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ABSTRACT: The catalytic specificity of T7 RNA polymerase (RNAP) for ribonucleoside triphosphates vs
deoxynucleoside triphosphates{(kcat/Km)rNTP/(kcat/Km)dNTP} during transcript elongation is∼80. Mutation
of tyrosine 639 to phenylalanine reduces specificity by a factor of∼20 and largely eliminates theKm

difference between rNTPs and dNTPs. The remaining specificity factor of∼4 is kcat-mediated and is
nearly eliminated if Mn2+ is substituted for Mg2+ in the reaction. Mn2+ substitution does not significantly
affect theKm difference between rNTPs and dNTPs. Mn2+ substitution also enhances the activity of
poorly active mutant enzymes carrying nonconservative substitutions in the active site, and its effects are
generally consistent with the Mn2+-catalyzed reaction being less restrictive in its requirements for alignment
of the reactive groups. In addition to discrimination occurring at the level of nucleoside monophosphate
(NMP) incorporation, it is also found that transcripts containing deoxynucleoside monophosphates (dNMPs)
are more poorly extended than transcripts of canonical structure, though a severe barrier to transcript
extension is seen only when the 3′ region of the transcript is heavily substituted with dNMPs. The barrier
to extension of transcripts heavily substituted with dNMPs is reduced for sequences known to be amenable
to forming A-like helices and is larger for sequences that resist transformation from B-form DNA‚DNA
structures. The barrier to extension of dNMP-substituted transcripts is also reduced by solution conditions
known to destabilize B-form DNA and to stabilize A-form structures. These observations imply a
requirement for a non-B-form, possibly A-like, conformation in the transcript‚template hybrid that is
disrupted when the transcript is of predominantly deoxyribose structure.

The molecular mechanisms used by nucleic acid poly-
merases to discriminate substrate structure so as to specify
the synthesis of particular products (DNA, RNA, or nucleic
acids incorporating noncanonical nucleotides) have, until
recently, been obscure. However, over the past few years a
number of studies have emerged identifying single amino
acid substitutions in the active sites of RNA and DNA
polymerases that have dramatic effects on discrimination
between ribose 3′ H- or OH-substituted triphosphates (2),
and between ribose 2′ H- or OH-substitutions (3-5; see ref
6 for a review).
During transcript elongation T7 RNAP1 incorporates

rNMPs with, on average,∼80-fold higher efficiency than it
incorporates dNMPs. The value of∼80 for the (kcat/Km)rNTP/
(kcat/Km)dNTP term during elongation is accounted for by an
average∼20-fold difference inKm values and an average
∼4-fold difference inkcat values. The difference inKm values
is essentially eliminated by mutation of active-site tyrosine
639 to phenylalanine (5). The effect of this mutation is

remarkably similar to the effect of a Y to F substitution at
position 34 in tyrosyl-tRNA synthetase (7): in both cases
the Y to F substitution has little effect on kinetic parameters
for utilization of the canonical substrate (rNTP or tyrosine)
but enhances utilization of a noncanonical substrate (dNTP
or phenylalanine) that differs from the canonical substrate
only in having a hydroxyl group replaced by a hydrogen
atom. In both cases the molecular mechanism of the reduced
specificity of the mutant enzyme is attributed to loss of a
hydrogen bond between the tyrosine hydroxyl and the
relevant -OH group on the canonical substrate. That the loss
of this H-bonding interaction gives rise to reduced specificity
through enhanced utilization of the noncanonical substrate
(rather than reduced utilization of the canonical substrate)
is attributed to the fact that this interaction makes littlenet
contribution to polymerase‚substrate association because a
water molecule H-bonded to the tyrosine hydroxyl must be
displaced to allow catalytically optimal substrate binding.

Previous results have also suggested that, in addition to
mechanisms that discriminate at the level of substrate
incorporation, extension of transcripts containing dNMPs is
less efficient than extension of transcripts of canonical
structure (3). The determinants of specificity in transcript
extensionsas opposed to substrate incorporationshave not
yet been elucidated. Furthermore, while substitution of Mg2+

with Mn2+ in the synthesis reaction was found to reduce the
substrate specificity of both the wt and Y639F enzymes, the
mechanism of the Mn2+ effect on substrate specificity and
enzyme activity was not addressed in detail.
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Here we address these questions. We find that whether a
transcript can be efficiently extended is not primarily
determined by whether the 3′-NMP is a dNMP or an rNMP
but by the level of dNMP substitution in the 3′ region of the
transcript. This appears to reflect a requirement for a specific
helix conformation in the transcript‚template hybrid that is
disrupted when the transcript is composed primarily of
dNMPs. We also find that the Mn2+-catalyzed reaction is
less sensitive to nonconservative active-site mutations and
that the reduced substrate specificity of the polymerase in
the presence of Mn2+ is due largely to an increase inkcat for
the noncanonical substrate relative to the canonical substrate.
We interpret these observations as indicating that the Mn2+-
catalyzed reaction is compatible with a wider range of
reactive group geometries than is the Mg2+-catalyzed reac-
tion.

MATERIALS AND METHODS

Mutant and wt enzymeswere purified as described (8).
Activity determinations and NTPKm determinations were
carried out as described (5) using supercoiled pT75, which
carries a single copy of the T7φ10 promoter (9), or
homopolymers as templates.
Kinetic parameters for utilization of rGTP and dGTP as

elongating substrates for dinucleotide synthesiswere also
determined as described in ref5 with reaction conditions
modified as follows for particular experiments: (1) Substitu-
tion of Mg2+ with Mn2+ in the reaction was done by replacing
the 15 mM MgCl2 in the standard reaction buffer with 15
mM MnCl2 and (2) methanol or ethanol was added to the
some reactions to a final percentage (v/v) as specified in the
tables and figure captions while maintaining all other reactant
and buffer components at constant (moles/volume) concen-
trations.
Meaning of the rNTP/dNTP SelectiVity Term Obtained in

the Incorporation Assays.Determination of the catalytic
specificity of T7 RNAP for rNTPs vs dNTPs during
elongation (as presented in Tables 1 and 8) was carried out
as described in ref5. In these assays the four unlabeled
rNTPs are present at 0.5 mM and a singleR-32P-labeled rNTP
or dNTP is added to a final concentration of 33 nM. The
ratio of the rate of percent incorporation of the radioactive
rNTP relative to the radioactive dNTP is then equal to
(kcat,rNTP/Km,rNTP)/(kcat,dNTP/Km,dNTP), as is shown below.
Consider the reaction scheme for an elongation complex

that can incorporate either a cold NTP or a radioactively
labeled NTP* (E‚Rn ) elongation complex containing
transcript of lengthn):

The rate of incorporation of the labeled NTP is then equal
to

whereKm1 ) (k2 + k-1)/k1 andKm2 ) (k4 + k-3)/k3. If the

cold NTP is present in great excess of the labeled NTP (i.e.,
in our case [NTP]) ∼10 000[NTP*]) andKm1 is not much
larger thanKm2 (in our caseKm1 e Km2), then the above
equation, forfractional incorporation, reduces to

or

If the labeled NTP is chemically identical to the unlabeled
NTP (i.e., both are rNTPs) then obviouslyKm1 ) Km2 )
Km,rNTPandk2 ) k4 ) kcat,rNTP. However, if the labeled NTP
is a dNTP, thenKm1 ) Km,rNTP * Km2 ) Km,dNTP andk2 )
kcat,rNTP* k4 ) kcat,dNTP. The ratio of the rate of fractional
incorporation of the labeled rNTP relative to the dNTP is
then equal to

Kinetic parameters for utilization of rGTP and dGTP as
initiating substrates for dinucleotide synthesiswere deter-
mined using the synthetic hairpin T7 promoter template
described in (ref5) (HP-GA) in 20µL reactions containing
15 mM MgCl2, 40 mM Tris, pH 8.0, 5 mM DTT, 1 mM
EDTA, with [template]) 1× 10-7 M, [polymerase]) 1×
10-6 M, [ATP] ) 0.5 mM, and dGTP or rGTP varying from
0.018 to 2.25 mM in serial 2-fold dilutions. [R-32P]ATP was
added in trace amounts for labeling. Reactions were initiated
by addition of polymerase and were run at 37°C. Aliquots
(5 µL) were taken at 10 and 20 min, mixed with an equal
volume of 90% formamide, 0.01% xylene cyanol, and 50
mM EDTA, and electrophoresed on 20% acrylamide/4%
bisacrylamide/6 M urea gels. Dinucleotide and unincorpo-
rated radioactivity (mononucleotide) bands were quantitated
using a Molecular Dynamics phosphorimager. Percent
incorporation was translated into the rate of dinucleotide
synthesis as a function of [GTP] and rate data were fit by
nonlinear least squares (NONLIN) using the Michaelis-
Menten equation to deriveKm andkcat values.
Determination of the extension efficiency of transcripts of

different ribose/deoxyribose compositionwas carried out at
37 °C for 10 min in 25µL reaction volumes using pT75 as
a template at 10-7 M and wt or Y639F polymerase at 10-8

M in 15 mM MgCl2, 40 mM Tris, pH 8.0, 5 mM DTT, and
1 mM EDTA. Varying combinations of rNTPs, dNTPs, and
rGMP were used in different reactions as indicated in the
tables and figures. rNTPs were always present at 0.5 mM,
and dNTPs and rGMP were added to final concentrations
of 1 mM. Reactions contained either [R-32P]GTP or dGTP
for labeling, depending on whether cold rGTP or dGTP was
being used in the reaction. Reactions were terminated by
addition of an equal volume of 90% formamide, 0.01%
xylene cyanol, and 50 mM EDTA and electrophoresed on
20% acrylamide/4% bisacrylamide/6 M urea gels, which
were quantitated on a Molecular Dynamics phosphorimager.
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Poly(dG) and poly(rG) ladders generated in reactions in
which dGTP or rGTP was the only NTP present were used
as markers for assigning the length and sequence of different
transcripts. Percent extension for a transcript of lengthn
was determined by dividing the molar amount of all
transcripts of length>n by the molar amount of all transcripts
gn.

RESULTS

Effect of Substituting Mn2+ for Mg2+ on Specificity and
ActiVity. Table 1 presents values for the effect of Mn2+

substitution on the relative activity and rNTP/dNTP specific-
ity of polymerases carrying different substitutions at position
639. Substituting Mn2+ for Mg2+ in the reaction reduces
wt activity by ∼10-fold on a plasmid template. Noncon-
servative substitutions at position 639 were previously shown
to markedly reduce activity (5), but with Mn2+ the effects
of nonconservative substitutions are ameliorated. Thus
Y639T, for example, is∼75-fold less active than the wt
enzyme in Mg2+ buffer but is only∼4-fold less active than
wt in Mn2+ buffer. Mn2+ substitution also affects rNTP/
dNTP specificity{(kcat/Km)dNTP/(kcat/Km)rNTP}, reducing it by
an average factor of∼4 for the wt enzyme and by∼3-fold
for Y639F.
Effect of Mn2+ Substitution on Kinetic Parameters for

dNTPs and rNTPs.The reduction in rNTP/dNTP selectivity
obtained with Mn2+ could be due to effects on the relative
Km and/orkcat values for dNTPs vs rNTPs. To determine
which parameter was being affected by Mn2+ we measured

NTPKm values on a supercoiled plasmid template in Mg2+

and Mn2+ buffer (Table 2). Measurement of kinetic param-
eters on such templates is complicated by the occurrence of
phases of transcription (initiation, abortive cycling, elonga-
tion) with distinct processivities and different apparent NTP
Km values. Previously we found that, with supercoiled
templates in Mg2+ buffer, the elongation phase of the reaction
dominated the kinetics so that NTPKm values for elongation
could be determined (5). However, when we examined
transcript patterns in reactions with the wt enzyme and with
one rNTP substituted with a dNTP in Mn2+ buffer, it was
apparent that the reduced activity of the wt enzyme under
these conditions greatly increased the level of abortive
cycling (not shown) and the assumption that the reaction
kinetics would be dominated by the elongation phase of the
transcription reaction no longer appeared valid. We therefore
limited our measurement of elongation phaseKm values to
rUTP and dUTP because, with the canonical T7 promoters
used in this study, these nucleotides are incorporated only
during the elongation phase of transcription. WhileKm

values can be determined in this way,kcat values for dUMP
incorporation cannot be determined directly in these assays
because it is not possible to separate the contributions to
Vmaxof a reduced incorporation rate for dUMP and a reduced
rate of extension of dUMP substituted transcripts. However,
the ratio ofkcat,rU/kcat,dUcan be determined from the catalytic
specificity (kcat/Km)rU/(kcat/Km)dU determined previously (Table
1) and from the ratio ofKm,dU/Km,rU. We found that Mn2+

substitution had little or no effect on the ratio of theKm values

Table 1: Relative Activity and rNTP/dNTP Specificity of wt and Y639 Mutant Polymerases in Mg2+ or Mn2+ Catalyzed Reactionsa

RNAP activity A C G U average

Mg2+

wt 200 121( 33 89( 13 60( 11 34( 8.5 76
Y639F 200( 32 5.0( 1.8 7.5( 2.0 2.0( 0.41 1.8( 0.39 4.1
Y639M 104( 15 8.8( 1.5 8.5( 2.0 2.3( 0.41 2.5( 0.84 5.5
Y639L 86( 12 8.2( 1.1 21( 4.7 12( 3.2 4.0( 0.97 11
Y639C 15( 5.6 14( 2.3 14( 5.3 9.2( 2.3 6.6( 2.4 11
Y639V 8.6( 4.6 22( 6.6 21( 3.9 26( 5.0 11( 1.7 19
Y639T 2.6( 0.86 8.8( 1.7 7.1( 2.4 4.9( 1.0 5.0( 9.8 6.5
Y639Q 2.0( 0.34 5.3( 1.5 6.8( 1.8 3.5( 1.6 2.4( 1.4 4.5
Y639H 0.74( 0.08 nd nd nd nd nd
S641A 186( 26 125( 28 77( 10 59( 7.4 30( 9.0 73
Y639F/S641A 178( 22 12( 0.85 10( 4.2 4.1( 1.6 2.7( 0.57 7.3

Mn2+

wt 21( 1.9 40( 14 18( 2.5 14( 5.6 9.6( 3.7 20
Y639F 12( 1.2 1.9( 0.50 1.7( 0.50 1.2( 0.34 2.0( 0.6 1.7
Y639M 11( 0.96 3.3( 0.25 1.7( 0.15 1.2( 0.50 2.2( 0.65 2.1
Y639L 13( 1.4 3.1( 0.15 4.2( 0.50 2.6( 0.25 2.5( 0.55 3.1
Y639C 16( 4.0 1.0( 0.05 1.0( 0.50 0.97( 0.14 1.8( 0.30 1.2
Y639V 14( 2.4 32( 8.1 14( 4.6 7.1( 1.2 4.8( 0.60 14
Y639T 5.2( 1.0 25( 8.9 13( 3.5 4.3( 1.4 6.1( 0.25 12
Y639Q 3.4( 0.34 5.1( 1.5 1.9( 0.30 1.5( 0.35 1.4( 0.34 2.3
Y639H 1.0( 0.19 nd nd nd nd nd

a A, C, G, and U indicate the (kcat/Km)rNTP/(kcat/Km)dNTP values for the NTP (see Materials and Methods) with the corresponding base. Average
indicates the average rNTP/dNTP catalytic specificity factor for all four NTPs. Data for reactions with Mg2+ have been presented previously (5)
and are presented for comparison. Values given are(SE.

Table 2: Kinetic Parameters for wt T7 RNAP Utilization of rUTP and dUTP during Elongation in Mg2+ and Mn2+ Reactionsa

cofactor Km,rU (mM) Km,dU (mM)

(kcat/Km)rU
(kcat/Km)dU

{(kcat/Km)rU/(kcat/Km)dU}Mg
{(kcat/Km)rU/(kcat/Km)dU}Mn

(Km,dU/Km,rU)Mg
(Km,dU/Km,rU)Mn

(kcatrU/kcatdU)Mg
(kcatrU/kcatdU)Mn

Mg2+ 0.041( 0.018 1.7( 0.33 35( 9.5 3.6 1.2 3.0
Mn2+ 0.036( 0.028 1.2( 0.077 9.6( 3.7
a Values given are(SE forn ) 3.
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for rUTP and dUTP, which allows us to attribute the reduced
substrate specificity in Mn2+ buffer largely to an effect on
the relativekcat values for these substrates (Table 2). Since
both ATP and GTP are incorporated during abortive cycling
on all canonical T7 promoters,Km values for purines could
not be evaluated with this assay. We therefore used
dinucleotide synthesis to evaluate the effects of Mn2+

substitution on the kinetic parameters for utilization of rGTP
and dGTP as elongating substrates (Table 3). This assay
also allows apparentkcat for incorporation of dGMP to be
determined directly without having to consider the effect of
dGMP incorporation on subsequent extension. Dinucleotide
synthesis is characterized by a much higher level of rGTP/
dGTP specificity than the elongation reaction. This is
primarily due to a decrease inkcat for incorporation of dGTP
relative to rGTP (Table 3) in dinucleotide synthesis vs
elongation. The effects of the Y639F mutation and Mn2+

substitution are unambiguously distinct. The Y639F muta-
tion eliminates the 40-50-foldKm difference between rGTP
and dGTP but affects the∼140-fold difference inkcatbetween
these two substrates by only a factor of∼4. Mn2+ substitu-
tion, however, reduces the ratio of thekcat values of rGTP
and dGTP by more than 20-fold but has no significant effect
on their relativeKm values.
Kinetic Parameters for Initiation with a dNTPVs an rNTP.

In order to characterize kinetic parameters for utilization of
a dNTP at the initiating (or 3′-NMP) substrate site we
measured the rates of GA dinucleotide synthesis on a self-
complementary hairpin-promoter template in the presence
of saturating concentrations of the elongating substrate (ATP)
and varying concentrations of GTP or dGTP. The data in
Table 3 reveal that, in Mg2+ buffer, wt enzyme utilization
of dGTP as anelongating substrate in a dinucleotide

synthesis reaction is characterized by a∼48-fold higherKm

and a ∼140-fold lower kcat than utilization of rGTP.
However, while the use of a dNTP in the elongating substrate
site is strongly discriminated against by the wt enzyme, the
utilization of a dNTP as an initiating substrate is only
modestly disfavored (Figure 1): the wt enzyme shows only
a 3-fold higherKm and a virtually identicalkcat when using
dGTP vs rGTP for initiation (Table 4). The Y639F and
S641A mutations and the Y639F/S641A double mutation do
not markedly affect these kinetic parameters (Table 4). The
S641A mutation was tested because of a previous report that
this substitution has a dramatic effect on the substrate/product
specificity of T7 RNAP (10). Previously, we showed that,
contrary to this report, the S641A substitution does not affect
the specificity of incorporation of the elongating substrate
(5). As shown in Table 4 it also appears that the S641A
substitution does not affect specificity for the initiating
substrate.
Effects on the Extension Reaction of HaVing dNMPs

Incorporated in the Transcript.Results from the dinucleotide
synthesis reaction revealed that the polymerase discriminates
only weakly against using a dNTP as an initiating substrate.
Since the initiating substrate occupies the same site as the

Table 3: Kinetic Parameters for Utilization of rGTP and dGTP as the Elongating Substrate during Dinucleotide Synthesis in Mg2+ and Mn2+

Reactionsa

pol (cofactor) Km,rG (µM) Km,dG(µM) kcat,rG kcat,dG

(kcat/Km)rG
(kcat/Km)dG

{(kcat/Km)rG/(kcat/Km)dG}Mg
{(kcat/Km)rG/(kcat/Km)dG}Mg

(kcat,rG/kcat,dG)Mg
(kcat,rG/kcat,dG)Mn

(Km,dG/Km,rG)Mg
(Km,dG/Km,rG)Mn

wt (Mg) 17.5( 2.5 850( 76 2.55( 0.15 0.018( 0.001 6.9× 103 26 20 1.3
wt (Mn) 10.3( 3.3 387( 23 1.2( 0.15 0.17( 0.034 2.7× 102

Y639F (Mg) 10.4( 0.65 15( 0.70 1.8( 0.1 0.054( 0.005 50 21 23 0.9
Y639F(Mn) 15.3( 2.7 25( 7.0 1.1( 0.25 0.75( 0.16 2.4

aData for reactions in Mg2+ buffer have been presented previously (5) and are presented here for comparison. Values given are(SE for
n ) 3.

FIGURE 1: Dinucleotide synthesis reactions were run for 10 min at 37°C with the indicated polymerases and micromolar concentrations
of rGTP or dGTP to serve as the initiating substrate. ATP was present at 0.5 mM in all reactions and [R-32P]ATP was used in trace amounts
for labeling. Neither polymerase shows strong discrimination against utilization of dGTP as an initiating nucleotide.

Table 4: Kinetic Parameters for the Initiating Nucleotide in rGrA
or dGrA Synthesisa

wt Y639F S641A Y639F/S641A

Km,rGTP(mM) 0.25( 0.04 0.32( 0.02 0.21( 0.04 0.22( 0.090
Km,dGTP(mM) 0.88( 0.11 0.75( 0.18 1.4( 0.40 1.1( 0.12
kcat,rGTP(s-1) 0.26( 0.07 0.28( 0.08 0.38( 0.06 0.25( 0.03
kcat,dGTP(s-1) 0.22( 0.02 0.34( 0.05 0.32( 0.07 0.10( 0.02

a Values are(SE for n ) 3. Kinetic parameters were determined
from time points taken at 10 and 20 min, over which incorporation
rates were found to be linear.
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3′-NMP of the transcript during catalysis (11), this could
imply that the polymerase does not discriminate against a
transcript with a 3′-dNMP. However, it is possible that in
the context of a more extended helical structure the presence
of a 3′-dNMP in the transcript could be more detrimental to
the extension reaction. To evaluate this, we measured the
efficiency of extension of transcripts of varying rNMP/dNMP
composition generated in situ during initial transcription (see
Figure 2 for an illustrative example of this method). These
data are presented in Table 5, from which it is clear that,
with the wt enzyme, extension reactions involving incorpora-
tion of a dNMP are much less efficient than corresponding
reactions (identical substrate base and transcript sequence)
involving incorporation of an rNMP. It is also clear that
the Y639F mutation increases the efficiency of extension in
reactions with dNTP substrates. However, in addition to the
wt enzyme displaying specificity at the level of substrate
incorporation, it is also seen that both the wt and mutant
enzymes display specificity for transcript structure in that
they extend transcripts containing dNMPs less efficiently
than transcripts of identical sequence that are composed
entirely of rNMPs. It is found, though, that low to moderate
levels of dNMP incorporation in the transcripts give rise to
only modest decreases in the efficiency with which those
transcripts are extended, nor does the presence of a 3′-dNMP
generate a particularly strong barrier to transcript extension.
For example, rGrGrGdA transcripts are extended by either
the wt or Y639F enzymes with rG, with efficiency similar

to extension of rGrGrGrA transcripts. Strong decreases in
the efficiency of extension that are attributable to transcript
structure occur only when (1) the transcript is at least 3 bases
in length and (2) it is heavily substituted with dNMPs in the
3-5 bases nearest the 3′-end of the transcript. It is therefore
seen that transcripts 3 and 4 bases in length that are
5′-terminated with rGMP but contain dGMP at the internal
or 3′-positions are extended with markedly greater efficiency
than transcripts of otherwise identical structure but that carry
a dGTP at the 5′-position (Table 5 and Figure 2). A similar
effect is observed if the relative extension efficiencies of the
rGrGrGrArGrAdCdC and rGrGrGdArGdAdCdC transcripts
are compared. Thus dNMP substitution at positions up to
2-4 bases away from the 3′-base of the transcript can affect
the efficiency with which the transcript is extended. To-
gether with the results from the dinucleotide synthesis
reactions, these observations imply (1) that the Y639F
mutation enhances dNMP incorporation but does not affect
extension of dNMP-substituted transcripts, (2) the presence
of a 3′ dNMP or a moderate level of dNMP substitution in
the 3′ segment of the transcript only modestly reduces
extension efficiency, and (3) a high level of dNMP substitu-

FIGURE 2: Method of determination of percent extension of
transcripts of varying rNMP/dNMP composition. Lane A shows
reactions run with Y639F and with 0.5 mM dGTP, 0.5 mM rGMP,
and [R-32P]dGTP; lane B shows similar reactions run without rGMP.
The structure of the products is indicated. The reduced charge on
transcripts that are 5′-terminated with rGMP causes them to migrate
more slowly than 5′-dGTP-terminated transcripts of similar size.
Percent extension of a transcript of lengthn is determined by
dividing the molar amount of all transcripts> n by all transcripts
g n [pure oligo(dG) transcripts obtained in lane A are not included
in the calculation to determine efficiency of extension of 5′-rGMP-
terminated transcripts]. Qualitatively, the levels of extension of the
2dG (lane B) or rGdG (lane A) transcripts appear similar. However,
the rGdGdG transcript is clearly extended more efficiently than
the 3dG transcript, and the rGdGdGdG transcript is also seen to be
extended more efficiently than the 4dG transcript. However, the
rGdGdGdGdG transcript is poorly extended, indicating that the
single rG in this position no longer enhances transcript extension,
possibly because it no longer base-pairs with template (wobble base-
pairing with the T at-1 could extend the oligo G hybrid to 4 base
pairs).

Table 5: Percent Extension of Transcripts of Varying rNMP/dNMP
Composition with rNTPs or dNTPsa

extension reaction wt Y639F

rGrG+ rG 63-65 57-63
rGdG + dG 22-25 56-61
dGdG + dG 13-27 60-64

rGrGrG+ rA 96-97 86-90
rGrGrG+ dA 1-9 41-57
rGdGdG + rA 85-95 50-54
dGdGdG + rA nd 10-16
rGrGrG+ rG 77-81 68-74
rGdGdG + dG 61-75 88-90
dGdGdG + dG 6-14 49-57

rGrGrGrA+ rG 93-95 69-76
rGrGrGdA + rG 92-98 66-80
rGrGrGrG+ rG 69-69 58-61
rGdGdGrA + dG 3-5 31-36
rGdGdGdG + dG 2-6 20-30
dGdGdGdG + dG nd 8-13

rGrGrGrArG+ rA 97-99 92-94
rGrGrGdArG+ dA 50-70 82-85
rGrGrGrGrG+ rG 73-73 61-64
rGdGdGrAdG + rA nd 60-69
rGdGdGdGdG + dG nd 4-4

rGrGrGrArGrA+ rC 96-99 95-96
rGrGrGrArGrA+ dC 20-31 92-94
rGrGrGdArGdA + rC 77-78 65-72
rGrGrGdArGdA + dC 11-14 40-41
rGdGdGrAdGrA + rC nd 69-72

rGrGrGrArGrArC+ rC 96-99 96-98
rGrGrGrArGrAdC + dC 35-53 88-94
rGrGrGdArGdArC+ rC 95-95 91-93
rGrGrGdArGdAdC + dC nd 32-34
rGdGdGrAdGrArC + rC nd 75-84

rGrGrGrArGrArCrC+ rG 90-98 82-85
rGrGrGrArGrAdCdC + rG 81-84 71-76
rGrGrGdArGdArCrC+ rG 87-94 77-83
rGrGrGdArGdAdCdC + rG nd 15-22

a Values given are ranges from two experiments. Since transcripts
are generated in situ, during initial transcription, transcripts with multiple
deoxyribose substitutions are obtained at low levels with the wt enzyme.
In many cases the level of a particular transcript (e.g., dGdGdGdG)
generated by the wt enzyme is too low to allow quantitation of its
percent extension (nd).
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tion in the 3-5 bases nearest the 3′-end of the transcript
strongly reduces extension efficiency.
One interpretation of the preceding observations is that

the conformation of the transcript‚template duplex in the
active site is an important determinant of the efficiency of
the extension reaction. For example, the canonical transcript‚
template conformation could be an A-form RNA‚DNA
hybrid and the extension reaction might be compromised if
this duplex became B-form as a consequence of extensive
dNMP substitution in the transcript. In addition to being
influenced by ribose structure, duplex nucleic acid conforma-
tion is strongly influenced by water activity, sequence, and
base composition (12-16). In particular, poly(dA)‚poly-
(dT) forms a B-type structure and resists forming an A-like
structure even at a relative humidity of 0%. Alternating
purine-pyrimidine sequences tend to stabilize B-form DNA
(17), while guanosine-rich DNA is particularly amenable to
forming A-type structures. Poly(dG)‚poly(dC) would then
be expected to be especially amenable to forming an A-type
structure, and in fact this is the only DNA duplex known to
be A-form in solution (18). We therefore measured the
activity of the wt and Y639F enzymes on homopolymeric
templates (T7 RNAP efficiently synthesizes polypurine
transcripts from polypyrimidine templates in a promoter-
independent manner). As shown in Table 6, the Y639F
enzyme synthesizes either poly(rG) or poly(dG) with poly-
(dI)‚poly(dC) as a template with essentially indistinguishable
activity under these assay conditions. Even the wt enzyme
displays significant activity in poly(dG) synthesis on the
poly(dC) template. This is remarkable given that Y639F is
g600-fold less active in synthesis of pure DNA vs pure RNA
on a complex sequence template (Table 7). This cannot be
attributed simply to the fact that poly(dC) is a homopolymer
template since replacement of rATP with dATP in synthesis
reactions with the poly(dA)‚poly(dT) template completely
abolishes the activity of both the wt and Y639F enzymes.
This was further evaluated by measuring the relative activity
of the wt and Y639F polymerases on supercoiled pT75 in
reactions in which rGTP was replaced by rITP, dGTP, or
dITP (Table 6). dI‚dC base pairs are like dA‚dT base pairs
in that they strongly favor assumption of B-form conforma-
tions and resist transformation to A-form (14-16). Activity
in reactions with rITP was indistinguishable from that in
reactions with rGTP, indicating that there was no strong
discrimination against incorporation of the inosine base.
However, the activity of the Y639F enzyme was reduced
by more than 40-fold when dITP replaced dGTP in the
reaction, suggesting that the stronger tendency of dI‚dC base
pairs to form B-type helices may have significantly depressed
transcription over the G‚C-rich initially transcribed sequence
of this promoter.
Solution Conditions That Enhance Extension of Transcripts

with Multiple dNMP Substitutions.In light of these results

and previous observations that alcoholssthrough their
dehydrating and water-structure perturbing effectssaffect
helix conformation by destabilizing B-form structures (and
thereby favor A-form helices) (1, 12, 13, 19) we decided to
test the effects of methanol or ethanol addition to transcrip-
tion reactions with varying combinations of rNTPs and
dNTPs (Figure 3, Table 7). Table 7 reveals that addition of
15% methanol to reactions with four rNTPs reduces the
activity of both the wt or Y639F polymerases by 4-5-fold.
Substitution of rGTP by dGTP in the reaction with the wt
enzyme reduces activity by 50-200-fold (depending on the
methanol concentration), though activity with the Y639F
mutant is reduced only 1-4-fold. Addition of methanol to
reactions in which one or two rNTPs were replaced with
dNTPs does not significantly increase absolute levels of
Y639F activity; however, addition of methanol to such
reactions does increase activity relative to reactions carried
out with four rNTPs at the same methanol concentration.
These results suggest that methanol has at least two effects
on the reaction: a general decrease in enzyme activity with
increasing methanol concentrations (ethanol was found to
depress activity to an even greater degree and was therefore
less useful in this regard) is coupled with decreasing
sensitivity to replacement of rNTPs with dNTPs in the
reaction. The former effect is clearly evidenced in 4 rNTP

Table 6: Relative Activity of wt and Y639F Polymerases with dNTPs and rNTPs on Different Templatesa

poly(dI)‚poly(dC) poly(dA)‚poly(dT) pT75

rGTP dGTP dGTP+ rGMP rATP dATP dATP+ rAMP rGTP rITP dGTP dITP

wt 160 2.0 (0.9-2.5) 4.0 (3.2-4.4) 32 (28-46) <0.1 <0.1 200 233 (217-250) 1.1 (1.0-1.2) <0.1
Y639F 160 156 (108-200) 172 (132-232) 10 (8-12) <0.1 <0.1 200 210 (194-227) 52 (44-60) <1.1

a The templates and NTPs used are as specified in the table. For the pT75 reaction, rATP, rCTP, and rUTP were also present at 0.5 mM. An
activity value of 200 in this and all following tables corresponds to incorporation of 52µmol of NTP/min in reactions with 10-7 M pT75 or 0.1
mg/mL homopolymer and 10-8 M polymerase. Data for the poly(dI)‚poly(dC) template were published previously (3) and are presented here for
comparison. Values given are mean and ranges from three (homopolymers) or two (pT75) experiments.

FIGURE 3: Effects of methanol addition on wt and Y639F activity
in reactions with different combinations of rNTPs and dNTPs.
Transcription reactions carried out with the indicated NTPs,
polymerases, and methanol concentrations and supercoiled pT75
as template were carried out for 40 min at 37°C, spotted onto
DE81 filter paper, and washed with 0.5 M Na2HPO4 to remove
unincorporated radioactivity (either [R-32P]rGTP or dGTP). Metha-
nol addition markedly enhances activity in the 3 dNTP and 4 dNTP
reactions.
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reactions, while in the 1 dNTP or 2 dNTP reactions the two
effects appear balanced and little net effect on absolute
activity is obtained due to methanol addition. However, in
the 3 dNTP or 4 dNTP reactions the reduced sensitivity to
dNTPs dominates, and addition of 15% methanol to the
reaction with Y639F leads to substantial (∼8-fold) increases
in absolute activity. Though this is a substantial net increase,
the degree to which methanol addition reduces sensitivity
to multiple dNTP replacement in the transcription reaction
is actually much greater. For example, in the absence of
methanol, replacement of all four rNTPs with dNTPs reduces
Y639F activity byg600 fold. However, in the presence of
20% methanol activity is only∼10-fold lower in the 4 dNTP
reaction than in the 4 rNTP reaction, representing a net 60-
fold decrease in the degree to which the reaction is sensitive
to replacement of all four rNTPs with dNTPs.
Effect of Methanol on Specificity during Incorporation.

Reactions in which one or more rNTPs are substituted with
dNTPs may be limited at either the dNMP incorporation or
dNMP-substituted transcript extension steps. Since the
barrier to Y639F synthesis of transcripts multiply substituted
with dNMPs appears to be largely due to transcript structure
rather than substrate structure, and since methanol addition
had its largest effects in the 3 or 4 dNTP reactions, it
appeared likely that methanol enhanced the extension of
dNMP-substituted transcripts rather than incorporation of
dNMPs. To test this, we evaluated the effect of methanol
addition on the relative rates of radiolabeled rGTP or dGTP
incorporation in reactions in which unlabeled rGTP was
present in large excess. Under such conditions the rate of
dGTP incorporation is not limited by effects on transcript
structure since the fractional substitution of dGMP into the
transcripts is less than∼0.01%. We found that methanol
addition had little effect on the rGTP/dGTP specificity ratio
in such an assay (Table 8), implying that the methanol
enhances extension of dNMP-substituted transcripts rather
than incorporation of dNMPs. This was also supported by
examination of the transcript patterns obtained with the

Y639F enzyme in the presence of varying concentrations of
methanol and the following combination of NTPs: rATP+
rGTP, dATP+ rGTP, rATP+ dGTP, and dATP+ dGTP
(Figure 4). The steady-state rate of transcript production in
such assays is limited by the rate of transcript release (20),
and both the incorporation of dNMPs into the transcript and
addition of methanol appear to destabilize the complex and
therefore lead to net increases in the total amount of transcript
obtained. However, in evaluating the effects of methanol
on transcript extension or nucleotide incorporation, we focus
on the changes in the transcript patterns (processivity) rather
than the total transcript levels. The transcript patterns
obtained on this promoter are complex: in addition to
transcripts corresponding to the sequence of the+1 to +6

Table 7: Effect of Methanol and Ethanol on Relative Activity in Reactions with Different Combinations of rNTPs and dNTPsa

wt alcohol (v/v) Y639F alcohol (v/v)

NTPs (alcohol) 0% 5% 10% 15% 20% 0% 5% 10% 15% 20%

4 rNTPs (MeOH) 200 167( 27 96( 15 54( 5 42( 6 200 138( 30 81( 10 41( 3 25( 3
4 rNTPs (EtOH) 200 82( 7 52( 5 13( 2 8.8( 1.6 200 80( 12 39( 4 16( 3 8.0( 1.2
3 rNTPs, dGTP

(MeOH)
1.1( 0.1 1.3( 0.1 1.2( 0.2 1.4( 0.3 1.2( 0.2 52( 8 54( 3 49( 3 44( 4 30( 3

3 rNTPs, dGTP
(EtOH)

1.1( 0.1 1.5( 0.2 1.6( 0.2 1.0( 0.2 0.42( 0.1 52( 8 49( 7 26( 3 14( 3 4.5( 1.2

2 rNTPs,dA,dG
(MeOH)

0.45( 0.1 0.36( 0.1 0.48( 0.1 0.8( 0.2 0.8( 0.2 14( 2 18( 3 19( 2 21( 2 20( 3

2 rNTPs,dT,dG
(MeOH)

0.33( 0.1 0.26( 0.1 0.46( 0.1 <0.4 <0.4 14( 3 16( 4 18( 5 24( 3 22( 4

3 dNTPs, rATP
(MeOH)

<0.3 <0.3 <0.3 <0.3 <0.3 3.3( 1 6.0( 0.8 7.1( 0.7 8.8( 0.8 8.8( 1

4 dNTPs (MeOH) <0.1 <0.1 <0.1 <0.1 <0.1 0.33( 0.1 1.1( 0.4 2.5( 0.4 2.6( 0.5 2.4( 0.4

aReaction time points were taken at 2.5, 5, 10, 20, and 40 min. Incorporation was linear under all conditions for the first four time points, so
only data for the 2.5-20 min time points were used to determine relative activity. Values given are(SE forn ) 3.

Table 8: Effect of Methanol on (kcat/Km)rGTP/(kcat/Km)dGTPa

methanol (v/v)

0% 5% 10% 15% 20%

wt 75-83 75-93 77-78 79-98 84-86
Y639F 2.9-3.2 2.5-3.4 2.5-3.2 2.8-3.1 3.1-3.4
a Values given are ranges from two experiments.

FIGURE4: Transcription reactions were run with Y639F polymerase
and the indicated NTPs on a partially single-stranded synthetic T7
promoter template composed of an 18-base nontemplate strand
corresponding to the sequence of the consensus class III T7
promoter from-23 to-5 annealed to a 33-base template strand
corresponding to the T7φ10 promoter and ITS (initially transcribed
region; from+1 to +6 GGGAGA). [Template]) 10-7 M; [pol]
) 10-6 M; the reaction was run for 15 min at 37°C before being
electrophoresed on 20% acrylamide/4% bisacrylamide/6 M urea
gels and visualized by phosphorimaging. Sequence assignments
were made by comparison to poly(dG) and poly(rG) oligomers
obtained in reactions in which only dGTP or rGTP was present
and by comparison of migration patterns of transcripts obtained
with the indicated NTPs. The relative migration rates of short
transcripts of identical length but varying sequence and ribose
composition follows the rule, in order of increasing retardation:
dA < rA < dG < rG.
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region of the promoter (GGGAGA), products with larger
numbers of G residues are also obtained due to slippage of
the transcript on the initial run of 3 Gs. The G-slippage
reaction has invariably been found to be more robust than
heterogeneous sequence synthesis: thus, whenever the
enzyme is mutated so that it is significantly less active, it
has been found that poly-G ladder synthesis predominates
during initiation (21-23). This also occurs when the reaction
is less efficient due to noncanonical substrate or transcript
structure (3); for example, in the 0% methanol, dATP+
dGTP reaction in Figure 4, it can be seen that most of the
dGdGdG trimer is extended to form larger poly(dG) oligo-
mers rather than the heterogeneous sequence oligomers.
Addition of methanol does not affect the transcript pattern
in the rATP+ rGTP reaction. Nor is there much of an effect
on the transcript pattern in the dATP+ rGTP reaction.
However, in the dGTP+ rATP reaction methanol addition
has a clear effect: there is an increase in the efficiency of
extension of the dGdGdG trimer with rA at the expense of
extension to form longer poly(dG) oligomers so that the
amount of the 4-dG product decreases while the levels of
the longer heterogeneous sequence transcripts increase. In
the dATP+ dGTP reaction the effect of methanol is even
greater: without methanol there is very little production of
heterogeneous sequence transcripts and there is little exten-
sion of the poly(dG) oligomers beyond 5 bases in length,
while addition of increasing concentrations of methanol
progressively increases both the levels of heterogeneous
sequence transcripts and the efficiency with which the poly-
(dG) oligomers are extended.

DISCUSSION

Effects of Mn2+ on Specificity and Enzyme ActiVity. Use
of Mn2+ as a catalytic cofactor has generally been found to
cause a reduction in the substrate specificity or fidelity of
enzymes that normally use Mg2+ to catalyze a phosphoryl
transfer reaction. For T7 RNAP we find that the reduced
discrimination for incorporation of a 2′-deoxypyrimidine
during elongation or incorporation of a 2′-deoxypurine during
formation of the first phosphodiester bond is mediated by a
reduction in the ratio of thekcat values for rNTP and dNTP
substrates, as has also been found for the effect of Mn2+ on
deoxy/dideoxy discrimination in DNAP I (24) and Taq
DNAP (25). This is a rather critical result in light of our
previous conclusion that theKm difference between these
substrates is due to the Y639-OH‚ribose 2′-OH interaction.
It would have been difficult to understand how Mn2+

substitution could influence this interaction. The molecular
mechanisms and effects of Mn2+ substitution and the Y639F
mutation should therefore be complementary and distinct,
and this is what is found (Tables 1-3).
Substitution of Mg2+ with Mn2+ in polymerization reac-

tions leads to a remarkably wide range of effects with many
polymerases. In addition to increasing the relative levels of
base misincorporation (26-30), Mn2+ increases the relative
utilization of substrates modified at different positions on
the base, ribose, or phosphate groups (31, 32) as well as
relative activity on templates of noncanonical structure (33,
34) or even in the absence of a templating base (35).
Structural alterations of the polymerase active site also appear
to perturb the Mn2+-catalyzed reaction to a lesser degree than
the Mg2+-catalyzed reaction. Thus, while substitution of
Mn2+ for Mg2+ markedly reduced the activity of the wt or

Y639F enzymes, it either enhanced the activity of the poorly
active mutant enzymes bearing nonconservative substitutions
at position 639 or it reduced the activity of these mutants to
only a small degree (Table 1). Similar observations have
been made in other systems (34-37). Such a broad spectrum
of effects is effectively summarized by the statement that
the Mn2+-catalyzed reaction is compatible with a wider range
of reactive group geometries than is the Mg2+-catalyzed
reaction, so that it is less sensitive to changes in reactive
group geometries due either to noncanonical substrate
structure or to nonconservative active-site mutations. It is
as yet unclear what properties of Mn2+ relative to Mg2+

[greater softness of the Mn2+ ion (38), faster rates of
hydration/dehydration, tighter ligand binding (39)] are
responsible for its distinctive catalytic properties.
Transcript Structure Effects on Transcript Extension.

Before addressing this question, it is important to briefly
review the available information on the structures of
template‚primer duplexes in cocrystals with polymerases and
the effects of sequence, ribose structure, and solution
conditions on duplex conformation. Crystal structures of
polymerase‚primer‚template complexes have revealed that
the duplexes in the active sites form structures that, while
varying in details, are recognizably of the A- or B-form
families (39, 40). RNA‚DNA hybrids favor A-form con-
formations (1, 14-16, 40, 41). It has therefore been
suggested that the RNA‚DNA hybrid in the RNAP active
site assumes an A-like conformation (43-45), and some
limited direct evidence for this has been obtained (46).
DNA‚DNA duplexes favor B-form structures (1). On the
basis of crystal structures it has been suggested that a single
rNMP in a ∼10 base DNA‚RNA chimeric duplex is
sufficient to stabilize an A-form structure, but such studies
all involve crystals grown from solutions containing high
concentrations of alcohol or 2-methyl-2,4-pentanediol (MPD),
conditions that are expected to destabilize B-form helices
(47-49). Indeed, crystals of C‚G-rich A-form DNA can be
grown from such solutions (16). Structural studies of
synthetic Okazaki fragments [such as r(ccca)d(AATGA)‚d-
(TCATTTGGG)] in solution are more relevant to the case
of an RNAP extending a mixed rNMP/dNMP transcript on
a DNA template since they involve hybrids of pure DNA
and chimeric RNA/DNA strands. Studies of these chimeras
reveal B-type helices in the DNA‚DNA segments, a 2-3
base pair junction region, and a hybrid helix form with
varying degrees of A-like character in the RNA‚DNA
segment depending on its length and sequence (42, 48-50).
Such structures imply that while rNMPs may have a
dominant effect on helix conformation, their presence in a
hybrid is not overwhelming and RNA/DNA chimeras that
are predominantly DNA are typically not A-form in solution.
At the level of sequence it is known that dG‚dC base pairs
are more amenable to forming A-like structures than either
dA‚dT or dI‚dC base pairs (14-16) and that alternating
purine-pyrimidine sequences favor B-form to a greater
degree than polypurine‚polypyrimidine tracts (17). Uniquely
amongst pure DNA sequences that have been studied, poly-
(dG)‚poly(dC) is A-form in aqueous solution (18). A critical
factor in the stabilization of the B-form structure is a highly
ordered spine of hydrating water molecules in the minor
groove (15, 16, 51). Disruption of this hydration spine by
dehydration or by agents that disrupt water structure has been
proposed to be the mechanism through which such environ-
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mental conditions destabilize B-form DNA to favor A-form
structures (15, 16).
Against this background of information, our observations

with T7 RNAP, while essentially correlative, strongly suggest
that the barrier to extension of heavily dNMP-substituted
transcripts is due to a change in the conformation of the
transcript‚template hybrid, most probably from an A-like
structure to a B-like structure. Specifically we find the
following: (1) dGTP is used efficiently as an initiating
nucleotide, the presence of a 3′-dNMP in the transcript is
not particularly limiting for transcript extension, and a
moderate level of dNMP substitution in the transcript only
modestly reduces extension efficiency. (2) The efficiency
of transcript extension is strongly reduced when the 3-5
bases nearest the 3′-end of the transcript are predominantly
deoxyribose. These observations appear inconsistent with
any strong, direct discriminatory mechanism against utiliza-
tion of a 3′-dNMP in the phosphoryl transfer reaction (in
contrast to the discrimination observed for utilization of a
dNTP vs an rNTP) and do not reveal any strong chemical
specificity for a pure RNA transcript. They are consistent
with a conformational effect caused by having predominantly
deoxyribose content in the region of the transcript which is
hybridized to the DNA template. (3) The activity of the
Y639F enzyme isg600-fold lower for pure DNA than for
pure RNA synthesis on a complex sequence template and
DNA synthesis is not measurable on poly(dA)‚poly(dT), but
pure RNA or DNA synthesis activity is nearly identical on
poly(dI)‚poly(dC). (4) The activity of Y639F on a complex
sequence template is much more sensitive to replacement
of rGTP with dITP than with dGTP, though activity with
rGTP vs rITP is identical. These observations are consistent
with the idea of a requirement for an A-like structure in the
hybrid and with the amenability with which dG‚dC, dA‚dT,
and dI‚dC base pairs form A-DNA. In particular, it appears
difficult to account for the remarkably high activity of Y639F
in pure DNA synthesis on the poly(dC) template without
reference to the unique conformational properties of poly-
(dG)‚poly(dC). (5) The addition of alcohols, and in particular
methanol, greatly decreases the sensitivity of Y639F to
replacement of multiple rNTPs with dNTPs in the transcrip-
tion reaction, and this is due to enhanced extension of heavily
dNMP-substituted transcripts rather than enhanced utilization
of dNTPs. This would be consistent with the ability of such
agents, through dehydration and water structure perturbing
effects, to destabilize B-form helices, thereby allowing
formation of an A-like structure that is a better substrate for
extension.
The alcohol concentrations used in these experiments are,

in fact, too low to induce a Bf A transition in solution for
most DNA sequences, and ethanol is actually more effective
in inducing such a transition than methanol (17). It is
therefore probable that the environment of the nucleic acid
binding cleft in T7 RNAP also favors destabilization of a
B-form conformation, either because the hydration shell of
the nucleic acids is partially displaced upon association with
the polymerase or because of specific chemical and shape
complementarity between the binding cleft and an A-like
conformation. Human immunodeficiency virus type I re-
verse transcriptase induces a DNA‚DNA primer‚template to
assume an A-form conformation (52), and DNA polymerase
â also causes a DNA‚DNA primer‚template to take on partial
A-like character through interactions with protein side chains

that disrupt the hydration spine of the minor groove (40).2

For T7 RNAP, which normally works with an RNA‚DNA
hybrid, such features of the binding cleft may be inadequate
to force an appropriate A-form structure with a DNA‚DNA
duplex, but together with other factors that also favor A-form
conformations but are inadequate in isolation (moderate
alcohol concentrations), may allow a DNA‚DNA duplex to
assume a conformation appropriate for efficient extension.
We do not know why methanol is more effective than ethanol
for this purpose, but it is possible that it is because methanol
is less disruptive of polymerase activity than is ethanol (as
assessed in a 4 rNTP reaction; Table 7) or because its smaller
size allows it readier access to the transcript‚template hybrid
in the polymerase binding cleft.
It could be argued that alcohol addition exerts its effects

in ways other than an effect on transcript‚template conforma-
tion; for example, it could disrupt polymerase structure so
that the enzyme becomes sloppier in its requirements for
canonical substrate or transcript structure. Such structural
effects on the enzyme are suggested by the depressing effect
of alcohol addition on activity in 4 rNTP reactions. How-
ever, we have generally found that situations which lead to
reductions in polymerase activity tend todecreasethe relative
utilization of noncanonical substrates even more (5). For
example, nonconservative substitutions at position 639 that
reduce activity typically enhance the rNTP/dNTP specificity
of the polymerase relative to the conservative Y639F
substitution (Table 1), and rGTP/dGTP specificity is also
greater for the relatively inefficient dinucleotide synthesis
reaction than it is during elongation (Tables 1 and 3). Such
observations are consistent with the idea that the assumption
of optimal catalytic geometry of the reactive groups in the
active site involves a set of cooperative interactions between
polymerase‚template, polymerase‚substrate, polymerase‚
primer/transcript, template‚substrate, template‚primer/tran-
script, and substrate‚primer/transcript. Changes in any one
of these interactions via a structural change in template,
substrate, or the polymerase tend to affect kinetic parameters
(53, 54). Because of the highly nonlinear response of
catalytic rates to changes in reactive group geometry,
combinations of structural alterations (for example, the
combination of a nonconservative active-site mutation and
noncanonical substrate structure) may be expected to give
rise to more than multiplicative effects on activity, as they
are seen to do (Tables 1-3 or see ref55). We would
therefore expect that any nonspecific disruptive effects of
alcohols on enzyme structure that reduce activity in 4 rNTP
reactions would tend to reduce activity in reactions with
dNTPs to an even greater degree, which is obviously not
what is found. In any case, it is clear that such effects on
the polymerase, if they occur, do not lead to reduced
specificity for canonical substrate structure at the level of
nucleotide incorporation (Table 8).
It is possible that, in addition to this conformational

mechanism, noncanonical transcript structure or the presence
of a transcript binding site on the polymerase with some

2 In fact, it is possible that most DNA-directed DNA polymerases
will favor the formation of A-like structures in their active sites because
the A-conformation is structurally more homogeneous with respect to
sequence than is B-form DNA (1). Such structural homogeneity could
be important since appropriate and restricted geometry of the base pairs
and reactive groups is expected to be critical for the mechanisms of
fidelity and catalysis.
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chemical specificity for RNA contribute in other ways to
the efficiency with which the transcript is extended. How-
ever, because we find that the synthesis of poly(dG) by
Y639F is as efficient as poly(rG) synthesis, and because in
20% methanol the activity of Y639F in a 4 dNTP reaction
is only∼10-fold less than in a 4 rNTP reaction, we believe
that the primary determinant of extension efficiency with
regard to the ribose/deoxyribose structure of the transcript
is likely to be the helix conformation of the transcript‚
template hybrid.
The structural mechanisms that have been identified as

contributing to substrate and product specificity in T7 RNAP
are summarized in Figure 5. The emphasis that Figure 5
places on specific structural mechanisms is not meant to
downplay the role played by the poorly processive initiation
phase of transcription in limiting activity in reactions with
noncanonical substrates. These have been previously dis-
cussed at length (3, 5) and include both a kinetic componentsa
relatively modest elongation rate reduction during poorly
processive initial transcription can drastically reduce activity
by greatly reducing the fraction of elongation complexes that
achieve promoter releasesand a structural onesrequirements
for canonical substrate structure to achieve proper positioning
of reactive groups may be more stringent during initial
transcription because extended RNA‚DNA and RNA‚RNAP
interactions that can contribute to positioning the 3′-NMP
for catalysis are absent, leading, for example, to the greater
sensitivity of the dinucleotide synthesis reaction to nonca-
nonical ribose (Tables 6-8) or base (5, 56) structure.

Given our understanding of the mechanisms of ribose
discrimination, it should prove possible, for practical ap-
plications, to further develop this system for synthesis of
nucleic acids with any desired level of 2′-substituted NMPs.
For such purposes it is important that the Y639F mutation,
Mn2+ substitution, and addition of methanol each affect the
ribose specificity of the transcription reaction through largely
nonoverlapping mechanisms so that these mechanisms can
be combined to further enhance incorporation of 2′-
substituted NMPs. For example, combination of∼15%
methanol and the Y639F substitution allowed us, for the first
time, to achieve significant levels of promoter-specific,
unprimed DNA synthesis from a complex sequence template.
This combination is not yet maximally efficient since
methanol significantly reduces overall activity, but our
observations suggest that nucleic acids with any desired level
of 2′-modified ribose structure could be efficiently synthe-
sized with the Y639F enzyme if solution conditions that
destabilize B-form helices without depressing enzyme activ-
ity could be identified.
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