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A global analysis of the localization of 4156 yeast proteins has

just been accomplished. Smaller scale analyses have been

performed in a variety of organisms. These studies typically use

green fluorescent protein as a tag for proteins in living cells.

Improvements in the yellow and sapphire color variants will

increase their utility. Reengineering of the red fluorescent protein

has produced faster maturing tetrameric and monomeric

variants not prone to aggregation. Techniques for high-

throughput tagging of proteins include integration by

homologous recombination, integration using mobile elements

or recombinational cloning to produce plasmids expressing

fusion proteins. Alternatives to localizing tagged proteins are to

use antibodies or aptamers to detect the untagged protein.

Addresses
Department of Biochemistry, University of Washington, Box 357350,

Seattle, WA 98195-7350, USA

e-mail: tdavis@u.washington.edu

Current Opinion in Chemical Biology 2004, 8:49–53

This review comes from a themed issue on

Proteomics and genomics

Edited by Michael Snyder and John Yates III

1367-5931/$ – see front matter

� 2003 Elsevier Ltd. All rights reserved.

DOI 10.1016/j.cbpa.2003.11.003

Abbreviations
CFP cyan fluorescent protein
DsRed red fluorescent protein from coral species Discosoma

GFP green fluorescent protein

mRFP1 monomeric form of DsRed

ORF open reading frame

YFP yellow fluorescent protein

Introduction
Localization of proteins by light microscopy offers unique

advantages for exploring a proteome. Under ideal circum-

stances, localization reveals not only where a protein is

found but also when it is found there. Dynamic move-

ments from one location to another can be followed as the

cell proceeds through the cell cycle, or responds to

environmental stresses or internal signaling pathways.

Of the many techniques applied to study proteins, micro-

scopy alone can view the whole intact cell. This global

perspective can confirm whether localization of a protein

in vivo is physically compatible with the information

drawn from other proteomic methods [1��,2��]. This

article focuses on the use of wide field fluorescence

microscopy to examine the localization of proteins in

cells with an emphasis on large-scale or global analyses.

Recent improvements in fluorescent proteins
The discovery of green fluorescent protein (GFP) from

Aequorea victoria has revolutionized the localization of

proteins by allowing straightforward examination of pro-

teins in living cells. Lippincott-Schwartz and Patterson

[3�] give an excellent overview of GFP and the colored

variants of GFP, including yellow fluorescent protein

(YFP) and cyan fluorescent protein (CFP). Here, I discuss

only the most recent developments. YFP and CFP is an

excellent pair for comparing the localization of two pro-

teins because they can be readily distinguished by stan-

dard filter sets. In yeast cells, YFP and CFP have

approximately the same brightness as GFP but both

bleach more rapidly [4]. One of the disadvantages of

the original YFP (created by three mutations to GFP:

S65G, S72A, T203Y) was its thermolability and sensitivity

to pH and halide concentrations. Mutations Q69K and

V68L reduced the pKa such that the pH sensitivity of the

fluorescence was less at the neutral pH found under

physiological conditions [5]. The mutation Q69M found

in the citrine version of YFP further reduced pH and

chloride sensitivity, decreased the rate of photobleaching

and improved the ability to fold at 378C [6�]. Nagai and

coworkers [7�] introduced the common folding mutations

F64L, M153T, V163A and S175G into the original YFP

and found that these also enhanced folding and decreased

environmental sensitivity but did not decrease the rate of

photobleaching. The mutation F46L further improved

maturation at 378C. YFP with the four folding mutations

and F46L is called Venus, which provides about 10%

greater brightness at 308C than YFP (S65G, Q69K, V68L,

S72A and T203Y) [4].

The sapphire form of GFP has an excitation peak at

399 nm and emission peak at 511 nm. Sapphire has had

limited utility because of slow folding and maturation.

Zapata-Hommer and Griesbeck [8] developed Turbo-

Sapphire (T-Sapphire) with the mutations Q69M,

C70V, V163A and S175G, which dramatically improved

the rate of folding. With a pKa of emission at 4.9, T-

Sapphire is insensitive to pH changes in the physiological

range. The rate of photobleaching was not reported.

The list of available colors was expanded with the dis-

covery of the red fluorescent protein from the sea corral of

the genus Discosoma (DsRed). DsRed has a primary

emission peak at 583 nm and is naturally insensitive to

pH changes in the physiological range [9]. The utility of

DsRed has been diminished because it is a stable tetra-

mer and, unlike GFP, tends to cause aggregation of

tagged proteins. Moreover, it matures slowly with a half

time of maturation in Escherichia coli of 11 h at 378C and
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longer at lower temperatures [10��,11]. Bevis and Glick

[10��] developed variants of DsRed that mature 15-fold

faster and are less prone to aggregation. We have found

the DsRedT1 version works well as a tag for proteins in

yeast spindle pole bodies (SPB), although the rate of

folding is still slow enough that the newly made SPB is

not as bright as the old SPB [12]. DsRedT1 is 2.2-fold

brighter than GFP [4].

Extensive work by Campbell and co-workers [13��] has

overcome the obligate tetramerization of DsRed. They

developed two versions, a monomer mRFP1 and a cova-

lent tandem dimer (tdimer2(12)). The monomer has a

lower extinction coefficient (44 000 M�1cm�1 compared

with 57 000 M�1cm�1), decreased quantum yield (0.25

compared with 0.79 for the original) and bleaches 30-fold

faster than the original DsRed. However, mRFP1

matures 10-fold faster and so shows similar brightness

in living cells. Alternative monomeric DsRed variants

that may avoid the limitations of mRFP1 are being

developed (B Glick, personal communication). The tdi-

mer2 displays the more favorable quantum yield and

bleaching kinetics of the original. It matures fivefold

faster and has twice the extinction coefficient, which is

expected because it contains two chromophores per poly-

peptide chain. The version tdimer2 offers an excellent

choice for many applications, especially in slower growing

cells, where the half time for maturation of 2 h would not

be a significant factor.

Several corals and jellyfish produce fluorescent proteins

and these are being developed into tools useful for

research and development. A GFP from the stony coral

Galaxeidae has a similar spectral profile to A. victoria GFP

and has a low pKa of fluorescence. However, like DsRed,

it is a tetramer. Karasawa and co-workers [14] developed

a monomeric form that shows promise, although a

detailed measurement of its maturation rate was not

presented.

Global analyses of protein localization
Fusions to fluorescent proteins or epitope tags

Large-scale analyses of protein localization using fusions

to fluorescent proteins or epitope tags have been

performed in budding yeast, fission yeast, Drosophila,

tobacco, and Vero cells (a cell line derived from the

kidney of the African green monkey) using human

cDNAs [1��,2��,15�,16–18,19��,20]. The most compre-

hensive is the construction of a collection of yeast strains

expressing full-length chromosomally tagged GFP fusion

proteins [2��]. Analysis of this collection allowed localiza-

tion of 75% of the yeast proteome. The genes were tagged

by integration of the GFP cDNA at the 30-end of each

gene in its normal chromosomal locus and expressed

under the control of each gene’s endogenous promoter.

Thus, localization artifacts due to overexpression were

avoided. The only artifacts are those caused by tagging

the protein. This effect is likely to be minor because

proteins tagged with GFP generally behave as the

untagged protein. The obvious exceptions are those

proteins whose localization depends on modification of

the C-terminus (such as palmitoylation or farnesylation).

Microscopic imaging was performed on live cells adhered

to 96-well glass-bottom microscope plates and image

capture was automated. The quality of the images is very

good although not equivalent to those taken on single

slides in smaller-scale studies. Image analysis was per-

formed by two independent scorers, who classified the

localization of each protein into one of 12 initial cate-

gories. These localizations were refined to include 11

additional categories. The fact that the data shows 80%

agreement with previously reported localizations in the

Saccharomyces Genome Database and 90% agreement

with the localizations presented in a study of a smaller

scale [1��] indicates it is a rich and high quality dataset.

Can this be repeated for mammalian or other higher

eukaryotic proteomes? Not yet, although recent devel-

opments suggest several strategies that might be feasible.

One significant obstacle is that large-scale production of a

collection of cell lines each with a defined gene chromo-

somally tagged at the 30-end is not yet possible. The

hurdles to be overcome include identification of the open

reading frames (ORFs), identification of the alternatively

spliced forms, and the cost of making cell lines in which a

gene is tagged by homologous recombination. These

hurdles did not exist for the global analysis of protein

localization in yeast because splicing of RNAs is rare in

S. cerevisiae, and virtually all integration into the genome

occurs by homologous recombination.

An alternative strategy for chromosomally tagging genes

uses protein tags inserted in mobile elements that ran-

domly insert into the genome. The site of insertion is

determined after the fact by sequencing using primers

complementary to the tag. This technique was demon-

strated in a large-scale analysis in yeast by the pioneering

work of Ross-Macdonald and coworkers [21] and further

refined by Kumar and co-workers [15�] to localize 1083

yeast proteins. A ‘protein trap’ strategy using GFP as a

mobile artificial exon was used to create 600 independent

lines in Drosophila [18]. Similar technology has also been

developed for mammalian cells using a retroviral vector to

introduce epitope tags or GFP into genes and has been

termed CD-tagging [22]. CD-tagging was used to create

several hundred cell clones each with a GFP tag inserted

into the genome. A key feature of the protein trap

strategy and CD-tagging is that the GFP is inserted as

its own exon complete with signals for splicing. The tag is

likely to be inserted into the middle of a protein, but has

no stop codon and so translation of the entire protein can

continue. No prior knowledge of the genome structure or

definition of the ORFs is required, although the genome

sequence is important for later identification of the
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insertion sites. Presumably, multiple alternatively splic-

ed forms of a protein will be tagged by a single event.

Another approach is to make a library of genomic frag-

ments or cDNAs fused to GFP or epitope tags as has been

done in fission yeast, budding yeast, human and plants

[15�,16,17,19��,20]. Recombinational cloning systems

such as the Gateway system make large-scale cloning

projects feasible. For fungal systems, where the ORFs are

readily defined and introns rare, entire ORFs are ampli-

fied from the genome [15�]. For other organisms, cDNAs

can be made by random priming of mRNA, which can

lead to fragments of proteins being labeled [19��] or a

large-scale identification of full length cDNAs is required

[20]. Expression from plasmids often results in production

of large amounts of protein. Simpson and co-workers [20]

imaged cells at multiple time points after transfection to

identify any effects of the increasing expression levels.

Antibodies and aptamers

Technologies that detect a protein itself rather than a

fusion protein prevent mislocalizations due to the pre-

sence of the tag or abnormal expression levels of the

fusion proteins. Antibodies detect proteins directly but

are difficult to make in large scale by standard methods.

Two problems to overcome are the production of the

antigen and the production of the antibody. Although not

for this reason, large-scale antigen production is already

being performed by the structural genomics centers

funded by the protein structure initiative (http://

www.nigms.nih.gov/psi/). The goal of these centers is

to express, purify, crystallize and solve the structures of

many of the proteins predicted from genomic sequences

from a variety of organisms, including human. Although it

is not clear what fraction of the proteins will meet the

stringent criteria required to obtain structures, many more

will meet the much less stringent criteria required for

antigens, basically the ability to be purified not even

necessarily in a soluble form. A more formal connection

between the structural genomics centers and laboratories

interested in global analyses of protein localization is

desirable.

Phage display or other display technologies offer the best

opportunity for high-throughput production of antibodies

but require some modifications to be adapted for protein

localization (see excellent recent reviews [23�,24]). The

display technologies can also be used to select antibodies

by intracellular genetic selection. Purification of antigen

is not required. Instead, both the antibodies and the

antigen are expressed in cells and confer a growth phe-

notype if interaction occurs [23�].

Aptamers offer an alternative to antibodies for high affi-

nity probes. Aptamers are short single-stranded DNA or

RNA sequences selected in vitro. A recent improvement

in the selection method used magnetic bead-bound His-

tagged recombinant protein to select DNA aptamers with

Kd values for their target in the nanomolar range [25�].
Combining this technique with the large-scale recombi-

nant expression of ORFs from C. elegans [26], could

produce a very useful set of high affinity probes. The

use of aptamers as probes in protein localization is in its

infancy, but recent work shows promise for localization in

mammalian cells [27].

Microscopy and image analysis

Global analyses of protein localization require high-

throughput microscopy and image analysis, with the for-

mer being simpler to attain. Huh and co-workers [2��]
automated image acquisition on 96-well slides using a

script in Metamorph imaging software (Universal Imag-

ing Corporation, http://www.universal-imaging.com/

index.cfm). The microarray-driven gene expression sys-

tem described for mammalian cells would enable the

quick analysis of a collection of tagged cDNAs [28]. In

this system the cDNAs are spotted on a microarray and

then mammalian cells are plated on the slide. Each spot

on the microarray contains a collection of cells expressing

a given cDNA. In plants, leaves are inoculated with a

collection of tobacco mosaic viruses expressing GFP

fusion proteins. Multiple lesions form on each plant

and each lesion represents expression of a single GFP

fusion, so several hundred GFP-fusions can be screened

daily [19��].

The greater challenge is high-throughput image analysis.

The yeast images produced by Huh and co-workers were

analyzed by humans [2��]. This is the best method, but is

tedious even for proteomes the size of yeast. There is

great interest in image analysis for clinical diagnostics.

Applying these specialized image analysis systems to the

identification of the multiple subcellular patterns will be

challenging. The high-throughput fluorescence imaging

and analysis methods being developed to screen chemical

libraries [29��] are likely to be adaptable to the more

complex problem of automated protein localization.

Conclusions
To increase the likelihood that the localization of a tagged

protein represents the normal distribution of the protein

several criteria should be met. To minimize artifacts from

abnormal protein abundance the fusion protein should be

expressed from its normal chromosomal locus under

control of its native promoter. The fusion should replace

the native protein to avoid competition for binding part-

ners and to establish that the fusion is functional.

Huh and co-workers [2��] satisfied these conditions in

their impressive study examining the localization of pro-

teins in budding yeast. However, the production of sim-

ilar large-scale collections will be challenging in systems

less amenable to genetic manipulation. Several alterna-

tives exist. Mobile elements can be used to insert artificial
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exons encoding protein tags randomly in the genome.

This strategy is less likely to produce artifacts due to

abnormal expression levels; however, multiple splice

variants are likely to be tagged by a single event. If a

collection of cDNAs is available then a library of fusions

can be made by recombinational cloning. Although

expression is often abnormal from these constructs, the

localization can still be informative if monitored shortly

after transfection before overexpression occurs. Neither

of these strategies results in production of strains where

the tagged gene is the only copy of the gene, which is

especially difficult in obligate diploids. Analysis of the

significance of this caveat would be useful. Antibodies or

aptamers identify the untagged protein expressed at

normal levels. Adaptation of these technologies for

large-scale protein localization would be fruitful. Given

the importance of understanding protein localization for

understanding function, high quality localization datasets

for multiple organisms will be important for a full descrip-

tion of each proteome.
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