Supplementary Information

Construction of the TAP-tagged yeast strain collection.  PCR reactions, yeast culture and transformations, gel electrophoresis, and other large-scale manipulations were automated in 96-well format using a Biomek® FX Laboratory Workstation (Beckman Coulter), and yeast strains were grown in 96-well format in a HiGro temperature-controlled shaker (GeneMachines).  To construct a chromosomally TAP-tagged library, 6,234 pairs of gene-specific oligonucleotide primers were synthesized on a PolyPlex oligo synthesizer (Gene Machines), each of which had been designed to share complementary sequences to the TAP tag-marker cassette at the 3’ end and contain 40 base pairs of homology with a specific gene of interest to allow in frame fusion of the TAP tag at the C-terminal coding region of the gene. Gene-specific cassettes containing a C-terminally positioned TAP tag were then generated by PCR using as a template pFA6a-TAP*-His3MX (the complete sequence of the insert is given below), which in addition to TAP also encodes the Schizosaccharomyces pombe his5+ gene and permits selection of transformed strains in histidine-free media, and the primer pairs described above that correspond to 6,234 ORFs annotated in the SGD.  PCR reactions were performed in 96-well format with PTC-225 DNA Engine Tetrad gradient cyclers (MJ Research) and products were resolved on Ready-to-Run 96-well agarose gels and electrophoretic apparatus (Amersham Pharmacia).  The haploid parent yeast strain (ATCC 201388:  MATa his31 leu20 met150 ura30) was transformed with the PCR products and strains were selected in SD medium (synthetic medium plus dextrose, Difco) lacking histidine.  Insertion of the cassette by homologous recombination was verified by genomic PCR of samples from individual colonies with a primer internal to the TAP tag and a separate set of ORF-specific primers designed to produce a product of approximately 500 base pairs. Two to six colonies from strains representing the 6,106 ORFs verified by PCR were analyzed by Western blots.  A strain collection for public distribution (which will be available through Open Biosystems) was prepared comprising all ORFs detectable by Western blots in this study.

Culture growth, extract preparation and Western blot analysis. 1.7 mL cultures of successfully tagged strains were grown in YEPD media within 96-well deep well plates. A Teflon coated ball bearing was added to each well in order to keep cultures in suspension and provide proper aeration during shaking. Control experiments indicated that the growth rate of the cultures in this 96-well format was equivalent to growth rates obtained by shaking in conventional flasks, both with glucose or a non-fermentable carbon source. Cultures were grown to OD of ~0.7 at 30 oC and pelleted cells were lysed by the addition of 50 L of a boiling SDS solution (50mM Tris-HCl , pH 7.5, 5% SDS, 5% glycerol, 50mM DTT, 5mM EDTA, Bromophenol Blue, 2g/mL Leupeptin, 2g/mL Pepstatin A, 1g/mL Chymostatin, 0.15 mg/mL Benzamidine, 0.1 mg/mL Pefabloc, 8.8 g/mL Aprotanin, 3g/mL Anitpain). Lysed cells were centrifuged and the supernatant extract was stored at –80 oC. 13 L aliquots of the SDS-lysed extracts were loaded on 26 well, 4-15% gradient acrylamide Tris-HCl Criterion precast gels (Bio Rad). The gels were run at 200 Volts for 70 minutes and transferred using Trans-blot SD semi-dry transfer cell (BioRad) onto PVDF membranes at a constant current of 160 mA per gel for 120 minutes. Before transfer, the activated PVDF membranes and the gels were soaked in 39mM Glycine, 48mM Tris-HCl, 0.375% SDS with and without 20% methanol respectively in order to facilitate transfer while preventing bleed through. Analysis of a number of randomly chosen blots indicated that the large majority of the protein samples were transferred onto the PVDF membrane. The blots were probed using an affinity purified rabbit polyclonal antibody raised against the calmodulin binding peptide. This antibody can detect the TAP tag with great sensitivity as it can bind CBP as well as the Protein A segment of the tag through interaction with its Fc region. The blots were subsequently probed with a horse radish peroxidase (HRP) conjugated Goat secondary antibody (Jackson ImmunoResearch) against rabbit IgG and reacted with SuperSignal West Femto Maximum Sensitivity Substrate ECL (BioRad) and the chemiluminescence of the bands corresponding to the tagged proteins were detected and quantified using a CCD camera (Alpha Innotech).  Transfer efficiency was monitored by Ponceau S staining all membranes and including “Magic Mark” (invitrogen) molecular weight standards, which contain IgG binding domains allowing visualization by Western blotting.  
Estimate of false positive rates:  The list of spurious genes identified by Kellis et al. provides an estimate of our false positive rate.  Of the 496 spurious ORFs identified by Kellis et al., only 7 (three of which are good candidates for being genuine ORFs based on strong expression levels and high CEC values) were observed by the GFP and TAP analyses.  Even if we assume that all of the genes identified by Kellis et al are spurious, this yields a false positive rate of less than 1.5%.  
The effect of the TAP tag on the function, regulation and degradation of proteins. 

1) Activity

In haploid yeast, we were able to tag 93% and observe a protein product for 78% of all proteins that are essential for growth. Comparison to the percentage of all named genes that were observed (83%) indicates that the majority of the tagged proteins retain their function.  However, the efficiency of tagging does decrease for small essential proteins, due in part to difficulty in tagging ribosomal proteins, suggesting that smaller proteins have a higher likelihood of being rendered non-functional by the TAP tag.  In addition, microscope analysis of a similarly constructed C-terminal GFP fusion library (Huh, W. -K. et al. Global analysis of protein localization of budding yeast. (Nature, in press)) found excellent (~80%) overlap with previously published localization arguing that the C-terminal tag does not generally disturb proper subcellular localization although, as discussed in Huh et al., there are subsets of proteins that do require intact C-termini for proper localization.

2) Regulated protein degradation

As part of systematic effort to measure the lifetime of proteins in the yeast proteome, we have analyzed the degradation rate of a number of proteins that are known to be regulated by ubiquitin-dependant proteolysis by monitoring the change in their levels after inhibiting translation by the addition of cycloheximide (A. B., unpublished data). For the large majority of the proteins that are known to be short-lived, a rapid decrease in protein level is observed indicating that the tag is not inhibiting their proteolysis. Furthermore, many known cell-cycle regulated proteins (e.g. Clb2 and Sic1 in Figure 1C) have been found to have the expected fluctuations during the course of the cell cycle (S.G., unpublished data).

3) Degradation of the TAP tag

Our data suggests that the in vivo cleavage of the TAP tag from the fusion protein is not a general problem. In our analysis of Western blots during log phase growth or after cycloheximide shutoff (A.B., unpublished data), a band corresponding to the molecular weight of the TAP tag is almost never observed. Furthermore, Western blots performed on extracts from 5 tagged strains (Pho4, Pgk1, Sup35, Hxk2, Dpm1) using an antibody against enodgenous protein (instead of the TAP-tag) failed do detect a band corresponding to the untagged protein. This indicates that the TAP tag is not clipped from the protein and rapidly degraded.

TAP Amino Acid Sequence

GRRIPGLINPWKRRWKKNFIAVSAANRFKKISSSGALDYDIPTTASENLYFQGEFGLAQHDEAVDNKFNKEQQNAFYEILHLPNLNEEQRNAFIQSLKDDPSQSANLLAEAKKLNDAQAPKVDNKFNKEQQNAFYEILHLPNLNEEQRNAFIQSLKDDPSQSANLLAEAKKLNDAQAPKVDANHQZ

TAP Insertion Cassette DNA Sequence (CBP-TEV-ZZ-His3MX6)

(common 20 bases in F2 forward primer)
GGTCGACGGATCCCCGGGTTAATTAATCCATGGAAGAGAAGATGGAAAAAGAATTTCATAGCCGTCTCAGCAGCCAACCGCTTTAAGAAAATCTCATCCTCCGGGGCACTTGATTATGATATTCCAACTACTGCTAGCGAGAATTTGTATTTTCAGGGAGAATTCGGCCTTGCGCAACACGATGAAGCCGTGGACAACAAATTCAACAAAGAACAACAAAACGCGTTCTATGAGATCTTACATTTACCTAACTTAAACGAAGAACAACGAAACGCCTTCATCCAAAGTTTAAAAGATGACCCAAGCCAAAGCGCTAACCTTTTAGCAGAAGCTAAAAAGCTAAATGATGCTCAGGCGCCGAAAGTAGACAACAAATTCAACAAAGAACAACAAAACGCGTTCTATGAGATCTTACATTTACCTAACTTAAACGAAGAACAACGAAACGCCTTCATCCAAAGTTTAAAAGATGACCCAAGCCAAAGCGCTAACCTTTTAGCAGAAGCTAAAAAGCTAAATGATGCTCAGGCGCCGAAAGTAGACGCGAATCATCAGTGAGGCGCGCCACTTCTAAATAAGCGAATTTCTTATGATTTATGATTTTTATTATTAAATAAGTTATAAAAAAAATAAGTGTATACAAATTTTAAAGTGACTCTTAGGTTTTAAAACGAAAATTCTTATTCTTGAGTAACTCTTTCCTGTAGGTCAGGTTGCTTTCTCAGGTATAGTATGAGGTCGCTCTTATTGACCACACCTCTACCGGCAGATCCGCTAGGGATAACAGGGTAATATAGATCTGTTTAGCTTGCCTCGTCCCCGCCGGGTCACCCGGCCAGCGACATGGAGGCCCAGAATACCCTCCTTGACAGTCTTGACGTGCGCAGCTCAGGGGCATGATGTGACTGTCGCCCGTACATTTAGCCCATACATCCCCATGTATAATCATTTGCATCCATACATTTTGATGGCCGCACGGCGCGAAGCAAAAATTACGGCTCCTCGCTGCAGACCTGCGAGCAGGGAAACGCTCCCCTCACAGACGCGTTGAATTGTCCCCACGCCGCGCCCCTGTAGAGAAATATAAAAGGTTAGGATTTGCCACTGAGGTTCTTCTTTCATATACTTCCTTTTAAAATCTTGCTAGGATACAGTTCTCACATCACATCCGAACATAAACAACCATGGGTAGGAGGGCTTTTGTAGAAAGAAATACGAACGAAACGAAAATCAGCGTTGCCATCGCTTTGGACAAAGCTCCCTTACCTGAAGAGTCGAATTTTATTGATGAACTTATAACTTCCAAGCATGCAAACCAAAAGGGAGAACAAGTAATCCAAGTAGACACGGGAATTGGATTCTTGGATCACATGTATCATGCACTGGCTAAACATGCAGGCTGGAGCTTACGACTTTACTCAAGAGGTGATTTAATCATCGATGATCATCACACTGCAGAAGATACTGCTATTGCACTTGGTATTGCATTCAAGCAGGCTATGGGTAACTTTGCCGGCGTTAAAAGATTTGGACATGCTTATTGTCCACTTGACGAAGCTCTTTCTAGAAGCGTAGTTGACTTGTCGGGACGGCCCTATGCTGTTATCGATTTGGGATTAAAGCGTGAAAAGGTTGGGGAATTGTCCTGTGAAATGATCCCTCACTTACTATATTCCTTTTCGGTAGCAGCTGGAATTACTTTGCATGTTACCTGCTTATATGGTAGTAATGACCATCATCGTGCTGAAAGCGCTTTTAAATCTCTGGCTGTTGCCATGCGCGCGGCTACTAGTCTTACTGGAAGTTCTGAAGTCCCAAGCACGAAGGGAGTGTTGTAAAGAGTACTGACAATAAAAAGATTCTTGTTTTCAAGAACTTGTCATTTGTATAGTTTTTTTATATTGTAGTTGTTCTATTTTAATCAAATGTTAGCGTGATTTATATTTTTTTTCGCCTCGACATCATCTGCCCAGATGCGAAGTTAAGTGCGCAGAAAGTAATATCATGCGTCAATCGTATGTGAATGCTGGTCGCTATACTGCTGTCGATTCGATACTAACGCCGCCATCCAGTTTAAACGAGCTCGAATTCATCGA 
                                                  (common 20 bases in R1 reverse primer)
Table S1. Enrichment of codons in the positive protein-coding standard set (named genes) 

	Codon
	Enrichment
	
	Codon
	Enrichment

	CGG
	0.21
	
	ACA
	0.98

	CGA
	0.23
	
	TTA
	0.99

	CGC
	0.30
	
	TTC
	1.01

	TGC
	0.37
	
	TCA
	1.02

	CTC
	0.42
	
	CAG
	1.03

	TGT
	0.44
	
	ACC
	1.05

	CGT
	0.53
	
	ATG
	1.05

	CAC
	0.63
	
	CCT
	1.12

	CCG
	0.64
	
	ACT
	1.13

	GTA
	0.64
	
	ATT
	1.13

	ATA
	0.64
	
	TCC
	1.19

	CTT
	0.65
	
	GGC
	1.21

	ACG
	0.66
	
	AGA
	1.21

	TAT
	0.68
	
	GTT
	1.25

	TCG
	0.70
	
	TCT
	1.32

	GGG
	0.74
	
	AAT
	1.34

	CTA
	0.74
	
	GCA
	1.36

	CAT
	0.74
	
	AAC
	1.39

	GCG
	0.78
	
	CCA
	1.52

	AGG
	0.78
	
	TTG
	1.54

	AGT
	0.79
	
	CAA
	1.54

	AGC
	0.80
	
	AAA
	1.57

	TAC
	0.80
	
	GCC
	1.61

	CCC
	0.84
	
	GAG
	1.63

	TGG
	0.85
	
	GAC
	1.70

	CTG
	0.87
	
	AAG
	1.75

	GGA
	0.89
	
	GCT
	1.79

	GTG
	0.91
	
	GGT
	2.05

	ATC
	0.95
	
	GAT
	2.16

	TTT
	0.95
	
	GAA
	2.62

	GTC
	0.97
	
	
	


Supplementary Data Set. Comprehensive list of detected proteins, measured abundances, CEC calculations and annotated spurious ORFs. Column 1. Systematic ORF names. Column 2. Detected expression in TAP Western experiments (TAP), GFP microscopy (GFP), both analyses (Both) or no detected expression (None). Column 3. Measured protein levels in terms of molecules/cells, (-) indicates no detected expression, (%) indicates a detected band that was unquantifiable because of extremely low signal (approximately <50 molecules/cell) and  (#) indicates a detected band that was unquantifiable due to experimental problems with the Western blot. Column 4. For a subset of 206 essential proteins, measurements were made in triplicate and the standard deviation (SD) is included in this column. For this subset, column 3 lists the average of the three measurements. (-) indicates that only a single measurement was made and no SD is available. Column 5. Calculated CEC values. Column 6. Spurious ORFs, as identified by the CEC/expression analysis are marked with ‘1’.

[Table included as Excel file]

Figure S1. Detection limit of the TAP antibody. Wild type yeast extracts were made at the same concentrations used in our experimental samples. The extracts were spiked with known amounts of a purified TAP-tagged protein (INFA). Western blots were conducted as described in the methods and the chemiluminescence was detected at one and five minute exposure times. The blots indicate that as little as 1 femtomoles of the protein can be detected without significant cross-reactivity with endogenous yeast proteins. Using 1.7 mL cultures grown to an OD600 of 0.7, this sensitivity allows us to detect proteins present at levels of 50 molecules/cell or greater.  

Figure S2. CEC Analysis of two hypothetical ORFs. YDL121C and YKR047W are two small, uncharacterized ORFs that are listed as ‘hypothetical’ in the yeast genome database. The enrichments of the 61 codons within the ORF are plotted against the positive protein-coding set. The linear correlation coefficients (CEC values) are 0.70 and –0.33 for YDL121C and YKR047W, respectively. A protein product was observed for YDL121C using both the TAP and GFP fusion libraries. Conversely, no protein product was observed for YKR047W. The lack of an expressed protein along with a low CEC value marks YKR047W as a spuriously annotated ORF.

Figure S3. Abundance distribution of the yeast proteome detected by two additional proteomic approaches. Similar to Figure 4a, the abundance distribution of the observed proteome (red) is compared to other proteomic studies. The purple bars show the distribution of proteins detected using a multidimensional chromatography tandem mass spectrometry (LC/LC-MS/MS) approach in a study focused on comprehensive detection of the yeast proteome (Peng, J. et al. J Prot Res 2, 43-50 (2003)). The green bars show the distribution of proteins quantitated using the isotope-coded affinity tag (ICAT) approach in a study focused on measuring changes in protein expression upon carbon-source perturbation (Griffi, T.J. et al. Mol Cel Proteomics 1, 323-333(2002))

Figure S4. The relationship between steady-state protein levels and mRNA levels as measured by cDNA microarray.  In the top plot, the measured log-phase abundance of each protein is plotted against its mRNA level as determined by a recent cDNA microarray analysis in which genomic DNA was used to normalize detected mRNA levels (Wang, Y. et al. Proc Natl Acad Sci U S A 99, 5860-5 (2002)). In the middle plot, all ORFs are sorted according to mRNA levels and binned into successive groups with mRNA cutoff levels of 0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 10, 20, 50 and 100 molecules per cell. For each bin the mean of the protein abundances is plotted against the mean mRNA level. The bottom plot shows the protein versus mRNA relationship for a subset of essential soluble proteins.  The error represents the standard deviation of three measurements.

Figure S5. Average protein levels and protein per mRNA ratios of MIPS functional categories. Functional groupings of ORFs were obtained from the MIPS database: (http://mips.gsf.de/genre/proj/yeast). For each functional category, the mean protein level (black) and the mean protein/mRNA ratio (gray), using mRNA levels obtained from microarray analysis (Holstege, F. C. et al. Cell 95, 717-28 (1998)), was calculated. The results indicate significant protein enrichment for a number of functional categories, most notably for proteins involved in protein synthesis and energy production. However, the protein/mRNA ratio is relatively constant amongst the different categories. 

Figure S6. Average protein levels and protein per mRNA ratios of localization categories. ORFs localized to cytoplasmic, nuclear, mitochondria and secretory pathway and plasma membrane compartments by the analysis of Huh et al. (Huh, W. K. et al. Global analysis of protein localization of budding yeast. (Nature, in press)) were grouped together. For each group, the mean protein level (black) and the mean protein/mRNA ratio (gray) was calculated as in Figure S5. The results show protein enrichment for the cytoplasmic proteins. However, the protein/mRNA ratio is relatively constant amongst the different categories. 

Figure S1 Ghaemmaghami et al.

[image: image1.png]Codon Envichment of ORF

Codon Enrichment of ORF

50.

30.

10

Figure S2. Ghaemmaghami et al.

YDL121C

Y
PR LS
05 10 15 20 25
‘Codon Enrichment of Positve Set

. YKRO4TW

PN

os 0. 15 20 25
Cadon Enrichment of Positive Set





Figure S2 Ghaemmaghami et al.
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Figure S4 Ghaemmaghami et al.
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Figure S5 Ghaemmaghami et al.
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Figure S6 Ghaemmaghami et al.
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