourt( ’ AMPure® XP Kit

{Beckman Coulter), essentially according to the protocol provided by the
manufacturer,

(88741} Nick-translation and Amplification:

186742

I A nick-translation and amplification reaction mixture was prepared by mixing

VX High Fidelity and amoplitied
on a thermocyling block using standard PCR reaction conditions.

186743] The DNA was then purified using the A gencourt@ AM?ure® XP Kit
{(Beckman Coulter), cssentially according fo the protocol provided by the

manufacturer.

1)
166744} The library was then linked to washed Dynai}eads@" M-270 Streptavidin
beads by incubating the washed beads with the size-gelected and purified DNA, and

mcubating at room temperature with shaking at 8-10 rpm for 20 minutes.
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188745 The bead-linked library was washed twice in butfer, then resuspended in

Alkali Solution including 0.125N NaOH. The supernatant was collected, neutralized

and purified using the sample using the QIAGEN MinBiute™ Column essentially

according to the protocol of the manufacturer.

1887461 Quality assessment and library quantification was performed the RiboGreen"™
o .. ™ e . @ ,

RNA guantitation kit or the BicAnalyzer  RNA 60600 Pico Lab(,h}p@ essentially

accarding to the protocol of the manufacturer.

80747 TEMPLATE PREPARATION

{88748 Nucleie acid teroplates were amplified onto hydrogel matrices (Flon
Spheres”, prepared essentially as described in ), essentially according to the following
protocol:

166749] Determination of Optimal Library Conceniration for emPCR

186758] The concentration of the template library was estimated, and the template
DINA was diluted to an appropriate concentration. Emulsion PCR was then

performed by mixing the following components:

Reagent Volume {(ul)
Nuclease-free water 344
AmpMix 103
MgClz Solution 165
ANTPs 165
Primers Mix 105
TiPP (NEB) 2
Polymerase 126
lon Sphere™ Particles 140
Library i8
Total 458

186751 The amplification mix was then transforred into an o1l phase with shaking.
The ennlsion was then subjected to PCR amplification using standard thermoocycling

conditions,
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1887521 The Ion Sphere Particles inchuding amplified nucleic acid was then recovered
by extracting the enulsion with butanol and hexane, and then washing the recovered
particles n buffer,

86753} Template-positive fon Sphere™ particles were enriched by washing the
spheres with denaturation solution, incubating with an enrichment primer and washed
Dyﬁabeads@ MyOne™ Streptavidin C1 beads. The enriched particles were then

- ; ® rr e Cee . .
separated trom the Dynabeads — MyOne™ Streptavidin C1 beads using appropriate

washes in alkali solution including NaOH.

106754} SEQUENCING

1867551 Amplified nucleic acid templates bound to hydrogel matrices and prepared
casentially according to the forogoing protocol were sequencing i the fon Torrent
PGM™ sequencing using the sequencing primer supplied with the sequencing kit
Essentially, the amplified templates on the hydrogel matrices were suspended in
sequencing buffer and pipetied into the lon Torrent 314 Sequencing Chip, which was
placed in the lon Torrent PGM™ Sequencer. The sequencing run was initiated and
performed by the PGM™ sequencer. The reagent conditions for sequencing were
6.3mM NaCly, 13mM MgCh, 0.1% Triton X-100, adjusted to pH 7.5 with NaOH,
iul of a 39uM solution of the polymerase was added to 10M beads per 314 chip
sequencing. The nacleotide concentration was 30uM.

186756 DATA ANALYSIS

1867571 This section provides an overview of the software modules and concepts
applied at various stages of the data processing of the signals gathered during the
sequencing reaction. The Torrent Server Analysis Pipeline, the "Pipeline”, processes
raw acquisition data from a PGM run, and outputs base calls in both SFF and FASTQ
filc formats. The Torrent Browser provides a web interface to the process, including
many metrics, graphs, and reporting features derived from the Pipeline results.
186758] During a PGM™ run, for cach nucleonde flow, one acquisition file is
generated. Each acquisition file contains the raw signal measurement in each well of
the chip for the given nucleotide flow. So each acquisition flow, for a 314 chip,
contains roughly 1.5 million separate incorporation events. A series of such
acquisition files then represents the roughly 1.5 million possible reads. The analysis
pipeline converts these raw signal measurements into incorporation measures, and

ultimately into base calls for each read. The raw measurements are the system's
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conversion of the raw pH value in cach well into a voltage converted into a digital
representation of that voltage. This measurement over the entire chip occurs many
tirnes per second.

[86759] The following passages describe briefly the high level modules within the
analysis pipeline. Each module accepts specific inputs and produces specific outputs,
described in more detatl, below.

[96768] DAT Processing

188761] The DAT processing module deals directly with raw acquisition files ¢
acg *.dat b

186762] DAT processing performs the following functions:

1867631 Raw acquisition data loading into memory. This includes decompressing the

data tiles. Data is compressed when it is streamed off the PGM™, An optional
dynamic frame rate compression mode whereby various portions of the incorporation
event throughout the nucleotide flow duration are captured at different frame rates.
The variable frame rate allows biologically specific events to be captured with high

esolution, while at the same time allowing the overall file size to be decreased by
allowing multiple frames to be averaged where appropriate. Aliernatively, a
compression approach may use a keyframe/delia compression technigque whereby an
mmitial value 18 stored, followed by the changes in that initial vahue, rather than storing
the actual value cach time. This resulis in a nearly 2x reduction in file size.

188764] Raw measurement offset corrections: Raw acquisition data are stored using

the values output by the chip. Each well has its own reference value, and to compare
well to well, the two wells may use a common reference. The offset correction takes
the average of the first fow trames within cach acquisition file and subtracts that value
from each well, thus allowing well measurements to have a common reference value.

186765 Pinned well identification: Due to the nature of the chip output voliages, a

range of values exists for any given chip. The PGM mstrument calibration code
brings the majority of wells within range of the hardware's analog to digital
converters. The output is a distribution of values centered arcund the center voliage.
Wells that reside outside a selected distribution are considered 'pinned’ (functional
wells outside of the range of the ADC). These pinned wells typically represent less
than one percent of the total avatlable wells,

flow velocity profiles and chip coverage areas. For the 314 chip, for example, a
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percentage of the wells are covered by the flow cell and are not fluidically
addressable. A mask is loaded, per chip type, to mark those wells as excluded so they
do not complicate down-stream processing of the chip.

[86767] Classification

186768} Classitication is the process of determining the contents of each well on the
chip. The following describes the classification decision tree: A well can either be
empty, of contain a particle. For wells containing a particle, the process additionally
determines if that particle is: {(a) A library particle; (b A test fragment {control}
particle; (¢} A dud particle (a particle that does not produce a sufficiently strong
sequence signal); or (d} An ambiguous particle (a particle where # appears to the
software as both a tost fragment and a library fragment). It is important to note at this
point that classification is not simply processing the entire chip as one group. As will
be mentioned for other pipeline modules, the chip is processed in smaller regions. A
314 chip, for example, is segmented into S0x50 well regions, resulting in about 625
total regions. This allows processing many small regions in parallel and taking
advantage of multi-core/multi-process compute nodes that have such capabilitics.
More importantly, regions in the chip are processed that contain fluidically similar
wells, where smaller regions tend to be relatively homogencous and allow comparison
of wells to each other within a region.

186769 Default Sequencing Keys and Flow Order

18847781 The next part of the classification module invelves identifying particle wells
as test fragments (TF) or ibrary fragments. To understand this part of the algorithm,
the concept of keys' and flow order must first be understood. Table &, below shows
the default bbrary and TF sequencing keys, i both base-space and in flow-space for
the given default flow order TACG.

186771} Table 8

‘Base-space [Flow order TACG vector

1016010X
0100161X

[96772] The X' the vector, above, indicates that the value is at least a one, but
could in fact be higher because the next base after the key could also maich, thus

creating a longer homopolymer.
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[:773] Separation

188774 Once the particles have been wdentified within the wells, separation 1s then
performed. In this step, the two sequencing koys are used to compare cach read. The
well is determined to contain a bead; the flows are converted into a sequence and
tested against each key. Because the test is performed against both keys, the number
of tlows needed to sequence each key s determined, and the lower mumber of the two
is used. Adding many more bases to one of the two keys will not always result in
better separation since the shorter of the two drives the mumber of flows ultimately

used.

887761 TACGTACG
867771 1010010

80775] With the default keys and flow order, above, there are two veciors:
}
]
88778} 0100101
|

|
f
|
]

1887791 Here, valid comparison nucleotide pairs are then searched for, This means
that to compare two sequences, the following rules need to be satisfied: (1} That there
is a O-mer and a -mer event for each nucleotide 1n the key; and {2) That there is the
i-mer from one key firing during the O-mer event in the other nucleotide,

(86780} When both rules are satisfied for a given nucleotide, there is a separator
'event' to be used. The more 'events' there are, the better the two keys can be
separated. In other words, the nucleotide pairs are orthogonal in flow-space tor the
two keys, as in the bold vertical highlighted pairvs:

1667811 T nuc satisfies our rules:

1807821 1010010

{88783} 8100101

86784} Above, for the "T" nuc flow, the library key incorporates on the first flow, and
has a (~-mer on the second 'T' flow, whereas the TF key has the opposite.

[86785] A similar case is observed for the "A' nucleotide, and the 'C' nucleotide. The
'G' nucleotide cannot be used because there s no F-mer event observed until the 8th
flow. That flow cannot be inchided because that ‘(" in the library can be partof a
targer homopolymer stretch. Thus, t cannot be guaranteed that there s exactly a 1-
mer in that flow, Further, the TF key does not have a 1-mer in the first 'G flow, but
has a (-mer (' in the first 'G' flow which is the same as the library key.

(86786} A" nucleotide satisfies these rules:

1867871 1610010
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|07} 0100101
{86789 'C mucleotide satistics these nules:

[B0790] 1010018

1867911 0180101

(66792} Mask

186793 The output of the classification module is a mask object {and file as

bimask bin } that contains bit flags for cach well, indicating the contents of each well.
{33794} Signal Processing

1887951 The signal processing module focuses on wells containing particles, which is
now using the mask information in addition to the raw acquisition data. A signal is
measured in a well during an incorporation event. The signal has additional
components, referred to as ‘the background'. This background part of the signal is
present during each flow and can vary over time, across the chip, and during an
acquisition. The signal processing problem can be thought of as having two parts.
The first part involves deriving the background signal that would have been measured
mn a given well, had no incorporation occurred. The second part involves sublracting
{or fittimg) the background signal and examining (or fithing to} the remaining signal,
The output of the incorporation fitting model produces the estimate of the
imcorporation at cach nucleotide flow for each well.

186796] At this point, the output from the analysis pipeline is a raw mcorporation
signal measure per well, per flow, stored as a Lwells file.

[:7971 Basecalling

[86798] The basecaller module performs signal normalizations, phase and droop
estimations, signal corrections, and declares bases for cach flow of cach well. It
outputs non-incorporation events in addition to mcorporation events. The SFF output
file stores all such calls,

[68799] Normalization

186800} Normalization is performied on each read. Normalization is a way of using
the known expected 1-mer signals produced by sequencing through the key, and using
those signals to establish the 1-mer average signal. This is imitially a process using
the raw measurements from the signal processing module. As the basecaller
processes each well, more bases are accurately determined and additional

measurements can then be used to re-normalize the raw measured signals to gain
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higher confidence, a higher signal-to-noise ratioc (SNR}, in the normalization of each
well,

(00881} Droop estimation

80802} Observed signal droop can be attributed to DNA polymerase loss that can
occur during a sequencing run. Typically, such loss is experienced only during
incorporation events, and typical vahies are in the 0.1 to 0.2% range over the course
ot a run. By averaging groups of reads in a region together and averaging their
measured signals (after normalization), an exponential can be fit to the resulting
curve, and the rate of signal loss over time s extracted. Thus, an estimale of the
polymierase loss during meorporation events can be determined.

[388033] Phase estimation

186864} Once the droop has been established, it i3 used in the phase model as a
constant for cach read. Droop estimates can still vary across the chip, but is assumed
fixed for each processed region. The model then fits the carry-forward and
meomplete extension parameters for each read, over a limited number of flows and
excluding certain flows. The output from this {it is an estimate of the carry-forward
{CF) and incomplete extension (IF) for cach well. The values are averaged over small
regions to reduce errors and noise i the fit. The output CF and IE values are used as
inputs to the solver,

[G8885] Solver

186806} The solver part of the base caller applies the phase and droop estimates to the
normalized signals and makes predictions of the likely measured values for each flow
for probable meorporation events. By comparing the actual measured value to the hist
of predicted values, the best fit prediction at each flow is then used as the base call for
that flow. So, a G-mer, 1-mer, 2-mer, etc. can be predicted at cach flow. This process
continues over the entire read. At the end of one pass, a good estimate of all bases for
that read have now been made. The solver then iterates over the read again, applying
the same phase and droop estimates at cach flow, and refines the base calis. This
refining 1s beneficial since knowledge of fisture bases on future tlows can now be
meluded in the model to more accurately account for carvy-forward effects.

[8G80G7] Read Filiering and Trimming

{80808} Read filtering involves gencration of various quality metrics for cach base

call, quality metrics for each read, and using those metrics to filter out low quality
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reads and trim reads back to acceptable quality levels. Additionally, adapter trimming
is performed on the ends of each read.

{80809} Filtering

80818} Filtering reads involves caleulating an overall quality metric representing the
base caller’s ability to accurately correct and base call the raw signals, Reads that
have calculated low quality ave not written to the SFF file. Low quality reads are
typically mixed reads or very low copy-count reads that produce low quality sequence
sach that they do not {it the expected incorporation model.

180811} Brietly, the Ion Torrent PGM™ systern applies some quality checks to
sequence reads before writing them out. Reads are tested to see if they are possibly
the result of mixed DNA templates on a single fon Sphere particle in a given well, or
if they are gencrally of low signal quality. The 3 ends of reads are scanned for
matches to the adapter sequence and for regions of trailing low quality. Only the high-
guality portions of reads passing through these checks are written out to the SFF and
FASTQ files.

180812} When processing data from the Personal Genome Machine (PGM™), the
wdentification and removal of low-quality or uncertain base calls is an important
consideration for delivering accurate results. In the Torrent Suite analysis software,
low-quality bases are removed from the output by: (a) Filtering out entire reads; (b}
Trimming low-quality 3" ends of reads.

186813} The operations described in the following passages are applied as post-
processing operations after the mitial base calls have been estimated.

(843814} Read Filtering

{80815 The goal of read filtering is the removal of reads that are cstimated to
comprise low-quality base calls. The kinds of read filters include: {1} A read filter
targeted at removal of reads that are derived from wells with non-clonal DNA
template populations (1.e. mixtares of ditferent DNA templates); (2) A read filter
targeted at reads that are generally a poor fit to the basecalling model's expectations
for high-quality data.

(83816} Removal of Mixed-template Reads

{80817} Sometimes the DNA tenplate that ends up being amplified on the lon Sphere
particle is derived from multiple different input DNA templates. Possible ways in

which this can cecur mclude the presence of two or more distinct DNA fragments in
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the vesicle at the start of the emulsion PCR stage, or the collapsing together of
different emulsion vesicles,

[B0818] In the usual scenario, cach particle gets a single DNA tenplate species
amplified onto it, in which case approximately half of the nucleotide flows should
result in a positive incorporation (assuming a 4-base flow cycle and uniform and
random nucleotide content in the genome). When a particle contains multiple
different DNA templates, the number of flows in which a positive mcorporation
signal can be expected increases substantially,

80819 An effective way to identify possible mixed template reads is to search for
reads in which an unusually large proportion of flows are estimated fo have a
nucleotide incorporation event, As of version 1.1.0 of the Torrent Suite software, the
percentage of positive flows (PPF) is evaluated over the first 60 flows {(inchuding the
key flows). If the PPF value is greater than 60%, the read 18 excluded betore writing
out the SFF and FASTQ results, Inruns with foewer than 60 flows, the PPF is
evaluated over however many flows are available.

[B6828] One imphication of this PPF filter is that certain sequences may not be called
by the software. For example, a long sequence that is in exactly the flow order TACG
would be expected to have a positive incorporation on every flow and as a result
would be filtered out. However in practice sequences like this are rare and the
benefits of excluding low-quality reads resulting from mixed templates are favored
over exchiding a small proportion of gemuine reads.

188821} One exception to this approach pertains to test fragments, some of which are
designed with sequences that do not typically occur naturally and that have a large
expected PPF value. By default, the software does not apply the PPF filter to tost
fragment reads.

(06822} Removal of Lower Quality Reads

186823] The basecalling model has certain expectations about the signal distribution
for well-behaved reads. Once the amount of ncomplete extension (IE) and carry
forward (CF} phasing etffects have been estimated there are certain expectations for
how signals in neighboring flows should be elevated or depressed. For example,
when there is positive TE in effect, a large homopolymer run should result in a
depressed signal value in the flow corresponding to the homopolymer and an elevated

signal value in the next {flow of the same nuclestide.
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188824 As part of the basecalling model the observed signal value is compared with
what the basecalling model predicted in each flow for cach read. The difference
between these two quantitics {observed value minus predicted value) is referred to as
the flow residual for the well and flow in question. In general, a high-quality read
which is well-described by the basecalling model and the DNA sequence that it
estimates should have low residual vahies.

[663825] The median absolute value of the residual over the initial flows is tracked for
each read as a measure of the agreement between observed data and basecalling
model. I the median absolute residual i3 greater than a certain threshold, then the read
is considered to be untrusted and i is not written to the SFF and FASTQ output files.
{08826} As of version 1.1.0 of the Torrent Suite software the median absolute residual
is computed over the first 60 flows (including key flows) and the threshold above
which a read is rejected 18 013

1808271 The median absolute residual filter is applied for both library and test-
fragment reads.

[BG828] Trimming

{66828} The goal of read imming is the removal of undesired base calls at the 3" end
of a read. Such undesired base calls come from: (a) High-quality base calls on reads
that have read all the way through the libwary insert into the B-adapter; and (b} Low-
quality base calls at the 3" end of the read.

186830} Two filters are applied fo frim reads, one targeted at cach of the two
categories of undesirable 3' bases, Each filter is applied scparately and the read length
is taken as the shorier of the two. 1t the resulting trimamed length is shorter than the
mirdmum read length, the read is filtered out entirely, otherwise the read is writtern o
the SFF and the FASTQ files.

186831} As long as trimming does not reduce the read length below the minimum
designated allowable length (four bases as of version 1.1.0 of the software), the flow
values and base calls for the entire read are writien into the SFF, regardless of the
trimmed length. The trimming information is represented in the designated fields in
the SFF file.

{86832} Remaoval of Adapter Sequence

80833} Trailing adapter sequence is trinwned out by searching the read for candidate

matches to the known adapter sequence in flow-space.
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188834] The bascealler works by reversing the effects of CF and IE, producing a
phase-corrected ionogram that is stored in the SFF file. It a read extends into the B-
adapter, the 3' end of this phase-corrected ionogram will exhibit a pattern that is
characteristic of the adapter sequence.

88835 Adapter trimming is accomplished by testing each position in the phase-
corrected ionogram to see how well it matches the pattern expected for the adapter.
The test camputes the Euclidean distance between the phase-corrected ionogram at
the tested position and the known ionogram for the adapter. If this distance falls
below a fixed threshold, the corresponding position {translated from flow-space bac
to read-space) is recorded as the adapter trim location; otherwise, the read is
considered not to have a match fo the adapier. As of version 1,1.0 of the Torrent Suite
software, the threshold used is a Buclidean distance of 5.

180836 Removal of lower-quality 3° Ends

1888371 The distribution of quality scores within lon Torrent reads is such that the
highest quality calls tend to occur at the start of the read where phase errors are
smallest in magnitude.  For reads that nun into low-quality bases before reaching the
end of the teraplate, it 15 helpful to trim away the lower-guality calls at the 3'end. The
quality trimming is performed using the per-base quality scores (described further
below}

186838] The approach is to scan along the bases of the read computing a moving
average in a fixed-length window, and to set the read trim point to just before the
carlicst (5'-most} base at which the moving average of the per-base quality scores
drops below some fixed threshold

{80838} As of version 1.1.0 of the Torrent Suite software the window size is set to 30
bases and the threshold below which the trimming occurs is a quality score of nine,
186840 Quality and Adapter Trimuning

180841} Using processing algorithms, a read can be trimmed back until an acceptable
tevel of quality persists for the entive read. A read is also examined to determine if the
B-Primer adapter sequence or a portion thereof can be identified with high confidence
within the read. If a matching sequence is found, the read is trimmed to the base

immediately prior to the start of the adapter.
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842 ] Trimmed SFF file

888431 The output of this stage is an SFF file that contains only the filtered reads
and, for each read, the adapter and gquality trimming markers are st appropriately. It
is this file that is used to generaie the FAST( file.

(08844} Algnment QC

[86845] The alignment QC stage nvolves alignment of reads produced by the pipeline
to a reference genome, and extracting metrics from those alignments, Currently, the
TMAP aligner is used to align reads. As inpuis to the aligner, some or all of the reads
produced in the pipeline are used, along with the reference genome and index files.
The output is a SAM file. This output SAM file 1s processed to extract various
quality metrics, including estimates of Q17 or Q20 bases, estimates of number of
reads at or above 1000317, The results of the Alignment QU module are viewable
using the Torrent Browser web interface o the Reports summary page. The key
output component is the SAM file.

[803846] The following table shows the {iles output at cach stage or module, along
with their expected size for a typical 314 chip library run:

{83847} Table 9

‘Typical 314 run size !

[03848] Per-base Quality Scoring

186849 Per-base quality scores are assigned to each read, and writien to the SFF file
along with the read itself. The per-base quality scores are assigned by calculating
various metrics for the read and using those metrics as lookup indexes into a pre-
defined quality lookup table established through prior system training, The metrics
often involve estimates of accuracy at the current base, flow, and earlier or later bases
or flows for cach read.

186856 The lon Torrent per base quality score system uses a phred-like lookup table

to predict quality. The lockup table is gencrated in training from a representative data

fod
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set and used to predict the quality of PGM data on a per base basis. Quality scores are
published in the SFF, FASTQ and SAM files.

{8085 1] The quality score system meludes: (1) A phred-like per base lookup table;
and {2} A training system to generate the lookup table,

86852] From read tlow values, several quality predictors are calenlated for each base
in the read. These predictors are used as part of an index to lookup an appropriate
guality score for the base m the phred lookup table, See, e.g., Brockman et al. {2008}
"Quality scores and SNP detection in sequencing-by-synthesis systems.” Genome
Res. 18: 763-770; Ewing B, Hillier L, Wendl MC, Green P, (1998): "Base-calling of
automated sequencer traces using phred. I Accuracy assessment.” Genome Res.
8(31:175-1¥5; Ewing B, Green P, (1998): "Base-calling of automated sequencer trace
using phred. 1. Eeror probabilitics.” Genome Res. 8(3):186-194.

1868531 A tratning system uses the quality predictors to derive the lookup table.
[B3854] Training System

[B8855] To generate a lookup table a representative data set is selected as a training
set. The training systerm uses the following six predictors to capture the majority of
features that correlate with and indicate quality:

[B0856] Table 18: Six Predictors used to capture features correlating with and

indicating guality

: Local nolse in the immediate neighborheod (plus/minus 1 base) of the given
thase: P2 = max [abs{flowvalibase]) - round(flowvallbase D]

: Read poise as a peak-normalized expression of the mean and standard deviation
iof all O-mers and 1-mers in the read: P3 = {ml - mG - 31 - sOyml.

: i Multiple incorporatiens: In case of multiple incorporations of the same
E‘P 4 mucleotide in one flow, the last base in the incorporation order is assigned a value
. lequivalent to the total number of ncorporations. All other bases in the sequence of

‘the maultiple incorporations are assigned the value 1

- i Phase ervor: The number of mcorporations of ¢
“iprevious flow.

}

he same nucleotide m the

! Environment naise in the larger neighborhood (plus/minuas 1} bases) of the

80857} The quality predictors are calculated from the flow values for cach base.
Together with TMAP-aligned reads as input, the system establishes these six

predictors, along with whether or not the base was called correctly. This vector of one
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“match” boolean plus six predictors for each base is used as the input info a training
system. The predictors are binned, and an extensive list of all cornbinations with their
empirical gquality score is recorded. An algorithin is used to suramarize predictor
values that correspond to the same quality and to select a representative subset of
these combinations.

868581 The output of the training and selection algorithm 1s a lockup table in which
cach predictor is used as part of an index mto the table to look up the phred-like per
base quality score at that location,

[43859] The Lookup Table

{80868} The lookup table is used to assign per base quaklity scores independent of
alignment. The six quality predictors are calculated for each base sequenced by the
PGM. The corresponding per base quality is located in the lookup table by finding the
first hine for which all six calculated predictors are less than or equal to the predictor
values i the table. The lookup quality is read from the same line. This process occurs
automatically as part of the standard analysis.

{33861} Pipeline Implementation

{80862} The lon Torrent pipeline processes the signal from cach pixel on the chip,
applying corrections for background, noise, and phase effects, to praduce basecalis,
[86863] After bases are called, a separate class, rerRasze0ual, is called from

within Analvsis.cpp to calculate the quality predictors for cach base and assign a
quality from the phred table.

{86864} The per base quality, along with all other read information is written 1o the

Standard Flowgram Format (SFF) file using wriretats method from the sef class,

The positive integer quality scores per base are fisted as the last data line for each read
in the SFF file, under the Quality seores heading. The quality scores are on a phred -
i0¥log 10(error rate) scale.

[60865] In addition to the SFT file, Yon Torrent also saves the results in FASTQ and

Sequence Alignment/Map (SAM) files:
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jHi866] Table 11

e . The positive integer per base quality scores are under the ‘Quality Scores' |
SFF file ¢ ; -

5 heading.

EFASTQ EThe per base quality scores from 0 to 93 are represented by ASCH '
Hile ‘characters 33-126.

"The per base quality scores are reported in the QUAL field in the form of |
IASCTT characters 33-126. E‘

SAM filo

188867 RESULTS

[80868] The following Analysis Reports are generated and provided by the Ton
Torrent Browser: (1) Library Sunwnary; (2) Test Fragroent Sununary; (3) Ton
Sphere™ Particle Suramary; (4) Report Information; and {5} File Links.

[88869] Files

{86876 SFF formatted or FAST-formatted files that contain all libvary reads fora
specific run are generated and can be downloaded from the ton Torrent Browser,
inchuding the following files:

IBG8TI] (1) Library Sequence (SFF) files: These files include Standard Flowgram
Format (SFF) -formatted files and contain "flow space” data. The data are organized
on a per flow basis, and contain information about both nucleatide flows that resulted
in base incorporation and those that did not.

(868721 (2) Library Sequence (FASTQ) files: These files include FASTQ-formatted
file, which s organized in a per base basis, inchuding quality scores. The reads
contained in the file are unaligned reads,

1888731 (3) Library Alignments (SAM): These are Sequence Alignment/Map (SAM)
files containing data that are already aligned.

{80874} (4) Tost Fragments (SFFY. These files include Standard Flowgrara Format
{SFF} data for Test Fragmenis only.

[86875] Analysis Log File: These files mclude a detailed log file usetuld for
troubleshooting

180876] The following sequencing information is inchided in the SFF and the FASTQ

files:
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j:877] Read Filtering

[BO878] Reads that meet the following criteria are reported in the SFF and FAST(Q
files: The well associated with the read is "positive” for an Ton Sphere.

80879} The well produced a strong signal {greater than 21 counts) across each of the
first three key nucleotides. The read contains a mintmum of 8 bases,

86888 The key of the read is an exact match following basecalling, which defines a
"keypass read.”

[B33881] The read has between 40% and 60% of its flows registering as positive,
Reads with greater than 60% positive flows are likely to be mixed reads.

{60882} The read fits the expected CAFIE model across the first 60 flows,

(08883} Read Trimming

886884} Each reported read is subject to removing lower quality bases according to
the following rules: The first four bases of the 57 end that contain the key are
removed.

[ B8885] No quality trimming occurs at the 57 end.

808861 At the 37 end, if sequencing occurs through the insert to the B adapier, the B
adapter is removed.

80887} The 3’ end of the read is trimmed o the point where the average quality score
is at least {39 across a moving 30 bp window.

{66888} The FASTQ file only contains filtered and trimmed data. However, the SFF
file contains all data but has embedded annotation information that defines the filtered
and trimumed regions.

[B3889] HON Sphere™ Particle Tdentification Summary

[B0898] This section of the report is available before the Library Summary or Test
Fragment Summary sections are availabie to provide a quick determination of
whether or not the analysis should be permitted to continue. The data generated in this
section of the report are created "early” in the analysis process, before base calling,
and arc mtended o be a coarse, initial assessment of run performance. The well data
are subject to more siringent analysis in later stages of the analysis.

80891} The report displays the following mformation:

[86892] Wells with fon Sphere Particles: Number of wells that were determined to be

"positive” for the presence of an ION Sphere particle within the well,
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[B6893] Live lon Sphere Particles: Number of wells that contained an ION Sphere

particle with a strong signal associated with the Hibrary or Test Fragment key. This
vahie 1s the sum of the following categories: (1) Test Fragment; (2) library

180894} Test Fragment lon Sphere Particles: Number of Live HON Sphere particles

with keyv signal that was identical to the Test Fragment key signal.

1868951 Library lon Sphere Particles: Predicted number of Live ION Sphere particles

that have a key signal identical to the library kev signal.

[B83896] Tomplate-Positive fon Sphere Particles: The estimated percentage of ION

Sphere particles that contain suthcient DNA for sequencing. The ratio i3
approximately hve library 10N Sphere particles over the total number of particles,
less Test Fragment beads and lower qualify particles.

1868971 Librarv Key: Four-base nucleotide sequence that identifies a read as a Hibrary
read. This sequence s removed from the reported read in the SFF/FASTQ tile.

180898 Verified fon Sphere Library Particles: Number of ION Sphere particies where

the four bases of the library key were confirmed by the base calling algorithm. This is
the number of reads reported in the SFF & FAST( files.

[BG899] Library Summary

88908} The Library Summary section of the Analysis Report contains performance
metrics for reads that contain the library key as the first four bases.

186861} Performance is measured based on either predicted quality, or guality as
measured following alignment.

(86582 Predicted Quality

(86903} The Q20 length value atiributed 1o a read is an estimate of the read length at
which the predicted total error rate in the read will correspond to a Phred-seale guality
score of 20.  The Phred scale is detined as {§xlpg i 8error probability}, so Q20
corresponds fo an errvor rate of 1% and Q17 corresponds to an error rate of 2%.
1809041 The 20 length is determined by looking at the per-base quality scores to
estimate the total read error rate at every position in the read. For example, if the first
base had a predicied quality score of 20 and the second base had a predicted quality
score of 17, then the estimated total read error for the first two bases would be

$.5% 1% + #.5%2% = 1.5%. This total read error rate is evaluated at every position in
the read, after which the maximal position at which the {otal read ervor rate is 1% or

fess 15 identified. This position defines the Q20 length of the read.
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88905] The Q20 length is derived entirely from the predicted per-base quality scores.
The predicted quality scores are somewhat conservative and in cases where alignment
to a reference sequence is also possible users will generally find that the predicted Q17
lengths tend on average to be shorter than the corresponding AQ17 lengths which are
based on the actual as opposed to predicted errors (see the following section on
AQZHAQLTY

183806} Quality Fellowing Alignment

1889071 Alignment of reads can be a usetul process to assess the quality of both the
sequencing reaction and the quality of the underlying library, where a reference is
available. Reads are aligned to a reference genorse. Any discrepancy in alignment to
a reference (whether biological or technical, meaning a real variant or a sequencing
crror} is listed as an error. Alignment performance metrics are reported depending on
how many misaligned bases are permitted. Torrent Suite reports alignment
performance at two quality fevels: (1) AQ17; and (2) AQ20

1B0908] The AQ17 length of a read is defined very similarly to the Q17 length (see
above), the difference is that instead of using predicted per-base quality scores (o
estimate orror rates we use the actual observed ervors based on alignment.

86909} The underlving assumption is that the reference to which the read is aligned
represents the true sequence that we should have seen Suitable caption should be
talcen when mterpreting AQ17 values in situations where the sample sequenced has
substantial differences relative to the reference used - for example when working with
alignments to a rough draft genome, or with samples that are expected to have high
mutation rates relative to the reference used. In such situations the AQ17 lengths
might be short even when sequencing quality is excellent.

86910} The AQ20 length is computed as follows: Every base in the read is classified
as being correct or incorrect according to the alignment to the reference. Atevery
position in the read, the total error rate is cormputed up to and meluding that position.
The greatest position at which the error rate s 1% or less is identified, and that
position defines the AQ20 fength.

8891 1] For example, if a4 100bp read consists of 80 perfect bases followed by 2 errors
and then 18 more perfect bases then the total ervor rate at position 80 would be (9, at
position &1 i would be 1.2% {1/81}, at position &2 it would be 2.4%, and so on up to

position 100 where it would be 2% (2/100). The greatest length at which the error rate
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is 1% or less would be B0 and the greatest length at which the error rate is 2% or less
is 100, so the AQ20 and AQ17 lengths are 80 and 100 bases respectively.

188912 Aligroment: Nucleie acid sequence information obtained using the fon
Torrent PGM™ gystem is aligned with known or reference sequences using standard
methods, Methods of aligning sequences are well known in the art and there are
many alignment algorithins available within the marketplace. Alignment algorithms
are also embedded in many of the commercial software tools that are widely available.
We also encourage vou to experiment with these tools. In some embodiments,
alignment within Torvent Browser 1s performed using TMAP. The precursor o
TMAP, BFAST, is based on the ideas in the following publications: Homer N,
Merriman B, Nelson SF., “BFAST: An alignment ool for large scale genome
resequencing.” PMID: 19907642, PLoS ONE. 2009 4(11): 7767,

hitpr//dx . dotorg/ 10,137 Vourmal pone G007767; Homer N, Merriman B, Nelsou SF,
“Local alignment of two-base encoded DNA sequence.” BMC Bioinformatics, 2009
Fon 9 10(1): 175, PMID: 19508732, httpr//dn dot org/ 10,1 186/1471-2103-16-17 5,
{80913} Library Summary Report

{80914} Performance, measured based on etther predicted quality or quality as
measured following alignment, is shown in the following sections of the Surmary
Report: (A} Based on Predicted Per-Base Quality Scores - Independent of Alignment;
(B} Reference Genome Information; and (C) Based on Full Library Alignment
{88918} (A) Based on Predicted Per-Base Quality Scores - Independent of Alignment
{80916} This section of the Library Report shows performance measured based on
predicted quality.

186917} Total nurmber of bases [Mbp]: Number of filiered and trimmed million base
pairs reported in the SFF and FASTQ files.

[B6918] In predicted Q17 read siretches [Mbp]: Number of filiered and  trimmed
million base pairs contained in read segments that extend from the read start to the 3'-
maost base at which the total read accuracy 1s 98% or greater (Q17).

(86919} In predicted (220 read stretches [Mbp]: Number of filtered and  trimmed
million base pairs contained in read segments that extend from the vead start to the 3'-
most base at which the total read accuracy is 99% or greater ((Q20).

[66920] Total number of reads: Total number of filtered and trimmed reads

mndependent of length reported in the SFF and FASTQ files.
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188921 At least SO bp long: Total number of reads at 50 base pairs or longer.
(869221 At least 100 bp long: Total number of reads at 100 base pairs or fonger.
(86923} Mean Length [bpl: Average length, in base pairs, of all filtered and trimmed
tibrary reads reported in the SFF and FASTQ files.

186924} Longest Read [bp]: Maximum length, in base pairs, of all filtered and
trimumed libvary reads either reported in the file.

1889251 The Read Length Histogram: This is a histogram of the trinuned lengths of
all reads present in the SFF file.

88926} The Consensus Key 1-Mer: This graph shows the strength of the signal from
the first three one-mer bases of the libwary key. This graph represents consensus
signal measurement of release of H' ions during nucleotide incorporation.  The y-axis
shows signal strength, measured in Counts, which is an arbitrary but consistent unit of
measure. The x-axis shows time as nucleotide flows over the chip.

1869271 There is a known key that exists af the start of every library read. Typically,
three bases are shown of the 4-mer key. Note that the graph is displayed in "flow
order” rather than "base order.” For example, the tour base library key is typically
TCAG for nucleotides one through four, However, the graph displays that TCAG as
TAC which represents the flow arder of the nucleotides. Negative flows are not
displaved. Although the library key is 4 bases long, only three bases are displayed in
the key one-mer graph, because the last base of the hibrary read 1su't informative for
quality purposes because that flow can contain library fnformation in addition to key
mtormation. The next base after the last key base is the first library base. This base
varies depending on the library fragment. If the last key base 18 a G and the fivst
hibrary base is a G, then both of these are incorporated in the sarse flow resulting ina
signal roughly 2X of 2 one-mer. Thus the one-mer key pass graph only contains n-1
flows for an n-mer library key.

(60928} Test Fragment Summary

[88929] The Test Fragment Summary section of the Analysis Report provides
imformation about the performance of each Test Fragment inchuded in the experiment
{run}.

18693681 The report displays a suromary of the data from the specific Test Fragment,

for every Test Fragment found within the specitic PGM ™ run,
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188931 The following Quality metrics are displayed, for each Test Fragment, in
tabular form onder the beading Test Fragment - <TestFragamentName>, as shown in
the following figure:

80932] TF Name: Test Fragment name, as detined in the Templates tab of Torrent
Browser
[80933] T¥ Seq: Test Fragment sequence.

166934 Num: Number of filtered & trimmed reads identified for this Test Fragment.
[BG9358] Avg 17: Average read length with Q17, or better, for this Test Fragment.
[803936] SGAQTT: Number of reads for this Test Fragment with a minimam of 50 base
pairs in length and an error rate of 1 in 50, PHRED-hke 17, or better. Quality is based
on alignment, not predicted quality.

186937} AQ 17 Read Lengtha: The Read Lengths graph is a histogram of read

fengths, in bp, that have a Phred-like score of 17 or better {1 error every S8 bp).
DHstributions that are skewed to the right are ideal, showing longer read lengths
{reromber, Test Fragments are of a discrete length). Furthermore, it 18 very likely that
the sequence can extend all the way through the Test Fragment provided enough
cycles were run. Consequently, the histogram can only display a maximum size based
on the length of the Test Fragment used.

§8938] Average Corrected lonogrant The Average Corrected {onogram graphs the
o o P

average corrected fonogram for this Test Fragment. The x-axis is in flow space and
the yv-axis shows the signal intensity. A unit of one indicates that there 1s only a single
“base” (1.¢., nucleotide) incorporated 1n a particular flow space, while a unit of two
mdicates that there are two “bases” {i.e., mucleotides) incorporated of that type in the
particular flow space.

1869391 The following parameters are also reported, which contain the following
mformation about a particular sequencing rum:

j:948] Table 12:

ociated with the library key,

CLib Key Signal Strongth of the signal a
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8494 1] Expanded Reports for Individual Test Fragments:
[84542] Table 13
[80943] The following parameters relating to the performance of individual Test

Fragments can also be downloaded from the lon Torrent Browser:

188944 Representative resulis of data obtained from sequencing reactions in the fon
Torrent PGM™ sequencing, performed cssentially as described above and comparing
resulis obtaining the unmeodified (reference) Bst polymerase of SEQ D NO: 1 and the
maodified Bst polymerase of SEQ 1D NO: 2 are shown in Figures 3, 4, and 5. Figure 3
shows the S0Q17 vs. Keypass for a sequencing reaction using the unmodified Bst
DNA polymerase having the amino acid sequence of SEQ D NO: | (Mmanta”™) and
the modified Bst DNA polymerase having the anmino acid sequence of SEQ D NO: 2
(“ion™}.

188945] Figure 4 shows the 100017 vs. Keypass for a sequencing reaction using the
unmodified Bst DNA polymerase having the amino acid sequence of SEQ 1D NO: |
{“manta’"} and the moditied Bst DNA polyrmerase having the aminoe acid sequence of
SEQ ID NG: 2 (“ion™)..

[86846] Figure S shows the Carryforward vs. S0Q17/Kevpass for a sequencing
reaction using a reference Bst DNA polymerase having the amino acid sequence of
SEQ D NG: | (“manta”™) and a modified Bst DNA polymerase having the amino acid
sequence of SEQ 1D NO: 2 (Mion™),
1889471 The raw data obtained for the sequencing run 1s depicted in Figure 6. “1E”
cfers to the numbers of Incomplete Extensions observed in cach reaction; “CF" refers

to the mumber of carryforwards observed in cach reaction.

174



WO 2011/106766

PCT/US2011/026450

Table 2: Candidate amino acid residues for modification in Bst BNA

poelymerase {(including pKa values for amino acid residues caleulated

using PropKa}

Aming

Acid

Residue pKa

GLU-277 1 4.64

GLU-372 147

GLU-15 4.71

GLU-206 1471

GLU-426 1471

GLU-493 1471

GLU-456 1 476

GLU-131 14798

GLU-349 1478

GLU-446 1483

GLU-522 14858

GLU-358 1 4.83

GLU-26 4,92

GLU-294 1492

GLU-363 1 508

HIS-534 5.12

HIS-572 6.17 S
HIS-473 6,29 B
HIS-46 6.43 3
HIS-273 6.51 S
LYS-310 | 7.29 B
N+ 7.86 S
TYR-477 1 7.98 B
LYS-73 8.58

CYS-550 | BR7

CY5-03 857




WO 2011/106766 PCT/US2011/026450

Table 3: Candidate amino acid residues for modification in Bst DNA
poelymerase {(including pKa values for amino acid residues caleulated

using H++)

Amine pia

Acid

Residue

GEU-461 1 4533

GLU-206 | 4555

ASP-113 4.57

HI5-273 4.662

HIS-5 3¢ 4.747

GLU-277 1 4806

GLU-486 | 4.902

GLU-544 14972

GLU-54 5.037

GLU-30 5.149

GEU-349 1 5158

GLU-522 | 5.221

HIS-151 5.26

GLU-358 1 5.361

GLU-220 154323

GLU-446 | 5.911 S
NTA 6.465 S
HIS-46 7.653 S
HIS-572 §.056 S
HIS-30% 8.333

HIS-473 8.397

LYS-411 4.454

LYS-543 19.72

LYS-287 {1 9815

TYR-419 | 10,041

LYS-253 10.077
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Table 4: Candidate amino acids for modification in E. coli S5B

Amine Acid | pKa
Residue

His-55 3.968
ASP-30 4.251
ASP-17 4,298
ASP-42 4.449
GLU-50 4.738
GLU-65 4.856
GLU-47 4.878
GLU-19 4.896
GLU-53 5.046
ASP-95 5.143
GLU-69 5.214
GLU-38 5.6006
NTALA-1 5.851
GLU-80 5.898
LYS-7 7276
LYS-49 8.791
GLU-100 9.033
ARG-3 9.069
LYS-87 §.453
LYS-62 8.754
LYS-43 10,399
TYR-22 10.427
TYR-97 10,483
TYR-70 10.619
LYS-73 10.898
ARG-56 11.168
ARG-95 11.176
ARG-85 11.257
ARG-84 11,286
ARG-41 11.281
ARG-115 11.804
ARG-21 12.035
ARG-72 12.671
TYR-78 16.412
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TABLE 5: Candidate amino acids for substitution in Therminator™

DNA polvmerase

Amine Acid  pKa
{cale} (model)

Residae
ASP 4
ASP 6
ASP 31
ASP 44
ASP 45
ASP 50
ASP 92
ASP 88
ASP 108
ASP 113
ASP 123
ASP 132
ASP 164
ASP 177
ASP 182
ASP 202
ASP 204
ASP 212
ASP 215
ASP 235
ASP 246
ASP 258
ASP 315
ASP 343
ASP 373
ASP 368
ASP 404
ASP 421
ASP 432
ASP 444
ASP 455
ASP 472
ASP 480
ASP 540
ASP 542
ASP 552
ASP 568
ASP 614
ASP 635
ASP 712

7.85
5.95%
2.11
2.53
3.60
2.82
4.14
3.43
4.05
3.10
4.09
3.64
1.56
3.87
3.79
3.47
2.82
2.14
7.23
2.58
3.29
6.50
5.97
3.69
3.18
4.52
6.10
4.42
2.60
3.20
3.27
3.03
3.21
3.92
4.89
2.69
3.40
3.89
278

3.83

pia

3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
380
3.80
3.80
380
3.80
3.80
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ASP 718

GLuU
GLU
GLUY
GLuU
GLU
GLUY
GLU
GLU

10
22
25
29
35
49
68
81

GLU 111
GLU 130
GLU 133
GLU 134
GLU 148
GLU 150
GLU 151
GLU 167
GLU 187
GLU 188
GLU 200
GLU 224
GLU 225
GLU 238
GLU 251
GLU 276
GLU 280
GLU 288
GLU 293
GLU 294
GLU 300
GLU 303
GLU 306
Gl 314
GLU 321
GLU 325
GLU 330
GLU 354
GLU 366
Gl 374
GLU 376
GLU 381
GLU 383
GLU 426
GLU 430
GLU 436
GLU 458

3.80
4.05
4.12
3.60
4.26
2.57
3.85
4.56
4.38
4.60
4.51
3.91
4.91
5.27
5.08
4.10
4.42
470G
3.57
4.18
4.29
4.55
4.49
4.60
4.43
4,75
3.94
4.71
3.67
4.26
4.59
4.72
5.00
4.64
4.87
7.31
5.67
6.07
4.64
3.85
4.65
4.46
4.75
4.54
4.49

3.80
450
4.50
4.50
450
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
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GLU 458
Gl 475
GLU 508
GLU 511
GLU 518
GLU 522
GLU 527
GLL 528
GLU 530
GLU 554
GLU 5682
GLU 576
GLU 578
GLU 580
GLU 539
GLU 600
GLU 809
GLU 817
Gl 621
GLU 628
GLU 637
GLU 638
GLU 645
GLU 664
GLU 718
GLU 730
GLU 734
GLU 742
- 750

His 58

HiS 89

HIS 103

HIS 147
HIS 257
HIS 316
HIS 438
HIS 545

HIS 633

HIS 663

HIS 672
CYS 223
CYS§428
CYS5 442
CYS 506
CyS$ 508
TYR 7

3.84
4.11
4.65
3.78
4.91
4.09
297
4.67
4.53
4.84
4.46
5.03
3.64
4.59
5.35
6.04
5.62
4.45
4.96
4.02
5.22
4.75
4.50
4.36
4.28
4.72
4.98
3.65
3.25
6.13
4,69
7.00
787
4.01
8.77
2.30
5.84
6.64
11.84
99.9%
99.99
95.99
99.9%
10.59

4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
4.50
3.20
£.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
6.50
9.00
99.98
$58.99
95.59
99.98
10.00

I8¢
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TYR 30

TYR 37

TYR 38

TYR 8&

TYR 110
TYR 112
TYR 120
TYR 146
TYR 162
TYR 180
TYR 208
TYR 218
TYR 261
TYR273
TYR 279
TYR 291
TYR 311
TYR 320
TYR 362
TYR 384
TYR 388
TYR 402
TYR 409
TYR 431
TYR 481
TYR 484
TYR 486
TYR 497
TYR 489
TYR 505
TYR 520
TYR 538
TYR 566
TYR 575
TYR 583
TYR 584
TYR 701
TYR 731
TYR 732
TYR 750
LYs 13

LYS 20

Lys 21

LYS 27

LYS 43

LYS 52

10.26
17.23
14.20
10.20
11.95
10.49
13.12
11.21
11.82
i1.47
13.47
11.8%
16.23
9.77

11.96
10.52
14.21
10.89
11.49
1137
12.23
14.32
474
10.05
10.52
1259
16.00
14.40
11.48
11.27
11.38
11.47
11.62
11.55
12.23
14.24
10.99
11.88
10.81
10.18
11.10
10.56
11.24
10.25
11.08

10.00
10.060
10.00
10.00
10.060
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.68
10.00
10.00
10.68
10.00
10.00
10.060
10.00
10.00
10.060
10.00
10.00
10.060
10.00
10.00
10.00
10.00
10.00
10.00
10.00
10.68
10.00
10.00
10.68
10.00
10.00
10.060
10.00
10.50
10.50
10.50
10.50
10.50
10.50
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LYS 53

LYS 57

LYS 64

LYS B6

LYS 70

LYs 73

LYS 74

LYS 84

LY5 118
LYS 124
LyS 174
LYS 175
LYS 188
Lys 192
Lys 201
LYS 220
Lys 221
LYS 229
LYS 240
LYS 253
LYS 285
LYS 287
LY§ 288
LYS 317
LYS 360
LYS 363
LYS 371
LYS 380
LY5 429
LYS 440
LYS 443
LY5 462
LYS 464
LYS 466
LYS 468
LYS 476
LYS 477
LYS 487
LYS 501
LYS 507
LY5531
LY$ 535
LYS 557
LY5 558
LYS 558
LYS 561

10.63
10.28
10.26
10.51
11.41
9.02

10.47
10.64
10.50
10.20
10.01
10.42
16.15
11.36
12.0%
10.65
10.80
10.54
10.09
11.39
10.22
11.74
9.16

10.31
8.51

10.27
.91

10.38
i0.64
10.41
10.92
11.52
8.83

10.69
10.07
10.26
10.91
10.75
10.22
10.64
i1.77
10.87
1051
10.76
10.31
i0.04

10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
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LYS 565
LYS 591
LY5 592
LYS 533
LYS 602
LYS 820
LYS 632
LYS 644
LYS 684
LYS 632
LYS 705
LYS 746
ARG 17
ARG
ARG 5
ARG 6
ARG 78
ARG 97
ARG 99
ARG 101
ARG 119
ARG 169
ARG 193
ARG 1386
ARG 199
ARG 222
ARG 234
ARG 243
ARG 247
ARG 255
ARG 265
ARG 266
ARG 307
ARG 310
ARG 324
ARG 335
ARG 346
ARG 359
ARG 364
ARG 375
ARG 379
ARG 380
ARG 381
ARG 384
ARG 406
ARG 425

23
RV I & v 08

10.25
10.45
10.20
874

10.54
10.49
10.36
10.24
10.40
10.25
8.57

11.48
12.25
13.03
12.28
14.1C
12.36
11.28
12.16
14.07
16.80
13.55
1278
12.44
12.34
13.63
12.80
12.38
12.27
10.00
13.14
11.19
12.83
13.21
12.66
12.16
13.10
10.28
11.85
12.65
12.22
12.33
12.44
12.45
12.99
11.45

10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
10.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50

I8
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ARG 460
ARG 465
ARG 482
ARG 484
ARG 503
ARG 518
ARG 526
ARG 585
ARG 606
ARG 612
ARG 613
ARG 625
ARG 641
ARG 685
ARG 689
ARG 634
ARG 713
ARG 743
N+ R

it.44
12.42
10.68
12.31
13.11
13.62
12.48
12.11
13.58
12.73
12.46
12.48
12.85
13.07
13.04
12.46
12.20
12.30

12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50

7.38

8.00
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TABLE 6: Candidate amine acids for substitution in KOD DNA polymerase

Aming Acid
Residue

ASP 4

ASP &

ASF 11
ASP 31
ASP 44
ASP 45
ASPE g2
ASP 98
ASP 108
ASP 113
ASP 123
ASP 132
ASP 141
ASP 164
ASP 177
ASP 182
ASP 202
ASP 204
ASP 212
ASP 215
ASP 235
ASP 246
ASP 259
ASP 315
ASP 343
ASP 373
ASP 404
ASP 421
ASP 432
ASP 444
ASP 455
ASP 472
ASP 480
ASP 540
ASP 542
ASP 552
ASP 538
ASP 614

pka

{cale} (modeD

7.06
-1.72
3.94
1.79
3.824
2.58
2.18
3.41
3.11
-0.42
1.89
3.23
1580
3.38
3.87
3.31
-1.29
1.17
-3.07
4.76
-0.47
4.01
4.82
3.17
350
2.82
3.03
3.55
3.68
3.15
3.74
2.98
3.62
3.09
8.78
3.53
3.43
-1.00

pia

3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
3.80
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ASP 633 358 380
ASP 635 3.18 380
ASP 718 -2.60  3.80
ASP 721 -4.20 3.8C
ASP 728 -5.80 3.80
ASP 754 <740 3.80
GLU 10 403 450
GLU 22 347 450
GLY 25 4.06 450
GLU 29 381 450
GLU 35 343 450
GLU 49 379 450
GLYU B0 450 450
GLU 57 471 450
GLU 68 354 450
GLY &1 388 450
GLU 102 478 450
GLU 111 222 450
LU 130 4738 450
GLU 133 4,36 4.50
GLU 134 450 450
LU 143 942 450
GLU 148 4.64 450
GLU 150 576 4.50

GLU 351 1570 4.50
GLU 154 418 450

GLU 165 3.26 450
GLU 166 435 450
LU 187 0.05 450

GLU 189 4.21 450
GLU 200 4.43 450
GLU 224 4.64 450
LU 238 348 450
GLU 251 431 450
GLU 276 0.56 450
LU 280 478 450
GLU 288 4.61 450
GLU 283 450 450
GLU 284 3.88 450
LU 300 4.85 450
GLU 363 457 450
GLU 306 4.68  4.50
GLU 314 3.66 450
GLU 321 3.37 4508
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LU 325 450 450
GLU 330 695  4.50
GLU 354 348 450
GLU 363 1.46  4.50
GLU 366 4.66 450
GLU 374 4,36 4.50
GLU 376 3.83 450

LU 385 4.50 450
GLU 391 4.64 450
GLU 393 3.84 450

GLU 288 3891 450
GLU 426 2890 450
GLU 430 457 450
GLU 458 450  4.50
LU 459 453 450
GLU 475 454 450
GLU 508 3.80 450
GLU 511 419 450
GLUBL9 457 450
GLU 527 404 450
GLU 529 3.83 450
LU 530 4.05 450
GLU 554 4.60 450
GLU 562 464 450
GLURT7S 447 450
GLUST8 553 450
GLU 580 412 450
GLU 599 405  4.50
LU 800 4.64 4.50
GLU 803 14.18 450
GLU 617 12,50 4.50
GLU 621 10,90  4.50
LU 828 4.47  4.50
GLU 637 450 450
GLU 645 450  4.50
LU 648 450 4.50
GLU 854 450 450
GLU 658 3.84 450

GLU 664 930 450
GLU 719 770 450
GLU 730 610  4.50
GLU 734 450 450
GLU 742 280 450
GLU 753 1.3 450
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HiS 58 643 650
HIS 89 454 650
HIS 103 6.15 650
HIS 147 6.36 B850
HIS 257 4.00 650
HIS 416 274 650
HIS 439 789 650
HIS 663 650 650
HIS 679 650 650
HIS 725 650 8.50
CYSs 223 10,07 2.00
Y5428 98,98  9.00
CYS 442 9383 3.00
CYS 506 650 9.00
CYS 509 1678  9.00
YR 7 10,67  10.00
TYR 30 i0.00  108.00
TYR 37 17.98 10.00
TYR 38 12.92  10.00
TYR 86 i3.85  10.00
TYR 118 1267 10.00
TYR 112 10.84 10.00
TYR 120 13.53 10.00
TYR 146 i0.06  10.00
TYR 162 1041 10.00
TYR 180 10.00  10.00
TYR 209 11.28 10.00
TYR 218 775 10.08
TYR 261 .34 10.00
TYR 273 922 10.00
TYR 278 13.15  108.00
TYR 251 10.00  10.00
TYR 311 i6.84 10.00
TYR 320 14.28  10.00
TYR 362 1268 1G.00
TYR 384 10.00  10.00
TYR 388 10.00  10.00
TYR 402 17.93  10.00
TYR 408 1225 10.00
TYR 431 9.81 10.00
TYR 481 11.76  10.00
TYR 493 12.60  10.00
TYR 454 946 10.00
TYR 496 14.11 10.00
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TYR 487
TYR 499
TYR 505
TYR 528
TYR 532
TYR 538
TYR 566
TYR 579
TYR 583
TYR 594
TYR 653
TYR 701
TYR 750
e

LYS 13
LYS 20

LYS 84
LYS 39
LYS 118
LYS 124
LYS 174
LYS 192
LYS 199
LYS 201
LYS 220
LYS 221
LYS 225
LYS 240
LYS 253
LYS 287
LYS 288
LYS 317
LYS 324
LYS 380
LYS 371

15.66
9.84
8.20
11.19
11.04
12.70
13.34
10.65
13.57
10.60
9.87
10.060
10.24
17.37
10.15
10.22
8.87
10.36
10.43
10.08
10.08
10.01
9.94
10.06
10.50
.60
10.50
11.22
8.94
10.43
10.36
8.13
9.94
10.28
10.22
10.50
10.01
12.95
14.68
11.48
10.23
10.08
11.55
9.51

10.00
10.00
10.00

10.00

10.00

10.00

10.68

10.00

10.00

10.060
10.00

10.00

10.00

8.00

10.50

10.50
10.58

10.50

10.50

10.50

10.50

10.50
10.50

10.50

10.50
10.50

10.50

10.50
10.50

10.50

10.50
10.50
10.50

10.50

10.50

10.50

10.50

10.50

10.50

10.50

10.50

10.50

10.50
10.50
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LYS 375 1050 1050
LYS 429 10,50 10.50
LYS 443 10.22 10850
LYS 462 1050 1050
LYS 466 10.22  10.50
LYS 468 10,28 1050
LYS 477 1050 1650
LyS 487 10.24 1050
LYS 507 11.81 1050
LYS 526 10.22 10850
LYS 531 1015 1050
LYS 535 10.36  10.50
LYS 557 10,01 1050
LYS 565 1050 1650
LYS 870 1036 10.50
LYS 582 10.50  10.50
LYS 602 10.43  10.50
LYS 632 1036 1050
LYS 638 10,15 10.50
LYS 736 3,87 1050

ARG 17 1549 1250
ARG 32 12,15 1250
ARG 58 11.45  12.50
ARG 87 1173 12.50
ARG 78 11.94 1250
ARG 97 12.43 1250
ARG 101 12.08 1250
ARG 119 17.00  12.50
ARG 168 12,15 1250
ARG 188 11.94 12.50
ARG 183 13.68  12.50
ARG 196 1229 1250
ARG 222 14.49 1250
ARG 234 14.17 1250
ARG 243 1250 1250
ARG 247 12.01 1250
ARG 255 9.85 1250

ARG 265 12.01 1250
ARG 266 1080 1250
ARG 307 1215 1250
ARG 310 12.22 1250
ARG 335 874 1250

ARG 346 1116 1250

ARG 358 9.85 1250
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ARG 364
ARG 379
ARG 380
ARG 381
ARG 384
ARG 406
ARG 425
ARG 440
ARG 460
ARG 476
ARG 482
ARG 484
ARG 501
ARG 503
ARG 518
ARG 585
ARG 606
ARG 612
ARG 613
ARG 825
ARG 841
ARG 685
ARG 713
ARG 743
ARG 746
ARG 751
ARG 756

11.90
12.08
11.96
12.15
12.50
12.38
1145
12.50
i1.45
12.22
1115
12.22
12.2%
13.21
11.94
11.66
12.28
12,50
12.50
12.29
1215
12.50
12.50
12.50
11.54
12.50
12.01

12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
12.50
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Table 7: Candidate aming acids for modification in Bi§3-type

polymerases
Amino Acid Substituted Amino Acid Substituted
Residue Amino Acid Residue Amino Acid

M58 R F280 A
H73 R F293 A
H74 R F311 A
Hid3 R E319 A
Hid6 R E322 A
H133 R E331 A

133 R E335 A
H370 R E338 A
H458 R E343 A
H482 R E332 A
Bl A
E28 A E359 A
E43 A H37 A
E3( A F403 A
E72 A E416 A
Egl A 417 A
E148 A F463 A
E154 A E466 A
E158 A F483 A
E159 A E305 A
Ei6i A E512 A
E168 A E517 A
E216 A C7 S
E238 A {10 S
E238 A {103 S
E241 A {445 S
E273 A {452 S
E276 A {513 S
E288 A {827 S
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CLAIMS

1. A method of detecting a nuclectide incorporation, comprising:

{a} performing a nucleotide incorporation using a modified polymerase
and generating one or more hyvdrogen tons as a by-product of the nucleotide
incorporation, where the modified polymerase includes one or more amino acid
substitations that reduce the buffering capacity of the modified polymerase relative to
an unmodified polymerase; and

{(b) detecting the presence of the one or more hydrogen ions generated
as a by-product of the nucleotide incorporafion, thercby detecting the nucleotide

meorporation.

2. The method of elaim 1, wherein the modified polymerase includes one
or more amino acid substitutions that reduce the buffering capacity of the modified
polymerase within the pH range of about pH 7 to about pH 9 relative to the

unmodificd polymerase.

3. The method of claim |, wherein the polymerase comprises one or more

substitutions of an amino acid residue having a pKa within the range of about 7 fo

about 9 with another amino acid residue.

4, The method of ¢laim 3, wherein the other amino acid residue is
selected from the group consisting of! Ala Arg, Asp, Gln, Iy, e, Loy, Norleucine

{MNle), Met, Phe, Ser, Thr, Trp, Val and N-terminal Formyhmethionine (N-fMet).

3. The method of claim 3, wherein at feast one of the one or more amino
acid modifications mcludes a substitution of an amino acid residue having a pKa of
between about 7 and about 9 with an anuno acid residue having a pKa that is less than

about 7 or greater than about 9.

6. The method of claim 3, wherein the at least one of the one or more

amino acid substitutions is a conservative aming acid substitution.

7. The method of claim 1, wherein at least one of the one or more andno

acid substitutions 1s selected from the group consisting of histidine to arginine,
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glutamic acid to glutamine, aspartic acid to asparagine, lysine to arginine, and

tyrosine to phenylalanine.

&. The method of claim 1, wherein at least one of the one or more amino
acid substitutions is selected from the group consisting oft substitution of a surface
histidine with an arginine, substitution of a surface glutamic acid with a glutamine,

and substitution of a surface lysine with an arginine.

9. The method of claim 1, wherem the madified polymerase is a modified

Phi29 DNA polymerase.

10, The method of claim |, wherein the modified polymerase is a modified

Bst DNA polymerase.

i1 The method of claim 10, wherein the one or more aming acid
substitutions in the modified Bst DNA polymerase are of one or move amino acid

residues shown in Table 1

12, The method of claim 10, wherein the one or more conservative aming
acid substitutions in the moditied HBst DNA polymerase are selected from the group
consisting of H46R, H273R, HI8IR, B446Q), H473R, HS28R, HS72R and Y477F, the

numbering of aming acid residues being i accordance with that of SEQ 1D NO: 1,

13. The method of claim 1, wherein at feast one of the one or more amino
acid substitutions includes a substitution of an amino acid residue of the polymerase

with an alanine residue.

14, A method for sequencing a nucleie acid, comprising:
providing template rwicleie acid hybridized to a sequencing primer and
bound to a bufferless polymerase;
synthesizing a new nucleic acid strand by incorporating one of more
known nucleoside triphosphates sequentially at the 37 end of the sequencing primer;
and
detecting such imcorporation at the 37 end of the primer by measuring a

concentration of a hydrogen ion byproduct gencrated it the known nucleoside
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triphosphate is complementary to corresponding mucleotides in the template nucleic

acid.

15 The method of claim 14, wherein the butferless polymerasc isa

polymerase including the aming acid sequence of SEQ 1D NO: 2.
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