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ABSTRACT

DExH/D proteins catalyze NTP-driven rearrangements of RNA and RNA-protein complexes during most aspects of RNA
metabolism. Although the vast majority of DExH/D proteins displays virtually no sequence-specificity when remodeling RNA
complexes in vitro, the enzymes clearly distinguish between a large number of RNA and RNP complexes in a physiological
context. It is unknown how this discrimination between potential substrates is achieved. Here we show one possible way by
which a non-sequence specific DExH/D protein can discriminately remodel similar RNA complexes. We have measured in vitro
the disassembly of model RNPs by two distinct DExH/D proteins, DED1 and NPH-II. Both enzymes displace the U1 snRNP from
a tightly bound RNA in an active, ATP-dependent fashion. However, DED1 cannot actively displace the protein U1A from its
binding site, whereas NPH-II can. The dissociation rate of UTA dictates the rate by which DED1 remodels RNA complexes with
U1A bound. We further show that DED1 disassembles RNA complexes with slightly altered U1A binding sites at different rates,
but only when U1A is bound to the RNA. These findings suggest that the “inability”’ to actively displace other proteins from
RNA can provide non-sequence specific DExH/D proteins with the capacity to disassemble similar RNA complexes in a dis-
criminatory fashion. In addition, our study illuminates possible mechanisms for protein displacement by DExH/D proteins.
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INTRODUCTION a non-sequence specific manner are able to discriminate
between the large number of potential RNA or RNP sub-
strates in a cellular context.

Here we present data suggesting that certain DExH/D
proteins might function in a discriminatory fashion even
in vitro, but only when the enzymes are confronted with
RNA-protein complexes, rather than with pure RNA
duplexes. DExH/D proteins have recently been shown
to directly rearrange RNPs, and it is believed that the ability
to remodel RNPs is central to the biological function of
DExH/D “helicases” (Linder 2004). To understand scope
and mechanism(s) of RNP remodeling by DExH/D enzymes,
we have previously started to examine the rearrangement
of model RNA-protein complexes in vitro (Jankowsky et al.
2001; Fairman et al. 2004). In the present study we have
measured remodeling of additional, non-physiological
model RNPs in vitro, using two distinct DExH/D proteins,
DEDI1 from Saccharomyces cerevisiae (Linder 2003) and
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DExH/D proteins are the largest group of enzymes in
eukaryotic RNA metabolism (Anantharaman et al. 2002).
Proteins from this highly conserved family are essential for
numerous ATP-driven conformational changes in ribonu-
cleoprotein (RNP) assemblies, such as the machineries that
catalyze pre-mRNA splicing and ribosome biogenesis
(Staley and Guthrie 1998; Tanner and Linder 2001). The
biological function of many DExH/D proteins correlates
with their capacity to unwind purified RNA duplexes in
vitro (Tanner and Linder 2001; Schneider et al. 2002).
However, while DExH/D proteins act at distinct points in
RNA metabolism, the vast majority of enzymes displays
virtually no sequence-specificity when unwinding RNA
duplexes in vitro (Tanner and Linder 2001). It is unclear
how proteins that bind and unwind RNA complexes in
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its cognate RNA, which indicates that not all DExH/D
proteins are able to actively remodel the same range of
RNPs in vitro. Significantly, our data show that DEDI
disassembles model RNA complexes bound to UlA at a
rate constant that is determined by the dissociation rate
constant of the UlA protein. This finding demonstrates
that the rate by which DEDI1 disrupts RNA complexes can
be controlled by an RNA binding protein that does not
directly interact with DED1. When confronted with a pool
of RNA complexes with slightly altered U1A binding sites
(that lead to different UIA dissociation rate constants),
DEDI1 disassembles these RNA complexes in a discrimina-
tory fashion, but only in the presence of UlA. These
findings suggest that a DExH/D protein can function in
a discriminatory manner, provided the enzyme encounters
RNA-protein complexes from where it cannot actively
displace the protein(s). This observation illuminates one
possible means for a non-sequence specific RNA helicase to
discriminate between many potential RNA or RNP substrates.

In addition, our study supports the notion that protein
displacement by DExH/D proteins is based on ATP-driven
function of the enzymes on single-stranded RNA. Our data
further suggest that both the architecture of the RNP as
well as biochemical properties of the DExH/D protein
determine whether a given enzyme can actively disassemble
certain RNPs.

RESULTS

Active displacement of the U1 snRNP by
NPH-II and DED1

To date, RNP remodeling by DExH/D proteins had been
tested only on model substrates where the cognate RNA
was bound through RNA-protein interactions (Jankowsky
et al. 2001; Fairman et al. 2004). However, in many RNPs,
such as in spliceosomal complexes, RNA targets are bound
through a combination of both RNA-protein and RNA-
RNA interactions (Staley and Guthrie 1998). To examine
whether DExH/D proteins are able to disrupt such RNPs,
we investigated whether DED1 and NPH-II could displace
the Ul snRNP from its target RNA (Fig. 1A,B). The Ul
snRNP, which contains 10 proteins and the UlsnRNA
(Stark et al. 2001), is part of the eukaryotic splicing
apparatus where it is involved in the recognition of the
5" splice site (Will and Lihrmann 2001). Ul snRNP binds
its cognate RNA at a 5" splice site through a short helix
between the Ul snRNA and through several RNA-protein
interactions. Nuclease digestion indicates sequestration
of the helix by proteins and extensive protein binding
to the RNA substrate 5" to the helix (P.A. Maroney and
T.W. Nilsen, unpubl.). The RNA substrate bound to Ul
snRNP with an affinity of K4 ~4 nM (P.A. Maroney and
T.W. Nilsen, unpubl.). The RNA-U1 snRNP complex
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FIGURE 1. U1 snRNP model system. (A) Ul snRNP bound to RNA
containing a 5’ splice site. Lines in the Ul snRNP symbolize the Ul
snRNA, gray shapes are Ul snRNP specific proteins on their approx-
imate binding sites (Stark et al. 2001). Substrate RNA is depicted by
the curved line; the sequence surrounding the 5" splice site and the
complementary part in the Ul snRNA are indicated. The asterisk
shows the radiolabel at the 5 end of the substrate RNA. (B)
Measurement of Ul snRNP dissociation and displacement. Ul snRNP
is immunoprecipiated by an antibody against the UIA protein. Thus,
radiolabeled substrate RNA bound to Ul snRNP precipitates as well.
Radiolabeled substrate RNA released from the Ul snRNP (through
spontaneous dissociation or by displacement) is found in the
supernatant. (C) Representative time course for spontaneous dissoci-
ation of the Ul snRNP from the RNA. Reactions were preformed as
described under Materials and Methods and data points were fitted to
the integrated rate law for a heterogeneous reaction with two first
order components. A fraction of ~0.05 of the Ul snRNP dissociated
faster than experimental accessible, the majority of Ul snRNP
(~95%) dissociated with a rate constant of kpjy; snrnp; = (1.2 £
0.1) X 107> min~".

dissociated with a rate constant of kg"' "*NP = (1.2 +

0.1) X 107> min~! under our reaction conditions (Fig. 1C).

To examine whether NPH-II could displace the Ul
snRNP from its RNA target, purified Ul snRNP was bound
to a radiolabeled, 75-nucleotide (nt) single-strand RNA
containing an authentic 5" splice site (Fig. 1A). This Ul
snRNP-RNA complex was then incubated with NPH-II
and ATP. Ul snRNP displacement was monitored by
separating released from bound RNA through immuno-
precipitation of the Ul snRNP, followed by quantification
of the radioactivity in supernatant and precipitate (Fig. 1B).
In the presence of NPH-II and ATP, Ul snRNP was
displaced with a rate constant of kdispleH'H > 6 min~’
(Fig. 2A). Without ATP, no displacement beyond sponta-
neous dissociation of Ul snRNP from the RNA was
observed (Fig. 2A). No significant displacement was ob-
served with the non-hydrolysable ATP analog AMPPNP
(data not shown; AMPPNP binds to DED1 and promotes
RNA binding. In addition, AMPPNP inhibits both ATPase
and helicase activities; data not shown).

Degradation of the radiolabeled RNA during the dis-
placement reaction was insignificant (Fig. 2B-D), indicat-
ing that the increase of radioactivity attributed to free RNA
was indeed due to disruption of the RNA-UI1 snRNP
complex by NPH-II. During the Ul snRNP displacement
reaction, the functional integrity of NPH-II was preserved,
as evidenced by the full retention of the RNA helicase
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FIGURE 2. Displacement of the Ul snRNP by NPH-II. (A)
Representative time course for Ul snRNP displacement by NPH-II
in the presence (filled circles) and in the absence (open circles) of
ATP. Data were fitted to the integrated rate law for a first order
reaction. With ATP, the displacement rate constant is Kgisp1 > 6 min "
(limit is given since the reaction amplitude has already reached >90%
of its final value at the first timepoint). (B) Representative PAGE of an
Ul snRNP displacement reaction performed in the presence of
a control duplex to test the integrity of the NPH-II helicase activity.
The duplex of a control RNA at 0.5 nM is unwound, reaction time is
given underneath panel C. No significant degradation of the Ul
snRNP substrate RNA (mRNA) is detected. The Ul snRNP substrate
RNA is labeled with more radioactivity than the control duplex to
minimize the influence of the radiolabeled control RNA on the
measurement of Ul snRNP displacement. (C) Representative PAGE
of Ul snRNP substrate RNA (mRNA) during the reaction shown in
panel B, but at lower detection intensity to illustrate the virtually
unchanged level of RNA throughout the reaction. (D) Amount of
radioactivity in Ul snRNP substrate RNA normalized to the amount
of radioactivity in the control duplex (panel B). The constant value
indicates no significant degradation of either RNA during the
displacement reaction.

activity of the enzyme (Fig. 2B). Collectively, these results
show that in the presence of ATP, NPH-II increases the rate
constant for spontaneous Ul snRNP dissociation by more
than three orders of magnitude. That is, NPH-II displaces
the Ul snRNP from its target RNA in an active, ATP-
dependent fashion.

We then performed an identical displacement reaction
with DED1 and ATP (Fig. 3). In the presence of ATP and
DED]I, the rate constant of Ul snRNP dissociation was also
increased by at least three orders of magnitude over the

basal dissociation rate constant (Fig. 3). As seen with NPH-
II, the fast Ul snRNP displacement by DED1 was strictly
ATP-dependent (Fig. 3). DED1 retained its helicase activity
under the reaction conditions and no significant hydrolysis
of the substrate RNA was detected during the displacement
reaction (data not shown). These observations demonstrate
that DEDI, too, actively dislodged the U1l snRNP from the
RNA substrate in an ATP-dependent fashion. We conclude
that DExH/D proteins have the capacity to actively remodel
RNPs that bind their cognate RNAs through a combination
of RNA-RNA and RNA-protein interactions.

DED1 does not actively displace UTA from RNA

To further investigate the scope of RNP remodeling by
different DExH/D proteins, we tested whether DED1 could
actively displace the protein UlA from its cognate RNA.
NPH-II had been previously shown to actively displace
UlA (Jankowsky et al. 2001). In the complex used here,
U1A binds its cognate RNA as a homodimer at the single-
stranded loops that are embedded into helical structures
(Varani et al. 2000). A 24-nt long single-stranded region
was appended 3’ end to one helix, in order to provide
a binding site for the helicase on the RNP (Fig. 4A). Under
our reaction conditions, UlA bound to the RNA with
an affinity of K4 = 5.1 * 0.5 nM and dissociated in a
biphasic reaction (Fig. 4B,C). The biphasic dissociation
kinetics of U1A, which was observed with different U1A
preparations, was independent of the UlA concentration,
and changes in the reaction conditions did not alter the
biphasic shape of the dissociation time course (data not
shown). For these reasons, the biphasic dissociation kinet-
ics of U1A is likely to reflect either inherent heterogeneity
in the UTIA-RNA complex or induced fit binding of U1A
to the RNA (Katsamba et al. 2001; Pitici et al. 2002).

To measure whether DED1 could disassemble the U1A-
RNA complex, we followed the separation of the two RNA
strands, which, in the presence of UlA, indicates protein
removal (Fig. 5; Jankowsky et al. 2001). To ensure the
integrity of the ULA-RNA complex, we first conducted the

Fraction Displaced

0 1 2 3 4 5
Time [min]

FIGURE 3. Displacement of the Ul snRNP by DED1. Representative
time course for Ul snRNP displacement by DEDI in the presence
(filled circles) and in the absence (open circles) of ATP. Data were
fitted to the integrated rate law for a first order reaction. With ATP,
the displacement rate constant was kgisp1 > 6.4 min "
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FIGURE 4. U1lA-based RNP. (A) RNP design. Sequence of the RNA
strands. U1A binds to the single-stranded loops. (B) Equilibrium
binding of U1A to the RNA. Data points represent the average of at
least three independent measurements. Error bars represent one
standard deviation. Data were fit to the Hill-equation (Kp = 5.1 =
0.5 nM, n = 1.4 = 0.1). (C) Spontaneous dissociation of UlA from
the RNA. The representative time course was fit to the sum of two
exponentials (dissociation rate constants were, for the first phase:
k'y=0.24 + 0.1 min~', and for the second phase: Ky=(1.8+02) X
10 ° min ).

displacement reaction with NPH-II. Consistent with pre-
vious results, NPH-II readily unwound the RNA strands
with and without UlA bound (Fig. 5A). DEDI1 readily
unwound the RNA complex in the absence of UlA (Fig.
5B). However, in stark contrast to NPH-II, DED1 did not
efficiently disassemble the RNA strands with U1A bound
(Fig. 5B).

To further understand these dissimilarities between
NPH-II and DED1, we measured the kinetics of the RNA
strand separation with and without bound U1A (Fig. 6).
Without U1A, DEDI readily unwound the RNA strands
with an apparent first order rate constant of ky,, = 0.9 =
0.1 min~! (Fig. 6). With UlA bound, the time course for
strand separation strikingly resembled the biphasic kinetics
of the spontaneous U1A dissociation (Fig. 6, cf. Fig. 4C).
Thus, DED1 did not accelerate the dissociation of UlA
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from the RNA. The enzyme could only separate the RNA
strands upon spontaneous dissociation of UlA (Fig. 6).
Increases in ATP and DED1 concentrations did not change
the shape of the time courses or the kinetic parameters for
strand separation in the presence of UlA, and we con-
firmed that DED1 did not dislodge UlA from the RNA
without unwinding the RNA strands (data not shown). We
also examined UlA displacement from RNA substrates
with shortened helices surrounding the UlA binding site
and with artificial linkers in one of the RNA strands, all
of which had no significant effect on shape and kinetic
parameters of the unwinding time course in the presence of
UlA (data not shown). Finally, we verified that UIA did
not prevent DED1 from unwinding RNA structures in
general (data not shown). Taken together, these observa-
tions confirmed that DEDI1, in contrast to NPH-II, is
unable to actively displace UIA from the RNA.

The inability of DED1 to accelerate UlA dissociation
from its RNA binding site contrasts with the capacity of the
enzyme to actively disrupt the Ul snRNP-RNA complex.
Thus, DED1 remodels only certain RNPs in an active
fashion. This finding complements previous results where
DED1 actively displaced the EJC but not the TRAP protein
from their respective RNA targets (Fairman et al. 2004).

Discriminatory disassembly of RNP
complexes by DED1

It occurred to us that the inability of DEDI1 to actively
displace U1A might also provide a straightforward means
to enable a non-sequence specific DExH/D protein to
remodel similar RNA substrates in a discriminatory fash-
ion. Because the U1A off-rate dictated the velocity by which

A B
NPH-l + + + + DED1 + + + o+
ATP - + + + ATP -+ o+ 0+
UA - - + + U1A - -+ o+
95°C - - - + 95°C - - - 4

A= e
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1 2 3 4

FIGURE 5. NPH-II but not DEDI actively displaces U1A from the
RNA. (A) Displacement of UIA by NPH-II (representative PAGE).
Protein displacement is indicated by the ability of the DExH/D
protein to separate the RNA strands with UlA bound (lane 3,
Jankowsky et al. 2001). Mobilities of the RNA complex and the
single-stranded RNA are indicated by cartoons on the left. Reactions
were allowed to proceed for 5 min. Lanes are as follows: (1) NPH-II
only; (2) NPH-II and ATP; (3) NPH-II and ATP with U1A; (4) boiled
control. (B) Inability of DED1 to actively displace U1A from the RNA
(representative PAGE). Lanes are as follows: (1) DED1 only; (2) DED1
and ATP; (3) DEDI1 and ATP with UlA; (4) boiled control.
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FIGURE 6. Time course of DED]1-catalyzed unwinding of the RNA
complex with and without UlA bound. RNA strand separation by
DED1 with UlA bound (open circles) and in the absence of UlA
(filled circles). Data points represent the average of least two in-
dependent measurements, error bars indicate one standard devia-
tion. The resulting time course for the reaction without UIA was fit
against the integrated rate law for a homogenous first-order process,
yielding an unwinding rate constant of k.l = 0.98 + 0.02 min~".
The time course for the reaction with UIA was fit to the sum
of two exponentials, yielding unwinding rate constants for the first
phase of K',/®™"1 = 010 = 0.01 min", and for the second phase of
KNP = (8.0 = 1.7) X 107* min~ .

DED1 could disassemble the RNA strands, an RNA with
a slight alteration in the U1A binding site that affected the
UlA off-rate should be remodeled by DEDI1 at a rate
determined by this altered UlA off-rate. We, therefore,
hypothesized that confronting DED1 with a pool of similar
RNAs containing slightly different UIA binding regions
should result in a discriminatory remodeling of these RNAs
in the presence, but not in the absence, of UIA.

To test this hypothesis, we designed an RNA with
a slightly altered UlA binding site (Fig. 7A). We deleted
three nucleotides from the U1A cognate site, otherwise the
RNA was identical to the complex used above (Fig. 7A).
U1A bound to this altered RNA with an affinity of K4 =
13.5 £ 0.7 nM (Fig. 7B), i.e., only slightly weaker than the
RNA with the authentic UlA binding site (cf. Fig. 4B).
However, UIA dissociated from the altered RNA signifi-
cantly faster than from the wtRNA (Fig. 7C). As observed
for RNAs containing the wild-type UlA binding site, U1A
dissociation followed a biphasic time course whose shape
did not change upon alterations in the reaction conditions
and increases in the UlA concentration (data not shown).
The biphasic UlA dissociation kinetics from the altered
RNA most likely reflects inherent heterogeneity or an
induced-fit binding mode of the UIA-RNA complex
(Katsamba et al. 2001; Pitici et al. 2002).

The distinct dissociation kinetics of U1A from wild-type
and altered RNAs rendered the altered RNA suitable for
testing whether the presence of U1A would indeed enable
DEDI to unwind both RNAs in a discriminatory fashion.
We combined both RNA complexes in an equimolar ratio
and monitored strand separation by DEDI1 with and
without UIA (Fig. 8). Without UIA, both substrates were
readily unwound by DEDI to a virtually identical degree
(Fig. 8A). With UlA, DED1 unwound both RNAs in

a clearly differential fashion. The RNA with the altered
UlA binding site was unwound to a significantly greater
extent than the RNA with the authentic UIA binding site
(Fig. 8A). An identical experiment with NPH-II showed no
comparable differences in the unwinding of both RNAs in
the presence of UlA, thereby verifying the integrity of the
RNAs and the RNPs (Fig. 8B).

Kinetic analysis of the unwinding time courses with
DEDI revealed that the disassembly of both RNA com-
plexes with bound U1A mirrored the dissociation kinetics
of U1A from the respective RNA (Fig. 9). Thus, DED1 does
not actively displace U1A from either RNA. In the absence
of UlA, however, DED1 unwound both RNAs with vir-
tually identical rate constants (Fig. 9). These results demon-
strate that U1A binding to distinct binding sites in otherwise
similar RNAs enables DEDI1 to differentially remodel these
RNAs. NPH-II, which actively dislodges U1A from both
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FIGURE 7. Altered UlA-based RNP. (A) RNP design. Three

nucleotides were deleted from the upper RNA strand (indicated by
triangles) of the RNA complex with the authentic U1A binding site
(Fig. 4A). (B) Equilibrium binding of UIA to the altered RNA
complex. Data points represent the average of three independent mea-
surements. Data were fit to the Hill-equation (Kp = 13.5 £ 0.7 nM,
n = 1.9 £ 0.2). (C) Spontaneous dissociation of UIA from the RNA.
The representative time course was fit to the sum of two exponentials.
Dissociation rate constants were, for the first phase: kId =22 * 06
min ', and for the second phase: K = (53 = 0.7) X 107> min~ .
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FIGURE 8. DEDI1 but not NPH-II disassembles the two RNA
complexes in a discriminatory fashion. (A) DED1 disassembles the
altered RNA complex more efficiently than the complex with the
authentic UlA binding site when UIA is bound (lane 3) but not
without UIA (lane 2). Reactions were allowed to proceed for 5 min.
Mobilities of the RNA complexes and the single-stranded RNAs are
indicated by cartoons on the left of the representative PAGE. The
altered RNA is in gray, the RNA with the authentic U1A binding site
in black. Lanes are as follows: (1) DED1 only; (2) DED1 and ATP; (3)
DEDI and ATP with UlA; (4) boiled control. (B) NPH-II disassem-
bles both, altered RNA complex and the complex with the authentic
U1A binding site with comparable efficiency. Reactions were allowed
to proceed for 5 min. Lanes are as follows: (1) NPH-II only; (2) NPH-II
and ATP; (3) NPH-II and ATP with UlA; (4) boiled control.

complexes, is unable to differentiate between both RNAs,
either with or without UIA bound.

DISCUSSION

In this study, we have shown (1) that two distinct DExH/D
proteins, DED1 and NPH-II, can displace the Ul snRNP

-

U e

3

° PR 2

o

c

= ]

L~

[¢]

£ B
80 100 120

Time [min]

FIGURE 9. Representative time courses of DEDI-catalyzed un-
winding of both RNA complexes with and without UlA bound.
DED1-catalyzed strand separation of both, the RNA complex with
altered and authentic U1A binding site with and without UIA bound
(filled circle: wt RNA, no UlA; filled diamond: altered RNA, no UlA;
open circle: wt RNA with UIA bound; open diamond: altered RNA
with UlA bound). Strand separation of the altered RNA complex
without UIA was fit to a single exponential, yielding an unwinding
rate constant k" = 1,63 + 0.15 min~. Strand separation of the
altered RNA complex with UlA present was fit to a sum of two
ex;[)onentials yielding an unwinding rate constant for the first phase:
K NPT — 033 + 0.04 min~!, and for the second phase: M IRNPT
(4.8 = 0.7) X 107> min~". Kinetic data for strand separation of the
RNA complex with the authentic UlA binding (with and without
U1A) site are reported in Figure 6.
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from a tightly bound RNA in an active, ATP-dependent
fashion; (2) that DED1 cannot actively displace the protein
UlA from its binding site, whereas NPH-II can; and (3)
that the “inability” to actively displace U1A can provide the
non-sequence specific DED1 with a means to nonetheless
disassemble very similar RNA complexes in a discrimina-
tory fashion.

The different remodeling efficiencies of NPH-II
and DED1 toward diverse RNPs reveal possible
mechanism(s) for active protein displacement
by DExH/D proteins

The active displacement of the Ul snRNP from a tightly
bound RNA by both NPH-II and DEDI indicates that
DExH/D proteins are able to disrupt complex RNA-protein
interfaces in an active, ATP-dependent manner. While
illumination of the detailed mechanism by which both
enzymes dislodge the Ul snRNP was beyond the scope of
this study, our data suggest, nonetheless, that both NPH-II
and DEDI may displace the Ul snRNP through an ATP-
driven function on the single-stranded substrate RNA
(Fairman et al. 2004; Kawaoka et al. 2004; von Hippel 2004).
This is mainly because both NPH-II and DEDI require
extended stretches of unpaired nucleotides (~~20 nt) in order
to bind RNA/RNP substrates with high affinity (Fairman
et al. 2004). Such extended stretches of unpaired nucleotides
are only present on the substrate RNA but not in the Ul
snRNP (Stark et al. 2001). Therefore, both enzymes are
more likely to bind and subsequently act on the substrate
RNA, rather than directly on the Ul snRNP.

While both DED1 and NPH-II actively dislodged the Ul
snRNP from an RNA substrate, only NPH-II, but not
DEDI, could actively displace UIA. This is an unexpected
result because (1) both the Ul snRNP- and the UlA-based
RNPs involved a combination of RNA-RNA and RNA-
protein interactions; (2) both Ul snRNP and U1A bound
their cognate RNAs with similar affinity; and (3) both Ul
snRNP and UlA dissociated from the RNA with similar
rate constants. The different remodeling efficiencies of
NPH-II and DEDI1 toward both RNPs, however, mirror
previous observations with RNPs that involved proteins
bound to unstructured RNA (Fairman et al. 2004). There,
NPH-II but not DED1 actively displaced the TRAP protein,
whereas both enzymes actively dislodged the exon junction
complex (EJC), even though TRAP dissociated much faster
from the RNA than the EJC (Fairman et al. 2004). Thus,
data collected for the rearrangement of four different RNPs
(U1A, TRAP, EJC, Ul snRNP) by NPH-II and DEDI1
indicate that not all DExH/D proteins are able to actively
remodel the same range of RNPs. NPH-II actively displaces
a greater range of proteins than DEDI. It is worth noting
that DED1 actively displaces the multicomponent com-
plexes EJC and Ul snRNP, but not the homo-oligomeric
proteins TRAP and U1A. These observations indicate that
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neither stability (the EJC is the most stable RNA-protein
complex) nor the rate for spontaneous dissociation of
a given RNP determine whether DED1 can actively disrupt
an RNA-protein complex. Rather, the architecture of
a given RNP may dictate whether enzymes such as DEDI
can actively remodel the complex.

However, the data clearly show that both NPH-II and
DED1 can displace proteins without unwinding RNA
duplexes. The actual protein displacement may be based
on the ability of the DExH/D proteins to capture nucleo-
tides that are normally part of the RNA-protein interface.
The nucleotide capture could be accomplished either by the
DExH/D enzyme exerting force on the other protein or by
occupying transiently fraying nucleotides. In any event,
nucleotide capture reduces the number of RNA-protein
contacts in the RNP, thereby increasing the off-rate for the
bound protein, which causes the active protein displace-
ment. If the DExH/D protein dissociates from the RNA
before capturing the critical number of nucleotides neces-
sary to accelerate dissociation of the RNP, no active protein
displacement is observed. This scenario might explain why
DEDI, which does not display high processivity during
RNA unwinding (protein dissociates from the RNA with
higher frequency, Fairman et al. 2004), is unable to actively
displace proteins such as UlA or TRAP, whereas the
processive NPH-II can dislodge those proteins in an active
fashion. In a multicomponent complex such as the EJC or
the Ul snRNP, a small decrease in the number of RNA-
protein contacts might lead to dissociation of one critical
component that in turn unravels the entire RNP. Thus, the
transient capture of only a small number of nucleotides
from the RNA-protein interface by a less processive enzyme
such as DEDI1 may suffice to accelerate the dissociation of
multicomponent RNPs.

We note that tracking on single-stranded nucleic acid
and capture of fraying nucleotides are also considered to
be important for unwinding of DNA duplexes by DNA
helicases (von Hippel and Delagoutte 2001). It is perhaps
not surprising that similar mechanisms may underlie both
duplex unwinding and protein displacement by “helicase”
enzymes.

However, given the limited data for RNP remodeling by
DExH/D proteins, alternative mechanisms by which these
enzymes cause active protein displacement should not be
discounted. For example, instead of capturing fraying
nucleotides, DExH/D proteins may be able to force other
proteins off the nucleic acid in one step, perhaps through
physical clashes between protein domains that are driven by
ATP binding and/or hydrolysis in the DExH/D protein.

The inability of DED1 to actively displace other
proteins enables discriminatory function in vitro

Although our study has illuminated possible mechanisms
by which DExH/D enzymes actively displace other proteins

from RNA, the inability of DExH/D proteins to actively
dislodge other proteins might be equally significant, most
notably for enabling non-sequence specific enzymes to act
in a discriminatory fashion. We underscore that the
mechanisms for the discriminatory function of DEDI
discussed below are based solely on the data collected with
artificial model systems in vitro. We do not imply that
DED1 targets either of the tested model substrates, Ul
snRNP, UlA, EJC, or TRAP in vivo, although we cannot
rule out that DED1 might act on the first two substrates.
We further do not suggest that DED1 invariably functions
in its physiological environment as described in this model
study. Finally, we note that the mechanism for discrimi-
natory RNP remodeling does in no way preclude the
recruitment and perhaps specific activation of DExH/D
proteins by their specific targets. Rather, the proposed
discriminatory function of DExH/D proteins may comple-
ment their recruitment to specific targets by (1) preventing
disassembly of RNPs beyond intended target regions, (2)
allowing the timing of RNA remodeling reactions without
directly affecting the DExH/D enzyme, and (3) providing
one possible way to consider conformational proofreading
by RNA helicases in straightforward terms (see discussion
below).

The inability of DEDI to actively displace certain other
proteins from RNA highlights the possibility for discrim-
inatory RNP remodeling on two levels. The first level of
discrimination is based on the ability of DED1 to actively
(efficiently) disassemble only certain RNPs. Possible mech-
anisms for this phenomenon have been discussed above.
Thus, confronting an enzyme like DED1 with a pool of
different RNPs (e.g., ULA-RNP and Ul snRNP) will result
in the remodeling of some but not other RNPs. It is unclear
to which degree this situation resembles physiological
reactions. Nonetheless, this level of discriminatory RNP
remodeling is, despite its simplicity, not a trivial finding.
This is (1) since not all DExH/D proteins behave in a similar
fashion and (2) because no direct interactions between the
DExH/D protein and other co-factors and no modifications
of the biochemical activities of the enzymes are involved.

The second level of discrimination is less obvious than
the one discussed above. We have observed here that DED1
was not only unable to actively displace UlA from its
cognate RNA, but also that the dissociation rate constant of
UlA determined how fast DED1 remodeled RNAs with
bound U1lA. Alterations in the RNA that change the UlA
off-rate affect the rate of RNA remodeling by DED1 and
thus enable the non-sequence specific DEDI to discrim-
inately remodel RNAs based on only slight sequence
differences. By unwinding RNAs containing altered UlA
binding sites at a faster rate than RNAs with an authentic
U1A binding site, in principle, DED1 could be viewed as
“proofreading” for RNAs with an authentic UIA binding
site (RNAs with altered U1A binding sites are preferentially
disassembled, i.e., “discarded”). Thus, “proofreading” by
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RNA helicases could be considered in straightforward
terms, although physiological ramifications of this possible
“proofreading” mechanism are unclear. However, we note
that the proposed mode for “proofreading” is consistent
with the ATP-dependent kinetic proofreading function of
the spliceosomal DExH/D protein Prpl6 (Burgess and
Guthrie 1993), and with activity modulations of the
DExH/D proteins Prp22 and Brr2 by the spliceosomal
protein Prp8 (Kuhn et al. 2002; Schneider et al. 2004).

The inability of DED1 to actively displace other proteins
from RNA also illuminates a straightforward means to time
RNA rearrangement steps by DExH/D enzymes without
the need to establish specific protein-protein interactions.
Events unrelated to the DExH/D protein function, such
as a transesterification step during pre-mRNA splicing, or
protein phosphorylation may simply alter the off-rate of
a regulatory protein, and thereby time the ATP-driven
remodeling function of a DExH/D protein. It is not known
whether in a physiological context the timing of some
DExH/D protein-catalyzed RNA rearrangements occur
according to this mechanism. However, it may be attractive
to specifically test whether certain genetic interactions be-
tween DExH/D enzymes and RNA binding proteins arise
due to such “control” of DExH/D enzymes by RNA binding
proteins.

We note that NPH-II, which actively displaces U1A from
its cognate RNA, could not be “controlled” by UIA.
Consequently, NPH-II could not preferentially remodel
any of the RNA complexes tested. Therefore, it may be
critical for possible discriminatory functions of DExH/D
proteins that the enzymes in question are unable to actively
displace certain other proteins from RNA. Consequently,
DExH/D proteins such as DED1 may have mechanistic
characteristics that result in less potent RNA helicase or
RNPase activities in vitro. On the other hand, viral proteins
such as NPH-II might have evolved as “cleaners” that
indiscriminately remove other proteins and RNAs from a
target RNA.

MATERIALS AND METHODS

Protein expression and purification

DEDI was expressed in Escherichia coli as described (Iost et al.
1999), except that bacteria were grown at 28°C. Purification of
DED1 was as described (Iost et al. 1999) with an additional
purification step in which DEDI1 was adsorbed to phosphocellu-
lose resin (P11, Whatman) and eluted with 300 mM NaCl. NPH-
IT was expressed in baculovirus-infected insect cells as described
(Fairman et al. 2004). Cells were lysed and NPH-II was purified
by adsorption to Ni-agarose (Qiagen) and phosphocellulose resin
(P11, Whatman) (Gross and Shuman 1996). Homogeneity (>98%)
and concentration of DED1 and NPH-II were assessed by SDS-
PAGE and subsequent coomassie staining of the peptide. Purified
U1A containing residues 2 through 117 was a gift from Dr. Kyoshi
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Nagai (Cambridge, UK). Ul snRNP was prepared as described
(Stark et al. 2001).

RNA preparation

The 75-nt substrate RNA for Ul snRNP was prepared by in vitro
transcription using T7 RNA polymerase (Milligan and Uhlenbeck
1989). All other RNA oligonucleotides were purchased from
DHARMACON (Lafayette) and deprotected according to manu-
facturer’s protocols. RNA, where applicable, was labeled with
v**P-ATP (ICN) using T4 Polynucleotide Kinase (New England
BioLabs) and purified on denaturing PAGE. To form RNA
duplexes, labeled and complementary unlabeled RNA were com-
bined in 50 mM KCl, 10 mM MOPS (pH 6.5), 2 mM EDTA,
heated to 95°C for 2 min and cooled to room temperature over
2 h. Bipartite complexes were separated from single-stranded
RNA by non-denaturing PAGE, visualized by autoradiography,
excised, eluted from the gel, and precipitated with ethanol
(Jankowsky et al. 2001). RNA complexes were quantified by measuring
incorporated **P using a scintillation counter.

U1 snRNP dissociation and displacement

Spontaneous Ul snRNP dissociation was measured by pre-
forming the Ul snRNP-RNA complex for 10 min at room tem-
perature in a buffer containing 40 mM Tris-HCI pH 8.0, 4 mM
MgCl,, 0.01% (v/v) Nonidet P40. The dissociation reaction was
initiated by addition of an excess of Ul snRNP scavenger RNA
(unlabeled RNA, identical to substrate RNA, 200 nM final
concentration) and ATP to a final concentration of 3.5 mM (to
provide reaction conditions consistent with the subsequent
remodeling reactions). Aliquots were removed at the indicated
times and subjected to immunoprecipitation of the Ul snRNP
using antibodies against the UlA protein in order to separate
bound and free RNA. Aliquots were incubated with the antibody
for 60 min on ice (150 mM NaCl, 50 mM Tris/HCI, pH 8.0, 0.1%
[v/v] Nonidet P40). Subsequently, aliquots were centrifuged and
the supernatant was removed. Radioactivity was measured in
precipitate and supernatant by scintillation counting. The fraction
of free RNA was calculated from the ratio of radioactivity in
precipitate and supernatant. Dissociation rate constants were
determined from plots of the fraction of free RNA versus time
by least square fitting to the appropriate kinetic model using
Kaleidagraph (Synergy software).

To measure Ul snRNP remodeling by NPH-II and DEDI, the
Ul snRNP complex was pre-formed as described above. NPH-II
(20 nM final concentration) or DED1 (600 nM final concentra-
tion) were added and incubated for five more minutes. The
remodeling reactions were started by adding a mixture of ATP
(3.5 mM final concentration) and Ul snRNP scavenger RNA, in
order to prevent dissociated Ul snRNP to rebind labeled RNA.
Displacement reactions were conducted at room temperature,
aliquots were removed at the indicated times and the remodeling
reaction was stopped by addition of EDTA (5 mM final) and 5 puM
NPH-II scavenger RNA (to prevent further binding of NPH-II to
the Ul snRNP-RNA complex) and by placing the aliquot on ice.
The amount of radiolabeled RNA bound to the Ul snRNP at the
given reaction times was determined by immunoprecipitation
as described above. Displacement rate constants were determined
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from plots of the fraction of free RNA versus time by least square
fitting to the appropriate kinetic model.

Equilibrium binding of UTA

UlA equilibrium binding studies were performed in buffer
containing 40 mM Tris-HCI, pH 8.0, 50 mM NaCl, 0.01% P,
and 2 mM DTT. Radiolabeled RNA duplex (0.5 nM) in a reaction
volume of 20 pL was incubated with increasing concentrations of
U1A on ice for 10 min, followed by incubation at 19°C for 5 min.
Subsequently, 20 pL loading buffer were added to each individual
reaction and the solutions were immediately loaded on non-
denaturing PAGE (run at 4°C). Gels were dried and the bands
corresponding to single strand and duplex RNA were visualized
using a PhosphorImager (Molecular Dynamics). Radioactivity in
each band was quantified using the ImageQuant software (Mo-
lecular Dynamics). Equilibrium binding constants were calculated
according to

Fraction Bound = K"/(K" + [U1A]")

K is the equilibrium binding constant, n is the Hill-coefficient.
Curve fitting was performed using Kaleidagraph (software).

U1A dissociation and displacement

RNP/RNA remodeling assays were performed as described
(Jankowsky et al. 2001; Fairman et al. 2004) at room temperature
in a buffer containing 40 mM Tris-HCI, pH 8.0, 50 mM NaCl,
0.01% (v/v) NP40, and 1 mM DTT with 0.5 nM radiolabeled
duplex RNA and U1A, where applicable. UIA-RNA complexes
were formed prior to the reaction for 10 min. Spontaneous UlA
dissociation was measured by incubating pre-formed UIA-RNA
complexes with a large excess of UIA scavenger RNA (1.25 pM,
unlabeled RNA based on UlA binding site in Ul snRNA)
(Jankowsky et al. 2001), which prevents rebinding of UlA to
the radiolabeled RNA complex once UIA has dissociated from
this RNA. Aliquots were removed from the reaction, glycerol
(10% v/v final) was added and the aliquots were immediately
applied to non-denaturing PAGE (run at 4°C). The fraction of
disassembled RNA complexes was determined by quantifying
radioactivity in UlA-bound and free RNA using a Phosphor-
Imager (Molecular Dynamics). Dissociation rate constants were
determined by plotting the fraction free RNA versus time and
fitting the resulting time courses with the integrated rate law for
a biphasic first order reaction (sum of two exponentials). Curve
fitting was performed using Kaleidagraph software.

U1A displacement by DED1 and NPH-II was measured by pre-
forming UIA-RNA complexes as described above. Subsequently,
DEDI1 (500 nM) or NPH-II (20 nM) was incubated at room
temperature with the complex for an additional 5 min. Longer
incubation times or higher protein concentrations (UlA, DEDI,
NPH-II) did not alter the results. Remodeling reactions were
started by adding 5 mM (final) ATP (where applicable), 5 mM
(final) MgCl,, and 1.25 pM (final) U1A scavenger RNA to prevent
UlA from rebinding to RNA once it has been displaced. Aliquots
were removed at appropriate times and stopped with equal
volumes of buffer containing 10 mM EDTA, 1% SDS (v/v),
0.1% bromophenol blue, 0.1% xylene cyanol, and 20% glycerol.
Subsequently, aliquots were applied to 15% non-denaturing

PAGE (Jankowsky et al. 2001). Gels were dried and the bands
corresponding to single strand and duplex RNA were visualized
using a Phosphorlmager (Molecular Dynamics). Radioactivity
in each band was quantified using the ImageQuant software
(Molecular Dynamics). In the presence of UlA, single-stranded
RNA corresponds to the amount of displaced UlA (Jankowsky
et al. 2001). We specifically confirmed that DED1 did not displace
U1A without separating the RNA strands (data not shown). Rates
for strand separation were determined by plotting the fraction
single-stranded RNA versus reaction time and fitting the resulting
time courses with the integrated rate law for a homogenous first
order reaction (without U1A) or with the integrated rate law for
a biphasic first order reaction (with UlA bound).
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