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Dbp5 from Saccharomyces cerevisiae is an essential DEAD-box protein
required for many aspects of mMRNA metabolism including nuclear mRNA export.
The ATPase cycle of Dbp5 is required for its in vivo function in mMRNA export.
The Dbp5 ATPase cycling kinetics dictate how the energy from ATP binding and
hydrolysis is coupled to RNA remodeling. Several factors are known to regulate
Dbp5 ATPase and mRNA export activity including the small molecule inositol
hexaphosphate (InsPs), RNA, and the nucleoporins Gle1 and Nup159. In order to
quantify how these regulatory factors, influence the ATPase activity and
functionality of Dbp5, we measured the rate and equilibrium constants of the
Dbp5 ATPase alone and in conjunction with these regulatory factors using
various steady-state and transient kinetic techniques. Knowledge of how
Nup159, Gle1, and RNA modulate the Dbp5 ATPase kinetics allows us to identify

the mechanism of Dbp5 mediated mRNA export and regulation.
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CHAPTER 1: Introduction

Significance

Considering most eukaryotic protein-encoding genes are housed in the
nucleus (1), export of mMRNA through the nuclear pore complex (NPC) to the site
of protein synthesis in the cytoplasm is paramount for cell viability. Like many
steps of gene expression, messenger ribonucleoprotein complex (MRNP) export
is regulated in response to external stimuli and cellular stress (2-4). Although it is
clear that ATPase competent Dbp5 is requisite for mMRNA nuclear export (5), little

is known about the mechanistic details of mMRNA export or its regulation.

Dbp5 (DDX19 in humans) is a conserved, essential DEAD-box protein
(DBP) with a pivotal role in mRNP export (5-7). Moreover, the mechanistic details
and regulation of transcription (8), mRNP maturation (9-11), and translation (12)
have largely been established, while those of MRNP export, specifically
concerning Dbp5 mediated mRNP remodeling, remain unknown (10). Clearly,
there is a gap in our collective knowledge concerning eukaryotic gene
expression. The studies presented herein are therefore significant as | endeavor

to determine the mechanism of Dbp5 mediated mRNA nuclear export.

Although Dbp5 has been localized to both the nucleus (13-15) and
cytoplasm (5-7,16), a clear concentration around the nuclear rim exists (5-7,16).
Dbp5 localizes to the NPC cytoplasmic fibril via a conserved interaction with
Nup159 (5,14,17) and associates with Nup42 bound Gle1 (14,16,18). Together,
Nup159 and Gle1 regulate Dbp5 at the cytoplasmic face of the NPC to achieve
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mRNP remodeling and export (19). Multiple studies have investigated the
influence of Nup159 and Gle1 on Dbp5 steady-state ATPase activity (17,18,20-
24). However, only a few labs have assayed the transient kinetics of specific
steps in Dbp%’s ATPase cycle (25-27). Consequently, the molecular details of
how Nup159 and Gle1 influence Dbp5 ATPase cycling are unknown. The studies
outlined herein will delineate the mechanism of Nup159 and Gle1 regulation of
Dbp5 ATPase/RNA remodeling to form a predictive model of nucleocytoplasmic

export.

Many human diseases (certain cancers, viral replications pathways, etc.)
are driven by misfunction or misregulation of factors involved in mRNP export
including Dbp5, Nup159, and Gle1 (28,29). Additionally, many viruses target
NPC or mRNA export components in one or more stages of infection (30,31).
Conservation between yeast and human mRNP export factors, specifically Dbp5
and its regulators is substantial (5,22,32,33). Consequently, this study will prove
applicable to the human homolog of Dbp5 and its regulators and may lead to

treatment advances for diseases and viral infections targeting mRNP export.

DBPs are found in all domains of life and participate in nearly every aspect
of RNA metabolism, from transcription to RNA degradation (34). The structure
and sequence motifs that make up DBPs are conserved across all DBPs,
regardless of cellular function (34). Moreover, all DBPs employ energy from
cycles of ATP binding, hydrolysis and/or product release to catalyze RNA

unwinding or remodeling (34). Thus, studies on Dbp5 activity and regulation will



likely provide mechanistic information for general DBP function and control. This

research is significant for human health and all facets of RNA metabolism.

Nuclear mRNA Export in Saccharomyces cerevisiae

Nuclear-cytoplasmic mRNA export represents a vital step in eukaryotic
gene expression. Compartmental separation of transcription and translation
allows for complex mRNA post processing that is unavailable in prokaryotes. In
order for efficient mMRNA processing to occur, it is critical ribosomes and other
translational machinery are confined to the cytoplasm (10). However, this
requires that mRNA in the nucleus must be exported to the cytoplasm for
translation to occur. Tightly regulated control over nuclear import/export is
maintained through a physical barrier formed by the nuclear envelope and
selective “gates” of nuclear membrane embedded NPCs. The NPC is a massive
multi-protein complex (~ 52 MDa in yeast) that provides a nuclear barrier to
passive diffusion of macromolecules greater than ~ 40 kDa, helping maintain the
specialized microenvironment within the nucleus. Thusly, import and export of
most biological macromolecules requires specialized carrier proteins that are

able to transverse NPC central channels.

NPCs are comprised of ~30 proteins, referred to collectively as “Nups”,
organized into 8-fold radially repeated substructures (Figure 1.1) (35). The
internal “nups” that comprise the central channel of functional NPCs form a
diffusive barrier using specialized sequences of hydrophobic amino acids rich in
phenylalanine and glycine (FG repeats). Transport factors are able to overcome
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NPC diffusive barriers by transiently interacting with FG repeats, and in so doing,
facilitate vectorial movement of bound cargo. One such transport factor required
for mRNA export in all eukaryotes is Mex67-Mtr2 (TAP-p15 in humans). mRNP is
carried through the NPC central channel by Mex67-Mtr2 and other carrier
molecules. Although vectoral movement of mMRNA from the nucleus to cytoplasm
is a diffusive process, it differs from simple passive diffusion in that vectoral
movement is likely driven by concentration gradients of mature mRNP in the

nucleus and Dbp5-remodeled mRNP on the cytoplasmic face.

The nuclear and cytoplasmic face of the NPC is characterized by
protruding structures termed the “nuclear basket” and “cytoplasmic fibrils”,
respectively. Both the nuclear basket and cytoplasmic fibrils constitute sites of
MRNA processing and a myriad of other cellular activities including serving as
docking sites for distinct stages of mMRNP nuclear export. The majority of Dbp5 is
found attached to the cytoplasmic fibrils “nups” Nup159 and Gle1, although a

significant population of diffuse Dbp5 exists in the nucleus and cytoplasm (5).

mMRNA is exported as a large complex of RNA and accessory proteins
collectively referred to as an mRNP. Transcript export only occurs once a
complex, coordinated series of MRNP “maturation” steps involving mRNA
nucleotide modification, loading and unloading of various protein complexes, etc.
have been completed. Mature mRNP export consists of 3 distinct stages: a
“nuclear docking” step, movement through the NPC central channel
(translocation), and a “dwell” step at the NPC cytoplasmic fibrils (36). Active

(ATPase competent) Dbp5 is requisite for efficient mMRNA export (5), although it



is unclear which step(s) is directly mediated by Dbp5. Average mRNP export
times range from ~ 50 — 200 milliseconds, although transport times of up to a few
seconds have been observed with exceptionally long RNA (36). Dbp5 is thought
to bind and remodel mRNP transcripts following export, likely during the
cytoplasmic fibril “dwell” step. Dbp5 mediated remodeling displaces certain
MRNP components required for NPC translocation including Mex67-Mtr2 and the
poly-A binding protein Nab2 (Figure 1.2) (37). Removal of Mex67-Mtr2 from
exported mRNPs prevents retro-grade transport and maintains concentration

gradients that drive vectoral mMRNP movement.

Immunoelectron microscopy studies propose that Dbp5 binds mRNA
during nuclear processing at which point the Dbp5-mRNP complex transverses
the NPC central channel as a whole. Dbp5 ATPase (and mRNA remodeling) is
subsequently activated by Gle1 and Nup159 at the NPC cytoplasmic face
(scaffold model; Figure 1.3) (13). Although Dbp5 shuttles between the nucleus
and cytoplasm (14) it is unclear whether distinctly functional nuclear, NPC bound,
and cytoplasmic pools of Dbp5 exist. Indeed, Dbp5 has been implicated in
transcription (15) and translation termination (38) in addition to mRNA export.
Alternatively, the “ratchet” model of mMRNP export proposes (39) that Dbp5,
Nup159, and Gle1 bound to the cytoplasmic face of the NPC continually remodel
MRNA following export (Figure 1.3). These models are not necessarily mutually
exclusive and both may occur in vivo. However, recent characterization of Dbp5s

role in tRNA export demonstrates that nuclear-cytoplasmic shuttling of Dbp5 is



not necessary for mRNA export (40), providing further support for the ratchet

model.

Dbp5 ATPase activity is required for mMRNA export (5) as are interactions
between Dbp5, Nup159, and Gle1 (5,16). The native Dbp5 ATPase cycle is slow
and likely not sufficient to drive mRNA export alone as interaction times between
Dbp5 and RNA during a single ATP turnover in the absence of regulatory factors
is ~ 400 milliseconds (25), far longer than the average mRNP export times
observed in vivo. Therefore, acceleration of the native Dbp5 ATPase by Nup159
and/or Gle1 is necessary for sustained mRNA nuclear export. mMRNP remodeling,
and subsequent Mex67-Mtr2 dissociation, is likely driven by one or more steps in
the Dbp5 ATPase cycle and probably occurs during the terminal “dwell” stage of
MRNP export at the cytoplasmic face of the NPC. Consequently, a detailed
understanding of how Nup159, Gle1, and RNA modulate Dbp5 steady-state ATP

hydrolysis kinetics is critical to understanding mRNP export as a whole.

ATPase cycle of DEAD-box proteins

DBPs play an important role in nearly all aspects of RNA metabolism
(34,41). All DBPs consist of a motor domain core with two RecA-like domains
containing 12 conserved amino acid sequence motifs involved in ATP
binding/hydrolysis (motifs Q, I, I, and VI), RNA binding (motifs la, Ib, Ic, IV, IVa,
and V), or coupling between these sites (motifs Ill and Va) (34) (Figure 1.4).

Because of their conserved structural traits, DBPs are believed to function



through similar cycles of ATP binding, hydrolysis, and subsequent ADP/Pi

release (42) in RNA binding/remodeling.

The ATP hydrolysis cycle is critical to the in vivo function of all DBPs and
is intimately linked to RNA remodeling (42). The minimum intrinsic ATPase cycle
is described by at least 4 distinct biochemical transitions including ATP binding,
chemical cleavage (hydrolysis) of ATP to form ADP & Pi, and subsequent release
of Pi followed by ADP (top pathway of Scheme 1.1). RNA can further stimulate
the ATPase cycling kinetics of DBPs (bottom pathway of Scheme 1.1) by
providing an alternative pathway that avoids kinetically or thermodynamically
unfavorable steps in the native ATPase cycle. In this way, RNA accelerates the
overall maximum steady-state ATPase (kcat) of DBPs. Any one (or more) of these

biochemical transitions may be coupled to RNA remodeling.

Contrary to popular belief, the ATP hydrolysis step itself is not necessarily
coupled to work output but ensures vectoral cycling through nucleotide states.
Each of the nucleotide states within the DBP ATPase cycle possesses a unique
RNA affinity. By cycling through various nucleotide states, DBPs are able to
vectorially cycle through low and high RNA affinity structures. Importantly, this
allows DBPs to bind their respective RNA substrate, execute RNA remodeling,

and eventually release the remodeled RNA.

Interestingly, many DBPs perform seemingly distinct functions (34,41)
from RNA clamping (43) (Mss116) to RNA chaperone activity (44) (DbpA). How
can this highly conserved DEAD-box family spawn such functional diversity? The

De La Cruz lab has demonstrated that two functionally distinct DBPs, Mss116
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and DbpA, differ in their intrinsic rate constants for RNA-stimulated ATPase
cycling and consequently, the nucleotide state occupied most often in vivo

(43,44).

The ATPase cycles of DbpA and Mss116 are both limited by slow ATP
hydrolysis and even slower subsequent Pi release. Under in vitro conditions, this
maintains both DBPs in the predominantly ADP-Pi state during steady-state
ATPase cycling. The steady-state distribution of populated intermediates shifts
under in vivo conditions. Mss116 remains predominantly in the ADP-P; state,
while DbpA becomes mostly ADP bound. Both the ATP and ADP-Pi states are
considered strong RNA binding or “high RNA affinity” states, although the exact
RNA affinities can shift depending on the DBP (42). Alternatively, the apo (no
nucleotide) and ADP bound states are canonically weak RNA binders. Mss116 is
thought to function as a molecular “clamp”, stabilizing splicing intermediates for
group | and group Il introns (42). Population of high RNA affinity structures would
promote prolonged Mss116-RNA interactions, thereby facilitating the cellular role
of Mss116 as an RNA stabilization factor. DbpA on the other hand, functions as a
molecular chaperone to remodel misfolded ribosomal RNA (rRNA) (42). Only a
small fraction of rRNA (misfolded) would require intervention from DbpA at any
given time (under normal cellular conditions). By populating the weak RNA
affinity state, DbpA would facilitate release of remodeled rRNA and limit

competition with other rRNA binding partners.

The predominant nucleotide state, and in turn RNA binding properties, of

Mss116 and DbpA are consistent with their respective in vivo functions. Some



DBPs, such as Dbp5, possess an ancillary method of modulating their ATPase
kinetics, and in turn cellular functions, in the form of protein regulators (Nup159
and Gle1 for Dbp5). Therefore, determining native and regulated ATPase kinetics
can yield insight into the cellular function and mechanism of DBPs. Because DBP
structural conservation is high (34), studies investigating specific DBP activity

and regulation will help elucidate other DBP function and regulation.

Overview of Saccharomyces cerevisiae Dbp5 and its role in mRNA export

Dbp5 (Rat8) was initially identified in a temperature-sensitive (TS) screen
of yeast mutants defective in poly-A RNA export (6). Dbp5 is essential in both
yeast and humans (DDX19 in humans) (5-7), advocating the physiological
importance of Dbp5 function. Multiple studies have identified localized
populations of Dbp5 to the cytoplasm with a strong concentration around the
nuclear rim (5-7), specifically to the cytoplasmic fibrils of the NPC (16). Dbp5
localizes to the NPC via a conserved interaction with Nup159 (NUP214 in
humans) (5,14,17), where it also interacts with Gle1 (14,16) bound to Nup42
(16). Yeast mutants deficient in Dbp5-Gle1 or Dbp5-Nup159 binding display
mMRNP export defects (14,20), illustrating the significance of these interactions for
cell viability. Although Dbp5 possesses helicase activity, dSRNA unwinding is
dependent upon unidentified cellular factor(s) (5,7). Given the single-stranded
nature of MRNA (45) and the specificity of Dbp5 for it (5), Dbp5 likely removes
mMRNA bound proteins subsequent to nuclear export at the cytoplasmic face of

the NPC (40). Indeed, it has been proposed that Dbp5 removes the mRNA
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binding proteins Mex67 (46) and Nab2 (47), both of which translocate with RNA
from the nucleus to the cytoplasm (10,48). Given Mex67s paramount role in
binding phenylalanine-glycine repeats in NPC nuclear porin proteins (FG-Nup)
(49) and mRNA export (50,51), Dbp5-mediated removal of Mex67 (and other
mRNA binding proteins) likely confers unidirectionality to mRNP export

(10,16,17,48).

Dbp5 ATPase activity is important for in vivo function as Dbp5 mutants
defective in ATP binding/hydrolysis display mRNA specific export defects when
injected into Xenopus laevis oocytes (5). Although Dbp5 displays innate ATPase
activity, it is insufficient for efficient MRNP remodeling in vivo (21) as mRNA
export times are in the few hundred millisecond range (36,52), while the
interaction time between Dbp5 and RNA during a single ATP turnover is at least
0.4 seconds in the absence of Nup159 or Gle1. Gle1 has been shown to
enhance both innate and RNA-stimulated Dbp5 ATPase activity about 5-fold
(18,20,21). Inclusion of the small molecule InsPs intensifies these effects and
promotes Dbp5-Gle1 association (18,20,21) by conjugating two positively
charged pockets along the Dbp5-Gle1 binding interface (23). Clearly, Gle1 along
with InsPe accelerates a rate-limiting step along both the native and RNA-

stimulated steady-state ATPase cycle of Dbp5 (18,20,21).

Previous structural studies (22,53) have identified an N-terminal extension
of the human Dbp5 homolog DDX19, that is conserved in yeast (23) and may
operate with Gle1 to adjust Dbp5 ATPase activity. The N-terminal extension

forms an a-helix that inserts between the tandem RecA-like domains of DDX19
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and contacts the ribose moiety of the bound nucleotide, precluding formation of a
hydrolysis competent active site (53). Structures of RNA-Dbp5-ADPNP complex
reveal that RNA binding dislocates the N-terminal extension from the active site,
allowing ATP hydrolysis to occur (53). Consistent with this finding, removal of the
DDX19 N-terminal extension accelerates RNA-stimulated ATPase activity.
Therefore, the N-terminal extension of DDX19/Dbp5 likely acts as an
autoinhibitory switch, slowing ATP hydrolysis in the absence of RNA (53). Gle1,
when bound to Dbp5, will clash with a portion of the N-terminal helix inserted
within the nucleotide binding cleft (23). Thus, Gle1 may displace the
autoinhibitory extension, partially accounting for higher steady-state ATPase

activity (20,21,23).

Alternatively, Dbp5 ATPase kinetics are marginally influenced (17) or even
slowed by Nup159 (22,23) independent of RNA, although inhibition can be
overcome by excess Gle1 (23). Nevertheless, Nup159 does not appear to
accelerate any rate-limiting step in Dbp5’s steady-state ATPase cycle (tRNA).
Interestingly, when the Dbp5 binding domain of Nup159 is deleted, yeast display
MRNA export defects that can be completed rescued by Dbp5; additionally, Dbp5
mislocalizes from the NPC (14). Furthermore, overexpression of the Dbp5
binding domain of Nup159 in yeast results in nuclear accumulation of mMRNA.
However, this defect can be rescued by complementary Dbp5 overexpression
(14). Further, surface plasmon resonance (SPR) analysis suggests Nup159

preferentially binds apoDbp5 over Dbp5-nucleotide complexes (22). Taken
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together, these results indicate that Nup159 may provide a docking site for

apoDbpb5 to increase the local concentration at the NPC.

Overview of mMRNA export models

Two major models for Dbp5-mediated mRNP remodeling have been
proposed (Figure 1.5) (23,24). The Wente & Cole model is based on cell biology
and biochemical data (24) [discussed below], while the Weis & Berger model is
predicated upon x-ray crystal structures of various Dbp5-regulator complexes

(23).

In the Wente & Cole model, Gle1 is purported to aid ATP binding, priming
Dbp5 for subsequent RNA remodeling. After RNA binding, ATP hydrolysis occurs
followed by RNA and Pi release. Nup159 is then required to dissociate ADP from
Dbp5 (function as a nucleotide exchange factor or NEF) in order to recycle Dbp5
for continued mRNP remodeling (Figure 1.5). Several lines of evidence support
the Wente & Cole model. First, Dbp5-ADP binding requires several hours to
equilibrate as measured through filter binding assays of radioactive nucleotide
(Figure 1A in (24)). Wente & Cole (24) also demonstrate that Nup159 is able to
specifically promote ADP release from Dbp5, following 24-hour Dbp5-ADP
incubation (Figure 1 C, D, E in (24)). As further evidence, Wente & Cole (24)
report that a Dbp5 mutant (Dbp5RR) unable to bind Nup159 possesses a lower
ADP affinity, has accelerated ADP release, and demonstrates no TS growth

defects in yeast lacking the Dbp5 binding domain of Nup159, while WT Dbp5 has
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diminished growth at 37°C (Figure 3; 4 in (24)). The authors speculate that in
vivo, Nup159 NEF activity is negated by the accelerated ADP release of Dbp5RR.
Wente & Cole invoke these and other results to compose the model presented in

Figure 1.5.

Weis & Berger (23) suggest that following ATP hydrolysis, Gle1 promotes
Pi and RNA dissociation. Gle1 stimulated Pi release is consistent with the
observations that phosphate release is rate limiting (tRNA) (25) and that Gle1
accelerates steady-state Dbp5 ATPase cycling independent of RNA
(18,20,21,23). Subsequent to Pi dissociation, Nup159 is proposed to bind the
Gle1-Dbp5-ADP complex, at which point ADP release occurs. Comparisons
between x-ray crystal structures of RNA-Dbp5-ADP-BeFs and Gle1-Dbp5-ADP
suggests that Gle1 binding induces a conformational change of Dbp5, separating
the two RecA-like domains (Figure 1E in (23)). Moreover, the vacant RNA
binding site of the Gle1-Dbp5-ADP structure exhibits a considerably reduced,
almost neutral surface charge in addition to a more open structure (Figure 1F in
(23)). Together, these data suggest Gle1 may promote RNA and Pi release from
Dbpb5. Indeed, RNA release from an ATP bound, hydrolysis incompetent Dbp5
mutant is accelerated by WT Gle1, as monitored by fluorescence polarization
(Figure 2F in (23)). The two subdomains of Dbp&’s helicase motor core are
further separated in Nup159-Gle1-Dbp5-ADP complex structures, indicating that
Nup159 may function in conjunction with Gle1 to promote ADP release (23). It is
important to note that most structures and experiments performed by Weis &

Berger (23) employ a mutant Dbp5 to stabilize Gle1 binding.
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Thesis Overview

The two models proposed in the previous section (Figure 1.5) make
inherently kinetic arguments regarding the influence of Nup159 and/or Gle1 on
the ATPase and RNA binding rate constants of Dbp5. Ultimately, the mechanism
of how Gle1 and Nup159 regulate Dbp5-RNA binding throughout the Dbp5
ATPase cycle is dictated by the preferred pathway Dbp5 uses to transverse the
entire potential Nup159 and Gle1 regulated ATPase and RNA binding matrix
(Figure 1.6). This preferred pathway is dictated by the relative probabilities of
each potential step, which are proportional to the rate constants defining each
potential transition. Therefore, by determining the rate constants defining this
reaction matrix, we can identify the mechanism of Dbp5 mediated RNA export
and the regulatory nucleoporins mediated this interaction. A thorough explanation

of the predictions made by each model can be found in the preceding paragraph.

14



FIGURES
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Scheme 1.1. Minimum reaction scheme for the native (top pathway) and RNA
simulated (bottom pathway) ATPase cycle of Dbp5. H = Dbp5, T = ATP, D =
ADP, Pi = inorganic phosphate, R = RNA.
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Figure 1.1. Molecular Diagram of Nuclear Pore Complex. NPCs act as
diffusive barriers preventing free entry of molecules larger than ~ 40 kDa. NPCs
are large multiprotein complexes that span the entirety of the nuclear envelope

and help maintain the specialized microenvironment with the nucleus. Figure

modified from reference (54).
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Figure 1.2. Dbp5 mediated mRNA remodeling mechanism. Dbp5 is thought to

function in conjunction with Nup159 and Gle1 to remodel exported mRNA by
removing certain protein components (such as Mex67-Mtr2 or Nab2) required for
translocation through the NPC central pore. Removal of these factors following
export prevents retro-grade diffusion of mMRNA back into the nucleus and

maintains the concentration gradient driving vectoral mMRNP export.
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Figure 1.3. Ratchet vs Scaffold model of Dbp5 mediated mRNA export. Two
models have been proposed for Dbp5 mediated mRNA export. The “Scaffold”
model proposes that Dbp5 forms as part of the mRNP complex prior to export
and transverses the NPC central channel to the cytoplasm at which point Nup159
and/or Gle1 activate mRNA remodeling by promoting ATP hydrolysis.
Alternatively, the ratchet model asserts that Dbp5 remains attached to the
cytoplasmic fibrils bound to Nup159 and/or Gle1 and facilitates mRNP

remodeling following export.
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Figure 1.4. Sequence motifs of DEAD-box proteins. DEAD-box proteins
display a high degree of conservation in amino acid sequence motifs involved in
ATP binding (orange), RNA binding (green), and coupling between the two sites

(teal). Figure modified from reference (42).
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Figure 1.5. Two major models for how Nup159 and Gle1 influence the
ATPase and RNA binding kinetics of Dbp5. A.) The Wente & Cole model (24)
is based on a combination of genetic and biochemical data. B.) The Weis &
Berger model is based upon x-ray crystal structures of various Dbp5, Nup159,

Gle1, RNA, and nucleotide complexes (23).
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Figure 1.6. Preferred ATPase pathways of the two schematics models

shown in Figure 1.5. Each of the models presented schematically in Figure 1.5
represents a preferred pathway through the entire potential Nup159 and Gle1

regulated ATPase and RNA binding matrix. H = Dbp5, T = ATP, D = ADP, Pi

inorganic phosphate, R = RNA, G = Gle1, N = Nup159.
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CHAPTER 2: Influence of Mg?* of Dbp5-regulator interactions and ATPase

Published as *Wong EV, *Gray SG, Cao W, Montpetit R, Montpetit B, De La Cruz
EM (2018) Nup159 Weakens Gle1 Binding to Dbp5 But Does Not Accelerate

ADP Release. Journal of Molecular Biology 430, 2080-2095

* Indicates co-first authorship

This manuscript was a collective effort. | worked very closely with Emily V. Wong,
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ABSTRACT

Dbp5, DDX19 in humans, is an essential DEAD-box protein involved in mRNA
export, which has also been linked to other cellular processes, including rRNA
export and translation. Dbp5 ATPase activity is regulated by several factors,
including RNA, the nucleoporin proteins Nup159 and Gle1, and the endogenous
small molecule inositol hexakisphosphate (InsPs). To better understand how
these factors modulate Dbp5 activity and how this modulation relates to in vivo

RNA metabolism, a detailed characterization of the Dbp5 mechanochemical
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cycle in the presence of those regulators individually or together is necessary. In
this study, we test the hypothesis that Nup159 controls the ADP-bound state of
Dbp5. In addition, the contributions of Mg?* to the kinetics and thermodynamics
of ADP binding to Dbp5 were assessed. Using a solution based in vitro
approach, Mg?* was found to slow ADP and ATP release from Dbp5 and
increased the overall ADP and ATP affinities, as observed with other NTPases.
Further, Nup159 did not accelerate ADP release, while Gle1 actually slowed ADP
release independent of Mg?*. These findings are not consistent with Nup159
acting as a nucleotide exchange factor to promote ADP release and Dbp5
ATPase cycling. Instead, in the presence of Nup159, the interaction between
Gle1 and ADP-bound Dbp5 was found to be reduced by ~18-fold, suggesting that

Nup159 alters the Dbp5-Gle1 interaction to aid Gle1 release from Dbp5.

INTRODUCTION

Members of the DEAD-box protein (DBP) family couple energy from cycles of
ATP binding, hydrolysis, and product release to RNA and RNP remodeling
(34,55,56). RNA binding activates the intrinsic ATPase activity of many DBPs
(20,42,57,58) by accelerating rate limiting step(s), e.g. ATP hydrolysis and/or
product release (43,44). Numerous regulatory proteins also tune DBP ATPase
rates through modulating ATPase cycle transitions and DBP interactions, which
includes promoting conformations that favor nucleotide loading, RNA binding,

relieve auto-inhibition, or alter product release (53,59-61). In turn, the
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conformations and interactions of a DBP with binding partners are often linked to

the chemical states of the bound nucleotide (34,42).

Dbp5, DDX19 in humans, is an essential DBP first described in Saccharomyces
cerevisiae as being involved in mRNA export from the nucleus (6,7). Subsequent
work has shown that Dbp5 is modulated by several regulatory factors, including
RNA, the nucleoporin proteins Nup159 and Gle1, and the endogenous small
molecule inositol hexakisphosphate (InsPs) (5,14,16-18,20,21,23,24,62-64). The
resulting phenotypic, genetic, biochemical, and structural data provides potential
models by which these regulators may control Dbp5 ATPase activity and mRNA
export in vivo (65). However, Dbp5 has also been linked to other cellular
processes, including rRNA export and translation (38,64,66), complicating the
interpretation of genetic and phenotypic data, and providing for the possibility of
context-dependent regulation to facilitate multiple independent Dbp5 functions in
RNA metabolism. Consequently, a detailed characterization of the Dbp5
mechanochemical cycle, and how this cycle is altered by regulators alone or in
combination, is necessary to test and extend models of Dbp5 function. In other
words, by determining the ATPase cycle rates and equilibrium constants in the
presence of regulators, we can define the relevant events along the ATP
hydrolysis pathway that represent control points for modulating Dbp5 activity in

vivo and describe how regulators alter these events.

Towards this goal, our recent work showed that Dbp5 steady-state cycling (kcat)
in the presence and absence of RNA is most limited by inorganic phosphate (P;)

release, and that ATP affinity for Dbp5 is approximately 10-fold weaker than ADP
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affinity (25). This detailed in vitro analysis identified P; release and nucleotide
exchange as potential biochemical transitions within the Dbp5 ATPase cycle that
may be modulated in vivo. In line with this, it has been proposed that Nup159
and Gle1 influence the Dbp5 nucleotide bound state, specifically by Nup159
aiding ADP release and Gle1 promoting ATP binding (24). This model of Dbp5
regulation is consistent with high resolution structures showing that the two
RecA-like domains of Dbp5 adopt an open configuration when bound by Gle1
and Nup159 (23), which may promote nucleotide exchange (i.e. ADP release

and/or ATP loading).

Overall, the reported activities and structural data to date are supportive of
Nup159 and Gle1 acting to alter the nucleotide state of Dbp5. One class of
regulatory proteins, nucleotide exchange factors (NEFs), achieve this by
accelerating the release of a protein bound nucleotide, often by disrupting
coordination of the nucleotide-associated magnesium cation (67,68). Eviction of
the nucleotide-bound cation, which mediates several key interactions between
nucleotide and protein, enables rapid dissociation of the nucleotide (e.g. ADP)
from the active site, subsequent binding of nucleotide (e.g. ATP), and an
additional round of ATPase cycling. This mechanism of regulation has not been
well described for DBPs, but Mg?*-based NEFs have been shown to regulate
several GTPase proteins (69-72), actin (73), kinesin (74,75) and myosin motor
proteins (76,77). One exception is the S. cerevisiae NEF, Ypt1p, which
accelerates nucleotide release from the TRAPPI GTPase through a Mg?*

independent pathway (78). Consequently, it is unknown whether DBPs also
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employ Mg?*-based NEFs, or whether Nup159 or Gle1 act as NEFs through Mg?*

to regulate Dbp5 activity.

Here, we test the hypothesis that Nup159 and Gle1 control the ADP-bound state
of Dbp5, and further assess the contributions of Mg?* to the kinetics and
thermodynamics of ADP binding to Dbp5. We report that Mg?* slows mantADP
and mantATP release from Dbp5, as observed with other NTPases (71,75,76),
and increased the overall ADP and ATP affinities (~3-fold for mantADP, 2-fold for
ADP, ~6-fold for mantATP, and 3-to-5-fold for ATP). We find that Nup159 does
not accelerate mantADP or Mg?*-mantADP release, while Gle1/InsPs slowed
mantADP release ~2-fold independent of Mg?*. These findings are inconsistent
with Nup159 or Gle1 acting as a NEF. Finally, binding affinity of Gle1 for the
mantADP-bound Dbp5 complex was reduced ~18-fold in the presence of
Nup159, suggesting that Nup159 may function in vivo to modulate the interaction

between Dbp5 and Gle1.

MATERIALS AND METHODS

Reagents - All reagents were of the highest purity commercially available. ATP
(Sigma, A7699) and ADP (Sigma, 01879) concentrations were determined by
absorbance using €259 = 15,400 M-1 cm-1. mantATP (Jena Biosciences, NU-
202 and Invitrogen, M12417) and mantADP (Jena Biosciences, NU-201 and
Invitrogen, M12416) concentrations were determined by absorbance using €255

= 23,300 M-1 cm-1. Inositol hexakisphosphate (phytic acid) was purchased from

25



Santa Cruz Biotechnology (SC-253276). Buffers were made with either DEPC
treated water (American Bio, AB021028) or Millipore MilliQ® distilled deionized
water that had been filtered through a 0.2 ym filter. Experiments were performed
at 25 °C in assay buffer: 30 mM Hepes (pH 7.5), 100 mM KCI, and 2 mM DTT,
supplemented with the indicated [MgCI2] or [EDTA]. For all experiments, the free
Mg2+ concentration ([Mg2+]free) was determined using the program WebMaxC

Standard (version - 12/31/03; http://web.stanford.edu/~cpatton/webmaxcS.htm).

Protein purification - Dbp5, Gle1, and Nup159 were purified as described [43].

Transient kinetic assays - Transient kinetic measurements were performed on an

Applied Photophysics SX20 stopped-flow instrument thermostatted at 25 + 0.1
°C. mant-nucleotide binding to Dbp5 was monitored by FRET between excited
tryptophans (Aex = 280 nm) in Dbp5 and the bound mant-labeled nucleotide.
Fluorescence 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 (69,79).
Time courses shown are averages of at least two traces. Fitting was performed
by nonlinear least-squares regression, and uncertainties of quantities determined

from fits are given as standard errors in the fits.

mantADP dissociation kinetics - Irreversible dissociation of mantADP bound to

Dbp5 was achieved by mixing with a large excess of unlabeled ADP to prevent
mantADP rebinding. mantADP dissociation from Dbp5 in solution was measured
as a function of [Mg2+]free using two approaches. First, Dbp5-mantADP was

pre-formed in the presence of saturating Mg2+ by pre-equilibrating 4 uM Dbp5

26



and 60 yM mantADP in assay buffer containing 2 mM MgCI2 prior to initiating
mantADP dissociation by rapidly mixing with a solution of 20 mM ADP
supplemented with either 40 mM (for no Mg2+ only) or 3 mM EDTA, and a range
of [MgCI2] to generate 0.057-2000 uM final [Mg2+]free after mixing and
accounting for EDTA, mantADP and ADP chelation. Alternatively, Dbp5-
mantADP was pre-formed in the absence of Mg2+ with assay buffer containing 4
mM EDTA to ensure no free Mg2+ at the start of the reaction, before being mixed
with 20 mM ADP and a range of MgCI2 to generate 0.051-2000 uM [Mg2+]free
after mixing. The final concentrations after mixing are 2 yM Dbp5, 30 uM

mantADP and 10 mM competing unlabeled ADP.

[Nup159]-dependent Mg2+mantADP dissociation, with saturating Mg2+ (2 mM)
in solution throughout the reaction, was monitored by mixing a pre-equilibrated
solution of 4 yM Dbp5 and 40 uM mantADP in assay buffer containing 2 mM
MgCI2 with equal volumes of a range of [Nup159] in assay buffer supplemented
with 8 mM MgClI2 and 6 mM ADP (2 mM MgZ2+ in solution after ADP chelation).
[Nup159]-dependent mantADP dissociation without Mg2+ was monitored by
mixing pre-equilibrated solutions of 2 yM Dbp5 and 80 yM mantADP in assay
buffer containing 11.05 mM EDTA with equal volumes of assay buffer containing
20 mM ADP, 11.05 mM EDTA (ca. 27 nM [Mg2+]free after mixing), and various
concentrations of Nup159. [Gle1]-dependent Mg2+-mantADP (saturating Mg2+ in
solution) and mantADP (no Mg2+) dissociation were measured identically to
Nup159, with the modification that the assay buffer in both syringes included 15

MM InsP6. Mg2+-mantADP dissociation from Nup159-Gle1-Dbp5 complex with
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saturating Mg2+ in solution was performed by mixing a pre-equilibrated solution
of 5 yM Nup159, 4 yM Dbp5, 40 yM mantADP, and 15 uM InsP6 with an equal
volume solution of 6 mM Mg2+ADP and 15 uM InsP6 pre-equilibrated with
varying concentrations of Gle1. The assay buffer in both syringes for Mg2+-
mantADP dissociation from the Nup159-Gle1-Dbp5 complex included an

additional 2 mM MgCI2 in excess of the nucleotide concentration.

mant-labeled nucleotide association kinetics - The kinetics of mantADP binding

to Dbp5 in the absence of Mg2+ was monitored by mixing Dbp5 (final
concentration after mixing is 1 yM) with various concentrations of mantADP, in
assay buffer containing 10 mM EDTA. Time courses were fitted to a single
exponential and the [mantADP]-dependence of the observed pseudo-first order
rate constants was fitted to a linear equation to extract bimolecular binding on-

and off- rate constants from the slope and y-intercept, respectively.

mantATP binding was performed identically to mantADP binding experiments,
but the time courses were fitted to three exponentials. The [mantATP]-
dependence of the two fastest observed rate constants were globally fitted to
Equation 2.2 in the text (25,44) to determine fundamental rate constants. The
third observed phase for mantATP binding while in the absence of Mg2+ is very
slow (0.1 s-1) compared to the two fast observed phases and may represent a
downstream process or off-pathway reaction. As in our previous analysis of
mantATP binding in the presence of Mg2+ (25), we have not included this phase
in our reaction schemes, since it is too slow to influence the two faster

processes.
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Competition of mantADP and unlabeled nucleotide - Dbp5 (final concentration

after mixing is 1 yM in ADP containing reactions; 2 uM in ATP containing
reactions) was rapidly mixed with 40 yM mantADP (final after mixing) and varying
concentrations of unlabeled nucleotide, in assay buffer containing 1.5 mM (ADP
reactions) or 2.5 mM (ATP reactions) EDTA. Time courses of FRET signal
change from mantADP binding to Dbp5 in the presence of varying amounts of
unlabeled ATP or ADP followed double exponentials (Figure 2.3A). The slow
phase occurring at 0.1 — 0.6 s-1 has a small amplitude compared to the fast
phases in both ATP and ADP competition cases and has no well-defined
dependence on [ATP] or [ADP]. Since the processes presented by the slow
phases in both cases are temporally well-separated from the initial event
involving mantADP binding competition with unlabeled nucleotides, we analyzed
only the fast, [ADP] or [ATP]-dependent observed rate constant without

interference from the slow phase.

RESULTS

Removal of [Mg?*] from Dbp5 accelerates mantADP release

Prior to testing regulators for Mg?*-based NEF activity, it was necessary to

determine how Mg?* influences nucleotide exchange and binding. To evaluate
the impact of magnesium on nucleotide-Dbp5 interactions (Scheme 2.1), time
courses of Dbp5-mantADP dissociation in the presence of saturating Mg?* and

absence (i.e. with excess EDTA) of Mg?* were collected (Figure 2.1A). The
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resulting data are best fit by single exponentials where the observed rate
constant depends hyperbolically on [Mg?*]iree (Figure 2.1B), yielding a mantADP
dissociation rate constant (k-mp(+mg)) of 2.4 + 0.01 s in the presence of Mg?*, and
four-fold more rapid mantADP dissociation in the absence of Mg?* with a rate
constant (k-mp(mg)) of 10.0 + 0.4 s*! (Figure 2.1A, Table 2.1). We interpret these
and other related results with the assumption that the impact of Mg?* on
nucleotide binding arises from its direct association with the nucleotide at the
Dbp5 active site, though contributions from Mg?* binding to secondary sites on
Dbp5 cannot be ruled out. Identical results are obtained when starting with a
preformed Dbp5-Mg?*-mantADP complex (in the presence of excess MgCl2) or
with a preformed Dbp5-mantADP complex in the absence of Mg?* (excess EDTA
present in buffer prior to mixing; Figure 2.1B) before rapidly mixing with
excessive competing unlabeled ADP and varying concentration of MgClz. These
results indicate that Mg?* rapidly equilibrates between the Dbp5 active site and

bulk solution on a timescale much greater than that of mantADP dissociation.

We fitted the [Mg?*]iee-dependent observed dissociation rate constant as a
weighted average of Mg?*-mantADP and mantADP dissociation according to

Equation 2.1:

[HmD] [HMgmD]
+ k—nzD(+Mg)
[HmD|+[HMgmD]
[HMgmD]

HmD]+[HMgmD)]

k, =k ..
ohs PO HmD)+[ HMgmD]

= k—mD(—Mg) + (k—mD(+Mg) - -mD(-Mg) ) [

—-mD(+Mg) _k—mD(—Mg) [

K +[Mg]

Mg ,HmD

=k

-mD(-Mg)

Mg]
(2.1)

30



where Kk-mb+Mg) and k-mb(-mg) are the mantADP dissociation rate constants with
and without Mg?*; [HMgmD] and [HmD] are Dbp5-mantADP complex with and
without Mg?*; [Mg] is [Mg?*]ree, and Kwg Hmp is the equilibrium dissociation
constant for Mg?* binding to Dbp5-mantADP. The simplified hyperbolic form of
the HMgmD species is used since the total Mg?* concentration in the titration
range available to bind HmD complex >> total [HmD]. Using Equation 2.1, the
best fit of the data for both sets of measurements in Figure 2.1B yields a Mg?*
affinity for Dbp5-mantADP (KwugHmb) of ~ 164 uM (Table 2.1) with a mantADP
dissociation rate constant of ~ 2.4 s*' with Mg?* and ~ 9 s*' without Mg?*,

indicating that Mg?* occupancy slows mantADP release.
Mg?* modifies kinetics of mant nucleotide binding to Dbp5

To measure the kinetics of mantADP binding in the absence of Mg?* (Scheme
2.1), time courses of FRET signal change upon mantADP association were
collected following rapid mixing of Dbp5 with mantADP. In the absence of Mg?*,
mantADP binding traces are well-described by single exponentials with observed
rate constants that depend linearly on the mantADP concentration (Figure 2.2A).
The association rate constant in the absence of Mg?* (k+mp(-mg)) determined from
the slope of the best linear fit of the data is 1.0 + 0.1 uM-' s*1, while the
dissociation rate constant (k-mp(-mg)) estimated from the y-intercept is 15 + 2 s
(Figure 2.2B, Table 2.1), slightly faster than the value of ~9-10 s™' determined
from irreversible dissociation measurements (Figure 2.1). The mantADP affinity
in the absence of Mg?* (Kmb(-mg)) calculated from the ratio of dissociation and

association rate constants is 15 £ 2.5 yM.
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We previously observed multi-step mantADP binding in the presence of Mg?*
(25), as indicated by the apparent hyperbolic [mantADP] concentration-
dependence of the observed rate constant with a weak affinity of Kmpo~100 yM
for the fast binding step. In the mantADP titration range that satisfies the
condition [mD] < Kmpo~100 puM, the hyperbolic [mantADP] concentration-
dependence of the observed rate constant approximates to linear
(80,81)_ENREF 43, and the overall on- and off rate constants for the combined two
step binding can be approximately estimated by fitting this data (25) to a linear
function, yielding Mg?*mantADP association (k+mb(+Mg)) and dissociation
(k-mD(+Mg)) rate constants of 0.58 + 0.07 uM's"' and 2.9 + 0.9 s, respectively.
The ratio of association and dissociation rate constants yields a Mg>*mantADP
affinity of 5 + 2 yM. Thus, Mg?* slows mantADP dissociation and to a lesser
extent mantADP association, explaining the overall weaker Dbp5-mantADP

binding affinity (~ 2-3 fold) in the absence of Mg?*.

In the case of mantATP, time courses of binding to Dbp5 in the absence of
Mg?* are well-fitted by three exponentials (Figure 2.2C), similar to binding
measured in the presence of Mg?* (25). We assume that the two fastest
[mantATP]-dependent transitions occur in series and the first observed phase is
from mantATP binding, while the second observed phase is a combined/overall
step that involves downstream ATPase reactions, including ATP hydrolysis (44).
Therefore, the two observed fast phases can be globally fitted to Equation 2.2 to

determine rate constants in the ATPase reaction scheme (25,44).
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kl,Zobs = %(k-#l [mT] + k_l + k+2 + k_2

e Jke Tk + ko + k) — 4Gk, [mT Ve, + kK, + k., [mT]k,z)) .

In Equation 2.2, [mT] is the total mantATP concentration , k+1 and k-1 are the
fundamental forward and reverse rate constants for step 1 (mantATP binding),
and k+2 and k-2 are the forward and backward rate constants for combination
step 2 (including mantATP hydrolysis) (25,44). The mantATP association rate
constant in the absence of Mg?* determined from the fitis 3 + 1 yM-' s (Figure
2.2D, Table 2.1) and is comparable to the rate constant measured in the
presence of Mg?* (1.63 uM-' s*! from (25)). In contrast, the mantATP dissociation
rate constant is an order of magnitude faster in the absence of Mg?* (~125 s*;
Figure 2.2D; Table 2.1) as compared to the presence of Mg?* (~11.9 £ 0.7 s
from (25)). As in our previous analysis of mantATP binding in the presence of
Mg?* (25), we have not included the third phase in our reaction schemes, since it
is too slow to influence the two faster processes (see Materials and Methods).
Together, these measurements show that Mg?* has a strong effect on mantATP
dissociation, which is ~4 fold greater than the impact of Mg?* on mantADP

dissociation.
Mg?* tightens unlabeled ADP and ATP binding to Dbp5

To extend and validate these measurements, the affinity of Dbp5 for unlabeled
nucleotides in the absence of Mg?* was determined by kinetic competition
experiments between mant-labeled and unlabeled nucleotides (Figure 2.3), as
previously done in the presence of Mg?* (25,79). ADP or ATP competition slows
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the observed fast mantADP binding phase (Figure 2.3B and 2.3C), indicating that
the [ADP]- or [ATP]-dependent mantADP observed rate constants can be fitted
by Equation 2.3 below (25,82), derived specifically for cases in which the
unlabeled competitor binds in rapid equilibrium in advance of labeled ligand

binding.

k kkobS,O - kobs,inf

obs,inf + . [ADP]

k

obs

Kp 2.3)

In Equation 2.3, Kp is the unlabeled ADP equilibrium binding constant. kops0 and
Kobs,inf (With unit s*1) are the observed mantADP rate constant at 0 and saturating
unlabeled [ADP], i.e. kobs,0 = k+mbd [MD]+k-mbp and Kobs,inf = k-mp. TO analyze ATP
competition data, replace [ADP] and Kp by [ATP] and Kr, respectively. Fitting the
[ADP] or [ATP]-dependence of the observed mantADP binding rate constant in
Figure 2.3B or 2.3C to Equation 2.3 gives the apparent ATP affinity (Kt(mg) = 15
+ 4 mM) or ADP affinity (Kpmg) = 0.8 = 0.1 mM) in the absence of Mg?* (Table
2.1), and a mantADP dissociation (k-mp(-mg) = Kobsinf ~ 6 - 10 s™') and association
rate constant (k«mp(mg) ~ 1.2 - 1.4 uM' s) (Table 2.1). The equilibrium constant
(15 mM) for unlabeled ATP binding to Dbp5 is ~3-5-fold weaker than the 3 - 6
mM affinity of Mg?*-ATP (25), and unlabeled ADP (0.8 mM) binding is ~2-fold
weaker than that of Mg?*-ADP (Table 2.1) (25,83). These data obtained here by
ADP and ATP competition are consistent with the mantADP binding and
irreversible dissociation measurements made in the absence of Mg?* in Figure

2.1 and 2.2 (see Table 2.1).
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A similar procedure for the derivation of Equation 2.3 can be performed
without imposing the assumption of unlabeled competitor binding in rapid
equilibrium by solving differential equations describing the competitive binding of

labeled and unlabeled ligands for protein to yield Equation 2.3', below:

kobs,inf [ADP] + KDkobs,O

k

obs

=2
[ADP] + KDkobs,O

kip (2.3")

2
k. k. ko
0b5’0+[ADP]+KD+\/[”b"0+[ADP]+KDj — 4 "0bs.inf
k+D k+D

In Equation 2.3', the symbols are the same as in Equation 2.3 with an additional
parameter, k+p, which is the unlabeled ADP bimolecular association rate constant
expressed with identical concentration units as the equilibrium binding constant

Kp. Under conditions where

K+ [ADP] S>> k+mD [mD] * k—mD _ kobs,O or kobs,O - 2kobs,inf
D =

+D kep , the quadratic form of

Equation 2.3’ is simplified to a hyperbolic form given in Equation 2.3. Equation
2.3 and 2.3' and the conditions and discussions above apply to ATP competition
as well, while replacing [ADP] and Kp by [ATP] and K7, respectively. Compared
to Equation 2.3, Equation 2.3' is more general and does not need the
presumption of unlabeled competitor binding in rapid equilibrium. Moreover,
Equation 2.3' further permits determination of unlabeled nucleotide binding rate
constants (k+p) to provide a sense of the timescale of unlabeled nucleotide
binding, though it is an approximation and subject to large error due to the rapid

equilibration of unlabeled competitor.
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In the absence of Mg?*, unlabeled ADP and ATP competition data in Figures
2.3B and C are fitted equally well to Equation 2.3' and Equation 2.3, even though
the parameter k+p (k+7) has a large error. The results for the remaining
parameters are essentially the same for both equations. The best fit curves
generated by the two equations are indistinguishable. Fitting results by Equations
2.3' estimate an ADP association rate constant (k+pmg)) of ~2 uM-' s* and an
ATP association rate constant (k+r(-mg)) that is even faster. We estimate from
these association rate constants and binding affinities that ADP dissociates
(k-p(-mg)) at ~1600 s™! and ATP dissociates (k-r(-mg)) at > 30000 s (Table 2.1).
These extremely rapid rate constants are subject to large uncertainty and may
only provide lower estimates of dissociation rate constants. However, these data
highlight the fact that ADP and ATP binding to Dbp5 are in extremely fast
equilibrium, similar to binding in the presence of Mg?* (25), which suggests that a

NEF would not be necessary to accelerate nucleotide exchange.
Nup 159 does not accelerate mantADP release from Dbp5

Previous work has provided evidence for Nup159 accelerating ADP release from
Dbp5 (24). Structural work has further shown that Nup159 binds Dbp5 in a
manner mutually exclusive with RNA (22,23), and may allow separation of the
two RecA-like domains of Dbp5 to facilitate nucleotide exchange. The
interactions of Nup159 with Dbp5-ADP and -Mg?*ADP relevant to potential
Nup159 NEF activity are shown in the top half of Scheme 2.2, where N
represents Nup159. To detail these interactions, time courses of mantADP
dissociation from Dbp5 were collected in the presence of saturating Mg?* upon
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rapid mixing with Nup159 and excess competing unlabeled ADP. These data
followed single exponentials (Figure 2.4A), with observed rate constants that
slow in a weakly [Nup159]-dependent manner over the range examined (0-14
uM; Figure 2.4B). The observed rate constant of Mg?*-mantADP dissociation
decreased from 2.7 £ 0.1 s (k-mp(+Mg)) t0 2.0 £ 0.2 s7! (k-mp(+Mmg), N) in the
presence of excess Nup159 (Figure 2.4B). Fitting [Nup159]-dependent observed
rate constants of mantADP dissociation in the presence of Mg?* to Equation 2.4,
a population weighted average of Nup159 (N) bound and un-bound mantADP-

Dbp5 complexes:

P [HmD] i [NHmD)]
“ " [HmD)+[NHmD] """ [HmD]+[NHmD]

+K, - \/([HmD]m +[N1, +K,)* —4HmD], [N]
2HmD],, (2.4)

tot + [N]tot tot tot tot

=t (K~ )
yields an affinity (Kn(+mg)) of ~ 0.3 £ 0.8 yM for Nup159 binding to Dbp5-
Mg?*mantADP, where k-mp and k-mp,n are mantADP dissociation rate constants
from Dbp5 without and with bound regulator Nup159 , and Ky is the equilibrium
constant of Nup159 binding to Dbp5-mantADP (HmD). [HmD]:wt = [HmD] +
[NHmD] by mass balance. Time courses of mantADP dissociation from Dbp5
upon rapid mixing with Nup159 and excess competing unlabeled ADP in the
absence of Mg?* also followed single exponentials, with no observable [Nup159]
dependence in the rate constants (~11 + 2 s' Figure 2.4C and 2.4D). Together,
these measurements do not support a role for Nup159 in accelerating ADP

release from Dbp5.
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Gle1 slows mantADP release from Dbp5

Crystal structures of the Gle1-InsPs-Dbp5-ADP complex showed that Gle1
contacts both RecA-like domains and orients them in a partially open
conformation (23), and thus considered the possibility that this domain orientation
may promote nucleotide exchange. The possible relationships between Gle1 and
Dbp5-ADP and -Mg?*ADP interactions are detailed in the bottom half of Scheme
2.2. As with Nup159, time courses were collected of irreversible [Gle1]-
dependent mantADP release from Dbp5-InsPs in the presence (Figure 2.5A) and
absence of Mg?* (Figure 2.5C). Data are well-fitted by single exponentials, with
observed rate constants that depend hyperbolically on the [Gle1] (Figure 2.5B,
2.5D). In the absence of Mg?* there is a slow increase in background signal due
to Gle1 itself, independent of binding, that was accounted for by an additional
exponential. Under excess Gle1 conditions, mantADP release from Dbp5 slowed
about two-fold from 2.4 + 0.1 s to 1.3 £ 0.3 s*! in the presence of Mg?* and from
10.5+0.1s"t0 6.3 £ 0.2 s in the absence of Mg?* (Table 2.2). Fitting the [Gle1]-
dependence of the observed rate constants to Equations 2.4 (substituting N with
G (Gle1)) yields a Gle1 affinity for the InsPs-Dbp5-ADP complex of 0.1 £ 0.3 uM
with Mg?* (Kg(+Mg), Hmp) and 0.3 + 0.1 uM without Mg2* (Ka(-mg), HmD), suggesting
the impact of Mg?* is minimal given the measurement uncertainties. Based on

these measurements, Gle1 does not accelerate ADP release from Dbp5.
Nup159 weakens Gle1 affinity for Dbp5-Mg?*mantADP complex

Current models propose that Dbp5 is regulated at nuclear pore complexes in a

series of interactions with RNA, Gle1-InsPs and Nup159 to facilitate mRNA
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export (23,24,65). One component of these models is that Dbp5 sequentially
interacts with Gle1 and Nup159 to spatially modulate the Dbp5 ATPase cycle.
Moreover, structural work has shown that binding of Nup159 to a Gle1-InsPs-
Dbp5-ADP complex induces solvent accessible separation of the two RecA-like
domains of Dbp5 (23), which may favor nucleotide exchange. Consequently, to
investigate the possibility that NEF activity emerges in the presence of both
regulators, time courses of irreversible Mg?*-mantADP dissociation from Dbp5 in
buffer containing 2.5 yM Nup159 and 15 pM InsPes were measured upon rapid
mixing with varying concentrations of Gle1 and excessive competing ADP. These
data fit single exponentials (Figure 2.6A), where the observed rate constant of
Mg?*-mantADP dissociation slowed monotonically with [Gle1] (Figure 2.6B). The
best fit of the observed rate constant to Equation 2.4 gives the affinity of Dbp5-
mantADP for Gle1 in the presence of Nup159 and InsPs (Ka(+mg),HNmD) @s 1.8 +
3.2 uM (Figure 2.6B), ~18 times weaker than that in the absence of Nup159 (0.1
+ 0.3 uM). The fit also yields a mantADP dissociation rate constants of 2.2. + 0.1
s in the presence of Nup159 (k-mp(+mg)N) and InsPe (no Gle1) and 0.8. + 0.9 s’
in the presence of Nup159, InsPes and Gle1 (k-mp(+mg).GN), Similar to the mantADP
dissociation rate constants with Gle1 and InsPs (no Nup159; k-mb+mg) =2.4 £ 0.1
s' and k-mpemg).en = 1.3 £ 0.3 s7'; Figure 2.5). These results indicate that binding
of Nup159 to Dbp5 significantly alters the association between Dbp5 and Gle1,
but still has minimal impact on mantADP release from Dbp5 in the presence of

Gle1- InsPs.
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DISCUSSION

Genetics, cell biology, biochemistry and structural biology have significantly
contributed to the understanding of Dbp$, including regulation of the Dbp5
ATPase cycle, leading to various models of Dbp5 mediated mRNA export
(39,65,84-87). Here we present quantitative kinetic and thermodynamic data that
provides evidence for an alternative model of Nup159-mediated regulation of

Dbp%, achieved by mediating the interaction of Dbp5 with Gle1.

Note that the complexes and data presented here do not include RNA, which
may alter Nup159 and Gle1 activities in regulating ADP release as NEFs.
However, previous studies suggest that potential NEF activity from Nup159 or
Gle1 binding to the Dbp5-ADP complex occurs after RNA release (23,24). Still, it
is possible that transient co-binding of RNA, Gle1 and ADP during steady-state
ATPase cycling (i.e. following hydrolysis and Pi release) may provide the
opportunity for RNA to influence nucleotide and regulator interactions. For this
reason, we limit our discussions and conclusions to ADP-bound complexes

formed in the absence of RNA.
Mg?*-Nucleotide binding linkage in Dbp5

Although many NTPases require a Mg?* cofactor for hydrolysis of the
phosphodiester bond (88), persistence of Mg?* in the post-hydrolysis active site
can inhibit NDP dissociation and therefore recycling of the enzyme. In the Ras
superfamily of small GTPases, the presence of Mg?* contributes to extremely

tight GDP binding affinities with dissociation constants that can be in the
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subnanomolar range (89,90). Consequently, by altering Mg?* binding and
accelerating off rates, NEFs are able to spatially and temporally regulate a vast
number of cellular processes (91). Like the Ras family and other NTPases, Mg?*
is also an important cofactor for nucleotide binding and hydrolysis by DBPs
(34,92). A previous study had identified Mg?*-mediated inhibition of helicase
activity for Dbp5, and another DBP Sub2, but the mechanism of inhibition was
not identified and may be multifaceted given the duplex unwinding readout, which
encompasses all steps of the ATPase cycle, as well as Mg?*-sensitive protein-
RNA and RNA-RNA interactions (93). Therefore, it is not known if Mg?* is a target
for regulators that function to control discrete transitions within the DBP ATPase

activity.

In these studies, Mg?* was found to bind Dbp5-mantADP with an affinity of ~164
UM. The presence of Mg?* slowed mantADP dissociation ~4-6 fold and
decreased mantADP association, which resulted in a modest tightening of
mantADP binding affinity for Dbp5 (3-fold) from ~15 yM to ~5 yM (Table 2.1).
Unlabeled ADP binding affinity was also observed to tighten 2-fold from 0.8 to
0.36 mM in the presence of Mg?* using kinetic competition assays with mantADP
(Figure 3 and (25)). Mg?* tightened the affinity of Dbp5 for mantATP ~6-fold (42
to 7.3 pM, Kimt or Kmt comparison, Table 2.1 and (25)) and unlabeled ATP ~3 -
5-fold (15 to 3 - 6 mM, Table 2.1 and Figure 2.3) as well. We assume these Mg?*
effects originate from a Mg?* cation bound to the nucleotide in the active site of
Dbp5, although Mg?* may interact with secondary regulatory sites on Dbp5.

Under this assumption, the affinity of Mg2* for Dbp5-ADP or -ATP can be
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estimated to be ~113 and 17 pM, respectively (Table 2.1). These values are
calculated using literature values for affinity of Mg?*ADP of ~676 uM and
Mg?*ATP of 87 uM under our experimental conditions (94,95) and using the
subsequent detailed balance of Scheme 2.1, where in the case of ATP, ADP (D)
is replaced by ATP. The ~7-fold tighter affinity of Mg?* for Dbp5-ATP (17 uM) as
compared to Dbp5-ADP (113 pM) might be expected from the presence of the
gamma phosphate, which helps coordinates the cation in the pre-hydrolysis

active site.

To our knowledge, this is the first study to investigate the role of Mg?* in
stabilizing the nucleotide-bound state of a DBP and may prove to be a more
general model for DBP-nucleotide interactions given the evidence for Mg?*-linked
nucleotide associations in other NTPase families (67-70,72-78,96), including the
superfamily | helicases (97). Notably, S. cerevisiae intracellular [Mg?*]ree is
estimated to be 0.1-1 mM (94), and is known to fluctuate throughout the cell
cycle and in response to environmental conditions (94,98). As such, Dbp5-ADP
is potentially responsive to these cellular fluctuations in Mg?*, raising the
possibility that Dbp5 activity may be modified by environmental factors in addition

to known protein regulators (14,16,18,20,64).
The impact of Gle1 on the Dbp5-ADP complex

Gle1 slowed the dissociation of mantADP(xMg?*) from Dbp5 approximately two-
fold and displayed a similar binding affinity within error for Dbp5-mantADP in the
presence and absence of Mg?* (0.1 £ 0.3 vs 0.3 + 0.1 uM, Table 2.2). Although it

is a trivial difference within error of the Gle1 affinity measurements, this 3-fold
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change produces an apparent difference in Mg?* affinity of Gle1-InsPs-Dbp5-
mantADP (55 uM) vs. Dbp5-mantADP (164 pM, Table 2.1) calculated from
detailed balance of Scheme 2.2. However, the difference in Mg?* affinity for the
Dbp5-mantADP complex (xGle1) is also not significant due to the large error
propagated from the uncertainties in the Gle1 affinity measurements. Therefore,
these data suggest that Gle1 has a minimal impact on interactions among Mg?*,
Dbp5, and mantADP and does not act as a NEF under these solution conditions.
Therefore, Gle1 stimulation of Dbp5 ATPase activity (tRNA) (20,23) arises from
a transition other than acceleration of nucleotide exchange. Given that Pi release
limits both the RNA-stimulated and intrinsic Dbp5 steady-state ATPase activity

(25), Gle1 presumably accelerates Pi release.
The impact of Nup159 on the Dbp5-ADP complex

It has been reported that Nup159 stimulates ADP release from Dbp5, assayed
using an in vitro filter-binding assay (24). Using rapid solution based kinetic and
thermodynamic assays, we found that Nup159 did not accelerate dissociation of
Mg?*mantADP or mantADP from Dbp5, nor did Nup159 alter mantADP release in
the presence of Gle1 (i.e. mantADP release from Gle1-InsPs-Dbp5 is the same
with and without Nup159; Table 2.2). We also did not observe long-lived ADP
states in our mantADP release time courses through unlabeled ADP competition
and Dbp5 ATPase cycling. Finally, we note that ADP release is not rate-limiting
for Dbp5 ATPase activity in the presence or absence of RNA (25) and a reported
slow (i.e. minutes) Nup159 stimulated ADP release (24) is unlikely to be relevant

to the kinetics of mMRNA export in vivo, which occurs in the sub-second time scale
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(36,99-101). Accordingly, we conclude from these data that Nup159 and Gle1 do

not function as NEFs for Dbp5.

The affinity of Dbp5 for mantADP relative to unlabeled ADP is significantly tighter
due to hydrophobic interaction between the mant fluorophore and three residues
of Dbp5 (25). Thus, it is conceivable that strong interactions between Dbp5 and
the mant fluorophore could potentially alter the effects of Nup159 and Gle1 in our
studies. However, for the mant moiety to mask possible NEF activity of the
regulators, putative NEF binding would have to enhance mant interactions with
Dbp5 to an extent that the favorable interactions exceed (since mantADP release
is actually slowed) the net perturbations in ADP binding. In other words,
assuming the ADP dissociation activation energy is reduced to near zero
following NEF perturbation (to allow for immediately release), the dissociation
activation energy of the mant moiety alone must exceed the total dissociation
activation energy of mantADP (both mant and ATP moieties) prior to regulator
association. Consequently, we do not favor a mechanism in which the mant

fluorophore masks regulator NEF activity.

Instead, our findings show that Nup159 weakens Gle1 affinity for the Dbp5-
mantADP complex ~18 fold (from 0.1 to 1.8 uM, Table 2.2). Crystal structures of
the Nup159-Gle1-Dbp5 complex demonstrate that Nup159 and Gle1 bind
separate and distinct sites on Dbp5 and do not directly compete for Dbp5 binding
(23). Consequently, we expect that Nup159 likely modulates Gle1 binding to
Dbp5 through an allosteric mechanism (i.e. Nup159 promotes conformational

changes of Dbp5 that weaken Gle1 binding), supporting a model where Nup159
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aids Gle1 release from Dbp5 to promote enzyme turnover and further rounds of

ATP hydrolysis in vivo.
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SCHEMES
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Scheme 2.1. Dbp5 catalytic cycle reaction scheme in the presence

of nucleotide and magnesium. H: Dbp5; R: RNA; D: ADP; Mg: magnesium.
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Scheme 2.2. Dbp5 catalytic cycle reaction scheme in the presence of Gle1,
Nup159, nucleotide, and magnesium. H: Dbp5; R: RNA; G: Gle1; N: Nup159; D:

ADP; Mg: magnesium.
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Figure 2.1. Mg?* slows mantADP dissociation from Dbp5. (A) Time courses of

FRET signal changes in pre-equilibrated solutions of Dbp5 and mantADP with 2
mM MgCl2 (Mg?* curve) or 4 mM EDTA (EDTA curve) upon rapid mixing with an
equal volume of 20 mM ADP in assay buffer containing either 2 mM

[MgCl2]free (Mg?* curve) or 0 mM [MgClz]iee (EDTA curve). Continuous lines
through the data represent best fits to single exponentials, yielding k-mp(-mg) =
10.0 £ 0.4 s and k-mp@+mg) = 2.4 + 0.009 s™'. (B) [Mg?*]ee dependence of the
observed rate constants of mantADP dissociation from a pre-formed Dbp5-
mantADP (no Mg?*, filled circles) or Dbp5-Mg?*mantADP complex (open circles).

The solid and dashed lines through the data represent the best fits of the data
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starting with Dbp5-mantADP (filled circles) or Dbp5-Mg?*mantADP (open circles)
to Equation 2.1, yielding the two KugHmp) values (160 + 40 — filled circles and 165
+ 26 UM — open circles) for Mg?* binding to Dbp5-mantADP complex as well as
the fundamental dissociation rate constants for mantADP (k-mp(-mg) = 10 and 9
s7', no Mg?*) or Mg?* mantADP (k-mp(+Mg) = 2.4 and 2.2 s™', saturating Mg?*).
Uncertainty bars represent standard errors of the fits and are contained within the

data points.
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Figure 2.2. mant nucleotide—Dbp5 binding kinetics in the absence of Mg?*.
(A) Time courses of FRET signal change after mixing Dbp5 with varying
[mantADP] in 10 mM EDTA. Final concentrations after mixing are 1 uM Dbp5 and
(lower to upper) 30, 50, 75, or 100 yM mantADP. Best fits to single exponentials
are illustrated by smooth lines through the data. (B) [mantADP] dependence of
observed rate constants obtained from exponential fits in A. The line through the
data represents the best linear fit, giving the fundamental association rate
constants (k+ mp(-mg) = 1.0 £ 0.1 uyM~ 1 s~ 1) for divalent cation-free mantADP
binding to Dbp5, and fundamental dissociation rate constant, k- mp-mg) = 15 + 2
s~ 1. (C) Time courses of FRET signal change after mixing Dbp5 with varying
[mantATP], in buffer with 10 mM EDTA. Final concentrations after mixing are 1

MM Dbp5 and (lower to upper) 20, 40, 60 or 80 uM mantATP. Best fits to three
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exponentials are illustrated by continuous lines through the data. (D) [mantATP]
dependence of observed rate constants. kimt(- Mg),obs and kamT(- Mg),obs WeEre
globally fit to Equation 2.2 (44) and the resulting kinetic rate constants are listed
in Table 2.1. kamT(- Mg),obs ~ 0.1 s~ ' and is [mantATP]-independent over the range
titrated. The [mantATP] dependence of the fastest phase observed rate
constants was not fitted to a hyperbolic function given the uncertainty associated
with kobs values that approach the instrument dead time. Moreover, when these
values are fitted to an unconstrained hyperbolic function, an unwarranted, large
negative y-intercept value results. Therefore, we fitted to the simplest
mechanism/model. Uncertainty bars represent standard errors of the fits and are

contained within the data points.
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Figure 2.3. Determination of unlabeled nucleotide affinity in the absence of
Mg2+ by kinetic competition with mantADP. (A) Time courses of FRET signal
change after mixing 1 uM Dbp5 with an equal volume solution of 40 uM
mantADP and (upper to lower) 0, 0.00875, 0.0625, 0.0875, 0.175, 0.2625,
0.4375, 0.875, 1.75, 2.625, or 4.375 mM ADP in assay buffer containing excess
EDTA. Concentrations are final after mixing. The lines through the data represent

best fits to double exponentials. (B) [ADP]-dependence of the fast observed rate
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constants from the double exponential fits in Panel A. (C) [ATP] dependence of
the fast observed rate constant of two exponential fits after mixing 2 uM Dbp5
with 40 yM mantADP and excess EDTA supplemented with either 0, 0.2, 0.5,
0.9,1.5,25,4,6,9, 12, 15, 25, or 40 mM ATP. Concentrations are final after
mixing. The lines through the data in panels B and C represent the best fits to
Equation (2.3) and yield apparent affinities: Kp(-mg)= 0.8 £ 0.1 mM and Kt(-mg) =
15 £+ 4 mM. Uncertainty bars represent standard errors of the fits and are

contained within the data points.
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Figure 2.4. Nup159 minimally affects mantADP(x Mg?*) dissociation
kinetics. (A) Time courses of irreversible Mg?* mantADP dissociation from a pre-
incubated solution of Dbp5 (2 uM) and Mg?* mantADP (20 uM) upon mixing with
3 mM Mg?* ADP and (from lower to upper) 0, 1.5, 4.5, or 10 yM Nup159 in assay
buffer containing excess MgClz. Concentrations are final after mixing. Smooth
lines through the data represent best fits to single exponentials. (B) [Nup159]
dependence of the observed rate constants obtained from panel A. The line
through the data represents the best fit to Equation 2.4, yielding Kn( mg)Hmp of 0.3
+ 0.8 UM, k-mp(+Mmg) = 2.7 £ 0.1 87" and Kk-mp+mgyn = 2.0 £ 0.2 s7 1. (C) Time
courses of FRET signal change after mixing pre-equilibrated solutions of 1 yM

Dbp5 and 40 yM mantADP with an equal volume of (lower to upper) 0, 3, or 9 uM
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Nup159 and 10 mM ADP in assay buffer containing excess EDTA (ca. 27 nM
[Mg?*Irree after mixing). The concentrations are final after mixing. Continuous lines
through the data represent best fits to a single exponential. (D) [Nup159]
dependence of the mantADP dissociation observed rate constants obtained from
exponential fits in panel (C) ANOVA analysis suggests that the dependence is
insignificant and the average dissociation rate constant is ~ 11 s~ ' indicated by a
horizontal dashed line. Uncertainty bars represent standard error of the fits and

are contained within the data points.
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Figure 2.5. Gle1 slows mantADP(x Mg?*) dissociation from Dbp5. (A) Time
courses of FRET signal shift upon mixing pre-equilibrated mixtures of 2 yM Dbp5
and 20 yuM Mg?* mantADP with equal volumes of (lower to upper) 0, 1, 2, or 3.5
UM Gle1 and 3 mM Mg?*-ADP. Concentrations are final after mixing. The assay
buffer in both syringes before mixing contains 15 pM InsPs and an extra 2 mM
MgCl2. Continuous lines through the data represent best fits to single
exponential. (B) [Gle1] dependence of the observed rate constant from
exponential fits in A. The continuous line through the data represents the best fit
to Equation 2.4, yielding an affinity of Gle1 for the Dbp5-Mg?* mantADP complex
of 0.1 £ 0.3 yM, k-mp+mg) = 2.4 £ 0.1 577, and k- mpi+ mg),c = 1.3+ 0.3 s~ 1. (C)

Time courses of FRET signal change after mixing pre-equilibrated solutions of 1
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MM Dbp5 and 40 yM mantADP with an equal volume of (lower to upper) 0, 0.5, or
3 UM Gle1 and 10 mM ADP. Concentrations are final after mixing. The assay
buffer in both syringes before mixing contains 15 uM InsPes and 10.64 mM EDTA
(ca. 44 nM [Mg?*]iee after mixing). The time courses were fitted mainly by single
exponential with an additional exponential to fit the slightly increasing part after
0.5-0.8 s (continuous lines through the data) due to the slow background signal
increase by Gle1 alone that is not related to the binding process. (D) [Gle1]
dependence of the mantADP dissociation observed rate constant obtained from
exponential fits in C. The smooth line through the data represents the best fit to
Equation 2.4, yielding an affinity (Kc(-mg)) of 0.3 £ 0.1 yM, k-mp(- mg) = 10.5 £ 0.1
s ', and k- mp(- mg),c = 6.3 £ 0.2 s~ '. Uncertainty bars represent standard error of

the fits.
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Figure 2.6. Nup159 has no significant effect on Gle1-mediated Mg?%*—
mantADP dissociation. (A) Time courses of FRET signal change upon mixing
Dbp5 (2 uM) pre-incubated with Mg?* mantADP (30 uM), Nup159 (2.5 uM) and
InsPs (15 uM) with excess unlabeled Mg?* ADP (3 mM) and (lower to upper
curves) 0, 1, 3.5, or 5 uM Gle1 in assay buffer with excess MgClz. The
concentrations are final after mixing. Smooth lines through the data represent
best fits to single exponential. (B) [Gle1] dependence of the observed rate
constant of Mg?* mantADP dissociation from the exponential fit in panel A.
Continuous lines through the data represent the best fit of the observed rate
constant to Equation 2.4, giving a Ke(+ Mg),HNmD Of 1.8 £ 3.2 uM, k- mD(+ Mg)N = 2.2 £
0.1 s7", and k-mp(+ mg),eN = 0.8 £ 0.9 s~ . Error bars represent standard error of

the fits and are contained within the data points.
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TABLES

Table 2.1. Mg2+ dependence of Dbp5-mant nucleotide interaction

Parameter Value Units Assay

Mg?* affinity for Dbp5-mantADP

165+40 pM Dissociation from initial HMmD (Figure 2.1)
Kmg,Hmb 160+ 27 uM Dissociation from initial HmD (Figure 2.1)
164 +25 uM Global fitting of HMmD and HmD data (Figure 2.1)

Mg?* affinity for Dbp5-ADP

Kwmg,HD ~113 MM Detailed balance of Scheme 2.1 and Kugp ~ 676 uM (102)

Mg?* affinity for Dbp5-ATP

Detailed balance of Scheme 2.1 (modified for ATP)

Kwmg,HT ~17 M and Kwgt ~ 87 uM (102)

Unlabeled nucleotide affinity

K+ p(- mg) ~2 s ' uM~" Estimated from competition with mD (Figure 2.3B)
K- p(- mg) ~ 1600 s Estimated from competition with mD (Figure 2.3B)
Kb(- mg) 08+0.1 mM Kinetic competition with mD (Figure 2.3B)

Kb+ mg) 882 * mM Kinetic competition with mD (69)

K+ 1(- mg) >2 s™'uM~" Estimated from competition with mD (Figure 2.3C)
K- 1(- mg) > 30000 s Estimated from competition with mD (Figure 2.3C)
Kr(- mg) 1514 mM Kinetic competition with mD (Figure 2.3C)
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Parameter Value

3-6+0.4-
KT(+ Mg) 2

Mg?*—mantADP binding
KmD(+ Mg) 5 + 2

0.58 +
ks mo(sg) 0.07

24+
0.009

k— mD(+Mg) 22 i
0.012

29+09

mantADP binding
K+ mb(- mg) 1.0+ 0.1
15+2

K- mb(- mg) 9+0.02

1004
KmD(— Mg) 15 i 25
mantATP binding
K+ AmT(- mg) 3+1

K- 1mT(- mg) 125+ 77
K1m1'(- Mg) 42 + 32

k+ 2mT(Mg) 1 1 + 4

Units

mM

UM

UM T

UM T

Assay

Kinetic competition with mD (69)

K- mo(+ mg)/ K+ mo+ mg) from linear fit of Mg?* mantADP binding in
ref. (69)

Linear fit of Mg?* mantADP binding in ref. (69)

MgmD dissociation from HMmD (Figure 2.1)

MgmD dissociation from HmD (Figure 2.1)

Linear fit of Mg?* mantADP binding in ref. (69)

mD binding (Figure 2.2)

mD binding (Figure 2.2)

mD dissociation from HMmD (Figure 2.1)
mD dissociation from HmD (Figure 2.1)

K-mp/k+ mp (Figure 22)

mT binding global fit (Figure 2.2D)
mT binding global fit (Figure 2.2D)
K-m11/K+ m1

mT binding global fit (Figure 2.2D)
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Parameter Value Units Assay

K- 2m1(- mg) 7+3 s mT binding global fit (Figure 2.2D)
KZmT(— Mg) 0.7+0.2 K12l K+ mT2
K- 3mT,obs(- mg) ~ 0.1 s! mantATP binding (Figure 2.2D)
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Table 2.2. Regulator dependence of mantADP dissociation

Parameter Value Units Assay

Nup159-mediated Mg**—mantADP dissociation

K- mp(+ Mg) 2.7+0.1 s mD dissociation, Nup free (Figure 2.4B)
K-mp+mgyn 2.0+ 0.2 s! mD dissociation, Nup saturating (Figure 2.4B)
Kni+mgimp 0.3 £ 0.8 uM [Nup159] dependence of kobs+ mg) (Figure 2.4B)

Nup159-mediated mantADP dissociation

K-mp-mgn 11 £2 s~ mD dissociation, all [Nup] (Figure 2.4D)

Kn- mgHmp  undetermined pM [Nup159] dependence of kous(- mg) (Figure 2.4D)

Gle1-mediated Mg?*—mantADP dissociation

K- mp(+ Mg) 24+0.1 s’ mD dissociation from HMmD, Gle1 free (Figure 2.5B)
K-mp+mg,e 1.3+0.3 s ! mD dissociation from HMmD, Gle1 saturating (Figure 2.5)
Ko+ mgmp 0.1 £ 0.3 uM [Gle1] dependence of Kobs+ mg) (Figure 2.5B)

Gle1-mediated mantADP dissociation

K- mp(- mg) 10.5+0.1 s mD dissociation from HMmD, Gle1 free (Figure 2.5D)
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Parameter Value Units Assay

K- mp-mge  6.3+0.2 s mD dissociation from HmD, Gle1 saturating (Figure 2.5D)

Ko(-mgmp 0.3 £ 0.1 MM [Gle1] dependence of kopbs(- mg) (Figure 2.5)

Mg?* affinity for Gle 1-Dbp5—mantADP

Kwg,GHmD 55 + 159 MM Calculated from detailed balance of Scheme 2.2

Gle1-mediated Mg?*—mantADP dissociation in the presence Nup159

K-mp+mgpn 2.2+ 0.1 s mD dissociation from Nup-HMmD, Gle1 free (Figure 2.6B)
K-mp (+mg,en 0.8 £ 0.9 s! mD dissociation from Nup-HMmD, Gle1 saturating (Figure 2.6B)
Ko+ mg)unmp 1.8 £ 3.2 MM [Gle1] dependence of kobs(- mg-Nup (Figure 2.6B)
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CHAPTER 3: The Nucleoporin Gle1 Activates DEAD-box Protein 5 (Dbp5)
by Promoting ATP Binding and Accelerating Rate Limiting Phosphate
Release

Published as Gray S, Cao W, Montpetit B, De La Cruz EM (2022) The
Nucleoporin Gle1 Activates DEAD-box Protein 5 (Dbp5) by Promoting ATP
Binding and Accelerating Rate Limiting Phosphate Release. Nucleic Acids

Research. 50(7)

This worked was a collaborative effort. | collected and analyzed the data. The
initial manuscript was writing by myself, a senior research scientist Wenxiang
Cao, and my research mentor Enrique De La Cruz. All three of us worked

alongside Ben Montpetit to edit the manuscript for final submission.

ABSTRACT

The DEAD-box protein Dbp5 is essential for RNA export, which involves
regulation by the nucleoporins Gle1 and Nup159 at the cytoplasmic face of the
nuclear pore complex (NPC). Mechanistic understanding of how these
nucleoporins regulate RNA export requires analyses of the intrinsic and activated
Dbp5 ATPase cycle. Here, kinetic and equilibrium analyses of the S. cerevisiae
Gle1-activated Dbp5 ATPase cycle are presented, indicating that Gle1 and ATP,
but not ADP-Pi or ADP, binding to Dbp5 are thermodynamically coupled. As a

result, Gle1 binds Dbp5-ATP >100-fold more tightly than Dbp5 in other nucleotide
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states and Gle1 equilibrium binding of ATP to Dbp5 increases >150-fold via
slowed ATP dissociation. Second, Gle1 accelerated Dbp5 ATPase activity by
increasing the rate-limiting Pi release rate constant ~20-fold, which remains rate
limiting. These data show that Gle1 activates Dbp5 by modulating ATP binding
and Pi release. These Gle1 activities are expected to facilitate ATPase cycling,
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 framework to
understand the joint roles of Gle1, Nup159, and other nucleoporins in regulating

Dbp5 to mediate RNA export and other Dbp5 functions in gene expression.

INTRODUCTION

DEAD-box proteins (DBPs) are ATPases that typically unwind and structurally
reorganize RNA and ribonucleoprotein (RNP) complexes. As a large protein
family in eukaryotes, bacteria, and archaea, DBPs support nearly all aspects of
RNA metabolism(42), including ribosome biogenesis, mRNA splicing(43), RNA
transport, translation(42), and RNA decay. DBPs are members of the SF2 family
of helicases 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 domains 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(42).
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Many DBPs are activated by RNA binding with an overall RNA-activated ATPase
reaction cycle mechanism that appears to be conserved among DBP family
members (42). During an ATPase cycle of ATP binding, hydrolysis, and product
release there are a series of conformational states with distinct RNA binding
properties (e.qg., affinity, specificity). The functional diversity of DBPs is achieved
through enzymatic adaptation of ATPase cycle kinetics and through interactions
with specific regulatory proteins (43), which is coupled to specific biochemical
activities (e.g., RNA duplex unwinding, protein displacement) and the individual

physiological functions of the DBP.

Dbp5 (DDX19 in humans) is an essential Saccharomyces cerevisiae DBP
required for mMRNA export (6-7,16), with less defined roles in both ncRNA export
and translation (38,40,66). Dbp5 is dynamically bound to the cytoplasmic face of
a nuclear pore complex (NPC) via interaction with the nucleoporins Nup159
(Nup214 in humans) and Gle1, with a significant fraction of Dbp5 present in the
cytoplasm and nucleoplasm (5,6,14,16). 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 Dbp5, which occludes RNA binding to Dbp5
(17,22,23,103,104). Nup214 binds DDX19 with the highest affinity in the absence
of nucleotide (22) and therefore may act to dynamically increase the local
concentration of Dbp5. Recent works have furthered provided insight into the
context of these protein interactions at NPCs that addresses positioning of
Dbp5/DDX19 via Nup159/Nup214 with respect to the transport channel

(35,37,105).
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Gle1 activates the intrinsic steady-state Dbp5 ATPase and is required for Dbp5-
mediated mRNA nuclear transport (14,16) which is mediated in part by the
endogenous small molecule inositol hexakisphosphate (InsPs) (18,20). Structural
studies have shown that Gle1 engages both RecA-like domains of Dbp5 in the
presence of ADP to orient the domains in an open conformation that is
incompatible with RNA binding (23). A conformation that may organize the two
RecA-like domains to facilitate ATP loading and/or release of inorganic
phosphate (Pi) and ADP. In vitro assays indicate that Gle1 accelerates the
maximum Dbp5 ATPase cycling rate constant (kcat) and lowers the Michaelis
constant (Kwu) for ATP (18,20,23,24). Binding studies of an ATPase deficient
Dbp5 mutant further suggest that Gle1 may promote both the binding of ATP by

Dbp5 and release of a bound RNA substrate from Dbp5 (23,24).

In this work, transient kinetic analyses were used to elucidate the basis of Dbp5
ATPase activation by Gle1in the presence of InsPs. By measuring the effects of
Gle1 on nucleotide binding, hydrolysis, and product release from Dbp3, it is
demonstrated that Gle1 maximally activates the Dbp5 ATPase (kcat) by
accelerating Pi product release and promoting ATP binding by slowing ATP
dissociation. These results provide a kinetic scheme for the regulation of the
Dbp5 ATPase by Gle1. Importantly, this work establishes a framework for
developing a mechanistic description and functional understanding of Dbp5
regulation via Gle1-InsPs, Nup159 and other nucleoporins in the presence of

RNA during nuclear export.
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MATERIALS AND METHODS

Reagents — All reagents were of the highest purity commercially available. ATP
(Sigma, A7699) concentrations were determined by absorbance using €259
=15,400 M~'cm~'. mantADP (Jena Biosciences, NU-201) concentrations were
determined by absorbance using €255 = 23,300 M~'cm™'. Inositol
hexakisphosphate (phytic acid) was purchased from SantaCruz Biotechnology
(SC-253276). Full length Dbp5 and a soluble truncated Gle1(a.a. 244-538) were
purified as described (23) (Figure S3.4). Note that InsPs is included in all
experiments at an equimolar concentration with Gle1. The affinity is high
between Gle1- InsPs (~ 120 nM (20)), as such it is treated as a single species in
this study and referred to as just Gle1 throughout the text. Gle1 (i.e., without
Dbp5) did not demonstrate any significant ATPase activity. Buffers were made
with either DEPC treated water (American Bio, AB021028) or Millipore MilliQ®
distilled deionized water (ddH20) that had been filtered through a 0.2-um filter.
Experiments were performed at 25 °C in assay buffer: 30 mM HEPES (pH 7.5),
100 mM KCI, and 2 mM DTT, 2 mM MgClz2. Equimolar magnesium (MgCl2) 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 Information, section S5).

Transient kinetic assays — Transient kinetic measurements were performed on

an Applied Photophysics SX20 stopped-flow instrument thermostatted at 25 + 0.1
°C. mant-nucleotide binding to Dbp5 was monitored by FRET between excited

tryptophans (Aex = 280 nm) in Dbp5 and the bound mant-labeled nucleotide.
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Fluorescence 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 (69,79).
Time courses shown are averages of at least two traces. Fitting was performed
by nonlinear least-squares regression, and uncertainties of quantities determined
from fits are given as standard errors in the fits. All assays utilizing Gle1 include
equimolar InsP6 in solution (18,20). Dbp5 and Gle1 were incubated for at least 2

hours at room temperature in all assays utilizing preformed Gle1-Dbp5 complex.

mantADP dissociation kinetics — Irreversible 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 measured as a
function of Gle1 concentration ([Gle1]) by incubating 2 uM Dbp5, 40 uM
mantADP, and various concentrations of Gle1 (0, 2, 4, 6, 10, 20, 60, 88 uM) for
at least 2 hours at room temperature in assay buffer before mixing with 20 mM
ADP. Final concentrations after mixing are 1 yM Dbp5, 20 yM mantADP, 10 mM
ADP,and 0, 1, 2, 3, 5, 10, 30, 44 uM Gle1. Time courses of dissociation were
fitted to single (0 uM Gle1) or double (2, 4, 6, 10, 20, 60, 88 uM Gle1)
exponential functions. The [Gle1]-dependance of both the slow and fast phase
observed rate constants were fitted to Equation 3.1 and Equation 3.2,

respectively.

mantADP binding kinetics — mantADP binding to Dbp5 in the presence varying

concentration of [Gle1] was measured by incubating 2 uM Dbp5 with various

concentrations of Gle1 (0, 2, 6, 10, 20 yM) for at least 2 hours at room
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temperature and subsequently mixed with 200 uM mantADP. Final
concentrations after mixing are 1 yM Dbp5, 100 yM mantADP, and 0O, 1, 3, 5, and
10 uM Gle1. The [Dbp5] and [Gle1] employed in this experiment (Figure 3.3)
precludes an analytical solution to Scheme 3.1 with reasonable approximations.
Therefore, unknown rate constants were not determined analytically. Rather, an
upper limit of Gle1 binding affinity for Dbp5 was estimated from a trend in the
data (see Results). The [Gle1]-dependence of the slow phase kobs was overlaid

on top with a rectangular hyperbola to aid visualization.

MantADP binding to preformed Gle1-Dbp5 complex was measured as a function
of [mantADP] by incubating 1 uM Dbp5 with 20 uM Gle1 for at least 2 hours at
room temperature and subsequently mixed with various concentrations of
mantADP (10, 20, 30, 40, 60, 80, 100, 140 uM). Final concentrations after mixing
are 0.5 yM Dbp5, 10 uM Gle1, and 5, 10, 15, 20, 30, 40, 50, 70 yM mantADP.
Time courses of mantADP binding were fitted to double exponential functions
and the [mantADP]-dependance of the observed rate constants, raw, total, and
fractional amplitudes were globally fitted to the analytical solution of a two-step

binding model (76).

Competition of mantADP and unlabeled ATP — Binding of ATP to Gle1-Dbp5

complex was measured as a function of [ATP] by incubating 2 uM Dbp5 with 20
MM Gle1 for at least 2 hours at room temperature and subsequently mixed with
40 yM mantADP with various concentrations of ATP (0, 20, 40, 60, 100, 140,

200, 600 pM). Final concentrations after mixing are 1 uM Dbp5, 10 uM Gle1, 20

MM mantADP, and 0, 10, 20, 30, 50, 80, 100, 300 uM ATP. Time courses of
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FRET signal change from mantADP binding to Dbp5 in the presence of varying
amount of unlabeled nucleotide were fitted to a MATLAB simulation of Scheme
3.2. Time courses of mantADP binding were also fitted to a sum of two or three
exponential functions. The resulting observed rate constants were globally fitted
to Equation A (S3.18, S3.19 and S3.24) with equilibrium and fundamental rate

constants corresponding to Scheme 3.2 shared across A1, A2, and As. mantADP
binding rate constants were fixed to values determined previously (Figure 3.2-

3.4).

Quench Flow — ATP hydrolysis by Gle1-Dbp5 complex was measured as a
function of time at two different ATP concentrations by incubating 36 uM Dbp5
with 120 uM Gle1 for at least 2 hours at room temperature and subsequently
mixing with 76 or 340 uM 32P labeled ATP, aging for various times, and
quenching with 5 M Formic Acid. Samples were spotted (0.5 pL) onto Cellulose F
TLC plates (EMD Millipore, Billerica, MA) and resolved in 0.6 M KH2PO4 (pH 3.4)
for 30 min. Plates were exposed to phosphor screen, read using Amersham™
Typhoon™ imager (GE Healthcare), and quantitated using Fiji(106) software.
Time courses of hydrolyzed Pi (free and enzyme bound) were fitted to Equation
3.5 combined with Equations 3.6 and 3.7 (44). ATP binding and dissociation rate
constants (ka7 and k74, respectively) were constrained to 0.2 uM-' s" and 4.1 s
as determined from kinetic competition of ATP and mantADP binding (Figure

3.4).

Phosphate Binding Protein — Pi release by Gle1-Dbp5 complex was measured

from the eight-fold increase in fluorescence (Aex = 436 Nnm, 463 nm long pass
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emission filter) of MDCC-labeled PiBP upon binding phosphate. PiBP binds Pi
rapidly and with a tight affinity (K4 = 0.1 uyM) providing real time detection of
transient and steady-state Pi release(107). 1 yM Dbp5 was incubated with 20
MM Gle1 for at least 2 hours at room temperature and subsequently mixing with
0, 10, 20, 30, 40, 100, 200 uM ATP with 6 uM MDCC labeled PiBP for single
mixing experiments. Contaminating Pi was removed from the buffers and
instrument with a “Pi mop” consisting of 0.5 mM 7-methylguanosine and 0.01
U/mL purine nucleoside phosphorylase. PiBP fluorescence was converted to [P]
using a phosphate standard calibration curve. PiBP fluorescence was converted

to [Pi] using a Pi standard curve.

MATLAB Fitting — Global fits to the mantADP binding time courses (Figure 3.3A,

4A) were carried out using a custom MATLAB program in which the
concentrations of all species in Scheme 3.1 were solved for at each time step
using the relevant differential equations and a built-in ordinary differential
equation solver (ode45 or ode15s) Global parameter optimization was achieved
by minimizing the total sum of squares for all experiments, i.e. simulated time
courses of mantADP binding (Figure 3.3A, 3.4A) and dissociation (Figure 3.2A)
using a built-in, non-linear least squares solver (Isqcurvefit). Briefly, residuals
between the experimental and simulated data were calculated during each fitting
iteration and trust-region-reflective algorithm was employed to modify open
parameters 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 (44)

where the sum of [Pi] and [EP] were used in the fit.
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RESULTS

Previous work from others has shown that Dbp5 has a low intrinsic ATPase rate
in the absence of RNA or other regulatory factors (18,20,23,25) (kcat ~0.03 s,
Kmate ~2 mM) and Gle1 stimulates the maximum Dbp5 ATPase rate 3-5 fold
(18,20,23) with an “apparent Km” (Kalet1; the [Gle1] needed for half maximum
activation) of ~0.4 pyM (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 determinations (18,20,23), Gle1 activated Dbp5 ATPase activity 5-fold
from 0.03 s7' to 0.16 s™! with a Kcle1 of 0.3 + 0.1 uM in the presence of saturating

ATP (Figure 3.1).
Assays for measuring nucleotide binding to Dbp5

Within the Dbp5 ATPase cycle, Gle1 is proposed to regulate ATP binding and
RNA release (23,24), the latter being an activity that is directly influenced by
changes in nucleotide binding status. Unfortunately, binding of unlabeled
nucleotides (ADP or ATP) to Dbp5 yields no detectible spectroscopic signal, so
nucleotide binding must be measured in kinetic competition with the fluorescent
nucleotide, mantADP (79,102,108,109). 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 (25). However, since
mantADP is only used as a signal source to assess Gle1 binding Dbp5 or ATP
binding Gle1-Dbp5 any difference in binding kinetics caused by the mant moiety

are trivial. The minimum reaction scheme considered for Dbp5, Gle1, and
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(mant)ADP binding involves six biochemical intermediates of Dbp5 with
transitions defined by seven equilibrium and fourteen rate constants (Scheme
3.1). In the absence of Gle1 (top pathway of Scheme 3.1), mantADP binds Dbp5
following a two-step mechanism with the initial binding step in rapid equilibrium
(k12 [mantADP] + k21 > 1000 s') with a Dbp5-(mant)ADP complex (HmD) that
isomerizes (HmD*) (25). Gle1 binding to Dbp5 (64) and Dbp5-(mant)ADP (26) is

then accounted for in the bottom pathway of Scheme 3.1.
Gle1 binds Dbp5-mantADP with an affinity ~ 1 uM.

The first part of Scheme 3.1 measured was the Gle1 affinity for Dbp5-
(mant)ADP, which was estimated from the effect of Gle1 on (irreversible)
mantADP release. A pre-equilibrated sample of 20, 1 uM Dbp5, and a range of
Gle1 concentrations ([Gle1] =0, 1, 2, 3, 5, 10, 30, 44 uM) was rapidly mixed with
10 mM ADP. Time courses of fluorescence change, corresponding to mantADP
dissociation, followed single exponentials in the absence of Gle1, while they
followed double exponentials in the presence of Gle1 (Figure 3.2A). The effects
of Gle1 on mantADP release are saturated at [Gle1] > 10 uM (Figure 3.2B, C).
Note that this analysis assumes that Gle1 binds Dbp5-(mant)ADP in a rapid
equilibrium (i.e., Gle1 binding equilibrates faster than nucleotide is released). If
this condition were not fulfilled, (at least) three exponentials would be observed in
time courses of irreversible mantADP dissociation at sub-saturating [Gle1] ([Gle1]
< Kuas2, Kae3; Scheme 3.1, Figure 3.2A). The observed biphasic dissociation time

courses are consistent with Gle1 binding of Dbp5-(mant)ADP in rapid equilibrium.
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The fast and slow phases of mantADP dissociation are well separated in time,
such that the rapid exponential decay is completed before the slower exponential
decay appears. mantADP also dissociates more slowly when [Gle1] is saturating.
Under these conditions, the two decays differ by an order of magnitude (fast
observed rate constant is ~ 25 s~' and the slow observed rate constant is ~ 2.2 s
1), providing temporal separation of these events and allowing independent
analysis of the two phases. The fast phase of the dissociation time courses
corresponds to mantADP dissociation from GHmD (Gle1-Dbp5-(mant)ADP) and
HmD (Scheme 3.1). The slow phase originates from isomerization of GHmD* and
HmD* to GHmD and HmD prior to release. The [Gle1]-dependence of the fast
and slow observed mantADP dissociation rate constants (kobs, fast and Kobs, slow)
were fitted to the following equations accounting for the weighted population

average of the parallel dissociation pathways (Scheme 3.1) (26):

(kobs,ﬁzst(JrG) - kobs,fbst(—G) ) [G]

kabs fas = kobs, fast(—
o = K5, +[G] (3.1),
k _ k (kobs,slow(JrG) - kohs,slow(fG) )[G]
obs,slow — "Vobs,slow(-G) K + [G]
d63 (3_2),

where Kobs, fast(-G) is the fast observed rate constant in the absence of Gle1, kobs,
fast(+G) is the fast observed rate constant at saturating Gle1, [G] is the Gle1
concentration, Kusz is the affinity of Gle1 for HmD, and Kass is the affinity of Gle1
for HmD*. The fast observed rate constant in the absence of Gle1 (Kobs, fast(-G))
completed in the 1.2 msec instrument dead-time and was therefore constrained

to 500 s in fits to Equation 3.1. The best fits to Equation 3.1 and Equation 3.2
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yield Kobs, fast(+c) = 19.8 £ 6.0 s, Kgs2 = 0.2 = 0.1 uM, Kobs, slow(-G) = 2.2 + 0.2 57",
Kobs, slow(+c) = 1.3 £ 0.1 ™1, and Kuez = 1.1 £ 0.6 uM (Table 3.1), indicating that
Gle1 binds Dbp5-(mant)ADP with an affinity ~1 yM. Therefore at [Gle1] > 10 uM,
HmD and HmD* are bound to Gle1 and mantADP dissociation occurs exclusively
through the bottom pathway of Scheme 3.1. The observed rate constants of
mantADP dissociation are related to the fundamental (mant)ADP dissociation
(ks4) and isomerization (kss, kes) rate constants according to the following

equations (76,110):

Kobs, fast(+G) ~ K54, (3.3),

k
kobs,slow(JrG) = k65 [k —?k j > k65 (3.4).
56 54

the values of ks4 (19.8 £ 6.0 s™") and kes (= 1.3 £ 0.1 s*') approximated in
Equation 3.3 and Equation 3.4, respectively, are consistent with more accurate
determinations obtained from mantADP binding to Gle1-Dbp5 (discussed below,

Figure 3.4; Table 3.1).
Gle1 binds Dbp5 (no nucleotide) with an affinity < 1 uM.

To measure the binding affinity of Gle1 for the nucleotide free form of
Dbp5, the effect of Gle1 on mantADP binding to Dbp5 was used. A solution of 1
MM Dbp5 was equilibrated with a range of [Gle1] (0, 1, 3, 5, 10 uM) and rapidly
mixed with 100 yM mantADP in a stopped flow apparatus and the time course of
fluorescence change monitored. Time courses of mantADP binding under these

pseudo first-order conditions ([mantADP] >> [Dbp5] and [Gle1-Dbp5]) followed a
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single exponential in the absence of Gle1 and double exponentials in the

presence of Gle1 (Figure 3.3A).

In the absence of Gle1, mantADP binds Dbp5 following a two-step mechanism
with the first step rapidly equilibrating within the dead time of the stopped flow
instrument such that time courses of mantADP binding followed single
exponentials (25). Gle1 slowed mantADP binding to Dbp5, which allows both
binding phases to be observed (Figure 3.3). Due to the temporal separation of
the two observed mantADP binding phases, it is assumed the first step for
mantADP binding Gle1-Dbp5 equilibrates before the second step occurs.
Therefore, the slow mantADP binding phase was analyzed independent of the
fast phase. The [Dbp35] and [Gle1] employed preclude an analytical solution to
Scheme 3.1 with reasonable approximations; moreover, little change in the
[Gle1]-dependent kobs Of both fast and slow phases occurs at > 3-5 yM Gle1
(Figure 3.3B). Dbp5-(mant)ADP is saturated when [Gle1] = 10 uM (Figure 3.2)
indicating the affinity of Gle1 for Dbp5 in the absence of nucleotides (Ka41) is < 1
MM (Table 3.1). Consequently, at [Gle1] > 10 uM mantADP binding proceed
exclusively through the bottom pathway in Scheme 3.1, defining experimental
conditions under which nucleotide binding to the Gle1-Dbp5 complex could be

measured.

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

The preceding section established that Gle1 binds Dbp5 and Dbp5-(mant)ADP
with affinities < 1 yM, defining experimental conditions under which nucleotide

binding to the Gle1-Dbp5 complex could be measured, specifically when
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maintaining [Gle1] = 10 uM. Using this condition, the kinetics of mantADP binding
to the Gle1-Dbp5 complex (bottom pathway of Scheme 3.1) was measured by
rapidly mixing mantADP (5-70 yM) with an equilibrated mixture of 0.5 uM Dbp5
and 10 uM Gle1. Time courses of mantADP binding were best fitted by a sum of

double exponential functions (Figure 3.4A, solid lines).

The [mantADP]-dependence of the observed rate constants (kobs) were globally
fitted to a two-step binding model(76) (Figure 3.4B), yielding the rate and

equilibrium constants for mantADP binding to Gle1-Dbp5 (kas = 1.8 + 0.14 yM-"

s, ksa =47 £ 4.3 s, Kusa = 26 + 3.2 uM, Table 3.1) and subsequent
isomerization of the Gle1-Dbp5-(mant)ADP complex (kss = 24 + 1.7 s, kes = 2.1
+ 0.3 s, Kdes = 0.09 £ 0.01, Table 3.1). The overall mantADP affinity for Dbp5 is
~2 UM (25) and ~2.2 uM for Gle1-Dbp5 (Table 3.1), indicating that Gle1 has a
modest effect on the (mant)ADP binding affinity. Measurements with unlabeled

ADP yield a similar conclusion (discussed below; Figure S3.3).

Globally fitting the mantADP binding and release data (Figures 3.2-3.4) to the
reaction matrix outlined in Scheme 3.1 via a custom MATLAB program yielded a
shared parameter set consistent with those determined from independent
analysis of the individual experimental data sets (Supplemental Information,

section $1; Figure S3.1).
Gle1 promotes ATP binding to Dbp5

Unlabeled ATP binding to Gle1-Dbp5 complex was then measured by kinetic

competition between mantADP and ATP. A solution of 1 yM Dbp5 was incubated
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with 10 yM Gle1 and rapidly mixed with 20 yM mantADP and various
concentrations of ATP (0 - 300 uM). Time courses of mantADP 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
occurs (see below), ATP hydrolysis was uncoupled from binding and the time
courses reflect only competitive binding of the two nucleotides (Scheme 3.2).
Kinetic competition time courses were fitted to Scheme 3.2 with numerical
analysis using a custom MATLAB program (Figure 3.5A, dashed lines; Figure

S3.2).

Best fits of the data yield association (k47) and dissociation (k74) rate constants of
0.2+0.1 uM' s and 4.1 £ 2.5 s*' for ATP binding to the Gle1-Dbp5 complex
(Table 3.1). Similar values for ATP binding and dissociation to Gle1-Dbp5 were
obtained from an approximate analytical solution of Scheme 3.2 (Supplemental
Information, section S2-2). Together these data suggest that the presence of
Gle1 in complex with Dbp5 slows both the dissociation and binding of ATP.
However, the much larger effect on ATP dissociation from Dbp5 by nearly 3-
orders of magnitude, results in Gle1 effectively increasing the ATP affinity of

Dbp5 ~150-fold.

Gle1 accelerates ATPase activity of Dbp5 by increasing the P; release rate

constant

The increased ATP binding affinity of the Gle1-Dbp5 complex allowed for
the direct measurement of both the rate and equilibrium constants for ATP

hydrolysis by Gle1-Dbp5 using chemical quench-flow (Figure 3.6). The weak
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ATP affinity (~3 mM (25)) of Dbp5 alone previously precluded such
measurements (25). An equilibrated solution of 18 uM Dbp5 and saturating (60
pMM) Gle1 was rapidly mixed with either 38 or 170 uM ATP containing trace
amounts of radioactive 32P-labeled ATP, aged for various times, and quenched
with formic acid. Time courses of Pi (enzyme bound and free) production by
Gle1-Dbp5 reveal a rapid burst followed by a linear phase (Figure 3.6). The burst
represents the first turnover of ATP hydrolysis, and the linear phase represents
steady-state hydrolysis. Neither 20 uM Dbp5 nor 60 uM Gle1 alone generated
detectable hydrolysis of ATP (50 uM) within this time range examined. All
hydrolyzed ATP can therefore be attributed to the Gle1-Dbp5 complex. Time
courses of Pi production were fitted to the following equation (44,111) (Figure
3.6, continuous lines), which accounts for reversible ATP binding and hydrolysis,

and irreversible Pi release from Gle1-Dbp5 (bottom pathway of Scheme 3.3):

_ L _ ﬂ“l(ksg_jq) _ _ lz(kgg—/%) _ﬂq‘*’ﬂz
[EP]+[P] _ﬁ[kgg +exp( %Z){—kgglz % _/12)} exp( llt)[kgng B —Zz)j = +tJ 5)

where formation and loss of Gle1-Dbp5-ADP-P;i state are given by two observed

exponential terms (eigenvalues A1 and A2, respectively):

1 [ ki lATP]+ kyy + kyg + kg =
2’1,2 )

SO LATP + feyy + oy + ey ) =4l [ATP by + oy + g ) + Ky, U + Ky ) + Ky )
(3.6),

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

B=
k47 [ATP](k87 + k89 + k78) + k74 (k87 + k89) + k78k89

(3.7).

The best fit of the data (Figure 3.6) with unconstrained ATP binding (ka7, k74),
hydrolysis (kzs), resynthesis (ks7), and Pi release (kso) parameters indicate that
Gle1 promotes ATP resynthesis (ks7) and accelerates Pi release (ksg) from Dbp5
~20-fold (ka7 =0.09 £ 0.5 yM' 51, k74 =9.7 + 555!, k7s=0.6 £ 0.2s ™", ksv=1.0 £
0.9s™, kso =0.4 £ 0.1 s, and the steady-state ATPase kcat= 0.1-0.2 ATP s™' and
Kwmate = 30-50 pM; Table 3.1). The best fit rate constants for ATP binding are
consistent with those determined from kinetic competition (Figure 3.5) and the
steady-state ATPase consistent with those determined from NADH assay (Figure
3.1B; Figure 3.7B) and P; release (Figure 3.7B). Constraining k47 and k74 to
values from kinetic competition results in a less than two-fold change in ATP
hydrolysis and phosphate release rate constants: k7s = 0.6 + 0.2 s, ks7 = 1.9
1.3 s, kso = 0.6 £ 0.1 s (Table 3.1). 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 (Figure S3.3,
Supplemental Information, section S3-S4). Similar rate constant values were
obtained from fitting the ATP hydrolysis reaction mechanism by Gle1-Dbp5
(bottom pathway of Scheme 3.3) with numerical analysis using a custom

MATLAB program.

Prior work has shown that Pi release (k1112 = 0.02 (+0.1) s, Table 3.1), is
a critical transition that limits Dbp5 steady-state ATP hydrolysis in the absence or

presence of RNA (25). Note that uncertainty in the measurement of k1112 is
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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 (25). The quench-flow
data presented above (Figure 3.6) shows that Gle1 accelerates Pirelease. To
directly measure the effect of Gle1 on Pi release from Dbp5, phosphate binding
protein (PiBP) read out was used (107). An equilibrated solution of 0.5 yM Dbp5
and 10 uM Gle1 was rapidly mixed with a solution containing various [ATP] (0, 5,
10, 15, 20, 50, 100 pyM) and 3 uM fluorescently labeled phosphate binding
protein. Time courses of Pi release from Gle1-Dbp5 were linear without a
detectable burst or lag phase (Figure 3.7A), yielding steady-state ATPase cycling
velocities that are comparable to those found using the NADH coupled assay

(Figure 3.7B, Table 3.1) and quench flow (Figure 3.6, Table 3.1).

In these reactions, if ATP hydrolysis and Pi dissociation were rate limiting, time
courses of Pi release would display a lag phase. Alternatively, if ADP release was
rate limiting, time courses would show a burst of liberated Pi(112,113). The
observation that time courses of Pi release are linear with [Gle1]-dependent rates
indicates that Pi release solely limits the Gle1-stimulated ATPase of Dbp5 and

that Gle1 accelerates Pi release from Dbp5.

A complete thermodynamic scheme of the Gle1 activated Dbp5 ATPase cycle

The majority of the rate and equilibrium constants defining the Gle1-stimulated
Dbp5 ATPase (Scheme 3.3) cycle have now been determined, as presented in
the preceding sections (ATPase activity of Gle1-Dbp5, bottom pathway of

Scheme 3.3) and in previous studies (ATPase activity of Dbp5 alone, top
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pathway of Scheme 3.3) (25,26). In those cases where equilibrium constants
have not been measured (K107, Kd11s, and Ka129), values can be calculated from
the principles of detailed balance given that the other constants defining the cycle

are known (114).

As an example, consider the cycle formed by initial mantADP binding to Dbp5
and Gle1-Dbp5 as shown in Scheme 3.1 accounting for a part of multistep

mantADP binding to (Gle1-)Dbp5. In this cyclic scheme the product of equilibrium

constants Kds2 X 1/Kas4 X Kd21 X 1/Kaa1 must equal 1. Therefore:

K, K

d2d21 _

= By
Kysi ! (3.8),

allowing determination of the affinity of Gle1 binding affinity for nucleotide-free
Dbp5 (Kd41) from the experimentally determined equilibrium constants for
mantADP binding (Kds4 and Kq21) and Gle1 binding to Dbp5-(mant)ADP (Kas2).
The affinity of Gle1 binding nucleotide-free Dbp5 (Ka41) calculated this way is 0.8
+ 0.3 pM, consistent with the value of Kas1 of <1 pM estimated from mantADP

binding (Figure 3.3B).

Furthermore, the product of the experimentally determined equilibrium constants

for mantADP isomerization (Kad32 and Kaes) and Gle1 binding to the two Dbp5-
(mant)ADP states (Kas2 and Kaes) calculated from Kus2 X 1/Kuas2 X Kaes X 1/Kades is

~0.82, close to the expected value of unity and indicating the experimentally

determined values for mantADP isomerization (Kad32 and Kdes) and Gle1 binding
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to the two Dbp5-(mant)ADP states (Kds2 and Kades) are thermodynamically

consistent.

Similarly, the affinity of Gle1 for Dbp5 bound to unlabeled ATP (Ka107, Scheme
3.3) calculated from Kda1, Ka74, and Kq1o1 (the affinity of ATP for Dbp5 (25)) is 2
nM; the affinity of Gle1 for Dbp5-ADP-Pi (K411s, Scheme 3.3) calculated from
Ka1o7, Kas7, and Kd1110 (the dissociation constant for ATP hydrolysis by Dbp5
alone (25); ~0.004) is 0.8 yM, suggesting that ATP hydrolysis is coupled to
conformational rearrangement of Dbp5. The affinity of Gle1 for Dbp5-ADP (Kd129)
calculated from Kua1, Ka121 (the affinity of DbpS for ADP(25)), and Kae4 (the affinity
of Gle1-Dbp5 for ADP; Figure S3.3) is 0.5 uM (Scheme 3.3; Table 3.1),
consistent with the affinity of Gle1 for Dbp5-(mant)ADP (Kus2, Kds3) measured by
mantADP binding (Figures 3.2 and 3.3; Table 3.1) and the combined affinity of

the two mantADP states (Kas2Kdes/(Kds2+Kdss) ~ 0.17 uM).

Note that some of these calculations were carried out with parameters
determined with mantADP and not unlabeled 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 structure of Dbp5 is identical
with both nucleotides and that the altered binding interactions with the nucleotide
arise from hydrophobic contacts with the mant moiety (25). Therefore, the
measured affinity of Gle1 for Dbp5-(mant)ADP is likely representative of the
equilibrium constant for Gle1 binding Dbp5 bound to unlabeled ADP, which is

supported by detailed balance calculations.
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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 kcat ~0.03 s™! to a Gle1-activated kcat ~0.16 s™' (Figure 3.1;
Figure 3.7; Table 3.1). The value of the kcat predicted from the values of the Gle1-
Dbp5 ATP hydrolysis rate constant (k7s), Gle1-Dbp5 ATP resynthesis rate
constant (ks7), and the Pi release rate constant of Gle1-Dbp5-ADP-P; (ks9)
determined here and Equation 3.9 (44):

_ kagkso
kg + kg + ks (3.9),

cat

yield a kcat value of 0.12 s' comparable to the kcatof ~0.15 s measured in
steady-state ATPase assays (Figure 3.1, Figure 3.7; Table 3.1). Second, the
“apparent Km” of Gle1 (Kalet; [Gle1] for half-maximal Dbp5 steady-state ATPase)
measured experimentally is 300 nM (Figure 3.1; Table 3.1). The value of the
Kale1 predicted from the values of the Gle1 affinity for Dbp5-ATP (Ka107), Gle1
affinity for Dbp5-ADP-Pi (Kd118), Gle1-DbpS ATP hydrolysis rate constant (k7s),
Gle1-Dbp5 ATP resynthesis rate constant (ks7), and the Pirelease rate constant
of Gle1-Dbp5-ADP-Pi (ksg) determined here and Equation 3.10 (44):

K — (k87 + k89 )Kd107 + k78Kd118
o (k78 +k87 +k89)

(3.10),

yield a Kale1 value of 240 nM, comparable to the Kaie1 of 300 nM measured in

steady-state ATPase assays (Figure 3.1; Table 3.1). Similarly, the Kmatp of Gle1-
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Dbp5 predicted from the association rate constant of ATP binding Gle1-Dbp5
(ka7), ATP release rate constant of Gle1-Dbp5-ATP (k74), Gle1-Dbp5 ATP
hydrolysis rate constant (k7s), Gle1-Dbp5 ATP resynthesis rate constant (ks7),
and the Pi release rate constant of Gle1-Dbp5-ADP-Pi (ksg) determined here and
Equation 3.11 (44):

— k74k87 +k74k89 +k78k89
m,ATP
k47 (k87 + k89 + k78)

(3.11),

yield a Kmatp of 4-15 uM comparable to the ~20 yM measured in steady-state
ATPase assays (Figure 3.1, Figure 3.7; Table 3.1). The consistency between the
predicted and measured Gle1 stimulated Dbp5 steady-state cycling parameters
(kecat, KmaTP, Kalet) indicate that the applied model and analysis are valid, and that
the experimentally determined rate and equilibrium constants are consistent with

the overall steady-state ATPase cycling behavior of Dbp5.

DISCUSSION

The use of transient kinetic analyses in this work has allowed for insight into the
basis of Dbp5 ATPase activation by Gle1 with InsPs. Considering the effects of
Gle1 on nucleotide binding, hydrolysis, and product release from Dbp5, these
data provide a model of Dbp5 activation by Gle1 that includes Gle1 accelerating
Pi release and promoting ATP binding. Moreover, the kinetic scheme detailing

Gle1 regulation of Dbp5 supplies an important foundation for developing a
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complete kinetic description and functional understanding of Dbp5 regulation

within the gene expression pathway via regulation by Gle1-InsPs and Nup159.
Gle1 stimulated ATP hydrolysis by Dbp5

Previous work has shown that the intrinsic Dbp5 steady-state ATPase cycling
rate constant (kcat) is slow (~0.03 s™') and limited by near-irreversible P; release
(25). Dbp5 also has a relatively weak affinity for ATP (Kuate of 1.3 — 1.9 mM)
with RNA acting in the ATPase cycle to accelerate Pirelease (25). Here, in the
absence of RNA, it is demonstrated that Gle1 activates Dbp5 ATPase activity by
accelerating Pi release. Although in the presence of Gle1, like RNA (25), Pi
release remains the rate limiting step in the Dbp5 ATPase cycle. It is not
currently known if this limitation is fully relieved when both Gle1 and RNA are

present.

High resolution crystal structures indicate that Gle1 binds both RecA-like
domains of Dbp5 to alter the positioning of these two domains and the nucleotide
binding site (23). Gle1-induced rearrangements also include displacement 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 (54). The
accelerated release of phosphate reported here is consistent with these
previously observed Gle1-induced rearrangements in Dbp5 that may act to
weaken coordination of bound Pi and enable dissociation from Dbp5 post-
hydrolysis. This Gle1activity is expected to transition Dbp5 from a high (Dbp5-

ADP-Pi) to low (Dbp5-ADP) affinity RNA binding state, or resolve an auto-
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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 Gle1 promotes ATP binding ~150-fold and
lowers the Kv,atp 75-fold from ~1.5 mM to ~20 yM (Figure 3.7, Table 3.1) during
Gle1 stimulated steady-state Dbp5 ATPase cycling. Previous studies reported a
Kwm.atp for Gle1 stimulated Dbp5 ATPase of about 100 uM (20), considerably
weaker than the 20 uM reported here. The [Dbp5] and [Gle1] utilized in those
measurements were not saturating, so the measured Kuatp reflects a population
weighted average of free and Gle1 bound Dbp5 steady-state turnover, yielding a

significantly weaker Kwv,atp.

The ability of Gle1 to affect phosphate release and ATP binding (this work), and
to promote RNA-release from Dbp5 and bind a Dbp5-ADP complex (23),
suggests that Gle1 engages Dbp5 in multiple configurations. Note that the full N-
terminus of Dbp5/DDX19 has not been modeled by structural data with Gle1
bound, which may be engaged by Gle1 to regulate Dbp5/DDX19 activity since it
harbors an autoinhibitory function (23) (54). Overall, it is envisioned that Gle1
may act within the same ATPase cycle to engage Dbp5 to promote cycling by
multiple modes of action based on nucleotide state. For example, following Gle1
stimulated phosphate release, the continued binding and organization of both
RecA-like domains of ADP bound Dbp5 by Gle1 may subsequently promote ATP
binding by limiting the conformational flexibility of the two domains (23). In this
way, enzyme recycling would be mediated by Gle1 linking ADP, Pi, and RNA

release to binding of ATP. Alternatively, only a single function of Gle1 may occur
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in each Dbp5 ATPase cycle based on context, including the binding of other
regulators, the presence and type of RNA substrate (e.g., mRNA, pre-rRNA, or

tRNA) and process being directed (e.g., RNA export vs. translation regulation).

Implications for mRNA export models

Biochemical, structural, and genetic data strongly support a role for Gle1 in
regulating Dbp5 activity to mediate mRNA export through NPCs. Several models
have been presented (19,39,65,115) for individual aspects of the Dbp5 ATPase
cycle given the available data. The kinetic and equilibrium analysis presented

here allows for further refinement and alignment of these models.

One proposed mRNA export model suggests that Gle1 promotes ATP binding to
Dbp5 based on a combination of genetic, cell, and biochemical data (24).
Another model proposes that Gle1 binding would facilitate RNA-release from
Dbp5 and enzyme recycling based on structural and biochemical data (23). The
kinetic analyses in this work are consistent with both proposed Gle1 activities.
Specifically, Gle1 promotes ATP loading via a ~150-fold increase in ATP affinity
that is achieved by slowing ATP dissociation (Table 3.1). In addition, Gle1
promotes Pi 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 Gle1 on Dbp5 would favor the Dbp5-ATP state, which has a
high affinity for RNA compared to other nucleotide states (42). The net effect of
Gle1 on Dbp5 would be to shift the steady-state distribution 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 3.8) and to facilitate
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RNA-release and enzyme recycling (RNA-Dbp5-ADP-Pi to Dbp5-ADP), which
likely involves resolving auto-inhibited Dbp5 conformations bound to both ATP

and ADP (23) (54).

At NPCs, Nup159 facilitates Dbp5 localization and activity, including reports that
Nup159 weakens Gle1 binding to Dbp5-ADP (26). These data, combined with
the observations that Gle1 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 between Gle1 and Dbp5 and enhance enzyme
turnover. These activities involving Gle1 and Nup159 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 (36,48,100,101).

Notably, Dbp5 has been linked to pre-ribosomal complex and tRNA export, as
well as translation, which is suggested to involve unique enzyme activities (e.qg.,
ATP hydrolysis appears dispensable for pre-ribosomal export but is required for
MRNA export) and functions within discrete cellular compartments (15,38,40,66).
This raises questions about the functionality of Dbp5 in these other roles that
may be independent of Gle1 and/or dependent on different Dbp5 activities (e.g.,
stable RNA binding in the nucleus vs. RNA-protein remodeling at NPCs involving
ATP hydrolysis). These questions involving Dbp5 functions and differential
regulation of the ATPase cycle to effect different outcomes must be addressed in
the context of a fully reconstituted system that involves Nup159, Gle1-InsPs, and

RNA, which is a goal of future work.
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Scheme 3.1 Two-step reaction mechanism for mantADP binding to Dbp5 and

Gle1-Dbp5. H = Dbp5, G = Gle1- InsPs, mD = mantADP.
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Scheme 3.2 Minimal reaction scheme for kinetic competition between mantADP
and ATP binding by Gle1-Dbp5. H = Dbp5, G = Gle1-InsP6, mD = mantADP, T =

ATP.
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Scheme 3.3 Minimal reaction scheme for Dbp5 steady-state ATPase (xGle1).
H = Dbp5, G = Gle1-InsPs, T = ATP, D = ADP, Pi= POa4. Rate and equilibrium

constants for Dbp5 ATPase (top pathway) have been published elsewhere (25).
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Figure 3.1 Gle1-stimulated steady-state ATPase activity of Dbp5. [Gle1]-
dependance of the Gle1-stimulated Dbp5 steady-state ATPase rate (vobs) per
enzyme. The continuous line through the data represents the best fit to Equation
(2.9) in (109) yielding the maximum observed velocity vobs per enzyme (kcat=
0.16 £ 0.01 s Dbp5~") from the amplitude and Kcie1 (apparent Ku = 0.3 + 0.1
pMM) from the [Gle1] at half-maximum velocity (Table 3.1). 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 various [Gle1] (0—4 puM after mixing). The continuous

lines through the data represent the best fits to linear functions, yielding the
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steady-state ATPase rate from the slopes. InsP6 is included in all experiments at

an equimolar concentration with Gle1.
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Figure 3.2. [Gle1]-dependence of mantADP dissociation from Dbp5. (A).
Time courses of FRET signal changes after mixing a pre-equilibrated solution of
Dbp5 (1 uM after mixing), 40 yM mantADP (20 uM after mixing), and various
concentrations of Gle1 (0, 1, 2, 3, 5, 10, 30, 44 uM after mixing) with an equal
volume of 20 mM ADP (10 mM after mixing). Continuous lines through the data
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represent the best fits to either single (0 uM Gle1) or double ([Gle1] > 0 uM)
exponentials. The inset is a log-scale depiction of the same time courses in A.
(B). [Gle1]-dependence of the fast phase observed rate constants of mantADP
dissociating from pre-formed Gle1-Dbp5(mant)ADP complex. Continuous lines
through the data represent the best globally fits to a kinetic simulation of Scheme
3.1 with the data from Figures 3.3 and 3.4 (dashed lines) or the best fits to
Equation 3.1 (continuous lines), which yields Kas2= 0.2 £ 0.1 pM. (C). [Gle1]-
dependence of the slow phase observed rate constants of mantADP dissociating
from pre-formed Gle1-Dbp5(mant)ADP complex. Continuous lines through the
data represent the best globally fits to a kinetic simulation of Scheme 3.1 with the
data from Figures 3.3 and 3.4 (dashed lines) or the best fits to Equation 3.2
(continuous lines) yielding Kdez = 1.1 £ 0.6 yM. Fundamental rate constants
garnered from the global fits are: kas =1+ 0.4 s, ksa=13+6 s kss =8+ 7 s,
kes =2+ 15", Kas2 < 0.1 UM, Kaes < 1 uM, Kaa1 < 1 uM. Uncertainty bars
represent standard error in the fits and are contained within the data points. InsPs

is included in all experiments at an equimolar concentration with Gle1.
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Figure 3.3. [Gle1]-dependence of mantADP binding to Dbp5. (A). Time
courses of FRET signal change in pre-equilibrated solution of 2 yM Dbp5 (1 uM
after mixing) with various concentrations of Gle1 ([Gle1] = 1-10 uM after mixing)
upon rapid mixing with and equal volume of 200 uM mantADP (100 uM 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 3.2 and
3.4) to a kinetic simulation of Scheme 3.1 (dashed lines). The inset is a log-scale
version of the same time courses in A (B). [Gle1]-dependence of the observed

rate constants of mantADP binding to pre-formed Gle1-Dbp5 complex. The
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continuous line through the data represents the slow phase kobs (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. InsPs

is included in all experiments at an equimolar concentration with Gle1.
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Figure 3.4. mantADP binding to Gle1-Dbp5. (A). Time courses of FRET signal
changes in pre-equilibrated solution of 1 yM Dbp5 (0.5 uM after mixing) with 20
MM Gle1 (10 uM after mixing) upon rapidly mixing with an equal volume of
various concentrations of mantADP (5-70 uM after mixing). Continuous lines
through the data are the best fits to either double exponentials (solid lines) or
global fits (with data from Figure 3.2B and Figure 3.3) to a kinetic simulation of
Scheme 3.1 (dashed lines). (B). [mantADP]-dependence of the observed rate
constants for mantADP binding pre-formed Gle1-Dbp5 complex. Continuous
lines through the data represent the best global fits to a two-step binding
model(76). Rate constants resulting from this analysis are: kas = 1.8 £ 0.14 yM-"’
s, ksa=47 £4.3s", ks =24 £ 1.7 s, kes =2.1 £0.3 ™. (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
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of the fast and slow phase fractional amplitudes for mantADP binding pre-formed
Gle1-Dbp5 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. InsPs

is included in all experiments at an equimolar concentration with Gle1.
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Figure 3.5. Kinetic competition between mantADP and ATP. (A). Time
courses of FRET signal changes in pre-equilibrated solution of 2 uM Dbp5 (1 uM
after mixing) with 20 uM Gle1 (10 uM after mixing) upon rapid mixing with an
equal volume of 40 uM mantADP (20 uM after mixing) with various
concentrations of ATP (from 0 to 300 uM 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 3.2 (dashed lines). (B)
[ATP]-dependence of the observed rate constants from exponential fits in A (solid
lines) for mantADP binding pre-formed Gle1-Dbp5 complex. Continuous lines

through the data are the best global fits to Supplemental Equations S3.18, S3.19
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and S3.24. Uncertainty bars represent standard error in the fits and are
contained within the data points. For both fits, rate constants for mantADP
binding were held to values determined from fits in Figure 3.4B. Fundamental
rate constants resulting from the fits to a kinetic simulation of Scheme 3.2 are ka7
=0.2+0.1 yM's'and k74 = 4.1 + 2.5 s, while fits to Equations S3.18, S3.19
and S3.24 yield ka7 = 0.6 £ 0.1 yM-' s"and k72 = 3.3 + 1.1 s7'. InsPs is included in

all experiments at an equimolar concentration with Gle1.

101



—~ 1.0

;ﬂ_'.) b 10 20 w40 S0 80
g time (sec)

2,

~— 0.5

Q.

0.0

0 2 4 8 8 10
time (sec)

Figure 3.6. Direct measurement of ATP hydrolysis by Gle1-Dbp5 via quench
flow. Time courses of phosphate production in pre-equilibrated solution of 36 uM
Dbp5 (18 pM after mixing) with 120 uM Gle1 (60 uM after mixing) upon rapid
mixing with either 76 uM (circles, 38 uM after mixing) or 340 uM (squares, 170
UM after mixing) ATP containing a trace of P32-ATP. Continuous lines through the
data are the best fits to either the analytical solution for an ATP hydrolysis
reaction scheme (Equations 3.5-3.7) (44) 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: ka7 =0.09 £ 0.5 yM' s, k74 =9.7 £ 5557, ks = 0.6 £+ 0.2s™, ks7=1.0 =
0.9 s, kso = 0.4 £ 0.1 s7'. Alternatively, fixing ka7 and k74 to values determined
from kinetic competition (Figure 3.5) results in a less than two-fold change in ATP

hydrolysis and phosphate release rate constants: k7s = 0.6 + 0.2 s, ks7 = 1.9
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1.3 s, kso = 0.6 £ 0.1 s'. Lastly, the best fit MATLAB simulation yields: k7s = 0.4
+0.2s" ks7=1.7+0.4s", and ksg = 0.6 + 0.1 s'. Neither 20 yM Dbp5 nor 60
MM Gle1 alone generated detectable ATP hydrolysis with up to ten second
incubation with 50 uM ATP. InsPs is included in all experiments at an equimolar

concentration with Gle1.
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Figure 3.7. Direct measurement of Pi release from Gle1-Dbp5 via PiBP. (A).
Time courses of phosphate release in a pre-equilibrated mixture of 1 uM Dbp5
(0.5 uM after mixing) and 20 uyM Gle1 (10 uM after mixing) upon rapid mixing
with various [ATP] (0, 5, 10, 15, 20, 50, 100 uM after mixing) containing 6 uM
PiBP (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 Pi release in
A (solid squares) or steady-state ATP hydrolysis in the presence of the NADH
regenerating system (44,109,116). Continuous lines through the data are the
best fits to a rectangular hyperbola yielding the maximum velocity per enzyme

(kcat=0.15 £ 0.02 s Dbp5™", circles; keat= 0.12 £ 0.01 s”' Dbp5-! squares) from
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the amplitude and Km (20 = 3 puM, circles; 26 £ 6 uM, squares) from the [ATP] at
half-maximum velocity (Table 3.1). Uncertainty bars represent standard errors in
the fits and are contained within the data points. InsPs is included in all

experiments at an equimolar concentration with Gle1.
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Figure 3.8. Steady-state distribution of Dbp5(+Gle1) ATPase cycle
intermediates. /n vitro conditions are 20 mM ATP, 0 mM ADP, and 0 mM P.. In
vivo conditions are 2.1 mM ATP (117), 470 uM ADP (117), and 2.5 mM Pi(118).

InsPs is included in all experiments at an equimolar concentration with Gle1.
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TABLES

Table 3.1

Parameter

Gle1 stimulated Dbp5 steady-state ATPase

kcat

Ku,ate

Kalet

Reaction

Maximum Gle1
stimulated steady-
state turnover rate

[ATP] at half
maximal steady-
state velocity

[Gle1] at half
maximal steady-
state velocity

mantADP binding to Dbp5

Kao1

ko3

k3o

K2

Equilibrium constant
for initial binding

Forward
isomerization rate
constant

Reverse
isomerization rate
constant

Isomerization
equilibrium constant

Value

0.15 (+ 0.03) s
Dbp5™
0.16 (+ 0.01) s™
Dbp5™
0.12 (+ 0.01) s
Dbp5"!

0.12 (£ 0.07) s™
Dbp5"

20 (£ 3) M

26 (+ 6) UM
4 (£3) uM

15 (£13) uM

0.3 (2 0.1) M

0.24 (+0.1) pM

102 (£ 21) pM

98 (+ 15) s

2.6 (+0.003) s

0.02 (+ 0.003)
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Assay

NADH assay, Fig.
3.7
NADH assay, Fig.
3.1

PBP, Fig. 3.7

Predicted from
individually
measured rate and
equilibrium
constants, Eq. 3.9
NADH assay, Fig.
3.7

PBP, Fig. 3.7
Predicted from
individually
measured rate and
equilibrium
constants, Eq. 3.11
NADH assay, Fig.
3.1

Predicted from
individually
measured rate and
equilibrium
constants, Eq. 3.10

mantADP, reference
(25)



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

KmD,overaII

mantADP binding to Gle1-Dbp5
Association rate

ks constant
K Dissociation rate
> constant
K Equilibrium constant
o for initial binding
Forward
Kse isomerization rate
constant
Reverse
Kes isomerization rate
constant
K Isomerization
965 equilibrium constant
Overall mantADP
K binding affinity,
mbD,overall ([GHmD] +
[GHmMD™])
ATP binding to Dbp5
ATP equilibrium
K101

binding affinity

ATP binding to Gle1-Dbp5

Association rate

kar constant

Dissociation rate

krs constant

2 (+ 0.07) pM

1.8 (£ 0.14) uM"' °
1

47 (£4.3) s
19.8 (2 6) s

26 (+ 3.2) pM
11 (+ 3.4) M

24 (£1.7) s

2.1 (£0.3) s
21.3(x0.1)s™

2(t1)s"

0.09 (+ 0.01)
> 0.07 ( 0.006)

2.2 (+0.3) uM

3 (+ 0.4) mM

0.2 (2 0.1) pM"' s

0.6 (x0.1) uM's™

4.1 (£ 2.5)s"
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K, K

_d2177d32

1+ K5,

mantADP, Fig. 3.4

mantADP, Fig. 3.2

ky
k45

mantADP, Fig. 3.4

mantADP, Fig. 3.2

mantADP, Global fit
of Figs. 3.2-3.4

ks
k56

K, K

d54">d65

1+K

d 65

Kinetic competition
of ATP and
mantADP, reference
(25)

Kinetic competition
of ATP and
mantADP, global
MATLAB fit (dashed
lines), Fig. 3.5A
Kinetic competition
of ATP and
mantADP, Eq.
S3.18, S3.19 and
S3.24, Fig. 3.5B
Kinetic competition
of ATP and



ATP equilibrium

Kara binding affinity
ATP Hydrolysis by Dbp5
K ATP hydrolysis rate
1o constant
K ATP resynthesis
1o rate constant
Equilibrium constant
Ka1110

for ATP hydrolysis

ATP Hydrolysis by Gle1-Dbp5

kzg

ks7

Kas7

ATP hydrolysis rate
constant

ATP resynthesis
rate constant

Equilibrium constant
for ATP hydrolysis

P; release from Dbp5-ADP-P;

k1112

Rate constant for P;
release from HDP;

3.3(x1.1)s"

20 (£ 16) uM

5.5 ( 2) pM

0.16 (£ 5 X 10%) s
1

2.2 (+0.4)s"

6 X 10* (8 X 10°

7) S—‘l

2 X 10* (5 X 10°

5) S—‘l
0.004 (£ 5 X 10%)

10 (+ 3 X 10%)

0.6 (£ 0.2) s

1.0 (£ 0.9) s

1.7 (£ 1.6)

0.02 (£ 0.1) s
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mantADP, global
MATLAB fits
(dashed lines), Fig.
3.5A

Kinetic competition
of ATP and
mantADP, Eq.
S3.18, S3.19 and
S3.24, Fig. 3.5B
Ratio of rate
constants from
global MATLAB fits
Ratio of rate
constants from Eq.
S3.18, S3.19 and
S3.24

KinTek steady-state
simulation,
reference (25)

PBP, reference (25)

KinTek steady-state
simulation,
reference (25)

P:BP and isotope
exchange, reference
(25)

klllO

klOll

Quench-flow, Fig.
3.6

k87

k78

PBP, reference (25)



K Equilibrium constant
1211 for P; binding HD

P; release from Gle1-Dbp5-ADP-Pi

Rate constant for P;

Kso release from GHDP;
K Equilibrium constant
988 for P; binding GHD

ADRP binding Dbp5
Equilibrium constant
Ka121

for ADP binding H

ADP binding Gle1-Dbp5

K Equilibrium constant
o for ADP binding GH

Gle1 binding Dbp5-ATP

Equilibrium constant
Kato7 of Gle1 binding to
HT

Gle1 binding Dbp5-ADP-P;

Equilibrium constant
Kat1s for Gle1 binding to
HDP;

Gle1 binding Dbp5-ADP

Equilibrium constant

K129 for Gle1 binding HD

Gle1 binding to Dbp5

Equilibrium constant

Kaat for G binding H

Gle1 Dbp5-mantADP complexes

Equilibrium constant

Kas2 for G binding HmD

>10 mM

0.4 (+0.1)s"

>10 mM

360 (¢ 50) uM

240 (+ 15) M

1.5 (£ 0.8) nM

0.6 (£ 0.2) pM

0.5 (+ 0.2) pM

0.8 (+ 0.3) M

0.2 (+ 0.1) M
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Steady-state P;
inhibition, reference
(25)

Quench-flow, Fig.
3.6

Supplemental
Information, section
S4

Kinetic competition
of ADP and
mantADP, reference
(25)

Kinetic competition
of ADP and
mantADP, Fig. S3.3

Detailed balance of
Scheme 3,
Supplemental
Information section
S6

Detailed balance of
Scheme 3,
Supplemental
Information section
S6

Detailed balance of
Scheme 3,
Supplemental
Information section
S6

mantADP, Detailed

balance of Scheme
1, Fig. 3.3

mantADP, Fig. 3.2



Equilibrium constant 1.1 (£ 0.6) uM

Kaeo for G binding HmD*
Equilibrium constant K. K
. . d527+d63
Kb overall for G binding Dbp5- 0.17 (x 0.15) uM S —
mantADP K5 + Ky
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CHAPTER 3: SUPPLEMENTAL INFORMATION

SECTION S$1

As an independent check of the assumptions required to fit the data in Figure 3.4
to a simplified two-step binding model, the mantADP binding data from Figures
3.3A and 3.4A, along with the [Gle1]-dependance of the kobs for irreversible
mantADP dissociation in Figure 3.2B, were all globally fitted using a custom
MATLAB program to numerically solve for unknown parameters in Scheme 3.1.
The relevant rate and equilibrium constants in Scheme 3.1 were shared across
all data sets. Rate and equilibrium constants were left unconstrained and
randomly initialized between 0 and 500. This fit results in the following set of
parameters: kas =1+0.4 s, ksa=13+6s" ks =8+7 s kes =2+ 15", Kaar <
0.1 uM, Kas2 < 0.1 yM, Kass < 1 uM, which are consistent with fits to the analytical
solution in Figure 3.4B. The listed uncertainties represent the ninety-five percent
confidence interval of the final converged values after many fitting iterations (n =

100).

We note that occasionally, rate constants did not converge and yielded physically
unrealistic values (e.g., association rate constants far exceeding the diffusion
limit). However, upon plotting it is clear that these parameters cannot match the
experimental data collectively and likely represent a local, but not global
minimum in the total sum of squares. Rate constants for Gle1 binding apoDbp5
depend on parameter initialization, although the equilibrium constant (Kd41) never

exceeded 0.1 yM regardless of parameter initialization (Figure S3.1 A, B),
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consistent with published data (64). The values of Kds2 and Kde3 never exceed ~ 1
MM, regardless of initialization (Figure S3.1 C-F). Together, these results validate

the assumptions required for fits in Figure 3.4B.

SECTION S2

The reaction scheme for ATP and mantADP binding to Dbp5 in a kinetic
competition can be described by the following general mechanism:

ki 41 ki 42
M+ —><T (ML), 4)<,€T (ML),

kunls7L N
M +Lunl <—MLunl

Fun Scheme S3.1

where, the unlabeled ligand Lu» competes to bind the macro molecule M with
two-step binding of labeled ligand L,. The time course of the reaction should
follow 3 exponentials and the different equations associated with Scheme S3.1

are

dIML
ML, _ ML~k (ML~ Ky o LML + K [ME ],
dt (S3.1)
dIML
[ dl‘unl] = kunl,+ [M][Lunl] - kunl,—[MLunl]

(S3.2)

To obtain meaningful form for unlabeled ligand concentration dependence of rate
constant, suitable assumptions have to be made. Thus, we consider the following

3 cases:
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1. Unlabeled ligand dissociates much faster than labeled ligand binding, i.e.,
kuni,- >> K[M][L]. In this case, unlabeled ligand reaches fast equilibrium

with macromolecule before labeled ligand binds.

vz, 7= ]
Given rapid equilibration of Luni and M, wi - we assume that the
[Lun] is always in excess over [M] such that:
[M][Lunl ]0

[ML,, 1=

unl

This yields a mass balance relationship of:

M, =[M1+[ML,, 1+ ML, + (ML, = [)(1+ ooy sy v o),
il (S3.3)

Therefore, the two differential equations describing the reaction scheme are:

d[ML, ],
dt | _
d[ML, ],

dt

_ k + k + kl,+l [L/ ]0 Kunl _ k/,+l [Ll ]0 Kunl _ k [ML ]
o b [Lunl ]O + Kunl [L ]O + K o ( o j
[ML,],

unl unl
k1,+2 _kz,fz

M kl,HKunl [Ll ]0

tot

+ [L,) +K

unl

0 (S3.4)
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X0 =Y, + YP, where Y

The solution to Equaiton S3.4 will take the following form
is the general solution and Yj is the special solution. Y¢ will have the following

form:

Y. =Ce™n +Ce™n,

To solve for ﬂ”,

_ k + k + kl,+l [Ll ]0 Ktml _ ﬂ, _ kl,+1[Ll ]0 Kunl —k
o 2 [Lunl ]0 + K [Lunl ]0 + K o

unl unl
k

1,42

—k,_,—A

kl,+1 [Ll ]0 Kunl J + kl,+1 (kl,+2 + kl,*Z )Kunl [Ll ]0
[Lunl ]O + K [Lunl ]0 + K

unl unl

0= k,,flk,rzﬂ2 + ﬂ[k“ +h .,k +

Solving the roots of this equation,

k1,+1 [Ll ]0 szl +
[Lunl ]0 + Kunl

2
kL] K k. .k K [L k .k K [L
(k“ +kl+2+k172+ l,+1[ 1]0 unlj _4(kllk12+ 1,+1"1,+2 unl[ I]O + 1,+1"1,-2 unl[ I]OJ
’ ’ ’ [Lun/ ]0 + Kunl ‘ ’ [Lunl ]0 + K [Lun/ ]0 + Kunl

unl

1
21,2 = _E(kl,l + k1,+2 + kl,—2 +

(S3.5)

Now we will solve for the eigen vectors, ha
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kol K k(LK
—(k,,_l kit [’L‘[]’#J .y _[%
unl 10 unl
kl,+2 _kl, ) —ﬂ,
kl +2
=>n,=n _Lre
© ki, +2

The eigenvector in this case is:

1
7" = k.,
@4+2
Therefore,
1 1
Y, = Cle%]t k) . + Czeiw k) ..
kz,—z + 21 kz,—z + /12

Now we will solve for Yp:

M k Kunl [Ll ]0

tot"V1,+1

X'—Ax =g, whereg=| [L,], +K

unl

0
Therefore, Y, will be a constant vector, B:
Mt()tkl,+1Kunl [Ll ]0 Mmtkl,+lKunl [‘Ll ]0
O - AB = [Lun/ ]O + Kunl = B = A_l [Lunl ]0 + Kun/
0 0

Therefore,

116



Bo-

Mtotkl,HKunl [Ll ]0 Lkl,—Z j
kl,—lkl,—Z ([Lunl ]O + Kunl ) + kl,+l [Ll ]O Kun[ (kl,+2 + kl,—2 ) k

1,+2

The general solution is:

1 1
ML, 1, (¢
[[ l]l ( )j — Clefﬂlt kl,+2 + Czefxw k/,+2
[ML, 1, (2) P P
kz,—z + 21 kz,—z + ﬂz
_ Mtot kl,HKunl [Ll ]O (kl,—Z )
kl,—lkl,—2 ([Lunl ]0 + Kunl ) + k/,+1 [L/ ]o Kunl (k1,+2 + kz,—z ) kl,+2 (S3.6)

To solve for the arbitrary constants, C12, in Equation S3.6 we use the initial
conditions at t = 0. At equilibrium, prior to mixing (i.e., t = 0) [MLi]1 (0) and [MLI]2

(0) are described by the following reaction scheme:

M+ L == (ML, ), —(ML, ),

ko ML), ke [ML]
1= - 2 -
Where ki (ML}, and ko ML, if we assume [Li] >> [M]ot
then, [LiJtot ~ [Li]o.
ML 1+ K
[ML,], +[ML,], =[ML,], +[ ! = 2 [ML,],
K2 K2

K
= [MLI ]1 = ﬁ([Ml‘z ]1 + [MLz ]2)

2

= (ML}, =—— (ML), +[ML, )
) (S3.7)

From mass balance, [M]wt = [M]+[MLi]1+[ML]2 and K1, K2, and Equation S3.7:
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[M] — K]KZ [MLI]I +[MLI]2
"1+ K, (L],

+IML ], +[ML ],

(S3.8)
Solving Equation S3.8 for [MLi]1 + [ML]2 yields,
(ML), +[ML,], =l
(L], +K, +K K, (S3.9)
Substituting Equation S3.9 into K1 and Kz yields,
[MLI ]1 (O) — [M]t()[ [Ll ]0 KZ
(1+K,)([L,], + K, + K K,)
[MLI ]2 (0) — [M]tot [L[ ]0
(1+K,)(IL ], + K, + K K,) (S3.10)
Substituting Equation S3.10 into Equation S3.6 att = 0 yields,
[M]tot [LI]O KZ 1 1
[ML,],(0)) _ (1+ K, ) (L], + K, + KK, _Cet| k., |+ce| k.
[ML/ ]2 (0) [M]tot[Ll ]0 k »+ 21 k Y_,_ ﬂ,z
(1+K,)(IL ], + K, + K,K,) b b
_ Mtotkl,+1Kunl [Ll ]0 [kl,—Z ]
kl,flkl,72 ([Lunl ]0 + Kun[ ) + k1,+1[Ll ]0 Kunl (kl,+2 + kl,*Z ) klv+2 (83-1 1 )

Solving Equation S3.11 for C1,2 yields,

C =

_ Mrutkl,+l (ker + A’l )/12 [Ll ]0 ([Lunl ]0 kl,flk1,+2kl.72 + k1,71k1,72 (2kl,+2 + kI,*Z )Kunl + k1,+1 (k1,+2 + kl,*Z )szl (k[,72 + 2kl.+2 [Ll ]0 ))

(kl.+2 + kI,—Z )(/11 - /12 )([Lunl ]0 kl,*lker + kl,flkI:ZKunl + kl.+1 (kl,+2 + k1,72 )Kunl [L[ ]0 )(kl;lkl;Z + kl,+1 (ker + k1,+2 [Ll ]0 ))
C, =

_ Mturkl,-H (k[.—z + /12 )/‘Ll [L[ ]0 ([Lun[ ]0 k[,—lkl,+2k[,—2 + k[,—lkl,—Z (2k1,+2 + k[,—Z )Kun[ + k[,+l (kl,+2 + kl,—Z )Kunl (kl,—2 + 2k[,+2 [Ll ]0 ))
(k[,+2 + k/,-z )(ﬂ“l - ﬂ’z )([Lunl ]0 kl,—lk[,—Z + k[,—lkl,—2Kunl + k[,+1 (k[,+2 + k[,—Z )Kun[ [Ll ]0 )(kl,—lk[,—Z + k[.+l (k[,—Z + k[,+2 [L[ ]0 ))
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2. Unlabeled ligand binding is comparable to the first binding step of labeled
ligand, i.e., kuni,+ ~ ki+1,and both dissociation of unlabeled ligand and the
first step of labeled ligand is much faster than labeled ligand second step
binding, i.e., Kun,-, k,-1 >> [ML)] ki+2. In this case, the macromolecule
reaches equilibrium with [ML]J1 and [Mun] before [ML]Jz is significantly
populated. Therefore, in the time region after the first step of labeled
ligand binding and unlabeled ligand binding reach equilibrium, but before
labeled ligand second step binding significantly starts, according to mass

conservation, the total macromolecule is approximated to

(M ], =[M]+[ML,,, 1+ [ML ], +[ML, ], ~[M]+[ML,,, 1+ [ML,], (S3.12)

Equation S3.1 is reduced to

d[ML,],
dt
=k 1 ([M 1o =MLYy =ML, 1)L 1= (K, -y + Ky oy )IML ],

= Kyl UM Yoy = (Ko Ly 1 ey oy ey )IML )y = ey [ 1[ML,,]

~k ML ]- (kl,—l +h o )[MLZ L

d
(_ +h L]+ ko +k j[MLl L+ k(LML 1= Ky oy [ ]IM 1,
dt S3.13)

Equation S3.2 becomes

d[MLunl ]

S /1 iy

dt unl ,+
= kunl,+ [Lunl ][M ]tot - kunl,+ [Lunl ] [MLI ]1 - (kunl,+ [Lunl ] + kunl,— ) [MLunl ]

([M]tot - [MLZ ]1 - [MLunl ]) [Lunl] - kunl,— [MLunl]
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d
kunl,+ [Lunl ] [MLI ]1 + (_ + kunl,+ [Lunl ] + kunl; j [MLunl ] = kun1,+ [Lunl ] [M]tot
dt (S3.14)

The equation to solve Eigen values of Equations S3.13 and S3.14 is

—A+k gL ]+ bk +k ki alL]
kunl,+ [Lunl] -1+ kunl,+ [Lunl] + ku

nl,—

= (_l + klﬁ'l [Ll] + kl,—l + kl,+2 )(_ﬂ‘ + kunl,+ [Lunl] + kunl,— ) - kl,+1 [Ll ]kun[,+ [Lun[]
=1 (kl,+l [Ll] + kl,—l + kl,+2 + kunl,+ [Lunl] + kunl,—)
+ (kl,—l +h o )kunl,+ (Lo 1+ (k1,+1 [L]+k _ +k )kunl,— =0

The solutions of the equation are the two observed rate constants of the period,

1
Ay = 3 (k1,+1 (L 1+ Ky kg g Ky [y 1 K

2
i\/(kl,+1 [Ll] + kl,—l + kl,+2 + kunl,+[Lunl] + kunl,—) -4 (kl,—l + kl,+2 )kunl,+ [Lunl ] - 4(kl,+l [Ll] + kl,—l + kl,+2 )kunl,— j
(S3.15)

To further characterize the features of the two observed rate constants, further
approximation is needed. The faster observed rate constant of the two can be re-

written as

120



1
ﬂ"l = E(kl,+1[l‘l] + kl,—l + kl,+2 + kunl,+ [Lunl] + kunl,—

2
+\/(k1,+1 (L ]+ kg + kg o+ K [ Ly 14 Ky ) -4 (kl,—l +k 4 ) Kt + [ Lo 1—4 (kz,+1 [L]+k_y +h o ) Kot j

1
= E(klaJrl[Ll ] + kl,*l + kl,+2 + kunl,Jr[Lunl ] +k,

unl ,—

2
+\/(kl,+l [Ll] + kl,—l + kl,+2 + kunl,+ [mel] - kunl,—) + 4kun1,+ [Lunl ] (kunl,— - kl,—l - kl,+2 )j

(S3.16)

or

1
= E(k[,+1[Ll] + kl,—l + kl,+2 + kunl,+[Lunl] + kunl,—

2
+\/ (k1,+1 (L] =Ky =Ky o+ K o Ll 1 K ) +4k; 4 [L4] (kz,_1 +hi =Ky - )]
(S3.16))

kl,+1[Ll] + kl,—l + kl,+2 + kunl,+ [Lunl]

It means the value of 11 is always between and

KLy 1 Kot Lt 1 Ko - for all titrating [Lun] unlabeled ligand concentration,

ie.,

ki alLy )4k kg o kg (L 12 40> kg LD )+ ke (L 1+ K = 16K+ 2K
ki alLy 1+ ko + kg o+ Ly 1S A4 <ky o [L 1+ Ky [ Ly 1+ K

unl .+ unl,—»>

itk +hk . <k,

nl,—

(S3.17)

/11 = kl,+1[Ll

At [Lun] = 0, it should 14k +k”+2, therefore, we choose

ﬂ“l ~ kl,+1[L1 ] + kl,—l + kl,+2 + kunl,+ [Lunl] (831 8)
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to be approximately the faster observed rate constant for any unlabeled ligand

concentration for consistency with the case when [Lun] = 0. It is a linear function
of [Lun] with y-intercept of Kl ]+l i and slope of kyn,+. With this

approximation, the slower observed rate constant becomes:

_ A (kl,—l +k; 4 )kunl,+ (L 1+ (k1,+1 L]+ k + kL )kunl,—
A A

Z

(kl,—l +ki o )kunl,+ (Lo 1+ (kz,+1 (L]+k _ + K )kunl,—
ki alLy 1+ Ky g+ Ky o + Ky [ Ly ]

_ (kl,—l + kl,+2 )kunl,+ [Lunl ] + (kl,+1[Ll] + kl,—l + kl,+2 + kunl,+ [Lunl] - kunl,+ [Lunl ]) kunl,—
ki Ly 1+ Ky g+ kg + ke [ Ly ]

ki _+k ,—k
— kunl ~ + l,*l l,+2 Mﬂl,* [Lunl]
T kg alL) ko kL, AL
unl
K (S3.19)

Therefore, A2 is approximately a hyperbola with initial and final values of kun,- and

[, ki L ]]: ki1 +ki o

ki -1+k;+2 and it reaches a half of maximum at unl+

In time region after unlabeled ligand binding and the first step of the ligand

binding reach equilibrium, has only one differential equation left

d[ML
AL g oM~k ML

(S3.20)
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According to equilibrium among ligand unbound macromolecule, those with

unlabeled ligand bound and the first species of labeled ligand bound, we have

A LA
11
it =MLy ]

and

(M, =[M]+[ML], +[ML], +[ML,,,]

_ K], [1 o L]
[Ll] unl

(K]] (1+ [Kunl]]+lJ[ML[]l +[MLI]2

j"'[MLl]l +[ML;],

[Ll] unl (8322)

Substitute Equation S3.22 into Equation S3.20
dML], _ [M o —[ML; ],

dt 1,42 K
[Ll]

unl

bolMly | ko
1,-2 112

Kll£1+[l’unl]]+l I<l’1[1+[LW’l]j+1

[Ll] Kunl [Ll] Kunl

(S3.23)

The above first order linear equation has the following solution
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kl 42 [M ]tot

Kz,l(H[Lm]jﬂ
(LI K

unl
kl 42

KZ’I(H[L”"’]}H
[L] K

K
ki t+k ([L“] (1 + []I;“”l ] j + lj
1 unl

with rate constant

+k

= A3€_/13t +

kl +2

Ay = : +hk;

K

[Ll] Kunl

K, L
! l] kl,+2

_ Kl,l
= +k

L
Kunl [1 + [I<l]j + [Lunl]

11

kl,+2[L1] M _
(KU N [L[]) [Kunl (1 + Kl’l J-l_ [Lunl] [Lunl]J

= +k[,_2
Kunl [1 +[LI]J +[Lunl]
Kl,l
fally) |
unl
ki alL] ko Ky +1]

=T N 1,-2
(Kl,l +[L1]) K, (1+[I§l]j+[l’unl]

u
/1

(S3.24)
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The third observed rate constant is a downward hyperbola of [Lu] with initial and

kl,+2 [Ll]

final values of (K’J +[Ll])

L
[Lunl] = szl (l +[I(_I]J

11

+k; 5
and kl’—z, and it reaches a half of maximum

when 844

In this case, that unlabeled ligand binding is comparable to the first step of
labeled ligand the binding, the time course follows 3 exponentials and the fastest
observed rate constant scales with unlabeled ligand concentration, while the two

slower observed phases are hyperbolic functions.

Time courses in Figure 3.5A were fit to a sum of two or three exponential
functions (continuous lines) and the observed rate constants were globally fit
(Figure 3.5B, solid lines) to Equation (A) below (from Equations S3.18, S3.19 and

S3.24):

ﬂ1 ~ kz,+1 [Lz 1+ kl,—l + k1,+2 + kunl,+ [Lunl ]

1=k kl,—l + kl,+2 —k
, =

unl,—
unl,— + : [Lun ]
5 kl,+l[Ll ]]: k[,—l + kl,+2 + [L,ml] :

unl ,+

k

1,42

Ay =
K”1[1+[L”’”]J+1
[Z,]

+ kl,_2

unl

(A)

Where Li is mantADP, Luni is ATP, Kj 1 is the equilibrium constant for the first
mantADP binding step, Kuni is the equilibrium constant for ATP binding, and kuni.-,
Kuni,+, ki +1, ki-1, ki+2, ki-2 correspond to k-atp, k+atp, Kas, ksa, kse, and kes in Scheme

3.2. The best fit estimates for k+atp and kate from Equation (A) are 0.6 + 0.1 yM-!
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s’ and 3.3+ 1.1 s (Table 3.1), respectively, consistent with MATLAB fittings.
We note that modeling the ATP kinetic competition data with Scheme 3.2 is valid
as little hydrolysis occurs within the time scales of the mantADP binding time

courses (see Results).

3. Unlabeled ligand binding is comparable to the slow step of labeled ligand
binding and both are much slower than the first step binding of labeled
ligand, In this case, kun,+[Lun] ~ ki+2 << ki -1, the labeled ligand first binding
step reaches equilibrium before labeled ligand second step binding and

unlabeled ligand binding taking place. The equations for this case are

d[ML
% =k; oMLY, —k; _,[ML;], (S3.25)
d[ML,,] _
= = kTN = Koy ML) (S3.26)
(ML, = [M][L]

111 K“

| (S3.27)
(M1 =[M1+[ML) +TML Y, +[ML,, ]
_ [1 +M)[M] +[ML; ], +[ML,,;]
Kl,l

— (& + lj [MLZ ]l + [MLZ ]2 + [MLunl]

T (S3.28)

Equation S3.25 and S3.26 can be re-written as

d[MLl ]2 [M ]tot B [MLI ]2 B [MLunl]

dt

=k -k, ,[ML
1,+2 K[,l 1, 2[ 1]2
1+—

[Z;]
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_ kl,+2 [M]tol _ kl,+2 [MLunl]

+h o (IML], =k

(L] (L] [Z,] (S3.29)
d[ML My —IML ], —[ML
[ML,,,;] = Ko+ (L] (M],, —[ML,], -[ML,,,] _ kunl: [ML,,;]
dt 1.4-M
K,

_ kunl,+[Lunl ] [M ]tot kunl,+ [Lunl ] [MLZ ]2 _ kunl,+ [Lunl]

1+M 1+M 1+@
Ky, Ky, Ky (S3.30)

+ kunl,— [MLunl]

In this case, the time course follows 2 exponentials and according to Equations
S3.29 and S3.30, the equation for the Eigen values of differential equations

S3.29 and S3.30 is

k/ +2 kl +2
_ﬂ, + —Kll + kl,—2 —Kl )
1+— 1+
[Z] [Z]
k L k L
u"1,+[[thill] A+ unl,+[[Lujzl] + ku,d,_
1+=1 1+=1
Kl,l K1,1
. kl,+2 + k] >, ¥ kunl,+ [Lunl] + kunl = kl,+2 kunl,+ [Lunl]
Koo L] ’ K, 4]
1+—= 1+ 1+—2 1+
(L] K, (L] K,
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k k L k L k
=27 2k, + LLW] eyt | At ey = [Lunl] + l’Jer ko Ky - =0
14 bl 1+ 4] 1+ L] 1+-—bL
[L] K, K, (L]
The solutions are
1 kl,+2 kunl,+ [Lunl]
//’“i = 2 1+ Kl,l + kl,_z HTf/]—F kunl,—
(L] K
2
k k L k L k
+ 171+<2 + k],_z + % + kunl,— - 4kl,—2 “”l:‘*'[[Lu]”ll] -4 171-22 + kl,—Z kunl,—
Al 1424 1+ 1+ 5L
(L] K, K, (L]
(S3.31)

For further approximation, the fast rate constant in Equation S3.31 can be re-

written as
k L
ﬂ+ 1 1,42 k] , n unl,+[ unl] +kun1 B
2| | Ky T T
(L] K,
2
k k L k L
n 1,+2 k[ 5 unl,+[ unl] _ kun] B n 4(kun[ = 4k] _2) unl,+[ unl]
Koo L] ’ ’ ’ 4]
1+—= 1+ 1+
(L] Ky K,
(S3.32)
or
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k k L
:l 1,42 +k[ N n unl,+[ unl] +k .
20, K, " [Z] o
1+—=— 1+==
(L] K,
2
kl 2 kunl [Lunl] kl 2
+ ’;{ M2 ﬁ-’_kunl; +4 ’I+< (kl;Z _kunl,f)
+ —hl 1+ L E ] 1+ Ay
[L;] K, [Z]
(S3.32')
Apparently, the fast observed rate constant in this case is between
kl,+2 + k] 5 + kunl,+ [Lunl] kl,+2 + kunl,+ [Lunl] + kun] ~
Ky 4] K, [4] ’
1+—= 1+ l+—— 1+
[L] Kt ang 4] Kiy ,i.e.,
kl,+2 k[ ) kunl,+[l‘unl] > kl,+2 kunl,+[Lunl] +k if k]’,z >k

unl ,—

— k"> > + .
K, ’ [L] i K, 1+@ unt:

1+—= 1+=—= 1+—=

[L] K, (L] K,

k k L k k L

1,+2 +k[_2 unl,+[ unl] Sﬂq_ < 1,42 unl,+[ unl] k s if k[_z <k .

K, ’ [L] K, [L;] s ’ s
1+—= I+——= I+ 1+==

(L] K, (L] K,
(S3.33)

A = ki k hen [L ,]=0
v ——Kll+ 1,-2> when [ unl]_
To be consistent with [Z;] , we choose the

approximated form of the fast rate constant to be

kl,+2 kunl,+[Lunl]
i_'_ ~ K + kl,—2 +T
1+ bL 1+=1=
[Z/] Kiy (S3.34)
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at any unlabeled ligand concentration. It is a linear function of unlabeled ligand

k k
14+ 5L 1+=12
[Z,] and slope of Ky . Under this

concentration with y-intercept of
fast phase approximation, the slow phase is approximated to

k(L] | k
unl ,+L=unl 1,42
kl ,—2 kunl —

k, _
1,-2 1+M &
P K, (L]
- Zq_ kl,+2 + k] . + kunl,+ [Lurzl]
AR PR L)
[L] K,
kunl [Lunl] kl 2 kunl [Lunl] kunl [Lunl]
kl;Z ,+[L ] + ’;( + kl,72 + ,+[L ] - ’+[L ] kunl,f
1+—1= 1+ 5L 1+—1= 1+-12
_ K, L] K, K,
kl,+2 +k + kunl,+[l‘unl]
(L] K,
kunl [Lunl] kunl [Lunl]
kl,—2 ,+[L ] - ’+[L ] kunl,—
1+ K—’ 1+ K—l
ko 11 11

’ kl,+2 k kunl,+ [Lunl ]

TR TA
1+-—LL 1+
[L] K,
_ + (kl,—2 - kunl,— ) [Lzml]

— Munl —
K1,1+[L1]( ki olLy] Tk JJF[L ]
1,2 unl
Ky ik + \ [ 1+ Ky (S3.35)
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The approximated slow phase is a hyperbola with initial and final values of kun; -

L, :K1,1+[L1] ki o[L] kL
K,k [L,]+K;,

unl,+

and k;,-2, and it reaches a half of maximum at
In the case both unlabeled ligand binding and the second step of labeled ligand
binding is much slower than the equilibrium of the labeled ligand first step
binding, the time course follows 2 exponentials. The fast phase rate constant
scales linearly with unlabeled ligand concentration, whereas the slow phase

concentration is a hyperbola of unlabeled ligand concentration.
SECTION S3

The effects of Gle1 on ADP binding were measured through kinetic competition
by incubating 1 uM Dbp5 with 10 uM Gle1 for at least 2 hours at room
temperature and subsequently mixing with 20 yM mantADP with various
concentrations of ADP. Time courses of mantADP binding in the presence of
ADP are best fit by a sum of two exponential functions (Figure S3.3A), indicating
that one of the three binding steps equilibrates much faster than the other two
(Scheme 3.2). Given that the rate constants for mantADP binding are
independently known, Gle1-Dbp5 binding ADP is likely a rapid equilibration.
Under these conditions, the fast and slow phase observed rate constants should
display an [ADP]-dependent decrease (Supplemental Information, section S2-
1). However, the noise associated with fitting the fast phase is significant.
Therefore, we utilize only the [ADP]-dependance of the slow phase to estimate

the ADP affinity (Figure S3.3B) with Equation S3.5 above (see Supplemental
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Information section S$2-1), yielding an affinity (Kags4) of 240 £ 15 pM for Gle1-

Dbp5 binding ADP.

SECTION S4

Inclusion of up to 10 mM free phosphate does not significantly alter steady-state
ATP hydrolysis by Dbp5 under saturating ATP and Gle1 conditions. This
indicates that the apparent binding affinity of free phosphate for Gle1-Dbp5
complex during steady state ATP hydrolysis Kri, ss > 10 mM, because the
equilibrium binding affinity between Gle1-Dbp5 and free phosphate (Krpieq) is
always greater than Kpi, ss (25), Kprieq > Kpi, ss > 10 mM. Therefore, phosphate
rebinding does not need to be considered as no more than 80 yM (<< 10 mM)
free phosphate is present in solution during the time scale of the quench-flow

experiment.

SECTION S5

The maximum solution ionic strength (/, calculated from molality, so is unitless)
change in our study < 2-fold over the [ATP] range examined, ranging from / =
0.14 (in assay buffer without other components added) to / = 0.21 with 15 mM
Mg-ATP (50% change; Figure 3.1) or / = 0.23 with 15 mM Mg-ATP and 10 mM
phosphate in the buffer solution (64.3% change; see below). At the high ATP
used (~15 mM), this change has notable effect on the activity coefficient of ATP
and reduces the effect ATP concentration < 23%. For example, the effective

concentration of 15 mM ATP in the assay buffer with 10 mM phosphate is 11.6
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mM. Consequently, there is no effect on the observed steady-state ATPase
behaviors, which is the only experiment where such high [ATP] is used. This is
supported by the fact that the ATPase activity in the presence of saturating [Gle1]
is comparable in 0.1 mM Mg-ATP (~ kcat = 0.15, saturated; Figure 3.7; [ ~ 0.14
assay buffer ionic strength; see below) and 15 mM Mg-ATP (~ kcat= 0.16; Figure
3.1; 1 =0.21; see below). In addition, the Dbp5 ATPase, both in the presence
(this work) and absence (previous work from our group (25)) of Gle1 was not
affected by inclusion of 10 mM phosphate. Nevertheless, we provide calculations

of our solution ionic strength here to inform readers.

1. lonic strength of assay buffer. The ionic strength of the assay buffer
is mainly from 1 of each K* and CI* in KCI (100 mM), 1 Mg?* and 2
CI* in MgCl2 (2 mM), and 1.5 charge from HEPES (30 mM). The
ionic strength is / ~ 0.5([KCl]x(12+12)+[ MgCl2]x(22+2x 1)+[ HEPES]

x12=0.14

2. Concentration of ions in our 100 mM ATP stock solution: To make
ATP stock solution at pH 7.0, we dissolve disodium ATP powder
(Sigma-Aldrich, cat# A7699) in ddH20 and immediately bring the
pH up to 7.0 with KOH. In neutral pH solution, a ATP loses 3
protons and the affinity of the 4™ proton is log(K) = 6.51 (119).
Therefore, in pH 7.0, the ratio of ATP with the 4" proton off and on

is
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[ATP“—}
log| = = |=pH —-pKa=7-651=0.49
HATP?"

[ ATP* |

m =10%% =3.09

For 100 mM ATP stock solution in pH 7.0, 100/4.09 ~ 24.4 mM of it is HATP3-
and 75.6 mM of it is ATP*. Consequently, 3[HATP3-]+4[ATP*] = 3x24.4+4x75.6
= 375.6 mM proton H* is dissociated from disodium ATP into solution in pH 7.0
and it needs the same molar equivalent KOH to neutralize the released H*. In
conclusion, in 100 mM ATP stock solution, there is 375.6 mM of K* ion in the
solution from KOH added apart from 2x100 = 200 mM Na?* from disodium ATP

complex.

3. lonic strength of 15 mM MgATP in the assay buffer: 15 mM MgATP
solution was made by adding 15 mM ATP from 100 mM K*ATP pH
7 stock and 15 mM MgCl2. When adding 15 mM ATP from stock
solution, 375.6x15/100 ~ 56 mM K* and 200x15/100 = 30 mM Na*
are also carried into the solution from K*ATP stock. Then the ion

concentration in 15 mM ATP buffer solution includes:

K*: 100 + 56 =156 mM

Na*: 30 mM

134



Monovalent metal ion: 156+30 = 186 mM, adjusted to 176.4 mM free (see below)
ClI=: 100 + 2x2 + 2x15 =134 mM

Mg?*: 2+15 = 17 mM, adjusted to 2 mM free (see below)

HEPES'5: 30 mM

MgATP?: 15-9.6 = 5.4 mM (see below)

KMgATP~: 9.6 mM (see below).

However, not all the ions above are free. K* and Na* have the same charge and
their affinities for ATP are similar ~ 100 mM (119). Therefore, we treat K* and
Na* the same in their conjugating to ATP and in calculation of ionic strength, i.e.,
the total monovalent metal concentration is 156 of K* + 30 of Na* = 186 mM in

which

[K+ ATP] = %[[ATP o +[K+ lor +K . ‘\/([ATP]W + [K+ lm +K . )2 ~4[ATP] [K]WJ

9.6 mM is conjugated with ATP and 176.4 mM is free ([K*]zt is treated as total of

both K* and Na*).

In the presence of ~100 mM KCI or NaCl, the affinity of Mg?* for ATP is reduced
to ~0.21 mM (119), but is still tight. Thus, in the presence of 17 mM Mg?* and 15

mM ATP, almost all the ATP has a Mg?* complexed.

In summary, in our experimental condition and buffer, 2 of 4 negative charges in

ATP are neutralized by Mg?* conjugation to become MgATP?-. 1 of 2 negative
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charges in the majority of MgGATP?~ (9.6 mM) is further neutralized by a K* or Na*
binding, becoming KMgATP- and the rest of MgGATP?~ is most possibly staying as

MgATP? since pKa of MgATP?  is 4.55 (119). Finally, in all consideration,

the ionic strength in 15 mM MgATP buffer is:

I :%(0.1764x12 +0.134x1% +0.002x 2% +0.03x1.5% +0.0096 x 12 +0.0054><22) =0.21

15 mM MgATP adds an additional 0.21-0.14 = 0.07 to the assay buffer strength
and it is ~ 0.07/0.14=50% change in ionic strength from assay buffer alone.
According to Debye-Huckel equation (120), the population weighted average

activity coefficient for MgATP is:

log Y MgaTP = _0-509‘/72MgATP2
=—-0.509%+/0.21x2.08 =-0.48

where the population averaged charge square is:

2

5 [KMgATP ]x(~1)* +[MgATP* ]x(-2)

z =
MedTP [KMgATP™ | +[MgATP> |
2

9.6x(=1)* +5.4%(-2)
- 15

=2.08

Therefore, the MgATP activity coefficient in 15 mM MgATP buffer is yugate =

0.33 and it is slightly change compared to yugare = 0.40 if the MgATP is in buffer

2 _
without ATP (I = 0.14; ZMearr- =2:08)
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4. lonic strength of 10 mM phosphate (PQy) in assay buffer. The
highest phosphate (PO4) concentration used in this study is 10 mM,
which was made by the assay buffer pH 7.5 supplemented with 10
mM phosphate taken from 1 M phosphate stock solution with H20
pH 7.5. The phosphate stock solution was made by dissolving
different amounts of monobasic (KH2PO4, acid) and dibasic
(K2HPO4, base) potassium phosphate powder, respectively, into
H20 to final 1 M phosphate and pH 7.5. There are 3 dissociable
protons in a phosphate and their pKa values are 2.15, 6.82, and
12.38 (121). Therefore, in the final pH 7.5, the 15t proton should be
all dissociated, the 2" one partially dissociated and the 3™ one
should stay bound with phosphate. In the 1 M phosphate stock

solution pH 7.5, using the Henderson-Hasselbalch (HH) equation:
pH = pKa + log ([Base] / [Acid])
with pKa = 6.82, the ratio of base to acid is:
[Base] / [Acid] = 1075682 = 4,79,
Since
[Base] + [Acid]=1M

[Acid] = 1/(1+4.79) = 0.17 M and [Base] = 1- 0.17 =0.83 M

137



are the final base and acid concentration in the phosphate stock solution. Since
the proton contribution from solution pH change (10~7 to 10-7-) is negligible, the
calculated final base and acid concentration is the concentration of dibasic and
monobasic potassium phosphate dissolved (121). Consequently, K*
concentration in the phosphate stock from both mono- and dibasic potassium

phosphate is:
[K]=0.83x2 +0.17x1=1.83 M

and 1830x0.01 =18.3 mM was carried over with 10 mM phosphate when using
phosphate stock to make buffer. The ions in 10 mM phosphate assay buffer

solution are:

K*: 100 + 18.3=118.3 mM, adjusted to 118.3-2.8 = 115.5 mM (see below)
CI=: 100 + 4 = 104 mM

Mg?*: 2 mM

HEPES'5: 30 mM.

HPO4~: 1.7 mM

PO4?: 8.3 mM, adjusted to 8.3-2.8 = 5.5 mM by K* binding (see below)
KPO4: 2.8 mM

The affinity of K* for PO4%~ is weak, logK = 0.64 or Ky ~ 230 mM (119). The
concentration of K* bound at the 2" phosphate proton position of PO4?~ (8.3 mM)
is:
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[kro; -4 [roi ], o[ ] or = ([ro ] o[k Lok ffroi ][],

:%(8.3+118.3+230—\/(8.3+118.3+230)2 —4><8.3><118.3j~2,8 mM

Finally, the ionic strength is:

I =0.5x(0.1155+0.102+0.002x22+0.03x1.52+0.0045+0.0055%22) ~ -

0.16
It is 0.02/0.14=4.3% change from assay buffer ionic strength.

5. lonic strength of 15 mM MgATP with 10 mM phosphate (PO4) in
assay buffer. similar to the case above, 15 mM MgATP in buffer
adds ~0.07 to the assay buffer ionic strength, 15 mM MgATP would
add ~0.07 to 10 mM phosphate buffer, such that the final ionic
strength is / ~ 0.16+0.07 = 0.23 and it is 64.3% change compared
to the ionic strength of buffer alone. The MgATP activity coefficient
in 15 mM MgATP with 10 mM phosphate is ygate = 0.31 and
reduced 0.09 (22.5%) from activity coefficient in assay buffer (0.40).
At this activity coefficient vs. that in the assay buffer alone, the

effect concentration of 15 mM MgATP reduces to:

[MgATP]eff = 0.31x15/0.4 = 11.6 mM.
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SECTION S6

Below are the formulas used to calculate unmeasured values in Scheme
3.3 using detailed balance (Table 3.1). Uncertainties were calculated with

conventional error propagation methods (122).

K, K. 55%x0.8

K, = = =1.5+£0.8 nM
K01 3000
K. = K51 K o7 _ 1.7x0.0015 =0.6+£0.2 uM
s 0.004 -
K, .K .
K, = aoatraar _ 240x 0.8 =0.5+02 uM

K, 360
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Figure $3.1. Distribution of initial (A, C, E) and final (B, D, F) Ku41, Kds2, and Kde3
(Scheme 3.1) from global fits in Figure 3.2B, 3.3A, and 3.4A (dashed lines) using
numerical integration techniques in a custom MATLAB program. InsPs is included

in all experiments at an equimolar concentration with Gle1.
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Figure S3.2. Distribution of final (B, D) and initial (A, C) ATP association (ka7)

and dissociation (k74) rate constants (Scheme 3.2) from fits to a kinetic simulation

of Scheme 3.2 in Figure 3.5 using numerical integration techniques in a custom

MATLAB program. Rate constants for Gle1-Dbp5 binding mantADP were fixed to

values determined from fits in Figure 3.4. InsPs is included in all experiments at

an equimolar concentration with Gle1.
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Figure S3.3. ADP rapidly equilibrates with Gle1-Dbp5 complex. (A). Time
courses of FRET signal changes in pre-equilibrated solution of 2 uM Dbp5 (1 uM
after mixing) with 20 uM Gle1 (10 uM after mixing) upon rapid mixing with an
equal volume of 40 uM mantADP (20 uM after mixing) with various
concentrations of ADP (from 0 to 3 mM after mixing). Continuous lines through
the data are the best fits to double or single exponential functions (solid lines).

(B) [ADP]-dependence of the observed rate constants from exponential fits in A
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(solid lines) for mantADP binding pre-formed Gle1-Dbp5 complex. The
continuous line through the data is the best fit to Eq. S3.5 (Supplemental
Information, section 2-1). Uncertainty bars represent standard error in the fits and
are contained within the data points. The best fit yields an affinity for Gle1-Dbp5
binding ADP (Kas4) of 240 + 15 yM. InsPs is included in all experiments at an

equimolar concentration with Gle1.
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Figure S3.4. Representative SDS-PAGE gel of purified Dbp5 and Gle1. (A).
SDS-PAGE gel of purified Gle1-MBP fractions following final FPLC separation.
(B). SDS-PAGE gel of purified Dbp5 fractions following final FPLC separation.

InsPs is included in all experiments at an equimolar concentration with Gle1.
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Chapter 4: Unpublished Results and Future Directions

The overall interaction time between RNA and Dbp5 during a single ATP
hydrolysis cycle is at least 0.4 seconds (25), much longer than the 50-200
millisecond export times observed in vivo (36). Slow RNA binding to Dbp5-ATP
accounts for approximately half of this delay time (25). By accelerating RNA
binding, Gle1 may be able to shorten the Dbp5-RNA interaction time to a scale

that matches the mRNA export durations observed in vivo.

To measure RNA binding to Dbp5-ATP and Gle1-Dbp5-ATP, we took
advantage of our knowledge regarding the kinetics of native and Gle1 stimulated
Dbp5 ATPase in a series of dual mixing experiments. We first mixed either Dbp5
or preformed Gle1-Dbp5 complex with ATP, allowed the solution to age long
enough (0.1 second) for ATP to bind (but prior to any significant hydrolysis), then
mixed with fluoresceine labeled, 12-mer, ploy-U RNA (Figure 4.1). When Dbp5
binds fluorescein labeled RNA, substantial quenching of the fluorescent signal is
observed (Figure 4.1 A, B). Time courses of Dbp5-ATP (Figure 4.1B) and Gle1-
Dbp5-ATP (Figure 4.1A) binding RNA fit well to single exponential functions,
yielding observed RNA binding rate constants. Fitting the [Dbp5-ATP] or [Gle1-
Dbp5-ATP]-dependence of observed RNA binding rate constants to a linear
function yields the fundamental association rate constant of Dbp5-ATP (0.1 +
0.02 uM-' s™) or Gle1-Dbp5-ATP (8.5 + 0.4 uM-" s71) binding RNA from the slope
and the fundamental dissociation rate constant of RNA unbinding from RNA-
Dbp5-ATP (1.2 £ 0.3 s') or RNA-Gle1-Dbp5-ATP (5.7 £ 0.2 s™') from the y-

intercept (Figure 4.1 D), respectively. This yields an affinity of Dbp5-ATP and
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Gle1-Dbp5-ATP for 12-mer, poly-U RNA of 12 £ 3.8 and 1.5 + 0.1 pM,
respectively. Direct fitting of fluorescence quenching amplitudes (Figure 4.1 C)
from exponential fits in Figure 4.1 A, B to a simple rectangular hyperbola yield an
affinity of Dbp5-ATP and Gle1-Dbp5-ATP for 12-mer, poly-U RNA of 23 £ 15 and
0.4 £ 0.1 pM, respectively. Thusly, Gle1 accelerates RNA binding and unbinding
to Dbp5-ATP ~ 85 and 5-fold, respectively. The net result of Gle1 is to increase

the affinity of DbpS5-ATP for RNA ~ 60-fold.

Mex67-Mtr2 has long been thought of as a remodeling substrate for Dbp5
(46). However, this has never been tested biochemically. Dbp5 is proposed to
remove Mex67-Mtr2 from mRNPs following export. Although Dbp5 does not
copurify with Mex67-Mtr2, it may transiently bind Mex67-Mtr2 directly to elicit
RNA dissociation. Alternatively, Dbp5 may bind near Mex67-Mtr2 along the RNA
lattice and change the local RNA conformation to promote Mex67-Mtr2 release.
Regardless of the exact mechanism, for this to occur Dbp5 must function as a
Mex67-Mtr2 “exchange factor” to accelerate the fundamental rate constant
governing Mex67-Mtr2 dissociation from RNA. An important avenue for future
studies will be to measure Mex67-Mtr2 dissociation from RNA in the absence
and presence of Dbp5 (+ATP) and other regulatory factors (Nup159, Gle1, IP6).
Furthermore, it will be important to understand which step(s) along the Dbp5
ATPase cycle are coupled to Mex67-Mtr2 removal and whether or not Gle1 and

other regulatory nucleoporins (Nup159, Nup42) are required for this activity.
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Figure 4.1. 12mer poly-U RNA binding to Dbp5-ATP and Gle1-Dbp5-ATP.
(A). Time courses of fluorescence quenching of fluorescein labeled RNA after
mixing a pre-aged (0.1 second age time) solution of Gle1-Dbp5 (0.05, 0.1, 0.2,
0.3, 0.4, 1, 1.5 yM after final mix) and ATP (100 uM after final mix) with
fluorescein labeled 12-mer poly-U RNA (5 nM after final mix). The final
concentrations of Gle1-Dbp5-ATP calculated from the affinity of Gle1 for Dbp5
and Gle1-Dbp5 for ATP (27) after 0.1 second aging are 0.04, 0.08, 0.15, 0.24,
0.31, 0.78, 1.2 uM. Continuous lines through the data represent the best fits to
single exponential functions. The inset is a linear-scale depiction of the same

time courses in A. (B). Time courses of fluorescence quenching of fluorescein
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labeled RNA after mixing a pre-aged (0.1 second age time) solution of Dbp5 (3,
5, 8, 10, 13, and 18 uM after final mix) and ATP (8 mM after final mix) with
fluorescein labeled 12-mer poly-U RNA (100 nM after final mix). The final
concentrations of Dbp5-ATP calculated from the affinity of Dbp5 and ATP (25)
after 0.1 second aging are 2.4, 4, 6.3, 7.9, 10.3, 14.2, and 18.9 pyM. Continuous
lines through the data represent the best fits to single exponential functions. The
inset is a linear-scale depiction of the same time courses in B. (C). [Dbp5-ATP]
(black squares) or [Gle1-Dbp5-ATP]-dependance (red squares) of the amplitudes
for RNA binding from exponential fits in A and B. The continuous line through the
data represents the best fit to a simple rectangular hyperbola yielding the affinity
of Dbp5-ATP and Gle1-Dbp5-ATP for RNA of 23 £ 15 and 0.4 £ 0.1 M,
respectively. (D). [Dbp5-ATP] or [Gle1-Dbp5-ATP]-dependance of the observed
rate constants from exponential fits in A and B. The continuous line through the
data represents the best fit to a linear function yielding the fundamental
association (0.1 £ 0.02 uM-' s”) and dissociation (1.2 + 0.3 s*') rate constants for
Dbp5-ATP binding RNA from the slope and y-intercept, respectively. The
fundamental association and dissociation rate constants of Gle1-Dbp5-ATP
binding RNA are 8.5 +0.4 uM" s*' and 5.7 £ 0.2 s™, respectively. These rate
constants yield an affinity of Dbp5-ATP and Gle1-Dbp5-ATP of 12 + 3.8 and 1.5

+ 0.1 uM, respectively.
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Chapter 5: Summary and Conclusions

Dbp5 has been at the investigative forefront of mMRNA nuclear export since
its identification in 1998 (6). However, the exact role of Dbp5 in mRNA export
and its regulatory mechanism remains largely unknown. A multitude of conflicting
models for Dbp5 mediated mRNA export (Figure 1.3) and regulation by the
nucleoporins Nup159 and Gle1 (Figure 1.5) have been proposed, although a
consensus has yet to be reached. Further complicating the issue is the fact that
Dbp5 has been implicated in myriad cellular processes including mRNA export,
transcription, and translation (6,15,38). Thus, testing the kinetic predictions made
by the major Dbp5 regulatory models is critical to understanding mRNA export as

a whole.

Published models of Dbp5 mediated mRNA export and regulation make
inherently kinetic arguments regarding the influence of Gle1 and Nup159 on the
rate constants dictating Dbp5 ATPase and RNA binding (19,23,24). For example,
Noble and colleagues (i.e. Wente & Cole model in Figure 1.5) (24) propose that
Nup159 functions as a NEF to accelerate ADP dissociation from Dbp5, while
Montpetit et al. (i.e. Weis & Burger model in Figure 1.5) suggest that a
combination of Nup159 and Gle1 is required for NEF activity (23) (Figure 1.5). In
order to test these assertions, we measured the dissociation rate constant of
mantADP unbinding from Dbp5-ADP, Nup159-Dbp5-ADP, Gle1-Dbp5-ADP, and
Gle1-Nup159-Dbp5-ADP (Chapter 2). Many NEFs promote nucleotide

dissociation by removing the magnesium cation (Mg?*) associated with bound
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nucleotides. By measuring the [Mg?*]-dependance of ADP dissociation, we were
not only able to test for putative NEF activity but also the mechanism. We found
that neither Nup159, Gle1, nor a combination of the two accelerated ADP
dissociation (Chapter 2). Nup159 was actually found to weaken the affinity of
Gle1 for ADP bound Dbp5 by ~ 18-fold. Therefore, Nup159 may function as a
“Gle1 exchange factor” to remove Gle1 from Dbp5 following ATP hydrolysis (26),
although mRNA export defects resulting from interruption of the Nup159-Dbp5
interaction can be completely rescued by Dbp5 overexpression (14). Therefore,
Nup159 may function as part of a larger complex independent of Dbp5 mediated

MRNA export.

Noble et al. further advocate that Gle1 acts to “load” Dbp5 with ATP (24)
(i.e. Wente & Cole model in Figure 1.5). Ultimately, this would require that Gle1
enhance the affinity of Dbp5 for ATP by either slowing ATP dissociation,
accelerating binding, or a combination of the two. In Chapter 3 we investigate this
claim while characterizing the Gle1 stimulated ATPase cycle of Dbp5 (27). We
find that Gle1 promotes ATP binding > 150-fold mostly by slowing ATP
dissociation. Moreover, Gle1 accelerates steady-state Dbp5 ATPase by
promoting rate limiting Pirelease ~ 20-fold, although Pi release remains rate

limiting (27).

The native ATPase cycle of Dbp5 is limited by slow ATP hydrolysis and
even slower Pi release (25). Although Pi release remains partially rate limiting
during RNA stimulated ATPase, RNA binding to Dbp5-ATP (or a slow

isomerization following binding) introduces a new, partially rate limiting step (25).
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Gle1 has been shown to accelerate the steady-state ATPase of Dbp5 in the
presence of saturating RNA (20,23). Consequently, Gle1 must accelerate RNA
binding to Dbp5-ATP (which we have shown in Chapter 4), Pi release from RNA-

Dbp5-ADP-Pi, or both.

From our previous publications (25-27), the data presented here, and the
current literature we can introduce a probable Dbp5 regulatory mechanism
(Figure 5.1). Although we have shown that Nup159 weakens the affinity of Gle1
for ADP bound Dbpb5, this functionality is likely not required for mRNA export in
vivo as overexpression of Dbp5 can overcome mRNA export defects resulting
from deletion of the Dbp5 binding domain on Nup159 (14). Likewise,
overexpression of Nup159 induces mRNA export defects that can be rescued by
concomitant Dbp5 overexpression. Together, these results suggest that Nup159
does not play a direct role in regulating Dbp5 ATPase/RNA binding, but rather
maintains a local concentration of Dbp5 around the nuclear rim. The human
homolog of Nup159 (Nup214) binds apoDDX19 much more tightly than any other
nucleotide state (22). Therefore, Nup159 may maintain a dynamic pool of

functional Dbp5 at the NPC.

Although Dbp5 alone binds ATP in rapid equilibrium (25) (H +7T = HT in
Figure 5.1), the affinity (~ 4 mM) is less than the concentration of cellular ATP (~
1 -2 mM from (123)). Gle1 tightens the affinity of Dbp5 for ATP by > 150-fold,
binds apoDbp5 with a relatively tight affinity (27), and accelerates ATP
resynthesis to poise Dbp5 for RNA binding by promoting the high RNA affinity

ATP state (27). Therefore, Gle1 likely promotes the high RNA affinity Dbp5-ATP
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state and accelerates RNA binding to Dbp5-ATP (Figure 4.1) at the cytoplasmic

face of the NPC.

Gle1 accelerates RNA stimulated Dbp5 steady-state ATPase (20,23),
which is partially limited by Pi release (25). Therefore, Gle1 likely accelerates the
release of inorganic phosphate from Dbp5-RNA-ADP-P; (HRDP; in Figure 5.1).
As a result, it is probable that Gle1 remains bound to the Dbp5-RNA-nucleotide
complex until after phosphate has dissociated. All DPBs studies to date
demonstrate weak RNA affinities while bound to ADP (42). Consequently, RNA
seemingly dissociates following Pi release from HRGDP; in Figure 5.1. However,
Gle1 has a relatively high affinity (~ 0.5 uM) for Dbp5-ADP (27) in the absence of
RNA and likely remains bound to Dbp5 throughout mMRNA remodeling, although it
is possible that Nup159 accelerates Gle1 dissociation from Dbp5-ADP at this

point. This predominant pathway is outlined in Figure 5.1.
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