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Assigning Function to Yeast Proteins
by Integration of Technologies

proaches (Ito et al., 2001; Uetz et al., 2000); and many
of the proteins have been localized by indirect immuno-
fluorescence or by fusion to green fluorescent protein

Tony R. Hazbun,1,2 Lars Malmström,3 Scott Anderson,4

Beth J. Graczyk,3 Bethany Fox,3 Michael Riffle,3

Bryan A. Sundin,3 J. Derringer Aranda,2

W. Hayes McDonald,4 Chun-Hwei Chiu,3 (GFP) (Huh et al., 2003; Kumar et al., 2002; Ross-Mac-
donald et al., 1999). Despite these large-scale studies,Brian E. Snydsman,3 Phillip Bradley,3

Eric G.D. Muller,3 Stanley Fields,1,2 David Baker,1,3 as well as numerous small-scale analyses, approxi-
mately one-third of the ORFs have not been assigned toJohn R. Yates III,4 and Trisha N. Davis3,*

1Howard Hughes Medical Institute a functional category, indicating that large-scale studies
yield incomplete data sets and small-scale, focused2 Departments of Genome Sciences and Medicine

3 Department of Biochemistry studies tend to be biased toward specific areas of biol-
ogy. We focus here on an important subset of theseUniversity of Washington

Seattle, Washington 98195 uncharacterized ORFs, those that are essential for
yeast viability.4 Department of Cell Biology

Scripps Research Institute Complete analysis of the yeast proteome requires
characterization of proteins refractory to analysis in pre-La Jolla, California 92037
vious studies. We started with 100 ORFs that were
known to be essential for viability but carried out un-
known functions. The protein products of these ORFsSummary
were subjected to four independent and complementary
approaches that assessed protein structure, localiza-Interpreting genome sequences requires the func-

tional analysis of thousands of predicted proteins, tion, and interactions, critical properties for determining
function. The resulting data were assembled on a web-many of which are uncharacterized and without obvi-

ous homologs. To assess whether the roles of large based informatics platform (http://www.yeastrc.org/
unknown_orfs) that allowed their synthesis into a coher-sets of uncharacterized genes can be assigned by

targeted application of a suite of technologies, we ent and accessible framework, using the standardized
vocabulary of the Gene Ontology Consortium to classifyused four complementary protein-based methods to

analyze a set of 100 uncharacterized but essential the ORFs (Ashburner et al., 2000). GO terms describe
proteins based on three fundamental properties: (1) bio-open reading frames (ORFs) of the yeast Saccharo-

myces cerevisiae. These proteins were subjected to logical process, the biological objective to which a pro-
tein contributes; (2) cellular component, the place in theaffinity purification and mass spectrometry analysis

to identify copurifying proteins, two-hybrid analysis to cell where a protein is active; and (3) molecular function,
the biochemical activity. Of the four implemented tech-identify interacting proteins, fluorescence microscopy

to localize the proteins, and structure prediction meth- nologies, two, the identification of copurifying proteins
by mass spectrometry and binary protein-protein inter-odology to predict structural domains or identify re-

mote homologies. Integration of the data assigned actions revealed by two-hybrid, are particularly relevant
to assigning biological process by discovering thefunction to 48 ORFs using at least two of the Gene

Ontology (GO) categories of biological process, mo- known proteins that associate with a given unknown.
Subcellular localization by fluorescence microscopy canlecular function, and cellular component; 77 ORFs

were annotated by at least one method. This combina- assign cellular component. Sequence similarities or pre-
dicted structural similarities to known proteins can yieldtion of technologies, coupled with annotation using

GO, is a powerful approach to classifying genes. clues to molecular function. Moreover, the computa-
tional prediction of function can be performed on pro-
teins that are difficult to analyze experimentally.Introduction

Deciphering the functional roles of a large set of genes Results
and their encoded products is the central challenge in
the analysis of an organism once its genome sequence Each technology was optimized before analysis of the
is complete. The yeast Saccharomyces cerevisiae has uncharacterized ORFs. The tandem affinity purification
been studied thoroughly by systematic genomic and (TAP) tag, which consists of two IgG binding domains
proteomic technologies. Its !6000 predicted ORFs have and calmodulin binding peptide (Tasto et al., 2001), was
been analyzed for expression under a multitude of con- integrated in-frame with a given ORF in a diploid cell,
ditions (DeRisi et al., 1997; Horak and Snyder, 2002); and then haploids were isolated in which the tagged
each ORF has been individually deleted and the resulting version of the gene was the only copy. This strategy
strains phenotypically characterized (Giaever et al., requires that the tagged version of each protein, which
2002; Winzeler et al., 1999); protein interactions have is expressed at the normal endogenous level, be able to
been detected by both biochemical/mass spectrometry carry out the essential activity. The proteins copurifying
(Gavin et al., 2002; Ho et al., 2002) and two-hybrid ap- with a given tagged protein were identified by mass

spectrometry and multidimensional protein identifica-
tion technology (MudPIT) (McDonald et al., 2002). For*Correspondence: tdavis@u.washington.edu
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the two-hybrid analysis, ORFs were fused to the Gal4 complementary technologies, by assignment of GO
terms, predicted the cellular role for an uncharacter-DNA binding domain and tested against a genome-wide

two-hybrid array (Uetz et al., 2000). For fluorescence ized protein.
The YDR288w complex and the YML023c complexmicroscopy, a set of strains with the essential uncharac-

terized ORFs tagged with the Venus version of YFP (Na- are two new related complexes involved in DNA repair
(Figure 1). Both were identified through data collectedgai et al., 2002) was constructed in a fashion that also

demanded that the tagged protein provide activity. Like from all four technologies. Each complex contains the
heterodimer Smc5-Rhc18, but the other constituent pro-the TAP-tagged proteins, the YFP-tagged proteins must

maintain cell viability and thus be functional and properly teins differ. YDR288w purified in addition with Nse1,
Mms21, and the uncharacterized protein Qri2. Mutationlocalized. In sum, one of the four technologies yielded

data for 96% of the ORFs, two technologies for over of SMC5, NSE1, (Fujioka et al., 2002), or MMS21 (Pra-
kash and Prakash, 1977) confers sensitivity to DNA dam-80%, and three technologies for over 50% (Supplemen-

tal Table S1 at http://www.yeastrc.org/unknown_orfs). aging agents, predicting a role in DNA repair for the
YDR288w complex. YML023c also purified with the un-To classify the function of each protein, we ascribed

Gene Ontology terms. GO biological process terms were characterized protein Kre29, and the YML023c-Kre29
interaction was observed in the two-hybrid analysis asdetermined systematically by first using the GO term

finder (http://db.yeastgenome.org/cgi-bin/SGD/GO/ well. As expected, tagged-Smc5 purified both the
YDR288w complex and the YML023c complex. Two-goTermFinder) to identify common GO terms for each

ORF among the protein purification data set (Table 1, hybrid analysis identified interactions with proteins
involved in other biological pathways related to DNAcolumn 4) and among the two-hybrid data set (Table 1,

column 5). We did not predict a GO biological process repair, such as sumoylation (Hoege et al., 2002) and
chromosome segregation (Figure 2). The localizationif neither method yielded a common GO term. A single

copurifying protein of known function determined the data were consistent with a prediction of DNA repair
because YDR288w and YML023c both localized to theassociated GO term for eight uncharacterized ORFs.

The cellular component term was assigned based on nucleus. We identified structural and sequence homolo-
gies for six out of the eight members of these interrelatedthe fluorescence microscopy (Table 1, column 6). The

molecular function term was assigned based on remote complexes. All the function predictions were consistent
with our process and component annotations (Supple-homologies to proteins of known function using PSI-

BLAST, consensus fold recognition methods, or struc- mental Table S2 at http://www.yeastrc.org/unknown_
orfs). Hence, the combination of the data from the fourture-based matches of de novo structure predictions to

proteins of known structures. As proteins with the same technologies yields a strong prediction for the role of
these two new complexes.fold can have different functions (Todd et al., 2001),

assignments were only made if the GO term was consis- The YKR079c complex was assigned a role in DNA
and RNA catabolism. The protein purification data weretent with the data generated by other technologies, as

was true for 27 out 29 possible annotations (Table 1, consistent with a single stoichiometric complex for
YKR079c. However, the localization data suggest thatcolumn 7). Seventy-seven ORFs were annotated with at

least one GO term, 48 ORFs were annotated with at YKR079c forms two different complexes, one in the nu-
cleus with YMR099c and one in the mitochondrion withleast two GO terms, and 17 ORFs were annotated with

all three GO terms (Table 1). During the course of our Nuc1 (Figure 3). Nuc1 is defined as having a role in DNA
and RNA catabolism and has both deoxyribonucleasework, 16 genes were annotated by others (see Experi-

mental Procedures). The newly published information and ribonuclease activity (Dake et al., 1988). The copuri-
fication and colocalization of YKR079c with Nuc1, andfor this set of genes is consistent with our data, hence

validating our approach. Moreover, our approach has its protein structure prediction as a metallohydrolase/
oxidoreductase, support our annotation of nuclease ac-generated additional information beyond the pub-

lished data. tivity. Consistent with this prediction, YKR079c has a
human homolog ELAC2 which is a prostate cancer sus-Purification and mass spectrometry data allowed the

assignment of 32 biological process GO terms and de- ceptibility gene that encodes a tRNA 3!processing en-
doribonuclease activity (Takaku et al., 2003). The rolefined 29 complexes (Table 2). Two-hybrid screens identi-

fied 271 putative interactions, allowing the annotation of YKR079c in the nucleus could not be determined
because it associates with the uncharacterized pro-of GO process terms for 16 ORFs. The overlap between

these two data sets was similar to previously published tein YMR099c.
Three new mRNA splicing proteins were identified ingenomic efforts (von Mering et al., 2002) with 16 interac-

tions identified by both approaches. However, when our analysis. YLR424w and YKR022c purified together
and with 18 other spliceosome components, providingboth methods predicted a GO term, the predictions were

uniformly consistent (8/8), although the two-hybrid pre- a strong prediction for the GO process term. An interac-
tion between YLR424w and YKR022c was also detecteddictions tended to be more broadly defined GO terms.

Localization data allowed the assignment of cellular by two-hybrid. Two-hybrid analysis of YLR424w was
unusual because a large number of interactions werecomponent terms for 63 ORFs. The cellular component

terms were uniformly consistent with the GO process detected including thirty-six other interactions for which
nucleobase, nucleoside, nucleotide, and nucleic acidterm annotations and thus added confidence to the pro-

cess term annotations. Remote homology searches and metabolism was the predominant GO process term.
These interactions involved proteins mainly associatedprotein structure prediction provided molecular func-

tion annotations to 27 ORFs. We describe several exam- with RNA processing or transcription. Both YLR424w
and YKR022c localized to the nucleus and YLR424wples below where the integration of data collected from
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was predicted to be a member of a G-patch domain
protein family, which is involved in RNA binding. The
third novel mRNA splicing protein, YLR132c, appears
to be a bifunctional protein. It copurified with Prp19 and
Snt309 and localized to the nucleus, indicating a role in
mRNA splicing. It also copurified with Cor1 and localized
in the mitochondrion, suggesting an additional role in
aerobic respiration.

Discussion

Despite the completion of the S. cerevisiae genome se-
quence seven years ago, numerous genome-wide func-
tional genomics analyses, and thousands of more fo-
cused studies, many ORFs remain uncharacterized in
this organism. We demonstrate a targeted approach
involving the integration of multiple protein-based tech-
nologies that are specifically relevant to describing a
protein in the GO format. These technologies provided
information for nearly all 100 uncharacterized and es-
sential genes, allowing annotation of !50% of this set
in at least two of the three GO categories, resulting in
a large reduction in the number of uncharacterized and
essential genes in yeast. Our work provides a model for
other studies, including those focused on more complex
organisms, in which multiple data sets are synthesized
into the coherent framework of GO terms.

Originally, GO terms were defined to provide a stan-
dardized vocabulary to permit software-driven compari-
sons between organisms. Here they united assignments
made by technologies that may not otherwise share
a common vocabulary. Our GO term assignments for
biological process and molecular function provide a set
of predictions ready to be tested by other researchers.
To facilitate the transfer of pertinent information to the
research community, we have provided a website that
provides extensive supporting data and search features
(http://www.yeastrc.org/unknown_orfs).

Comparison to previously published large-scale stud-
ies of protein function reveals several features of our
methods. Our targeted applications of protein-based
technologies have an advantage for elucidating function
in that they are direct assays of the properties of a
selected group of proteins. We detected 1246 interac-
tions of the proteins encoded by the uncharacterized
ORFs by mass spectrometry. The recently published
Bayesian networks approach (Jansen et al., 2003) pre-
dicted 25 of these interactions. The large-scale protein
purification and mass spectrometry analyses identified
79 (Gavin et al., 2002) and 10 (Ho et al., 2002) of the
interactions. The low level of overlap is largely due to
the low representation of the uncharacterized ORFs in
the other data sets, suggesting the value of targeted
characterizations. We, along with Gavin et al. (2002),
further analyzed our respective mass spectrometric
data sets to identify protein complexes. Twenty-six of
our complexes show almost no overlap with the Gavin
et al. complexes. However, three of our complexes agree
well (YDL209C, YLR424w, and YKR079c). A comparison
to previously published two-hybrid interactions reveals
10 out of the 271 interactions were identified in previous
high-throughput studies (Ito et al., 2001; Uetz et al.,
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2000), indicating the lack of saturation of protein-protein
interaction data even in a well-studied organism such
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Table 2. Copurifying Sets of Proteins Identified by Mass Spectrometry as Described in Experimental Procedures Except as Noted

ORF that Defined the Complex Biological Process Copurifying Proteins

1. YFR003C Cell cycle Glc7, Sds22, *YFR003C
2. YIR010W (DSN1) and Chromosome segregation Ame1, Chl4, Ctf3, Ctf19, *Dsn1, Mcm22, Mtw1, Nkp1,

YPL233W (NSL1) Nnf1, *Nsl1, Okp1
3. YKL088Wa Coenzyme A biosynthesis Sis2, Vhs3, *YKL088W
4. YKR079Cb DNA or RNA catabolism Nuc1, *YKR079C, YMR099C
5. YJL072C (PSF2) DNA repair (Unknown complex 1) Psf1, *Psf2, Psf3, Sld5
6. YDR288W DNA repair Mms21, Nse1, Qri2, Rhc18, *Smc5, *YDR288W
7. YML023C DNA repair Kre29, Mms21, Qri2, Rhc18, *Smc5, *YML023C
8. YGR002C Histone acetylation Arp4, Epl1, Esa1, Rvb1, Rvb2, Tra1, Vid21, Yaf9, Yng2,

YDR334W, YEL018W, *YGR002C
9. YGR198W MAPKKK cascade Stt4, *YGR198W

10. YPL063W (TIM50)a Mitochondrial translocation Tim50, Tom40
11. YGR046Wa Mitochondrial translocation Hsp60, *YGR046W
12. YDL209C (CWC2) mRNA splicing Brr2, Cdc40, Cef1, Clf1, *Cwc2, Cwc22, Cwc23, Ecm2,

Isy1, Lea1, Prp8, Prp19, Prp43, Prp45, Prp46, Smb1,
Smd1, Smd3, Snt309, Snu114, Syf1, Syf2, Yju2,
YKR022C, *YLR424W

13. YLR424W and YKR022C mRNA splicing Brr2, Cdc40, Cef1, Clf1, *Cwc2, Cwc23, Ecm2, Prp8,
Prp19, Prp43, Prp45, Prp46, Smb1, Smd3, Snt309,
Smx3, Snu114, Syf1, YKR022C, *YLR424W

14. YLR132Cb mRNA splicing Cor1, Prp19, *YLR132C
15. YNL245Ca (CWC25) mRNA splicing Clf1, *Cwc25, Prp8, Prp19, Snu114
16. YNL313c Nuclear membrane fusion Grs1, Kar2, Tub3, *YNL313C
17. YLL034C Organelle organization and Amn1, Axl2, Imh1, Pex19, Pfk27, Rgt2, Ric1, Rpa190, Sst2,

biogenesisc Trx1, Trx2, *YLL034C, YLR035C-A, YLR084C
18. YJR136C Protein biosynthesis Rsm23, *YJR136C
19. YPR169W Protein monoubiquitination Bre1, *YPR169W
20. YKL195W Protein targeting Adh1, Kap123, Tom40, *YKL195W
21. YKR038C Response to dessication Gon7, *YKR038C
22. YNL124W (NAF1) rRNA processing Cbf5, *Naf1
23. YJL010C rRNA processing Gcd6, Nsr1, Snu13, *YJL010C
24. YDR365C and YGR145W rRNA processing Bfr2, Hca4, Lcp5, Nop58, Utp9, *YDR365C, YGR145W
25. YJL091C (GWT1) Secretory pathway Ded81, *Gwt1, Mrc1, Sec7, Sec63, YJR100C
26. YJR012C Transport Hol1, Mmp1, Pex7, Plb1, *YJR012C
27. POP1d tRNA processing Rpp1, Pop1, Pop3, Pop4, Pop5, Pop6, Pop8, Snm1,

*YLR145W
28. YHR085W, YHR197W Unknown complex 2 Ipi3, Rix1, *YHR085W

(RIX1), and YNL182C (IPI3)
29. YNL260C Unknown complex 3 Yae1, *YNL260C

Proteins used as a TAP-tagged bait are denoted by an asterisk.
a For these ORFs, the copurifying set of proteins were the proteins with high coverage in the mass spectrometric analysis.
b The localization and mass spectrometry data suggest that the asterisked protein forms two complexes, one in the mitochondrion and one
in the nucleus (see text).
c The GO annotation was chosen as the significant annotation involving more than two of the ORFs.
d The POP1 complex was purified using TAP tagged-YLR145W, an uncharacterized essential protein. Although used as the bait, YLR145W
was detected in only 1 of 3 mass spectrometric analyses. Pop3, Pop6, and Pop8 were also only detected in one of the three analyses.

as yeast. On the other hand, cellular localization of GFP- ularly suited for annotating these proteins although the
tag could interfere with targeting sequences. Eleven pro-tagged proteins by fluorescence microscopy is remark-

ably reproducible. Of the 58 proteins that were localized teins localize to the endoplasmic reticulum and only
one (YJL091C) could be purified and analyzed by massin both this study and in Huh et al. (2003), 60% of the

localization assignments were in exact agreement, and spectrometry. For three of the ER proteins, the TAP tag
was toxic or lethal even though the corresponding andgreater than 90% were in partial agreement. In only two

cases were our images significantly different (YMR298w, otherwise isogenic YFP tagged strain was healthy (see
Status List, http://www.yeastrc.org/unknown_orfs). TwoYOR004w). The greater clarity in our images allowed us

to observe finer details such as distinguishing kineto- of the proteins from the ER (YJR013W and YJL097W)
interacted with numerous other membrane proteins bychores from spindle pole bodies and detecting lipid par-

ticles in our DIC images. A likely explanation for the two-hybrid, and these interactions provided a biological
process annotation.difference in image quality is that in the large-scale study

of Huh et al., greater than 4000 proteins were localized, The modification of our current technologies or addi-
tion of alternate technologies could enhance the predic-required mounting cells in glass bottom 96-well plates,

whereas we mounted cells under more ideal optical con- tions for some classes of proteins such as membrane
proteins. Furthermore, the integration of additional ap-ditions.

Membrane proteins present a particular challenge to proaches including synthetic genetic interactions (Tong
et al., 2002, 2001), induced proteolysis (Kanemaki et al.,biochemical analyses. Localization appears to be partic-
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Figure 1. Parallel Analysis of Three Proteins Involved in Two Related DNA Repair Complexes

Four technologies were applied to YDR288w, YML023c, and SMC5 and the results displayed from left to right are purification and mass
spectrometry, two-hybrid analysis, localization, and protein structure prediction. The TAP-tagged protein in each purification is asterisked.
The eluate from the purification was subjected to SDS-PAGE and the proteins visualized by silver staining. Mass spectrometry analysis of
the eluate identified copurifying proteins that are listed adjacent to the gel with their respective molecular weights. Proteins identified by two-
hybrid analysis are listed alphabetically. The proteins identified by both mass spectrometry and two-hybrid analyses are underlined. Each
ORF was tagged with Venus and the fusion protein was localized by fluorescence microscopy as described in the supplemental data. Spc42
fused to CFP was used as a marker for the nucleus and spindle pole body. For protein structure prediction, the protein sequence was
computationally parsed into domains, and the structure of each domain was predicted using a sequential hierarchy of methods as described
in the supplemental data.
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Figure 2. Schematic of DNA Repair Com-
plexes and Their Interaction Networks Iden-
tified by Copurification and Two-Hybrid
Analysis

DNA repair complexes that were identified by
copurification of TAP-tagged versions of
the uncharacterized ORFs YDR288w and
YML023c (asterisk denotes TAP-tagged pro-
teins). Proteins copurifying with each TAP-
tagged uncharacterized ORF are blue and are
encircled with a dashed black line. TAP-
tagged Smc5 purified all members of both
complexes but is not depicted here. All the
members of the YDR288w and YML023c
complexes are essential. Two-hybrid interac-
tions identified in this report are represented
as black lines and previous two-hybrid inter-
actions as red lines. Proteins identified by
two-hybrid interactions that have a role in su-
moylation are represented in green and those
involved in chromosome segregation are in
yellow. A total of 11 other interactions identi-
fied by two-hybrid analysis are not repre-
sented in this diagram. Asterisk denotes pro-
tein used as two-hybrid bait.

YKL088w, and YDR196c (Daugherty et al., 2002); CWC2 and CWC252003), conditional expression of essential genes (Peng
(Ohi and Gould, 2002); DML1 (Gurvitz et al., 2002); RIO2 (Vanrobayset al., 2003), and correlated mRNA expression (Hughes
et al., 2003); NSL1 and DSN1 (Euskirchen, 2002; Nekrasov et al.,et al., 2000) should enable a greater success rate or
2003), TIM50 (Geissler et al., 2002; Yamamoto et al., 2002).

even more robust predictions for all classes of proteins. The yeast genome was recently revised and SGD has labeled 9
The targeted application of multiple orthogonal ap- of the 100 ORFs as dubious based on comparative genomics data

(Cliften et al., 2003; Kellis et al., 2003) and these are noted on ourproaches should propel the systematic analysis of other
website. We were able to tag only one of these ORFs, YJR012c,complements of uncharacterized proteins.
which we detected by Western blot analysis. Therefore, we propose
that YJR012c encodes a protein. For two of the dubious ORFs,Experimental Procedures
YDR196w and YDR413c, we detected significant homology with
membrane proteins but we were unable to tag or characterize them.Selection Criteria for Essential Uncharacterized ORFs
Perhaps these ORFs are part of a nearby ORF. For the other 6We used the following criteria to define our list of 100 uncharacter-
dubious ORFs, our inability to tag or characterize them is consistentized ORFs based on information from the Saccharomyces Genome
with the idea that they do not encode proteins.Database. (1) The deletion of the gene was lethal. (2) The gene was

annotated as biological process unknown. (3) The gene did not have
a name. Information about several of these genes were published Localization

Strain BSY9 has the genotype: MATa/MAT# ade2-1oc/ade2-1ocduring our research but we did not use this information in our analy-
sis: PSF1, PSF2, PSF3, and SLD5 (Takayama et al., 2003); GWT1 ADE3/ade3$ can1-100/can1-100 CYH2s/cyh2 r his3-11,15/his3-11,15

leu2-3,112/leu2-3,112 trp1-1/trp1-1 ura3-1/ura3-1. Strain BSY110(Tsukahara et al., 2003); NAF1 (Fatica et al., 2002); YIL083c,

Figure 3. YKR079c Copurifies and Colocalizes with Nuc1 and YMR099c

Left panel, purification of TAP-tagged YKR079c (asterisked) and subsequent identification of copurifying proteins. The silver-stained gel of
the eluate from the copurification displays three dominant bands and mass spectrometry identifies YKR079c, Nuc1, and YMR099c. Central
panel, localization of YKR079c and Nuc1 fused to Venus and YMR099c fused to YFP. YKR079c localizes in the mitochondria and nucleus.
Nuc1 localizes in the mitochondria, and YMR099c localizes in the nucleus and cytoplasm. These localizations suggest that YKR079c forms
a complex in the mitochondria with Nuc1 and forms a complex in the nucleus with YMR099c. Right panel, the protein structure predictions
for domains identified in each protein as described in the legend for Figure 1. The PSI-BLAST matches with the full-length ORF are also indicated.
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has the same genotype as BSY9 except it also has CFP-SPC42/ where, A is the number of mass spectrometry runs containing the
SPC42. Strain BSY110 was constructed by integrating a CFP tag uncharacterized protein. A includes all instances where the protein
on the 5! end of SPC42 as described using plasmid pBS5 as the appeared, including when it was not the targeted purified protein.
template (Prein et al., 2000). Plasmid pBS5 was made by changing B is the number of runs containing the copurifying protein. T is the
the GFP in plasmid pyGFP (Prein et al., 2000) to CFP by Quikchange total number of mass spectrometry runs in our dataset (T % 83). I
site-directed mutagenesis (Stratagene). Plasmid pBS7 was made in is the number of runs containing both proteins. P(I) is the probability
two steps. First, the YFP in pDH6 was converted to citrine to make of I runs containing both proteins by random chance, given only the
plasmid pDH27. Then the citrine in pDH27 was converted to Venus number of runs containing protein A, the number of runs containing
(Nagai et al., 2002) by site-directed mutagenesis. Note that Venus protein B and the total number of runs (T).
in pBS7 has two additional mutations Q69M and Q80R not found A P score was then assigned to the copurifying protein:
in the original Venus.

P score % !min(A,B)
i%I P(i),Each uncharacterized ORF was tagged at the 3! end with the

Venus version of YFP (Nagai et al., 2002) as described (Wach et al.,
where min(A,B) is the minimum of the two values A and B.1997) using plasmid pBS7 as the template. The Venus tag was

The P score represents the likelihood that the two proteins, theintegrated in a diploid strain heterozygous for CFP-SPC42 (strain
uncharacterized protein and the copurifying protein, would appearBSY110) to provide a marker for the SPB and the nucleus. The
together by random chance I or more times. We established ourN-terminal CFP tag is adjusted for yeast preferred codons and con-
significance threshold empirically such that if the uncharacterizedtains little sequence homology with the C-terminal Venus cassette
protein appeared only once, proteins that only appeared in that runin plasmid pBS7. Thus, homologous recombination strongly favors
were considered significant. Given our total number of runs, theintegration at the 3! end of the uncharacterized ORF. The diploid was
exact cutoff for a significant P score was 0.01205.then subjected to random spore analysis. Haploids were selected by

resistance to cycloheximide and tested for resistance to G418,
Two-Hybridwhich marks the tagged gene. If the tagged copy of the gene did not
Genome-wide two-hybrid screens were performed in a high-appear in half of the progeny, tetrads were dissected to determine if
throughput manner using robotics as described previously (Dreesthe tag was lethal or toxic (deleterious) to the strain. Viable haploids
et al., 2001; Uetz et al., 2000). In brief, the essential uncharacterizedwere analyzed by PCR to demonstrate that the only copy of the
ORFs were fused to the Gal4 DNA binding domain and screened ingene was tagged with Venus. Haploids containing both the Venus-
duplicate against an array of !6000 yeast strains containing eachtagged ORF and CFP-Spc42 were analyzed by fluorescence micros-
of the !6000 S. cerevisiae ORFs expressed as fusions to the Gal4copy on the DELTAVISION system, which incorporates an Olympus
activation domain. The array was generated by recombination clon-IL-70 microscope, a CoolSnap HQ digital camera from Roper Scien-
ing into the activation domain vector pOAD as previously described,tific (Tucson, AZ), and optical filter sets from Omega Optical (Brat-
except that instead of selecting two colonies from each ORF trans-tleboro, VT). If the signal was very low, the tagged strain was mixed

with an untagged strain, so that the experimental and a control formation plate we pooled all the colonies from the transformation
strain could be imaged on the same slide. If the tagged and untagged plates that were 3 times higher than the vector only control. The
strains could not be distinguished in the YFP channel, then the essential uncharacterized ORFs were cloned by recombination into
tagged ORF was labeled as having no signal. The tagged and un- the DNA binding domain vector pOBD2 and individual clones were
tagged strains could be distinguished in the CFP channel by the sequenced through the whole ORF. Putative interacting partners
presence of CFP-Spc42 in one but not the other. were identified as reproducible two-hybrid positives that were ob-

served twice out of the duplicate high-throughput screens. Positives
Copurification and Mass Spectrometry that were identified only once were presumably a result of a false
The purification protocol of Rigaut et al. (1999) was optimized. The positive colony that is not reproducible or due to inefficient pinning
stringency of the washes of the first affinity purification was in- by the robot. In some cases, a confirmation screen of these positives
creased from 150 mM NaCl to 300 mM NaCl and the washes of the was performed by re-arraying the activation domain strains corre-
final affinity purification were decreased from 200 to 20 column sponding to the positives that appeared singly or doubly from the
volumes. With these modifications, the Tub4p complex, used as a duplicate high-throughput screens into 96-well microtiter plates.
test, purified to near homogeneity with stoichiometric amounts of Subsequent screening of these re-arrayed strains by the DNA bind-
each of the three components and minor contamination from ribo- ing domain hybrid enabled the identification of single positives that
somal proteins. (The detailed optimized protocol can be found at were the result of inefficient pinning and allowed them to be classi-
http://depts.washington.edu/yeastrc/ms_tap1.htm.) fied as double positives. The results of the two-hybrid analysis can

The TAP tag was integrated into diploid strain BSY9 using plasmid be viewed and downloaded at our website (http://yeastrc.org/
pFA6a-CTAP-MX6-2XPA (Tasto et al., 2001) as the template. Hap- unknown_orfs).
loids were isolated as above and tested by PCR to ensure that the
TAP-tagged copy of the gene was the only copy of the gene. Proteins

Protein Structure Prediction and Sequence Homology Detectionthat were successfully tagged were subjected to the optimized puri-
Domain parsing and structure prediction were performed as follows.fication protocol. The purified eluates were analyzed by SDS-poly-
An iterative procedure called Ginzu (Chivian et al., 2003) was usedacrylamide gel electrophoresis and proteins detected by silver stain-
to parse each sequence into domains and to predict the structureing according to the directions of the manufacturer (Bio-Rad). Mass
of each domain. The basic concept behind Ginzu is to start with aspectrometry was performed to identify the copurifying proteins
sequence search using reliable database search methods, maskusing MudPIT analysis as described previously (McDonald et al.,
out any matched portions of the sequence which are taken to be2002). The silver-stained gels and the detailed results from the mass
independent domains, and subject the unmatched regions tospectrometry analysis can be viewed and downloaded at our web-
searches using less reliable but more sensitive methods. First, PSI-site (http://yeastrc.org/unknown_orfs).
BLAST (Altschul et al., 1997) searches for homologous sequencesThe copurifying proteins that specifically associate with a given
in the nonredundant NCBI database were used to generate multipleessential uncharacterized protein were determined in two steps
sequence alignments for each ORF (5 iterations and an e-value(Table 2). First, proteins that occurred in nine or more purifications
cutoff of 0.001). Scoring matrices (PSSMs) generated from the multi-and ribosomal proteins were excluded from consideration. Second,
ple sequence alignments were then used to search the PDB data-we ranked the relative statistical significance of the presence of each
base for sequences with known structures. The homologous regionsof the remaining proteins that copurified with the uncharacterized
of the query sequence were annotated with the Protein Data Bankprotein. A probability model was derived based on a hypergeometric
accession number (PDB id) (Berman et al., 2002) from the matchdistribution. The formula applied to each copurifying protein was:
and the homologous regions were masked. Unmasked regions were
submitted first to ORFeus (Ginalski et al., 2003), a fold-recognition
server, and then Pcons2 (Lundstrom et al., 2001), a consensus foldP(I) %

"AI # * "T & A
B & I #

"TB# recognition server. Significant matches were again masked and an-
notated with the PDB id. Still unmatched regions were then searched
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