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Abstract

The subcellular localization of the entire proteome of an organism, the yeast Saccharomyces
cerevisiae, has been revealed for the first time. Comparison with less comprehensive studies of
mammalian cells provides insights into the localization of the mammalian proteome.
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Maintaining the integrity of cellular processes and pathways

requires the careful orchestration of individual proteins and

entire protein complexes, so that they interact at defined

sites at the correct time. One way in which this is achieved is

through intracellular compartmentalization. Membrane-

bounded organelles and distinct cytoskeletal elements are

key features of eukaryotic cells and serve to sequester com-

ponents into restricted spaces. Identifying all the proteins of

any particular organelle or macromolecular structure is

therefore a key step towards a comprehensive understanding

of cellular biology. Systematic bioinformatic analysis of data

available from genome-sequencing projects has been one

strategy used in an attempt to achieve this goal [1]. Another

approach has been to use proteomics, whereby individual

organelles are isolated and their constituents identified on a

large scale by mass-spectroscopy methods (reviewed in [2]).

Finally, a parallel strategy to systematically localize proteins

on a large scale has been the cellular expression of tagged

versions of proteins followed by their visualization in cells,

thereby providing a view in vivo of the proteins that reside in

any particular compartment. 

The first of such large-scale gene-tagging and localization

projects were carried out in the yeasts Saccharomyces cere-

visiae and Schizosaccharomyces pombe [3,4], because both

organisms are genetically tractable, are single-celled and

therefore have less functional specialization than multi-

cellular organisms, and possess only a modest number of

genes compared with higher eukaryotes. The use of green

fluorescent protein (GFP [5]) as the protein tag significantly

increased the efficiency by which localizations could be

ascribed and proved to set a standard for many subsequent

studies using various cell lines from other organisms and

increasingly large genomic and cDNA libraries (reviewed in

[6]). Similar tagging approaches have also been developed

for plants, initially using random cDNA-GFP fusions in

Arabidopsis [7] and more recently using a cDNA library in

Nicotiana [8]. 

Although each of these conceptually similar projects had

their own specific advantages, they all suffered from the

common problem of a high degree of potential redundancy,

as proteins were not identified before they were studied:

identifying a localization of interest is only the first step, and

the protein that is localized must still be identified. There is

therefore a risk that the protein has been identified previ-

ously and is already well characterized. When proportionally

fewer or no proteins have been localized to the organelle of

interest, however, as was the case in the screen by Escobar

and colleagues [8], this problem appears to be less critical. 

The completion of sequencing a variety of genomes now

provides a resource through which the systematic identifi-

cation of proteins localizing to a specific organelle can be

managed without such redundancy problems. As open

reading frames (ORFs) are predicted by the available

sequence data, they can now be amplified and fused to

either the amino or the carboxyl terminus of the GFP gene,



or both, and the localizations of the resulting fusion pro-

teins can be observed in transfected cells [9-11]. In this way,

not only is localization information for unknown proteins

obtained, but the effects of the position of the GFP tag on

the localization can also be considered [9], which increases

the data quality significantly. 

Although rapid recombination-based cloning systems to

create tagged ORFs for expression are now available,

extending them to determine the localization of all pre-

dicted human proteins remains an enormous task, largely

because of the complexity of multicellular animals. Not only

are there splice variants of many proteins, but there is also a

huge assortment of cell types, each with its own specialized

function and therefore its own protein components. Fur-

thermore, determination of exactly how many ORFs exist in

the human genome, a prerequisite for determining the sub-

cellular localization of each of the proteins they encode,

remains incomplete. 

Attempts to find the localization of all proteins (the ‘locali-

zome’) for an entire organism have therefore now returned

to the yeast S. cerevisiae. Using a combination of directed

high-throughput tagging of ORFs with the V5 epitope

(derived from the P and V proteins of simian virus 5) and

random transposon tagging with the hemagglutinin (HA)

epitope, followed by immunofluorescence, the localizations

of a total of 2,744 proteins, representing 44% of the genome,

have been experimentally determined [10]. The authors of

this study also integrated their results with previously

reported localizations, thereby increasing the coverage to

55%. Finally, they used a Bayesian analysis to extrapolate

from the results, thereby providing for the first time an

overview of protein localization for an entire organism. 

Very recent work has now extended the experimental deter-

mination of the yeast localizome. Using PCR amplification of

every predicted ORF into a GFP-containing cassette followed

by homologous recombination into the genome, the labora-

tories of Weissman and O’Shea have created a collection of

yeast strains in which the products of 97% (6,029) of the

ORFs are GFP-tagged at their carboxyl termini [11]. The real

achievement of this work is not only that it provides a means

to determine the localization of every protein, but also that

proteins are expressed from their endogenous promoters

and are therefore most likely to be present at physiological

levels. The results [11] revealed the localizations of 4,156

proteins, 75% of all predicted ORFs, and these were assigned

to 22 localization categories using a two-stage strategy: first

by observing the GFP-tagged proteins alone, and then by

using colocalization experiments with well-established pro-

teins tagged with the red fluorescent protein (RFP). Some of

these (2,526) had already been assigned localizations in the

Saccharomyces genome database [12], and 80% of these

were in agreement with the GFP tagging results [11]. More

importantly, of the proteins that had not been previously

localized (2,374), the data [11] provide localization informa-

tion for 70%. For example, of the 164 proteins now identified

as localizing in the nucleolus, 82 were newly identified by

this work [11]. Finally, the authors [11] correlated their local-

ization data with that contained in the GRID database, a

repository of protein-protein interaction data [13,14]. This

allowed them to look at the localizations of each interacting

pair of proteins described in the GRID database and from

this calculate the number of interactions occurring between

each compartment compared with the number calculated for

a random dataset. They found enrichments in interactions

between different cellular locations - for example between

actin structures and the bud neck of the dividing cell. This

reflects the dynamic interchange of proteins between com-

partments, an essential feature of cell function.

Despite the impressive scale of the work by Huh et al. [11], a

number of interesting questions arise. Firstly, almost 2,000

of the strains generated did not provide localization infor-

mation. Do these represent proteins that are expressed at

specific stages of the cell cycle, or only in response to exter-

nal stimuli? Alternatively, are they regulatory proteins that

are constitutively expressed at low (undetectable) levels, but

that nevertheless perform vital functions? Secondly, GFP-

tagging of ORFs at only one end undoubtedly means that the

localizations of some protein classes will be incorrectly

assigned and that certain categories will therefore be under-

represented. For example, many proteins of the endoplasmic

reticulum (ER) rely on a carboxy-terminal KDEL or KKXX

motif (in the single-letter amino-acid code) for their seques-

tration in this organelle, and the masking of these signals by

GFP may result in ER proteins being delivered to down-

stream compartments of the secretory pathway. 

Overall, the experimental data of Kumar et al. [10] and Huh

et al. [11] largely agree in terms of the distribution of pro-

teins to various organelles (Figure 1), but do these datasets

from yeast also provide insights into the localizome of mam-

malian cells? If, indeed, 7% and 2.5% of proteins are local-

ized to the ER and Golgi complex, respectively, extrapolation

of the yeast data [10,11] to a human genome containing

approximately 30,000 ORFs would predict that there would

be 2,100 and 750 proteins, respectively, in these two com-

partments in human cells. This would be consistent with a

recent proteomic analysis of the Golgi complex from rat liver

cells that identified 588 distinct protein spots, of which 394

represented probable residents [15]. Clearly, although pro-

teomics is a valuable tool, it remains an open question

whether current subcellular proteomic approaches allow the

comprehensive identification of all proteins making up an

organelle, and the number of proteins associated with the

Golgi complex in the rat liver cell study [15] may thus be

an underestimate. 

In this context, it is interesting to note that extrapolation of

our localization data from almost 600 GFP-tagged novel
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human ORFs ([9]; see also [16] for an update) indicates that

as many as 3,900 (13%) and 2,100 proteins (7%) encoded by

the human genome may localize to the ER and Golgi, respec-

tively (Figure 1). These numbers are much higher than those

extrapolated from the yeast data [10,11]; one interpretation

of the discrepancy could be that localization studies are

easier in large mammalian cells, resulting in a greater accu-

racy in identifying structures, particularly those in the secre-

tory pathway. Alternatively, it may be that because

mammalian cells are more complex in terms of the mole-

cules they secrete, the ER and Golgi require a greater protein

diversity. In addition, the protein composition of the ER and

Golgi may vary between different cell types in humans,

depending on the cell specialization, thus necessitating a

higher number of ER- and Golgi-localized proteins encoded

by the human genome. Continued large-scale localization

analysis of human proteins therefore seems essential if we

are finally to establish a localizome for mammalian cells.

The localization of an entire proteome [11] marks a mile-

stone in our quest to understand cell function. This is just

the first step towards the goal, however, because only the

integration of large localization datasets with other func-

tional data will ultimately provide a biological atlas of func-

tion [17]. For example, the combination of the new

localization information with genome-wide protein-protein

interaction data [18] should both serve to corroborate pre-

dicted functions and improve the confidence in each dataset.

Other new resources, such as the collection of yeast strains

expressing tandem affinity purification (TAP)-tagged pro-

teins from their endogenous chromosomal locations, are

also ready for exploitation [19]. Finally, all these experimen-

tal data need to be combined so that they can be visualized in

parallel, both for individual proteins of interest and for

whole subcellular structures. This will then allow further

refinement of bioinformatic tools that can be used to

‘harvest’ similar information from more complex organisms.

Future genome-wide projects will undoubtedly use more

functional assays with resources such as those described

here, and it should now be possible to tailor the assays to

proteins residing in a specific location. In this way we will be

able to observe the effect of manipulating one protein on the

entire protein population of the organelle or structure of

interest. Ultimately, localizome information will be instru-

mental in establishing the interrelationships between the

proteins that determine biological function.
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Figure 1
Comparison of the distribution of GFP-tagged proteins to different
subcellular organelles as determined in three different studies [9-11]. The
percentage of proteins localizing to the cytoplasm, nucleus, endoplasmic
reticulum (ER) and Golgi are shown as example compartments. The data
are taken for yeast cells [10,11] and for mammalian cells [9]. In [10] Golgi
localization was not determined.
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