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ABSTRACT

The yeast DEAD-box protein Has1p is required for
the maturation of 18S rRNA, the biogenesis of 40S
r-subunits and for the processing of 27S pre-rRNAs
during 60S r-subunit biogenesis. We purified recom-
binant Has1p and characterized its biochemical activ-
ities. We show that Has1p is an RNA-dependent
ATPase in vitro and that it is able to unwind
RNA/DNA duplexes in an ATP-dependent manner.
We also report a mutational analysis of the conserved
residues in motif | (8®AKTGSGKT®3), motif IlI
(®*®sAT?3%) and motif VI (***"HRVGRTARG®%3). The
in vivo lethal K92A substitution in motif | abolishes
ATPase activity in vitro. The mutations S228A and
T230A partially dissociate ATPase and helicase activ-
ities, and they have cold-sensitive and lethal growth
phenotypes, respectively. The H375E substitution
in motif VI significantly decreased helicase but
not ATPase activity and was lethal in vivo. These
results suggest that both ATPase and unwinding
activities are required in vivo. Has1p possesses
a Walker A-like motif downstream of motif VI
(***GTKGKGKS?®). K389A substitution in this motif
significantly increases the Has1p activity in vitro,
which indicates it potentially plays arole as a negative
regulator. Finally,rRNAs and poly(A) RNA serve as the
best stimulators of the ATPase activity of Has1p
among the tested RNAs.

INTRODUCTION

Members of the DExD/H families of helicases are found in
almost all organisms, and they are involved in many different
biological processes including transcription, DNA repair, pre-
rRNA processing and splicing. While some DExH proteins are

promiscuous in NTP usage, DEAD-box proteins use ATP
hydrolysis to remodel macromolecular interactions involving
RNA and proteins (1-3). Nevertheless, specific RNA sub-
strates and biological roles are not known for the vast majority
of these proteins (4).

The DEAD-box family of RNA helicases is defined by the
presence of nine conserved motifs (1,4) that are important for
ATP binding and hydrolysis, for RNA binding and RNA
unwinding. Genetic and biochemical data, as well as informa-
tion from solved crystal structures of DExD/H proteins (5-8)
indicate various roles for the motifs. The Q-motif (9) and
motifs I and II (Walker motif A and B) are involved in
ATP binding and hydrolysis (10). Motif III is thought to
link ATP hydrolysis with helicase activity by linking
conformational changes of the protein with ATP hydrolysis,
which ultimately leads to RNA unwinding or RNA-protein
dissociation. Motif VI is believed to be involved in binding the
phosphates of ATP, and mutations in this motif impair ATP
hydrolysis in some DEAD-box proteins (11,12). The solved
crystal structures of a substrate-bound helicase (13) indicate
that the remaining motifs (Ia, Ib, IV and V) are probably
involved in RNA binding and in stimulation of ATP hydrolysis
by RNA binding, and this is consistent with biochemical
studies (14-17).

In vitro RNA-dependent ATPase activity has been
demonstrated for several RNA helicases; however, in vitro
ATP-dependent unwinding has only been demonstrated for
a limited number of them [discussed in (4,18)]. To date, 18
putative RNA helicases have been identified that are involved
in yeast ribosome biogenesis, where 8 of them are required for
the synthesis of 40S r-subunits (19-24) and 10 of them are
involved in the synthesis of 60S r-subunits (25-34). Of these
proteins, only Rokl1p, which is a DEAD-box protein involved
in 40S r-subunit biogenesis, has been shown to have ATPase
activity (35).

Haslp is a yeast DEAD-box protein involved in the early
events of processing of the 35S pre-rRNA transcript, which
leads to the proper maturation of 18S rRNA and the formation
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of the 40S ribosomal subunit (36). The analysis of pre-rRNA
processing indicated that the formation of 18S RNA is
severely altered due to the inhibition of processing of 35S
pre-TRNA at early cleavage sites AO, Al and A2. In the
early pre-ribosome complexes, dynamic rearrangements of
RNA-RNA contacts are required for proper processing of
the pre-rRNA transcript. The role of RNA helicases may be
to facilitate the rearrangements between the different 35S
pre-rRNA regions, to alter pre-rRNA/snoRNA interactions,
as well as to release trapped RNA-protein complexes. To
date, neither the RNA substrate for Haslp nor its precise
role in this large RNP complex is known. A particularly inter-
esting feature of this essential trans-acting factor is its physical
association not only with the pre-40S maturation pathway
(36,37) but also with the pre-60S maturation pathway,
as shown by the different proteomic approaches and by
co-sedimentation experiments (36—40). In accordance with
these observations, processing of 27SA3 and 27SB pre-
rRNAs is also delayed upon Haslp depletion, but with no
obvious phenotype on the production of the mature 60S
subunits. This dual appearance of a DEAD-box protein in
ribosome biogenesis is an unusual feature, and it offers the
possibility of a regulatory role for Haslp. Nevertheless, the
significance of this dual role still remains to be elucidated.
It was previously suggested that the enzymatic activity of
Has1p may be required for its in vivo function (36). A mutant
with a substitution in motif I that is known to abolish ATPase
activity in other related helicases does not support growth of a
AHAS]1 strain. We have purified recombinant Has1p and char-
acterized its biochemical activities to address the following
questions: (i) Is Haslp an RNA-dependent ATPase in vitro?
(i1) Is Haslp able to unwind RNA/DNA duplexes in an ATP-
dependent manner? (iii) What are the kinetic properties of the
enzyme in the context of previously reported biochemical
studies of other DExD/H proteins? and (iv) How do mutations
in conserved residues affect the ATPase and unwinding activ-
ities of Haslp? Moreover, we have also identified a Walker
A-like motif downstream of motif VI and addressed its import-
ance. Finally, we used the RNA-dependent ATPase activity of
Hasl1p to search for specifically stimulating RNA species.

MATERIALS AND METHODS
Targeted mutagenesis of HAS1

Mutations were introduced into the HAS! gene by fusion PCR
using YCplac111-HA-HASI as a template. Pairs of primers
used were as follows: (i) 5’ primer at position —300 from HAS
open reading frame (ORF) and 3’ primer bearing the mutation;
(ii) 5’ primer bearing the mutation and 3’ primer at position
+200 respective to HASI ORF, as described previously (36).
Residues targeted for mutagenesis were K92A (AAA—GCT),

S228A (TCA—GCA), T230A (ACA—GCA), H375E
(CAT—GAA), R376A (AGA—GCA) and K389A
(AAA—GCA).

The mutated DNA products from the second stage ampli-
fication were co-transformed with linearized YCplacll1
plasmid carrying the upstream and downstream regions but
not the HAS! ORF (41), resulting in YCplacl11-HA-has!
(YCplacl11-HA-K92A, YCplacl11-HA-S228A, etc.). The
presence of the desired mutation was confirmed by DNA

sequencing of the complete ORF in order to avoid acquisition
of unwanted mutations during amplification or cloning.

Test of mutational effects in vivo by plasmid shuffling

Viability of the AHAS!I strain (JDY10-3A: MATa ade2-1
his3-11,15 leu2-3,112 trpl-1 ura3-1 canl-100 hasl::HIS3)
was ensured by the presence of the plasmid pHT4467-HAS1
(HASI URA3 CEN) (36). The AHAS] strain was transformed
with YCplacll1l (LEU2, CEN) carrying the various hasl
mutants expressed under their own promoters. Leu® trans-
formants were selected and streaked on plates containing
5-fluoroorotic acid (5-FOA) to select against the URA3
HASI plasmid (42). The ability of mutant has/ alleles to
support growth on 5-FOA was tested at 18, 30 and 37°C.
Survivors on 5-FOA were streaked on YPD medium and
incubated at different temperatures.

Cloning, expression and purification of recombinant
wild-type and mutant Haslp

HASI wild-type and mutant genes were amplified by PCR
using YCplacl11-HA-HASI and YCplacll1-HA-hasl as
templates, respectively. The upstream primer contained the
first 18 nt of HASI and an Ndel site (5'-GTAATAAACA-
TATGGCTACCCCGTCAAAT-3'), and the downstream
primer contained the last 18 nt from HAS/ and BamHI site
(5-GCTGGATCCTTACTTATGAGTTTTACG-3"). The res-
ulting DNA fragments were cut with Ndel and BamHI and
cloned into pET15b to produce pET15b-HAS! as well as the
various pET15b-has/ plasmids. These plasmids expressed
the N-terminal His-tagged version of the wild-type and mutant
Haslp in bacteria under the control of a T7 promoter (43). The
expression plasmids were transformed into the Escherichia
coli strain Rosetta (DE3) [F~ ompT hsdSg(rg mg) gal
dem lacYl (DE3) pRARE (CmR); Novagen]. Cultures were
inoculated from single colonies and grown overnight in
Luria—Bertani medium containing ampicillin (100 pg/ml)
and chloramphenicol (34 pg/ml). An aliquot of 500 ml of
fresh medium was then inoculated with 5 ml of overnight
culture and incubated at 37°C. At ODggy ~0.6, isopropyl
B-p-thiogalactopyranoside (IPTG) was added to the final con-
centration of 0.6 mM and cultures were incubated for a further
3 h at 30°C. The cells were harvested by centrifugation and
pellets were stored until needed at —20°C. The pellets were
resuspended in 5 ml of lysis buffer containing 20 mM Tris—
HCI, pH 8, 500 mM NacCl, 10 mM imidazole, 0.1% NP40,
2 mM DTT and 0.2 mM phenylmethlysulfonyl fluoride
(PMSF). Lysozyme was added to a final concentration of
10 pg/ml and the suspensions were kept on ice for 30 min
with occasional mixing. The lysates were sonicated to reduce
the viscosity. After centrifugation for 30 min at 15 000 r.p.m.
in a Sorvall centrifuge, the supernatant was loaded onto 1 ml
Ni-NTA agarose column (Qiagen) equilibrated in the lysis
buffer. The column was washed two times with 10 ml of
washing buffer (20 mM Tris—HCI, pH 8, 500 mM NaCl,
30 mM imidazole, 0.1% NP40, 2 mM DTT and 0.2 mM
PMSF) and the protein was eluted with 3 ml of elution buffer
(20 mM Tris—HCI, pH 8, 500 mM NaCl, 100 mM imidazole,
0.1% NP40, 2 mM DTT and 0.2 mM PMSF). Six fractions of
0.5 ml were collected. Usually, Has1p was found in the second
and third fractions. Glycerol was added to the fractions with



Haslp to a final concentration of 40% and proteins were stored
at —80°C. Concentrations of the proteins were determined
using the Bio-Rad Protein Assay with BSA as the standard.
Purity and the concentrations were verified on 10%
SDS-PAGE gels.

ATPase assay

For the determination of the ATPase activity, a colorimetric
assay based on the Molybdate—Malachite green reaction sys-
tem was used as described previously (9,44). Buffer conditions
were optimized for Haslp (50 mM potassium acetate, 20 mM
HEPES, pH 6.5, 2 mM MgCl,, 2 mM DTT and 0.1 mg/ml
BSA). The enzyme concentrations were from 200 to 400 nM,
ATP was 1 mM and total yeast RNA Type III (Sigma) was
400 ng/ul. To test whether DNA can stimulate the Haslp
ATPase activity, 1 uM 6lmer DNA oligonucleotide was
added to the reaction instead of RNA. The reactions were
performed at 30°C in a final volume of 30 ul and stopped
by pipetting 25 ul aliquots into the well of the microtiter plate
preloaded with 5 ul of 0.5 mM EDTA, pH 8. To each well,
150 ul of Malachite green was added and absorbance was
measured at 630 nm.

For the determination of Kj;, ATP concentrations were
varied from 0.05 to 3 mM. In the competition assay with
ADP, concentrations of ADP and ATP were 1 mM. For the
determination of the concentration of RNA required for half of
the maximal activity (K,,), total yeast RNA (Sigma) was used
at concentrations from 0.02 to 2 pg/ml. For the determination
of Ky, for the RNA transcript (RNA strand from the 3’ duplex
used in the unwinding assay), the 44mer concentration was
varied from 10 to 500 nM. All the kinetic results were obtained
from Hanes—Woolf linearization and also fitted to Michaelis—
Menten nonlinear fit using GraphPad Prism 4 (GraphPad Soft-
ware). Values were obtained from at least three independent
measurements.

Unwinding assay

Preparation of substrates for unwinding was as described pre-
viously (45). Briefly, to prepare RNA/DNA heteroduplexes,
a T7 run-off transcript (5-GGGCGAAUUCAAAACAAAA-
CAAAACUAGCACCGUAAAGCAAGCU-3') was annealed
to a >*P-labeled DNA oligonucleotide (16mer), complement-
ary to the RNA (underlined). Hereafter, we call this heterodu-
plex ‘3’ duplex’ to emphasize that the double-stranded region
is at the 3’ end of RNA strand. Using the same plasmid and
the same procedure, an SP6 run-off transcript was produced
(5-GAAUACUCAAGCUUGCUUUACGGUGCUAGUUUU-
GUUUUGUUUUGAAUU-3') and aligned to a >’P-labeled
DNA oligonucleotide (17mer), complementary to the RNA
(underlined). This substrate is called ‘5’ duplex’, having the
double-stranded region at the 5" end of the RNA transcript. In
both the cases, the DNA oligonucleotide was radioactively
labeled at the 5 end to follow the course of the unwinding.
The reaction mixture contained 50 nM DNA/RNA duplex,
1 uM cold DNA oligonucleotide (trap DNA oligonucleotide),
50 mM KOAc, 20 mM HEPES, pH 6.5, 2 mM MgCl,,
0.1 mg/ml BSA and 2 mM DTT. ATP was either omitted
or added to a final concentration of 1 mM. Time-course reac-
tions were performed at 30°C with a constant concentration of
the protein (10, 50 or 200 nM). Reactions were quenched by
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the addition of 5 ul of stop solution (40% glycerol, 10 mM
EDTA, pH 8, 0.025% bromophenol blue and 0.025%
xylenecyanol blue) and loaded onto a nondenaturing 15%
acrylamide-bisacrylamide gel (29:1) in 100 mM Tris-base,
90 mM boric acid and 1 mM EDTA (TBE). Gels were run
at 4°C for 1 h at 16 W, dried and exposed to a phosphoimager
screen or alternatively to film for autoradiography. Quantifica-
tion was carried out using OptiQuant software (Packard).

Polysome analysis, rRNA fractionation
and RNA specificity

Polysome analysis was performed as described previously
(30). For the isolation of ribosomal RNA, 0.5 ml fractions
were collected after ultracentrifugation. RNA was phenol
extracted, precipitated with the addition of sodium acetate
and ethanol, and about one-tenth of each fraction was analyzed
on an agarose gel. After measuring the A,qo, equal concen-
trations of selected fractions were used in the ATPase assay.

To determine the extent of activation of the Haslp ATPase
activity by the different RNAs, poly(A) RNA was prepared
from total yeast RNA by using an oligo-dT cellulose column
(18). Yeast tRNA was purchased from Roche-Diagnostics.
The ATPase assay was carried out as described above, except
the final concentrations of different RNAs were either 10 or
20 pg/ml.

RESULTS

Conserved residues in motifs III and VI are
important for Haslp function in vivo

In our previous report (36), we showed that the substitution of
the highly conserved K92 by alanine in motif I (GKT—GAT)
abolished Haslp function in vivo, which indicated that this
residue was important for the enzymatic activity of Has1p. To
expand upon this analysis, we constructed two point mutants in
motif III (S228A and T230A) and two point mutants in motif
VI (H375E and R376A) (Figure 1A). The histidine in motif VI
is the least studied residue of those selected; therefore, to
assure that mutational effect will be obvious, the histidine
was changed to glutamate to provide a change in the residue
charge. The in vivo function of the mutant alleles was tested by
plasmid shuffling (Figure 1B). Cells containing wild-type
Haslp on a LEU CEN plasmid grew on 5-FOA plates. The
K92A mutant, previously shown to be lethal in vivo, was used
as a negative control. The mutant S228 A (motif III) was able to
form colonies on 5-FOA at 30°C, but it displayed slow growth
at 18 and 16°C, and no growth at 14°C (Figure 1C). The other
mutation (T230A) in motif IIT was lethal, as were both muta-
tions in motif VI (H375E and R376A), i.e. Leu™ cells were not
able to grow on 5-FOA at temperatures between 16 and 37°C.

A polysome analysis was performed at 30°C to further test
the phenotype of the only complementing mutant S228A.
Although this is a permissive temperature for growth, severe
effects were observed on the production of 40S r-subunits,
with a proportional increase of free 60S r-subunits and an
overall decrease in the 80S peak and in the polysome peaks
(Figure 1D). This is similar to the phenotype observed upon
Haslp depletion in the cells (36). This drastic decrease in the
total amount of the 40S r-subunits indicates that motif III is
crucial for the correct biological function of Haslp.
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Figure 1. Mutational analysis of Has1p. (A) Boxes represent the conserved helicase motifs. The putative second Walker A motif is also shown. Positions of the
mutations are indicated. (B) Cells containing wild-type HAS/ and either of the indicated has! alleles were streaked on 5-FOA plates and incubated at 30°C. Only
S228A and K389A mutants were able to support growth. (C) Strain with the S228 A mutant displays a conditional phenotype, with slow growth at 16°C and no growth
at 14°C. (D) Polysome analysis of the S228 A mutant grown at 30°C shows a severe effect on the 40S r-subunit production and on the total level of translation.
Peaks representing the ribosome subunits, mature ribosomes and polysomes are as indicated.

A mutation in the putative second Walker A
motif (K389A) has no effect on growth

Upon analysis of the Haslp protein sequence, we found
a sequence with strong similarity to the Walker A motif
(383GthkGKS390) downstream of motif VI. In general, the
Walker A motif (consensus A/GxxxxGKS/T) is part of the
nucleotide-binding site, and it is found in many NTPases
(10). We decided to test the significance of this motif adjacent
to motif VI for the function of Haslp. In analogy to the first
Walker A motif (motif I in RNA helicases), we changed the
lysine at position 389 to alanine (***GKS**°—**GAS*?) to
study the effects of this substitution on the functional and
biochemical properties of Haslp (Figure 1A). The K389A
mutant was able to form colonies on 5-FOA-containing plates
similar to wild-type cells (Figure 1B), which indicated that
altering this motif was not deleterious to growth. We per-
formed a polysome analysis to analyze this mutant further,
but no differences from the wild-type profile were observed
(data not shown). For biochemical studies, we also prepared a
double mutant bearing the mutations in motif I and in the
downstream putative Walker A motif (K92A-K389A). As
expected, this double mutant was not able to complement
the growth of the AHAS! strain (Figure 1B).

Recombinant Haslp is an RNA-dependent ATPase

To facilitate the biochemical characterization of Haslp,
Hisg-tagged Haslp was expressed in bacteria and purified
from soluble bacterial lysates by nickel-agarose chromato-
graphy. IPTG induction led to the accumulation of a protein
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Figure 2. Aliquots (1 ng) of purified wild-type (Has1p) and mutant proteins
were analyzed by SDS—-PAGE, and the polypeptides were visualized by staining
with Coomassie blue. The positions of marker proteins (in kDa) are indicated at
the left. Proteins K92A-K389A and R376A are not shown; they were purified to
the comparable purity and homogeneity.

of ~56 kDa that was consistent with the calculated molecular
weight of Hisg-Haslp. The identity of the protein was
confirmed both with anti-Hisg and anti-Haslp antibodies
(data not shown). The protein bound to nickel-agarose was
eluted with 100 mM imidazole. Protein was eluted in 1 ml
of total volume at a concentration between 1 and 3 mg/ml.
The quality of the protein preparations was verified on an
SDS-polyacrylamide gel (Figure 2).
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Figure 3. ATP hydrolysis by the wild-type Has1p and the mutants was mea-
sured over time. Reactions were carried out at pH 6.5 with 1 mM ATP, 2 mM
MgCl, and 390 nM proteins at 30°C in the presence of 400 ng/ul of total yeast
RNA. No ATPase activity was observed without RNA (data not shown). (A)
ATPase activity of Haslp (filled square) and mutant proteins K92A (filled
circle), S228A (open square), T230A (open circle), H375E (open diamond)
and R376A (x). (B) ATPase activity of Haslp (filled square) and mutant
proteins K92A (filled circle), K389A (x) and the double mutant K92A-—
K389A (inverted open triangle).

The presence of DEAD-box motifs in Has1p led to the pre-
diction that this protein is an ATPase. Also, the finding that the
K92 A mutation in motif I (Walker A motif) has a lethal pheno-
type indicated that the ATPase activity is important for the
biological function of Haslp (36). The rate of ATP hydrolysis
was measured in the presence of total yeast RNA (Type III;
Sigma) to test whether purified Has1p behaves as an ATPase
invitro (Figure 3). The reaction velocity was proportional to the
enzyme concentration (data not shown), confirming that
the observed activity was the consequence of protein input in
the assay. As a control, we constructed the plasmid expressing a
mutant protein with a motif T substitution (*'GKT?3—°1GAT?3).
This mutant protein showed only 2—-5% of the ATPase activity
of the wild-type (Figure 3). This strongly suggests that the
observed ATPase activity is directly linked to HasIp.

We then tested whether the ATPase activity was dependent
on an RNA cofactor, as was reported for other proteins from
the DExH/D-box families. The amount of ATP hydrolysis
increased in a time-dependent manner in the presence of sat-
urating concentrations of total yeast RNA. The ATP hydro-
lysis was abolished either when RNA was omitted or when
DNA was added instead of RNA, which showed that the
ATPase activity of Hasl1p is strictly dependent on the presence
of the RNA cofactor (data not shown).

The requirement for divalent cations was also measured
using increasing concentrations of MgCl,. The optimal
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Table 1. Kinetic analysis of ATP binding and hydrolysis for wild-type
and mutant Has1p*

Enzyme Ky (UM) keae (min~") Relative kea/Kwm
Haslp 440 £ 90 54%09 1

K92A ND 0.17 £ 0.05 ND

K389A 450 % 200 172 3.06
K92AK389A ND 0.7+0.1 ND

S228A 760 + 410 38+1 0.41

T230A 810 + 420 3.9+0.9 0.38

H375E 920 *+ 380 42+06 0.37

R376A ND 1.6%0.5 ND

“*Values derived from nonlinear fits to the Michaelis—Menten equation using
the mean values of three independent experiments. The standard errors of
estimation were derived from the curve fits.

ND, not determined.

activity was observed between 1.5 and 2 mM MgCl,. The
optimal pH was established to be pH 6.5; no activity was
detected below pH 5 and above pH 8. A 20% higher activity
was observed when using potassium acetate than when using
KCI at the optimal pH. Both ATP and dATP were efficiently
hydrolyzed in the presence of RNA, whereas for other nucle-
otide triphosphates <3% background was observed.

The Michaelis—Menten kinetic parameters were determined
with variable concentrations of ATP at saturating concentra-
tions of RNA. Using the reciprocal plot (Hanes—Woolf), we
calculated Ky (ATP) of ~450 uM and k., of ~5.5 min~"
(Table 1). Data were also fitted directly to the Michaelis—
Menten equation with the program GraphPad Prism 4 (Graph-
Pad Software) and essentially the same values were obtained.
Note that some of our mutants could not be fully saturated
for ATP in our assays; therefore, these results should be con-
sidered as kinetic parameters rather than true thermodynamic
values.

ATPase activities of the Haslp mutant proteins

Conserved residues in motifs I, III and VI are important for
Haslp function in vivo (36), whereas the altered downstream
Walker A-like motif did not change the ability of the protein to
support growth on 5-FOA plates. To study the biochemical
consequences of the mutations, we produced Hisq-tagged Has1
proteins K92A (motif I), S228 A and T230A (motif IIT), H375E
and R376A (motif VI), K389A (putative second Walker A
motif) and the double mutant K92A-K389A. Mutant proteins
were purified from bacteria using the same method as for the
wild-type protein with comparable yield and purity (Figure 2).
ATPase activities of the mutants are shown in Figure 3 and the
kinetic analysis is summarized in Table 1. The K92A mutant
showed ~2-5% of the wild-type activity and an almost 20
times higher Ky, for ATP. Mutant proteins S228A, T230A and
H375E exhibited 70-80% of the wild-type activity and a slight
decrease (about two times) in affinity for ATP. The lethal
motif VI mutant R376A exhibited <30% of the wild-type
activity (Figure 3A). Surprisingly, the K389A mutant in the
putative downstream Walker A motif showed a 3-fold increase
in the ATPase activity with no actual difference in ATP
binding (Figure 3B and Table 1). The double mutant K92A—
K389A had ~13% of the wild-type activity, which was more
than three times above the marginal activity observed for the
motif I mutant K92A. Both wild-type Haslp and the mutants
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could be inhibited by the presence of ADP; when ATP and
ADP were present at equimolar amounts, then the activities
of Haslp, S228A, T230A, H375E and K389A were reduced
5-fold (data not shown).

Haslp ATPase activity is stimulated by
ribosomal RNAs

In general, the in vitro ATPase activity of DEAD-box proteins
is dependent on the presence of RNA. In some cases, such as
Prp5Sp, which is required for pre-mRNA splicing, this activity
can be particularly stimulated with specific RNA species that
are believed to be the substrates of those enzymes (46). In
the case of the E.coli DbpA protein, the ATPase activity is
increased three orders of magnitude in the presence of a spe-
cific 23S rRNA loop when compared with nonspecific RNA
(47). In order to screen the main types of cellular RNAs for the
stimulation of ATPase activity of Haslp, we prepared total
yeast RNA, poly(A) RNA, tRNA and rRNAs. The purity and
quantity of the RNAs were checked on agarose gels and by
measuring the A,q0/Asgo (data not shown). Ribosomal RNA
was considered to be the most likely substrate for Has1p and it
was prepared from different fractions of a polysome gradient
(Figure 4). The fractions presumably contained different
pre-TRNAs that could potentially be substrates of Has1p (36).
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Figure 4. ATPase stimulation of Haslp by various RNAs. (A) rRNA was
recovered from the polysome fractions as shown. (B) ATPase activity was
measured at pH 6.5 in the presence of 1| mM ATP, 2 mM MgCl, and 10 nM
rRNA, tRNA, poly(A) RNA or total yeast RNA after 40 min of incubation at
30°C. Stimulation with rRNAs and poly(A) RNA was observed, with the
highest values obtained with fractions 10 and 12 presumably containing
60S/pre-60S and 80S/95S complexes, respectively (36). The RNA amount
in the reaction was normalized to 10 pg/ml.

The ATPase activity of Haslp was significantly stimulated
when rRNA fractions or poly(A) RNA were used com-
pared with that for total yeast RNA or tRNA. In the case
of poly(A) RNA, we could not exclude the possibility that
a small amount of rRNA was present in the samples and
that it contributed to the activation. Stimulation by 25S
rRNA (fraction 10) was two times higher than with 18S
RNA (fraction 7). 80S fractions (fractions 11 and 12) showed
similar activation as fractions containing 25S RNA; those
fractions contained 18S and 25S rRNA, and presumably the
large 35S precursors (36).

Haslp unwinds RNA/DNA heteroduplexes ir vitro

To date, no yeast DEAD-box protein involved in eukaryotic
ribosome biogenesis has been shown to have an ATP-
dependent RNA unwinding activity in vitro. In order to test
whether Haslp has such an activity, we constructed two
RNA/DNA heteroduplexes. It was previously shown that
RNA/DNA duplexes can serve as substrates where the DNA
strand is not interfering with the helicase activity (45,48). The
first substrate (3’ duplex) was a 44mer RNA transcript with a
I16mer DNA oligonucleotide complementary to the 3’end of
the RNA. The second substrate (5" duplex) was a 48mer RNA
with a 17mer DNA complementary to the 5’ region of RNA.
Reproducible disruption of the duplex was detected with
both substrates in the presence of purified Haslp and ATP
(Figure 5A). Interestingly, under the same conditions, the
extent of unwinding was higher with the 5" duplex. Although
both duplexes have similar stabilities (AG = —19.8 kcal/mol
for 3’ duplex and AG = —19.1 kcal/mol for 5’ duplex), these
results indicate that intrinsic properties of the duplexes con-
tribute to the properties of the unwinding reaction. Under our
assay conditions, the efficient unwinding was observed with
concentrations of Has1p that were either equal to or lower than
the concentration of the duplex. This is in contrast with pre-
viously reported unwinding properties of other DEAD-box
proteins, where a large excess of enzyme was required for
efficient unwinding (18,49,50).

The motif I mutant with abolished ATPase activity was not
able to unwind heteroduplexes (Figure 5B and C); the mar-
ginal unwinding was identical to the extent of unwinding
without protein, and we consider it as a background unwinding
in our experiments. We also tested whether ADP can stimulate
unwinding; like in the reaction without nucleotide, no unwind-
ing activity was observed (data not shown).

RNA binding and unwinding of RNA/DNA
heteroduplexes by Haslp mutants

Since the ATPase activity of Haslp was dependent on an RNA
cofactor, we wanted to test whether the Haslp mutants
display differences in RNA binding and in unwinding prop-
erties compared with the wild-type protein. Unwinding activ-
ities of the mutants are shown in the Figure 5B and C.
Although displaying similar ATPase activities, the mutant
S228A showed a slightly reduced unwinding activity, while
T230A and H375E mutants unwound the duplexes with sig-
nificantly lower efficiencies. Because of its lower ATPase
activity, the mutant protein R376A was not used in these
assays. After 1 h of incubation at 30°C of both enzyme and
duplex at concentrations of 50 nM (Figure 5B and C), S228A



showed ~60% of the wild-type activity, whereas T230A and
H375E were ~20-30% of the wild-type (when the background
unwinding was subtracted). In agreement with its increased
ATPase activity, the Walker A-like motif mutant (K389A)
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Figure 5. Unwinding of RNA/DNA duplexes by wild-type and Has1p mutants.
(A) Time course for ATP-dependent unwinding of 3’ duplex and 5" duplex by
wild-type Has1p. In short, 50 nM duplex was incubated with 50 nM protein with
or without I mM ATP, at 30°C for the time indicated in minutes. To prevent
reannealing of the displaced *?P-labeled oligonucleotide, 1 uM cold DNA
oligonucleotide was added as a competitor. Products were separated on a 15%
polyacrylamide gel, which was then subjected to autoradiography. (B) Unwind-
ing activities of the wild-type and Has1p mutants. An aliquot of 50 nM duplex
(3’ top panel, 5’ bottom panel) was incubated either with 50 nM protein (molar
ratio 1:1, as indicated) or 10 nM protein (molar ratio 1:5, as indicated). The
reactions were carried out for 60 min at 30°C in the presence of 3 mM ATP. To
prevent reannealing of the displaced 32p_labeled oligonucleotide, 1 uM cold
DNA oligonucleotide was added as a competitor. Products were separated on a
15% polyacrylamide gel, which was then subjected to autoradiography. As
control, the duplex was either heat-denatured for 2 min at 95°C, quick-cooled on
ice and then loaded, or starting material (SM) containing the same amount of
duplex was loaded. (C) Quantification of the experiments that were performed
with 50 nM duplex and 50 nM enzyme, and incubated for 60 min at 30°C in
the presence of 3 mM ATP. The standard errors of estimation were derived from
the curve fits based on three independent sets of experiments.
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unwound duplexes with higher efficiency than the wild-type.
Together with our in vivo data, these results are consistent with
the unwinding activity of Has1p being necessary for its in vivo
function, since the impaired unwinding coincided with the loss
of ability to complement the AHAS! strain.

In order to determine whether the differences in the helicase
activity were due to an altered RNA binding, we attempted
a gel-mobility assay to see directly the formation of a Has1p—
RNA complex. Unfortunately, under several different condi-
tions used, purified Has1p always precipitated in the wells of
the gel, and we were not able to obtain reproducible and
reliable results. Therefore, we performed kinetic analysis of
RNA binding through the stimulation of ATPase activity by
the RNA (Figure 6). We used both total yeast RNA (Type III;
Sigma) and ssRNA that was used as an RNA strand for the 3’
duplex in the unwinding assay (see Materials and Methods).
It has been shown for other helicases that ssSRNA overhangs
are required for protein loading onto the partial duplex and for
unwinding activity (18); therefore, if binding of this particular
ssRNA is altered, we should be able to correlate it directly to
the 3’ duplex unwinding. Note that in the case of ssRNA,
proteins were not fully saturated for ssRNA. Although the
obtained values were successfully fit to the Michaelis—
Menten equation, they should be considered as kinetic
parameters, and they were used for comparisons between
the wild-type and mutant Haslp. We defined K;,, as the
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Figure 6. ATPase activities of Has1p (filled square) and mutant proteins S228A
(open square), T230A (open circle), H375E (open diamond) and K389A (x) in
the presence of the increasing concentrations of total yeast (Type III) RNA (A),
and RNA transcript (RNA strand of 3" duplex used in unwinding assay) (B).
Reactions were carried out for 40 min at 30°C with | mM ATP, 2 mM MgCl,
and 390 nM proteins. The curves were fit to the nonlinear fit (one binding site)
using GraphPad Prism 4. The standard errors of estimation were derived from
the curve fits based on three independent sets of experiments.
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Table 2. Kinetic analysis of RNA binding through the stimulation of
ATP hydrolysis

Enzyme Ki» (RNA Relative Ky (total Relative
transcript) Ky yeast RNA) Kip
(nM) (g/ul)

Haslp 160 £ 20 1 28 £ 16 1

K389A 150 £ 20 0.92 25+5 0.89

S228A 750 + 160 4.58 62+ 12 2.21

T230A 1500 £ 520 9.18 130 £ 20 4.64

H375E 430 £ 80 2.60 60 £ 15 2.14

K, represents the concentration of RNA at which the velocity of ATP hydro-
lysis reaches the half of maximal value (half-activity). Values derived from
nonlinear fits to the Michaelis—Menten equation using the mean values of three
independent experiments. The standard errors of estimation were derived from
the curve fits.

concentration of RNA at which the velocity of ATP hydrolysis
reaches half of the maximal value (half-activity). For both the
RNA substrates, the mutants showed the same trend when
compared with the wild-type values (Figure 6 and Table 2).
The differences were less pronounced when total yeast RNA
was used. Affinities for sSSRNA were lower for the motif III
mutants, as well as for the motif VI mutant H375E (Table 2).
Although S228A and H375E mutants exhibited similar
ATPase activities, H375E displayed significantly lower
unwinding than S228A and consequently it was not able to
support growth. Interestingly, the affinity for ssSRNA was
slightly higher in H375E; this means that this mutant, despite
having 80% of the wild-type ATPase activity and its ability to
bind RNA, somehow lost the ability to use the energy from
ATP hydrolysis to perform productive unwinding. It is pos-
sible that this failure also contributed to the lower activities of
S228A and T230A, but to a lesser extent.

DISCUSSION

The yeast DEAD-box protein Haslp is involved in 40S
r-subunit biogenesis, but is also found associated with the
pre-60S pathway (36). DEAD-box proteins share nine con-
served motifs, and most of them are also conserved in other
members of the DExH-box superfamily. As for many other
DEAD-box proteins involved in ribosome biogenesis, the
importance of the conserved helicase motifs for the function
of Has1p has not been analyzed. Mutational studies of several
DExH/D-box proteins, including yeast eIF4A, Ded1p, Prp2p,
Prpl6p, Prp22p as well as viral helicases NS3 and NPH-II,
revealed that conserved amino acids in motifs I (AxxGxGKT),
II (DExH/D), III (S/TAT) and VI (Q/HRxGRxGR) are import-
ant for in vivo function and in vitro ATPase activity and
unwinding (11,14,18,51-56).

The biochemical characterization of Has1p reveals that this
protein is an RNA-dependent ATPase in vitro and that it can
unwind RNA/DNA heteroduplexes in an ATP-dependent
manner. Our results suggest that both the activities are essen-
tial in vivo, as mutants that lost one of these activities were not
able to support the growth of a AHAS! strain. Mutations in the
conserved motifs I, IIl and VI, as well as in the putative Walker
A motif downstream of motif VI, reveal the importance of the
corresponding residues for Haslp function.

The observation that Has1p exhibits the capacity to hydro-
lyze ATP is not surprising, as many proteins that possess a
helicase core domain previously have been shown to be
ATPases (1,57,58). ATP hydrolysis of Has1p is strictly depend-
ent on the presence of RNA, which is also true for many other
DEAD-box proteins characterized so far (18,59,60). The k.u
for ATP hydrolysis by Haslp is ~5.5 min~ ', which is com-
parable with k., values for yeast eIlF4A [6.8 min ', (61)],
Xenopus An3 [6 min !, (62)] and E.coli SrmB [1.2 min~?,
(63)], but is much lower than k., measured for E.coli DbpA
[600min ', (64)], yeast Prp22p [400 min ', (65)] or Dedlp
[300 min~ ', (18)]. The affinity of Has1p for ATP is comparable
with the affinities of other DEAD-box proteins, with a Ky, value
of ~400 uM, which is still well below the cellular concentration
of ATP (5-10 mM). The relatively weak ATPase activity of
Hasl1p could reflect low intrinsic catalytic activity. Alternat-
ively, the absence of a specific substrate or protein cofactors, or
the lack of post-translational modifications in the recombinant
protein may contribute to the low activity. Nevertheless, in the
absence of RNA, Has1p exhibits no ATPase activity, whereas
in the presence of total yeast RNA or ssRNA transcript, there is
a substantial level of ATPase activity.

The exciting result of our studies is that recombinant Has1p
exhibits ATP-dependent duplex unwinding activity in vitro.
Recently, it was reported that Dbp9p unwinds DNA duplexes
in an ATP-dependent manner, but the biological relevance of
this finding is unclear (66). Here, we show that Haslp is able
to unwind RNA/DNA heteroduplexes that have either a 3’
duplex with a 5 RNA overhang or a 5’ duplex with a 3
RNA overhang. Despite similar stabilities of the substrates,
Haslp unwinds the 5 duplex with a higher efficiency.
Although this may imply directionality in the Haslp-
mediated unwinding, it is at present more probable that
intrinsic characteristics of the two duplexes cause this differ-
ence (N. K. Tanner, J. Banroques, O. Cordin and P. Linder,
unpublished data). As we have not tested a blunt-end duplex,
we cannot exclude the possibility that Has1p is able to bind to a
duplex region per se. At this point, we believe that the mech-
anism of duplex unwinding by Haslp is a result of nonpro-
cessive duplex destabilization through the interaction of the
protein with the RNA rather than a processive unwinding of
the duplex that involves translocation along the RNA strand.
The relatively weak ATPase activity and the ability to unwind
both 3’ and 5’ duplexes point to such a conclusion. The major-
ity of the helicases studied so far display directional unwind-
ing; nevertheless, weaker helicases, such as elF4A and p68,
were reported to unwind duplexes in both directions in vitro
(49,60). For that reason, we avoid using the term helicase in the
case of Haslp, although with the substrates used the resulting
activity is indistinguishable from the activity of processive
helicases [e.g. NPH-II, (67)].

For the mutation of the conserved lysine ('GKT?”—
91GAT93) in motif I, there is a clear correlation between lack
of growth and the abolished ATPase activity. This is consistent
with studies for other NTPases including yeast eIF4A, Prp16p,
Prp22p and Ded1p (55,65,68). Crystal structures of eIF4A (5,7)
and NS3 (8,13) show that the lysine of motif I contacts the o, B
and sometimes Y phosphates of the bound NTP.

The motif IIT hydroxyls (SAT) seem not to be important for
ATP hydrolysis, although they are considered necessary for
RNA unwinding by elF4A (51), NPH-II (14), Prp22 (69) and



Prp43 (70). A motif IIT mutant exhibited a dominant-negative
phenotype that abolished splicing in Prp2p (71). As ATPase
activity of this mutant was reduced only slightly, it was pro-
posed that the dominant-negative phenotype is due primarily
to a defect in the putative RNA helicase activity. Proteins
mutated in motif III retain ATPase activity, but they do not
unwind duplexes, suggesting that there is an uncoupling of the
ATPase and unwinding activities. In agreement with that,
S228A and T230A mutants of Haslp hydrolyze ATP with
~70% of the wild-type activity, but the duplex unwinding
is significantly impaired, particularly for T230A (Table 1
and Figure 5B and C). The severity of the growth phenotype
is proportional to the loss of unwinding activity in vitro;
S228A displays cold-sensitive growth, while the T230A sub-
stitution is lethal for the cell. The low level of unwinding by
T230A probably comes from its inability to bind RNA strong
enough, since it requires almost 10 times more RNA than the
wild-type to reach half of the maximal velocity of ATP hydro-
lysis (Table 2). Additionally, besides lower ATPase activities
and RNA-binding affinities, impaired transmission of con-
formational changes upon ATP hydrolysis may also contribute
to the loss of unwinding activity. As predicted from solved
helicase crystal structures with and without a bound nucleot-
ide, the relative orientation of two helicase domains changes
with ATP hydrolysis, and this movement is what probably
leads to strand separation (72). Although there are no com-
parable data for DEAD-box proteins, in the structures of
elF4A (7) and MjDEAD (6) both serine and threonine from
motif III (SAT) form hydrogen bonds with the aspartate from
motif I (DEAD), thus providing intramolecular communica-
tion between motifs.

The significance of the proper transmission of the conforma-
tional changes for the function of Has1p is even more obvious
from our analysis of the motif VI mutant H375E. Although
motif VI was described as important for ATP hydrolysis
because it forms part of the ATP-binding cleft (4), substitution
of histidine at the beginning of the motif by a negatively
charged glutamate decreased the ATPase activity by only
20%. Although the RNA binding was slightly affected (two
times higher K, than for the wild-type), this mutant retained
only ~20% of the unwinding activity (Figure 5B and C). The
solved crystal structure of eI[F4A (7) indicated that this histidine
(HRxGRxGR) could make an intramolecular interaction with
an aspartate in motif II (DEAD). The equivalent interaction
between glutamine in motif VI (QxxGRxGR) and histidine in
motif I (DExH) was seen in both UvrB (73-75) and NS3
helicases (8,13). Notably, the two motifs are part of two
distinct structural domains of the helicase core. A functional
linkage of the histidine in motif VI and the aspartate in motif II
was also suggested by biochemical analyses of elF4A (51),
where DEAD/HRXxGRxGR to DEAH/QrxGRxGR changes
resulted in a doubling of ATPase activity but eliminated
unwinding. Altogether, these data indicate a functional cross-
talk between these two motifs. However, it cannot only be a
question of amino acid interactions, since the reciprocal
exchanges abolish helicase activity. As motifs II and VI are
important for ATP binding and hydrolysis, this intramolecular
interaction may be needed to sense the release of P, upon ATP
hydrolysis and, as a consequence, to transmit conformational
changes throughout the molecule. In support for that view, the
H375E mutation dissociates ATP hydrolysis and unwinding
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activities without a drastic decrease of ATP and RNA binding,
which reflects a more complex role for motif VI that is not
limited to ATP hydrolysis. The second mutation in motif VI,
R376A, reduces the ATP hydrolysis of Haslp to <30% of the
wild-type activity and is lethal in vivo. Although this arginine
residue seems to be less crucial for the interaction with ATP
than in other helicases (76), in Haslp it is important for
ATPase activity. It is possible that a threshold ATPase activity
is necessary for supporting the growth of the AHAS/ strain, as
was suggested for various Prp16 mutants (53). The equivalent
arginine was also essential for e[F4A (56), but in contrast in
Dedlp it diminishes ATPase activity but it is not lethal
(J. Banroques and P. Linder, unpublished data). Similarly,
an equivalent substitution in Dbp8p resulted in a wild-type
in vivo phenotype (24).

Downstream of motif VIin Hasl1p, there is a motif that has a
consensus sequence of a Walker A motif (383GthkGKS390).
Although we could show that the mutation of lysine 389,
which is equivalent to the conserved lysine in motif I, was
not deleterious in vivo, we found that this mutant protein
displays more than three times higher ATPase activity and
higher unwinding activity in vitro compared with the wild-
type. Moreover, the ATPase activity of the K92A-K389A
mutant was 13% of wild-type value, yet almost 4-fold higher
than that of the K92A single mutant. Although it is difficult to
interpret this finding without further analysis, there are several
possibilities. One possibility is that the effect we observe is
indirectly due to the distortion of motif VI caused by muta-
genesis of the adjacent region. Alteration of ATP binding may
result in faster dissociation of the hydrolysis products leading
to an increase in k... A second and more intriguing possibility
is that this motif is able to participate in ATP binding, since it
is in close proximity to the ATP-binding site that is formed by
motifs Q, I, IT and VI. In that case, this could be a way to
regulate the ATPase activity; once ATP is bound, it can be
accommodated in the active site in two ways. One is product-
ive binding (through motifs Q, I, II and VI) that leads to
hydrolysis, whereas the other is nonproductive or less product-
ive binding in which the putative Walker A motif downstream
of motif VI also interacts with ATP. When the lysine in this
motif is not available (as in the case of the K389A mutant), the
ATP is bound only in the productive way and hydrolysis
occurs faster. It is noteworthy that the affinities for ATP
are the same for the wild-type and the K389A mutant,
which implies that the increase in activity results from the
increased velocity of the reaction. A biological role can be
envisioned for this type of regulation: once the protein encoun-
ters a proper substrate or interacting partner, the resulting
conformational changes may preclude the interaction of
ATP with the putative second Walker A motif. Consequently,
this may lead to derepression of enzymatic activity. Detailed
structural information for DEAD-box proteins that contain this
second Walker-A motif is needed to clarify this idea.

In general, the lack of specific substrates and interacting
proteins make in vitro studies difficult to interpret. It is likely
that the in vivo activities of Haslp are higher than suggested
from the in vitro results, and several ways to achieve that higher
activity can be envisioned. It is possible that a Has1p-specific
substrate exists, but it still needs to be found. We looked for
candidates among rRNA precursors (36), and we could observe
4-8 times higher stimulation with the rRNAs and poly(A) RNA
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compared with tRNA. In general, the less compact RNA
molecules seem to serve as better substrates for Haslp.
The highest stimulation observed with the rRNAs isolated
from 60S or pre-60S, 80S and 90S ribosomal particles is in
agreement with the postulated biological role of Haslp (36).
Bearing in mind that the specific activity of Haslp
(~5.5 min~") was measured in the presence of total yeast
RNA (Sigma), it is clear that Haslp would display higher
activity if only rRNA is provided. Nevertheless, several differ-
ent rRNA pools, as well as poly(A) RNA, activated Haslp to a
similar extent, which indicates a lack of high substrate speci-
ficity in vitro. Another possibility is that specific substrates
cannot be found in our current in vitro conditions; rather,
the substrate RNA becomes presented to Haslp only at a par-
ticular point during ribosome biogenesis, and that this happens
only in the context of the larger complex of proteins, snoRNAs
and pre-rRNAs. Finally, it is possible that the activity of Has1p
becomes derepressed in vivo, probably through its interaction
with another protein. In this case, a mode of regulation through
the putative second Walker A motif can be imagined; at the
proper time and in the proper complex, Has1p becomes dere-
pressed due to slight conformational changes that make the
lysine of this motif no longer exposed to the ATP-binding
pocket.
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