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ABSTRACT: TheEscherichia coliDEAD-box protein A (DbpA) is an RNA helicase that utilizes the energy
from ATP binding and hydrolysis to facilitate structural rearrangements of rRNA. We have used the
fluorescent nucleotide analogues, mantADP and mantATP, to measure the equilibrium binding affinity
and kinetic mechanism of nucleotide binding to DbpA in the absence of RNA. Binding generates an
enhancement in mant-nucleotide fluorescence and a corresponding reduction in intrinsic DbpA fluorescence,
consistent with fluorescence resonance energy transfer (FRET) from DbpA tryptophan(s) to bound
nucleotides. Fluorescent modification does not significantly interfere with the affinities and kinetics of
nucleotide binding. Different energy transfer efficiencies between DbpA-mantATP and DbpA-mantADP
complexes suggest that DbpA adopts nucleotide-dependent conformations. ADP binds (Kd ∼ 50 µM at
22 °C) 4-7 times more tightly than ATP (Kd ∼ 400µM at 22°C). Both nucleotides bind with relatively
temperature-independent association rate constants (∼1-3 µM-1 s-1) that are much lower than predicted
for a diffusion-limited reaction. Differences in the binding affinities are dictated primarily by the dissociation
rate constants. ADP binding occurs with a positive change in the heat capacity, presumably reflecting a
nucleotide-induced conformational rearrangement of DbpA. At low temperatures (<22 °C), the binding
free energies are dominated by favorable enthalpic and unfavorable entropic contributions. At physiological
temperatures (>22 °C), ADP binding occurs with positive entropy changes. We favor a mechanism in
which ADP binding increases the conformational flexibility and dynamics of DbpA.

Members of the DEAD-box1 family of proteins are
enzymes that couple unwinding of double-stranded RNA
with ATP hydrolysis and participate in all levels of RNA
metabolism (1). Genomic sequencing efforts have identified
DEAD-box proteins in viruses, bacteria, and eukaryotes
including yeast and humans. The ability to unwind stretches
of duplex RNA (2), disrupt RNA-protein interactions (3),
and assist in the correctin Vitro folding of RNA (4) enables
DEAD-box proteins to participate in a diverse array of
cellular processes including splicing, ribosome biogenesis,
RNA degradation, RNA interference, and translation (5).

In contrast to the well-characterized DNA helicases,
detailed mechanistic studies of DEAD-box RNA helicases
have proven difficult due to poor nucleic acid substrate

specificity and low activities of purified proteins (5, 6). In
addition, most DEAD-box proteins are likely to function as
part of macromolecular assemblages and require additional
accessory components for optimal activity (5, 6).

The ATPase activity ofEscherichia coli DEAD-box
protein A (DbpA) is specifically activated by nanomolar
concentrations of 23S ribosomal RNA subfragments that
include hairpin 92 (7), an essential component of the
peptidyl-transferase center (PTC). High RNA substrate
specificity in the absence of accessory proteins makes DbpA
an excellent model system to study the molecular mechanism
of DEAD-box protein activity.

Detailed mechanistic studies of nucleotide binding, hy-
drolysis, and product release are necessary for understanding
the mechanism of energy transduction and defining how ATP
binding and hydrolysis are coupled to the conformation of
DbpA (8) and the rearrangements of RNA structure. Al-
though the RNA sequence requirements for DbpA activity
have been characterized in detail (2, 7, 9, 10), the mecha-
nisms of nucleotide binding and hydrolysis are not well
defined. In this study, we have used fluorescently modified
mant-nucleotides to characterized the kinetics and equilib-
rium binding of DbpA with adenine nucleotides. Our results
provide the mechanism of nucleotide binding to DbpA and
establish a kinetic and thermodynamic framework for defin-
ing the mechanism of PTC-RNA activation of DbpA.

EXPERIMENTAL PROCEDURES

Reagents. All chemicals were of the highest purity
commercially available. ATP (99+% purity as assayed by
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HPLC, data not shown) was purchased from Roche Molec-
ular Biochemicals (Indianapolis, IN) and ADP (Sigma
A-5285, 99+% purity as assayed by HPLC, data not shown)
was purchased from Sigma (St. Louis, MO). ATP and ADP
concentrations were determined by absorbance at 259 nm
using ε259 of 15 400 M-1 cm-1. N-Methylanthraniloyl-
nucleotides (mantADP and mantATP, mixed 2′ and 3′
isomers) were synthesized as described (11) or purchased
from Molecular Probes (Eugene, OR). Mant-nucleotide
concentrations were determined usingε255 of 23 300 M-1

cm-1. A molar equivalent of MgCl2 was added to nucleotide
solutions immediately before use. All experimental measure-
ments were made in buffer A (100 mM NaCl, 5 mM MgCl2,
1 mM DTT, 20 mM HEPES, pH adjusted to 7.5 at the
experimental temperature).

Protein Purification. DbpA was purified as described (2).
Briefly, DbpA was overexpressed inE. coli strain BL21-
(DE3) pLys-S and purified by ion exchange (DEAE-
Sepharose and SP-Sepharose, 10× 2.5 cm, Pharmacia) and
size exclusion (Superdex 75-HiLoad 16/60, 1.6× 60 cm,
Pharmacia) chromatography. Yields varied between from
∼20 to 35 mg/L culture. The DbpA concentration was
determined by absorption at 280 nm in buffer A using an
ε280 of 25 200 M-1cm-1 for DbpA, which was determined
by comparison with the absorbance (Abs) of denatured DbpA
in 6 M GuHCl using the following relationship (12):

The ε280 of DbpA in 6 M GuHCl (εdenatured) was calculated
from theε of the predicted amino acid sequence determined
under similar conditions. Experiments were performed within
5 days of purification.

Steady-State ATPase ActiVity. The steady-state ATPase
activity of DbpA was measured at 37°C in buffer A
supplemented with 2 mM MgATP using the malachite-green
Pi detection assay (13). The PTC-RNA-activated ATPase
activity was measured using a 153-nucleotide fragment of
the E. coli 23S rRNA spanning nucleotides 2454 through
2606 of the rRNA gene (10).

Equilibrium Binding. Steady-state fluorescence measure-
ments were measured in buffer A at 22 (( 1) °C with a
Photon Technologies Intl. (South Brunswick, NJ) Quanta-
master fluorescence spectrometer using a 0.3× 0.3 cm
Suprasil quartz cuvette (Hellma Ultra-Micro Cell, GmbH &
Co KG, Müllheim, Germany). When monitoring tryptophan
fluorescence or energy transfer from tryptophan residues to
the mant fluorophore, an excitation wavelength of 297 nm
was used to minimize inner-filter effects arising from
absorbance by the nucleotide. To assess the energy transfer
efficiency, mant-nucleotide fluorescence was also monitored
with excitation at 340 nm.

Observed fluorescence intensities were corrected (FIcor )
FIobsfcor) for inner-filter effects assuming that the light
sampled emanates from a point in the center of the cell (14).
The correction factor (fcor) was calculated using eq 2:

where∆Aex and∆Aem are the additional absorbance at the

excitation (297 nm) and emission (340 nm) wavelengths.
Data used were limited to conditions whereA < 0.3 (15).

The nucleotide concentration dependence of the corrected
steady-state fluorescence intensities was fitted to a rectan-
gular hyperbola in the form of eq 3, which assumes DbpA
possesses a single nucleotide-binding site (defined by the
Walker A and Walker B motifs, ref16):

where FI is the background and inner-filter corrected
fluorescence intensity, FIo is the fluorescence of DbpA alone,
FI∞ is the fluorescence of DbpA with bound mantADP,
[mD]F is the free mantADP concentration ([mD]T . [DbpA],
therefore [mD]T ∼ [mD]F), and Kd is the dissociation
equilibrium constant for nucleotide binding to DbpA. The
Kd and the amplitude (FI∞ - FIo) were unrestrained when
fitting.

The equilibrium binding affinities of unlabeled nucleotides
were measured by competition with mantADP. Because of
the weak affinity of the protein for mantADP and the high
inner filter effects at the excitation wavelength, an equili-
brated sample of 2µM DbpA and 50µM mantADP (∼50%
saturation) was titrated with increasing amounts of unlabeled
nucleotide. The [ADP] dependence of the reduction in the
corrected fluorescence (FI) was fitted to eq 4:

where FI is the corrected fluorescence intensity at 430 nm
(λex ) 297 nm), FIo is the fluorescence measured in the
absence of competing unlabeled nucleotide, FI∞ is the
fluorescence in the presence of saturating unlabeled nucle-
otide, [mD]T is the total mantADP concentration, and
[DbpA-mD] is the concentration of DbpA with bound
mantADP. There are two unknown variables in eq 4: FI∞
and [DbpA-mD]. Because under our conditions DbpA is
not completely saturated, a fraction exists free in solution
and assumptions that simplify analysis of competition binding
data to hyperbolic or quadratic forms (17) cannot be applied.
Therefore, the concentration of DbpA-mD was determined
by solving the cubic equation (Appendix I) defining the
reversible, competitive binding of two ligands for a single
site, obtained by accounting for all partial equilibria present
in the system and noting that the mass conservation of total
protein ([P]T) is described by the sum of free and bound
species ([P]T ) [P]F + [PmD] + [PU]). The analysis requires
prior knowledge of the affinity of one ligand (mantADP or
unlabeled nucleotide). To solve for [DbpA-mD], the regres-
sion equations were programmed into Igor (version 5.0,
WaveMetrics, Inc., Lake Oswego, OR) and the data were
fitted using the cubic solution when the affinity of unlabeled
is weaker than labeled (KU > KmD; eq A1.16) or when the
unlabeled binds more tightly (KU < KmD; eq A1.17) and
constraining the values of FIo and the dissociation constant
of the DbpA-mantADP complex (KmD) measured indepen-
dently (Figure 2, Table 1). The value of FI∞ and the affinity
for unlabeled nucleotide (KU) were floated during the fitting
process. The value of FI∞ is obtained from the best fit to eq
4.

FI ) FIo +
(FI∞ - FIo)[mD]F

Kd + [mD]F

(3)

FI ) FIo +
(FI∞ - FIo)[DbpA - mD]

[mD]T

(4)
εnative)

(Absnative)(εdenatured)

(Absdenatured)
(1)

fcor ) 10((∆Aex+∆Aem)/2) (2)
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Stopped-Flow Kinetics. Transient kinetic measurements
were made in buffer A using an Applied Photophysics
(Surrey, UK) SX.18MV-R stopped flow apparatus thermo-
stated at the indicated temperatures (( 0.1°C). The excitation
wavelength was set to 297 nm, and fluorescence intensities
at 90° were monitored through a Schott UG1 band-pass filter
(tryptophan) or 400 nm long-pass colored glass filter (mant-
nucleotides). Nonlinear least-squares fitting was done with
Pro-K software provided with the instrument. Unless oth-
erwise stated, uncertainties are presented as standard errors
obtained from the best fits. The concentrations stated are
final after mixing unless specified otherwise.

Association kinetics were measured by mixing 2µM
DbpA with a range of [mantADP] or [mantATP]. The
kinetics of unlabeled ADP binding was measured by
competition with mantADP by mixing DbpA with a solution
of mantADP and a range unlabeled nucleotide concentrations.
ATP binding kinetics were measured by competition with
mantATP. MantADP dissociation was measured by rapidly
mixing an equilibrated sample of DbpA (4µM before mixing)
and mantADP (100µM before mixing) with an equal volume
of excess unlabeled nucleotides. Dissociation of mantATP
was measured with the instrument in sequential mixing
mode: DbpA (4µM before mixing, 25% of final reaction
volume) was mixed with mantATP (100µM before mixing,
25% of final volume), aged briefly (40 ms to 1 s) then rapidly
mixing with excess (4 mM, 50% of final volume) unlabeled
nucleotides. The final concentrations after mixing were 1
µM DbpA, 25 µM mantATP, 2 mM MgATP, or MgADP.

Temperature Dependence of the Reaction Rates and
Affinities. The temperature dependence of the kinetics was
interpreted according to the transition state theory of absolute
reaction rates (18). The activation free energy (∆Gq) relates
to the reaction rate constant (k) according to

where h is Planck’s constant (6.63× 10-34 J s), kB is
Boltzmann’s constant (1.38× 10-23 J K-1), R is the gas

constant (1.98 cal mol-1 K-1), T is the absolute temperature
in Kelvin, and Kq is the association constant defining the
equilibrium between ground and transition states. The
transmission coefficient is assumed to be unity. Expanding
the free energy of activation into its enthalpic (∆Hq) and
entropic (∆Sq) components and rearranging yields:

permitting determination of the activation enthalpy (∆Hq)
from the slope of the line generated by plotting the left-
hand side of the relation vs inverse temperature. The intercept
is not an accurate estimate of the activation entropy (∆Sq)
since it is beyond the range of the data so it was calculated
at a specific temperature from

Nonlinear Eyring plots were fitted to an integrated form
of eq 6 (see Appendix 2) that accounts for the temperature
dependence of the activation enthalpy (∆Hq) and change in
the molar heat capacity of the transition state (∆Cp

q):

where the subscriptr refers to values at a selected reference
temperature. (∆Cp

q) is assumed to be constant and indepen-
dent of the temperature.

The temperature dependence of the equilibrium binding
affinity was analyzed using the van’t Hoff form of eq 6
(linear plots) or eq 8 (curved plots) withKq replaced with
the association equilibrium constantKa, and the activation
parameters (indicated byq) expressed in terms of standard
heat capacity changes (∆C°p), and enthalpies (∆H°) and
entropies (∆S°) of formation.

Uncertainties were propagated using the general form:

RESULTS

All experimental measurements were made with DbpA in
the absence of RNA. Under these conditions and concentra-
tions, DbpA behaves as a noninteracting monomer as assayed
by analytical ultracentrifugation and size exclusion chroma-
tography ((19), unpublished data, manuscript in preparation)
with a steady-state ATPase activity< 0.01 s-1. The steady-
state ATPase rate is activatedg 1000-fold by PTC-RNA
to 9.7 (( 0.1) s-1 at 37°C, in close agreement with published
values under comparable conditions (7, 20), indicating that
the DbpA preparations used in this study are fully active.
At 22 °C, the PTC-RNA-activated ATPase activity is 2.0
(( 0.1) s-1.

Mant-Nucleotide Binding to DbpA Monitored by Fluo-
rescence Resonance Energy Transfer. The absorption spec-
trum of mant-labeled nucleotides displays considerable

Table 1: Rate and Equilibrium Constants for Nucleotide Binding to
DbpAa

nucleotide
temp
(°C)

k+
(µM-1 s-1)

k-
(s-1)

Kd
kin

(µM)b
Kd

ttn

(µM)

mantADP 22 3.4 (( 0.2) 180 (( 4)c 52 (( 3) 54 (( 14)d

176 (( 2)d 70(( 14)e

mantATP 22 >360
ADP 22 47 (( 6)e

70 (( 25)f

ATP 22 ∼400f

mantADP 4 2.4 (( 0.1) 62 (( 4)c 26 (( 2)
58 (( 2)d

mantATP 4 0.77 (( 0.02) 65 (( 2)c 84 (( 2)
70 (( 4)d 91 (( 5)

ADPg 4 1.7 (( 0.1) 26 (( 1) 15 (( 1)
ATPg 4 0.57 (( 0.03) 20 (( 3) 36 ((6)

a Conditions: 100 mM NaCl, 5 mM MgCl2, 1 mM DTT, 20 mM
HEPES (pH 7.5).b Calculated from the ratio of the dissociation and
association rate constants.c Determined from association kinetics
(Figures 3B and 5B).d Measured from time courses of mant-nucleotide
release (Figures 4 and 5C).e Determined by equilibrium titration (Figure
2). f Determined by equilibrium competition (Figure 8).g Determined
by kinetic competition (Figure 9).

∆Gq ) -RT ln( kh
kBT) ) -RT ln(Kq) (5)

ln( kh
kBT) ) (-∆Hq

R )(1T) + ∆Sq

R
(6)

∆Sq ) ∆Hq - ∆Gq

T
(7)

ln( kh
kBT) ) ln Kq )

∆STR

q

R
-

∆HTR

q

RT
+

∆Cp
q

R (ln( T
TR

) +
TR

T
- 1) (8)

(df)2 ) [(∂f
∂x)y

2
(dx2) + (∂f

∂y)x
2
(dy2) + ....] (9)
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overlap with the tryptophan fluorescence emission (λex )
297 nm) of DbpA (Figure 1A), making them good candidates
for monitoring nucleotide binding through changes in
fluorescence resonance energy transfer (FRET). In the
presence of 200µM mantADP, there is a significant
reduction in the intrinsic tryptophan fluorescence of DbpA
and an enhancement in mantADP fluorescence (Figure 1B),
consistent with the presence of FRET from DbpA tryp-
tophan(s) to bound nucleotide. Similar changes occurred in
the presence of 200µM mantATP; however, the overall

amplitude changes were much smaller. Time courses of
tryptophan fluorescence quenching and mantADP fluores-
cence enhancement follow single exponentials with similar
observed rate constants (Figure 1C), suggesting that both
signals are monitoring the same kinetic transition.

Equilibrium Binding.The equilibrium binding affinity of
DbpA for mantADP was measured from the nucleotide
concentration dependence of tryptophan fluorescence quench-
ing arising from FRET (Figure 2). The best fit of the data to
a single-site binding model (eq 3) yields aKd of 70 (( 14)
µM for mantADP binding to DbpA (Table 1). The weak
binding affinity makes it difficult to fully saturate DbpA with
mantADP. The maximum fluorescence changes obtained
from the best fits are 50% reduction in tryptophan fluores-
cence.

ADP binding generates quenching of the intrinsic DbpA
tryptophan fluorescence (Figure 2, ref8). From the concen-
tration dependence of tryptophan fluorescence intensity
(Figure 2), the affinity of DbpA for ADP is 47 (( 6) µM
(Table 1).

Because we do not know the rate or equilibrium constant
for ATP hydrolysis by DbpA, equilibrium titrations with
mantATP were not performed.

Mant-Nucleotide Binding Kinetics.Time courses of fluo-
rescence enhancement after mixing DbpA with mantADP
follow single exponentials (Figure 3A) with observed pseudo-
first-order rate constants (kobs) that depend linearly on the
mantADP concentration over a broad range (Figure 3B).
Transients (λex ) 366 nm, 400 nm long-pass filter) begin at
the fluorescence intensity of mantADP alone (data not
shown), indicating that a fast phase that generates a
fluorescence change is not occurring within the dead time
of our instrument. The data for mantADP binding can be
modeled as a single-step, reversible bimolecular reaction
(Scheme 1) with observed rate constants (kobs) that depend
on the rate constants and the mantADP (mD) concentration
according to eq 10:

The second-order association rate constant (k+) for mantADP
binding to DbpA determined from the slope is 3.4 (( 0.2)
µM-1 s-1 (Figure 3B). They-intercept yields a dissociation
rate constant (k-) of 180 (( 4) s-1 (Figure 3B).

FIGURE 1: Fluorescence resonance energy transfer from DbpA
tryptophans to bound mant-nucleotides. (A) Spectral overlap
between the DbpA tryptophan fluorescence emission spectrum and
the mant-nucleotide absorption spectrum (λex ) 297 nm). Left to
right: DbpA absorption spectrum, fluorescence emission spectrum
of DbpA, mant-nucleotide absorption spectrum, and fluorescence
emission spectrum of mant-nucleotides. (B) Fluorescence emission
difference spectra illustrating the Fo¨ster energy transfer between 2
µM DbpA and either 200µM mantATP (dashed) or mantADP
(solid). Spectra represent the difference between the observed
emission of the protein-mant nucleotide complex and the predicted
emission in the absence of energy transfer (e.g., the linear sum of
the observed isolated emission spectra of DbpA and mant-
nucleotide) and do not take into account the fraction bound.
Negative regions of the spectra indicate quenching of tryptophan
fluorescence, whereas positive regions of the spectra indicate
enhancement of the mant fluorescence arising from energy transfer.
(C) Time courses of mantADP enhancement (curvea) tryptophan
fluorescence quenching (curveb) and after mixing 28µM mantADP
with 2 µM DbpA. The solid line through the tryptophan fluores-
cence data is the best fit to a single exponential with a rate of 289
(( 8) s-1. The solid line through the mantADP fluorescence data
is the best fit to a single exponential with a rate of 285 (( 7) s-1.
Amplitudes have been normalized for presentation. The temperature
was 22°C.

FIGURE 2: Equilibrium binding of ADP and mantADP. [ADP] (9)
or [mantADP] (b) dependence of DbpA tryptophan fluorescence
(λex ) 297 nm,λem ) 334 nm; corrected for inner filter effects).
The solid lines represent the best, unrestrained fits to a rectangular
hyperbola (eq 3) yielding equilibrium binding affinities of 47 ((
6) µM for ADP and 70 (( 12) µM for mantADP binding to DbpA.
The temperature was 22°C.

kobs) k+[mD] + k- (10)
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The time course of mantADP dissociation from DbpA
follows a single exponential with a rate of 176 (( 2) s-1

(Figure 4A), in agreement with the value estimated from the
association kinetics (intercept of Figure 3B). The rate of
mantADP dissociation is independent of the identity (1.5-4
mM MgATP or MgADP) of unlabeled nucleotide as ex-
pected for a unimolecular dissociation reaction with ATP
and ADP competing for nucleotide binding. The amplitude
of the transients depend hyperbolically on the [mantADP]
before mixing, yielding aKd of 54 (( 14)µM for the DbpA-
mantADP complex (Figure 4B).

The mantADP binding affinity determined from the ratio
of the association and dissociation rate constants (Kd ) k-/k+)
is 52 (( 3) µM, in reasonable agreement with the values
obtained by equilibrium titration (70 (( 14), Figure 2, Table
1) and from the amplitudes of dissociation kinetics transients
(54 (( 14), Figure 4B, Table 1).

Time courses of fluorescence change after mixing DbpA
with mantATP had small amplitudes and were too rapid to
measure reliably given the∼2 ms dead time of our stopped-
flow (not shown).

Temperature Dependence of Mant-Nucleotide Binding
Affinity and Kinetics. At low temperature (4°C), the kinetics
of mantATP binding were resolved (Figure 5A). Time

courses of mantATP binding at 4°C (Figure 5B) follow
single exponentials with observed rate constants (kobs) that
depend linearly on the nucleotide concentration and yield
an association rate constant (k+) of 0.77 (( 0.02)µM-1 s-1

and a dissociation rate constant (k-) of 65 (( 2) s-1. At 4
°C, the dissociation rate constant measured directly by
competition with excess ATP or ADP is 70 (( 4) s-1 (Figure
5C). The apparent affinity of DbpA for mantATP at 4°C
determined from the ratio of the rate constants is 91 (( 5)
µM (Table 1).

The association rate constant for mantADP binding at 4
°C (Figure 5B) and 22°C (Figure 3B) differ by less than a
factor of 2 (Table 1). The dissociation rate constant, as
estimated from they-intercept, is∼3-fold slower at 4°C
(62 (( 4) s-1), and in close agreement with the value
measured directly from the time course of dissociation (58
(( 2) s-1). DbpA binds mantADP with an affinity of 26 ((
2) µM at 4 °C (Table 1).

The energetics of nucleotide binding to DbpA were
assessed from the temperature dependence of the rate and
equilibrium constants (Figure 6). The association rate
constant of mantADP depends little on temperature, indica-
tive of a small activation enthalpy (∆Hq). An Eyring plot of
the data (Figure 6A) is nonlinear, displaying a gentle,
concave upward curvature suggesting an apparent change
in the molar heat capacity (∆Cp

q) in the transition state.
MantATP binding depends slightly on temperature over the
range examined (4-10 °C, Figure 6A), but rapid rates and
small amplitudes precluded reliable assessment of the

FIGURE 3: Kinetics of mantADP binding to DbpA. (A) Time
courses of mantADP fluorescence change after mixing 29, 16, or
6.4 µM (left to right) mantADP with 2µM DbpA. Data are of
individual transients. Typically, 4-8 transients were averaged before
fitting. The best fits to single exponentials are shown as smooth
lines through the data. Amplitudes have been normalized for
presentation. Each transient was scaled individually from 0 to 1.
The nucleotide concentration dependence of the amplitudes is shown
in the equilibrium binding titration plots (Figure 2). (B) MantADP
concentration dependence of the observed rate constants. Points
represent data from three different protein preparations on four
separate days. Uncertainty bars represent standard errors in the fits
and are contained within the points if not visible. The solid line is
the best linear fit to the data. The temperature was 22°C.

Scheme 1

FIGURE 4: Kinetics of mantADP dissociation. (A) Time course of
mantADP fluorescence change after mixing an equilibrated solution
of 1.6µM DbpA and 80µM mantADP with 4 mM MgADP. Final
concentrations after mixing are 800 nM DbpA, 2 mM MgADP, 40
µM mantADP. The smooth line is the best fit to a single exponential
with a rate of 176 (( 2) s-1. The inset shows the data over a 20
ms range. Fitting was constrained to data beyond 2 ms. Data are
of an individual, unaveraged transient. (B) MantADP concentration
dependence of the dissociation time course amplitudes. The dashed
line represents the best fit to a rectangular hyperbola (eq 3) with a
Kd of 54 (( 14) µM. The solid lines represent theoretical single-
site binding isotherms with dissociation equilibrium constants of
(a) 20, (b) 40, (c) 80, (d) 200, and (e) 400 µM. The temperature
was 22°C.
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curvature and consequently, extraction of thermodynamic
parameters. However, given the weak temperature depen-
dence it is clear that the activation enthalpies of both
mantATP and mantADP association are small (Table 2).

Unlike the association rates, the dissociation rate constants
of both nucleotides are temperature-dependent and become
slower at low temperatures (Figure 6B). Dissociation of
mantATP is more temperature-dependent than mantADP
dissociation, indicative of a larger activation enthalpy (Table
2), presumably due to contributions from the gamma
phosphate. Surprisingly, mantATP dissociation occurs with
favorable entropic changes in the transition state.

Overall ADP binding occurs with an apparent positive
change in heat capacity (∆C°p ) 465 cal mol-1 K-1, Table
2), as indicated by the curvature in the van’t Hoff plot (Figure
6C).

Binding of both mantATP and mantADP to DbpA at
temperatures< 22 °C occurs with large, favorable (exother-
mic) standard enthalpy changes (∆H°) and unfavorable
(negative) entropy changes (∆S°, Figure 7, Table 2). Atg
22 °C, ADP binding is endothermic and occurs with

favorable entropy changes (Figure 7). Therefore, at physi-
ological temperatures ADP binding is driven by favorable
entropic contributions.

Since the change in entropy contributes significantly to
the energetics of ADP binding at physiological temperatures,
the entropic change upon binding ADP was analyzed in more
detail. The overall change in entropy (∆S°) for protein-
ligand interactions is the sum of various contributions and
can be expressed as

where ∆S°HE corresponds to entropy changes arising from
the hydrophobic effect,∆S°rt reflects changes in rotational
and translational entropy of the molecules, and∆S°other
accounts for all other entropy changes such as substrate-
induced structural reorganization, which are assumed to be
temperature-independent (21).

FIGURE 5: Kinetics of mant-nucleotide binding at low temperature.
(A) Time course of fluorescence change after mixing 60µM
mantATP with 2µM DbpA at 4°C. Data represents an individual,
unaveraged transient. The smooth line is the best fit to a single
exponential with a rate constant of 132 s-1. (B) MantADP (b) or
mantATP (2) concentration dependence of the observed rate
constants. Uncertainty bars represent standard errors in the fits. (C)
Time course of fluorescence change after mixing an equilibrated
solution of 4µM DbpA and 100µM mantATP with 4 mM MgADP.
Final concentrations are 2µM DbpA, 2 mM MgADP, and 50µM
mantATP after mixing. The smooth line through the data is the
best fit to a single exponential with an observed rate constant of
70 (( 4) s-1. The temperature was 4°C.

FIGURE 6: Temperature dependence of equilibrium and rate
constants for nucleotide binding to DbpA. (A) Eyring plot of the
second-order association rate constants for mantADP (b) or
mantATP (2) binding to DbpA. (B) Eyring plot of mantADP (b)
or mantATP (2) dissociation from DbpA. (C) van’t Hoff plot of
the association equilibrium constants for mantADP (b) binding to
DbpA. All panels share the samex-axis. Note panel B ordinate is
plotted on a broader scale. Nonlinear van’t Hoff and Eyring plots
were fitted to eqs A.2.5 and A.2.6, respectively, where∆Cp, ∆H,
and∆S were used as fitting parameters.

∆S° ) ∆S°HE + ∆S°rt + ∆S°other (11)
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Contributions arising from∆S°other are usually very small
for rigid-body associations, where∆S° is determined by the
magnitudes of∆S°HE and ∆S°rt (21). However, for an in-
duced-fit mechanism, a significant value of∆S°other reflects
changes in conformational entropy on complex formation
(21). The ∆S°HE for mantADP binding to DbpA at 22°C
(where∆S° ) 0; Figure 7; Table 2) is2 -169 cal mol-1 K-1.
Because∆S°rt is relatively constant and averages to be about
-50 cal mol-1 K-1 for typical protein-ligand associations

(21), summation of these two contributions leaves a sub-
stantial favorable∆S°other term of 219 cal mol-1 K-1. This
value for ∆S°other falls within the midrange of values re-
ported for processes that couple local or long-range folding
to site-specific binding (21). Thus, the significant value of
∆S°other is consistent with a conformational change in DbpA
occurring with ADP binding. The positive value suggests
an increase in the number or amplitudes of conformational
motions may be the source of∆S°other. The number of amino
acid residues (R) that change their conformation can be
estimated from

assuming that∆S°other arises entirely from changes in con-
formational entropy (21). Our calculations predict that∼40
residues change their conformation when ADP binds, sug-
gesting that the DbpA conformational change may be global
in nature and not limited to the nucleotide binding residues.

Equilibrium Binding of Unlabeled Nucleotides Measured
by Competition. The affinity of ADP for DbpA at 22°C
measured by equilibrium competition (Figure 7) is 70.2 ((
25.3)µM, comparable to mantADP, indicating that the mant
modification does not disrupt equilibrium binding. ATP binds
more weakly with aKd > 100 µM (estimated∼400 µM,
Figure 8).

Kinetics of Unlabeled Nucleotides Measured by Competi-
tion. The kinetics and affinity of unlabeled nucleotide were
measured by competition with mant nucleotides (24) and
analyzed according to Scheme 2, which describes competitive
binding of mant nucleotide (M) and unlabeled nucleotide
(U) to a single DbpA binding site where * denotes the high
fluorescence state andKD ) k-D/k+D (Scheme 2).

2 Calculated from∆S°HE ) 1.35∆Cp(ln T/386), which assumes the
∆C°p arises entirely from changes in the hydrophobic effect (22).
While this is an oversimplification and ignores contributions to∆C°p
arising from specific-ion binding, which can often, but not always (23),
be significant, it provides a foundation for interpreting the contributions
to ∆C°p based on analogy to well-established systems and established
thermodynamic formalisms. Furthermore, the weak ionic strength
dependence of the mantADP binding affinity (less than 3-fold difference
between 0.05 and 0.4 M NaCl, MAT, and EMDLC, unpublished
observations) suggests this is a reasonable first approximation.

Table 2: Thermodynamic Parameters for Mant Nucleotides Binding
to DbpA

parametera
mantADP,

4 °C
mantATP,

4 °C
mantADP,

22 °C

∆Ga
q (kcal mol-1)b 8.0 (( 0.1) 8.7 (( 0.1) 8.5 (( 0.1)

∆Ha
q (kcal mol-1) -2.0 (( 0.4)c 2.6 (( 0.6)d 3.1 (( 0.4)c

∆Sa
q (kcal mol-1) -36.0 (( 1.3)c -21.9 (( 2.3)e -18.4 (( 1.3)c

-T∆Sa
q (kcal mol-1) 10.0 (( 0.4) 6.1 (( 0.3) 5.4 (( 0.4)

∆Cp
q (kcal mol-1 K-1) 0.28 (( 0.04)c 0.28 (( 0.04)c

Eact,a(kcal mol-1)f -1.5 (( 0.4) 3.2 (( 0.6) 3.7 (( 0.4)
∆Gd

q (kcal mol-1)b 13.9 (( 0.1) 13.8 (( 0.4) 14.1 (( 0.1)

∆Hd
q (kcal mol-1)d 10.4 (( 0.4) 18.8 (( 2.9) 10.4 (( 0.3)

∆Sc
q (cal mol-1K-1)d -12.6 (( 1.1) 17.9 (( 10.2) -12.6 (( 1.1)

-T∆Sd
q (kcal mol-1) 3.5 (( 0.3) -5.0 (( 2.8) 3.7 (( 0.3)

Eact,d(kcal mol-1)f 11.0 (( 0.3) 19.4 (( 2.9) 11.0 (( 0.3)
∆G°app(kcal mol-1)g -5.9 (( 0.1) -5.1 (( 0.1) -5.7 (( 0.1)
∆H°app(kcal mol-1) -14.0 (( 1.5)h -16.2 (( 3.0)i -5.7 (( 0.1)h

∆S°app(cal mol-1 K-1) -29.0 (( 2.0)h -39.9 (( 10.5)i ∼ 0h

-T∆S°app(kcal mol-1) 8.0 (( 0.6) 11.0 (( 2.9) ∼ 0
∆C°p (kcal mol-1 K-1) 0.47 (( 0.05)h 0.47 (( 0.05)h

a Subscripts a and d refer to association and dissociation reactions,
respectively.b Calculated from eq 5.c Calculated from eq 8.d Calcu-
lated from eq 6.e Calculated from eq 7.f Calculated fromEact ) ∆Hq

+ RT. g Calculated from∆G°app ) ∆Ga
q - ∆Gd

q ) RT ln(Kd
kin).

h Calculated from the van’t Hoff form of eq 8.i Calculated from
∆H°app ) ∆Ha

q - ∆Hd
q, ∆S°app ) ∆Sa

q - ∆Sd
q.

FIGURE 7: Thermodynamic contributions to the free energy of
mantADP binding to DbpA. (A) Temperature dependence of
changes in enthalpy (∆H°, ∆), entropy (T∆S°, 0) and Gibbs free
energy (∆G°, b) occurring with mantADP binding to DbpA. (B)
Inset of panel A. Error bars reflect uncertainties in∆Cp, ∆H°, and
∆S°. ∆H°, and ∆S° were calculated using eqs A.2.2 and A.2.3,
respectively.

FIGURE 8: ADP and ATP binding affinities measured by competi-
tion with mantADP. ADP (b) and ATP (2) concentration depen-
dence of the DbpA-mantADP fluorescence (λex ) 297 nm,λem )
443 nm; corrected for inner filter effects). The solid lines represent
theoretical single-site binding isotherms with dissociation equilib-
rium constants of (a) 20, (b) 40, (c) 60, (d) 80, (e) 140, and (f) 400
µM. The dashed line represents the best fit to eq 4 with aKd of 70
(( 25) µM. The temperature was 22°C.

R )
∆S°other

5.5 cal mol-1 K-1
(12)
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For such a reversible reaction mechanism, the observed
pseudo-first-order rate constants (kobs) of the time courses
of fluorescence enhancement after rapidly mixing DbpA with
mantADP or a mixture of mantADP and unlabeled nucleotide
(i.e., ADP) depend on the sum of the rate constants for
nucleotide binding and concentrations according to (25-27):

permitting determination of the rate constants of unlabeled
nucleotide binding from the slope and intercept of the line
generated from plottingkobs vs [ADP].

The time course of fluorescence enhancement after mixing
35 µM mantADP with DbpA at 4°C follows a single
exponential (Figure 3) with an observed pseudo-first-order
rate constant (kobs ) k+[mD] + k-) of 134 s-1 (Figure 9,
filled square). When a solution of ADP and mantADP is
mixed with DbpA, time courses follow single exponentials
with observed rate constants that depend linearly on the
[ADP] (Figure 9). The slope yields an association rate
constant for ADP binding (k+D ) 1.7 µM-1 s-1). The
intercept (160 s-1) is proportional to the sum of the observed
rate constants for mantADP binding and ADP dissociation
(k+[mD] + k- + k-D, Scheme 1, eq 13). A dissociation rate
constant of ADP (k-D) of 26 s-1 was calculated from the
difference of the observed rates in the absence of ADP and
the intercept from the best fit of the [ADP] dependence
(Figure 9). The affinity calculated from the ratio of the rate
constants is 15 (( 1) µM at 4 °C (Table 1).

Similar kinetic measurements in which ATP was competed
with mantATP (Figure 9) yield a second-order association
rate constant of 0.57µM-1 s-1, a dissociation rate constant
of 20 s-1, and an equilibrium binding affinity of 36µM
(Table 1).

DISCUSSION

Tryptophan-Mant Fluorescence Resonance Energy Trans-
fer (FRET). Mant-nucleotide binding to DbpA generates
FRET from DbpA tryptophans to the mant moiety of the
bound nucleotide (Figure 1). DbpA contains four tryptophan
residues: W187, W320, W366, and W438. Structural
homology modeling of the helicase core of DbpA (8)
suggests that W187 and W320 are within∼18-20 Å of the
presumed nucleotide binding site (Walker A and B motifs)
and could potentially contribute to the observed FRET
(Figure 10). W366 and W438 are found in the C-terminal
extension of DbpA. The Fo¨ster distance for tryptophans can
be as large as 40 Å (28), which is smaller than the core
domain dimensions imposed by structural homology model-
ing (8) and the Stokes radius of DbpA (19). Although
tryptophan residues in the core are the most likely donors,
without any further information regarding the orientation of
the residues with respect to the bound nucleotide and
fluorophore assigning the observed FRET to a specific
tryptophan or conformation of DbpA is not possible.
However, the observed FRET differences between mantATP
and mantADP provide insight into the nucleotide-dependent
conformation of DbpA.

Although DbpA has four tryptophan residues, a transfer
efficiency (E) was calculated assuming a single tryptophan
donor and no intermolecular contributions to energy transfer
(28) using the following relationship (29):

whereF is the corrected fluorescence intensities andε is
the molar extinction coefficients of mantADP or DbpA at
the indicated wavelengths. An 80% energy transfer efficiency

Scheme 2

kobs) k+D[D] + k-D + k+[mD] + k- (13)

FIGURE 9: ADP and ATP binding measured by kinetic competition
with mantADP. [ADP] dependence of the observed rate constant
for 30 µM mantADP binding to DbpA (b); (9) represents the
observed rate constant for mantADP binding in the absence of ADP.
[ATP] dependence of the observed rate constant for 30µM
mantATP binding to DbpA (2); ([) represents the observed rate
constant of mantATP binding in the absence of ATP. The solid
line is the best fit of the data acquired in the presence of competing
ADP. The temperature was 4°C.

FIGURE 10: Structural homology model of the DbpA helicase core.
The core model has an approximate width of 65 Å. Tryptophans
187 (lower left) and 320 (upper right) are colored aqua blue. The
P-loop/Walker A motif (motif I) is colored dark blue, and the
DEAD-box/Walker B motif (motif II, to the left of the P-loop) is
colored bright green. The nucleotide is predicted to bind in the
small cleft between the DEAD-box and P-loop. Other conserved
helicases motifs are domains Ia (bright blue), Ib (orange), III/SAT
motif (yellow), IV (magenta), V (red), and VI (dark green) are
shown for clarity. Figure adapted from Henn et al. (8) and generated
using the program Ribbons (48).

E ) [F(297nm)

F(340nm)
-

εmantD(297nm)

εmantD(340nm)]‚[εmantD(340nm)

εDbpA(297nm)] (14)
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is achieved with mantADP binding to DbpA, whereas a 50%
efficiency is observed for mantATP. The different FRET
efficiencies suggest that DbpA adopts different conformations
depending on the bound nucleotide. The lower FRET
efficiency with mantATP may result from a subsequent
conformational change, such as hydrolysis, and depopulation
of the high fluorescence states. Alternatively, ADP binding
may be coupled to conformational rearrangement of DbpA
promoting a higher energy transfer state. By limited pro-
teolysis, binding of ADP alters the conformation of DbpA
(8), consistent with such a mechanism.

Kinetic Mechanism of Nucleotide Binding to DbpA.While
there have been previous kinetic measurements of nucleotide
binding to DNA and RNA helicases (30-32), to our
knowledge this is the first transient kinetic analysis of
nucleotide binding to a DEAD-box RNA helicase. Our results
demonstrate that ATP and ADP binding to DbpA are far
more rapid than the steady-state ATPase rate of DbpA in
the absence of RNA (<0.01 s-1), indicating that nucleotide
binding and dissociation do not limit the overall ATPase
cycle. ATP hydrolysis, Pi release, or a conformational change
preceding these transitions must therefore limit the DbpA
turnover rate. It is likely that RNA activates the ATPase
activity of DbpA by accelerating rate-limiting hydrolysis or
Pi release.

ATP binds DbpA more weakly than does ADP (Table 1).
Under physiological nucleotide concentrations of∼3 mM
MgATP and ∼600 µM MgADP (33), we expect ap-
proximately equal partitioning into ADP- and ATP-bound
states in the absence of PTC-RNA. The weak ATP affinity
presumably accounts for the inability of low (micromolar)
ATPγS concentrations to alter the intrinsic fluorescence or
proteolysis of DbpA (8). The affinity for ATP measured in
this study is significantly weaker than the affinity reported
using a direct binding assay (34). The higher affinity
measured by direct binding may due to population of ATP-
and ADP-Pi-bound states, yielding a higher apparent affinity
for ATP binding.

Nucleotide binding to DbpA can be modeled as simple,
one-step reversible binding mechanisms (Scheme 1). Nucleo-
tide binding to most characterized NTPases and molecular
motors (35) occurs via (at least) a two-step reaction mech-
anism (Scheme 3) where (PN) is a collision complex in a
weak, rapid equilibrium with free nucleotide (N) that
isomerizes to a high fluorescent state (indicated by *) with
high nucleotide affinity. Although it is likely that nucleotide
binding to DbpA follows a similar mechanism, our measure-
ments could not identify two-step nucleotide binding to
DbpA (i.e., hyperbolic concentration dependence ofkobs,
Figures 3B, 5B, and 8), presumably because the equilibrium
constant for initial binding is weak (k-1/k+1 > 20 µM) and
the maximum rate (k+2 + k-2) > 350 s-1 under all conditions
examined.

TheE. coli DNA helicase Rep binds nucleotides via a two-
step mechanism with two high fluorescence intermediates

linked by a slow isomerization that generates complex
biphasic time courses of nucleotide binding (32). DnaB also
populates multiple high-fluorescence states and displays
multiphasic kinetics (30). The lack of significant deviation
from simple exponential behavior suggests that DbpA
populates only a single high fluorescence state or that the
isomerization rate constant is very rapid (k+2 + k-2 . k+1

+ k-1).
The second-order association rate constants for nucleotide

binding to DbpA have low activation energies (Eact ) ∆Ha
q

+ RT ) 1-3 kcal mol-1; Table 2) relative to the predicted
activation energy of a diffusion-limited reaction in water
(∼4-5 kcal mol-1; ref 36). However, the rate constants are
approximately 3 orders of magnitude lower than the theoreti-
cal maximum (∼3 × 109 M-1 s-1) for the diffusion-limited
collision of two uncharged, uniformly reactive spheres as
defined by Smoluchowski3 (37). Association rate constants
that are considerably slower than the diffusion-limit often
arise because binding occurs via a two-step reaction mech-
anism (Scheme 2) with an inherently weak collision complex
(38). If nucleotide binding to DbpA follows a similar
mechanism, the absence of curvature inkobsvs [mN] (Figure
3B) indicates that the affinity for the collision complex would
be>20 µM, which is much weaker than the affinity formed
upon initial encounter with other characterized helicases (32).

Energetics of Nucleotide Binding to DbpA.Both mantADP
and mantATP bind DbpA with relatively weak affinities
(Table 1) and display favorable enthalpic (exothermic∆H°)
and unfavorable entropic (negative∆S°) contributions to the
free energy of binding (∆G°) at low temperatures (<22 °C,
Table 2). At physiological temperatures (>22 °C), ADP
binding occurs with favorable entropy changes (positive∆S°;
Figure 7). Nonlinear Eyring and van’t Hoff plots for
mantADP binding (Figure 6) indicate that a change in the
heat capacity (∆C°p) of the system occurs with ADP binding
to DbpA. We could not examine mantATP binding over a
similar temperature range due to rapid rates, weak binding
affinity, and consequently a small signal.

While it is difficult to assign the factors that contribute to
changes in heat capacity, which may include contributions
from DbpA, nucleotide, ions, and solvent, several interpreta-
tions can be made based on comparison with well-character-
ized systems (32). The change in heat capacity (∆C°p)
suggests that DbpA undergoes a structural reorganization
upon ADP binding, consistent with a multistep binding
mechanism (Scheme 3) and limited proteolysis studies (8).
The fact that∆C°p is positive reveals important insight into
the types of conformational changes that may occur. Al-
though most characterized protein-ligand interactions that
display a change in heat capacity occur with a negative∆C°p
values, several cases of positive∆C°p have been identified

3 kcollision ) [4πNA(DP + DN)(rP + rN)]/1000, whereNA is Avogadro’s
number,DP and DN are the diffusion coefficients of the protein and
the nucleotide, respectively, andrP and rN are their interaction radii.
The diffusion coefficient of DbpA (DP) determined by sedimentation
velocity is 6.6× 10-7 cm2 s-1 (19). The diffusion coefficients of mant-
nucleotides (DN ) 3.42 × 10-6 cm2/s) were calculated from the
rotational correlation time of Mn-ATP (37), which agrees with values
calculated from the fluorescence lifetimes and anisotropies (30). The
interaction radii have been taken as equal to the approximate size of
the radius of the nucleotide,rN ) rP ≈ 4.8 Å. Accounting for steric
constraints and non-uniform reactive surfaces is expected to lower the
kcollision by approximately an order of magnitude (37).

Scheme 3

Nucleotide Binding to DbpA Biochemistry, Vol. 44, No. 3, 2005967



(39-41). A positive ∆C°p is often attributed to solvent
exposure of an enlarged hydrophobic protein surface (21,
42), suggesting that ADP binding induces a conformational
change in DbpA that exposes hydrophobic residues to the
solvent, perhaps mediating favorable base stacking interac-
tions with bound RNA. However, such a mechanism is
expected to yield negative∆S° values at room temperature
(42). Transfer of polar residues to a non-polar environment
(43), charge neutralization, and order-to-disorder transitions
involving weakly interacting components (44) can also
generate a positive∆C°p. The positive∆C°p and ∆S° may
therefore also reflect contributions from coordination of
bound ADP as well as an increase in the number of soft
internal modes and isoenergetic conformations of DbpA.

Negligible values of∆S°other are expected for rigid-body
interactions, while interactions that are coupled to confor-
mational rearrangement show large∆S°other values (21). The
favorable entropic changes (∆S°) for mantADP binding at
physiological temperatures and the magnitude of∆S°other are
consistent with increased conformational flexibility and/or
amplitude of harmonic motions being coupled to ADP
binding. Although the regions undergoing these changes may
occur anywhere in DbpA, they are most likely to be
dominated by the flexible loops that define the nucleotide
binding site (i.e., Walker A and Walker B motif), as indicated
by changes in proteolysis occurring at the residues within
and surrounding the P-loop/Walker A motif (8).

Structural Dynamics of the P-Loop/Walker A Motif.
Among DNA and RNA helicases, structural and phylogenetic
comparisons suggest the core domains of DEAD-box proteins
adopt very similar three-dimensional conformations and that
the conserved signature motifs within these domains are
positioned nearly identical (45). Residues comprising the
P-loop/Walker A motif of DNA and RNA helicases are
thought to coordinate the bound nucleotide and cation (45).
In the absence of bound ligands (i.e., nucleotide and nucleic
acid), the P-loop/Walker A motif in the structures of DNA
helicases (Rep and PcrA) have always been observed in an
“open” conformation that makes the nucleotide binding site
accessible to the solvent and therefore conducive to nucle-
otide binding (46, 47). The open conformation is also
observed in structures with bound nucleotides (46, 47).
However, the structures of the DEAD-box RNA helicases,
eIF4A and BstDEAD show closed conformations of the
P-loop in the absence of bound nucleotide (46, 47).

The slower than diffusion-limited association rate con-
stants, low activation energies, and heat capacity changes
may reflect conformational dynamics of the P-loop that
interfere with productive nucleotide binding. ATP binds more
weakly and with a lower association rate constant than ADP,
indicating that accommodating the gamma phosphate of ATP
is difficult and dictates the relative binding affinities ADP
and ATP.
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APPENDIX 1

Stoichiometric binding of labeled nucleotide (e.g.,
mantADP, mD) and unlabeled nucleotide (U) to DbpA (P)

can be described by the following reversible equilibrium
reactions:

where the dissociation equilibrium constants,KmD and KU

are defined by the free (F) and total (T) reactant concentra-
tions according to

Expressing eqs A1.3 and A1.4 in terms of their ratio gives:

Rearranging and isolating [PU] yields:

If we define

then

and

Substituting eq A1.9 for [PU] in eq A1.3 yields

which can be rearranged to

P + mD {\}
KmD

PmD (A1.1)

P + U {\}
KU

PU (A1.2)

KmD )
[P]F[mD]F

[PmD]
)

([P]T - [PmD] - [PU])([mD]T - [PmD])

[PmD]
(A1.3)

KU )
[P]F[U]F

[PU]
)

([P]T - [PmD] - [PU])([U]T - [PU])

[PU]
(A1.4)

KmD

KU
)

([mD]T - [PmD])[PU]

([U]T - [PU])[PmD]
(A1.5)

KmD[U]T[PmD] ) [PU](KU[mD]T - KU[PmD] +
KmD[PmD]) (A1.6)

∆K ) KmD - KU (A1.7)

KmD[U]T[PmD] ) [PU](KU[mD]T + ∆K[PmD]) (A1.8)

[PU] )
KmD[U]T[PmD]

KU[mD]T + ∆K[PmD]
(A1.9)

KmD )

([P]T - [PmD] - [ KmD[U]T[PmD]

KU[mD]T + ∆K[PmD]])([mD]T - [PmD])

[PmD]
(A.10)

KmD[PmD] ) [P]T[mD]T - [PmD][mD]T -

[ KmD[U]T[PmD][mD]T
KU[mD]T + ∆K[PmD]] - [P]T[PmD] + [PmD]2 +

[ KmD[U]T[PmD]2

KU[mD]T + ∆K[PmD]] (A1.11)
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Multiplying both sides of the equation by (KU[mD]T +
∆K[PmD]) generates

Collecting coefficients of [PmD] and rewriting by collecting
common factors yields

Dividing by ∆K generates the expression:

which is a cubic equation of the formx3 + ax2 + bx + c )
0, where

and

and roots defined by:

whenKU > KmD, and

whenKU < KmD, where

and

In the case whenKmD ) KU, equation A5 simplifies to

so the ratio of bound ligands is equal to the ratio of their
total concentrations:

APPENDIX 2

The thermodynamic parameters∆H° (enthalpy change),
∆S° (entropy change), and∆C°p (heat-capacity change) for
nucleotide binding to DbpA were calculated at a given
temperature (T) from standard thermodynamic relationships:

whereTR is a reference temperature, here taken to be 277
K. The value∆C°p is assumed to be constant and indepen-
dent of temperature. Combining equations A2.1-A2.3 yields

which, by making use of∆G° ) - RT ln K, can be
rearranged to

whereK is the association equilibrium constant for nucleotide
binding (K ) k+/k-). Equation A2.5 can be expressed in
terms of Eyring activation parameters (indicated byq) and
rate constants to account for changes that occur when going
from ground states to transition states:
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R ) 2a3 - 9ab + 27c
54

(A1.20)

[PmD]

[PU]
KmD )

[mD]T

[U]T

KU (A1.21)

[PmD]

[PU]
)

[mD]T

[U]T

(A1.22)

∆G°T ) ∆H°T - T∆S°T (A2.1)

∆H°T ) ∆H°TR
+ ∆C°p∫TR

T
dT ) ∆H°TR

+ ∆C°p(T - TR)

(A2.2)

∆S°T ) ∆S°TR
+ ∆C°p∫TR

T dT
T

) ∆S°TR
+ ∆C°p ln( T

TR
) (A2.3)

∆G°T ) ∆H°TR
+ ∆C°p(T - TR) - T∆S°TR

- T∆C°p ln(T/TR)

(A2.4)

ln K )
∆S°TR

R
-

∆H°TR

RT
+

∆C°p
R (ln( T

TR
) +

TR

T
- 1) (A2.5)

ln( kh
kBT) ) ln Kq )

∆STR

q

R
-

∆HTR

q

RT
+

∆Cp
q

R (ln( T
TR

) +
TR

T
- 1) (A2.6)

KU[mD]TKU[PmD] + KmD∆K[PmD]2 )

[P]T[mD]T
2KU + [P]T[mD]T[PmD]∆K -

KmD[U]T[PmD][mD]T - [P]T[PmD]KU[mD]T -

[P]T∆K[PmD]2 + KU[mD]T[PmD]2 + ∆K[PmD]3 +

KmD[U]T[PmD]2 (A1.12)

∆K[PmD]3 + (KU[mD]T + KmD[U]T - ∆K([P]T +

[mD]T + KmD))[PmD]2 + [mD]T([P]T∆K - [mD]TKU -
KmD[U]T - [P]TKU - KUKmD)[PmD] +

[P]T[mD]T
2KU ) 0 (A1.13)

[PmD]3 +
KU[mD]T + KmD[U]T - ∆K([P]T + [mD]T + KmD)

∆K
×

[PmD]2 +
[mD]T([P]T∆K - [mD]TKU - KmD[U]T - [P]TKU - KUKmD)

∆K
×

[PmD] +
[P]T[mD]T

2KU

∆K
) 0 (A1.14)

a )
KU[mD]T + KmD[U]T - ∆K([P]T + [mD]T + KmD)

∆K

b )
[mD]T([P]T∆K - [mD]TKU - KmD[U]T - [P]TKU - KUKmD)

∆K

c )
[P]T[mD]T

2KU

∆K
(A1.15)

[PmD] ) - 2xQcos(θ3) - a
3

(A1.16)

[PmD] ) - 2xQcos(θ + 4π
3 ) - a

3
(A1.17)

θ ) cos-1( R

xQ3) (A1.18)

Q ) a2 - 3b
9

(A1.19)
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