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Abstract

RNA helicases play fundamental roles in modulating RNA structures and

facilitating RNA-protein (RNP) complex assembly in vivo. Previously, our laboratory

demonstrated that the DEAD-box RNA helicase Dbp2 in S. cerevisiae is required to

promote efficient assembly of the co-transcriptionally associated mRNA binding proteins

Yral, Nab2, and Mex67 onto poly(A) + RNA. We also found that Yral associates

directly with Dbp2 and functions as an inhibitor of Dbp2-dependent duplex unwinding,

suggestive of a cycle of unwinding and inhibition by Dbp2. To test this, we undertook a

series of experiments to shed light on the order of events for Dbp2 in co-transcriptional

MRNP assembly. We now show that Dbp2 is recruited to chromatin via RNA and forms

a large, RNA-dependent complex with Yral and Mex67. Moreover, single molecule

(sSmFRET) and bulk biochemical assays show that Yral inhibits unwinding in a

concentration-dependent manner by preventing the association of Dbp2 with single-

stranded RNA. This inhibition prevents over-accumulation of Dbp2 on mRNA and

stabilization of a subset of RNA Pol Il transcripts. We propose a model whereby Yral

terminates a cycle of mMRNP assembly by Dbp2.



Introduction

Gene expression is an extremely complex process that involves numerous,
highly choreographed steps [1]. During transcription in eukaryotes, the newly
synthesized messenger RNA (mMRNA) undergoes a variety of intimately linked
processing events, including 5’ capping, splicing, and 3’ end formation, prior to nuclear
export and translation [1-3]. Throughout each of these steps, the mRNA is bound by
RNA-binding proteins to form messenger ribonucleoprotein complexes (MRNP), the
composition of which is constantly changing at each maturation stage [4]. Proper mRNP
formation is critical for gene expression and requires correctly structured mRNA at the
appropriate biological time point [2,5]. Given their physical properties, RNA molecules
tend to form stable secondary structures that are long-lived and require large amounts
of energy to unfold and refold to alternative conformations [6,7]. This results in a need
for proteins to accelerate RNA structural conversions inside the cell. In the budding
yeast S. cerevisiae, mMRNA appears to be largely unstructured in vivo, in contrast to
thermodynamic predictions [2], suggesting the involvement of active mechanisms to
prevent formation of aberrant structures. Consistently, ATP-depletion in budding yeast
results in increased formation of secondary structure in mRNA [2]. Moreover, recent

genome wide analyses of mMRNA secondary structure have found a striking correlation



between single nucleotide polymorphisms and altered RNA structure within regulatory

regions (i.e. miRNA-binding sites), indicating that structural aberrations may alter gene

regulation [8,9].

Likely candidates for structural rearrangement of cellular mRNAs are ATP-

dependent RNA helicases, which act as RNA unwinding or RNA-protein (RNP)

remodeling enzymes [10,11]. DEAD-box proteins make up the largest class of enzymes

in the RNA helicase family with around 40 members in human cells (25 in yeast).

Members of this class are ubiquitously present in all domains of life from bacteria to

mammals and are involved in every aspect of RNA metabolism, including pre-mRNP

assembly [12]. For example, alternative splicing of the pre-mRNA that encodes the

human Tau protein is regulated by a stem-loop structure downstream of the 5’ splice

site of exon 10 [13]. In order for U1 snRNP to access the 5’ splice site of tau exon 10,

this stem-loop needs to be resolved by the DEAD-protein DDX5 [13]. Mis-regulation of

splicing in the tau gene is highly associated with dementia, underscoring the importance

of remodeling for proper gene expression [14,15]. However, our understanding of the

biochemical mechanism(s) of pre-mRNA/MRNA remodeling has been hampered due to

the complex and highly interdependent nature of co-transcriptional processes.

Moreover, individual DEAD-box protein family members exhibit a wide variety of



biochemically distinct activities including RNA annealing, nucleotide sensing, and RNP

remodeling, with further diversification of biological functions conferred by regulatory

accessory proteins [11,16-18]

The S. cerevisiae ortholog of DDX5 is Dbp2 [19]. Our laboratory has previously

established that Dbp2 is an active ATPase and RNA helicase that associates with

transcribing chromatin [17,20]. Moreover, Dbp2 is required for assembly of the mRNA

binding proteins Yral and Nab2, as well as the mRNA export receptor Mex67, onto

MRNA [17]. Interestingly, Yral interacts directly with Dbp2 and this interaction inhibits

Dbp2 unwinding in multiple cycle, bulk assays, demonstrating that Yral restricts

unwinding by Dbp2 [17]. Nevertheless, the mechanism and the biological role of Yral-

dependent inhibition were not understood.

By utilizing a combination of biochemical, molecular biology and biophysical

methods, we now provide compelling evidence that Yral constrains the activity of Dbp2

to co-transcriptional MRNP assembly steps. This inhibition is important for maintenance

of transcript levels in vivo. Single molecule (sm) FRET and fluorescence anisotropy

studies show that Yral inhibits Dbp2 unwinding by preventing association of Dbp2 with

RNA. Consistently, loss of the Yral-Dbp2 interaction in yeast cells causes post-



transcriptional accumulation of Dbp2 on mRNA. Taken together, this suggests that

Yral terminates a cycle of Dbp2-dependent mMRNP assembly in vivo.



Results

Dbp2 is recruited to chromatin via nascent RNA.

The DEAD-box RNA helicase Dbp2 is predominately localized in the nucleus in

association with actively transcribed genes [20-23]. To determine if Dbp2 is recruited to

chromatin via nascent RNA, we conducted chromatin immunoprecipitation (ChlP)

assays with or without RNase treatment [24]. Briefly, yeast cells harboring a 3XFLAG

epitope tag fused to the 3’ end of the endogenous DBP2 coding region were grown in

the presence of galactose to induce transcription of the GAL genes, known gene targets

for Dbp2 association [17]. DBP2 untagged strains were used to serve as a background

control. Chromatin was then isolated and incubated with a mixture of RNase A and

RNase | or buffer alone prior to ChIP with the anti-FLAG antibody. The eluted fractions

were then subjected to quantitative (Q)PCR with probes across the GAL10 and GAL7

genes (Fig. 1A). Consistent with previous studies, this revealed that Dbp2 is evenly

distributed across the coding regions of both GAL10 and GAL7 with little to no

association with promoters (Fig. 1B). Interestingly, RNase treatment drastically reduced

Dbp2 occupancy across the entire locus for both the GAL10 and GAL7 genes (Fig.1B).

This suggests that Dbp2 is recruited to chromatin by interacting with newly transcribed

RNA. The low level of RNase-resistant Dbp2 could be due to trace amounts of RNA still



present after enzymatic digestion or an alternative recruitment mechanism, such as

interaction with RNA Polymerase Il (RNA Pol II).

Dbp2 is required for efficient assembly of mMRNA-binding proteins and export

factors, including Nab2, Mex67 and Yral, and interacts directly with the C-terminal half

of Yral [17]. Yral is co-transcriptionally recruited to chromatin through interaction with

Pcfll, an essential component of the cleavage and polyadenylation factor IA complex

involved in 3’-end formation [25]. To determine if the Dbp2-Yral interaction modulates

recruitment of Dbp2 to chromatin, we conducted ChIP as above in either wild type or

yra1AC strains, the latter of which lacks the ability to associate with Dbp2 in vivo (Fig.

1C - 1D). This revealed no difference in the recruitment pattern of level of Dbp2 to the

GAL10 and GAL7 genes (Fig. 1E). Thus, Yral does not mediate recruitment of Dbp2 to

chromatin.

Yral prevents accumulation of Dbp2 on RNA Pol Il transcripts.

To determine if the Dbp2-Yral interaction modulates the association of Dbp2

with RNA, we conducted RNA immunoprecipitation (RIP) of a DBP2-3XFLAG strain.

Since Dbp2 associates with the GAL10, GAL7, ACT1, and ADE3 genes shown by ChIP

[20], we selected these four gene transcripts as candidates whereas 18S rRNA serves



as a negative control. Analysis of the levels of immunoprecipitated transcripts by RT-

gPCR revealed that Dbp2 associates with all four, candidate mRNAs at levels ~7-fold

above an untagged background control strain. Furthermore, loss of the Dbp2-Yral

interaction in the yra1AC strain increased the association of Dbp2 with RNA Pol

transcripts by ~3 to 5-fold (Fig. 2A), suggesting that Yral prevents accumulation of

Dbp2 on mRNA. Interestingly, the Dbp2-Yral interaction also affects the abundance of

Dbp2 protein, with the yra1AC strain exhibiting two-fold more Dbp2 than wild type

(Supplemental Fig. 1A). To determine if the accumulation of Dbp2 on RNA in the

yra1AC strain is due to overexpression of DBP2, we transformed wild type cells with a 2

micron plasmid encoding DBP2 under the control of the highly active GAL1/10 promoter

or with empty vector and conducted RIP as above. Under this condition, Dbp2 protein

levels are at least two-fold more abundant in pGAL-DBP2 than the wild type cells with

empty vector (Supplemental Fig. 1B). Furthermore, this revealed that similar amounts of

the GAL10, GAL7, ACT1 and ADES3 transcripts were co-precipitated regardless of the

levels of Dbp2 protein (Supplemental Fig. 1C). This suggests that the accumulation of

Dbp2 on mRNA is not simply due to overexpression but is specific to the yra1AC strain.

Furthermore, the fact that Dbp2 accumulates on RNA not chromatin (Fig. 1E) suggests



this accumulation occurs after the transcript is released from the site of synthesis in

yra1AC strains.

Prior studies have shown that loss of the C-terminal half of Yral results in a mild

but detectible mRNA export defect [22]. To determine if the accumulation of Dbp2 on

RNA is caused by a block to mRNA export, we conducted RIP in rat7-1 strains, which

harbor a mutation in the NUP159 gene required for mRNA export and has been shown

to induce export defects at the non-permissive temperature (37°C) [26—-28].

Interestingly, this revealed slightly lower levels of Dbp2 on mRNA at the non-permissive

temperature (37°C) in rat7-1 strain as compared to wild type (Fig. 2B), indicating that

the accumulation of Dbp2 on mRNA is not due to a block in mRNA export.

Dbp2is found in a large RNA-dependent complex in vivo.

Dbp2 is necessary for efficient assembly of the RNA-binding protein Yral, the

MRNA export receptor Mex67, and the poly(A)-binding protein Nab2 with poly(A)+ RNA

[17], three proteins that interact in vivo and form a trimeric complex in vitro [29].

Because Dbp2 interacts directly with Yral, we asked if Dbp2 associates with other

members of this complex in cells. To this end, we performed immunoprecipitation

assays with DBP2-TAP strains with and without RNase treatment. DBP2 untagged
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strains serve as a background control. Though a faint band was observed at the size of

Dbp2 in the elution fraction of DBP2 untagged strains (Fig. 3A, lane 2), the signal of

Dbp2-CBP following TEV cleavage of the bound Dbp2-TAP [30] from DBP2-TAP strains

was much stronger in either the presence or absence of RNase treatment (Fig. 3A,

lanes 4 and 5). This suggests that Dbp2 was successfully precipitated. Consistent with

in vitro studies, Yral was efficiently co-purified with Dbp2 regardless of RNase

treatment (Fig. 3A, lanes 4 and 5). In addition, Mex67 was also co-purified with Dbp2

independent of RNA (Fig. 3A, lanes 4 and 5). This suggests that Dbp2 interacts with

Yral and Mex67. In contrast, Nab2 did not co-purify with Dbp2 regardless of RNase

treatment (Fig. 3A, lanes 4 and 5). To determine if these factors are present in the same

complex with Dbp2 and in what proportion, we subjected wild type whole cell lysate to

gradient fractionation followed by western blotting for detection of Dbp2, mRNA binding

protein Yral, Mex67, and Nab2, and the DEAD-box helicase Dbp5. Approximate

molecular weights were then determined from the fractionation pattern relative to a

molecular weight standard for each protein. Interestingly, Dbp2, Yral and Mex67 co-

migrated in a large ~1.2 MDa complex, with no detectible free Dbp2 (Fig. 3B, fractions

14 — 17). This corresponds to approximately 70% of the Dbp2 and Yral across all

fractions and 40% of Mex67. The presence of Dbp2 in a large complex is not an

11



inherent property of DEAD-box proteins in general as the mRNA export factor and

DEAD-box RNA helicase Dbp5 migrated at a significantly smaller size (Fig. 3B, fraction

2 — 4). The remaining fraction of Mex67 migrated at a smaller position corresponding to

fractions 5 — 10, partially overlapping the migration pattern of Nab2 (Fig. 3B fractions 4

— 6). Approximately 3% of the total Yral co-migrated with Nab2 and Mex67, suggesting

that the vast majority of Yral is also found in a large complex.

To determine if the migration pattern of these proteins is dependent on RNA, we

subjected yeast cell lysate to RNase treatment prior to gradient fractionation.

Interestingly, RNase treatment shifted the migration pattern of Dbp2, Yral and Mex67 to

lower gradient fractions in the absence of RNA (Fig. 3C, fractions 6 — 8). Whereas the

migration pattern of Nab2 was not significantly changed, Dbp2, Yral and Mex67 were

detected across multiple smaller fractions with a larger portion of Mex67 (75%) co-

fractionating with Nab2 than above (Fig. 3C, Lanes 3-6). Thus, Dbp2, Yral and a

fraction of Mex67 form large RNA-dependent complexes in vivo. Although the precise

step for Yral-dependent inhibition is not known, this suggests that inhibition occurs

during or immediately following Dbp2-dependent assembly of Yral and Mex67 with

MRNA but prior to addition of Nab2 and subsequent mRNA export (see Discussion).

This would be consistent with accumulation of Dbp2 on RNA in yra1AC strains (Fig. 2).
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Yral does not alter the kinetics of Dbp2-dependent unwinding by smFRET.

Our prior studies used bulk, multiple cycle assays to show that Yral inhibits

Dbp2-dependent unwinding in vitro [17]. A limitation of these assays was the inability to

distinguish between kinetic effects of Yral on duplex unwinding rates after association

of Dbp2 or thermodynamic effects on initial binding of Dbp2 with RNA targets. To

determine if Yral inhibits Dbp2 by decreasing the duplex unwinding rate, we first

established single molecule fluorescence resonance energy transfer (SmFRET) assays

for Dbp2-dependent unwinding using a fluorescently labeled dsRNA stem-loop

molecule. Although the precise substrates for Dbp2-dependent unwinding are

unknown, a stem-loop is the most common secondary structure identified in cellular

MRNAs to date [2,8,31,32], and, thus, represents a likely physiological target for Dbp2

in vivo.

Briefly, a 39 nt hairpin dsRNA labeled with FRET pair fluorophores Cy3 and Cy5

was surface-immobilized onto a pegylated microscope quartz slide through biotin-

neutravidin linkage (Fig. 4A). The FRET pair fluorophores are close together and exhibit

a high FRET state (0.9) when the dsRNA forms a closed hairpin whereas the FRET pair

fluorophores are farther apart when the dsRNA is unwound with a low FRET state (0.1)
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(Fig. 4A). A threshold of 0.6 FRET was used to distinguish between the opened (0.1

FRET) and closed (0.9 FRET) states of the hairpin. To study Dbp2-dependent

unwinding at the single molecule level, we initially established SmFRET assays in the

presence of low salt (30 mM NaCl) to parallel previous bulk in vitro assay experiments

[17]. Under these conditions, 98% of the hairpin RNA molecules exhibit a high FRET

state (0.9) in the absence of any protein or nucleotide (Supplemental Fig. 2A and

Supplemental Fig. 2B), indicative of a stable dsRNA hairpin. In the presence of 10 nM

Dbp2, we found that 27% showed a single transition from a closed to opened state

within the course of the experiment (Supplemental Fig. 2A and Supplemental Fig. 2B).

This indicates that Dbp2 can unwind a dsRNA substrate in the absence of ATP, an

observation not seen in our previous in vitro bulk unwinding assays [17]. Addition of 100

MM ATP and equimolar magnesium increased the percentage of these molecules to

61%, suggesting that more molecules are acted upon by Dbp2 in the presence of ATP.

This is consistent with the thermodynamic coupling of ATP and RNA-binding in DEAD-

box family members [33-35]. However, we were unable to monitor the kinetics of duplex

unwinding in these conditions because only ~15% of the RNA molecules exhibited

dynamic cycles of opening and closing (Supplemental Fig. 2B).
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To remedy this and to make our analyses more physiologically relevant, we

conducted smFRET in the presence of 150mM NaCl. The representative FRET time

trajectory of RNA alone shows that the hairpin dsRNA is stable at 150 mM NacCl (Fig.

4B). This resulted in 45% of the molecules exhibiting dynamic behavior in the presence

of Dbp2 and ATP, which is defined by hairpin opening more than once, whereas

dsRNAs that remained closed or opened through out the trajectory, were defined as

closed or opened, respectively (Fig. 4B — 4C). The increase in number of dynamic

molecules was not due to a less stable RNA substrate, as the smFRET molecule

remained stable throughout the timecourse (Fig. 4B). Interestingly, and consistent with

our low salt studies, the addition of Dbp2 alone also resulted in dynamic cycles of

opening and closing, albeit with less RNA molecules showing dynamic behavior in the

absence of ATP (Fig. 4B-C). ATP-independent unwinding was not due to contaminating

ATP in the Dbp2 purification as dsRNA hairpins still exhibited dynamic opening and

closing cycles after treatment with hexokinase and glucose (Fig. 4C). Interestingly,

SMFRET studies of the mitochondrial group Il intron also demonstrated an ATP-

independent role for the DEAD-box protein Mss116 in RNA folding, a process that

requires both folding and unwinding steps ([36] and see Discussion).
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To determine if ATP alters the opening and closing rates of the RNA molecules,
numerous (~100), dynamic trajectories were used to build dwell time histograms.
Measurement of the dwell time distribution in the presence of Dbp2 alone (no ATP)
revealed opening and closing rate constants of 4.1 s™* and 3.3 s™, respectively (Fig. 4D).
Addition of ATP and equimolar magnesium did not appreciably increase either the
opening (6.3 s™) or closing (5.9 s™) rates of the RNA duplex (Fig. 4D). Together, this
indicates that ATP increases the population of dSRNA molecules acted upon by Dbp2.

Having established the unwinding behavior of Dbp2 after association with
duplexed RNA, we then asked if Yral affects this behavior by incorporating a GST-
tagged C-terminal half of Yral (yralC) into our SmFRET assays. YralC is the minimal
Dbp2-interacting region in Yral, which is sufficient for inhibition of helicase activity and
also lacks intrinsic RNA-binding activity that would complicate experimental
interpretation [17]. Interestingly, addition of a two-fold molar excess of yralC, consistent
with the ratio of Dbp2 and Yral proteins in yeast cells [37], did not appreciably reduce
the opening (4.8 s™) and closing (5.5 s™) rates of the hairpin (Fig. 4D). However, yralC
did decrease the percentage of unwound molecules (both dynamic and closed to
opened) across the population in a dose-dependent manner, to levels similar to Dbp2

without ATP (Fig. 4C).
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Yral prevents Dbp2 from associating with sSRNA in vitro.

ATP promotes high RNA-binding affinity by DEAD-box proteins [38]. The

population effects seen in our sSmFRET studies suggest that Yral may decrease the

affinity of Dbp2 for RNA, similar to the absence of ATP. To test this, we performed

fluorescence anisotropy assays with Dbp2, 6-FAM-labeled ssRNA and the pre-

hydrolysis ATP analog ADP-BeFx (Fig. 5A). We also utilized low salt conditions (30 mM

NacCl), as the decreased dynamics would be predicted to increase RNA-binding and the

ability to form a stable complex. ADP-BeFx was also utilized to promote stable binding

of Dbp2 RNA [39]. To ensure that our assays were performed under equilibrium

conditions, we first conducted a time course and monitored the change in anisotropy.

This showed that equilibrium is established within 100 min (Supplemental Fig. 3). Next,

we conducted fluorescence anisotropy with Dbp2 in the presence or absence of ADP-

BeFx. This revealed that ADP-BeFx decreased the dissociation constant (K4 ) of Dbp2

for ssSRNA from 237 to 38 nM (Fig. 5A), similar to other DEAD-box proteins [40,41].

Interestingly, inclusion of 150 nM yralC increased the Ky by 7-fold to 271 nM (Fig. 5A).

This suggests that Yral inhibits Dbp2 by reducing the affinity for RNA.
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To determine if Yral prevents initial RNA-binding by Dbp2, we exploited the slow

on rate of the ADP-BeFx-bound Dbp2 to RNA (Supplemental Fig. 3; [39]) and asked if

Yral reduces the association step of Dbp2 with RNA by performing an order of addition

experiment under pre-equilibrium conditions for the Dbp2-ADP-BeFx-RNA complex.

Briefly, Dbp2 and yralC or BSA were pre-incubated for 15 min in the presence of ADP-

BeFx followed by addition of a radiolabeled, 16 nucleotide ssRNA for an additional 15

min prior to resolution of RNA-bound complexes on a native gel (Fig. 5B). Consistent

with the reduced RNA-binding affinity above (Fig. 5A), pre-incubation of Dbp2 with

yralC resulted in a concentration-dependent reduction of Dbp2 binding to sSSRNA, from

100% bound to 58% (Fig. 5B, lanes 6-10). The reduction is specific to yralC, as BSA

had no effect on the RNA-binding by Dbp2 (Fig. 5B, lanes 12-16). Moreover, this is not

due to competition between Yral and Dbp2 for RNA as yralC does not exhibit

appreciable RNA binding activity ([17] and Fig. 5B, lanes 2-5). Yral also reduced

ssSRNA binding by Dbp2 at physiological (150 mM) salt concentrations (Supplemental

Fig. 4). This indicates that Yral inhibits the unwinding activity of Dbp2 by reducing the

affinity for RNA. Because Yral and Dbp2 exist in a 2:1 ratio in yeast cells [37] and Yral

prevents over accumulation of Dbp2 on cellular mRNAs (Fig. 2A), this suggests that

Yral functions similarly in vivo.
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Loss of the Dbp2-Yral interaction increases the half-life of GAL7 mRNA.

To determine if Yral-dependent inhibition of Dbp2 is necessary for proper gene

expression, we analyzed Dbp2-bound targets for expression defects in wild type and

yra1AC strains. We also analyzed the DBP2 transcript itself since the yra1AC strain

shows higher Dbp2 protein levels than wild type cells (Supplemental Fig. 1A).

Interestingly, this revealed that both the DBP2 and GAL7 transcripts and resulting

proteins are significantly upregulated in yra7AC strains (Fig. 6A-B). In contrast, none of

the other Dbp2-associated transcripts exhibited altered abundance (Fig. 6A). We were

also unable to detect a change in protein level for GAL10 (Fig. 6B). This suggests that

the accumulation of Dbp2 results in a transcript-specific effect on gene expression.

To determine the mechanism for increased GAL7 mRNA abundance in yra1lAC

strains, we asked if the increase occurred at transcription or decay. To this end, we

conducted ChIP of RNA Pol Il and transcriptional shut off assays to compare the

transcription and mRNA decay efficiencies, respectively. ChIP using anti-Rpb3 revealed

similar levels and patterns of RNA Pol Il occupancy in both wild type and yra1AC strains

across both GAL7 and GAL10, suggesting that Dbp2 accumulation does not alter

transcription efficiency (Fig. 6C). In contrast, however, transcriptional shut off assays,
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using glucose addition to the media and subsequent northern blotting, revealed that the

half-life of the GAL7 mRNA is approximately two times longer in yra1AC strains as

compared to wild type (Fig. 6D). This was not the case for the GAL10 mRNA, whose

half-life was unchanged. This suggests that Dbp2 accumulation prevents efficient

degradation of a subset of transcripts. Although it is currently unclear what renders

GAL7 mRNAs sensitive to Dbp2 accumulation, it is likely that this specificity is dictated

by the mRNA sequence and/or structure itself. Regardless, this demonstrates that Yral-

dependent inhibition of Dbp2 alters MRNA metabolism in vivo. Taken together, and in

conjunction with our prior work and studies of mMRNP assembly from other groups

[17,42,43], we propose a model whereby Dbp2 promotes efficient assembly of mRNA-

binding proteins including Yral onto mRNA during transcription which, in turn, prevent

recycling of Dbp2 onto the properly formed mRNP (Fig. 7 and Discussion).
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Discussion

The human genome encodes approximately 100 helicases, of which ~60% are

RNA-dependent [44]. DEAD-box proteins are the largest class in the RNA helicase

family and have been implicated in all aspects of RNA biology. However, there is a large

gap in our knowledge regarding the precise biochemical role(s) of individual DEAD-box

protein family members in the cell.

In conjunction with the current state of the mRNP assembly field [17,42,43], our

collective studies provide a model for co-transcriptional assembly of mMRNPs in S.

cerevisiae by the DEAD-box protein Dbp2. During transcription, Dbp2 co-

transcriptionally associates with actively transcribed chromatin via RNA. Based on the

ATP-stimulated RNA-binding activity of Dbp2 and other DEAD-box proteins [40,41], we

propose that this constitutes the ATP-bound form, which likely catalyzes structural

rearrangements on the nascent RNA. Yral, which harbors a single-stranded RNA-

binding motif and exhibits single-stranded RNA-binding activity in vitro [22,45,46], would

then be loaded onto newly exposed single-stranded RNA regions on the nascent RNA,

along with protein-binding partners Nab2 and Mex67 [22,45,46]. Yral is recruited to

chromatin through the interaction with the 3’ end-processing factor Pcf11 and/or the

CTD of RNA Pol Il [25,48], thus, this factor is already poised for “hand off” onto nascent
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MRNA. Although it is currently unclear if Dbp2 resolves structured RNA elements in

Vvivo, this role is consistent with the biochemical activity in vitro and the fact that loss of

DBP2 reduces the association of Yral, Nab2 and Mex67 with poly(A)+ RNA in yeast

cells [17]. Moreover, a recent study on the distribution of RNA-protein interactions and

secondary structure in Arabidopsis has revealed an anti-correlative relationship [49].

With the new advances in mRNA structural analysis in living cells [2,8,32], it may be

possible to determine specific RNA sequences that depend on Dbp2 or other DEAD-box

proteins for resolution in vivo.

Prior studies from our laboratory showed that Yral interacts directly with Dbp2

and inhibits duplex unwinding activity [17]. Using SmFRET, we now show that Yral

reduces the number of dynamic molecules across a population of dsRNAs. Moreover,

Yral does this by decreasing the RNA-binding affinity of Dbp2. DEAD-box RNA

helicases exhibit structurally distinct conformations based on association with ATP and

RNA [50-52]. In the absence of either, these enzymes exist in a largely open

confirmation, whereas binding of ATP and RNA induces formation of a closed state with

the RecA domains coming together and bending the RNA into a structure that is

incompatible with an A-form helix [50,51].
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A seemingly surprising finding from our study is that Dbp2 can unwind RNA
hairpins in the absence of ATP. This ATP-independent activity is not due to
contaminating ATP in the purification as revealed by hexokinase/glucose treatment,
suggesting this is an inherent property of Dbp2. Although it is not clear how the
structure of Dbp2 accommodates duplex unwinding in the absence of ATP, we note that
this activity is quite low due to the low RNA-binding affinity. Moreover, it is unlikely to
occur in vivo given the estimated intracellular ATP concentration of 2.6 mM in S.
cerevisiae [53]. Regardless, the fact that the kinetics of unwinding are not appreciably
different with or without ATP suggests that nucleotide-free Dbp2 can adopt a
conformation compatible with duplex unwinding. To the best of our knowledge, our
study represents the only study of DEAD-box helicase unwinding at the single molecule
level with a simple, RNA hairpin substrate to date. Studies of Mss116 demonstrated an
ATP-independent role in group Il intron folding, a complex process that involves both
unwinding and annealing [36]. Thus, it is plausible that other members of this enzyme
family also exhibit ATP independent unwinding on similar simple substrates.

The enzymatic activities of many DEAD-box proteins are regulated by protein co-
factors [17,54-57]. To the best of our knowledge, elF4A and Ded1 are the only two

DEAD-box proteins whose inhibition mechanisms have been determined [58—60];
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Pdcd4 inhibits both the ATPase and unwinding activity of elF4A through blocking RNA

binding [58,59], whereas elF4G inhibits the unwinding activity of Ded1 by interfering

with Ded1 oligomerization and increasing RNA-binding affinity [60]. Our data

demonstrates that Yral prevents stable association of Dbp2 with RNA, suggestive of an

inhibitory mechanism similar to Pdcd4. Although the molecular basis for how this occurs

is not known, the fact that Yral prevents accumulation of Dbp2 on mRNA transcripts

indicates that this inhibition mechanism also occurs in vivo.

A major question from our study is what prevents Yral from inhibiting initial

binding of Dbp2 to nascent RNA, prior to the mRNP assembly step. One possibility is

that Yral and/or Dbp2 is post-translationally modified to control protein-protein

interactions between these two molecules. In line with this, ubiquitination of Yral, Nab2

and Mex67 has been shown to modulate the interactions between these three RNA-

binding proteins and mRNA export factors in a manner that controls the timing of pre-

MRNP assembly in the nucleus [29]. The fact that the yra1AC strain does not exhibit

increased Dbp2 accumulation on chromatin in comparison to wild type suggests that

inhibition occurs post-transcriptionally following release of the mRNA from the site of

synthesis. Consistent with this, accumulation of Dbp2 causes stabilization of a subset

of transcripts, a process that is predominantly post-transcriptional [61].
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Given that the ADP-bound form of DEAD-box proteins has low RNA-binding

affinity [40,41,62], we would predict that Dbp2 is released from mRNA after unwinding

and Yral loading. Yral bound to mRNA then prevents re-association of another ATP-

bound Dbp2 with the properly assembled mRNP prior to mRNA export. The latter is

consistent with the fact that Yral prevents accumulation of Dbp2 on mRNA but also

leads one to wonder why the physical interaction between Yral and Dbp2 is necessary.

This may be answered by the fact that this complex appears to be long lived, as

evidenced by the RNA-dependent co-migration of Dbp2 with Yral and co-purification of

these two factors from yeast, suggestive of a larger role than simple sequestration of

helicase activity. Future studies are necessary to determine the rate-limiting steps in

MRNP assembly that would promote accumulation of a Dbp2-Yral complex in vivo.

Yral acts as an adaptor protein for recruitment of Mex67 to nascent RNA [22,47].

Nab2, a poly(A)-binding protein involved in poly(A) tail formation and mRNA export,

then joins this complex as an additional adaptor protein for Mex67 [29]. Yral is a non-

shuttling nuclear protein [45] whose release from RNA is likely mediated by

ubquitination by the E3 ubiquitin ligase Tom1 [29]. Our studies suggest that Dbp2

accumulates at an intermediate step prior to Nab2 loading. Furthermore, both over-

expression of DBP2 and yra7AC lead to mild mRNA export defects [17,22], indicating
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that Yral acts prior to mRNA transport from the nucleus. Although the identity of this

step is unknown, the physical interaction between Yral and the nuclear exosome

component Rrp6 suggests that this complex may constitute a checkpoint for mRNA

quality control prior to export [63]. This would be consistent with the fact that dbp2A and

rrp6A are synthetic lethal [20] and the fact that accumulation of Dbp2 causes

stabilization of a subset of transcripts. The mechanism for recruitment and specificity of

RNA decay factors is currently an area of intense investigation.

The mammalian ortholog of Dbp2, termed p68, is a well known oncogene whose

product is involved in numerous processes requiring modulation of RNA structure,

including pre-mRNA splicing [13,64,65] and rRNA processing [66]. Interestingly, the

mammalian counterpart of Yral, Aly, also interacts with p68 [67]. This suggests that the

inhibition mechanism for Dbp2 may be conserved in multicellular eukaryotes. Several

drugs have been successfully developed to target the DEAD-box RNA helicase elF4A,

which alter the enzymatic activity of this enzyme by manipulating RNA-binding activity

and/or ATP hydrolysis activity [68—75]. Thus far, the elF4A inhibitors Silvestrol and

Paetamine A have proven useful therapeutic tools for uncontrolled cell growth [73,74],

suggesting that inhibition of individual DEAD-box enzymes is a successful strategy for
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cancer intervention. Thus, understanding the mechanisms for enzymatic modulation of

helicases in vivo is crucial for designing novel drug therapies.
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Materials and Methods

For extended methods and materials, please see Supplemental Materials and Methods.

Plasmids and Yeast Strains

Please see Supplemental Table 1 and 2 for all the plasmids and yeast strains that were

used in this study.

Chromatin Immunoprecipitation Assays (ChiP)

ChIP analysis was performed as described previously [20], with the following

modifications. Sheared chromatin with or without RNase treatment was used in ChIP by

anti-FLAG M2 monoclonal antibody (F3165, Sigma) or anti-Rpb3 monoclonal antibody

(WPO012, Neoclone). Isolated DNA was then subjected to gPCR using primers listed

(Supplemental Table 3). All ChIP experiments were conducted with at least three

biological replicates and three technical repeats. Error bars indicate the SEM of the

biological replicates.

RNA Immunoprecipitation (RIP) Assays
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RNA-IP was performed as described [76] with the following modifications and the

isolated RNA was detected by RT-gPCR (for primers, see Supplemental Table 4). All

RNA-IP experiments were performed with three biological and three technical repeats.

Error bars indicate the SEM of the biological replicates.

Protein Immunoprecipitation Assays

TAP-tag immunoprecipitation was conducted as described previously [17] in the

presence or absence of 70 U of RNase A and 1000 U of RNase I. For 3XFLAG-tag

immunoprecipitation, cells were harvested at mid-log phase and lysed with glass beads

using a mini-bead beater (BioSpec Products) in cold lysis buffer containing 20 mM Tris

pH 6.5, 5 mM MgCl,, 0.5% Triton X-100, 70 mM NacCl, 1X protease inhibitor (Complete,

EDTA-free protease inhibitor cocktail tablet) (Roche), and 1 mM PMSF. Lysate was

subjected to immunoprecipitation. Proteins were resolved by SDS-PAGE and detected

by western blotting.

Glycerol Gradient Centrifugation

Cells were harvested at mid log phase and lysed. Lysate in the presence or absence of

70 U of RNase A and 1000 U of RNase | was subjected to 10-30% glycerol gradients in
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20 mM HEPES pH 7.4, 110 mM KOAc, 0.5% Triton X-100 and 0.1% Tween. After

centrifugation in an SW41 rotor using Beckman Coulter Optima L-90K Ultracentifuge at

35,000 rpm for 18 hours at 4°C, 600ul fractions were collected from the top of the

gradient and analyzed for the presence of the proteins by SDS-PAGE followed by

western blotting analysis. 0.6% of the lysate was used to serve as an input (T).

Molecular weights from each fraction in the glycerol gradients were determined using a

standard curve that was generated by resolving the molecular weight standards

comprising catalase (250 kDa), apoferritin (480 kDa), and thyroglobulin (670 kDa).

Recombinant Protein Expression and Purification

Expression and purification of pMAL MBP-TEV-DBP2 and pET21GST-YRALC in E. coli

cells was conducted as previously described [17].

Single Molecule FRET

dsRNA hairpin was purchased from Integrated DNA technologies (IDT) and labeled as

described [77]. Single molecule experiments were carried out as previously described

[78]. Hexokinase treatment was conducted by incubating 10 nM Dbp2 with 100 uM

hexokinase and 1 mM glucose in the imaging buffer for 10 minutes before imaging.
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Gel Shift Assays

10 uL reactions containing 2 mM ADP-BeFx/MgCl,, 20 U of Superase-in (Ambion), 0.5

mM MgCl,, 0.01% NP-40, 2 mM DTT, 40 mM Tris-HCI, pH 8, 10 nM labeled ssRNA (16

nt, 5-AGC ACC GUA AAG ACG C-3’), and 400 nM of recombinant, purified Dbp2 in the

presence or absence of varying amounts of recombinant, purified yralC. Varying

amounts of BSA with 400 nM of recombinant, purified Dbp2 was used to serve as

specificity control. Components were added in the order as indicated and incubated at

4°C for indicated time. Reaction mixtures were resolved on a non-denaturing gel and

signal was detected by densitometry.

Fluorescence Anisotropy Assays

Assays were conducted in 40 yL reactions containing 40 mM Tris-HCI (pH 8), 30 mM

NaCl, 2.5 mM MgCl,, 2 mM ADP-BeFx, 2 mM DTT, 40 U Superase-in (Ambion),. Time

courses were performed by incubating 20 nM of Dbp2 with 10 nM of fluorescently

labeled ssRNA in the presence of 2 mM ADP-BeF,and analyzing fluorescence

polarization over the indicated timepoints. Varying amounts of Dbp2 and 150 nM yralC

were then incubated in the reaction buffer at 25°C for 15 min followed by addition of 10
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nM fluorescently labeled ssRNA (5’-6-FAM-AGC ACC GUA AAG ACG C-3’) for an
additional100 min to reach equilibrium. Fluorescence anisotropy signals of 6-FAM (Aex =
495 nm and Aem = 520 nm) was measured using the BioTek Synergy 4 plate reader. The

data were fitted to the following equation: Y=Bma*X"/(Ks"+X") in Prism.

Transcriptional Shut Off Assays

Transcriptional shut off assays were conducted as described [79]. Cells were grown at
25°C in glucose to log phase then shift to galactose for 10 hours to induce the GAL
genes expression followed by a shift to glucose to repress transcription. RNA was
isolated at indicated time points, subjected to Northern Blotting analysis, and detected
by densitometry. RNA half-lives were determined by measuring the amount of GAL10 or
GALY7 transcript over time with respect to the stable scR1 transcript. All experiments

were performed with three biological replicates.
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Figure Legends

Figure 1. Dbp2is recruited to chromatin via RNA. (A) Schematic diagram of the
GAL10 and GAL7 genes and the positions of gqPCR amplicons. (B) Dbp2 is recruited to
chromatin in an RNA-dependent manner. Transcription of the GAL genes was induced
by growing yeast cells in rich media plus glucose initially and subsequently shifting to
media with galactose for 5 hours. Chromatin was then isolated, sheared by sonication,
and incubated with 7.5 U RNase A and 300 U RNase | or buffer alone before being
subjected to ChlIP using anti-FLAG antibodies. Results are shown as the percent of
precipitated DNA over input averaged across four biological replicates with SEM. *
indicates a p-value < 0.05 as assessed by student’s t-test. (C) Diagram of the functional
motifs of Yral [22,25,45,80]. The C-terminal half of Yral interacts with Dbp2 in vitro
[17]. (D) Dbp2 interacts with the C-terminal half of Yral in vivo. Immunoprecipitation
assays were conducted using anti-FLAG antibodies to isolate Dbp2-3xFLAG and
associated proteins from wild type or yra1AC strains. 10% of the lysate was used as
input. Dbp2 and Yral were detected by Western blotting with protein-specific
antibodies. Immunoprecipitated Dbp2, Yra1 and yra1AC were quantified by
densitometry and are shown as a percentage of input. (E) Loss of the C-terminal half of

Yral does not affect the association of Dbp2 with GAL10 (left) or GAL7 (right) genes.
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WT and yra1AC strains were used for ChIP with anti-FLAG antibody against Dbp2-

3XFLAG. Student t-test was performed between full-length YRAL and yra1AC strains in

all primer sets. All the p-values > 0.05.

Figure 2. Yral prevents over-accumulation of Dbp2 on RNA Pol Il transcripts. (A)

Dbp2 accumulates on the RNA Pol Il transcripts in-a yra1AC strain. RNA

immunoprecipitation (RIP) assays were performed to determine the level of RNA

associated with Dbp2 in wild type and isogenic yra1AC cells. Cells were grown with

galactose to promote expression of GAL10 and GAL7 genes as in Fig. 1 and

subsequently cross-linked with formaldehyde. RNPs were isolated with anti-FLAG

antibodies and transcripts were detected by RT-gPCR with primers specific to the 5’ end

of each mRNA (see Supplemental Table 4). Dbp2-3xFLAG occupancy on specific

transcripts is shown as the average percent of isolated RNA over input for three

biological replicates. Error bars indicate the SEM. (B) The association of Dbp2 with RNA

Pol Il transcripts is not altered in the mMRNA export mutant strain, rat7-1. RIP assays

were performed as above with wild type cells, isogenic rat7-1 cells [81], or isogenic, wild

type untagged cells at both the permissive temperature (25°C, left) and the non-

permissive temperature (37°C, right) for rat7-1 [26-28].
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Figure 3. Dbp2 forms a large RNA-dependent complex with Yral and Mex67 in
vivo. (A) Mex67 and Yral copurify with immunoprecipitated Dbp2. TAP-tag
immunoprecipitation assays of Dbp2 were conducted in the presence or absence of
RNase A and RNase I. Input (1%) and elutions were resolved by SDS-PAGE and
proteins were detected by western blotting. Cross-reactive heavy (HC) and light chains
(LC) are noted whereas an asterisk (*) marks a nonspecific band. Note that the faster
migrating band in lanes 4-5 corresponds to LC not untagged Dbp2, as there is no
untagged DBP2 expressed in the haploid, DBP2-TAP strain. (B) Dbp2, Yral and Mex67
co-migrate as a large complex by glycerol gradient fractionation. Glycerol gradient (10 —
30%) were performed with yeast lysate and the isolated fractions were resolved by
SDS-PAGE and proteins were detected by western blotting. Molecular weights were
determined using a standard curve generated by resolving catalase (250 kDa),
apoferritin (480 kDa), and thyroglobulin (670 kDa). (C) RNase treatment of yeast lysate
prior to gradient fractionation shifts the migration pattern of Dbp2, Yral and Mex67.

Glycerol gradient (10 — 30%) were performed as above but with RNase A and RNase |.
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Figure 4. Yral decreases the number of RNA hairpins unwound by Dbp2 without

altering the kinetics of unwinding. (A) Schematic representation of SMFRET with a

doubly-labeled hairpin RNA. Dual labeled RNA (Cy3 and Cy5) was purchased from IDT

and subsequently surface-immobilized on a pegylated microscope quartz slide via

biotin-neutravidin bridge (shown as yellow and orange ovals) [82]. The oval represents

Dbp2. The red star represents Cy5 and the green star represents Cy3. (B)

Representative FRET trajectory in the smFRET experiments. Representative

trajectories of a closed RNA hairpin alone (top left), in the presence of 10 nM Dbp2 (top

right),170 nM Dbp2 and 100 uM ATP (bottom left), or in the presence of 10 nM Dbp2, 20

nM yra1C, and 100 uM ATP (bottom right) are shown. (C) Yral decreases the number

of hairpin dsRNAs unwound by Dbp2. The distribution of closed, closed to opened

(single opening events), or dynamic (multiple cycles of opening and closing) hairpin

dsRNAs with 10 nM Dbp2 with or without 100 uM hexokinase and 1 mM glucose in the

absence of ATP or 10 nM Dbp2 with increasing concentrations of GST-yralC in the

presence of ATP are shown. Trajectories exhibiting more than one excursion into 0.2 —

0.8 FRET, i.e., opening more than once, are considered dynamic molecules.

Trajectories exhibiting constant high (0.9) or low (0.1) FRET throughout the

experimental time window are classified as closed or opened molecules, respectively. A
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threshold of 0.6 FRET was used to distinguish between the open (0.1 FRET) and close
(0.9 FRET) state of the hairpin. (D) Yral does not appreciably alter the kinetics of Dbp2-
dependent unwinding. Dwell times for each opening/closing event were measured from
FRET time trajectories from dynamic dsRNA molecules. Single exponential decay was

used to fit the dwell time histograms to determine Kopening and Kciosing respectively.

Figure 5. Yral reduces the RNA-binding affinity of Dbp2 in vitro. (A) YralC reduces
the affinity of Dbp2 for RNA. Fluorescence anisotropy assays were conducted with
varying amounts of Dbp2 with or without 150 nM of GST-yralC and 10 nM of a 16mer
fluorescently labeled ssRNA (5’-6-FAM-AGC ACC GUA AAG ACG C-3’) in the presence
or absence of 2 mM ADP-BeF under equilibrium conditions. Experiments were
conducted in triplicate with the average shown and error bars indicating the SEM. (B)
YralC decreases association of Dbp2-ADP-BeFx with RNA in pre-equilibrium
experiments. Gel shift assays were conducted in the presence of 2 mM ADP-
BeFx/MgCl,, 10 nM of a 5’-radioactively labeled ssRNA (5-AGC ACC GUA AAG ACG
C-3’), with or without the Dbp2 (400 nM) and varying amounts of GST-yralC or BSA (0
nM, 300 nM, 600 nM, 1200 nM, and 1800 nM). Complexes were assembled at 4°C as

indicated in the schematic diagram followed by resolution on a 4% native PAGE and
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subsequent autoradiography. Time courses show that it takes >60 min to reach

equilibrium (Supplemental Fig. 3). ND indicates the protein-bound signal was not

detected.

Figure 6. The Dbp2-Yral interaction prevents overexpression of specific of gene

products in vivo. (A) Loss of the Dbp2-Yral interaction results in overaccumulation of

GAL7 and DBP2 transcripts. Growing wild type or yra1AC cells with galactose induced

transcription of the GAL genes. RT-gPCR was performed for the indicated genes

following extraction of RNA using primers listed in Supplemental Table 4. Transcript

levels were normalized to 18S rRNA and wild type. Error bars indicate the SEM from

three biological replicates and * indicates a p-value <0.05 from a two tailed student t-

test. (B) Loss of the Dbp2-Yral interaction increases protein levels of Gal7 and Dbp2.

C-terminally 3X-FLAG-tagged GAL10 and GAL7 strains were constructed in the yra1AC

strain by standard yeast methods to provide an epitope for western blotting. Protein

detection by western blotting was conducted using anti-Dbp2 [23] or anti-FLAG as

indicated. Protein signal intensity was quantified with ImageQuant. The average signal

and SEM with respect to Pgkl is shown for three biological replicates. (C) RNA Pol Il

exhibits a similar pattern of gene occupancy in both wild type and yra1AC strains. ChIP
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was performed as above, but with anti-Rpb3 antibodies, a subunit of RNA Pol Il. (D)

The GAL7 mRNA has a longer half-life in yra1AC strains than wild type cells.

Transcriptional shut off assays were performed by shifting indicated strains to glucose

to repress transcription of GAL genes after a 10 hours induction with galactose. RNA

was extracted at the indicated time points and transcripts were detected by Northern

blotting. Transcripts were quantified by densitometry and normalized to scR1. Half-lives

were calculated from three, independent biological replicates by fitting the data to an

exponential decay equation.

Figure 7. Enzymatic inhibition of Dbp2 by Yral restricts cycles of Dbp2-

dependent mRNP remodeling in vivo. Dbp2 is co-transcriptionally recruited to

chromatin through RNA to resolve RNA duplexes. This resolution allows co-

transcriptional loading of RNA-binding proteins Yral, Mex67, and Nab2 onto the

nascent RNA. After nucleotide exchange, Yral prevents post-transcriptional re-

association by reducing the single-stranded RNA binding affinity of Dbp2. This activity

likely prevents Dbp2 from accumulating on mRNA, which results in aberrant transcript

stabilization and overexpression of specific gene products.
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Highlights

Dbp2 associates with chromatin in an RNA-dependent manner

Loss of Yral-Dbp2 interaction leads to over-accumulation of Dbp2 on mRNA
Yral inhibits duplex unwinding by reducing RNA-binding activity of Dbp2
Yral-dependent inhibition of Dbp2 prevents aberrant mMRNA stabilization

Regulation of Dbp2 is critical for maintaining proper gene expression

61



