Methods

General experimental procedures.  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).  Oligonucleotides were synthesized using a PolyPlex® oligonucleotide synthesizer (GeneMachines). 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).    
Assignment of initial localization categories.  Sets of GFP, DAPI, and DIC micrographs were organized into an image database and independently and blindly evaluated by two scorers, and consensus was reached on any discrepancies.  The database was designed to catalogue information about subcellular localization, cell cycle phase (without buds, G1; budding, S/G2, and with visibly dividing nucleus in the DAPI field, M), mother-daughter cell differences, variable signal within one localization (uniform vs. non-uniform signal), variable signal intensity within a cell population (greater than/less than average), and differences in cell morphology (small, large, elongated, otherwise abnormal).  Information for multiple cells within an image set, or multiple characteristics for one cell, was captured as needed.  In the first phase of scoring, cells were assigned the following localizations:  cell periphery, bud, bud neck, microtubule, cytoplasm, nucleus, nuclear periphery, mitochondrion, ER, vacuole, vacuolar membrane, punctate, and ambiguous.  The DAPI image was used to determine the position of the nucleus and mitochondria, and the DIC image was used to determine localization at the vacuole and vacuolar membrane.  

Co-localization analysis. A total of 237 strains with non-uniform nuclear GFP signals were mated to the Sik1-RFP strain to test for nucleolar localization, 96 strains were mated to Spc42-RFP to test for spindle pole localization, and 55 strains were mated to Nic96-RFP to test for nuclear periphery localization.  A total of 368 ORFs with punctate or ambiguous signal patterns were crossed to one or more strains expressing RFP-tagged Sac6, Anp1, Cop1, Chc1, Sec13, Snf7, Pex3, or Erg6 (Table 2) to yield an additional 1,333 diploid strains.  We note that the endosomal marker protein Snf7-RFP was localized to one to three large spots of endosomal structure adjacent to the vacuole in this study, whilst a previous report shows a highly dispersed punctate distribution of Snf7p in wild-type cells1. This localization pattern of Snf7-RFP is similar to the endosomal structure, called the class E compartment, observed in vps4 mutants, suggesting that Snf7-RFP may not be fully functional1. A set of 95 GFP-tagged haploid strains with punctate signal patterns were also analysed in the presence of the mitochondrion-specific dye MitoTracker® Red CMXRos (0.1 µg/mL, Molecular Probes) to assign proteins to the non-uniform mitochondrion localization category.

Comparison of results with the SGD.  Agreement between our localization data and the results of previous studies was determined systematically by comparison with the cellular component gene ontology (GO) information for ORFs annotated in the SGD2 as of 15 April 2003.  The cellular component categories in SGD were translated to our subcellular localization categories (Table 2) and any match between the localizations for a given ORF in the SGD and in the GFP database was considered an agreement.  Plasma membrane and cell wall proteins were included in cell periphery; proteins localized to incipient bud site and site of polarized growth were included in bud; spindle pole body, kinetochore, and centromere proteins were included in spindle pole.  The “actin cap (sensu Saccharomyces)” GO annotation was translated to bud neck and actin cytoskeleton, “vacuole (sensu Fungi)” was translated to vacuole and vacuolar membrane, and “cell cortex” was translated to cell periphery and actin cytoskeleton.  Proteins that were not given a GO annotation for a specific localization, such as “cell,” “intracellular,” “soluble fraction,” “membrane fraction,” “membrane,” and most unlocalized protein complexes were considered unlocalized proteins.  

Table S1.  Summary of proteins newly localized to the nuclear periphery (A) and spindle pole (B).  ORFs with products not assigned to the nuclear periphery or spindle pole in the SGD2 are listed, along with gene name and biological function where these were defined.  Proteins localized to the spindle pole in this study were considered to be previously localized to the spindle pole if they had been previously characterized as components of the spindle pole body, kinetochore, or centromere.   

	A. Nuclear periphery proteins

	
	
	
	

	ORF
	Gene 
	Function
	Previous localization 

	YDL089W
	
	Unknown
	Unknown

	YDR335W
	MSN5
	Importin/export receptor
	Nucleus

	YDR458C
	
	Unknown
	Unknown

	YEL017W
	GTT3
	Unknown
	Unknown

	YHL020C
	OPI1
	Transcription co-repressor
	Nucleus

	YHR133C
	
	Unknown
	Unknown

	YJL048C
	
	Unknown
	Unknown

	YML034W
	SRC1
	Mitotic sister chormatid separation
	Nucleus

	YML107C
	
	Unknown
	Unknown

	YNL158W
	
	Unknown
	Unknown

	YPR174C
	
	Unknown
	Unknown

	
	
	
	

	B. Spindle pole proteins

	
	
	
	

	ORF
	Gene 
	Function
	Previous localization

	YDR532C
	
	Unknown
	Unknown

	YLL003W
	SFI1
	G2/M transition of mitotic cell cycle
	Unknown

	YLR210W
	CLB4
	G1/S transition of mitotic cell cycle
	Unknown

	YLR457C
	NBP1
	Unknown
	Nucleus

	YNL172W
	APC1
	Ubiquitin-dependent protein catabolism
	Nucleus

	YOR060C
	
	Unknown
	Unknown

	YOR073W
	Unknown
	Unknown


Table S2.  Systematic mislocalization of GFP-tagged proteins with C-terminal localization sequences.  (A) Proteins localized to the cell wall according to the SGD2 are predominantly localized to the ER and the vacuole in the GFP fusion collection.  (B)  Proteins bearing the HDEL ER retention signal are primarily localized to the vacuole in the GFP fusion collection.  (C)  Proteins containing the peroxisomal targeting sequence PTS1, a C-terminal tripeptide, are mislocalized.  (D)  Proteins modified by fatty acids near the C-terminus are mislocalized, primarily to the cytoplasm/nucleus.   

	A. Cell wall proteins
	
	B. HDEL proteins

	
	
	
	
	

	Gene
	GFP localization
	Name
	GFP localization
	SGD localization

	SCW11
	ambiguous
	PDI1
	vacuole
	ER

	EXG2
	ambiguous
	SED4
	ER
	ER

	GRH1
	cytoplasm
	CPR5
	vacuole
	ER

	PIR1
	cytoplasm/nucleus
	SEC20
	ER
	ER

	TIR1
	ER
	KAR2
	ambiguous
	ER

	AGA1
	ER
	LHS1
	vacuole
	ER

	TIP1
	ER
	MPD2
	vacuole
	ER

	PST1
	ER
	MPD1
	vacuole
	ER

	CED1
	ER
	KRE5
	vacuole
	ER

	UTR2
	ER
	
	
	

	PRY3
	ER
	C. PTS1-containing proteins

	YJL171C
	ER
	
	
	

	CWP1
	ER
	Gene 
	GFP localization
	SGD localization

	CWP2
	ER
	YOR084W
	ambiguous
	peroxisome

	YLR042C
	ER
	CIT2
	cytoplasm
	peroxisome

	CCW12
	ER
	MDH3
	cytoplasm/nucleus
	peroxisome

	YPS1
	ER
	STR3
	cytoplasm/nucleus
	peroxisome

	YLR194C
	ER
	LYS4
	mitochondrion
	peroxisome, mitochondrion

	CCW14
	ER
	NPY1
	vacuolar membr.
	peroxisome

	HOR7
	ER
	PCS60
	vacuolar membr.
	peroxisome

	YNL300W
	ER
	LYS1
	vacuole
	peroxisome

	KRE1
	ER
	
	
	

	EGT2
	ER
	
	
	

	YOR214C
	ER
	D. Fatty acid acylation

	GAS3
	ER/cytoplasm
	
	
	

	GAS5
	ER/nucleus
	Gene
	GFP localization
	SGD localization

	YNL190W
	ER/cell periphery
	RAS1
	cytoplasm/nucleus
	plasma membr. (F, P)*

	SPI1
	vacuole
	RAS2
	cytoplasm/nucleus
	plasma membr. (F, P)

	AGA2
	vacuole
	STE18
	cytoplasm/punctate 
	plasma membr./cyto. (F, P)

	BGL2
	vacuole
	MFA1
	cytoplasm/nucleus
	extracellular (F)

	SIM1
	vacuole
	PEX19
	cytoplasm
	cytoplasm (F)

	UTH1
	vacuole
	RHB1
	cytoplasm
	plasma membr. (F)

	PHO5
	vacuole
	YDJ1
	cytoplasm/nucleus
	cytoplasm (F)

	MKC7
	vacuole
	VPS21
	cytoplasm/nucleus
	endosome (G)

	SCW4
	vacuole
	YPT7
	cytoplasm/nucleus
	vacuole (G)

	MCD4
	vacuole
	SNC2
	vacuole
	transport vesicles (P)

	EXG1
	vacuole
	
	YCK2
	cytoplasm/nucleus
	plasma membr., bud (P)

	
	
	* F: farnesylation; G: geranylgeranylation; P: palmitoylation

	
	
	


Table S3. 52 yeast nucleolar proteins homologous to the human nucleolar proteins identified using mass spectrometry3.

	Yeast ORF (gene)
	Homologous human gene

	YBL004W (UTP20)
	NNP73

	YBR247C (ENP1)
	BYSL

	YCL059C (KRR1)
	HRB2

	YCR057C (PWP2)
	NNP62

	YDL208W (NHP2)
	NOLA2

	YDR021W (FAL1)
	IF4N

	YDR060W 
	CBF2

	YDR083W 
	NNP35

	YDR087C (RRP1)
	NOP52

	YDR280W (RRP45)
	NNP11, PMSCL1

	YDR299W (BFR2)
	DED

	YDR398W 
	NNP53

	YDR496C 
	NNP45

	YGL078C (DBP3)
	GU2

	YGL120C (PRP43)
	DDX15

	YGR103W 
	PES1

	YGR195W (SKI6)
	NNP8

	YHR066W (SSF1)
	NNP37

	YHR069C (RRP4)
	NNP10, RRP40

	YHR089C (GAR1)
	NOLA1

	YHR169W (DBP8)
	NNP40

	YIL091C 
	NNP60

	YJL033W (HCA4)
	DDX10

	YJL050W (MTR4)
	NNP67

	YJL069C 
	NNP44

	YKL009W (MRT4)
	RPS0

	YKR092C (SRP40)
	NOLC1

	YLL008W (DRS1)
	NNP48

	YLL011W (SOF1)
	NNP34

	YLR175W (CBF5)
	DKC1

	YLR196W (PWP1)
	NNP42

	YLR197W (SIK1)
	NOP56

	YLR222C 
	NNP43/SAZD

	YMR049C (ERB1)
	NNP54/BOP1

	YMR121C (RPL15B)
	RPL15

	YMR229C (RRP5)
	RRP5

	YNL061W (NOP2)
	NOL1

	YNL132W 
	NNP66

	YNR054C 
	ABT1

	YOL006C (TOP1)
	TOP1

	YOL010W (RCL1)
	RNAC

	YOL080C (REX4)
	NNP28

	YOL142W 
	RRP40

	YOR001W (RRP6)
	PMSCL2

	YOR206W 
	NNP58

	YOR272W (YTM1)
	NNP30

	YOR310C (NOP58)
	NOP5/NOP58

	YOR341W (RPA190)
	RPA190

	YPL043W (NOP4)
	NNP59

	YPR016C (TIF6)
	ITGB4BP/EIF6

	YPR110C (RPC40)
	RPA40

	YPR137W (RRP9)
	U3-55K


Table S4. 33 human proteins with nucleolar localization or related function4, which are homologous to the yeast nucleolar proteins identified in this study.

	Human gene
	Homologous yeast ORF (gene)

	AD24
	YLR002C (NOC3)

	BRIX
	YOL077C (BRX1)

	CSL4
	YNL232W (CSL4)

	DDX24
	YBR142W (MAK5)

	DDX31
	YKR024C (DBP7)

	DDX37
	YMR128W (ECM16)

	DDX8
	YKL078W (DHR2)

	DIS3
	YOL021C (DIS3)

	FLJ10613
	YER006W (NUG1)

	FLJ21087
	YKR081C (RPF2)

	HSPC031
	YPL211W (NIP7)

	KIAA0116
	YDL111C (RRP42)

	KIAA1595
	YFL002C (SPB4)

	MGC42193
	YNR038W (DBP6)

	MKI67IP
	YNL110C (NOP15)

	NCL
	YGR159C (NSR1)

	NOLA3
	YHR072W-A (NOP10)

	PABPN1
	YOL041C (NOP12)

	PINX1
	YGR280C (PXR1)

	POLR1D
	YNL113W (RPC19)

	POLR2K
	YHR143W-A (RPC10)

	POLR2L
	YOR210W (RPB10)

	PPAN
	YDR312W (SSF2)

	RNASE3L
	YMR239C (RNT1)

	RNPC4
	YNL175C (NOP13)

	RPL27
	YHR010W (RPL27A)

	RPL7
	YPL198W (RPL7B)

	RPS10
	YOR293W (RPS10A)

	RPS14
	YJL191W (RPS14B)

	RPS15A
	YJL190C (RPS22A), YLR367W (RPS22B)

	RPS15A
	YLR367W (RPS22B)

	RRN3
	YKL125W (RRN3)

	RRP46
	YGR095C (RRP46)

	WBSCR20A
	YNL022C 


Figure S1. Cell-cell variability in GFP expression. Fluorescence image of a strain containing Aro10-GFP, which showed variable GFP expression, is shown together with a flow cytometric histogram. For comparison, similar data are shown for a strain containing Ils1-GFP, which exhibited homogeneous GFP expression throughout the cell population. Phenotypic noise strengths, defined as population variance divided by population mean5, for Aro10-GFP and Ils1-GFP were 0.069 and 0.025, respectively.
Figure S2.  Comparison between protein localization data from this study and from the Snyder laboratory.   Localization categories from the Snyder database (http://ygac.med.yale.edu/) were translated into those from the GFP database as follows:  
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The data sets were evaluated in the same manner as the comparison between the GFP data and the SGD data:  for a given ORF, at least one match among all localizations presented in each data set was considered to be an agreement.  Note that when comparing the GFP data to the SGD, ORFs that were classified either as “ambiguous” or “punctate” because their subcellular localization could not be further confirmed by co-localization studies were counted as disagreements.  The same stringent standard was used to compare the GFP data and the Snyder data.  The percentage of agreement for the set of ORFs localized by both studies is shown; for ORFs in which there is a discrepancy between the two studies and previous SGD localization data exists, the Snyder localization information was first removed from the SGD data and the remaining ORFs evaluated against the SGD, with agreement and disagreement shown in the table.
Figure S3.  Comparison of localization with protein-protein interaction data from individual studies.  Preferential interactions within and between subcellular localization categories were determined and presented as in Fig. 4a.  For each graph, the reference dataset was the set of protein interaction pairs determined from (a and b) affinity purification of protein complexes6,7, (c) two-hybrid interactions8, and (d) synthetic lethality9,10.

Figure S4.  Assignment of proteins to multiple localization categories is not the principal basis of enrichment in interactions observed between compartments.  The off-diagonal circles in Fig. 4a represent communication between different subcellular compartments revealed by interaction datasets.  Because our dataset includes proteins that localize to more than one compartment, a single binary interaction between two proteins is counted as contributing to more than one subcellular localization pair.  For example, if protein A of a given interaction pair is localized to the nucleus and its interacting partner B is localized to both nucleus and cytoplasm, the interaction contributes to both the nucleus-nucleus circle and the nucleus-cytoplasm circle in Fig. 4a, even if, in reality, the physical interaction occurs only in the nucleus.  To assess the contribution of partially co-localizing proteins to off-diagonal circles we re-analysed the interaction data and considered only the intersection of localization data for proteins that co-localize in at least one localization (Fig. S4).  In this analysis the interaction between a protein localized to the nucleus and one localized to both the cytoplasm and nucleus contributes only to the nucleus-nucleus circle.  Since Figures 4a and S4 are similar, we conclude that protein localization to more than one compartment does not significantly contribute to interactions observed between organelles.
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