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Summary: We report here the sequencing and identification on the
chromosome X of S. cerevisiae of an open reading frame, designated GTA1085,
encoding a protein 1085 amino acids in size that displays significant homology to
a of helicase subfamily. The highest similarity score is with ERCC6, a human
putative helicase involved in the repair of active genes, with 53.3 % identity
over a stretch of 589 amino acids. This putative protein contains all seven
consecutive domains conserved among DNA and RNA helicases. Thus, it
apparently constitutes a novel member of this subfamily and might be involved,
like ERCC6, in the preferential repair of active genes in yeast.  © 1994 acageme

Press, Inc.

Helicases have been implicated in numerous cellular processes that require
DNA or RNA unwinding, including DNA recombination and repair, initiation
and progression of DNA replication, cell proliferation, RNA splicing, ribosome
assembly, initiation of translation and transcription (1, 2). Sequence analysis has
provided grounds for recognizing among these enzymes a subfamily whose
members share a degree of homology (about 30 % identity and up to 57 %
similarity) by far exceeds the resemblance normally present among helicases (3).
This suggests a specific type of helicase function(s) common to all the members
of this gene subfamily. This subgroup encompasses proteins implicated in
transcription regulation, such as SNF2 (4), MOT1 (5) and brm (6); in preservation
of chromosome stability, such as lodestar (7), and in DNA repair, such as ERCC6
(3), RAD16 (8), RAD54 (9) and RADS (10). This subfamily also includes proteins
of unknown function, such as STH1 (11) and FUN30 (12).

* Sequence data from this article have been deposited with the
GSDB/EMBL/DDB]J Data Libraries under Accession No. 1L.26910.
* To whom correspondence should be addressed. Fax: 99336200.
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Within the framework of the European Community project "Sequencing the
yeast genome", we were assigned a fragment of chromosome X situated between
genes MET3 and CDC8. Sequencing this region led us to identify an open reading
frame (ORF) specifying a protein significantly homologous to this helicase
subfamily.

MATERIALS AND METHODS

Sequencing strategy and methods: DNA sequencing was performed by using the
shotgun procedure on a whole recombinant cosmid consisting of a fragment

approximately 40 kb in size inserted at the EcoRI site of cosmid vector pWE1S5.
This cosmid insert originated from a cosmid library prepared by Sau3Al partial
digestion of genomic DNA from a diploid strain, FY1679. The latter is issued

from the cross between strains FY23 (MATa, ura3-52, trpl1A63, leu241, GAL2) and
FY73 (MAT«, ura3-52, his3A200, GAL2) (13)

The DNA of the whole cosmid was sonicated, repaired with T4 DNA polymerase
and migrated in a 1% low-melting-point agarose gel. Fragments with a size
ranging from 0.5 to 1.0 kb were subcloned into the EcoRV site of a modified M13
vector derived from M13mp89 (14). Single-strand DNA was sequenced by means
of the ABI 373A automatic sequencer using dye primers. Oligonucleotide-
directed sequencing with dye terminators was also employed to complete the
sequence on both strands and to resolve all the ambiguities.

DNA sequence analysis: DNA sequence assembly, DNA and protein sequence
analysis were performed by using the different programs of the DNASTAR
software (Lasergene Version). The GenBank (release 80) and EMBL (release 36)
nucleic acid sequence databanks were searched with cosmid nucleic acid
sequences and PIR (release 38) and Swiss-Prot (release 27) with translated amino
acid sequences, using the FASTA algorithm (15) as implemented in the GCG
software.

RESULTS AND DISCUSSION

Sequence analysis revealed an ORF of 3600 base pairs (bp) (databank accession no.
L26910). The first ATG codon localized within the ORF is situated 346 bp
downstream of the in-frame stop codon of PET191 gene (16). Figure 1 shows the
predicted amino acid sequence of this ORF, designated GTA1085, specifing a
protein of 1085 residues with a predicted molecular size of 124 KDa. It comprises
35 % charged residues, although its net charge is essentially neutral. The
sequence contains no motifs or domains such as an signal sequence, putative
membrane-spanning helices or zinc-fingers. However, there is an acidic part
between residue 173-228, harboring 48.2 % glutamic or aspartic acid and
including a stretch of 7 acidic residues. Acidic regions have been found in a
number of nuclear proteins that associate with chromatin or histones (3, 17). A
systematic computer search with the FASTA program revealed 11 proteins with
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1 MEDKEQQDNAKLENNESLKDLGVNVLSQSSLEEKIANDVTNFSNLOSLQQEETRLERSKTALQRYVNKKNHLTRKLNNTT
81 RISVKQNLRDQIKNLQSDDIERVLKDIDDIQSRIKELKEQVDQGAENKGSKEGLQRPGETEKEFLIRTGKITAFGHKAGF

161 SLDTANREYAKNDEOKDEDFEMATEOMVENLTDERDNLSDODYOMSGKESEDDEEEENDDKILKELEDLRFRGQPGEAKD
acidic
241 DGDELYYQERLKKWVKQRSCGSQRSSDLPEWRRPHPNIPDAKLNSQFKIPGEIYSLLFNYQKTCVQWLYELYQQNCGG

321 GDEMGLGKTIQVIAFIAALHHSGLLTGPVLIVCPATVMKOWCNEFQHWWPPLRTVILHSMGSGMASDQKFKMDENDLENL
I Ia
401 IMNSKPSDFSYEDWKNSTRTKKALESSYHLDKLIDKVVTDGHILITTYVGLRIHSDKLLKVKWOYAVLDEGHKIRNPDSE
II
481 ISLTCKKLKTHNRIILSGTPIONNLTEIWSLFDFIFPGKLGTLPVFQQQFVIPINIGGYANATNIQVQTGYKCAVALRDL
111
561 ISPYLLRRVKADVAKDLPQKKEMVLFCKLTKYQRSKYLEFLHSSDLNQIQNGKRNVLFGIDILRKICNHPDLLDRDTKRH

641 NPDYGDPKRSGKMOVVKQLLLIWHKQGYKALLFTQSROMLDILEEFISTKDPDLSHLNYLRMDGTTNIKGRQSLVDRFNN
v
721 ESFRVFLLTTRVGGLGVNLTGANRLLIFDPDWNPSTDMOARERAWRIGOKREVSTYRIMVGGS IEEKIYHRQIFKQFLTN
v vi
801 RILTDPKQKRFFKIHELHDLFSLGGENGYSTEELNEEVOKHTENLKNSKSEESDDFEQLVNLSGVSKLESFYNGKEKKEN

881 SKTEDDRLIEGLLGGESNLETVMSHDSVVNSHAGSSSSNIITKEASRVAIEAVNALRKSRKKITKQYEIGTPTWTGRFGK
961 AGKIRKRDPLKMKLTGSAAILGNITKSQKEASKEARQENYDDGITFARSKEINSNTKTLENIRAYLOKONNFFSSSVSIL

1041 NSIGVSLSDKEDVIKVRALLKTIAQFDKERKGWVLDEEFRNNNAS.

Figure 1. Deduced amino acid sequence of GTA1085. The acidic region is
indicated. Numbers I, Ia, and II-VI refer to the corresponding helicase domains.
The nucleotide sequence has been deposited in the Genome Sequence DataBase
(accession number 1.26910).

significant homology to protein GTA1085 (optimized FASTA score > 200) (Table
1). All these proteins are in a recently identified subfamily of helicases. The best
score is with ERCC6, a human putative helicase involved in the preferential
repair of active genes. It corrects the nucleotide excision repair (NER) defect of
Cockayne's syndrome complementation group B (3)

Protein alignment of GTA1085 and ERCC6 revealed several regions of interest
(Figure 2). Although the N-terminus and the C-terminus between the two
proteins are respectively divergent, the central parts share strikingly identical
amino acid, i.e. 53.3 % identity over a stretch of 589 amino acid (residue 239
through 828 of protein GTA1085). Similarity reaches 68.5 % if conservative
amino acid substitutions are taken into consideration. This region contains the
seven consecutive domains (I, Ia, II, III, IV, V, VI) conserved in RNA and DNA
helicases (2). In domain I, both proteins contain the Walker Type A NTP-binding
motif GXGKT (18). Domain II contains the Walker Type B box, which is
characterized by several hydrophobic residues followed by the highly conserved
DE pair (18). This domain is thought to be an Mg2+-binding domain and to
interact with Mg-nucleoside triphosphates through a conserved aspartic acid
residue (19). The role of the hydrophobic residues of this sequence is to exclude
water from the ATP reaction center (19). A special version of the Walker type B
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Table 1: Protiens showing significant homology to GTA1085 protien

Accession no. Gene name amino FASTA
(database) acid Score
A44224 (PIR) ERCCé6 (Homo sapiens) 1493 1330
S15047 (PIR) SNF2 (S. cerevisiae ) 1703 701
528406 (PIR) NPS1(S. cerevisiae ) 1359 698
522777 (PIR) STH1 protein (S. cerevisiae) 1352 696
A42091 (PIR) SNF2/SWI2 homolog-brm 1638 630
(Drosophila)
522775 (PIR) MOTT1 protein (S. cerevisiae ) 1867 422
521568 (PIR) KYBP protein (Mus musculus) 940 361
JH0440 (PIR) RAD54 protein (S. cerevisiae ) 898 359
522266 (PIR) SNF2 homolog (S. cerevisiae) 1131 320
$31301 (PIR) RADS protein (S. cerevisiae ) 1169 259
P28370 (SW) hSNF2L (Homo sapiens) 976 217

sequence, the DEAD box, is found in elF-4A and in other RNA helicases (20). In
domain VI, protein GTAI085 has the sequence WRIGQ), whereas the sequence
HRIGR is invariant in elF-4A and other RNA helicases (20). The absence of the
DEAD box and of the HRIGR sequence suggests that protein GTA1085, like
ERCC6, might possess DNA but not RNA helicase activity. As shown in Figure
2, the conserved regions extend to either side of most of the above-mentioned
domains, suggesting that these amino acids, although located outside the
previously identified domains, have functional significance.

In addition, the central region of protein GTA1085 exhibits high homology with
other proteins (Table 1) containing the same seven domains: SNF2 (4), NPS1
(21), STH1 (11), brm (6), MOT1 (5), RAD54 (9), FUN30 (12), RADS5 (10) and a
presumptive human global transcription activator, h1SNF2L (22). NPS1 (21) and
STHI1 (11) are apprently the same protein. As for mouse KYBP protein
(unpublished, accession no. $21568), a search for characteristic helicase domains
showed the presence of domains IV, V, VI, but information concerning the
other domains, viz I, Ia, II, III, is not available because the sequence upstream of
domain IV is missing. In spite of this, it is quite possible that the whole KYBP
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239 KDDGDELY YQERLKKWVKQRSCGSQRSSDLPEWRRPHPNIPDAKLNSQFKIPGEIYSLLFNYQKT  GTA1085
453 éééégéoyyKéﬁﬁﬁﬁQNKLRLQDKEKRLhLED——» DS EESDAEFDEGERQﬁéFLFKKLFKYQQT ERCCE
he — kA
304 CVQWLYELY -QQNCGGI IGDEMGLGKTIQVIAF TAALHHSGLLT - - ~ -~ - - ---GPVLIVCPATV  GTAl085
514 G"RQLQELHCQQ AééiiégéééiiééiéiiAiLA&L&YShIRTRGSNYRFEGLGPTQiQéé%fQ ERCC6
358 MKQWCNEF QHWWPPLRTV - I LHSMGSGMASDOKF KMDENDLENL IMNSKPSDFSYEDWKNSTRT - GTA1085
578 MHQWVKEFHTWWPPFR VAILHETQS ———————————————————————————— ; 77777777 ;H ERCC6
U » SN
421 KKALESSYHLDKLI - DhVVTDGHILITTYV”LRIHSDKLLKVKWQYAVLDFPHKIRNPDSEIoLT GTALC85
605 kk—f —————— EKLIRD VAHCHGiiiféQSYIRLMQDDISR1DWHYvi£ééé§;;;&g§AAVTLA ERCCE
IIL
485 “khLKTHNRIILSbTPIQNNLTELWSLFDFIFP”KuGTLPVFQQQPVIPINIGuYANAmNIQVQT GTA1085
661 éKQFRTPHE:z;; SuSPMJNNLRELWSLFDFIFPLKLuT-PVFMEQFSVPITMGYS“JASPVQVKT ERCC6
550 GYKCAVALRDLISPYLLRRVEADVAKDL - - POKKEMVEFCKLTKYQRSKYLEFLHSSDILNQIONG  GTAL085
726 AQQ&ACVLRDTINP{LLRRMKSDVKMSLSLPDPNEQQL?éﬁﬂ%DEQHKVYQNFVDsKEVYRILNG ERCC6
613 KRNVLFGIDILRKICNHPDLLORDTKR-HN-PD- —f—ffY"DPRRQGBMFVVKQLLLLWHKQG{ GTALDBS

791 EMQIFS“L'ALRFIthtSLFSGGPKNLK”LPDDELEEQQFGYWKRSuPMIVVESLLK WHKGGQ — ERCCH
—_—a ———
669 KALLFTQSRQMLDILFEF¢STKDPDLSHLNYLRWDGTTN F"RQaLVDRFNNE S-FDVFLLTTR  GTAL085
856 RVLLFSQSRQMLDILEVFLRAQ ————— hYTYLKMDGTTTIASRQPLITRYNEDTSIF VFLLTTR  ERCC6
I VI
732 VGPLGVNLWCANPIIIPDP”WNPSTDMQARFRAWRI\ﬁhREVSIYRLMVGG IEEKIYHRQIFKQ  GTA1085
915 VGGLGVNLTGANRVYI Y DPDWNPSTDTQARERAWR IGQKKQVIVYRLLTAGTIEEKI YHRQIFKQ — ERCCE
797 FLTNRILTDPKQKRFFK I HELHDLFSLGGENG GTAL085
980 FLTNRVLKDPkQRRFFKaNDLYLLITLTQPDA ERCCH

Figure 2. Alignment of translated protein GTA1085 with ERCC6. This alignment
was generated by using the FASTA algorithm and further optimized by visual
inspection. Two dots indicate identity, and one dot indicates conserved amino
acid changes (residues belonging to one of the following groups are considered to
be similar: L,V,IM; F,Y,W; 5,T,A,P,G; K.R H; E.D,QN, ref. 2). Bold overlines
indicate the seven helicase domains (I, Ia, II-VI). Amino acids at the N- and C-
termini are not shown because there are few homologies.

protein will prove a member of this helicase subfamily. RAD16 (8), another
member of this subfamily involved in the NER pathway in S. cerevisiae, has a
homology score just below the threshold (FASTA score: 193). Figure 3 shows a
comparison domain by domain of GTAI085 with the other related helicases. It
can be seen that domains I, II, III, V and VI are the most conserved, while
domains Ia and IV are less conserved.

Previous sequence analyses have revealed striking amino acid homology
between human NER protein ERCC1 and yeast NER protein RAD10 (23), as well
as between ERCC2 and RAD3 (24). These observations suggest that human and
yeast NER proteins are functionally related and that GTA1085 probably encodes
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JRR S —ha RN ¥ S

e WA RREERRN * rew N x - kW E KA
GTA1085 317 GGIIGDEMGLGRTIQV 347 GP-VLIVCP-ATVMKQW 462 KWQ-YAVL-DEGHKIRN
ERCC6 527 GGILGDEMGLGKTIQI 567 GPT-VIVCP-TTVMHQW 639 DW-HYVIL-DEGHKIRN
SNF2 787 NGILADEMGLGKTIQT 817 GPYLVIV-PLSTLS-NW 887 KWVH-MII-DEGHRMKN
NPS1 490 NGILADEMGLGKTIQS 520 GPFLVIV-PLSTIT-NW 590 DWAH-MII-DEGHRMKN
3THL 490 NGILADEMGLGKTIQS 52 GPFLVIV-PLSTIP-NW 550 DWAH-MII-DEGHRMKN
brm 793 NGILADEMGLGRTIQT 82 GPYLIIV-PLSTLP-NW 893 (QW-XKYMII-DEGHIMKN
MCT1 1292 HGILCDDMGLGRTLQT 1333 LPSLII-CP-PSLTGHW 1401 EY-NYCVL-DEGHRIKN
RADS4 330 GCIMADEMGLGRTLOC 364 DKC-IIVCP-SSLVNNW 448 NVG--LMLADEGHMLKN
FUN3O 592 SCILADDMGLGKTCOQV 621 GPHLVVV-PSSTLE-NW 696 NF-N-VVVYDEGHNLKN
RADS 527 GGILSDEMGLGKTVAA 586  KTTLIVV-PMSLLT-QW 674 NF-YRIII-DEGHNIRN
h3SNF2L 125 NGILADEMGLGKTLQT 155 GPHMVLV-PKSTL-HNW 226 HW-RYLVI-DEAHRIKN
RAC1% 205 GGVLADEMGMGKTIDT 231  SPS-LVVAP-TVALMOW 315 DF-YRVIL-DEAHNIKD

II1 N 4" A—

o meRARx Wk * A W "% x axw
GTALO8S 493 RIILSGTPIQNNLTELWSLFDF 669 KALLFTQ-SRQMLDILEE
ERCCE 670 RITLSGSPMONNLRELWSLFDF 857 RVLLFSQ-SROMLDILEV
SNFZ 919 RLILTGTPLONNLPELWALLNPF 110% RVLIFFQMT-QIMDIMED
NP51 H22 RLILTGTPLONNLPELWALLNF 809 RVLMFFQMT-QVMDIMED
STHI 622 KLILTGTPLONNLFPELWALLNP 809 RVLMFFQMT-QVMDIMED
brm 925 RLLLTGTPLONKLPELWALLNF 1112 RVLLFCQMT-QCMTIIED
MOT1 1432 RLILTGTPICNNVLELWSLFDF 1648 RALIFCQL-KDMLDMVEN
RADS4 479 RVILSGTPIOUNCLSEYFALLSPE 674 KIVLISNYT-QTLDLIEK
FUNZO 727 RLLLTGTPLONNLKELMSLLEF 968 KVLIFSLFT-QVLDILEM
RADS 705 KWVLTGTPIINRLDDLYSLVEF 1014 QVVIFSQFST~-YLDILEK
hSNF2ZL 257 RLLLTGTPLONNLHELWALLNF 426 RVLIFSQMTR-LLDILED
RADL14 346 RWCLSGTPLONRIGEMYSLIRF 639 KSIVFSQFTS-MLDLVEW

A'A VI
LR T T T I * W X Ex & W R

GTALOBS 725 VFLLTTRVGGLGVNLTCANRITIF 751 DWNPSTDMQARERAWRIGQK
ERZCO 909 VFLLTTRVGGLGVNLTGANRVVIY 935 DWNPSTDTQARERAWRIGQK
SNFZ 1158 CFILSTRAGGLGLNLOTAZTVIIF 1184 DWNPHIDLQADUDRAHRIGQK
WNESI 862 CFLLSTRAGGLGLNLOTAZTVIIF BB DWNPHZDLQAQDRAHRIGQK
STHIL 862 CFLLSTRAGGLGLNLOUTAZTVIIF 868 DWNPHCDLQAQDRAHRIGQK
brm 1165 VFLLSTRAGGLGLNLCTAZTVVIF 1191 DWNPHZDLQAQDRAHRIGQR
MCTL 1703 CLLLTTKVGGLGLNLTGADTV-IF 1729 DWNPMKDLQAMDRAHRIGQK
RADS4 727 IFLLSSKAGGCGINLIGANKRLILM 753 DWNPAADQQALARVWRDGQK
FUK34D 1620 IFILSTKAGGFGINLVCANNVIIF 1046 SFNPHDDRQAADRAHRVGQT
RADS 1072 ILLLSLKAGGVGLNLTCASHEA--Y 1098 WWSPSMEDQAIDRLHRIGQT
hSNF2L 491 IFMLSTRAGGLGINLASADVVILY 517 DWNPQVDLQAMDRAHRIGQK
RADL& 691 VFLVSLKAGGVALNLCEAS(G - -VF 717 WWNPSVEWQSGDRVHRIGQY

Figure 3. Comparison of the helicase domains of GTA1085, ERCC6, SNF2, NPS1,
STH1,brm, MOT1,RAD54, FUN30, RAD5,hSNF2L and RAD16. Gene
designation is on the far left. Numbers indicate the positions of the leftmost
amino acid. Positions of identical or similar amino acid in the 12 proteins are
indicated by asterisks. Identical residues among the 12 proteins are printed in
boldface.

the yeast homolog of ERCC6. The ERCC6 protein specifically corrects the NER
deficiency of Cockayne's syndrome complementation group B. Accordingly,
GTA1085 protein might have a specific role in preferential repair of active genes,
contrary to RAD16, which is involved in NER of the inactive HML locus (25).
The NER pathway has been extensively studied in yeast S. cerevisige. Sixteen
genes, known as the RAD3 epistasis group, have been identified as having a role
in NER (26), and protein GTA1085 is most probably a new member of this
epistasis group. However, its definitive status will require further biochemical
studies.
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