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ABSTRACT

The DEAD-box protein Dbp5 is essential for RNA ex-
port, which involves regulation by the nucleoporins
Gle1 and Nup159 at the cytoplasmic face of the nu-
clear pore complex (NPC). Mechanistic understand-
ing of how these nucleoporins regulate RNA export
requires analyses of the intrinsic and activated Dbp5
ATPase cycle. Here, kinetic and equilibrium analy-
ses of the Saccharomyces cerevisiae Gle1-activated
Dbp5 ATPase cycle are presented, indicating that
Gle1 and ATP, but not ADP-P; or ADP, binding to
Dbp5 are thermodynamically coupled. As a result,
Gle1 binds Dbp5-ATP > 100-fold more tightly than
Dbp5 in other nucleotide states and Gle1 equilib-
rium binding of ATP to Dbp5 increases >150-fold via
slowed ATP dissociation. Second, Gle1 accelerated
Dbp5 ATPase activity by increasing the rate-limiting
P; release rate constant ~20-fold, which remains rate
limiting. These data show that Gle1 activates Dbp5
by modulating ATP binding and P; release. These
Gle1 activities are expected to facilitate ATPase cy-
cling, ensuring a pool of ATP bound Dbp5 at NPCs
to engage RNA during export. This work provides a
mechanism of Gle1-activation of Dbp5 and a frame-
work to understand the joint roles of Gle1, Nup159,
and other nucleoporins in regulating Dbp5 to medi-
ate RNA export and other Dbp5 functions in gene
expression.

INTRODUCTION

DEAD-box proteins (DBPs) are ATPases that typically un-
wind and structurally reorganize RNA and ribonucleopro-
tein (RNP) complexes. As a large protein family in eukary-
otes, bacteria, and archaea, DBPs support nearly all as-
pects of RNA metabolism (1), including ribosome biogene-

sis, mRNA splicing (2), RNA transport, translation (1) and
RNA decay. DBPs are members of the SF2 family of he-
licases and defined by an enzymatic core formed by two
RecA-like domains and a conserved Asp-Glu-Ala-Asp (D-
E-A-D) amino acid sequence motif. The two RecA-like do-
mains form a unit capable of binding ATP, RNA, and ATP
hydrolysis, which is supported by the DEAD motif and 10
other characteristic sequence motifs within the helicase core
(D).

Many DBPs are activated by RNA binding with an over-
all RNA-activated ATPase reaction cycle mechanism that
appears to be conserved among DBP family members (1).
During an ATPase cycle of ATP binding, hydrolysis, and
product release there are a series of conformational states
with distinct RNA binding properties (e.g. affinity, speci-
ficity). The functional diversity of DBPs is achieved through
enzymatic adaptation of ATPase cycle kinetics and through
interactions with specific regulatory proteins (2), which is
coupled to specific biochemical activities (e.g. RNA duplex
unwinding, protein displacement) and the individual phys-
iological functions of the DBP.

Dbp5 (DDX19 in humans) is an essential Saccharomyces
cerevisiae DBP required for mRNA export (3-6), with less
defined roles in both ncRNA export and translation (7-9).
Dbp5 is dynamically bound to the cytoplasmic face of a
nuclear pore complex (NPC) via interaction with the nu-
cleoporins Nup159 (Nup214 in humans) and Glel, with
a significant fraction of Dbp5 present in the cytoplasm
and nucleoplasm (3,4,6,10). The interaction of Dbp5 and
Nup159 occurs through an interaction with the B-propeller
domain of Nup159 and the N-terminal RecA-like domain
of DbpS5, which occludes RNA binding to Dbp5 (11-15).
Nup214 binds DDX19 with the highest affinity in the ab-
sence of nucleotide (11) and therefore may act to dynam-
ically increase the local concentration of Dbp5. Recent
works have provided further insight into the context of
these protein interactions at NPCs that addresses position-
ing of Dbp5/DDX19 via Nup159/Nup214 with respect to
the transport channel (16-18).
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Glel activates the intrinsic steady-state Dbp5 ATPase
and is required for Dbp5-mediated mRNA nuclear trans-
port (4,10) which is mediated in part by the endogenous
small molecule inositol hexakisphosphate (InsPg) (19,20).
Structural studies have shown that Glel engages both
RecA-like domains of Dbp5 in the presence of ADP to ori-
ent the domains in an open conformation that is incompat-
ible with RNA binding (12). A conformation that may or-
ganize the two RecA-like domains to facilitate ATP load-
ing and/or release of inorganic phosphate (P;) and ADP.
In vitro assays indicate that Glel accelerates the maximum
Dbp5 ATPase cycling rate constant (k) and lowers the
Michaelis constant (Ky;) for ATP (12,19-21). Binding stud-
ies of an ATPase deficient Dbp5 mutant further suggest that
Glel may promote both the binding of ATP by Dbp5 and
release of a bound RNA substrate from Dbp5 (12,21).

In this work, transient kinetic analyses were used to elu-
cidate the basis of Dbp5 ATPase activation by Glelin the
presence of InsPs. By measuring the effects of Glel on
nucleotide binding, hydrolysis, and product release from
Dbp5, it is demonstrated that Glel maximally activates
the Dbp5 ATPase (k. ) by accelerating P; product release
and promoting ATP binding by slowing ATP dissociation.
These results provide a kinetic scheme for the regulation of
the Dbp5 ATPase by Glel. Importantly, this work estab-
lishes a framework for developing a mechanistic description
and functional understanding of Dbp5 regulation via Glel-
InsPg, Nupl59 and other nucleoporins in the presence of
RNA during nuclear export.

MATERIALS AND METHODS

e Reagents: All reagents were of the highest purity commer-
cially available. ATP (Sigma, A7699) concentrations were
determined by absorbance using €259 = 15,400 M~ 'em~!.
mantADP (Jena Biosciences, NU-201) concentrations
were determined by absorbance using €55 = 23,300
M~lem~!. Inositol hexakisphosphate (phytic acid) was
purchased from SantaCruz Biotechnology (SC-253276).
Full length Dbp5 and a soluble truncated Glel(a.a. 244
538) were purified as described (12) (Supplementary Fig-
ure S4). Note that InsP¢ is included in all experiments
at an equimolar concentration with Glel. The affinity
is high between Glel-InsPg (~120 nM (20)), as such it
is treated as a single species in this study and referred
to as just Glel throughout the text. Glel (i.e. without
Dbp5) did not demonstrate any significant ATPase ac-
tivity. Buffers were made with either DEPC treated wa-
ter (American Bio, AB021028) or Millipore MilliQ® dis-
tilled deionized water (ddH,O) that had been filtered
through a 0.2-pm filter. Experiments were performed at
25°C in assay buffer: 30 mM HEPES (pH 7.5), 100 mM
KCl and 2 mM DTT, 2 mM MgCl,. Equimolar magne-
sium (MgCl,) was added to all nucleotide stocks unless
otherwise noted. The solution ionic strength changes <2-
fold throughout the range of [ATP] examined (0-15 mM)
without affecting the results (Supplementary Informa-
tion, section S5).

o Transient kinetic assays: Transient kinetic measurements
were performed on an Applied Photophysics SX20
stopped-flow instrument thermostatted at 25 + 0.1°C.
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mant-nucleotide binding to Dbp5 was monitored by
FRET between excited tryptophans (A\ex = 280 nm) in
Dbp5 and the bound mant-labeled nucleotide. Fluores-
cence intensity was measured at 90° relative to excitation
light after passing through a 400-nm long-pass colored
glass filter. Inner filter effects are minimal in the mant-
labeled nucleotide concentration range employed (22,23).
Time courses shown are averages of at least two traces.
Fitting was performed by nonlinear least-squares regres-
sion, and uncertainties of quantities determined from fits
are given as standard errors in the fits. All assays utilizing
Glel include equimolar InsP6 in solution (19,20). Dbp5
and Glel were incubated for at least 2 h at room temper-
ature in all assays utilizing preformed Glel-Dbp5 com-
plex.

mantADP dissociation kinetics: Trreversible dissociation
of mantADP bound Dbp5 was achieved by mixing with
a large excess of unlabeled ADP to prevent mantADP
rebinding. mantADP dissociation from Dbp5 was mea-
sured as a function of Glel concentration ([Glel]) by in-
cubating 2 puM Dbp5, 40 pM mantADP, and various
concentrations of Glel (0, 2, 4, 6, 10, 20, 60, 88 wM) for at
least 2 h at room temperature in assay buffer before mix-
ing with 20 mM ADP. Final concentrations after mixing
are 1 wM Dbp5, 20 wuM mantADP, 10 mM ADP and 0,
1,2, 3,5,10, 30, 44 pM Glel. Time courses of dissoci-
ation were fitted to single (0 wM Glel) or double (2, 4,
6, 10, 20, 60, 88 wM Glel) exponential functions. The
[Glel]-dependance of both the slow and fast phase ob-
served rate constants were fitted to Equations (1) and (2),
respectively.

mantADP binding kinetics: mantADP binding to Dbp5
in the presence varying concentration of [Gle1] was mea-
sured by incubating 2 pM Dbp5 with various concentra-
tions of Glel (0, 2, 6, 10, 20 wM) for at least 2 hours
at room temperature and subsequently mixed with 200
pM mantADP. Final concentrations after mixing are 1
pM DbpS5, 100 uM mantADP, and 0, 1, 3, 5 and 10 pM
Glel. The [DbpS5] and [Glel] employed in this experiment
(Figure 3) precludes an analytical solution to Scheme
1 with reasonable approximations. Therefore, unknown
rate constants were not determined analytically. Rather,
an upper limit of Glel binding affinity for Dbp5 was esti-
mated from a trend in the data (see Results). The [Glel]-
dependence of the slow phase ko,s was overlaid with a
rectangular hyperbola to aid visualization.

mantADP binding to preformed Glel-Dbp5 complex
was measured as a function of [mantADP] by incubat-
ing | uM DbpS5 with 20 pM Glel for at least 2 hours at
room temperature and subsequently mixed with various
concentrations of mantADP (10, 20, 30, 40, 60, 80, 100,
140 wM). Final concentrations after mixing are 0.5 pM
DbpS, 10 pM Glel and 5, 10, 15, 20, 30, 40, 50, 70 uM
mantADP. Time courses of mantADP binding were fit-
ted to double exponential functions and the [mantADP]-
dependance of the observed rate constants were glob-
ally fitted to the analytical solution of a two-step binding
model (24).

Competition of mantADP and unlabeled ATP: Binding of
ATP to Glel-Dbp5 complex was measured as a function
of [ATP] by incubating 2 wM Dbp5 with 20 uM Glel for
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at least 2 hours at room temperature and subsequently
mixed with 40 puM mantADP with various concentra-
tions of ATP (0, 20, 40, 60, 100, 140, 200, 600 wM). Fi-
nal concentrations after mixing are 1 wM Dbp5, 10 puM
Glel, 20 pM mantADP, and 0, 10, 20, 30, 50, 80, 100,
300 wM ATP. Time courses of FRET signal change from
mantADP binding to Dbp5 in the presence of varying
amount of unlabeled nucleotide were fitted to a MAT-
LAB simulation of Scheme 2. Time courses of mantADP
binding were also fitted to a sum of two or three exponen-
tial functions. The resulting observed rate constants were
globally fitted to Equations (S2.18, S2.19 and S2.24) with
equilibrium and fundamental rate constants correspond-
ing to Scheme 2 shared across \j, \; and A3. mantADP
binding rate constants were fixed to values determined
previously (Figures 2-4).

e Quench flow: ATP hydrolysis by Glel1-Dbp5 complex was
measured as a function of time at two different ATP con-
centrations by incubating 36 wM Dbp5 with 120 pM
Glel for at least 2 h at room temperature and subse-
quently mixing with 76 or 340 uM P labeled ATP, ag-
ing for various times, and quenching with 5 M formic
acid. Samples were spotted (0.5 wl) onto Cellulose F TLC
plates (EMD Millipore, Billerica, MA) and resolved in
0.6 M KH,PO4 (pH 3.4) for 30 min. Plates were ex-
posed to phosphor screen, read using Amersham™ Ty-
phoon™ imager (GE Healthcare), and quantitated using
Fiji (25) software. Time courses of hydrolyzed P; (free
and enzyme bound) were fitted to Equation (5) combined
with Equations (6) and (7) (26). ATP binding and dissoci-
ation rate constants (k47 and k74, respectively) were con-
strained to 0.2 wM~! s7! and 4.1 s~! as determined from
kinetic competition of ATP and mantADP binding (Fig-
ure 4).

e Phosphate binding protein: P; release by Glel-Dbp5 com-
plex was measured from the 8-fold increase in fluores-
cence (Aex = 436 nm, 463 nm long pass emission filter)
of MDCC-labeled P;BP upon binding phosphate. P;BP
binds P; rapidly and with a tight affinity (Kg = 0.1 puM)
providing real time detection of transient and steady-state
P; release (27). 1 puM Dbp5 was incubated with 20 pM
Glel for at least 2 h at room temperature and subse-
quently mixing with 0, 10, 20, 30, 40, 100, 200 M ATP
with 6 uM MDCC labeled P;BP for single mixing exper-
iments. Contaminating P; was removed from the buffers
and instrument with a ‘P; mop’ consisting of 0.5 mM 7-
methylguanosine and 0.01 U/ml purine nucleoside phos-
phorylase. P;BP fluorescence was converted to [P;] using a
phosphate standard calibration curve. P;BP fluorescence
was converted to [P;] using a P; standard curve.

o MATLAB fitting: Global fits to the mantADP binding
time courses (Figures 3A and 4A) were carried out us-
ing a custom MATLAB program in which the concen-
trations of all species in Scheme 1 were solved for at each
time step using the relevant differential equations and a
built-in ordinary differential equation solver (ode45 or
odel5s). Global parameter optimization was achieved by
minimizing the total sum of squares for all experiments,
i.e. simulated time courses of mantADP binding (Figures
3A and 4A) and dissociation (Figure 2A) using a built-in,
non-linear least squares solver (Isqcurvefit). Briefly, resid-
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Figure 1. Glel-stimulated steady-state ATPase activity of Dbp5. [Glel]-
dependance of the Glel-stimulated Dbp5 steady-state ATPase rate (vops)
per enzyme. The continuous line through the data represents the best fit to
Equation (2.9) in (31) yielding the maximum observed velocity vops per en-
zyme (keat =0.16 4 0.01 57! DbpS’l) from the amplitude and Kgje (appar-
ent Ky = 0.3 £ 0.1 M) from the [Glel] at half-maximum velocity (Table
1). Uncertainty bars represent standard errors in the fits and are contained
within the data points. Inset: Time courses of absorbance change at 340
nm assayed with the NADH-coupled assay after mixing 200 nM Dbp5
(100 nM after mixing) and 30 mM ATP (15 mM after mixing) with vari-
ous [Glel] (0-4 wM after mixing). The continuous lines through the data
represent the best fits to linear functions, yielding the steady-state ATPase
rate from the slopes. InsPg is included in all experiments at an equimolar
concentration with Glel.

uals between the experimental and simulated data were
calculated during each fitting iteration and trust¢-region-
reflective algorithm was employed to modify open param-
eters until the total sum of squares is below the default
cut-off value. Quench flow data was fitted similarly to an
ATP hydrolysis reaction scheme (26) where the sum of [P;]
and [EP] were used in the fit.

RESULTS

Previous work from others has shown that Dbp5 has a
low intrinsic ATPase rate in the absence of RNA or other
regulatory factors (12,19,20,28) (kear ~ 0.03 s™', Kyatp
~ 2 mM) and Glel stimulates the maximum Dbp5 AT-
Pase rate 3—5-fold (12,19,20) with an ‘apparent Ky (Kgie1;
the [Glel] needed for half maximum activation) of ~0.4
pM (20). To validate the purified protein components used
and experimental conditions that vary from previous work
with respect to solution conditions, these parameters were
again measured here. Consistent with previous determina-
tions (12,19,20), Glel activated Dbp5 ATPase activity 5-
fold from 0.03 to 0.16 s~! with a Kgje; of 0.3 0.1 wM in
the presence of saturating ATP (Figure 1).

Assays for measuring nucleotide binding to Dbp5

Within the Dbp5 ATPase cycle, Glel is proposed to regu-
late ATP binding and RNA release (12,21), the latter be-
ing an activity that is directly influenced by changes in nu-
cleotide binding status. Unfortunately, binding of unlabeled
nucleotides (ADP or ATP) to Dbp5 yields no detectible
spectroscopic signal, so nucleotide binding must be mea-
sured in kinetic competition with the fluorescent nucleotide,
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Scheme 1. Two-step reaction mechanism for mantADP binding to Dbp5 and Glel-DbpS. H = Dbp5, G = Glel- InsPg, mD = mantADP.

mantADP (23,29-31). The kinetics of mantADP binding to
Dbp5 are significantly different from those of ADP, mostly
due to the additional hydrophobic interaction provided by
the mant moiety (28). However, since mantADP is only used
as a signal source to assess Glel binding Dbp5 or ATP bind-
ing Gle1-Dbp5 any difference in binding kinetics caused by
the mant moiety are trivial. The minimum reaction scheme
considered for Dbp5, Glel, and (mant)ADP binding in-
volves six biochemical intermediates of Dbp5 with transi-
tions defined by seven equilibrium and fourteen rate con-
stants (Scheme 1). In the absence of Glel (top pathway
of Scheme 1), mantADP binds Dbp5 following a two-step
mechanism with the initial binding step in rapid equilib-
rium (ko [mantADP] + ky; > 1000 s~!) with a Dbp5-
(mant)ADP complex (HmD) that isomerizes (HmD*) (28).
Glel binding to Dbp5 (32) and Dbp5—(mant)ADP (33) is
then accounted for in the bottom pathway of Scheme 1.

Glel binds Dbp5-mantADP with an affinity ~1 pM

The first part of Scheme 1 measured was the Glel affinity for
Dbp5—(mant)ADP, which was estimated from the effect of
Glel on (irreversible) mantADP release. A pre-equilibrated
sample of 20 M mantADP, I uM Dbp5, and a range of
Glel concentrations ([Glel] =0, 1, 2, 3, 5, 10, 30, 44 wM)
was rapidly mixed with 10 mM ADP. Time courses of fluo-
rescence change, corresponding to mantADP dissociation,
followed single exponentials in the absence of Glel, while
they followed double exponentials in the presence of Glel
(Figure 2A). The effects of Glel on mantADP release are
saturated at [Glel] >10 wM (Figure 2B and C). Note that
this analysis assumes that Glel binds Dbp5—(mant)ADP
in a rapid equilibrium (i.e. Glel binding equilibrates faster
than nucleotide is released). If this condition were not ful-
filled, (at least) three exponentials would be observed in
time courses of irreversible mantADP dissociation at sub-
saturating [Glel] ([Glel] < Kgs2, Kge3; Scheme 1, Figure
2A). The observed biphasic dissociation time courses are
consistent with Glel binding of Dbp5—(mant)ADP in rapid
equilibrium.

The fast and slow phases of mantADP dissociation are
well separated in time, such that the rapid exponential de-
cay is completed before the slower exponential decay ap-
pears. mantADP also dissociates more slowly when [Glel]
is saturating. Under these conditions, the two decays dif-
fer by an order of magnitude (fast observed rate constant is
~25 s~! and the slow observed rate constant is ~2.2 s~!),

providing temporal separation of these events and allow-
ing independent analysis of the two phases. The fast phase
of the dissociation time courses corresponds to mantADP
dissociation from GHmD (Glel-Dbp5—(mant)ADP) and
HmD (Scheme 1). The slow phase originates from isomer-
ization of GHmD* and HmD* to GHmD and HmD prior
to release. The [Glel]-dependence of the fast and slow ob-
served mantADP dissociation rate constants (kobs, fast and
Kkobs, slow) Were fitted to the following equations accounting
for the weighted population average of the parallel dissoci-
ation pathways (Scheme 1) (33):

kobs,fast = kcbs,fast(fG)

+ (kobs,fast(+G) - kobs,fast(—G))[G]

Kyso +[G] ’ M

kobs,slow = kobs,slow(—G)

n (Kobs,slow(+G) — Kobs,slow(—G))[G]
Kies + [G]

where Kobs, fast(—G) 1 the fast observed rate constant in the
absence of Glel, kops, fast(+G) 18 the fast observed rate con-
stant at saturating Glel, [G] is the Glel concentration, Kgs»
is the affinity of Glel for HmD, and Kye; is the affinity of
Glel for HmD*. The fast observed rate constant in the ab-
sence of Glel (kobs, fasi(—G)) completed in the 1.2 msec in-
strument dead-time and was therefore constrained to 500
s~!in fits to Equation 1. The best fits to Equations (1) and
(2) yield kobs, fast(+G) — 19.8 &+ 6.0 S_l, Kd52 =02+ 0.1
M, kobs, slow(—G) = 22+02 S_l, kobs, slow(+G) = 1.3 +£0.1
s!and Kg¢3 = 1.1 & 0.6 wM (Table 1), indicating that Glel
binds Dbp5—(mant)ADP with an affinity ~1 pM. Therefore
at [Glel] > 10 M, HmD and HmD#* are bound to Glel
and mantADP dissociation occurs exclusively through the
bottom pathway of Scheme 1. The observed rate constants
of mantADP dissociation are related to the fundamental
(mant)ADP dissociation (ks4) and isomerization (ksg, kgs)
rate constants according to the following equations (24,34):

. @

Kobs, fast(+G) ™~ Ksa, (3)
k:
kobs, slow(+G) — kﬁS <k56T54k54> = k65~ (4)

the values of kss (19.8 &+ 6.0 s™!) and kgs (> 1.3 £ 0.1
s~!) approximated in Equations (3) and (4), respectively,
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Figure 2. [Glel]-dependence of mantADP dissociation from Dbp5. (A)
Time courses of FRET signal changes after mixing a pre-equilibrated so-
lution of Dbp5 (1 wM after mixing), 40 .M mantADP (20 M after mix-
ing), and various concentrations of Glel (0, 1, 2, 3, 5, 10, 30, 44 p.M after
mixing) with an equal volume of 20 mM ADP (10 mM after mixing). Con-
tinuous lines through the data represent the best fits to either single (0 pM
Glel) or double ([Glel] > 0 pM) exponentials. The inset is a log-scale de-
piction of the same time courses in (A). (B) [Glel]-dependence of the fast
phase observed rate constants of mantADP dissociating from pre-formed
Glel-Dbp5(mant)ADP complex. Continuous lines through the data rep-
resent the best globally fits to a kinetic simulation of Scheme 1 with the data
from Figures 3 and 4 (dashed lines) or the best fits to Equation (1) (contin-
uous lines), which yields K455 = 0.2 + 0.1 M. (C) [Glel]-dependence of
the slow phase observed rate constants of mantADP dissociating from pre-
formed Glel-DbpS5(mant)ADP complex. Continuous lines through the
data represent the best globally fits to a kinetic simulation of Scheme 1
with the data from Figures 3 and 4 (dashed lines) or the best fits to Equa-
tion (2) (continuous lines) yielding K43 = 1.1 £ 0.6 pM. Fundamental rate
constants garnered from the global fits are: kys =1 £0.4s ', kss =13+£6
Sfl,k56 =8i7571,k65 =241 Sfl,KdSZ <0.1 M, K463 < 1 M, Kgq1 < 1
wM. Uncertainty bars represent standard error in the fits and are contained
within the data points. InsPg is included in all experiments at an equimolar
concentration with Glel.

are consistent with more accurate determinations obtained
from mantADP binding to Glel-Dbp5 (discussed below,
Figure 4; Table 1).

Glel binds Dbp5 (no nucleotide) with an affinity <1 pM

To measure the binding affinity of Glel for the nucleotide
free form of Dbp35, the effect of Glel on mantADP binding
to Dbp5 was used. A solution of 1 puM Dbp5 was equili-
brated with a range of [Glel] (0, 1, 3, 5, 10 wM) and rapidly
mixed with 100 wuM mantADP in a stopped flow appara-
tus and the time course of fluorescence change monitored.
Time courses of mantADP binding under these pseudo
first-order conditions ([mantADP] >> [Dbp5] and [Glel-
Dbp3]) followed a single exponential in the absence of Glel
and double exponentials in the presence of Glel (Figure
3A).

In the absence of Glel, mantADP binds Dbp5 follow-
ing a two-step mechanism with the first step rapidly equi-
librating within the dead time of the stopped flow instru-
ment such that time courses of mantADP binding followed
single exponentials (28). Glel slowed mantADP binding to
Dbp5, which allows both binding phases to be observed
(Figure 3). Due to the temporal separation of the two ob-
served mantADP binding phases, it is assumed the first step
for mantADP binding Glel-Dbp5 equilibrates before the
second step occurs. Therefore, the slow mantADP bind-
ing phase was analyzed independent of the fast phase. The
[DbpS] and [Glel] employed preclude an analytical solution
to Scheme 1 with reasonable approximations; moreover, lit-
tle change in the [Glel]-dependent k,ps of both fast and
slow phases occurs at >3-5 wM Glel (Figure 3B). Dbp5-
(mant)ADP is saturated when [Glel] >10 uM (Figure 2)
indicating the affinity of Glel for Dbp5 in the absence of nu-
cleotides (Kg41) is <1 uM (Table 1). Consequently, at [Glel]
>10 .M mantADP binding proceed exclusively through the
bottom pathway in Scheme 1, defining experimental con-
ditions under which nucleotide binding to the Glel-Dbp5
complex could be measured.

mantADP binds Gle1-Dbp5 following a two-step binding
mechanism

The preceding section established that Glel binds Dbp5 and
Dbp5—-(mant)ADP with affinities < 1 M, defining exper-
imental conditions under which nucleotide binding to the
Glel-Dbp5 complex could be measured, specifically when
maintaining [Glel] > 10 wM. Using this condition, the ki-
netics of mantADP binding to the Glel-Dbp5 complex
(bottom pathway of Scheme 1) was measured by rapidly
mixing mantADP (5-70 wM) with an equilibrated mixture
of 0.5 wM Dbp5 and 10 uM Glel. Time courses of man-
tADP binding were best fitted by a sum of double exponen-
tial functions (Figure 4A, solid lines).

The [mantADP]J-dependence of the observed rate con-
stants (kops) were globally fitted to a two-step bind-
ing model (24) (Figure 4B), yielding the rate and equi-
librium constants for mantADP binding to Glel-Dbp5
(kgs = 1.8 £ 0.14 uM™! s ksy = 47 £ 4.3 571,



Table 1. Summary of rate and equilibrium constants for Dbp5 and Glel-Dbp5 ATPase
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Parameter Reaction Value Assay
Glel stimulated Dbp5 steady-state ATPase
keat Maximum Glel stimulated steady-state turnover rate 0.15 (£ 0.03) 57! DbpS’l NADH assay, Figure 7
0.16 (£ 0.01) s~ Dbp5~! NADH assay, Figure 1
0.12 (£ 0.01) s~ Dbp5~! P;BP, Figure 7
0.12 (£ 0.07) s~ Dbp5~! Predicted from individually measured rate and equilibrium constants, Equation (9)
Ky atp [ATP] at half maximal steady-state velocity 20 (£ 3) pM NADH assay, Figure 7
26 (+ 6) puM P;BP, Figure 7
4 (£3) pM Predicted from individually measured rate and equilibrium constants,
Equation (11)
15 (£13) pM
KGlel [Glel] at half maximal steady-state velocity 0.3(x£0.1) uM NADH assay, Figure 1

0.24 (£ 0.1) pM

Predicted from individually measured rate and equilibrium constants,
Equation (10)

mantADP binding to Dbp5

K1 Equilibrium constant for initial binding

ko3 Forward isomerization rate constant

k3p Reverse isomerization rate constant

Ky Isomerization equilibrium constant

KmD,overall Overall mantADP binding affinity, (HmD] + [HmD*])

102 (£ 21) pM
98 (+ 15)s~!
2.6 (4 0.003) 57!
0.02 (+ 0.003)

2(£0.07) uM

mantADP (28)

K1 Kazn
T+K430

mantADP binding to Glel-Dbp5

kys Association rate constant 1.8 (£ 0.14) |J.M’] 51 mantADP, Figure 4
ksq Dissociation rate constant 47 (£ 4.3)s7!
19.8 (£ 6)s~! mantADP, Figure 2
Kysa Equilibrium constant for initial binding 26 (£3.2) pM {%
11 (& 3.4) pM
kse Forward isomerization rate constant 24 (£ 1.7) 51 mantADP, Figure 4
kes Reverse isomerization rate constant 2.1(£0.3) 51
>1.3(+0.1)s™! mantADP, Figure 2
2(£1)s! mantADP, Global fit of Figures 2-4
Kyes Isomerization equilibrium constant 0.09 (£ 0.01) 7(%
>0.07 (£ 0.006)
Kpp,overall  Overall mantADP binding affinity, (GHmD] + [GHmD*]) 22(£0.3) uM %’;&65
ATP binding to Dbp5
Kq101 ATP equilibrium binding affinity 3(£0.4) mM Kinetic competition of ATP and mantADP, (28)
ATP binding to Gle]-Dbp5
ka7 Association rate constant 0.2(£0.1) pM~! 57! Kinetic competition of ATP and mantADP, global MATLAB fit (dashed lines),
Figure 5A
0.6 (+£0.1) ;,LM’I 5! Kinetic competition of ATP and mantADP, Equations S2.18, S2.19 and S2.24,
Figure 5B
k74 Dissociation rate constant 4.1 (£2.5)s7! Kinetic competition of ATP and mantADP, global MATLAB fits (dashed lines),
Figure 5A
33(£1.1) 51 Kinetic competition of ATP and mantADP, Equations (S2.18), (S2.19) and
(S2.24), Figure 5B
K74 ATP equilibrium binding affinity 20 (£ 16) pM Ratio of rate constants from global MATLAB fits
55(x2)pM Ratio of rate constants from Equations (S2.18), (S2.19) and (S2.24)
ATP Hydrolysis by Dbp5
kion ATP hydrolysis rate constant 0.16 (£ 5 x 1074 s~! KinTek steady-state simulation, (28)
22(+04)s7! P;BP, reference (28)
ki11o0 ATP resynthesis rate constant 6 x107% (£8 x 1077) 5! KinTek steady-state simulation, (28)
2x 1074 (5% 1079) 5! P;BP and isotope exchange, (28)
Kai1o Equilibrium constant for ATP hydrolysis 0.004 (£ 5 x 107%) ,7:%

1074 (£3 x 1079)

ATP Hydrolysis by Glel-Dbp5

kg ATP hydrolysis rate constant 0.6 (+£0.2) 5! Quench-flow, Figure 6

kg7 ATP resynthesis rate constant 1.0 (£ 0.9) 51

Kgg7 Equilibrium constant for ATP hydrolysis 1.7 (£ 1.6) 7];%
P; release from Dbp5-ADP-P;

ki112 Rate constant for P; release from HDP; 0.02 (£ 0.1) 51 P;BP, (28)

K111 Equilibrium constant for P; binding HD >10 mM Steady-state P; inhibition, (28)
P; release from Glel-Dbp5-ADP-Pi

ksg Rate constant for P; release from GHDP; 0.4 (£0.1)s7! Quench-flow, Figure 6

Kygo Equilibrium constant for P; binding GHD >10 mM Supplemental Information, section S4
ADP binding Dbp5

Ky1o1 Equilibrium constant for ADP binding H 360 (£ 50) pM Kinetic competition of ADP and mantADP, (28)
ADP binding Gle]-Dbp5

K94 Equilibrium constant for ADP binding GH 240 (£ 15) pM Kinetic competition of ADP and mantADP, Supplementary Figure S3
Glel binding Dbp5-ATP

Kq107 Equilibrium constant of Glel binding to HT 1.5 (£ 0.8) nM Detailed balance of Scheme 3, Supplemental Information section S6
Glel binding Dbp5-ADP-P;

Kai1s Equilibrium constant for Glel binding to HDP; 0.6 (£0.2) pM Detailed balance of Scheme 3, Supplemental Information section S6
Glel binding Dbp5-ADP

Kg129 Equilibrium constant for Glel binding HD 0.5(+0.2) pM Detailed balance of Scheme 3, Supplemental Information section S6
Glel binding to Dbp5

Kya1 Equilibrium constant for G binding H 0.8 (£ 0.3) pM mantADP, Detailed balance of Scheme 1, Figure 3
Glel Dbp5-mantADP complexes

Kyso Equilibrium constant for G binding HmD 0.2(+0.1) pM mantADP, Figure 2

Kye3 Equilibrium constant for G binding HmD* 1.1(£0.6) uM

Kpoverall Equilibrium constant for G binding Dbp3-mantADP 0.17 (£ 0.15) uM %
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Figure 3. [Glel]-dependence of mantADP binding to Dbp5. (A) Time courses of FRET signal change in pre-equilibrated solution of 2 uM Dbp5 (1 pM
after mixing) with various concentrations of Glel ([Glel] = 1-10 wM after mixing) upon rapid mixing with and equal volume of 200 wM mantADP (100
wM after mixing). Continuous lines through the data represent the best fits to exponential functions (solid lines) or the best global fits (with the data from
Figures 2 and 4) to a kinetic simulation of Scheme 1 (dashed lines). The inset is a log-scale version of the same time courses in (A) (B). [Glel]-dependence of
the observed rate constants of mantADP binding to pre-formed Glel-Dbp5 complex. The continuous line through the data represents the slow phase kg
(closed circles) overlaid on top with a rectangular hyperbola to aid visualization. Uncertainty bars represent standard error in the fits and are contained
within the data points. InsPg is included in all experiments at an equimolar concentration with Glel.

Kysq = 26 + 3.2 pM, Table 1) and subsequent isomeriza-
tion of the Glel-Dbp5—(mant)ADP complex (kss = 24 £
1.7 57!, ks = 2.1 £0.3 57!, Kges = 0.09 £ 0.01, Table 1).
The overall mantADP affinity for Dbp5 is ~2 wM (28) and
~2.2 uM for Glel-Dbp5 (Table 1), indicating that Glel has
a modest effect on the (mant)ADP binding affinity. Mea-
surements with unlabeled ADP yield a similar conclusion
(discussed below; Supplementary Figure S3).

Globally fitting the mantADP binding and release data
(Figures 2-4) to the reaction matrix outlined in Scheme 1
via a custom MATLAB program yielded a shared parame-
ter set consistent with those determined from independent
analysis of the individual experimental data sets (Supple-
mental Information, section S1; Supplementary Figure S1).

Glel promotes ATP binding to Dbp5S

Unlabeled ATP binding to Glel-Dbp5 complex was then
measured by kinetic competition between mantADP and
ATP. A solution of 1 puM Dbp5 was incubated with 10 M
Glel and rapidly mixed with 20 .M mantADP and various
concentrations of ATP (0-300 wM). Time courses of man-
tADP binding in the presence of ATP were best fitted by
a sum of three exponentials. Since mantADP binds rapidly
and equilibrates before any significant ATP hydrolysis oc-
curs (see below), ATP hydrolysis was uncoupled from bind-
ing and the time courses reflect only competitive binding of
the two nucleotides (Scheme 2). Kinetic competition time
courses were fitted to Scheme 2 with numerical analysis us-
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Figure 4. mantADP binding to Glel-Dbp5. (A) Time courses of FRET signal changes in pre-equilibrated solution of 1 puM Dbp5 (0.5 pM after mix-
ing) with 20 uM Glel (10 wM after mixing) upon rapidly mixing with an equal volume of various concentrations of mantADP (5-70 wM after mixing).
Continuous lines through the data are the best fits to either double exponentials (solid lines) or global fits (with data from Figures 2B and 3) to a kinetic
simulation of Scheme 1 (dashed lines). (B) [mantADP]-dependence of the observed rate constants for mantADP binding pre-formed Glel-Dbp5 com-
plex. Continuous lines through the data represent the best global fits to a two-step binding model (24). Rate constants resulting from this analysis are:
kqs =1.84+0.14 pLM’l s ksy=47+43s 1 ksg=24+1.7s" kes=2.1+0.351.(C) [mantADP]-dependence of the fast and slow phase raw amplitudes
and total amplitude for mantADP binding pre-formed Gle1-Dbp5 complex. (D) [mantADP]-dependence of the fast and slow phase fractional amplitudes
for mantADP binding pre-formed Glel-DbpS5 complex. Continuous lines through the data in (C) and (D) are simulated amplitudes using rate constants
from fits in B. We include the amplitude data to demonstrate consistency with a two-step binding model. Uncertainty bars represent standard error in the
fits and are contained within the data points. InsPg is included in all experiments at an equimolar concentration with Glel.

ks kse Glel accelerates ATPase activity of Dbp5 by increasing the
GH + mD k: GHmD k:‘ GHmD* P; release rate constant
54 65
:; The increased ATP binding affinity of the Glel-Dbp5 com-

plex allowed for the direct measurement of both the rate
and equilibrium constants for ATP hydrolysis by Glel-
Dbp5 using chemical quench-flow (Figure 6). The weak
Ky || ka7 ATP affinity (~3 mM (28)) of Dbp5 alone previously pre-
cluded such measurements (28). An equilibrated solution

of 18 wM Dbp5 and saturating (60 uM) Glel was rapidly

GHT mixed with either 38 or 170 wM ATP containing trace
amounts of radioactive 3*P-labeled ATP, aged for various

Scheme 2. Minimal reaction scheme for kinetic competition between man- times, and quenChed with formic acid. Time courses of P;

tADP and ATP binding by Glel-Dbps. H = Dbps, G = Glel-InsP,, ~ (enzyme bound and free) production by Glel-DbpS5 reveal
mD = mantADP, T = ATP. a rapid burst followed by a linear phase (Figure 6). The

burst represents the first turnover of ATP hydrolysis, and

the linear phase represents steady-state hydrolysis. Neither

ing a custom MATLAB program (Figure 5A, dashed lines; 20 wM Dbp5 nor 60 pM Glel alone generated detectable

Supplementary Figure S2). hydrolysis of ATP (50 uM) within this time range exam-

Best fits of the data yield association (k47) and dissocia- ined. All hydrolyzed ATP can therefore be attrlbutgd to the

tion (k7s) rate constants of 0.2 £ 0.1 pM~'s ' and 4.1 £2.5  Glel-Dbp5 complex. Time courses of P; production were

s~! for ATP binding to the Glel-Dbp5 complex (Table 1). ﬁttecll. to the {?ngmg equa}lon (26’3%1 (Fpi,gl}gié’g.ommu(i
Similar values for ATP binding and dissociation to Glel— ous lines), which accounts for reversible g an

Dbp5 were obtained from an approximate analytical solu- hydrolysis, and irreversible P; release from Gle1-Dbp5 (bot-

tion of Scheme 2 (Supplemental Information, section S2- tom pathway of Scheme 3):
2). Together these data suggest that the presence of Glel in
complex with Dbp5 slows both the dissociation and binding
of ATP. However, the much larger effect on ATP dissocia-
tion from Dbp5 by nearly 3-orders of magnitude, results in p (L +exp(_m< ht (kyo — %) ) _exp(_w)( i (kgo — 21) ) _ Mtk +t>_
Glel effectively increasing the ATP affinity of Dbp5 ~150- a9 fapha (1 —22) b (1 =22}/ Ak

fold. (5)

[EPI+[A]=
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Figure 5. Kinetic competition between mantADP and ATP. (A) Time
courses of FRET signal changes in pre-equilibrated solution of 2 pM
Dbp5 (1 M after mixing) with 20 uM Glel (10 wM after mixing) upon
rapid mixing with an equal volume of 40 M mantADP (20 .M after mix-
ing) with various concentrations of ATP (from 0 to 300 wM after mixing).
Continuous lines through the data are either the best fits to double or triple
exponential functions (solid lines) or the best fits to a kinetic simulation of
Scheme 2 (dashed lines). (B) [ATP]-dependence of the observed rate con-
stants from exponential fits in (A) (solid lines) for mantADP binding pre-
formed Glel-Dbp5 complex. Continuous lines through the data are the
best global fits to Supplemental Equations (S2.18), (S2.19) and (S2.24).
Uncertainty bars represent standard error in the fits and are contained
within the data points. For both fits, rate constants for mantADP bind-
ing were held to values determined from fits in Figure 4B. Fundamental
rate constants resulting from the fits to a kinetic simulation of Scheme 2
areky7 =0.240.1 MM" standkyy =4.1£2.5s !, while fits to Equations
$2.18,82.19 and S2.24 yield k47 = 0.6 = 0.1 pM ' s ' and k74 = 3.3 + 1.1
s71. InsPg is included in all experiments at an equimolar concentration with
Glel.

where formation and loss of Gle1-Dbp5-ADP-P; state are
given by two observed exponential terms (eigenvalues A\
and A,, respectively):

o=

1 [ka7[AT P) + kg4 + k73 + kgo £
2 \/(k47[ATP] + kzg + kag + ks9)* — 4 (k[ AT PY(ks7 + kso + ks) + kra(ks7 + kso) + ko)

(6)

and the steady-state ATP hydrolysis (slope of linear phase)
is given by:

_ ka7 AT Plkrgkso
kar[ AT P)(ks7 + kso + kag) + kya(ks7 + kso) + krgkso
(7

B

The best fit of the data (Figure 6) with unconstrained
ATP binding (k47, k74), hydrolysis (k7g), resynthesis (kg7),
and P; release (kgy) parameters indicate that Glel promotes
ATP resynthesis (kg7) and accelerates P; release (kgg) from
Dbp5 ~20-fold (k47 =0.094+0.5 },l,M_l S_l, k74 =9.7+55
Sil, k78 =0.6 £0.2 Sil, kg7 =1.0+0.9 Sil, kgo =0.4+0.1
s~!, and the steady-state ATPase ke — 0.1-0.2 ATP s~ and
Kmarp = 30-50 wM; Table 1). The best fit rate constants
for ATP binding are consistent with those determined from
kinetic competition (Figure 5) and the steady-state ATPase
consistent with those determined from NADH assay (Fig-
ures 1B and 7B) and P; release (Figure 7B). Constraining k47
and k74 to values from kinetic competition results in a less
than two-fold change in ATP hydrolysis and phosphate re-
lease rate constants: k73 = 0.6 £0.2s !, kg7 = 1.9+ 1.3s57 !,
kgo = 0.6 + 0.1 s~! (Table 1). Note that fits to quench-flow
time courses assume ADP release from Gle1-Dbp5 is more
rapid than steady-state cycling and that phosphate release
is irreversible, which hold in this system (Supplementary
Figure S3, Supplemental Information, sections S3 and S4).
Similar rate constant values were obtained from fitting the
ATP hydrolysis reaction mechanism by Glel-Dbp5 (bot-
tom pathway of Scheme 3) with numerical analysis using
a custom MATLAB program.

Prior work has shown that P; release (k11> = 0.02 (£0.1)
s~!, Table 1), is a critical transition that limits Dbp5 steady-
state ATP hydrolysis in the absence or presence of RNA
(28). Note that uncertainty in the measurement of kyj; is
determined from the intercept of the best linear fit of the
[ATP]-dependence of observed lag phase rate constants, but
because the intercept is close to the origin, it is subject to
significant experimental uncertainty (28). The quench-flow
data presented above (Figure 6) shows that Glel acceler-
ates P; release. To directly measure the effect of Glel on P;
release from Dbp5, phosphate binding protein (P;BP) read
out was used (27). An equilibrated solution of 0.5 .M Dbp5
and 10 puM Glel was rapidly mixed with a solution con-
taining various [ATP] (0, 5, 10, 15, 20, 50, 100 wM) and 3
M fluorescently labeled phosphate binding protein. Time
courses of P; release from Glel-Dbp5 were linear without a
detectable burst or lag phase (Figure 7A), yielding steady-
state ATPase cycling velocities that are comparable to those
found using the NADH coupled assay (Figure 7B, Table 1)
and quench flow (Figure 6, Table 1).

In these reactions, if ATP hydrolysis and P; dissociation
were rate limiting, time courses of P; release would display
a lag phase. Alternatively, if ADP release was rate limiting,
time courses would show a burst of liberated P; (36,37). The
observation that time courses of P; release are linear with
[Glel]-dependent rates indicates that P; release solely limits
the Glel-stimulated ATPase of Dbp5 and that Glel accel-
erates P; release from Dbp5.

A complete thermodynamic scheme of the Glel activated
Dbp5 ATPase cycle

The majority of the rate and equilibrium constants defin-
ing the Glel-stimulated Dbp5 ATPase (Scheme 3) cycle
have now been determined, as presented in the preceding
sections (ATPase activity of Glel-Dbp5, bottom pathway
of Scheme 3) and in previous studies (ATPase activity of
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Figure 6. Direct measurement of ATP hydrolysis by Glel-Dbp5 via quench flow. Time courses of phosphate production in pre-equilibrated solution of 36
M Dbp5 (18 M after mixing) with 120 pM Glel (60 M after mixing) upon rapid mixing with either 76 wM (circles, 38 WM after mixing) or 340 pM
(squares, 170 wM after mixing) ATP containing a trace of P*2-ATP. Continuous lines through the data are the best fits to either the analytical solution
for an ATP hydrolysis reaction scheme (Equations 5-7) (26) or the best fits to a custom MATLAB program simulating ATP hydrolysis. The best fits from
each method overlap. When all parameters are left unconstrained, the best fit to the analytical solution yields: k47 = 0.09 £ 0.5 MM’I st ky=97+55
s ks =06+02s" kg7 =1.0+£0.9s7", kgg = 0.4 £ 0.1 s!. Alternatively, fixing k47 and k74 to values determined from kinetic competition (Figure
5) results in a less than two-fold change in ATP hydrolysis and phosphate release rate constants: k73 = 0.6 = 0.2 st kg7 =19+13s", kgo =0.6 £0.1
s, Lastly, the best fit MATLAB simulation yields: k73 = 0.4 £ 0.2 s 1 kg7 =17+04s", and kgg = 0.6 + 0.1 s''. Neither 20 M Dbp5 nor 60 puM
Glel alone generated detectable ATP hydrolysis with up to 10 second incubation with 50 wM ATP. InsPg is included in all experiments at an equimolar
concentration with Glel.
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Scheme 3. Minimal reaction scheme for Dbp5 steady-state ATPase (£Glel). H = Dbp5, G = Glel-InsPg, T = ATP, D = ADP, P; = PO4. Rate and

equilibrium constants for Dbp5 ATPase (top pathway) have been published elsewhere (28).

Dbp5 alone, top pathway of Scheme 3) (28,33). In those
cases where equilibrium constants have not been measured
(Kd107, Kq11s and Kq129), values can be calculated from the
principles of detailed balance given that the other constants
defining the cycle are known (38).

As an example, consider the cycle formed by initial
mantADP binding to Dbp5 and Glel-Dbp5 as shown in
Scheme 1 accounting for a part of multistep mantADP
binding to Gle1-Dbp5. In this cyclic scheme the product of
equilibrium constants Kgs» x '/Kgss x Kgo1 x '/Kgqp must
equal 1. Therefore:

= Ky, ®)

allowing determination of the affinity of Glel binding affin-
ity for nucleotide-free Dbp5 (Kj41) from the experimentally
determined equilibrium constants for mantADP binding
(Kgs4 and Kgp1) and Glel binding to Dbp5—(mant)ADP
(K4s2). The affinity of Glel binding nucleotide-free Dbp5
(Kg441) calculated this way is 0.8 4+ 0.3 WM, consistent with
the value of K41 of < 1 wM estimated from mantADP bind-
ing (Figure 3B).

Furthermore, the product of the experimentally deter-
mined equilibrium constants for mantADP isomerization
(K432 and Kgs5) and Glel binding to the two Dbp5-
(mant)ADP states (Kgsp and Kyg3) calculated from Kysp x
U/Kq3 x Kges x '/ Kgg3 is ~0.82, close to the expected value
of unity and indicating the experimentally determined val-
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Figure 7. Direct measurement of Pi release from Glel-Dbp5 via P;BP. (A)
Time courses of phosphate release in a pre-equilibrated mixture of 1 pM
Dbp5 (0.5 M after mixing) and 20 pM Glel (10 wM after mixing) upon
rapid mixing with various [ATP] (0, 5, 10, 15, 20, 50, 100 wM after mix-
ing) containing 6 .M P;BP (3 uM after mixing). Continuous lines through
the data are the best fits to a linear equation. (B) [ATP]-dependance of the
observed steady-state P; release in A (solid squares) or steady-state ATP
hydrolysis in the presence of the NADH regenerating system (26,31,49).
Continuous lines through the data are the best fits to a rectangular hyper-
bola yielding the maximum velocity per enzyme (ko = 0.15 £ 0.02 57!
Dbp5! circles; keae = 0.12 & 0.01 s~ Dbp5~! squares) from the ampli-
tude and Ky (20 + 3 wM, circles; 26 + 6 wM, squares) from the [ATP]
at half-maximum velocity (Table 1). Uncertainty bars represent standard
errors in the fits and are contained within the data points. InsPg is included
in all experiments at an equimolar concentration with Glel.

ues for mantADP isomerization (Kg3; and Kygs) and Glel
binding to the two DbpS5—(mant)ADP states (K45, and Kyg3)
are thermodynamically consistent.

Similarly, the affinity of Glel for Dbp5 bound to unla-
beled ATP (Kq4107. Scheme 3) calculated from Kgs1, Kya,
and Kyjo1 (the affinity of ATP for Dbp5 (28)) is 2 nM; the
affinity of Glel for Dbp5-ADP-P; (Kg113, Scheme 3) cal-
culated from Ky197, Kag7 and Kqj119 (the dissociation con-
stant for ATP hydrolysis by Dbp5 alone (28); ~0.004) is 0.8
wM, suggesting that ATP hydrolysis is coupled to confor-
mational rearrangement of DbpS5. The affinity of Glel for
Dbp5-ADP (Kq4129) calculated from Kyq1, Kq121 (the affinity
of Dbp5 for ADP(28)), and K4 (the affinity of Gle1-Dbp5
for ADP; Supplementary Figure S3) is 0.5 wM (Scheme
3; Table 1), consistent with the affinity of Glel for Dbp5—
(mant)ADP (Kg4s2, Ky¢3) measured by mantADP binding
(Figures 2 and 3; Table 1) and the combined affinity of the
two mantADP states (Kgsp Kae3/(Kasz + Kge3) ~ 0.17 wM).

Note that some of these calculations were carried out
with parameters determined with mantADP and not unla-
beled ADP. Despite the mant moiety significantly affecting
ADP binding to Dbp5, the atomic-resolution structures of
Dbp5-ADP and Dbp5—(mant)ADP indicate that the struc-
ture of Dbp5 is identical with both nucleotides and that the
altered binding interactions with the nucleotide arise from
hydrophobic contacts with the mant moiety (28). Therefore,
the measured affinity of Glel for Dbp5—(mant)ADP is likely
representative of the equilibrium constant for Glel binding
Dbp5 bound to unlabeled ADP, which is supported by de-
tailed balance calculations.

With these values and a complete scheme, predictions of
steady-state cycling outputs can be made and compared to
measured rates to validate the model. First, the measured
maximum steady-state ATPase activity of Dbp5 is activated
5-fold from an intrinsic ke ~0.03 s~! to a Glel-activated
keat ~0.16 s7! (Figures 1 and 7; Table 1). The value of the
kear predicted from the values of the Glel-DbpS ATP hy-
drolysis rate constant (k73), Glel-DbpS5 ATP resynthesis
rate constant (kg7), and the P; release rate constant of Glel—
Dbp5-ADP-P; (kgy) determined here and Equation (9)
(26):

krgkso

S — 9
kg7 + kgo + kg ©

cat

yield a ke value of 0.12 s~ comparable to the key of ~0.15
s~! measured in steady-state ATPase assays (Figures 1 and
7; Table 1). Second, the ‘apparent Ky;’ of Glel (Kgje1; [Glel]
for half-maximal Dbp5 steady-state ATPase) measured ex-
perimentally is 300 nM (Figure 1; Table 1). The value of
the Kge1 predicted from the values of the Glel affinity for
Dbp5-ATP (Kq107), Glel affinity for Dbp5S—-ADP-P; (Kq113),
Glel-Dbp5 ATP hydrolysis rate constant (k7g), Gle1-Dbp5
ATP resynthesis rate constant (kg7), and the P; release rate
constant of Glel-Dbp5-ADP-P; (kg9) determined here and
Equation (10) (26):

Kot = (kg7 + kgo) K107 + ks Kan1s
ale (kg + kg7 + ko)

yield a Kge; value of 240 nM, comparable to the Kgje; of
300 nM measured in steady-state ATPase assays (Figure
1; Table 1). Similarly, the Ky atp of Glel-Dbp5 predicted
from the association rate constant of ATP binding Glel-
DbpS5 (ks47), ATP release rate constant of Glel-Dbp5-ATP
(k74), Glel1-Dbp5 ATP hydrolysis rate constant (k7g), Gle1-
Dbp5 ATP resynthesis rate constant (kg7), and the P; release
rate constant of Glel-Dbp5-ADP-P; (kgy) determined here
and Equation 11 (26):

kraksy + krakgo + kaghgo
ka7 (ks7 + kgo + kzg)

yield a Ky atp of 4-15 wM comparable to the ~20 uM mea-
sured in steady-state ATPase assays (Figures 1 and 7; Ta-
ble 1). The consistency between the predicted and measured
Glel stimulated Dbp5 steady-state cycling parameters (kt,
Ky ate, Kgle1) indicating that the applied model and anal-
ysis are valid, and that the experimentally determined rate
and equilibrium constants are consistent with the overall
steady-state ATPase cycling behavior of Dbp5.

: (10)

(11)

Ky arp =



DISCUSSION

The use of transient kinetic analyses in this work has al-
lowed for insight into the basis of Dbp5 ATPase activa-
tion by Glel with InsPs. Considering the effects of Glel
on nucleotide binding, hydrolysis, and product release from
Dbp5, these data provide a model of Dbp5 activation by
Glel that includes Glel accelerating Pi release and pro-
moting ATP binding. Moreover, the kinetic scheme detail-
ing Glel regulation of Dbp5 supplies an important foun-
dation for developing a complete kinetic description and
functional understanding of Dbp5 regulation within the
gene expression pathway via regulation by Glel-InsPg and
Nup159.

Glel stimulated ATP hydrolysis by Dbp5

Previous work has shown that the intrinsic Dbp5 steady-
state ATPase cycling rate constant (kcy) is slow (~0.03 s71)
and limited by near-irreversible P; release (28). Dbp5 also
has a relatively weak affinity for ATP (Kyvarp of 1.3-1.9
mM) with RNA acting in the ATPase cycle to accelerate P;
release (28). Here, in the absence of RNA, it is demonstrated
that Glel activates Dbp5 ATPase activity by accelerating P;
release. Although in the presence of Glel, like RNA (28), P;
release remains the rate limiting step in the Dbp5 ATPase
cycle. It is not currently known if this limitation is fully re-
lieved when both Glel and RNA are present.

High resolution crystal structures indicate that Glel
binds both RecA-like domains of Dbp5 to alter the po-
sitioning of these two domains and the nucleotide bind-
ing site (12). Glel-induced rearrangements also include dis-
placement of an auto-inhibitory helix in an ATP or ADP
bound auto-inhibited form of DDX19 (human homolog of
Dbp5) to promote an RNA-binding competent state (39).
The accelerated release of phosphate reported here is con-
sistent with these previously observed Glel-induced rear-
rangements in Dbp5 that may act to weaken coordina-
tion of bound P; and enable dissociation from Dbp5 post-
hydrolysis. This Glelactivity is expected to transition Dbp5
from a high (Dbp5-ADP-P;) to low (Dbp5-ADP) affinity
RNA binding state, or resolve an auto-inhibited state, which
may be critical for Dbp5 function and/or efficient recycling
of Dbp5 after an ATP hydrolysis event.

A second finding of this work is that Glel promotes ATP
binding ~150-fold and lowers the Ky atp 75-fold from ~1.5
mM to ~20 pM (Figure 7, Table 1) during Glel stimu-
lated steady-state DbpS ATPase cycling. Previous studies
reported a Ky arp for Glel stimulated DbpS ATPase of
about 100 uM (20), considerably weaker than the 20 puM
reported here. The [DbpS] and [Glel] utilized in those mea-
surements were not saturating, so the measured Ky atp re-
flects a population weighted average of free and Glel bound
DbpS steady-state turnover, yielding a significantly weaker
Ky atp-

The ability of Glel to affect phosphate release and ATP
binding (this work), and to promote RNA-release from
Dbp5 and bind a Dbp5-ADP complex (12), suggests that
Glel engages Dbp5 in multiple configurations. Note that
the full N-terminus of Dbp5/DDX19 has not been mod-
eled by structural data with Glel bound, which may be en-
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gaged by Glel to regulate DbpS5/DDX19 activity since it
harbors an autoinhibitory function (12) (39). Overall, it is
envisioned that Glel may act within the same ATPase cycle
to engage Dbp5 to promote cycling by multiple modes of ac-
tion based on nucleotide state. For example, following Glel
stimulated phosphate release, the continued binding and or-
ganization of both RecA-like domains of ADP bound Dbp5
by Glel may subsequently promote ATP binding by limit-
ing the conformational flexibility of the two domains (12).
In this way, enzyme recycling would be mediated by Glel
linking ADP, P;, and RNA release to binding of ATP. Al-
ternatively, only a single function of Glel may occur in each
Dbp5 ATPase cycle based on context, including the bind-
ing of other regulators, the presence and type of RNA sub-
strate (e.g. mRNA, pre-rRNA or tRNA) and process being
directed (e.g. RNA export versus translation regulation).

Implications for mRNA export models

Biochemical, structural, and genetic data strongly support a
role for Glel in regulating Dbp5 activity to mediate mRNA
export through NPCs. Several models have been presented
(40-43) for individual aspects of the Dbp5 ATPase cycle
given the available data. The kinetic and equilibrium anal-
ysis presented here allows for further refinement and align-
ment of these models.

One proposed mRNA export model suggests that Glel
promotes ATP binding to Dbp5 based on a combination
of genetic, cell, and biochemical data (21). Another model
proposes that Glel binding would facilitate RNA-release
from Dbp5 and enzyme recycling based on structural and
biochemical data (12). The kinetic analyses in this work are
consistent with both proposed Glel activities. Specifically,
Glel promotes ATP loading via a ~150-fold increase in
ATP affinity that is achieved by slowing ATP dissociation
(Table 1). In addition, Glel promotes P; release and ATP
resynthesis ~20-fold, which is expected to promote release
of RNA following hydrolysis, and in turn Dbp5 recycling. In
combination, the kinetic effects of Glel on Dbp5 would fa-
vor the Dbp5-ATP state, which has a high affinity for RNA
compared to other nucleotide states (1). The net effect of
Glel on Dbp5 would be to shift the steady-state distribu-
tion of populated intermediates from weak RNA binding
states to strong RNA binding states (i.e. Dbp5-ADP and
nucleotide free Dbp5 to Dbp5-ATP; Figure 8) and to fa-
cilitate RNA-release and enzyme recycling (RNA-Dbp5-
ADP-Pi to Dbp5-ADP), which in likely involves resolving
auto-inhibited Dbp5 conformations bound to both ATP
and ADP (12) (39).

At NPCs, Nup159 facilitates Dbp5 localization and ac-
tivity, including reports that Nup159 weakens Glel binding
to Dbp5-ADP (33). These data, combined with the obser-
vations that Glel slows both ATP binding and release from
Dbp5, suggest that Nup159 may play a key role at this point
in the ATPase cycle to promote a weakened interaction be-
tween Glel and Dbp5 and enhance enzyme turnover. These
activities involving Glel and Nupl59 likely act to ensure
there is an available pool of ATP bound Dbp5 at NPCs
to engage RNA and facilitate export, which can maintain
RNA flux from the nucleus and the kinetics of RNA export
that occurs on the millisecond time scale (44-47).
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Figure 8. Steady-state distribution of Dbp5(£Glel) ATPase cycle inter-
mediates. In vitro conditions are 20 mM ATP, 0 mM ADP and 0 mM P;.
In vivo conditions are 2.1 mM ATP (50), 470 pM ADP (50) and 2.5 mM
P; (51). InsPg is included in all experiments at an equimolar concentration
with Glel.

Notably, Dbp5 has been linked to pre-ribosomal com-
plex and tRNA export, as well as translation, which is sug-
gested to involve unique enzyme activities (e.g. ATP hydrol-
ysis appears dispensable for pre-ribosomal export but is re-
quired for mRNA export) and functions within discrete cel-
lular compartments (7-9,48). This raises questions about
the functionality of Dbp5 in these other roles that may be
independent of Glel and/or dependent on different Dbp5
activities (e.g. stable RNA binding in the nucleus versus
RNA-protein remodeling at NPCs involving ATP hydrol-
ysis). These questions involving Dbp5 functions and differ-
ential regulation of the ATPase cycle to effect different out-
comes must be addressed in the context of a fully reconsti-
tuted system that involves Nup159, Glel-InsPg and RNA,
which is a goal of future work.
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