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ABSTRACT

We suggest a novel two-step proofreading mecha-
nism with two sequential rounds of proofreading se-
lection in mMRNA transcription. It is based on the
previous experimental observations that the proof-
reading RNA polymerase cleaves off transcript frag-
ments of at least 2 nt and that transcript elonga-
tion after a nucleotide misincorporation is anoma-
lously slow. Taking these results into account, we
extend the description of the accuracy of template
guided nucleotide selection beyond previous mod-
els of RNA polymerase-dependent DNA transcrip-
tion. The model derives the accuracy of initial and
proofreading base selection from experimentally es-
timated nearest-neighbor parameters. It is also used
to estimate the small accuracy enhancement of poly-
merase revisiting of previous positions following
transcript cleavage.

INTRODUCTION

The accuracy of an enzymatic reaction reflects the enzyme’s
preference of a correct substrate over other substrates in
product formation. Genetic information transmitting reac-
tion systems like transcription, translation and replication
require particularly high accuracy, since a flawless product
from any of these processes depends on a chain of multi-
ple elongations events, all of which must be correct. In Es-
cherichia coli, an error free transcript of a typical gene needs
1000 correct transcript elongations in a row. Accordingly,
the accuracy of transcription has evolved to an average nu-
cleotide misincorporation error frequency in the 10--10~*
range (1-4), leading to a flawless transcript probability in
the 99-90% range.

A further challenge in transcription is that the same poly-
merase structure must probe several types of substrates,
which are correct or incorrect only depending on the DNA
template in the active site. The free energy difference, A G+
- AG**, between the standard free energy of template bind-
ing for a cognate and a non-cognate nucleotide in the cat-
alytic site of the polymerase determines the accuracy of sub-

strate selection. At the same time, the catalytic site may be
designed for maximal accuracy of substrate selection by fa-
voring Watson—Crick geometry for the substrate—template
nucleotide pair (5) and water exclusion to magnify the se-
lective impact of inter-nucleotide hydrogen bonds (6). Fi-
nally, the transcription elongation reactions also have to
be fast for quick assembly of the long reaction product
chains, in spite of the universal rate—accuracy trade-off in
enzymatic reactions (7). There is strong experimental evi-
dence for transcriptional accuracy amplification by proof-
reading through transcript cleavage after polymerase back-
tracking (8). However, precise experimental estimates of
transcriptional accuracy and the contributions from initial
and proofreading selection have remained hard to come by
(2,9).

We previously suggested that the accuracy of nucleotide
selection varies by several orders of magnitude in a DNA
template dependent manner (10). Our modeling approach
is primarily based on experimentally determined standard
free energies of melting of the double stranded DNA and
the RNA/DNA hybrid in the transcription bubble. This
melting energy varies for all combinations of pairs of base
pairs due to the effect of base stacking on the base pair in-
teraction (11-13). As the movement of the polymerase and
the other reactions in the nucleotide addition cycle induce
alterations to the transcription bubble, forming or break-
ing base pairs, the unique free energy of the sequence in the
transcription bubble determines the reaction rate constants
in transcription. The accuracy variation is hence due to the
movement of the transcription complex through a rugged-
free energy landscape along the template sequence, shaped
by the ever varying free energy of interactions between pairs
of base pairs. The advantage of this approach is that we can
make pertinent predictions about how transcriptional accu-
racy varies along known template sequences.

Our approach is based on preceding mathematical mod-
els that have outlined the essential reactions of transcript
elongation; translocation, nucleotide association and dis-
sociation, phosphodiester bond formation and transcript
cleavage. The standard model of transcription, used by Bai
et al. (14), Guajardo and Sousa (15) and others, is sketched
out in Figure 1. The length of the growing transcript defines
the current elongation state, representing 1 nt addition cy-
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Figure 1. The transcription model. (A) The elongation states, defined by the length of the transcript. The transcript grows and dinucleotides are cleaved
off with compound rate constants «; and ¢j, respectively, which are functions of the rate constants of the sub-states of the transcription cycle. (B) The
sub-states of the nucleotide addition cycle with backstepping and transcript cleavage. The rate constants of the reactions connecting the sub-states are

indicated.

cle (16). We have previously extended the standard model to
include also transcriptional accuracy with two nucleotide
selection steps, one initial selection and one proofreading
selection step, which proved to be in line with experimental
evidence (10).

Inspection of this model in conjunction with previous ex-
perimental results has led to the realization that the poly-
merase can utilize the same proofreading mechanism for
two consecutive proofreading selection steps. This follows
naturally from established experimental results: (i) during
transcript cleavage the RNA polymerase always cleaves off
an RNA fragment of at least 2 nt (17); (ii) general properties
of base stacking in double-stranded nucleic acids suggest
that a mismatched base pair de-stabilizes the base-pairing
interactions of both its nearest neighbors (13); (iii) incor-
poration of a correct nucleotide is slowed down if the previ-
ously incorporated nucleotide is incorrect (18,19). Together,
these assertions suggest that the polymerase can detect the
instability of the base pair following a misincorporation,
and discard the erroncous base by dinucleotide cleavage.

In the present work we describe the two-step transcrip-
tional proofreading that follows from the standard model
of transcription. We also present an improved model for ini-
tial selection and a first proofreading step that is followed
by a second proofreading step. In addition, we describe how
transcript cleavage allows for further rounds of proofread-
ing due to polymerase revisiting of previously visited posi-
tions and estimate the resulting error reduction.

MATERIALS AND METHODS
Enzymatic accuracy theory

The total accuracy of a system of enzymatic reactions is here
defined as the ratio of the flows of product formation, using
correct (j) or incorrect (j) substrates. The flow of product
formation can be expressed in terms of efficiency of product
formation (k¢ /Ky ) and enzyme and substrate concentra-

tions ([S/™]).
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Here and below, the superscripts ¢ and nc are notations for
the substrate being cognate or non-cognate to the template.
The normalized accuracy 4, equal to A, in Equation (1)
when [S€] = [S"€], is the ratio of efficiency (k¢ /Kin) of prod-
uct formation from a correct substrate and a particular in-
correct substrate. This can equivalently be expressed as the
ratio of products of association rate constants, k,, and prob-
abilities P of product formation from correct and incorrect
substrates after their first encounter with the enzyme:

_ o/ K)
(ke Ko)™

With the two options for the enzyme substrate complex of
product formation at rate constant k and substrate dissoci-
ation at rate constant ¢, the normalized accuracy 4 can be
expressed in terms of the reaction rate constant ratios ¢/k
for cognate and non-cognate substrates, when the associa-
tion rate constant is the same for both substrates.
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Discrimination against non-cognate substrates thus oc-
curs when the ratios ¢/k of reaction rate constants are dif-
ferent for cognate and non-cognate substrates. The maxi-
mum discrimination d between two substrates is the maxi-
mum accuracy of the reaction. Linus Pauling calculated the
maximum discrimination d between two substrates cognate
and non-cognate to the template based on the interaction
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energy as:
d = e~ (AGY/(RT) 4)

(20,21), where AG is the difference in free energy of the
interaction between the template and correct and incor-
rect substrates. In transcription, the maximum discrimina-
tion was estimated by Pauling’s equation to 10>-10%, us-
ing a AG? value of —2.7 to —4.4 kcal/mol (22). There is,
however, a problem with this accuracy calculation. Accord-
ing to Michaelis—Menten kinetics, the system can achieve
the maximum discrimination  only when free and complex
bound substrates are in equilibrium; i.e. when the cognate
reaction rate approaches zero (7,23), which is never the case
due to the selection pressure for reaction speed on the en-
zyme. Instead, the polymerase operates somewhere between
the minimum accuracy value 1 and the maximum discrimi-
nation d (24). (For a more detailed explanation on accuracy
theory, see (25).)

The standard model of transcript elongation

The basic reactions of transcript elongation are outlined
above and in Figure 1. Transcript elongation is commonly
modeled as a series of stochastic translocations, where the
polymerase jumps forward and backward along the tem-
plate DNA with a net movement that is driven in the for-
ward direction by thermodynamically favorable nucleotide
addition in the forward-translocated state (10,14,15). There
are also different types of backtracking events in transcript
elongation, related to proofreading and transcription elon-
gation pausing. While multiple-step backward transloca-
tion, or ‘long’ backtracking, seems to be a type of transcrip-
tional arrest that occurs only from specific positions along
the template (26,27), one-step backward translocation or
backstepping, is a fast and common event from apparently
any position (18,28). Structural data indicate that the back-
stepped state is stabilized by the insertion of the protrud-
ing last incorporated nucleotide in a binding pocket (29).
From these data we conclude that backstepping can pro-
mote proofreading at a large set of positions along the tem-
plate and therefore is essential for the proofreading mecha-
nism, while long backtracking from a small number of spe-
cific positions is not. The notion that backstepping and long
backtracking may have distinct roles in transcription elon-
gation is in line with the observation that different cleav-
age factors assist in the two cases; bacterial cleavage factor
GreA cleaves off di- and tri-nucleotides, and GreB cleaves
off longer RNA segments (30).

Transcript cleavage always releases a sequence of 2 nt or
longer, corresponding to the number of preceding backward
translocations plus one (Figure 1). This was observed al-
ready with the discovery of the intrinsic cleavage function
in bacterial RNA polymerase (17) and has since then been
observed in both eukaryotes (31) and archaea (32). This
feature of transcript cleavage was only recently included
in transcript elongation modeling (10) and thus its effect
might have been overlooked. In our model where only back-
stepping is allowed, the cleavage product is always a dinu-
cleotide.

Each elongation state in the chain of elongation reac-
tions, denoted E; in Figure 1A and defined by its transcript

length 7, comprises four sub-states of the polymerase: the
pre-translocated state, PRE; the forward-translocated state,
POST; the forward-translocated state with a nucleotide nu-
cleoside triphosphate (NTP) in the active site, POST-NTP,
where phosphodiester bond formation may occur; and the
backstepped state, BACK, in which transcript cleavage may
take place. The reactions between the sub-states of the tran-
scription cycle are modeled as first or second order rate con-
stants, where the latter are multiplied by external nucleotide
concentrations for the nucleotide association steps. For nu-
cleotide association, therefore, the reaction rate is a reac-
tion rate constant multiplied by the nucleotide concentra-
tion, which results in a pseudo first order rate constant. We
use k and ¢ for the compound rate constants of reactions
between elongation states, defined from the first or pseudo
first order rate constants of the sub-states.

As in previous transcription models (14,33), simple rate
constants for state-connecting reactions are calculated from
the Eyring equation with a generic reaction rate constant
ki of going from state 1 to state 2 given by:

Kiosy = ke - ¢~ (A Hmax(AG2=AG) O)/(RT) (5)
where, kpr is a pre-factor constant, R is the gas constant,
T is the absolute temperature and the AG terms account
for the highest free energy on the passage from state one to
state two, i.e. the transition state. The term AG* is a fixed
free energy barrier for each type of reaction and is listed in
Supplementary Table S1 for all reactions. The terms AG;
and AG; are the standard free energies of ground states one
and two, respectively. If the reaction is going from a ground
state to another with a higher standard free energy, the free
energy difference between the two states must also be in-
cluded in the transition state. The difference in total free en-
ergy of the two sub-states, (AG, — AGj), is hence included
in the equation if AG; > AG; but omitted if AG, < AG;.
Since the energy barriers AG* are fixed and common for all
template sequences, the free energy differences between the
sub-states are the only source of the template-dependent ac-
curacy variation in the model. The total free energy of each
sub-state in the transcription model is defined as the sum
of the free energies of the nucleic acids in the transcription
bubble and the polymerase (33):

AGgae = AGpNA/DNA + AGRNA/DNA + AGpot  (6)

Here, AGpna,pna is the free energy cost of opening the
double stranded DNA to form the transcription bubble,
AGRrNaA/DNA 18 the free energy gained upon formation of the
RNA/DNA hybrid and AGy, is the free energy contribu-
tion from the polymerase in its interactions with the tran-
scription bubble. The notation for Gibbs free energy here
includes ‘A’ for the ground states, to signify that this free
energy of the state is not the total free energy of the com-
plex but a difference in free energy relative to some level of
free energy common to all ground states. Free energy barri-
ers AG* are added to the ground states for the free energy
of activation that is needed for the reactions to occur.

The term A Gy, includes stabilization of the transcription
bubble, catalysis of reactions, and discrimination between
correct and non-correct substrates. The polymerase stabi-
lization of the transcription bubble is assumed to be state



and sequence independent and thus to cancel out in the dif-
ference between A Gy, Of two sub-states, which determines
the reaction rate constant. The other effects of the poly-
merase, reaction catalysis and mismatch discrimination, are
included in the reaction barriers and other parameters pre-
sented in Supplementary Table S1. The free energy AGgate
of each sub-state is hence completely specified by the partic-
ular DNA and RNA sequences in its transcription bubble.

The transcription bubble consists of 12 base pairs of de-
natured double-stranded DNA and 8-9 bp of RNA/DNA
hybrid (16,34). The free energy of the transcription bub-
ble is described by the sum of the free energy required to
break or form the hydrogen bonds between opposing bases
of the nucleic acid sequences (33), using experimentally de-
termined nearest-neighbor parameters for double-stranded
DNA (11) and RNA/DNA hybrid (12). Nearest-neighbor
parameters can accurately predict nucleic acid melting ener-
gies (11) by including the effect of base stacking of adjacent
base pairs on the stability of the hydrogen bonds between
the bases in the 2 bp. This is why the nearest-neighbor pa-
rameters are defined for pairs of base pairs, and the free en-
ergy of a sequence is calculated by summation of the free
energies of its pairs of base pairs. Yet again, since only the
difference in AGge between two states is used in the rate
constant calculation, only pairs of base-pairs that differ be-
tween two sub-states will affect the reaction rate constants
that connect the two states (further discussed below).

The reaction rate barriers (Supplementary Table S1) are
compatible with available experimental data and have been
tuned to match the in vivo estimated time of 60 s to tran-
scribe the ribosomal RNA operon rrnC (35). Supplemen-
tary Figure S1 and Table S2 compare a few different pa-
rameter sets.

Accuracy calculations in transcription

The comparison of substrate interactions in Pauling’s calcu-
lation corresponds to the initial selection of substrates after
nucleotide association, but, unknown in the earliest studies
on RNA polymerase accuracy, there is also a kinetic proof-
reading mechanism for transcription. Kinetic proofreading,
first described by Hopfield (36) and Ninio (23), requires a
second, thermodynamically driven substrate exit reaction
(vertical reaction step in Figure 2). Due to the detailed bal-
ance constraint a thermodynamic driving force is necessary
to prevent an otherwise obligatory substrate influx along
the intended exit path (37,38). These principles are illus-
trated by the generic scheme in Figure 2, where the initial
and second substrate exit reactions have rate constants ¢;
and ¢q, respectively. All reactions could potentially have dis-
criminating reaction rate constants for cognate and non-
cognate substrates, why all rate constants are marked c/nc
in Figure 2, but only one discriminating reaction is required
for initial and proofreading selection, respectively.

The existence of proofreading in transcription is sup-
ported by the experimental observations that (i) mismatch
insertions increase polymerase backtracking; (ii) transcript
cleavage introduces mismatch discrimination; (iii) tran-
script cleavage rescues backtracked complexes for contin-
ued elongation (18,39-41). This would suggest that the sec-
ond substrate exit path in a putative proofreading mech-
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Figure 2. A general scheme of kinetic proofreading. A substrate S is turned
into product by an enzyme E. The substrate associates to the enzyme with
an association rate constant k1, after which the complex could either disso-
ciate with a dissociation rate constant ¢; or form a high energy intermedi-
ate complex ES*. The formation of ES* is facilitated by the enzymatically
coupled processing of the co-substrate co-S to form a co-substrate co-P.
The high energy intermediate ES* may either dissociate with a rate con-
stant ¢q or continue to product formation with a rate constant k. The
formation of the intermediate ES* is energetically driven by the shift in
concentration of co-S far above equilibrium with co-P.

anism is the endolytic transcript cleavage by the RNA
polymerase after polymerase backtracking (17), where-
upon the cleavage product is further degraded to nucleo-
side monophosphates and pyrophosphate. The proofread-
ing mechanism requires that the concentration of degraded
cleavage reaction products is shifted far below equilibrium
with substrate concentration. Ultimately, it would be the
shift in equilibrium of nucleoside triphosphates over nu-
cleoside monophosphates and pyrophosphate that confers
the driving force for proofreading in transcription (25). Al-
though the existence of proofreading in transcription is
fairly well established, quantitative data on how much ki-
netic proofreading contributes to transcriptional accuracy
are still missing.

The early calculations of the maximum substrate discrim-
ination in transcription in Equation (4) had another flaw,
besides that enzymes due to kinetic loss cannot operate
at the maximal accuracy near equilibrium with their sub-
strates, in that the estimated AGY value of a transcription
mismatch was later replaced by more accurate experimen-
tal measurements of a much smaller difference between cor-
rect and mismatched base pairs (12,42). Strangely enough,
the old inflated AGY estimate is still in use in transcriptional
accuracy modeling (43-45). Using recent numbers, the aver-
age energy difference between a correct and a last position
mismatched RNA/DNA hybrid is —0.9 kcal/mol (12,13),
rather than —2.7 to —4.4 kcal/mol, which makes the maxi-
mum discrimination only 4.3.

Fortunately, transcriptional fidelity of substrate selec-
tion is saved by stercospecific discrimination against mis-
matches. The free energy differences between correct and
mismatched complexes above were measured in solution
(11-13), but the free energy difference is amplified in com-
plex with the polymerase. This accuracy amplification is
conferred partly by folding of the trigger loop, a flexi-
ble domain in the active centre of RNAP (46). Its folding
closes the active centre and increases the accuracy of nu-
cleotide selection by an induced-fit mechanism against non-
complementary nucleotides (47,48). The trigger loop is also
an integral part of the polymerase dependent mechanism
for transcript cleavage (41), but can in the active centre be
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replaced by the associated cleavage factors GreA and GreB
(49).

In our model, the increase in selection bestowed by the
polymerase is implemented through the mismatch discrim-
inating polymerase effect of a factor 50. The polymerase ef-
fect is applied only if the last or penultimate incorporation
is mismatched, favoring cognate in relation to non-cognate
substrates in phosphodiester bond formation (k) and dis-
favouring cognate transcript cleavage (¢.). A uniform factor
50 is used due to lack of data on the putative variability of
the suggested accuracy enhancing mechanisms.

In addition, the stabilities of mismatched complexes in
the state BACK have been increased as in a previous tran-
scription model (45), if the mismatch is in the last or penul-
timate position. This is motivated by the notion that the
backtrack binding pocket is more accessible for misincor-
porations (29).

Two-step proofreading

The effect of adjacent bases, as it has been understood so
far, is that base stacking interactions of the aromatic rings of
DNA and RNA significantly stabilize or de-stabilize the hy-
drogen bonds to the opposite bases. In transcript elongation
an incoming nucleotide and the template nucleotide in the
active site form a base pair that interacts with the preceding
base pair. The difference in standard free energy between
nucleotide substrates in base pair formation is therefore de-
termined by their interactions with the template nucleotide,
tuned by the base stacking to the preceding base pair. Using
nearest-neighbor parameters to predict the melting energy
of a double-stranded sequence, base stacking is taken into
account by summarizing pairs of base pairs. Each base pair
is thus part of two pairs of base pairs, if not at the end of
the string.

A mismatched base pair directly affects and is affected by
its two neighboring base pairs as well. The first neighbour,
that the incoming base interacts with before transcript elon-
gation, directly affects the initial selection by the stacking ef-
fect on the interaction energy of the mismatched base pair.
This standard free energy difference, the melting energy of
the pair of base pairs formed by the two last incorporated
nucleotides, is evaluated and in case of a mismatch discrimi-
nated against in initial selection. It determines the maximal
accuracy of initial selection, the d-value, by which a cognate
base is favoured in relation to non-cognate competitors (25).
Thus, the mismatched base pair and its neighbouring base
pair are the only base pairs that affect the initial selection.

The proofreading selection is governed by the same pair
of base pairs as initial selection, i.e. the base pair with a
misincorporation and its preceding neighbor, but also by
all other base pairs in the transcription bubble that affect
the probability of transcript cleavage (Equation 8). Among
these is the base pair after a misincorporation that is formed
more slowly than after a correct incorporation (18,19),
in agreement with the prediction by the nearest-neighbor
model. The slowing of incorporation after an error is a con-
sequence of the instability of the state POST*NTP (post-
translocated with an associated nucleotide) compared to the
state without the associated nucleotide (POST). The state
POST is generally stabilized by the formation of the new

base pair consisting of the template DNA and the incom-
ing nucleotide. When the previous incorporation is a mis-
matched base pair, this stabilizing energy of the next base
pair is reduced due to base stacking. The state POST*NTP
with a mismatch in the penultimate position hence becomes
less stable, and the probability for nucleotide dissociation
higher, than for the cognate case.

But what about the following elongation cycle? We first
note that in a transcription elongation cycle following the
proofreading of a misincorporation, the interaction free en-
ergy of the last incorporated base pair is expected to be
higher (meaning the interaction is less stable) than if the
preceding base pair had been correct, thus increasing the
propensity to backtrack. In more detail, the mismatch in
a previous cycle destabilizes the PRE state compared to the
BACK state since the RNA /DNA hybrid in state PRE con-
tains two pairs of base pairs with a mismatch and that of
BACK only one (Figure 3). Furthermore, nucleotide cleav-
age by the RNA polymerase always removes two base pairs
after only one step of backtracking, meaning that the poly-
merase can remove a mismatch by detection of its desta-
bilizing effect on either one of its two neighbours. In the
backstepped state, the flawed and the following base pair
will both be cleaved oft (Figure 3).

From these considerations we propose that the accuracy
of template dependent nucleotide selection by RNA poly-
merase is maintained by one initial selection step and two
proofreading steps (Figure 3). In the first proofreading step,
a misincorporation at the transcript position n can be cor-
rected in elongation state £, due to its enhanced backtrack-
ing propensity and reduced rate of entry into the next cycle.
If the misincorporation escapes the first proofreading step,
it can be removed in the second proofreading step in elon-
gation state E,+; due to its enhanced backtracking propen-
sity. The second proofreading step is identical to the first
but for one difference: In the first proofreading step, the
elongation is impaired so that the selectivity originates both
from a decreased forward rate and an increased backward
rate for mismatches. In the second proofreading step, how-
ever, the selectivity relies only on the increased backward
rate as the forward reaction is a correct incorporation next
to another correct incorporation. The second step of proof-
reading means that using the same cleavage mechanism, the
polymerase gains an additional proofreading check, with-
out any need to determine whether the misincorporation is
in the first or second position of the dinucleotide cleavage
product. Each elongation state E; along a transcribed se-
quence hence constitutes two proofreading events, examin-
ing nucleotides i and i-1 at the same time. Both proofreading
steps of nucleotide incorporation are outlined in Figure 3.

Transcriptional accuracy in the model

The accuracy of initial nucleotide selection, Z, is the prob-
ability that a cognate RNA polymerase—nucleotide com-
plex undergoes phosphodiester bond formation divided by
that of a non-cognate complex. These probabilities for elon-
gation state FEj, expressed in terms of the ratio (¢/k); of
backward-to-forward reaction rate constants (Equation 3),
are ¢z /k. (Figure 1B), the nucleotide dissociation rate con-
stant g3 divided by the rate constant k. for phosphodiester
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Figure 3. Two-step proofreading with transcription bubbles. The states and reactions are the same as in Figure 1. F| corresponds to the first proofreading
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base pairs in the two steps of proofreading. The RNA is shown in yellow, with the nucleotide subject to proofreading in orange and the next incorporated

nucleotide in green.
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The proofreading selection spans the entire next elonga-
tion step. The accuracy enhancement for a position i by
the first step of proofreading, Fi, is defined as the ratio of
the probabilities of product formation of cognate and non-
cognate substrates. The probability of product formation
in proofreading is the probability that a nucleotide in the
last position i of the transcript escapes transcript cleavage
in elongation state E; and instead remains for the next elon-
gation. This probability, again formulated as a ratio of the
backward and forward reaction rate constants, is the ratio
(¢ /K); of the cleavage and elongation compound rate con-
stants of E; (Figure 1A), composed of all the sub-state re-
action rate constants within the elongation state (25).
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Like before, the superscript ¢/nc marks the reaction rate
constants that are affected by a misincorporation. The re-
action rate constant calculations (Equation 5) compare the
transcription bubble energies of the initial and final states
of the reaction, as described here and previously (‘Materials
and Methods’ section, (10)). When the cognate free energy
difference between two reaction states is different from that
of the non-cognate difference, the cognate and non-cognate
rate constants are also different (Supplementary Table S1),
which is how the polymerase can recognize an error from
the interaction energy with the template. The affected reac-
tion rate constants are hence the discriminating reactions;
translocation between PRE and BACK (k; and ¢;) and nu-
cleotide dissociation (¢3). The reaction rate constants of
transcript cleavage (¢.) and phosphodiester bond formation
(k) are not affected by differences in the transcription bub-
ble, but defined only by their mismatch discriminating rate
barriers, described below and in Supplementary Table S1.

To calculate the reaction rate constants of the non-
cognate substrates, mismatch nearest-neighbour parame-
ters are used for the base pairs in the position of the mis-
match instead of correct nearest-neighbour parameters. The
published set of misincorporation nearest-neighbour pa-
rameters only includes four; A-A, C-C, G-G and U-T; out of
all twelve possible mismatches, yet with all possible 3’ and
5" neighbors (13). We have therefore approximated the rest
of the mismatches with the only available mismatch, until a
full dataset is available.

The accuracy enhancement for a position i by the sec-
ond proofreading selection, F5, is the probability that an
incorporated cognate base in the last position i of the tran-
script escapes transcript cleavage in elongation state Ejy di-
vided by that of a non-cognate base. These probabilities are
expressed in terms of the ratio (¢/k)j+; of the compound
cleavage and elongation rate constants of the state Ej+;, de-
termined by the sub-state rate constants in Ej4+; (Figure 1A):
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We note that for Fy;, parameters ¢; and k. in E; are sensi-
tive to whether the incorporated base i is cognate or non-
cognate. For F»;, by contrast, parameters ¢3 and k. in Ej4;
are insensitive to whether the incorporated base i is cognate
or non-cognate, since the base pair formed by the incoming
nucleotide and the template base have a correct base pair
as the nearest neighbor (as the model assumes that there
cannot be two consecutive mismatches). The accuracy am-
plification is therefore expected to be larger in the first than
in the second proofreading step.

The normalized accuracy 4 of an RNA polymerase
with initial selection I, proofreading selection F; and
proofreading selection F, at a given template position
can be writtend = (P;/P[°)- (P;,/ Ppy) - (Ppy/ PRS) =1 -
F\ - F,. The total accuracy A, of the polymerase incorpo-
rating one cognate over three non-cognate nucleotides at a
given template position, defined as the cognate incorpora-
tion probability divided by the sum of non-cognate incor-
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poration probabilities, is hence:

AtOt ([SC]’ [SHC]], [S‘nCz], [S‘HC‘s])
(517 P, P, (10)
nCl llC2 il nC3 m:3 nes3

C nc c e C
L Py P H[S" 2P Py P’ +[S"S1P T Py’ Pry

Rl
If we denote the total accuracy at template positionias 4y,
the error frequency at position i, Errj, is given by:

1
1+ Ao

In the results below, a polymerase effect has been added to
the model by letting the polymerase discriminate between
correct and incorrect base pairing in the transition state
of the phosphodiester bond formation and in the transi-
tion state of the transcript cleavage. As described above,
this polymerase effect accounts for any accuracy enhanc-
ing property of the polymerase, such as hindrance of phos-
phodiester bond formation for mismatched base pairs and
of transcript cleavage for correct base pairs. We note that
the polymerase effect in the two reactions may be substrate
specific, but in lack of data we use the discriminating fac-
tor 50 for all base pairs. However, since it alters the reaction
rate constants k. and ¢ that are tuned by the other reaction
rates in the accuracy calculations (see Equations § and 9,
and Equations 10 and 11 in the Supplementary Data), the
ultimate effect of the polymerase discrimination depends on
the template sequence. Without the mismatch discrimina-
tion by the polymerase, most of the proofreading accuracy
variation is truncated at 1, the minimum discrimination.

In the first proofreading step, the polymerase effect acts
on both the rate constant of phosphodiester bond forma-
tion (k) and the rate constant of transcript cleavage (¢.) to
increase the accuracy. In the second proofreading step, k.
is not affected by the mismatch discrimination of the poly-
merase since the scrutinized pair of base pairs, formed by
the last incorporated base pair and incoming nucleotide and
its template, is correct. The only accuracy amplification is
on the transcript cleavage and the stabilization of the back-
stepped state for misincorporations, why the proofreading
selection of proofreading step two is expected to be lower
than that of the first step.

Err; =

(11)

Revisiting positions

In the above description of the accuracy there is a simplifi-
cation in the expression of the processing probability of the
substrate in Equation (3). We assumed that there are only
two options—the forward and the backward reaction, signi-
fying product formation and substrate rejection. The defini-
tive product formation, however, is not attained until the
whole operon is transcribed. We cannot know in advance
whether an incorporated nucleotide will appear in the final
transcript, or if it will later be cleaved off through repeated
backtracking and cleavage by the polymerase.

Every time a position is revisited due to transcript cleav-
age from a downstream position, the last nucleotides of the
transcript undergo additional rounds of proofreading se-
lection; a round of first-step proofreading for the last nu-
cleotide and a round of second-step proofreading for the
penultimate nucleotide. Therefore, we have calculated for
every position the occurrence of revisits depending on the

propensity of cleavage in the downstream positions, and
how these extra rounds of proofreading enhance the total
accuracy per position. The details of the calculations are
found in the Supplementary Data.

Total transcription time

The total transcription time was in our previous publica-
tion (10) calculated by solving the equation system of the
integrated master equation, and this method is used also in
this paper. However, the old equation system only contains
the cognate reaction rate constants, and it was assumed as
a simplifying approximation that the polymerase always ar-
rives at an elongation state in the pre-translocated sub-state,
also after transcript cleavage. With the new master equation
including the double elongation states presented in Supple-
mentary Figure S2 and the non-cognate reaction rate con-
stants, the transcription time calculated here is a better rep-
resentation of the in vivo transcription time. The calcula-
tions are described in detail in the Supplementary Data.

RESULTS

The suggestion of the two-step proofreading is based on ex-
perimental observations and the standard model of tran-
scription. In order to calculate the effect on the overall error
frequency of the second step of proofreading, we extended
our previous model of transcriptional accuracy with a sec-
ond proofreading step and refined the model to give a better
estimate of the total transcription time.

We calculated the accuracy for initial selection and two
steps of proofreading for an example sequence, the ribo-
somal operon C from E. coli, rrnC, of 5552 bp (50). The
transcription of the rRNA operons has been studied exper-
imentally (35,51), and the transcripts lacks trailing ribo-
somes that could interrupt backtracking. All calculations
were performed in MATLAB 7.9.0 (The MathWorks, MA,
USA).

The accuracy and the error probabilities were calculated
using the above methods and the parameters in Supplemen-
tary Table S1. The results in Figure 4 are shown as his-
tograms where the bars represent the number of positions in
the operon with an error probability within that range. The
ranges of error probabilities are similar to the distributions
of accuracy previously published (10), and are best repre-
sented on a log scale. The error probabilities after initial se-
lection are represented both in Figure 4A and B. In Figure
4A they are weighted by nucleotide concentration to show
the error probabilities as they would appear in the model
or in an experimental setup after initial selection but before
proofreading. In Figure 4B, the error probabilities are not
weighted by concentration, and instead represent the error
probabilities after normalized initial selection discrimina-
tion, expressed in Equation (7).

The grouping of histogram data by the correct RNA nu-
cleotide in the active site shows a clear trend that the sub-
stitution of G is strongly discriminated against in all types
of selection, and that most errors appear as substitutions of
C. However, when comparing panels A and B, it is seen that
the poor error discrimination against substitutions of C is
largely an effect of C being the least prevalent nucleotide.
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Figure 4. Histograms of error probability after initial selection, proofreading step 1 and proofreading step 2 in rrnC. The histograms show the frequency of
positions within the operon with en error probability within the scope of the bar. The data are grouped by the cognate substrate X, and with only one type of
mismatch per template (A-A, C-C, G-G or U-T), panels A-C represents the error probability of the mismatch Y-Y compared to the correct X-Y. (A) Error
probability after initial selection. The distribution is discrete, since the variation comes from only 2 bp. The error probability is nucleotide concentration
weighted to show the probabilities of errors before proofreading. (B) Error probability after initial selection without nucleotide concentration weighting,
representing the initial selection discrimination as expressed in Equation (7). (C) Error probability after initial selection and the first step of proofreading.
This proofreading step gets the benefit of both polymerase effects. (D) Error probability after initial selection and two steps of proofreading. The second
proofreading step is enhanced only by the polymerase effect on cleavage. The accuracy amplification by revisiting positions is not included in any panel.

The strong discrimination against substitutions of G re-
mains; however, but could be an effect of the incomplete
mismatch dataset.

The error probabilities are calculated according to Equa-
tion (11), and averaged by two different methods in Table 1.
First, the average log-scale error frequency is calculated as
exp(mean(log(Err))). This average represents the average on
the log-scale as shown in Figure 4. Second, the average er-
ror frequency per nucleotide is also calculated as mean(Err).
This can be compared to the experimentally observed error
frequency and is of higher biological relevance. However,
due to the log-normal distribution of the error, the average
error frequency is dominated by the very error-prone po-
sitions and does not give a fair representation of the error
frequency spectrum.

The two averages are calculated first with only initial se-
lection included, then with initial selection and proofread-
ing selection step one, then with all three selection steps and
finally the two latter with revisiting of positions, as shown in

Table 1. Table 1 also shows the individual contributions per
selection step, calculated as the factor of error frequency re-
duction. This is done by dividing the accuracy or error fre-
quency of each step by that of the previous, and the error
reduction factor is the inverse of the obtained number.

Figure 4 and Table 1 show that the error frequency reduc-
tion of the second proofreading step is smaller than that of
the first, with an average log-scale error decrease of proof-
reading step 2 of 13.31 compared to 1251 for proofreading
step 1. This was expected for three reasons. Firstly, the sec-
ond round of proofreading has a lower maximal discrimi-
nation and accuracy than the first round since the next nu-
cleotide addition in this elongation step is not retarded by
the misincorporation. The errors in the penultimate posi-
tions are not driven toward state BACK by mismatch dis-
crimination in the nucleotide addition cycle, so the error
correction is more sensitive to the general (cognate) prob-
ability of backstepping in the second step of proofreading,
which is low when the transcription speed is high.
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Table 1. Average log-scale error and error frequency of initial selection, proofreading step 1 and 2, with and without revisiting

Average log-scale error
frequency (as

Log-scale error
frequency decrease per

Error frequency

per nucleotide (as Error frequency decrease

exp(mean(log(Err)))) step (as a factor) mean(Err)) per step (as a factor)
Initial selection 3.2:1073 321073
Proofreading 1 2.5.10°° 1.3:103 7.5:1073 43
Revisiting positions, proofreading 1 1.2:107¢ 2.1 (to Proofreading 1) 6.5-1073 1.2 (to Proofreading 1)
Proofreading 1+2 1.9-1077 13 (to Proofreading 1) 2.6-1073 2.9 (to Proofreading 1)
Revisiting positions, Proofreading 1+2 5.1.10°8 3.7 (to Proofreading 2) 2.3.107° 1.1 (to Proofreading 2)

The average log-scale error is calculated as exp(mean(log(Err))), meaning that it is the average on the log-scale as in Figure 4. The error frequency per
nucleotide is calculated as mean(Err), meaning that it instead represents the error frequency of the transcript. The positions with very low accuracies
dominate this error frequency. The contribution to the error frequency of each step is shown both cumulatively, as the total error frequency as that step is

added and individually, as the factor decrease in error frequency per step.

Secondly, the effects of F| and F, are sensitive to the
choice of parameters. With the set of parameters used here,
the impaired forward reaction has a very big effect on £,
dwarfing the effect of F,, due to the dominance of the term
m(l + qu%) in Equation (8). At increasing nucleotide
concentrations, this effect is decreasing. The effect of the
choice of parameters is further discussed in the Supplemen-
tary Data.

Third, the effect of the proofreading steps on the error
probability of each position cannot be directly translated to
the error frequency per nucleotide due to the skewness of the
error probability distribution (Figure 4 and Table 1). The er-
rors arise predominantly at positions with low accuracy, so
the average number of errors in a transcript does not capture
accuracy enhancements at already accurate positions. Here,
F| and F, are weakly but significantly correlated (correla-
tion coefficient 0.047; P-value 0.00052), meaning that the
effect of the second step is slightly higher in the already ac-
curate positions. Theoretically, a second selection step could
increase the accuracy with almost no effect on the error fre-
quency if it only affected high-accuracy positions. For this
reason, we have chosen show both the error frequency per
nucleotide and the log-scale average (Table 1).

Effect of revisiting positions

For the same operon, we also investigated the effect of accu-
racy amplification by revisiting positions, presented in Fig-
ure 5 and Table 1. The number of revisits per incorporation
(Figure 5A) has a near-normal distribution on a logarith-
mic scale. For most positions, the expected number of re-
visits will be very small, typically <<1, but to a few posi-
tions the polymerase are expected to return several times,
>2. The log-scale average number of revisits, calculated as
exp(mean(log(RV))), is 0.014.

The distribution of the total accuracy amplification by
revisiting positions mirrors the distribution of the revisits
(Figure 5B). The effect is small over the peak of the accu-
racy distribution, but the accuracy amplifications give a few
positions extremely high values. Error discrimination this
high would have little benefit to the living cell, so these po-
sitions, or rather the positions from which the transcript is
cleaved (i + 2), should probably be viewed as short pause
sites rather than accuracy hotspots.

DISCUSSION

We have presented a conceptual argument for two-step
proofreading in transcript elongation based on experimen-
tal observations, and a model to predict the accuracy ampli-
fying effect of both steps and the resultant error frequency.
We note that the qualitative argument for two-step proof-
reading would remain unaffected even if the quantitative er-
ror model were to be significantly adjusted in the future. We
also quantified the effect of the revisiting of positions. Re-
visiting positions is not a suggestion made by this paper but
an inescapable consequence of the transcript cleavage mech-
anism, and we show that the benefit of revisiting positions
to the error frequency is generally low.

The sequence dependence of the transcriptional accuracy
model presented here is derived from varying interaction en-
ergies of pairs of base pairs as measured in solution. This is
not a comprehensive description—there are other possible
sources of fidelity control than the substrate—template inter-
action energies—which makes comparisons to experimen-
tal data all the more necessary and interesting. The strength
of this description, however, is that our model takes full ad-
vantage of the accessible information, as DNA sequences
are readily available. With a known genetic sequence, the
model can estimate the overall transcription error rate and
also suggest positions with high error probabilities.

The large sequence dependent accuracy variation of the
model is evident on a nucleotide level. Comparing differ-
ent genes, the result distributions and average error frequen-
cies for the two proofreading steps are very similar. We have
chosen to show only the results for 77z C since the parame-
ters are tuned to its experimentally well-defined transcrip-
tion time.

Measuring of the total accuracy has historically been
hampered by methodological difficulties, as the method er-
ror from reverse transcriptase and DNA sequencing is usu-
ally much higher than the transcriptional error frequency.
However, recent studies on transcriptional accuracy have
measured the transcription error in new and interesting
ways, showing promise for the future.

One of them, by Gout et al. (9), used a single molecule
based approach to validate the true transcription errors.
This gave a good estimate of the transcriptional error fre-
quency in Caenorhabditis elegans, but also the sequence mo-
tifs around the errors, which allowed for accuracy predic-
tion for the same sequences using our previous model, very



Nucleic Acids Research, 2017, Vol. 45, No. 20 11591

600

500

400

w
o
o

Frequency

200

100

0
10° 104 108 102 10" 10° 10
Number of revisits

T T T

without
revisits |
with
revisits | |

nnﬂ““ deJ.... .

10° 10° 10% 10
Accuracy with and without revisits
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Supplementary Data.

similar to the one presented here but with only one proof-
reading step (10). A comparison showed that the model
could predict a subdivision of the errors, but not all of them,
just as expected from a model predicting the template-
dependent accuracy variation. Nevertheless, this result ver-
ified with high statistical significance that the transcription
model does explain part of the substrate selection variation
in transcription (10).

The results used to verify the transcription model does
not have the power to distinguish between the two proof-
reading steps and could not be used to test the extended
model presented here. In the near future, with an accuracy
landscape of base-pair resolution, we will hopefully be able
to separate initial selection and the two steps of proofread-
ing selection, by their different sequence dependence in the
transcription bubble. Another way to verify the second step
of proofreading could be to study the pattern of cleavage in
an elongation complex with a mismatch by analyzing the
cleaved-oft residues, like in previous studies of transcript
cleavage (41,49). In order to detect the second proofread-
ing step, the experimental conditions must be right since
the effect of the second proofreading step could otherwise
be masked by the greater effect of the first step. However,
the model suggests that the bigger effect of the first proof-
reading step could be quenched with increased nucleotide
concentrations.

The total time of transcript elongation of the rrnC operon
was calculated as described in Supplementary Data. With
the present set of parameters, the total transcription time
is 61.507 s with proofreading step one only and 61.515 s
for two-step proofreading, meaning that the time-cost for
the second step of proofreading in rrnC is just 0.008 s. This
means that even though the increase in accuracy of the sec-
ond step of proofreading is small, it comes with hardly any
additional cost in transcription speed, related to previous
modeling of the accuracy—speed trade-off in transcription
(52). We therefore conclude that this additional proofread-
ing step can be advantageous for the system, despite its com-
parably small effect. Presumably, the second step of proof-

reading could be more important under other conditions,
like a different prokaryote with a slower growth rate. It is
also possible that the second step could confer a larger ben-
efit at certain positions with very low probabilities of back-
tracking in the first proofreading step, which would oth-
erwise have very low proofreading discrimination of sub-
strates.

Another interesting aspect of the accuracy—speed trade-
off is the very wide accuracy distribution. The width of
the distribution is a consequence of the great variation in
free energy of formation of the transcription bubbles along
the template (10). However, it seems that the polymerase
invests in an unnecessarily high accuracy for the majority
of sequence motifs, since most errors will arise in the left-
hand tail of the accuracy distribution. The optimal strategy
would be to develop a mechanism that increases the accu-
racy only for the error-prone positions. This is not provided
in the present model either by the second step of proof-
reading or by the revisiting of positions, but could presum-
ably be obtained in a model with additional discriminating
reactions or mismatch-specific discrimination by the poly-
merase.

In our model, the accuracy variation stems from the uni-
versal physical chemistry of the interaction free energies be-
tween template and substrate. However, these are the con-
ditions under which the polymerase and its associated fac-
tors have evolved, and the selection pressure would have
been strongest in favour of those changes that reduced the
most common and most critical transcription errors. It is
therefore not unreasonable to assume that the polymerase
effect would counteract the most common errors. Here, the
free energy contributions from the polymerase are assumed
to be sequence independent and uniform for simplification.
This includes the general assumption that the polymerase
does not affect the relation between the ground states, but
also all reaction barriers, which are the same regardless of
the substrate. In addition, the discrimination by the poly-
merase is assumed to be uniform despite indications to the
contrary (41,48), due to lack of data on the polymerase ef-
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fect variation. The polymerase effect is also assumed to act
only on the phosphodiester bond formation and the tran-
script cleavage, but could also include other reactions. Con-
sidering these simplifying assumptions, and the likelihood
that these interactions have evolved to remedy the error-
prone positions, the sequence dependent accuracy distribu-
tion could have a different appearance. The significance of
the second step of proofreading selection lies in the offer of
an additional opportunity of selection evolution.

Furthermore, in our model discrimination occurs when
there is a net effect of the mismatch nearest-neighbor pa-
rameter to a reaction, but it is possible that a mismatch
interrupts other reactions in the nucleotide addition cycle
as well, introducing more discriminating reactions to the
accuracy calculation. As can be seen in Equations (8) and
(9), the ratio of backward and forward translocation from
state PRE has a very big effect on the proofreading se-
lectivity. To allow for error discrimination already at these
two reactions is hence a kinetic opportunity to reduce the
error frequency. Specifically, it would amplify the part of
the proofreading selectivity that originates in the transcript
cleavage. With the present model design, the selectivity of
proofreading step one is largely dictated by the discrim-
ination in the nucleotide addition, which drives the sys-
tem toward the backward reaction. Lacking this discrimina-
tion, the selectivity of proofreading step two is considerably
lower. With translocation discrimination, the selectivity of
both proofreading steps, but particularly of proofreading
step two, would increase. Translocation discrimination has
not been studied and we do not know if such discrimina-
tion exists, but given the evolutionary pressure on bacte-
ria, it does not seem a very unreasonable scenario and was
used in a previous proofreading model (45). The model of
the transcriptional accuracy thus outlines the possible evo-
lutionary adaptations to increase both accuracy and tran-
scription speed.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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