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ABSTRACT

We have shown previously that DNA demethylation
by chick embryo 5-methylcytosine (5-MeC)-DNA
glycosylase needs both protein and RNA. Amino acid
sequences of nine peptides derived from a highly
purified 5-MeC-DNA glycosylase complex were iden-
tified by Nanoelectrospray ionisation mass spec-
trometry to be identical to the mammalian nuclear
DEAD box protein p68 RNA helicase. Antibodies
directed against human p68 helicase cross-reacted
with the purified 5-MeC-DNA glycosylase complex
and immunoprecipitated the glycosylase activity. A
2690 bp cDNA coding for the chicken homologue of
mammalian p68 was isolated and sequenced. Its
derived amino acid sequence is almost identical to
the human p68 DEAD box protein up to amino acid
position 473 (from a total of 595). This sequence con-
tains all the essential conserved motifs from the
DEAD box proteins which are the ATPase, RNA
unwinding and RNA binding motifs. The rest of the 122
amino acids in the C-terminal region rather diverge
from the human p68 RNA helicase sequence. The
recombinant chicken DEAD box protein expressed in
Escherichia coli cross-reacts with the same p68 anti-
bodies as the purified chicken embryo 5-MeC-DNA
glycosylase complex. The recombinant protein has
an RNA-dependent ATPase and an ATP-dependent
helicase activity. However, in the presence or
absence of RNA the recombinant protein had no 5-
MeC-DNA glycosylase activity.  In situ hybridisation of 5
day-old chicken embryos with antisense probes of the
chicken DEAD box protein shows a high abundance of
its transcripts in differentiating embryonic tissues.

DDBJ/EMBL/GenBank accession no. AF158370

INTRODUCTION

DNA methylation and demethylation reactions are important
for the establishment of specific DNA methylation patterns
required for normal embryonic development and imprinting
(1-8). DNA can be either methylatelé novoor the methylation
pattern is maintained through cell cycles by the maintenance
DNA methyltransferase (1,2 and references therein). The
demodification of DNA can be either passive or active. Passive
demethylation is obtained by an inhibition of the DNA main-
tenance methylation during replication (9-11), whereas active
DNA demethylation reactions either remove the methyl group
from the 5 position of methylcytosine (12) or it replaces
5-methylcytosine (5-MeC) by cytosine (13-17). Demethyl-
ation can also be obtained by a combination of both passive
and active mechanisms. In this case, the product of the passive
reaction is the formation of a hemimethylated DNA which
becomes the substrate for either nucleotide excision or for the
5-MeC-DNA glycosylase (9). Active DNA demethylation has
been observed in different systems (12—-19). 5-MeC-DNA glyco-
sylase activity has been measured in developing chicken and
mouse embryos (17,20) in mouse embryonic stem cells (J.-P.Jost,
unpublished results) and in G8 mouse myoblasts (21). In these
systems, 5-MeC-DNA glycosylase used preferentially hemi-
methylated DNA as a substrate (20) and the reaction is specific
for 5-MeCpGs (17). Recently we have shown that 5-MeC-DNA
glycosylase reactions in developing chicken embryos (22,23)
and in G8 mouse myoblasts (24) require both RNA and
protein. RNA rich in CpGs is present in the highly-purified
5-MeC-DNA glycosylase from chicken embryos and it was
shown that this RNA serves as a guide for the demethylation
complex to hemimethylated sites (23). In the present work we
show that one of the protein components of the DNA demethyl-
ation complex is related to the mammalian DEAD box protein
p68.
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MATERIALS AND METHODS Immunoblots with antibodies directed against human p68
helicase and SV-40 T antigen

Purified 5-MeC-DNA glycosylase (1-Rg of post heparin-

) ] Sepharose or butyl-Sepharose) was separated on an SDS-
Four kilos of 12-day-old chicken embryos (1200 embryos) oglyacrylamide gel (10%). Upon electrotransfer of the proteins
1 kilo of chicken embryo heads were processed as previousty |mmobilon membranes (Pharmacia) the immunoreaction
described (20) with the following modifications. Cell centri- was carried out as described by Harlow and Lane (28). The
fugations and chromatographic separations were carried out sécond antibody was linked to alkaline phosphatase. The pri-
0-4C. The active fractions obtained after CM-Sepharosenary antibodies were incubated overnight ot 4t the follow-
FPLC were dialysed against 1.7 M (Ws50,, 20 mM HEPES, ing dilutions: polyclonal antibodies A2 (1/100) B1 (1/200),
pH 7.5, 1 mM dithiothreitol (DTT). Upon sedimentation of the 2907 (1/1000 and 1/500) monoclonal antibodies: PAb204 (1/
insoluble proteins, the sample was applied onto a butyl-Sepharogg C10 (1/1000), SV-40 T antigen Ab-2 (1/1000 and 1/500,
FPLC column (10-15 mg protein per ml column). Elution pro-the epitope is in the N-terminal region, Oncogene Research
ceeded by steps with decreasing concentrations ofjé@,  Product). The known peptide sequences reacting with the p68
in the same buffer. The enzyme eluted between 0.9 and 0.6 fntibodies are underlined in Figure 1.

(NH,),SO,. Active fractions were precipitated with a final PRI . -

concentration of 3.5 M (N),SO,. Active fraptions were fl_thher :STI\T;Q-C)[F))IQFESII;%%Z;Igfs:ahe RNA-protein complex of
separated on DNA-Dynabeads as previously described (20) _ L ) ) o

and the active fractions were further purified on a 0®ono Indirect immunocprecipitation with anti-p68 antibodies (B1)

S column (Smart system, Pharmacia). Between 0.5 and 1 anti-SV-40 T antigen Ab-2 antibodies (Oncogene Research

tei ted “Th | ilibrated roduqt) was carrie_d out es.s.enti.ally as des_cribed .byeL'aJ.
pro’ein was separatet per rin. ' s coimn was equi bra’e &9) with the following modifications. The incubation of the

20 mM HEPES, 10 mM EDTA, 10% glycerol, 1 mM DTT and - - .

: rified enzyme (549 of post butyl-Sepharose fraction) with
0'.5 mM PMSF' The column was loaded and _washed consecutiv the antibody was for 16 h on ice and the incubation with 50 mg
with the starting buffer and 100 mM NaCl (in the same buffer). rotein A-Sepharose in a total volume of 1@0was for 2—4 h

Elution of proteins was carried out in steps with increasingﬁn ice. The incubation was carried out in 0.15 M NaCl. 20 mM
concentrations of ammonium carbonate. 5-MeC-DNA glycoyepgs pH 7.5, 10 mM EDTA and 1Q8 of ribonuclease-free
sylase eluted between 0.4 and 0.5 M ammonium carbonatgsa_The parallel controls were incubated without antibodies
Active fractions were lyophilised, and separated on a preparativ§r \with non-immune serum. The washing of the immuno-
SDS-polyacrylamide gel (10%) as previously described (20komplexes was carried out with 0.15 M NaCl in the same buffer.
Four kilos of embryos yielded a maximum of iy of the  5.MeC-DNA glycosylase activity present in the sediments was
highly purified enzyme (purification of >100 000-fold) that measured directly with the bead suspension.

was used for microsequencing. 5-MeC-DNA glycosylase was Since the polyclonal and monoclonal antibodies had a high
assayed with a radioactively-labelled hemimethylated substrate astivity of deoxyribonucleases and ribonucleases, they had to

Purification of 5-MeC-DNA glycosylase from 12-day-old
chicken embryos

previously described (20). be first purified either on protein A-Sepharose as described by
i i Harlow and Lane (28) or by microchromatography on
In-gel digestion carboxymethyl-Sepharose and DEAE-Sepharose (30). Direct

The SDS-PAGE separated proteins were excised from the géymunoprecipitation with SV-40 T antigen antibodies Ab-2
reduced with DTT, alkylated with iodoacetamide and cleavedinked to agarose beads was carried out by incubating §g10
with trypsin (Promega, sequencing grade) as described purified 5-MeC-DNA glycosylase (post butyl-Sepharose

Shevchenket al. (25). raction) with 50 mg of immunoglobulin beads in a total
volume of 70-10Qul. The buffer contained 20 mM HEPES
NanoESI mass spectrometry pH 7.5, 20 mM EDTA, 2 mM Pefabloc (Boehringer), 100 mM

é\laCI, 10% glycerol and 10Qg of ribonuclease-free BSA.
Control beads were prepared by heating the antibody—agarose
beads at 68C for 30 min with 100 mM mercaptoethanol. Upon

. ) ST extensive washing with 100 mM mercaptoethanol, the beads
H,O directly into the Nanoelectrospray ionization (NanoESI) ere equilibrated ?n a vast excess of inchation buffer without
needle: NanoES| mass spectrometry (MS) was performegga The reaction was then assembled as for the positive test.
according to the published method of Wilet al. (26). The |\ hation was carried out on ice for 16 h. Beads were washed
mass spectra were obtained on an API 300 mass spectrome&@’nsecutivew with cold PBS and 0.5 M NaCl in 20 mM
(PE Sciex, Toronto, Ontario, Canada) equipped with a4EPES pH 7.5, 10 mM EDTA. Upon exchange of the high salt
NanoESI source (Protana, Odense, Denmark). buffer for the assay buffer, 5-MeC-DNA glycosylase activity
was measured as above.

The extracted tryptic peptides were desalted with 5% formi
acid, 5% methanol in kD on a 1pl Poros P20 column and
concentrated to Jul with 5% formic acid, 50% methanol in

LC-ESIMS and N-terminal sequence analysis

Fractionation of the peptides by LC-ESIMS was performed a§onstruction and screening of a cDNA library

described by Kriegt al. (27). N-terminal sequences analysis Total RNA from chicken embryos (5 or 12 days old) was
was carried out on a Model 477A protein sequencer (Appliedsolated by the procedure of Chomczynski and Sacchi (31) and
Biosystems, Inc., Foster City, CA) according to the recommenmRNA was separated on oligo dT-Dynabeads as recom-
dations of the manufacturer. mended by the manufacturer. cDNA was synthesised and
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cloned into theEcdRI-Xhd site of the Uni-ZAP, XRA insertion  as recommended by the manufacturer (Boehringer Mannheim).
vector (cDNA synthesis Kit, ZAP-cDNA synthesis Kit and ZAP- Nuclear staining with Hoechst 33258 (DAPI) was performed
cDNA Gigapack Ill gold cloning Kit from Statagene). on all slides.
The screening of the cDNA library was carried out by con- i
ventional procedures, using synthetic, labelled oligonucleotidéshemicals and enzymes
coding for the peptides sequences obtained from the highlMeparin-Sepharose, CM-Sepharose, DEAE-Sepharose, Butyl-
purified 5-MeC-DNA glycosylase. The following antisense Sepharose and Mono-S were purchased from Pharmacia.
DNA sequences were used: 5-GGCGATGGGCCTATTTGTTT-Benzamidine was from Fluka AG (Buchs/SG, Switzerland).
GGTGCTGGCACCAACTCGG-3, 5'-GATGAAGCAGATAG- PMSF, Pefabloc, proteinase K, terminal transferase, biotin-dUTP,
AATGCTTGATATGGGCTTTGAACCCCAA-3', 5-AGCT-  streptavidin and T4 DNA ligase were obtained from Boehringer
CCTATTCTGATTGCTACAGATGTGGCCTCCAG-3' and Mannheim, whereas polynucleotide kinase, all restriction
5-GTTGCTTCAGTTGGTCGAAGACAGAGGTTCA-3'. The enyzmes and ribonuclease-free BSA were purchased from Biofinex
same sequences were used for northern blots. (Praroman, CH-1724, Switzerland). Streptavidin-Dynabeads
Positive clones were characterised by restriction mappingQiagen) was from Milan Analytica AG, CH-1634 La Roche,
and DNA sequencing. DNA sequencing was carried out wittswitzerland.
an AB1 Prism 377 DNA sequencer from Perkin Elmer. [a-32P]dATP and {-32P]JATP triethylammomium (3000 Ci/
: . . . mmol) were purchased from Amersham. Some oligonucleotides
Production of recombinant chicken p68 helicase DNA and RNA were synthesised by Microsynth, Balgach,
The 2.7 kbBanHI-Xhd cDNA from positive A clone was CH-9436 Switzerland.
inserted in-frame at thBanHI-Sal site into the directional
vector pQE-30 (QiagenkEscherichia colXL1-blue was trans-
fected with the construct and selected on tetracycline—ampiciIIir'w?ESU|-TS
plates. The presence of an insert was teste_d with res’grictiq@resence of a DEAD box protein in the highly purified
enzymes from single colony lysates. Recombinant protein Was 10 C-DNA glycosylase
induced for 4 hwith 2 mM IPTG. Cells were collected and broken
with a French pressure cell. The majority of the recombinanb-MeC-DNA glycosylase was purified >100 000-fold from
protein was present in the soluble fraction. Recombinant proeither total embryos or from the embryonic brain and eyes,
tein was further fractionated on a Ni-NTA-agarose columrwhich have the highest specific activity of the enzyme. Nine
(Qiagen). Recombinant protein was characterised by immundeptides derived from the gel-purified 5-MeC-DNA glycosylase

blotting and MS. were identical to the human DEAD box protein p68 helicase
) (see sequences in bold italics of Fig. 1). The nine peptides were
Enzymatic test obtained from two separate 5-MeC-DNA glycosylase preparations,

5-MeC-DNA glycosylase was tested with a labelled hemi-one from total 12 day-old embryos and the other one only from
methylated oligonucleotide as previously described (24). RNAheir brain and eyes. We have isolated the cDNA of the corres-
helicase and ATPse were tested as described by Fuller-Pagending protein from a chicken embryonic cDNA library and a
etal (32) and Scheffneet al. (33). Single-stranded RNAs comparison of its deduced amino acid sequence is shown in
were prepared by run-off transcription of appropriate lin-Figure 1. In comparison to human p68 (35) the first 12 amino
earised pGEM-3 (Promega) clones. For description of usedcids at the N-terminus are missing, but a close identity up to
clones and experimental details see Schefétat (33). RNA  amino acid position 473 is observed (Fig. 1). The chicken
helicase activity was assayed in 40 volumes containing protein contains all the essential conserved amino acid motifs
0.15 ng radioactively labelled RNA substrate in a reactiorPf the DEAD box protein family, which are (36): I, AQTGSGKT
buffer composed of 30 mM Tris—HClI, pH 7.5, 75 mM NacCl, (ATPase motif); la, APTRELA; Ib, ATPGRL; II, VLDEAD; Il
5mM MgCl,, 4 mM ATP, 1.5 mM DTT, 30 mg/ml BSA and SAT (RNA unwinding); IV, FVET; V, VASRGLD; and VI,
0.5 U/ml RNAsin. After incubation for 60 min at 3C, reactions YIHRIGRTAR (RNA binding). These motifs are boxed in
were stopped by addition of 0.1 vol of 3% SDS, 150 mM Figure 1. In contrast, the sequence of the C-terminal region is

EDTA. less well conserved.
. e _ i P68 is closely related to the human DEAD box protein p72
In situ hybridisation (ISH) on tissue sections and we note that the amino acid sequence of both proteins also

The probe used for ISH was part of the cloned chicken DEADPeQIns to diverge within this region (37). The cDNA sequences
box protein covering the internal sequence from nucleotid€loned were up to 3000 bp in length. A northern blot carried
position 88 to 1203 4va and EcdRl restriction sites). The out with brain mMRNA gave a major band at 4 kb and a minor
sequence was introduced into the vector pGEM-4Z (Promegd)and at 3800 bp (result not shown). Similar results were
containing a T7 and SP6 promotor sequence flanking thebtained for the mammalian p68 RNA helicase (38).

olylinker. DIG-labelled RNA was obtained by using the SP6/_ .. . —
'FI)'7 ?/n vitro transcription kit (Boehringer Mann?'/\eim).gISH was Purified 5-MeC-DNA glycosylase cross-reacts with antibodies

essentially performed as described by Schaeren-Wiemers aHHe.Cted against human p68 RNA helicase and SV-40 T
Gerfin-Moser (34). The concentration of the probe was 400 ng/n’f’fntlgen

hybridisation mixture. The hybridisation was done overnight aSince the chicken DEAD box protein related to human p68
60°C. The cover slides were removed from the sectionsi88C  copurifies with CpG-rich RNA and the 5-MeC-DNA glycosylase
at 68C and slides were washed for 1 h at@8n 0.2x SSC. complex (up to the preparative SDS—PAGE), it was of interest
Immunological detection of DIG-labelled hybrids was performedto first see whether a purified fraction of 5-MeC-DNA glycosylase
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chicken MPGFGAPRFGGSRAGPLSGKKFGNPGEKLTKKKWNLDELPKFEKN 45
PERLEEEEL TR bbbt bt bbbty
human pé68 MSGYSSDRDRGRDRGFGAPRFGGSRAGPLSGKKEGNPGEKLVKKKWNLDELPKFEKN 57

A2
chicken FYQEHPDVVRRTAQEVEQYRSSKEVTVRGHNCPKPI INFYEANFPANVMEVIQRONFE 102
R N RN PEETTERETEE o 1t
human p68 FYQEHPDLARRTAQEVETYRRSKEITVRGHNCPKPVLNEYEANFPANVMDVIARQNE 114
Bl
chicken TEPTAIQAQGWPVALSGLDMVGVAQTGSGKT|LSYLLPAIVHINHQPFLERGDGPICL 159
i ol

Pt
[ A

:L
i b | R IR R R R R RN N
human p68 TEPTAIQAQGWPVALSGLDMVGVAQTGSGKTILSYLLPATIVHINHQPFLERGDGPICL

i

chicken VIAPTRELAQOVOQVAAEYSRACRLKS TCI YGGAPKGPQIRDLERGVEICIRTEGRY 216
CELETal bHCEE LR T E DL T b e L Ib

human p68  VLEPTRELAQQVOQVAAEYCRACRLKSTCIYGGAPKGPQIRDLERGVEICIATPGR 228

chicken IDFLEAGKTNLRRCTYLVLDEADRMLDMGFEPQIRKIVDQIRPDRQTLM PKE 273
R R R RN RN AR RN R AR ER N 53 J AR

human p68  IDFLECGKTNLRRTTYLVIDEADRMLDMGFEPQIRKIVDQIRPDROTLMWSATIWPKE 285

chicken VRQLAEDFLKEYVHINIGALELSANHNILQIVDVCHDVEKDDKLIRLMEEIMSEKEN 330
PEELTELIEE b bbb e g

human p68 VROLAEDFLKDYIHINIGALELSANHNILQIVDVCHDVEKDEKLIRLMEETMSEKEN 342

chicken KTI‘/KRRCDDLTRKMRRDGWPAMGIHGDKSQQERDWVLNEFKHGKAPILIATD 387
PEPHIIVIL D bbb bbb it bbby

human p68 KTIVEVETKRRCDELTRKMRRDGWPAMGIHGDKSQQERDWVLNEFKHGKAPTILIATD 399

chicken VASRGLDVEDVKFVINYDYPNSSEQYIHRIGRTARSTKTGTAYTFFTPNNIKQVNDL 444
AR R R R R RN 2N AR AN AR AR

human p68 ASRGLDIVEDVKEVINYDYPNSSEDYIHRIGRTARSTKTGTAYTFFTPNNIKQVSDL 456

chicken ISVLREANQAINPKLLQLIEDRGSGRSRG. .. ... DRRDRYSAGKRGGESSEFREREN 495
PLEEEEER R vttt AR (RN
human p68 ISVLREANQAINPKLLQLVEDRGSGRSRGRGGMKDDRRDRYSAGKRGGFNTFRDREN 513

chicken FERTYGALGKRDFGAKAQNGAYSTQSFSNGTPFGNGFAARGMQAGFRAGNPAGAYQN 552

[ [ N (I I [ P b
human p68 YDRGYSSLLKRDFGAKTQONGVYSAANYTNGS . FGSNFVSAGIQTSFRTGNPTGTYQN 569

PAb 204

chicken GYD. .QQYGSNIANMHNGMNQQQYAYPATGAAPMIGYPMPASYSQ 595
N R e R AR NN

human p68 GYDSTQQYGSNVPNMHNGMNQQAYAYPATAAAPMIGYPMPTGYSQ 614

2907, cio0

Figure 1. Comparison of the deduced amino acid sequence of the chicken DEAD box protein (accession no. AF158370) with the human p68 RNA heIi_case (accessic
no. X52104). The underlined sequences are recognised by the antibodies A2, B1, PAb 204, 2907 and C10 directed agains_t_human p68 RNA helicase. The bo»
sequences are the conserved motifs of the DEAD box family of RNA helicases (37). The peptide sequences obtained from purified 5-MeC-DNA ghropssiase ¢

are in bold italics.

would cross-react with antibodies directed against human pG&JonoclqnaI antibqqy SV-40T ant.igen (Ab-2) gave a specific
A western blot analysis of the purified 5-MeC-DNA glyco- signal with the purified enzyme (Fig. 2).

sylase complex (Fig. 2) shows clearly that two polyclonal anti- i tivity conrecipitates with
bodies, A2 and B1, which are specific for the N-terminal5 MeC-DNA glycosylase activity coprecipi

. . o . ; 1[antibodies directed against human DEAD box protein p68
region of p68 (Fig. 1), cross-react specifically with a protein o

the expected size. In contrast, the antibody PAb 204 coveringaince a protein of the highly purified 5-MeC-DNA glycosylase
region poorly conserved in the chicken protein (Fig. 1) doe&omplex cross-reacts in western blots with antibodies directed

not react at the correct position with the same preparation f9ainst p68, it was of interest to test whether these antibodies

. o could also precipitate the 5-MeC-DNA glycosylase activity.
tge glygosl)/ Iasg. Thef E[)r? chrzllonal ang%ogglii(?espae\;:;ﬂ;f;r iwha or the glycosylase assay ribonucleases (pancreatic type)
-terminal region of the human p 9 9Ny esent in the sera had first to be eliminated (Materials and

albeit not as strong as for the antibodies A2 and B1. The monqyehnds) and the optimal ratios of antisera/antigen for immuno-
clonal antibody C10 raised against a peptide covering the samgacipitation were determined experimentally. Two antibodies
region as 2970 (Fig. 1) gave no reaction with the purified 5yyere tested: the anti p68 B1 and the Ab-2. Activity of 5-MeC-DNA
MeC-DNA glycosylase which was not surprising because glycosylase was measured in both the supernatant fraction and
closer look at its epitope revealed only the last five amino acidthe immunoprecipitates. High specificity of the reaction was
being recognised (H.Stahl, unpublished results). Finally, thensured by stringent washing conditions of the immunoprecipitates
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3 - A2 Bl PAbzos 2907
353 kpa 1 231 2 12 12 1 2
L3 I < o 2 —
KDa - < 0 o & 0 974: "—'!-" |
N i S ~ -
69— o 46- -
o L = v —
46- :
o 30y &S
a0- 2% o Figure 4. Analysis of the recombinant chicken DEAD box protein produced in

E.coli. Left panel, silver-stained SDS—-PAGE o8 of recombinant fraction
(lane 1) and control plasmid (lane 2). Lane 3 shows the size standards. The
arrows indicate the correct position of the recombinant protein. The western
blot of lanes 1 (recombinant protein) and 2 (control proteins) was carried out
with the same p68 antibodies as in Figure 2.

Figure 2. Western blot of purified 5-MeC-DNA glycosylase (& per lane,

post butyl-Sepharose fraction) with antibodies directed against human p68

RNA helicase and SV-40 T antigen. Experiments were carried out as outlined . . .

in Materials and Methods. Regions of the p68 RNA helicase reacting with théhown in lane 1 of Figure 3, the activity of 5-MeC-DNA glyco-
antibodies are underlined in Figae 1. Arrows show the position where 5-MeC-DNAylase can be precipitated with the antibody. Sediments of

glycosylase activity was located in the SDS—polyacrylamide gel. control agarose beads (lane 2) had no activity. Lane 4 of
Figure 3 (upper panel) shows that the antibody completely
depleted the incubation mixture of 5-MeC-DNA glycosylase,
12 3 4 5 86 whereas in the supernatant of control beads (lane 5 of Fig. 3)
- all activity could be recovered. Identical results were also
v obtained by the indirect immunoprecipitation with the anti-
. body B1 directed against human p68 (result not shown).
> - We have also observed that DNA methyltransferase co-
chromatographed with 5-MeC-DNA glycosylase and it was
thought that the two enzymes were also closely associated. To
test this possibility we used the same approach as for Figure 3
(upper panel) but with specific antibodies directed against the
1 2 3 4 5 6 C- and the N-terminal parts of DNA methyltransferase (29).
" The lower panel of Figure 3 (lane 1) shows that the antibodies
. directed against DNA methyltransferase did not precipitate 5-
> ; MeC-DNA glycosylase and all activity remained in the super-
- natant fraction (lane 4).

The specific precipitation of 5-MeC-DNA glycosylase with
antibodies directed against human p68 strongly suggests that
either the chicken DEAD box protein and 5-MeC-DNA gly-
cosylase are tightly associated and together with the CpG-rich
RNA (23) form a complex of DNA demethylation or alternatively

. N 5-MeC-DNA glycosylase is part of the DEAD box protein.
Figure 3. Immunoprecipitation of 5-MeC-DNA glycosylase complex. Upper . A . . . . . .
pagnels show the dFi)rectFi)mmunoprecipitation of %-yMeC)iDNA glyc‘())sylasgevith-rh's pOSSIbIlIty will be 'nveSt'gated with recombinant chicken

SV-40 T Ab-2-agarose (identical results were obtained with anti-p68 B1). Lane IDEAD box protein.

activity of 5-MeC-DNA glycosylase in the immunoprecipitates sediments; . . . o
lane 2, activity in the control sediment; lane 3, blank; lane 4, activity of theProduction of recombinant chicken DEAD box protein in
enzyme in the supernatant fraction post-immunoprecipitation; lane 5, activitfe ,coli

in the supernatant of control beads; lane 6, blank. In the lower panels is the . . . .
indirect immunoprecipitation of 5-MeC-DNA glycosylase with antibodies Since the upstream non-coding region of chicken DEAD box

directed against DNA methyltransferase. Lanes 1-6 are the same as for tigotein cDNA had no stop signal and no Shine—Dalgarno

upper panels. sequences, it was directly inserted in-frame aBaeHI-Sal
restriction sites of the expression vector pQE30. In this con-
struct there is, in addition to the 595 amino acids of the chicken

. ) DEAD box protein, a stretch of 45 amino acids (including 6
with 0.5 M NaCl. The results of Figure 3 (the two upper panels}_ﬁs) giving an apparent molecular weight of 60 000 on an

show the directimmunoprecipitation of 5-MeC-DNA glycosylaseg g “nolyacrylamide gel (10%) at pH 8.1. Figure 4 lane 1,
with Ab-2 linked to agarose (direct immunoprecipitation). ASghoys g silver stain of a fraction post Ni-Sepharose containing

>-
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1 2 3 4 5 6 ™ & +ATP
ffuf&@ &
o | ', b1y IS8y

- 17 bp RNA

i

= Y I

!
Figure 5. Presence of ATPase in the 5-MeC-DNA glycosylase complex 1 2 3 4 5 4
purified from chicken embryos and in the recombinant chicken DEAD box
protein. Two micrograms of the 5-MeC-DNA glycosylase (post butyl-Sepharose
fraction) were incubated without (lane 1) and with (lane 2\é of recom-

binant RNA (24). Lane 3, as lane 1 except that the enzyme was re-incubaté:. s . .
for 10 min at(ST)C in the presence of 50g %f ribonucleas)é A: lane 2@9 of (%Jf the unwinding reaction was done by SDS—-PAGE and autoradiography. We

the recombinant chicken DEAD box protein; lane 5, the same protein plgs 5 used an intermolecular hybrid with a 17 bp double-stranded region as substrate
of recombinant RNA: and lane 6. blank ' ' RNA. Lane 1, heat denatured substrate RNAs; lane 2, native substrate RNA;

lane 3, substrate RNA incubated without protein; lane 4, substrate RNA indubate
with 200 ng recombinant protein under helicase reaction conditions but withou
ATP; lanes 5-7, substrate RNA incubated with indicated amounts of recom-
binant protein under helicase reaction conditions in the presence of ATP. All
the recombinant protein, whereas lane 2 is the extract froneactions contained 500 ng of poly(C) RNA in addition to the substrate.

bacteria with the control vector. The identity of the 60 kDa
recombinant protein was further established by analysing
peptides derived from the recombinant by MS and by western
blots. MS analysis indicated the presence of the p60 peptidesSimilarly, the results in Figure 7 show clearly that the
and, in addition, a large quantity of the heat shock protein peghicken DEAD box protein is also located in the neuroepithelium
(a stress induced protein) co-migrating with the recombinan®f the eye as the CpG-rich RNA associated with DNA demethyl-
protein. The western blot shown in Figure 4 indicates that onljtion complex. Control experiments carried out with sense
the extract containing the recombinant protein (comparéRNA probe of the DEAD box protein show a very low back-
lanes 1 and 2) reacted specifically with p68 antibodies. As foground.of hybridisation thus ruling out artefactual hybridisation of
the native protein purified from chicken embryos, the recomine antisense probe.
binant protein only reacted with antibodies A2, B1 and 2907
but not with PAb 204. Some weak reaction was also obtaineghjscuUssION
with Ab-2 (results not shown). ) ] S )

The fraction obtained from Ni-Sepharose chromatography N€ P68 is anuclear DEAD box protein which is immunologically
was further purified by DEAE-Sepharose FPLC and tested fo lated to .SV'40 T antigen (39). Itis de_velopmentally rggulated
enzyme activities. As seen in Figure 5, the recombinant protei 2) and its presence in vertebrates is correlated with organ

had an RNA-dependent ATPase activity. In addition, as show ifferentiation and maturation (32n situ studies carried out

SO . . . ith cells in tissue culture indicate that p68 is transiently associated
in Figure 6, the recombinant protein has also an ATP dependemth the nucleoli during the telophase (32,40) and then returns

_heIicase activity. However, under our experimenta! conditionso the nucleoplasm. In addition, cell fractionation studies also
in the presence or absence of RNA, the recombinant DEA ndicate a possible close association with the nuclear matrix
box protein did not have any trace of 5-MeC-DNA egcosyIase(41). In this context it is noteworthy that elements of the
activity (results not shown). nuclear matrix have been shown to be involved in the active
Presence of the DEAD box protein mRNA in developing DNA demethylation (16). Prev_ious wor_k from our Iaboratory
chicken embryos showed that the upstream region of avian Vitellogenin Il gene
. . . o becomes demethylated upon estradiol treatment (42). This
A comparative enzyme activity study carried out with differentyegion of DNA demethylation was tightly associated with the
organs of 5 and 12 day-old chicken embryos indicated that thgyclear matrix (43) suggesting that the nuclear matrix may be
highest specific activity of 5-MeC-DNA glycosylase is in the gssociated with DNA demethylation. The question now is to
developing brain and eyes (J.-P.Jost, unpublished resultsjnd out how p68 and its chicken homologue could possibly be
Furthermore, ISH experiments carried out with antisense RNAunctionally associated with DNA demethylation. As we have
complementary to one of the cloned CpG-rich RNAs associategreviously shown, DNA demethylation by 5-MeC-DNA glyco-
with the DNA demethylation complex showed, for example, asylase requires both RNA and proteins (22). An RNA very rich
specific location of the RNA in the neuroepithelium of the eye andn CpGs was isolated from gel-purified 5-MeC-DNA glycosylase
in the developing brain (S.Schwarz, M.Frémont and J.-P.Josind cloned (23). One function of this RNA in the single-
manuscript in preparation). stranded form is to target the site of DNA demethylation (23).
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A chicken DEAD box protein §3

C DAPI

‘\.

. e o

negative control

Figure 7. Expression of chicken DEAD box protein in 5 day-old chicken embryos. Experiments were carried out as outlined in the Materials and AMeSwamtian (
through the optical cup and lens. The probe was an antisense chicken DEAD box protein (magnificgti¢@)18s (A) except hybridisation was done with sense
DEAD box protein probe.E andD) The DAPI staining of the corresponding sections (A) and (C).

Involvement of RNA is not unique to DNA demethylation; it the DEAD box protein from chicken embryos is not 5-MeC-DNA
has also been observed fibe novoRNA methylation (44-46) glycosylase. In experiments where the recombinant protein
and DNA methylation in plants (47,48). RNA isolated from was first denatured in guanidium hydrochloride and then
purified 5-MeC-DNA glycosylase was shown to have a veryslowly renatured in the presence or absence of RNA did not
complex secondary structure of stem loops under normal sashow any trace of 5-MeC-DNA glycosylase activity. We could
conditions (S.Schwarz and C.D.Nager, unpublished resultsargue that the addition of 45 amino acid residues to the N-terminal
Since many of the possible targeting sequences are in thepart of the DEAD box recombinant protein may influence the
stems it is conceivable that one role of the chicken p68 homdoelding of the protein and selectively inhibit the 5-MeC-DNA
logue is to melt the secondary structure and make the singlglycosylase activity. Alternatively, the protein may need some
stranded sequences available for 5-MeC-DNA glycosylasespecific covalent modifications that are necessary for the 5-
We have already shown that the preferred substrate of 5-Me@4eC-DNA glycosylase activity. Since the DEAD box protein
DNA glycosylase is hemimethylated DNA that is formedis part of an RNA—protein complex of DNA demethylation
during DNA replication. This hemimethylated DNA is the pre- (proteins of very similar molecular weight) it is more likely
ferred substrate of two enzymes, which have opposite functiorthat 5-MeC-DNA glycosylase is a different protein. We have
the DNA maintenance methyltransferase and the 5-MeC-DNAow sequenced some other peptides derived from the highly
glycosylase. The presence of one of the two enzymes in ifgurified DNA demethylation complex. These peptides are dif-
active form could decide whether a particular CpG site will beferent from the DEAD box protein and they are being presently
methylated or demethylated. In the model a DEAD box proteircharacterised.

could possibly have a decisive role for the DNA demodification

which is occurring during cell and tissue differentiation. Recen
experiments indicate that both the CpG-rich RNA associated wit?i\CKNOWLEDGEMENTS

the DNA demethylation complex and the DEAD box proteinWe would like to thank Mrs Renate Matthies for micro-
are localised in the same differentiating chicken embryonisequencing the peptides and Mrs Y. C. Jost for typing the
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where high levels of RNA helicase and CpG-rich RNA areof the oligonucleotides. This work was sponsored in part by
expressed, it would be interesting to see whether there is alsdNovartis AG, Basel, Switzerland. F.V.F.-P. is an MRC Senior
change in the level of DNA methylation. As far as we can tell,Fellow.



3252 Nucleic Acids Research, 1999, Vol. 27, No. 16

REFERENCES

1.

11.
12.

13.
14.

15.
16.
17.
. Collas,P. (1998)ucleic Acids Res26, 4454-4461.
19.
20.

21.
22.

23.

Russo,V.E.A., Martienssen,R.A. and Riggs,A.D. (198pigenetic
Mechanisms of Gene Regulatid@old Spring Harbor Laboratory Press,
Cold Spring Harbor, NY.

. Jost,J.P. and Bruhat,A. (1997)og. Nucleic Acids Res. Mol. Bipb7,

217-248.

. Li,E., Bestor,T.H. and Jaenisch,R. (19@2)ll, 69, 915-926.
. Tucker,K.L., Beard,C., Dausmann,J., Jackson-Grusby,J., Laird,P.W.,

Lei,H., Li,E. and Jaenisch,R. (1996enes Dey.10, 1008-1020.

. Brannan,C.l. and Bartolomei,M.S. (1998)rr. Opin. Genet. Dey9,
164-170.
. Jones,P. and Laird,P.W. (1999ature Genet.21, 163-167.

. Holliday,R. (1994Dev. Genet.15, 453-457.
. Shemer,R., Birger,Y., Dean,W.L., Reik,W., Riggs,A.D. and Razin,A.

(1996)Proc. Natl Acad. Sci. USA3, 6371-6376.

. Hsieh,C.L. (1999Mol. Cell. Biol,, 19, 46-56.
. Chesnokov,I.N. and Schmid,C.W. (1995Biol. Chem.270,

18539-18542.

(1998)EMBO J, 17, 1446-1453.

Bhattacharya,S.K., Ramchandani,S., Cervoni,N. and Szyf,M. (1999)
Nature 397, 579-583.

Paroush,Z., Keshet,l., Yisraeli,J. and Cedar,H. (1@el) 63, 1229-1237.
Shemer,R., Kafri,T., O’'Connell,A., Eisenberg,S., Breslow,J.L. and
Razin,A. (1991)Proc. Natl Acad. Sci. USA8, 11300-11304.

Razin,A., Szyf,M., Kafri,T., Roll,M., Giloh,H., Scarpa,S., Carotti,D. and
Cantoni,G.L. (1986Proc. Natl Acad. Sci. US/M3, 2827-2831.
Kirillov,A., Kistler,B., Mostoslarsky,R., Cedar,H., Wirth,T. and
Bergman,Y. (1996Nature Genet.13, 435-441.

Jost,J.P. (1993roc. Natl Acad. Sci. USA0, 4684-4688.

Schmitz,A., Short,M., Ammerpohl,O., Asbrand,C., Nickel,J. and
Renkawitz,R. (1997). Biol. Chem.272, 20850-20856.

Jost,J.P., Siegmann,M., Sun,L. and Leung,R. (199B)ol. Chem.270,
9734-9739.

Jost,J.P. and Jost,Y.C. (1994 Biol. Chem.269, 10040-10043.

(1997)Nucleic Acids Res25, 2375-2380.
Jost,J.P., Frémont,M., Siegmann,M. and Hofsteenge,J. (M&Tgic
Acids Res.25, 4545-4550.

24.
25.

26.
27.

28.

29.
30.

31.
32.

33.
34.

35.
Matsuo,K., Silke,J., Georgiev,0., Marti,P., Giorannini,N. and Rungger,D. 36.

37.
38.

39.
40.

41.

42.

48.

Jost,J.P., Siegmann,M., Thiry,S., Jost,Y.C., Benjamin,D. and Schwarz,S.
(1999)FEBS Lett, 449 251-254.

Shevchenko,A., Wilm,M., Vorm,0. and Mann,M. (1996)al. Chem.
68, 850-858.

Wilm,M. and Mann,M. (1996Anal. Chem.68, 1-8.

Krieg,J., Hartmann,S., Vicentini,A., Glasner,W., Hess,D. and
Hofsteenge,J. (1998)lol. Biol. Cell, 9, 301-309.

Harlow,E. and Lane,D. (1998ntibodies a Laboratory Manual

Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY.
Liu,Y.L., Sun,L. and Jost,J.P. (1998)cleic Acids Res24, 2718-2722.
Palacios,R., Palmiter,R.D. and Schimke,R.T. (197Bjol. Chem, 247,
2316-2321.

Chomczynski,P. and Sacchi,N. (198%al. Biochem.162, 156-159.
Fuller-Pace,F.V., Nicol,S.M., Reid,A.D. and Lane,D.P. (199€BO J,
12, 3619-3626.

Scheffner,M., Knippers,R. and Stahl,H. (19G8)I, 57, 955-963.
Schaeren-Wiemers,N. and Gerfin-Moser,A. (1998tochemistry100,
431-440.

Hloch,P., Schiedner,G. and Stahl,H. (1980Fleic Acids Res18, 3045.
Aubourg,S., Kreis,M. and Lecharny,A. (199®)cleic Acids Res27,
628-636.

Lamm,M.G., Nicol,S.M., Fuller-Pace,F.V. and Lamond,A.I. (1996)
Nucleic Acids Res24, 3739-3747.

Stevenson,R.J., Hamilton,S.J., MacCallum,D.E., Hall,P.A. and
Fuller-Pace,F.V. (1998). Pathol, 184, 351-359.

Lane,D.P. and Hoeffler,W.K. (198Bature 288 167-170.

Iggo,R.D., Jamieson,D.J., MacNeil,S.A., Southgate,J., McPheat,J. and
Lane,D.P. (1991Mol. Cell. Biol, 11, 1326—1333.

Hirling,H., Scheffner,M., Restle,T. and Stahl,H. (198&ure 339,
562-564.

Saluz,H.P., Jiricny,J. and Jost,J.P. (198&)c. Natl Acad. Sci. US/83,
7167-7171.

. Jost,J.P. and Seldran,M. (19&IBO J, 3, 2005-2008.
. Kiss-Léaszl6,Z., Bachellerie,H.Y., Caizergues-Ferrer,M. and Kiss,T.

(1996)Cell, 85, 1077-1088.

. Cavalillé,J., Nicoloso,M. and Bachellerie,J.P. (199&{ure 383 732—735.
46.
Frémont,M., Siegmann,M., Gaulis,S., Matthies,R., Hess,D. and Jost,J.P47.

Tollervey,D. (19965cience273 1056-1057.

Wassenegger,M., Heimes,S., Riedel,L. and Sénger,H.L. (3946,
567-576.

Pélissier,T., Thalmeir,S., Kempe,D., Sanger,H.L. and Wassenegger,M.
(1999)Nucleic Acids Res27, 1625-1634.



	A chicken embryo protein related to the mammalian DEAD box protein p68 is tightly associated with...
	We have shown previously that DNA demethylation by chick embryo 5-methylcytosine (5-MeC)-DNA �gly...
	INTRODUCTION
	MATERIALS AND METHODS
	Purification of 5-MeC-DNA glycosylase from 12-day-old chicken embryos
	In-gel digestion
	NanoESI mass spectrometry
	LC-ESIMS and N-terminal sequence analysis
	Immunoblots with antibodies directed against human p68 helicase and SV-40 T antigen
	Immunoprecipitation of the RNA–protein complex of 5-MeC-DNA glycosylase
	Construction and screening of a cDNA library
	Production of recombinant chicken p68 helicase
	Enzymatic test
	In situ
	Chemicals and enzymes

	RESULTS
	Presence of a DEAD box protein in the highly purified 5-MeC-DNA glycosylase
	Purified 5-MeC-DNA glycosylase cross-reacts with antibodies directed against human p68 RNA helica...
	5-MeC-DNA glycosylase activity coprecipitates with antibodies directed against human DEAD box pro...
	Production of recombinant chicken DEAD box protein in
	Presence of the DEAD box protein mRNA in developing chicken embryos

	DISCUSSION
	ACKNOWLEDGEMENTS
	REFERENCES


