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ABSTRACT: Chemical modifications to DNA, such as 2′ mod-
ifications, are expected to increase the biotechnological utility of DNA;
however, these modified forms of DNA are limited by their inability to
be effectively synthesized by DNA polymerase enzymes. Previous
efforts have identified mutant Thermus aquaticus DNA polymerase I
(Taq) enzymes capable of recognizing 2′-modified DNA nucleotides.
While these mutant enzymes recognize these modified nucleotides,
they are not capable of synthesizing full length modified DNA; thus,
further engineering is required for these enzymes. Here, we describe
comparative biochemical studies that identify useful, but previously
uncharacterized, properties of these enzymes; one enzyme, SFM19, is
able to recognize a range of 2′-modified nucleotides much wider than
that previously examined, including fluoro, azido, and amino
modifications. To understand the molecular origins of these differences, we also identify specific amino acids and combinations
of amino acids that contribute most to the previously evolved unnatural activity. Our data suggest that a negatively charged
amino acid at 614 and mutation of the steric gate residue, E615, to glycine make up the optimal combination for modified
oligonucleotide synthesis. These studies yield an improved understanding of the mutational origins of 2′-modified substrate
recognition as well as identify SFM19 as the best candidate for further engineering, whether via rational design or directed
evolution.

In addition to encoding all known life, DNA is a valuable
biotechnological tool because of its ability to be easily

amplified without a loss of information. DNA polymerases
perform this enzymatic amplification with high efficiency and
fidelity, allowing a number of foundational biological
technologies, including the polymerase chain reaction (PCR)1

and Sanger sequencing,2 as well as a number of emerging
biological technologies, such as high-throughput DNA
sequencing,3 DNA-encoded libraries,4 and many DNA nano-
technologies.5 While the remarkable biochemical properties of
DNA polymerases permit these technologies, they also restrict
them; DNA polymerases recognize very few modified
substrates, limiting many emerging applications.6 Thus,
researchers have spent significant time and effort to broaden
the substrate repertoire of these enzymes through directed
evolution.7

Oligonucleotides possessing altered sugar structures, such as
2′ modifications, are often refractory to nuclease digestion,
improving the utility of these nucleic acids in biological settings,
both in vivo and ex vivo.7−9 For instance, RNAi and other short,
therapeutic oligonucleotides bearing 2′ modifications have been
chemically synthesized and shown to possess improved
properties relative to those of unmodified DNA or RNA.
Unfortunately, there are no known native DNA polymerases
that recognize these modified nucleotides, limiting the use of
modified nucleotides in nucleic acids longer than those
amenable to chemical synthesis in an array of applications,

including, but not limited to, the evolution of modified DNA.10

Considering the utility of these modified nucleotides, as well as
the limited success of rational design of enzymes in this area,
several research groups have used directed evolution to identify
mutant DNA polymerases capable of using 2′-modified
nucleotides.
To date, directed evolution efforts have largely focused on

DNA polymerase I from Thermus aquaticus (Taq)11−13 and,
more recently, B family polymerases such as Therminator14 and
the replicative DNA polymerase from Thermococcus gorgonarius
(Tgo).15 Taq has been evolved to improve recognition of 2′-
modified nucleotides on three different occasions;11−13 in each
case, a mutant enzyme with multiple mutations (Table 1) and
significantly improved properties was identified. Each of these
three enzymes (AA40, SFR3, and SFM19) is marked by a
remarkable ability to use 2′-modified nucleotides; both AA40
and SFR3 were evolved to recognize ribonucleotides, and
SFM19 was evolved to recognize 2′-methoxy-modified
nucleotides. However, all three enzymes possess a common
inability to synthesize 2′-modified DNA beyond approximately
six to eight modified nucleotides. While these results are
promising, to date, these Taq variants have not been further
engineered or characterized beyond the initial reports.
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More recently, several groups have evolved B family DNA
polymerases to recognize 2′-modified nucleotides. Marx and co-
workers identified a mutant Therminator capable of synthesiz-
ing RNA of up to 70 bp.14 Most recently, Holliger and co-
workers identified a Tgo mutant (TGK) that is capable of
readily synthesizing RNA well beyond six modified nucleo-
tides.15 The Tgo mutant can also use a range of 2′-modified
nucleotides, although the characterization of recognition of
these alternative nucleotide structures was limited to a single,
qualitative experiment, and the preliminary results indicate that
only a small fraction of the modified primer was extended.
Further, the fidelity of both Therminator and TGK is at least 1
order of magnitude worse than those of Taq and previously
characterized Taq mutants. Although characterization and
application of these B family enzymes have been limited to
these single reports, these mutants are among the most
promising enzymes to date for the synthesis of 2′-modified
forms of DNA.
While evolved B family polymerase mutants such as

Therminator and Tgo are highly promising, there is still good
reason to pursue variants of Taq as a potential enzyme
engineered to synthesize 2′-modified DNA. Taq, the
proteolytic Klenow fragment of the highly homologous DNA
polymerase I from Escherichia coli (KF), and the equivalent
proteolytic fragment of Taq (Stoffel Fragment, SF) have been
extensively biochemically16−19 and structurally20−22 character-
ized, which may allow future engineering efforts. Further, the
wide-ranging use of Taq in biotechnological applications has
resulted in significant development of the enzyme, producing
known variants of Taq with a range of useful biochemical
properties, including but not limited to cold sensitivity,23

increased thermostability,24 increased resistance to known
inhibitors such as heparin,24,25 human plasma,26 and soil,26

and the ability to use of an array of modified nucleobases.27−30

Additionally, several mutations that increase the fidelity of KF31

and SF32 have been identified, which might be used to recover
fidelity that might be lost during engineering. Thus, one could
imagine further engineering of Taq might be able to draw on
this rich biochemical and biotechnological knowledge to
continue to engineer this enzyme for a number of downstream
applications. Notably, this stands in contrast to work on B
family DNA polymerases, which are significantly less well
characterized and also have sometimes suffered from not being
robust.33

To date, there has been no further characterization of the
evolved Taq mutants beyond the initial studies, which largely
focused on the process of their identification. It is clear that a
practically useful mutant will require further engineering;
comparative biochemical characterization, described here, can
help guide that future engineering. Here, we describe the
evaluation of these previously evolved mutants (here, termed
“parents”) for their ability to recognize a range of 2′-modified
substrates; previously, only AA40 was examined for its ability to
recognize modified nucleotides other than the selection targets.
Our studies suggest that one enzyme in particular, SFM19, is
the most promising for further engineering. Further, we
examine the genetic origins of the novel function of these
three enzymes, revealing the minimal mutations needed to
allow modified substrate recognition. While each previously
identified enzyme has multiple amino acid mutations (Table 1),
it is not clear if all of them are necessary for unnatural function;
the relationship between these recurrent mutations and the
acquisition of unnatural activity has not been previously
explored qualitatively or quantitatively despite their frequent
appearance. Collectively, these studies provide foundational
information for the engineering of Taq mutants capable of
synthesizing 2′-modified DNA.

■ MATERIALS AND METHODS
Molecular Cloning. All constructs were built onto a SF-

pET vector provided by the Romesberg group (The Scripps
Research Institute, La Jolla, CA). All polymerase chain
reactions (PCRs) used the following materials: Phusion DNA
polymerase (Fisher), manufacturer-provided buffers (Fisher),
dNTPs (New England Biolabs), and primer oligonucleotides
(Integrated DNA Technologies) or synthetic genes (gBlocks,
Integrated DNA Technologies). All PCR products and
plasmids were purified using commercially available kits
(Qiagen). All transformations were performed using chemically
competent HB101 cells (Promega). All DNA sequences were
verified using DNA sequencing (Eurofins MWG Operon). For
further details, including oligonucleotides used and specific
conditions used, see the Supporting Information.

Protein Expression and Purification. Expression and
purification were performed using previously published
methods.26 See the Supporting Information for additional
experimental details.

General Nucleotide Incorporation Assay. Enzymes were
characterized using a six-nucleotide incorporation assay. For all
figures, two co-authors independently prepared and assayed the
enzymes, giving two completely independent replicates. A
single representative gel and heat map is shown for each. In
every assay, dATP was measured in parallel as a positive
control. All reactions were run using the following conditions:
5′ IRDye700-labeled 40 nM primer (5′-dTAATACGACTCA-
CTATAGGGAGA, TriLink Biotechnologies), 80 nM template
(5′-dCGCTAGGACGGCATTGTTTTTTTCTCCCTATAG-
TGAGTCGTATTA, TriLink Biotechnologies), 50 mM Tris
buffer (pH 8.5, Research Products International), 6.5 mM
MgCl2 (Sigma-Aldrich), 0.05 mg/mL Ac-BSA (Promega), 50
mM KCl (Sigma-Aldrich), variable quantities of nucleoside
triphosphate, and variable quantities of enzyme. All nucleotides
were obtained from commercial sources (dATP and rATP from
Fisher Scientific and 2′FATP, 2′NH3

+ATP, and 2′AzATP from
TriLink Biotechnologies). For specific conditions used, see
Table S2. All reaction mixtures were incubated at 50 °C for
variable times and reactions quenched using 2 volume

Table 1. Mutations Observed in Parent Enzymes

amino
acid mutanta additional observationsb

A597 T (SFR3) T (reverse transcription, 3′-modified
substrates)

E602 V (AA40) G (hydrophobic nucleobases)
W604 R (SFR3) R (reverse transcription)
L605 Q (SFR3) none
A608 V (AA40) V (hydrophobic nucleobases, mismatch

extension)
I614 T (SFR3), M (AA40),

E (SFM19)
M (hydrophobic nucleobases, ancient
DNA), F (unnatural base pair)

E615 G (SFR3, AA40,
SFM19)

none

aMutation identified in a parent enzyme; identity of the parent
enzyme in parentheses. bMutation identified in an evolution
experiment for an activity other than 2′-modified nucleotide
recognition; unnatural activity in parentheses.
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equivalents of quenching buffer: 95% formamide (Acros), 12.5
mM EDTA (Sigma-Aldrich), and trace amounts of Orange G
powder (<1 mg, Sigma-Aldrich).
Steady-State Kinetic Assay. The primer−template and

buffer conditions were identical to those described in General
Nucleotide Incorporation Assay. Steady-state rate constants
were measured using previously described methods.34 The data
presented are the average of three replicates.
Modified Primer Incorporation Assay. Experiments with

modified primers were identical to those described in General
Nucleotide Incorporation Assay with the exception of the
primer used. A primer bearing two terminal ribonucleotides
[5′-dTAATACGACTCACTATAGGGAGA(rA) (rA)] was
postsynthetically labeled with IRDye700DX through a 5′
amine modifier by TriLink Biotechnologies as this synthesis
strategy was more compatible with RNA/DNA hybrid chemical
synthesis.
Analysis and Reporting of Results. All assays were

visualized on a 20% polyacrylamide gel consisting of 20%
acrylamide (Research Products International), 1× TBE
(Research Products International), and 7 M urea (Research
Products International). Acrylamide was polymerized with 10%
(w/v) ammonium persulfate (Fisher Scientific) and 1%
TEMED (Fisher Scientific). Gels were imaged using Li-Cor
Odyssey CLx. Results were quantified using ImageStudio (Li-
Cor). To minimize the effect of user-defined manipulation of
contrast, data are presented as heat maps generated using
MatLab (Mathworks); see the note in the Supporting
Information for further details. Gel images used to generate
heat map are provided in the Supporting Information.

■ RESULTS
Comparative Characterization of AA40, SFR3, and

SFM19. Initially, we cloned the three parent enzymes (SFR3,
SFM19, and AA40) into a common construct (the catalytic
Stoffel fragment, SF) and expressed and purified the enzymes
using previously published methods.27 Past studies examined
these enzymes under relatively forcing conditions, including,
typically, high enzyme concentrations and the use of
manganese as a divalent metal, which is known to make
DNA polymerases more promiscuous. These past studies
revealed similar activity; typically, the evolved enzyme
incorporated approximately six modified nucleotides, after
which the parent enzyme is no longer able to continue
modified DNA synthesis. We characterized the enzymes under
more mild conditions (i.e., lower enzyme concentrations
without manganese) to better observe biochemical differences
between these enzymes. We initially assayed the ability of each
of the three parent enzymes as well as the wild-type enzyme to
incorporate multiple 2′-modified ATP nucleotides on a
template encoding the addition of six A nucleotides. We
incubated the enzyme with either rATP (Figure 1A) or
OMeATP (Figure 1B) because each was a target substrate of
the initial selections. In this experiment, as with all of our
experiments, we also incubated the enzymes with dATP as a
control (Figure S3).
Interestingly, we observe significant differences between the

three enzymes under these conditions. Although it was
originally evolved to recognize 2′OMeNTPs, SFM19 is the
most active enzyme for rATP incorporation. Even at 5 min, the
n + 6 product is the major product; both SFR3 and AA40 are
not able to achieve this even after 60 min. SFR3 was the second
most active with rATPs and synthesized a mixture of n + 5 and

n + 6 products after 60 min. AA40 was the least active as it was
unable to synthesize the n + 6 product, even after 60 min.
We also examined the ability of these enzymes to incorporate

2′OMeATP on the same template. The activity of all of the
enzymes was substantially less than for rATP incorporation, so
we used a higher enzyme concentration to better observe
differences between the enzymes. Once again, SFM19 was the
most active among the three enzymes; however, it is much less
active on 2′OMeATP than it was on rATP, in spite of its initial
selection for 2′OMeNTPs. Also mirroring the results with
ribonucleotides, SFR3 is more active than AA40 but less active
than SFM19. Thus, the general trends of activity are similar
among the two substrates. Interestingly, for all three of the
enzymes, the first time point shows a majority of the primer
converted to at least n + 1 product, which implies that the
limiting factor for recognition might be the use of the 2′OMe-
modified primer as a substrate rather than the modified
nucleoside triphosphate.
Considering that each enzyme recognizes both of the

selection substrates (2′OMeNTPs and rNTPs) significantly
better than the native enzyme, we wondered if the parents
could also recognize other 2′-modified nucleotides. We tested
the ability of the three parent enzymes to incorporate
nucleotides containing fluoro, amino, and azido 2′ modifica-
tions (Figure 2). Interestingly, for all three modified
nucleotides, SFM19 appears to be the most active enzyme
and, thus, the best candidate enzyme for further engineering.
While AA40 and SFR3 are able to incorporate only one or two
amino-ATP nucleotides, SFM19 has a major product of n + 3
with some n + 4 product. SFM19 is also able to incorporate six
azido-ATP nucleotides, while the second best, SFR3, is able to
incorporate only four. Both SFM19 and SFR3 are able to add

Figure 1. Recognition of the 2′-modified nucleotide by parent
enzymes (AA40, SFM19, and SFR3). Enzymes were incubated with
DNA encoding six A additions and 50 μM 2′-modified nucleotide
substrate for varying amounts of time: (A) 2 nM enzyme with rATP
substrate and (B) 50 nM enzyme with 2′OMeATP substrate. Under
these conditions, wild-type SF did not show detectable activity. For
corresponding gels, see Figures S1 and S2.
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six F-ATP nucleotides in the shortest time period observed, 15
min. Previously, SFM19 had only been characterized for its
ability to recognize 2′OMeNTPs; here, we have shown that
SFM19 can recognize a variety of 2′ modifications and is the
most active of the parents for each 2′ modification.
Interestingly, each enzyme recognizes the different modified

nucleotides with the same relative specificity; each parent
recognizes the 2′-fluoro modification most effectively, followed
by, in descending order, azido, hydroxyl, amino, and methoxy
substitutions. Thus, it appears that the three parents may have a
common mechanism for recognizing modified triphosphates
and differences between substrates might be more dependent
on the properties of the nucleotide modification than the
enzyme. These data suggest that the current enzymes might be
already able to synthesize 2′-fluoro-modified DNA without
further mutation and highlight the value of examining mutant
enzymes for their ability to recognize substrates other than their
selection substrates. Future engineering efforts would benefit
from concurrent synthetic optimization of the nucleotides and
protein engineering of the polymerases.
Biochemical Origins of Differences in Activity. To

better understand the biochemical origins of the activity of
SFM19, we quantified the rates of both deoxyribonucleotide
and ribonucleotide incorporation by wild-type SF and SFM19
(Table 2). The rate of addition of ribonucleotides and
deoxyribonucleotides catalyzed by SFR3 and AA40 had both
been measured previously, so we compared our data with

SFM19 to the previously published data. Each study measured
the rates of incorporation using somewhat different conditions;
thus, to mitigate differences between assays, here, we compare
the rate of incorporation of the modified nucleotide by the
parent to the rate of incorporation of the unmodified
nucleotide by the wild type measured under identical
conditions. Interestingly, all three parents recognize the
modified nucleoside triphosphate with a rate constant that is
similar to the rate of addition of the unmodified nucleotide by
the wild type. Further, all three parents catalyze the
incorporation of a modified nucleotide approximately as well
as addition of an unmodified nucleotide. Relative to SFR3 and
AA40, SFM19 appears to be slightly less active. While there are
subtle differences between the parent enzymes, it is possible
that differing assay conditions may cause these slight differ-
ences. These data do not explain the large observed differences
in activity among the parents.
To examine the role of a modified primer in the activity of

the parent enzymes, we characterized the addition of
unmodified nucleotides onto modified primers bearing two
ribonucleotides on the primer terminus (Figure 3). Because the

nucleoside triphosphates are unmodified, this assay independ-
ently probes the role of the modified primer in synthesis. This
assay shows a trend that is highly similar to that in the initial
qualitative assays that contain only ribonucleotides; SFM19 is
most active, while AA40 is least active. These data suggest that
modified primer recognition is most likely the cause of the
different activities of these three parent enzymes.

E615G and Unnatural Function. To understand the
mutational basis of these molecular differences, we further
characterized these enzymes. We chose to focus our initial
studies on ribonucleotides both because it was the selection
substrate in two of the three original reports and because the
higher activity on these substrates suggested that we might be
able to better observe mutations that impart only minor
activity. E615G is the only common mutation found in all three
parents, so we began by characterizing the role of E615G in
these evolved enzymes. E615 is well-known to be the classical
steric gate residue, competing for the physical space that the 2′-
modified nucleotide inhabits;19 thus, it is unsurprising that it is
mutated to glycine in the most active mutant enzyme in all
three studies. We cloned the E615G mutant enzyme and
compared it to the parent enzymes to understand how much of
the unnatural activity of each parent can be purely attributed to
this single, common mutation. Characterization of the E615G

Figure 2. Recognition of novel 2′-modified nucleotides by parent
enzymes (AA40, SFR3, and SFM19) and wild-type SF (wt). Each
enzyme (5 nM) was incubated with DNA encoding six A additions
and 50 μM 2′-modified nucleotides for 60 min. For corresponding
gels, see Figures S4−S6.

Table 2. Relative Steady-State Rate Constants of
Incorporation of the Nucleotide onto an Unmodified Primer
by DNA Polymerasesa

enzyme rCTPmut/dCTPwt
b rCTPmut/dCTPmut

c ref

wild type − <0.001 12
SFM19 0.02 0.2 this study
AA40 0.4 1.3 13
SFR3 0.4 1.9 12

aRatios relative to wild type were used to account for differences in
conditions and constructs used for measurements in the various
studies. Rate constants are listed in Table S3. bRate of rCTP
incorporation by the mutant enzyme relative to the rate of dCTP
incorporation by the wild-type enzyme measured under identical
conditions. cRate of rCTP incorporation relative to dCTP
incorporation for the mutant enzyme under identical conditions.

Figure 3. Differential ability to extend ribonucleotide-modified
primers. Parent enzymes (1 nM) were incubated for variable times
with unmodified dATP (50 μM) and DNA containing a modified
primer bearing two ribonucleotides at the primer terminus. For
corresponding gels, see Figure S8.
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mutant (Figure 4A) in comparison to the parents (Figure 1A)
shows that E615G is responsible for a large portion of the

unnatural activity observed in the parents, but it is not
responsible for the entirety of the unnatural activity. The
E615G mutant is slightly more active than AA40, as has been
previously observed,13 is slightly less active than SFR3, and is
much less active than SFM19.
To examine the combined role of the other mutations in the

absence of the critical E615G mutation, we reverted the G615
amino acid back to the wild-type glutamate. Characterization of
these mutant enzymes relative to the wild-type enzyme showed
that, under identical conditions, SFR3/G615E, AA40/G615E,
and SFM19/G615E all show activity significantly higher than
that of the wild-type enzyme, although the conditions required
enzyme concentrations higher than that of E615G (Figure 4B).
Interestingly, the relative activities of the revertants are similar
to the relative activities of the parent enzymes; SFM19/G615E
is the most active revertant, and SFM19 is the most active
parent. Collectively, both experiments with E615G and with the
G615E revertants suggest that E615G is not the only
determinant of unnatural function and is not absolutely
required for recognition.
Other Mutations Important for Unnatural Function.

To understand which individual mutations are responsible for
the unnatural activity in the absence of E615G, we dissected

each parent enzyme into its component mutations, cloning
each additional individual mutation found in the prior studies
onto the wild-type enzyme. We then measured the ability of
each mutant to incorporate rATP relative to the wild type, the
parent mutant, and the parent mutant containing the G615E
reversion. We began by creating and characterizing the single-
amino acid mutants identified in AA40 [E602V, A608V, I614M,
and E615G (Figure 5A)]. The E602V and A608V mutations
did not show detectable activity greater than that of the wild-
type enzyme. The I614M mutant possesses detectable activity
above that of the wild type and activity comparable to that of
the AA40/G615E revertant. These data suggest that the I614M
mutation contributes most to unnatural activity in the absence
of E615G while the E602V and A608V mutations either do not
contribute to catalysis or contribute only in the presence of a
second mutation.
We also made all of the possible single mutants from SFR3

[A597T, W604R, L605Q, I614T, and E615G (Figure 5B)].
Similar to AA40, only the I614T mutant showed substantial
activity above that of the wild-type enzyme. A597T, W604R,
and L605Q did not show significant activity. I614T showed
slightly less activity than the SFR3/G615E reversion mutant.
From these data, we conclude that the I614T mutation
contributes to unnatural activity in the absence of other
mutations and that the other mutations either do not
contribute to catalysis or require a second mutation to have
an effect.
SFM19 is composed of only two mutations, I614E and

E615G. The SFM19/G615E mutant is the I614E mutant
characterized in Figure 3B. Notably, because the I614E mutant
is more active than the AA40/G615E revertant or the SFR3/
G615E revertant, each of which is comparable in activity to
their respective mutations at I614, we can conclude that the
I614E mutation increases the level of unnatural substrate
recognition more than the I614M or I614T mutation.
Collectively, these data show that mutations at I614 produce
the most active mutants aside from E615G and further imply
that other mutations either do not contribute or require the key
mutations at position 614 or 615 to function.

Interactions between I614 Mutations and E615G.
Although all three parent enzymes possess a mutation at amino
acid 614 to methionine (M), threonine (T), or glutamate (E), a
single mutation to any of these amino acids only imparted
relatively modest unnatural activity; to observe the unnatural
activity required a relatively high enzyme concentration and
long time periods. These data imply that mutation at E615G is

Figure 4. Role of E615G in 2′-modified substrate recognition. (A)
E615G (2 nM) was incubated with DNA encoding six A additions and
50 μM 2′ rATP for varying times. (B) G615E reversion mutants (10
nM) were incubated with DNA encoding six A additions and 50 μM 2′
rATP for 60 min. For corresponding gels, see Figures S9 and S11.

Figure 5. Ribonucleotide recognition by single-point mutants from (A) AA40 and (B) SFR3. Five nanomolar enzyme was incubated with DNA
encoding six A additions and 50 μM 2′ rATP for 60 min. For corresponding gels, see Figures S13 and S15.
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the primary driver of unnatural function; thus, we wondered if
I614 mutations might have a more substantial effect in the
presence of E615G. Notably, interactions between amino acids,
particularly between amino acids close in physical space, can
often lead to nonadditive effects. To test whether the I614M,
-E, or -T mutation contributes more to RNA synthesis in the
presence of E615G, we created and characterized all possible
double mutants (i.e., I614M/E615G, I614E/E615G, and
I614T/E615G). Interestingly, mutation at I614, when coupled
to E615G, appears to have significantly variable and synergistic
effects (Figure 6A). In particular, addition of the I614E
mutation to the E615G background significantly increased 2′
substrate recognition. Additionally, although I614M and I614T
had similar effects in isolation, they possessed differing effects in
the context of E615G. The I614M/E615G double mutant was
actually less active than the E615G mutant in isolation, which
might explain the decreased activity of the AA40 mutant
relative to that of E615G. Meanwhile, the I614T/E615G
double mutant had activity comparable to that of E615G.
Considering the variable and nonadditive effects of mutations

at I614 when combined with the E615G mutation, we
wondered how other mutations at I614 would combine with
mutation at E615G. Thus, we designed, cloned, and
characterized three additional I614X/E615G double mutant
enzymes with varying mutations at I614 (A, D, and K) to better
understand this relationship. We chose these amino acids
because of their chemical variance as well as the known
substrate broadening properties of I614K.34 As a control, we
also constructed all of the I614X single mutants to observe the
effects of these mutations in the absence of the E615G
mutation. Each set of mutants was assayed for the ability to
incorporate either dATP or rATP on a template encoding
addition of six A’s. As previously observed, mutation of I614 to
K enhances the ability to incorporate modified ribonucleotides
(Figure S21); however, this effect is weaker than that of other
I614 mutants such as I614D and I614E. Interestingly, I614D
was more active on ribonucleotide substrates than any other
characterized mutation other than I614E, suggesting that
negatively charged amino acids are particularly helpful at I614
for imparting unnatural function.
Interestingly, the effects upon addition of these mutations to

E615G were highly variable (Figure 6B). I614K, which when
added to the wild-type enzyme has been previously shown to

increase the promiscuity toward 2′-modified substrates, actually
decreases the activity of the enzyme when it is added to E615G.
Notably, mutation of I614 to aspartate shows a substantial
increase in activity when added to E615G; I614D/E615G was
the only new mutant that generated measurable n + 6 products.
These data are similar to those for addition of I614E to E615G
and, collectively, imply that a negatively charged amino acid at
position 614 generally facilitates 2′-modified nucleotide
recognition, especially in the presence of E615G. Mutations
to either T, A, M, or K had weak or slightly negative effects
upon addition to E615G. These data suggest a complex, but
sensitive, interaction between these two commonly mutated
amino acids and suggest design principles for the minimal
mutations needed to access unnatural activity for future
generations of enzymes.

■ DISCUSSION

SFM19. Here, we have characterized three enzymes that
have been previously evolved to recognize 2′-modified
substrates; SFM19 was previously selected for its ability to
recognize 2′OMeNTPs, while AA40 and SFR3 were previously
selected for their ability to recognize ribonucleotides.
Interestingly, we find SFM19 is the most active of the three
enzymes on all possible substrates, including 2′-hydroxyl
modifications. Although it was only previously characterized
for 2′OMeNTP addition, we find that SFM19 is the most
efficient enzyme at recognizing a wide range of modified
nucleotides, including fluoro, amino, and azido modifications
and ribonucleotides. The original reports for SFM19 did not
consider the substrate scope of this enzyme; our studies here
show that it is an active enzyme on a number of substrates and
suggest that it is much more broadly applicable to the synthesis
of 2′-modified DNA than previously observed.
Collectively, our data do not suggest that any of the enzymes

have evolved specific, positive interactions with 2′-modified
substrates. For each individual enzyme, the relative ability to
recognize different 2′ modifications is identical; 2′-fluoro is
most effectively recognized followed by, in descending order,
hydroxyl, azido, amino, and methoxy substitutions. These data
imply that the enzymes have lost, to varying degrees, the
negative discrimination against 2′ modifications rather than
acquired an ability to recognize a specific 2′ modification.
These experiments also show the relative ability of mutant SF

Figure 6. Synergistic interactions between I614 mutations and E615G. (A) I614X mutants identified from prior studies (I614E, -M, and -T) and (B)
I614X mutants created for this study (I614A, -D, and -K). One nanomolar enzyme was incubated with DNA encoding six A additions and 50 μM 2′
rATP for 60 min. For corresponding gels, see Figures S17 and S19.
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enzymes to recognize these substrates; it is possible that the
differences in recognition of modified substrates reflect intrinsic
properties of the modified nucleotides rather than the enzymes.
More specifically, it is possible that the differences in
recognition reflect the ability of 2′ modifications to be tolerated
upon being incorporated into a primer terminus. Importantly,
2′-fluoro modifications to DNA have been previously shown to
impart nuclease resistance;8 our data suggest that fluoro
substitutions might be an easier target for DNA polymerases
than, for example, methoxy substitutions. Future efforts would
benefit from further synthetic optimization of the sugar scaffold
to examine the full breadth of recognition of modified
substrates by these evolved mutants.
It is interesting to speculate about why SFM19, the only

enzyme not evolved to recognize ribonucleotides, is superior at
recognizing ribonucleotides. The relatively poor recognition of
2′-methoxy-modified nucleotides suggests that this might be
one of the most biochemically demanding modifications
available. Thus, the more challenging selective pressure of
adding a 2′-methoxy-modified nucleotide and, perhaps, the
even more challenging selective pressure of adding a nucleotide
to a 2′-methoxy-modified primer were sufficient to select for a
more active enzyme, for a number of different substrates. This
suggests, in turn, that SFR3 and AA40 were selected on the
basis of secondary properties rather than being the most
effective polymerase for their substrate.
Biochemical and Mutational Origins of Unnatural

Function. We have also extensively analyzed the origins of the
mutational differences between these enzymes. We observe that
mutations at I614 and E615 can explain the majority of
unnatural function; differences in how mutations at I614 and
E615 interact predominantly explain differences in function
between these enzymes. Notably, while many of the mutations
observed here are observed in multiple enzymes that recognize
2′ modifications, they are also found in mutant enzymes for
other functions, implying that lessons learned here might have
broader implications for polymerase engineering.
While mutations at positions 614 and 615 appear to be the

primary determinants of unnatural function, it is noteworthy
that nearly all of the other identified mutations have been
identified in other studies, as well (Table 1). For example,
A597T, a mutation in SFR3, has also been identified in an
enzyme capable of reverse transcription35 as well as a different
polymerase capable of incorporating 3′-modified substrates.36

A608V, a mutation in AA40, has also been identified in a
polymerase with increased tolerance for hydrophobic nucleo-
bases,28 and a different polymerase capable of extending
aberrant primer termini.37 Similarly, mutations of W60435 and
E60228 have been identified in other studies, as well.
Interestingly, we did not observe measurable activity for any
of these mutations, and we conclude that these mutations are
unlikely to play a prominent functional role in catalysis of 2′-
modified nucleic acids. While it is possible that these recurrent
mutations occur only because they are well-tolerated and thus
do not contribute to fitness, it is also plausible that they may
have an important function such as improving protein stability
or the kinetics of folding. These properties would not be
identified in the assays performed here; to assess the
importance of these mutations to noncatalytic functions
requires further experiments. Such studies would have
important implications for polymerase engineering.
Through systematic characterization of point mutants, we

have shown that E615G is the primary driver of unnatural

function in all three mutants. The high activity of E615G is
perhaps unsurprising; prior studies have shown that mutation
of E710, the steric gate amino acid in the proteolytic fragment
of the highly homologous DNA polymerase I from E. coli
(Klenow fragment), similarly increases the level of recognition
of 2′-modified nucleotides.19 Similar steric gate mutations are
commonly needed for acquisition of the ability to recognize 2′-
modified nucleotides15 and are often an initial important step in
the engineering of further function. Notably, there is strong
selective pressure for DNA polymerases to possess such a steric
gate to prevent incorporation of ribonucleotides into genomic
DNA, which would compromise the stability of the genome.
In the absence of other mutations, the role of I614 in

substrate broadening, especially in isolation, is more complex.
Mutations of I614 have also been previously shown to broaden
substrate specificity in Klenow fragment38 and have been
identified in a number of evolved variants of Taq for broadly
ranging properties such as improved recognition of unnatural
DNA base pairs,29 hydrophobic nucleobase analogues,28 and
ancient DNA.39 Although these previous directed evolution
studies have not directly demonstrated that I614 specifically
broadens acceptance of these substrates, the recurrent evolution
of enzymes containing mutations at I614 implies that there
might be a role for I614 in substrate broadening, generally. Our
data show that a range of mutations to I614, including several
mutations that have not been identified in prior studies, impart
broadened substrate recognition toward 2′ substrates. These
data suggest that I614 might be particularly effective at
broadening substrate recognition at 2′ modifications and
suggest that mutations at this position should be included in
future evolution efforts, especially considering their synergistic
interactions with E615G. Notably, from our data, it is not clear
if these mutations specifically alter recognition of 2′-modified
substrates or more nonspecifically broaden recognition, which
might be the cause of its frequent recurrence in directed
evolution experiments. Previously, scientists have posited that
I614 mutations create space in the active site; however, our data
do not suggest a relationship between the relative size of the
mutation and the promiscuity of the enzyme. It is possible that
mutations at I614 play a broader role, such as impacting
enzyme dynamics. Further experiments are required to more
closely examine the biochemical and biophysical role of I614.
Our study is the first to systematically combine mutations at

I614 and E615 to observe the potential synergistic effects of
their combination. Our data suggest that these two mutations
comprise the bulk of the activity for the mutant enzymes
previously identified; the relative activities of the double
mutants closely parallel the relative activity of the parents.
Thus, while the genetic identities of the three previously
identified mutants are substantially different, the core mutations
required for unnatural function of these enzymes are relatively
similar, relying predominantly on mutations at I614 and E615.
Interestingly, we observed highly synergistic interactions
between mutations at these amino acids. Most importantly,
negatively charged amino acids, either aspartate or glutamate,
significantly increased the activity of the enzyme upon being
added to E615G, implying that a negative charge is most
beneficial at position 614.
Our biochemical data characterizing the parent enzymes

suggest a possible rationale for the synergistic interactions
between residues 614 and 615. We did not observe substantial
differences in the respective ability of each parent enzyme to
add a ribonucleotide to an unmodified primer; however, the
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parents possess highly varying abilities to incorporate
unmodified nucleoside triphosphates onto a modified primer.
This suggests that modified primer recognition differentiates
these three enzymes more than modified nucleoside
triphosphate recognition. Thus, we propose a biochemical
model for the differences: E615G both broadly enables 2′-
modified nucleoside triphosphate recognition and weakens the
ability to extend modified primer termini. Mutation of residue
614 to a negatively charged amino acid can compensate for the
weakened ability to extend modified primer termini while not
impacting the ability to recognize modified triphosphates.
While mutations of E615 to nonchelating amino acids have

been shown to change the magnesium dependence of the
enzyme,19 structural studies of SF have not shown direct
functional interactions between a magnesium ion and E615.
Instead, structural studies have shown E615 interacting with
R573 (Figure 7).40,41 R573 is known to form an arginine fork

that orients the incoming dNTP and the primer strand through
H-bonds to the ribosyl oxygen of the incoming dNTP and the
minor groove of the primer nucleobase;42 E615 might help
orient R573 to form an optimally catalytically competent state
for the enzyme. Mutation of E615 might diminish this capacity
but may be restored through mutation of I614 to aspartate or
glutamate. Thus, we speculate that we have observed a
previously unknown functional role for E615G in primer
extension, which might be engendered through structurally
observed interactions with R573. This function may be, in
SFM19 and I614D/E615G, restored through mutation at I614,
providing a possible biochemical explanation for the observed
synergistic interactions. These observations not only inform
polymerase design and biochemistry but also add to the
growing literature about synergistic interactions between amino
acid mutations.43,44

Implications for Engineering. In summary, our data show
that the SFM19 (I614E/E615G) shows activity higher than
that of SFR3 or AA40 on a broad range of 2′ modifications.
Notably, previous research has shown that the fidelity of
SFM19 is not significantly altered by these mutations, as steady-
state kinetic assays did not detect mispair formation at a
detectable level.11 Considering both the broad ability to accept
2′-modified nucleotides, as well as the encouraging results
regarding fidelity, these data suggest that SFM19 is likely the
best starting point for future engineering efforts. Notably, in all
three previous evolution experiments, the mutant DNA
polymerase library focused diversity on motif A of DNA
polymerase I and the selection required the addition of fewer
than six nucleotides.11−13 Considering both our biochemical
data and the fact that three independent evolution experiments
were conducted, the combination of I614E and E615G
mutations is likely one of, if not the best, combination of
mutations that might be found from such a library and
selection. While SFM19 is the most active enzyme because of
its ability to recognize modified DNA, extension of modified
DNA still limits this enzyme; thus, SFM19 should be the basis
for a library that adds additional diversity outside of motif A in
regions previously shown to alter interactions between the
DNA polymerase and mutant DNA. It is likely that, given
appropriate selection conditions that directly select for
synthesis onto 2′-modified primers, this might yield mutant
Taq polymerases that are capable of synthesizing full length
DNA bearing a range of 2′-modified substitutions.
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