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ABSTRACT RNA polymerases execute the first step in gene expression: transcription of DNA into RNA. Eukaryotes, unlike
prokaryotes, express at least three specialized nuclear multisubunit RNA polymerases (Pol I, Pol Il, and Pol 11l). RNA polymer-
ase | (Pol I) synthesizes the most abundant RNA, ribosomal RNA. Nearly 60% of total transcription is devoted to ribosomal RNA
synthesis, making it one of the cell’'s most energy consuming tasks. While a kinetic mechanism for nucleotide addition catalyzed
by Pol | has been reported, it remains unclear to what degree different nucleotide sequences impact the incorporation rate con-
stants. Furthermore, it is currently unknown if the previous investigation of a single-nucleotide incorporation was sensitive to the
translocation step. Here, we show that Pol | exhibits considerable variability in both k.« and K;2values using an in vitro multi-
NTP incorporation assay measuring AMP and GMP incorporations. We found the first two observed nucleotide incorporations
exhibited faster kmax-values (~200 s~ ') compared with the remaining seven positions (~60 s~'). Additionally, the average K,
for ATP incorporation was found to be approximately threefold higher compared with GTP, suggesting Pol | has a tighter affinity
for GTP compared with ATP. Our results demonstrate that Pol | exhibits significant variability in the observed rate constant
describing each nucleotide incorporation. Understanding of the differences between the Pol enzymes will provide insight on
the evolutionary pressures that led to their specialized roles. Therefore, the findings resulting from this work are critically impor-
tant for comparisons with other polymerases across all domains of life.

SIGNIFICANCE RNA polymerase | (Pol |) is one of three known nuclear RNA polymerases and is responsible for the
synthesis of the ribosomal RNA, an essential step in ribosome biogenesis. Previously, we published a minimal kinetic
mechanism describing single-nucleotide addition catalyzed by Pol I, in which a single rate-limiting step of ~180 s~ ' was
observed. Here, we extend those findings and present an examination of nine sequential nucleotide additions using
transient state kinetics. This work has implications in connecting single-nucleotide incorporation rate constants with
observed rate constants garnered from averaging over hundreds of nucleotide incorporations. Surprisingly, we found high
variability between each incorporation. Finally, the findings presented here are impactful in identifying unique differences
between the nuclear RNA polymerases.

INTRODUCTION conservation (1). Five of the 14, 12, and 17 subunits pre-
sent in Pols I, II, and III, respectively, are identical.
Sequence alignments focused on the trigger loop portions
of the three polymerases shows extensive conservation
(2,3). Reasonably, these observations all suggest a similar
mechanism of transcription would describe all three poly-
merases. However, the small molecule a«-amanitin has been
shown to specifically inhibit transcription catalyzed by Pol
II. Likewise, tagetitoxin has been shown to specifically
inhibit Pol III without significantly impacting RNA synthe-
sis catalyzed by Pol I and Pol II (4). The specificity of
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The three nuclear multisubunit DNA-dependent RNA
polymerases (RNAP) (Pols I, II, and III) are known to
have specialized roles in gene expression. Pol I synthesizes
the majority of the ribosomal RNA, Pol II synthesizes
messenger RNA and most regulatory noncoding RNAs,
and Pol III primarily synthesizes the transfer RNA and
the 5S ribosomal RNA. Strikingly, although having unique
roles, the three polymerases exhibit considerable sequence
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The hypothesis that the three polymerases have function-
ally distinct mechanisms is further supported by an investi-
gation in which a known gain of function mutation for Pol II
(Pol II: rpbI-E1103G) was engineered into Pol I (Pol I:
rpal90-E1224G) and resulted in an opposite phenotype
(2). The point mutations discussed are in the trigger
loop, a region that is conserved among multisubunit RNAPs
(5-8). A further characterization of nucleotide addition
catalyzed by this Pol I variant suggests that the decrease
in function is a result of a reduction in the covalent bond for-
mation step (9). These findings demonstrate clear differ-
ences in the kinetic mechanisms of Pols I and II and
indicate that independent kinetic characterizations of each
enzyme are necessary to gain insight into how each poly-
merase evolved to fulfill its respective role (10).

Experiments have been performed, both in vitro and in vivo,
to probe the kinetic mechanism of nucleotide addition cata-
lyzed by Pol I. Two in vitro experiments found the average
maximal rate of nucleotide addition by Pol I to be ~60 nt
s~ ! after averaging over hundreds of nucleotide incorporations
(9,11). Consistently, an in vivo measurement reported a rate of
50 + 20nts ! (12). We performed transient state kinetics to
elucidate a minimal kinetic model that described single aden-
osine monophosphate (AMP) addition by Pol I (13). The
model suggests that the rate-limiting step is the formation of
the covalent bond between the nascent RNA and the incoming
AMP and has a value of ~180 s~ . This rate constant is three-
fold higher than the average maximal rate of nucleotide addi-
tion observed in the multinucleotide addition experiment both
in vivo and in vitro.

If Pol I single-nucleotide incorporation is rate limited by a
single kinetic step with a rate constant of 180 s ' and aver-
aging over thousands of incorporations reveals that incorpora-
tion occurs at ~60 nt s ', then why is there such a large
disparity between the two measurements (9,13)? How are
the kinetics of a single-nucleotide incorporation related to
the repeating cycles of multiple nucleotide incorporations?
To address these questions, here, we sought to examine the ki-
netics of nucleotide addition catalyzed by Pol I in the context
of multiple incorporations. Furthermore, these experiments
will reveal if differences in the incorporation sequence impact
the kinetics of each addition. To this end, we used transient-
state kinetic techniques to interrogate the mechanism of incor-
poration of nine sequential nucleotide additions. The strength
of this strategy is that, in a single experiment, we acquire nine
time courses corresponding to the rise and fall of eight inter-
mediate incorporations and the formation of final product.
Consequently, each time course provides a constraint on the
elementary rate constant for the formation and disappearance
of the n-th intermediate and the formation of the (n + 1) prod-
uct. Detailed analysis of these time courses shows substantial
variability in the maximal rate constant and binding affinity at
each of the nine incorporation positions. Although the rate
constants and NTP binding affinities are variable at each posi-
tion, they fall within a range that would yield the expected
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average that was previously seen with longer templates, (67
+ 4) s 'and (142 = 22) uM (9). However, the first incorpo-
ration was observed to be much faster than the average over
many incorporations, which agrees with our previously re-
ported single-nucleotide incorporation experiments. Surpris-
ingly, the second incorporation in these experiments was
also observed to be much faster than all subsequent additions.

MATERIALS AND METHODS
Buffers

All buffers and salt solutions were filtered using Millipore express plus vac-
uum-driven 0.22 um filters (MilliporeSigma, Billerica, MD) unless speci-
fied otherwise.

Nucleotide incorporation reactions were run in reaction buffer: (40 mM
KCl, 20 mM Tris-Acetate (OAc) (pH 8.23) at 25°C, 2 mM dithiothreitol,
0.2 mg mL"! bovine serum albumin (BSA)).

Proteins

Pol I was purified from Saccharomyces cerevisiae, as described previously
(14). For ease of purification, the cells expressed an FLAG-His6 tag on the
C-terminus of A190 as the sole source of that subunit. Pol I is stored in
0.55 M K-OAc, 10 mM K-HEPES, 0.5 mM MgCl,, 45% (v/v) glycerol
(pH 7.8); at —80°C.

Nucleotides, nucleic acids, heparin, and BSA

Preparation of nucleotides, nucleic acids, heparin, and BSA was described
in detail previously (13). Nucleic acids were purchased from Integrated
DNA Technologies (Cedar Rapids, IA). The template DNA sequence, non-
template DNA sequence, and RNA primer are shown below. The location of
the complementary sequences between the template DNA and the RNA
primer are shown in bold.

Template DNA strand is coded as follows: 5'-ACCAGCAGGCCGATTG
GGATGGGTATTCCCTCCTGCCTCTCGATGGCTGTAAGTATCCTAT
AGG

Nontemplate DNA strand is coded as follows: 5'-CCTATAGGATACTT
ACAGCCATCGAGAGGCAGGAGGGAATACCCATCCCAATCGGCCT
GCTGGT

RNA primer is coded as follows: 5 AUCGAGAGG

Quench-flow time courses

Quenched flow time courses of multinucleotide incorporation reactions and
electrophoresis, and quantification of gels were performed as previous
described but with minor modifications (13). Previously, we only included
ATP in the NTP syringe, whereas here, we are including both ATP and GTP.
Previously, sodium acetate was added to the bottom buffer tank in the gel
electrophoresis setup, and in this work, that was excluded. In the previously
published manuscript, Bio-Rad Laboratories’ software program Quantity
One (Hercules, CA) was used to quantify the band densities in the poly-
acrylamide gel electrophoresis (PAGE) gels. In this investigation, the GE
Healthcare software program ImageQuant TL (Cytiva, Marlborough,
MA) was used.

In this experiment, two solutions were rapidly mixed together. The first
solution contained the radiolabeled elongation complex. The concentration
of the different components in this solution are shown below. The second
syringe contained ATP, GTP, heparin, and Mg>".

The concentration of both syringes shown below are premixing
concentrations.
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Radiolabeled elongation complex syringe

The radiolabeled elongation complex syringe contained =16 nM Pol I,
162.75 nM RNA, 5426 nM DNA-t, 162.75 nM DNA-nt, =5 nM
a-32P-CTP, 100 uM Mg(OAc),, 1.1 mM ethylenediamine teraacetic acid
(EDTA) - K3, 5 uM unlabeled CTP.

NTP syringe

Adenosine triphosphate (ATP) and guanosine triphosphate (GTP) were at the
concentrations indicated in the text, 18 mM mg(OAc),, 0.05 mg/mL ™" heparin.

Mixing in the chemical-quenched flow instrument is 1:1; thus, the final
concentrations upon mixing are twofold lower than described above. Impor-
tantly, the final Mg(OAc), is 9 mM and the final EDTA — Kj is 0.55 mM.

Data analysis

Parameter optimization was carried out using the MATLAB (MathWorks,
Natick, MA) toolbox MENOTR (Multi-Start Evolutionary Nonlinear
OpTimizeR). MENOTR is a set of scripts that have been developed to run
on the MATLAB platform. The scripts optimize parameters using a hybrid
genetic/non-linear least squares (NLLS) strategy (Ingram et al., manuscript
in press). This parameter optimization method leverages the strengths of both
analysis strategies while minimizing the respective inherent weaknesses. In
this parameter optimization strategy “good” parameter values are first ascer-
tained using a genetic algorithm. The “good” parameter values are then used
as initial guesses in optimization routines using an NLLS algorithm. Opti-
mizing parameters in this manner avoids NLLS from being trapped in a local
minimum and increases the probability of reporting the “best” set of param-
eters possible.

Data sets composed of nine time courses (11-mer to 19-mer) were fit
globally to the schemes presented in Fig. 2. The resultant best fit parameters
were tabulated and reported for different concentrations of ATP and GTP.
The k,ps values were determined from two to six independent experiments
and subsequent fits. Fits of the k,,, secondary plots were performed using
KaleidaGraph (Synergy Software, Reading, PA).

RESULTS

Pol I catalyzed transcription was examined using a previ-
ously published promoter-independent in vitro transcription
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10 uct. The lines connecting the time points here are
present simply for visualization purposes. To see
this figure in color, go online.

assay (13). This assay allows a user to monitor the elonga-
tion phase of RNA synthesis but does not report on the
initiation or termination phases. As illustrated in Fig. 1 A,
an elongation complex was first assembled using a 9-mer
RNA primer, template DNA strand, nontemplate DNA
strand, and Pol I enzyme. The elongation complex was
then incubated with «-**P-CTP and Mg”>" cofactor. In
Fig. 1 A, a red star is used to denote the radiolabeled CTP,
and the oligonucleotide sequences are shown. The elonga-
tion complex incorporated the radiolabeled CTP into the
RNA but cannot add the next nucleotide, ATP, because it
is absent from the reaction. In the absence of the next
cognate nucleotide, Pol I will cleave two nucleotides from
the 3’ end of the primer producing a radiolabeled dimer
RNA product (5’-GC). To halt both the nuclease activity
and any additional nucleotide addition activity, EDTA was
added to chelate the Mg>" cofactor. Excess unlabeled
CTP was then added to the solution to guarantee that the
observed signal will only come from elongation complexes,
which incorporated the radiolabeled CTP before the addi-
tion of ATP and GTP.

An illustration of a chemical-quenched flow is shown in
Fig. 1 B. The two boxes represent the two sample syringes.
One syringe contained the radiolabeled elongation complex
presented in Fig. 1 A. The second syringe contained ATP,
GTP, excess Mg>", and heparin. The contents of the two sy-
ringes were rapidly mixed, allowed to react for variable
amounts of time before being quenched with 1 M HCI and
expelled from the apparatus into a sample tube. During
the incubation time, Pol I elongated the nascent transcript
from a 10-nucleotide RNA (10-mer) to a 19-nucleotide
RNA (19-mer) using the ATP, GTP, and Mg**. Pol I stopped
catalyzing nucleotide incorporation at the 19-mer position
because UTP is absent from the reaction. Heparin is
included in large excess so that any free Pol I will rapidly



bind to heparin; thereby maintaining single turnover condi-
tions with respect to the labeled elongation complex. As
described above, in the absence of the next cognate nucleo-
tide, Pol I is anticipated to cleave off a dinucleotide from
the 3’ end of the nascent RNA (9,10,13,15—17). Unlike the
labeling conditions in which only CTP is present, under re-
action conditions, the excised nucleotides can be reincorpo-
rated because three of the four nucleotides are present. The
red star in Fig. 1 B corresponds to the radiolabeled CTP, and
the blue and green stars correspond to the newly added AMP
and GMP nucleotides, respectively. The final complete
19-mer RNA product sequence is shown at the bottom of
Fig. 1 B.

The samples, corresponding to different reaction times,
were then loaded into different lanes of a sequencing gel
to separate the elongated RNA intermediates. A representa-
tive gel image from an experiment with saturating ATP and
GTP (1 mM) is shown in Fig. 1 C. The first two lanes repre-
sent time zero and the next 16 lanes correspond to increasing
reaction time. The pixel density for each band in Fig. 1 C
was quantified and the fraction of RNA was calculated for
each RNA intermediate. Fig. | D displays the resultant
time courses for each intermediate and final product,
19-mer.

The next task was to identify a minimal kinetic model
describing the experimental time courses. For each
repeating cycle of nucleotide incorporation, the polymerase
must bind a nucleotide, catalyze phosphodiester bond for-
mation, release pyrophosphate, and translocate to the next
position to catalyze the next incorporation. The kinetic
time courses shown in Fig. 1 D will be sensitive to the slow-
est step or steps within each of those repeating cycles of
nucleotide incorporation. Thus, we sought to determine
the simplest kinetic mechanism that could simultaneously
describe the rise and fall of each intermediate (11-mer to
18-mer) and final product (19-mer) formation. It is impor-
tant to note that each intermediate time course (11-18)
provides two constraints. The rising phase constrains the
rate-limiting step for formation of that intermediate, and
the decay phase constrains the rate-limiting step for the
disappearance of that intermediate. The rate-limiting step
for disappearance of a given intermediate, in principle, is
the rate-limiting step for formation of the next intermediate.
Consequently, the collection of all nine time courses provide
substantial constraints for the model.

The simplest model, given by Scheme 1, assumes that a sin-
gle rate-limiting step per incorporation cycle governs the for-
mation of a given species and that step is the same for each
species. Shown in Fig. 2, Scheme 1 contains a single repeating
observed rate constant, k,,, for nine sequential nucleotide ad-
ditions. A set of simulated time courses, shown in Fig. 2 A,
were generated to provide insight into the features present
in time courses from Scheme 1 and aid in the analysis of the
experimental time courses. The most notable features in the
simulated time courses are that the time course of each inter-
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mediate systematically shifts to the right with each incorpora-
tion, the peak maximal height decreases with each subsequent
intermediate, and the maximal peak of the 19-mer time course
approaches one. In contrast, the experimental data set shown
in Fig. 1 D exhibits the right shift of the peak for each interme-
diate, but the maximal peak height does not systematically
diminish with each intermediate as it does in the simulation.
Moreover, the 19-mer approaches a maximum of ~0.8.

An additional global scalar was required to account for
the final product, 19-mer, not plateauing at one as shown in
Fig. 2 B. According to Scheme 1, all 10-mer that enters the re-
action will become 19-mer, thus resulting in the 19-mer time
course approaching 1 in Fig. 2 A. In reality, some fraction of
the polymerase that was competently bound and able to radio
label the RNA in the RNA/DNA hybrid likely dissociated
before initiation of the reaction. This hypothesis is supported
by the clear 10-mer band presentin Fig. | C. to account for this
change in the 19-mer plateau point, a scalar constant was
incorporated to scale the amplitude.

To test Scheme 1, a global optimization across all nine
time courses was performed. The parameters and global
amplitude scalar were optimized and the best fit lines with
experimental data are shown in Fig. 2 B. A resultant
v -value of 0.52 was determined from the fit. Inspection
of the best fit lines indicate that Scheme 1 does not
adequately describe the data. Upon inspection, the most
striking difference between the simulation from Scheme 1
and the experimental time courses is that the experimental
time courses exhibit variable peak height and not the uni-
form decrease exhibited in the simulation. This observation
indicates that the formation and disappearance of each inter-
mediate is not governed by the same rate constants.

The variability in the peak height suggests that each incor-
poration is governed by a different rate constant. To test this
hypothesis, Fig. 2 Scheme 2 is a minimally modified version
of Scheme 1 and contains a unique k,,, for each incorpora-
tion. Scheme 2 was used to simulate the time courses shown
in Fig. 2 C. As expected, variability in the peak height was
observed depending on the rate constant values simulated.
Unlike Fig. 2 A, the maximal peak height for the intermediate
time courses shown in Fig. 2 C do not follow a systematic
decrease in the maximal peak height. Rather, the peak heights
exhibit variability depending on the choice of rate constants
used for the simulation, consistent with the experimental ob-
servations. However, formation of the 19-mer still ap-
proaches unity in the simulated time courses, whereas
experimentally the time course approaches ~0.8.

The parameters in Scheme 2 with the additional global
amplitude scalar were optimized to describe the experi-
mental data shown in Fig. 1 C. The best fit lines and exper-
imental data are shown in Fig. 2 D. Inspecting the time
courses and corresponding fit lines reveals there is a dra-
matic increase in the quality of the fits as compared with
Scheme 1. This is further supported by the change in the
v? from 0.52 using Scheme 1 to 0.06 using Scheme 2.
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However, the 17-mer and 18-mer time courses are not well
described at time points >~0.3 s. The time courses appear
to plateau at around ~0.1 instead of returning to zero as pre-
dicted by the simulated time courses.

As we have previously reported, when the next cognate
nucleotide is not available, Pol I will backtrack and cleave
a dinucleotide product (9,10,13,15-17). In the experiment
described in Fig. 1, at the 19-mer position, the next cognate
nucleotide is not present in the reaction. Thus, Pol T will
cleave a dinucleotide product to produce a 17-mer. Once
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the 17-mer product is formed it is available as a substrate
to reincorporate the nucleotide encoded at position 18 and
19 and repeat the process. This cleavage activity is identical
to what was observed in single-nucleotide incorporation re-
actions with the exception that in single-nucleotide addition
experiments the cleavage of the dinucleotide product pro-
duces a substrate RNA that is no longer radio labeled
(9,10,13,15,17). With the cleavage reaction in mind, Fig. 2
Scheme 3 was constructed to account for the cleavage that
would occur at the end by adding k,; ;0 to Scheme 2. In
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FIGURE 3 Representative set of time courses of 11-mer to 19-mer with
varying [ATP], whereas [GTP] is held constant at | mM. The colors red, or-
ange, gold, green, dark blue, light blue, and purple correspond to 10, 20, 50,
100, 200, 600, and 1000 uM ATP, respectively. The identity of the RNA in-
termediate being monitored is written in the top left corner along with the
identity of the NMP being incorporated. Time courses arising from a given
[ATP] and 1 mM GTP were fit globally across all intermediates using
Scheme 3 located in Fig. 2. The best fit line for each fit is shown with
the corresponding time course. To see this figure in color, go online.

Scheme 3, the parameter k0 is the rate constant for
cleavage of the 19-mer to produce a 17-mer. This 17-mer re-
enters into the reaction path and again can be extended to
form an 18-mer and 19-mer. This also accounts for the
fact that the experimental time courses for the 17- and
18-mer do not completely return to baseline like other inter-
mediates in the reaction pathway.

Inclusion of the cleavage step with rate constant k70 in
the scheme gives rise to plateaus of the 17-mer and 18-mer
time courses as shown in Fig. 2 E. Although experimentally
a modest plateau is observed, ~0.1, the parameters chosen
for the simulations shown in Fig. 2 E were purposefully cho-
sen to clearly demonstrate this plateau feature. The param-
eters in Scheme 3, with an additional global scalar, were
globally optimized to describe the experimental time
courses shown in Fig. I C. The time courses and correspond-
ing best fit lines are shown in Fig. 2 F. Inclusion of the k., ;0
step resulted in the x> dropping from 0.06 in Fig. 2 D to 0.03
shown in Fig. 2 F. Individual intermediate time courses and
the corresponding best fit lines are shown in Fig. S1. This
minimal model was not further modified because all
observed time course features were described by the best
fit lines.

The single turnover nucleotide incorporation experiments
discussed here are sensitive to the slowest step in each
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repeating cycle of nucleotide addition. However, the exact
identity of that kinetic step remains unclear. To begin to
reveal information on the identity of the rate-limiting step,
we examined the ATP and GTP concentration dependence
of the kinetic mechanism. Under the conditions of 1 mM
GTP and 1 mM ATP, it is expected that nucleotide binding
is fast; therefore, lowering the nucleotide concentration will
identify if the rate-limiting step is nucleotide binding, a step
coupled to nucleotide binding, or something else (13). First,
the [ATP] was varied from 10 uM to 1 mM whereas the
[GTP] was held constant at 1 mM. A representative set of
time courses are shown in Fig. 3. The second set of experi-
ments were similarly carried out varying [GTP] from 10 uM
to 1 mM, whereas the concentration of ATP was held at
1 mM. A representative set of each of the time courses in
which the [GTP] was varied is shown in Fig. S2. The best
fit lines shown in Fig. 3 and Fig. S2 were generated from op-
timizations using Scheme 3. The top left corner of each
panel of Fig. 3 and Fig. S2 contains the RNA intermediate
being observed and the identity of the nucleotide being
incorporated. Each intermediate in Fig. 3 and Fig. S2 have
the expected rise and fall phase. In contrast, the final RNA
product, 19-mer, exhibits a rise and plateau.

Quantitative analysis of transcription time
courses

The parameters in Scheme 3 were globally optimized to
describe all time courses, 11-mer to 19-mer, for a given
[ATP)/[GTP] pair, and the best fit lines are shown in
Fig. 3 and Fig. S2. Time courses illustrating the appearance
of the 11-mer to 19-mer for a given [ATP]/[GTP] pair were
fit globally using Scheme 3. Replicate time courses were all
fit to Scheme 3 independently, and the fit parameters for
each [ATP]/[GTP] pair were tabulated. The mean and stan-
dard deviations were calculated from the replicate fit param-
eters. The resultant values are plotted as a function of [ATP]
in Fig. 4 and as a function of [GTP] in Fig. 5.

Panels A—I shown in Figs. 4 and 5 correspond to the first
nine k&, parameters present in Scheme 3. The k,,,; parame-
ters describe nine different nucleotide additions, 10-mer to
19-mer. The identity of the nucleotide being incorporated
at each position is displayed in the top right corner of
each panel. Fig. 4, A, D, H, and I correspond to AMP
incorporations and exhibit an [ATP] dependence, whereas
Fig. 4, B, C, and E-G correspond to GMP incorporations
and are independent of [ATP].

Inspection of the four secondary plots exhibiting an
[ATP] dependence suggested a hyperbolic dependence,
which is consistent with rapid equilibrium binding of the
nucleotide. Equation 1 represents a proposed mechanism
for each incorporation in which E is the Pol I elongation
complex that binds to the incoming nucleotide substate, S.
Under rapid equilibrium conditions, it is assumed that k;
is much faster than k3. Consequently, nucleotide is assumed
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to both bind and dissociate frequently and each addition cy-
cle would be rate limited by k;. The [S] dependence on the
rate of reaction to form (E e S)* is described by Eq. 2. A
derivation of this equation and accompanying discussion
has been previously published (18). Here, we will point
out two considerations for interpretations using this equa-
tion. First, the irreversible reaction occurs immediately after
substrate binding and an undetected fast step cannot exist
between the binding step and step with rate constant, kj.
Second, the exact identity of this reaction step is unclear
from this analysis alone:

E+SeEeSS (Ees)

2

M

k
k;

kubs,max [S ]

kO A = b
" Kip+ 8]

k
where Kl/zzk_z and k3 = kobs,max ()
1
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The four secondary plots exhibiting an [ATP] dependence
were subjected to analysis using the above rectangular hy-
perbola (Eq. 2), in which the parameters k,pg max and K,
were optimized to describe the experimental data. The
weighted average, <k,ps>, was determined for each
isotherm that did not exhibit a [NTP] dependence.
Strikingly, although the four secondary plots are all
describing AMP incorporation, we observed variability in
the affinity for ATP, i.e., K;,, as well as the maximal rate
constant, K,ps max- Thus, each AMP incorporation event ap-
pears to possess both a different maximal rate constant
and nucleotide-binding affinity.

Fig. 4, B, C, and E-G and Fig. 5, B, C, and E-G all corre-
spond to k,,, parameters describing GMP incorporation. In
Fig. 5, these parameters exhibited a [GTP] dependence
similar to the AMP incorporations discussed above. The sec-
ondary plots exhibiting a [GTP] dependence were likewise
subjected to analysis using a rectangular hyperbola (Eq. 2).



Pol | multi-nucleotide addition

A . . B ' . . Cc . . .
2501 <Ho>=(150210) " A 300] Koporen = 256278 G Kppomae = (5724 5" G
20 | K=EEET) M 60| Kin= (0 £20) M %
O ‘ L g 2 e
= 150F l Ill }T _§ 2»40,
x<° 100} = <
20t
50 L
0 4 e 0 4
1 10 100 1000 10 1 10 100 1000 10 1 100 1000 10
D [GTP] (uM) E [GTP] (uM) F [GTP](uM)
A kK =metss' G ' vt G
. 8 e 100} k,,, ., =(62%3) .
40| K> = (254208)s 1°°'K;= (20 £ 8) uM s T HMS FIGURE 5 Secondary plots of Scheme 3 opti-
__ 80 _ 80+ {‘ mized parameters describing time courses from
o 0 i, 1 3 60| "2 60| different [GTP] conditions. The data points are the
< 20l ! f H TT 3 G mean values of each parameter at a specified [GTP]
2 ° S40| L.
o <" 401 =240 and the error bars are the standard deviation. Second-
10 20 20 ary plots exhibiting a [GTP] dependence were fit
o 0 with a rectangular hyperbola and the best fit line is
1 10 100 1000 10° 1 10 100 1000 10° 1 100 1000 10*  shown with the respective data set. The weighted
G [GTP] (uM) H [GTP](uM) I [GTP] (uM) mean value was calculated for secondary plots which
K I=(2o +I2) & G ' A A DR A did not exhibit a [GTP] dependence. <k,;,> indi-
I Fobsmax = <Ky =(8022) 8 350 | Kons™ = ( ) cates the weighted average k,,s. (A—I) The panels
30| K,,=(12£6) uM 200} ) o o
% correspond to the first nine &, rate constants present
< 150f “p 250r in Scheme 3. The identity of the nucleotide being
"Z% , e incorporated is shown in the top right corner of
8 00y . 1.1 x°150¢ . I each panel. (J) This secondary plot displays how
50| f I r . . QT [GTP] impacts the nuclease activity, kops 0, Of
50 ° Pol 1. (K) Plot of fraction of active elongation com-
0 0 . . . .
110 100 1000 104 130 qo0 1000 10* 1 100 1000 104  plex with varying [GTP]. To see this figure in color,
[GTP] (uM) [GTP] (uM) [GTP] (uM) go online.
J et K SEBI—
<k,p,>=(53£02)s" Average = (0.71 £ 0.01) s
20{ 208}
] 11 b l
sfos 1|
5 L o L
Ji'.g 15 : % 0.6
N e
o { Ee 04|
5 —— i % <02|
0 " 0
1 10 100 1000 10 1 10 100 1000 10*
[GTP](uM) [GTP] (uM)

The k,,.. and K;»values exhibited variability, indicating that
the rate constant of GMP incorporation and GMP affinity are
different at different incorporation positions.

Figs. 4 J and 5 J display isotherms of ks 70, Which, in
Scheme 3, is the rate constant describing cleavage of the
19-mer to a 17-mer. Interestingly in Fig. 4 J, this isotherm
exhibits an [ATP] dependence with a K;,, of ~15 uM and
a kypqy of ~6 s, As shown in Fig. 5 J, the parameter did
not exhibit a [GTP] dependence. It was originally hypothe-
sized that this observation is a consequence of the last two
nucleotide incorporations both being AMP. This hypothesis
was tested by simulation; however, as shown in the Support-
ing materials and methods, an [ATP] dependence was not
observed for k,ps ;0. This finding suggests that ATP, but
not GTP, is coupled to the nuclease activity of Pol I.

Figs. 4 K and 5 K are plots of the global scalar that was
applied to each set of nine time courses resulting from a
given transcription experiment. This scalar describes the

fraction of active elongation complexes that elongate the
RNA primer. This parameter did not exhibit an [ATP] nor
[GTP] dependence and was ~0.7 across all experiments.
This parameter indicates that ~70% of the elongation com-
plexes that incorporated the radiolabeled CTP in the 3’ la-
beling step were intact and able to catalyze the addition of
the subsequent nucleotides.

Greater parameter uncertainty was observed at lower
[NTP] compared with higher [NTP] in several panels shown
in Figs. 4 and 5. Consider the deviation present at 10 uM
ATP in Fig. 4 B. At 10 uM ATP the preceding incorporation
(Fig. 5 A) is “slow” (~5 sfl) compared with the “fast”
incorporation observed in Fig. 4 B (~320 s '). This
“slow” step followed by a “fast” step results in no buildup
of the intermediate and results in greater parameter uncer-
tainty. Now consider Fig. 4 C at 10 uM ATP. The &, for
this step is “fast” (~56 s ") relative to the next k., shown
in Fig. 4 D (~2 s™1). A “fast” step followed by a “slow”
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TABLE 1 Tabulated secondary plot fit parameters shown in Figs. 4 and 5

Varying [ATP] and saturating [GTP]"

Saturating [ATP] and varying [GTP] b

Kopsmax (571 K2 (uM) <hkops> (57 Kobsmax (87 K2 (uM) <kops> (571
Kobs,1 - A 190 = 30 220 += 70 - - - 150 = 10
Kobs,2 - G - 244 + 4 256 + 7 56 £ 7 —
Kobs3 - G — - 56 = 0.9 57 £ 4 90 += 20 —
Kopsa - A 29 + 3 180 + 40 - - - 254 + 0.8
Kobss - G - - 72 =5 79 = 8 20 £ 8 —
Kobs,6 - G - - 70 = 5 62 +3 20+ 6 —
Kobs,7 - G - - 2 + 1 20 + 2 12+6 -
Kobss - A 90 + 10 80 = 10 - — — 80 + 2
Kopso - A 100 + 20 60 + 20 - - 116 + 1
Kobs.10 - Nuclease 6.0 = 0.7 15 +7 53 +0.2 —

“Isotherms in which the [ATP] was varied. Reported parameter and uncertainty values were generated by taking the mean and standard deviation of two or

more experimental replicates.

®Isotherms in which the [GTP] was varied. Reported parameter and uncertainty values were generated by taking the mean and standard deviation of two or

more experimental replicates.

step results in a buildup of the intermediate (demonstrated in
the 13-mer time course shown in Fig. 3). The buildup of this
intermediate is better described in fitting analysis and results
in smaller parameter uncertainty values. To summarize, a
“slow” step followed by a “fast” step results in an increase
in parameter uncertainty. However, a “fast” step followed
by a “slow” step results in a decrease in the parameter un-
certainty. The time courses present in this manuscript have
a mixture of these two different cases, resulting in variability
in parameter uncertainty values for each incorporation.

The k.. and K;, values for each NMP incorporation in
Figs. 4 and 5 are tabulated in Table 1. The left most column
contains the k,;,; parameters describing the nine NMP incorpo-
rations and the identity of the NMP being incorporated at each
position. The next three columns correspond to the case in
which the [ATP] was varied, whereas the [GTP] was held at
saturating conditions of 1 mM. The last three columns corre-
spond to the kinetic parameters in the case of saturating condi-
tions of 1 mM ATP with varying [GTP].
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FIGURE 6 Secondary plot fit parameters shown in Figs. 4 and 5 for the
first nine k,,; parameters. (A) Plot of k,.x and <k,;;> parameter values for
each k,,; parameter. The identity of the nucleotide being incorporated is
written above each k,,; parameter. Reported parameter and uncertainty
values were generated by taking the mean and standard deviation of two
or more experimental replicates. Parameter errors were identical to those
shown in Figs. 4 and 5. (B) Ky, values for the first nine k,;, parameters.
Errors were identical to those found in Figs. 4 and 5. To see this figure in
color, go online.
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An overlay of the different k,,,, and <k,,,> values is
shown in Fig. 6 A along with the K;, values in Fig. 6 B.
The excellent agreement between the k,,,.,, and <k,;,> values
indicates that the constant parameters shown in Figs. 4 and 5
correspond to the k., for the NMP being incorporated. For
instance, the first incorporation is an AMP and is described by
kops,1- This parameter exhibits an [ATP] dependence and has
a k,,q of ~190 s~ ! The parameter does not exhibit a [GTP]
dependence, but in the presence of saturating ATP, also ex-
hibits a <k,,> of ~150s~'. Thus, the concentration of other
nucleotides in solution do not significantly impact the ki-
netics of the NMP being incorporated. However, there is a
striking level of variability in the kinetics at different nucle-
otide incorporation positions as demonstrated by the k.,
ranging from ~20 to ~256 s~ ', shown in Fig. 6 A and the
K> values ranging from ~12 to ~220 uM shown in Fig. 6 B.

The specificity constant, ks mq/ K2, Was calculated for
each of the nine nucleotide incorporations and is shown in
Fig. S5. The values ranged from (0.2 to 4.6) uM ' s\,
No clear trend was observed based on the identity of the
nucleotide being incorporated, but a possible repeating cy-
cle was observed in which the ratio appears to rise and
fall every four nucleotides. A similar repeating cycle has
been observed in Escherichia coli RNAP (19).

DISCUSSION

Here we have shown how the [ATP] and [GTP] impact the
kinetics of nucleotide addition catalyzed by Pol 1. Experi-
ments deducing full [ATP] and [GTP] dependences resulted
in well-defined ks max and K, values at each of the nine
sequential nucleotide additions. We identified that the
rate-limiting step immediately follows nucleotide binding.
We have additionally demonstrated that Pol I exhibits ki-
netic variability in both k,ps e and K;,, values depending
on the incorporation positions. Interestingly, the k,pmax
values for the first two nucleotide incorporations were
shown to be much faster than subsequent NTP additions.



Additionally, the K;,, values of GMP incorporation are
smaller compared with AMP suggesting tighter affinity for
the GTP substrate compared with ATP.

Monitoring nine sequential nucleotide additions in this
study has revealed new details regarding the mechanism
of nucleotide incorporation. The rate constant for the first
incorporation in these multinucleotide addition experiments
is the same as the rate constant detected in previous single-
nucleotide addition studies (13). Strikingly, this observation
is in contrast to previous studies of E. coli RNAP in which
the presence of nontemplated NTPs resulted in an increase
in the templated NTP incorporation kinetics (20,21).
Interestingly, the second nucleotide addition was also fast
(220 s~ 1), which would not be known from single-nucleo-
tide incorporation experiments alone. However, the remain-
ing nucleotide additions decrease to a value consistent with
the ~60 nt s~ observed from averaging many incorpora-
tions (9). This observation supports the idea that the kinetics
of individual incorporations determined in this experimental
strategy are an accurate representation of what would be
occurring during processive transcription. It is not surprising
that the first two fast incorporations would not show up in
averages over hundreds or thousands of additions that are
close to ~60 nt s~'. These observations reveal the impor-
tance of interrogating the mechanisms of individual incor-
porations during processive elongation to complement
what we have learned from examining the averages over
thousands of incorporations.

Mlustrated in Fig. 6 A, the A at position four and the G at
position seven both have reduced %, values. Interestingly,
the preceding two encoded nucleotides in both cases are G.
This suggests that the nucleotide incorporation kinetics of
Pol I may be partially governed by sequence-dependent ef-
fects. Interestingly, Pol II did not exhibit a reduction in the
kops at identical incorporation positions (10).

The time courses and analysis presented here indicate that
Pol I NTP binding is described as a rapid equilibrium pro-
cess. Each of the secondary plots show in Figs. 4 and 5
exhibit a rectangular hyperbolic dependence on the
incorporated nucleotide. This dependence indicates that
the rate-limiting step is coupled to nucleotide binding.
The average K/, across the nine NMP incorporations shown
in Table 1 is (80 = 70) uM. Assuming that NTP binding is a
diffusion-limited process occurring with a rate constant =
(1 x 10% M~ s7! and that the K,,, values are approxi-
mately equal to NTP dissociation equilibrium constants,
then NTP release values range from (1 x 10%) s~ 'to
(2 x 10% s7'. Each of the rate constant values in this
range are well within the rapid equilibrium regime with
respect to the next step in the pathway (i.e., knzp pinging >
KNTP dissociation >>> Kops)- This kinetic attribute is consistent
with other polymerases and suggests partial mechanistic
conservation across polymerases (9,13,16,22,23).

Because we have examined the kinetic mechanism at
nucleotide concentrations that are both well above and below

Pol | multi-nucleotide addition

the K;,», we are able to independently determine the maximal
rate constant at saturating nucleotide, k,.x, and the concen-
tration of nucleotide to achieve halfof the maximal rate con-
stant, K;,. This contrasts with studies only performed at
nucleotide concentrations below the K;,, in which one only
has better constraints on the ratio, k,,,,./K;,,. For comparison
to other studies, Fig. S5, shows the values for kg ;0/K /2
calculated for each of the nine nucleotide incorporations. The
average value was determined to be (2.0 = 0.5) uM s 'or
(2.0 = 0.5) x 10°M ' s~ This value is consistent with what
has been observed in other DNA and RNAPs (9,24-27).

This parameter, k,,,/K;» or k../K,is often interpreted
to be the second order rate constant. Using Eq. 2 we can
define k,,,,/K;» = k3 X (ki/(k, + k3)). What this reveals is
that k,,,,./K ;> is only the bimolecular rate constant in the limit
of k3 >> k,. However, this violates the rapid equilibrium
assumption, which requires k, >> k3. This leads to the
obvious question of whether the rapid equilibrium assump-
tion is a good assumption for our system or is it possible
that the dissociation of nucleotide is much slower than
the rate constant that follows nucleotide binding. How
does one test the rapid equilibrium assumption? The
observation of a rectangular hyperbolic dependence on
substrate concentration is evidence for rapid equilibrium
binding, which is what we detect in our system. Thus, under
rapid equilibrium conditions, k, >> k3, it cannot be simulta-
neously true that k3 >> k. Therefore, under our conditions
kma/Ki2 = k3 X (ki/k;). Because this parameter is often
interpreted as the bimolecular rate constant, k;, the better
way to think of this ratio is as k; X (ks/k;). Under rapid equi-
librium conditions the ratio ky%k, is always less than one
because k, >> k;. Consequently, the bimolecular rate con-
stant, k;, is always scaled down by the ratio k3/k, << I. These
two extremes (k, >> k3 vs. k3 >> k;) taken together reveal
that the k,,,/K;, value represents a lower limit on the
bimolecular rate constant, i.e., the true bimolecular rate con-
stant cannot be slower than k,,,,/K;, but it could be much
faster. Our results in Fig. S5 are consistent with this idea
and show that this parameter is two orders of magnitude
smaller than the diffusion limit value of the bimolecular
rate constant ~(1 x 10%) M~' s, Similarly, we reported a
kmax and K, for steady-state measurements of Pol I nucleo-
tide incorporation averaged over hundreds of incorporations
(9). The kyo/K1p = (67 £ /(142 = 22)) mM ' s7! or
(0.47 =+ 0.08) x 10° M~' s™!, which is closer to the low
end of what is reported here.

Interestingly, a similar study monitoring sequential nucle-
otide incorporations catalyzed by E. coli RNAP observed a
similar rise and fall pattern of k,,,/K;,» compared with what
was observed in this study (19). The authors monitored nine
successive NTP additions within the initiation phase of tran-
scription. They observed a cycle for every three nucleotides
incorporated in the plot of k,,,/K;,» and concluded that the
patterns are caused from stress buildup between the poly-
merase and the promoter sequence. This stress increases
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until there is a disruption in the interactions between the po-
lymerase and promoter and additional promoter DNA be-
comes available to absorb the stress of the next
translocation step. Several single-molecule studies aid the
researchers in coming to this conclusion that have not yet
been performed in Pol I (28,29). Thus, we conclude that it
is certainly possible that stress is being built up by the
Pol I enzyme as was reported in E. coli RNAP, but more
work is needed to make this conclusion for Pol I.

Each round of nucleotide addition contains, at minimum,
four kinetic steps: nucleotide binding, covalent bond forma-
tion, pyrophosphate release, and translocation (a specific
conformational change). As shown in Fig. 2, we only detect
a single rate-limiting step per incorporation. Because we
know multiple steps must occur for each incorporation
this observation indicates that the single observed rate con-
stant is at least an order of magnitude slower than other ki-
netic steps present within each incorporation cycle.
Although this analysis does not directly reveal the identity
of the rate-limiting step, it narrows the pool of possibilities.
The rate-limiting step cannot be NTP binding because plots
of the ks vs. [NTP] resulted in the rectangular hyperbolas
observed in Figs. 4 and 5, which indicates that the rate-
limiting step follows ATP binding. The rate-limiting step
cannot be pyrophosphate release because hydrolysis must
happen first, and we know the observed step immediately
follows nucleotide binding. Thus, the step is either the
bond formation step or a conformational change step, in
which a conformation change could also be defined as
translocation.

Previous examinations of Pol I single-nucleotide addition
concluded that the rate-limiting step is the formation of the
phosphodiester bond, however the published results come
from single-nucleotide incorporation experiments that may
or may not be sensitive to the translocation step (9,13). As
indicated, the first two incorporations in these multinucleo-
tide addition experiments are faster than the subsequent ad-
ditions. Consequently, for reasons that remain unclear, the
rate-limiting step that defines the first two incorporations
may be different from the subsequent additions.

The “thio-effect” is a measure of how the NTP analogs Sp-
NTP-«-S impact the &, for a given polymerase. If the ratio
Of Kops, TP Kobs: sp-NTP-a-s 18 ~10 or larger, then the formation
of the phosphodiester bond is likely the rate-limiting step.
On the other hand, a value approximately equal to 1 is incon-
sistent with the rate-limiting step being bond formation
(24,30-32). Inthe 1970’s, the Eckstein group used this exper-
imental strategy to show the bond formation is unlikely the
rate-limiting step for E. coli RNAP (33). Subsequent
biochemical and structural investigations have identified
that folding of the E. coli RNAP trigger loop and trigger he-
lices play critical roles in the observed rate-limiting step
describing E. coli RNAP nucleotide addition (34).

It has previously been hypothesized that single-nucleo-
tide addition measurements do not report on the transloca-
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tion step in nucleotide addition (9,13). The absence of this
kinetic step could explain the first kg 4 being different
compared with the others. Pol I single-nucleotide addition
experiments using Sp-NTP-a-S revealed an ~35-fold reduc-
tion in the observed rate constant at saturating [NTP]. This
observation is consistent with bond formation being rate
limiting in the possible absence of the translocation step
(9). It is possible that translocation is partially rate limiting
for Pol I as it has already been proposed for Pol II, and the
first k,ps; 1s reporting on the rate-limiting step in the
absence of translocation (35). However, this rationale does
not explain the second k,p ;nq, being fast.

Studies on Escherichia coli RNAP suggest the presence of
an allosteric NTP binding site that stimulates nucleotide
incorporation (20,21). In those manuscripts, plots of &,
versus [NTP] were sigmoidal indicating cooperative binding.
The cooperative binding was concluded to indicate an allo-
steric NTP binding site on RNAP. As shown in Figs. 4 and
5, the plots of Pol I k,;,, versus [NTP] were well described
by either a rectangular hyperbola (Eq. 2) or a line. As shown
in Figs. S3 and S4, no sigmoidal character was detected at
low [NTP]. Thus, no evidence was found to support the pres-
ence of an allosteric NTP binding site for Pol 1.

Transient state kinetics have also been used to study T7
bacteriophage RNAP. Those results indicate that an isomer-
ization before bond formation is the rate-limiting step (25).
In contrast, bond formation has been shown to possibly be
the rate-limiting step for eukaryotic Pol I and at minimum
partially rate limiting for eukaryotic Pol II (9,35,36). While
all RNAPs are catalyzing nucleotide addition, clear mecha-
nistic differences are present in each (10). Similar character-
izations have not yet been performed in other RNAPs and
are of immediate interest to understand the functional
differences.

Many polymerase nucleotide addition studies have been
performed using assays monitoring a few nucleotide incorpo-
rations (9,10,13,15-17,20,21,37-41). As shown in Fig. 6, the
first two nucleotide incorporations exhibited considerably
faster k,psmax values. This suggests that Pol I may have
initially been in a conformation that allowed for rapid nucle-
otide addition and this state does not reflect the kinetics of
processive elongation. Taken together these observations
highlight the possible concerns with research studies in
which only a few nucleotide incorporations are monitored
while simultaneously providing a framework for future char-
acterizations of different RNAPs. A recent E. coli RNAP
transcription publication monitoring initiation kinetics re-
ported a similar observation in which the first nucleotide
incorporated differently compared with the subsequent in-
corporations (19).

CONCLUSION

Nine sequential rounds of nucleotide addition were monitored
using reconstituted Pol I elongation complexes. Analysis of



the resultant time courses identified variability in the affinity
for the incoming nucleotide and incorporation max rate con-
stants for each incorporation. Possible repeating cycles of
the ratio kopsma/K;» were identified. The identity of the
rate-limiting step for Pol I nucleotide addition was also iden-
tified to be either bond formation or a conformational change.
The experimental and analytical strategies implemented here
provide a greater understanding of Pol I nucleotide addition
and provide a framework for future investigations elucidating
the mechanistic differences between all DNA-dependent
RNAPs present across the three domains of life. Additional
follow-up studies in which the template sequence is varied
are currently underway to identify what features in the
growing RNA strand or DNA template give rise to the
observed rate constants.
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