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ABSTRACT

We have used a DNA crosslinking assay to measure
intercalation of the psoralen derivative HMT
(4'-hydroxymethyl-4,5',8-trimethylpsoralen) into barley
(Hordeum vulgare) plastid chromosomal DNA during
chloroplast and etioplast development. Intercalation
into DNA in intact plastids /n vivo and in plastid lysates
in vitro shows that chromosomal DNA in the most
mature chloroplasts intercalates HMT less efficiently
than DNA in younger chloroplasts. In contrast, there
is no change in HMT intercalation during etioplast
differentiation in the dark. Our results also show that
DNA in higher plant plastid chromosomes is under
superhelical tension in vivo. The lower susceptibility
to HMT intercalation of DNA in the most mature
chloroplasts indicates that late during chloroplast
development the superhelical tension or the binding of
proteins to the DNA or both change.

INTRODUCTION

In prokaryotes, specific proteins that regulate gene expression,
replication and recombination recognize DNA that is under super-
helical tension (1—3) even when this DNA is not naked but is
associated with more general proteins that influence the superhelical
tension (4,5). Such proteins, together with topoisomerases which
change the linking number of the DNA (6,7), maintain superhelical
tension in the DNA within a certain range. Additionally, processes
which unwind DNA at least transiently change superhelical tension
locally (8,9). Certain environmental (10— 12) and developmental
(13) signals elicit changes in the linking number of DNA. If
unconstrained superhelical tension also changes under these
conditions (see Discussion), activities of regulatory proteins could
be influenced (14,15).

Circular, deproteinized DNA isolated from chloroplast
chromosomes is negatively supercoiled (15a). We have used an
HMT crosslinking assay (15b) (see below) to show that
Chlamydomonas chloroplast chromosomes, like bacterial
chromosomes, contain unconstrained superhelical tension in vivo
(15c). We have also shown that in fully developed chloroplasts
of this alga, the susceptibility of chloroplast DNA to HMT
intercalation in vivo changes rapidly and reversibly in response
to light vs. darkness (15c). Here we have used this assay to ask

if intercalation of HMT into plastid chromosomal DNA of higher
plants changes during chloroplast and etioplast development.

The chloroplasts of higher plants develop from proplastids
which lack the prominent thylakoid membranes of mature
chloroplasts (for reviews see references 16 and 17). Proplastids
contain low levels of DNA, RNA, ribosomes and proteins
(18,19). They divide largely in the meristematic cells. As cells
derived from the meristem elongate, their immature chloroplasts
remain small and continue to divide until the cells finish
elongating. Subsequently, the chloroplasts increase in size, and
accumulate large amounts of the thylakoid membranes in which
pigments and proteins necessary for photosynthesis are
embedded. Chloroplast transcription and translation and import
of cytoplasmic proteins all occur at high rates at this stage (16,17).
As the chloroplasts mature the rate of transcription of many, but
not all (20), plastid genes declines significantly (21—23).

In the absence of light, proplastids do not mature into
chloroplasts but instead become etioplasts (16,24). Under these
conditions, overall plastid transcription remains high (22).

We have used an HMT crosslinking assay to measure
intercalation of HMT into plastid chromosomal DNA during
barley chloroplast and etioplast development. Chloroplasts at
different stages of maturation can be readily obtained from
different segments of the same barley leaf (16). Following HMT
intercalation into DNA, subsequent brief irradiation with near
UV light (UVA) leads to crosslinking of the DNA (25). The
number of HMT crosslinks in a given DNA segment can then
be determined as described in the Results and in reference 15b.
Intercalation of psoralens increases with increasing superhelical
tension of underwound DNA (1,26,27). DNA binding proteins
can also influence intercalation of psoralen into DNA (28,29).
A change in the frequency of HMT crosslinking would thus be
indicative of a change in one or more of these factors.

We show here that intercalation of HMT into chloroplast
chromosomal DNA changes during chloroplast development.
This change does not occur in etioplasts.

MATERIALS AND METHODS
Growth of plants

Barley, Hordeum vulgare var. Barsdy, seeds were planted in
Metro Mix 200 growth medium (Grace Agricultural Products)
at a depth of ca. 1 cm. Light-grown plants were kept in a light-
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tight room with a 14 h light, 10 h dark cycle. White light was
furnished by two 75 W Gro N Sho incandescent bulbs (General
Electric). These plants were watered every other day and reached
a height of 8 cm above the soil level on the sixth day after sowing.
Dark-grown plants were kept in light-tight cabinets in the same
light-tight room. These etiolated plants were not watered because
the soil retained sufficient water. They reached a height of 10 cm
above the soil level on the sixth day after sowing.

Plastid isolation

Plastids were isolated from the 0—2 c¢m, 2—4 c¢cm, 4—6 cm and
6—8 cm leaf sections of the light/dark grown 8 cm plants and
from the 6—10 cm leaf section of the 10 cm etiolated plants
described above (30). Approximately 10 g of each leaf section
were cut and placed in ice water for 10 min. The sections were
then transferred to 20 ml of ice-cold grinding buffer (330 mM
sorbitol, 50 mM Hepes-KOH pH 8.0, 2 mM EDTA, 1 mM
MgCl,, 1 mM MnCl,, 0.5% BSA, and 4 mM ascorbic acid)
and ground for ca. 4 s in a Brinkman Polytron homogenizer at
the highest setting. The homogenate was filtered through two
layers of Miracloth and centrifuged for 5 min at 3000 rpm in
a Sorvall HB4 rotor (1500xg) at 4°C. The pellet was
resuspended in 0.5 ml of ice-cold grinding buffer and layered
on a 4.5 ml 40—85% Percoll step gradient containing 2 mM
EDTA, 1 mM MgCl,, 50 mM Hepes-KOH pH 8.0, 333 mM
sorbitol, 5 mM sodium ascorbate, 500 uM sodium glutathione
and 40% or 85% PBF-Percoll. PBF-Percoll contains 3%
polyethylene glycol 4000, 1% bovine serum albumin, and 1%
Ficoll in Percoll. Following centrifugation for 10 min at 8000 rpm
in a Sorvall HB4 rotor (10,000 X g) at 4°C, the intact undamaged
plastids which banded at the interface were collected and
resuspended in 5 ml of resuspension buffer (330 mM sorbitol,
50 mM Hepes-KOH pH 8.0, 2 mM EDTA, 1 mM MgCl,, and
0.96 mM dithiothreitol). This suspension was centrifuged for
5 min at 3000 rpm in a Sorvall HB4 rotor at 4°C. The pellet
was resuspended in 100 ul of resuspension buffer. An aliquot,
diluted ten-fold, was counted in an inverted Leitz microscope
in a Petroff-Hauser chamber. Only morphologically undamaged
plastids were used in the crosslinking experiments.

HMT crosslinking of plastid DNA in vive (15b,15¢)

The DNA in isolated intact plastids was crosslinked by
resuspending the plastids in resuspension buffer at a concentration
of 2x108 plastids in 20 ml and adding HMT from a 0.025
mg/ml stock solution in ethanol to the appropriate concentration.
This suspension was left on ice for 10 min. Irradiation of the
plastid suspensions with UVA light was as described previously
(15¢). The dose rate was ca. 3 W/m? at 350 nm.

Following irradiation, the plastids were collected by
centrifugation at 5000 rpm for 5 min in 30 ml Corex tubes. The
pellet was resuspended in 200 ul of resuspension buffer and total
nucleic acids were extracted and precipitated. The RNA was
digested with 20 ug of DNase-free RNase A, and the DNA was
re-precipitated. The DNA was resuspended in 100 pl of TE buffer
and a 10 ul aliquot was cut with HindIll or EcoRI. (Equal
volumes of the different DNA preparations were used rather than
equal Ay units because the DNA preparations contained
varying amounts of oligonucleotides from the RNA digestion).
The frequency of HMT crosslinks in the rbcL and pBar2 regions
of the barley genome (see below) was then determined from the
proportion of DNA that was not crosslinked and migrated as
single-stranded DNA, assuming crosslinks follow a Poisson

distribution (15b,15¢). The accuracy of this determination is
optimal when there are approximately equal proportions of single-
and double-stranded DNA on the Southern blot. This estimate
is not affected by the absolute amount of plastid DNA analyzed
(i.e., loaded on a given lane). At the UVA dose used in all our
experiments with intact plastids (see above), HMT concentrations
in the range 0.05—0.10 ug/ml were optimal for these
measurements. To compare crosslinking in different restriction
fragments, the results were expressed as crosslinks per 10 kb.

As expected under our assay conditions, HMT crosslinking
of the plastid DNA increased with increasing HMT concentrations
(compare lanes 3 in Fig. 1A and Fig. 2). Crosslinking was also
proportional to the UVA dose at these optimal HMT
concentrations (data not shown).

HMT crosslinking of plastid DNA in vitro

Chloroplasts from the 6—8 cm and 0—2 cm leaf sections of
light/dark grown plants were purified as described above and
resuspended in 200 pl and 100 pl, respectively, of resuspension
buffer at 0°C. Twenty-five ul of each chloroplast suspension were
lysed in 1 ml of 0.1% Triton-X 100, 50 mM Hepes pH 8.0, and
the A5y was determined. The concentration of Ass, units in the
two samples was then equalized by adding an appropriate amount
of resuspension buffer, usually to the chloroplasts from the apical
6—8 cm leaf section.

Either 10 pl or 4 ul of each chloroplast suspension were added
to 100 gl of lysis buffer at 0°C. The lysis buffer contained 50 mM
Hepes pH 8.0, 100 mM KCl, 1 mM MgCl,, 0.5 mM EDTA,
0.1% Triton-X 100, 20 pg/ml herring sperm DNA, 0.5 pg/ml
linearized pGEM 1 plasmid DNA, and HMT at 0.3 or 0.6 pg/ml.
The samples were then immediately transferred to a single row
of flat-bottom wells (0.4 mi/well) in a Falcon Micro Test III
Assay Plate at room temperature. The plate was put on aluminum
foil and the UVA light source (a cylindrical Sylvania fluorescent
bulb) was placed directly over the row of samples. The distance
between the light bulb and sample surfaces was ca. 7 mm.
Irradiation was for 1.5 min at room temperature. The samples
were then processed like the irradiated chloroplasts, except that
the RNase digestion step was omitted. The final nucleic acid
pellets were resuspended in 20 ul 1 X HindIll buffer and digested
with Hindlll. Further analysis of the HMT crosslinked chloroplast
DNA was as described above.

Linearized pGEM 1 DNA was added to each sample to monitor
possible trivial effects of lysate components on intercalation of
and crosslinking induced by HMT. In a series of preliminary
experiments we found equal crosslinking of the pGEM standard
DNA in different lysates when we used the same concentration
of Assp units. We chose, somewhat arbitrarily, to normalize for
Ajsso unit concentrations because 350 nm was the emission
maximum of our UVA light source.

The optimal HMT concentrations for the in vitro reactions
(0.3-0.6 pg/ml) were slightly higher than the concentrations
used in vivo (0.05—-0.1 pg/ml). This is not surprising, because
several factors that influence HMT crosslinking were different
in the in vivo and in vitro reactions: the concentrations of cellular
components was 10-fold higher in the in vitro than in vivo
reactions, the surface areas during irradiation were different, and
the pigments fluoresced in the lysates but not in the intact
chloroplasts.

To each lysate sample we also added 2 ug of herring sperm
DNA to ensure that the overall DNA concentration was similar,
even if different lysates contained different concentrations of



chloroplast DNA. This consideration turned out not to be
important. Similar crosslinking differences, such as those shown
in table 2, were found when the HMT crosslinking reactions did
not contain the herring sperm carrier DNA (data not shown).

Plasmids

Plasmid # 143 from Dr. J.Mullet contains a 1.5 kb HindlIIl/Pstl
barley plastid DNA fragment containing the rbcL gene. Plasmid
pBar2 contains a 2.5 kb EcoRI restriction fragment of barley
plastid DNA cloned into the EcoRI site of vector pGEM Blue.
This 2.5 kb EcoRI fragment was mapped on the plastid
chromosome (Fig. 1B) by hybridizations to Southern blots of

Pstl, Pvull and Sall digests of purified barley plastid DNA (31).
PGEM 1 and pGEM Blue were obtained from Promega Biotech.

Enzymes and chemicals

Restriction enzymes and DNA polymerase I Klenow fragment
were from Bethesda Research Laboratories. RNAase A was from
Boehringer Mannheim. Random primers were from Pharmacia.
Novobiocin, Ficoll, PEG 4000 and Percoll were from Sigma.
HMT was from HRI Associates, Berkeley, CA. [a-32P]JdCTP
(800 Ci/mol) was from Amersham.

RESULTS
The HMT crosslinking assay

HMT intercalates into DNA and forms covalent adducts with
pyrimidines when exposed to UVA light (25). A monoadduct
can subsequently crosslink with an appropriately positioned
pyrimidine on the opposite DNA strand. After cutting with a
restriction enzyme, alkali-denaturation and neutralization,
crosslinked restriction fragments will rapidly reanneal and migrate
as double-stranded species, whereas the fragments containing no
crosslinks will migrate as single-stranded species (15b,15¢c). As
pointed out in the Introduction, the extent of HMT intercalation
into a given DNA segment depends on the torsional stress of the
DNA and proteins bound to the DNA. A similar HMT
crosslinking assay has been independently developed by other
workers (32).

A representative experiment demonstrating HMT crosslinking
of etioplast chromosomal DNA is shown in Figure 1A. Hindlll-
restricted DNA from HMT-treated or untreated etioplasts was
alkali-denatured and rapidly renatured. After electrophoretic
separation, blotting, and probing of the Southern blot with the
rbcL probe (Fig. 1B), the two expected bands corresponding to
the double- and single-stranded form of the 6.0 kb HindIll
fragment, and only these bands, were detected (Fig. 1A, lane
3). As expected, non-denatured restriction fragments migrated
as double-stranded DNA (Fig. 1A, lane 1) and alkali-denatured
DNA which was not crosslinked migrated exclusively as single-
stranded DNA (Fig. 1A, lane 2).

For theoretical and technical reasons discussed in Materials
and Methods, all subsequent comparisons were done at optimal
HMT concentrations and UVA doses (i.e., under conditions
where the proportions of the double- and single-stranded DNA
species could be accurately determined).

HMT crosslinking of plastid DNA changes during chloroplast
development

We have arbitrarily divided 8 cm barley leaves from light/dark
grown plants into four 2 cm sections. Chloroplasts in consecutive
sections are at more advanced stages of development. Rapid cell
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elongation and plastid division occur within the 0—2 cm leaf
section (22). The most immature chloroplasts obtained from this
section contained a few single thylakoid membranes in the stroma,
while the most mature chloroplasts contained a few small grana
consisting of no more than three appressed thylakoid disks (our
electron micrographs, not shown). The mature chloroplasts from
the apical 6—8 cm of the same plants all contained many large
grana stacks and were much larger than those from the 0—2 cm
leaf section.

A representative Southern blot comparing HMT crosslinking
in the rbcL region of chromosomal DNA of the young, immature
and the most mature chloroplasts is shown in Figure 2, lanes 1
and 2. DNA in the immature chloroplasts experienced an average
of 1.97 crosslinks/10 kb. DNA in the most mature chloroplasts
experienced an average of 1.25 crosslinks/10 kb. Thus the
crosslinking ratio for chloroplast DNA from these leaf sections
(6—8 cm/0—2 cm) was 0.63. In six independent experiments,

Figure 1. HMT crosslinking of barley etioplast chromosomal DNA. Panel A.
Purified etioplasts were irradiated with UVA light in the presence of HMT to
induce interstrand crosslinks in the chromosomal DNA (see Materials and Methods
for details). After treatment, DNA was isolated and restricted with HindIIl. The
DNA was then alkali-denatured and separated in neutral-agarose gels. The DNA
was blotted to nitrocellulose and probed with a labeled 1.5 kb plastid DNA
restriction fragment containing the rbcL gene. This probe hybridizes to a unique
6.0 kb HindIll fragment which contains the rbcL gene (see Panel B). Lane 1,
non-denatured Hindlll-digested plastid DNA from control etioplasts; Lane 2,
denatured HindIll-digested plastid DNA from control etioplasts; Lane 3, denatured
HindIlI-digested plastid DNA from etioplasts irradiated with UVA light (1.5 min)
in the presence of HMT (0.05 pg/ml). Panel B. Map of barley plastid DNA (31)
showing the location of the regions probed with the HMT crosslinking assay.
Pst restriction fragments are shown. The 6.0 kb HindlIll fragment which hybridizes
to the rbcL probe used above is stipled. For simplicity, this 6.0 kb stretch of
DNA will be referred to as the rbcL region even though it also contains the atpB
and apE genes. In experiments analogous to the one shown in panel A, the plastid
DNA was EcoRI-restricted and the Southern blots probed with the insert of plasmid
pBar2. This plasmid contains a 2.5 kb EcoRI plastid DNA restriction fragment
which is contained entirely within the inverted repeat (IR) between the arrowheads.
We could not map this EcoRI fragment more accurately because an EcoRI
restriction map of barley plastid DNA is not in the literature. For simplicity,
this 2.5 kb stretch of DNA will be referred to as the pBar2 region. Although
no known genes have been mapped to this region, it has been reported to give
rise to a large number of low abundance transcripts (31). Ribosomal RNA genes
are indicated by rrs, rrl and rrf.
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the average ratio was 0.51 (P<0.01) (Table 1, line 4). HMT
crosslinking of chromosomal DNA in the two chloroplast
populations was also compared in the pBar2 region of the genome
(Fig. 1B). In this case the average crosslinking ratio in five
independent experiments was 0.49 (P<0.01). These results
indicate that the frequency of HMT crosslinks in two widely
separated regions of the chloroplast chromosome is, on average,
significantly lower in the most mature chloroplasts as compared
with the young, immature chloroplasts.

The above and all subsequent HMT crosslinking reactions
employing intact plastids were carried out with very dilute plastid
suspensions (2 X 108 plastids in 20 ml). Absorption of the UVA
light by these suspensions was below detectable limits (data not
shown).

To get a general idea of where on the leaf the frequency of
HMT crosslinks decreases, intact chloroplasts from intermediate
leaf sections were compared with those from the bottom
(0—2 cm) and top (6—8 cm) leaf sections. Chloroplasts from
the 2—4cm, 4—6cm and 6—8 cm leaf sections were
morphologically indistinguishable in the electron microscope, but,
as mentioned above, they appeared different than those from the
0—2 cm leaf section (data not shown). In contrast, the frequency
of HMT crosslinks in chromosomal DNA of chloroplasts from
the intermediate leaf sections clearly was not reduced as compared
with the 0—2 cm leaf section (Table 1, lines 2 and 3). Only DNA
in chromosomes of the most mature chloroplasts from the top
leaf section showed a significant decrease in the frequency of
HMT crosslinks (Table 1, line 4).

The data in Table 1, line 2, suggest that the frequency of HMT
crosslinks in the rbcL region of the chloroplast chromosome
might actually increase slightly in the 2—4 cm vs the 0—2 cm
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Figure 2. HMT crosslinking of chromosomal DNA in different plastid types.
A representative Southern blot probed to detect crosslinking in the rbcL region
of the plastid chromosome is shown (ds, double-stranded DNA; ss, single-stranded
DNA). In analogous experiments, HMT crosslinking in the pBar2 region of the
chromosome was analyzed. Light bottom (0—2 cm), young immature chloroplasts;
light top (6—8 cm), fully mature chloroplasts; dark top (6—10 cm), etioplasts.
Densitometer scans of lanes 1 —3 are shown at the right. The HMT concentration
was 0.10 pg/ml. In control experiments (data not shown), there was no significant
difference in the frequency of HMT crosslinks in etioplast chromosomal DNA
in the top 2 cm and the bottom 2 cm leaf sections of etiolated plants. Therefore,
we used the top 6— 10 cm of etiolated plants in this and all subsequent experiments.

leaf sections. The statistical significance of this difference is
borderline. Additional experiments are needed to verify a possible
difference for this or other regions of the genome.

HMT crosslinking in lysed chloroplast suspensions

To show that the decrease in frequency of HMT crosslinks in
chromosomal DNA of the mature chloroplasts was not due to
some trivial reason such as reduced uptake of HMT, crosslinking
assays were performed in vitro with chloroplast lysates. Lysis
was gentle such that disruption of DNA-protein interactions would
be minimal. In a series of experiments, described in Materials
and Methods, we first determined the optimal reaction conditions
for the in vitro HMT assay. Under conditions where crosslinking
of the pGEM 1 standard DNA was similar, the frequency of
HMT crosslinks in the rbcL region of the chloroplast genome
was significantly reduced in lysates of chloroplasts from the
6—8 cm leaf section as compared with the 0—2 cm leaf section
(Table 2). Quantitatively, this decrease was similar to that
observed with intact chloroplasts (Table 1 and Table 2).

The in vivo and in vitro results together indicate that HMT
intercalates less efficiently into chromosomal DNA of the most
mature chloroplasts.

Table 1. HMT crosslinking of chromosomal DNA in chloroplasts isolated from
different barley leaf sections of light/dark grown plants.

Ratio of Crosslinks® P value®
1)0—2cm 1.00 -
0-2 cm
2)2-4 cm 1.30¢ P<0.10
0-2 cm
3)4—6 cm 0.92¢ P>0.10
0-2 cm
4) 6—8 cm 0.51¢ P<0.01
0-2 cm

3Autoradiograms like those shown in Figure 2 were scanned with a Zenith soft
laser densitometer and the tracings were used to calculate the number of
crosslinks/10 kb as described in Materials and Methods. These numbers were
then used to calculate the indicated ratios. The rbcL region of the plastid
chromosome was probed (Fig. 1B). Depending upon the experiment, the HMT
concentration was 0.05 ug/ml or 0.1 pg/ml.

YThe Student’s t-test was used to determine if the indicated ratios were
significantly different than the ratio 0—2 cm/0—2 cm = 1.00.

“This value is the mean of three experiments.

dThis value is the mean of three experiments.

®This value is the mean of six experiments.

Table 2. HMT crosslinking of chloroplast chromosomal DNA in vitro.

Ratio of Crosslinks?

6—8 cm
[HMT] ul Asso 0—2cm
(ug/ml) plastids units® cpDNA pGEM
exp. 1 0.3 10 0.09 0.54 1.19
exp. 2 0.6 10 0.16 0.62 0.95
0.6 4 0.06 0.56 1.16

#Ratios were determined as described in the legend to Table 1. The rbcL region
of genome was probed.
®The values are the A;s, readings obtained when the indicated volume of plastid

suspension is added to 1 ml of lysis buffer. See Materials and Methods for further
details.



Intercalation of HMT into etioplast DNA does not decrease
during development

In the absence of light, a proplastid develops into an etioplast
which is morphologically and functionally different than a
chloroplast. Etioplasts contain a prolamellar body instead of the
chloroplast thylakoid membranes (24). They lack the pigments,
proteins and structures required for photosynthesis. Overall
transcription in etioplasts is higher than in fully mature
chloroplasts (22). Etioplasts rapidly develop into chloroplasts
when dark-grown plants are exposed to light (24). Though there
are similarities in the development of etioplasts and proplastids
into chloroplasts, their developmental pathways are not identical
(16). However, in many respects the greening of etioplasts is
considered as a model system for chloroplast development.

We isolated etioplasts from the apical 6—10 cm of dark-grown
10 cm plants. The etioplasts contained typical prolamellar bodies
(our electron micrographs, not shown). The chromosomal DNA
in etioplasts from the apical section was significantly more
crosslinked with HMT than DNA in chromosomes of the most
mature chloroplasts (Fig. 2, lanes 2 and 3 and Table 3, line 2).
In contrast, crosslinking was not significantly different from that
of DNA in young, immature chloroplasts (Fig. 2, lanes 1 and
3 and Table 3, line 3).

Novobiocin and gamma-ray irradiation reduce intercalation
of HMT into etioplast chromosomal DNA

In bacteria, the inactivation of DNA gyrase results in an increase
in the average linking number (33,34) and a decrease in the
average superhelical tension of the chromosomal DNA as
measured by psoralen intercalation (1). We have shown
previously (15¢) that Chlamydomonas chloroplast chromosomal
DNA is under superhelical tension in vivo and that this tension

Table 3. HMT crosslinking of chromosomal DNA in etioplasts and fully mature
chloroplasts

Ratio of Crosslinks?

rbcL pBar2
1) dark, 6—10 cm 1.00 1.00
dark, 6—10 cm
2) light, 6—8 cm 0.56 0.43
dark, 6—10 cm
3) light, 0-2 cm 1.12 -
dark, 6—10 cm

Ratios were determined as described in the legend to Table 1. Each ratio was
from an independent experiment.

Table 4. The frequency of HMT crosslinks in etioplast chromosomal DNA is
reduced by novobiocin treatment and gamma-ray irradiation.

Ratio of Crosslinks?

(treated/control)
novobiocin® 0.50

0.46
gamma-irradiation® 0.39

2These ratios were determined as described in the legend to Table 1. Each value
is from an independent experiment. The rbcL region of the plastid chromosome
was probed. The HMT concentration was 0.05 pg/ml.

bPurified etioplasts in resuspension medium (see Materials and Methods) were
treated with 300 pg/ml novobiocin for 15 min at 25°C.

CEtioplasts prepared as above were irradiated with 12.5 krad of gamma-rays over
a 15 min period from a cobalt source.
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can be reduced in vivo by the gyrase inhibitor novobiocin. Higher
plant chloroplasts contain a novobiocin-sensitive gyrase (35) and
DNA from these chloroplasts is known to be negatively
supercoiled following removal of proteins (15a). To determine
whether this supercoiling is constrained by binding of proteins
in vivo, we tested the effect of novobiocin on HMT crosslinking
of DNA in chromosomes of isolated etioplasts. We found that
novobiocin significantly reduced the frequency of HMT crosslinks
within 15 min after addition (Table 4, lines 1 and 2).

Gamma-ray irradiation nicks DNA. It should thereby partially
relax plastid chromosomal DNA and reduce HMT intercalation
if and only if the DNA contains residual superhelical tension not
constrained by proteins (1,36). Gamma-ray irradiation clearly
reduced the frequency of HMT crosslinks in etioplast
chromosomal DNA (Table 4, line 3) as expected if superhelical
tension was reduced.

Although neither of the above approaches alone would give
definitive answers, together they provide compelling evidence
that higher plant plastid chromosomal DNA is under superhelical
tension in vivo.

DISCUSSION

We have used a DNA crosslinking assay to measure intercalation
of HMT into chromosomal DNA of barley chloroplasts at
different developmental stages. As mentioned in the Introduction,
in monocots such as barley, chloroplasts from different sections
of a leaf are in different stages of development.

Our in vivo results with intact plastids and our in vitro results
with plastid lysates can be summarized as follows: 1) Significantly
less HMT intercalates into chromosomal DNA of the most mature
chloroplasts (6—8 cm leaf sections) as compared with younger
chloroplasts (4 —6, 2—4, or 0—2 cm leaf sections). This decrease
represents the average among the population of all chloroplast
chromosomes. Since each cell contains many chloroplasts and
each chloroplast contains multiple chromosome copies, it is likely
that there is heterogeneity among chloroplast chromosomes of
a given leaf section and that our assay underestimates the decrease
in intercalation of HMT into the most affected chromosomes.
2) In contrast, HMT intercalation into DNA did not change
during etioplast development of dark-grown plants; it remained
similar to that found in chloroplasts from the lower leaf sections.
3) HMT intercalation into etioplast DNA was reduced by two
treatments that reduce negative supercoiling of DNA: addition
of the DNA gyrase inhibitor novobiocin or gamma-ray irradiation
of the isolated plastids.

The latter results indicate that DNA in chromosomes of higher
plant plastids, like that of algal chloroplast (15¢) or bacterial
chromosomes (1), contains unconstrained superhelical tension
in vivo. The lower susceptibility to HMT intercalation of DNA
in the most mature chloroplasts indicates that late during
chloroplast development the superhelical tension or the binding
of proteins to the DNA or both change.

We have considered several trivial explanations for our results
but find them unlikely for the following reasons.

1) Most importantly, we found quantitatively similar
differences in HMT crosslinking between immature and the most
mature chloroplasts when we probed DNA in intact chloroplasts
or in lysed chloroplasts. This agreement excludes the possibility
that differential uptake of HMT or shielding of the DNA by
thylakoid membranes were responsible for our results. We
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consider it unlikely that other trivial reasons would give the
quantitative agreement of the results shown in Tables 1 and 2,
using intact or lysed plastids, respectively.

2) The differences in HMT crosslinking are not due to
differences in UVA absorbing pigments in the intact plastids
because there was no detectable attenuation of the UVA light
by the plastid suspensions and no correlation of pigment content
and the frequency of HMT crosslinking of the chromosomal DNA
in etioplasts or chloroplasts of different developmental stages (data
not shown).

3) The method of plastid purification (see Materials and
Methods) and the tests for intactness ensured that intact plastids
from the different leaf segments were subjected to the HMT
assay.

4) Differences in DNA content of plastids from different leaf
sections do not affect our conclusions, since under our assay
conditions, we measure the proportion of DNA that can be
crosslinked after HMT intercalation, regardless of the DNA
concentration. Addition of carrier DNA to the lysates did not
change those proportions.

The differences in HMT intercalation that we found can be
explained by changes in superhelical tension and by binding of
proteins to DNA. These are related to each other in a complex
way. As a first approximation, superhelical density of DNA is
determined by relative activities of different topoisomerases which
change the linking number of DNA in opposite directions (7).
Superhelical tension is maintained within a physiological range
by homeostasis (6), i.e. in E.coli, synthesis and activities of DNA
gyrase are reduced, and those of topoisomerase I are enhanced
with increasing negative superhelicity in the DNA (7).
Transcription or other processes that unwind the DNA can locally
distort superhelical density without changing the average linking
number, by generating positive supercoils ahead of and negative
supercoils behind the unwinding complexes (8,9). Such local
distortions in superhelicity due to DNA unwinding mechanisms
can lead to changes in linking numbers only if topoisomerases
compensate for the localized excessive positive and negative
superhelical tension with different rates.

Similarly, wrapping of the DNA around proteins (4,5) can
reduce or increase the superhelical tension (depending on the
direction of wrapping), again without directly altering linking
numbers. If topoisomerases alter the linking number in response
to the altered superhelical tension, binding of proteins can
ultimately lead to changes in the linking number of extracted
DNA.

Certain environmental signals (e.g., osmotic stress), by altering
the relative activities of relaxing and supercoiling topoisomerases,
cause superhelical tension in DNA to come to a new steady-state
level (12,37). Certain developmental pathways (e.g., sporulation
in Bacillus) also lead to stable changes in linking number of DNA
although in this case it is not clear to what degree superhelical
tension changes (13).

Kochel and Sinden (27) have shown that a reduction in average
HMT crosslinking in vitro of small deproteinized plasmid DNA
is approximately proportional to the reduction in superhelical
density ,of the DNA. Therefore, there is at most a two-fold
difference in unconstrained supercoils between DNA of the most
mature and younger chloroplasts if all difference in HMT
intercalation were due to differences in unconstrained superhelical
tension. As discussed above, such a decrease would require a
change in relative topoisomerase activities (i.e. gyrase vs. relaxing
topoisomerases). This might be sufficient, however, to change
relative rates of transcription initiation from different promoters.

Several plastid DNA binding proteins have been described
(38—40). If chloroplast DNA-protein interactions change during
development, this could lead to the differences in intercalation
of HMT into the DNA. By analogy, during differentiation of
B.subtilis cells into spores, DNA binding proteins change the
structure of DNA (from the B to the A form) (41).

Binding of sequence-specific repressor or activator proteins is
unlikely to be responsible for the differences in HMT crosslinking
that we observed. Such proteins would not be expected to affect
intercalation of HMT to similar extents in different regions of
the chromosome, at the low levels of crosslinking used in our
experiments (1—2 crosslinks/10 kb).

A change in linking number of deproteinized circular
chloroplast DNA would be indicative of at least a transient change
in superhelical tension in vivo. Unfortunately, this is difficult to
ascertain because of the large size of these molecules and the
difficulties in isolating them intact. We have looked for changes
in linking number of DNA from the different types of plastids,
using both equilibrium CsCl/ethidium bromide density gradients
(42) and pulse-field gel electrophoresis, but obtained no
conclusive results.

We find it intriguing that the decrease in intercalation of HMT
into chromosomal DNA of the most mature chloroplasts could
be related to the change in transcription patterns which occur
during development of chloroplasts in growing leaves (22).

ACKNOWLEDGMENTS

We thank Mamie Blankenship for electron microscopy, John
Mullet for providing the rbcL probe, and Cindy Young for
preparing the manuscript. This research was supported by NSF
grant DCB'8518329, PHS grant GM 13221, the Natural Science
Fund of Vanderbilt University, and NIH Biomedical Research
and NSF Biological Core Facilities Grants, both to Vanderbilt
University.

REFERENCES

1. Sinden,R.R., Carlson,J.O. and Pettijohn,D.E. (1980) Cell, 21, 773 —783.

2. Bliska,J. and Cozzarelli,N. (1987) J. Mol. Biol., 194, 205—-218.

3. Zacharias,W., Jaworski,A., Larson,J.E. and Wells.R.D. (1988) Proc. Natl.

Acad. Sci. USA, 85, 7069 —7073.

Drlica,K. and Rouviere-Yaniv,J. (1987) Microbiol. Rev., 51, 301-319.

Schmid,M.B. (1990) Cell, 63, 451 —453.

Menzel,R. and Gellert,M. (1983) Cell, 34, 105—113.

Wang,J.C. (1991) J. Biol. Chem., 266, 6659 —6662.

Liu,L.F. and Wang,J.C. (1987) Proc. Natl. Acad. Sci. USA, 84,

7024 -7027.

9. Pruss,G.J. and Drlica,K. (1989) Cell, 56, 521 —523.

10.  Higgins,C.F., Dorman,C.J., Stirling,D.A., Waddell,L., Booth I.R.. May,G.
and Bremer,E. (1988) Cell, 52, 569—584.

11. Dorman,C.J., Barr,G.C., Bhriain,N.N. and Higgins,C.F. (1988) J.
Bacteriol., 170, 2816—2826.

12.  McClellan,] A., Boublikova,P., Palecek,E. and Lilley,D.M. (1990) Proc.
Natl. Acad. Sci. USA, 87, 8373—8377.

13. Nicholson,W.L. and Setlow,P. (1990) J. Bacteriol., 172, 7—14.

14. Whitson,P.A., Hsieh,W.-T., Wells,R.D. and Matthews,K_S. (1987) J. Biol.
Chem., 262, 4943 —4946.

15. Richet,E., Abcarian,P. and Nash,H.A. (1986) Cell, 46, 1011—1021.

15a. Kolodner,R. and Tewari,K.K. (1975) Biochim. Biophys. Acta, 402,
372-390.

15b. Vos,J.M.H. and Hanawalt,P.C. (1987) Cell, 50, 789—799.

15¢c. Thompson,R.J. and Mosig,G. (1990) Nucl. Acids Res., 9, 2625-2631.

16. Leech,R.M. (1984) In Baker,N.R. and Barber,J., (eds.), Chloroplast
Biogenesis. Elsevier Science Publishers B.V., Amsterdam, pp. 1-21.

17. Mullet,J.E. (1988) Ann. Rev. Plant Physiol. Plant Mol. Biol., 39, 475—502.

18. Dyer,T.A., Miller,R.H. and Greenwood,A.D. (1971) J. Exp. Bot., 22,
125-136.

e



41.

42.

Miyamura,S., Nagata,T. and Kuroiwa,T. (1986) Protoplasma, 133, 66—72.
Sexton,T.B., Christopher,D.A. and MulletJ.E. (1990) EMBO J., 9,
4485-4494.

Mullet,J.E. and Klein,R.R. (1987) EMBO J., 6, 1571—1579.
Baumgartner,B.J., Rapp,J.C. and Mullet,J.E. (1989) Plant Physiol., 89,
1011-1018.

Deng,X.-W. and Gruissem,W. (1987) Cell, 49, 379-387.
Robertson,D. and Laetsch,W.M. (1974) Plant Physiol., 54, 148—159.
Cole,R.S. (1971) Biochim. Biophys. Acta, 254, 30—39.
Yoakum,G.H. and Cole,R.S. (1978) Biochim. Biophys. Acta, 521,
529 —-546.

Kochel,T.J. and Sinden,R.R. (1989) J. Mol. Biol., 205, 91—102.
Widmer,M., Koller,Th. and Sogo,J.M. (1988) Nucl. Acids Res., 16,
7013-7024.

Zehn,W., Jeppesen,C. and Nielsen,P.E. (1988) FEBS Lett., 229, 73—-76.
Klein,R.R. and Mullet,J.E. (1986) J. Biol. Chem., 262, 4341 —4348.
Poulsen,C. (1983) Carlsberg Res. Commun., 48, 57—80.

Cook,D.N., Armstrong,G. and Hearst,J. (1989) J. Bacteriol., 171,
4836—4843.

Gellert,M., O’Dea,M.H., Itoh,T. and Tomizawa,J.I. (1976) Proc. Natl.
Acad. Sci. USA, 73, 4474—-4478.

Drlica,K. and Snyder,M. (1978) J. Mol. Biol., 120, 145-154.
Lam,E. and Chua,N.-H. (1987) Plant Mol. Biol., 8, 415—424.
Lyderson,B.K. and Pettijohn,D.E. (1977) Chromosoma, 62, 199—215.
Hsieh,L.-S., Rouviere-Yaniv,J. and Drlica,K. (1991) J. Bacteriol., 173,
3914-3917.

Briat,J.-F., Gigot,C., Laulhere,J.P. and Mache,R. (1982) Plant Physiol.,
69, 1205—1211.

Briat,J.-F., Letoffe,S., Mache,R. and Rouviere-Yaniv,J. (1984) FEBS Lett.,
172, 75-79.

Nemoto,Y., Nagata,T. and Kuroiwa,T. (1989) Plant Cell Physiol., 30,
445—-454.

Mohr,S.C., Sokolov,N.V.H.A., He,C. and Setlow,P. (1991) Proc. Natl.
Acad. Sci. USA, 88, 77-81.

Davies,J.P. (1989) Ph.D. Thesis. Vanderbilt University, Nashville, TN.

Nucleic Acids Research, Vol. 19, No. 19 5225



