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ABSTRACT: RNA interference (RNAI) is a biological process in which animal and plant cells destroy
double-stranded RNA (dsRNA) and consequently the mRNA that shares sequence homology to the dsRNA.
Although it is known that the enzyme Dicer is responsible for the digestion of dsRNA~NZD bp
fragments, the mechanism through which these fragments are associated with the RNA-induced silencing
complex (RISC) is mostly unknown. To find protein components in RISC that interact witk22ebp
fragment, we synthesized®#P- and photoaffinity moiety-labeled 22 bp dsRNA fragment and used it as
bait to fish out protein(s) directly interacting with the dsRNA fragment. One of the proteins that we
discovered by mass spectrometric analysis was TB-RBP/translin. Further analysis of this DNA/RNA binding
protein showed that it possesses both ssRNase and dsRNase activities but not DNase activity. The protein
processes long dsRNA mainly inte25 bp fragments by binding to the open ends of dsRNA and cutting

it with almost no turnover due to its high affinity toward the products. The activity requires physiological
ionic strength. However, with single-stranded RNA as substrate, the digestion appeared to be more complete.
Both ssRNase and dsRNase activities are inhibited by high levels of common RNase inhibitors. Interestingly,
both activities can be enhanced greatly by EDTA.

Animal and plant cells have a mechanism to degrade of the INF/ pathway, thus substantiating the speculation that
double-stranded RNA (dsRNA) with a concomitant degrada- the degradation of dsSRNA and the corresponding mRNA is
tion of MRNA of corresponding sequence. This phenomenon, a mechanism that defends cells from foreign agents, such as
called RNA interference (RNAiY1—4), provides a new tool  viruses and transposon4§j. In addition to this defense
for protein knockdown by eliminating its mRNA and is mechanism, short dsRNA fragments 32 bp) generated
already widely used today in protein functional studies since from endogenous stemioop precursors, e.g., microRNA
its discovery a decade agb, ©). Great interest has also been (miRNA), also lead to mRNA destructiori). Although
aroused for the potential therapeutic applications of the the functions of most miRNA are unknown, it is believed
method to diseases, such as cancer and infectigrgy).( that they are used for gene regulation. For example, miRNA

In Caenorhabditis elegansand Drosophila uptake of lind and let7 fromC. elegansinhibit protein synthesis by
dsRNA as long as a few hundred base pairs leads to specifichinding to the Suntranslated region (UTR) of target mRNA.
gene silencing9d—12). However, in many mammalian cells  Others, such as the scarecrow protein found in plants, act
shorter dsRNA fragments-22 bp) work much better than like siRNA to destroy the target transcrip2d). Unlike
longer dsRNA, which often results in nonspecific gene normal mMRNA turnover that takes place mostly in the nucleus
inactivation (3—15), although it has been shown in certain and is carried out mostly by exo-RNas@4)( this degrada-
mammalian cells that longer dsRNA leads to effective tion of mMRNA through dsRNA happens in the cytoplasm
specific gene silencindl, 17). Sledz et al. showed that both  and must require a unique pathway.

nonspecific gene silencing by long dsRNA and specific geneé  hgeed, mechanistic studies revealed that when dsRNA
silencing by shorter dsRNA are accompanied by activation gnters a cell, it is first digested inte22 bp short dsRNA

(small interference RNA or siRNA) by Dicer, a RNase llI
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1 Abbreviations: 4-S-U, 4-thiouridine; TB-RBP, testis brain ribo- . -
nucleic acid-binding protein; ss, single stranded; ds, double stranded;annealed to mRNA is elongated using the mRNA as a

RNAi, RNA interference; RISC, RNA-induced silencing complex; template by a RNA polymerase to form a longer dsRNA
UTR, untranslated region; miRNA, microRNA; siRNA, small interfer-  that, upon cleavage again inte22 bp dsRNA fragments,

ence RNA,; IEF, isoelectric focusing; EDTA, ethylenediaminetetraacetic i i i i
acid; QTOF, quadruple time of flight; CID, collision-induced dissocia- greatly amplifies the signal and leads to highly efficient RNA

tion; ATPyS, adenosine'gy-thio]triphosphate; GTfS, guanosine's silencing @4). In higher organisms, such as mammalian cells,
[y-thio]triphosphate; AMP-PNP, adenosine[B,y-imido]triphosphate. such signal amplification was not found. However, by
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introducing many copies of siRNA or small nhumbers of to date, the best characterized protein that interacts with TB-
longer dsRNA, gene silencing can reach satisfactory levels,RBP is TRAX, a 33 kDa protein sharing extensive amino
although in certain cell types, longer dsRNA leads to acid homology to TB-RBP with unknown functiodg).

nonspecific gene silencing.—15). _ ~ Here we report that, during our attempt to “fish out” a
The least well understood mechanism of the RNAI potential component that binds dsRNA or siRNA in RISC,

pathway lies in RISC. What is this protein complex 5 protein tightly bound to siRNA was discovered and

composed of? How the dsRNA is unzipped and how it iS jgentified to be TB-RBP. Characterization studies with the

directed to mRNA are issues that need to be resolved. Oneggcherichia coloverexpressed protein revealed that TB-RBP

of the components of RISC is Argonaute?, which is believed 5ssesses both ssRNase and dsRNase activities. The diges-

to bind to the 3overhang of siRNA through a PAZ domain  on, sites are at two open ends of dsRNA and likely also at

capable of binding single-stranded RNA with relatively low 456 of sSSRNA. The turnover rates for the digestion are very
affinity (25, 26). Other components of RISC are not well |5\ due to strong product inhibition.

established.

Testis brain RNA-binding protein (TB-RBP) is a 28 kDa EXPERIMENTAL PROCEDURES
DNA/mMRNA binding protein first discovered in mouse testis
and brain, where it binds to thé @ntranslated region (UTR) Materials. [o-*?P]GTP was from Amersham-Pharmacia.
of translationally regulated mRNA encoding proteins such 4-Thiouridine (4-S-U) was from Trilink. mMRNA and the
as protamine 1, protamine 2, and transition protei 2 dsRNA synthesis kit were from Ambion (T7-MEGAshort-
29). Later it was found to be expressed ubiquitousd)( script high-yield transcription kit). Proteinase K and RNase
The amino acid (aa) sequence of TB-RBP is 99% identical inhibitor mixtures were from Promega. NUPAGE gels, TBE
to its human counterpart, translin, with gral 3 aadifference gels, IEF gels, and PVDF membranes were from Invitrogen.
out of 228 aa (thus, TB-RBP and translin are used inter- pET-22b vector was from Novagen. Super-flow Ni resin was
changeably). The physiological role of this protein is not from Qiagen, while Resource-S, Resource-Q, and Superdex-
well understood. Translin is implicated in binding to 200 were from Amersham-Pharmacia. Protease inhibitor
consensus sequences at breakpoint junctions of chromosomajocktails without EDTA (complete, mini) were purchased
translocations in lymphoid tumors and at recombination hot from Roche. The mice cDNA library was from Clontech.
spots during meiosis in germ cell81—35). Since it Other chemicals were purchased from Sigma-Aldrich. All
accumulates in the nuclei of male germ cells during meiosis, materials used were free of RNases.
it may play a role in DNA recombination. As a RNA-binding Construction of pET-22b TB-RBEDNA of mouse TB-

protein, translin binds to conserved Y and H elements of pgp \yas cloned from the mouse testis cDNA library by PCR
many brain and testis mRNASZ&, 36, 37). It has been using primers 5gcgcggatccgatgtctgtgagcgagatcttcgtgrdd
suggeste.d to be mvglved n .RNA transport and storage 5'-atatgcggccgctttttcaccacaagccgctgctgtedtainingBantl|
because it has the ability of linking translationally suppressed andNot sites (underlined), respectively. The PCR fragment

MRNA to microtubules and releasing bound mRNAs fol- ; ; : : ;
. ) - . was digested with the respective enzymes and inserted into
lowing disassociation of microtubule3§, 37). TB-RBP has the pET-22b vector.

also been shown to move between nuclei and cytoplasm in

male germ cells, suggesting a mRNA transporting function _ Overexpression and Purification of His6-TB-RBis6-
(38, 39). TB-RBP was overexpressedfh coli [BL21(DE3)] in a 10

In vitro studies revealed that the protein has very high L fermenter using the standard protocol. The cell p(_allet (75
affinity toward double-stranded DNA (dsDNA) witKg g) was suspended in 100 mL of buffer C (25 mM Tris-HCl,
ranging from 15 to 90 nM40, 41). Both electron micro- P 7.4, 100 mM NaCl, 0.5% Triton X-100, and protease
scopic @2) and X-ray crystallographic@) analyses, as well inhibitors without EDTA) followgd by French press treat-
as ultracentrifugationd0) and fluorescence) studies, have ment..The cell lysate thus obta_lned was centrifuged at 12
shown that the protein exists as an octamer that organize<PM in an ss-34 rotor for 30 min, and the superatant was
into an elongated spherical particle with a large cavity in its '02@ded onto a Ni column (3 cm long 2.6 cm wide). His6
center to bind DNA or RNA. translin was eluted from the column according to the

TB-RBP contains a putative GTP-binding site that is not QUAGEN protocol.
shown in the X-ray crystal structure. However, site-directed ~ Translin purified from the Ni column, after being dialyzed
mutagenesis aimed at abolishing the GTP-binding ability against 25 mM Tris-HCI, pH 7.4, and 10 m§tmercapto-
yielded a mutant that no longer binds to RNA, yet its ability ethanol to get rid of most of the salt and imidazole, was
to bind DNA remains intact. Transfection of this mutant further purified on a Resource-S column (10 cm lon@.6
protein into NIH3T3 cells leads to high cell death rate, cm diameter) using a 6600 mM NacCl gradient in 5 mM
indicating the importance of this domai5). Interestingly, p-mercaptoethanol and 25 mM Tris-HCI buffered at pH 7.5.
mice with knocked-out TB-RBP were viable but showed a The TB-RBP portion collected was loaded onto a Resource-Q
coordinated loss of TRAX, a TB-RBP binding protein, and column (10 cm long x 2.6 cm diameter) and eluted with the
reduced fertility and probably muscle strength. In addition, same conditions as described for the Resource-S procedure.
altered gene expression in the brain and behavioral changed he final purification step was performed on a Superdex-
were also observedi6, 47). 200 gel filtration column (90 cm long 2.6 cm diameter),

TB-RBP’s wide-range involvement in biological processes with TB-RBP eluted with 20 mM Tris-HCI, pH 7.4, buffer
indicates that it is likely a highly regulated protein. Indeed, containing 100 mM NaCl, 10 mN\8-mercaptoethanol, and
the crystal structure of the octamer reveals a large surface0.05% Triton X-100. The HPLC used for the purification
area accessible for binding regulatory prote#®.(However, was a Hewlett-Packard 1100 series system with a Pharmacia
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LKB RediFrac collector. The purified TB-RBP was stored A  5.yuUCCGCGCGGCCGCCCGGGCC

in the presence of 50% glycerol a20 °C. GGCGCGCCGGCGGGCCCGGUU-5
Synthesis of?P- and 4-S-U-Labeled siRNAhe protocol B

of the Ambion Megashortscript siRNA kit was followed. For
the DNA template, the following primers were used: for-
ward, B-aaccgcgcggcecgceccggamtgtceted’, and backward,
5'-aaggcccgggeggecgeganmgteted' (italic letters indicate
the T7 promoter region). During the synthesis®&?-4-S-
U-labeled siRNA, §-*?P]GTP was added to a final concen-
tration of 1 mCi/mL. The final nucleoside triphosphate
concentration, including that of 4-S-U triphosphate, wa$ h
mM each. ;
Preparation of the Cell LysateNIH3T3 cells grown in Fgure 1: Phtoaffinity labeling of proteins that interact with 22
four 15 cm dishes to near confluency were trypsinized and bp siRNA. NIH3T3 cell lysate (cytosolic) was add&®- and 4-S-
washed with buffer A (250 mM sucrose, 1 mM MgCh U-labeled siRNA (A) in the presence of 5@ each of GTRS

; ; 1 and AMP-PNP as described in Experimental Procedures. The
mM sodium phosphate buffer, pH 7.1) and homogenized with mixture was irradiated with 365 and 254 nm UV light (5 min each)

a cell homogenizer in 300L of buffer B [2 mM MgCL, before it was subjected to 2D gel separation under native conditions.
100 mM NaCl, 30% (v/v) glycerol, 10 mM Tris-HCI, pH  The radiography of the 2D gel showed one protein spot that was
7.4, and complete protease inhibitor cocktails without radioactively labeled (arrow in panel B, right). The Coomassie Blue
EDTA]. After centrifugation at 10 krpm in a Biofuge Fresco Stained gel is shown on the left panel.

benchtop centrifuge, the soluble fraction was used for the

I~4 -
MW~100kD

photoaffinity labeling experiment. digest was loaded onto aVy(_jeQBGS/IS column (100x 0.15 _
Photoaffinity Labeling Experimenthe cell lysate pre- MM, Grace Vydec, Hesperia, CA), and chromatographic
pared above (4@L) was mixed with 5uL of [32P]-4-S-U- separation was performed ail/min using the following
labeled siRNA (ca. 0.2M final concentration) and 2.5L gradient: 6-10% solvent B over 5 min; 1840% solvent B
each of GTRS and AMP-PNP (final concentration 50M). over 60 min; 46-95% solvent B over 5 min; 95% solvent

The mixture was irradiated at @ with 365 and 254 nm B held for 5 min (solvent A, 0.2% formic acid in water;
UV light for 10 min (5 min each) using a hand-held Uy Solvent B, 0.2% formic acid in acetonitrile). A data-
lamp (with 4 W UV bulbs), followed by native IEF and dependent analysis (DDA) method collected collision-
NUPAGE gel electrophoresis. The 2D gel was blotted on a induced dissociation (CID) data for the three most abundant
PVDF membrane that was used for radiography and Coo- Multiply charged ions observed in the preceding survey scan

massie Blue staining. (m/z300-1990) above a threshold of 10 counts/s. Data were
RNase Actiity AssaysTranslin (final concentration 42 ~ Processed using MassLynx software (version 3.5) to generate
uM) was mixed with ssRNA (final concentration BV or peak list files before submitting them to an in-house licensed

30 nM) or dsRNA (final concentration M or 15 nM) and Mascot search at http://biospec.nih.gov (MatrixScience Ltd.,
10x buffer (final concentrations: 100 mM NaCl, 25 mm  London, U.K.). Peptide and MS/MS tolerances were set at
HEPES, pH 7.5, 2 mM MgGJ in the presence or absence iO._Z Da. AII_MS/MS fragment ions were within 50 ppm of
of RNase inhibitors (final concentrations 80 units), in the their theoretical values.
presence or absence of ATP/AJ® and GTP/GTPS RESULTS
(concentration 50@:M), or in the presence or absence of
EDTA (final concentration 5 mM, and in this case, thex10 TB-RBP/Translin Binds siRNA with High Affinityfl.o
buffer was without MgG)). In experiments where the effects obtain protein(s) that directly interact with siRNA, we
of metal ions were tested, the final concentrations of GaCl synthesized &2P-labeled 22 bp dsRNA with two 4-S-U
MnCl,, ZnCl, FeCk, and CuC} were 1 mM [although at  residues hanging out at both énds (Figure 1A). 4-S-U is
pH 7.5, Fed is converted to Fe(OH) FeCl, etc. with known as a photoaffinity labeling moiety, which upon UV
only ~2 x 10*? yM free Fé* and CuC} to Cu(OH} with irradiation will form covalent linkage to adjacent molecules
~2 uM free C#*]. The mixture was incubated at 3T, (50). The siRNA (ca. 0.M final concentration) was mixed
and a 20uL sample was drawn and cooled 80 °C at with the NIH3T3 cell lysate (cytosolic) in the presence of
different time intervals. After the incubation period, 20 0.5 mM each of GTPS and AMP-PNP and was irradiated
of proteinase K was added to each thawed sample, and thdor 5 min with 365 nm and 5 min with 254 nm UV light.
mixtures were incubated at 3T for 1 h before being loaded  After 2D gel electrophoresis of the treated cell lysate under
onto a 12% NuPAGE gel or TBE gel for electrophoresis. native conditions, we found only one protein spot that was
The gel was dried and used for radiography or stained with radioactively labeled (Figure 1B, right panel, indicated by
ethidium bromide for UV visualization. arrow). The bigger spot to the left is due to nonspecific
LC-MS/MS Analysis of Labeled ProteirRadioactively contamination during blotting). This protein spot, which
labeled protein spot stained with Coomassie Blue was appeared at pH 5 and had an apparent MW-&20 kDa as
excised, reduced, and alkylated, followed by trypsinization shown in the Coomassie Blue stained 2D gel (Figure 1B,
as previously described9). The digests were analyzed on left panel), was cut from the gel and rendered for MS
a Micromass QTOF Ultima Global (Micromass, Manchester, analysis. Trypsinization followed by tandem MS/MS analysis
U.K.) in electrospray mode interfaced with an Agilent of the protein yielded nine peptide fragments that matched
HP1100 CapLC (Agilent Technologies, Palo Alto, CA) prior the mouse TB-RBP (Figure 2B, Table 1) in the NCBInr
to the use of the mass spectrometer. Five microliters of eachdatabase using the Mascot search engine. Table 1 lists the
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EIRKVVQSLEQTAREILTLLQGVHQGTGFQDIPKRCLKAREHFSTVKTHLTSLKTKFPAEQYYRFHEHW
RFVLQRLVFLAAFVVYLETETLVTREAVTEILGIEPDREKGFHLDVEDYLSGVLILASELSRLSVNSVTAG
DYSRPLHISTFINELDSGFRLLNLKNDSLRKRYDGLKYDVKKVEEVVYDLSIRGFNKETAAACGEK

FIGURE 2: MS analysis of thé?P-labeled, siRNA-containing protein revealed it to be TB-RBP/translin. (A) CID spectrum of-2he
charged precursor ion at/z 721.37 corresponding to the sequence in the inset. (B) TB-RBP/translin sequence presented with the residues
identified in the peptide fragments (italic) shown in Table 1.

Table 1: MS/MS Analysis of Mous&P-Labeled siRNA-Bound Protein

residue sequence obrdz (Da) M: (exptl) M:; (calcd) A (Da)
4—14 (R)IKVVQSLEQTAR 629.85 1257.68 1257.70 —0.02
5-14 VVQSLEQTAR 565.80 1129.58 1129.61 —0.03
15-34 EILTLLQGVHQGTGFQDIPK 732.05 2193.12 2193.18 —0.06
41-47 EHFSTVK 434.21 846.41 846.42 —0.01
48-54 THLTSLK 400.23 798.45 798.46 —0.01
57-64 FPAEQYYR 537.25 1072.48 1072.50 —0.02
95—-107 EAVTEILGIEPDR 721.37 1440.72 1440.75 —0.03
95—-109 EAVTEILGIEPDREK 849.93 1697.85 1697.88 —0.03
182-193 (K)KVEEVVYDLSIR 725.39 1448.76 1448.79 —0.03

aThe sequences of nine peptide fragments determined by MS/MS analysis are listed with the residue number corresponding to the sequence of
TB-RBP/translin shown in Figure 2B.

nine peptide fragments revealed by MS/MS analysis. Figure Reduced  Oxidized
2A shows one example of the CID spectrum of a tryptic Aperox. w1 2 3 4 5 wwwo) M 123 4123 4
peptide *EAVTEILGIEPDR!Y, with its precursor ion atvz WWOD)
721.37". The presence ofyyio as well as b—bs ions o 1:?: =
confirms the sequence. The sequence of the nine peptide . __ ."’“ a2 — 4
fragments matches well with that of TB-RBP shown in 50 — W 49— .
Figure 2B, with the identified residues in italic font. —B 38 —

Purification and Partial Characterization of @erex- “ Yowe =~ 28— "%
pressed TB-RBP/Translifo study the involvement of TB- 25 — 4
RBP in RNAI, we overexpressed this proteinEncoli using a -,

15 — .

the expression vector pET-22b. This vector allows the protein
to be secreted into the periplasmEafcolifor proper folding. A B
The leading sequence for the secretion is digested after the

S : e Ficure 3: Extensive purification of overexpressed TB-RBP. The
protein is in the periplasm. For purification purposes, the His6-labeled protein was overexpressedHn coli. After four

overexpressed protein contains a HiSQ tag at its C't?rminus-columns (Ni, Resource-S, Resource-Q, and Superdex-200, respec-
TB-RBP overexpressed frork. coli was extensively tively), the protein was purified into homogeneity. On SDS gel

purified to remove possible RNase contamination that would and in the presence of 10 mpgtmercaptoethanol (A), the protein
interfere with the activity test described below (also, see exists mainly in monomer with small amounts of dimer and trimer

. . . (from lanes 1 to 5, the amount of protein loaded was 24, 12, 6, 3,
Discussion). After the His6-TB-RBP from the crude cell and 1.5ug, respectively). On native gel (B), the protein shows only

lysate was eluted from the Ni column, it was dialyzed against one band in the presence (reduced) or absence (oxidized) of 10
25 mM Tris-HCI, pH 7.5, and 10 mM3-mercaptoethanol ~ mM S-mercaptoethanol (from lanes 1 to 4, the amount of protein
before it was further purified on three consecutive columns: loaded was 24, 12, 6, andi&), respectively). Lanes M in panels
cation-exchange Resource-S, anion-exchange Resource—(}rza”d B show the mobility of Bench Marker and See Blue Plus 2,

- - : o spectively, under the conditions described for each panel.
and size-exclusion Superdex-200. The protein was purified
to homogeneity after the four columns, as indicated by both 10 mM g-mercaptoethanol as reducing agent, the protein
Coomassie Blue (Figure 3A) and silver staining (data not shows dimer (Figure 3A, lanes-B, ~80 kDa) and trimer
shown). It is interesting to note that, even in the presence of bands (Figure 3A, lane 1120 kDa) on the SDSPAGE
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gel, indicating that interactions beyond disulfide bonds exist
between protein subunits. However, the protein shows only
one band on the native gel regardless of reduced or oxidized
conditions (Figure 3B). Since the previous report indicated
that translin can form intermolecular disulfide bonds using
Cys225 44), we decided to analyze the disulfide linkages
of the dimeric translin by MS analysis. In-gel trypsinization
of this protein indeed revealed the disulfide bond described
above as we observed the2 and+3 charges of disulfide-
bonded peptidé>ETAAACGEK??8220ETAAACGEK??8 at

m/z 878.39 and 585.93 (MH1755.77; data not shown).
Interestingly, two more disulfide linkages were found
between Cys58Cys225 (MH 1239.58) and Cys58Cys58
(MH* 723.38). These covalent bonding patterns likely
contribute to the formation of the octamer previously

Wang et al.

1

2 3 45 678 9

500 bp __,
dsRNA

22bp .

dsRNA

FicurRe 4. TB-RBP processes 500 bp dsRNA inte25 bp
fragments. TB-RBP was mixed wifidP-labeled 500 bp dsRNA in

a molecular ratio of~10:1 and incubated at 37C in 25 mM
HEPES, pH 7.5, for 20 h under indicated concentrations of mono-
or divalent metal ions: no salt (lane 2), 100 mM NacCl (lane 3),

and, in addition to 100 mM NaCl, 1 mM Mggllane 4), 1 mM
CaC} (lane 5), 1 mM MnC} (lane 6), 1 mM Znd (lane 7),

) ; - ] 7 saturated Fe@l(lane 8), and saturated CuyQlane 9) (described
ties.To Investigate the potentlal role of TB-RBP/translinin jp Experimental Procedures). By comparison to the syntfiéfie
RNAI, the purified protein was used to study its DNA/RNA labeled 22 bp siRNA as a marker (lane M), TB-RBP can cut dsRNA

binding and processing activities. As reported, the protein into ~25 bp fragments in physiological salt concentrations, but
shows tight double-stranded DNA (dsDNA) and single- Zn?t, Fet, and C@" can abolish the dsRNase activity. Loaded on
S L : lane 1 was the 500 bp dsRNA alone.
stranded RNA (ssRNA) binding abilities, as the protein
nucleic acid complexes comigrate on SDS or native acryl-
amide gels (data not shown). In addition, we found that it
also binds double-stranded RNA well (see below). Since TB-
RBP interacts with both ssRNA and dsRNA, we investigated
whether it can unwind dsRNA and direct one strand
(antisense) to the corresponding ssSRNA (mMRNA). After TB-
RBP (final monomer concentration 4.M) was incubated
at 37 °C with a mixture of 100 base long ssRNA (final
concentration ca. 3M) and short, 3?P-labeled dsRNA
(whose sequence is part of that of the long ssRNA, final
concentration ca. aM) in the presence of ATP or GTP,
gel electrophoresis did not show the annealing of e

observed.
TB-RBP/Translin Exhibits dsRNase and ssRNaseviActi

dsRNA
M1 23 45

ssRNA

500 bases —

A
labeled antisence patch to the 100 base ssRNA (data nofiGURES: TB-RBP possesses both ssRNase and dsRNase activities.

A large excess of TB-RBP (42M, or 5.25uM octamer) was

shown). ! :
. incubated with ssRNA (panel A, 30 nM) or dsRNA (panel B, 15
We then checked to see if TB-RBP can process dsRNA nyyin 100 mM NaCl and 25 mM HEPES, pH 7.4, in the presence

longer than 25 bp. When the protein (final monomer of 0.5 mM ATP (lane 2), 0.5 mM GTP (lane 3), 0.5 mM A¥8
concentration 42«M) was mixed with 500 bp long3?P- (lane 4), and 0.5 mM GT#S (lane 5) and incubated at 3T for
labeled dsRNA (final concentration:a) and incubated at 4 22808 e 1elIce T g afer clectrophoress. the

° . ot 0 y 1
L for.20 h under various conditions, we obser\{ed that nucleic acid bands were \g/]isualizgd by ethidium bromige staining.
the protein can cut dsRNA inte25 bp fragments (Figure | ane 1: ssRNA (A) or dsRNA (B) untreated with TB-RBP but
4). It is noteworthy that the activity of TB-RBP requires a with proteinase K.
certain ionic strength. By comparing it to the synthetic 25
bp dsRNA (lane M) and the uncut 500 bp dsRNA as control destroyed TB-RBP and released the 25 bp products. In these
(lane 1), we found that the digestion did not occur when the experiments, as shown in Figure 5 (ethidium bromide stained
reaction mixture was deprived of ions (lane 2). However, in agarose gels), we found that TB-RBP possesses both ssRNase
the presence of 100 mM NacCl (lane 3), the protein can cut and dsRNase activities. Results indicate that when nucleic
dsRNA into~25 bp fragments. Introduction of 1 mM each acids (final concentrations 15 nM dsRNA and 30 nM ssRNA)
of Mg?*, C&*t, Mn?*, or Zr¢" in addition to 100 mM NaCl  were mixed with TB-RBP (final concentration 4&V) for
showed no significant effect on the cutting rate (lanes 4, 5, 24 h before proteinase K treatment, 500 base ssRNA, as well
6, and 7, respectively). Howevex 1 mMfinal concentration as 500 bp dsRNA, was degraded in the presence of any of
of FeCk or CuCl (at pH 7.5 FeGlis converted to Fe(OH) the following nucleotides at 0.5 mM: ATP, GTP, A78B,
FeCl,~, etc. with negligible [F&] and CuC} is converted or GTPyS (lanes 25, respectively). Loaded in lane 1 in
to Cu(OH} with [Cu?*] ~2 uM) inhibited the protein activity panels A and B of Figure 5 are ssRNA and dsRNA,
(lanes 8 and 9, respectively). However, the turnover rate is respectively, without TB-RBP digestion, used as controls.
so low that, in order to see the 25 bp bands clearly, the film Note that mobility of the 500 base ssRNA is much slower
in Figure 4 was highly overexposed. This low turnover rate than that of 500 bp dsRNA. Products of ssRNase showed a
was expected due to the high affinity between the product smear on the gel, indicating a relatively nonspecific cutting
and the protein. (Figure 5A, lanes 25), while those of dsRNase were25

To separate the products from TB-RBP after the reaction, bp fragments that were too weak to be visualized by ethidium
we treated the reaction mixtures with proteinase K that bromide staining (Figure 5B, lanes-8; for 25 bp products
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5 2 3 affinity. From the mouse NIH3T3 cell lysate (cytosolic), we

1 2 3 4 6 1 4 5 6
‘i E™ B "' ' found one such labeled protein identified by MS analysis to
500 bases —» . i be TB-RBP whose human analogue is translin (Figures 1
~200 bases — . b 500 bp — !’..l. and 2)

To investigate its functional role as a potential component
of RISC, the extensively purified:. coli overexpressed
protein was found to possess both ssRNase and dsRNase

~ESbases = - - 25bp — - activities (Figures 5 and 6). Under nearly physiological
A B conditions (100 mM NacCl, pH 7.4), the protein can process
FIGURE 6: An autoradiograph of the time course of ssRNase (A) 500 bp dsRNA into~25 bp fragments from both open ends

and dsRNase (B) activities of TB-RBP shows very slow reaction yjth single turnover due to product inhibition. sSRNA can

rates. TB-RBP (42ZM, or 5.25uM octamer) and?P-labeled ssRNA ; :
(3 M) or 9P-labeled dsRNA (1.&M) were incubated at 37C also be processed into longer and shorter fragments (mainly

for 0, 1, 3, and 20 h (lanes 1, 2, 3, and 4, respectively) in 100 mm With an apparent molecular weight 62200 bases and-25

NaCl in 25 mM HEPES, pH 7.4, before proteinase K treatment to bp) with a higher turnover number. Since ssRNA has
destroy the protein. The mixtures were then loaded onto a 12% secondary structures, it is difficult to predict the specificity
NUuPAGE gel for electrophoresis and subsequent autoradiographicof TB-RBP toward ssRNA. These activities are not due to

visualization. Both ssSRNA and dsRNA yieldeeR5 bp products S .
but different parental molecules=200 base product for ssRNA ~ contamination of other RNases because (1) the protein

and~450 bp product for dsSRNA. RNase inhibitor cocktail inhibits ~ Overexpressed ii. coli was purified extensively, (2) the
both ssRNase and dsRNase activities (lane 5) as 20 h incubationnewly purified protein did not show such activities unless

did not lead to product forrr_]a_ti_on. 5 mM EDTA _acceler_ates both stored at—20°C in glycerol for a few days, indicating that
ssRNase and dsRNase activities (lane 6, 20 h incubation). proper folding/reorganization of the protein is necessary (data

radioactively labeled, see Figures 4 and 6). Similar experi- N0t shown), and (3) unlike low molecular weight RNases
ments indicate that the protein does not process dsDNA orthat digest RNA into single nucleotides, TB-RBP cuts sSRNA
ssDNA (data not shown). a_nd ds_RNA with a certain pattern and, in the case of dsRNA
Because TB-RBP binds tightly te25 bp dsRNA frag- digestion, the~25 bp products are released from TB-.RBP
ments, it is conceivable that the turnover rates of its ssRNase@Nly when the protein is proteolyzed, such as digestion by
and dsRNase activities are low (near unity) due to product Proteinase K. Mechanisms of the TB-RBP RNase activities
inhibition. Indeed, when nearly stoichiometric amounts of emain a mystery because the X-ray structure of the protein
ssRNA or dsRNA were mixed with TB-RBP (nucleic acid: does not show traditional RNase foldingkS). However, it
protein octamer-1.75:3.5), after proteinase K digestion, only iS possible that upon binding the lower local pH near the
an equivalent amount of dsRNA was cut inte25 bp P-0 I|r_1kage can _makg this bonq scissile to water attack.
fragments after 20 h of incubation (Figure 6B, lane 4). It But to illustrate this point, a detailed structure of the TB-
has been reported that TB-RBP/translin binds only to the RBP—RNA complex is desired. It should be pointed out that
open ends of DNA40). In this case, we speculate that the the purified TB-RBP fails to process DNA.
protein binds only to the open ends of dSRNA and then cuts  TB-RBP has been shown to bind DNA with high affinity
~25 bp fragments from them, releasing a shorter parental (40, 41). Under physiological conditions, this protein is an
dsRNA of ~450 bp (compare lane 4 to lane 1 of Figure octamer, as shown by various method§, (42—44). How-
5B). On the contrary, there are turnovers for ssRNA (Figure ever, there are discrepancies between the octamer structures
6A). After 20 h reaction, the 500 base ssRNA was converted reported: the X-ray structure indicates a head-to-tail orga-
mostly to products with apparent MW200 base and-25 nization between each unit while electromicroscopy shows
bp (Figure 6A, lane 4). The smear pattern may indicate a a head-to-head linkage. This difference could be due to the
certain degree of nonspecificity of TB-RBP binding and different protein sources used in the experiments. Our MS
digestion. It is noteworthy that TB-RBP activities were analysis of the protein showed disulfide linkage between C58
inhibited by a mixture of RNase inhibitors, indicating that and C225, in addition to that between C225 and C225
the protein possesses a known RNA digestion mechanismreported elsewherel4). With so many functions known to
(Figure 6, lanes 5). Interestingly, the ssRNase and dsRNaseTB-RBP so far, it is not surprising to see different organiza-
activities were greatly altered by 5 mM EDTA (lanes 6, tions of the octamer structures that may carry out different
Figure 6) for reasons still under investigation: while dsRNase tasks in vivo. In both X-ray and e|ectr0microscopic struc-
activity was enhanced (lane 6, Figure 6B), the ssRNasetyres, eight subunits cluster to form a barrel encircling a
activity was changed to produce mostly 6200 base  cavity into which DNA or RNA can bind42, 43). Although,
fragment (lane 6, Figure 6A). Here, the different activities from the primary structure, the protein contains a putative
of the protein toward ssRNA and dsRNA were again GTP-binding domain and mutation of this domain has shown
observed: while it cuts dsSRNA inte-25 bp fragments, it 4 negative predominant effect on cell grow#5,(46), the
only processes ssRNA into larger products, with an apparenty_ray structure does not show a secondary structure of the
MW of ~200 bases and-25 bp. GTP- or ATP-binding domain4@). This is consistent with
our results that TB-RBP can digest sSRNA or dsRNA without
DISCUSSION ATP, GTP, or their nonhydrolyzable analogues (Figures 5
During our search for a RISC protein(s) that directly and 6). Also, in the presence or absence of ATP/GTP, we
interacts with siRNA, a 22 bp siRNA labeled witfP and did not observe that the protein alone can catalyze the
a photoaffinity moiety, 4-thiouridine, was synthesized and annealing of the antisense strand of dsRNA to its corre-
used to label any protein that binds siRNA with reasonable sponding mRNA.
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Translin has been implicated to be involved in many protein behavior in vivo: downstream events of tight
biological processes, from RNA transporting to transcription protein—nucleic acid binding.

regulation 27—39). In this paper, we show that it can digest

both ssRNA and dsRNA. The digestion of dsRNA yields ACKNOWLEDGMENT

~25 bp products. This activity is reminiscent of Dicer, an
RNase Il family member that is involved in RNAI by cutting
dsRNA into~22 bp fragmentsl—4). Whether TB-RBP is
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expressing His-tagged TB-RBP.
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