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The polymerisation of nucleic acids is essential for copying genetic information correctly to the next
generations, whereas mispolymerisation could promote genetic diversity. It is possible that in the
prebiotic era, polymerases might have used mispolymerisation to accelerate the diversification of genetic
information. Even in the current era, polymerases of RNA viruses frequently cause mutations. In this
study, primer extension under different molecular crowding conditions was measured using T7 RNA
polymerase as a model for the reaction in the prebiotic world. Interestingly, molecular crowding using
20 wt% poly(ethylene glycol) 2000 preferentially promoted the primer extensions with ATP and GTP by

T7 RNA polymerase, regardless of Watson—Crick base-pairing rules. This indicates that molecular
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interactions between the primer and an incorporated nucleotide. These findings suggest that molecular
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Introduction

High fidelity oligonucleotide synthesis is beneficial for main-
taining genetic information over many generations and pre-
venting mutations that can initiate and promote diseases. For
accurate oligonucleotide synthesis, polymerases must distin-
guish the correct nucleotide that pairs with the complementary
base in the template strand based on Watson-Crick (WC)
hydrogen bonding (Fig. 1A).* On the contrary, oligonucleotide
synthesis with low fidelity is beneficial for the evolution of
species,>® for enhanced genetic diversity leading to increased
survival of viruses and microbes when subjected to environ-
mental change, and for the development of an immune
system.® Mutation rates tend to be minimised and approach the
lower limits imposed by the efficiency of selection or the phys-
iological costs of replication fidelity.® Among all species, RNA
viruses such as human immunodeficiency virus (HIV-1), influ-
enza virus, and the novel severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) constitute a major group of patho-
gens characterised by their extremely high rates of spontaneous
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mutation. For example, the mutation rate of HIV-1 in vivo is 4.1
x 1072 per base per cell.” This rate is orders of magnitude
higher than those of DNA-based organisms and DNA viruses.®
However, DNA-dependent RNA polymerases in higher species
operate with much higher fidelity due to their proofreading
activity.’ According to established evolutionary hypotheses, the
precursors of enzymes could have been less specific than
current enzymes, which evolved to possess higher specificities."®
Therefore, virus polymerases should be the closest to those in

(A) (B)
T7 RNAP
Primer
5’ 3
[T <
3 5 NTP
Template @ dNTPDr
T <
Primer

extension

Interactions via coordinated
metal ion or coordinated water

Fig. 1 (A) Illustration of interactions in the RNA polymerase complex
with substrate NTP (red), template (green), and primer (blue). The
incorporated NTP interacts with the template by WC base-pairing and
is stabilised with the primer through a stacking interaction. NTP also
binds to the protein surface via a basic group residue and coordinated
ions on the surface such as Mg?* ions. (B) Schematic illustration of the
primer extension by T7 RNAP as a model of prebiotic gene replication.
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the prebiotic world owing to their small molecular size and low
polymerisation fidelity.

The low fidelity of such ancestral and viral polymerases
implies that the mismatched substrate is also allowed to be
incorporated. The polymerisation reaction occurs when the
incorporating substrate stably pairs a base on the template in
the catalytic centre of the polymerase. The efficiency of poly-
merisation is determined by the stability of the intermediate of
the base pair. As a mismatch base pair sometimes stabilises the
duplex structure of nucleic acids, the incorporation of a non-
cognate substrate can occur.” When considering the stability
of nucleic acid duplexes, not only hydrogen bonding between
base pairs but also stacking interactions between the nearest
base pairs are important. Interestingly, the energies of hydrogen
bonding and stacking interactions have a compensatory rela-
tionship.*” This finding suggests that the incorporation of rUTP
and rATP, which form fewer hydrogen bonds with the cognate
counterparts of dATP and dTTP than those of rGTP and rCTP,
efficiently occurs due to energetic compensation via stacking
interactions at the active site of RNA polymerases. Therefore,
manipulation of the energies of hydrogen bonding and stacking
interactions should enable changes in the fidelity of
polymerisation.

Actually, the stability of base pairs is influenced by envi-
ronmental factors. One of the important factors in cellular
conditions is molecular crowding. Molecular crowding critically
affects structures, affinities, and reactions of biomolecules by
altering properties of the solution, including decreases in the
dielectric constant® and water activity,"*"® and increases in
viscosity’” and excluded volume.® The base pairs of a DNA
duplex, RNA duplex, and DNA/RNA hybrid are destabilised by
molecular crowding, but the magnitude of destabilisation is
different between them."* Furthermore, the instability caused
by mismatched base pairs can become very slight compared to
that by matched pairs.*® These altered properties can affect
forces for substrate recognition by polymerases.” The in vivo
mutation rate in viruses is two orders of magnitude higher than
that predicted by in vitro studies;” thus, it is possible that the
chemical environment of polymerase reactions influences
polymerisation fidelity. Recently, we investigated primer
extension along RNA templates as a model of prebiotic gene
replication, which is different from the canonical transcription
reaction requiring the promoter sequence (Fig. 1B).>* We used
single-subunit RNA polymerase, T7 RNA polymerase (T7 RNAP),
as a model of the ancestral RNAP* and found that T7 RNAP
preferentially incorporated dNTPs over NTPs under specific
crowding conditions.** Moreover, the fidelity of NTP incorpo-
ration was decreased in the crowding condition. These results
suggest that primer extension by T7 RNAP enables non-
canonical polymerisation of RNA and DNA, which is highly
responsive to molecular crowding. However, primer extension
along a DNA template is also an interesting reaction because
transcription is a reaction to polymerise RNA along the DNA
sequence. It is possible that, in the prebiotic world, reactions
using RNA and DNA templates have been distinguished.
However, primer extension using a DNA template as a model of
transcription has not been addressed.
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In this study, we investigated the effect of molecular
crowding on substrate selectivity of primer extension along
a DNA template by T7 RNAP. Regardless of the matching of the
3’ terminus of the primer with the template DNA, primer
extension by NTP incorporation occurred. Interestingly, the
fidelity of polymerisation using the mismatched primer was
better than that of the matched primer. Furthermore, in the
crowding condition with polyethylene glycol 2000 (PEG2000,
average molecular weight 2000), ATP and GTP were favoured as
substrates, thus lowering the fidelity of polymerisation. These
results suggest that the crowding condition induced substrate
selection via stacking interactions over Watson-Crick base-
pairings due to a decrease in the dielectric constant of the
solution.

Results and discussion

Extension of RNA primer by T7 RNAP under molecular
crowding conditions

The T7 RNAP was used as a model of RNAPs to understand the
effect of molecular crowding on primer extension mimicking
a prebiotic reaction.** T7 RNAP is known to first bind the DNA
promoter region and initiate RNA polymerisation from down-
stream of the promoter region by forming an elongation
complex with the template DNA and the nascent RNA strand.
However, T7 RNAP can also form elongation complexes only
through incubation with an RNA oligonucleotide as a primer
and a DNA oligonucleotide as a template, which resembles the
RNA elongation step (Fig. 2A).® Thus, T7 RNAP can start the
polymerisation of nucleotides without an initiation step.***”
Therefore, after forming the elongation complex, the fidelity of
the base elongated at the primer terminus can be estimated.
First, we examined polymerisation using RNA primer G,
which matches to form a WC base pair with cytosine at the 3’
end of the template DNA. As a result, all four NTPs were poly-
merised (Fig. 2B), although UTP should have been specifically
incorporated against adenine in the template DNA (Fig. 2A), as
per transcriptional rules. Moreover, there are extra elongated
primers comprising more than a single base extension with
each NTP. To quantitatively analyse the extension, the
percentage of primers extended was calculated as the fluores-
cence intensity (LAU mm~?) of all bands of the extended primer
(products showing larger molecular weight than the primer)
divided by the summed fluorescence intensities (LAU mm?) of
all detectable bands, including those of the primer. After per-
forming the reaction for 1 hour, 38% of the primer was
extended with UTP as a substrate, whereas the primer was more
extended with CTP (55%) and GTP (43%) (Fig. 2C). We previ-
ously reported that primer extension by T7 RNAP using RNA
primer G and RNA template favours the polymerisation of
matched UTP, although CTP and GTP also react slightly.** A
DNA/RNA duplex forms an A-like helix but shows a slightly
longer helical rise and smaller helical twist per base pair than
that in an RNA/RNA duplex that forms an A-type helix.*®
Therefore, it is possible that the helical structure geometry of
the RNA primer and the DNA template did not match in the
active centre of T7 RNAP to catalyse polymerisation based on
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Fig. 2 Primer extension in the absence and presence of PEG2000. (A)
Schematic illustration of the alteration of substrate recognition in this
study. X indicates each 3’ base of the primer. Red box indicates the site
where the substrate NTP is incorporated. (B) Denaturing PAGE analysis
of extended primers using RNA primer G in 0 wt% PEG2000 and
20 wt% PEG2000. (C) Percentage of extended primers of primer G. (D)
Denaturing PAGE analysis of extended primers using RNA primer A in
0 wt% PEG2000 and 20 wt% PEG2000. (E) Percentage of extended
primers of primer A. “Ref” and "P" denote the reference oligonucleotide
(39 nt) and unreacted primer (10 nt), respectively. The position of the
single-base-extended primer is denoted by “+1". The bands at “+1" and
all upper positions were treated as extended products. All the samples
were incubated in 50 mM Tris—HCL (pH 8.0), 2 mM MgCl,, and 100 pM
NTP each at 25 °C for 1 h.

the formation of the WC base pair. Instead of WC formation,
another interaction, such as mismatch base pairing or a stack-
ing interaction, might drive the promotion of the substrate
geometry to catalyse the T7 RNAP.

Next, we used RNA primer A, which does not match with
cytosine to form a WC base pair of the counterpart base on the
template DNA (Fig. 2A). Interestingly, the cognate substrate,
UTP, was preferentially polymerised more than the other NTPs.
Specifically, 86% of the primer was extended with UTP as
a substrate (Fig. 2D and E). In the cases of ATP, CTP, and GTP,
only 4.1%, 17%, and 26% of the primers were extended,
respectively. This result indicates that T7 RNAP preferentially
extends UTP, which forms WC base pairing with an adenine
base in the template. The different reactivity between these
primers suggests that the mismatch base pair between rA and
dC provided different geometry of the primer terminus, which
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promoted the reaction in the catalytic centre via WC base-pair
formation, as previously observed in the reaction using an
RNA primer and RNA template.> We also tested mismatched
RNA primer C and RNA primer U. As observed in the case of
RNA primer A, UTP was preferentially incorporated compared to
that in the case using matched RNA primer G (Fig. S1f),
although GTP was well-incorporated in the case of RNA primer
C, which suggests that polymerisation based on a non-WC rule
also occurred. Therefore, in the primer extension by T7 RNAP
using the RNA primer and DNA template, the reaction can be
driven based on the WC rule or non-WC rule according to the
environment of the catalytic centre.

The environment-dependent manner of this reaction
suggests variability of polymerisation substrate selection, which
is mediated by environmental change. Thus, we investigated the
effect of molecular crowding on substrate selection of the
primer extension using an RNA primer and DNA template. As
a crowding reagent, PEG2000 was utilised because it is one of
the well-studied crowding reagents.*® For the reaction using
RNA primer G (matched), the addition of 20 wt% PEG2000
promoted the extension of ATP (37%) but suppressed the
extension of UTP (29%), compared to the same reaction in the
absence of PEG2000 (15% and 39%, respectively as shown in
Fig. 2B and C). However, the extensions of CTP (58%) and GTP
(51%) were only slightly promoted by the addition of PEG2000.
More drastic changes were observed in the reaction using RNA
primer A (mismatched) (Fig. 2C and D). Interestingly, at 20 wt%
PEG2000, T7 RNAP preferentially incorporated GTP (67%), ATP
(41%), and CTP (26%) over UTP (23%), indicating that the
molecular environment enabled T7 RNAP to change substrate
specificity. These different tendencies of GTP between primer G
and primer A could be caused by the stronger influences of
dipole interactions of GTP with primer G than with primer A.
Furthermore, we changed the concentration of PEG2000 to
study the trend in substrate specificity with respect to crowding
magnitude (Fig. 3). When PEG2000 was added at a concentra-
tion of 10 wt%, the amount of primer extended with each NTP
increased. Further increasing the concentration of PEG2000
from 10 wt% to 20 wt% promoted the extensions of ATP and
GTP but suppressed the extensions of CTP and UTP. At 20 wt%
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Fig. 3 Percentage of extended primers of primer A. Primers extended
with ATP, CTP, GTP, and UTP are indicated in red, blue, green, and
black, respectively. All the samples were incubated in 50 mM Tris—HCl
(pH 8.0) and 2 mM MgCl, at 25 °C for 1 hour.
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PEG2000, T7 RNAP preferentially incorporated GTP and ATP
over UTP. At concentrations of PEG2000 greater than 20 wt%,
the extended primer levels decreased with each NTP. From
these results, it was revealed that the peak of effective extension
for each NTP correlated with specific peak concentrations of
PEG2000. The peak concentrations of PEG2000 for purines
(25 wt% for ATP and 20 wt% for GTP) were higher than those for
pyrimidines (10 wt% for CTP or UTP). The stacking interaction
is stronger between purine bases than between pyrimidine
bases.*® Thus, substrate selectivity of T7 RNAP could be differ-
entiated according to the stacking interaction beyond WC base-
pairing.

Effect of dielectric constants on the extension of RNA primer

To investigate the contribution of electrostatic interactions
between ions, dipole moments, and/or induced dipole
moments for substrate-dependent effects of molecular crowd-
ing on primer extension, the primer A was extended in solutions
containing 20 wt% PEG2000 and various concentrations of KCl,
which were 0, 50, 100, 150, 200, and 300 mM. Extended primer
amounts showed linear correlations with KCI concentration,
although these correlations were lost at concentrations higher
than 150 mM KCl (Fig. 4). The lower KCI concentrations (<150
mM) reflect the different kinds of electrostatic interactions,
whereas KCl concentrations higher than 150 mM would be
sufficient to inhibit binding of T7 RNAP to the template and the
primer to catalyse the reaction. At lower KCl concentrations,
with an increase in KCI concentration, the amounts of extended
primer with ATP and GTP decreased, but those with CTP and
UTP increased. The difference in the trends with KCl is linked to
the identity of nucleotide bases on NTPs, that is, purines or
pyrimidines. These trends are also consistent with the exten-
sion trends earlier described here. Thus, differences in elec-
trostatic interactions of NTPs at the incorporation can cause
differences in the extension efficiencies of purine NTPs and
pyrimidine NTPs in the solutions containing PEG2000.
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Fig. 4 Effect of K* concentration on primer extension in 20 wt%
PEG2000. Primers extended with ATP, CTP, GTP, and UTP are indi-
cated in red, blue, green, and black, respectively. The data points
associated with 150, 200 and 300 mM KCl deviated from the linear
plots. All samples were incubated in 50 mM Tris—HCl (pH 8.0) and
2 mM MgCl, at 25 °C for 1 h.
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Crowding reagents, including PEGs, change the solution
properties such as water activity, dielectric constant, and the
excluded volume effect. As structure and stability of DNA and
RNA can be affected by the changes in water activity and
dielectric constant,” we hypothesised that either of these
changes or both are the main cause of the difference in exten-
sion efficiencies of purine NTPs and pyrimidine NTPs in the
solutions containing PEG2000. To examine the effects of water
activity and dielectric constant on primer extension with each
NTP, crowding reagents with different molecular weights were
next examined. Water activity was determined by the osmotic
stress method using vapour phase osmometry (Table S17}).**
Dielectric constants were determined by a blue shift in the
emission maximum of the fluorescent probe, 1-anilino-8-
naphthalene sulfonate.*> As the average molecular weights
increased from 68 (ethylene glycol; EG) to 2000 (PEG2000), the
values of water activity, ay, increased and those of dielectric
constant, ¢, decreased, respectively, in the presence of 20 wt%
of each crowding reagent (Table S27). Although the amounts of
extended primers with NTPs did not continuously change with
the values of a, (Fig. S27), the amounts did continuously change
with the values of &' (Fig. 5). In the case of 20 wt% EG
(molecular weight is 68), & was 70.0 (e, ' = 0.0143). The
extended primer amount with each NTP was slightly changed
(5.1% for ATP, 23% for CTP, 31% for GTP, and 81% for UTP),
compared to that in the absence of crowding reagents (¢, = 76.8,
& ' =0.0130). In the case of &, * increasing from 0.016 to 0.017,
the extended primer amounts with purine NTPs increased, and
those with pyrimidine NTPs decreased. Although the relation-
ship between ¢, and the amount of primer extended with each
NTP was not linear, larger ¢, ' values were associated with
larger extended amounts with purine NTPs and smaller
extended amounts with pyrimidine NTPs. The potential energy
of the interactions between induced dipole moments, which is
the main force in base stacking, and the electric static forces
have a ratio of the inverse square of ¢.. Therefore, this result
suggests that interactions between induced dipole moments
cause the substrate-dependent effects of molecular crowding on
primer extension. Additionally, purine NTPs have wider stack-
ing areas than pyrimidine NTPs. Importantly the trends in
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Fig. 5 Effect of dielectric constant (&Y on primer extension in the
presence of 20 wt% PEG200, 20 wt% PEG600, or 0—-40 wt% PEG2000.
Primers extended with ATP, CTP, GTP, and UTP are indicated in red,
blue, green, and black, respectively. All samples were incubated in
50 mM Tris—HCl (pH 8.0) and 2 mM MgCl, at 25 °C for 1 h.
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primer extension mediated by changing the dielectric constant
(Fig. 5) resembled those of the crowding reagent concentration
as observed in Fig. 3. Regarding the excluded volume effect, the
volumetric effect of the incorporating NTP stacked on the end of
the primer should be considered. In the case of DNA, it has been
reported that the order of volumetric contribution to the
formation of the nearest neighbour base pair was AC < AG <AT <
AA*® This order indicates how the excluded volume effect
destabilises base stacking. Thus, conversely, the order of AA <
AT < AG < AC is the expected order for substrate selection of the
primer extension because the reaction having smaller volu-
metric changes is stabilized by the excluded volume effect.
However, the primer extension in the presence of 20 wt%
PEG2000 was in the order of AG < AA < AC < AU, suggesting that
the contribution of the excluded volume effect was not
substantial for the substrate selection of the primer extension.
Therefore, decreasing dielectric constants by molecular crowd-
ing is the main physical factor that changes the substrate
specificity and promotes the incorporation of purine NTPs by
enhancing stacking interactions with purine bases.

Proposed mechanism of RNA primer extension regulated by
molecular crowding conditions

RNA extension progresses in a series of steps. Fig. 6 shows the
proposed mechanism of primer extension mediated by T7
RNAP in crowding and non-crowding conditions. In the non-
crowding condition, T7 RNAP initially captures the NTPs on
the template stand via WC base-pairing at the 3’ terminus, as
the T7 RNAP is at the “initial binding position”, which is far
from the 3’ terminus of the primer where the NTPs attach (Fig. 6
left and see also Fig. S31).° The ionic interactions between the
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Fig. 6 Proposed mechanisms of primer extension mediated by T7
RNAP and regulated by crowding and non-crowding conditions.
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phosphate group of NTPs and the basic amino acids (Arg 627
and Lys 631) of T7 RNAP leads to conformational changes. The
conformational change orients NTPs for the polymerase reac-
tion at the “Mg”* binding position”, which is nearer to the 3’
terminus of the primer than the initial binding position and is
coordinated via Mg”" ion between phosphate groups of NTPs
and Asp 537 and Asp 812 (see Fig. S31).”” Considering the
substrate-binding pocket of T7 RNAP, the decreasing dielectric
constant caused by molecular crowding would promote the
direct incorporation of NTPs at the Mg”>* binding position by
enhancing stacking interactions between the purine bases of
NTPs and the 3’ terminal base of the primer (Fig. 6 right). This
kind of direct incorporation of NTPs is feasible because this
kind of complex structure was reported in de novo RNA
priming.**** These findings suggest that not just T7 RNAP, but
any DNA-dependent RNA polymerases in viruses that orient at
the 3’ base of the primer onto the solvent-accessible surface,
could extend purine NTPs at high concentrations of crowding
reagents by decreasing the dielectric constant.

T7 RNAP is one of the smallest polymerases. A phylogenetic
study revealed that these T7-like RNAPs share a common
ancestor and that DNA polymerases and reverse transcriptases
evolved from this polymerase.***” These backgrounds of T7
RNAP suggest that in the prebiotic world, the DNA and RNA
polymerases might have increased their mutation rate in
response to the changes in the dielectric constant of the solu-
tion. Even in the current era, changes in the substrate prefer-
ence induced by molecular crowding might generally occur with
respect to the RNA polymerase of RNA viruses. Therefore,
molecular crowding, depending on the environment of the host
cell, might enable RNA viruses to promote genetic diversity at
the transcription level. This study suggests that it could be
important to consider the dielectric constant in the cells of host
organisms, which would cause an inflated mutation rate of HIV
invivo and pandemic-related RNA viruses through mutations in
their genomes.

Conclusions

In conclusion, molecular crowding using concentrated
PEG2000 shifted preferable substrates of T7 RNA polymerase
from substrates which formed WC base pairs with template
bases to purine NTPs. The purine NTPs were incorporated by
stacking interactions between a purine base and the 3’ terminal
base of the primer beyond the rule of WC formation. In the
prebiotic world, the polymerase might need to both catalyse
correct polymerisation to transfer genetic information to the
next generation and incorrect polymerisation to induce evolu-
tion. Our findings suggest that molecular crowding emphasises
stacking interactions more than WC base-pairing, which results
in the switching of substrate specificity based on the simple
chemistry between nucleotides. This mechanism could have
accelerated genetic diversity in the prebiotic world. The struc-
tural similarity between T7 RNAP and other RNA polymerases in
viruses implies that even in the current era, the transcriptional
mutation rate might be enhanced, as found based on the
inflated mutation rate of HIV in vivo and the spread of infection

This journal is © The Royal Society of Chemistry 2020
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mediated by RNA viruses that are triggered by genomic
mutations.

Experimental
Materials

NTP solutions were purchased from Thermo Scientific Japan,
EG and PEG200 were purchased from Wako Pure Chemicals
Japan. PEG2000 was purchased from Sigma-Aldrich. FITC-
labelled RNA primers and DNA templates were purchased
from Japan Bio Service. These were used without further puri-
fication. T7 RNAP was purchased from Takara Bio. Other
reagents were purchased from Wako Pure Chemicals.

Primer extension assay

T7 RNAP (0.5 pM) was incubated with fluorescein isothiocyanate
(FITC)-labelled 10-mer RNA primer G (5'- fluorescein-CUGC-
CAACCG-3'), RNA primer A (5'-fluorescein-CUGCCAACCA-3'), RNA
primer C (5'-fluorescein-CUGCCAACCC-3'), or RNA primer
U (5'-fluorescein-CUGCCAACCU-3') (0.5 uM in each case), 39-mer
DNA template (5-GUCAAUGACACGCUUCGCACGGUUGGCA-
GAAAAAAAAAA-3") (0.5 uM), and each NTP (100 uM) in 50 mM
Tris-HCI (pH 8.0) and 10 mM MgCl, at 25 °C for 1 hour. RNA
primer A, C, and U were designed for mispolymerisation, while
primer G was for correct continuous elongation. Reactions were
performed in 0-40 wt% crowding reagents. The complementary
strand of the DNA template was used as a reference for electro-
phoresis. Reactants and products of the polymerase reaction were
separated by denaturing polyacrylamide gel electrophoresis
(PAGE) as reported previously.” The gel images were captured
using a Fujifilm FLA-5100 fluorescent imager. Bands correspond-
ing to extended primers and unreacted primers were quantified by
measuring fluorescence intensity as follows: the percentage of
primers extended was calculated as the fluorescence intensity (LAU
mm %) of the bands of the extended primers divided by the
summed fluorescence intensities (LAU mm™2) of all detectable
bands. Data are averages of three samples. Errors are standard
deviations.

Measurements of solution properties

Solution properties were examined using solutions containing
50 mM Tris-HCI (pH 8.0), 2 mM MgCl,, and 0-40 wt% co-solute
at 25 °C. Water activity was determined by the osmotic stress
method using vapour phase osmometry (Wescor pressure
osmometer, 5520XR). For determining the dielectric constant,
the fluorescent probe 1,8-ANS (1-anilino-8-naphthalene sulfo-
nate) was employed in sample solutions. The probe responds to
changes in the dielectric property of a solution by a shift in the
blue emission maximum, particularly in media of low dielectric
constants. Fluorescence emission spectra, with excitation at
356 nm, were measured using a fluorometer (JASCO, F-6500).
The dielectric constant was calculated using a standard curve
of several organic solvents with known values.
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