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ABSTRACT

Understanding the regulatory logic of a eukaryotic
promoter requires the elucidation of the regulatory
elements within that promoter. Current experimen-
tal or computational methods to discover regulatory
motifs within a promoter can be labor intensive
and may miss redundant, unprecedented or
weakly activating elements. We have developed an
unbiased combinatorial approach to rapidly identify
new upstream activating sequences (UASs) in a
promoter. This approach couples nonhomologous
random recombination with an in vivo screen
to efficiently identify UASs and does not rely on
preconceived hypotheses about promoter regula-
tion or on similarity to known activating sequences.
We validated this method using the unfolded protein
response (UPR) in yeast and were able to identify
both known and potentially novel UASs involved
in the UPR. One of the new UASs discovered using
this approach implicates Crz1 as a possible activa-
tor of Hac1, a transcription factor involved in the
UPR. This method has several advantages over
existing methods for UAS discovery including its
speed, potential generality, sensitivity and lack
of false positives and negatives.

INTRODUCTION

The rapid increase in the number of sequenced genomes
has augmented the need for efficient methods to define the
regulatory logic of genes. Meeting this need requires the
identification of each regulatory element within a pro-
moter, including repressor-binding sites and upstream
activation sequences (UASs), and the identification of the
proteins that bind to these elements. These regulatory
elements are typically short DNA sequences (4-10 bp) that

are abundant in the genome but that only serve regulatory
roles in a small subset of these occurrences (1).

The most common method researchers have used to
identify new UASs in yeast places the promoter of interest
upstream of a reporter gene, such as lacZ (2-6). Through
a series of 5-deletions, the promoter is truncated and
the effects of each truncation on reporter gene expression
is measured in the presence of a known inducer of that
promoter. When induction is lost, it is assumed that a
UAS has been deleted. Subsequently, higher resolution
truncations of the putative UAS-containing region are
used to define a minimal UAS. While this method has
been successfully used to dissect dozens of promoters in
yeast, it can be labor intensive and can miss UASs that are
part of more complex promoter structures containing
multiple UASs or repressors.

Recently, two new bioinformatic approaches have been
developed to identify UASs: phylogenetic footprinting
(7,8) and clustering of co-regulated genes (9,10). These
methods are used to identify motifs that are conserved
between related species or highly represented in the
promoters of genes that are co-expressed under a given
set of conditions. A limitation of these computational
approaches is that regulatory regions in yeast are quite
small compared with the size of a promoter (typically
600-1000 bp), leading to a low signal-to-noise ratio. As
a result, these methods must apply strict selection criteria
to yield only the most highly conserved sequences,
resulting in a significant number of false negatives due
to the degeneracy that occurs in many transcription-factor
binding sites. Moreover, the uncertainty surrounding
putative UASs identified using current computational
methods requires that each predicted UAS be experimen-
tally validated. This validation can be prone to a
significant failure rate, since promoter regions can be
highly conserved for reasons other than transcription-
factor binding, including maintenance of chromatin
structure and determination of long-range structure in
the nucleus by specifying spatial organization of chromo-
somes (11). The creation of new, efficient experimental
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methods that not only generate but also simultaneously
test hypotheses using a functional transcriptional readout
would significantly enhance our ability to define the
regulatory logic of promoters of interest.

Here we present a highly efficient method for the
functional dissection of yeast promoters. This method
involves the diversification of promoters using nonhomo-
logous random recombination (NRR) (12), followed by
the identification of functional promoter variants using an
in vivo selection or high-throughput screen. We validated
this method using the unfolded protein response (UPR), a
transcriptional program activated in response to unfolded
protein in the endoplasmic reticulum (ER). Using this
approach, we rapidly identified known UASs in promoters
that are upregulated during the UPR. In addition, this
method also identified novel regions in these promoters
that are sufficient for a transcriptional response in
the presence of a UPR inducer. Our approach may be
applicable to any yeast promoter whose activation or
repression can be subjected to screening or selection.

MATERIALS AND METHODS
Yeast media and general materials

Media consisted of nitrogen base (Sigma), 2% dextrose
and synthetic dropout supplements lacking uracil or uracil
and tryptophan (Open Biosystems). All synthetic media
was supplemented with 50 pg/ml myo-inositol (Sigma).
X-Gal indicator plates were prepared as previously
described (13), except that X-Gal was used at a final
concentration of 80 pg/ml and adenine was added to a
final concentration of 100 pg/ml. Saccharomyces cerevisiae
yeast genomic DNA was purchased from Promega.
Tunicamycin (Sigma) was stored as a 1000 x stock in
dimethylformamide and used at a final concentration of

1 pg/ml.

Bacterial and yeast strains

Escherichia coli strain DHI10B was purchased from
Invitrogen. Yeast strains W303a (MAT a; ura3-1; leu2-
3,-112; his3-11,-15; trpl-1; ade2-1; can 1-100) and CP263
(Airel::TRPI otherwise W303a) were kindly provided by
Professor Peter Walter (University of California at San
Francisco). Full open reading frame deletion of Crzl,
replaced by the kanM X4 gene, was generated using a PCR-
based deletion strategy in strain W303a (14,15). Gene
disruption was confirmed by PCR and automated DNA
sequencing.

Construction of the library plasmid

pJC104 is a two micron plasmid with a URA3 marker that
contains a crippled CYC/ promoter upstream of lacZ and
four copies of UPRE] serving as a UAS (16). This plasmid
was a generous gift from Professor Walter (16). A multiple
cloning site was inserted in the large Xhol/Bglll frag-
ment of pJC104 using the phosphorylated primers
5-GATCTGGTCACCTAGGTACCGCGGCCGGTAG

CCCGGGTCGAC and 5-TCGAGTCGACCCGGGCT

ACCGGCCGCGGTACCTAGGTGACCA to
pProm.

yield

Oligonucleotides for library construction

The following phosphorylated primers were used to
amplify the promoters of KAR2, SILI and HACI,
respectively: K1 (5-GTGGGAGTCAATCAAATCCC)
and K2 (5Y-GGTATGTTTGATACGCTTTTTCC); Sl
(5-CATCCAGGATCAAGTATATACC) and S2 (5-TC
TAAGTTTGCGTTCTTGGAAG); H1 (5-AGAGCCAC
TATCATCGGC-GAC) and H2 (5-AGTGGCGGTTGT
TGTCGTAGG). Primers HP1 (- AGATCTGCATAGC
AGCTGGCGCGCCATGGCGGCGCCGCCATGGCGC
GCCAGCTGCTATGCAGATCT), HP2 (5-GTCGAC
GCATAGCAGCTGGCGCGCCATGGCGGCGCCGCC
ATGGCGCGCCAGCTGCTATGCGTCGAC) and HP3
(5-GGTGACCGCATAGCAGCTGGCGCGCCATGGC
GGCGCCGCCATGGCGCGCCAGCTGCTATGCGGT
CACC) contain Bglll, Sall and BstEII restriction sites
(underlined), respectively, for cloning into pProm. These
primers also contain Ascl and Ncol restriction sites
(italicized) for removal of hairpins (see subsequently).
Primers F1 (5-CGCCAGCTGCTATGCAGATCT),
F2 (5-CGCCAGCTGCTATGCGTCGAC) and F3
(5-CGCCAGCTGCTATGCGGTCACC) are used for
the final PCR amplifications.

Construction of promoter libraries

Genomic DNA fragments from the KAR2, SILI and
HACI promoters, —1 to —1000 relative to the start of
translation, were amplified by PCR using the primers
K1/K2, S1/S2 and H1/H2, respectively. NRR was per-
formed on the resulting PCR product as previously
described (12) using primers HP1 and HP2 for the
KAR2 and HACI libraries. HP2 and HP3 were used for
the SILI library. Fragments with a desired size range
(see text) were purified by agarose gel electrophoresis after
the hairpin ligation step. Recombined promoter fragments
for the KAR2 and HACI libraries were digested with Ncol
and Ascl, then amplified with primers F1 and F2 and
cloned into the large Bglll/Sall fragment of pProm.
Recombined fragments from the S/L/ library were also
digested with Ncol and Ascl, then amplified using F2 and
F3, and cloned into the large BstEIl/Sall fragment of
pProm. All libraries were amplified in the E. coli strain
DHI10B.

Blue/white screening of promoter libraries

A promoter library (~1 pug) was transformed into W303a
using a standard lithium acetate protocol and selected on
plates lacking uracil at 30°C. After 3 days of growth, the
yeast colonies were replica plated onto X-Gal plates
supplemented with tunicamycin and incubated at 30°C for
24-72h. The bluest colonies were selected and grown
individually in liquid media lacking uracil. Liquid cultures
were then spotted onto X-Gal plates lacking uracil with
and without tunicamycin to identify those cultures that
specifically turned blue only in the presence of tunica-
mycin. The cells from an aliquot of each liquid culture
were lysed using glass beads and a region of DNA



encoding the promoter fragment was amplified using
primers Seql (5-GGAGACGCATTGGGTCAACAG)
and Seq2 (5-GTGTTTGCGTGTCTATAGAAG). These
PCR products were then sequenced to identify promoter
fragments. DNA sequences of the promoters from the
blue colonies were then aligned to identify consensus
regions.

Consensus region cloning

Phosphorylated, complementary oligonucleotides con-
taining one, two or three copies of each consensus regions
from the X-Gal screening were annealed and then individ-
ually cloned into the large BgllI/Sall fragment of pProm
for further analysis. For the K4AR2 promoter, the con-
sensus regions I-III are as follows: 5-AATGTACACG
TATC, Y- TTTGAACACGTCAACAAC and 5-TAGCCA
AACGGACA, respectively. Extended consensus region III
was 5Y-TAGCCAAACGGACAGCTGTCCTCA. KAR2
consensus region IV was contained in pJC104. The SILI
consensus region is 5-GAAAAGGCCACGTAG. The
HACI consensus regions I and II are as follows:
Y-GGCAAAGTGGCTCAGCAT and 5-TGGTTTTGA
ACACCTTGTTCTCTTTTGT, respectively.

Quantitative p-galactosidase activity assay

Plasmids containing the consensus regions were then
transformed in W303a, CP263 or the Crzl-deleteion yeast
strains and assayed for [B-galactosidase activity with or
without tunicamycin in triplicate using o-nitrophenyl-
B-galactopyranoside as previously described (17).

RESULTS
Rationale for the application of NRR to UAS identification

NRR (12) is a method to diversify nucleic acids that
randomly rearranges any sequence using a fragment size
defined by the researcher. NRR has been used to study
protein topological requirements (18), SRNA mechanisms
(19) and mRNA transport signal sequences [(20); Liu,J.M.
and Liu,D.R., unpublished data). The first step in NRR
involves the random digestion of a starting nucleic acid
pool using DNase [ (Figure 1). By modulating the
digestion time, the average size of the digested fragments
can be controlled. After blunting the pieces with T4 DNA
polymerase, the DNA fragments are reassembled in the
presence of DNA hairpins, allowing for the deletion,
insertion and rearrangement of fragments. The average
number of crossovers per recombinant is controlled by
varying the relative molar ratio of hairpins to fragments.

To identify UASs within a promoter, we envisioned that
an NRR-diversified promoter of interest could be cloned
upstream of a crippled CYC/I core promoter that drives
the expression of the lacZ gene (21) (Figure 1). The
resulting library can be rapidly screened for transcrip-
tional activation only in the presence of a signal known to
induce transcription from the promoter of interest (13).
Because the products of NRR are highly diversified in
the size, order, spacing, redundancy and orientation of
subsequences, the comparison of DNA sequences among
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Figure 1. Generation of a nonhomologous random recombination
library of a yeast promoter. The bottom figure represents the plasmid
into which the library is cloned for blue/white screening.

promoter variants that maintain their ability to be induced
should rapidly identify essential UASs. This approach
requires virtually no knowledge of the promoter of interest
other than a means of induction, and therefore could
represent a general approach to the discovery of UASs.

NRR libraries are ideal for promoter analysis in this
context for several reasons. First, NRR can use DNA
fragments that approach the sizes of typical UASs
(~8-10Dbp), facilitating the rapid identification of a small
motif that is required for transcription. Second, complex
combinations of necessary regulatory elements within a
promoter can be identified using this approach because
multiple fragments are allowed to recombine during the
reassembly step. Third, precise spatial requirements, if
any, between UASs or between a UAS and the start of
transcription can be revealed because the spacing between
fragments varies randomly within NRR-diversified
libraries. Finally, discovery of a consensus region among
the selected constructs allows for the rapid identification
of a minimal UAS that is required for a response to a
given stimulus because the inactive flanking regions
of each UAS should be remaining highly diversified
during the NRR and screening process.

Functional dissection of the K4 R2 promoter

To validate the proposed method to identify UASs in
promoters of interest, NRR coupled with high-throughput
screening was applied to three promoters of genes
involved in the UPR: KARI, SILI and HACI. Three
UAS:s that specifically respond to unfolded protein in the
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ER have been previously identified as UPR elements 1,
2 and 3 (UPREI1, UPRE2 and UPRE3) (10,22,23).

The 1000-base KAR2 promoter contains one known
UAS, UPREI (7bp), that is responsive to the presence
of unfolded protein in the ER (22-24). We subjected the
promoter of KAR2 to NRR and screening to determine
if UPREI could be quickly and accurately identified.
The NRR-diversified K4R2 promoter library was cloned
upstream of the crippled CYCI/ promoter driving the
expression of /acZ for blue/white screening in the presence
of tunicamycin. The KAR2 promoter library contained
DNA fragments that were an average of 31 bp in length.
The library was transformed into yeast and replica plated
onto X-Gal plates supplemented with tunicamycin to
induce the UPR.

The 60 bluest colonies were isolated, then subjected to
a secondary screen on X-Gal plates both with and without
tunicamycin. The clones that showed robust transcrip-
tional activation only in the presence of tunicamycin
(15 out of 60 colonies) were classified as strong hits. All
60 clones were sequenced, and the promoter fragments
were aligned to reveal any consensus regions among the
selected promoters (Figure 2). Promoter fragments were
grouped according to blue/white phenotype, with the
strong hits at the top of Figure 2 (gray area), and then
by sequence to show the consensus regions. This entire
process, from initial amplification of the K4 R2 promoter
to the sequence alignment, required less than three weeks.
Four consensus regions emerged from this analysis,
including one consensus region present in most of the
strong clones. Gratifyingly, this consensus region (region
IV in Figure 1) contains the previously described UPREI.
Sequence alignment of the strongest clones yields a
consensus region of 15bp, which contains the 7bp core
of UPRE] previously shown to be essential for ER stress-
mediated activation of the KAR2 promoter (22). Since
UPREI was the only UPRE previously described for the
KAR2 promoter, we were surprised that three additional
consensus regions emerged from the above analysis
(Figure 3). Consensus region I contains UPRE?2, a recently
discovered UPRE, CACGTA, that is a putative binding
site for Gen4. Region II contains a very similar sequence
that differs from UPRE2 by a single nucleotide,
CACGTC. This sequence has not been specifically
characterized as a Gcn4-binding site. Region III does
not contain any previously reported UPREs though
shares some similarity with UPREI (Figure 3).

Of the four consensus regions, region III was the least
abundant, occurring in only seven out of 60 clones
(Figure 3). All seven clones contained a common sequence
shown in red in Figure 3, but six of these clones also had
a longer consensus region shown in blue. Since com-
paratively few clones defined the boundaries of this
consensus region, both the minimal and extended con-
sensus regions were used for further analysis. To test the
functional significance of these consensus regions, frag-
ments of the KAR2 promoter containing each consensus
sequence, including both region III and the extended
region III (Figure 3), were cloned upstream of the CYCI-
lacZ construct and analyzed using quantitative B-galacto-
sidase assays (Figure 4). Regions I, IT and IV each showed
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Figure 2. Composition of selected UAS elements from the KAR2
promoter. The selected fragments (colored arrows) are compared to the
native promoter to reveal consensus regions. Numbering across the
top represents the nucleotide position in the native promoter relative to
the start of translation. Arrow colors indicate the order of fragment
assembly (5'-red-green-blue-purple-3’) and the arrow direction indicates
a sense (pointing right) or antisense (pointing left) promoter fragment.
The shaded gray encompasses clones with the strongest phenotype.
Four consensus regions (I, II, III and IV) are indicated with a
vertical line.

significant lacZ activity only in the presence of tunica-
mycin. The minimal consensus region III did not show any
activity in the presence or absence of tunicamycin, but the
extended region III exhibited robust transcriptional
induction in the presence of tunicamycin. This result
reveals the necessity of carefully choosing the endpoints of
a consensus region when only a small number of clones
define the region.

Each of these consensus regions was also tested in a
strain that lacks the gene for Irel, the protein that initially
senses unfolded protein in the ER (10). All four regions
that showed tunicamycin-dependent lacZ activity in a
wild-type strain had no activity in a Aijrel strain
(Figure 4). Irel is essential for the interaction of the
transcription factors Hacl and Gcen4 with UPRE1L and
UPRE2 (10). The Irel dependence of transcriptional



Clone ID Region I
6 ..CTTGGGCACTAATGTACACGTACA
6 GACGGCACTAATGTACACGTATCATGAT...
8 ..CTTGGGCACTAATGTACACGTATCATGAT...
14 ..CTTGGGCACTAATGTACACGTATCATGAT...
16 GACCTAATGTACACGTATCATGAT...
25 AACGTACACGTATCATGAT...

31 ..CTTGGGCACTAATGTACACGTGTC
49 ..CTTGGGCACTAATGTACACGTGTC
50 TCTTGGGCACTAATGTACACGTATCATGAT..

54 TCTACTAATGTACACGTATCATTAA

Consensus: GTACACGTR

UPRE2 from EROI: CACGTA

Clone ID Region II
10 GACTCTTTGAACACGTCAACAACTC...
11 GACCTTTGAACACGTCAACAACTC...
25 .TGTCTTTGAACACGTCAACGTA
29 CTCTGAACACGTCAACAAGA
29 .TGTCTTTGAACACGTCAACAACTC...
35 TCTGAACACGTCAACAACTC...
37 TCTGAACACGTCAACAACTC...
39 GACCTTTGAACACGTCAACAACTC...
22a TGTCTTTGAACACGTCAACAACTA...
47 . TGTCTTTGAACACGTCAACAACTC...
53 . TGTCTTTGAACACGTCAACAACTC...

Consensus: TGAACACGTCAAC

UPRE2 from EROI: CACGTA

UPRE1 from KAR2:

Canonical UPRE1l:
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Clone ID Region III
1 .. TCTAGCCAAACGGACAGCTGTCCTCATAT...
7 ... TCTAGCCAAACGGACAGCTGTCCTCATAG...
8 ...TCTAGCCAAACGGACAGCTGTCCTCACAC
18 ..TCTAGCCAAACGGACAGCTGTCCTCATAT...
46 GTTAGCCAAACGGACAGCTGTCCTCATAT..
52 TGTTAGCCAAACGGACAGCTGTCCTCATAT...
49 ..TCTAGCCAAACGGACACG
Consensus: TAGCCAAACGGACAGCTGTCCTCA

GGAACTGGACAGCGTGTCGAAA

Clone ID Region IV

3 ..GGAACTGGACAGCGTGTCGAAA...
4 TCTGGACAGCGTGTCGAAA...
5 ...GGAACTGGACAGCGTGTCGAAA...
9 TCTAACTGGACAGCGTGTCGAAA...
23 ..GGAACTGGACAGCGTGTCGAAA...
24 ...GGAACTGGACAGCGTGTCGAAA...
30 ...GGAACTGGACAGCGTGTCGAAA...
42 ...GGAACTGGACAGCGTGTCGTC

43 ...GGAACTGGACAGCGTGTCGAAA...
51 TCTAACTGGACAGCGTGTCGAAA...

Consensus: CTGGACAGCGTGTCG

GGAACTGGACAGCGTGTCGAAA

Figure 3. Partial sequence alignments of clones from the NRR analysis of the K4R2 promoter to reveal consensus regions. For regions I, IT and III,
all clones with the conserved region were used for the alignments. For region IV, clones with a strong phenotype that also lacked other conserved
regions were used for the alignment. Consensus regions are shown in red. For region III, an extended consensus region is highlighted in blue. Each
consensus region is compared to a known UPRE, with the putative transcription-factor binding site underlined.

activation mediated by consensus regions I, II, III
(extended) and IV suggests a similar transcriptional
pathway. Taken together, the above results demonstrate
the ability of a coupled NRR/screening approach to
identify both known and unknown upstream-activating
regions within yeast promoters.

Functional dissection of the S/L1 promoter

Sill, a nucleotide exchange factor for Kar2 (25), is highly
upregulated during the UPR (26). The promoter of S/L/
was analyzed because it has not been previously experi-
mentally dissected, although it contains a sequencing
matching UPRE2 (10). It is currently not known if
addition transcriptional elements are also present in the
SILI1 promoter. The promoter of SILI was subjected to
NRR and cloned into the CYClI-lacZ construct. The
resulting library had an average DNA fragment length of
27 bp. This NRR-diversified library was screened in the
presence of tunicamycin and the 60 bluest colonies were
isolated. Using the secondary screen, 12 of the 60 colonies
showed robust /acZ transcription only in the presence of
tunicamycin and these colonies were classified as strong
hits (Figure 5, top). When all 60 colonies were subjected

to sequence analysis, only one region was repeatedly
selected (Figure 5). Alignment of clones showing a strong
phenotype upon plating on media containing X-Gal in the
presence and absence of tunicamycin revealed a 14-base
consensus region containing UPRE2 (Figure 6). No other
consensus regions emerged among the sequences.

When this consensus region was cloned into the
CYCl-lacZ construct, it was responsive to tunicamycin
in a wild-type strain (Figure 6). As expected for UPRE2,
this consensus region did not function as a UAS in a Airel
strain (10). The regulatory logic of the SILI promoter
appears to be quite simple; the lack of any other consensus
regions suggests that UPRE2 is the sole determinant of
transcription from S/L/ during the UPR. The 14-bp
region containing UPRE2 was retained in 100% of our
selected clones (Figure 6), indicating that some part of this
sequence which includes eight bases upstream of UPRE2
may be important for a strong transcriptional response.

Functional dissection of the HACI promoter

The promoter of HACI, a key transcription factor
involved in the UPR, was similarly analyzed by NRR
and screening. A UPREIl-like sequence was recently



5856 Nucleic Acids Research, 2007, Vol. 35, No. 17

identified in this promoter (27), and Hacl has been shown
to bind to this region in an autoregulatory mechanism that
is IREI-dependent. A second /REI-independent regula-
tory mechanism for the HACI promoter has been
observed during extensive ER stress, but the UAS
responsible is unknown (28). To elucidate the various
mechanisms of HACI transcriptional regulation, the
promoter of HACI was subjected to NRR and cloned
into the CYClI-lacZ construct. The resulting library had
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Figure 4. Quantitative 3-galactosidase assays with the KAR2 consensus
regions serving as UASs in the CYCI-lacZ construct. Multiple copies
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Figure 5. Composition of selected UAS elements from the SILI
promoter. The selected fragments (colored arrows) are compared to
the native promoter to reveal consensus regions. Numbering across the
top represents the nucleotide position in the promoter relative to the
start of translation. Arrow colors indicate the order of fragment
assembly (5'-red-green-blue-3') and the arrow direction indicates a
sense (pointing right) or antisense (pointing left) promoter fragment.
The shaded gray encompasses clones with the strongest phenotype.
One consensus region (I) is indicated with a vertical line.
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3 ..CCAGACTATGTGAARAGGCCACGTAGTC >
5 GACTGTGAAAAGGCCACGTAAATGATA > 800 ]
8 GACCTATGTGAAAAGGCCACGTAAATGATAC... 5

10 ..CCAGACTATGTGAAAAGGCCACCGTAAATGATAG... @

11 AGATGAAAAGGCCACGTAAATGATAG... 8 600 ]

11 GACTGTGAARAAGGCCACGTAAATGATAG... 2

15 GACAGACTATGTGAAAAGGCCACGTAAATGTTA S 400 ]

22 ACCGAAAAGGCCACGTAAATGGAA T

32 GACTATGTGAAAAGGCCACGTAAATGATAG... Z 200 1

34 GACTATGTGAAAAGGCCACGTAAATGATAG...

37 ..CCAGACTATGTGAAAAGGCCACGTAAATGATA

43 GACGAAAAGGCCACGTAAATGATAG...
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SIL1 consensus region: GAAAAGGCCACGTA Genotype wt wt Aire1  Airet
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Figure 6. Analysis of the consensus region for the SILI promoter. (Left) A partial sequence alignment of the clones with the strong phenotype
reveals a consensus region that contains UPRE2 with a putative Gen4-binding site (underlined). (Right) Quantitative -galactosidase assays with one
copy or three copies of the SILI consensus region serving as a UAS in the CYCI-lacZ construct. Assays were performed in wild-type (wt) and Airel
strains in the presence and absence of tunicamycin. B-Galactosidase activity is shown in arbitrary units and error bars represent 1 SD.



Nucleic Acids Research, 2007, Vol. 35, No. 17 5857

-950 -900 -850 ~800 ~750 ~700 ~650 ~600 ~550 ~500 450 ~400 ~350 ~300 ~250 -200 ~150 ~100 -50 Clone ID Region I
HAC1 promoter E——
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9 24 TTCCARAGTGGCTCAGCATTAGTC
19 > 29 TCTTAAGGCARAGTGGCTCAGCAGAA
21
30 LI Region I consensus: TAAAAATACATTTATGAGGGTTGTAAGGCAAAGTGGCTCAGCA
” Crzl binding site: GNGGCKCA
4 > — <t
5 e
6 -+
10 Clone ID Region II
14 -
o - < 2 ATGTGGTTTTGAACACCTTGTTCTCTTTTGTGTC
- 3 GACATGAACGTGGTTTTGAACACCTTGTTCTCTTTTGTTCT...
% + 8 TGTTGAACGTGETTTTGAACACCTTGTTCTCTTTTGTTCT. .
35 > End 9 TCTTGGTTTTGAACACCTTGTTCTCTTTTGTTCT...
© , 19 TCTGATGAACGTGETTTTGAACACCTTGTTCTCTTTTGTTGA. .
21 TCTGATGAACGTGGTTTTGAACACCTTGTTCTCTTTTGTTCT. .
7 = 30 TCTTGGTTTTGAACACCTTGTTCTCTTTTGTTCT...
2 = 32 GACGATGAACGTGGTTTTGAACACCTTGTTCTCTTTTGTTCT. .
28 =)
7 - i Region II consensus: TGGTTTTGAACACCTTGTTCTCTTTTGT
1 -t UPRE1 from KAR2 promoter: GGAACTGGACAGCGTGTCGAAA
12 . . .
2 - b Figure 8. Partial sequence alignments of clones from the NRR analysis
2 - X of the HACI promoter. (Top) Region I has a consensus sequence (red)
o7 I« common to all the clones and an extended consensus sequence (blue)
» > e shared by half of the clones. (Bottom) Wild-type region II contains the
u ‘ previously described UPREI-like sequence and is shown with the
© - KAR2 UPREI sequence for comparison. The putative transcription-
13 - factor binding site(s) in UPREI is underlined.

Figure 7. Composition of selected UAS elements from the HACI
promoter tested in a wild-type strain. The selected fragments (colored
arrows) are compared to the native promoter to reveal consensus
regions. Numbering across the top represents the nucleotide position in
the promoter relative to the start of translation. Arrow colors indicate
the order of fragment assembly (5-red-green-blue-purple-cyan-
orange-3’) and the arrow direction indicates a sense (pointing right)
or antisense (pointing left) promoter fragment. The shaded gray
encompasses clones with the strong phenotype. Two consensus region
(I and II) are indicated with a vertical lines.

an average DNA fragment length of 33 bp. When this
library was screened in a wild-type strain in the presence
of tunicamycin, clones containing one of two consensus
regions emerged (Figure 7). The DNA sequences of clones
in groups I and II were aligned to reveal the identities of
the minimal consensus regions (Figure 8).

Consensus region I contains the previously described
UPREI-like sequence that has been shown to be sufficient
for tunicamycin-induced transcription from the HACI
promoter (27). The consensus sequence from region I is
derived from only six clones, thus making it difficult to
precisely identify the endpoints of the minimal region
that contains a UAS (Figure 8). These six clones fall into
two categories, one containing a minimal consensus
region (red in Figure 8) and one containing an extended
consensus region (red + blue in Figure 8). The consensus
region I does not contain a DNA sequence that matches
any of the known UPRESs, suggesting that a novel
transcription factor is likely binding to this region. A
search for transcription factor-binding sites in this
consensus region revealed only one known motif (29),
a binding site for the transcription factor Crzl (Figure 8)
(30). Crzl is a calcineurin-dependent transcription factor

responsible for the transcriptional response to changes
of Ca®>" concentration in the yeast calcium cell survival
(CCS) pathway (31) and has not been previously
implicated in the UPR.

To test if the consensus regions from the wild-type
analysis can serve as UPREs, each region was cloned into
the CYClI-lacZ construct and analyzed with quantitative
B-galactosidase assays (Figure 9). These two regions were
also tested in the Airel strain to determine if the Hacl/
Gcend pathway is necessary for transcription. Region II
showed robust transcriptional activation in the presence of
tunicamycin in the wild-type strain but not in the Airel
strain, consistent with the previously described analysis of
this region in the HAC! promoter (27). In contrast, both
region I and the extended region I showed similar
tunicamycin-induced transcription in both the wild-type
and Airel strains, indicating that a transcription factor-
binding site likely resides in the minimal consensus region,
which contains the putative Crzl-binding site (Figure 9
and data not shown). Regions I and II were then tested in
a AcrzIl strain. While transcription from region Il was
unaffected by this deletion, all transcriptional induction
was lost from region I, further implicating Crz1 as a factor
responsible for transcriptional regulation from this region
during the UPR.

DISCUSSION

Our results collectively suggest that NRR is well suited to
the rapid and efficient identification of cis-regulatory
elements from yeast promoters. All three sets of experi-
ments described here including promoter library construc-
tion, in vivo screening and sequence analysis collectively
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Figure 9. Quantitative B-galactosidase assays with one copy of the
HACI consensus regions I and II each serving as a UAS in the CYCI-
lacZ construct. Assays were performed in wild-type (wt), Airel
and Acrzl strains in the presence and absence of tunicamycin.
B-Galactosidase activity is shown in arbitrary units and error bars
represent 1 SD.

required only 3 weeks in total and can easily be performed
in parallel for several promoters. The ability to use
fragment sizes that approach the sizes of the typical UAS
elements allows for the rapid identification of consensus
regions that are responsible for transcriptional activity
under the chosen experimental conditions. In the three
examples shown here, the fragment sizes were 10-50 bp
(note that manipulation of double-stranded DNA frag-
ments smaller than ~10bp can be difficult due to
spontaneous fragment denaturation).

The ability of the NRR method to introduce crossovers
between two or more functional regions in the libraries
was particularly helpful in the analysis of the KAR2
promoter. Although most of the clones containing
consensus regions I and II had a weak phenotype upon
secondary screening, these weak consensus regions can
still yield functional UASs since they can act additively to
yield a strong phenotype as observed in clones 25 and 29
(Figure 2). For an optimum library, the average number
of crossovers should match the number of regulatory
elements that might act combinatorially in the promoter.
While this number cannot be known a priori, ChIP-chip
experiments suggest that more than one-third of yeast
promoters are bound by more than one transcriptional
regulator, indicating that ideal libraries would have an
average number of crossovers > 1 (32).

Our findings further suggest that, unlike previously
described bioinformatic approaches (10), the NRR
method as applied to UPRE identification does not
appear to suffer from a significant false-positive or

false-negative rate. The method was able to find all four
of the sequences that had previously been described as
UASs: UPREs 1 and 2 from the KAR2 promoter, UPRE2
from the SILI promoter and the UPREI-like sequence
from the HACI promoter. Each consensus region revealed
by the NRR analysis was identified every time it occurred
in these three promoters, suggesting that the NRR method
can cover candidate promoter fragment space exhaus-
tively, at least above a certain threshold of activity
determined by the screening method used. In addition,
every consensus region that was tested as a UAS, when
the boundaries were carefully chosen, was responsive
to tunicamycin, indicating an absence of false positives
from this analysis.

Current methods to experimentally dissect promoters
usually take advantage of 5-promoter truncation to
identify regions that lead to a loss of inducible signal
under the assay conditions. This method, however,
can miss UASs that can function independently of and
redundantly with downstream UASs, because truncation
of a region containing an independent and redundant
upstream UAS simply leads to a reduction in signal but
not a loss of inducibility. For example, the deletion of
a DNA sequence containing the consensus region I
from the HACI NRR analysis (Figure 8) was previously
shown to cause a 2-fold loss in signal, but no loss of
inducibility because the UPREI-like sequence was still
present (27). As a result, this region was previously
not implicated by researchers who were dissecting the
HAC!I promoter (27). Since NRR can analyze DNA
fragments independently and combinatorially, without
any directional bias for UASs closer to the start of
translation, this approach may be better suited than
previous methods for the comprehensive characterization
of yeast promoters.

The identification of a consensus sequence as a UAS
does not automatically imply that it is physiologically
relevant in the context of the original promoter from
which it was discovered. For example, an identified
consensus sequence may normally be sequestered in
heterochromatin, inaccessible to the transcription factors
that bind to it in the artificial context of the CYCI-lacZ
assay. Also, a UAS could be controlled by negative
regulatory elements that are lost in the analyses described
above. However, while the UASs identified by the NRR
method may not be relevant in the promoters from which
they are derived, it is likely that they have a physiological
role in other promoters. The evolution of DNA-binding
specificity is under strong positive and negative selective
pressures during evolution due to the importance of tight
transcriptional regulation to cell survival (7,8). Therefore,
interactions between a transcription factor and a DNA
target in vivo that lead to a transcriptional readout are
likely to be physiologically relevant in some cellular
context. Identification of a new UAS allows researchers
to identify a list of relevant promoters for which that
UAS may be relevant. Each of these promoters can then
be analyzed individually further to test for biological
significance of the UAS.

A new UAS was also discovered in region I of the
HACI promoter that responds to tunicamycin in an



IREI-independent manner. This UPRE contains a
putative binding site for the transcriptional factor Crzl,
a calcineurin-dependent transcription factor implicated
in Ca’>" signaling (30), and its activity is dependent on
Crz1. High salt, alkaline pH and cell wall damage lead to
increased cytosolic levels Ca®", activating calcineurin’s
phosphatase activity (31). Calcineurin dephosphorylates
Crzl, leading to its nuclear localization and transcription
of its target genes. Previous studies have shown that
unfolded protein in the ER leads to an influx of Ca®"
at the plasma membrane in an /RE[- and HACI-
independent manner, leading to activation of Crzl (31).
The CCS pathway is not required for the initial UPR
response, but may be required for a prolonged response to
tunicamycin treatment (31). In addition to the canonical
UPR, Walter and coworkers (28) have described a ‘super-
UPR’ that requires at least two ER stress signals, such as
inositol deprivation and tunicamycin treatment. Under
these conditions, HAC! transcription is upregulated in
an [REI-independent manner, suggesting the possible
existence of a new transcription factor in targeting the
HACI promoter. Our identification of a Crzl-dependent
putative Crzl-binding site in the HAC! promoter and the
previous description of Crzl activation in response to ER
stress suggest a possible connection between the CCS
pathway and the super-UPR. Cross-talk between these
two pathways has not been previously reported, and
additional experimental work is needed to explore this
hypothesis in depth.

In conclusion, NRR coupled with screening is well
suited to the dissection of the regulatory logic of yeast
promoters, resulting in the identification of UASs with
no significant false-positive or false-negative rate in the
case of the UPR. From a single set of experiments that
requires less than 3 weeks, fairly precise consensus regions
can be rapidly defined that are close to the minimal
requirements for a UAS that responds to the assay
conditions. The speed and efficiency of this method to find
UAS:s represent a significant advance over other current
methods used to find UASs. Our initial efforts to validate
the method described here have already yielded unex-
pected UASs that may play a role in the UPR or
the super-UPR. Further work is needed to understand
the biological role of these new UASs and to test the
generality of this method in other promoters and
organisms.
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