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The nucleotide sequence of the 948,061 base pairs of chromosome
XVI has been determined, completing the sequence of the yeast
genome. Chromosome XV was the last yeast chromosome identi-
fied!, and some of the genes mapped early to it, such as GAL4,
PEP4 and RADI (ref. 2) have played important roles in the devel-
opment of yeast biology. The architecture of this final chromo-
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some seems to be typical of the large yeast chromosomes, and
shows large duplications with other yeast chromosomes. Chromo-
some XVI contains 487 potential protein-encoding genes, 17 tRNA
genes and two small nuclear RNA genes; 27% of the genes have sig-
nificant similarities to human gene products, and 48% are new
and of unknown biological function. Systematic efforts to explore
gene function have begun.

There are 487 open reading frames (ORFs) on chromosome XVI, and
10 Ty-related ORFs. Of these ORFs, 17 have an intron, and ORF RPL6B
(YPL198w), which encodes a ribosomal protein, has two introns. ORFs
were identified using the working definition that they commence with an
ATG and have at least a further 99 contiguous sense codons®, and were
analysed using established procedures*®. Before systematic sequencing,
there were 73 genes’, with 47 genes and their relative positions defining
the genetic map, and an additional 26 genes located on the physical map.
An additional 92 genes have formal genetic names, some of which had
been previously cloned but not mapped to this chromosome or have been
studied following their identification by systematic sequencing, for a total
of 165 known genes. Thus only 33% of the total ORFs found on chromo-
some XVI had been identified before the completion of the sequence.
Other genetic elements include: 17 tRNAs (9 of which are within 500base
pairs of a long terminal repeat (LTR) element of a retrotransposon; 5 Ty
retrotransposons; 15 delta elements including partial elements; 4 sigma
and 2 tau elements; and 2 sSnRNAs.

The number of ORFs of known function is 194 (40%), of which 76 are
functionally characterized proteins; 88 are known proteins that are not
fully characterized; 26 have similarity to proteins of known biochemical
and physiological function; 6 are homologous to proteins of known bio-
chemical function; and 55 have a weak homology to known proteins.
These weak similarities alone are insufficient to confidently assign func-
tion. This leaves 236 ORFs of unknown function (48%), of which 50 have
homologues of unknown function, and 186 have no similarity to known
proteins. There are 36 questionable ORFs, all of which partly overlap
another ORF. All have a low codon adaptation index (CAI) of not greater
than 0.18, are short (with an average length of 132 codons), and have no
known homology with other proteins or are associated with no known
phenotype. For four of these ORFs in two pairs (YPL034c and YPLO35c,
and YPR038w and YPR039w) it is unclear which, if any, are biologically
meaningful. There are few apparent pseudogenes but these include
YPL276w and YPL275w, which occur together in the genome as a
frameshifted pair, both with homology to a formate dehydrogenase. This
arrangement has been confirmed by direct sequencing of genomic DNA.
Whether this region represents a mutation specific to strain S288C awaits
experimental determination.

Functional categories have been compiled for chromosome XVI ORFs:
214 (43%) are classified in some form and 283 remain unclassified. The
chromosome is sufficiently large to have a broad representation of all of
the predominant functional groups. Detailed global genome classification
and statistics for these functional assignments are tabulated and have
been discussed elsewhere™,

A robust amino-acid sequence motif is the presence of a predicted
transmembrane domain, a region of a protein that spans a lipid bilayer.
There are 181 ORFs with one or more predicted transmembrane domains
on chromosome XVI (37%)°, a number close to that seen on chromo-
somes Il and 1 (refs 3, 10). Of these, 68 are known functionally in some
form, and this percentage of known membrane proteins (38%) is similar
to that of all known ORFs. Most of these membrane-protein encoding
ORFs contain one or two predicted transmembrane domains (99 and 39,
respectively); 15 proteins have 7 or more predicted transmembrane
domains, and Ypl006p has 13.

An immediate way to use the sequence information is to examine
experimentally ORF function, and the Canadian group is compiling sys-
tematic transcript and gene-disruption data. For a section encoding 89
ORFs in the region spanned by YPLO85w to YPRO17c, 61 transcripts were
detected in haploid cells grown on rich medium at 30°C. This level of
OREF expression is similar to that seen on chromosomes | and I11 (refs 5,
11). Of the 117 genes on chromosome XVI that have been disrupted, 36
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Figure 1 Molecular architecture of chromosome XVI. Top line shows posi-
tions of RNA genes, solo LTR or Ty elements (thin vertical lines) or
clusters of them (thick vertical lines) along the chromosome. Panels: vari-
ation of gene density (top) and base composition (bottom) along chromo-
some XVl (scale in kilobases from left telomere). Vertical broken lines

(31%) are ‘essential’ for vegetative growth. Although this fraction is high-
er than the approximately 12% estimated for the entire genome®, or
found on chromosome I (ref. 5), it still represents only 7% of the ORFs on
the chromosome. The final proportion of essential genes on chromosome
XVI awaits a complete disruption set. This information is displayed and
will be updated (web sites URL http://www.mips.biochem.mpg.de and
URL http://genome-www.stanford. edu).

Several ORFs deserve mention, some because of size, some because
they were anticipated but not previously found, and others because they
occur in metazoans with phenotypes or functions that appear characteris-
tic of the larger multicellular eukaryotes, and whose unexpected presence
in yeast affords some insight into function. There are 130 ORFs (27%)
with significant similarity to products or predicted products of human
genes. Four ORF products (PAL1, PHO85, ROX1 and RADZY) are similar
to products of the human genes ALD, RET, SRY and XPF (ERCC4) that,
when altered by mutation, lead to X-linked adrenoleukodystrophy, multi-
ple endocrine neoplasia 2A, gonadal dysgenesis, and xeroderma pigmen-
tosum, respectively™®*. The largest ORF is YPR117w, specifying a 2,489-
codon putative membrane protein of unknown function. Just one other
ORF, SEC18 (YPLO085w), has more than 2,000 codons, and only 38 ORFs
(8%) are larger than 1,000 codons. Identifying very small ORFs presents
special problems®*® and just six identified ORFs on chromosome XVI are
less than 100 codons. The smallest known functional ORF, ATP15
(YPL271w), has 62 codons and encodes an F1-ATP synthase epsilon sub-
unit*®. Other small ORFs undoubtedly exist on the chromosome, and
remain to be uncovered by functional analysis.

YPL127c encodes an apparent H1 histone, a protein previously not
thought to be present in yeast. Plant and animal H1 histones are known
to be involved in the higher-order assembly of nucleosomes but, despite
considerable work, the precise role of H1 histone remains unclear'’*,
Disruption of this single-copy yeast gene indicates that it is not essential
for mitotic growth®. A detailed analysis of the possible role of this H1 his-
tone in chromosome assembly, stability and the regulation of gene expres-
sion can now be explored.

YPRO048w encodes a cytochrome P450 protein with similarity to
human nitric oxide synthase, NOS. Human NOS is an amino-acid oxi-
doreductase that oxidizes the terminal N of arginine to give citrulline and
nitric oxide. Nitric oxide (NO) in mammals behaves as a hormone, and is
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indicate position of the centromere. Gene density determined as for chro-
mosome XV is shown for the Watson (medium line) or the Crick (thin line)
strands, and the sum of both (thick line). G+C content was calculated as
for chromosome XV (horizontal broken line).

involved in many processes including vasodilation and neurological activ-
ities®. The involvement of NO in yeast metabolism had not previously
been imagined. One possibility is that it acts to regulate cell signalling
through interaction with small GTP-binding proteins®.

We found that 74.57% of the chromosomal DNA is involved in the
coding of ORFs. These 497 ORFs have an average size of 474 codons, close
to the average values seen for other large chromosomes®**, Of the 487
ORFs that are not Ty related, 251 are on the Watson strand and 236 are on
the Crick strand, with no apparent strand bias’. There is, on average, an
ORF every 1,908 bp over the chromosome. The positioning of ORFs rela-
tive to each other seems random: 111 ORFs are divergent, 118 are conver-
gent, and 195 are tandemly arranged. Of the remaining ORFs, 38 are next
to a non-ORF element, and in 12 cases two non-ORF elements are adja-
cent. With regard to intergenic spacing, the average length between
tandemly arranged ORFs is 534 bp, for divergent ORFs it is 569 bp, and
for convergent ORFs it is 340 bp. Only one region is apparently devoid of
OREFs or other genetic entities for 3 kilobases or more: a subtelomeric
3,863 bp gap between YPL275w and YPL274w. There are no large non-
coding regions comparable to those found in the subtelomeric regions of
chromosomes | and VI (refs 5,21).

There are no clustered gene families® on chromosome XVI and, as
found with other yeast chromosomes, there is little apparent functional
clustering of genes. There are two exceptions: a ‘syntenic’ pair, CIT3
(YPROO1w) and YPROO2w, conserving the arrangement of the mmgD
and mmgE genes in Bacillus subtilis (GenBank accession no. U29084);
and two adjacent cyclin genes, CLB2 (YPR119w ) and CLB5 (YPR120c),
an arrangement that is duplicated on chromosome VII as CLB1
(YGR108w) and CLB6 (YGR109c), and which forms part of a larger
duplication between these two chromosomes (see below).

The G+C periodicity on chromosome XVI varies about an average
content of 38.1% (Fig. 1). Gene density also fluctuates along the chromo-
some, although it shows little correlation with G+C periodicity. Overall
the G+C content of coding regions is 39.5%, and for non-coding regions
is 33.29%. The centromere lies in a region of low G+C content, and the Ty
and tRNA element clusters lie in regions of low gene density; such long-
range compositional variations have been discussed elsewhere?.

The centromere of chromosome XVI spans nucleotide residues
555,952-556,069, between HAT1 and CIT3, making the chromosome
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close to being metacentric. Both telomeres seem to be typical in structure.
There are 47 potential origins of DNA replication that match the 11-bp
ARS element consensus, although the actual autonomously replicating
sequences (ARS) used in replicating the chromosome remain to be deter-
mined experimentally.

Like much of the yeast genome, regions of chromosome XVI are dupli-
cated. There are some large-scale DNA duplications spanning 25 kb or
more”?, The largest of these is on a 129-kb section of the right arm of
chromosome XVI, nucleotide coordinates 731,001-860,000, where
regions are duplicated onto a 129.5-kb section on the right arm of chro-
mosome VIl (nucleotide coordinates 648,001-777,500). Although
removed from the comparison that identified this duplication, the region
on chromosome XV1 is rich in repetitive elements and contains three Ty
elements, five additional LTRs and six tRNA genes. Such DNA duplica-
tions form large regions of partial gene synteny between these two chro-
mosomes. An example is a section from nucleotide 834,000 to 860,000 on
chromosome XVI and from 762,422 to 777,500 on chromosome VII. In
the chromosome XVI interval from YPR154 to YPR159, four of the six
genes, two delta elements and two tRNA genes, are syntenic with their
chromosome VII counterparts, YGR136 toYGR143, with the exception of
a tandem Tyl element inserted between YPR158 and YPR159 on chro-
mosome XVI. It has been suggested® that the origin of the KRE6
(YPR159w)/SKN1(YGR143w) pair in this region resulted from some
event involving duplication through transposition of the retrotransposon
or tRNA elements. The origin of these major cluster homology regions
remains unclear but probably consisted of more than one event; the sub-
ject is discussed elsewhere at a global genome level. Evidence for duplica-
tions can also be found at the ORF level; 125 of the ORFs on chromosome
XVI have one or more counterpart with significant similarity in the yeast
genome. In addition to duplications, chromosome XVI also contains
members of larger gene families, with at least 38 ORFs having similarity
to two or more yeast ORFs. An example is KTR6 (YPL053c), a member of
a family of nine mannosyltransferase-encoding genes located on eight dif-
ferent chromosomes®.

Establishment of the genetic and physical maps were critical precursors
to obtaining the nucleotide sequence of the chromosomes. The genetic
map of chromosome XVI is 251 ¢cM in length, giving an average cM/kb
value of 0.26, the smallest seen for a yeast chromosome, and close to that
previously reported?. It indicates that a chromosome XVI bivalent has,
on average, ten crossovers per meiosis. Although the genetic map is gen-
erally correct, there are several discrepancies with the positions found on
the sequenced chromosome. Of the 46 genes mapped genetically through
the phenotypes of alleles, 14 (spoT16, rad53, nibl, sotl, SUF21, dnal,
make, tsm0120, ymc1, spoT20, SUP15, SUP16, cdc67 and rad56) remain to
be identified on the sequenced chromosome.

Determination of the nucleotide sequence of chromosome XVI com-
pletes the sequence of the yeast genome, allowing a genome-wide analysis
of a small and experimentally amenable eukaryotic organism. Such sys-
tematic studies should enhance our knowledge of cell function, and help
us to understand the structure and function of eukaryotes with larger
genomes. O

Methods

Chromosome XV was sequenced using a set of overlapping cosmid and lamb-
da clones based on a previous chromosome XVI physical map? (L. Riles and
M.V. Olson, personal communication) from the S288C-derived strain AB972.
Two gaps on the right arm and both telomeres were sequenced using poly-
merase chain reaction (PCR) products amplified from genomic DNA%. Indi-
vidual cosmids representing the portion mapped by the EU group were
sequenced by contracting laboratories using a variety of subcloning, sequenc-
ing and assembly methods®*. Explanations of the cloning, sequencing, assem-
bly and quality control methods used by the other groups have been
described®®. The telomeres were sequenced using specially devised proce-
dures®™. Assembly of the completed chromosome sequence was made in Mar-
tinsried or Montreal as described®>*. Determination of overlapping sequence
between groups indicated that seven differences were found and resolved in 81
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kb of sequence . This allowed us to estimate the accuracy of the sequence to be
conservatively within the three errors per 10 kb average for the yeast genome’.
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