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Abstract

To analyze transcription factor–promoter interactions in Arabidopsis, a general strategy for generating a
promoter microarray has been established. This includes an integrated platform for promoter sequence
extraction and the design of primers for the PCR amplification of the promoter regions of annotated genes
in the Arabidopsis genome. A web-interfaced primer-retrieval program was used to obtain up to 10 primer
pairs with a suitability ranking given to each gene. We selected primer pairs for the promoters of about
3800 genes, and greater than 95% of the promoter fragments from the total genomic DNA were successfully
amplified by PCR. These PCR products were purified and used to print an Arabidopsis promoter micro-
array. This initial promoter microarray was used to study the in vitro binding of the transcription factor
HY5 to its promoter targets. A set of promoter fragments exhibited consistent and strong interaction with
the HY5 protein in vitro, and computational analysis revealed that they were enriched with the HY5
consensus binding G-box motif. Thus, a promoter microarray can be a useful tool for identifying tran-
scription factor binding sites at the genomic scale in higher plants.

Introduction

Transcription factor–promoter interactions are
fundamentally important for understanding the
regulation of genome expression, and, thus,
eukaryotic cell growth and development. A series
of recent papers revealed critical insights in the
genome-wide transcription regulatory network
using a global genome-wide analysis of transcrip-
tion factor binding sites in several model organ-
isms, including yeast (Ren et al., 2000; Iyer et al.,
2001; Simon et al., 2001; Wyrick et al., 2001),
Drosophila (Markstein et al., 2002; Stathopoulos

et al., 2002; Orian et al., 2003), and mammalian
cells (Horak et al., 2002; Ren et al., 2002; Wein-
mann et al., 2002). Although a combination of
gene expression analysis and computational pre-
diction strategy has been employed previously to
understand genome expression regulation in Ara-
bidopsis (Hong et al., 2003; Ramirez-Parra et al.,
2003), the analysis of transcription factor–pro-
moter interactions has been largely limited to
individual genes (Saha et al., 2001; Egelkrout
et al., 2002; Lopez-Molina et al., 2002).

The Arabidopsis thaliana genome encodes at
least fifteen-hundred transcription factors, which
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account for about 6% of the estimated total
number of genes in the genome (Riechmann et al.,
2000). Compared with yeast, Drosophila, and
C. elegans, for which considerable fractions (85%,
>25% and >25%) of their known transcription
factors have been characterized (Ruvkun and
Hobert, 1998; Costanzo et al., 2000), estimates are
that only about 5% (<100) of the transcription
factors from Arabidopsis have been functionally
characterized (Riechmann et al., 2000). Hence, it
has become evident that effective and high
throughput tools will be required to unravel the
function of Arabidopsis transcription factors in a
systematic manner.

The Arabidopsis transcription factor HY5 is
one of the best-characterized transcription factors
(Oyama et al., 1997). It is a basic leucine-zipper
type transcription factor and a positive regulator
of photomorphogenesis (Chattopadhyay et al.,
1998). Genetic analyses have suggested that HY5
acts downstream of multiple photoreceptormedi-
ated pathways and functionally interacts with
pleiotropic constitutive photomorphogenic/deeti-
olated/fusca (COP/DET/FUS) genes, which are
negative regulators of photomorphogenesis (Ang
and Deng, 1994; Wei et al., 1994; Pepper and
Chory, 1997; Ang et al., 1998). HY5 is constitu-
tively nuclear localized and directly involved in
light regulation of transcriptional activity of the
light-responsive genes. A previous study (Chatto-
padhyay et al., 1998) suggested that HY5 specifi-
cally, and directly, bound in vitro to the G-box, a
well-characterized light-responsive element (LRE)
that is commonly found in light-regulated pro-
moters. This binding was proposed to be essential
for HY5-mediated light control of promoter
activity. Nevertheless, only a couple of G-box
containing promoters have been investigated so far
(Ang et al., 1998; Chattopadhyay et al., 1998).
Therefore, further research is needed to investigate
the spectrum of HY5 binding sites at a genome
scale.

Commonly used transcription factor–promoter
interaction analysis techniques, such as filter
membrane-binding assays (Woodbury and Von
Hippel, 1983), gel shift assays (Garner and Revzin,
1981), ELISA (Choo and Klug 1993), Southwest-
ern blotting (Bowen et al., 1980), or reporter gene
assays (Hanes and Brent, 1991), are generally too
laborious to be used directly for genome scale
protein–DNA interactions (Bulyk et al., 2001).

Although in vitro binding site selections (Oliphant
et al., 1989) and ‘binding-site signatures’ (Choo
and Klug, 1994) permitted the sampling of multi-
ple DNA-binding sites for a particular transcrip-
tion factor, they only provided a partial view of
the binding-site specificity because only the highest
affinity binding sites were selected. Information
from the less than optimal binding sites might be
lost in these assays. On the other hand, it is very
possible that some lower-affinity DNA binding
sites are functionally significant in the transcrip-
tional regulation of gene expression (Bulyk et al.,
2001). Therefore, DNA microarray technologies
have been used to develop an efficient method for
transcription factor–DNA interactions on a large
scale.

For global transcription factor binding studies
employed in several organisms, an essential tool is
the intergenic or promoter microarray. The com-
pletely sequenced genome and the well-annotated
databases of Arabidopsis now provide us with an
unique opportunity to develop a genome-wide
promoter extraction and a promoter primer design
platform that can direct a PCR amplification of
the promoter regions of all annotated genes in the
Arabidopsis genome. Using this platform, we have
constructed a 3.8K Arabidopsis promoter micro-
array, and used it to study in vitro HY5–promoter
interactions. Our study demonstrates the feasibil-
ity of identifying transcription factor binding sites
using a promoter microarray.

Result and discussion

Development of an integrated platform for promoter
sequence extraction and primer design for all
annotated genes in the Arabidopsis genome

An integrated platform was set up to retrieve the
hypothetical promoter region for each individual
gene in the Arabidopsis genome reported by the
MAtDB database (http://www.mips.biochem.
mpg.de/proj/thal/db/) and to select specific prim-
ers for those promoter regions (Figure 1). The
integrated platform automated the procedures of
sorting genes in terms of their position along the
chromosome; locating start and stop codon posi-
tions; determining intergenic regions; extracting
promoter template sequences from chromosomes;
preparing numerous input parameters for Primer3;
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controlling primer quality; preparing for output
file; building a primer database for all genes in
the genome; and offering a web-based primer re-
trieval system for any given list of genes with a
gene locus ID.

Database search and promoter sequence extraction

The pre-requisites for developing such a platform
for a given organism are (1) the complete genome
sequence and (2) well-annotated genome databases.

We retrieved the assembled Arabidopsis chromo-
some sequences and annotation information from
MAtDB – the MIPS Arabidopsis thaliana database
(ftp://ftpmips.gsf.de/cress/). The annotation
information included gene contig names, entry
codes, gene structures, and transcription direc-
tions. The promoter region of each gene was lo-
cated according to the annotation information and
then was extracted from the chromosome se-
quences.

Representative promoter deletion analyses
have shown that most Arabidopsis genes have
functional promoters within 1400 bp of their
translational start sites (Conley et al., 1994; Tjaden
et al., 1995; Honma and Goto, 2000; Haralampidis
et al., 2002; Brown et al., 2003). Therefore, we used
1400 bp as an upper limit for our promoter se-
quence selection of Arabidopsis genes. To select
promoter fragments for microarray construction,
we also considered the need for the uniformity of
promoter size, so as to reduce the variation in PCR
amplification yield, as well as hybridization effi-
ciency. Therefore, the following principles were
followed in selecting promoter fragments for PCR
amplification. First, the longest fragment size of
the PCR products was 1400 bps. Second, a mini-
mum fragment size of the PCR products was set to
500 bps. Third, the promoter 3¢ end was always
near and no more than 50 bps upstream of the
ATG. To apply the above principles, transcription
directions of the selected specific gene and the
length of the intergenic region between this gene
and its upstream neighbor gene were considered.
These intergenic regions in the genome were
grouped into 14 types, and in each case a distinct
formula was used to define the promoter region for
PCR amplification (Figure 2). Then the promoter
sequences from these defined promoter regions
were extracted from the chromosome sequences,
stored in the database, and used for primer selec-
tion. A database containing annotation and pro-
moter sequences of each gene in Arabidopsis with
frequent update of new genome annotation is
available online (http://www.yale.edu/denglab/
arabpromoter.htm and Supplementary Data 1 at
http://plantgenomics.biology.yale.edu/). However,
the sequence data used for promoter extraction for
the initial promoter microarray was based on the
July 5, 2001 version of the MIPS Arabidopsis
thaliana database (ftp://ftpmips.gsf.de/cress/). Due
to the lack of full-length cDNA sequences and

Figure 1. Flow chart of the promoter primer design and its

database. An integrated platform for promoter sequence

extraction and the design of primers for PCR amplification of

promoter regions of all annotated genes in the Arabidopsis

genome has been developed. This platform consists of (1)

database search and template sequence extraction; (2) prepa-

ration of the Primer3 input and picking the primer pairs with

Primer3; (3) primer quality control and primer pair output

formatting; (4) Construction of the primer pair database and

the primer retrieval for a given list of genes. In addition, a web-

interfaced primer retrieval program was used to obtain up to 10

primer pairs with a proper ranking for each gene.
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incomplete annotation of the genome at the time, a
small fraction of the promoters were somewhat
shorter than expected due to long 5¢ UTR or the
presence of an intron within the 5¢ UTR. This
deficiency would need to be corrected in future
versions of the promoter microarray.

Preparing the Primer3 input and picking primer
pairs with Primer3

The primer design software Primer3 (Rozen and
Skaletsky, 2000) was used to pick primers using
the promoter sequences mentioned above as tem-

Figure 2. Principles of locating the putative promoter region for individual genes. The gray arrow represents the target gene, and the

bar represents the intergenic region between the target gene and its upstream gene. The gray part of the bar represents the calculated

putative promoter region. The figure only shows those cases where the target gene ORFs are on the plus strand. There were seven

situations for this case: (a) When the upstream intergenic region of the target gene is between 0.5 and 1.4Kb and does not contain the

promoter region of its upstream gene, the entire intergenic region is assigned as the putative promoter region. (b) When the upstream

intergenic region of the target gene was between 0.5 and 1.4Kb and contained the promoter region of its upstream gene (two

divergently transcribed genes shared one intergenic region), half of the intergenic region was assigned as the putative promoter region.

(c) When the upstream intergenic region of the target gene was greater than 1.4Kb, but less than 2.8Kb, and did not contain the

promoter region of its upstream gene, a 1.4Kb intergenic region was assigned as the putative promoter region. (d) When the upstream

intergenic region of the target gene was greater than 2.8Kb and contained the promoter region of its upstream gene, a 1.4Kb intergenic

region in length was assigned as the putative promoter region. (e) When the upstream intergenic region of the target gene was greater

than 1.4Kb, but less than 2.8Kb, and contained the promoter region of its upstream gene, half of the intergenic region was assigned as

the putative promoter region. (f) When the upstream intergenic region of the target gene was less than 0.5Kb and did not contain the

promoter region of its upstream gene, the entire intergenic region was assigned as the putative promoter region. However, the extracted

putative promoter region was extended into the coding region to ensure that the fragment was at least 0.5Kb. (g) When the upstream

intergenic region of the target gene was less than 0.5Kb and contained the promoter region of its upstream gene, the same putative

promoter region was assigned as (f), except that this region was assigned to the two adjacent genes and was only considered once in the

primer selection. In the same way, there were also seven possibilities if the target gene was on a minus strand, and the same principles

could be used to extract the promoters.
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plate. Primer3 allowed multiple template se-
quences as the input, as long as each template se-
quence was accompanied by pre-determined
parameters. The parameters for designing forward
and reverse primers are described in the experi-
mental procedure section.

Primer quality control and primer pair output
formatting

In general, the output of Primer3 provided multiple
primer pairs for a single promoter region. These
primer pairs were ranked based on an overall
evaluation of a dozen indices by Primer3. The
values of these indices for each primer pair were
also listed in the output file. We set the require-
ments to output the 10 best possible pairs of
primers for each template. For 94.5% of the entire
25 626 promoters, it could successfully output
primers under the standard parameters. For 5.5%
of the remaining promoters, there was no primer
output under the previous parameter constraints.
For this later group of promoters, some of the
parameter constraints were loosened until Primer3
could select a PCR primer pair. The resulting
output primers, as well as the corresponding brief
explanation for each input template, are summa-
rized in a data set (Supplementary Data 2 at http://
plantgenomics.biology.yale.edu/).

We noted that Primer3 did not select against
those primers with a GC-rich region at the 3¢ end,
GC clusters, or repeated nucleotide units. These in
our experience cause mis-priming on genomic DNA
PCR amplification and result in multiple product
bands. Therefore, in order to increase the success
rate of PCR, an additional score system was devel-
oped for the filtration of the 10 pairs of primers
output by Primer3. For these primers with any one
of the above problems, a specific number of points
were subtracted as the penalty from an initial score
of 100 for each perceived problem (Supplementary
Table 1). Then the 3 primer pairs with the highest
final scores were selected for each gene. If no satis-
factory PCR product was obtained by the first pair
of primers, another one of the two remaining pairs
of primer candidates could be used to try again.

Primer pair database construction and primer
retrieval for a given list of genes

We built a primer database (http://www.yale.edu/
denglab/arabpromoter.htm and Supplementary

Data 3 at http://genomics.biology.yale.edu/) for
the selected primer pairs of all the genes after the
additional quality control described above. A pri-
mer pair retrieval system was developed based on
this database. The retrieval system is web-inter-
faced, and is accessible from any internet-con-
nected terminal. With this interface, by inputting a
gene locus ID or a set of gene locus IDs, users can
get 3 candidate primer pairs for each gene pro-
moter in the order of quality rank along with their
detailed information (Figure 3).

Table 1. Classification of transcription factors.

Gene family Number

MYB 258

AP2/EREBP 118

bHLH 108

NAC 106

C2H2(Zn) 152

HB 83

MADS 91

bZIP 82

WRKY(Zn) 70

GARP A. G2-like 50

GARP B. ARRB class 3

C2C2(Zn) A. DOF 35

C2C2(Zn) B. CO-like 32

C2C2(Zn) C. GATA 22

C2C2(Zn) D. YABBY 5

CCAAT A. HAP2 TYPE 10

CCAAT B. HAP3 TYPE 13

CCAAT C. HAP5 TYPE 13

CCAAT D. DR1 0

GRAS 32

TRIHELIX 9

HSF 16

TCP 21

ARF 23

C3H-TYPE1(Zn) 46

C3H-TYPE2(Zn) 26

SBP 16

NINlike 14

ABI3/VP1 11

TUB 9

E2F/DP 8

CPP(Zn) 8

ALFIN-like 7

EIL 6

LFY 1

AUX/IAA 28

HMG-box 13

ARID 5

JUMONJI 8

PCG;E(z) CLASS 4

Others 18

Total 1580
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Selection of the initial group of Arabidopsis genes

We selected 3864 known and predicted genes
(about 15% of the entire Arabidopsis genome) to
construct the initial promoter microarray (see
Supplementary Data 4 at http://plantgenomics.
biology.yale.edu/). These genes represent 1580
transcription factors (Table 1), 1341 ubiquitin-
proteasome degradation related proteins (Table 2),
619 protein kinases, and 324 genes from our spe-
cially selected group, which contained control genes
and genes relevant to our ongoing research. A
previous study had identified 1533 transcription

factors genes in the Arabidopsis genome, or about
6% of the estimated total number of genes in the
genome at the time (Riechmann et al., 2000). Using
the 33 known families of transcription factor genes
(Riechmann et al., 2000), we carried out a similar
database search, and identified 1580 genes (Ta-
ble 1). A total of 1341 ubiquitin-proteasome deg-
radation-related proteins were obtained based on
14 functional/structure groups (Table 2) according
to the accepted classification (Gagne et al., 2002;
Risseeuw et al., 2003). About 619 predicted protein
kinase genes were selected from theMIPS database.

Our specially selected group of genes includes
291 light-responsive genes, based on previous
whole genome expression profile microarray anal-
ysis (Ma et al., 2001). They included those genes
with 10-fold or higher regulation by light or specific
photosynthesis-related function groups. Both the
chalcone synthase (CHS) and ribulose bisphos-
phate carboxylase small subunit 1A (RBCS-1A)
gene that represent previously characterized HY5
binding targets were included (Chattopadhyay
et al., 1998) and, thus, served as positive controls in
the HY5 binding experiments. In addition, 14
commonly used plant transformation marker genes
and human genes and a 3X SSC blank control were
used as negative controls (Table 3, panel B).

Construction of promoter microarray

The top-ranking primer pairs of the 3864 selected
gene promoters were synthesized and used for the

Figure 3. Input and output of the web-based interface for the

selection of the promoter region primer. (a) A user-friendly

website interface was employed to retrieve promoter primers by

inputting a gene locus ID. (b) Three candidate primer pairs

sorted by qualities with their detailed information can be ob-

tained for each gene in the output.

Table 2. Classification of Ubiquitin proteasome degradation

related proteins.

Gene family Number

E1 (Ubiquitin-activating enzyme) and E1-like 11

E2 (Ubiquitin-conjugating enzymes) and E2-like 49

E3 HECt-domain (Ubiquitin-transferase) 7

E3 SCF SKP1 Family 20

E3 SCF Cullin-like 10

E3 SCF F-box 690

E3 SCF RBX 2

E3 U-box 36

E3 Ring-finger 417

E3 Anaphase-promoting complex (APC) 14

Ubiquitin-specific protease (UBP) 28

Ubiquitin 16

COP9 Signalosome 10

26S Proteasome 30

Total 1341
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promoter PCR amplification using a genomicDNA
template with a 96-well format. The PCR products
were gel electrophoresis analyzed and were scored
based on six quality classifications G, A, W, M, S
and N (Figure 4). The portion of each classification
is shown in Figure 4b. The classification of each
PCR product is shown in the gene annotation file in
Supplementary Data 4. The failed or disqualified
PCR amplification reactions were repeated twice
with less stringent PCR conditions. If they still
failed, then the second best primer pairs were syn-
thesized, and used for PCR amplification, again for
three tries. With the two rounds of primer-pair
selections, about 95% of the promoters resulted in
desirable quantities of quality PCR products. All
PCR products were validated by their sizes con-
sistent with the prediction. All of the promoter
PCR products, as well as the 16 controls (2 positive
controls and 14 negative controls), were printed on
poly-LL-lysine coated glass slides onto 16 subarrays.
Each DNA sample was spotted in duplicate, and
the average value of the two duplicates was used in
all the subsequent analyses. The 16 positive and
negative controls were distributed in six different
subarrays. Slides were post-processed by re-mois-

turizing, snap drying, and UV cross-linking. A
summary of our microarray information that con-
sistent with the minimum information about a
microarray experiment (MIAME) standard is
provided in Supplementary Data 6.

Quality assessment of the promoter microarray

The DNA content in an individual spot on the
array was semi-quantified by hybridization with
labeled genomic DNA fragments (Figure 5a).
After scanning of the hybridization image, the spot
intensity approximately reflects the amount of
DNA in each spot. A diagram of the spots’
intensity distribution is shown in Figure 6a, and
the numbers of spots with intensity values below
several selected threshold levels are summarized in
Supplementary Table 2. To examine the inter-slide
and intra-slide variability, we calculated Pearson
correlation coefficients between intensities of
duplicate spots for individual arrays, and correla-
tion coefficients between arrays. The two types of
correlation coefficients were quite consistent each
time in multiple independent experiments. The
correlation coefficient between duplicate spots in

Table 3. Ranks and values of positive and negative controls.

Gene code Gene name Relative value Rank P-value

Panel A: Ranks and values of positive controls

At5gl3930 CHS 7.06 2 0.01

Atlg67090 RBCS-1A 3.75 32 0.02

Panel B: Ranks and values of negative controls

Abbreviation

G10 G10homolog(edg-2) 2.31 168 0.07

BT B. Thuringiensis cry 1 Ac 2.21 199 0.08

MG Beta2 microglobulin 1.62 536 0.18

MYL Myosin light chain 2 (IMAGE: 1592600) 1.48 675 0.22

LUC Luciferase 0.98 1686 0.51

NPTII Kanamycin/neomycin phosphotransferase 0.83 2124 0.64

PGK Phosphoglycerate kinase (pgkl) 0.80 2208 0.66

HSP HSPC120 0.73 2455 0.72

MYH Myosin heavy chain(IMAGE: 1593605) 0.70 2545 0.71

GLB Globin 0.54 3060 0.87

IGF Insulin-like growth factor(IMAGE: 1576490) 0.51 3118 0.89

GFP Green fluorescent protein 0.38 3379 0.95

BRP B-cell receptor protein (IMAGE: 1420858) 0.38 3383 0.95

FLJ FLJ10917fis 0.24 3496 0.98

The relative intensities and the P-values of each spot were calculated, and spots were sorted by their values. Then the ranks, the relative

values, and the P-values of the positive and negative controls were retrieved as shown in the table. In panel A, the two well-

characterized HY5 binding targets, CHS and RBCS-1A promoters, have high relative value and rank. Panel B showed the relative

intensities of 15 transgenes and human genes and their ranks.
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the same slide was in the range of 0.95 or higher,
and the correlation coefficient between slides was
around 0.84–0.86, which suggested a reasonable
consistency. The correlation coefficient for intra-
slide duplicated spots are higher than inter-slides
spots, suggesting printing and slide handling is the
major source of the variability.

In order to further check the inter-slide vari-
ability we calculated the distribution of CVs
(coefficient of variance=standard deviation/mean)
of the signal intensities for all the features on the
slides. A typical result is shown in Supplementary
Table 3. This analysis indicates that the CVs for
about 50% of the features are less than 0.10 (or
10% of mean), and the average CV (standard
deviation) is 0.16 (0.14). We also analyzed the in-
tra-slide variability by calculating the distribution
of CVs of the intensities for two duplicated spots
on the same slide, and a representative result is
shown in Supplementary Table 4. This analysis
indicated that about 70% of features in all our tests
have CVs below 0.10. The average CV is consis-
tently around 0.09–0.10, which suggested relatively
small intra-slide variability in general.

Analysis of HY5-promoter binding in vitro

In order to identify the HY5 binding promoters
in vitro, we did two sets of experiments. One set is
genomic DNA binding experiment as described
above, the other set is the in vitro HY5-promoter
binding experiment by incorporating the labeled
HY5 protein probe with the promoter microrray.
Based on a pilot test (data not shown) with a range
of concentration of representative promoters and
control DNA fragments, it was evident that the
HY5 binding intensity normalized against the
promoter DNA amounts better reflects the affinity
between the giving promoter and HY5 in our
binding assay. Thus the ratio of the GST-HY5
binding intensity and the DNA spot intensity after
hybridization with genomic DNA probes was
calculated, which we call ‘relative promoter bind-
ing value’. All the elements on the microarray were
ranked by this ratio and the HY5 binding candi-
dates were determined by their rank.

The glutathione S transferase (GST)-HY5 fu-
sion protein (GST-HY5) was expressed in Esche-
richia coli, and was affinity purified. The purified
protein was labeled by Cy3 dye. After the unin-
corporated Cy3 dye had been removed, the labeled
GST-HY5 was used to probe the promoter
microarray slides. Slides were scanned after free
GSTHY5 had been removed, and the resulting
images were analyzed (Figure 5b). The correlation
coefficients were calculated after four independent
GST-HY5 protein labeling and in vitro binding
experiments. In each experiment two replicate
slides were used. The correlation coefficient be-
tween duplicate spots in each slide was around
0.93, and the correlation coefficient between the
two replicated slides was about 0.85.

To further check the inter-slide variability we
calculated the distribution of CVs of the signal
intensities for all the features on the two slides of
one representative experiment (see Supplementary
Table 3). In this typical example, the CVs for
about 50% of the features are less than 0.10, and
the average CV is 0.11 with a standard deviation of
0.09. This analysis supports a reasonably good
consistency between the replicated slides. We also
checked the inter-slide variability by examining the
distribution of CVs of the intensities for two
duplicated spots on the same slide, and a repre-
sentative result is shown in Supplementary
Table 4. In this typical example, about 70% of

Figure 4. Gel electrophoresis and quality control of the PCR

products. All of the promoter PCR amplification products were

purified, analyzed by gel electrophoresis, recorded, and scored.

(a) Examples of gel electrophoresis for a batch of PCR prod-

ucts. (b) The PCR products were scored by six classifications

based on the gel electrophoresis results: N – no PCR product

visible; G – single band, right size, and high intensity;

M – multiple bands were roughly same intensity; S – smear;

W – single band, right size, but low intensity; A – acceptable,

multiple bands, but was a single dominant band with correct

size visible. The PCR products with score G, W, and A were

considered successful, and were kept; The PCR products with

score N, M, and S were considered failures and were repeated.

The number of promoter PCR products in each class was

indicated under each demonstration gel picture, with the per-

centage of the total in the bracket.
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duplicated features have CVs below 0.10. The
average CV is 0.07, with a standard deviation of
0.06–0.07, which suggested a very small intra-slide
variability in general.

In order to test whether the GST portion of
the GST-HY5 fusion protein had a significant
effect on HY5 binding to promoters on the
slides, the duplicated slides were probed with

Figure 6. Distribution of the genomic DNA binding intensities and the HY5 relative intensities. (a) The distribution of spot intensities

in the genomic DNA hybridization experiment. The spots whose intensities were not 200-arbitrary units higher than background

intensity were removed before the data analysis. Note that most of the spots (81%) with intensities fell within the range of 500–2500

units. (b) HY5 binding was quantified by the relative intensity of each spot. The greater the relative intensity, the more significant the

binding. The dotted bars represent 14 negative controls that were transgenes and human genes; and the black bars represent 2 positive

controls that were the CHS gene promoter and the RBCS-1A gene promoter, which ranked 2nd (P-value 0.01) and 32nd (P-value 0.02),

respectively.

Figure 5. Microarray image after hybridization with genomic DNA and probed with labeled GST-HY5 protein. (a) Individual spots on

the array were quantified by the hybridization with a randomly sheared and Cy3-labeled genomic DNA, and 95% of the spots were

found to produce effective signals in this array. This matched well with the fact that approximately 5% of the 7680 spots printed on the

array were defective due to PCR failure. (b) Microarray image after being probed with the Cy3-labeled GST-HY5 protein. The

differential binding of specific spots in comparison with the image in panel (a) was evident.
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labeled GST-HY5 alone, or with labeled GST-
HY5 plus a two molar excess of GST protein
as a competitor. A correlation coefficient of 0.80
was obtained between the two experiments. This
result indicated that the GST tag in the GST-
HY5 fusion protein might have some effects on
the HY5 binding, but that they are relatively
minor. This result was somewhat consistent with
previous gel shift assay experiments that showed
that GST had no detectable effect on GST-HY5
binding with the ribulose bisphosphate carbox-
ylase small subunit (RBCS)-1A minimal light-
responsive promoter (Chattopadhyay et al.,
1998) and the CHS promoter (Holm, 2002). We
suspected that GST might largely affect the
non-specific association between GST-HY5 and
DNA in general. However, the GST addition
does not seem to affect specific binding to HY5
targets in the microarray experiment. For
example, the two hybridization sets (with or
without GST competitive addition) share 37
common promoters out of the 40 top binding
targets (92.5%).

Identification of the HY5 binding candidate
promoters

After the two sets of experiments, we calculated
the ‘relative promoter binding value’, which is the
ratio of the GST-HY5 binding intensity and the
DNA spot intensity after hybridization with
genomic DNA probes. The HY5 binding assay
and the genomic DNA hybridization experiment
could not be performed on the same microarray
slide due to their mutually exclusive experimental
procedures. This brings some additional variations
to the relative promoter binding value, because the
amount of promoter DNA printed on the dupli-
cated slides might not be exactly identical. To
minimize this variation, we always used the adja-
cent slides from the same printing batch for each
experiment set, one for DNA quantification and
one for HY5 binding assay. To make the GST-
HY5 binding strength of distinct promoters com-
parable, we first normalized our HY5 binding
intensities and the genomic DNA intensities using
the median centering method (normalization fac-
tor=median of genomic DNA intensities/median
of GST-HY5 binding intensities). After this nor-
malization, the relative promoter binding value
was calculated (see Supplementary Data 5 at

http://plantgenomics.biology.yale.edu/). We adop-
ted the single-array error model (Hughes et al.,
2000) to assign a P-value to the results of micro-
array data.

Microarray data quality control is essential for
reducing the false positive rate of binding site
identification. We set a lower limit of 200 as the
threshold for genomic DNA level; all those spots
that have a genomic DNA intensity less than 200
were removed from further analysis. For GST-
HY5 binding, some spots with extremely high
binding signals (outliers) are another major
source of false positive rate, as we noted that
these very high signals normally represent false
positives and are not reproducible. This problem
may result from the fact that extremely high
signals may have a non-linear relationship with
DNA contents. In this case our definition of
relative binding value may not be valid. To limit
this problem, we removed the spots whose signals
are greater than mean of intensities+2x stan-
dard deviation of intensities. This corresponds to
the range that is greater than the upper limit of
95% confidence interval of the GST-HY5 binding
intensities. In this way spots with a binding signal
higher than 2500 or lower than 10 were removed
from the further consideration. List of all pro-
moters that were flagged out or remained in the
final analysis are provided in Supplementary
data 7.

In Table 3, the ranks and relative values of the
positive and negative controls are summarized.
While most of the negative controls were ranked
lower, both positive controls were ranked in the
top 1% in relative GST-HY5 binding strength
(see also Figure 6b). For example, the CHS min-
imal promoter ranked second, with a relative
value of 7.06, as well as a P-value of 0.01. The
RBCS-1A minimal light-responsive promoter
ranked 32nd, with a relative value of 3.75, as well
as a P-value of 0.02. We set a P-value <0.025,
which corresponds a relative binding value of
3.54, as a thresh-hold for HY5-binding candidate
promoters. Using this threshold, 42 out of 3543
promoters that passed the initial data quality
control were selected (Table 4). These 42 candi-
date promoters included promoters of 4 tran-
scription factors, 21 ubiquitin proteasome
degradation-related genes, 10 protein kinases, 6
light-responsive genes, and 1 cold-responsive
factor gene.
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G-box motif distribution among the HY5 binding
candidates

It had been shown that HY5 could specifically and
directly bind to the G-box motif, one type of light-
responsive element with a palindromic hexanucle-
otide core CACGTG (Chattopadhyay et al., 1998).
To test if this G-box motif is over-represented in
the promoter regions of putative HY5 target pro-
moters, computational analysis on their PCR
amplified promoter regions was performed. First,
an alignment matrix, or a position-weight matrix
(PWM) (Stormo, 2000), that represents the G-box
motif was constructed from the sequence align-
ment of 33 known plant G-box motifs (Thijs et al.,
2002) in the PlantCARE database (Lescot et al.,
2002). The sequence logo, which depicts the G-box
motif with position-weight matrix (Schneider and
Stephens, 1990), is shown in Figure 7. Second,
MotifScanner (Coessens et al., 2003) was used to
detect possible G-box motifs in a given promoter
with the G-box position-weight matrix. This
analysis revealed 14 G-box motif carrying pro-
moters among the 42 putative HY5 targets based
on the above mentioned threshold criteria. We also
used Motif Scanner to detect exact matches
for given consensus sequences for the other 13
hexamer motifs described in the PlantCARE
database (http://oberon.fvms.ugent.be:8080/Plant-
CARE/index.html) and PLACE database (http://
www.dna.affrc.go.jp/htdocs/PLACE/). The analy-
sis was done for promoter regions of all 3485 gene
promoters with lower HY5 binding affinity based
on our analysis and for 42 gene promoters in our
selected list. For each of the hexamer motifs we
listed in Table 5, the number and the proportion of

the detected potential motif-carrying promoter
regions in the whole genome as well as in our 42
top binding promoters are summarized. The result
shows that the G-box motif is the only one
exhibited significant enrichment in the 42 selected
genes, with a P-value of 0.05. This result suggests
that the promoter microarray could be a useful
tool for the large-scale identification of transcrip-
tion factor binding targets in vitro. Together with
the newly developed chromosome immunoprecip-
itation technique (Horak and Snyder, 2002), the
promoter microarray could be a valuable tool to
identify in vivo binding sites of a given transcrip-
tion factor at a genome scale. However, the
application of microarray technology is not with-
out drawbacks. For example, although the distri-
bution of a specific sequence motif accounts for
much of the binding specificity, the context and
in vivo properties of the chromatin surrounding the
motif may provide additional specificity by defin-
ing the promoter conformations or cooperativity
of transcription factors.

Experimental procedures

Parameter settings for the promoter PCR primer
design

There are two major classes of input parameters
for Primer3 – ‘global’ input parameters and ‘se-
quence’ input parameters. The ‘global’ input pa-
rameters are the general parameters for Primer3,
and the values of these parameters persisted
among the input records of all genes. For these
parameters, we set the minimum primer size at 17
bases; the maximum size at 27 bases; the optimal
primer size at 20 bases; the optimal primer Tm at
64.0 �C; the maximum primer Tm at 70.0 �C; the
maximum Tm difference between the forward and
reverse primers at 3.0 �C; the minimum primer GC
content at 30%; the maximum primer GC content
at 70%; the optimal primer GC content at 50%; the
maximum number of N (unknown bases) in the
primer sequence at 1; the product size range at
270–1600 base pairs; the number of the output
primers at 10; the primer GC clamp at 0 (by de-
fault); the maximum alignment score for both the
primer self-complementation and complementa-
tion between forward and reverse primers at 4.00;
the maximum length of a mononucleotide repeat

Figure 7. G-box motif matrix diagram. The sequence logo of

the G-box motif. The logo was constructed from the alignment

of 33 known plant G-box motifs in the PlantCARE database

(Lescot et al., 2002). The sequence conservation, which was

measured in bits of information, was depicted by the height of

the stack of letters for each position in the G-box motif. The

relative heights of the letters within a stack were proportional to

their frequencies (Schneider and Stephens, 1990).

694



at 4; the first base index in the input sequence at 1;
and the maximum stability for the five 3¢ bases of
primer at 9. We also set all the other global
parameters by default.

The second class of input parameters was the
‘sequence’ input parameters. These describe a
particular input sequence to Primer3, and are reset
after every boulder record. We had three sequence
input parameters for Primer3: Primer sequence ID,
Sequence, and Target. Target defines the primer
location. For one specified target, a legal primer
pair must flank it.

PCR amplification and PCR products
post-processing

The pairs of forward and reverse primers for the
PCR amplification were diluted into 96-well plates,
and the PCR amplification reactions were per-
formed in 96-well thermal cycling plates. For each
96-well plate PCR amplification, 96 ll of a master

mix containing the following ingredients was
made: 10 ll 10X Taq DNA polymerase buffer, 2 ll
Arabidopsis genomic DNA (100 ng/ll), 8 ll dNTP
(10mM/ll), 2.5 ll Taq DNA polymerase (5 units/
ll), and 73.5 ll water. Then 2 ll of each forward
and reverse primer (10 lM) was added. The stan-
dard PCR condition was 94 �C for 5min, 35 cycles
of 92 �C for 60 s, 58 �C for 60 s, and 72 �C for 90 s,
and a final extension step at 72 �C for 10min. One-
tenth of the PCR products were subsequently
analyzed by gel electrophoresis on a 1% agarose
gel, and the gel images were recorded. For each
PCR amplicon, the product size was checked to
see if it matches the predicted size. Only the
amplicon that had the correct size was accepted in
order to minimize the error rate. The failed PCR
amplification reactions were repeated twice with
less stringent PCR conditions. If suitable PCR
products were still not obtained, then the second
set of primers for these genes were selected, syn-
thesized, and used for PCR amplification again.

Table 5. Enrichment of known sequence motifs in selected hy5 target promoters.

Name Consensus Annotation Frequency in the

lower ranking

promoters (%)

Frequency in

target

promoters (%)

Enrichment

P-value

G-Box CACGTG Light responsive element 22.7 33.3 0.05

HexamerAt

H4

CCGTCG Hexamer motif of A. t. histone

H4 promoter

17 13.9 0.70

MYCAtER

Dl

CATGTG MYC recognition sequence necessary

for expression of erdl (early responsive

to dehydration) in dehydrated A.t.

42.2 30.2 0.94

TBoxAtGA

PB

ACTTTG ‘‘Tbox’’ found in the A.t. GAPB

gene promoter

63.7 44.1 0.99

GCC-Core GCCGCC Core of GCC-box found in many

pathogen-responsive genes

13.9 11.6 0.67

MY-

CAtRD22

CACATG Binding site for MYC (rd22BPl) in

A.t. dehydration-responsive gene,

rd22

42.2 30.2 0.94

CAT-box GCCACT Cis-acting regulatory element related

to meristem expression

20.5 6.9 0.99

CCGTCC-

box

CCGTCC Cis-acting regulatory element related

to meristem specific activation

11.7 16.2 0.18

GT1-motif GGTTAA Light responsive element 50.4 32.5 0.99

MBS TAACTG MYB binding site involved in

drought-inducibility

35.9 23.2 0.96

TCT-motif TCTTAC Part of a light responsive element 53.1 48.8 0.71

Wbox TTGACC Wounding and pathogen response 41.4 41.8 0.48

CBox TGACGT Light responsive element 26.4 23.2 0.68

I-box GATAA[T/G] Part of a light responsive element 82.1 76.7 0.82

MYBlAt [A/T]AA

CCA

MYB recognition site found in the promo-

ters of the dehydration-responsive gene rd22

and many other genes in A.t.

89.6 72 1.00
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The PCR products that passed these quality con-
trol criteria were precipitated with 2 volumes of
100% ethanol. The DNA concentrations ranged
from 50 to 500 ng/ll. The purified PCR products
were re-suspended in appropriate amounts of wa-
ter according to following rules. For the PCR
products scored G and A (Figure 4b), the pellets
were re-suspended in 80 ll water; and for the PCR
products scored W, the pellets were re-suspended
in 40 ll water. From all these samples, a 20 ll
solution was transferred from the 96-well plates to
the 384-well plates as a working stock. They were
dried, and then re-suspended again in 20 ll 3X
SSC immediately before being printed onto slides.

Microarray printing and processing

Glass microscope slides (Gold Seal # 3010) were
purchased from VWR and coated with poly-LL-ly-
sine (Sigma). All of the 3800 PCR products were
printed from the 384-well plate working stock onto
the poly-LL-lysine coated glass slides by using an
arrayer with 16 microspotting pins, resulting in 16
sub-arrays on the final slides. For spotting, the
temperature and humidity weremaintained at 25 �C
and 50%, respectively. Each sample was spotted in
duplicate next to each other. Printed slides were
post-processed by re-moisturizing, snap drying,
and UV cross-linking. The cross-linking was done
using a Stratalinker UV-crosslinker at 200mJ.

Genomic DNA hybridization

The Arabidopsis genomic DNA was extracted from
7-day-old wild type Arabidopsis seedlings (Colum-
bia ecotype). Two microgram genomic DNA was
diluted to 500 ll and randomly sheared into 300–
400 bp fragments by sonication. Then it was con-
centrated to 100 ng/ll using a YM-30 concentrator
(Micron), and labeled with cy3-dUTP (Amersham)
using the BioPrime DNA Labeling System (Invit-
rogen) according to the manufacturer’s protocol.
Labeled DNA was cleaned up by YM-30 and heat
denatured at 90 �C for 2min. Microarray slides
were pre-hybridized with pre-hybridization buffer
(25% formamide, 5X SSC, 0.1% SDS, 1%BSA) and
successively washed with water, 70% ethanol, and
100% ethanol. Then the labeled DNA was applied
to the slide in hybridization buffer, (50% formam-
ide, 10X SSC, 0.2% SDS). After hybridization at
42 �C in aHybChamberTM (Genemachines) for one

overnight, the slide was washed twice successively
at room temperature with 2X SSC/0.1% SDS, 0.2X
SSC/0.1% SDS, 0.2X SSC, and 0.02X SSC. The
hybridization signal was then scanned using a
Genepix 4000B scanner (Axon Instruments).

GST-HY5 expression and purification

Glutathione S-transferase (GST)-HY5 fusion
protein production in Escherichia coli was de-
scribed previously (Holm et al., 2002). GST-HY5
was affinity purified according to the manufac-
turer’s standard procedure (New England Bio-
Labs). The purified GST-HY5 was concentrated to
1mg/ml using a YM-50 concentrator (Micron).

In vitro HY5-DNA binding experiment

About 1mg GST-HY5 was labeled by the Cy3
monofunction protein labeling kit (Amersham
Pharmacia) according to the manufacturer’s stan-
dard procedure. To optimize the hybridization, the
labeled GST-HY5 was diluted to 10X, 100X,
1000X and 10 000X using gel shift assay binding
buffer (15mM HEPES, pH7.5, 35mM KCl, 1mM
EDTA, 6% glycerol, 1mMDTT, 2 lg poly(dI-dC),
1% Top-block (Sigma)). We found that 10X and
100X dilution produced saturated signals while
10 000X dilution produced weak signals with the
main peak of the intensity below 1000. Therefore
we chose 1000X dilution which produced the sig-
nals with the main peak of the intensity around
3000. The microarray slide was blocked with 1%
Top-block for one hour and rinsed with 1X PBS/
0.1% Tween-20. Then the 200 ll probe was applied
to the microarray and incubated at room temper-
ature in darkness for 1 h. The slide was washed
with 1X PBS/0.1% Tween-20 three times at room
temperature, spun down to dry, and then scanned.

Calculation of P-value for HY5 binding

We have adopted the whole chip error model
(Hughes et al., 2000) to calculate the confidence
P-value of HY5 binding for each promoter region
on the microarray.

The statistic used to define significance is

X ¼ ða2 � a1Þ=½s21 þ s22 þ f 2ða21 þ a22Þ�
1=2 ð1Þ

where a1 is the GST-HY5 binding intensity; a2 is
the genomic DNA intensity measured for each
spot; s1 and s2 are the uncertainties due to back-
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ground subtraction for HY5 binding signal and
genomic DNA signal; and f is a fractional multi-
plicative error such as from hybridization non-
uniformities, fluctuations in the dye incorporation
efficiency, scanner gain fluctuations, etc. The Sta-
tistic X was found approximately normal (Hughes
et al., 2000). The parameter f was chosen so that X
has unit variance. The significance of an enrich-
ment of magnitudeX is then calculated as described
(Lee et al., 2002, Supplementary Online Material)

P -value ¼ 1� ErfðX Þ ð2Þ

We use 0.025 as the P-value threshold for signifi-
cant bindings, and the corresponding relative
binding value is about 2.0.

Calculation of P-value for hexamer motifs

The enrichment P-value was calculated based on a
normal sample proportion distribution N(p,r2),
where p is the frequency of the motif-carrying
promoter regions in the whole genome, and
r2=p(1�p)/n, where n=42.
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