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The C-Terminal Domain of CYT-19 Mediates General Recognition of RNA
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ABSTRACT. The DEAD-box protein CYT-19 functions in the folding of several group | intrangivo

and a diverse set of group | and group Il RNisvitro. Recent work using th&etrahymenagroup |
ribozyme demonstrated that CYT-19 possesses a second RNA-binding site, distinct from the unwinding
active site, which enhances unwinding activity by binding nonspecifically to the adjacent RNA structure.
Here, we probe the region of CYT-19 responsible for that binding by constructing a C-terminal truncation
variant that lacks 49 amino acids and terminates at a domain boundary, as defined by limited proteolysis.
This truncated protein unwinds a six-base-pair duplex, formed between the oligonucleotide substrate of
the Tetrahymenaibozyme and an oligonucleotide corresponding to the internal guide sequence of the
ribozyme, with near-wild-type efficiency. However, the truncated protein is activated much less than the
wild-type protein when the duplex is covalently linked to the ribozyme or single-stranded or double-
stranded extensions. Thus, the active site for RNA unwinding remains functional in the truncated CYT-
19, but the site that binds the adjacent RNA structure has been compromised. Equilibrium binding
experiments confirmed that the truncated protein binds RNA less tightly than the wild-type protein. RNA
binding by the compromised site is important for chaperone activity, because the truncated protein is less
active in facilitating the folding of a group | intron that requires CYT4h9vivo. The deleted region
contains arginine-rich sequences, as found in other RNA-binding proteins, and may function by tethering
CYT-19 to structured RNAS, so that it can efficiently disrupt exposed, non-native structural elements,
allowing them to refold. Many other DExD/H-box proteins also contain arginine-rich ancillary domains,
and some of these domains may function similarly as nonspecific RNA-binding elements that enhance
general RNA chaperone activity.

Structured RNAs are required for a myriad of cellular specific substrate can convert the intrinsically generic motor
processes, including mRNA processing and translation, tRNA domain to a protein that interacts specifically with a particular
processing, and maintenance of chromosome ends, and nearlRNA or RNP.

all structured RNAs require at least one DExD/H-box protein On the other hand’ recent evidence indicates that some
for their functions g, 3). DExD/H-box proteins are thought  pExD/H-box proteins are capable of facilitating the folding
to function primarily by faCIIItatIng structural transitions of of mu|t|p|e RNAs, thereby acting as genera| RNA Chaperones
RNAs and ribonucleoprotein (RNP) complexes that would (1, 10-12). The idea that such chaperones exist was put forth
otherwise be too slow to allow the Complexes to form or some time ago_’]_(a 14) based on the demonstrated propensity
function. DEXD/H-box proteins include a conserved motor of RNA to misfold into kinetically trapped intermediates and
domain, which uses energy derived from cycles of ATP the |arge activation energies necessary for disruption of the
binding and hydrolysis to facilitate structural rearrangements RNA structure. However, the first demonstration that a
of RNAs, at least in part by “unwinding” double-stranded protein actually functions as an RNA chaperone was recent,
segmentsZ, 4). Many DEXD/H-box proteins also possess wjth the finding that theNeurospora crass€YT-19 protein
additional domains that are less conserved Ol': even noncon-yg necessary for proper fo|d|ng of several mitochondrial group
served. These domains are proposed and, in some case$,introns (1). CYT-19 can also function in the folding of
shown to function in targeting a given DExD/H-box protein yeast group Il intronn vitro and both group | and group Il

to its RNA or RNP substrate by directly binding the substrate intronsin zivo when expressed in yeadtQ 12). Still, little

(3, 5-9). Thus, the presence of a domain that recognizes ajs known about the mechanisms by which such general RNA

; chaperones act or whether they are targeted to features of
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performs another reaction much more efficiently: it unwinds Two principal peaks were detected, corresponding to mol-
the P1 duplex, formed between the ribozyme and its ecules of 57 208 and 57 562 Da. From the average of these
substrate. Further, it performs this reactieB0-fold more values, we obtained an estimate of 5&4.3 kDa for the
efficiently than it unwinds the same duplex free in solution, fragment. For N-terminal sequencing (performed in the
indicating that it forms additional interactions with the ICMB Core Facility), the fragment of CYT-19 was purified
ribozyme via a distinct binding site on the protein. Two by SDS-PAGE (NUPAGE Gels, Invitrogen, Carlsbad, CA)
observations suggested that the additional RNA-binding site and transferred to a nitrocellulose membrane. The protein-
was likely to reside in the C-terminal domain, which consists bound sections of the membrane were excised and loaded
of ~150 amino acids C-terminal to the motor domain. First, into the reaction cartridge of the sequencer. Automated
such a binding site might be postulated to reside within a Edman-degradation-based N-terminal protein sequencing was
domain outside the motor domain by analogy with the performed by the ICMB Core Facility using a Procise 492
ancillary domains of other DExD/H-box proteins, and second, capillary liquid chromatograph attached to a Model 140C
the C-terminal region of CYT-19 is strikingly basic and Micro-gradient System and a 610A Data Analysis System
contains sequences that resemble arginine-rich motifs found(Applied Biosystems, Foster City, CA). Sequencing proce-

in other RNA-binding proteinsi®).

Here, we test this idea by constructing a CYT-19 variant
with a deletion of the C-terminal 49 amino acids. Strikingly,
this variant protein retains near-wild-type efficiency in basal
unwinding activity but is severely compromised in the
enhancement of unwinding activity afforded by additional
structured RNA. Thus, the C-terminal domain most likely
harbors an RNA-binding site that serves to direct CYT-19
to unwind helices that are associated with additional RNA
structure. Many other DEXD/H-box proteins have basic
ancillary domains, some of which may function analogously.

MATERIALS AND METHODS

Materials. RNA and DNA oligonucleotides were pur-
chased from Dharmacon (Lafayette, CO) and IDT (Cor-
alville, 1A), respectively. TheTetrahymenaibozyme was
transcribed fromScd-digested plasmid using T7 RNA
polymerase16) and purified using a Qiagen RNeasy column
(17). The ribozyme was 'send-labeled by incubating with

dures were optimized in-house according to the manual of
the manufacturer.

Cloning of CYT-19 TruncationAC578-626)* A small
range of possible cleavage sites was determined from the
molecular weight of the fragment and the finding that the N
terminus was intact. To produce a recombinant protein
equivalent to the fragment, Quikchange mutagenesis (Strat-
agene, La Jolla, CA) was performed using primers that
included two consecutive stop codons immediately follow-
ing residue 577. The sequences of the primers were
5'-GTCGAAACCAGAGAGCATTCTTAGTAGCCCATG-
GGTAGCGGACCTGGC and its complementary sequence
(the two stop codons are underlined). We have not deter-
mined whether truncation of CYT-19 at neighboring amino
acids would also give functional proteins.

Expression and Purification of Wild-Type CYT-19 and
A578-626 Proteins. Wild-type and truncated CYT-19
proteins were expressed as fusion proteins with the maltose-
binding protein (MBP) and subsequently separated from

shrimp alkaline phosphatase (Fermentas, Hanover, MD) andMBP by proteolysis. Gene fusions were constructed in the

then with [-3P]JATP and T4 polynucleotide kinase (New
England Biolabs, Ipswich, MA) and purified by nondena-
turing polyacrylamide gel electrophoresis (PAGE) as de-
scribed (6). Oligonucleotides were'&nd-labeled with T4
polynucleotide kinase and purified by nondenaturing PAGE
(16).

Papain Digestion of CYT-19 and Analysis of the Principal
Proteolytic FragmentPapain (Sigma-Aldrich) was activated
for 15 min at 37°C in the presence of 5.5 mM cysteine-
HCl at pH 6.5, 1 mM ethylenediaminetetraacetic acid
(EDTA), and 0.07 mM dithiothreitol (DTT). Activated

enzyme was then added to a 10-fold excess of CYT-19 and

incubated at 30C in the presence of 10 mM Tris-HCI, 2.8
mM cysteine-HCI at pH 8.5, 250 mM KCI, 1 mM EDTA,
0.1 mM DTT, and 25% glycerol. Aliquots were quenched

at various times by adding an equal volume of Protease

Inhibitor Cocktail Set 11l (Calbiochem of EMD Biosciences)
and analyzed by 10% sodium dodecyl sulfate (SEFAGE.

To determine the site of initial cleavage by papain, we
analyzed the large fragment resulting from initial cleavage

using mass spectrometry and N-terminal sequencing. A

digestion of CYT-19 was performed for 6 min, which gave

maximal accumulation of this fragment, and the protein was

isolated using a ZipTig, sample preparation kit (Millipore,
Billerica, MA). A total of 20 pmol of the sample was used

for electrospray mass spectrometry analysis (performed in

the ICMB Core Facility at the University of Texas at Austin).

plasmid pMAL-c2t (L8), which is a derivative of pMAL-
c2x (New England Biolabs) and encodes an N-terminal MBP
tag. Each fusion protein was expressedstherichia coli
strain BL21 by growig a 1 Lculture in LB containing 0.2%
(w/v) glucose and 10@g/mL ampicillin to an ORg, of 0.6
and then incubating at 2T for 20 h in the presence of 0.3
mM isopropyl$-b-thiogalactopyranoside (IPTG). Cells were
harvested by centrifugation, resuspended in 20 mM Tris-
HCl at pH 7.5, 500 mM KCI, 1 mM EDTA, and 2 mM DTT,
and lysed by 20 min of incubation in the presence of 1 mg/
mL lysozyme and three subsequent sonication bursts of 15
s each (power setting six with a double-stepped microtip;
Branson Sonifier S-450A; VWR Scientific). The lysate was
cleared by centrifugation (200§0for 30 min at 4 °C).
Polyethyleneimine (PEI) was added to 0.4% (w/v), and
precipitated material was removed by centrifugation (2700
for 15 min at 4°C). The supernatant was loaded onto a 5
mL amylose column (high-flow resin, New England Biolabs)
and washed with 2 column volumes of buffer containing 20
mM Tris-HClI at pH 7.5, 500 mM KCI, 1 mM EDTA, and 2
mM DTT. The column was then washed with 5 column
volumes of the same buffer containing 1.5 M KCI and

1 Abbreviations: A578-626, C-terminal truncation variant of CYT-
19, which lacks amino acids 57&26; EDTA, ethylenedinitrilotet-
raacetic acid; MOPS, 3morpholino)propanesulfonic acid; PCI,
phenol/chloroform/isoamyl alcohol mixture; S, oligonucleotide substrate
of the Tetrahymenaibozyme, CCCUCUA; S*, ?P-labeled substrate.
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rewashed with 5 column volumes of the same buffer a diethylaminoethanol (DEAE) membrane beneath the
containing 500 mM KCI. The fusion protein was eluted by nitrocellulose membran&(). Membranes were washed with
adding buffer containing 20 mM Tris-HCI at pH 7.5, 500 2 mL of buffer, and the retained radiolabel was determined
mM KCI, 1 mM EDTA, 2 mM DTT, and 10 mM maltose. by quantitating with a phosphorimager. For each protein
Peak fractions were pooled and incubated overnight’& 4  concentration, the fraction of RNA bound was calculated by
in the presence of 4@&g/mL tobacco etch virus (TEV)  dividing the amount of radiolabeled material retained on the
protease (purified as described in r&®) to cleave the nitrocellulose filter by the sum of the labeled material on
N-terminal MBP tag. This cleavage generates the CYT-19 the nitrocellulose and DEAE membranes.

protein that retains three non-wild-type amino acid residues  Tetrahymena Ribozyme RefoldiiRgfolding of the mis-

at the N terminus (GSM), followed by the natural residue folded Tetrahymenaibozyme was monitored by the substrate
S54. (The N-terminal 53 amino acids serve in mitochondrial cleavage activity of the native ribozyme as described (
targeting of the natural protein and were deleted from these 21, Briefly, misfolded ribozyme was generated by incubation
constructs.) To remove the cleaved MBP tag, the preparationgt 25°C for 10 min in the presence of 10 mM Mig The
was either loaded on a gravity-flow hydroxyapatite column \mg2+ concentration was then reduced to 5 mM by dilution,
(Bio-Gel HTP Gel, Bio-Rad Laboratories, Hercules, CA), ATP-Mg?+ was added to 2 mM, and CYT-19 was added to
followed by a second application to an amylose column, as jnjtiate the rapid refolding reaction. Aliquots were quenched
described in the pMAL instruction manual (method Il, New  for further refolding at various times thereafter by adding
England Biolabs), or loaded on a Superdex 200 column (GE 50 mM Mg?*. The fraction of native ribozyme was deter-
Healthcare) in 20 mM Tris-HCI at pH 7.5, 500 mM KCI,  mined for each time point by adding a trace concentration
and 1 mM EDTA. Both wild-type CYT-19 and578-626  of S* and measuring the fraction of the substrate that was
appear to be monomeric, as judged by their elution from rapidly cleaved (within 1 min). Previous experiments estab-

the S200 column (Del Campo, M., and Lambowitz, A. M., |ished that this fraction provides a good measure of the
unpublished results). Fractions containing CYT-19 were fraction of native ribozyme2l).

pooled and dialyzed overnight at°€ against 50 volumes
of storage buffer (20 mM Tris-HCl at pH 7.5, 500 mM KCl, LSU-AORF intron was transcribed fronBan-digested

1 mM EDTA, 2 mM DTT, and 50% glycerol). : . L -
P 2 . pBD5a plasmid 22) using a T3 Megascript kit (Ambion,
RNA Unwinding ,;\_ssa)ésGel mobility shift a]}ssays(,j 0 Austin, TX) to produce RNA that was body-labeled with
monitor RNA unwinding by CYT-19 were performed es- sp pNA was extracted with phenol/chloroform/isoamyl

sentially as describedl{). Briefly, to follow substrate 10010 (25:24:1: PCI), centrifuged through two consecutive
dissociation from th&etrahymenaibozyme, the ribozyme ./ Sephadex G-50 columns, and stored 3€4n water.
was first folded to the long-lived misfolded conformation | nadiately before it was used in splicing reactions, RNA
by incubating 25 nM ribozyme for 5. min at 2% in the. was placed in a thermal cycler, heated to°@for 2 min,
presence of 50 mM Na3-(N-morpholino)propanesulfonic 0, rapidly cooled to 25C, and further incubated for 5
acid (MOPS) at pH 7.0 and 10 mM Mg A trace amount iy hefore adding splicing buffer. Splicing reactions were

of **P-labeled oligonucleotide substrate (S*1 NM) was e iformed in the presence of 20 n¥P-labeled precursor

then incubated with the ribozyme for 5 min to allow binding. sna cYT-18 (100 nM dimer), and CYT-19 k578626
Next, CYT-19 (10-50 nM) was added along with an excess 4 550 jn 100uL of reaction medium containing 100 mM

of unlabeled S (2.%M) and 2 mM AT_P—M@}+; free Mg?+. KCI, 5 mM MgCl, 25 mM Tris-HCI at pH 7.5, 10%
\év_as S|mqltaneousfh/”dllutidbtoIthedQeS|r?d concglntratllon, andglycerol, 1 mM GTP, and 1 mM ATP. Reactions were
Issociation was followed by loading aliquots directly onto jijateq by adding CYT-19 and then CYT-18 in rapid

a 20% nondenaturing polyacrylamide gel run at’G. succession+15 s), and 1QuL aliquots were quenched at

Experiments following dissociation of the substrate strand various times thereafter by adding 20 of 75 mM EDTA.
from model P1 duplex complexes were performed identically, Quenched time points were extracted with PCI, andiL5

except that the P1 duplex was formed by incubating 600 of the aqueous phase was added toud0of gel-loading

.thOf the unlabelid strand with trace S* for 60 min a°lT5 buffer Il (Ambion). Splicing products were analyzed by 4%
'(;1 the presdence of 50 T]IM Nﬂ\/IOPS+ atpH 7.0 (pH value  genaturing PAGE and quantitated with a phosphorimager.
etermined at 25C) and 5 mM Mg". The fraction of precursor remaining was plotted as a function

[Equilibrium RNA Binding.Equilibrium binding of the ¢ time to give an observed rate constant that represents the
wild-type CYT-19 andA578-626 proteins to th@etrahy- completion of the first step of splicing.

menaribozyme was measured by nitrocellulose filter binding

essentially as describedd). Briefly, a trace concentration RgEsSULTS

of 32P-labeled ribozyme <2 nM) was incubated with the

protein for 15 min to allow equilibration between bound and  To explore whether CYT-19 includes one or more ancillary
free RNA species (at 25C, with 50 MM Na-MOPS at pH domains that can be removed by proteolysis, we treated the
7.0 and 10 mM MgG)). A pulse-chase dissociation experi- protein with papain, a protease that is relatively insensitive
ment established that 15 min was sufficient for dissociation to primary sequence but is sensitive to a higher order
of nearly all of the complex, indicating that this time is structure 23). Upon exposure to papain, CYT-19 was rapidly
sufficient for equilibration, and a control reaction in which cleaved to a fragment that migrated slightly more rapidly
wild-type CYT-19 and RNA were incubatedrfd h gave by SDS-PAGE (labeled “Fragment 1” in parts A and B of
the same results within error (data not shown). Protein-boundFigure 1). Continued exposure to papain led to further
RNA was separated from free RNA by applying the mixture degradation, first to another fragment that migrated slightly
to a filter holder fitted with a nitrocellulose membrane and more rapidly than the initial fragment (“Fragment 2” in

Group | Intron Splicing.The N. crassamitochondrial
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A protein, terminating at amino acid 577 after the hydrophilic

sequence TREHS (the protein is denotesl’8—626). The

. migration of this recombinant protein by SB8AGE was
Time —Time indistinguishable from the fragment produced by papain

e 0 4 5 6 7 8 0 10 11 121314, treatment, and the stability of the recombinant protein was

Fﬁgg}i?é‘%"? ::‘.--_1 - e g similar to that of the fragment produced from papain cleavage

Fragment 2— L (Figure 1), indicating that the recombinant protein faithfully
- recapitulates the domain boundary inferred from the papain
digestion and that the truncated protein folds properly.
C-Terminal Truncation of CYT-19 Results in a Loss of
p—— Enhanced Unwinding Acfity from the Adjacent RNA
s - Structure.We next examined the ability of th&578—-626
B protein to accelerate dissociation of the substrate of the
Wild type A578-626 Tetrahymenaibozyme, a process that requires unwinding
1 2 3 4 5 67 8 9 10 11 12 13 14 of the P1 duplex. Although acceleration of substrate dis-
sociation was readily detected, th578—626 protein was
I SECEY much less active than the wild—pype CYT—19 protein, with a
Fragment 1—b i T G - ———————————————— kealKu value of 3.6x 10f M~ min~! (Figure 2),>10-fold
. L lower than the wild-type protein under the same conditions
Ficure 1: Papain digestion of CYT-19 and578-626. (A .
Complete timepcoursegof digestion. Lane 1, undigested C(:Y)T-19; (25°C, pH 7.0, 5 mM Mg"; see the Materials and Methods
lanes 2-7, time course of CYT-19 digestion by papain; lane 8, and Table 1).
undigestedA578-626; and lanes 914, time course oA578— Because the truncated C-terminal region is far removed
626 digestion by papain under the same conditions. Digestion timesfrom all of the conserved motifs of the unwindase motor

for each protein are 2 min, lanes 2 and 9; 6 min, lanes 3 and 10; ; :
15 min, lanes 4 and 11; 45 min, lanes 5 and 12; 60 min, lanes 6 domain, there was no expectation for a loss of basal

and 13; and 120 min, lanes 7 and 14. (B) Early times of papain Unwinding activity by the truncated protein. To explore this
digestion. Lanes 1 and 8 show the undigested CYT-195%B— guestion, we measured the unwinding of the P1 duplex in

62|6 prOtt;inS. dregspfcti_veb/- é)gé)er Ialmes SQOW giggstzion _timei»j 03f030 the absence of the attached ribozyme structure. Previous

S, lanes Z an ;4 min an S, lanes s an , <2 min an S i i N i

' ROl  afles S e : experiments showed that the wild-type CYT-19 protein is

Ifl;;easnda aznodr%iln,,(ian;;ns, l;‘r;iz 512_nd 12;8min and 30, lanes 6 and50—100-fo|d less effi_cient in unwinding the P1 dupl_ex_ in
the absence of the ribozyme, presumably because it is not

Figure 1A) and then to multiple fragments that migrated able to take advantage of its second RNA-binding site. In
much more rapidly. All of these subsequent cleavage eventsSIKing contrast, removal of the ribozyme made much less
occurred much slower than the initial cleavage, indicating difference for the A578-626 protein, which gave an
that the fragment resulting from initial cleavage is more Unwinding rate of 4.1 10> M™* min™%, a decrease of 10-
stable to digestion by papain than the full-length protein, fold (Figure 3). This value was within 2-fold of that for the
To determine the site of initial cleavage within CYT-19, wild-type protein under the_ same conditions, indicating that
we performed a limited digestion of 6 min, giving a nearly the removal O.f th_e ¢ terminus did not great!y compromise
homogeneous population of fragment 1 (see lane 5 in Figurethe basal unwinding activity but rather selectively decreased

1B). Analysis of the gel-purified fragment by Edman the activi'gy for helix unwinding in the presence of t_he
degradation indicated that the N terminus was identical to attached ribozyme. Analogous results were obtained at higher

7 .
the wild-type sequence (data not shown), indicating that the and I_ower Mg concentrations (2 and 10 mM Mg Table_
proteolytic cleavage was near the C terminus. Further 1), with the attached ribozyme structure giving a substantially

: ; . ... larger enhancement of P1 duplex unwinding for the wild-
analysis of the proteolysis reaction by electrospray ionization . S
mass spectrometry (ESMS) gave a molecular mass of type CYT-19 than for theA578-626 protein. The finding

57.56+ 0.35 kDa for the large fragment, compared with a that the C-terminal truncation results in a decrease in the
calculated molecular mass of 63.9 kDa for the full-length enhancement for unwinding activity without a corresponding

protein. The mass of the fragment indicated that the cleavageIOSS of basal unwinding activity most simply suggests that

was approximately at amino acid 574nd the uncertainty ghzeGregion. of_CYT—19 th"."thhis bggn deleted in ﬁ;ie?S— h
of 0.3 kDa gave a window o3 amino acids. .p(;(')teln |tr'1t$racft?hwn 'Idt te r OZ{me to et?l aSpe the
As a first attempt to produce a recombinant protein unwinding activity of the wild-type protein (see the Discus-

equivalent to the fragment produced from papain cleavage sion). Interestingly, thé\578—626 protein remains signifi-
q gment p : pap -avag "cantly more active for P1 duplex unwinding with the attached
we expressed and purified a variant CYT-19 protein that

, . . . ribozyme than for P1 free in solution, implying that the
lacked the C-terminal 49 amino acids of the wild-type A578-626 protein retains some ability to interact with the
ribozyme in a way that enhances unwinding activity. Thus,

2While most of the experiments used the CYT-19 protein that was the region of CYT-19 that interacts with the ribozyme may
expressed as a fusion with the MBP (see the Materials and Methods), PN - .
the papain digestions were performed with the protein that was €Xtend beyond the deleted region into th&00 amino acid
expressed from the intein-derived construct described previoligly (  region that is retained in thé578-626 protein and is
The N-terminal-most amino acids of the protein produced from this C-terminal to the unwinding motor domain. Alternatively,

construct differ from the MBP construct (MS for the intein-derived it ; ; ; b
construct and GSMS for the MBP construct; see the Materials and there could be additional interaction sites within the motor

Methods), leading to the predicted cleavage site at residue 574 from domain or within the N-terminaPZO amino acid sequence
mass-spectral analysis of the protease fragment. that flanks the motor domain.

Wild type A578-626

-

Time Time
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A w P2 Pt % rara obtained for unwinding of P1 with an unrelated duplex
SR 00 attached (“P9.2” in Table 1), although with a somewhat
_'_'_.1 o, Kes smaller enhancement of activity for the wild-type protein,
Praf=fy g ko W{ﬁo'vé-uéé\.a underscoring the relatively nonspecific nature of the interac-
835 v e i tion.
. L /i, We also tested unwinding by th&578-626 protein of
NI B I - the P1 duplex with a single-stranded extensiono(AThe
- : S rf— z A578-626 protein was enhanced in unwinding activity only
PIE 4 B modestly from this addition and was significantly less active
W T e than the wild-type protein (1.4 10° M~ min~! compared
L o B to 1.0 x 10’ M~1 min~ for the wild-type protein; Table 1).

$75 It was previously shown that this addition gave enhanced

. unwinding activity for the wild-type proteinl(), but it was
A edarcuryuaaak Fass dhuavaseiscey unclear whether the enhancement arose from the binding of
T the second site on CYT-19 to the single-stranded RNA
extension, albeit with a somewhat lower affinity than for a
double-stranded extension, or from the binding of the
unwinding active site to the A extension followed by
translocation into the double-stranded P1 duplex to give
unwinding. The smaller enhancement for thé78—-626
protein than for the wild type now suggests that the
enhancement arises primarily from binding via the second
site, an interpretation that is consistent with the recent finding
that the related protein Dedlp can unwind short duplexes
without translocatingZ4).

Diminished RNA Binding byA578—-626. The simplest
expectation from the diminished activity of t&578-626
protein was that it would bind less tightly than the wild-
type CYT-19 to structured RNAs. We therefore measured
A578-626 gquilibrium binding of each pr_otein to th@etr_ahymena
o ] ribozyme under the same conditions as the unwinding assays.
L Consistent with previous resultdd), the wild-type CYT-

0 100 200 300 19 bound the RNA in the nanomolar range, givingsvalue
[CYT-19], nM of 30 nM (Figure 5). TheA578-626 gave aKq value of

FIGURE 2: Acceleration of substrate dissociation from Tretrahy- 200 nM, 7-fold larger than that of the wild-type protein,

menaribozyme. (A) Secondary structure of the ribozyme. The P1 indicating that the C-terminal truncation weakens RNA

duplex, formed between the substrate and the ribozyme, is hinding. Further, the magnitude of the decrease is similar to
highlighted in black, with the substrate cleavage site indicated by the loss of unwinding activity above

a dashed arrow. (B) Progress curves of substrate dissociation in . L .
the absence of CYT-19Y, koss= 0.033 mirr), in the presence of Role of the C-Termlnal Domaln in the Folding of Grolup
100 NM @, kops = 0.32 mirr) or 200 NM (A, Kops = 0.49 mirr?) | RNAs We were next interested in whether the C-terminal
A578-626 and 2 mM fTP-M@*, 200 NnMA578-626 \_Nit?out ATP region also enhances the ability of CYT-19 to function in
(O, kobs = 0.028 min™), or 20 nM (@, kops = 1.3 min®) or 100 the folding of group | RNAs. We first tested the truncated

NM (M, kops= 4.7 mirr1) wild-type CYT-19 and 2 mM ATP-Mg'. L . . :
(C) Dependence of the substrate dissociation rate on the concentra—A578_626 protein in the refolding of a long-lived misfolded

tion of A578-626 () and wild-type CYT-19 ). Results from conformer of theTetrahymenaibozyme. Acceleration of this

equivalent reactions without CYT-19 are also shows). (Four folding transition was previously demonstrated for wild-type

indepg?dent_geterminations gavéa/Ky value of 3.6 ££1.8) x CYT-19 (11). As expected, thA578—626 protein was less

ége'\r/'minr;‘t'ignsf(g’;\t/g‘fﬁéfgj;gig g;‘z‘-el”zb fg‘)j;hlrgfl\'ﬂnjerﬁﬁ]ﬁ‘fem efficient than the wild type in accelerating the refolding of

for the wild-type protein. the npqzyme to its native state (Figure .6). However, the loss
of activity upon deletion of the C-terminal region was-

To probe further the idea that th€578—-626 protein is fold, substantially less than the maximum effect observed
deficient in binding via a second site, we tested its P1-duplex- for helix unwinding. This result indicates that the C-terminal
unwinding activity of a complex in which P1 is covalently region does not play as large a role in refolding of the
connected to the P2 helix. This complex mimics the ribozyme, perhaps because the misfolded conformer of this
connection within the ribozyme and was shown previously ribozyme is extensively structured and has all of the long-
to recapitulate most of the enhancement of unwinding activity range tertiary contacts forme#4, 26), whereas binding by
for the wild-type CYT-19 {1). As expected, the unwinding the second site on CYT-19 appears to enhance unwinding
activity of the A578—626 protein was much lower than that principally of the structure that is loosely associated with
of the wild-type protein for this substrate (Figure 4). Relative the core {1).
to the P1 duplex alone, the attachment of the P2 duplex gave We next tested the activity of th&578—-626 protein in
an enhancement of 40-fold for the wild-type CYT-19, facilitating the folding of another group | RNA, théeuro-
consistent with previous resultd), but only a 2-fold spora mitochondrial large subunit rRNA intron (mt LSU-
enhancement for th&578—626 protein. Similar results were ~ AORF), which is one of several introns that require CYT-

Fraction S* bound

Kops; min-1
N
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Table 1: P1 Duplex Unwinding of Wild-Type CYT-19 and Truncat®878-626 Proteind

substrate CYT-19 A578-626

extensiof 2 mM Mg?* 5 mM Mg?* 10 mM Mg+ 2 mM Mg?* 5 mM Mg?* 10 mM Mg?*
none 2.2x 10° 6.9+ 1.7x 1P 1.7x 10 14x 1C° 41+1.8x 10 2.0x 10°
ribozyme 3.5+ 1.7 x 107 41+1.4x 10 1.5+ 0.6 x 10 434+ 1.0x 1¢° 3.6+ 18x 1 1.3+0.1x 10°
Az ND¢ 1.0x 107 3.0x 10° ND 1.4x 18 3.1x 10°
P2 4.5x 107 2.7+ 0.6 x 107 ND 2.8x 10° 9.3+ 1.0x 10° ND

P9.2 ND 6.0x 10° ND ND 9.9x 10° ND

a All values represent second-order rate constants' (in—1). Values with associated uncertainty represent the average and standard deviation
of two to four independent determinations, and values without associated uncertainty represent a single determination. All reactions wetdle perform
at 25°C, 50 mM Na-MOPS at pH 7.0, and the indicated concentration ofM@s MgC}). Reactions of the wild-type protein in the presence of
10 mM Mg have been reported previousty/lj. The measurements reported here were performed side by side witb#8-626 protein and
gave results that were the same within error to those reported previously, except fep theeftsion, which previously gave a value of H2(0)
x 10° M~* min~t. We do not understand the origin of this 3-fold difference, but it does not affect the conclusions of the currerit Terk.
substrate designation refers to what RNA structure, if any, was covalently connected to the P1 duplex. “None” represents unwinding of the isolated
P1 duplex, formed between the substrate (CCCUg)@Ad an oligonucleotide that mimics the internal guide sequence of the ribozyme (GGAGGGA).

This internal guide sequence strand was extended for the other constructs by the additiporafejuences that can form the P2 or P9.2 helices
(11). ND = not determined.

15F " T j I 1 r r v
i 5 08l v
T g0 5 Wild type
1 G—C |
E s S osl -
N 2 ° c
z 2 04 A578-626 .
S 05 5 o
A578-626 iL 02 1
0 TS0 1000 e ot®] — L
[CYT-19], nM 0 50 100 150
o h ’ [CYT-19], nM
Ficure 3: Unwinding of the isolated P1 duplex 4578—-626 ©)

and wild-type CYT-1911). Equivalent reactions in the absence of F/SURES: Equilibrium binding 0fA578~626 to theTetrahymena
CYT-19 are also showrn). Five independent determinations gave 1°0zyme, as monitored by nitrocellulose filter binding. The data
an averagéea/Ky value of 4.1 £1.8) x 106 M~ min1 for the shown for theA578-626 protein ©) gave aKq value of 200 nM,
A578-626 protein, and four independent determinations gave a a4 the data for the wild-type CYT-19 proteiv)( from an
value of 6.9 1.7) x 10° M~ min-* for the wild-type protein (25  €Xperiment performed side by side, gawésaalue of 30 nM. The
°C, pH 7.0, and 5 mM Mg'). The inset shows the sequence of the experiments shown did not include added nucleotides; analogous
isolated P1 duplex ' experiments in the presence of 2 mM ADP-M@®r 2 mM AMP-

' PNP-Md* gave indistinguishable results for both the wild-type and

A A578-626 proteins.
2' T T
i - 004 _
U GG/?(IZI.JAL\‘JGAAA e i
GCAKI:L‘)UGGLIJLGLI)LIJA é Wild type
B T v T ’.I"
5002 5 i
2 . A578-626
< Wild type
.E 1 1
E 0 200 400
5 1 A578-626
8 [CYT-19], nM
<
FIGURE 6: Acceleration by CYT-19 of misfoldedetrahymena
ribozyme refolding to the native state. The progress of refolding
0 * 560 10'00 was followed by the onset of substrate cleavage activity by the
ribozyme in the absence of CYT-1®) or in the presence of
[CYT-19], nM

various concentrations oh578-626 (©) or wild-type CYT-19
FiIGURE4: CYT-19-mediated unwinding of the construct containing (Performed side by side)¥). An equivalent experiment for the
P1 and P2. (A) Secondary structure of the+PR substrate. For ~ Wild-type CYT-19 protein has been published previously, and these
consistency, the orientations of the P1 and P2 domains are the saméata are included for a comparisow)( The dependences of
as in Figures 2 and 3. (B) Dependence of the unwinding rate on refolding rate constant on the protein concentration daw&u
the concentrations 0f578-626 (©) and wild-type CYT-19 ). values of 8.6 £0.4) x 10* and 2.9 {£0.4) x 10* M~* min* for
Equivalent reactions in the absence of CYT-19 are also shayn ( the wild-type andA578-626 proteins, respectively.
Two independent determinations gavie AKy value of 9.3 £1.0)

x 10° M~ min~1 for the A578-626 protein, and three independent i ; :
determinations gave a value of 2.20.6) x 107 M-1 min-* for RNA and stabilizing the functional structur2q 28). CYT

the wild-type protein. All data from these determinations are shown. 19 actmty was determined .by. measuring the ratg of splicing,
which is apparently rate-limited by the formation of the
19 for proper foldingin vivo (1). This experiment also  native state at 28C (1). The wild-type CYT-19 was 15-
included the CYT-18 protein, which is required for efficient fold more active than th&578—-626 protein in promoting
splicing and functions by binding specifically to the intron this folding reaction, indicating that the C-terminal region
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A 1 _CYT-18 resides at least partially within the deleted C-terminal
< sequence. First, the deleted sequence is highly basic, with a
Z os _CovTie calculated pl of12, and it is arginine-rich (11 of 49 deleted
§ amino acids are arginine), characteristics that are found in
3 0.6 A 100 RNA-binding domains of other proteinsl%). Further,

o nonspecific RNA binding by ancillary domains of DExD/
204 500 nM H-box proteins has been documented previoug§—31).
-% 4578-626 The sequences of these domains are also arginine-rich,
502 100 although they differ from CYT-19 in that they conform to a
repeating motif known as the RGG box, first identified in
0 30 0 30 720 the context of hnRNP protein8%). An alternative explana-
Time (min) tion for our results is that the C-terminal sequence mediates
B : . dimerization of CYT-19, which contributes to the enhance-

ment of activity, perhaps because the additional interaction
0.04 1 o/ widtype . with RNA is made by the unwinding site of the second
protomer. Although there is considerable evidence for
functional dimers of certain DNA helicase83( 34), the
DEAD-box proteins that have been examined, including
CYT-19, appear to be monomeric in solution (see 36f
Bhaskaran, H., and Russell, R., unpublished results; Del
. ) . ) Campo, M., and Lambowitz, A. M., unpublished results).
0 200 400 These results do not rule out transient dimerization, which
[CYT-19], nM could be required for function despite being unfavorable in
FIGURE 7: A578-626 is defective in facilitating the splicing of SO_'F‘“O”- HOW'ever, becausg dimerization is proposeq to be
the Neurosporamt LSU intron. (A) Disappearance of precursor Cfitical for helicases to unwind DNA or RNA processively
RNA (20 nM) was followed at 25C in the presence of 100 nM  (33), there is no expectation for such a requirement in
EJT'BSB“BUI“A‘Q? Sa_bgggcg of C\ggblg’{/logé";tg_%%%n’v' C‘IYJ DEAD-box proteins that employ nonprocessive unwinding.
RN,(Z)\/'vas algo incubated vslitz{o%rt any grotem)(as aqﬁ()a:gatiSe Thus, we suggest.that the simplest quel that is consistent
control. RNA splicing was performed as described in the Materials With current data is that CYT-19 functions as a monomer

and Methods. (B) Dependence of the splicing rate constant on theand that the second RNA-binding site includes the deleted
concentrations 0A578-626 (© and®) and wild-type CYT-19[0 sequence.

andl). Equivalent reactions in the presence of CYT-18 and absence . . . .

of CYT-19 are also shownA( and a). The data are from the Although nonspecific RNA binding by ancillary domains
experiment shown in A®, M, anda) and an analogous experiment of DEAD-box proteins has been demonstrated previously,

]gtsir;g tiﬂdedpetndehnt prepa\}rgtli/oKns Ofl DfOte;%SéﬂiESnEgA)-lbéneaé we propose a distinct role for RNA binding by this domain
ItS 10 the data shown ga m values or 2. .0) X an . . . .
1.9 @0.2) x 10¢ M~1 min—al for the wild-type andA578—626 (Figure 8). Instead of being instrumental to the mechanism

proteins, respectively. of helix unwinding @9), we suggest that this nonspecific
binding directs CYT-19 to act on structured RNAs in an
analogous fashion to the targeting proposed for ancillary
domains that recognize a specific RNA or RNP compl&x (
4). By binding to double-stranded or structured RNA, the
ancillary domain localizes the motor domain so that is can

A578-626

kops, min-1
o
o
N

contributes substantially to the efficiency of this folding
reaction (Figure 7). Indeed, the decrease in activity for this
reaction upon deletion of the C-terminal region is in the same
range as the decrease in efficiency for helix unwinding
activity in the presence of attached RNA structure (see Figure

2 and Table 1). _unwind a hglix that is_ agjacent to the _initial bindi_ng sit_e. It
is also possible that binding by the ancillary domain activates
DISCUSSION the motor allosterically, but a double-stranded “extension”

fails to activate unwinding when present as a separate
molecule rather than covalently linked to the P1 duplex
(Tijerina, P., and Russell, R., unpublished results), suggesting
that the principal mechanism of activation is localization of
the unwinding motor domain.

Previous work indicated that CYT-19 possesses an ad-
ditional RNA-binding site, distinct from the site responsible
for duplex unwinding, that binds RNA structure nonspecifi-
cally and enhances the efficiency of CYT-19 for unwinding
nearby helices 1(1). Because CYT-19 had been shown . o ) )
previously to function as a general RNA chaperohel, During subsequent unvvmdmg of the adjacgnt helix, the
12), facilitating folding of multiple RNAs, it appeared likely ~ ancillary C-terminal domain most likely remains bound at
that this nonspecific RNA binding would be important for its original attachment point, because if the C-terminal
the function of the protein. Here, we explored the region of domain were required to dissociate, its initial binding would
CYT-19 that is responsible for the binding by deleting 49 be nonproductive and would not be predicted to increase the
amino acids from the C terminus. Strikingly, the truncated unwinding efficiency. The exception to this expectation
protein retains significant unwinding activity but is defective would be if initial binding to a duplex extension was followed
in the enhancement of activity provided by the presence of by rapid translocation through the duplex, as observed for
the adjacent RNA structure. DNA helicases. However, in this case, the activity enhance-

Although alternatives are possible, the simplest interpreta- ment would be expected to require a particular directionality
tion of these results is that the additional RNA-binding site and, by analogy with DNA helicases, would be expected to
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A
—
ADP + P

—
ADP +P, —

Ficure 8: Model for the role of the RNA-binding site within the

there is likely to be an additional site or sites within the
retained portion of the C-terminal domain, within the motor
domain, or within the small N-terminal region that can bind
flanking RNA structure and enhance unwinding activity. A
full understanding of the interactions responsible for the
enhanced unwinding activity from the adjacent RNA struc-
ture will require a further dissection of the CYT-19 domains
using biochemical and, ultimately, structural approaches.
RNA binding by the C-terminal domain can apparently
contribute to chaperone activity of CYT-19, because the
C-terminal truncation results in a decrease in splicing
efficiency for one of its physiological substrates, tieu-
rosporamt LSU intron, that is as large as the decrease in
unwinding activity in the context of model substrates. The
simplest model is that the ability of CYT-19 to facilitate
refolding arises from the same basic activity that accelerates
the helix unwinding reactions of model systems. Presumably,
the C-terminal domain first binds nonspecifically to a
structured RNA, with the nonspecific nature of this binding
allowing CYT-19 to interact with multiple misfolded species
of multiple RNAs and to bind these species in multiple
orientations, so that it can disrupt non-native contacts

C-terminal domain (RBD) in enhancing duplex unwinding activity
of CYT-19. (A) CYT-19 binds with low specificity to structured

RNA (blue cylinders, which depict the secondary structure elements

of the Tetrahymenaribozyme) via its C-terminal domain and

regardless of where they are within the larger RNA structure.
Exactly what types of contact are disrupted by CYT-19
as it facilitates the folding of structured RNAs is not yet

efficiently unwinds helices that are not packed tightly against the clear. We have shown that CYT-19 can efficiently unwind
body of the structured RNA (the P1 duplex is shown as red and exposed helices while bound to a structured RNA (see ref
gLes%?vsé:jaEd?ri gﬁé iﬂgﬁ%cfgf”;“’svfﬁqdiﬁg diCtil\gt(ytgyP?g-zliii:r%\s/\?n 11 and results herein), an activity that is not surprising
as a single Ft))lue cylinder), suggesting thatFt)he primary recognition considering the sequence similarity with DNA hellcase_s and
by the C-terminal domain is for double-stranded RNA located the demonstrated ability of several DExD/H-box proteins to
adjacent to the helix to be unwound. See the Discussion for further unwind short model duplexes (reviewed in &f DEAD-
details. box proteins have also been shown to remove proteins from
single- and double-stranded RNAY 40), although there
be maximal for single-stranded extensions, whereas neitheris no evidence for the displacement of CYT-18 from group
of these features are observed for CYT-19 or other DEAD- | introns by CYT-19 (). Itis also possible that CYT-19 can
box proteins 4, 36, 37) (Table 1). Because continued binding  disrupt RNA-RNA tertiary contacts to facilitate folding.
of the C-terminal domain to its original attachment point is |ndeed, this would be the simplest interpretation of the ability
most simply expected to prevent the CYT-19 protein from of CYT-19 to facilitate the folding of theTetrahymena
translocating through a helix for any significant distance, the ribozyme from the misfolded structure to the native state,
data are most easily compatible with a single-step, fully pecause the misfolded structure is stabilized extensively by
nonprocessive unwinding, as depicted in Figure824). the formation of native tertiary contacts on its periphé)(
This mechanism of unwinding differs fundamentally from The ability of one active site to carry out such disparate
the processive action of DNA helicases and some DEXD/ activities can be rationalized by a model in which the energy
H-box proteins, which unwind DNA or RNA duplexes in a  of ATP binding and hydrolysis is used to generate a binding
directional fashion as they translocate through the duplex site within the motor domain that is highly specific for single-
(33, 38). stranded RNA, and because the single-stranded RNA is
Although the deleted region of the C-terminal domain of accommodated within the active site, any contacts of this
CYT-19 clearly plays an important role in the duplex strand with RNA or protein are disrupted. This idea is
unwinding reactions observed here, our data suggest that theconsistent with the recently determined structure of the motor
interactions between CYT-19 and structured RNA that domain from theDrosophilaprotein Vasa, which includes
enhance unwinding activity extend beyond the deleted region.a bound single-stranded RNA that bends sharply within the
First, neither the addition of single-stranded nor double- binding site, achieving a conformation that would not be
stranded extensions gave as much enhancement as theompatible with a continuous duple4). For all of these
attachment of the entir@etrahymenaribozyme, and the  activities, the RNA-binding site within the C-terminal domain
additional enhancement conferred by the ribozyme (beyondof CYT-19 is probably important because it localizes the
that of a double-stranded extension) was independent of theunwinding site to structured RNAs, increasing the efficiency
presence of the C-terminal domain (see Table 1). This resultof any subsequent disruption of the structure.
suggests that another site or surface within CYT-19 forms It is interesting to consider whether general DExD/H-box
additional contacts with the ribozyme. Second, although the RNA chaperones are common in nature and whether this
A578-626 protein is enhanced for unwinding activity less function can be predicted from the sequences of the ancillary
than the wild-type protein upon attachment of the adjacent domains. Considerations of the physical and chemical
structure, there remains some residual enhancement. Thusproperties of RNA, as well as experimental results on the



C-Terminal Truncation of CYT-19 Biochemistry, Vol. 46, No. 11, 2008021

folding of several large RNAs, suggest that cellular RNAs ACKNOWLEDGMENT
are likely to encounter misfolded species frequerttly, (4, We thank Klaus Linse and Steven Halls in the ICMB Core

42—46). Because all cells contain a large and diverse set of Facility for analysis of CYT-19 fragments and Eckhard

structured RNAS_’ it seems unlikely that there could be a Jankowsky for helpful discussions and sharing results prior
chaperone protein devoted to each structured RNA and every publication

less likely that there could be a chaperone devoted to each
misfolded structure of each RNA. Thus, there is probably a REFERENCES
general need for RNA chaperone proteins that can interact

with and resolve multiple misfolded species. Some of the ~1-Mohr. S., Stryker, J. M., and Lambowitz, A. M. (2002) A DEAD-

box protein functions as an ATP-dependent RNA chaperone in

proteins that function in this role may not be DExD/H-box group | intron splicingCell 109 769-779.

proteins but rather proteins that bind single-stranded RNA, 2. Tanner, N. K., and Linder, P. (2001) DExD/H box RNA
several of which possess RNA chaperone actiirityitro rlsﬂegllcacsgls:&Fzrgrlrl %%genc motors to specific dissociation functions,
and, when overexpresseth vivo (reviewed in ref47). 3. Silverman, E., Edwalds-Gilbert, G., and Lin, R. J. (2003) DEXD/
Nevertheless, the unique ability of DExD/H-box proteins to H-box proteins and their partners: Helping RNA helicases unwind,
couple the free energy from ATP binding and hydrolysis to Gene 3121-16.

4. Cordin, O., Banroques, J., Tanner, N. K., and Linder, P. (2006)

RNA. rearrangements S“QQGSts that these p.“’te'”? may be The DEAD-box protein family of RNA helicase§ene 36717—
required to resolve, at a minimum, the longer-lived misfolded 37.

species of RNA and are therefore likely to play critical roles 5. Wang, Y., and Guthrie, C. (1998) PRP16, a DEAH-box RNA
as general RNA chaperones. helicase, is recruited to the spliceosome primarily via its noncon-

. . ) served N-terminal domairRNA 4 1216-1229.
The most basic requirement for a general chaperone is the 6. Schneider, S., and Schwer, B. (2001) Functional domains of the
ability to interact functionally with multiple RNAs, and yeast splicing factor Prp22g, Biol. Chem. 27621184-21191.

L . . . 7. Kossen, K., Karginov, F. V., and Uhlenbeck, O. C. (2002) The
arginine-rich_domains are clearly capable of conferring carboxy-terminal domain of the DExD/H protein YxiN is sufficient

nonspecific RNA binding. The chaperones CYT-19 and to confer specificity for 23S rRNAJ. Mol. Biol. 324 625-636.
Mss116p both include arginine-rich extensions, as does the 8.Karginov, F. V., Caruthers, J. M., Hu, Y., McKay, D. B., and

; ; : Uhlenbeck, O. C. (2005) YxiN is a modular protein combining a
yeast protein Dedlp, which may function as a general DEx(D/H) core and a specific RNA-binding domaid, Biol.

chaperone in translation initiatiod&—50), although the Chem. 28035499-35505.
extensions of these proteins do not share identifiable 9.Wang, S., Hu, Y., Overgaard, M. T., Karginov, F. V., Uhlenbeck,
imilari i ini O. C., and McKay, D. B. (2006) The domain of tiBacillus
IS:eql,rllence Slml|<’;1)rl'[y ?cey?]nd %E:g;rgfrequenf_iy OLarglnlne.S. subtilis DEAD-box helicase YxiN that is responsible for specific
_urt er, a number o _Ot er -box proteins have argl- binding of 23S rRNA has an RNA recognition motif folRNA
nine-rich sequences, including a total of 5 of 255accha- 12, 959-967.

romyces cergisiaeand 3 of 5 inE. coli. However, assigning 10. Huang, H. R., Rowe, C. E., Mohr, S., Jiang, Y., Lambowitz, A.

M., and Perlman, P. S. (2005) The splicing of yeast mitochondrial
arole as a general chaperone based on the sequence of an group | and group Il introns requires a DEAD-box protein with

ancillary domain is unlikely to be straightforward. First, the RNA chaperone functiorProc. Natl. Acad. Sci. U.S.A02, 163—
presence of an arginine-rich motif (ARM) does not necessarily 168.

imply nonspecific binding, because “canonical” viral ARM- 11. Tijerina, P., Bhaskaran, H., and Russell, R. (2006) Non-specific
. . ' . . binding to structured RNA and preferential unwinding of an
containing proteins, Tat and Rev, bind their cognate RNAs exposed helix by the CYT-19 protein, a DEAD-box RNA

with very high specificity $1—53) and even ARM-contain- chaperoneProc. Natl. Acad. Sci. U.S.A03 16698-16703.
ing peptides can bind tightly and selectively to RNA targets 12. Mohr, S., Matsuura, M., Periman, P. S., and Lambowitz, A. M.

. : (2006) A DEAD-box protein alone promotes group Il intron
(54, 55). Also, some DExD/H-box proteins that do function splicing and reverse splicing by acting as an RNA chaperone,

as general chaperones may achieve nonspecific recognition  Proc. Natl. Acad. Sci. U.S.A03 3569-3574.
of RNA by binding specifically to a second protein that 13. Karpel, R. L., Miller, N. S., and Fresco, J. R. (1982) Mechanistic

frs hind; A _ studies of ribonucleic acid renaturation by a helix-destabilizing
harbors a nonspecific RNA-binding site; such a DExD/H protein, Biochemistry 2121022108,

box protein would not be identified as a candidate for general 14, Herschlag, D. (1995) RNA chaperones and the RNA folding
chaperone activity from the sequences of its ancillary problem,J. Biol. Chem. 27020871-20874.

mains. A ible example of thi f protein is elF4A. 15.Burd, C. G., and Dreyfuss, G. (1994) Conserved structures and
domains. A possible example of this type of protein is e ’ diversity of functions of RNA-binding protein§cience 265615—

which lacks ancillary domains but interacts with the RNA- 621.

binding proteins elF4B and elF4G and employs chaperone- 16. Zaug, A. J., Grosshans, C. A., and Cech, T. R. (1988) Sequence-
like activity to remove the structure from mRNAs during specific endoribonuclease activity of tietrahymenaibozyme:
translation initiation §6, 57). Finally, because the activity Enhanced cleavage of certain oligonucleotide substrates that form

. . ! R . . mismatched ribozymesubstrate complexe®iochemistry 27
increase from ancillary site binding is not enormous in 8924-8931.

energetic terms<3 kcal/mol), it is possible that a DExD/H 17. Russell, R., and Herschlag, D. (1999) Specificity from steric

box protein lacking such domains could compensate with a gﬁfcstii%%k‘ltgg guanosine binding pocket of a group | ribozyme,
more active unwinding domain to achieve the same efficiency 1g kiistelly, R., Eamest, B. T., Krishnamoorthy, L., and Tesmer, J.

as CYT-19. Such a protein could presumably function as a J. (2003) Preliminary structure analysis of the DH/PH domains
general chaperone, albeit without the enhanced activity on ~ of leukemia-associated RhoGEAGta Crystallogr., Sect. D: Biol.

. : - Crystallogr. 59 1859-1862.
structured RNA that is conferred by the ancillary domain. ;4 Kapust, R. B., Tozser, J., Fox, J. D., Anderson, D. E., Cherry, S.,

Thus, biochemical and genetic approaches are probably  copeland, T. D., and Waugh, D. S. (2001) Tobacco etch virus

necessary to identify DExD/H-box proteins that function as protease: Mechanism of autolysis and rational design of stable
general RNA chaperones, as well as to elucidate which RNAs gngu?ffgtosog‘”th wild-type catalytic proficiencyrotein Eng 14,
and RNPs are dependent upon them and to understand theiryg wong, I., Chao, K. L., Bujalowski, W., and Lohman, T. M. (1992)

reaction mechanisms. DNA-induced dimerization of th&scherichia colirep helicase.



3022 Biochemistry, Vol. 46, No. 11, 2007

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Allosteric effects of single-stranded and duplex DNA,Biol.
Chem 267, 7596-7610.

Russell, R., and Herschlag, D. (2001) Probing the folding landscape
of the Tetrahymenaibozyme: Commitment to form the native
conformation is late in the folding pathway, Mol. Biol. 308
839-851.

Guo, Q. B., Akins, R. A., Garriga, G., and Lambowitz, A. M.
(1991) Structural analysis of tiéeurosporamitochondrial large
rRNA intron and construction of a mini-intron that shows protein-
dependent splicing]. Biol. Chem 266, 1809-1819.

Choe, Y., Leonetti, F., Greenbaum, D. C., Lecalille, F., Bogyo,
M., Bromme, D., Ellman, J. A., and Craik, C. S. (2006) Substrate
profiling of cysteine proteases using a combinatorial peptide library
identifies functionally unique specificitied, Biol. Chem 281,
12824-12832.

Yang, Q., and Jankowsky, E. (2006) The DEAD-box protein Ded1
unwinds RNA duplexes by a mode distinct from translocating
helicasesNat. Struct. Mol. Bial 13, 981—-986.

Russell, R., Millett, I. S., Doniach, S., and Herschlag, D. (2000)
Small angle X-ray scattering reveals a compact intermediate in
RNA folding, Nat. Struct. Biol 7, 367—370.

Russell, R., Das, R., Suh, H., Travers, K., Laederach, A,
Engelhardt, M., and Herschlag, D. (2006) The paradoxical
behavior of a highly structured misfolded intermediate in RNA
folding, J. Mol. Biol. 363 531-544.

Mannella, C. A., Collins, R. A., Green, M. R., and Lambowitz,
A. M. (1979) Defective splicing of mitochondrial rRNA in
cytochrome-deficient nuclear mutantsiéurospora crass@roc.
Natl. Acad. Sci. U.S.A76, 2635-2639.

Akins, R. A., and Lambowitz, A. M. (1987) A protein required
for splicing group | introns inNeurosporamitochondria is
mitochondrial tyrosyl-tRNA synthetase or a derivative thereof,
Cell 50, 331-345.

Gibson, T. J., and Thompson, J. D. (1994) Detection of dsRNA-
binding domains in RNA helicase A arfdrosophila maleless:
Implications for monomeric RNA helicaseNucleic Acids Res

22, 2552-2556.

Zhang, S., and Grosse, F. (1997) Domain structure of human
nuclear DNA helicase Il (RNA helicase A), Biol. Chem 272,
1148711494.

Lorkovic, Z. J., Herrmann, R. G., and Oelmuller, R. (1997) PRH75,
a new nucleus-localized member of the DEAD-box protein family
from higher plantsMol. Cell. Biol. 17, 2257-2265.

Kiledjian, M., and Dreyfuss, G. (1992) Primary structure and
binding activity of the hnRNP U protein: Binding RNA through
RGG box,EMBO J 11, 2655-2664.

Lohman, T. M., and Bjornson, K. P. (1996) Mechanisms of
helicase-catalyzed DNA unwindingdAnnu. Re. Biochem 65,
169-214.

Ha, T., Rasnik, I., Cheng, W., Babcock, H. P., Gauss, G. H.,
Lohman, T. M., and Chu, S. (2002) Initiation and re-initiation of
DNA unwinding by theEscherichia coliRep helicaseNature
419 638-641.

Talavera, M. A., Matthews, E. E., Eliason, W. K., Sagi, |., Wang,
J., Henn, A., and de la Cruz, E. M. (2006) Hydrodynamic
characterization of the DEAD-box RNA helicase DbpA,Mol.
Biol. 355 697-707.

Rogers, G. W., Jr., Lima, W. F., and Merrick, W. C. (2001) Further
characterization of the helicase activity of elF4A. Substrate
specificity, J. Biol. Chem 276, 12598-12608.

Bizebard, T., Ferlenghi, I., lost, I., and Dreyfus, M. (2004) Studies
on threeE. coli DEAD-box helicases point to an unwinding
mechanism different from that of model DNA helicas&so-
chemistry 437857-7866.

Jankowsky, E., Gross, C. H., Shuman, S., and Pyle, A. M. (2000)
The DEXxH protein NPH-II is a processive and directional motor
for unwinding RNA, Nature 403 447—451.

39.

42.

43.

44,

45,

47.

S

49.

51.

52.

53.

54,

55.

56.

57.

8.

Grohman et al.

Jankowsky, E., Gross, C. H., Shuman, S., and Pyle, A. M. (2001)
Active disruption of an RNA-protein interaction by a DExXH/D
RNA helicase Science 291121-125.

.Fairman, M. E., Maroney, P. A., Wang, W., Bowers, H. A,

Gollnick, P., Nilsen, T. W., and Jankowsky, E. (2004) Protein
displacement by DExH/D RNA helicases without duplex unwind-
ing, Science 304730-734.

. Sengoku, T., Nureki, O., Nakamura, A., Kobayashi, S., and

Yokoyama, S. (2006) Structural basis for RNA unwinding by the
DEAD-box proteinDrosophilaVasa,Cell 125 287—300.
Walstrum, S. A., and Uhlenbeck, O. C. (1990) The self-splicing
RNA of Tetrahymenas trapped in a less active conformation by
gel purification,Biochemistry 2910573-10576.

Woodson, S. A., and Cech, T. R. (1991) Alternative secondary
structures in the '5exon affect both forward and reverse self-
splicing of the Tetrahymenaintervening sequence RNABio-
chemistry 302042-2050.

Pan, T., and Sosnick, T. R. (1997) Intermediates and kinetic traps
in the folding of a large ribozyme revealed by circular dichroism
and UV absorbance spectroscopies and catalytic actiMat,
Struct. Biol 4, 931-938.

Treiber, D. K., Rook, M. S., Zarrinkar, P. P., and Williamson, J.
R. (1998) Kinetic intermediates trapped by native interactions in
RNA folding, Science 2791943-1946.

. Russell, R., and Herschlag, D. (1999) New pathways in folding

of the Tetrahymenagroup | RNA enzymeJ. Mol. Biol. 291
1155-1167.

Schroeder, R., Barta, A., and Semrad, K. (2004) Strategies for
RNA folding and assemblyNat. Rer. Mol. Cell. Biol. 5, 908—

919.

Chuang, R. Y., Weaver, P. L., Liu, Z., and Chang, T. H. (1997)
Requirement of the DEAD-box protein Ded1p for messenger RNA
translation,Science 2751468-1471.

de la Cruz, J., lost, I., Kressler, D., and Linder, P. (1997) The
p20 and Ded1 proteins have antagonistic roles in elF4E-dependent
translation inSaccharomyces cerisiae Proc. Natl. Acad. Sci.
U.S.A 94, 5201-5206.

. Marsden, S., Nardelli, M., Linder, P., and McCarthy, J. E. (2006)

Unwinding single RNA molecules using helicases involved in
eukaryotic translation initiation,J. Mol. Biol. 361, 327—
335.

Zapp, M. L., and Green, M. R. (1989) Sequence-specific RNA
binding by the HIV-1 Rev proteinNature 342 714-716.

Dingwall, C., Ernberg, I., Gait, M. J., Green, S. M., Heaphy, S.,
Karn, J., Lowe, A. D., Singh, M., Skinner, M. A., and Valerio,
R. (1989) Human immunodeficiency virus 1 tat protein binds
trans-activation-responsive region (TAR) RNA in vitRroc. Natl.
Acad. Sci. U.S.A. 86925-6929.

Weeks, K. M., Ampe, C., Schultz, S. C., Steitz, T. A., and Crothers,
D. M. (1990) Fragments of the HIV-1 Tat protein specifically
bind TAR RNA, Science 2491281-1285.

Austin, R. J., Xia, T., Ren, J., Takahashi, T. T., and Roberts, R.
W. (2002) Designed arginine-rich RNA-binding peptides with
picomolar affinity,J. Am. Chem. Sod24, 10966-10967.

Bayer, T. S., Booth, L. N., Knudsen, S. M., and Ellington, A. D.
(2005) Arginine-rich motifs present multiple interfaces for specific
binding by RNA,RNA 11 1848-1857.

Svitkin, Y. V., Pause, A., Haghighat, A., Pyronnet, S., Witherell,
G., Belsham, G. J., and Sonenberg, N. (2001) The requirement
for eukaryotic initiation factor 4A (elF4A) in translation is in direct
proportion to the degree of mMRNA Secondary structurd&RNA

7, 382-394.

Linder, P. (2003) Yeast RNA helicases of the DEAD-box family
involved in translation initiationBiol. Cell 95 157-167.

B10619472



