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RNA folding and hydrolysis terms explain ATP-independence
of RNA interference in human systems

Nicole Ali*", Vinothan N. Manoharan®%"

Abstract

Although RNA interference (RNAI) has emerged as an important tool for studying the
effects of gene knockdown, it is still difficult to predict the success of RNAI effectors in
human systems. By examining the basic thermodynamic equations for RNA interactions
in RNAI, we demonstrate how the free energies of RNA folding and phosphoester bond
hydrolysis can drive RNAI without ATP. Our calculations of RNA. efficiency are close
to actual values obtained from in vitro experimental data from two previous studies, for
both silencing complex formation (2.50 vs. 2.40 for relative efficiency of RISC
formation) and mMRNA cleavage (0.50 vs 0.56 for proportion cleaved). Our calculations
are also in agreement with previous observations that duplex unwinding and target site
folding are major energy barriers to RNA..
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Introduction

The regulation of gene expression via the RNA interference (RNAI) process
requires a double-stranded RNA molecule with a sequence that is complementary to the
targeted transcript (Fire, 1998). MicroRNAs (miRNAS) are short endogenous regulatory
RNAs that act through RNAI. miRNAs are incorporated into the miRNA loading
complex (miRLC), forming the RNA induced silencing complex (RISC), which binds to
complementary mRNA and cleaves at the target site or induces silencing by other
mechanisms including translational repression and RNA destabilization. The basic
mechanism modeled in this paper is summarized in Figure 1. We focus on the RISC-
based cleavage mechanism of RNAI, and note that while other mechanisms of RNAi may
be more prevalent in cellular systems, RISC formation is necessary for most modes of
RNAI and the mechanism described in this paper is important for design of synthetic
RNAI effectors (Shabalina et al, 2006).

Although many synthetic constructs have been made to mimic miRNA function
(Kim and Rossi, 2007), the design of such constructs is typically based on a complex set
of empirical rules rather than more fundamental RNA thermodynamic data. Fundamental
models of RNAI based on thermodynamic calculations could lead to more accurate and
efficient rational design strategies for synthetic miRNAs. Here we demonstrate a
necessary first step toward that goal: we outline the basic thermodynamics of RNAI, and
we show that a model based on RNA thermodynamics can accurately reproduce data for
RNAI efficiency in in vitro human systems.

An interesting characteristic of human RNA. is that, in contrast with RNAI in
Drosophila, both RISC formation and multiple rounds of mRNA cleavage do not seem to
require energy from ATP hydrolysis (Maniataki and Mourelatos, 2005; Gregory, 2005;
Provost, 2002; Zhang, 2002). Some hypotheses are that coupling with the phosphoester
bond-breaking steps and binding with Ago2 help drive duplex-unwinding (Maniataki and
Mourelatos, 2005; Gregory et al., 2005). Here we use existing data to verify these
hypotheses.

While previous studies (Shabalina et al, 2006; Taxman et al, 2006; Ui-Tei et al,
2006) have examined a wide range of thermodynamic “features” in order to find
correlations with RNAI effector efficiency, little work has been done to model RNAI
function from first principles. In vitro systems provide closed, thermodynamically
controlled systems, and the apparent lack of ATP dependence makes absolute
thermodynamic modeling possible. We examine data from two in vitro-based papers in
which detailed quantitative information is available on concentrations of protein, RNAI
effectors, target mMRNA, and levels of knockdown (Maniataki and Mourelatos, 2005;
Gregory et al., 2005). Using an equilibrium statistical thermodynamic model based on
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nearest-neighbor interactions, we accurately reproduce patterns in ATP-independent
knockdown levels measured previously in vitro. Our calculations support the hypothesis
that phosphoester bond-breaking steps are sufficient to drive RNAI through the RISC
cleavage mechanism.

miRLC (R*X

Pre-miRNA (S
ST

y»’“"»

Fragment 1 (F1) and Fragment 2 (F2)

-----

Figure 1. The RNA interference mechanism modeled in the Methods and Calculations
section. Steps 1 to 3 correspond to the methods section Calculation of in vitro RISC
formation levels and comparison to data from Gregory et al (2005), with the net reaction
S+R"—> R+L+P. Steps 4 to 6 correspond to the methods section Calculation of in
vitro mRNA cleavage levels and comparison to data from Maniataki and Mourelatos
(2005), with the net reaction M —X— F1+ F2. The energies involved in the labeled
steps are: (1) AGy,4, (2) AG 400 (3) AGgand AG ;, (4) & (5) AG,,, (6) AG, ,and
AGy4r01sis - NOte that in steps 4 to 6, the RISC binding and detaching terms cancel and are
not included in the calculations.
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Methods and Calculations

Energy Calculations

In a closed, non-cellular in vitro system without ATP, the behavior of the system depends
on the distribution of energy states of the participating molecules. To briefly review, the
probability that a system is in any particular microstate s is given by

P(s)= %exp[@j ,

where E is the energy of the state, N is the number of molecules, and Z is the partition
function,

Z= Zsexp[ E(RS_?_N j .
The partition function for the system is a central quantity, and it is used to derive a
number of important energies as described below. Changes in ensemble energies of the
system determine the final outcomes of the associated reactions.

The stabilities of RNA structures can be determined using the nearest-neighbor
model, in which the stability of a particular base pair depends on the adjacent base pair
(Markham and Zuker, 2005). The DINAMelt webserver (Markham and Zuker, 2005) was
used for RNA folding and hybridization calculations by the nearest-neighbor model at
37°C. In the calculations we assume that there is no energy input from ATP, consistent
with the experimental studies.

DINAMelt takes the ensemble of unfolded and unhybridized strands as its
reference state (Dmitrov and Zuker, 2004), so the energy change required to fold and
hybridize a mixture of RNAs can be taken as the ensemble energy given by DINAMelt
for that mixture at 37°C at the concentration entered. To summarize Dmitrov and Zuker,
given an initial amount N¢ of molecules A, with canonical partition function Z(N ), the
chemical potentials for A and self-hybridized AA are

s, =—RTIn[Z(N )]+ RT In{%}

A

and

to, = —RTI[Z(N,, )]+ RT |n{(:::—g32].

A

Taking the free energy of unfolded states to be zero, the free energy
F = u,N +u,,N ,, of the ensemble is the energy change from the ensemble of molecules
A in completely unfolded states to the final folded ensemble. Likewise, the energy
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required to unfold and unhybridize the mixture is given by the negative of the (folded)
ensemble energy given by DINAMelt. Calculations were done at 37°C

(RgsT =0.616268kcal/mol) and at the RNA concentrations as indicated from Maniataki
and Mourelatos (2005) and Gregory et al (2005). DINAMelt does not account for
variations in ion concentrations.

Hydrolysis energies were taken from previous experiments (Alberty, 2007), but
we estimate that discrepancies up to 50% may arise since the systems in the experiments
were at 25°C and possibly different ionic conditions. From Table 7 of Alberty (2007), the
energy of hydrolysis of CMP, UMP, and TMP is 12.96 kJ/mol, or approximately 3.1
kcal/mol per bond. Two phosphoester bonds are hydrolyzed in the processing of pre-
miRNA, and thus we take this energy of hydrolysis to be 6.2 kcal/mol.

The first step of RISC formation is the binding of the pre-miRNA with Argonaute
2 (Ago2) in the miRLC (Kim and Rossi, 2007). Yan et al (2003) measured a dissociation
constant K, =1xM for binding of the Argonaute PAZ domain with short single-stranded
RNA. In the experiments examined in this paper, the concentrations of RISC and guide
RNA were all near or much lower than K, so the free energy change for binding
AG,,, 2 0. Thus, for ensuing calculations, we took AG,,, =0 as a first order
approximation.

Calculation of in vitro RISC formation levels and comparison to data from Gregory et al
(2005)

To compare RISC formation using pre-miRNA vs. dsSRNA, we compared energies using
the let-7 pre-miRNA and dsRNA sequences from Gregory et al (2005). All calculations
were done at 0.5 nM RNA in accordance with the experiments. Let R*= inactivated
miRLC, R = activated RISC, S = complete pre-miRNA, L = loop fragment, and P =
passenger strand. The net reaction for RISC formation is given by:

S+R*—>R+L+P

Let the subscript f stand for “folded” and u stand for “unfolded”, and let A stand for the
antisense or guide strand of the pre-miRNA. For the purposes of calculating the free
energy of formation, the total reaction can be thought of as the sum of four simpler
reactions, each with an associated free energy change AG:

S-S, AGy
Su - Au + I-u + I:)u AGhydrolysis
A, +R">R AG,, 4

L,+P, =L +P AGL,P
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AGgand AG_, can be calculated using DINAMelt. For the let-7 pre-miRNA, which
undergoes the reaction above, inputing the sequence yields a AG4of 11.0472 kcal/mol,
and inputing the cleaved fragments gives AG,_ , of -2.56656 kcal/mol. For the let-7 pre-
MIRNA, AG, 4y 1S the energy change due to cleavage of 2 phosphoester bonds to
release three new fragments, and can be approximated as — 6.2 kcal/mol (Alberty, 2007).
As mentioned in the previous section, we take AG,, , ~ 0as a first order approximation.
The total energy change for RISC formation is given

by AGg . =AG; +AG +AG,;, s +AG_,. The corresponding equilibrium constant is
given as:

hydrolysis
KRISC = exp(— AGRlsc/RgasT) (1)

This equilibrium constant comes out to 0.024706 for the let-7 pre-miRNA. Using the
initial concentration of pre-miRNA [S, ] as the reference concentration for RNA folding
and subsequent reactions, if r is the fraction of S converted to RISC according to
experimental data, the equilibrium can be written as:

Sl )(5.) _ [5g] ] fs,] ¢
B 3 [ N e
[So] [So] [SO] [SO]

Combining equations (1) and (2), it is possible to solve for r given AGg . Or vice versa.
Solving for r gives the value 0.242 for the let-7 pre-miRNA.

A similar reaction occurs if double-stranded RNA (dsRNA, no loop) is used.
Letting D stand for the dsRNA, the reaction can be written as:

D, > A +P, AG,
A +R">R AGy, 4
P, —> P, AG,

For the let-7 dsRNA, AG, is 3.67417 kcal/mol (energy to separate the two strands),
there is no hydrolysis energy (no loop to hydrolyze), and AG, is the unfolding energy of
the passenger strand, which is -0.9837 kcal/mol. Again, we are taking AG,;,, = 0as a first
order approximation. The RISC formation energy is given by

AGgic p = AG, +AG,;, 4 +AG,, which sums to 2.6905 for the let-7 dsRNA, and the
corresponding equilibrium constant is given as:

KRISC,D = eXp(_ AGRlsc,D /RgasT) 3)
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For the let-7 dsRNA, the equilibrium constant comes out to 0.0127. If r, is the fraction of
D converted to R, the equilibrium constant can also be written as:
r,?

KRISC,D = m (4)

Combining (3) and (4), it is possible to solve for r, given AGg. . For the let-7
dsRNA, this method gives a value of 0.101 for r .

Assuming the reaction rate is roughly proportional to enzyme concentration (Liu,
2004), r/r, approximates the difference in RNAI efficiency for pre-miRNA versus
dsRNA. In this case, r/r, = 0.242/0.101 which is approximately 2.40. r/r, can also be
found by measuring actual RNAI efficiencies in vitro. We used data from Gregory et al
Figure 4, which had experiments performed at 0.5 nM RNA concentrations. In Figure 4B,
the % conversion to cleaved product for RISC loaded let-7 dsSRNA without ATP is given
as 6, and in Figure 4C, the % conversion for let-7 pre-mRNA without ATP is 15. Taking
this to be equal to r/r, , we obtain a value of 15/6 = 2.50, close to our calculated
prediction of 2.40.

By inputting the let-7 mRNA target sequence and the sequences of the cleaved
product into DINAMelt, we found the mRNA target site unfolding energy, and mRNA
fragment strands ensemble energy, which are also included in Table 1.

Calculation of in vitro mRNA cleavage levels and comparison to data from Maniataki
and Mourelatos (2005)

We next attempt to predict absolute mRNA knockdown levels using the GL3 target and
GL3 pre-miRNA sequences from Maniataki and Mourelatos (2005) and compare to their
experimental data. Calculations are at 10 nM concentrations in accordance with the
experiments. Let R stand for the active RISC complex, let M stand for the target mRNA,
and let F1 and F2 stand for the two fragments resulting from cleavage of M. Then the
cleavage reaction is given by:

M—5F1+F2
As before, this reaction can be thought of as the sum of some simpler reactions:

M; > M, AG,,
M u - Flu + qu AGhydrolysis
F1,+F2, >F1, +F2,  AG,,,
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AG,, and AG can be calculated with DINAMelt, and AG, s €an be approximated as
—3.1 kcal/mol (Alberty, 2007). AG,, for the GL3 target sequence was 4.67574 kcal/mol.
AG, for the GL3 target sequence was -1.37997. The total energy change for the cleavage
reaction is given by AG ;0. = AGy +AG +AG,, ,, which comes to 0.19577 for
GL3, and the corresponding equilibrium constant is given as:

hydrolysis

Kcleavage = exp(_ AGC|98V399 /RgaST) (5)

Thus, our calculated equilibrium constant comes to 0.727843. Using the initial
concentration [M,]of mRNA as the reference concentration for both RNA folding and
the total reaction, if cis the cleaved fraction of mRNA at equilibrium, then the
equilibrium constant can also be written as:

[[Fll] [[F 2]] C[[M o]] c[M o]]

M,][M, M,] [M, c?

Kcleavage= [M] = (1—C)[MO] =1—C (6)
[M,] [M,]

Combining equations (5) and (6), it is possible to calculate ¢ given AG ., - For the
GL3 target, c is 0.56.

The calculated fraction ¢ can then be compared to the experimental fraction of
MRNA cleaved in vitro. From Figure 6 of Maniataki and Mourelatos (2005), cleaved
MRNA reaches an equilibrium fraction of approximately 0.50, with GL3 target mMRNA at
10 nM.

In addition, we calculated the pre-miRNA unfolding and loop/passenger strand
ensemble energies by feeding the GL3 pre-miRNA and loop/passenger sequences into
DINAMelt. These values, along with the -6.2 kcal/mol hydrolysis value (from Alberty,
2007, as before) are also included in Table 1.

Sequences for in vitro calculations

Sequences taken from Gregory et al (2005) are let-7 dsSRNA
(UGAGGUAGUAGGUUGUAUAGU + UAUACAAUGUGCUAGCUUUCU), let-7
pre-miRNA (UGAGGUAGUAGGUUGUAU
AGUAGUAAUUACACAUCAUACUAUACAAUGUGCUAGCUUUCU) and let- 7
MRNA target (UAUACAACCUACUACCUCAUVU). Sequences taken from Maniataki
and Mourelatos (2005) are GL3 pre-miRNA
(UCGAAGUACUCAGCGUAAGUGGCUGUGAAGCCACAGAUGGGCCACUUACG
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GAGUACUUUGAGC) and GL3 target
(UGGACAUCACUUACGCUGAGUACUUCGAAAUG).

Results and Discussion

Previous work in the literature has focused on trends in energy dependence for
RNA interference, drawing from large bodies of in vivo data (Shabalina et al, 2006;
Taxman et al, 2006; Ui-Tei et al, 2006). In contrast, we attempt to predict absolute levels
of mMRNA knockdown or RNAI effector efficiency based on first principles. We provide a
proof of principle by comparing thermodynamic calculations to a limited data pool.

In Table 1 we show calculated values from our model for the free energy changes
in various steps of the RNAi mechanism. Details for the derivation of each value are
given in the Methods. Important energy contributions include folding energies of the pre-
miRNA and the mRNA target site (Table 1), in line with previous observations that pre-
miRNA unwinding and mRNA target site unfolding provide the greatest energy barriers
to RNAI (Shabalina et al, 2006).

With these values we first examine the difference in efficiency between pre-
miRNA and dsRNA against the same target site, then we calculate the absolute fractions
of mMRNA that would be cleaved in vitro by a given RNAI effecter. Overall, numerical
results from the model agree well with the experimentally measured levels of RISC
formation and mRNA cleavage in vitro, with no adjustable parameters.

Calculated RISC formation levels and comparison to data from Gregory et al (2005)

If r is the fraction of pre-miRNA converted to RISC and r is the fraction of dSRNA
converted to RISC, the value r/r, should correspond roughly to the ratios of mMRNA
cleaved for reactions using pre-miRNA versus dsSRNA. For RNAI effecters against let-7
mMRNA targets used in Gregory et al (2005), we calculate a theoretical r/r, of 2.4, close
to the experimental value of 2.50.

The hypothesis in the original experimental work was that energy for the duplex-
unwinding step of RISC is provided by the cleavage of two phosphoester bonds to release
the loop fragment of the pre-miRNA. The agreement between the results from our model
and the experimental data supports this hypothesis. While it is well established that stem-
loop structures are better RNAI effectors than dsRNA, our calculations suggest that the
primary reason for the difference in efficiency is that pre-miRNA has a loop that can be
cleaved whereas dsRNA does not. The extra 6.2 kcal/mol liberated by the cleavage
reaction is a significant fraction of the total AG.
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Energy Terms for RISC formation Energy terms for mRNA cleavage
Experiment pre-miRNA pre-miRNA pre-miRNA mRNA mMRNA mRNA
or dsRNA or dsRNA or dsRNA target site hydrolysis  fragment
unfolding hydrolysis  loop/ unfolding AGygro1sis strands
AGq 2X Ay Passenger  AGy, ensemble
AG, strand energy
ensemble AG,
energy
AGL,P
AG,
Gregoryetal  11.05 -6.20 -2.57 0.12 -3.10 -1.05
(2005), pre-
let-7-miRNA
Gregoryetal  3.67 0.00 -0.98 0.12 -3.10 -1.05
(2005), ds-let-
7-miRNA
Maniataki and  31.81 -6.20 -5.93 4.68 -3.10 -1.38
Mourelatos
(2005), PML-
GL3

Table 1. Calculated energy terms, in kcal/mol, for various steps in the RNAi mechanism. Reference
concentrations were set at 0.5 nM for the Gregory paper and 10 nM for the Maniataki paper, in
concordance with their respective experimental concentrations. Details on how each value was obtained are
included in the methods section.

Calculated in vitro mRNA cleavage levels and comparison to data from Maniataki and
Mourelatos (2005)

Maniataki and Mourelatos (2005) had previously performed experiments with purified
human minimal RISC (Dicer, Ago2, and the RNA binding protein TRBP), monitoring
cleavage of GL3 target mRNA (10 nM) for 90 minutes. Assuming that the cleavage
reaction had reached equilibrium by that time, our calculation for the fraction c of
cleaved mRNA should match the observed fraction. Calculating folding energies with
DINAMelt and solving for ¢ as outlined in the methods, we calculate a fraction ¢ of 0.56,
close to the measured value, 0.50. The calculation suggests that energy changes due to
RNA folding and phosphoester bond hydrolysis are sufficient to explain the levels of
MRNA cleavage by minimal RISC in vitro.

Thus the model shows quantitative support for the notion that RNA bond cleavage
energies drive both RISC formation and mRNA cleavage. But we also note that energy
changes due to binding to RISC proteins were not included in our model, and were in fact
not necessary to explain the in vitro RNA. results. A key implication is that direct
modeling from basic physical principles and RNA thermodynamic data may be sufficient
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to accurately describe human RNAI systems; that is, the protein binding energies do not
seem to make a substantial contribution to the total free energy, at least for the sequences
studied in the in vitro experiments.

However, this may not be the case for dynamic living systems. Future
experiments measuring binding constants of human Ago2 with a variety of single-
stranded RNAs could help make better estimates of the relevant energy changes in living
human cells. We note also that the simple equilibrium thermodynamic model presented in
this paper does not take into account many of the complexities of the cellular system,
where longer sequences are involved, additional proteins may participate, discarded RNA
fragments are quickly cleaved by cellular machinery, additional mechanisms of RNAI are
prevalent, and rates of mMRNA or miRNA production are of utmost importance.

Nonetheless, our calculations show that nearest neighbor thermodynamic model
can provide useful quantitative insight into RNA interference. More thorough
characterization of RISC formation and activity in live human cells should help develop
more accurate kinetic models of RNA interference.
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