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Abstract

DEAD-box proteins (DBPs) couple ATP utilization to conformational rearrangement of RNA. In
this chapter, we outline a combination of equilibrium and kinetic methods that have been
developed and applied to the analysis of ATP utilization and linked RNA remodeling by DBPs,
specifically Escherichia coli DbpA and Saccharomyces cerevisiae Mss116. Several important
considerations are covered, including solution conditions, DBP assembly/aggregation, and RNA
substrate properties. We discuss practical experimental methods for determination of DBP-RNA-
nucleotide binding affinities and stoichiometries, steady-state ATPase activity, ATP binding,
hydrolysis and product release rate constants, and RNA unwinding. We present general methods to
integrate and analyze this combination of experimental data to identify the preferred kinetic
pathway of ATP utilization and linked dsSRNA unwinding.

1. Introduction

DEAD-box proteins (DBPs) utilize ATP to perform work on RNA (Henn et al., 2012). Such
molecular-scale work includes double-stranded RNA (dsRNA) unwinding and
rearrangement, alteration of single-stranded RNA (ssRNA) conformation, and displacement
of RNA-bound proteins (RNPs) (Linder and Jankowsky, 2011; Pan and Russell, 2010).
Multiple and distinct low-energy RNA conformations increase the likelihood of kinetically
trapping cellular RNAs in misfolded conformations. In the cell, resolution of misfolded
conformations requires RNA helicases and chaperones (Herschlag, 1995; Woodson, 2010).
Disruption of DBP function or loss of regulation has been linked to a variety of human
pathologies, including the development and progression of several forms of cancer and heart
disease (Abdelhaleem, 2004; Akao, 2009; Chao et al., 2006; Godbout et al., 2007;
Ramasawmy et al.,, 2006; Sahni et al., 2010). These diseases likely originate from incorrect
RNA folding and RNP assembly or disassembly, all of which can severely alter RNA
transcription, splicing, maturation, export, translation, and degradation (Doma and Parker,
2007; Herschlag, 1995; Schroeder et al., 2004).

RNA binding stimulates the ATPase activity of many DBPs (Cordin et al.,, 2006). Therefore,
rate-limiting step(s) in the intrinsic DBP ATPase cycle are accelerated or bypassed by RNA
(Scheme 2.1). Progression through the ATPase cycle is coupled to transduction of the
chemical energy in ATP binding, hydrolysis, and/or product release to mechanical work
production on RNAs and RNPs (Henn et al., 2012; Hilbert et al., 2009; Jarmoskaite and
Russell, 2011). Understanding the thermodynamic coupling between RNA affinity and the
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chemical state (ATP, ADP-P;, ADP) of the bound adenine nucleotide (Scheme 2.1),
identifying the preferred kinetic pathway of ATP utilization and the distribution of populated
biochemical and structural intermediates, and determining rate-limiting step(s) of the RNA-
stimulated DBP ATPase cycle are all essential for developing mechanistic models of DBP-
dependent RNA rearrangement.

In this chapter, we outline a combination of equilibrium and kinetic methods that have been
developed for analysis of ATP utilization and linked RNA remodeling by DBPs (Henn et al.,
2012). We discuss practical experimental methods for determination of DBP-RNA-
nucleotide binding affinities and stoichiometries, steady-state ATPase activity, ATP binding,
hydrolysis and product release rate constants, and RNA unwinding. These methods have
been applied to Escherichia coli DbpA (Henn et al., 2008, 2010; Talavera and De La Cruz,
2005; Talavera et al., 2006) and Saccharomyeces cerevisiae Mss116 (Cao et al., 2011). We
refer to these examples throughout the text.

2. Reagents and Equipment

2.1. Solution conditions and temperature

Quantitative kinetic and thermodynamic analyses of £. coli DbpA (Henn et al., 2008, 2010;
Talavera and De La Cruz, 2005; Talavera et al., 2006) and S. cerevisiae Mss116 (Cao et al.,
2011) were carried out in KMg75 buffer (20 mAM Hepes, pH 7.5, 75 mMKCI, 5 mM MgCl,,
1 mMDTT) or a very similar buffer (e.g., 100 mM instead of 75 mA/ KCI; Talavera and De
La Cruz, 2005). If different solution conditions are required or desired, the ionic strength
should be maintained between 50 and 200 mA/with 1-5 mA/ Mg2* in excess of [ATP] or
[RNA nucleotides]. We consistently employ a temperature of 25 °C to allow direct
comparison of observed reactions between experiments and different DBPs. It is critical to
maintain identical solution conditions and temperature in experiments integrated for
analysis. RNAase-free working conditions must be maintained in all experiments.

2.2. RNA substrate(s)

Synthesized and gel or HPLC-purified RNA substrates are commercially available
(Dharmacon/Thermo-Fisher). The 2’-hydroxyl is deprotected following the manufacturer’s
protocol, samples desiccated in a SpeedVac concentrator, resuspended in deionized water at
200+ pM (polymer), and stored at =20 °C in 100-200 pL aliquots. RNA substrates with
significant secondary structure are refolded in KMg75 by heating to 95 °C and slowly
cooling to 15 °C in a thermocycler before freezing. RNA hairpins are refolded at lower
concentrations, typically <40 u/M polymer, to minimize oligomerization.

2.3. DEAD-box proteins

DBPs have been expressed in £. coli and purified to >95% purity (estimated by overloaded
SDS-PAGE) (Cao et al., 2011; Henn et al., 2001, 2008). [DBP] is determined
spectrophotometrically (Grimsley and Pace, 2003). DBP aliquots (100-200 uL at 20-200
uM) are flash frozen in liquid N5 and stored at =80 °C in 20 mM K-Hepes, pH 7.5, 200 mM/
KCI, 1 mMDTT. Glycerol or other stabilizing agent(s) may be added for protein stability.
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2.4. ATP, ADP, and mant-labeled nucleotides

ATP and ADP are prepared from >99% pure free-acid powder (Roche or Sigma).
Concentrated stocks (20-100 mM) are prepared on ice in deionized water and pH adjusted
to 7.0 with KOH. Aliquots (200-500 pL) are stored at —20 or =80 °C. mant-labeled
nucleotides can be synthesized (Hiratsuka, 1983) or purchased (Molecular Probes/Life
Technologies) and stored at =20 or =80 °C. Equimolar MgCl, is added to nucleotide stocks
immediately prior to use and stored on ice while in use. mant-nucleotide stocks should be
stored in opaque tubes on ice or covered with aluminum foil. Nucleotide concentrations are
determined spectroscopically using absorptivities of 15,400 A1 cm™1 at 259 nm for
unlabeled (ATP and ADP), and 23,300 A7~ cm™1 at 255 nm for mant-labeled nucleotide
(mantATP and mantADP, both mixed and single 3" (2”-deoxy) isomers) measured in
deionized water and/or KMg75 buffer.

2.5. UV-visible spectrophotometer

A computer-controlled UV-visible spectrophotometer capable of both absorbance spectrum
and kinetics measurements at multiple wave lengths and allows digital storage of data. The
instrument should have high wavelength accuracy (<1.0 nm), low noise (<0.001 Abs) and
stray light (<0.05%) in the UV-visible range, and it must be equipped with a temperature
control device. We use a Perkin EImer Lambda 20 and have used instruments made by
Shimadzu, Agilent, and Jasco for satisfactory and reproducible results.

2.6. Fluorimeter

Equilibrium binding measurements utilizing changes in fluorescence, fluorescence
anisotropy, or light scattering require an instrument with these capabilities. Fluorimeters
equipped with relatively high-power light sources (75-200 W) in the T-format (two
detectors) and monochromators on the excitation and detection channels are preferred.
Instruments using optical filters on the emission channels are adequate provided changes in
the emission profile upon binding and/or isomerization are significant. The instrument must
be equipped with a temperature control device. We use a Photon Technology International
(PTI) QuantaMaster 40.

2.7. Stopped-flow apparatus

Transient Kinetics measurements of DBP ATPase cycle transitions require an instrument
with millisecond time resolution to measure rate constants of several hundred per second or
faster. A variety of rapid mixers with absorbance and fluorescence detection are
commercially available. Those driven by compressed air or stepper motors offer the most
efficient perturbation and rapid-mixing time, though manual-mixing attachments can suffice
in some cases (De La Cruz and Pollard, 1994, 1995, 1996). The instrument must include a
temperature control device. We have used instruments from KinTek, Applied Photophysics,
Hi-Tech as well as in-house assembled instruments with satisfactory and reproducible
results.
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2.8. Quench-flow apparatus

Several rapid-mixing chemical-quench-flow instruments are commercially available. As
with stopped-flow, millisecond time resolution is needed to measure rapid rates and rate
constants. The instrument must include a temperature control device. We use the KinTek
Model RQF-3 instrument.

3. Important Considerations for Initial DBP Characterization

3.1. DBP oligomeric state and stability/aggregation

The assembly state of a DBP (i.e., oligomerization) could potentially influence the affinities,
rates, and internal equilibria of reaction steps that determine the overall reaction pathway
and mechanism (Wyman and Gill, 1990). Protein oligomerization is strongly linked to
concentration, and often to temperature, pH, solvent composition, bound ions, and ligands
(e.g., nucleotide and RNA binding to DBPs). The oligomeric state of DBPs under
experimental conditions must be defined if one wishes to develop mechanistic models.
Ideally, self-association should be assessed at [DBP]> 10x higher than that used in other
assays. If self-association occurs, it is advantageous to determine the oligomerization
equilibrium constant(s), since it permits estimation of oligomeric species concentration at
any [DBP], thereby identifying conditions favoring monomer or oligomer(s).

E. coli DbpA (Talavera et al., 2006) and S. cerevisiae Mss116 (Cao et al., 2011; Mallam et
al., 2011) behave as nonassociating monomers in solution at concentrations up to tens of
micromolar. This behavior is unlikely to hold for all DBPs, given the variability in N- and C-
terminal domains, which may contain oligomerization motifs (Klostermeier and Rudolph,
2009). Nonspecific aggregates, as opposed to defined oligomers (e.g., dimers, tetramers,
hexamers, etc.), can also form at high [DBP], and potentially affect observed DBP activities
(Cao et al., 2011). As such, efforts to identify the predominant oligomeric and/or
aggregation state of a DBP should not be dismissed or overlooked.

3.2. RNA substrate selection/design

3.2.1. DBP-RNA binding specificity—DBPs characterized to date display little, if
any, RNA sequence specificity (Linder and Jankowsky, 2011), presumably because of a lack
of direct DBP contacts with RNA nucleotide bases (Collins et al., 2009; Del Campo and
Lambowitz, 2009; Sengoku et a/., 2006). RNA recognition is achieved through sugar-
phosphate backbone contacts with DBPs (Hilbert et a/,, 2009). Accordingly, RNA-DBP
binding interactions are affected by RNA length and conformation based on
complementarity with the RNA binding cleft of DBPs (Del Campo and Lambowitz, 2009).
In cases where DBPs display RNA sequence-specific ATPase activity, and/or dSRNA
unwinding, either the DBP contains additional RNA binding domains (Kossen et al., 2002;
Tsu et al., 2001; Wang et al., 2006) or interacts with other RNA binding proteins that play a
role in targeting specific cellular RNAs (Le Hir and Andersen, 2008). For DBPs that display
RNA sequence specificity, observation of RNA-stimulated ATPase activity may depend on
using an RNA substrate that contains a targeting sequence/structure. For example, hairpin 92
from E. colirRNA is required to observe RNA stimulation of the ATPase activity of DbpA
(Diges and Uhlenbeck, 2001).
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3.2.2. RNA-stimulated ATPase activity—RNA-stimulated ATPase activity is a
convenient diagnostic for selecting an RNA substrate for a DBP without a known target
RNA. Based on current knowledge of commonalities among DBPs, it is unexpected but not
impossible for a DBP to display ATP-dependent RNA remodeling of an RNA substrate
without RNA-stimulated ATPase activity (Henn et a/., 2012; Hilbert et al., 2009). Therefore,
characterization of an RNA substrate that activates DBP ATPase can reveal valuable
mechanistic information, even if it is not a physiological substrate.

3.2.3. DBP-RNA binding affinity—A key issue in RNA substrate selection is DBP-
RNA affinity, particularly in the absence of bound nucleotide. DBPs possessing additional
RNA binding domains bind target RNA substrates with high-affinity (K3<50 nM) (Henn et
al., 2008; Polach and Uhlenbeck, 2002). Short (<20 nt) ssSRNA or (<20 bp) dsRNA
nonspecific DBP substrates typically bind to the nucleotide-free DBP core helicase with
<100 to ~500 nM affinity (Cao et al., 2011; Lorsch and Herschlag, 1998). Considering that a
Ky of ~500 nM requires 5 pMtitrant for ~90% saturation and 50 pA/titrant for ~99%
saturation, achieving saturating DBP concentrations may not be feasible for weak DBP-
RNA affinities.

3.2.4. ATP-dependent RNA unwinding—A major impetus of DBP ATPase
characterization is to link ATP utilization to dsSRNA unwinding. Unwinding using a strand
displacement assay is readily observed for short duplexes (6—10 bp) but is slow and/or
inefficient (i.e., characterized by low amplitude) for duplexes >12-16 bp (Bizebard et a/.,
2004; Diges and Uhlenbeck, 2001; Rogers et al.,, 1999; Yang and Jankowsky, 2006). It is
therefore beneficial to choose RNA substrates with a short duplex region (<10 bp) (Chen et
al., 2008; Henn et al., 2010) or dsRNA section interrupted by a break in the sugar-phosphate
backbone (Fig. 2.1) to favor strand displacement in unwinding assays.

3.2.5. RNA substrate characteristics—DBP-RNA binding interactions depend on
the RNA structure (Fig. 2.1), including the presence and length of dsRNA, hairpin loops,
blunt-end dsRNA versus 5, 3", or both types of ssRNA overhang, and overhang length. A
primary consideration is the overall length of both ss- and dsSRNA regions, with the key issue
being the formation of a single DBP binding site.

Although RNA sequence does not appear to contribute to DBP binding specificity for the
helicase core, sequence significantly affects RNA structure and assembly, which could
dramatically influence DBP binding. RNA substrates predicted to have a single predominant
secondary topology in solution (e.g., model substrates in Fig. 2.1), predicted using Sfold
(Ding et al.,, 2004) and RNA structure software packages (Reuter and Mathews, 2010) are
desirable. Because certain RNA hairpins can potentially self-associate in solution, it is
important to avoid sequence repeats within the dSRNA region, which increase the number of
potential oligomerization species. Refolding of the RNA should be evaluated over a broad
concentration range (e.g., 10-100 pM) to identify conditions minimizing oligomerization.
Analytical ultracentrifugation should be performed to affirm the RNA substrate is
predominantly monomeric following refolding (Lebowitz et al,, 2002). Light scattering may
provide evidence of large RNA multimers in solution (Attri and Minton, 2005; Murphy,
1997). When designing a hairpin-containing dsRNA, the loop sequence (e.g., UUCG
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tetraloop, Fig. 2.1) can play an important role in stabilizing the overall structure (Antao et
al., 1991). An additional consideration is the potential for poly-purine base-stacking to favor
a helical structure (Seol et al., 2007) versus polypyrimidine sequences that adopt a more
random coil in solution (Seol et al., 2004).

Measuring RNA binding affinity and stoichiometry

Structural, biochemical, and biophysical data acquired with several DBPs and short RNA
substrates (<20 nt or bp) reveal a 1:1 RNA:DBP binding stoichiometry (Cao et a/., 2011,
Polach and Uhlenbeck, 2002; Talavera et al., 2006). The combination of equilibrium and
kinetic analyses presented here apply to 1:1 RNA:DBP interactions. Different expressions
may be needed for other binding stoichiometries. If a DBP possesses two distinct RNA
binding sites (or RNA can accommodate two DBPs), analysis of the binding data with a 1:1
binding model will, at best, give an estimate of the average affinity of the two sites and could
lead to erroneous conclusions (Wyman and Gill, 1990). Therefore, quantitative
determination of the binding stoichiometry is critical.

3.3.1. Measuring the equilibrium RNA binding affinity in the absence of
bound nucleotide and with saturating ADP—Numerous methods for measuring RNA
binding have been developed. We favor fluorescence measurements for DBP-RNA binding
experiments because of their high sensitivity and the ability to measure binding under true
equilibrium conditions. Changes in fluorescence intensity (quenching or enhancement)
(Lakowicz, 2006) or anisotropy (Henn et al., 2010) are useful signals that can be used for
real-time kinetic assays, as discussed below. Fluorescently labeled RNA and protein are
amenable to fluorescence correlation spectroscopy (FCS), which assays binding from
changes in diffusion (Cao et al., 2011). Fluorescent probes conjugated to RNA and/or
protein can affect binding, so evaluating various labels and utilizing competition techniques
to measure the “true” binding affinity of the unlabeled molecules is essential (Bujalowski
and Jezewska, 2011; Thoma and Goody, 2003).

Equilibrium binding titrations are commonly performed with one reactant (DBP or RNA) at
a constant concentration and varying the other “titrant” over a broad concentration range
while monitoring an experimental signal that scales with bound complex. The equilibrium
binding affinity is determined from least-squares fitting of the data. In an experiment where
~10-100 nM fluorescently labeled RNA (the smallest amount providing a reliable
fluorescence signal) is titrated with a range of [protein], the following quadratic expression
for the equilibrium binding density ([protein]pound: [RNAJiotal) accounts for protein
depletion when [RNAJqta is ot K Ky, as is often the case (Cao et af., 2011; Henn et al.,
2010):

2
[HR] _ (Rt + Hior + Ky) — \/ (Riot + Hior + Ka)™ — 4 Riot Hyo

21)
Rtot 2Rt0t

Rt is the total [RNA], HR is the [helicase-RNA], Hy is the total [helicase], and Kj is the
dissociation equilibrium constant (Kg), assuming 1:1 binding. If RNA binding is associated
with a change in DBP fluorescence (intrinsic or of a conjugated probe), unlabeled RNA
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should be titrated with a fixed [DBP]. In this case, the Ry and Hiot terms in Eq. (2.1) should
be switched.

Binding density values will range from 0.0 (no DBP) to 1.0 for stoichiometric helicase-RNA
complexes. In practice, a range of helicase or RNA concentrations that span 100-fold above
and below the Ky (a 10% range in the [titrated molecule]) will generate binding density
values ranging from 0.01 to 0.99 and provide an excellent estimate of the Ky value. An
iterative process is recommended, where an initial titration with ~12 points spanning ~1000-
fold range in [helicase] (e.g., 5 nMto 5 pM) is used for a rough Ky estimate, followed by a
full titration with ~20 points spanning the suggested 104 range in [helicase] (or [RNA]).

The DBP-bound nucleotide affects the RNA binding affinity (Henn et a/., 2012;Hilbert et al.,
2009; Jarmoskaite and Russell, 2011; Linder and Jankowsky, 2011), such that weak and
strong RNA binding states are transiently populated as a DBP progresses through its ATPase
cycle (Henn et al., 2012). These nucleotide-linked changes in RNA binding are associated
with work production (e.g., unwinding and rearrangement) (Howard, 2001). Quantitating the
RNA binding affinity in the various nucleotide states (ATP,ADP-P;, and ADP) is therefore of
central importance.

The ADP-bound state(s) of DBPs are the only native nucleotide state(s) that can be studied
under true equilibrium conditions. ATP is hydrolyzed and P; binds too weakly to saturate
without introducing secondary effects from changes in solution ionic strength. RNA binding
with DBP-bound ATP analogs such as AMPpNp, ADP-BeF3, ADP-AIF,, etc., can also be
measured as described.

The RNA binding affinity of DBP-ADP (KpR overall) is measured as above, except with
saturating ADP. Knowledge of the DBP-ADP binding affinity (when bound to RNA,

KRD overall) is therefore needed to ensure saturating [ADP] during the titration. The overall
ADP affinity (Krp overal) can be estimated from the concentration-dependence of the
mantADP binding amplitudes (Cao et a/, 2011) and/or the rate constants and “overall
binding” Eqg. (2.5). However, this presents a “chicken and egg” problem in cases where the
ADP and RNA affinities are strongly linked. Such a situation requires an iterative approach
measuring approximate affinities of RNA and ADP binding to the DBP in the presence of
each other, ultimately leading to determination of precise affinities under conditions where
the other molecule is present at saturating concentration. As a first approximation, it is
useful to keep in mind that the measured AKrp gveran for both DbpA (Henn et a/., 2008) and
Mss116 (Cao et al.,, 2011) have been <100 pM, meaning that 10 mA/ MgADP is saturating
when bound to RNA.

The two DBP-RNA equilibrium binding experiments described provide the overall affinity
of RNA binding to DBP (KR) and DBP-ADP (KpR overall)- Although these two states do not
appear to be active unwinding intermediates of characterized DBPs (Henn et al., 2010,
2012), these two binding parameters are needed for analysis of ATP utilization by DBPs
(Scheme 2.1). Knowledge of Kg combined with the suite of transient kinetic, nucleotide
binding experiments described below, permits calculation of linked DBP-RNA equilibrium
binding constants and provides a means to assess thermodynamic consistency in
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experimentally determined parameters. Adhering to the principle of detailed balance
associated with the thermodynamic boxes comprising Scheme 2.1, KTr and Kpp,r can be

calculated as follows (Cao et al., 2011; Henn et al., 2008)

KrTKR and Keoo = KruKTR
KT DPiR - KH

K1r = (22

where Kt = /(_T//(+T, KRt = k—RT/k+RTv Ky = k—H/k+H! and KRH = k—RH/k+RH- Accordingly,
Kpr and Kpr’ (Scheme 2.1) can be calculated from Cao et a/. (2011) and Henn et al. (2008)
KirpKR _ KorpKpr

KDR = K—ID and KDR’ = K—ZD (2.3)

where Kip = k-1p/k+1p, K1rD = A-1RD/A+1RD: Kob = k-pplkiop, and Korp = A-orp/ A+ 2RD-

The DBP-RNA equilibrium dissociation constant in the presence of saturating ADP,

KbR overall, Measured as described above, provides an internal consistency check for the
combination of K and the fundamental ADP binding/dissociation rate constants measured
by transient kinetics as follows (Cao et al., 2011; Henn et al., 2008)

KRD,overall KR

(24)
KD,overall

KDR,overall =
where

K
2RD ) 25)

1+ K>rD

Kop
Kp.overait = Kip| 73— and Krp,overall = Kirp

4. Steady-State ATPase Measurements

4.1. Motivation for measuring DBP ATPase activity at steady state

Thorough characterization of the DBP steady-state ATPase activity (Fig. 2.2) is an essential
starting point of quantitative biochemical and biophysical analysis of ATP utilization. A
primary objective of steady-state ATPase analysis is to determine the maximal per-enzyme
cycling rate, or Ay (in units of s™2 DBP1), at saturating [ATP] and in the presence and
absence of saturating [RNA]. Some DBPs display little or undetectable ATPase in the
absence of a suitable RNA substrate (Henn et a/., 2008), while others have modest intrinsic
ATPase activity (Cao et al., 2011). In all cases studied to date, suitable RNA substrates
accelerate ATPase Ag;>5 to 2000+ fold.

The RNA-stimulated DBP ATPase cycle kgt provides the minimum rate at which ATP is
utilized to perform mechanical work on RNA, in the absence of “futile,” nonproductive
ATPase cycles. This rate can be compared with direct measurements of RNA rearrangement
kinetics (Cao et al., 2011; Henn et al., 2010). If RNA rearrangement is < kg4, multiple
ATPase cycles are required to yield the observed rearrangement and/or nonproductive
ATPase cycles occur with regularity. As part of a complete DBP ATPase kinetic analysis,
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ket can be directly compared with the rate constants of individual cycle steps (Scheme 2.1)
to determine which biochemical transition(s) limit(s) ATP utilization, providing candidate
force-producing and load-bearing state(s) during ATPase cycling.

The “Michaelis constant,” or K, is defined as the concentration required to half-saturate the
observed ATPase rate (Fig. 2.2) (Cornish-Bowden, 2004). The Ky a7p in the presence and
absence of RNA is a true K, while the Ky, RNA is an apparent K, because RNA
rearrangement is not monitored in the ATPase assay. The K, reflects the mole-fraction
weighted affinities (Ky) of DBP states populated during steady-state ATPase cycling (Henn
et al., 2008). In experiments where saturating RNA or other regulatory components of the
DBP ATPase activity are included, effects on the K, of any other species (such as ATP or
RNA) reveal altered binding affinities, that is, cooperativity, during one or more ATPase
cycle steps. Given an ATPase cycle scheme (e.g., Scheme 2.1), relationships between K,
values for each molecular species and the rate and equilibrium constants of individual steps
in the ATPase cycle can be derived (Cao et al., 2011; Henn et al., 2008, 2010). As such, the
measured steady-state K}y, values provide a consistency check on the combination of rate
constants measured by transient kinetics. In addition, the K}, values provide constraints on
difficult to measure rate constants that can instead be estimated using multiple lines of
equilibrium, steady-state, and transient kinetics experimental evidence (see Section 9).

Regulatory proteins can affect Ay and Ky atp (With or without RNA), and Ky, rya Of some
DBPs. Examples include elF4A (Marintchev et al,, 2009; Rogers et al., 2001), elF4AllIl (Le
Hir and Andersen, 2008), and Dbp5/Ddx19 (Montpetit et al., 2011; Weirich et a/., 2006). For
DBPs that display this additional level of ATPase regulation, it is important to determine the
steady-state parameters in the presence of a saturating concentration of the regulatory
molecule(s).

4.2. Steady-state ATPase method: Real-time enzyme-coupled assay

While several methods have been used to measure ATPase activity from liberation of P; (De
La Cruz and Ostap, 2009) or ADP (Charter et al., 2006), we prefer the NADH-linked
enzyme-coupled assay (De La Cruz et al., 2000; Tsu and Uhlenbeck, 1998) based on our
results with DBPs (Cao et al., 2011; Henn et al., 2008, 2010) and myosins (De La Cruz et
al., 2000; Henn and De La Cruz, 2005). The NADH-linked assay has several advantages
over other assays, including real-time measurement, ATP regeneration, and minimal
interference from P; contamination (De La Cruz et al., 2000; Furch et al.,, 1998). The assay
relies on absorbance detection of NADH oxidation resulting from ADP production (Fig.
2.2A). One NADH molecule is oxidized per liberated ADP, allowing for direct conversion of
the change in absorbance versus time to the [ADP] produced per second using the
absorptivity of NADH (6220 M1 cm~1 at 340 nm).

It is helpful to confirm that the assay responds rapidly to ADP (under experimental
conditions) prior to beginning an experiment. The NADH absorbance at 340 nm should
decrease and reach a minimum within a few seconds, remaining flat thereafter. If the change
in signal is slower, use more coupling enzymes, make fresh stocks, or both. The change in
absorbance, AAs4p, should be used to calculate the change in [NADH]. This value should
correspond closely (within a few percentage) to the [ADP] added, up to the total final
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concentration of NADH. If this is not the case, use more PEP and/or a fresh PEP stock. The
same is true for NADH, although the characteristic absorbance peak at 340 nm is a good
indicator of the NADH integrity, and with a 1 cm path length, the starting absorbance value
with 200 p NADH should be close to 1.244 (Fig. 2.2B). Using more NADH is not
recommended unless the path length is decreased, since the signal to noise is reduced at
higher absorbance.

Stock solutions

1.

10x KMg75 buffer (add DTT to 5 mA/Zupon dilution to 5 x or 1 mAM upon
dilution to 1 x prior to use) or other suitable buffer tested as above with known
ADP aliquots. Store at 4 °C in a large volume (50 mL or more).

100 mM PEP, prepared by dissolving pure powder (Sigma) in water and
adjusting the pH to 7.0 with KOH. Aliquots (100-200 uL) can be stored at —20
or —80 °C for over 1 year as long as repeated freeze-thaw cycles are avoided.
Keep on ice while in use.

100 mAM ATP (see Section 2) thawed on ice and vortexed to thoroughly mix upon
adding MgCl, (1 Mstock in deionized water, equimolar to ATP upon addition),
prior to further dilution.

Stock aliquot of RNA substrate, thawed on ice (previously refolded if containing
secondary/tertiary structure).

Pyruvate kinase (PK) from rabbit muscle, prepared from lyophilized powder
(Sigma) in 10 mM Tris or Hepes, pH 7.0-7.5, 50% glycerol at a stock
concentration of 10,000 U/mL, and stored in aliquots (200-500 pL) at —20 °C.

Lactate dehydrogenase (LDH) from porcine heart (recombinant), prepared from
lyophilized powder (BBI enzymes) in 10 mM Tris or Hepes, pH 7.0-7.5, 50%
glycerol at a stock concentration of 4000 U/mL and stored in aliquots (200-500
uL) at =20 °C.

DBP of interest, aliquot thawed on ice.

Working solutions (freshly made)

1.

15 mM NADH, prepared in 1 mL deionized water from desiccated powder
(Sigma) stored at 4 °C. Store the solution in an opaque tube on ice for up to 12 h.
Aliquots may be frozen at —20 °C for several days, but the [NADH] should be
checked spectrophotometrically.

1 MDTT, prepared in deionized water from desiccated powder (Sigma or
American Bioanalytical) stored at 4 °C. Store stock solution on ice.

5% coupling assay “cocktail” made in 1x KMg75 buffer containing: 1 mM
NADH, 100 U/mL LDH, 500 U/mL PK, 2.5 mM PEP. Make a large enough
volume to mix at 1x final in the reaction volume for all replicate measurements.
Note that in titrations where [ATP] will be held constant (and saturating), ATP
may be included in the “cocktail” at 5x final concentration. Store on ice for up to
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12 h in an opaque tube or 15 mL tube covered by aluminum foil. Check for
activity at 1x with MgADP standards.

Diluted stocks of DBP, RNA, MgATP, and MgADP in 1x KMg75 buffer. Use the
smallest stock concentration (requiring the largest volume addition to the final
reaction mixture) possible to achieve the desired reaction concentration after
adding all the other components. This greatly improves reproducibility and
reduces experimental errors due to pipetting small volumes of highly
concentrated reaction components.

Prepare a clean (RNAase free) quartz cuvette with a 1 cm path-length that
requires < 100 pL to fill the observation window.

Prepare the thermostated UV-visible spectrophotometer according to the
manufacturer’s protocol and set for collection of an absorbance time course at
340 nm. Recording data points every 0.5 s for 200+ s total is usually sufficient
for steady-state measurements.

Prepare at the reaction temperature a series of tubes (“tube A series™) containing
the variable component (2x final concentration in 1x buffer) in % the reaction
volume. These tubes may also contain one or more reaction components kept at
constant concentration (2x final).

Prepare a single tube (“tube B”) containing all other components not in tube A
(2x final concentration) in a large enough volume to aliquot % the reaction
volume for each tube in the “A series.” DBP and ATP must be in separate tubes
prior to mixing.

For each measurement, mix an equal volume from tube B into tube A and gently
pipette up and down to mix while avoiding introduction of bubbles. The ATPase
reaction should now be “running.” Quickly transfer the full reaction volume
(120-150 pL) to the cuvette and check that no bubbles are visible in the cuvette
window. Place the cuvette in the spectrophotometer and collect the time course
absorbance data (Fig. 2.2B).

Analysis—Time courses of absorbance change should be linear (Fig. 2.2B) and fitted to
obtain the slope, m (AAszaq s71). Deviations from linearity at early times (<3 s) are likely due
to incomplete mixing, differences in temperature between incubation tube and cuvette,
contaminating ADP in the ATP, or the approach to steady state, and should not be used for
analysis. Time courses must be corrected for the background oxidation of NADH by
subtracting the slopes of time courses acquired in the absence of DBP from those of
experimental samples.

Background-corrected time course slopes, /77 (in Assg s~1), can be converted to observed
ATPase rates, Vs, (ADP molecules produced s~ DBP~1) according to
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m
Unhe = | — 2.6
obs ( l )(6NADH, 340 X Hyoy (20)

where /is the path length of the cuvette (in cm), Hy is the total (active) [DBP] (in M), and
eNADH,340 IS the NADH absorptivity at 340 nm (6220 M1 cm™2).

To obtain Ay and Ky aTp, Vobs is plotted as a function of [ATP] and fitted by nonlinear
regression. If the [DBP] « [ATP] for all data points (Fig. 2.2C), the hyperbolic form of the
Briggs-Haldane equation is appropriate (Cornish-Bowden, 2004)

kea

L 27
Knatp+T @7

Uobs =

where kg, is the maximal ATP turnover rate (s~ DBP™1) at saturating MgATP in the
absence of RNA and T7'is the [MgATPliotal ® [MOATP]free. Analysis of the raw data is
identical for experiments in which the [DBP] is varied. In this case, Ht is not included in
Eq. (2.6) (Fig. 2.2D) since the slope of the DBP concentration dependence in the absence of
RNA provides an estimate of A (in ADP production s> DBP~1), when ATP is saturating.

Since DBP ATPase is usually slow in the absence of RNA (<0.1 s™1 DBP~1), [DBP] >
[ATP]/10 may be needed to observe a measureable absorbance change above background,
particularly at low [ATP]. Such conditions require the quadratic form of the Briggs-Haldane
equation when fitting (Fig. 2.2C),

2
_ Hiot + Tiot + Km ATP — \/ (Hiot + Tiot + Kmatp)” — 4Ho(T1o01
Uobs = Kecat] 2Hyy

(2.8)

where Tiot is the [MgATPliotal Z [MOAT Plfree-

RNA-stimulated ATPase activity is measured in the presence of saturating [ATP] over a
broad [RNA] range (Fig. 2.2E). Kiy ap could vary with RNA, so an iterative process is
required to estimate saturating concentrations of both RNA and MgATP, followed by precise
measurements of K, rya With saturating MgATP and Kiy arp in the presence of saturating
RNA. “Saturating” means >20x (ideally >100 x) the K, value for either species, based on
reaching >95% (ideally >99%) of the maximum value with either the hyperbolic or
quadratic forms of the Briggs-Haldane equation (see above). The [RNA] dependence of the
steady-state ATPase rate in the presence of saturating [ATP] (Fig. 2.2E) should be fitted to
the following modified version of the quadratic Briggs-Haldane steady-state equation (Cao

etal., 2011)
Uobs = (kcat,R — ko
2
\Hiot + Riot + K RNA — \/ (Hiot + Riot + KmrNA)” = 4HiotRiot (29)
’ 2 o
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where At R is the maximal DBP ATPase rate (s~ DBP™1) at saturating [RNA], Ryt is the
[RNAJiotal: Km,rNa is the apparent Michaelis constant for RNA stimulation of the DBP
ATPase activity, ky = kgt in the absence of RNA, and Hyt is the [DBP]iotal-

The RNA:DBP stoichiometry during steady-state cycling can be estimated from the [RNA]
dependence of the DBP ATPase rate saturation, fit with a system of implicit equations, when
[DBPliotal »> Km,rna (Fig. 2.2F; Cao et al., 2011). An accurate Ky, rna Value is best
measured with [DBP] < Ky rna, Whereas an accurate stoichiometry parameter, 7, is best
measured at [DBP] >> K rna, While Ky rna is held constant during the fitting of 7.

5. Transient Kinetic Analysis of the DBP ATPase Cycle

Many important questions about DBP function require additional methods besides
equilibrium binding and steady-state kinetic analysis. How does RNA stimulate DBP
ATPase activity? What is the degree of thermodynamic coupling between RNA binding and
transiently populated DBP intermediates (e.g., ATP and ADP-P; bound)? When during the
ATPase cycle does a DBP unwind dsRNA? What is the mechanism and preferred kinetic
pathway for DBP utilization of ATP “fuel” used to rearrange RNA and RNP substrates?
Addressing these questions requires quantitative analysis of the transient (pre-steady-state)
kinetics of DBP binding to ATP and RNA, catalysis of ATP hydrolysis, rearrangement of the
DBP-RNA complex, release of the hydrolysis products P; and ADP, and release of RNA
strand(s).

Transient kinetic measurements of biomolecules in solution usually require mixing
techniques such as stopped-flow and quench-flow (Johnson, 1992). Measurement of pre-
steady-state relaxations with observed rate constants >1 s™1 requires the ability to mix the
reaction components and acquire data in a fraction of a second. Faster relaxations with
observed rate constants ~100-500 s~ require (sub)millisecond time resolution, and demand
short (<2 ms) dead times. Observed rate constants in this range or faster may occur with
DBPs, especially with nucleotide and RNA association reactions (Fig. 2.3; Cao et al., 2011;
Henn et al., 2008).

RNA saturation in transient kinetics experiments

The suite of transient kinetics experiments described in this review should be performed
with and without saturating RNA substrate. For experiments conducted with ATP (labeled
and unlabeled), a good estimate for RNA saturation is >20 x K rnya Measured using the
steady-state ATPase method or >20 x Kg measured using equilibrium DBP-RNA binding,
whichever is greater. For experiments conducted with added ADP (labeled or unlabeled), a
good estimate for RNA saturation is >20 X KpR overall measured with equilibrium binding in
the presence of saturating [ADP], or >20 x Kg, whichever is greater. These conditions
ensure that nucleotide binding/dissociation and other ATPase cycle transitions measured in
the presence of RNA arise only from the DBP-RNA complex.

Method's Enzymol. Author manuscript; available in PMC 2020 December 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bradley and De La Cruz Page 14

5.2. Fluorescent-labeled ATP and ADP: Reporting on nucleotide binding/dissociation,
hydrolysis, isomerization, and product release

Fluorescent-labeled nucleotide analogs allow measurement of nucleotide binding,
dissociation, and often other ATPase cycle transitions. ATP and ADP labeled with
methylanthraniloyl (mant) labels covalently attached to either the 2" or 3" hydroxyl of the
nucleotide ribose ring have proven to be useful analogs that behave similarly to unlabeled
parent nucleotides, displaying small (less than twofold) differences in some kinetic
transitions (Cao et al., 2011; Henn and De La Cruz, 2005; Henn et al., 2008; Talavera and
De La Cruz, 2005). The photophysical characteristics of the mant moiety allow for relatively
strong FRET between mant and nearby tryptophan and/or tyrosine residues within the
protein. Using tyrosine/tryptophan excitation (~278 to ~295 nm), FRET signal is observed
through a 400 nm long-pass filter to selectively detect mant-nucleotide. Other labeled
nucleotides can provide useful fluorescent probes for helicase/motor protein investigations
(Jezewska et al., 2005; Lucius et al., 2006).

Method—Excellent FRET signals have been observed using final [DBP] of 500 nM-2 uM.
Reactions must achieve pseudo-first-order conditions for the expressions presented to be
valid (Gutfreund, 1995; Johnson, 1992). As a general rule, maintain [nucleotide] =10 x
[DBP].

mantATP/ADP association experiments

1. Prepare the stopped-flow for fluorescence measurements, including the desired
excitation wavelength, emission filter, PMT voltage, etc.

2. Wash both sets of drive syringes and flow lines and the observation cell with
several milliliters of RNAse-free ddH,0 followed by 1x buffer. Empty the drive
syringes to prepare for sample loading.

3. Starting with the lowest [mantATP], load one drive syringe at 2x final
concentration. Load the other drive syringe with DBP alone at 2x final
concentration. Both syringes should be loaded with enough volume, typically
500-1000 pL total, to “prime” the flow lines when applicable, and acquire
several transients (“shots”).

4, Acquire multiple (3+) replicate shots at each [mantATP]. Time courses can be
averaged for subsequent fitting and analysis.

5. Wash the drive syringe and flow line containing mantATP as above. Load with
the lowest [mantADP] and proceed with steps 3 and 4 above using mantADP.

6. Wash both drive syringes and flow lines as above.

7. Repeat steps 3-5 except using DBP with saturating RNA substrate and/ or other
regulatory molecules.
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mantADP dissociation

1. Prepare DBP and DBP-RNA complex samples at the concentrations used in the
association experiments above, with 10-50 uM mantADP, or the smallest
[mantADP] that gave a strong FRET signal change in the association experiment.

2. Prepare a stock of 10-50 m A/ unlabeled MgADP (1000x the [mantADP] above)
in 1x buffer in enough volume for several repeated measurements with DBP
alone and DBP-RNA.

3. Using the stopped-flow prepared as above, load the equilibrated mantADP-DBP
sample in one drive syringe and the excess unlabeled ADP sample in the other.

4. Record several replicate shots. The FRET signal is expected to decrease (Fig.
2.3F) due to irreversible mantADP release in the presence of excess unlabeled
ADP competitor.

Analysis—FRET data from mantATP-DBP interactions (RNA) have provided
information about ATP binding/dissociation (ki1, AT, A+rT, A-RT), as well as fundamental
rate constants associated with ATP hydrolysis (k+n, A-H, A+rH, A-rH) and phosphate (P;)
release (k_p;, k_rp;; Scheme 2.1; Cao et al,, 2011; Henn et al., 2008). Time courses of

changes in FRET should be fit to a sum of exponentials according to

F=C+ i A,-(l - e_k""’bst) (2.10)
i=1

where tis time (in s), Fis the fluorescence signal as a function of time, Cis an arbitrary
signal offset at £= 0, A;is the amplitude of the th exponential component, &;qps is the
observed rate constant (in s~1) of the th exponential component, and 7 is the number of
exponential components required to remove systematic trends in the best-fit residuals
(typically n=1-4). Small amplitude exponential phases are often observed using mant
nucleotides; however, their ;s do not show concentration dependence and/or are too slow
(<Acat) to be part of the ATPase cycle (Cao et al., 2011; Henn et al., 2008). Such phases
could reflect isomerization of the mant moiety.

In cases where mantATP FRET time courses follow a double exponential (or two
exponentials >A:4), the fast phase &;qps is A11 (0r A1rT 0n RNA), the slow phase &jqps is
Aot (or AorT), and the [mantATP]-dependence of the time courses (Fig. 2.3C and D) should
be fitted to the following expression (Cao et al., 2011)

1
AIRT,2RT = §(k+RT[T] + k_RT + A2RT, 0
(2.11)

2
+ \/ (kyRTIT] + k_RT + ART, 00)” = 4(k4RTITIA2RT, 00 + k_RTA2RT,0)
with

RT, 00 = k4RH + k—RH + k_RP; (2.12)
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and

k_rTk—RH + k_RTK_RP; + k4RHK_RP;
ART,0 = — (2.13)

where AT oo IS the maximum value of Aot at (infinite) saturating [mantATP], Aorto IS
approximately equal to the value of A,gT at zero [mantATP], [T] is the total [mantATP], and
the individual rate constants are defined in Scheme 2.1 (Henn ef a/., 2008). The same
expressions apply in the absence of RNA.

The global fit for the [mantATP] dependence has four free parameters, kyrt, A-rT, A2RT 00
and AorTo (AT, AT, A2T 0, and Ap7 g are fit independently for DBP alone) and Eqg. (2.11)
should be solved globally and simultaneously, using the two expressions (add the square root
term for A4RT, subtract it for Aort) and the [mantATP] dependence of both relaxations (Fig.
2.3C and D; Cao et al., 2011). The best-fit values for AyrT 0 and AprT o (O A27 00 and
AoT0) are used in conjunction with the A-value from 180-exchange measurements to solve
for KirH, A-RrH, and k_gp; (Or Awy, k-, and k_p,) (Section 9).

As noted in Henn et a/. (2008), Egs. (2.11)—(2.13) are only valid under the following
conditions:

a. substrate binding and dissociation are more rapid than hydrolysis (kRT[T]+ART

k.RH),
b. substrate binding is more rapid than substrate resynthesis (kirT[T]>A_RH), and
C. substrate dissociation is more rapid than product release (k_RT > k_Rpi).

Biphasic time courses of mantADP association contain information about ADP binding/
dissociation (kip1, &-p1, K+rD1, K-rD1) and ADP-bound state isomerization (kipp, A_p2, K
+RD2, K-rp2; Scheme 2.1). The time courses are fitted to a sum of exponentials as above, but
the concentration-dependence of the fast and slow relaxations, A1p (or A1grp on RNA) and
Aop (or Arp 0n RNA) are globally/simultaneously fitted with a different function

1
Ap,2D = §(k+1D[D] +k_1p+kiop+koop

2
+ \/(k+1D[D] + k_1p + kyop + k_op)” — 4(k_opk_1p + k_opk41p[D] + kyopkyip[D])  (2.14)

where [D] is the total [mantADP] and the fundamental rate constants are defined in Scheme
2.1. The same expressions (with different subscripts) apply for DBP-RNA. The global fitting
in each case (DBP alone and DBP-RNA) involves four free parameters, k;1p, A-1p, Ki2D, K

—2D OF K+1RD, K~1RD: K+2RD: K=2RD-

In cases where time courses follow single exponentials, s could vary linearly or
hyperbolically with [mant nucleotide]. If linear, the association rate constant is obtained
from the slope and dissociation rate constant from the intercept. If hyperbolic, binding
occurs following (minimally) a two-step binding mechanism (Robblee et a/., 2005).
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The irreversible mantADP dissociation experiment (Fig. 2.3F) provides additional data to
support or refute the occurrence of a DBP-ADP (or DBP-ADP-RNA) isomerization. Time
courses of mantADP dissociation should be fitted to a sum of exponentials. The expectation
is that DBP-ADP (or DBP-ADP-RNA) isomerization will yield biphasic dissociation time
courses. The relaxation rate constants for these two observed exponential processes (Agiss1,
Adiss?) should be predicted by the fundamental rate constants of the underlying ADP
dissociation and isomerization steps (Scheme 2.1) from

1
Adiss 1, diss 2 = z(k—m + kyop + k_2p

5 (2.15)
* \/(k—lD + kyop + k_op)” — 4k le—ZD)

The same expressions are used (with different subscripts) for DBP-RNA. Note that Eq.
(2.15) is a special case of Eq. (2.14) when [mantADP] = 0 for the association step, because
no rebinding occurs. If dissociation time courses follow single exponentials, kg directly
yields the ADP dissociation rate constant, because Agiss1 = A-1p-

Measuring the ATP hydrolysis and Pj release rates

5.3.1. ATP hydrolysis measured using quench-flow—It is possible to measure the
ATP hydrolysis/resynthesis rate constants (K+n, A-H, Of A+rH, K-rn) Of some ATPase
enzymes using radiolabeled ATP and quench-flow methods (Johnson, 1995). This approach
quantifies the total amount of ATP hydrolyzed as a function of time, including DBP-bound
ADP-P;, with millisecond resolution (Johnson, 1995). When hydrolysis (or conformational
isomerization that precedes rapid hydrolysis) is either too fast to measure (completed within
the mixing/measurement dead time) or (partially) rate limiting, time courses will be linear,
reflecting steady-state turnover (Henn et a/., 2008). However, if a step following hydrolysis
such as Pj release, ADP release, or a conformational isomerization limits ATP turnover, then
it may be possible to observe a pre-steady-state hydrolysis “burst” with amplitude that is
proportional to [DBP]. In the presence of saturating [ATP], both amplitude and observed
exponential rate constant contain information about k., A-y, and possibly k_p, (or the

DBP-RNA rate constants) (Johnson, 1986, 1992). DBPs characterized to date at this level of
detail do not display a detectable “burst” because hydrolysis is partially rate limiting (Henn
et al., 2008). The values of i, Ay, KirH, A-Ri, k—p;, and k_gp; were determined by 180-

exchange and mantATP/Pj-release (Section 9; Cao et al., 2011).

5.3.2. Pjrelease measured using stopped-flow—The P; release experiment
utilizing the A197C mutant of £. coli phosphate binding protein (PBP) labeled with the
fluorescent dye N-[2-(1-maleimidyl)ethyl]-7-(diethylamino)coumarin-3-carboxamide
(MDCC) has been extensively described (Brune et al., 1994; Webb, 2003). We typically use
5-10 yM MDCC-PBP and 500 nM-1 uM DBP when measuring the [MgATP] dependence
of the P; release time courses. Note that the [MDCC-PBP] should be >4 uMto saturate the
Ky for Pj binding (~200 nMin KMg75) (Henn et al.,, 2008) and 5-10x the [DBP] in order to
observe both pre-steady-state behavior and several turnovers of the steady-state ATPase prior
to Pj saturation of MDCC-PBP (Cao et al., 2011; Henn et al., 2008). It is crucial to remove
contaminating P; from the instrument, flow-lines, and drive syringes by overnight incubation
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with the “Pj mop” (purine nucleoside phosphorylase with excess 7-methylguanosine) (Webb,
2003). We also include the “P; mop” in the reaction components, which is kept at a low
enough concentration that it does not interfere with P; binding to MDCC-PBP on the 10+ s
timescale (Webb, 2003). The “P; mop” is incubated with the reaction components for at least
30 min on ice prior to mixing in the stopped-flow to reduce background P;.

5.3.3. Pjrelease data fitting and analysis—Time courses of P; release from £. coli
DbpA-RNA (Henn et al., 2008) and S. cerevisiae Mss116-RNA (Cao et al., 2011) display
pre-steady-state lag phases (see Fig. 2.4). The lag phases are indicative of at least two
consecutive ATPase cycle transitions (Scheme 2.1) with comparable rate constants (Johnson,
2003; Robblee et al., 2005). These lag phases persist in the presence of saturating ATP for
DbpA and Mss116, where the calculated ATP binding rates with bound RNA are >2000 s™1
(Cao et al, 2011; Henn et al., 2008). Given that ADP isomerization and release do not limit
the observed 2—4 s~ DBP™1 k., values in the presence of RNA (Cao et al., 2011; Henn et
al., 2008), the two or more steps with similar rate constants producing the observed lags
must include both ATP hydrolysis (or an isomerization that precedes rapid hydrolysis) and P;
release (Scheme 2.1). This is apparent in the simulated data in Fig. 2.4, where k_gp, and &

+RH are 20 and 25 s71, respectively.

P; release time courses that exhibit pre-steady-state lag phases (Fig. 2.4A) can be fit with a
function that combines a negative amplitude exponential with a straight line arising from the
steady-state ATPase (Cao et al., 2011; Henn et al., 2008):

[Pi] = ﬁ[E]tot(%ag(e_hagt - 1) + t) (2.16)

where [P;] is the phosphate concentration (as a function of time), [E]iqt is the total [DBP], 8
is the steady-state ATPase rate (ATP hydrolyzed s~ DBP~1 at a given [ATP], +saturating
RNA), and Ajqq is the observed rate constant of the pre-steady-state lag phase fit with a
single exponential. In practice, the product H[E];qt can substituted with a constant (C) that
includes the MDCC-PBP molar incremental fluorescence increase upon binding P;

(C = B[Eliot prp_pi) to fit the raw fluorescence time courses. This relationship holds as long

as [Pi] <[MDCC-PBP],tive: Where “active” refers to labeled PBP with a strong fluorescence
increase upon binding P; (Brune et al., 1998). Additional caveats concerning conditions
where more than one exponential may be required to fit the lag, where a lag might not occur,
or where a “burst” could be observed with this assay are discussed in Henn et al. (2008).

Based on the derivation from Henn ez a/. (2008), the [ATP] dependence of Aj,q is expected
to match A,rt from the mantATP experiments (Eq. 2.11). Therefore, the best-fit values of
Alag,0 aNd Ayag,00 (Fig. 2.4B) should be comparable to Aorr,0 and Azrr,1. Note that much
higher [ATP] can be used in fitting Ajag 1 versus the highest [mantATP] used with ArT 1,
which provides more confidence in the value from the P; release assay (compare Fig. 2.3D
with Fig. 2.4B). However in the absence of RNA, or any case with a very slow steady-state
ATPase activity, it may be very difficult to reliably fit the lag with an exponential due to the
lack of observed signal change on the 0.01-1 s timescale. In contrast, the fluorescence signal
in the mantATP assay does not suffer from this limitation, and therefore A1 and Ap7 o
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may provide more reliable data in the absence of RNA. The [ATP] dependence of C
(steadystate fluorescence increase) can be fit with either Eq. (2.7) or (2.8) to estimate
Km,atp in the presence and absence of saturating RNA and corroborate the values measured
using the enzyme-coupled assay (Cao et al., 2011).

6. ATP Hydrolysis Reversibility Measured by Isotope Exchange

We refer the reader to the oxygen isotope exchange methodology chapter in this volume
(Hackney, 2012). Briefly, we measure 180 isotope incorporation into phosphate ions free in
solution that originated in ATP molecules mixed with the DBP (+ saturating RNA) under
steady-state cycling conditions in the presence of ~5 mAM PEP and the PK enzyme (see
Section 4) to regenerate ATP. The reaction proceeds until a large fraction (~80%) of the PEP
is consumed, generating ~4 mM free phosphate in 100-200 L reaction volume. When ATP
is hydrolyzed, an oxygen atom from a water molecule is incorporated into the phosphate
product. The distribution of 180 incorporated into P; from 180—H,0 (Fig. 2.5) depends on
the percentage of 180—H,0 and the probability of ATP resynthesis from bound ADP and P;
(k-n, or k_rp) relative to Pj release (k_p, or k_gp,), indicated by the partition coefficient, A,

calculated as (Henn et al., 2008),

k_y

P. = ot kp s (2.17)

where the fundamental rate constants are defined above and the same expression is used
(with different subscripts) for DBP-RNA. The £ value is calculated from the observed
distribution of 180 incorporation into free phosphate, detected by mass spectrometry given
the percentage of 180 water (Hackney, 2012). The best-fit 2 value and Eq. (2.17) are used
in conjunction with either the mantATP data (1,7, and A,7,00) OF the Pj release data (Ajag,0
and Ajag,00) to calculate kv, Ay, and k_p, (see Section 9).

7. RNA Unwinding Assays and ATPase Coupling

A variety of RNA unwinding assays have been reported using DBPs (Chen et a/., 2008;
Diges and Uhlenbeck, 2001; Henn et al., 2010; lost et al., 1999; Liu et al., 2008; Yang and
Jankowsky, 2006). Most have relied on a discontinuous assay that requires separation and
detection of unwinding products using gel electrophoresis and autoradiography, and often
required a large excess of [DBP] to observe strand displacement. However, stopped-flow
fluorescence methods using dye-labeled RNA substrates (Fig. 2.1) have shown great utility
in measuring real-time dsRNA unwinding (Cao et al,, 2011; Henn et a/., 2010) and have the
potential for even greater insights as has been demonstrated with DNA helicases (Lohman et
al., 2008). The approach is discussed in detail in Chapter 1.

In general, the observed RNA unwinding amplitude depends on the [DBP]. However, an
effort must be made to distinguish between mechanisms where one DBP per RNA molecule
is required to observe unwinding versus multiple DBP molecules. Furthermore, an estimate
of the number of ATP molecules required per unwinding event is desired, and requires
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comparison between the observed unwinding rate constant and the DBP ATPase k. in the
presence of saturating RNA and MgATP (Cao et al., 2011; Henn et al., 2010). One good
approach is to observe unwinding using fast-mixing techniques (stopped-flow or quench-
flow) under conditions where the DBP-RNA complex is both (1) formed at a concentration
>20% Ky rna and/or Kg, whichever is greater (to ensure >95% DBP-RNA binding during
ATPase cycling) and (2) formed at ~1:1 stoichiometry. With these starting conditions, the
observed unwinding rate and amplitude should be compared between no nucleotide cofactor
and in the presence of MgATP, MgADP, or ATP analogs, and as a function of [nucleotide]. It
may be necessary to increase the DBP:RNA stoichiometry for unwinding, indicating
multiple-bound DBP molecules per RNA unwinding event. Because DBPs are thought to be
nonprocessive (Linder and Jankowsky, 2011; Pyle, 2008), observed dsRNA unwinding that
requires a stoichiometry >1DBP:1RNA may be a consequence of RNA substrate length,
including both dsRNA base pairs and any ssSRNA overhang. Conclusions drawn from RNA
unwinding assays must consider all of the above factors.

Determining if dsSRNA and ssRNA substrates differentially affect the ATP utilization
mechanism, and the degree to which substrate affects the DBP-RNA affinity at each DBP-
bound nucleotide intermediate, are important aspects of quantitative DBP studies. The
inclusion of RNA strand displacement adds another level of complexity to the complete
reaction scheme (Henn et al., 2010). As a consequence, the equilibrium binding, steady-state
ATPase, and transient kinetic analyses should be repeated with both dsSRNA (with hairpins,
eliminating strand dissociation) and ssRNA (unwinding product) substrates. The unwinding
substrate should resemble the dsSRNA prior to strand displacement.

8. Kinetic Simulations

Numerical integration of the differential equations describing the changes in [reactants],
[intermediates], and [products] given a kinetic scheme (e.g., Scheme 2.1) have been
employed to study complex enzyme reaction mechanisms for ~30 years (Barshop et al.,
1983). In cases with many free parameters (e.g., Scheme 2.1), multiple different experiments
are required to obtain one or a few of the reaction constants, thereby allowing for their
constraint during optimization of the remaining parameters. Kinetic simulations provide an
excellent tool for estimation of some of the hard-to-measure parameters, including feasible
upper/lower bounds (Henn et al., 2010).

Given a kinetic scheme (e.g., Scheme 2.1), some simulation programs have the capability to
fit the full time courses of one or more experiments and extract best-fit parameter estimates
for one or more parameters while holding others constant (Johnson et a/., 2009b; Zimmerle
and Frieden, 1989). We regularly use two program packages, KinTek Global Kinetic
Explorer (Johnson, 2009; Johnson et a/., 2009a,b) and Tenua, which is freely downloadable
(provided by Dr. D. Wachsstock, available at http://bililite.com/tenua/).

9. Putting It All Together: Quantitative Analysis of the DBP ATPase Cycle

The combination of equilibrium, steady-state, and transient Kinetics experiments described
above require additional analysis to assign values or ranges to the parameters in Scheme 2.1.
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As noted above, the Z; values (saturating RNA) determined by 180-isotope exchange can be
combined with either 2,70 and A,t,00 from mantATP experiments or Ajag g and Ajag 0o from
P; release experiments (saturating RNA) using Egs. (2.12), (2.13), and (2.17). In both cases,

the best-fit value of A_7 (and A_gt) from mantATP experiments must be known. The values

of the three fundamental rate constants, A, Ay, and k_p, (or A+rH, A-rH, and k_gp;) can

be obtained by solving these three equations with three unknowns using Mathematica
(Wolfram Research).

With the entire set of fundamental rate constants assigned, calculated values for the steady-
state kinetic constants can be compared with those measured experimentally. Using the
derivation of K, rna (Cao et al, 2011), an additional approximation is required. For the
example DBP used in this review, two ADP-bound DBP (and DBP-RNA) states are
observed (Scheme 2.1; Fig. 2.3E and F). While the overall DBP-RNA binding affinity in the
presence of saturating ADP, KpR overall, Can be measured using equilibrium binding, the
overall ADP release rate, A_p gverall (OF A-RD overall) iS estimated as follows: During vectorial
cycling through the ATPase kinetic pathways on and off of the RNA (Scheme 2.1), the
overall rate of ADP release is limited by isomerization of the ADP-bound DBP state, A_p
(or k_prp). Therefore, A_p gverall * A-2p.

The following expressions account for the steady-state kinetic constants in terms of
fundamental ATPase cycle rate constants (Henn et a/., 2008):

kink_pk—p, overall
k_p, overall (K+1 + k—n + k_p,) + kypk_p;

keat = (2.18)

and

k_tk_y+ k—Tk—Pi + k+Hk—Pi

k+T(k—H + k_Pi + k+H)

Kmatp = (2.19)

where the same expressions with different subscripts are used for the RNA-stimulated values
of kzat and Ky ap. Equation (2.19) for K arp holds in the absence of significant [ADP],
which is the case using the enzyme-coupled assay or very early in the steady-state part of the
P; release time courses. An additional expression for K, a7p that varies with [ADP] and
discussion of caveats are presented in (Henn et a/, 2008). Similarly, the following
expression yields the Ky rna (Cao et al., 2011):

K RrNA
KTRrA_RD, ovcrall(k—RH + k—RPi) + Kpp;RK+RHA-RD, overall + KDR overal k+RHK-RP;  (2.20)

k_RD, overall(k+RH + k—rH + k_RP;) + k4RHK_RP;

These expressions for the steady-state ATPase kinetic parameters in the presence and

absence of RNA bring together the full combination of equilibrium and kinetic experiments
presented in this review. Their derivations are based on the minimal ATPase cycle schemes,
given the available DBP data, such as the existence of two ADP-bound DBP states (Cao et
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al., 2011; Henn et al., 2008). Qualitative agreement between the calculated and measured
steady-state parameters provides additional confidence in measurements of the underlying
fundamental rate and equilibrium constants and the veracity of the minimal ATPase cycle
scheme. There are several potential explanations if qualitative agreement is not observed.
Chief among these are changes in the DBP oligomeric state during ATPase cycling, ATPase
cycles that include additional states, additional cofactors or regulatory molecules whose
concentrations are not accounted for, and ATPase cycle steps that do not conform to the
conditions and caveats stated in the derivations presented in Henn et a/. (2008) and Cao et al.
(2011).
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dsRNA (12 bp) Unwinding substrate
5-Gcuaaucceucc Uy 5'F- GCUAAUCdGUCCU U
3-CGAUUAGCCAGG g C 3-CGAUUAGCCAGG g C
ssRNA (12mer) dsRNA w/overhang
5'~GCUAAUCGGUCC Uy
3'-CGAUUAGCCAGG 3'-UUUUCGAUUAGCCAGGg C

Figure 2.1.
Model RNA substrates for use with DEAD-box proteins. Sequences illustrate important

RNA substrate design principles. “unwinding substrate” has a 5’-fluorescent tag (“F”), such
as fluorescein. The triangle indicates a break in the sugar-phosphate backbone, such that the
labeled strand is displaced with 8 bp unwinding. 5’ -fluorescent tagged dsRNA substrate(s)
can be used for binding without strand displacement.
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Figure 2.2.

Steady-state DBP ATPase activity. (A) Schematic of the coupled enzyme reactions. DBP is
DEAD-box protein, PEP is phosphoenolpyruvate, PK is pyruvate kinase, LDH is lactate
dehydrogenase, NADH and NAD* are the reduced and oxidized forms, respectively, of
nicotinamide adenine dinucleotide. (B) NADH oxidation is monitored by absorbance at 340
nm. Time courses of absorbance change for 1 pA DBP (kg4 = 0.09 s™1 DBP~1 and K aTP =
48 uM) cycling in the presence of 10-1000 pM ATP (upper to lower). (C) [ATP]-
dependence of the DBP steady-state ATPase rate with model fit (solid line) to Eq. (2.7) with
[DBP] < 400 nM. (D) [DBP]-dependence of the observed ATPase rate in the presence of 10
mM (saturating) ATP. The slope of the linear fit yields k.. (E) [RNA]-dependence of DBP
(10 nM) steady-state ATPase in the presence of 10 mM (saturating) ATP. Continuous model
curve is generated by Eq. (2.9) with kgt = 10.1 571 DBP™! and Ky rna = 60 nM. (F)
Estimating the RNA stoichiometry of DBP ATPase activation. The [DBP] is constant (10
UM>> Knp rna) With varying [RNA] in the presence of 10 mAM ATP. The continuous model
curve is generated by the implicit bimolecular binding equations (Cao et a/., 2011) with a
stoichiometry parameter of 1.0. All data are simulated with introduced Gaussian noise.
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Figure 2.3.
Transient kinetics of mant-nucleotide binding interactions. (A) Time courses of fluorescence

change after mixing mantATP (5-100 uM, lower to upper) with DBP (500 nM) and
saturating RNA (10 pM). Smooth lines are model curves with observed rate constants
plotted in (D). (B) Comparison of fluorescence time courses after mixing DBP =+ saturating
RNA with 50 pM mantATP. (C, D) Concentrationdependence of the fast and slow
relaxations from (A) and (B) of mantATP binding to DBP in the absence (C) and presence
(D) of saturating RNA. Solid lines are model curves generated with Eq. (2.11). (E)
Representative mantADP data. The solid lines are model curves generated with Eq. (2.14)
(F) Normalized fluorescence transients of mantADP (60 uM) release from pre-equilibrated
DBP (1 pM) or DBP with saturating RNA (40 uM) upon mixing with excess ADP (10 mM).
The solid lines are model curves showing the sum of two exponentials with rate constants
according to Eq. (2.15). All data are simulated with introduced Gaussian noise.
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Figure 2.4.

Transient phosphate (P;) release from DBP-RNA assayed with MDCClabeled phosphate
binding protein (PBP). (A) Time courses of fluorescence change after mixing RNA-saturated
DBP (500 nM) with a range of ATP (10 pM-1 mM, lower to upper). Smooth lines are model
curves generated with Eq. (2.16). (B) [ATP]-dependence of the observed lag phase rate
constant from (A). The smooth line is the model curve generated with Eq. (2.11) where AsgT
= Adjag- All data are simulated with introduced Gaussian noise.
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Figure 2.5.
Distributions of 180 incorporation into phosphate (P;) during steady-state DBP ATPase

cycling in 180-water. Up to four 180/P; can be incorporated with multiple hydrolysis and
resynthesis events per ATP turnover. The observed distribution depends on both the
percentage of 180-water enrichment and the partition coefficient (P value) associated with
the hydrolysis reversal (A or A_gp) and P; release (k_p, Or k_gp;) rate constants, see Eq.

2.17).
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Scheme 2.1.
Minimal ATPase cycle reaction scheme for a DBP with two ADP-bound states. His the

DBP, Ris an RNA substrate, 7and Dare ATP and ADP, respectively, and P; is inorganic
phosphate. The &; are rate constants and K; are equilibrium constants of ATPase cycle
transitions.
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