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ABSTRACT

With the availability of the complete yeast genomic
sequence, techniques which allow the rapid functional
analysis of genes of interest are of increasing import-
ance. Here we report a technique which allows the
initial characterisation of genes of interest, through the
construction of conditionally expressed mutations for
functional analyses and the generation of epitope-
tagged fusion proteins for immuno-localisation and
immuno-purification, entirely by PCR.

use of these vectors, the construction oGAL-regulated,
ProtA::Ssb1p fusion is outlined in FigeThe SSB1flanking
sequences present on thartd 3primers target the chromosomal
integration of the PCR construct upstream of, and in frame with,
the initiator AUG ofSSB1(Fig. 2).

In order to test the strategy, fusions constructs were made for the
genesSSB1 RRP3 (C. L. O'Day, F. Chavanikamannil and
J. Ableson, submitted for publication) &@P41Tablesl and?).
To avoid ectopic integration at thBS3and/orGAL1-10locus,
recipient strains carrying both tlés3-A200 and aGAL1-10
deletion were used (strains YDL401 and YDL402; Tapl@he
purified PCR fragment (250-500 ng) was used for transformation

A PCR-based technique for the creation of chromosomal gength the LiAc technique 4). Five to ten transformants were
disruptions has been describéjl (Ve extend this technique to typically obtained per transformation (TaB)elntegration at the
allow the rapid creation of conditionally expressed all&d&d.( correct chromosomal locus was verified by PCR amplification on
mutants) and the synthesis of proteins fused to epitope tags. DA from yeast colonies, using primers flanking the sites of
technique relies on the PCR amplification of HI&3Ah or  integration (data not shown). Different constructs gave frequencies
HIS3pGAL-TAG cassettes using two primers containing flank-of correct integration ranging from 40 to 100% (TaB)e
ing sequences specific to the target gene followed by tHexpression of the tagged alleles was checked by Western blotting
transformation of the PCR product intbia3- strain. (shown for the strain expressing the ProtA::Ssb1p fusion iB)Fig.
Four vectors have been designed and tested jHigthese the SSB1is a non-essential gene and transformants were directly
HIS3 marker is flanked either only by tH@AL10 promoter plated on 2% glucose minimal medium lacking histidine
(vector pTL26) or by th&AL10 promoter fused to different (SD-his). For the essential gene®P3(C. L. O'Day, F.
epitope tags. The epitope tag sequences»aier@ein A, ¥  Chavanikamannil and J. Ableson, submitted for publication) and
c-myc and Hig (vectors pTL27, pTL28 and pTL32 respectively; RRP41(P. Mitchell, D. Lafontaine and D. Tollervey, unpub-
see legend of Figutefor full description). As an example of the lished), transformants were plated under permissive conditions

Table 1.Sequences of the PCR primers

5 primers:
SSEI-HISS ST AATCATTC T A TTTAA A A A TTACTEAG TRA TCACTACACT T T T AT
EEP3-HIS S TTATTATTAAMCATACT ACTCACTC AAACCCACAT A TCCAACTAACTCT TR O T T AL

REP41-HIZ |5 TCAATGAATG ACATTCOCAACC ATTG T AATGA M ATCATOC A &)

3 primners:

SSEI-Profs, | 5 CAancrToTITACCGCATTAG TACC TTC TICAA TTIC AT AGAC A TAT T CCOCICTACTTTOCG ¥

S5R1-Hisg T AAGTTOTTT A ATT AGT AT TIC TTCAA T TICAGTAL ACA T A TROT GATCOTCA T TEA TRGT R A - ¥

REFFGAL | SO T G AT A T T LA A TT T T A TT T LA T GO T AC A AL A ATTCCTT A A TTTTC A A &
REFIErofds | 5-ATGTACAATTGC TAAATGCTCATTCATTAATTTTAMTTITTCATATICROETET ACTTTORE 5
|RRP4L-GAL |5 GrATaT T T AGTICTTCACATATEATGATCCTGCTCTAGTIATCGOGASTIETIGAATIIIRASA Y
RRF41-Frabh | 5 ATCCACACGTACOOCTTCTCOOG ST ATATI TCT ACTCTTGAC AT AT UL T TACTITOGE3
HEFAl-£-mys | 5 ATOAG A G TAGOOCT TGO DG ACTATATI TC T ACTCT TG ACATGE A TOOGTTE AAGTOTTE-Y

The regions which are complementary to the pTL vectors are underlined. The EMBL accession
numbers of geneSSB1RRP3andRRP4lare M17244, YHROG65c and X82775 respectively.

* To whom correspondence should be addressed



3470 Nucleic Acids Research, 1996, Vol. 24, No. 17

CEMEARSHA
Boal 607 HIS3
S
Amo’
e pPTL2E
(G630
p Maal 1748
Eamb 208
PGAL
EsaRil Z7ad

MEITN prize
K sz

Figure 1. Structure of the pTL vectors used as PCR templates. The pTL vectors
were constructed as follows. In plasmid pTL26,GA¢_1-10promoter region

of plasmid pDL503 (4), isolated BEgdR1-BanH| digestion, was subcloned into
plasmid pRS313 (6) in order to be fused to a HIS3 markerXP®PA cassette,
which contains the two 1gG binding domains of $haureusProtein A, was
amplified by PCR from plasmid p28NZZtrc (7) using two primers which create
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flanking Ncd sites (primer 1: SCCCATGGCAGGCCTTGCGCAACAC-3
and primer 2: SCTTTCCCATGGCATTCGCGTCTACTTTCGGCGC)3
The PCR product was digestedMgd and subcloned intoldcd containing
vector. The & ProtA cassette was isolated from this plasmidy digestion,

Figure 2. Construction and integration of fusions. In the example illustrated,
PCR amplifications were performed on the pTL27 vector (pGAL-ProtA) using
5" and 3 primers. Each primer contains a sequence required for amplification on
the template DNA and a sequence fi®88BIrequired to specifically target the
filled with Klenow DNA polymerase and inserted at the fillemtRI site of integration. The 'Sprimer includes 45 nt of tf@SBlpromoter region. The' 3
plasmid pTL26 to yield vector pTL27. The 8-myc cassette which contains  primer includes the sequence complementary to the first 45 niSSBIORF.

three human c-myc epitopes bridged by glycine residues was amplified by PCRPCR products were transformed into strain YDL401 and transformants selected
from plasmid pUC119-myc-tag3 using two primers which create flahkidg for histidine prototrophy. Homologous recombination leads to the integration of

sites (primer 1: 'SAATTATACCATGGGTACCCGGGGATCCTCTAGA-3
and primer 2: SCTTTCCCATGGCTCTAGAGGATCCGTTCAAGTC-3

The PCR product was digestedMigd and subcloned intoldcd containing
vector. The 8 c-myc cassette was isolated from this plasmidday digestion,
filled with the Klenow enzyme and inserted at the filledR| site of plasmid
pTL26 to yield vector pTL28. The Higag was created by annealing the
following oligonucleotides: (i) EcoRI-8His-F-BATTCATGAGAGGTTCT-
CACCATCACCATCACCATCACCATC-3, (ii) Xhol-8His-R B-TCGAGAT-
GGTGATGGTGATGGTGATGGTGAGAACCTCTCATG-3The linker was
digested byecaRl-Xhd and subcloned in pTL26. The resulting plasmid was
called pTL32. pTL32 can be used for the in-frame fusion of 6 or 8 histidines
residues. All constructions were checked by sequencing. PCR reactions were
performed using 30 ng of the appropriate pTL vector and 100 pmol of each
primer in buffer containing 10 mM Tris—HCI (pH 8.3 ar@), 50 mM KCl,

1.5 mM MgCh, 200 uM of each dNTP, 10 UTag DNA polymerase
(Boehringer) in a final volume of 1@ Following an initial denaturation step,

5 min, 94C, Tag DNA polymerase was added and amplification was
performed 30 times (1 min, 46; 4 min, 72C; 30 s, 94C), followed by
incubation for 10 min, 7Z. The sequences of PCR primers used for these
amplifications are given in Table 1. For each target gene'tpenser is
common for all templates. The PCR products were digestedmithand gel
purified using a QIA quick kit (QIAGEN). The optionér digestion step

cuts the pTL vector template and avoids problems with contamination of the
PCR product by intact vector. The lengths of the PCR products are 2584 bp
(HIS3-GAL), 2973 bp (HIS3-GAL-2 ProtA), 2721 bp (HIS3-GAL-8
c-myc), 2613 bp (HIS3-GAL-Hig and 2619 bp (HIS3-GAL-H

for GAL transcription; minimal medium lacking histidine and

containing 2% sucrose, 2% raffinose and 2% galactose. Strains

were then streaked on SD-his to check for the effects of depletion.

The expression level of the ProtA::Ssblp fusion was tested @mnctions as a non metabolizable inducer in strains YDL401 and

the PCR cassette generating a chromos@#AatProtA::SSBAllele.

Table 2.Frequencies of correct integration and expression

v af s T Carml indegrants
anm:r % | TI‘IP.E UII fisien 1r|||':IE::|r.1nLi as bested E‘_‘r’
PLR Weslern

55E1 GAL-Prots 3 H3 1/2
F5E1 GAL-Hisg 7 53 272
REF3 GAL L] 55 MT
REP) GaAL-Trots 10 545 a2 |
RREP4E GAL 1 3/5 MNT
RHF‘-IE GAL-ProtA ] 25 242
HRP41 GaL-comyc 5 25 243

The table shows the number of Hisansformants which were re-
covered following transformation of the PCR constructs into strain
YDL401. In each case five transformants were analysed by PCR to
determine whether the construct was integrated at the correct ge-
nomic locus, except faBAL-ProtA::SSB1for which only three
transformants were recovered. Correct integration frequencies
ranged from 40 to 100%. For several constructs, two strains in
which integration was at the correct locus were further analysed by
Western blotting to determine whether the expected fusion protein
was being synthesised. In all strains this was found to be the case
with the exception of one of tH@AL-ProtA::SSB1strains. This

may arise if a mutation is introduced in the epitope tag sequence
during PCR amplification. NT = not tested.

medium lacking histidine and containing 4% sucrose + 2% galactogBL402 since they carry trgalA108mutation @) (Table3). These
(Fig. 3, lane 4), 2% sucrose + 2% raffinose + 2% galactose3(Fig. strains also carry a mutation in the galactose permeaseagihe (

lane 5) and 4% raffinose + 2% galactose itane 6). Galactose The effects of galactose addition to medium containing 2% sucrose
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Table 3.Yeast strains used in this study of its own promoter (Fig3, lane 1). In these strains the level of
T = - - — ProtA::Ssblp expressed in medium containing 4% sucrose + 2%
bbbl :l:.-l.:l\.r.le melErenioe R o . .
PYIGTOT8C | wred-S2; IppLARY, [ed-A1; s3-200, | (1) galactos_e is slmllar to that of ProtA:Noplp, suggesting that its
oA+ expression is in the same range as expression of endogenous Ssb1j
i |k | o wra)-52; frpl-28; gal2; galding ] During growth on medium containing 2% glucose (Bidane 2)
VI fer; wred-Sbwred-5; drpl-ad Sotrp- 200 FY1670-28C x YNNT2 the level of ProtA::Ssblp was undetectable.
H‘;‘W“H:‘“;“";::N Many GAL-regulated mutants show incomplete growth inhibi-
R i - Ea o LT LU 1 . . . . P
i Py e S Y pre— tion on glucose med!um due to re3|_dual transcriptinThe
feud-41; his3-A300: gal?: galadilk effects of the transcriptional repression can be enhanced at the
¥IILALE ar; urad-53; tpe (ol A6 ar trpl-280L | segregant from YDALa00 translational level through modification of the context of the
S A AN e AN . initiator AUG or by the introduction of an additional, out of frame
Fthmigt 16wyl EUNMD CRA-HORT LR Jeote st B Hiet upstream AUG sequence. In the system reported here, such

Strains construction: strains FY1679-28C and YNN72 were mated and themw‘amS C,an S|m_ply ,be made by alte”ng the sequence of the 3
resulting diploid strain (YDL400) was isolated on galactose minimal Primer (p”m?r 3in Fig.2). The URA3 gene C_KmyVeromyceS
medium minus leucine. Strain YDL400 was sporulated and dissected; lactis is functionally homologous to ti&cerevisiae URAGene
strains YDL401 and YDL402 were isolated from a complete tetrad and fully complementsra3- strains, but has sufficient sequence

showing a 2:2 segregation pattern for Gal. divergence to prevent genetic recombinatidh Jo allow
epitope-tagging of more than one protein in the same strain, we
e 123 456 are currently constructing vectors based onkiltectis URA3
- | gene. Templates for the construction of C-terminal fusions are
Pros:sioptn e i- | e Tl | < FrGABBIR also in preparation.
— —= The ease with whicBAL-regulated and epitope-tagged alleles
L -2 of genes of interest can be constructed using this strategy allows
- = initial functional analyses of the effects of genetic depletion to be

s carried out using tagged alleles. This allows the degree of genetic
depletion to be followed at the protein level in the absence of
specific antibodies (Fig). The construction of such alleles by
123 456 conventional techniques typically in_volves several cloning steps
and generally generates only plasmid-borne alleles. In the case of
essential genes, these must be transformed into heterozygous
Figure 3.Western blot analysis of ti@AL-ProtA:SSBHtrain. Lane 1: strain  diploid strains and suitable haploid progeny recovered after
expressing ProtA::Noplp, Lane 2: negative control, strain YDL401. Both sporulation_ In contrast, the technique reported here allows
control strains were grown in YPD. Lanes 3GAL-ProtA::SSBlstrain mutant alleles of essential genes sudRRB3andRRP41to be
(YDL500). Strain YDL500 was grown in minimal medium lacking histidine imolv constructed in haploid strains
supplemented with 2% glucose (lane 3), 4% sucrose + 2% galactose (lane 4§,' ply u | ploi INS.
2% sucrose + 2% raffinose + 2% galactose (lane 5) or 4% raffinose + 2%

galactose (lane 6). Expected sizes of ProtA::Noplp and ProtA::Ssblp ar
49.177 and 47.530 kDa respectively. Both wild-type proteins migrate%CKNO\NLEDGEMENTS

abnormally slowly, probably due to the presence of glycine- and arginine-ric .
domains (GAR domains); Nop1pl(34.5 kDa) and Ssb1p{ 32.853 kDa) "we are very grateful to M. Johnston for strain YNN72 and to R.

migrate with apparent sizes of 38 (8) and 43 kDa (9), respectively. Degradatiod@nsen and E. Hurt fpr the PrptA—Noplp strain. We alsq thank C.
products were detected for both ProtA::Nop1p and ProtA::Ssbip. For proteirl.. O’Day, F. Chavanikamannil and J. Ableson for providing us
extraction, cells equivalent to 5 @ units were harvested and resuspended jth data prior to publication and members of the laboratory for

in 100u! of SDS loading buffer with 2l glass beads. Cells were vortexed  ojtica) reading of the manuscript. D.L. is the recipient of an
for 1 min and incubated for 1 min at*@three times successively. Lysates EMBO long-term fellowship

were cleared by centrifugation for 10 min at 14 000 r.p.m. and supernatan
equivalent to 0.375 Ofggunits of cells was loaded per lane. Samples were run
on 15% SDS-PAGE gels and blotted according to standard procedures.
Western blots were decorated using appropriate antibodies and developd@EFERENCES
using the ECL detection kit (Amersham). Antibodies used to detect the
tagged-proteins are: rabbit peroxidase-anti-peroxidase (PAP; Sigma, Cat. No.1 Baudin, A., Ozier-Kalogeropoulos, O., Denouel, A., Lacroute, F. and
P2026) for ProtA fusions, Mouse Mab clone 9E10 (Cambridge Research  Cullin, C. (1993Nucleic Acids Res21, 3329-3330.
Biochemicals, Cat. No. OM-11-908) for c-myc fusions andMRES.His 2 Gietz, D., St. Jean, A., Woods, R. A. and Schiestl, R. H. (1992)
antibody (QIAGEN, Cat. No. 34610) for poly-His fusions. Nucleic Acids Res20, 1425.
3 StJohn, T. P, Scherer, S., Mc Donell, M. W. and Davis, R. W. (1981)
) . J. Mol. Biol, 152 317-334.
and 2% raffinose was tested for the GAIHBSB1 strain. AS 4 Lafontaine, D., Vandenhaute, J. and Tollervey, D. (18@%jes Deys9,
expected, the presence of galactose in the medium was found to have470-2481.

little effect on the level of expression of the fusion protein (data not 'ég;‘g'eéggfa““' F. and Jacobs, E. (19983leic Acids Res23,

shown). A potential problem_ with the use GALregulated ¢ Sikorski, R. S. and Hieter, P, (198Bnetics122, 19-27.

constructs Is that many proteins are heavily Over-expressed. When Moks, T., Abrahamsen, L., Osterlf, B., Josephson, S., Ostling, M., Enfors,
their genes are transcribed from induced GAL promoters. This, for S.0., Persson, I., Nilsson, B. and Uhlén, M. (188@)Technology5,
example, can make the analysis of the sub-cellular localisation of the 375;_-382 Tl b, Kern H. Frank R and Hurt E. C. (1
fusion protein unreliable. Ssb1p is an snoRNP protein and the levil E&é’g”}a‘gghok _0432“‘/16)', ., Kern, H., Frank, R. and Hurt, E. C. (1989)
of ProtA::Ssblp was compared with the level of expression 0 ciark, M. W, Yip, M. L. R., Campbell, J. and Abelson, J. (1990)

another snoRNP protein, ProtA::Noplp, expressed under the control J. cell Biol, 11, 1741-1751.




