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The complete nucleotide sequence of Saccharomyces
cerevisine chromosome X (745 442 bp) reveals a total
of 379 cpen reading frames (ORFs), the coding region
covering ~75% of the entire sequence. One hundred and
cighteen OR¥'s (31%) correspond to genes previonsly
identified in S.cerevisizge. All other ORFs represent
novel putative yeast genes, whose function will have to
be determined experimentally, Howevey, 57 of the latter
subset (another 15% of the total) encode proteins that
show significant analegy to proteins of known function
from yeast or other organisms., The remaining ORFs,
exhibiting no significant similarity to any known
sequence, amount to 34% of the total, General features
of chromosome X are alse reporied, with emphasis on
the nucleotide frequency distribution in the environ-
ment of the ATG and stop codons, the possible coding
capacity of at least some of the small ORFs (<104
codons) and the significance of 46 non-canonical or
unpaired nucleotides in the stems of seme of the 24
fRNA genes recognized on this chromosome.
Keywords: chromosome X/gene duplication/open reading
frame/Saccharomyces cerevisicgeftRINA

Introduction

The traditional metheds of genetic analysis involve tracing
modified phenotypes back to genotypic alterations. The
limit of this approach is an imperceptible modification of
the phenotype, The international yeast genome systematic
sequencing programme launched in 1989 by the European
Communities, aiming at establishing the complete genetic
information of bakers’ yeast, Saccharomyces cerevisiae,
has demonstrated the limitations of classical genetics. The
pilot sequencing of chromosome 1 (Oliver er al., 1992)
has demonstrated that disruption of a large nember of the
newly revealed open reading frames (ORFs) does not
result in any phenotypic alteration. Subseguent systematic
sequencing of seven more chromosomes (Barrell et al,,
1994, Dietrich et al., 1994; Dujon ef al., 1994, Feldmann
et al., 1994, Johaston et al, 1994, Bussey er al., 1995,
Murakamsi et al., 1995) has confirmed that a large propor-
tion of the novel genes cannot be assigned any known
function, while on the other hand a large number of
proteins unrelated to database endries are being discovered.
East but not least, it stems from numerous cytological
stadies of chromaosome behaviour during the vegetative
and meiotic cell cycle that 2 chromosome is more than
its mere genetic content. By making available the complete
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Tabbe 1. Extimaled overall accuracy of chromosome X sequence

Total bp verified Number of modificd ar* Error rate (%e)
M ] T
Overlap belween regions A6 455 i 13 4 (.52
Resequenced regions® =53 000 Fey 17 (.34

M, mismalch; G, gap: T, lotal mistnaiches plus gaps,

POccasional overlaps belween verificalion clone sequences were excluded from the caleulations,

DNA sequence of a chromosome, parameters not entircly
confined to its role as carrier of genetic information may
be exposed for analysis. A survey of a new obiect is thus
provided, even though all the topological implications of
the resuits cannot be fully grasped at the present stage
and must await at feast the completion of the yeast genome
enterprise. This paper describes the DNA sequence of
chromosome X,

Resuits

Assembly of the seguence

The sequence was determined from a set of 26 partially
overlapping cosmids selected on the basis of an EcoRI
map based on a cosmid contig of chromosome X (Huang
et al, 1994a). These cosmids were distributed within
a consortium of 13 contractors. The telomeres were
independently isolated and sequenced. While the
left-telomere-containing clone was found to overlap with
the left terminal cosmid of the chromosome, this was not
s0 at the other end, where no overlap was detected between
the right-most cosmid and a right-telomere-containing
clone 9.0 kb in size. The missing portion (a few kb)
was PCR-amplified from a veast S288C genomic DNA
template using primers designed from sequences flanking
the gap. When ali bases had been determined by cach
contractor and each sequencing strategy had been approved
by the DNA coordinator, ensuring that the seguence
had been independently determined on each strand with
sufficient overlap hetween all the subclones, the sequences
were considered as final and entered into the MIPS data
Library for assembly. Partial sequences of chromosome X
have been published independently by some of the authors
of this work (Huang et al, 1994b, 1995; Miosga ef al.,
1994a.b.c, 1995 Pumelle et al., 1994; Vandenbol et al.,
1994, 1995; Rasmussen, 1995, Zaguisk: et al., 1995).

Verification of the sequence

Quality controls were performed concomitantly with
sequence assembiy. The aim of the project was to keep
the error rate as low as possible, with a target <<10~*. Three
procedures were employed to track dowsn errors, including
checking sequencing strategy by the coordinator, matching
overlapping portions sequenced by independent con-
tractors and finaily random resequencing (see Materials
and methods for details). The results of the last two
procedures are shown in Table [. From these data, the
error rate of the yeast chromosome X sequence presented
in this paper can be estimated to be $.4%e, a value of the
same order as that reported in similar studies.
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General organization of chromosome X

Analysis of the entire nucleotide sequence of chromosome
X {745 442 bp) confirms the general features of chromo-
sornt  organization observed in other systernatically
sequenced yeast chromosomes. The coding region oce-
pies 74.04% of the sequence, 36.59% and 37.45% on the
Watson and Crick strand, respectively,

The average base composition is 38.9% G+C. As
expected, the coding regions have a higher than average
G+ C content (40.2%) than the aon-coding (35.6%). The
distribution of dinucieotide frequencies over the whole
chromosome s the same in the ¢oding and the non-coding
regions of either strand. The deviations of the frequencies
of complementary dinucleotide pairs tend to occur in the
sarne direction. In contrast to what was reporied for
chromosomes XI and 11, the homopurine pairs do not
seem 10 be in excess in the coding region of either strand
{Figure 1). Some compositional periodicity has been noted,
at least in the case of chromosomes X1 and H, with waves
of G-+C-rich regions correlating with waves of high gene
density. By using the same algorithm, a similar G+C
patiern emerges with chromosome X, especially in the
right-hand part of the chromosome. This patters correlates
rather weli with the gene density plot, as illustrated by
the two deep depressions around 204 kb and 470 kb in
Figure 2.

Telomeres and centromere

The telomere regions of chromosome X are similar to the
other sequenced yeast telomeres. Adjacent to the C;.1 A
repeat at the left telomere are a Y’ element (coordirates
61-6931) and the core X element {7305-7767) shared by
most if not all yeast telomeres {Louis er al, 1994, Pryde
et al.. 1993}, However, the X-Y" junction does not contain
the usual subtelomeric repeats STR-D, STR-C, STR-B
and STR-A, but instead has (6998-7224) part of a copy
{Louis and Haber, 1991} of the fourih intron of cytochrome
b encoded by mitochondrial DNA (Delehodde et al,
1989). A copy of bi4 is also found at the left telomere of
chromosome X (Louis and Haber, 1991; Barreli et af.,
1994), In fact, the left ends of chromosomes X and X
share a large, nearly identical block of sequence simiiarity
spamning >21 kb, The right telomere of chromosome X
is more convestional, with a core X element {744 593
745 052) and the STR-D, STR-C, STR-B and STR-A
eiements adjacen: to the TG, ; repeats {745 357-end}.
The core X elements of both ends contain the ARS{
consensus and the Abflp hinding site found in most core
Xs. These elements that are shared by most ends may
have functional significance. The right telomere region is
analogous to several other sequenced telomeres (H right
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Fig. 1. Distribution of dinnclectide frequencies in the coding and non-coding regions of the two strands of chromosome X. Vertical bars show
relative deviarions ie. (phserved—eapected¥espeoied]. Fxpected fregnencies are calculared from mononucleotide fieguencies. Complernentary pairs
are amranged as miror images. The four self-complementary pairs are placed in the central part.
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Fig. 2. Compositional variation and gene density distribmion ajong
chromosome X. Top: compositionaf variation caiculated as in Dujon
el af. {1994). Each point represents the average G+C composition
calculated from the third base of each codon. Botlom: gene density
expressed as the fraction of nncleotides within ORFs in sliding
windows of 30 kb. The position of the centromere is indicated by an
ATFOW,

and ieft, V right and left, VI left, VIII right and left, IX
right, XI teft) over the last 3-4 kb,

The centromere of chromosome X of strain R95-4A, a
derivative of S288C, was isclated by Hieter er al. (1985} by
selection of yeast DNA fragments capable of suppressing
fethality of the SUPIT gene in high copy number. Com-
parisen of this sequence with that reported in the present

paper shows complete identity and enables location of the
chremosome X cenfromere at positions 435 996-436 112.
CENIG conforms fo the consensgs structure established
for other centromeres.

ORFs and their predicted protein products

By definition, an ORF is considered from its first in-phase
ATG codon. Only those ORFs containing at least 99
contiguous sense codons foliowing an ATG, and not
entirely contained within a longer ORF in a different
reading frame or or the other DNA strand, have been
retained for further analysis. The special case of ORFs
shorter than 100 codons is described below. A total of
379 ORFs were recorded in the entire chromosome X using
this principle (Table I}, leaving aside the retroposons, i.e.
2 density of one ORF/1967 bp. Twelve of these ORFs are
inferrupted by introns. Table H includes 39 partially
overlapping ORFs. Ten are on the same DNA strand, all
athers being antiparalle! overlaps. Informatic and statistical
analysis revealed that ORFs both shorter than 15¢ codons
and with a codon adaptation index (CAl} {Sharp and Li,
19873 <0.11 may correspond to randomly occurring ORFs
rather than to real genes {(Dwjon er al, 1994). If these
criteria are applied to the ORFs identified in chromosome
X, 23 of the 379 ORFs are guestionable genes. Thirteen
of these belong to the set of partially overlapping ORFs.
However, three genes of known function (¥API7, STEI8
and RPL45} fall info this category as well, making the
border between ORF and gene even more elusive. Taking
inte account the physical position and ATG environment
may help tel} which OR¥s are genes.

Comparison of the nucleotide sequence and of the
predicted protein preducts with public database entries
reveals that 118 ORFs (31%) correspond to genes pre-
viously identified in S.cerevisiae. All other ORFs represent
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Fable I List of OREs longer than 99 sense codons, known genes and other genatic elements of chiromosome X

Nomenclaiure Size Coardinates  Locus  CAI FasiaA Description {nature of slement, function or similarity of produci¥Commen
—————e— {33} SCOfe
Working Official

1 6k {eft tedmere sequenee (eampement TO )
6] HU3E Y element

Jznz YIRS 1504 40%  H130 i piababie necleotide-bindmyg pratein, TMM 1 lintnm fram 4582 w4969
BOUR 7224 enpy af part #af bid intan Hum cyterhiene A gerr {milarhandiial [INA]
R T e X clemem

JEIOE ¥N.225¢ {240 8779 43 .63 534 (334 sfmii 11 PAGT pratein (PIR: 548510

23 YIL222w 1549 {1475 16421 46 S36TTTR! similw o cmbaxypeptidase Yesoeting praicin PEPE (PIR: S253291, TWM 3+

JE2 iR YIL22He 580 167 18536 025 2459 (30041 similar tn e-plucasidase MEALSS (PIR: 5461830 TMM 1 +4

1224 YIL2 M 150 18243 {8a92 LR [ hypothesiszel pratein, TMM 241

222 YILZi9w 56T (99T 2197 047 2093 {29551 similar 1p hexse ipmspon potedn LGT3 (PR 451530 TMM £+

224 YIL2 18w 196 2{UT3 22364 M1 453 (943 simila to galacwmside Grageryhiapsfeiase (SW. P{74641, TMM |+

022G YIZiTw 198 23133 23726 0.1z hyputhencal pastein

W28 YH2 6 581 24344 alRe Q23 222003095 wimilar 9 oeglocosidese (PIR: 5451571 TMM 1+0

16234 ¥ILZi5¢ {1 2645 2877 R3] hypoibencal pasein, !

23z YIL2 4w 569 IGEET 28593 .2 2953 (32 probable hexstse Banspael protein HXTO (PIR: 5453539 TMM 11+

6234 YIL2EAw 33 32463 3355 HH Bypartheteeal pantein

0236 YJR2E2e 799 33RS3 6249 CLER 1616 (4357 wimifar i Spuembe 15B4 (PIR: 8451613 TMM {035

lEnsty YN.21ic 147 368760 37200 0,44 fypihetion] pasedn

524 YILZ1Gw 271 3919 3773 CRTH a0 CRTY punein (PIR: 527422

MW3242  YILZMw  add 3HES 30%an CRPY oS CEBPI prnicin (PIR: SH5829)

LERRIE YIL 2K 319 45T 483 MUY AW raciease NECT precaran, mitnchandiial (PIR: 5058881

LLIxh ¥ YILXTe 24 4132 47433 R hypathetiral pratein, T™MM 441

wie YL 2K 758 47662 49935 f.145 by pastheticn] paotedn, TMM 1+

Ki318 YIL205¢ 1R7 50632 51192 nid hypathetical pratein

I3 YILXHe aes 51216 33154 016 Fypothetics] protein

M3z YILZEw 280 53340 54179 SAPW 4 pre-mEMNA spliciag factn SPPYI (PIR: §23553Y

Ligric YH.H2e 115 33445 54284 a4z hypathetical pmtein. TMM 14+

3325 YHZHw 509 34378 56174 ] Eypatheticsd pratein

327 YIL2¥e TRG  Saddh SRRIZ 022 AN GT62] simidn w malochondiin sonpiste hydiase (GB: LHTARY

a3 59099 SYETE IRNATY

K332 50471 850782 8 1emnans

HE ARG YL 19 148 59857 6080 . hypothetical patein, !

FIEKK!] YILIW8w  RET &R42 63484 T8 2799 (33181 simikar o YCROA7e (PIR: $46633), TMM 1341

JE3440 YHAYTw 1254 63833 67564 (44 5336137 picbable ubiguitin-cwboxy] terminad hydralase (SW: P33123)

343 YIL 196 30 o7RA1 HR7EQ 0413 821753 smilan n 9erel mamerase SURS (PIR: 5466381 TMM 5+0

18345 YILi9Se 233 69242 69940 it hypahetical protein, TWEM 240

K34y YILi94w 513 A9336 Y874 CDCE L3 cell divisinn epntind pmiein COCE (PIR: S46640)

HikE YILI93w 442 71364 72560 G4 447 (2131 similar t 3LY4] prowein (PR 5400411 TMM a+1

JB35 YH A9 234 T72TH) 73442 16 hyputhetivad protein, TMM 2+0

N353 YILi%w 138 73785 T4k LRYZ .59 fbasymal pratein 514eB (intnae fram 73795 1w T4H12] (FIR: S466d3

JE¥355 Y AL 190k 130 T4 TSR RPR24 OMR dbasaal pratein S154E (PIR: A23082

LERE YILigw 851 7SUIT Tded RPE4s 092 ribasamna pavigin L 3% fintran Aarn TSRIT 9 TARZZ] (EMBL: X190y

it R YRLIEB: 102 76203 YA 13 hvpatheticn] matein

Krie YILi&T: PG ToE T79Re0 SWES 043 profein kinase SWE (FIR S404003, TMM 1 +4d

Jog Y i%6w 586 BAIS2 R{909 16 1039 (30041 simia i TTF proein (PIR: S43870) TMM 2+0

K5 YIL1K5e I RS RIS 01 hypenthetical paatein

4z YILigdw {23 H3445 B3RS 068 hypotheticad pstein, 7

1425 YILIRIw 422 B4065  B535 L] hypaiheticad pratein, TMM 1+

JO430 YWI82Zc 145 RS435 R5749 1% hypmthetical prstein, TMM 1+0, 7

JE435 YHIBIw 4611 #5857 BT48Y 011 43029501 hypetheticad protein, simnds @ JISY5, FMM 12

486 YILiE 325 WTNRIOEERST ATPRIZ A2 ATFIZ matein precursa (FIR AT 300

o488 YHATw {09 BETE4 890 013 hypatheticed pain

JEMGG YH.IT8e i9f  R9IRI  RuRed a7 hyputhetical phatein, TMM 1+0

K493 YILITTw 184 90782 U163 068 #25 (827 ribsnmal prasedn LiYe Cintran T SEOB @ 914071 (PIR: 5382y

T YILiYe: 825 UIOAT 4526 SWiS .45 wanscriptinn facgn SWI3 (PIR: 32706]

et YILITaw 17 94045 94554 iz hypothetics] protwin, TMM 3+

iR E) YiliTaw 276 95088 95915 KREV (.16 seciedny pathway pintein KRED mecuran (PIR: 8238%11, TMM {44

Kis(n Y AT 122 9hibll 98525 KR8 .14 replicatinn facin A chaip 3¢PIR: C3728 14

K510 YHAT2Zw 411 97729 99456 CPST Gly-X carbesypeptidase pecssor (FIR: S16693

HEaM YILITEe KLY E R TE R EL22 ATR(IURX hypotheticnd pratemn, similar tn YBRIOZC (PIR: 46033, TMM 240

Jan 14 ¥k 1IR3 101145 10693 .13 hypaihetical pudein, TMM 2+101

0si7 VIR 160w 123 JEIR0 102455 .15 Hypatherical prateir, T™MM 240

s YL 68 T35 2221 {449 i{4 258 (3593 simalus 1 withaasx ALL-] gne Bnges mamif {PIR: Add26d4)

Ja525 YJLi6Tw  2BZ 105005 106060 FPP] farnesyl-pyimphosphaie symhetase {SW: AJ44411 TMM 1+

0526 i 166w 94 16425 166706 021 CRE ubiguinnl-eynehame ¢ sedactase subunit VIH (PIR: 8481381

53 YILi63: 5% I06SRS 09402 MALS Q43 HIALS pratewm (PHU 5482400

Ji544 YILi6de 397 109960 111150 SRAZ ag pratein kirase, eAMP- dependent. catalytic chain 1 (PIR: AZ7UT)

M4 Y163 555 1H{662 {13326 HHE hypatheticad protein. TMM 1141

Ki5de YILi6Ze: 482 114177 {15622 .14 hypathetical prtein

LM T AT MR W owm

MM R T T B T

e B e R T~ e e e i Tl B v B - i P L o B T

o
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Table ¥, Comtinued

Nomenclatine Size Canrdinates  Locus  CAl FastA Descriphion frmature of element. funchon or similarity of producti*Comement

Pty SO
Warking Ofliciad
H135H IESH3T EIGENA IRNALHe
BESA2 Y E6Ew I8 ELT234 317777 LY hypohencal prostein, FMM E+E &
JE555 YL E6l IRIE EERZHEE ELWHD BLES A6 17500 sivmilae v PLRE pumein Echy X1t (PR B3365{0 C
JEERNS YILEMw  3HE EMMSR E2EAT2 47 577 1L1a2e similar 10 PR pontein 1chy XD IR 533651 C
JHESAE YL S SRe 227 E2Ived ELO6AE IESY 521 (9761 simitw m PIR2 pragein sehr X1 EPIR: 8336514 C
JERES YH IS W3 1235358 26144 FARY HE3 Favmi arrest pogein FARE ESW: SL334[E A
JHETH YEHLESAr  ART ED6SRD EXRAGD bl hypenhetival prvein. TWIM E+E 3
FEERIN] YL A5 452 E2RURS E3AJEE FEP2S B4 Bruriose- 2.6-hisphisphate 2-phosphatase EPIR: AS256% M
JHNEN YILES e UL EMIGE F33632 VRSIS ILES Taenodal prajein-surting poirin VPRAS PR 531295 A
JHBED Y. 153 SR8 ERUEL PRS0 INCH 08 my1-inosimt- F-phasphaty symhase (AR A2 TMM 1+ E A
JER2R YHOERZw 19 EISRTE [ 36227 HAET hypmbtiral puvein, TMM |+ F E
F:X L] YR ESEe E33  33A0T2 E3TH EERR] frypmibatival podein, TMM 2+ E
HRI2 L E A EfEE EIRR2D [3VEEC RIS hypnthetival prntein, TAIME E+EE E
i34 RIS 663 EATHTR 3K FLES 296 132701 hypatheticnl pratein, similm m YOU3IDZPD6e 1GE: SSERSE), TMM |+ E
JHA3A ERCLISH EndT SNRTU SnR Y small puelea BMNA
DRI FIN2RE EMEMAE SNRIZN SnR 128 small micleay BNA
37 YIL BRw 333 RMIESS PJURDZ 124 hypmhetical pungin 1
Sy YIL BT AR BFEEIS 42204 "id byprdhetical prnein F
M2 YIE [ 3w 6T EIZURY EJJ3US BLEL bypmbeical pronrin. TMM E S E
JEd YIL 45w 294 PAIRST B4S73R .22 hypugbetical patein E
1% Y13 dw M EJAN5G FA6147 i) hypidhetical pratrin, * |
fi{ims YH.EA3w  ERR [JI6TYN [ATIVE MIMIT R ER mipchnmatciat inper membiane priein MEMET PPIR: SH6237L FMM B+ A
JERA(E YL B4y EIE EAT7AES FAT90R ] hyponhencal poowin, ThEM 3+ £ 0 [
it YU EdtEr RET EATR6T [RURT FAKS B2 punrin kinnse YAKE{PER: AJZSR2E TMM E+ 1 A
Pl{{inn YL ITE ESEMDE ESEIIH RPR4 i NS IXNA-diverferd RNA polymerase B chain RPBE (PER: A3 A
JEBTT YL P30 428 LSEELE ES269R YURS ] YUR| prin (B S208560 T 44 A
JHROEH YH. 3R DA OESAZH | 54388 TIFZ IE75 tanskainn iniiaghie factn eBF-4AGE XE28 15 A
JE6A3 YILi3Tr AR ERI6HS | 55424 B A5 ESTRE  hypothetiral provedn. simila m YRRDSHw {PIR: S38E34y |7
JEretnd Y Eiby BT EARIAT ES6NTE [$E] il praein $2Fe timmon finm EMIRT m ESADLAE B
S YILE35w LHE [A7574 | 57HRE FLEd bypatbetical pratein £
HMTE YIREadw  JHU ESTRES |59l FLEE E29R [2332y hypmthesienf pontein, similm o m Y KRS 3 (PLE: S381270 TMM 1+ E
Jewts YILE33w 314 BGHE3 LA |6)257 MRST [ sphicing punein MRSI. minchombial (PER: SHI 267 A
L YILEAZw  TREOIREREE ARG 12 Rypedbeticat prnrin, TMM E+E E
FEHE? Yl e 386 ERIUTR EASEMS {3 hypuihetical privein B
HI0RG YL 1Ak T34 ERSIZY TR URAZ H2Y pyrimiding synibesis progein URAZ (PER: SO5TRTL TMM 14 A
gt YHLE3HAC  [ES ETI926 |20 {13 hyprhetical povwin, Brtron Dom [T2E82 @ [727490 7 1
J0g93 YL E29r F23T 1732499 E77EM3 FRAG HE4 parassiem narspnrt prnein, higheaffinigy EPLR: MEDEHH, TMM 84| A
£ YILE2Rr 668 77797 ETUREHE PESD .14 polyiryxin B wesistance prmein kinase FPIR: AX2TH3E A
Ienz YHLEZTe  aM EREDSS EREGER SPTR0 B2 wegulary prodein SETHNIPLR: 547565) A
FLERLY Y YHL E26w 3BT EREIVY INS|EY BE2 MMEESESy hypinhetiral ponein, similae 1o L9e3R.5 HGE: LR F
HITHE YILE2Se R3O ERA2ZG ERGATT Hid hrpmheiral povein F
B4 YILE2de E72 EHBHIR |B7343 EENE S fivpmibhetiral pudein F
F k] T2 FIE 0 ERTVHG [RD3Y tLES fyputhetival prndein F
XE23 YIAIw  [TE O ERIMES PHubIy fE2E fiypathetical piein F
HAT3EE YIiLE2lg 23R PHNTH [YHTRY RPET HLME 1ibmbse 5 phisphae 3-upimerase 1GB: 8357EH A
HET3 ¥ ILE2EEn FEE? BOHO2E | DREERLE N Aypanheticst mmein, TMM B+ E
JEET 3% YL bR FE7 ERE2TY E9ES BED hypathetical prodein, TMM E+H E
HEFA2 YL EERw JEF O OEYEAIS EVEGDS FEEE hypathefient pradein, TMM -+ [
JRETAE YH.EETw  3LE O BU2LHE 19362 HED hypaheriral progein, TMM 2+E E
KETIR YL Eife 337 BURARD BULSTD .25 HRE FES661  Bypohriical protein, similar 4 Y KRS 2o 1BPUR: SI8EERSE TMM |+ E
HETS3 YILLESw I PUSURE EDGRIE ASFS FE B3 ASFE pimrin (PIR: SFHTOSL TMM E+I A
JVTAD FUTMEE FUTIRA IRNAN
REMGS |97 |97242 & 1empant
Ebrii] F9T243 97013 sabir T ETR 1f Tyd
Ju7TS FEEORYTEEN PURESE Teda_dl HT Ty, L prowrin
HiTRE [ B3 [976E3 200ME22 TR JL BLES Ty48_JL prdrin
KETRS JEERR 2EELA6R sufn T LTR of Fyd
JEETHY JREASEER JEEAR(S & reminan
H7495 RIS w2 & rerumarn
HiT9Y JHE3] M IRNAMP
JERE2 YILEEDw  TEF MESIKEE 2OTESD HED 22993303y penbable Gopmvein, Boansducin 1vpe IPER: BJBINSE [
JEHER YH ElEw 55 27573 2pen22 HES BT E250T prabable rhaperonin of dhe TCF-| ring compbex, simifa i mouese COTT IPIR: 5408y C
it YH B A5 HRRDE 2R GEFRS WHE 3PS 23S GATA zine finger pmein 3 1GB XBOIAY B
JhauEn AL H E7al 2EEGSY 2EMNS HET hypethiesical prdein, TMM 5+ § E
JREE YR EEAR: IRY O 2T 2pyasl 7 hrpagherical prowein, TWMM 8§+ ¢ E
HWRES YiE Y IET 2ERARI ZEGTEL "3 bypentodical povein ¥
JEL T YEL E{Hw A48 2THMG 2TMICEE SMET BES pistuble prmdein kinase SMEE 1PIR: R2BEIRS TMM E+H A
IO YILHGSw  56H 22475 226430 ELEEE ARG 12734y hypanbevical ponein, simifan s YREIEZSe (IR SASE0EE TWMM 1 E
JEH2Y YIL w49 227033 227464 {31, hyparbuticat ponein, ¥
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‘Table IL. Continued

Nomenclatore Size Coordinates Locus CAl FasiA Descripiion (nutaee of element, function or stmtlavity of prodeci¥Commens
{aa} seore

Warking Official
JORIY 2RI 28297 SNRITV SnR AT small puclear RNA
Kz YILi03c R XIRTRE 23057 042 233129800 probable huem dependent regolutury prein, sinidar t 5461146
26 YILR2w  REQ JR00OT 233453 MEFZ 043 transfativn eloagatinn factor G homuhmaee, MEF2, mivchumpdnial (P{R; S43748), ThM

{41
L) 233635 233707 TRNAME
J%az YHAGfe 678 234019 236052 GIHE 0.4 glutamate-cysteine figase (FIR: S28648) TMM 244 A
Jx3a YH. 1w 607 234459 238TTO [ERF hvpothetical pnuein ¥
JGB3R YILB99w  Td6 Z3BU0 241347 OSD3 0412 C5D3 peatein ((:B: U1 5603 A
B0 YILIEEw 1058 241778 24405 015 16235 (4¥85)  hypuhetical proteta. similsr m YRRIZ8w tGB: X851124) IS
Jesaz YL Tw 217 J45I87 245037 .18 hypushetic prteis, TMM 6+ I
JOB0a  YLIWGw 224 245097 146668 .43 hwpathetica] protein, TMM 240 £
HECES YEILMSw 1478 246950 251383 BCKY 112 prittein kivuse BOCK] JPIR: 820117y A
BN Y ILE e 871 231510 A3y 015 26414290 prubable franspant peatein, simidar o PIRG AS2180 TMM 1340 L
154 YIS G 254435 136837 TOKY [ER D] TFOKI, twtwardly rectifying passsinm channel prateie, TMM {040 F
W1l YHAORIw {1174 257118 2A0430 RADHS 013 helicase RADH (PIR: 5465861 A
IR YHIBC 498 26aTTR 267271 043 hypotheticat protein, TMM 8-+1 E
MR YRR 764 262455 264746 .44 hypothetical protein F
K22 YILOBGw 829 26562 I6811T SiP4 .14 5iP4 pratein, prabable regpleary pritein (GB: U{T643), TMM 241 A
LR YILORRw 440 Z6B18R 269367 ARGY 116 armithine curbamuyltransferave 1PIR: SIHKISE)L TMM 1+ A
2T YHIETe 82T 269NM 2TTIRG TRL! i ERNA figase (PIR: AZ99173, TMM 1+1 A
J9930 ¥ LB 122 27276 XT2541 (LR} fypathetical prowei, TMM 14D E
HE32 YIRLOESw 623 I73S2 274390 16 By pothetici! pratein ¥
0934 YILO84¢ 1046 274560 277697 143 1555 {4683 hypothorieal pratein, similar o YERBZ {W (PR 58090 ¥
AREEEYS YILGR3Iw  60d ZTER36 280347 PO 590 {28223 hypwhetical pnvein, siemilar itn YEKRI % IPIR: S3RIRR) F
1IKYT YILHRZw T3] ZROR&D IRINT2 617 2652 13586)  hyporhetieal protein, similar to YEKRI1Be (PIR: S3BI8T), TMM 1 +1 E
Hiz YL 489 IRASHG 284900 A{TT 6,13 wctin- related matein | PR S47608; A
nmi YILDRIR 1222 285256 288921 SCPI6D 033 SCPYAG protein, histune-fike protein (PR S37402) A
1022 YILue 299 IR9RTI 290469 A 67 11208y hypwherical poeein, similsr i YERMIW (FIR: 5I8HE2L THM 1+ <
HOT7 YL SR1 294034 193676 04% 597 (3321 hypotherica] protein, sienilar s YEROIIW JPIR: S3BHR2L THM 241 3]
JH33 YT T 13 294364 294756 a.08 hypotetical prorsin. TMM 1+1,7 i
H3% YILOTéw  1IRD 294946 298506 15 345 (4906)  putative prtein-binding protefn, simdar o YRROBe 1PIR: ST5R14) £
Jiida YILOTSe 138 298158 298571 LR hyporhetical protein, TMM {+48 5
Hidy YILGT4e 1230 2498853 302544 AR 605 (5561 probshle purne aacleande binding prvein, similur n SMOT (PR S4IR040 TMM B0 B
HO83 YILOT 3w 692 302735 Muiig 4.14 hypohetical protein, TMM 1+1 E
HE6 YILAT 2 213 304919 305557 8,12 hypothetieal protein, TMM {40 3
PEEECH YL w374 3ISK2ZT 307548 042 314 (3843 similar o acetyl-gintamate synthase (GB: 130484, TMM {41 2
Hins YL REE 37669 31113352 4 44 {4614y hypooherieal pniein, similar o YBRI®éw 1PIR: 5471205 TMM 1 +1 E
MHIGE YL 5494 310620 3241 a7 hypofsetical protein F
102 YILOARe 299 MITi4 33610 020 535 {1572y similar to human exterase D (SW: PIG768) B
LRRLER YHIMTw {16 3{3TTY 34426 iz kypothetiend pratern. TMM {41 i
B YHIGe 252 313817 314567 L6 hyposhetical prvein H
LEREE ¥iLwse 167 314752 315252 i hypoeherical pratein F
Hiz YiLDodw 131 314870 315363 LR hypathetical protein, TMM 1+1 E
Hixs Y063 238 M54A5T MGV MREPLE D8 ribasomal proteie LT, mitochondrial (PR S47128) A
11132 YHIGI B3 316979 319468 .42 hypothetical proteiy. TMM 94 B
1138 YN w Ti3 319711 32iR40 HIL hypothetical pratein E
138 YILOw 444 ITHBI 312412 021 661 (219 probable smeno sold Gansferase, stmbar i (PR S527490 >
LERRE YHAS0w 468 324659 325882 042 hy patherieal privein, TMM fi+ ] f
11141 YHA5E 543 325941 327568 B2 111912465  punne naclentide binding protein. simifar bn YBRITe (FR: 8461513, TMM i+1) <
11143 YO 667  32THI6 3T9RIS n.14 : hypothetieal protein, TMM 1+1 E
LEREN] YHOMe HBO 330129 32768 1.16 436 4257y probable regndatory pratein, similar to mouse Kel protein (PIR: S10549), Levcine

zipper D
11148 YHO585w 245 33352 333THG iLi4 hypodietical provein F
IERRIH YILOAdw 478 3330640 335393 .15 Ty pothsetica] proteb ¥
11452 YRLO53Iw 379 33FFA3 336729 PEPH 014 PEPS protein (FIR: S48882) i
1154 YILOSZw 33T 337966 338941 TOMT  DE6 plyoeraldebyde-3- phusphate dehydrogenase 3 (PR AIHIET2) TMM 1+ A
3156 YILES {w 821 339482 341947 Q.42 by pothetical protefin, TMM 3443 L
Hi58 YILGMw 1073 342247 345435 A 97154y vind mENA ransdation inhEiors SK 7 1GE: D964 B
11162 YILGEOw 450 345668 4TNT .16 hyposhetical protein F
Hi64 YILO48c 396 347145 348332 444 3a a2y hypothetical protein, similar o YBR273¢ (PIR: 546154) i
11166 YL 42 34u27§ 351803 112 hypthetical prtein F
7 YH.Bd6w 431 381953 353347 04T 30212257y similar B0 pante-protein ligase A Foeofi 1PIR: AS4035]1 3]
i 353919 354027 HRNATY wmal] inon)
1T 354233 354555 suin &
niy 3343739 35487 spda
183 33506% 355140 RNANE
ARRE ¢ 55181 355222 IRNANP
11194 YHIMSw 634 355719 357624 0.6 272 13048y wimidar to suectpite dehydrogenase flavoprotein 1PIR: S347493)
H202 YIL4c 458 35T9UR 35937 GYPh (L1 GTPuse activating provein GYPH 1PIR: S3K61). TMM |+
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Table I Coniinted

Nomenclature Size Coordinates Locus  CAl FastA Description (nature of element, fanction or similarily of product)Coemmen
——— % SCOTE
Working Offcial
FEHM YILIM3w 28T 359RIY 3edus [ERLT hypatherical protein E
1206 YILQE2w 1398 360WE 305137 MR [ERRS microlobale.ginochuied prowein (GR: XE4A52) B
nMr YLK w B33 365479 EIGS NIPT (L] nuclensketetal tike pratein NSPI {PIR: 5140007 (intron from 365480 1a 365597 B
He YIRDI% PAR3 36RLEG H73404 015 hypathetical protein, TMM 4+1 E
§1224 AT AR {RNANE
226 3TE3Y 3292 IRNAME
H23 FTA534 3THG saln &
11232 YILO3Ke 19 FTARER 375460 Q.00 HI5 {1049} sirnidar o H2340TMM 340 E
23 YILG3Tw 224 3T63RT 3VHMIZR AH 485 (10891 wimilar o H233 TMM 2+ E
1244 ATROSS 378128 IRNAYE
JE2a4 YHAOIw 423 ATHAM ITYTRE q.15 hypathetical protein E
JE26 YOI 5 IR 3THALT 3RO6OG 2 hypehetieat prawein I3
JETE YHO34w ARI O RG22 33T KaRD O 044 anclear fusion pratein KARZ precursor (PER: A3Z366), TMM 11 A
11750 YHA33w 77 3RISAT 3RSRG] A 530 343 wimiban o Foeafi SrmB RNA hebease (SW FIES0T) | 2]
FERSRS YiLU3IIw 14 3BA043 380354 4,13 hyputhericel prowein F
131752 YOG 200 IEALGG 36935 BET4 415 peranyvigeranyl transferase ¢ chain (PER: 548301} A
JE256 ¥ H Q3w I8y 3RTIS2 IRTEIG MADZ 4.12 MADZ protein (PIR: S483(02) A
11258 Y20 R22 3REAR3 390548 Q13 3T @4y sienibar 10 Coefegans TESGAE prasein (PIR: S48} E
11263 INTIR 39URIN RNAM
11267 YILOIRw  FEE 39D00& 301338 0417 hypothetleal pratein, TMM 240, 7 E
JE2a9 YHLO2Te E38 3OES3E 391 EEE!] hypothebical proden, 7 F
JE2TE YHAT6w 300 392000 393195 RNRI 054 ribonucheoside-diphasphate teduciase small chain (PER: A2e9tay TMM E+1 A
HE273 YHAZ5w 514 393663 35203 KRN a3 RRNT pratein (PIR: SHMIT85) A
NITE YiLO2ac 194 199623 396287 LE4 329 (920 rebated tn mouse clathrin asseciated protein P9 (intran From 396189 1o 396265} (PIR: B
AUFSIS]
B8 3OAZE 396491 RNATY
MR YA 34T 397453 3UR0U3 .13 hypotheticat pratein E
a4 YILG1w HIZ O 39TRGM 9B 10 bypothetical protein, TMM 1+3, 7 E
Hike YiLazte 365 SORE3S 309TIv 13 hypathetical protein |2
JE303 YLK TTE 399T7H9 40210 414 246 {34} glotamic acid rich protein precurser (Flaarodiem falciparwm} (PIR: ASd514 bl
H3 YHOw 62 JO25EE J04447 412 hypothetical prowin, TMM 40 E
FEEE R YILG] fw E K32 {632 116 ypotheticsl protein F
I3 YILOHTw 325 HI5IT7R 406232 M43 hypathetteut pratein F
11328 YILOEOw  F7] 06447 He9ss LG hypotherical prosein K
HAxY Yilidk s (24 4834 407205 LI Bt hvperherical profein 3
LERE YILOidw R34 T2 JHIKEST BINZ 4.73 chaperanin af the TCP- | ring complex, TMM 1§ + 1, sim#ar 1o mowse CCT3 (PIR: B
S43462)

J134 YIL4G13e §10 MY 41728 W3 475 (2454 similer to prarein kinase BUBT {Yeast chr 7) 44580 LM3I2027) Bl
H345 YIL{a 2 Bk FIEESR AE308A 425 hypotherical protein F
JIRED] Yibdb e fal 413975 414457 442 fvpenbericat protels 3
n3s 114653 414728 (RNAL?®
1355 415618 415724 (RNAT (small fnann)
357 YILOHR B&H 17252 41940 47 fvpathetical pratein F
Hiag ¥ PR 19542 JF986D i Rypatherical protein, TMM 1+1 3
HATS YLK 56% 0 319647 411354 4.20 1219 (16231 prabable chaperanin of te TCP-E ving complex. sinaflar i mouse CCTS (FIR; 832867 C
ning YILX¥ e i 223E8 422609 i3 hypathetical protein, TMM §+4 E
H38% 422624 122696 IRNAM=
FE390 YLKk 323 422828 423790 a4t fvpotherical pratein, TMM F+0 E
J3as 424119 424207 (RNAR
IETH] YILKSw I d24R4 AXW2) YRS a2 adenylate cyclase (PIR: AZ4T776} )
14432 YLK 203 431279 43ERKT (R Rypathetical patein, TMM 4+0 E
Ha3 YILO¥ R w FER 432331 432684 .14 hypethetical protein, TMM 401 E
B YLK 2e 476 A3 434338 OFFS 118 o subuei, abipossccharviiransferase {GR: X467 TMM 2+4 A
JEIT YILOMw 193 435052 433614 PRES Q17 multicatatyiic endopeptidase complex chain PRE3 (PIR: 843660 TMM 1+ A

ATYNG GIGEE CREN eentromere

436422 4346HM CDEN centrome e

436135 436112 CEET ceniramere
JEH YIRGHIw 602 436489 J3RIGY 12 2587 (2851} similar i Clefegany. hypothetical protein (PER: 342371, TMM 1(+] E
J4I] YIR(KEEW 59 43858) 440329 RN hypethesical protein F
S YIR{K3e 539 440683 442399 413 hivpothetical protein £
HAE YIR{KMC 650 442508 444547 AGAL!S (L3 c-pggintinin (PIR: 822835k TMM 2+ A
1422 YIRBESwW SESH LTI KAPKD clathon associaed provein coraples B chain hamalog (PIR: SEZ934) TMM 1+1 A
Hla27 YIROGGw  IRT  J4BRRE 450348 416 hypotherfcat prodein F
1429 YIROFTw 304 d50706 451617 SL2 037 wrunsbptinn inibkeinn Ty £1F.2 o chain {PIR: A32108) A
H43 YIRw 332 45216 453129 LNE hypertherical prodein F
FE433 YIR{KKI 332 483372 454347 TOH2Z §.94 ghyveratdehyde: 3 phasphate dehyihogenase (PIR: S40915) A
1436 YIRGH w31 A55925 457457 METR 0,29 suifate adenyly Hransterase (PER: SOHG06) A
1438 YIRGERe 26t ASRIA J5GEED a4 hyputheticat protein F
LEEE] YERIE 2 20T ASNRS 46(HM 112 hypothetical protein, TMM | +4 E
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Table ¥, Continued

Nomenciature Size Coordinates Locus  CAI FastA [rescription Fnature of clement, function or simtfarity of product¥Comment
T— L) Reorg
Working Official
JEddd O YIRIH 3w S 4600363 461277 FLEE hypetthetical paatein, TMM 34+ § E
JEda6  YIRMESw  FOR 465G G629 .22 hypathetical prstein ¥
JEAaR YIRS Sw SHF 46248 463937 ELEZ BRI E263T)  simibar 1 SNGE gene Byeasy chie 75 BB XT492HE TMM 5+ I8
JEaSk YR B 585 andpdl 465895 ILVE 38 dihvitrmexy-peid debydroase [PIR: 343744¢ A
JE45Z Y IREEE T FOEL 466211 S66TREE £S5/ FEED ESSE preaein EPER: SHT86T1 A
JEd54 YIREERw D 486473 466832 FELEE hypothetical pratein, TMM E+E7 E
JE436  YIRHER 360 46RH22 J6T968 BLEE 22208776 simifar e Ecali aeyBCrA thioesterise. 3]
JE458 YIREREw  FHt  48THRE S68HET tEEL hypothetical protein, TMM E+ 1 I
6T YIREZ ke 2492 48B3 HE 409266 MERZ  HLEE nicietic recambinatien protein MERD Gowsn Gom JOR871 ue 468950 EPIR: AHIZTHE A
JEd6d YIRE22w P28 469414 369797 EE3 hypathetieat pratin ¥
JE4TH YIREZ 3 E33 464494 SH9RY2 BB hypatheticsl Irmspunt meicin, TMM 2+, 7 E
JE545 YIR2de 244 46UUZE 4TORSE FhEZ hyputhelical peetein F
JEASH YIR{E25¢ FI7 O 4THRIR 47E35R LANER R e sermibas e poman 3-hydrooyanieanibate 34-diesyeenate HEER ASIHTER &
JE433 ATZESH 472487 8. LTR uf Tyl
JESSS Adit 472447 473766 BB FURKE F2EHES)  TwA pueeiein
JESEE FT4E 472447 477712 ELES REEERIT6F TyB patein
JE563 4TTT3R 4TRETE & LTR «f Tyl
JE365 AL ATHHIE 479350 FLES  FOUE FEO9TY TyA peetein
JESTH ET4E 4THHIE 4R3296 B34 B25F ER2TTE TyH pnowin
JEST3 ABIINT 483659 & LTR af Tyt
JESTS VIR T45 483649 JESEBI BLEE 443 P33531  hypathetical pratein, siemiler 1e JH435 3
JE580 YiRH3lC I 4REITH 4Unduy BB JETEEGOR3E  hyputhetical peatein, simifor 1 YERED2w (PIR: SME6RE TMM 64| E
JESRS YIRHI2w 393 4HIToH 49946 FLED 46K FESO2E  hypathetical peatein, simifor w0 LEE6T.24 EPIR: S4B5671 E
JES9LF YIRHI 1o E3RT 4u2D68 JUGI3R FLEE 3HG P6TTEHE  hvpathetesl prssin 3
JEA04  YIRIHRdw  BHR 406371 406693 PETFOS B2 PETERE punicin [PHR 5289241 A
JE6E  YIRIASw  [OSS 49742 SHOID6 RADZG B3 prthable heficave BALE ESW! P4RIS2E TMM 4 A
JEGER YIRHGC B92 MMMER SHEIDTH EEEE hypotheticst pratein, TMM | E
JEGED YIRHITw P27 OSHR2TRG SHIEEY HAT hypathetical pritein F
Ji&E2 YIRS EREE SHERMMF SH3TSY FRHE hypeetheticut prescin, TMM 2+ T B
JE6E YIREOAOw  FE2E SH3A23 306085 FES hypothetical prasein, TMM 241 B
1131 YIREHEw 7R SHT433 SHOTeR BEd TRREIQS6E  simila ® mouse chiotide chunnel patein FOB: DETSIEE TMM 7+1 3]
J1E622 YR FEYS S0UR29 313450 AL hypotheticat prowein. TMM 2+ | E
JE624 YIRBEZw  Tad FEAT42 SE59T73 EEES hypatheticat petein, TMM 1+ E
Ith26 YR IS BEGESE SETEME {RE] hypathetiral pxtein ¥
JE63H SETSHME SEISTE RNAMS
JEA3S SE7645 SETTRG 8 remnant
JEA3T ¥ IREde E4EE SER4SE SERRTZ 1 RN hypothetical protein, TMM 4-+1 E
JEAY Y IR SC 654 SE9328 521288 58O/ B.52 heat shock meetein TH eckaed purtcin SSCE preeure. mitechendeigh PPER: A324931 A
JEA4] YIRE4w B S2ETIS 523M6 IEEE hypathetical poetein, TMM E+1 £
JE647 523649 SI3THE IRNAS
JE6SE YIRHAT EST 524308 525068 ANES FETHE transtation initlaties Bacier ebF-3A2 [PER: BHZ549E A
JEG53 YIRO4Rw B 526027 SID34R CYCS 37 cytochme ¢ isfierm £ A
JEBSS YIRBase 53 526574 58163 UTRS IEES EITRE preein [PIR: §46589) TMM [+ A
1E657 YIRS 235 323384 RIGHRR UTFRI FE. EEF FHITR3 pravtein FPER: S4659H A
JEGSY YIRBSEw  SHE S2O548 SIERSOSMY BT OSME prolein preciesen FPHR: S350 L TMM E+H A
JEGEE 5322 SEE36E § remmnant
JE663 531515 53E5RS IRNANY
JEORS YIROS2w 565 S3ET49 533443 RADT FE B4 RADT mrmein [PER: A25226¢ M
Je6BT  YJRHSIw 574 533784 535435 JEES hypethetical paein F
JEeY  YIRESdw 497 335743 537133 EED 72524840 hypatheticat priiwin, simibae xe YMYBZTH e (GB: L4TRIGE TMM 4+l E
JEETB S3IR242 53NIER tRMANE
JETEES YIRGSIw FAd SIR4SY SIRGME NTY AR HEFE prasein (PR B3HRGDT A
[ SAE45E S4ETRY sebie &
F7h6h SAETRG S4EEE4 safo &
FTHT S4EEGS 511266 RNAME
FITEHE Y IR(6e 236 54482 542289 EbEE hypothetical piedein F
JETH3 542643 542731 RNAT psmall intain)
JETES YIRESTw  ZEG 543744 544306 CDCY S dTMP kinase FPIR: AEKIGHRIE A
JET2EF YIRESEe E47 544427 SE4R62 FAFET (R clathrin-usaociited preten F7 PPER: CHESISE A
JET25 YIRESSw  HES 545474 547427 BEEG  EISE (ITRGE  simikar we serinedhropnine specific pratein kimase FPIR: SIRH35L TMM E+B B
JET3EF YRR 35F SdRd4e 549408 CRFY fLi4 ceminemere- binding motein CPE FPIR: ASA3H} A
JETAR YIRDSEw 935 SSHIYS 553042 B3 hyputhetical pratein, TMM |4} E
P42 YR 457 553166 554536 NFAT [EN amine-ter minst anidase NTAE EPIR: 347938 A
JET47 YIREGIw  E2S S54HNZ 555156 RAASY H2H DMNA-diected RNA pobvmease |ehain AE22 (PIR: A4BEETL TMM E+B A
JE752 YIREOdw 562 S53GHE S57IRG 22 ETH4 126371 prabable chapeasnin sf the TCP- ring complex, simifac xe mease CCTS (PIR. 5430011 C
FTMM F+t
JEToE YIRRGS: 448 374849 SSER4S FLUE BS99 E2ES3  simifar 0 acvin-Fke proein At 2 FBesien yeas | FPHR AGETOE TMM E+ 8 s
JEREER YIRDEAw TATHE S5GEHD 566512 TORS thE4 TORE provtein FPER: S43GHMEE "TWM 341 A
JEBEYS TIREHTe EdE SG6TIM 56T tLE4 fypabetical paeein ¥
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Tabie . Contitiued

Nomenclature Sixe Cooerdinales  Locus  CA] FasiA Drescripnion inalure of elemen. luncior o simidarily of productyComment
N -+ 3 ST

Working Otticial

ETiTE YIRMRw 353 Se7330 SGKIKK HAC2 14 replicutivn Tactor © chain BFC2 MR 845531 A
ERERD Y M 187 SHRIUE SHHIG .20 hypothetical pavein F
1814 Y IR 115 569311 ST1I45 (431 hypathetical privtein F
1818 YIR(T 1w 113 7002 A7(MAT (L1 hvpenhetical protein, 7 F
11821 YIRAT2 RS OST0GST STIRT (117 8474185610 shmilar w £edegany profein O30 0GR 10402 F
1821 YIROTA 6 RTINS ST2622 PEMZ (17 myethylese-Tutry-seyl-phospholipd syathase (PTR BIREERL TMM 341 A
JIR27 YIRIFMAw 118 3TITRI ST3A5 15 hyperherical peolein F
11834 YIRS 3Re STIAGE STIRSA 1% MW emiur te pannosyHensterase (PTRD ST TMM 340 0
J1833 YIRTO: &85 S75H ATAZRE O 1l cell division wontred profein CECT] (PIR: 530211 A
LRy YIRATT: 2L ATHRRAS STTRTT MIRT (336 phowphate transpon! prodein, mitochondrial (PTR: 123K TMM 1+ A
FIRAEY YIRO7Rw  J53 STRMT STUNE (13 5144225 similar 10 mhouse indeleemioe 223 divaygenase (PIR: 82 13
11513 YIREHOW 100 ATYRY2 SRN13 (111 haprothetica] protein (hvron Trsen SROO33 o SROTIG) TMM 1+ E
T84 YIROR1G A OSRIMIT SE130A 14 Byporherival prowin ¥
FI®ad YARON I I3 A1 axladl 1% fpethei prodein F
H®5T YIRMR A 30 AE2IUE S (11 Avpot hetiga] profein F
FIRAE YIR(RSw £33 SE34Z SKI6RY [e100 Rypotheticu] prolein F
FIHAS YIRORG 105 SRIRT SKS124 (13 Rypothetical protein, TMM 2+0t L
86 YR8 T SERT3% SREUHD STE/A (R0 STEIR prowin (PIR: B¥IT: A
JI8T0 ¥ IROGRTw Tla SHHMET 58647 (2101 hyputheticul protein, TMM 240107 I
HIRTS YIROHR: 292 SREAIER 3ET060 1 nypothercal protein F
FIXRN YRR i3 ARTIE 591066 (L13 hypothetieal proteia F
JTRRA YERO90: TI51 SWISHT 5830014 SRAS (t12 GRRT pevtein (PIR: A31529), TWM |+ 1 ]
J1ge0 YIRS HHIT SU4TS) 598023 (1A 583 (4843 hypotheticad protein, simdlar o YPOADQ0 e (PIR: 554067} ¥
11803 YIROSIAC KD 397437 SUHOIS 15 ATPTEG binding siwe moll A E
31405 YHR(Y 2w 13201 A9RRIE Gl12768 [R5 hypthetical proten F
11411 Y IR(143: 327 aAl2416 ol13RYG FIFT niz component o pre-mRNA polviadenylitivn factor B
11416 YIR(REG: 560 603165 AUSILE JMET L] meksds-dnducing protein IMET (PIR: 531137 A
AR YR w 322 AEERAG G103 ALRS a1 ACURT protein (PIR: 8332805 TMM 241 A
14246 YHRO6m  2RE AIDNRN 411713 2T 437 01391 probable reductase protein. similar w0 GB: AN 1]
1431 YIRIW T 172 &l2106 &612621 (13 hypothetical prowesn ¥
U3 ¥ HRIWR A55 ATIHRD ARG n1s hypothetical protein F
I YIREw M A13I6A 6ISYTI FUHT (11 uhiguitin curtvyerminal bydrolase YU 0GB 8513323, TMM 140 A
N936 YIRING 227 A6 B1EN 0.4 hypethetical protein E
1950 HITHOE BTN IRMNANY (sl ingromn}

J149A2 Y HEH 266 6179 A1RT 11 hypotletical peotern ¥
1957 YIR 2 202 GIRRAN 619455 (13 Rypothetice] priein I
FunRz YIR 3w Shd BIDEEE A221A5 LURAN (.16 CTP synthase LIRAK (PIR: 5433800, TMM Td] A
1468 YIR1tHe 134 622242 H2ITOX SO N.3% supernxide divemutuse sCw-Zne (PTR: AT A
a7 YIRTESw 3400 #2320 ARG naa Rypetherical preacin F
47y YIR 106w 725 #2527 636701 110 Teyposthieticad prodein F
Nadd YIR1GTw 334 6270 A3 13 hypothetical prodein, TMM 1741 :
H Ny YIR 10%w E2E 0 A2HANY 6IKTT w13 hypetheticul prolein F
2R YR 1% TTEd A20279 BAT6RY P42 ih14 Targe shluni of wreinise specilic cachamoylphosphate synthase (PI1R: ANT199) A
ERiier) YIR1IMw  6RR G333 635309 Ry (Li6 sitsdl sbundd of asginine specklic carbsgmoy l-phosplase syathase (PIR: B33478) A
It YR e R S X .12 hypasthetical prrosein F
ERES YIRGI2w 201 636TI1 637323 .09 hyputhetical protein F
020 YIR1 247 6379 GIRGRG Q100 IROTRST sipdur s nihosomal protein 87 1Bacifliey stearothermopiilusy (PR JGUEOR Y 13
M4 YR 14w 130y HAKIS 638734 511 hypthetical protein, TMM 1+0 13
EcE YIR 15w 169 A3BRAL AJNI3Y i hypethetical protein F
1203 YIR116w 279 /10516 AI1352 i+ hypothetival protein, TMM 2+ E
1132 YIRTITw 451 &11A9% AIIISA 0,27 hypathetical protein, TMM 5+ E
1733 YHUTH 20 AARTES BRTE? 0,14 hypothetical protein, T™M 3+ E
3035 YIR 1149 T3 AIHEY AAGIR] LIS 776 (3KI8E sdmilar te hunwen setisoblastnms hinding protem 2 4GB A3 D
sy Y IR IHw T &16KE7 637164 oz hymithetical protein, } F
EiE ] YIRIZIw 511 64ATIYY 64RRM] ATPY [ERE ] 1% ransporting NFP syathose | ochain precuesos (PIR: 8272751 A
B2l YIR 12w 497 Ad0and ad57T [EN) hvpeothtical pootein I
IR(N] YIR123w 115 HE1542 652266 AFAS .75 ribemesrie] pEodein 55 A
iyt YIR1ic AIH AFISHA ARALZY 4 hypotheyical protein, TMM 94 E
F2H8 YIR1I5¢ HOH B3] AES65 BT 283 {17731 hypedhetica] protetn. similac wr LE1A76 yeusl protein (PIR: 8485373 F
254 YiR 116 B11 BA5YR 6SRIRE 13 521 03UHEr  ximilar to haman peostate-specilic membraee waigen (S QOGS TMM 1 +8 EJ
12052 YIR1I7 135 65611 AT LMSS [z NS projein (PIR: S43751), TVEM 4+ A
215y YIR125uw E19 2612 HAETO6Y 1106 hypethetical prawein, 7 I
FI0et HHIIH] GRIH3Z ENRT SAR 3 amall naclear RMNA

2061 YIRIMe 33 AEMOD SRITI0 w1l hypothetical protein. TMM 1+ £
12063 YER Ll AR ] U 0055 T TR T skl 1o TRHED 3 reghon (G S496481 i
X116 YHRI3 1w 50 B6OTIZS BRRERT MNSST (114 cemannwiduse MNST (PIR: A9, TMM 1 +0 A
17112 YIRIAIw  HHEE 660213 472180 14 hypothetical protein, TMM I+ [
AR YIR1E3w 2 672682 471108 .28 Twvpothebics proein 3
3130 YIR134e T OATIZY 6TRS4] [R5 33 302y shmdlar qo human TATA clement modulasory Tuctes (PIR: AR 2 ]
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Table . Continued

Nomenclalure Size Coordinales Locus  CAl FasiA
faa) score

Wutking Official

Deseripiion (nalune of edement. funclion ot sirdfatily ef product ¥Comment

a2z YH135 239 675753 676469 12
2128 YR 36 421 677135 678307 L]

fypatie tical pritein |
fropithetical prein I
2124 YHIRIAT: 1442 78671 68297H (.25 1054 (68T simidar t Terrednxine sullute reductase {SW: PIIHIR) I

gl

i o YER{3w 1584 684258 oR9IKM 14 hepathe tieal prtrin |
2132 YIR139: 339 ORRI3M BRO215 HOMSE 1147 hamiserine delyvdrigenase PR SA3T1VL TMM 1+ A
12161 VIR {40k {648 490444 AO5IRT .14 hypoibesieal prvein, TMM §4 1 E
12166 YIRI4lw 37 693597 G96a03T i3 Rypinitsesieal prnein, TMMIL+ | I
12171 YIRI42w 342 6U6R3Y GUTEST 0.1% hypotlerical pratein I
22176 YIR143r 762 HYRI2N THIYS PMTH .22 PMTA ganaeia 1PIR: S512841 TMM 81 M
2181 YIR 1440 269 TIKISTI TEN3TS MOMIGE LG MOGMIN pratein {PIR: S3a84%) A
12186 YIR145r 261 TINT2ZI TE275% RPF7A 1649 tibmsnmmed pratein Sdec itk lntrnn Py ME2490 1 TOZTE5] 1PIR: S2U54) il
J220H) YIR{46w 117 TDASTA TH34926 iz hypovhetival protein, F
J320 YWIRIA YW 338 TIRERT Tadled IL12 235 {1782)  similan 11 b shoek ganscapting Faem 8 PR S254811 K
12209 YIRI48w 376 TIR435F TO6562 P15 1584 IHRN similan m TWTIL yewst proiein IPIR: 548089 C
LN ¥ YIR{4%w 44 ThGER] T08ha2 44 402 (1371 smika o 2 aimpeoganr dinxygenase IPIR: SSIHES 12
12287 YIR1A 208 THRANS TH2I0R w3q hypathetical pratein. TWMM 21 E
12223 YIRISI [I6] 711940 715431 0.23 414 14382y simitan w hemman macie PR A4DDE3L TMM 244 17
12230 YIRIG2w 543 TI9357 THI9RS DALS  ILis afluntogte penmesse TFIR: AZ86711 TMM 641 A
2235 YIRIS3w  3al 722506 723588 147 SII7 11643)  simila w pulygalycisngase 1PIR: S2RT7T{ L TMM | +1t {_'
12240 YIRIS4w 346 725475 726512 113 hypatheticsl ptein F
12245 YIRIGSw  2BR 727036 727950 IS 1334 (1439)  simidar ty yeast aryl-alephind deshvdropenase (PIR: 851335] B
12251 YIR 156 3 TIRIGR TIOAMT D53 {784 t1T9H)  sirndlar ter thigmine-repressed amt-§ pantedn (PIR: S485481 TMM 1 +11 B
2285 YIRI5Tw 121y 73023 73565 .43 hypathetics] protein, TMM {+11 ¥
122600 YJRISRw 88T TRZI3L TIIE3I 116 1893 131361 similm 10 hexnse irunsparl patein BXTT IPIR: S43E861 TMM ¢+ | &
X305 YIRISw 35T T3573S T36R05 Son/ 022 surhimd dehydimgenasr 1GE: L1392 B
J240H) YIR (X 602 TITI2 TIR0T D43 2585 14D48)  simeifar t sugar tragsport pritedn 1SW: PIRISGL TMM 741 [
1241 YIRIGIc 3BT 742542 743680 .43 {845 12635 simidar to YBBL (5W: PIB363) TMM 34| i

744593 745152
45053 145338

12420 YIR 162 16 T4E605 744452 14 427 (50d)
RIS Tasadz

eme X elemend

STR.D. €. B and A elemenis

similan tn YEWS [5W: 2360300 F
Hght telnmede sequence

Last column: stalus of 1he prolein dednced from each putalive gene. The calegeties A (fully known) 1o F {unknown) are defined in the 1ex1. The self
FastA score of Ihe predicled prolein is in parenlheses. An accession number in one of the public databases [PIR. Swiss.Prot {SW1.GenBank (GB}
and EMBLY] is indicaled, Abbrevialions: TMM: Lansmembrane molif, integrab+ peripheral; 7 queshionable gene. ORF YILOW3¢ is categorized as F
as il was discovered and sequenced durtng Ihe syslemalic sequencing of ehromosome X and found ke correspond 1o no kaown gene. | was
subsequently biologically chataclertzed as a polassium channel {Kelchum ¢ af. 1995),

novel putative yeast genes whose function wil have to be
determined experisnentally. However, 57 of these {another
15% of total) encode proteins that show significant similar-
ity to a protein of known function from vyeast or other
organisms, thus providing some indication as to their
function. The 204 (54%) remaining ORFs exhibit no
significant similarity to known seguences (FastA score
<200} Motif searches have shown that 91 of the latter
have some particular protein signature, mostly a structure
suggestive of transmembrane domains {Table H).

An approximately equal number of ORFs is observed
on each DNA strand. The mean ORF size is 482 codons
(1446 bp), the longest {YIR066w) reaching 2470 codons.
The mean size of inter-ORF regions, disregarding one in
each pair of overlapping ORFs, is 602 bp for terminator—
promoter combinations (WW and CC in Figure 3). For
divergent premoters (DFP} and convergent tenminators
(CT), the mean size is 725 bp and 311 bp, respectively. This
striking difference in inter-ORF size between divergent
promoters versus convergent terminators may be indicative
of more important sequence requirements in promoter
regions for the regulation of gene expression. An exception
is the contiguity of the two ORFs YJ1L108¢ and Y3.107¢,
The TGA stop codon of the latter overlaps the ATG of
the former, so that both codons share TG. This peculiarity
was carefully checked by oligo-primed sequenciag in
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gither direction on cosmid DNA. The two ORFs in their
integrity are franslated from a single transcript of ~3 kb
{Rasmussen, 1995).

Environment of ATG and stop codons

Compilation of a large number of sequence data sur-
roanding the initiation codon AUG has revealed that these
sequences are not rapdem and that higber eukaryotes have
in common the consensus sequence GCC{A/GYCCATGG
{Kozak, 1987). In the case of the budding yeast, anocther
consensus {ATYJAAY)AATYIAAYGGTCT has bheen
proposed {Hinnebusch and Licbman, 1991).

We examined the 318 chremosome X ORFs longer than
150 codons, in all probability corresponding to real genes,
to test this consensus. Fable TH shows the frequency of
the different nucieotides, as determined by tabulating
positions -8 to +7 rlative to ATG. A ¥° test was
performed at each position to test the non-randemness of
this distribution, taking into accoent the G+C content
of the chromosome. At ail positions except -5 the distribu-
tion was found to be non-random. As these calculations
are based on all the ORFs of a chromosome, regardiess
of their expression evel, rather than on a selected subset,
the following consensus sequence might be more appro-
priate:  AAANAAAAATGGCTG. The chances of a
random distribution at each position is <5%, or even 1%
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PN D B Pk | S |
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Menn size WW: 605 nt CC: 595 nt DP: 7250t CT: 311 nt
Distritstion WW: 86 CCinG DP: B6 CT:86

Fig. 3. Mean size and distribution of inter-ORF regions of chromosome X, WW: promoter/terrainator combinalion on Watson strand; €C: promoter/
termrinator combination on Crick strand; DP divergent promoters: CT: convergent terminators. The numbers indicale on top line 1he mean size, on

bottom line the distribution of each configuration.

Table 1. Initiation and stop codon envirommem

ATE environment

-8 -7 - -5 -4 -3

-2 w1 ATG +4 +5 +6& +7

A 0396 (3.393 0.368 (0349 (0.399 0.569
G 164 (.160 021 G135 0.148 {1195
C 0.173 (3.192 0176 (3.22 (189 113
T 0.267 0.355 0.2145 0304 (3.264 (L123

0403 (1456 ATG L318 (283 0,324 G327
.18 (145 ATG 0.296 0129 (.15 (3.200
252 0.173 ATG (4.132 (.362 (0.182 (0.129
(1226 (1223 ATG 0.254 0343 1.343 0.242

X" 1978 2616 10018 T3 H.060 104811

3284 27741 ATG 65 61327 B0 12.693

TAG slop codon environmenl

=5 - -3 -2 1 TAG +4 +5 +6 +7 +8 +%
A (380 G.268 0310 (394 6,296 TAG 0.408 0.282 0.380 4,437 G.366 0.282
G 0127 0183 0.253 G2 8.211 TAG 0.21l 0.127 0.293 06211 G.197 0.141
C G.183 (rLE97 0164 EE K TAG R 0.397 0.183 0.056 G169 6.239
T 0310 0.352 0.268 G.310 {1386 TG (.268 0.394 0197 0.296 0.2685 0338
el 2075 27 1.173 §5.599 5424 TAG 4+.336 2.651 5.580 9.178 1.250 2.522

TAA stop codon environment

=4 —4 -3 -2 -1 TAA +4 +3 + 6 7 +8 +9

A 0.363 0.256 G387 {452 {1361 TAA 0.297 0316 0.3658 0.355 0.297 (.393

e .161 0.225 (232 2.097 (L142 TAA
< 0.206 0.239 G129 2.155 181 TAA
T (3.271 0235 (3252 £.206 .36 TAA

0187 0.136 0.174 0122 D16t 0342
0129 0.200 G148 .168 0.27% 9155
.387 0.348 (.310 0.355 0.278 0.310

¥ 2358 1,484 6237 IT68T 4314 TAA

4559 2173 1590 3340 0.646 3.552

TGA swp codon environment

-5 4 -3 w2 wl TGA

+4 +5 +6 +7 +8 -9

A £).348 (304 6.402 (0424 (1261 TGA
G 0174 (:239 £.230 0087 (1163 TGA
¢ (185 (3120 £.152 (0.195 G163 TGA
T 0.263 (1337 3207 0.293 G413 TGA

{1347 0315 :.304 0.39F 2315 2.272
{L185 0.196 (.283 0.196 0174 .26
{L1(0 .109 G.163 (0.196 {1152 (.185
(0L350 (1.380 0.250 0.217 (.35G .337

x 0.626 4244 4.5 G008 T980 TGA

2566 3048 7.964 4773 0.720 1.494

The posilion relative 1o start or stop cadan is indicated at the top of 1he colmn. The pumbers in The columns give the relative frequency of each
base at each position. %~ tests were performed with three degrees of freedom (threshold for an @ risk of 5% is 7.815 and for an o risk of 1% is
11.348). Expected frequencies used in x° tests are A = (132,07 = 032 G = (.17 and ¢ = (.17 in non-coding regions, A = (.32, G = 0.20,C =
009 and T = 0.28 in coding regions. Tabulation performed on 318 ORFs =130 codons.

at positions -3, -2, -1, +4, +5 and +7. We then addressed
the guestion of the possible existence of a consensus
sequence in the envirenment of the stop codons. Not
surprisingly, TAA is the more frequently ssed stop codon:
155 OREs longer than 150 codons have it, while 92 have

TGA and 71 TAG. When the nucleotide environment
between positions -3 and +9 (position +1 being defined
by the T of the stop signal) was tabulated, we observed
the frequencies reported in Table HL It appears that, In
the case of TAA, there is a bias at position -2, which is
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more frequently than expected occupied by A and less
frequently by G, and at position +8, where C is increased.
In the case of TAG, at position -2 the frequency of C is
depressed, while this nacleotide is nearly always absent
from position +7. Fipally, in the case of TGA, the
distribution deviates from randomness at three positions,
-2, =1 and +6.

Small ORFs {< 100 codons]

The choice of a minimal length of 99 sense codons
between the first ATG and the stop signal, which dates
back to 1979 (Galibert et af., 1979}, probably owes more
to the widely wsed decimal numbering system than to
proper insight into biological mechanisms. However, as
mentioned above, this size is warranted in the case of
yeast (Dujon er al., 1994}, In simulation experiments in
which chromosome length and nucleotide composition
was varied, the chances that ORFs longer than 150 codons
will exist and still not correspond to & real gene are
negligible. Conversely, the chances that ORFs in the range
100~149 codons wiil have no biological significance
increase in proportion to decreasing size. However, a size
of 1{X} codons is no impassable limit and obviously some
ORFs smaller than 100 codons correspond fo genes and,
for that matter, quite a few proteins shorter than 99 amino
acids may not be accounted for by post-translational
processing. An example is provided by the small proteo-
lipids PMP1 and PMP2 {40 and 43 amino acids}, on
chromosomes IE and V, respectively {Navarre et af., 1992,
1994). Analysis of the chromosome X seguence has
revealed 344 small OR¥s 50-98 sense codons in size.
Comparison of the deduced proteins with database entries
shows that one of these, J0326 (106425-106706),
corresponds to the gene encoding subunit VI of wbiqui-
nol-cytochrome ¢ reductase (Hemrika ef al, 1993} ltis a
94-amino acid protein whose coding gene has been hitherto
overlooked. Another instance is YKRO37w, which encodes
a ribosomal protein of 87 amino acids. Some small ORFs,
such as Y1567 (4797 10-479952), 11564 (477910—478074)
and J15591 {474126-474368) have perfect or nearly
perfect matches with Ty retrotransposon proteins of longer
size. These small OR¥Fs most probably result from
frameshift mutations, a rather common occurrence in these
retroposons. Finally, significant similarity is observed
between some small ORFs located in the subtelomeric
region, such as JO210 (9452-9852), and similar elements
located on other chromosomes {K-B11¢ on chromosome
X1 or LA7S on chromosome [X). The other smali ORFs,
displaying no significant homology with database entries,
cannot simply be discarded, since some probably corre-
spond to real genes. Examples in point are FO523 (105893—
1060603, "J1153 (337859-338143), J2123 (6760661
6769243 and 11425 {448166-448444), all with CAls
>{.2. Clearly, a screening programime taking into account
parameters such as the ATG and stop coden environment
and the CAT must be developed to approach the question
of their existence as genes.

Sequence duplications

We have analysed the nucleotide seguence of chromosome
X for the occurrence of sequences demonstrating high
similarity to other genes of chromosome X (intrachromo-
somal duplications) and to genes in other yeast chromo-
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somes  {inferchromosomal  duplications), both at the
sucleotide and the amino acid level {Table IV). Some of
the dupiicated ORFs have been functionally characterized.
These results confirm earlier observations on chromosomes
Xi(Dujon et af, 1994) and I (Feldmann ¢f al., 1994) of
the high Ievel of internal genetic redundancy in the yeass
genome. Moreover, in addition to duplication of individual
genes, duplication of syntenic segmenis has also oceursed,
synienic in the present context of intraspecies duplications
meaning that two or more genes sitnated closely on the
same chromosome have their homologous loci also located
ciose together, with the same respective orientation, on
the other chromosome. As a rule, the physical distance
and the nucleotide sequence between two ORFs on the
same syntenic segment are not conserved. However, some
degree of intergenic sequence conservation can be
observed in a few cases, as exemplified in Figure 4.

tBNAs and transposons

Twelve tRNA genes are found on each strand (Figure 35),
2 density somewhat higher than that observed in the
previcusly sequenced yeast chromoscmes. The 24 tRNAs
can transfer 13 amino acids in all and include four tRNAA,
all identical with the same GTFC anticodon; four tRNAMH,
two identical with TCT, one with ACG and one with
CCT, the iast two with minor sequence differences. Of
the three tRNAM, two are identical while the third exhibits
slight differences. The two tRNA™ have an identical
sequence and include the same GTA anticodon.

Upon folding, all the predicted tRNAs fit in readily
with the clover-leaf model, regarding stem length as well
as loop size. All the canonical bases are observed in all
cases but ome, Fhe exception is rRNAMY at position
517571, which exhibits an A, instead of T as in the
canonical GTYC sequence. Careful checking of the
sequence has shown that this ATC sequence does not
result from sequencing errors. However, a cloning artefact
at some point in the construction of the cosmid library
canned be ruled out at this stage.

While the clover-leaf model is basically respected, 46
non-canonical or unpaired bases are observable in the
stems of this two-dimensional configuration. Thirty-nine
correspond to a GT base pairing, three to TT and CA and
one to GG. An example of such tRNA folding is presented
in Figure 6. These observations camnot be ascribed to
sequencing or cloning incidents, since they have been
observed by different investigators all working on different
cosmids. Furthermore, the reality of such pairings has
been established by direct RNA sequencing on matise
tRNA and by mutagenesis experiments (Piitz ef al., 1993).
However, it 1s also true that in the case of plant mitochon-
drial tRNAs, some (but not ali) mismatched base pairs
are 50 edited as to generate a Watson-Crick pair in the
matare (RNA (Maréchal-Drosard ef al., 1993}, While this
phenomenon is not yet documented in nuclear yeast iRNA,
the possibility of a similar editing process, whereby some
of the 46 mispairings mentioned above would be converted
into conventional Watson—Crick pairs, cannot be dismissed
without additional sequence data or structural studies at
the tRNA level. An aitermative hypothesis is that some
of the predicted tRNAs actually correspond to nactive
pseadogenes.

Four of the tRNA genes encountered in chromosome
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Table 1V, Related senes fram clrommsame X

Gencf/ORF
un chramoesame X

Related genefORF
an other chrinnsame’

Funciinnal description”

an identity %

Bt jdentity @9

Y. 223
Y2 10w

YLk

YH. Biw

Y. 19%6e
YILIg W (CRY )
YIL190c (RPSZ24)
YILI6de (SRAY
YILE9¢ (YUR D
YIL 3R (TIF2y
YIL133w (MRS3)
YILO9ha (CSDY)
YILOGEw
YILOR

¥ LB 3w

YILOR I
¥ILOTS
YILOTRe

¥ LT aw

YL Aw

YH.O3w (KARD)

YHIO3w (855013

YIRG47C (ANB L)
YIROEw (CYTH
YIRadhe (UTR D

YIROS 1w (OSMD)
YIRO66w (FO3RD
YIRIEw (URASRY
YIRI55w

YIRI56c
YIL22 e

YH. 2 1w

YILOT9e
YILOS2w (TDHD

YILO3S:

PALE5)
LT3 hexose transpnrt
praicin
ACOHI2}
YCROITC (5
YCRO34w i3y
CRY| €3
LEBE3YG (12)
TPK3 (11
KTR2 (1)
TIFI (1E)
MRS4 (£
YRRO2Tw il 1y
YRRO2Ew €11
YKRO2 I w {1E
YKROI9C ¢11)
YRROIB: ¢11y
YKRGI3w (1}
YKROH3Iw (11}
YKR3I ¢l
SDHI <11

SSAL

YELD3 W {5)
YELD3dw (5
YEL035: (5)
YEL(MIw (5)
YEL(MTC 65}
TOR2 <11
VRAT
NOBHY ¢14)

NOIIS (14)
Y126

YiLZ 4w

Y H A8
YIRS (TOH?

YILO3 7w

PAUL protein
G7.9 ¢1-56T 4567

similar ta acomitin hydratase
prehable trinsport pratein
similar 10 sterol isamerase SUR4
rhusnmal pratein $14eh
ribosomal protein 51 5ae
cAMP-dependemt protein kinase
YURT proten

iranslation initiation factor eiF.2
mitochondrial sphicing proten
CSD3 pritein

unknown

unkmwn

unknawn

unknown

unknmwn

unknown

unknawn

succinate dehydmgenase
favaprotein

nuclesr fusian protein KAR2
PECCUTSIE

heat shock protein

wranslation initiaton factor
cytochrmie isnform |

LTRI pratein

imvalved in asmatic redulation
phasphatidyl-inasital Kinese
CTE synthase

simelar 1w aryl-alenhal
dehydrngenase

simifar 1o thigming epressed nm-
similar 1o o-glucosidase MAL3S
{S46183)

stmilar 10 hexose ransport protein
LGT3

unkuown

glyceraldehyde- 3-phosphate
dehydrogenase

urknown

6.7 (1-1200/128
8.4 (883-1708W1700

553 (35-TRIWTR2
5.0 39879188
S84 6163100310
96,3 (3-138¥1 38
B9 (1-130)130)
B4.5 (69-347)/397
66.3 (37424426
1063 (1-395)/305
76.2 (23-312)314
423 (-84 1058
458 (183401058
IT6 (49320340
26,7 {38604 o0
66.0 1 1-T30w73I
47.5 (1-299)/299
67.3¢15-161 /881
16.1 €1.-772)/1 189
835 ¢1-6343/634

H3.5 (50-063)/682

82.6 (17-642)/654
0.4 2137V 57
838 21074109
570 6 104-5309)/530
635 (36499501
68.0 (62247012470
T9.0 {1-562)564
8§22 {1-2BEV288

98.8 (1340340
66,3 (FI1-S8T)/580

65.2 (35-36T¥567

66.7 (152-298)/209
65.0 (1-331)/331

363 (5218219

6.7 €1-360W 560

50.8 (6-227R)2367
68,1 (684238712643
60,3 (TO-B0 1930
920 (8214414

B9 {13903

T30 25548611191
63,3 {2691 250K 1184
GLI 11185188
TS €N 19-875)/842
373 (175022382338
B0 (64144203174
46.4 (7- 19463138
646 (126516081812
537 €233-1986)/ 1986
614 (215-T83)87
390 (1295-1711/2643
337 (Z103-33173567
TRO (620-17661 1902

670 1156196202046

T8 {205- 18801062
1.4 {I465¥47I1

81.9 (113-3230327
63,8 (419- 13921590
63.7 (218 1469)/1503
672 (2T86-T4103/7410
TL7 13616311692
B7.T (1-389)/864

984 (568101111020
A28 (199- 17671 767

663 {226 168511701

66.2 (351.-R61 MR9T
924 (1-996y006

34.0 (2956403657

“Where keown, chromosonal lgcatian is ndicated i parenthesis.

Fuaction of genes pn chevmisume X, when available, 1 ¢lse funciion of their homologues on other chromosomes.

“Numbers indicate % »f aa identity, boundaries of an comparisnn (in brackets) und size of the ORF on chromosome X {number alier dash).
Same as abnve., but in nt
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Fig. 4. Physical comparisnin uf 1he locatian of genes and syntenic segments on chromosome X with 1has of their counterparts on other chromosarmes,
The precise pasition af the genes wax deduced from the present sequence and re-drawn 1o scale (coordinates are in kb). Elements above and belaw
the scale beliag ti the Watsan and the Crick sirands. respectively. Shaded boxes represent the ORFs with a counterpart on the other chromnsome.
On the whnle. physical distance fund the struciures located therein) between any 1wy ORFs un the same syntenic segment is nat respected on
choymasames other thun X, Exceptigns are the censecutive ORFs YJL090w (€503) and YILO98w on chromosome X and their homalogues
YRRO2Tw and YKROZ8w nn chrimaisnme X1 the consecutive ORFs YI1L.083w and YJLOB2w on chromosome X and their homolngues YKROI9c

and YRR,
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Crick Strand Watson Sirarid
— 0
{59171} Thr
(116003} L —1
/ Ty4 (197243
5 (203503
1970B3)  Ally ey
( } /£ fep (204431
torade) 8 / Ay (233635)
(204092} & ]
(354555) & . 3
{354870) & k Ty (353939)
-—-"“""-‘-d‘
{374190)
{374272) ghﬁ““\:_w (355069)
(374630) & Asp (355151)
(300810) Wt ————=| , Vel (378035)
(396491} Gy — | Lys  (414653)
[15724) Trp -;*“/"’Mm (422624)
o ]y
_‘__,__,—f-—-' T (iskhas) =Ty
E175717 Met o 5 §  (517645)
E523?30:; hém (531515}
542731 Tyr —J———AB  (53824D)
¢ i e Amp (541195)
Sy
Lo (617609)
L. 7

Fig. 5. Position of tRMA genes, Ty sequences and LTRs on
chromosome X. The posilions were drawn 10 scale relative 10 the
complele sequence. Elements on the Watson and Crick strands are
displayed on the right- and lefi-hand side, respectively. Only e &'
coordinate is given.

Fig. 6. A cloverleafl structure of yeast IRNAM® on chiomosome X
(422 624-422 694}, All canonical bases are indicaled by asterisks,
Mismatched base pairs in the stems are boxed. The shadowed
nuclteotides are the anticodon.
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X display an intron 3’ to the anticodon seguence, as
previously observed. These include two tRNA™ with an
intron of 14 nt, one of the two tRNAY with a 19-nt intron
and the unique tRNA *" with an intron of ~29 nt. [ts cxact
size 1s difficudf to assess because base pairing is possible
between several short sequences in the anticodon stem,
creating an extra arm of variable length.

The entire chromosome X seguence was scanned in
paralle] for the presence of compicte Ty clements or solo
remnants or LTR thereof. As shown in Figure 5, several
of these have been found. One compiete Ty4 is prescnt at
position 197243-203468 and two compiete Ty 1 at position
472150483659, The two elements are in tandem and
share a central & element. In addition, several solo L'TRs
are observed. As reported, with the exception of Tyl these
ciements are iocated in the vicinity of tRNA sequences.
However, this association seems to be rather loose and,
besides, it involves partners located on either strand
relative t0 one another.

Comparison of the physical and genetic maps of
the chromosome X

The genetic map of chromosome X includes 60 genes or
markers, of which 48 were mapped in a linear array and
12 remained unmapped (Mortimer et ¢/, 1995}, Figure 7
shows a comparison of this map with the physical map
deduced from the complete nucleotide sequence. Contrary
to what has been reported for chromosome Xi (Dujon
et aql, 1994), no gross transiocation or inversion was
observed here. On the whole, the intergenic distance on
the gemctic map is roaghly proportional to the physical
distance, indicative of a relatively uniform recombination
frequency over chromosome X. However, closer examina-
tion reveals some interesting discrepancics. First, genetic
mapping has assigned the previously sequenced CYRI
gene {alias CDC35, HSR1, SRA4 and TSM(1185), encoding
adenylyl cyclase, to a site indistinguishable from that of
sui2. This assignment is clearly incorrect, as the sequence
data shows that this gene is in fact located on the left arm
of the chromosome, close 0 the ccntromere. Second,
marked differences are observed ir map distances, the
ratio between genetic and physical map distances ranging
from 0.02 ¢M per kb for the TDH2/met3 marker pair,
to 0.84 and 4.74 cM per kb for the met3/ilvi and
ifv3/ess! pairs, respectively. The relatively high frequency
of recombination observed in these latter intervals strongly
suggests the existence of preferred sites for the iritiation
of meiotic recombination, similar to those found in the
arg4 region on chromosome VII (Nicolas et af., 1989,
Sun et al., 1989) and the MATthr4 region or chromosome
T (Jacquet er al., 1991). It is interesting to note that these
intervats of high recombination frequencies in chromo-
some X appear to coincide with the sharp pesk in
the G-+C content in the right arm of the chromoesome
{Figure 2),

In all, 31 of the mapped and ome, RNA® of the
unmapped could be unambigsously assigned to an ORF
or a tRNA gene on the basis of sequence comparison. A
total of 28 loci canmot at present be attributed fo specific
ORFs on the physical map of chromosome X,

Discussion

The various elements of the chromosome X sequence
referred to above are depicted in Figure 8. The present
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scale. The circle indicales lhe position of the centromere. Genes or
markers for whick ne comesponding ORF Bas been idenlified on 1he
physical map are indicated by an asterisk.

report brings the number of completely sequenced chromo-
somes from the yeast S.cerevisige to nine, chromosome
X ranking second in this series by virtue of its size. Thus,
nearly 40% of the S cerevisiae genome sequence is now
accessible to analysis, availability of the whole sequence
being anticipated for 1997, The sequence of chromosome
X has been established in S288C, a S.cerevisiae strain
chosen by ali merabers of the European Union sequencing
consortium led hy André Goffeau. While the study of
this sequence reveals no features that are specific for
chromosome X, it corroborates several observations made
with the previousiy sequenced chromosormes.

Taking into account only those GRFs whose charac-
terictics, such as size, CAl and disposition leave no doubt
as to their existence as real genes, a minimal density of
one gene per 2000 nt can be estimated. All these genes
are regularly spaced along the chromosome, with no
predilection for either strand. Following translation and
comparison of the deduced amino acid sequence with
database entries, the products of these ORFs can he
categorized as follows: (i} 102 proteins previously identi-
fied in 8.cerevisiae and encoded by genes already assigned
to chromosome X, (i) 16 proteins with strong similarity,

S.cerevisiae chromosome X

or even near identity, to known $.cerevisiae proteins, but
whose coding gene has net previously been shown to
reside on chromosome X; {iit) 22 proteins with a FastA
score much greater than 200—equal to at least half the
self-score, 1.e. the score obtained when the protein is
compared with itseif. Such high scores can be considered
as warranting a realistic hypothesis regarding the function
of ORFs in this category; {iv} 35 proteins with a FastA
score =200, though lower than half the seif-score. A
function can also be envisaged in this case, but with more
cautior; {v) 92 proteins with no significant FastA score
but displaying a particular motif signature; (vi) 112 pro-
teins with no match at al} in database entries. This last
category remains nomerically important, since it includes
nearly 30% of the ORFs, a proportion that fully vindicates
the systematic sequencing approach of the S.cerevisiae
genome faunched in 1989

Regarding ORFs in categories {iii) and {iv} above, for
which 2 function can be hypothesized, several of the
proteins discovered in chromosome X are worth men-
tioning. For instance, three new genes enceding different
subunits of the cytosolic chaperone complex (CCTS, CCT7
and CCT8) have been discovered on chromosome X in
addition to CCT3. This brings the number of fully
sequenced CCT genes in S.cerevisiage to eight. Together
with the versatility of yeast versus mouse genetics, avail-
ability of these sequence data will undoubtedly promote
fine molecular analysis of this important chaperone system.
Another remark concerns the discovery of a CI- channel
gene (Huang er ai, 1994¢) on chromosome X. In this
respect, i is both surprising and remarkable that systematic
sequencing was required to detect the first CI° channel
ever described in a species as thoroughly studied as
S.cerevisize. Here again, availahility of the gene and of
disruption mutants thereof wiil permit identification by
complementation homologous genes in other species of
interest, in particular in plants.

Chromosome X stands out because of the number of
tRNA genes (24) it accommodates, capable of transferring
13 different amino acids. However, what is even more
remarkable and has so far escaped notice is that foiding
of these tRMNAs according to the clover-leaf model reveals
quite & few mismatches in the several stems. This is
suggestive of an editing process aiming af correciing some
of these mismatches, as reported for various tRNAs from
plants (Maréchal-Drouard, 1993). Of course, validation or
dismissal of this hypothesis must await analysis at the
RNA level.

Duplicated genes are found in chromosome X, as in
other §.cerevisiae chromosomes, These include both intra-
and interchromosomal duplications. Furthermore, actual
syntenic regions can be recognized in the iatter case. The
implications are 2-fold, pertaining (i) to the stady of the
evolution of the yeast genome and (ii} to function analysis,
as it is known that disreption of a single gene frequently
does not result in any pherotypic alteration, By the same
token, a clue to the function of a gene might in some
imstances be provided by disraption of all the genes
belonging {0 2 given family.

To conclude, it must be stressed that this brief account
of the sequence analysis of chromosome X cannot cover
all the information embedded in the nucleotide sequence
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and that many biological analyses witl be needed to exploit
this mine of information in the years to come,

Materials and methods

Chromosome X DNA

Total yeast DNA was obtained from FY 1679 & diploid strain isseed
from the cross between strains FY23 (MATa, wrat 52, trpfA63. fen2Ad,
GALZY and BYT3 (MATL, wrad-52, his 20200, GAL2). FY23 and FYT3
arg derived from strain $288C and are isogenic with it except for the
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markers indicated (Winston er of., 19931, The construction of an ordered
cosmid liprary and of an FcoR) restricion map have been previously
published (Huang er af, 1994a). Overlapping cosmids covering the
chromosome X contg were distributed within a consortiom of {5
Iaboratortes. The telomerss and subtelomeric regions were Cloned in
vector pELG, as described by Louis and Borts (1995),

Determination, assembly and analysis of the sequence

Sequencing strategies and methods varied umong the 15 collaborating
laboratories (Table V). Sequence assembly in the single comructing
faboratories was performed by & variety of software program packages,
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Fig. 8. Chromosome X map deduced from the complete sequence, The chromosome and its eonstitutive clements are drawn © scade, The top bar
represents the Watsop strand orented 5" to 37 from feft to right. the bottown e the Crick strand. The conserved elements of the centromere are
designated as CE L and 1 OREs an the left and right apm are designated by the letters L and R, respectively, before their number {numbering
% i1 rereasing order from the centromerc). Full designations. ie accordance with the official ORF nomenclature, are obtained by adding again the
letters Y {for yeast} and J {For chromosome X at the beginning. and w {Watson) ar ¢ (Crick) at the end.

The telomeres were clomed in Oxford. The feft elomere was sequenced
in one of 15 labortories, The right telomere end the PCR fragment
fiibng the gap were sequenced in Berling Completed contigs submitted
to MIPS were stored in 3 data library and assembled wsing the GOG
software package 7.2 for the VAX (Deversux e al.. 1984 The nature

and position of genetie elements have been deduced from the seguence
using the folowing principles: (3} all possibe intron splive site/brinch-
point pairs were detected using spectally defined patterns (Pondrat et af.
1994y 111y ORFs occurring it all possible frames were Tisted. QRFs
containing ot teast 99 comtiguous sense codons following an ATG and
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Table V., Mathods used by each of the collaborating laboratories

Whole cosmid Shotgun Restricted fragments

Shotgun

THIG0G Mested deletions

Eowvain (M)
Heidelberg ¢M)
Konstanz {M)
Paris {A)

i (A)
Reones {A)

Cembloux (M}
Amsterdam (A)

Darmstade (M3
Frankfurt (A)

Miinehen {A}
Copenhagen (A)
Diisseldort (A)
Cihent {A)
Herakleian (M)

M, manual methods; A, astomated raethods,

those ecntaining 50-98 codons were retained for further analysis, in
both cases provided they were not entirely contained within a longer
ORF on cither DNA stransd. Scarches for similarity of the deduced
prolein seguencas to entries in the databanks were performed by FastA
{Pearson and Lipman, 1988} in the Protein Seguence Database of PiR
International {release 44) and other databases. Protein signatures were
detected using the PROSITE dictiogary {release 111} {Bairoch, 1989).
OREFs were assigned probable functions when the alignments rom FastA
searches showed significant similarity and/or protein signatures were
apparenl, whereas FastA scores <200 were eonsiderad inanfficient to
confidently assign function. The complete sequence was also searched
for (RNA genes (tmmascan’) (Fichant and Burks, 1991}, centromere and
telomere consensus elements and for 8, ¢ or 1 elements by comparizon
with a dataz set of such elements previously charaeterized in yeast.
Compositional analyses of the chromosome were performed msing the
X1 program package (C.Marck, nopublished results). For caleslations
of CAl and GC content of QORFs, the algorithm CODONS (Lloyd and
Sharp, 1992) was used.

Sequence verifications and quality controls

All segnenees submitted by collaborating laboratories to the Martinsried
institute for Protein Sequenees (MIPS) data library were subjected to
quality eontrols. The procedure was comprised of three major steps.
First, the strategy of each contractor was checked by the coordinator to
pinpoint possible weak points and regnest the sequencers to review their
electrophoretograms to assess the quality of their reads in these less
documented regions. Second, onee cosmid sequeness had been entered
in the database, the match betwees the overlaps was held 10 provide an
agsessment of the respective quality of the nei ghbonning partial segnences.
Third, each of the cosmids that had been distributed to the Contractors
for sequencing wis shotgunned, size-selected to ~300-500 bp and ¢loned
inn plasmid veetor, the size of the inserts ensuring that sequencing with
the wniversal forward and reverse primers would provide a 300400
donble-stranded sequence. The subclones from each cosmid were sent
with coded names to a different sequancer. The double: stranded part of
each sequence was then sent to MIPS and commpared with the inigial
sequence. The number of verfication sequenees per cosmid elone
faveraging 15-30% varied aceording to the quality of the initial seqnencing
ag deduced from alignment within the overlaps. Any discrepuaney deteeted
hetween overlapping partial segnences or between the seguenee initially
submitted and the verification sequenee was addressed as follows, A
stretehl of 23 by including 1he discrepaney, but not centering on it, was
pointed out to each party for reviewing and re-snbmission to MIPS,

whether modified or not. This procedure was suffieient to remove most -

diserepaneics, as one party usually provided a revised sequenee matching
the other's. Resistant cases were dealt with by reguesting both parties
to send the electrophoretograms corresponding to the conflicting
sequences to the coordinator, who made a deeision and requested
resequencing if necessary.

The sequence data reporled are avsilable throsgh http: #mips.bio-
chem.mpg.defyeast
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