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Figure 1. 2′-F-dNMP incorporation into transcripts synthesized by Syn5 RNA polymerase on various DNA templates. Products of transcription reactions
were separated by native gel electrophoresis and then stained with ethidium bromide. (A) Efficiency of 2′-F-dNMP incorporation by Syn5 RNA polymerase
is correlated to the sequence at the 5′ end of the RNA. Transcription reactions were carried out using Syn5 RNA polymerase on templates T1 (lanes 1–6),
T2 (lanes 7–13) and T3 (lanes 14–20). In some reactions some of the four NTPs were replaced by the corresponding 2′-F analogs, as indicated at the top
of the gel. The first 12 nucleotides at the 5′-end of the transcripts produced on each template are shown below each gel. The position of the migration of
the DNA templates and the RNA products are marked on the left of the gel. (B) Efficiency of 2′-F-dNMP incorporation by Syn5 RNA polymerase on
template T4. Normal NTPs were replaced by the corresponding 2′-F analogs as indicated at the top of each lane. The first 12 nucleotides at the 5′-end of
the transcripts produced by template T4 are shown below each gel. The position of the migration of the DNA templates and the RNA products are marked
on the left of the gel.

inhibitory effect on the incorporation of 2′-F-dGMP and
2′-F-dUMP, respectively (Figure 1A, lanes 16 and 18). This
effect will be discussed in more detail below.

To further test our hypothesis, we constructed an-
other template (T4) that is the same as T1 except that
C7C8U9U10 (numbers represent the position of the nu-
cleotide in RNA counting from the 5′-end) was replaced by
G7A8A9G10. We examined the ability of Syn5 RNA poly-
merase to initiate transcription on this template in the pres-
ence of 2′-F-dNTPs (Figure 1B). Template T4 has no C or
U in the initiation region, resulting in very efficient incorpo-
ration of both 2′-F- dCMP and 2′-F-dUMP, with the total
amount of transcript produced being at least 50% of that
produced in the absence of any analogs (Figure 1B, com-
pare lanes 1 and 4, 5 and 7; Supplementary Table S1). As
expected, there is no transcription of this template in the
presence of 2′-F-dATP (Figure 1B, lane 6).

When comparing T1 and T4 as templates for run-off tran-
scription with Syn5 RNA polymerase, it is clear that not
only the incorporation of 2′-F-dCMP and 2′-F-dUMP, but
also the overall yield of transcripts in the absence of any
analogs, are dramatically different. When C7C8U9U10 in
T1 is replaced by G7A8A9G10 in T4, the yield increases 10-
fold (Figure 1A, lane 1 versus Figure 1B, lane 1; Figure 2B,
lane 1 versus lane 5; Supplementary Table S1). This differ-
ence was unexpected since previous studies with T7 RNA
polymerase suggested that this region did not have a signif-
icant effect on transcription (19). In follow-up experiments,
we carried out a more detailed investigation on the influence
of the sequence in the 1–12 nt region sequence on the yield
of transcription products using Syn5 RNA polymerase. We
tested the effect of various sequences in this region using
28 different templates (Figure 2A and B). These templates
are divided into four groups, each focusing on a different
3 nt region. Multiple product bands are observed in some
lanes when the RNA is overloaded; reducing the amount of
product loaded onto these gels results in bands with greater
uniformity (for example, compare the sample loaded in Fig-
ure 2B, lane 1, with the identical sample loaded at half the

concentration in Figure 2A, lane 1). It is likely that the mul-
tiple bands observed at high concentrations of RNA repre-
sent different secondary structures in the same RNA prod-
uct.

The template region corresponding to nts 1–3 in the RNA
is critical for transcription efficiency by T7 RNA poly-
merase (19). When sequences in this region are compared
using Syn5RNA polymerase, we find that there is efficient
transcription using a variety of sequences such as G1G2A3,
G1A2A3, A1G2A3, G1C2A3 and C1A2G3 (Figure 2A,
lanes 1 and 3–5; Figure 2B, lanes 5–7), with the highest
yield observed using G1C2A3 (Figure 2A, lane 5 versus 1–
4; Figure 2B, lane 6 versus 5 and 7). This result is consis-
tent with the fact that in the cyanophage Syn5 genome the
sequence G1C2A3 is found following both of the promot-
ers (17). Surprisingly, the trinucleotide template sequence
that provides for the greatest amount of transcription with
T7 RNA polymerase (G1G2G3) supports the lowest yield
by Syn5 RNA polymerase (Figure 2A, lane 2). We also ex-
amined transcription by T7 RNA polymerase on templates
with various sequences at the first three nucleotide positions
of the transcript. The results are consistent with previous
results (19) that showed that G1G2G3 supports the highest
yield (Figure 2B, lane 9), G1G2A3 and G1C2A3 work effi-
ciently (Figure 2B, lanes 8 and 10), while with the template
C1A2G3, transcription by T7 RNA polymerase is much less
efficient compared to Syn5 RNA polymerase (Figure 2B,
lane 11 versus 7).

For template sequences corresponding to the regions 4–
6 and 7–9 of the transcript, we found that a consecutive
stretch of three A’s or U’s in either of these regions of the
transcript is very inhibitory to Syn5 RNA polymerase (Fig-
ure 2A, lanes 6 and 9, 7 and 11). However, upon inspection
of the sequences of template T9 and T12, we found that
these replacements result in a consecutive stretch of four
(T9) and five (T12) A’s in the initiation region, a scenario
rare in most research applications. Since multiple and of-
ten consecutive A’s are present in most templates that are
transcribed efficiently, we believe that there must be more
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Figure 2. Impact of initial sequence of transcript on the yield of transcripts synthesized by Syn5 RNA polymerase. (A) Influence of different sequences at
various positions in the first 12 nucleotides at the 5′ end of transcripts on the yield of products synthesized by Syn5 RNA polymerase. The DNA template
used in each reaction is indicated at the top of each lane. All of the templates were derived from template T4, from which the first 12 nucleotides at the 5′
end of the RNA product are shown at the top of the gel. The variations in the sequence of RNA products from template T4 synthesized on each template
are color coded; variations in the first three nucleotides are in orange, nucleotides 4–6 in blue, nucleotides 7-9 in purple and nucleotides 10–12 in green. The
position of the migration of the DNA templates and the RNA products are marked on the left of the gel. (B) Influence of different sequences at various
positions in the first 10 nucleotides at the 5′ end of transcripts on the yield of products synthesized by Syn5 and T7 RNA polymerases. Transcription
reactions were carried out using Syn5 RNA polymerase (lanes 1–7, 13 and 14) and T7 RNA polymerase (lanes 8–12). The templates used for each reaction
and the sequence of the first 10 nucleotides at the 5′ end of each RNA are shown at the bottom of the gel. Variations in RNA products encoded by
each template are in blue background. (C) Influence of NTP concentration on the yield of products synthesized by Syn5 RNA polymerase. Transcription
reactions were carried out on templates T32 (lanes 1–3), T2 (lanes 4–6) and T33 (lanes 7–9). The first three nucleotides of the transcript synthesized on each
of these templates are UGA (T32), GGG (T2) and GGG (T33), as indicated at the bottom of the gel. The concentration of the NTP being varied in each
reaction mixture is shown at the top; the concentrations of the other three NTPs were fixed at 4 mM. The position of the migration of the DNA templates
and the RNA products are marked on the left of the gel. (D) and (E) Incorporation of 2′-F-dCMP and/or 2′-F-dUMP into transcripts synthesized by Syn5
and T7 RNA polymerases. The templates used for each reaction (T18, T17, T28 and T4) and the sequence of the first 12 nucleotides at the 5′ end of each
RNA are shown at the bottom of the gel. The NTP analog present in each reaction is indicated at the top of the gel where ‘C/U’ corresponds to reactions
carried out in the presence of both 2′-F-dCTP and 2′-F-dUTP.
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than three consecutive A’s in the initiation region to be in-
hibitory to Syn5 RNA polymerase. Three consecutive U’s
in Templates T10 and T14 result in poor synthesis leading
us to examine in greater detail the effect of multiple U’s at
different positions in the initiation region. When one U was
introduced into the product of template T4 at position 5
(T19), the yield decreased about 3-fold (Figure 2B, lane 2
versus 1); an additional U in this region, whether at posi-
tion 8 (T20) or 6 (T21), further decreased the yield by at
least 20-fold (Figure 2B, lanes 3 and 4 versus 1). Other se-
quences, such as C7C8C9 and G7C8G9, also reduce the
yield of transcripts produced by Syn5 RNA polymerase, but
in these cases the amount of product was still substantial
(Figure 2A, lanes 10 and 12). In the template region corre-
sponding to nucleotides 10–12, all substitutions, including
A10A11A12, U10U11U12 and C10C11C12, have minimal
effect on the yield (Figure 2A, lanes 13–15 versus 1). We
conclude from these data that more than two U’s in the first
nine nucleotides of the RNA product have a negative effect
on transcription by Syn5 RNA polymerase. This conclusion
is consistent with the sequence of genes transcribed from
Syn5 RNA polymerase promoters; two such genes do not
contain any U’s in the initiation region of either transcript
(20). Previous studies have shown that T7 RNA polymerase
is unable to produce RNAs with a U at either the first or
second position (21).

The plasmid template we used in our previous work (T30)
was derived from plasmid pUC19 and encodes for an RNA
transcript that starts with GGGUCUAGA (16). Based on
the results just discussed, this sequence should be an inef-
ficient template for Syn5 RNA polymerase, both because
it starts with three consecutive G’s, and there are two U’s
in the first nine nucleotides. We therefore constructed a
template (T31) in which the sequence of the first nine nu-
cleotides of the transcript, ‘GGGUCUAGA’, was replaced
by the sequence ‘GCAGAAGAA’. The yield of transcripts
synthesized by Syn5 RNA polymerase on this template is
more than 100-fold greater than that produced using the
original template, approaching ∼70 �g of RNA synthesized
per 10 �l reaction (Figure 2B, compare lanes 14 and 13;
Supplementary Table S1).

We have previously shown that transcription by Syn5
RNA polymerase that starts with U is very inefficient us-
ing 0.2 mM UTP (16). Increasing the concentration of
UTP increases the yield of RNA produced by Syn5 RNA
polymerase. When the reaction is carried out using 4 mM
UTP, transcription is robust (Figure 2C, lane 1–3). Sim-
ilarly, while transcription by Syn5 RNA polymerase that
starts with GGG is very inefficient using 4 mM GTP, in-
creasing the concentration of GTP to 8 mM significantly
increases the amount of transcript synthesized (Figure 2C,
lanes 4–9). In summary, with our current reaction condi-
tions, there is no limitation on the sequence of the first three
positions of the transcripts produced using Syn5 RNA poly-
merase. In contrast, increasing the concentration of UTP in
the reaction mixture has little effect on improving the yield
of RNAs that contain more than two U’s in nucleotides 1–9
of the transcript (data not shown). Such templates should
be avoided when designing transcription templates for use
by Syn5 RNA polymerase.

Replacement of C7C8U9U10 by G7A8A9G10 increases
the yield of transcripts produced by Syn5 RNA polymerase
by a factor of 10 (Figure 2B, compare lanes 5 and 1). In con-
trast, this change only slightly increases the yield of tran-
scripts using T7 RNA polymerase (Figure 2B, lane 12 ver-
sus 8). This result again demonstrates that each of these
RNA polymerases have distinct sequence preferences for
the RNA transcribed near the start of the transcripts.

Just as the sequence of the region corresponding to
residues 10–12 of the transcript has little effect on the yield
of transcripts produced by Syn5 RNA polymerase, the se-
quence of this region also has negligible effect on the in-
corporation of 2′-F-dNMPs (Figure 2D). On template T17,
that encodes for an RNA transcript with U10U11U12,
Syn5 RNA polymerase can efficiently incorporate 2′-F-
dUMP, with at most a 3-fold reduction in the amount of
transcripts (Figure 2D, compare lanes 1 and 2). Transcrip-
tion by Syn5 RNA polymerase on template T18, which en-
codes an RNA transcript with C10C11C12, the yield of
transcripts is comparable using either CTP or 2′-F-dCTP
(Figure 2D, lanes 3 and 4). In summary, the efficiency of in-
corporation of 2′-F-dUMP and 2′-F-dCMP into transcripts
using Syn5 RNA polymerase will depend on the sequence
of the first nine nucleotides of the transcript: if the RNA
transcript has less than two C’s or U’s in the first nine nu-
cleotides, then Syn5 RNA polymerase will efficiently in-
corporate these analogs using the standard conditions de-
scribed here.

We determined whether the above rules would also be
applicable to the incorporation of 2′-F-dCMP and 2′-F-
dUMP using T7 RNA polymerase. We constructed DNA
template T28 that encodes the same RNA as that encoded
by template T4 for Syn5 RNA polymerase (lacking any C’s
or U’s in the first nine nucleotides). On this template, 2′-
F-dCTP and 2′-F-dUTP inhibit the amount of transcripts
produced by T7 RNA polymerase, at least by a factor of
10 (Figure 2E, compare lanes 2 and 1). This result is in
dramatic contrast to the minimal effect that these analogs
have on transcription by Syn5 RNA polymerase (Figure 2E,
compare lanes 4 and 3).

Effect of manganese ions on the incorporation of 2′-F-
dNMPs by Syn5 RNA polymerase

Templates encoding multiple C’s and U’s in the initiation
region (nucleotides 1–9) are not transcribed efficiently by
Syn5 RNA polymerase in the presence of 2′-F-dCTP and 2′-
F-dUTP using the standard conditions described above. We
varied reaction conditions in order to optimize transcrip-
tion on these templates. Manganese ions decrease the sub-
strate discrimination for many polymerases (22). T7 RNA
polymerase can use Mn2+ instead of Mg2+ for catalysis; the
optimum concentration of Mn2+ is 2.0–2.5 mM (23), 10-
fold lower than the optimum concentration of Mg2+. How-
ever, even at the optimum metal concentrations, the activ-
ity of T7 RNA polymerase with Mn2+ is much lower than
that with Mg2+ (13). A mixture of Mn2+ and Mg2+ ions
has been used successfully (23,24) to provide the two metal
ions required for catalysis in the T7 RNA polymerase active
site (17). Presumably, some T7 RNA polymerase molecules
will have one Mn2+ and one Mg2+ in their active sites, re-
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sulting in relaxed specificity for substrate analogs. However,
since concentrations of Mn2+ ions greater than 2.5 mM are
highly inhibitory to T7 RNA polymerase, the concentration
of Mg2+ ions in these mixtures must also be reduced to lev-
els that are suboptimal for T7 RNA polymerase activity.

The natural hosts of cyanophage Syn5 are ocean-dwelling
cyanobacteria. In this environment, the intracellular con-
centration of Mn2+ is 100 times the concentration found
in E. coli, the natural host for bacteriophage T7 (25,26).
Thus, it is logical to speculate that Syn5 RNA polymerase
will retain activity at higher Mn2+ concentrations than will
T7 RNA polymerase. Indeed, under standard reaction con-
ditions, we find that the optimum Mn2+ concentration for
Syn5 RNA polymerase activity is 15–20 mM (Figure 3A),
similar to its optimum Mg2+ concentration. The yield of
transcripts produced in the presence of the optimum con-
centration of Mn2+ is several-fold lower than that produced
at the optimum concentration of Mg2+ (Figure 3A, lane 12
versus lane 2). However, the incorporation of 2′-F-dCMP
and 2′-F-dUMP by Syn5 RNA polymerase is more efficient
in the presence of 15 mM Mn2+ than in the presence of 20
mM Mg2+ (Figure 3A, lane 11 versus lane 3). Since the op-
timal concentrations for each metal ion in Syn5 transcrip-
tion reactions are similar, both ions can be present together
in the Syn5 transcription reaction at high concentrations.
With the combination of 10 mM Mg2+ and 5 mM Mn2+,
the yield of transcripts produced using all natural NTPs is
within 50% of that observed in the presence of only 20 mM
Mg2+ (Figure 3B, compare lanes 5 and lane 1). Under these
conditions, using a mixture of the two metal ions, the in-
corporation of 2′-F-dCMP and 2′-F-dUMP is substantially
improved compared to reactions that contain only 15 mM
Mn2+ (Figure 3B, compare lanes 6 and 4). Thus this com-
bination of the two metal ions provides the best balance
between a high yield of transcripts and low discrimination
against 2′-F-dCTP and 2′-F-dUTP.

In the presence of all four 2′-F-dNTPs, Syn5 RNA poly-
merase synthesizes a significant amount of products con-
taining the complete substitution of 2′-fluoro analogs, ei-
ther in the presence of 10 mM Mg2+ and 5 mM Mn2+ or
5 mM Mg2+ and 10 mM Mn2+ (Figure 3B, lanes 7 and
10). The highest amount of transcripts containing all four
2′-F-dNMPs are observed when the first three nucleotides
of the product are the preferred sequence GCA (template
T22 in Figure 3C) and the metal mixture consists of 10 mM
Mg2+ and 5 mM Mn2+. Under these conditions, the yield
of product containing all four 2′-F-dNMPs is about 10-fold
lower than that produced using natural NTPs (Figure 3C,
compare lanes 6 and 4) and 4-fold lower than transcripts
containing only 2′-F-dCMP and 2′-F-dUMP analogs (Fig-
ure 3C, compare lanes 5 and 4). In these examples, the tem-
plates contains multiple C’s in the first nine nucleotides of
the transcript, so under standard reaction conditions the
Syn5 RNA polymerase does not yield any product (Fig-
ure 3B lane 2; Figure 3C lanes 2 and 3). The use of a high
concentration of both Mg2+ and Mn2+ improves dramat-
ically the yield of transcripts produced by wild-type Syn5
RNA polymerase with 2′-F-dNTPs.

Effect of Y564F and Y574F mutations on 2′-F-dNMP incor-
poration by Syn5 RNA polymerase

Although Syn5 RNA polymerase efficiently produces small
2′-F RNAs (2′-F DNAs) in the presence of a high con-
centration of Mg2+ and Mn2+, the synthesis of long 2′-F
RNAs is poor (Figure 3C). For example, Syn5 RNA poly-
merase synthesizes a large amount of a 2700 nt RNA with
the four natural rNTPs (Figure 3C, lane 7), whereas the
amount of product synthesized when 2′-F-dCTP and 2′-
F-dUTP are substituted for CTP and UTP is barely de-
tectable (Figure 3C, lane 8). In order to improve the effi-
ciency of the production of long 2′-F RNAs, we analyzed
the effect of genetic alterations in the Syn5 RNA poly-
merase. A T7 RNA polymerase with the tyrosine at residue
639 replaced by phenylalanine (Y639F) improves the effi-
ciency with which T7 RNA polymerase incorporates nu-
cleotide analogs (13). We analyzed the amino acid sequence
of Syn5 RNA polymerase to locate the residue homolo-
gous to Y639 of T7 RNA polymerase. The amino acid se-
quence homology between these two enzymes is less than
30% and the region around Y639 of T7 RNA polymerase
is not well conserved. We identified two tyrosine residues,
Y564 and Y574 of Syn5 RNA polymerase in a location that
potentially could alter the recognition of the nucleoside 2′-
group by the polymerase (Supplementary Figure S2A). We
constructed two Syn5 RNA polymerases that harbor either
a Y564F (Syn5-Y564 RNA polymerase) or Y574F (Syn5-
Y574F RNA polymerase) alteration, and purified each of
the overproduced enzymes to homogeneity, using the proce-
dures described for the wild-type Syn5 RNA polymerase. In
both cases we obtained the same high yield as that obtained
for the wild-type protein (Supplementary Figure S2B).

We examined the ability of the two altered Syn5 RNA
polymerases to synthesize transcripts containing 2′-F-
dCMP and 2′-F-dUMP. Syn5-Y574F RNA polymerase be-
haves similar to wild-type Syn5 RNA polymerase with re-
gard to the ability to incorporate 2′-F-dCMP and 2′-F-
dUMP (Figure 4A lanes 1, 2, 5–8, 11 and 12). Syn5-Y564F
RNA polymerase, on the other hand, synthesizes 2′-F-RNA
much more efficiently than does wild-type Syn5 RNA poly-
merase. In the presence of 2′-F-dCTP and 2′-F-dUTP, the
amount of transcript produced is 30% that observed with
CTP and UTP on templates producing both a 37 nt RNA
and a 2700 nt RNA (Figure 4A lanes 3, 4, 9 and 10). The
overall yield of RNA produced with this mutant RNA poly-
merase is reduced compared to wild-type Syn5 RNA poly-
merase (Figure 4A lane 3 versus 1 and lane 9 versus 7). Nev-
ertheless, the yield of RNA’s containing 2′-F-dCMP and
2′F-dUMP produced by Syn5-Y564F RNA polymerase can
reach 0.4 �g/�l reaction for a 37 nt RNA and 1 �g/�l re-
action for a 2700 nt RNA (Figure 4A, lanes 4 and 10).

On a template encoding an RNA lacking U and with only
one C in the initiation region (T8), wild-type Syn5 RNA
polymerase efficiently incorporates 2′-F-dCMP and 2′-F-
dUMP (Figure 4B, lanes 4–6), while no incorporation is ob-
served using 2′-F-dATP or 2′-F-dGTP (Figure 4B, lanes 2
and 3). Syn5-Y564F RNA polymerase, however, can syn-
thesize transcripts that contain all four 2′-F-dNMPs (Fig-
ure 4B, lane 9–12), albeit with varying efficiencies. Using
this template, the Syn5-Y564F RNA polymerase synthe-
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Figure 3. Effect of Mn2+ ions on 2′-F-dNMP incorporation by Syn5 RNA polymerase. Products of transcription reactions were separated by native gel
electrophoresis and then stained with ethidium bromide. (A) Incorporation of 2′-F-dCMP and 2′-F-dUMP by Syn5 RNA polymerase in the presence of
Mg2+ or Mn2+. Transcription reactions were carried out by Syn5 RNA polymerase on the template T1; the sequence of the first nine nucleotides of the
37 nt transcript produced on this template is shown at the bottom of the figure, with the C and U residues in gray background. The metal ion present in
each reaction and its concentration are shown at the top of the gel. The reaction mixtures that contained both 2′-F-dCTP and 2′-F-dUTP (C/U) are also
indicated. Lanes 1 contains only the DNA template as a marker. The position of the migration of the DNA templates and the RNA products are marked
on the left of the gel. (B) Incorporation of 2′-F-dNMPs by Syn5 RNA polymerase in the presence of a mixture of Mg2+ and Mn2+ ions. Transcription
reactions were carried out by Syn5 RNA polymerase on the template T1; the sequence of the first nine nucleotides of the 37 nt transcript produced on this
template is shown at the bottom of the gel, with the C and U residues in gray background. (C) Incorporation of 2′-F-dNMPs into a 37 nt transcript and a
2700 nt transcript by Syn5 RNA polymerase in the presence of a mixture of Mg2+ and Mn2+. Transcription reactions were carried out using either template
T22, which encodes a 37 nt transcript (lanes 1–6), or T31, which encodes a 2700 nt transcript (lanes 7 and 8). The sequence of the first nine nucleotides
of each transcript is shown at the bottom of the gel, with the C and U residues in gray background. The metal ions present in each reaction and their
concentrations are shown at the top of the gel; a mixture of 10 mM Mg2+ and 5 mM Mn2+ were present in the reaction mixtures in lanes 4–8. Also the
reaction mixtures that contained both 2′-F-dCTP and 2′-F-dUTP or all four 2′-F-dNTPs are shown at the top of the gel. The position of the migration of
the DNA templates and the RNA products are marked on the left of the gel.

sizes a 37 nt RNA with complete replacement of NMPs by
2′-F-dNMPs at a yield of 0.1 �g/�l reaction (Figure 4B,
lane 14).

Synthesis of 2′-F RNAs (2′-F DNAs) with Syn5 RNA poly-
merases

We compared the three methods summarized above (I. wild-
type Syn5 RNA polymerase with Mg2+ alone; II. wild-
type Syn5 RNA polymerase with a mixture of Mg2+ and
Mn2+; and III. Syn5-Y564F RNA polymerase with Mg2+

alone) for their efficiency in transcribing different templates
(Figure 5). For the incorporation of 2′-F-dCMP and 2′-F-
dUMP, wild-type Syn5 RNA polymerase with a mixture of
Mg2+ and Mn2+ and Syn5-Y564F RNA polymerase with
Mg2+ alone are effective at producing a 37 nt RNA and
a 54 nt RNA (Figure 5 top and middle gels, lanes 5 and
8). However, wild-type Syn5 RNA polymerase with a mix-
ture of Mg2+ and Mn2+ results in a superior yield (>0.8
�g/�l reaction). With Mg2+, Mn2+ and wild-type Syn5
RNA polymerase, all four rNMPs can be substituted with
2′-F-dNMPs at a yield of ∼0.1 �g/�l reaction. The use of

wild-type Syn5 RNA polymerase with just Mg2+ ions is ef-
fective only when the small RNA product has no U and one
C in the first nine nucleotides of the transcript (Figure 5
middle gel, lane 2); however, this standard reaction mixture
does provide a simple and robust method of transcription
of such small RNAs containing 2′-fluoro substitutions.

For the production of long 2′-F RNAs, Syn5-Y564F
RNA polymerase is the most efficient enzyme on templates
that contain an optimized initiation region (Figure 4A, lane
10 versus Figure 3C, lane 8). We also examined Syn5-Y564F
RNA polymerase on a very difficult template that produces
a transcript starting with GGG and contains two U’s in the
first nine nucleotides of the transcript (template T30). Al-
though the yield on this template is low (Figure 2B lane
13), a prolonged incubation to 8 h significantly increases the
yield (Figure 5 bottom gel, lane 1), allowing us to compare
various methods to optimize the amount of product synthe-
sized. Again Syn5-Y564F RNA polymerase was superior
to wild-type Syn5 RNA polymerase for the incorporation
of 2′-F-dCMP and 2′-F-dUMP (Figure 5 bottom gel, lane
8 versus lanes 5 and 2). However, for the incorporation of
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Figure 4. Incorporation of 2′-F-dNMPs by wild-type, Y564F and Y574F Syn5 RNA polymerases. Products of transcription reactions were separated
by native gel electrophoresis and then stained with ethidium bromide. (A) Incorporation of 2′-F-dNMPs into 37 nt and 2700 nt transcripts using wild-
type Syn5, Syn5-Y564F and Syn5-Y574F RNA polymerases. Transcription reactions were carried out using either template T22, which encodes a 37 nt
transcript (lanes 1–6), or T31, which encodes a 2700 nt transcript (lanes 7–12). The sequence of the first nine nucleotides of each transcript is shown at
the bottom of the gel, with the C and U residues in gray background. The RNA polymerase used for each reaction is indicated at the top of the gel. The
reaction mixtures that contained only unmodified NTPs (‘-’) or both 2′-F-dCTP and 2′-F-dUTP (‘C/U’) are indicated at the top of the gel. Mg2+ was used
as the only metal ion in all reactions. The position of the migration of the DNA templates and the RNA products are marked on the left of the gel. (B)
Incorporation of 2′-F-dNMPs by Syn5 and Syn5-Y564F RNA polymerases. Transcription reactions were carried out using template T8, which encodes
a 37 nt transcript. Reactions were carried out using either wild-type Syn5 RNA polymerase (lanes 1–6) or Syn5-Y564F RNA polymerase (lanes 7–14).
Each of the four NTPs was individually replaced by the corresponding 2′-F analog, as indicated at the top of the gel. In the reactions carried out in lanes
6 and 12, both CTP and UTP were replaced by 2′-F-dCTP and 2′-F-dUTP. In the reactions carried out in lanes 7 and 14, all four NTPs were replaced by
2′-F-dNTPs. The position of the migration of the DNA templates and the RNA products are marked on the left of the gel.

all four 2′-F-dNMPs into the transcript produced on this
template, the only conditions that produced any full-length
product were those using wild-type Syn5 RNA polymerase
with a mixture of Mg2+ and Mn2+ ions. Even under these
conditions the efficiency was very low (Figure 5 bottom gel,
lane 6).

We tested the effect of Mn2+ on the 2′-F RNA synthe-
sis catalyzed by Syn5-Y564F RNA polymerase and found

that the addition of Mn2+ did not improve the yield of a
small 2′-F RNA (37 nt) with 2′-F-dCMP and 2′-F-dUMP
substitutions as it does for wild-type enzyme (Figure 3A) at
all conditions tested (Figure 6 upper gel, lanes 4–12 versus
2). However, in many reactions containing Mn2+, the yield
of a long 2′-F RNA (2700 nt) with 2′-F-dCMP and 2′-F-
dUMP substitutions is significantly improved compared to
that with Mg2+ only (Figure 6 bottom gel, lanes 5, 6, 8–11
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Figure 5. Synthesis of 2′-F RNAs by wild-type and Y564F Syn5 RNA
polymerases on three different templates. Transcription reactions were car-
ried out using either wild-type Syn5 RNA polymerase (lanes 1–6) or Syn5-
Y564F RNA polymerase (lanes 7–9). Reactions were carried out in the
presence of 20 mM Mg2+ (lanes 1–3 and 7–9) or a mixture of 10 mM Mg2+

and 5 mM Mn2+ (lanes 4–6). The reaction mixtures that contained only
normal NTPs (lanes 1, 4 and 7), both 2′-F-dCTP and 2′-F-dUTP (lanes
2, 5 and 8), or all four 2′-F-dNTPs (lanes 3, 6 and 9) are shown at the top
of the gel. Products of transcription reactions were separated by native gel
electrophoresis and then stained with ethidium bromide. The position of
the migration of the DNA templates and the RNA products are marked on
the left of the gel. The template used for the top gel is T22, which encodes
a 37 nt transcript. The template used for the middle gel is T29, which en-
codes a 54 nt transcript. The template used for the bottom gel is T30, which
encodes a 2700 nt transcript. For each template, the sequence of the first
nine nucleotides of the transcript is shown at the right of the gel, with the
C and U residues in gray background.

versus 2). The highest yield was observed with a combina-
tion of 10 mM Mg2+ and 5 mM Mn2+ (Figure 6 bottom
gel, lane 8). However, the yield of 2′-F DNA with full 2′-
F-dNMP substitutions by Syn5-Y564F RNA polymerase
with any combination of Mg2+ and Mn2+ tested is still too
low to be detected (Supplementary Figure S3).

Finally we compared the Syn5-Y564F RNA polymerase
to T7-Y639F RNA polymerase, the standard tool for syn-
thesis of 2′-F RNA (2′-F DNA), with various initial se-
quences in the template (Figure 7). When the transcripts
start with GGA, both enzymes efficiently produce 2′-F
RNA with 2′-F-dCMP and 2′-F-dUMP substitutions (Fig-
ure 7, lanes 2 and 5). Although the yield of natural RNA
is similar for both enzymes (Figure 7, lane 1 versus 4),
the yield of 2′-F RNA with 2′-F-dCMP and 2′-F-dUMP
substitutions synthesized by T7-Y639F RNA polymerase
is lower than that synthesized by Syn5-Y564F RNA poly-
merase (Figure 7, lane 2 versus 5). 2′-F DNA with full
substitutions synthesized by Syn5-Y564F RNA polymerase
(Figure 7, lane 3) is not observed with T7-Y639F RNA
polymerase (Figure 7, lane 6), indicating that T7-Y639F

Figure 6. Effect of Mn2+ ions on 2′-F-dNMP incorporation by Syn5-
Y564F RNA polymerase. Transcription reactions were carried out by
Syn5-Y564F RNA polymerase. The metal ion present in each reaction and
its concentration are shown at the top of the gel. All the reaction mixtures
contained ATP, GTP, 2′-F-dCTP and 2′-F-dUTP. Products of transcrip-
tion reactions were separated by native gel electrophoresis and then stained
with ethidium bromide. The position of the migration of the DNA tem-
plates and the transcripts are marked. The template used for the top gel is
T22, which encodes a 37 nt transcript. The template used for the bottom
gel is T30, which encodes a 2700 nt transcript.

Figure 7. Synthesis of 2′-F RNAs by Syn5-Y564F and T7-Y639F RNA
polymerases. Transcription reactions were carried out using either Syn5-
Y564F RNA polymerase (lanes 1–3 and 7–9) or T7-Y639F RNA poly-
merase (lanes 4–6 and 10–12). The reaction mixtures that contained only
normal NTPs (lanes 1, 4, 7 and 10), both 2′-F-dCTP and 2′-F-dUTP (lanes
2, 5, 8 and 11), or all four 2′-F-dNTPs (lanes 3, 6, 9 and 12) are shown at
the top of the gel. Products of transcription reactions were separated by
native gel electrophoresis and then stained with ethidium bromide. The
position of the migration of the DNA templates and the RNA products
are marked on the left of the gel. The template used for the experiments
shown in the left gel is T1 (for Syn5-Y564F RNA polymerase) and T24
(for T7-Y639F RNA polymerase), which encode 37 nt transcripts of the
same sequence starting with GGA. The template used for the right gel is
T23 (for Syn5-Y564F RNA polymerase) and T27 (for T7-Y639F RNA
polymerase), which encode 37 nt transcripts of the same sequence starting
with CAG. For each template, the sequence of the first nine nucleotides of
the transcript is shown at the bottom of the gel, with the first three residues
in a gray background.
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RNA polymerase has stronger discrimination against 2′-F-
dNTPs, especially 2′-F-dGTP and/or 2′-F-dATP than does
Syn5-Y564F RNA polymerase. When the transcripts start
with CAG, Syn5-Y564F RNA polymerase showed a similar
yield with that for transcripts starting with GGA (Figure 7,
lanes 7–9). In the latter case the products synthesized by T7-
Y639F RNA polymerase, even natural RNA, are barely de-
tectable. Syn5-Y564F RNA polymerase is advantageous to
synthesize 2′-F RNA (2′-F DNA) that is heavily modified
and to synthesize transcripts containing initial sequences
that are not synthesized effectively by T7 RNA polymerase.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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