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ABSTRACT

Studies of RNA recognition and catalysis typically involve measurement of rate constants for reactions of
individual RNA sequence variants by fitting changes in substrate or product concentration to exponential
or linear functions. A complementary approach is determination of relative rate constants by internal
competition, which involves quantifying the time-dependent changes in substrate or product ratios in
reactions containing multiple substrates. Here, we review approaches for determining relative rate
constants by analysis of both substrate and product ratios and illustrate their application using the
in vitro processing of precursor transfer RNA (tRNA) by ribonuclease P as a model system. The presence
of inactive substrate populations is a common complicating factor in analysis of reactions involving RNA
substrates, and approaches for quantitative correction of observed rate constants for these effects are
illustrated. These results, together with recent applications in the literature, indicate that internal
competition offers an alternate method for analyzing RNA processing kinetics using standard molecular biol-
ogy methods that directly quantifies substrate specificity and may be extended to a range of applications.

© 2014 Elsevier Inc. All rights reserved.

Quantitative comparison of rate constants for the reactions of
individual RNA sequence variants is an essential experimental tool
for determining the biological specificity and catalytic properties of
ribozymes, ribonucleases, and RNA processing factors [1-5]. Typi-
cally, RNA substrates are analyzed one at a time by fitting time
courses of changes in substrate or product concentration to linear
or exponential functions to determine reaction rate constants
[6-8]. This direct approach is best, but it can be time-consuming
and precision may be limited by variation in enzyme-specific activ-
ity, difficulty in controlling reaction conditions between experi-
mental trials, and inaccuracies or nonlinearity in quantification of
substrate or product concentrations.

Internal competition is an alternative method for quantifying
enzyme rate constants that involves analyzing the change in the
ratios of concentrations of alternative substrates or products as a
function of reaction progress in reactions containing multiple
substrates [9-12]. This approach has potential advantages to direct
fitting of kinetic data by offering higher precision, increased
throughput, and less sensitivity to variation in enzyme specific
activity [9,10]. Internal competition kinetics has been used exten-
sively to measure kinetic isotope effects [12,13], and substrate and
product ratios have been measured using a wide range of analytical
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methods, including mass spectrometry [14,15], nuclear magnetic
resonance [16,17], and radioactive remote labeling [18-20].
Recently, we used linear internal competition to measure relative
rate constants for in vitro transfer RNA (tRNA)! processing by
ribonuclease P (RNase P) under initial rate (steady-state) conditions
[1] and by analyzing single time-point data using equations for inter-
nal competition adapted to large substrate populations [21].
Although successful, these previous applications have not included
analyses of complete reaction time courses and, importantly, have
not accounted for the contributions of incomplete reacting popula-
tions of substrates or biphasic kinetics to the observed relative rate
constants [22].

To provide a consistent framework for further applications of
internal competition to RNA processing reactions in vitro and a
resource for wider application to additional experimental systems,
we briefly review approaches for the determination of relative rate
constants by internal competition. Approaches for analysis of
complete time courses of both precursor and product ratios for
reactions containing two alternative substrates are surveyed. We
demonstrate their application using the RNase P endonuclease
and a two-substrate model system that allows direct comparison

1 Abbreviations used: tRNA, transfer RNA; RNase P, ribonuclease P; ptRNA, precursor
tRNA; PAGE, polyacrylamide gel electrophoresis; EDTA, ethylenediaminetetraacetic
acid.
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of results with direct fitting. Importantly, an approach is described
for fitting precursor ratio data to correct for inaccuracies due to
inactive substrate populations. The results illustrate that internal
competition provides an accurate means for quantification of spec-
ificity in RNA processing reactions with potential for improving
precision and increasing throughput.

Materials and methods
Preparation of substrate ptRNA and RNase P holoenzyme

Precursor tRNAs (ptRNAs) used as substrates and the RNA sub-
unit of the RNase P holoenzyme were generated by in vitro tran-
scription from plasmid or polymerase chain reaction (PCR) DNA
templates and purified by denaturing polyacrylamide gel electro-
phoresis (PAGE) as described previously [1,23,24]. The substrate
ptRNAs were dephosphorylated using alkaline phosphatase and
5’ end-labeled with 2P using [y->?P]ATP and polynucleotide kinase
and purified using standard methods [23,25]. Concentrations of
ptRNA and RNase P RNA were determined by ultraviolet (UV) spec-
troscopy and diluted to appropriate stock concentrations in 10 mM
Tris (pH 8.0) and 1 mM ethylenediaminetetraacetic acid (EDTA).

Determination of precursor and product ratios from in vitro ptRNA
processing reactions

Reaction conditions for in vitro processing of ptRNA by the
RNase P holoenzyme contained 200 nM of each ptRNA, 5 nM RNase
P holoenzyme, 0.1 M NaCl, 40 mM Tris (pH 8.0), 17.5 mM MgCl,,
and 1 mM EDTA. Mixtures containing 2x concentration of ptRNA
or RNase P RNA were prepared in reaction buffer lacking MgCl,
and refolded by incubation at 90 °C for 2 min. The reactions were
cooled to 37 °C, the appropriate concentration of MgCl, was added,
and the 37 °C incubation was continued for 30 min. An equivalent
concentration of C5 protein was added to the holoenzyme solution,
and the incubation was continued for an additional 15 min.
Enzyme and substrate were mixed to start the reaction, and ali-
quots taken at appropriate time points were quenched by pipetting
into an equivalent volume of 50 mM EDTA and 80% formamide.

The precursor and products from ptRNA processing reactions
were resolved by PAGE on 10% acrylamide/0.5% bis-acrylamide
gels containing 8 M urea. Gels were dried onto Whatman 3 MM
paper, exposed to phosphorimager screens (Molecular Dynamics/
GE) for 10 to 24 h, and quantified using ImageQuant software to
obtain the intensities of precursor and product bands as indicated
in the text. Regions of the gel outside the sample lanes were also
analyzed, and the background intensity was subtracted from pre-
cursor and product band intensities. The corrected phosphorimag-
er signals were used to compute the precursor and product ratios
used in the data-fitting analyses described below.

Results and discussion
Determination of relative rate constants by internal competition

Alternative substrate kinetics is well described in the literature
[9-11,26], although it is not often applied analytically to RNA
processing reactions. The general equations for measurement of
relative rate constants by analysis of precursor and product ratios
for two alternative substrates are summarized here, and their
application is illustrated. Briefly, when two substrates compete in
the same reaction for association with an enzyme-active site, the
ratio of their observed rates of product formation is the ratio of
their respective V/K values multiplied by their concentrations
[6,9,26]:

v (V/K), (S,
o~ VK, <s> M

The derivation of Eq. (1) for multiple turnover steady-state
reactions is reproduced in the online supplementary material. As
illustrated in Fig. 1A, S; and S, represent two alternative ptRNA
substrates for the processing endonuclease RNase P, and »; and
1, are the observed steady-state rates (M/s) for these two ptRNAs,
respectively. The term V is the rate constant for reaction of reaction
of the enzyme-substrate complex (ES) to yield free enzyme and
product (E+S), and K is the apparent steady-state equilibrium
constant (either Ky or K,) for the multiple turnover reaction. The
ratio of the V/K (M~'s~') values for the two substrates provides
a quantitative description of enzyme specificity [27,26] and defines
a relative rate constant ["k = (V/K),/(V/K);] for which the substrate
included in the denominator (S;) is considered as the reference
substrate. A substrate with a larger V/K relative to the reference
substrate will have an "k > 1, whereas an "k of <1 indicates that
the substrate has a correspondingly smaller V/K.

The free energy landscapes for the competitive reactions of S;
and S, are illustrated in Fig. 1B. At the start of the reaction (f = 0),
the concentrations of both substrates are at experimentally defined
values, which are equimolar in this example. Similarly, after com-
pletion (f= 1), the ratio of products P,/P; will be equivalent to the
initial substrate ratio S,/S; provided that all of the input substrate
is active. At an intermediate time during the reaction (f< 1), the
ratio of the substrates (S,/S;) and products (P,/P;) will be offset
from their initial and final values, respectively. The faster reacting
substrate, in this example S;, becomes enriched in the product
population (P,/P; >1) at early time points, whereas the slower
reacting species is enriched in the residual unreacted substrate
population (S,/S; < 1) at later time points. These ratios change with
increasing f as a function of the relative rate constant "k, which is
defined by the differences in activation energy (AG*) for the reac-
tions of the two substrates.

Given the following definitions for the ratios of S; and S,, an
expression for the "k can be obtained in terms of the ratios of the
two substrates [11,12,28] (see supplementary material):

Ry =5,/S:
Ro = S20/S1,0
Ry, =P3/Py = (S20 — $2)/(S10 — S1).

In these ratios, S; and S, are the substrate concentrations at a
specific fraction of reaction (f), whereas P; and P, are the corre-
sponding product concentrations. S;o and S, are the substrate
concentrations at the beginning of the reaction.

The following expression is used to quantify relative rate
constants from analysis of the ratios of the concentrations of the
residual unreacted substrates at a fraction of reaction (usually
f=0.3-0.7) sufficient to achieve a measurable level of fractionation
while still providing sufficient signal:

Tk = ln((] 7f)Rs/R0)
In(1-f)

Similarly, the relative rate constant can be determined by
measuring the enrichment of the faster reacting substrate in the
product population at low fractions of reaction:

rk:ln(( _%)f) 3)

In(T—f)

Egs. (2) and (3) are routinely used to measure kinetic isotope
effects by analyses of multiple measurements of Rp or Rs taken at
or near the f value where there will be the maximum expression
of the rate difference while still providing sufficient material for
analysis [12,29-32].

@)



56 Internal competition kinetics/H.-C. Lin et al. /Anal. Biochem. 467 (2014) 54-61

E+S,

= ES,

+S2

AG

C

P Po

— k=0.1-1
- tk=11-2
-
£
0.0
<
B — k=0.1-1
o - k=11-2
Q]
g.
Qe

1000 2000 3000 4000
Time (s)

oA

Fig.1. (A) Minimal kinetic scheme for competitive multiple turnover reactions containing two alternative substrates. A single enzyme E combines with two alternative
substrates, S; and S,, and reacts with rates V; and V,. The equilibrium constants K; and K, are the apparent equilibrium constants (K, or Ky) for the multiple turnover
reactions of Sy and S, respectively. (B) Two-dimensional free energy landscapes for the reactions of S; and S, at the start of the reaction (top, f = 0), at an intermediate time
during the reaction (middle, f< 1), and after completion (bottom, f=1). Note that at intermediate times during the reaction, the ratio of the substrates (S,/S;) and products
(P,/Py) will be offset by their initial and final values. The relative concentrations of S; and S, are depicted in black and gray, respectively. The differences in activation energy
(AGY), and consequently the differences in rate constant, are indicated y arrows. (C) Dependence of the residual substrate ratio Rs = S,/S; as a function of reaction progress, f,
for a range of normal and inverse "k values from 0.1 to 2 using Eq. (4). (D) Dependence of the residual product ratio Rp = P,/P; as a function of time for a range of normal and
inverse "k values from 0.1 to 2 using Eq. (5). Normal effects on the relative rate constant (‘k > 1) are shown by solid lines, whereas inverse effects ('k < 1) are shown by dashed

lines.

A more complete approach has been to rearrange Eq. (3) such
that the measured parameters Rs and f are on opposite sides of
the equation and Ry and 'k are the fitted parameters in a time
course (e.g., see Refs. [12,15-17]):

In(R,) = (k — 1)In(1 — f) — In(Ro). (4)

In addition, the transient accumulation of the faster reacting
product can be analyzed by fitting plots of Rp versus time [33]:

Rp 1—eket
Re 1—eht ()

Simulations illustrating the expected changes in precursor and
product ratios for different "k values are shown in Fig. 1C and D.
As the reaction proceeds, the faster reacting substrate becomes
progressively depleted from the residual substrate population.
Therefore, the ratio of the two substrates changes as the reaction

progresses, reflecting the increasing enrichment of the
slow-reacting substrate (Fig. 1C). At high fractions of reaction, even
a relatively small difference in the rate constants (<2-fold) for the
two substrates results in a large change in the residual substrate
ratio. Similarly, the ratio of the two products shows characteristic
changes as a function of reaction progress, depending on the
relative rate constant. In this case, the fast-reacting substrate is
enriched at early time points and the product ratio approaches
the initial substrate ratio as the reaction progresses (Fig. 1D).

As described below, for RNA processing reactions, the presence
of unreactive misfolded substrate populations is a potential com-
plicating factor. In this case, the concentration of S, can be given by

S =80(1—- Uz)eszt + 520Uz, (6)

where U, is the fraction of substrate population S, that is inactive
for processing by the enzyme and S, is the initial substrate
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concentration. For the reference substrate, the reaction kinetics is
assumed to be ideal:

51 = S]io(eiklt). (7)

If the concentrations of the two substrates are essentially equal,
then the ratios of the two substrates become the following (see
supplementary material):

Sz

s =(1-U1-H""

U,
(1-f

This form can then be used to fit substrate ratio data in order to
determine the experimental "k value when the fraction of the
experimental substrate that has a known fraction, U,, is unreactive
as illustrated below. It is also possible for there to be a fraction of
the reference substrate population (U;) that is inactive as well. As
illustrated below, a significant U; value results in an apparent
increase in the calculated "k from fitting to Eq. (8), whereas the
'k value decreases as U, increases. As a consequence, data fitting
using equations in which both U; and U, are variables proved to
be problematic due to difficulty in specifying the relative magni-
tudes of these parameters. Note that no assumption is made
regarding the size of the fraction of inactive fraction U; thus, Eq.
(8) is general. However, as the active fraction of the experimental
substrate population decreases, the signal/noise ratio will also
decrease and ultimately place a limit on the size of the unreactive
population that can be analyzed.

With respect to practical application of competitive alternative
substrate kinetics for structure-function experiments, several key
issues follow from application of this approach [9-11]. First,
because both substrates must compete for the available free
enzyme in order to react and form product, the association step
contributes to the relative population of ES; and ES, and, therefore,
the observed rates. Direct measurements of rate constants, there-
fore, is the only way to determine "k values for V. However, if V
reflects the same rate constant as that measured under single
turnover conditions (E > S), then it should be possible to measure
relative effects on V by internal competition kinetics performed
under these conditions. Second, because the enzyme concentration
occurs in the rate equations for vyps; and s, it cancels out in
their ratio. So long as the steady-state conditions are maintained,
the ratio of observed rates and the ratio of V/K values are indepen-
dent of enzyme concentration. This could be useful for reactions
involving impure enzyme or difficult-to-control reaction condi-
tions. Third, it is also evident that the individual step or steps in
the reaction scheme that is rate limiting for V/K does not need to
be the same for the two substrates. Application of competitive
kinetics, therefore, will report on the relative V/K values for the
two substrates, and provided that the V/K of the reference
substrates is known, the other can be calculated but does not make
any assumptions about what is rate limiting for either substrate.
Fourth, because substrate and product ratios are analyzed, system-
atic errors in the accuracy of their measurement such as differ-
ences in enzyme-specific activity or reaction conditions or
inaccuracies in measurements of substrate or product concentra-
tions (i.e., differences in species ionization during mass spectrom-
etry analysis), which confound direct data fitting, cancel out in the
internal competition approach, and this can result in a correspond-
ing increase in precision of relative rate constant measurements.

®)

In vitro processing of alternative ptRNA substrates by RNase P

In vitro processing of ptRNA processing by RNase P is a good
model system to examine the advantages and disadvantages of
using internal competition kinetics for in vitro RNA processing reac-
tions, including ribozyme catalysis. RNase P is a ribonucleoprotein

enzyme that cleaves ptRNA to generate the mature tRNA 5’ end.
Typical in vitro RNA processing reactions, such as those used to
measure RNase P activity, use radiolabeled RNA, and the substrate
and products are resolved by PAGE. The absolute intensities of the
resulting bands are quantified by phosphorimager analysis. Struc-
ture-function studies in vitro have been used to gain insight into
the intrinsic molecular recognition properties of RNase P that deter-
mine its biological function [34,35]. Endogenous ptRNA substrates
have similar V/K values; however, changes in sequence and struc-
ture contacted by RNase P can result in miscleavage or reduced pro-
cessing rate constants [1,21]. Thus, RNase P is a useful example for
application of internal competition that is relevant to a wider range
of RNA processing reactions and enzyme systems.

To apply internal competition kinetic analyses, it is necessary to
measure the ratio of the concentrations of the two competing sub-
strates or products and to precisely measure the fraction of reac-
tion of the reference substrate [11]. As shown in Fig. 2A, the
PtRNAMet substrate has a 5 leader sequence that is 10 nt in length,
whereas the ptRNAM®L1+21 and ptRNAM®L5+21 substrates have
leader sequences that are 31 nt long. In addition, these substrates
differ from ptRNAM®t at positions N(—3) to N(—8) relative to the
cleavage site that is located between nucleotides N(—1) and N(1).
These positions contact or influence the binding to the essential pro-
tein cofactor in the RNase P-ptRNA complex, and variation of their
sequence affects the observed V/K value for processing by Escherichia
coli RNase P [21]. The difference in 5’ leader length allows the precur-
sors and products of both substrates to be resolved by PAGE and,
thus, allows time courses for their reactions to be analyzed
separately by fitting these data to an exponential function (Fig. 3A
and B). Consistent with previous results, the ptRNAM®t substrate with
the L5+21 leader sequence (ptRNAM®L5+21) is processed with an

ptRNAMe'Ll"'Zl 5-GGAGACCGGAAUUCAGAUUGAUG CUCCUG:uy

PtRNAMe!| 5421 5.66A6ACCGGAAUUCAGAUUGAYG UUAUAUA

ptRNAMet

5-66 AAAAAG 4y

» a-enfe P2

Fig.2. Quantification of substrate and product ratios for in vitro RNase P reactions
containing two alternative ptRNA substrates. (A) Sequence and secondary structure
of the reference substrate ptRNAM®t (ie., S;) and two experimental substrates
PtRNAM®L1+21 and ptRNAM®L5+21 (i.e., S,). These three substrates differ in
nucleotides N(—6) to N(-3), numbering relative to the RNase P cleavage site
between N(—1) and N(1). These sequences are within the binding site for the
essential RNase P protein, and variation can affect the V/K for individual substrates.
(B) PAGE analysis of the precursor and products of in vitro RNase P reaction
containing the ptRNAMe® and ptRNAM®'L1+21 substrates. (C) PAGE analysis of the
precursor and products of in vitro RNase P reaction containing the ptRNAM®t and
PtRNAMeL5+21 substrates. The positions of the substrates and products in the gel
are indicated. Quantification of these data by phosphorimager analysis is used to
determine S,/S; and P,/P; ratios analyzed in Fig. 3.
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Fig.3. Determination of rate constants for the ptRNAM®'L1+21 and ptRNAM®'L5+21 substrates by direct fitting and internal competition analysis of substrate and product
ratios. (A) Kinetic data for product accumulation in individual reactions containing either ptRNAM®t (squares, solid line) or ptRNAM'L5+21 (circles, dashed line). (B) Kinetic
data for product accumulation in individual reactions containing either ptRNAM®! (squares, solid line) or ptRNAM®‘L1+21 (circles, dashed line). The data in panels A and B are
fit to a single exponential function to obtain kops. (C,D) Plots of the product ratio data from the reactions of ptRNAM®'L5+21 and ptRNAM®® [(P,/P; = ptRNAM®'L1+21/ptRNAM®Y)
versus f] (C) and of ptRNAM®'L1+21 and ptRNAMe! [(P,/P; = ptRNAM®L5+21/ptRNAMe) versus f] (D). These data are fit to Eq. (5) (solid line) to determine the relative
rate constants for the ptRNAM®'L1+21 and ptRNAM®‘L5+21 substrates. (EF). Plots of the substrate ratio data from the reactions of ptRNAM®L5+21 and ptRNAMet
[(S2/S; = ptRNAMEL1+21/ptRNAM®Y) versus f] (E) and of ptRNAMEL1+21 and ptRNAM®t [(S,/S; = ptRNAM®'L5+21/ptRNAM®!) versus f] (F). The data in both panels are fit to Eq. (4)
(solid lines) to determine the relative rate constants for the ptRNAM®'L1+21 and ptRNAM®'L5+21 substrates. The data in panel F are also fit to Eq. (8) (dashed line) assuming a U
value of 0.062 to account for the increase in the S,/S; ratio at higher fractions of reaction. Averages and standard deviations of the rate constants for all three substrates are

summarized in Table 1.

Table 1
Comparison of relative reaction rate constants determined by direct fitting and internal competition using either product or substrate ratios.
kons Min ! Direct fitting "k (calc.)” Product ratio "k Substrate ratio
k "k (corr.)’
ptRNAMet 0.0006(3)
PtRNAMEL1+21 0.0010(5) 1.8(9) 14 (2) 0.9 (1) 1.6 (5)
PtRNAMeL5+21 0.00017(4) 0.24 (5) 0.30 (4) 0.22 (1) 0.22 (2)

@ Relative rate constants calculated from kops values. Standard deviations are shown in parentheses, and errors on calculated "k values are propagated accordingly.

b Corrected "k values obtained by fitting to Eq. (8).

approximately 4-fold slower rate constant at 0.00017 min~! com-
pared with the reference substrate that reacted with an observed
rate constant of 0.0006 min~! (Table 1). Calculation of a relative
rate constant from these values yields a value of "k = 0.14(5). The
PtRNAMETL1421 substrate with the L1+21 leader sequence shows
an approximately 2-fold faster rate constant (0.0010 min~') rela-
tive to ptRNAMe! yielding a calculated "k value of 1.8(9) using the
rate constants measured by direct fitting; however, in these exper-
iments the propagated error from the individual measurements is
relatively large, placing an intrinsic limit on any mechanistic inter-
pretation that may be drawn.

Determination of relative rate constants by analysis of substrate and
product ratios

The 'k values for substrate and product ratios were also
determined by fitting the data from experiments exemplified in
Fig. 2A and B to Egs. (4) and (5). As shown in Fig. 3C, the ratio of
the products for the reaction containing ptRNAM®'L5+21 and

ptRNAMe expressed as Rp = P,/P; = ptRNAM®'L5+21/ptRNAM®t (i.e.,
using ptRNAM®t as the reference substrate) showed a transient
depletion due to accumulation of the product from the faster react-
ing ptRNAM®® species at early time points. In contrast, there is a
transient enrichment of the ptRNAM®L1+21 product and a corre-
sponding larger ptRNAM®'L1+21/ptRNAM®t product ratio at early
time points (Fig. 3D). Fitting these data to Eq. (5) yielded absolute
values for k; and k, that were used to calculate "k values of 1.4(2)
for ptRNAM®'L1+21 and 0.30(4) for ptRNAM®'L5+21 that compare
favorably with the results from direct fitting (Table 1).

A large increase is observed in the ptRNAM®'L5+21/ptRNAMet
ratio (Rs=S,/S1) as the reaction containing both substrates pro-
ceeds due to the larger rate constant for ptRNAM®® and the faster
depletion of this substrate from the residual substrate population
(Fig. 3E). Fitting these data to Eq. (4) yielded an "k value of
0.22(1), consistent with both direct fitting and internal competi-
tion analysis of product ratios (Table 1). However, as shown in
Fig. 3F, the change in substrate ratio (ptRNAM®'L1+21/ptRNAMet =
S,/S1) as a function of reaction progress does not follow ideal
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behavior for the reaction containing ptRNAM®L1+21 and ptRNAMet
substrates. In this case, an initial decrease in the ptRNAM®L1+21/
pPtRNAMet ratio is observed, followed by an increase at later time
points. The non-ideal behavior is likely due to misfolding of a por-
tion of the ptRNAM®'L1+21 substrate RNA population that renders
it refractory to cleavage by RNase P. This behavior is not unex-
pected given that a characteristic feature of the biophysical behav-
ior of structured RNAs is their ability to adopt alternative folded
structures [22,36]. Only one or a subset of these alternative struc-
tures may be biologically active, and examples where this has been
observed include tRNA folding (see Ref. [22] and references
therein). Indeed, the data in Fig. 2B show that a small fraction of
residual ptRNAM®'L1+21 substrate is not consumed.

To illustrate the effect of substrate misfolding resulting in inac-
tive species in the experimental sample, we simulated the sub-
strate ratio data for hypothetical substrates with slower ("k = 0.5)
or faster ("k = 2) rate constants than the reference substrate or with
the same rate constant ("k=1) using Eq. (6). For each case, the
effect of increasing fraction of unreactive experimental substrate,
U,, on the observed S,/S; ratio was simulated ranging from 0.01
to 0.1 using the exponential functions in Eqs. (6) and (7)
(Fig. 4A). When "k = 0.5 and the observed S,/S; data are fit to Eq.
(4), which assumes complete reaction of both S; and S,, an increas-
ingly inaccurate "k value is obtained for the reaction of S, as the
fraction of unreactive population increases. For a reaction where
there is no difference in the rate constants for the two substrates
("k = 1), the presence of unreactive species in the experimental sub-
strate population results in an apparent increase in the S,/S; ratio
and "k < 1 is obtained from fitting to Eq. (4). Although this effect is
comparatively small, it is apparent that an experimental substrate
that has no difference in rate constant relative to the reference sub-
strate ("k = 1) could be subject to false interpretation that it reacts

C 0.00

-0.25

-0.50 4

= 075

.00

In(S./S

-1.25+

-1.50 4

-1.754

-2.00

0.0

more slowly if an appreciable fraction is misfolded and, therefore,
inactive. For an experimental substrate that reacts with a faster
rate constant than the reference (“k = 2), the S,/S; ratio decreases
as the reaction proceeds; however, increasing fractions of unreac-
tive S, result in deflection of this trend and ultimately an overall
increase in the S,/S; ratio (Fig. 4B). As a result, fitting these data
to Eq. (4) returns an increasingly inaccurate 'k value that underes-
timates the intrinsic value (Fig. 4D). Thus, the presence of unreac-
tive species in the experimental substrate population can
significantly confound internal competition analyses of substrate
ratios.

As illustrated in Fig. 3F, for the reaction containing both
ptRNAME'L5+21 and ptRNAM® substrates, the data are adequately
described by a function describing a faster reacting S, that also
contains a small fraction that is inactive (Eq. (8)). The derivation
of Eq. (8) is provided in the supplementary material and includes
the variable, U,, for the fraction of the experimental substrate that
is unreactive. An "k value of 1.6(5) is obtained by fitting to this
function and a U, value of 0.03, consistent with the PAGE data
observed in Fig. 2B. It is also possible that there will be an unreac-
tive fraction in the reference substrate (U;) as well as an unreactive
fraction in the experimental substrate (U,). To explore the conse-
quences of this scenario, we performed a series of simulations for
'k = 2 in which U; was assumed to be 0.1 and U, was varied from
0 to 0.1 (Fig. 4C). A significant fraction of unreacted reference sub-
strate U; results in an artificially lower S,/S; substrate ratio at high
fractions of reaction that results in an overestimate of the intrinsic
"k value. This result contrasts with the effect of increased U, values
that result in an underestimate of the intrinsic "k (Fig. 4D).
Although an expression containing both U; and U, as variables
can be derived, data fitting proved to be problematic due to the
opposing effects of their values on the observed S,/S; ratio. A more
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Fig.4. Effects of increasing unreactive substrate population (U) on the observed change in substrate ratio (S,/S;) as a function of reaction progress (f). (A) Simulations of S,/S;
as a function of f for substrates with 'k = 0.5, 1, and 2. At each "k value, the magnitude of U was varied from 0.01 to 0.1. (B) Detail showing the simulated data from panel A for
the case of "k = 2 with increasing U from 0 to 0.1 as indicated. The data for conversion of 80% of the substrate (f= 0-0.8) were fit to Eq. (4) (shown in black) to obtain apparent
'k values as summarized in panel D. These data were also fit to Eq. (8) (shown in red), which accurately describes the data and, therefore, returns accurate "k values. (C)
Simulations showing the effect of the presence of unreactive populations in both the substrate (U,) and the reference substrate (U;). The U; value was fixed at 0.1 and U, was
varied from 0.02 to 0.1 as indicated. These simulated data were fit to Eq. (8) either using the entire data set or restricted to f < 0.8. (D) Summary of calculated "k values ("kcaic)
from fitting simulated data in panels B and C. The values of "k, from fitting the simulated data in panel B to Eq. (4) (open circles), the entire range of data in panel C to Eq. (8),
and the data for f< 0.8 from panel C to Eq. (8) (filled squares) are shown as a function of U,.
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general solution is to fit these data with Eq. (8) in which a single
value for the experimental substrate is assumed. As shown in
Fig. 4C and D, fitting the entire time course returns 'k values that
overestimate the intrinsic value by as much as 25% (~2.5-2.4 vs.
2.0). However, when the fitting is restricted to f< 0.8, the calcu-
lated "k value is more accurate (~2.2-2.0). Therefore, in cases
where analysis of product ratios is not applicable, and there is a
significant (and unavoidable) fraction of the experimental and ref-
erence substrates that is unreactive, it is nonetheless possible to
obtain accurate relative rate constants.

Conclusions

Direct fitting of kinetic data is the primary tool of enzyme kinet-
ics, including RNA processing enzymes and ribozymes; however,
internal competition can offer significant advantages in some cases
and can serve as a valuable experimental tool. As illustrated by the
examples presented here, this approach can be used to accurately
distinguish small differences in relative rate constants for reactions
of alternative RNA substrates in vitro. The ability to compare reac-
tion kinetics within the same reaction necessarily minimizes
differences due to enzyme concentration and specific activity.
Thus, competitive methods may be particularly useful for complex
enzyme preparations or extracts. Importantly, alternative sub-
strate kinetics provides a direct readout of enzyme specificity that
is essential for understanding the competition between substrates
in vivo [1,20,37]. The method is applicable to single time-point
assays in those cases where the entire reaction course cannot be
followed or material is limiting. However, fitting of multiple data
points over reaction time courses is preferable for optimizing
accuracy. Internal competition kinetics is also advantageous when
measuring absolute substrate concentrations is difficult, for exam-
ple, in mass spectrometry where differences in ionization can
influence signal intensities. Because changes in substrate or prod-
uct ratios are quantified, inaccuracies in their values cancel [e.g.,
Rs/Ro = (52/51)/(S2,0/51.0) = (S2/520)/(51/S10)],  with  concomitant
increases in accuracy of rate constant measurements [11,38]. As
noted previously in the literature on kinetic isotope effect (KIE)
analyses by internal competition, there are inherent limitations
due to low signal-to-noise ratios at early and late fractions of reac-
tion [12]. That is, at low fractions of reaction there is little change
in the residual substrate ratio, whereas at high fractions of reaction
the enrichment of the slower reacting substrate is greatest. How-
ever, this increase in fractionation is offset by inaccuracy in mea-
suring the remaining low concentration of unreacted substrate.
In addition, the results shown here further underscore the limita-
tion that small differences in inactive populations can be problem-
atic for quantifying small differences in rate constants. Purification
of substrate RNAs by non-denaturing PAGE to isolate more
uniformly folded population could provide a way to avoid this
limitation. Nonetheless, the approach is broadly applicable, and
advantages include the ability to quantify effects on reaction rate
constants with greater precision, increased throughput of individ-
ual kinetic trials, and the potential to recognize non-ideal kinetic
behavior. The simple kinetic method applied here provides a con-
sistent framework for extending internal competition analysis to
other systems and more complex substrate populations.
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