
DOI: 10.1002/cbic.201000384

A DNA Polymerase with Increased Reactivity for Ribonucleotides and
C5-Modified Deoxyribonucleotides
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DNA polymerases find broad applications in molecular biology
techniques (e.g. , polymerase chain reaction, genome sequenc-
ing, or diagnostic methods).[1] Recently, DNA polymerases have
increasingly been employed to synthesize highly functionalized
DNA and thereby show great promise for future applications
ranging from new DNA sequencing technologies[2] to diagnos-
tics,[3] SELEX,[4] and DNA-based nanotechnology.[5] Moreover, it
was shown that nucleotide analogues with a simplified sugar
backbone such as threosyl or glyceryl surrogates are polymer-
ized by DNA polymerases.[6] Interestingly, these reports show
that DNA polymerases from sequence family B are superior to
other DNA polymerases in polymerizing highly modified nucle-
otides. The A485L mutant of Thermococcus species 98N DNA
polymerase termed Therminator DNA polymerase (Therminator
pol)[7] was widely applied due to its ability to accept several
unnatural nucleoside triphosphate analogues as substrates to
some extent. However, the observed low efficiency of the
enzyme in the processing of several modified substrates often
still prevents further applications. Directed evolution shows
great promise for improving the performance of DNA poly-
merases.[8] Here we present the generation of a new Thermina-
tor pol variant with broadened substrate scope. The enzyme
was identified by a screen of a Therminator pol library that
was generated by error-prone PCR. We show that the variant is
able to polymerize sugar as well as nucleobase-modified nucle-
otides to a greater extent than the parental enzyme.

Nucleic acid polymerases are classified either as DNA or RNA
polymerases due to their ability to utilize 2’-deoxyribonucleo-
tides (dNTPs) or ribonucleotides (rNTPs) as substrates. DNA
and RNA polymerases share a common mechanism for poly-
nucleotide synthesis that leads to the theory of a common
ancestor of these enzymes.[9] All DNA polymerases require a
primer to initiate DNA synthesis. Usually this is a short RNA
primer bound to the canonical template sequence. However,
there are a few exceptions like terminal transferases or DNA
polymerases that use a protein-primed initiation mechanism.[10]

RNA polymerases are dependent on a promoter sequence and
start de novo RNA synthesis some nucleotides downstream at
the transcription start.[11] Interestingly, widely applied RNA
polymerases in in vitro transcription (e.g. , T7 RNA polymerase)
require processing of purines from the transcription start
whereas pyrimidines are poorly processed; this limits the se-

quence space available by this method.[11, 12] Thus, primer and
template-dependent RNA synthesis could overcome this bot-
tleneck. In the last few years, several studies focused on the
evolution of DNA polymerases that are able to catalyze pro-
moter-independent synthesis of RNA.[13] Although variants with
significantly increased single ribonucleotide incorporation effi-
ciencies were identified, the generated variants mostly abort
RNA synthesis after incorporation of a few ribonucleotides. The
same holds true for several other tested DNA polymerases (see
Figure S1 in the Supporting Information). Because it has been
shown that Therminator pol has some inherent RNA poly-
merase activity,[14] we became interested in further increasing
this ability.

For library construction error-prone PCR[15] was conducted to
introduce random mutations into the Therminator pol gene.
Mutants were expressed in 96-well plates by using a synthetic
codon-optimized gene whereas the non-codon-optimized ap-
proach failed.[16] After heat denaturing of host proteins, the
lysates were directly applied in a primer-extension screening
assay to identify rNTP-active variants that are able to incorpo-
rate multiple ribonucleotides. Because recently described trials
using SYBRgreen I[17] failed to detect product formation in solu-
tion, screening was performed by employing a chip-based
oligonucleotide addressed enzyme assay.[18] Herein, 96 primer-
extension reactions were conducted in parallel by using an
immobilized DNA primer (20 nt)/template (90 nt) complex and
rNTPs as substrates. By the partial substitution of UTP with a
biotinylated dUTP analogue, biotinylated products were gener-
ated in case of any RNA polymerase activity (Figure 1).

Subsequent incubation of the slide surface with a streptavi-
din-Alexa Fluor 546 conjugate results in a spatially resolved
fluorescent signal due to binding to the biotinylated reaction
products. Thereby the level of fluorescence correlates with
RNA polymerase activity. By using this screening approach 512
rNTP-active variants could be identified that were derived from
more than 1700 screened mutants (examples are shown in Fig-
ure S2). After further evaluation of these rNTP-active variants
by primer extension reactions in solution (data not shown),
three mutants (M1, M2, and M3) with enhanced activity for
processing of ribonucleotides were obtained. Subsequently,
these mutants were purified and thoroughly characterized.

First we conducted a primer-extension reaction employing a
90-nt-long DNA template. Reactions were performed by com-
paring Thermococcus species 98N DNA polymerase, Therminator
pol and the purified mutants. It turned out that variant M3
was able to synthesize the longest RNA products (Figure 2).
This variant is able to extend a DNA primer (20 nt)/DNA tem-
plate (90 nt) complex by consecutive incorporation of more
than 50 ribonucleotides, thus generating a >70 nt DNA–RNA
transcription product. In contrast, 98N DNA polymerase and
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the parental Therminator pol were only able to incorporate up
to six and ten ribonucleotides, respectively, under identical
conditions. Furthermore, mutants M1 and M2 showed a maxi-
mum primer extension by conversion of 37 rNTPs or 34 rNTPs,

respectively, which led to DNA–RNA transcription products of
57 and 54 nt in length (Figure 2).

The selected mutants were sequenced and interestingly,
they all shared the leucine-to-glutamine mutation at position
408 (L408Q). The two variants with the lower rNTP acceptance
(M1 and M2) contained additional amino acid changes (M1:
G77S, E276D, A281V, E300K, N568K, Y653C; M2: I171V, K476E,
I488F, I618F), whereas the most promising mutant (M3) exclu-
sively harbored the L408Q mutation. Saturation mutagenesis
at position L408 and analysis of the resulting mutants did not
reveal any variant with improved proficiency for RNA synthesis
compared to M3. Based on these results, we selected mutant
M3 for further studies.

Next, we investigated whether mutant M3 is able to synthe-
size RNA transcripts that are functional. Therefore, transcription
reactions with an RNA primer (18 nt)/DNA template (53 nt)
complex by using purified enzymes were performed to gener-
ate an RNA hammerhead ribozyme.[19] After cleavage of DNA
templates by DNase I incubation, the purified transcription
product was annealed to the 32P-labeled RNA substrate and
cleavage kinetics were investigated (Figure 3). By using the

RNA obtained by primer extension with mutant M3 more than
90 % substrate conversion could be detected; this shows that
the obtained RNA is indeed functional. This contrasts the re-
sults obtained with the parental enzyme in which no signifi-
cant activity was detected (Figure 3 B).

In further experiments we tested the ability of mutant M3 to
catalyze the promoter-independent synthesis of tRNA tran-
scripts. Unlike the parental Therminator pol, mutant M3 is profi-
cient in synthesizing full-length tRNA transcripts by the consecu-
tive incorporation of 58 ribonucleotides subsequent to an 18 nt
RNA primer (Figure 4). This feature could progress the enzymatic
synthesis of tRNA sequences by starting with pyrimidines that
are poorly processed in in vitro transcription by using widely ap-
plied promoter-dependent RNA polymerases.[11,12] Additionally,
by using 5’-modified RNA primers, tRNA sequences with 5’-
modifications such as fluorescent labels could be achieved, ena-
bling the monitoring of labeled tRNAs.[20]

To investigate the influence of the amino acid substitution
L408Q on nucleotide incorporation efficiencies as well as

Figure 1. Principle of chip-based Therminator pol library screening. An im-
mobilized DNA primer strand is shown alone or in complex with the com-
plementary DNA template strand (gray backbone) and the DNA polymerase
(yellow). Green stars represent the fluorescent streptavidin-Alexa fluor 546
conjugate bound to the synthesized biotinylated (green dots) RNA strand
(blue backbone).

Figure 2. Primer-extension studies with selected Therminator pol variants
from chip-based library screening. A) Primer-extension studies in solution. p:
primer only; 98N wt: 98N wt; Therm wt: Therminator pol wt; M1-3: Thermi-
nator pol variants M1-3; control : primer extension reactions conducted with
dNTPs instead of rNTPs. B) Graphical depiction of primer extension reactions
from A). Bars indicate the ratio of the extended DNA primer plotted against
the number of incorporated ribonucleotides (ratios >1 % of the total intensi-
ty in a single lane were included).

Figure 3. Ribozyme assay. A) RNA ribozyme sequence (blue letters) annealed
to the 13 mer substrate (green letters). B) Cleavage activity of hammerhead
ribozymes (HHR) transcribed by Therminator pols. Cleavage ratios were
obtained after analyzing the reaction products from ribozyme assays per-
formed with HHRs transcribed by Therminator pol variant M3 (&) or Thermi-
nator pol wt (*).
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enzyme selectivity, steady-state kinetic analysis[22] was conduct-
ed under single completed hit conditions with the parental
enzyme and the variant M3. For this, a gel-based single-nucleo-
tide insertion assay was employed with an RNA primer (18 nt)/
DNA template (28 nt) complex that directs for the canonical
(dG) or noncanonical (dA) insertion of cytidines subsequent to
the primer end. Overall, single-nucleotide incorporation kinetic
analysis showed that variant M3 incorporates rCTP with a 750-
fold enhanced efficiency opposite dG compared to the paren-
tal enzyme (Table S1). Interestingly, this variant converts dCTP
fivefold more efficient than the parental enzyme. Thereby, only
a 13-fold drop (efficiency of dCTP processing opposite
matched template dG versus mismatched dA by wt in compar-
ison to M3) in mismatch discrimination with dCTP as a sub-
strate was determined. However, variant M3 exhibits an 840-
fold higher efficiency for processing of rCTP opposite a
matched (dG) in comparison to a mismatched (dA) DNA tem-
plate.

Numerous nucleobase-modified nucleotides are substrates
for DNA polymerases and are employed in a wide range of
biotechnological applications ranging from SELEX to new se-
quencing technologies and DNA-based nanotechnology.[2–5]

Often the respective DNA is modified by employing C5-modi-
fied deoxyuridine. Although known DNA polymerases have
some ability to process these analogues, improved activities
would be desirable for many applications. Thus, we further in-
vestigated the ability of M3 to incorporate multiple C5-modi-
fied deoxyribonucleotides in a growing DNA strand. Here we
used a recently developed nucleotide that bears a bulky nitrox-
yl radical at position C5.[23] Multiple incorporation of stable rad-
icals would allow high-density radical modification of DNA and
generate a material that is interesting for development of
organic radical batteries.[24] Primer extension reactions were

performed by applying a DNA primer (23 nt)/DNA template
(69 nt) complex that codes for the consecutive incorporation
of 46 C5-modified deoxyribonucleotides. When employing
dNTPs, both Therminator DNA polymerases resulted in full-
length product (Figure 5 A, lanes 2 and 8); meanwhile only var-
iant M3 proficiently incorporated 46 consecutive C5-modified
deoxyribonucleotides (Figure 5 A, lanes 3–5 and 9–11).

Our study revealed that the single amino acid substitution
Leu408Gln (M3) in the active site of the B family Therminator
pol leads to an increase in DNA-directed RNA synthesis
(Figure 2 and 4). The identified residue Leu408 is located in
motif A of the polymerase domain. Sequence alignment shows
that this Leu408 residue is in the analogous position to Leu415
(RB69) and Ile614 (Taq pol I ; Figure S3). These two residues are
found to be involved in substrate discrimination in B family
RB69 and A family Taq pol I, respectively. The substituted
amino acid Leu408 in Therminator pol is furthermore located
adjacent to a tyrosine (Tyr409) that is in the analogous position
to Y416 from RB69 DNA polymerase and E615 from Taq DNA
polymerase, which have been shown to act as “steric gates”
preventing ribonucleotide incorporation by a steric clash with
the 2’-OH group of the sugar moiety of an incoming ribo-
nucleotide.[13c,f] Due to this, it can be assumed that the altered
interaction of amino acid 408 with the “steric gate” residue
Tyr409 is responsible for the increased ribonucleotide accept-
ance, by impeding the “steric clash” with the 2’-OH group of
an incoming ribonucleotide. Furthermore, the substitution of
Leu408 with Gln resulted in an improved utilization of C5-
modified deoxyribonucleotides (Figure 5, lanes 9–11). Presuma-

Figure 4. Synthesis of tRNA by using Therminator DNA polymerases.
A) Primer-extension studies in solution. Lanes 0, 4, 6, 10: primer only;
lanes 1, 2, 3: Therminator pol wt applying different reaction times of 1, 3,
and 22 h, respectively; lane 5: positive control, reactions with Therminator
pol wt and dNTPs; lanes 7, 8, 9: DNA polymerase mutant M3 at different re-
action times of 1, 3, and 22 h, respectively; lane 11: positive control, reac-
tions with mutant M3 and dNTPs; B) Depiction of structure and transcribed
RNA sequence of E. coli tRNAAsn ; modified sequence from transfer RNA data-
base (tdbD00001950), University of Leipzig.[21]

Figure 5. Incorporation of C5-modified deoxyribonucleotides by Therminator
DNA polymerases. A) Primer extension reactions in solution employing Ther-
minator pol (wt) or Therminator M3 (M3). Partial primer and template se-
quences are depicted above the corresponding PAGE analysis. Lanes 0, 6:
primer only; lanes 1, 7: negative control, reactions without TTP; lanes 2, 8:
positive control, reactions with natural TTP; lanes 3–5 and 9–11: reactions
with C5-modified deoxyuridine applying different reaction times, lane 3, 9:
2 min; lane 4, 10: 5 min; lane 5, 11: 10 min. B) Graphical depiction of re-
actions from (A) lanes 5, 11. Bars indicate the ratio of the extended DNA
primer plotted against the number of incorporated ribonucleotides (ratios
>5 % of the total intensity in a single lane were included). For experimental
details see the Supporting Information. Inset: Structure of C5-modified de-
oxyuridine.
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bly, the altered active-site geometry of variant M3 enables
better accommodation of the bulky nucleotide analogue as
well as of the primer extension multiple C5-modified dsDNA
product, thus enabling efficient incorporation of C5-modified
deoxyribonucleotides.

In summary, we have generated a Therminator DNA poly-
merase variant that is capable of promoter-independent syn-
thesis of tRNA as well as synthesizing functional RNA with
significantly increased efficiency compared to the parental
enzyme. The enzyme variant was identified by screening a
small Therminator pol library by using a chip-based oligonu-
cleotide-addressed enzyme assay. Our results show that the
highly conserved Leu408 residue, which is located in the con-
served motif A of the polymerase domain, is involved in sub-
strate discrimination. We also demonstrate that the identified
enzyme variant is capable of synthesizing highly modified DNA
by using C5-modifed deoxyribonucleotides as substrates.
Moreover, a comparison to the meanwhile commercially avail-
able Therminator variants reveals that M3 is better at process-
ing ribonucleotides and C5-modifed deoxyribonucleotides (Fig-
ures S4 and S5). Because this kind of nucleotide analogue is
employed in biotechnological applications such as SELEX and
next-generation gene sequencing, our findings should spur
progress along these lines.
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