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ABSTRACT
The upstream activator (UAS) of the yeast PGK gene comprises three different sequence elements.
These are 1) a region of strong protein binding called the YFP, 2) three repeats of the motif CTTCC
and 3) an essential activator core (AC) sequence that binds the protein RAPI. To assess the function
of each of these elements in transcriptional activation we have inserted them individually and in
various combinations into a PGK mini-promoter. This comprises only the transcription intiation
elements from the PGK promoter and is inactive in the absence of activator sequences. None of
the individual sequence elements was capable of activating the mini-promoter. However either the
YFP or the CTTCC boxes in conjunction with the AC box resulted in efficient expression.
Transcription levels were not however as high as when all three elements were inserted. These data
suggest that the efficiency ofPGK transcription depends upon the interactions between three different
sequences. Furthermore while RAPI per se is not a transcriptional activator it can associate
promiscuously with other factors to create a functional transcription complex.

INTRODUCTION
The PGK gene is one of the most efficiently expressed genes in the yeast Saccharomyces
cerevisiae (1) and its promoter has been widely used to direct high efficiency expression
of 'foreign' genes in yeast (2,3). This high efficiency expression is likely to be a result
of specific interactions of transcription factors with cognate sequences in the promoter.
All yeast gene promoters contain an upstream activator sequence (UAS) that shares most
of the features of mammalian enhancer sequences (4-6) and that is usually located several
hundred bases upstream of the transcription start site (4,5). The initiation of transcription
is directed by an AT rich element that is broadly analogous to the mammalian TATA box
in both its sequence and in its protein binding interactions (7,8) although unlike mammalian
TATA boxes it can function up to 120 nucleotides upstream of the RNA start (9). The
precise requirements for accurate initiation in yeast have not yet been defined but it appears
that the sequences around the initiation site (I site) are important (9,10). We have previously
shown that deletion of the TATA box region does not affect the efficiency of transcription
of the PGK gene (11). The most likely determinants of transcriptional efficiency are therefore
the UAS binding proteins.
The PGK UAS was initially localised to a 136 bp fragment (coordinates -538 to -402;

Figure la) that was essential for promoter function (11). Fine deletion analysis of this
region (12) and protein binding studies (13) have revealed a number of different cis elements
within the UAS. One of these that we have called the activator core (AC, coordinates
-473 to -458; Figure la) binds the protein RAPI (12,14, A.C., J Tsang, C.A.S., A.J.K.
& S.M.K., manuscript in press, Mol. Cell. Biol.). This protein is probably the same as
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GRF1 (15) and TUF (16). It binds numerous related sequences that are found in active
promoters such as PGK (12) ENOJ, RP5J and TEF2 (14,16,17), in inactive genes such
as the mating type loci HML and HMR (14,17) and in telomeres (14,17). It has been
proposed to act directly as a transcriptional activator (14,17) or as part of a transcriptional
repressor (14). Recently it has been shown to mediate DNA loop formation between spatially
distinct RAPI binding sites possibly involving nuclear scaffold association (18). Although
the AC box is essential for the PGK promoter to function efficiently it does not appear
to be sufficient for full activity (12). Two other elements that have been identified are
three repeats of the pentamer CTTCC that are located between coordinates -458 to -428
downstream of the AC box and a specific protein binding site called YFP (coordinates
-523 to -496) located upstream of the AC box (Figure la). Deletion of the CTTCC
boxes reduces transcription (12). Deletion of the YFP does not appear to affect
transcription yet this is the site of a very strong protein interaction (13). Furthermore this
DNA-protein interaction is carbon source regulated in the same fashion as the PGK promoter
(13).
Deletion analyses suffer from the fact that the deletion alters the spatial relationship

between different promoter elements and juxtaposes different sequences in different
deletions. Some of these sequences may have transcriptional activity. The three hundred
nucleotides between the functional UAS and the RNA start site in the PGK promoter are
poorly characterised. They are known not to be essential for promoter activity but they
do contain a functional heat shock response element (19,20). Comparisons of promoter
efficiency between different deleted promoters can therefore be complicated. In attempt
to remove some of these complications we have constructed a PGK mini-promoter that
comprises only 91 nucleotides of the PGK gene that contains the TATA box, the I site
and part of the untranslated leader region. Upstream of this we have placed a 720 nucleotide
fragment from the TRPI 5' non coding region that is known not to contain any
transcriptionally active elements (21). The mini-promoter is activated by insertion of the
136bp entire PGK UAS fragment to produce a promoter with identical characteristics of
efficiency and mRNA initiation as the full length PGK promoter. The ability of each of
the UAS sub-elements to activate transcription individually and in various combinations
was tested by insertion into this assay promoter where they are flanked by identical sequences
and maintained at similar distances from the RNA start site.

MATERIALS AND METHODS
Strains, media and growth conditions.
Strains used were Escherichia coli MC 1061 [F'araDl39 A(lacIPOZYA) X74 A(araABOIC-
leu) 7697galk hsdR hsdM rpsL] and Saccharomyces cerevisiae DBY745 (adel-100 leu2-3

Figure 1 a. Diagrammatic representation of the PGK UAS with its internal elements and their nucleotide co-
ordinates indicated. The sequence of the PGK UAS containing fragment is shown underneath. The YFP sequence
is underlined, the AC box is overlined and the CTTCC elements are boxed.
b. The sequence of the PGK promoter mRNA initiation region and oligonucleotides R T and T'. The positions
of the TATA box and mRNA initiation site (RIS) are indicated. The artificial restriction sites in the oligonucleotides
used in the plasmid constructions are boxed. R was linked to either T or T' by the XhoI site shown at both the
5' end of R and at the 3' end of T or T'. The full T'R sequence is also listed, the co-ordinates, shown in brackets,
relate to T'R, not to the authentic PGK promoter. The BgJII site at the 3' end of R is the point of fusion to
the IFN coding sequence.
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leu2-112 ura3-52. E. coli cultures were grown on Luria broth (22) with 50 ptg/ml ampicillin
where necessary. Yeast cultures were grown in YEPD or defined minimal media with
the necessary amino acid supplements at 30°C (23). Yeast transformations were performed
following the procedure of Hinnen et al. (24) . Transformed yeast strains were grown
for DNA/RNA isolation at 30°C for 16 to 24h until the culture had reached a cell density
of 4 to 8x 106 cells/ml.
DNA manipulations
All plasmid constructions were performed following standard procedures (25). DNA
oligomer synthesis was conducted using an Applied Biosystems Inc. 380A synthesizer.
All promoter constructions were confirmed by DNA sequencing.
The cloning, manipulation and in vitro transcription and translation of RAPI are described

elsewhere (A.C., J Tsang, C.A.S., A.J.K. & S.M.K., manuscript in press, Mol. Cell.
Biol.).
Transcriptional analysis.
All constructions were analysed in yeast using DBY 745 as a recipient strain. Cultures
were harvested in mid-exponential growth phase for RNA (3) and plasmid copy number
DNA extraction (26). Efficiency of transcription was examined by Northern blotting (27)
in comparison with plasmid copy number analysis by Southern blotting (28). The DNA
preparations were digested with EcoRI prior to electrophoresis. In both analyses the
nitrocellulose filters were probed with nick-translated (29) ribosomal or PGK and alpha
2 interferon (IFN) probes (30). In the Northern blots the ribosomal RNA or chromosomal
PGK mRNA signal determines the relative loading of each track. The site of mRNA
initiation was mapped by primer extension (31) using an IFN primer (30).
Nuclear protein extracts and retardation gel analysis.
Nuclear protein extracts were prepared as previously described (13,32) and DNA-protein
binding reactions and retardation gels were performed as detailed by Chambers et al. (12,
A.C., J Tsang, C.A.S., A.J.K. & S.M.K., manuscript in press, Mol. Cell. Biol.).

RESULTS
Construction of PGK mini-promoters.
We wished to construct a short DNA fragment that contained the DNA sequences that
direct efficient and accurate transcription initiation, that could still respond to activation
by a UAS but that did not contain any extraneous sequences with potential for activating
transcription. As the minimal functional elements for RNA initiation have not yet been
defined a number of different short oligonucleotides were tested individually and in
combination. One oligonucleotide called R extends from -70 to -34/-10 to -4 and
contains a pyrimidine rich tract and the sequence CAAG that are characteristic of a number
of highly expressed yeast genes (33), and also part of the PGKtranslation leader. Another

Figure 2 Construction of the mini assay promoter and its PGK UAS derivatives.
a. Plasmid pMA1557 is represented and was the starting point for all the constructions. The unique BamHI site
immediately 5' to the IFN coding sequence was the point of insertion of the potential mRNA initiation fragments
T'R, TR and R. At the 5' end of these mRNA initiation fragments a range ofPGK UAS fragments were inserted,
see b. The hatched box 5' to the BamHI site, represents 720bp of transcriptionally inactive DNA. B=BamHI.
H=HindIII, R=EcoRI.
b. Details of the oligonucleotides and UAS fragments inserted into pMA1557 and the resultant plasmid designations.
The sequence of the UAS fragments and oligonucleotides are detailed in Figure 1.
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called T contains one of the TATA box motifs extending from -158 to -143. A third
called T' contains the same TATA motif but also an additional 18 bp downstream such
that it extends from - 158 to -125. The T and T' oligonucleotides were each ligated to
R to produce TR and T'R. These oligonucleotides and their location in the PGK promoter
are indicated in Figure lb.
The full length PGK UAS (cordinates -538 to -402) was inserted into the plasmid

pMA1557 to produce pKV550. Plasmid pMA1557 contains a unique BamiHI site flanked
upstream by 720bp derived from the upstream region of the TRPI gene and downstream
by an interferon-a2 reporter gene (IFN). The TRPI DNA has been shown previously
to be transcriptionally inactive and serves to insulate any downstream promoter sequences
from other plasmid encoded transcripts (21,32).
R, TR and T'R were inserted into the plasmid pMA1557 along with the complete PGK

UAS, the latter being positioned upstream of the oligonucleotides and the interferon-(x2
(IFN) reporter gene was downstream resulting in plasmids pKV554 (UAS-R-IFN),
pKV554T (UAS-T-R-IFN) and pKV561 (UAS-T'R-IFN). In addition the plasmid pKV560
that contains only T'R-IFN and no UAS was also constructed (Figure 2). These constructions
were compared with plasmid pMA91-8 (30) which possesses the whole PGK 5' non-
coding region (ca. 1.5 kb) directing expression of the IFN reporter gene.
Characterisation of the PGK-mini promoters
Transcription directed by each of the mini-promoter combinations was analysed by Northern
blotting (Figure 3a). As expected the PGK UAS alone in pKV550 and the initiation elements
T'R alone in pKV560 did not direct transcription. However in the presence of the UAS
each of the three oligonucleotides i.e R, TR and T'R directed transcription. Although the
different oligonucleotides were equally efficient they differed in their ability to direct accurate
transcription initiation as indicated by the different sizes of the transcripts. Primer extension
was used to map the start sites in pKV561 and pKV554T (Figure 3b). Transcription directed
by the UAS-TR promoter in pKV554T initiated at the A in the interferon initiating ATG
i.e. 18 or 19 nucleotides downstream from the normal start site, (which is immediately
3' to the end of the IFN primer, possibly explaining the intensity of the signal). Transcription
directed by the UAS-T'R promoter in pKV561 however initiated at the same site as in
the authentic PGK promoter, (the extension products of pMA91-8 and pKV561 only differ
in size because of the reduction in the leader of pKV561; see Figure lb and above). The
only difference between the promoters of pKV554T and pKV561 is the presence of an
additional 18 bp downstream of the TATA box in pKV561. The T'R promoter therefore
fulfilled all the requirements of a mini-promoter for our present study. These were a) its
activity was absolutely UAS dependent b) in the presence of the full UAS the transcription
was efficient and c) the mRNA initiated at the correct site. The ability of various regions
of the PGK UAS to activate transcription in derivatives of the mini-promoter in pKV560
was tested.

Figure 3 a. Northern blot showing the level of IFN mRNA expression, and the approximate transcript size,
directed by the PGKUAS fused to the mRNA initiation fragments; R (pKV554), TR (pKV554T) and T'R (pKV561).
R= ribosomal mRNA, IFN=IFN mRNA.
b. Primer extension analysis mapping the 5' end of the transcripts encoded by the PGK UAS fused to the
oligonucleotides TR (pKV544T) and T'R (pKV561) compared with the IFN transcript from pMA91-8. The four
lanes on the left of the figure are a dideoxy sequencing reaction, using the same IFN primer, run as markers.
EP= extension product.
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Analysis of the transcriptional activity of PKG UAS subfragments
Various restriction fragments and synthetic oligonucleotides that corresponded to functional
UAS sub-elements previously defined by deletion and footprinting analyses were inserted
into pKV560 (Figure 2). These UAS sub-fragments and the resulting plasmid designations
are detailed in Figure 2b. Transcriptional potency was assessed by Northern blot analysis
(Figure 4a, b) and confirmed by plasmid copy number analysis (Figure 4C and data not
shown. pKV561 containing the entire UAS was as efficient as pMA91-8 that contains
the entire PGK promoter. pKV 562 that contains only YFP and AC and lacks any of the
CTTCC boxes was less active than the full UAS. pKV564 that contains the AC box and
the three CTTCC boxes but no YFP was also significantly less active. pKV563 that
contains only the three CTTCC boxes was inactive. The AC box plus a single CTTCC
element in both orientations (pKV567 and pKV568) was also inactive. The YFP alone
(pKV570) was barely active. When however the YFP was added to AC plus a single
CTTCC (pKV571) there was significant activity. The plasmid copy number data (Figure
4c) shows that only when there is no promoter activity is there any significant increase
in copy number, which indicates that the mRNA levels observed are a direct consequence
of promoter capacity. These data are summarised in Figure 4d. They indicate firstly that
no individual element within the PGK UAS is capable of producing high efficiency
expression. Secondly, although the YFP and CTTCC regions have little or no individual
activity either of them in combination with the AC box generate a moderately efficient
promoter.
The finding that the AC box was not capable of activating transcription was somewhat

surprising given that the RAPI protein that binds to this region has been proposed to be
a transcriptional activator protein. The same fragment was also inactive when placed in
a UAS deletion of the PGK promoter spanning nucleotides -538 to -397 indicating that

a ..

*...:..~~~~~~~~~~~~~~~I
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Plasmid UAS components (Nucleotides) RNA level

pKV560 None

pKV561 Full UAS (-538 to -402) +++

pKV562 YFP - AC (-531 to -461) ++

pKV563 [CTTCCJ 3 (-460 to -402)

pKV564 AC-[CTTCCJ3 (-473 tO -409) ++

pKV567 AC-CTTCC (-473 to -453)

pKV568 CCTTC-CA (-453 to -473)

pKV570 YFP (-523 to -496) +

pKV571 yFP/AC-CTTCC (-523 to -496/-473 to -453) ++

*Nb. 3' end of AC element deleted.

+++= strong activation

++ = moderate activation
+ = weak activation
- = no transcription detected

Figure 4 a & b. Northern blots comparing IFN mRNA levels directed by the native PGK promoter (pMA91-8),
the mini assay promoter (pKV560) and derivatives of pKV560 formed by the insertion of various PGK UAS
fragments 5' to the oligonucleotide T'R. R= ribosomal mRNA, P= chromosomal PGK mRNA, (detected with
a probe that does not hybridize with the PGK transcriptional terminator in pKV560 and derivatives) IFN= IFN
mRNA.
c. Southern blot showing plasmid copy number data. Total DNA preparations were digested with Eco RI,
electrophoresed, blotted and probed with IFN and rDNA radiolabelled fragments.
d. Summary of results from Figs. 4a, b and c.

this inactivity was not due to proximity of the RAPI binding site to the initiation site in
the mini-promoter (data not shown). This conclusion is also reinforced by the fact that
the addition of the YFP upstream can convert the inactive AC box to an active one and
in this case the relationship between the start site and the RAPI binding site has not altered.
The fragment containing the RAPI binding site in pKV567/8 is fully competent for RAPI

binding as shown in Figure 5. RAP1 RNA was produced in vitro using the SP6 polymerase
and then translated in a rabbit reticulocyte lysate and the resulting protein was used in
a gel retardation analysis with the AC oligonucleotide. A retarded complex was obtained
that was specific and that had identical mobility to a nuclear extract derived complex that
has previously been proven to be due to RAP1 (Figure 5; 12; A.C., J Tsang, C.A.S.,
A.J.K. & S.M.K., manuscript in press, Mol. Cell. Biol.). This suggests that simple binding
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1 2 3
Figure 5 Retardation gel assay showing that RAPI binds to the PGK UAS AC sequence.
The AC/CTTCC (nucleotides 473 to -453) element was radiolabelled. Lanel: fragment only. Lane2: fragment
plus 200ng calf thymus DNA, plus 1 Ag nuclear protein extract. Lane 3: fragment plus 200ng calf thymus DNA,
plus 10 jig RAPI in vitro translation reaction.

of RAPI to its cognate site should occur in vivo in the mini-promoter and therefore binding
of RAPI alone is not in itself sufficient to generate an active transcription complex. The
interaction of the AC box with either YFP or CTTCC regions was sufficient to confer
activity on the mini-promoter. This suggests that RAPI is capable of indiscriminate
association with DNA binding proteins to generate an active transcription complex.

DISCUSSION
We have shown that a short 91 bp DNA fragment derived from the PGK promoter is
capable of directing highly efficient transcription when activated by the PGK UAS. The
efficiency of transcription is equivalent to that directed by the whole PGK promoter and
furthermore we have recently demonstrated that this PGK UAS mini promoter is carbon
source regulated in the same way as the whole promoter (A.C., J Tsang, C.A.S., A.J.K.
& S.M.K., manuscript in press, Mol. Cell. Biol.). This fragment contained the CT block-
CAAG sequence that is a common feature of highly expressed yeast genes (33). In order
to obtain accurate initiation as well as high efficiency it was essential to add a TATA box
region upstream. When a short TATA box fragment was used (T) there was some initiation
at the authentic site but significantly more initiation at a site 19 orl8 base pairs downstream.
A longer TATA fragment that had an additional downstream 18 bp (T') resulted in accurate
initiation. These data confirm some previous studies on the requirements for the TATA
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box in the PGK and other yeast promoters. Firstly it is not important for transcriptional
efficiency of the PGK promoter (11). Secondly it helps to constrain initiation to a single
site (9,10). Thirdly it cannot direct the high efficiency use of a site that is within 40 bp
of the 3' end of the TATA element (9). The finding that spacing the TATA box back
18 bp moved the start site back by 18 bp was probably fortuitous and given the data of
others (9,10) we would anticipate that moving the TATA further upstream would still effect
initiation within the CAAG until a far upstream point at about 120 bp upstream from the
I site had been reached. The requirement for the additional 18 bp downstream of the TATA
element most likely reflects a spatial rather than a primary sequence requirement. This
mini-promoter however now provides a well defined system for defining the 5' and 3'
limits of the sphere of the TATA influence within the PGK promoter and for identifying
any additional cis active sequences required for accurate initiation.
The mini-promoter in pKV561 fulfilled all the criteria for an assay system for screening

for the transcriptional activity of the three UAS sub-elements, i.e. the YFP, the AC box
and the CTTCC boxes. We have now shown that none of the three different elements
within the UAS is capable of functioning independently as a transcriptional activator.
Furthermore the potential yATF site in the PGK UAS, reported by Lin and Green (34),
located between nucleotides -425 and -415, is apparently inactive even in conjunction
with the CTTCC boxes (see pKV563). The discovery that the AC box was inactive was

unexpected. This sequence binds the protein RAPI (12, A.C., J Tsang, C.A.S., A.J.K.
& S.M.K., manuscript in press, Mol. Cell. Biol.) which has been proposed to function
as a transcriptional activator (14,17). Most assays of the transcriptional activity of RAP1
have however simply involved embedding the sequences within a larger promoter that
has had its own UAS deleted (14,17,35). Clearly there is potential for interactions with
other sequences in such analyses. In one study for example the RAP1 sequence would
only function in the CYCI promoter when placed approximately 100bp upstream from
the mRNA start site (35). Our data suggest that there is no spatial constraint upon the
function of the RAPI site and therefore we would interpret this finding as indicating a
requirement for flanking sequences. Our data suggest that RAP1 is rather indiscriminate
in its interactions with other sequences. The addition of either YFP or the CTTTC boxes
to the RAPI site constitutes a transcriptional activator. Other studies have suggested that
the efficiency of activation by RAP1 and/or its propensity to function as either an activator
or repressor are influenced by flanking sequences ( 14,17). Our data suggest that rather
than an influence of flanking sequence there is an absolute requirement for some interaction
for RAPI to function within the PGK UAS. The nature of this interaction is at present
obscure. YFP is known to bind a protein and the CTTCC boxes show a weak retardation
complex under some conditions indicating the presence of a CTTCC binding factor (CBF)
(J. Tsang, A.C., A.J.K. & S.M.K. manuscript in preparation). Dorsman et al. (36) have
reported the existence of a transcription factor, GFI that binds to the promoters of various
nuclear-encoded mitochondrial genes. The binding site consensus for GFI is compatible
with the YFP sequence suggesting that they are related or even identical. It is not clear
whether RAP1 is augmenting the transcriptional activation potential of these proteins or

whether these proteins are augmenting the transcriptional activation potential of RAPI.
Given our observations in the PGK promoter and the almost ubiquitous nature of RAP1
binding sites in yeast promoters and their presence in inactive genes and structural elements
of chromosomes we suspect that RAP1 is in fact not a transcriptional activator in the classical
mode of GAL4 (37) and GCN4 (38). This may be supported by recent data that indicate
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that RAPI may be involved in directing and/or anchoring DNA to the nuclear scaffold
(18). There has however been no convincing demonstration that nuclear scaffold attachment
is a prerequisite for transcriptional activation in yeast.

It may also be significant that PGK mini-promoter can be activated to very high efficiency
by the insertion of the 12 bp recognition site (E2RE) for the papillomaviral protein E2.
When E2 is expressed in yeast the E2RE mini-promoter is activated to the same levels
as the full length PGK promoter (32). This then prompts two questions. Why is the PGK
UAS composed of multiple elements that must cooperate to produce a highly efficient
promoter when this can be achieved by a single element? and what are the features of
the papillomavirus E2 protein that allow it to replace the combination of RAPI, YFP and
CBF? It is possible that each of these proteins represent different essential functions of
a transcriptional activator that can be provided by the multiple domains in a single viral
protein. If this is the case then these functions are likely to be more than the simple provision
of acidic regions that are all that is required to activate transcription in several other yeast
genes (37,38).
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