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Abstract

The localization of proteins can give important clues about their function and help
sort data from large-scale proteomic screens. Forty-five proteins were tagged with
the GFP variant YFP. These proteins were chosen because they are encoded by
genes that display strong cell cycle-dependent expression that peaks in G;. Most of
these proteins localize to either the nucleus or to sites of cell growth. We are able
to assign new cellular component GO terms to ASF2, TOS4, RTT109, YBR070C,
YKRO90W, YOL007C, YOLO019W and YPR174C. We also have localization data
for 21 other proteins. Noteworthy localizations were found for Rfalp, a member
of the DNA replication A complex, and Pri2p and Poll2p, subunits of the a-DNA
polymerase : primase complex. In addition to its nuclear localization, Rfalp assembled
into cytoplasmic foci adjacent to the nucleus in cells during the G;-S phase transition
of the cell cycle. Pri2 and Poll12 took on a beaded appearance at the G;-S transition
and later in the cell cycle were enriched in the nuclear envelope. A new spindle
pole body/nuclear envelope component encoded by YPR174 was identified. The cell
cycle-dependent abundance of Tos4p mirrored Yoxlp and these two proteins were
the only proteins that were found exclusively at the G;—S phase of the cell cycle.
A complete list of localizations, along with images, can be found at our website
(http://www.yeastrc.org/cIn2/). Copyright © 2004 John Wiley & Sons, Ltd.
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Introduction

is clear that gene expression profiles are not suffi-
cient to assign function, e.g. 551 of the 656 genes
differentially expressed during sporulation are not

The sequencing of the yeast genome triggered a
concerted effort to understand the function of every
gene in the genome (Johnston, 2000). Large-scale
genetic and biochemical approaches using a variety
of techniques have been applied to extract relevant
information on each gene. One approach, microar-
ray analysis, has shown that >10% of all protein-
coding genes are cell cycle-regulated (Cho et al.,
1998; Thmels et al., 2002; Spellman et al., 1998;
Zhao et al., 2001). Genes with similar expression
patterns often have similar functions (Eisen et al.,
1998; Spellman et al., 1998), and recently several
groups have used gene expression data to predict
the function of a large number of genes (Li, 2002;
Segal et al., 2003; Wu et al., 2002). However, it
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essential for high-efficiency sporulation or post-
germination growth (Deutschbauer et al., 2002).

The largest cluster of cell cycle-regulated genes
that was reported by Spellman efal. (1998)
was the ‘CLN2’ cluster. These genes peak in
expression in mid-G; phase, are strongly induced
by GAL-CLN3, and are strongly repressed by
GAL-CLB2 (Spellman et al., 1998). The genes
in the CLN2 cluster with known functions are
involved in processes such as DNA replication and
cellular growth.

The localization of a protein often indicates the
process that it performs because many cellular pro-
cesses are limited spatially and temporally within
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the cell. The discovery of green fluorescent pro-
tein (GFP) and its use as a fluorescent marker has
made it possible to localize proteins in living cells
(Niedenthal et al., 1996; Tsien, 1998). By tagging
a protein with GFP and maintaining the control of
gene expression from the endogenous promoter, the
localization of the tagged protein can be followed
as it responds to changes in expression and other
cellular cues. Thus, our goal was to evaluate the
effectiveness of a targeted localization strategy to
efficiently sort through proteins of interest identi-
fied by DNA microarray analysis.

Materials and methods

Media

The compositions of synthetic dextrose minimal
medium (SD), yeast peptone dextrose rich broth
medium (YPD) and selective media for trans-
formants are described elsewhere (Burke et al.,
2000). SD complete (SDC) was SD with the addi-
tion of 0.2% casamino acids (Difco, Detroit, MI),
50 pg/ml adenine, 25 pg/ml uracil and 100 pg/ml
tryptophan.

Construction of strains containing YFP fusions

Genes of the CLN2 cluster were tagged with YFP
using the PCR-based method described by Wach
et al. (1997), using plasmid pDH6 (Hailey et al.,
2002) as described (Hazbun et al., 2003). Strains
were tagged in a diploid cell and haploids were
obtained by either tetrad dissection or random
sporulation (Burke et al., 2000).

Fluorescence microscopy

Cells carrying YFP fusion genes were grown on
solid YPD medium supplemented with additional
adenine overnight at 30 °C and then suspended in
SDC medium. Cells were mounted in one of two
ways. In the first method, an aliquot of cells (3 ul)
was mixed with an equal volume of SDC con-
taining 1.2% SeaPlaque low melting temperature
agarose (FMC BioProducts), previously melted at
40°C. The mixture was placed on a Gold Seal®
microscope slide and a Corning No. 1!/, cover slip
was pressed firmly on top. Alternatively, a pad
of 0.9% SeaKem LE agarose (FMC BioProducts)
in SDC was created by placing 20—-30 ul of the
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melted agarose on a microscope slide that had two
strips of Scotch Magic Tape taped across either
end. A second slide was then laid down, sand-
wiching the agarose between the two slides. The
agarose was allowed to solidify and the two slides
were slid apart, leaving the agar pad on one of
the slides. An aliquot of cells was placed on the
pad and covered with a coverslip. The advantages
of the second method were that the cells did not
undergo heat shock, and all cells were in the same
focal plane, ideally positioned adjacent to the cov-
erslip.

Fluorescence microscopy was preformed on a
DeltaVision microscope with an Olympus IL-70
microscope, a CoolSnap digital camera from Roper
Scientific and optical filter sets from Omega Opti-
cal. A single focal plane was captured and the raw
image was exported in TIFF format to the database.
TIFF format image files were exported from Soft-
worx software and uploaded via a web interface
into our online MYSQL database. The images exist
in the original binary form in the database. When
the image is requested by a user on the web at
http://www.yeastrc.org/cIn2/, the image manipu-
lation library ImageMagick converts the raw TIFF
data into a PNG image suitable for display in a
web browser. Information from the microscopy log
files was parsed through a pattern recognition pro-
gram that populated a database table associated
with the captured image. Software code is available
on request.

Results and discussion

Genes that share an expression pattern with CLN2
were obtained from the data in Figure 3 of Spell-
man ef al. (1998) and from a search for 80
genes that are expressed similarly to CLN2 at
Stanford’s Cell Cycle website (http://cellcycle-
www.stanford.edu/). From this list of 96 genes,
45 were chosen and tagged with the GFP variant
YFP. The 45 were chosen with an emphasis on
uncharacterized ORFs and avoiding ORFs consid-
ered questionable by the Munich Information Cen-
tre for Protein Sequences (MIPS). We used YFP
to facilitate later dual labelling with another GFP
variant, CFP.

From the analysis of Spellman efal. (1998),
all 45 genes are expressed in a periodic manner
with a peak in the mid- to late G; phase of
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the cell cycle. Two other statistical approaches
have also concluded that most of these genes
are expressed periodically (Table 1). A statistical
modelling approach found that expression of 34 of
the 45 genes oscillated with high confidence values,
with 28 genes coordinate with Cln2 (Zhao et al.,
2001). Using a non-clustering algorithm, 31 of the
45 genes were assigned to the G transcriptional
module (Ihmels et al., 2002). Thus, there is a
general consensus that the set of 45 genes display
a periodic transcription that peaks in Gj.

Periodic transcription does not a priori imply
periodic protein abundance. Stable proteins may
require a brief period of increased transcription to
satisfy a demand for a protein during a window
of assembly. Thus, in order to secure an ample
supply of proteins that constitute chromatin or the
spindle pole body, expression may increase before
entry into S phase. On the other hand, a pulse of
transcription followed by turnover of the transcript
and protein would provide a simple mechanism to
restrict the action of a protein to a specific time
frame.

YFP was inserted prior to the stop codon of
the endogenous gene, as described by Wach et al.
(1997), such that the YFP-tagged gene remained
under the control of the native promoter. A fluores-
cent signal was detected and localized for 29 of the
45 fusion proteins (Table 1). These localizations
allowed the assignment of new cellular component
GO terms to eight ORFs: ASF2, TOS4, RTT1009,
YBRO70C, YKR090W, YOLOO7C, YOLO19W and
YPR174C. Eight fusion proteins showed striking
localizations and are described in greater detail
below. Twelve proteins were previously local-
ized, either by immunofluorescence or as GFP
fusion proteins. The complete set of localiza-
tions and images can be found at our website
(http://www.yeastrc.org/cln2/).

Among the 29 detectable proteins, 14 were stable
proteins that did not dramatically change localiza-
tion during the cell cycle. The remaining 15 pro-
teins had a diverse array of dynamic localizations
that were contingent on the stage of the cell cycle
(described in detail below with further images at
http://www.yeastrc.org/cIn2/). Yoxlp—YFP and
Tos4p—YFP appeared exclusively during the Gy
and S phases of the cell cycle. Two subunits of
the «DNA polymerase : primase complex, Pri2p
and Poll2p, moved to the nuclear periphery dur-
ing nuclear division. Three proteins, the products
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of YGR221c, YKR090w and SPHI, localized to
the bud tip during G; and also concentrated at
the bud neck in late telophase. Ten gene prod-
ucts were detected at the bud neck, and for three,
those of Rsrlp, Ax12p and Hsllp, localization was
detectable only in large-budded cells. If these pro-
teins are part of a complex that is degraded during
cytokinesis, then the increase of transcription in G;
may serve to replenish the proteins for the next
budding cycle. These results highlight the myriad
patterns of protein localizations that can emanate
from a single set of coordinately regulated genes.

The eight proteins showing striking localiza-
tions include Yoxlp and Tosdp, the two proteins
restricted to G; and S phases. Yoxlp is a home-
odomain transcription factor that acts as a transcrip-
tional repressor at early cell cycle boxes (Pramila
et al., 2002). From Western blot analysis, pro-
tein levels of Yoxlp peak at the G;—S boundary
(Pramila et al., 2002). Consistent with those results,
Yox1p—YFP fluorescence peaks in small-budded
cells when fluorescence is four times brighter than
other periods in the cell cycle (Figure 1A).

Tos4p is a transcription factor also involved in
regulating gene transcription at the G| —S boundary
(Horak et al., 2002). The nuclear fluorescence of
Tos4p—YFP, like that of Yox1-YFP, peaked in
large unbudded cells and very small-budded cells
(Figure 1B). The results suggest that like Yox1p, a
strict control of the level of the Tos4p will be part
of the mechanism that restricts its activity to the
G -S phase of the cell cycle.

Pri2p and Poll12p are subunits of the «DNA
polymerase : primase complex (Burgers, 1998) and,
as expected, they share a similar localization pat-
tern. Both proteins have a diffuse nuclear localiza-
tion for most of the cell cycle, with some granular-
ity appearing in small-budded cells. As the nucleus
divides, the intensity of the signal in the interior
of the nucleus weakens. The localization remains
concentrated along the periphery of the nucleus,
although this is subtle with Pol12p—YFP fusion
(Figure 2). Thus, there is a dynamic change in the
abundance and/or localization of the complex dur-
ing S phase and mitosis.

Rfalp is a member of the DNA replication A
complex (Wold, 1997) and, as expected, Rfalp—
YFP was found in the nucleus throughout the cell
cycle. However, in addition Rfalp also concen-
trates in cytoplasmic foci (Figure 3A). When visu-
alized, these patches were prominent in unbudded
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Table 1. In the column labelled G, A indicates a gene in the G; module as defined in Ihmels et al. (2002); B, a gene with
a cell cycle transcription pattern similar to CLN2; and C, a gene that displays periodic transcription but is distinct from
CLN2 (Zhao et al., 2001). ‘Cellular component’ refers to the assigned GO term

Gene ORF G Cellular component Description of localization
SWDI YAROO3W Nucleus Throughout nucleus
RFAI YAR007C A B Nucleus, cytoplasm Throughout nucleus, punctate dots in cytoplasm typically adjacent
to nucleus in unbudded or small-budded cells
POLI2 YBLO35C A B Nucleus Just prior to nuclear division the signal is brightest and is
throughout nucleus with some punctate patterning. As nucleus
divides it is more noticeably at the nuclear periphery
YBRO70C A B Nuclear Mottled network surrounding nucleus and extending throughout
envelope—endoplasmic cell
reticulum network
YBRO7 W A C Unknown No signal detected
POL30 YBRO88C A B Nucleus Throughout nucleus with occasional punctate patterning Cells are
large and unhealthy
KCC4 YCLO24W A B Bud neck Daughter side of bud neck, forms ring at incipient bud site, weak
signal in large-budded cells
MCD YDLOO3W A B Nucleus Only in medium to large-budded cells
YDLOIOW Unknown No signal detected
ASF2 YDLI97C A C Telomeric chromatin Punctate along nuclear periphery
GIC2 YDR309C Unknown No signal detected
CWH4| YGLO27C Unknown No signal detected
RSRI YGRI152C A B Bud tip, bud neck Daughter side of bud neck
YGR221C A B Bud tip, bud neck Punctate at bud tip, weak signal at bud neck in large-budded cells
SPO16 YHRI153C A B Unknown No signal detected
AXL2 YILI40W A C Bud tip, bud neck Daughter side of bud neck, localization diffuses out toward bud tip
and sometimes toward the mother
MPS3 YJLOI9OW B Spindle pole body Classic spindle pole localization
PSF2 YJLO72C Nucleus Throughout nucleus
JEMI YJLO73W Nuclear Diffuse throughout cell, with a tie-dyed pattering that is centred
envelope—endoplasmic around nucleus
reticulum network
SMC3 YJLO74C A B Nucleus Throughout nucleus, occasional beaded pattern
YJLI8IW A B Unknown No signal detected
SWEI YJLI87C A B Bud neck, nucleus Daughter side of bud neck
PRI2 YKLO45W A B Nucleus Bright and primarily diffuse in the nucleus. Occasional beaded
nuclear pattern in small-budded cells. As nucleus divides noticeably
enriched along nuclear periphery
HSLI YKLIOIW A B Bud neck Daughter side of bud neck, not seen in all large-budded cells
YKRO9OW A Bud tip, bud neck Diffuse at bud tip, at the tip in large-budded cells
RTTI09 YLLOO2W A B Nucleus Diffuse throughout the nucleus
TOS4 YLRI83C A B Nucleus Seen in nucleus only in small to medium-budded cells
ESTI YLR233C Unknown No signal detected
SPHI YLR313C A C Bud tip, bud neck Slightly punctate at the bud tip, at the bud neck in large-budded
cells
YOXI YMLO27W A B Nucleus Seen in nucleus only in small to medium-budded cells
CAC2 YMLI02W B Unknown No signal detected
YMLI33C Unknown No signal detected
CLNI YMRI99W A C Unknown No signal detected
BNI4 YNL233W A B Bud neck Mother side of bud neck
YOL007C A B Bud neck, vacuole Mother side of bud neck
ESC8 YOLOI7W A B Unknown No signal detected
YOLOI9W Plasma membrane Punctate at cellular periphery, predominantly in the mother and
not the bud
YORI [4W A C Unknown No signal detected
SLKI19 YORI95W B Kinetochore, spindle Classic dynamic kinetochore signal

mid-body
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Table I. Continued
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Gene ORF G Cellular component Description of localization
SVSI YPLI63C A B Unknown No signal detected
YPL208W Unknown No signal detected
CLN2 YPL256C A B Unknown No signal detected
YPL267W A B Unknown No signal detected
YPRI174C B Nuclear membrane, One or more bright spots on nuclear membrane that often
spindle pole body correspond to the spindle pole body
DPB2 YPRI75W A B Nucleus, cytoplasm Strongest localization in nucleus, diffuse throughout cytoplasm

Figure |. G,-specific localization. Yox|p and Tos4p were
tagged with YFP and imaged as described in Material and
methods. The fluorescent and corresponding DIC images
are shown

(5/9), small-budded (1/9) or medium-budded (3/9)
cells as a single dot, usually (8/9) adjacent to the
nucleus. One or two brighter foci were sometimes
seen within the nucleus. The timing of the appear-
ance of the extranuclear localization suggests a role
in an early stage of DNA replication, perhaps a pro-
cessing stage of the protein before nuclear entry.
Clearly this result warrants further investigation.
We should also note that most of the nuclear pro-
teins had some perceptible structure in a subpopu-
lation of cells that were examined (Figure 2; also
see website). The nuclear signal was not always dif-
fuse. The structures are best described as a subtle
grains or beads. As an example, for Pri2p—YFP,
17 of the 22 cells with obvious granularity were
small-budded cells, presumably at an early stage

Copyright © 2004 John Wiley & Sons, Ltd.

Figure 2. Localization of two subunits of the DNA
polymerase: primase complex. Poll2p and Pri2p were
tagged with YFP and imaged as described in Material and
methods. The fluorescent and corresponding DIC images
are shown

of DNA replication. It is tempting to speculate that
the beaded fluorescence corresponds to foci of early
replication analogous to the early replication foci
seen in mammalian cells (Kennedy et al., 2000).

Asf2p has an anti-silencing function at silent loci
(Le et al., 1997). Asf2p—YFP localizes to multiple
foci within the nucleus similar to the speckled
localization of telomeric proteins such as Raplp
(Figure 3B) (Laroche et al., 2000). The telomeric
localization of Asf2p suggests that Asf2p functions
directly at the telomeres.

The localization of YOLOO7C-YFP is extraor-
dinary because it was found at both a site of polar-
ized growth and an organelle. YOLOO7C-YFP
has a weak localization to the bud neck and a

Yeast 2004; 21: 793-800.
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YOLO007C

Figure 3. Three novel localizations, Rfal p, Asf2p and YOL007c, were tagged with YFP and imaged as described in Material
and methods. The fluorescent and corresponding DIC images are shown

distinctive localization at the vacuole. There it is
both dispersed throughout the vacuole and in indi-
vidual foci (Figure 3C). The brightest foci were
often found as one or two dots at the outer edge of
the surface of the vacuole (7/10).

The protein YPR174c—YFP is located through-
out the nuclear membrane (Figure 4). In one or
more areas the localization is concentrated in bright
foci. To investigate whether these foci were asso-
ciated with the spindle pole body (SPB) their
position was compared to the SPB component
Spc29p—CFP. The foci of YPR174c-YFP pre-
dominantly (29/38) co-localized with the SPB
(Figure 4A). Occasionally YPR174c—YFP was
immediately adjacent to the SPB. The protein
encoded by YPR174c has partial sequence similar-
ity to Nbplp, an essential protein of unknown func-
tion which was suggested to co-localize with the
SPB (Shimizu et al.). We verified that Nbplp co-
localizes with the known SPB component Spc110p
(51/51) and does not localize to any additional
foci (Figure 4B). As predicted, YPR174c co-
localizes with Nbpl in a majority of cells (42/62)
(Figure 4C). The localization of YPR174c suggests
that YPR174c is a specialized component of the
nuclear membrane that may be involved in the con-
nection of the SPB to the nuclear envelope. It will
be interesting to see whether YPR174c and Nbpl

Copyright © 2004 John Wiley & Sons, Ltd.

interact with the Bbpl—Mps2 complex, which is
involved in the insertion of the duplication plaque
of the SPB into the nuclear envelope during SPB
duplication (Schramm et al., 2000).

During the course of this study, Huh et al. (2003)
surveyed the localization of 4156 proteins of the
yeast proteome. Huh et al. detected nine proteins
(encoded by YBRO71w, YDLO10w, GIC2, CAC2,
CLN1, ESCS8, SVS1, YPL208w and CLN2) that
we did not, and we detected five proteins (encoded
by YBRO70c, YGR221c, MPS3, SWEI, PRI2)
that were not observed by Huh ef al. The cause
for this discrepancy awaits further investigation.
None of our highlighted localizations (encoded
by YOXI1, TOS4, PRI2, POL12, RFA1l, ASF2,
YOLO0O07c and YPR174c) were elaborated upon by
Huh et al., although some of their images hint at
the localizations we describe. In cataloguing 75%
of the proteomic landscape of yeast, the pioneering
work of Huh et al. created an invaluable global
map of protein localizations. The finer detail that
arose from our focused study clarified the state of
individual proteins.

In summary, we have used a targeted localization
strategy to sort genes that were grouped together
by their coordinate transcription. By several meth-
ods of analysis, these genes are preferentially tran-
scribed in mid- to late G;. Most (17/29, 58%) of

Yeast 2004; 21: 793-800.
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Figure 4. Localization of new spindle pole body component. (A) YPR174c was tagged with YFP and imaged as described
in Material and methods. The fluorescent and corresponding DIC images are shown. In addition, YPR174C—YFP was also
imaged in a cell in which SPC29p was labelled with CFP. The YFP image was pseudo-coloured red and the CFP image
was pseudo-coloured green. In the merged image, yellow represents the area of co-localization. (B) Spcl 10p—YFP and
Nbp | p—CFP were co-localized with the same pseudo-colouring scheme as in A. (C) YPRI174c—YFP was imaged in a cell in
which NBP1| was labelled with CFP. The same pseudo-colouring scheme is the same as in (A)

our detectable YFP-tagged proteins localize to the
nucleus or nuclear membrane. This is a two-fold
enrichment over the proportion of nuclear proteins
in the characterized fraction of the yeast genome.
Of the 5772 ORFs in yeast (4114 verified and 1658
uncharacterized), 1282 ORFs have been assigned a
GO-slim component term that places the gene prod-
uct in the nucleus (Dolinski et al., 25 September
2003). In the CLN2 cluster the greatest enrichment
is in genes localized in the bud. Ten of our 29
proteins localize to the bud tip and/or neck, even
though less than 2% of the yeast genome is anno-
tated with the GO term ‘bud’. Most (7/10) of these
proteins are found exclusively at the bud neck in
mid- to large-budded cells. Thus, for these pro-
teins there is a long delay between increased tran-
scription and the time in the cell cycle when they
concentrate into a visible structure. Our study has
identified several novel localizations that should
provide a foundation for future research on the

Copyright © 2004 John Wiley & Sons, Ltd.

structure of the spindle pole body and the DNA
replication machinery.

In conclusion, protein localization is an effective
tool to mine data on gene transcription obtained
by microarray analysis. After all, gene expression
culminates in the delivery of a protein to its place
of action at a time when its function is required.
By bringing together information on the timing of
transcription with the acquisition of high-resolution
images of the dynamics of protein localization,
one spans the life of a protein. Thus, protein
localization targeted to a subset of proteins linked
by a common pattern of transcription promises to
be an efficient and informative avenue to explore
the proteome of any cell.
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