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The chromatin structure of the pea plastocyanin gene (

 

PetE

 

) was examined at three different transcriptional states by
investigating the acetylation states of histones H3 and H4 and the nuclease accessibility of the gene in pea roots, eti-
olated shoots, and green shoots. The acetylation states of histones associated with different regions of 

 

PetE

 

 were an-
alyzed by chromatin immunoprecipitation with antibodies specific for acetylated or nonacetylated histone H3 or H4
tails, followed by polymerase chain reaction quantification. Comparison of pea tissues indicated that histone hyper-
acetylation was associated with increased 

 

PetE

 

 transcription in green shoots. Moreover, hyperacetylation of both his-
tones H3 and H4 was targeted to the enhancer/promoter region in green shoots, suggesting that only specific
nucleosomes along the gene were modified. Time-course digestions of nuclei with micrococcal nuclease and DNaseI
indicated that the enhancer/promoter region was more resistant to digestion in the inactive gene in pea roots than was
the same region in the active gene in shoots, whereas the transcribed region of 

 

PetE

 

 was digested similarly among the
tissues. This finding indicates that transcription is accompanied by changes in the nuclease accessibility of the en-
hancer/promoter region only. Moreover, these results indicate that the changes in nuclease accessibility are organ
specific, whereas histone hyperacetylation is light dependent, and they suggest that changes in nuclease accessibility
precede histone hyperacetylation during 

 

PetE

 

 activation.

INTRODUCTION

 

Plastocyanin is a 10-kD copper protein that transfers elec-
trons from cytochrome 

 

f

 

 to the primary donor P700 of the
photosystem I reaction center in the photosynthetic electron
transfer chain. In pea, the plastocyanin gene (

 

PetE

 

) is a sin-
gle-copy intronless nuclear gene that is expressed in a light-
induced and organ-specific manner (Last and Gray, 1989,
1990). Pea 

 

PetE

 

 contains an upstream enhancer element
(

 

2

 

444 to 

 

2

 

177 with respect to the start codon) that acti-
vates the expression of reporter genes, directed by minimal
cauliflower mosaic virus 35S, patatin, or 

 

PetE

 

 promoters, in
the leaves and roots of stable transgenic tobacco and po-
tato plants (Sandhu et al., 1998). The enhancer element is
able to increase reporter gene expression by as much as
40-fold, thereby representing one of the strongest plant en-
hancers characterized to date (Pwee and Gray, 1993;
Sandhu et al., 1998). At least two lines of evidence suggest
that the enhancer element increases transcription through
the modulation of chromatin structure: (1) the enhancer ele-
ment fails to increase reporter gene expression when the
same constructs are introduced transiently into plant cells,

suggesting that the enhancer requires a chromatin context
to increase transcription (J.S. Sandhu and J.C. Gray, un-
published data); and (2) the enhancer element interacts
strongly with pea HMG-I/Y and HMG-1 proteins (Pwee et
al., 1994; Webster et al., 1997), which are “architectural”
chromosomal proteins that maintain chromatin in a confor-
mation favorable for transcription (Grosschedl et al., 1994;
Grasser, 1998).

Chromatin structure affects transcription through nucleo-
somes, the basic structural units of chromatin in eukaryotic
cells (Brownell and Allis, 1996; Wolffe and Hayes, 1999).
Each nucleosome is composed of two turns of DNA wound
around a histone octamer containing two molecules each of
H2A, H2B, H3, and H4 and is linked to the next nucleosome
by linker DNA. Mutations that change the lysine residues in
the N termini of histone H3 or H4 or that alter the levels of
nucleosomes in yeast change the transcriptional activities of
genes, indicating that nucleosomes affect transcription
through histone acetylation and nucleosome positioning
(Durrin et al., 1991; Fisher-Adams and Grunstein, 1995;
Wyrick et al., 1999).

Acetylation of histones involves the transfer of acetyl
groups from acetyl-CoA to the 

 

«

 

-amino groups of K9 or K14
of histone H3, or K5, K8, K12, or K16 of histone H4 by his-
tone acetyltransferases (HATs). Hyperacetylated nucleo-
somes are correlated with the potential for transcription
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because both active and inducible genes are generally as-
sociated with hyperacetylated histone H3 or H4 (reviewed in
Struhl, 1998). Conversely, the inactive X chromosomes in
human and mouse, the transcriptionally silent telomeric and
heterochromatic regions in human chromosomes, and the
silent loci in yeast are generally associated with hypoacety-
lated or nonacetylated histone H3 or H4 (Braunstein et al.,
1993; Jeppesen and Turner, 1993; O’Neill and Turner,
1995). A direct link between histone hyperacetylation and
transcription has been established through the characteriza-
tion of the following: (1) transcriptional coactivators, which
require their HAT activities for transcription activation (Kuo
et al., 1998; Wang et al., 1998); (2) the viral oncoprotein E1A,
which represses transcription by inhibiting the HAT activities
of transcription regulators (Chakravarti et al., 1999); and (3)
transcription repressors, which require the deacetylase ac-
tivities of histone deacetylase complexes to function (Bird
and Wolffe, 1999; Brehm et al., 1999; Kao et al., 2000). His-
tone acetylation is also important in nucleolar dominance in

 

Brassica napus

 

, in which silent rRNA genes become active
in the presence of histone deacetylase inhibitors. This find-
ing suggests that histone acetylation plays a role in the reg-
ulation of RNA polymerase I transcription in plants (Chen
and Pikaard, 1997).

The positioning of nucleosomes on promoters is inhibitory
to transcription in that it prevents transcription factors from
binding to the promoter sites (Venter et al., 1994; Tyler and
Kadonaga, 1999). Transcriptional activation of these promot-
ers, therefore, requires the active repositioning of nucleo-
somes. Consistent with this is the characterization of a variety
of chromatin-remodeling factors in yeast and metazoans,
such as the SWI/SNF, ISWI, and NURF complexes, which are
capable of promoting gene activation by moving nucleo-
somes (Tyler and Kadonaga, 1999; Whitehouse et al., 1999).

In plants, chromatin structure also influences transcrip-
tion. New regions of DNaseI hypersensitivity upstream of the
maize 

 

Adh1

 

 and 

 

Adh2

 

 genes (Ashraf et al., 1987; Paul et al.,
1987), the maize 

 

Shrunken

 

 gene (Frommer and Starlinger,
1988), the maize 

 

P

 

 gene (Lund et al., 1995), the pea 

 

RbcS

 

genes (Görz et al., 1988), and the Arabidopsis 

 

Adh

 

 gene
(Vega-Palas and Ferl, 1995; Paul and Ferl, 1998) are formed
in vivo as the expression of the genes increases. These in-
duced hypersensitivity sites suggest that the nucleosome
arrays in these regions are disrupted upon transcription and
are likely to be the binding sites of transcription factors
(Gross and Garrard, 1988). In wheat, DNaseI preferentially
digests transcriptionally active sequences, suggesting that
these sequences assume open chromatin structures (Spiker
et al., 1983). Moreover, the nucleosome present on the

 

b

 

-phaseolin promoter is removed upon gene activation in
transgenic tobacco (Li et al., 1998), and nucleosomes are
partly responsible for the closed conformation of a silent,
methylated 

 

A1

 

 transgene in petunia (van Blokland et al.,
1997). Therefore, nucleosome positioning and arrangement
also may play an active role in plant gene transcription regu-
lation.

Despite these experiments, little information is available
on the chromatin structure of regions across a plant gene
and its effects on transcription. We have examined the dis-
tribution of histone acetylation states and the nuclease ac-
cessibility of 

 

PetE

 

 at the single gene level to investigate
whether changes in chromatin structure are involved in the
regulation of 

 

PetE

 

 transcription. Short DNA regions of 140 to
607 bp were analyzed across 

 

PetE

 

 to identify regions whose
chromatin structure changes with transcription. Our results
indicate that the structural changes are not random but are
targeted to short defined regions in a highly specific man-
ner. Moreover, changes in nuclease accessibility can be
correlated with the absence or presence of transcription,
whereas modification of histone acetylation states is corre-
lated with the rate at which transcription occurs.

 

RESULTS

Transcription of 

 

PetE

 

 Is Higher in Green Pea Shoots 
Than in Etiolated Shoots and Is Absent in Roots

 

In pea, the accumulation of 

 

PetE

 

 transcripts is shoot spe-
cific and light induced (Last and Gray, 1989, 1990). Thus,
the regulation of 

 

PetE

 

 expression at the transcriptional level
was examined by performing run-on assays with nuclei iso-
lated from green pea shoots, etiolated shoots, and roots
(Figure 1A). In nuclei from green shoots, high levels of 

 

32

 

P-
labeled transcripts were produced from the photosynthesis
genes 

 

RbcS

 

,

 

 Lhcb1

 

, and 

 

PetE

 

. These genes were tran-
scribed at much lower levels in etiolated shoots. Gallagher
and Ellis (1982) and Sagar et al. (1988) previously investi-
gated the transcription of pea 

 

RbcS 

 

and

 

 Lhcb1

 

 with nuclear
run-on assays and demonstrated that these two genes are
transcribed at a basal level in dark-grown pea shoots. To
compare the relative transcription rates of the photosynthe-
sis genes in etiolated and green shoots, the amount of tran-
script obtained from the genes was normalized to the
amount of rRNA transcript to account for loading differ-
ences between experiments; the results are presented in
Figure 1B. In green shoots, 

 

RbcS

 

 was transcribed to levels
approximately fivefold higher, 

 

Lhcb1

 

 to levels fourfold
higher, and 

 

PetE

 

 to levels threefold higher than in etiolated
shoots. Thus, like that of 

 

RbcS

 

 and 

 

Lhcb1

 

, the transcription
of 

 

PetE

 

 was activated in light.
In contrast to the shoot tissues, no transcripts were de-

tected for the photosynthesis genes in pea roots. Hence,
the organ-specific expression of 

 

RbcS

 

,

 

 Lhcb1

 

, and 

 

PetE

 

 is
controlled at the transcriptional level in pea. Consistent with
this result, transgenic tobacco plants that contain the 

 

uidA

 

reporter gene fused to the 

 

PetE

 

 promoter show 

 

b

 

-glucuron-
idase (GUS) activity in shoots but not in roots (Pwee and
Gray, 1993).

Green shoots, etiolated shoots, and roots thereby repre-
sent three different transcriptional states of 

 

PetE

 

: an acti-
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vated state, a basal state, and an inactive state. The
chromatin structure of the gene in these three transcrip-
tional states was analyzed next.

 

The Enhancer, Promoter, and Transcribed Regions of 

 

PetE

 

 Are Associated with Hyperacetylated Histone H4 in 
Green Shoots

 

As shown in Figure 2, pea 

 

PetE

 

 can be divided into four
functionally defined regions. The gene possesses an en-
hancer of 268 bp (

 

2

 

444 to 

 

2

 

177), a minimal promoter of
124 bp (

 

2

 

176 to 

 

2

 

53), and a transcribed region containing a
coding sequence of 504 bp with no introns (Last and Gray,
1989). The enhancer region increases expression by as
much as 40-fold when fused upstream to the minimal 

 

PetE

 

promoter and GUS reporter gene (Pwee and Gray, 1993;
Sandhu et al., 1998). The minimal promoter is able to confer
cell-specific expression by directing a low level of reporter
gene expression in chloroplast-containing cells (Pwee and
Gray, 1993). Transgenic work has also indicated that the
transcribed region is required for the light-regulated expres-
sion of 

 

PetE

 

 (Helliwell et al., 1997). Pea 

 

PetE

 

 also possesses
an upstream region (

 

2

 

784 to 

 

2

 

445) that does not influence
reporter gene expression in transgenic tobacco plants
(Pwee and Gray, 1993). Therefore, we analyzed the chroma-
tin structure of the upstream, enhancer, promoter, and tran-
scribed regions of 

 

PetE

 

.
Components of transcriptional activators have been

shown to preferentially acetylate lysines in either histone H3
or H4 (reviewed in Grunstein, 1997; Strahl and Allis, 2000).
Therefore, the acetylation states of both histones were
analyzed to determine whether they were involved in 

 

PetE

 

transcription. To accomplish this

 

,

 

 we performed chromatin
immunoprecipitation (ChIP), a method that investigates
whether a DNA sequence and a protein of interest interact
(Braunstein et al., 1993). Nuclei extracted from pea tissues
were first treated with formaldehyde to cross-link proteins to
their contiguous DNA sequences and then sonicated to
fragment the chromatin material into an average length of
300 to 400 bp. Next, the sheared chromatin was incubated
with antibodies specific for acetylated or nonacetylated his-
tone H3 or H4 for coimmunoprecipitation of DNAs that were
associated with the proteins. As controls, the precipitation
step was also performed in the absence of antibody and
with nonimmune rabbit serum. The immunocomplexes were
heated at 65

 

8

 

C for 5 hr to reverse the cross-links, and the
DNA released was analyzed by polymerase chain reaction
(PCR).

 

Figure 1.

 

Run-On Transcription of 

 

PetE

 

 in Isolated Pea Nuclei.

Run-on assays were performed with nuclei prepared from shoots of
7-day-old pea seedlings grown in light or dark or from roots of 7-day-
old pea seedlings grown in light. The nuclei were incubated with

 

a

 

-

 

32

 

P-labeled UTP, ATP, CTP, GTP, phosphocreatine, and creatine
phosphokinase at 30

 

8

 

C for 25 min before RNA extraction.

 

(A)

 

 DNA slot blots hybridized with 

 

32

 

P-labeled RNA synthesized in
isolated nuclei. The slot blots were exposed to x-ray films for 7 days
to obtain signals for the photosynthesis, actin, and polyubiquitin
genes and for 2 days to obtain signals for the rRNA genes.

 

(B)

 

 Quantification of hybridization signals. The hybridization signals

obtained for the genes were normalized to rRNA transcription, and
the averages determined were from three independent run-on ex-
periments. The error bars indicate 

 

6

 

SE

 

.
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The enhancer/promoter (

 

2

 

492 to 

 

2

 

56) and transcribed
regions of 

 

PetE

 

 (

 

2

 

103 to 

 

1

 

504) were enriched in the hyper-
acetylated H4 antibody immunoprecipitates from green
shoots but were depleted in the immunoprecipitates from
etiolated shoots and roots (Figure 3). This finding suggests
that these regions were associated with hyperacetylated
histone H4 in green shoots and with hypoacetylated histone
H4 in etiolated shoots and roots. However, to eliminate the
possibility that the absence of these DNA sequences in the
immunoprecipitates from etiolated shoots and roots was
due to decreased protein–DNA cross-linking efficiencies or
decreased accessibility of nucleosomes to antibodies in
these tissues, we included an antibody that recognizes non-
acetylated histone H4 in our ChIP experiment. The incuba-
tion of the etiolated shoot and root chromatin with this
antibody coprecipitated the enhancer/promoter and tran-
scribed sequences, confirming that these regions were as-
sociated with hypoacetylated histone H4 in both tissues
(Figure 3). Thus, upon greening, the histone H4 present on
the enhancer/promoter and transcribed regions of 

 

PetE

 

 in
etiolated shoots was selectively hyperacetylated. The his-
tone H4 present on the upstream region (

 

2

 

800 to 

 

2

 

449) of

 

PetE

 

 possessed a mixture of acetylated and nonacetylated
lysine residues in all three tissues (Figure 3), indicating that
the acetylation status of the region remained unchanged in
relation to the transcriptional activity of 

 

PetE

 

.

 

The Enhancer and Promoter of 

 

PetE

 

 Are Associated 
with Hyperacetylated Histone H3 in Green Shoots

 

ChIPs performed with antibodies against acetylated or non-
acetylated histone H3 indicated that only the enhancer/pro-
moter region of 

 

PetE

 

 contained hyperacetylated histone H3
in green shoots (Figure 4). The hyperacetylation of histone
H3, therefore, was targeted to the enhancer/promoter re-
gion. This is in contrast to histone H4, which was hyper-
acetylated in nucleosomes present on both the enhancer/

promoter and transcribed regions. Thus, the regions of 

 

PetE

 

that are associated with hyperacetylated H3 and H4 are dif-
ferent in green shoots.

In etiolated shoots and roots, histone H3 associated with
the upstream, enhancer/promoter, and transcribed regions
contained a mixture of acetylated and nonacetylated lysine
residues (Figure 4). Thus, the acetylation patterns of both his-
tones H3 and H4 associated with 

 

PetE

 

 are similar in eti-
olated shoots and roots. In green shoots, the histone H3
associated with the upstream and transcribed regions also

Figure 2. Scheme of Pea PetE.

The locations of primers and the sizes of PCR fragments generated
by each primer set are indicated. p, promoter.

Figure 3. Acetylation States of Histone H4 Associated with Pea PetE.

Nuclei isolated from green shoots, etiolated shoots, and roots were
cross-linked, sonicated, and immunoprecipitated with antibodies spe-
cific for acetylated histone H4 (AcH4 AB) or nonacetylated histone H4
(nonAcH4 AB). The immunoprecipitates were analyzed for the pres-
ence of DNA with PCR. The upstream (2800 to 2449), enhancer/pro-
moter (2492 to 256), and transcribed (2103 to 1504) regions of PetE
were examined. The lanes labeled Total DNA contain the products of
PCR performed with chromatin solution before immunoprecipitation.
The immunoprecipitation step was also performed without antibody
(2AB) and with nonimmune rabbit serum (Rabbit AB). Similar results
were obtained for three replicates of ChIP experiments.
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contained a mixture of acetylated and nonacetylated lysines.
Therefore, the overall histone H3 acetylation patterns in the
upstream and transcribed regions were similar among the
three tissues. In contrast, the histone H4 acetylation pattern
in the transcribed region in green shoots was very different
from that in etiolated shoots and roots.

 

Nuclease Accessibility of 

 

PetE

 

After investigating histone acetylation states, we proceeded
to examine the nuclease accessibility of regions of 

 

PetE

 

 as a
means of assessing the chromatin structure of the gene. We
examined the rates of degradation of short regions (140 to
607 bp) of 

 

PetE

 

 in green shoots, etiolated shoots, and roots
by micrococcal nuclease and DNaseI. Both endonucleases
possess different DNA digestion characteristics and exhibit
different sequence specificities (Hörz and Altenburger, 1981;
Simpson, 1998). Micrococcal nuclease preferentially attacks
the internucleosomal linker regions but not the DNA sequences
that are wrapped around the nucleosome. In contrast,
DNaseI cleaves the DNA wrapped around the nucleosome
readily and at positions where the minor groove faces away
from the nucleosome (Simpson, 1998). Because the diges-
tion of DNA by both enzymes is influenced by the presence
of nucleosomes, the digestion data for both enzymes
should complement each other to reflect the nucleosome
structure along 

 

PetE

 

.
The digestions were performed by incubating nuclei from

green shoots, etiolated shoots, and roots with the endonu-
cleases. A time-course experiment was performed for each
digestion, and DNA was isolated from the various time
points. The amounts of the upstream, enhancer, promoter,
and transcribed regions present at each time point were de-
termined by quantitative PCR and normalized to the amount
of DNA present at time 0. A control reaction without endo-
nuclease was included in the digestion experiment to as-
sess the presence of inherent nuclease activities in the
nuclei.

The rates of degradation of the transcribed region of 

 

PetE

 

by both micrococcal nuclease and DNaseI were similar in
green shoot, etiolated shoot, and root nuclei (Figures 5 and
6). The accessibility of this region to protein factors was
thus similar among the three pea tissues. In contrast, the
promoter (

 

2

 

195 to 

 

2

 

56) was degraded at a slower rate in
pea roots than was the same sequence in green and eti-
olated shoots (Figures 5 and 6). This finding indicates that
the promoter possessed a relatively closed conformation in
pea roots. A closed conformation in the promoter has also
been observed in many transcriptionally inactive genes in
animal systems and has been proposed to be responsible
for the inactive state of the genes by preventing transcription
factors from binding to their cognate DNA sites (Paranjape et
al., 1994). In the pea 

 

PetE

 

 gene, the relative inaccessibility of
the promoter region was also correlated with the silent state
of the gene.

Like the promoter, the pea 

 

PetE

 

 enhancer (

 

2

 

444 to 

 

2

 

177)
was largely inaccessible to both micrococcal nuclease and
DNaseI in pea roots (Figures 5 and 6). This also indicates a
closed conformation, which may be expected to discourage
the binding of transcriptional factors and thereby prevent
transcription. Comparing green and etiolated shoots, the
rates of degradation of the enhancer region were similar in
micrococcal nuclease digestions but different in DNaseI di-
gestions. The enhancer sequence was degraded more rap-
idly by DNaseI in etiolated shoots than in green shoots. This
suggests that non-nucleosomal proteins may be bound to

Figure 4. Acetylation States of Histone H3 Associated with Pea PetE.

Nuclei were cross-linked, sonicated, and immunoprecipitated with an-
tibodies specific for acetylated histone H3 (AcH3 AB) or nonacetylated
histone H3 (nonAcH3 AB). The immunoprecipitates were analyzed for
the presence of DNA with PCR. The upstream (2800 to 2449), en-
hancer/promoter (2492 to 256), and transcribed (2103 to 1504) re-
gions of PetE were examined. The lanes labeled Total DNA contain the
products of PCR performed with chromatin solution before immuno-
precipitation. The immunoprecipitation step was also performed with-
out antibody (2AB) and with nonimmune rabbit serum (Rabbit AB).
Similar results were obtained for three replicates of ChIP experiments.



604 The Plant Cell

Figure 5. Accessibility of Regions of PetE to Micrococcal Nuclease.

Nuclei were incubated with micrococcal nuclease for the times indicated. Control represents a reaction without added micrococcal nuclease.
The amount of DNA sequence present at each time was determined by PCR. The PCR products were separated on an agarose gel, transferred
onto GeneScreen Plus membrane, probed with 32P-labeled PCR products, exposed to x-ray film, and quantified. The upstream (2800 to 2449),
enhancer (2444 to 2177), promoter (2195 to 256), and transcribed (2103 to 1504) regions of PetE were examined. For each region of PetE,
PCR products obtained for each time are shown at the top, and degradation curves for two independent digestion experiments for each pea or-
gan are shown at the bottom. The amount of DNA present at each time was normalized to that at time 0 and plotted against time to compare
degradation rates in green shoots (open circles), etiolated shoots (crosses), and roots (closed squares).
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the enhancer region in green shoots because digestion by
DNaseI, but not by micrococcal nuclease, is also affected
by the presence of non-nucleosomal proteins (Gross and
Garrard, 1988).

Both the micrococcal nuclease and DNaseI digestion ex-
periments indicated that the upstream region was more ac-
cessible in etiolated shoots than in green shoots and roots
(Figures 5 and 6), suggesting that the upstream region pos-
sessed a more open conformation in etiolated shoots. Com-
paring the digestion data obtained for all four regions among
the tissues, it was observed that the chromatin structure of
PetE is very open in etiolated shoots.

The digestion experiments were also performed at a
higher nuclease concentration, and similar results were ob-
tained (data not shown). We also investigated the rates at
which the four regions of PetE were digested after DNA
binding proteins were removed. Total genomic DNA isolated
from green shoot, etiolated shoot, and root nuclei was
treated with phenol to remove proteins. Similar time-course
digestion experiments with micrococcal nuclease and DNaseI
were performed with the naked DNA. The rates of digestion
of the naked DNA by both nucleases were similar among
the three tissues for all regions (data not shown). This fur-
ther indicated that the differences observed in the digestion
rates of the upstream, enhancer, and promoter regions in
intact nuclei were due to the different degrees to which
these regions were accessible to proteins and not to DNA
modifications.

DISCUSSION

Hyperacetylation of Nucleosomes Is Associated with 
High Transcription Rates

Using ChIP with a panel of antisera that recognize acety-
lated and nonacetylated histone tails, we mapped the distri-
bution of histone acetylation across PetE. The results show
that histones H3 and H4 are hyperacetylated in green
shoots, where the transcription is high, but not in etiolated
shoots or roots, where there is basal or no transcription.
This finding suggests that histone hyperacetylation is corre-
lated with increased transcription. This is consistent with the
observation that HATs are components of mammalian and
yeast transcriptional coactivator complexes (Struhl, 1998;
Cheung et al., 2000). These coactivator complexes activate
transcription through histone hyperacetylation; mutations
that abolish HAT activities also prevent gene activation (Kuo
et al., 1998; Wang et al., 1998). In addition, the human basal
transcription factor TFIID and the yeast elongator complex
also possess HAT activities (Kornberg and Lorch, 1999;
Wittschieben et al., 1999). Transcriptional activation of PetE
by recruitment of coactivator complexes, basal transcrip-
tional machineries, and elongator complexes may be ex-

pected to result in histone hyperacetylation, as observed in
green pea shoots.

In etiolated shoots and pea roots, reduced PetE transcrip-
tion is associated with histone H4 hypoacetylation (Figure
7). This has been similarly observed in animal systems,
where histone deacetylation results in transcriptional repres-
sion (Kornberg and Lorch, 1999; Turner, 2000). Furthermore,
histone deacetylase complexes associate with repressor
proteins to repress transcription (Luo et al., 1998; Kornberg
and Lorch, 1999). Targeting of Arabidopsis homologs of
yeast HD2 and RPD3 histone deacetylases to promoters of
reporter genes also results in transcriptional repression (Wu
et al., 2000a, 2000b). It is therefore likely that the hypoacety-
lated states of histone H4 present on PetE in etiolated
shoots and roots are maintained by histone deacetylase
complexes. It is interesting to note that histone H3 proteins
on PetE are not completely deacetylated in etiolated shoots
and roots. Hence, the histone deacetylase complexes in-
volved may specifically deacetylate histone H4 to repress
transcription.

In green pea shoots, the hyperacetylated histones H3 and
H4 that are associated with the enhancer/promoter and
transcribed regions of PetE may also function to increase
transcription. There are currently two models proposed for
the roles of hyperacetylated histones H3 and H4 in tran-
scriptional activation (Wolffe and Hayes, 1999). Hyperacety-
lated histones may increase transcription by altering the
structure of chromatin to facilitate the entry of transcription
factors. Acetylation of lysine residues neutralizes the posi-
tive charges of histones, weakens histone-DNA contacts,
and facilitates the displacement of nucleosomes by tran-
scription factors (Lee et al., 1993; Puig et al., 1998). Histone
hyperacetylation can also weaken nucleosome interconnec-
tions and inhibit the formation of condensed chromatin
structures (Luger and Richmond, 1998; Wolffe and Hayes,
1999). Alternatively, hyperacetylated histones H3 and H4
can recruit transcription factors by functioning as signals for
proteins (Strahl and Allis, 2000; Turner, 2000). Because
HATs possess bromodomains that interact specifically with
acetylated lysines in histone H3 and H4 tails, hyperacety-
lated histones may also directly recruit transcriptional coac-
tivator complexes or anchor the complexes to genes to
increase transcription (Dhalluin et al., 1999; Krajewski,
2000). It can thus be envisaged that in pea shoots, the initial
recruitment of coactivator complexes to PetE involves se-
quence-specific transcription factors (Korzus et al., 1998;
Winston and Allis, 1999; Strahl and Allis, 2000). However,
once histone hyperacetylation occurs, transcription machin-
eries are assembled more rapidly because the hyperacetyl-
ated histones can also recruit transcription factors or stabilize
the coactivator complexes on chromatin. This would maintain
the high PetE transcription rates in green shoots.

The observation that histone H3 is hyperacetylated only in
the enhancer/promoter region of PetE in green shoots sug-
gests that histone acetylation is not a random process but is
targeted to nucleosomes present on specific DNA sequences.
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Figure 6. Accessibility of Regions of PetE to DNaseI.

Nuclei were incubated with DNaseI for the times indicated. Control represents a reaction without added DNaseI. The amount of DNA sequence
present at each time was determined by PCR. The PCR products were separated on an agarose gel and stained with ethidium bromide, and the
fluorescence of the bands was quantified. The upstream (2800 to 2449), enhancer (2444 to 2177), promoter (2195 to 256), and transcribed
(2103 to 1504) regions of PetE were examined. For each region of PetE, PCR products obtained for each time are shown at the top, and degra-
dation curves for two independent digestion experiments for each pea organ are shown at the bottom. The amount of DNA present at each time
was normalized to that at time 0 and plotted against time to compare degradation rates in green shoots (open circles), etiolated shoots
(crosses), and roots (closed squares).
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Considering the fact that 180 bp of DNA wraps around a nu-
cleosome, the enhancer/promoter region (437 bp) is likely to
contain two nucleosomes. Moreover, comparing the histone
H3 and H4 acetylation patterns of nucleosomes present on
the upstream (352 bp), enhancer/promoter (437 bp), and
transcribed (607 bp) regions in green shoots, it appears that
the overall histone acetylation state can change over a re-
gion of two to three nucleosomes in a specific manner. This
may suggest that the modification of histone acetylation
states is specific to individual nucleosomes. Indeed, tar-
geted modification of a few nucleosomes on a gene also
has been reported in mammalian systems (Kuo et al., 1998;
Rundlett et al., 1998). The yeast transcriptional coactivator
Gcn5p acetylates only the nucleosomes present on the pro-
moters of reporter genes to increase transcription (Kuo et
al., 1998). The yeast repressor RPD3 also selectively
deacetylates the histone H4 associated with the promoter
regions of UME6-regulated genes to repress transcription
(Rundlett et al., 1998). The histones H3 and H4 on the inter-
feron b promoter are specifically acetylated by the human
p300/CBP HAT during viral infection (Parekh and Maniatis,
1999). Targeted histone hyperacetylation in the enhancer/
promoter region in the animal genes and pea PetE can di-
rect transcription factors to these regions either by altering
the chromatin structure or by serving as signals to transcrip-
tion factors. This appears to be an extremely efficient
system for maintaining high transcriptional rates, as tran-
scription factors would not be recruited to other parts of the
gene.

The observation that the histone H4 tails but not the his-
tone H3 tails are hyperacetylated in the transcribed region of
the active PetE gene in green pea shoots suggests that his-
tone H3 hyperacetylation in this region is not required for el-
evated transcription. Hyperacetylated histones H3 and H4
may therefore affect transcription differently. Consistent
with this, histones H4 and H3 have been shown to have dif-
ferent functions in transcription: (1) deletion of the N ter-
minus of histone H4 decreases the induction of GAL1
promoter by 20-fold, whereas deletion of the N terminus of
histone H3 activates the promoter by threefold (Durrin et al.,
1991; Fisher-Adams and Grunstein, 1995); (2) point muta-
tions in the N terminus of histone H4 reactivate the expres-
sion of telomeric regions to a greater extent than deletion in
the N terminus of histone H3 (Thompson et al., 1994); (3) in
GAL1 hyperactivation, the N terminus of histone H3 regu-
lates transcription through the upstream UAS regulatory se-
quence, whereas the N terminus of histone H4 acts through
the promoter (Wan et al., 1995). Histone H3 and H4 tails
may contact DNA differently or may obstruct the entry of
transcription factors to different extents. Hyperacetylation of
histones H3 and H4 may thus change the structure of chro-
matin differently. Alternately, the acetylation states of his-
tones H3 and H4 may form a unique code for transcription
factors (Strahl and Allis, 2000; Turner, 2000). Hence, in
green pea shoots, histone H3 and H4 hyperacetylation in
the enhancer/promoter region of PetE may serve to recruit

transcription factors or alter the local chromatin structure to
facilitate the entry of proteins, whereas hyperacetylated his-
tone H4 on the transcribed region inhibits the formation of
regular nucleosome arrays and facilitates the elongation
process of transcription.

Unlike the enhancer/promoter and transcribed regions,
the acetylation patterns of histones H3 and H4 in the up-
stream region remain relatively unchanged in the different
transcriptional states of PetE. This suggests that the enhancer/
promoter and transcribed regions, but not the upstream re-
gion, participate actively in increasing the expression of
PetE through histone acetylation. Consistent with this ob-
servation, the enhancer can increase transcription from the
minimal cauliflower mosaic virus 35S, PetE, or patatin pro-
moter (Sandhu et al., 1998), and the transcribed region is
able to increase GUS expression in a light-dependent man-
ner (Helliwell et al., 1997), whereas the upstream region has
no effect on reporter expression in transgenic plants (Pwee
and Gray, 1993).

An explanation for the observed histone H4 acetylation
patterns along PetE can be suggested from the current
model of histone H4 deposition onto chromatin (reviewed in

Figure 7. Scheme for the Chromatin Structure of PetE.

The figure shows a proposed model of the histone acetylation states
and nucleosome arrangement over the four analyzed regions of PetE
in pea roots, etiolated shoots, and green shoots. Large yellow cir-
cles, nucleosomes; red squares, acetylated lysines in histone H3
tails; yellow triangles, nonacetylated lysines in histone H3 tails; red
stars, acetylated lysines in histone H4 tails; small yellow circles,
nonacetylated lysines in histone H4 tails.
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Grunstein, 1997). Newly synthesized histone H4 proteins are
deposited onto replicating chromatin in the diacetylated iso-
form in fly, frog, protist, and human (Dimitrov et al., 1993;
Sobel et al., 1995). Depending on the transcription state of
the gene, the histone H4 tails are then progressively hyper-
acetylated or hypoacetylated (Lee et al., 1993). Extrapolat-
ing this model to plants suggests that the histone H4
proteins present on newly replicated PetE are diacetylated.
The acetyl groups on histone H4 would next be selectively
removed in the enhancer, promoter, and transcribed regions
of PetE, leaving the upstream region with diacetylated his-
tone H4. The hypoacetylated state of histone H4 would be
maintained in etiolated shoots and roots, where there is little
or no transcription. However, upon illumination, the histone
H4 present in nucleosomes on the enhancer, promoter, and
transcribed regions would be hyperacetylated to recruit
transcriptional activators. This proposal cannot be extended
to histone H3 because the acetylated sites in newly synthe-
sized histone H3 are less conserved (Sobel et al., 1995).

Nuclease Accessibility of PetE

Nucleosomes positioned over cis-elements inhibit transcrip-
tion by preventing transcription factors from accessing their
binding sites (Paranjape et al., 1994; Niu et al., 1996). The
nuclease experiments performed here investigated directly
the accessibility of various regions of PetE to protein fac-
tors. Because micrococcal nuclease and DNaseI were used,
the digestion data are likely to reflect the nucleosome struc-
ture of these regions (Simpson, 1998). The promoter region
of PetE was less accessible to digestion in roots than was
the same region in shoots, suggesting that the promoter
possesses a closed conformation in roots. This closed con-
formation is also correlated with a lack of basal transcription
and hence is likely to suppress transcription in roots by pre-
venting the binding of transcription factors. Consistent with
our observation, the silent b-phaseolin promoter is closely
associated with nucleosomes in transgenic tobacco plants
(Li et al., 1998), whereas the active Adh promoter contains
loosely bound nucleosomes in Arabidopsis (Vega-Palas and
Ferl, 1995).

The chromatin conformation of parts of a gene other than
the promoter and its effects on transcription have been little
examined in animal or plant systems. Here, we examined
the upstream, enhancer, and transcribed regions of PetE
with the same set of nuclease digestions. Like the promoter,
the pea PetE enhancer region is inaccessible to nucleases in
roots. The closed conformation of the enhancer region may
further act to prevent the binding of transcription factors
and thereby decrease transcription. In contrast, the up-
stream and transcribed regions possess similar nuclease
accessibilities in the active PetE in shoots and the inactive
PetE in roots, suggesting that the accessibility of these re-
gions to protein factors is unlikely to be important in tran-
scription initiation.

The similar nuclease accessibility of the transcribed re-
gion of PetE in roots and shoots suggests that nucleosomes
are not mobilized from these regions during transcription.
This is consistent with results obtained from fruit fly hsp70
and rat rRNA genes, in which the transcribed regions pos-
sess comparable amounts of histones in active and inactive
genes (Belikov et al., 1993; Mutskov et al., 1996). Further-
more, nucleosomes also are present in the coding region of
the active Adh in Arabidopsis (Vega-Palas and Ferl, 1995).
Therefore, RNA polymerase is likely to transcribe through
nucleosomes in plant genes, as has been proposed for ani-
mal genes.

Although the accessibility of the promoter/enhancer re-
gion of PetE to micrococcal nuclease and DNaseI is similar
in green and etiolated shoots, the transcription level of PetE
is manyfold higher in green shoots. Thus, an open structure
in the enhancer/promoter region in etiolated shoots is not
sufficient for high transcription rates. This finding indicates
that other factors are important for transcriptional activation.
Chromatin conformation may act to determine the presence
or absence of transcription and is likely to affect the assem-
bly of basal transcription complexes. Indeed, nucleosomes
inhibit the binding of the basal transcription factors TATA
box binding protein and transcription factor IID to their
recognition sites (Imbalzano et al., 1994; Ryan et al., 1998).
Nucleosome remodeling on the b-phaseolin promoter po-
tentiates transcription, and other transcription factors are
necessary for activation (Li et al., 1999). In contrast, histone
acetylation is part of a different mechanism that acts to fine-
tune transcription rates through the recruitment of transcrip-
tion factors, as discussed above.

Chromatin Structure of PetE

Using the results from ChIP and the nuclease accessibility
experiments to indicate the likely presence of nucleosomes,
we can suggest a model for the chromatin structure of PetE
in different transcriptional states (Figure 7). The results indi-
cate that chromatin structure undergoes targeted changes
in short, defined regions of the gene as the transcriptional
state of the gene changes. In particular, the chromatin
structure of the enhancer/promoter region appears to be the
most dynamic, because it undergoes changes in histone H3
and H4 acetylation states and in nuclease accessibility. This
is perhaps not surprising because the enhancer and pro-
moter are important DNA regions where transcription fac-
tors bind. This model does not propose that the chromatin
structure of PetE in each of the pea tissues is static, as illus-
trated, but suggests a predominant structure for PetE in
each tissue. It is expected that intermediate structures will
form as transcription changes.

The data in this article clearly show that the chromatin
structure of PetE, as assessed by histone acetylation and
nuclease accessibility, is different in different transcriptional
states. Moreover, this work provides evidence that the two
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processes, histone acetylation and nucleosome organiza-
tion, function to regulate the transcription of a single gene.
We have shown by nuclear run-on assays that the transcrip-
tion of PetE is organ specific and light induced. The accessi-
bility of the PetE promoter/enhancer region appears to be
regulated in an organ-specific manner, and histone acetyla-
tion occurs in green but not in etiolated shoots. Hence, the
organ-specific regulation of PetE transcription is likely to
involve modifications in nucleosome organization, whereas
light induction requires histone acetylation. Thus, each mech-
anism regulates a different aspect of PetE transcription. It is
now of interest to isolate and characterize the protein com-
plexes involved in these two processes to increase our un-
derstanding of the control of transcription by chromatin
structure.

METHODS

Nuclei Extraction

Roots or green shoots were harvested from pea (Pisum sativum cv
Progress No. 9) grown in Levington M3 potting compost (Scotts,
Suffolk, UK) under a 16-hr-light (450 mmol photons m22 sec21) and
8-hr-dark regimen at 22 to 308C for 10 days. Etiolated shoots were
harvested from pea plants grown in total darkness for 10 days. The
pea tissues were washed with water to remove soil before extraction.

Nuclei were isolated from 100 g of tissue as described by Hatton
and Gray (1999). Briefly, tissues were homogenized with a Polytron
homogenizer and a PTA20SM head (Kinematica, Lucerne, Switzer-
land) in 600 mL of cold nuclear extraction buffer (0.44 M sucrose, 25
mM Tris-HCl, pH 8.0, 5 mM MgCl2, 2.5% Ficoll 400, 5% dextran,
0.5% Triton X-100, 2 mM spermine, 2.5 mM dithiothreitol [DTT], 0.5
mM phenylmethylsulfonyl fluoride [PMSF], 0.5 mg/mL antipain, and
0.5 mg/mL leupeptin), filtered through four layers of muslin cloth, and
centrifuged at 1500g for 10 min. The nuclei were suspended in 20 mL
of nuclear extraction buffer without spermine, layered onto four 10-mL
30/60% Percoll step gradients (gradients contained 0.44 M sucrose,
25 mM Tris-HCl, pH 8.0, 5 mM MgCl2, 0.5% Triton X-100, 2.5 mM
DTT, 0.5 mM PMSF, 0.5 mg/mL antipain, and 0.5 mg/mL leupeptin),
and centrifuged at 1000g for 30 min. The pellet was next washed
once with nuclear extraction buffer without spermine, once with NSB
(50% glycerol, 50 mM Tris-HCl, pH 8.0, 5 mM MgCl2, 2.5 mM DTT,
0.5 mM PMSF, 0.5 mg/mL antipain, and 0.5 mg/mL leupeptin), and
suspended in 1 mL of NSB. All steps were performed at 48C. For run-
on assays, the nuclei were prepared as described above, but the
Percoll gradient step was omitted.

Transcription in Isolated Nuclei

Transcription reactions (400 mL) containing 200 mL of nuclei, 0.1 mM
ammonium sulfate, 4 mM MgCl2, 0.3 mM phosphocreatine, 1 mM
DTT, 100 ng (0.025 unit) of creatine phosphokinase (Sigma), 480
units of RNasin (Promega), 5 mM each of ATP, CTP, and GTP, and
100 mCi of a-32P-UTP (3000 Ci/mmol) were incubated at 308C for 25
min. After the addition of 80 mg of yeast tRNA (Boehringer Mann-
heim) and 20 units of RNase-free DNaseI (Boehringer Mannheim), the
reaction mixtures were incubated at 308C for another 10 min. An ali-

quot of 50 mL of 100 mM Tris-HCl, pH 7.6, 50 mM EDTA, 10% SDS,
and 10 mL of proteinase K (5 mg/mL, predigested at 378C for 20 min)
was added next, and the reaction mixtures were incubated at 428C
for 30 min. After extraction with phenol:chloroform, the labeled RNA
was precipitated overnight with 0.1 volume of diethyl pyrocarbonate–
treated 3 M sodium acetate and 2 volumes of ethanol at 2208C. After
washing once with 70% ethanol, the RNA pellet was dissolved in 120
mL of diethyl pyrocarbonate–treated TE (10 mM Tris-HCl, pH 8.0, and
1 mM EDTA) and used for hybridization. Slot blots were prepared us-
ing 2 mg of plasmids and GeneScreen Plus membrane according to
the manufacturer’s instructions (DuPont–New England Nuclear Re-
search Products). The plasmids used contained pea Lhcb1 (Cline et
al., 1989), pea RbcS (Anderson and Smith, 1986), pea PetE (Last and
Gray, 1989), tobacco actin gene Tac9 (Thangavelu et al., 1993), pea
polyubiquitin gene (Watts and Moore, 1989), and pea rRNA gene
cluster (Jorgensen et al., 1987). Hybridization was performed as de-
scribed by Helliwell et al. (1997). The blots were exposed to x-ray film
and scanned with a Molecular Dynamics (Sunnyvale, CA) 300S laser
scanning densitometer. Alternately, the blots were exposed to phos-
phor screens and scanned with a Molecular Dynamics STORM 840
phosphorimager.

Chromatin Immunoprecipitation

Nuclei in NSB (1 mL) were fixed with 1% formaldehyde at 228C for 15
min immediately after extraction. The formaldehyde concentration
was adjusted from a 37% solution (Sigma). Glycine (150 mL of 1 M)
was added, and the incubation was allowed to proceed for another 5
min. Nuclei were collected by centrifugation, suspended in 500 mL of
lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8.0, 1 mM
PMSF, 0.5 mg/mL antipain, and 0.5 mg/mL leupeptin), and sonicated
three times for 10 sec on ice with an MSE Soniprep 150 (Fisher Sci-
entific, Loughborough, UK). Between sonications, the solution was
incubated for 5 min on ice. The sonicated solution was then centri-
fuged at 11,600g for 10 min at 48C. The supernatant was collected
and diluted 10-fold with IP buffer (0.01% SDS, 1.1% Triton X-100,
1.2 mM EDTA, 16.7 mM Tris-HCl, pH 8.0, 167 mM NaCl, 1 mM
PMSF, 0.5 mg/mL antipain, and 0.5 mg/mL leupeptin) to give a chro-
matin solution at the correct ionic concentration for immunoprecipi-
tation.

Chromatin solution (1 mL) was combined with the following
amounts of rabbit antisera: 10 mL of anti-acetylated H4 (Serotec, Ox-
ford, UK), 10 mL of anti-nonacetylated H4 (Serotec), 10 mL of anti-
acetylated H3 (Upstate Biotechnology, Lake Placid, NY), or 30 mL of
anti-nonacetylated H3 (Upstate Biotechnology). The solutions were
incubated overnight at 48C on a rotation wheel. After the addition of
0.66 mg of sonicated bacteriophage l DNA and 20 mL of protein
A–Sepharose beads (50% slurry in TE and 0.1% BSA), the chromatin
solutions were incubated for another 2 hr at room temperature on the
rotation wheel. The beads were washed twice with 500 mL of TSE-
150 (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH
8.0, and 150 mM NaCl), once with 500 mL of LNDET (0.25 M LiCl, 1%
Nonidet P-40, 1% deoxycholate, 1 mM EDTA, and 10 mM Tris-HCl,
pH 8.0), and twice with 500 mL of TE. The immunocomplexes were
eluted from the beads with 500 mL of 1% SDS and 0.1 M NaHCO3,
mixed with 2.5 mL of 5 M NaCl, and heated at 658C for 5 hr to reverse
the formaldehyde cross-linkages. After the addition of 2 volumes of
ethanol, the samples were incubated at 48C overnight. The precipi-
tates were collected by centrifugation, dissolved in 100 mL of TE,
treated with 1.5 mL of proteinase K (18.6 mg/mL) for 2 hr at 428C, and
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extracted with phenol:chloroform:isoamyl alcohol (25:24:1) and chlo-
roform. After precipitation with ethanol in the presence of 5 mg of gly-
cogen, the purified DNA pellets were suspended in 10 mL of TE and
analyzed by polymerase chain reaction (PCR). Three replicates of
chromatin immunoprecipitation (ChIP) were performed on different
nuclei preparations from each pea tissue to analyze the acetylation
states of histones associated with PetE.

Treatment of Nuclei with Endonucleases

Endonuclease digestions were performed in reaction mixtures con-
taining 320 mL of nuclei in NSB, 480 mL of 2 3 nuclease buffer (30
mM NaCl and 8 mM CaCl2), 160 mL of Tris buffer (50 mM Tris-HCl,
pH 8.0, and 5 mM MgCl2), and the endonuclease (0.2 unit/mL for mi-
crococcal nuclease [Worthington] or 0.3 unit/mL for DNaseI [Boeh-
ringer Mannheim]). Before the addition of the endonuclease, two
120-mL aliquots were removed from the reaction mixture for the non-
nuclease control and for the zero time point. After addition of the en-
donuclease, the digestion mixture and the non-nuclease control
were incubated at 378C. Aliquots of 120 mL were taken from the di-
gestion mixture at 2, 4, 6, 10, and 15 min after endonuclease addi-
tion, mixed immediately with phenol, and placed on ice. After
extraction with phenol and phenol:chloroform:isoamyl alcohol
(25:24:1), the DNA was precipitated with ethanol, dried, suspended
in 10 mL of TE, and analyzed by quantitative PCR.

Quantitative PCR

The amounts of DNA present in the samples from endonuclease di-
gestion experiments and ChIP were determined by quantitative PCR.
Primers were designed based on the pea PetE sequence reported by
Last and Gray (1989). The primer pairs used are as follows: the up-
stream region (y10, 59-AGTGTAGAATTGGACATATGC-39; y11, 59-
CGTTTAGCTTGCATTATGCC-39); the enhancer region (y6, 59-AGC-
TTAGTTAATCATGTTAAACAAC-39; y7, 59-CAGAGTGCGTGGGCT-
TAAAGTGG-39); the promoter region (y16, 59-CTTTAAGCCCACGCA-
CTCTGTGG-39; y13, 59-AATCGAAAGAGAGACACACAGAAGG-39);
the enhancer and promoter regions (y12, 59-GATGGAGCTCAT-
TATAATTTGAATGG-39; y13, 59-AATCGAAAGAGAGACACACAG-
AAGG-39); and the transcribed region (y14, 59-TTATCATCCATTCTA-
TAAAATCACC-39; y15, 59-ATTAACAGTGACTTGTCCAACC-39). The
PCR reactions were first performed with various dilutions of the tem-
plate DNA to ensure that the amount of DNA used and the PCR con-
ditions were within the quantitative range of the amplification
reaction. Typically, a threefold dilution was used for the nuclease
digestion experiments and a twofold dilution was used for the ChIP
experiments. For PCR of chromatin solution before immunoprecipi-
tation, fivefold dilution of samples was used. PCR was performed in
a 50-mL reaction volume containing DNA template, 2.5 units of Taq
polymerase (Bioline, UK), 5 mL of 10 3 reaction buffer supplied by
the manufacturer of the enzyme, 400 mM each of dATP, dTTP, dCTP,
and dGTP, 1 mM of each primer, and 2 mM MgCl2. The PCR started
with an incubation at 958C (10 min), followed by 22 cycles of 558C
(1 min), 728C (1 min), and 958C (1 min), and ended with an incubation
step at 728C (10 min). The PCR fragments were resolved by electro-
phoresis on a 2% agarose gel, stained with ethidium bromide, and
quantified with an Alpha Imager 1200 (Alpha Innotech Corp., San Le-
andro, CA). Alternately, the fragments were blotted onto GeneScreen
Plus membrane (DuPont–New England Nuclear Research Products),

probed with 32P-labeled PCR products, and exposed to x-ray film,
and the bands were scanned with a Molecular Dynamics 300S laser
scanning densitometer.
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