
Plant Physiol. (1971) 48, 43-45

Enhanced Deoxyribonucleic Acid Polymerase Activity of
Chromatin from Soybean Hypocotyls Treated with
2, 4-Dichlorophenoxyacetic Acid1
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ABSTRACT

Chromatin isolated from soybean (Glycine max L., var.
Wayne) hypocotyls was capable of catalyzing the polymeri-
zation of labeled deoxyribonucleoside triphosphate in the
presence of the three other deoxyribonucleoside triphos-
phates into a trichloroacetic acid-insoluble product. This
product was insensitive to base hydrolysis and ribonuclease,
but was sensitive to acid hydrolysis and deoxyribonuclease.
Chromatin-DNA polymerase required Mg2+ and all four
deoxyribonucleoside triphosphates for maximal activity.
Inorganic pyrophosphate and actinomycin D inhibited the
polmnierase activity, but 2,4-dichlorophenoxyacetic acid
had no effect in vitro. Chromatin from plants previously
treated with 2,4-dichlorophenoxyacetic acid supported a
greater level of DNA sy-nthesis than did chromatin from
untreated plants.

Auxin applications were reported by Silberger and Skoog (17)
to increase the RNA and DNA contents of cultured tobacco
pith cells. Massive proliferation of cells in cucumber hypocotyls
treated with 2,4-D was described by West et al. (19). Growth,
nucleic acid synthesis, and cell division were stimulated by 2, 4-D
treatments of soybean hypocotyls (9, 10).

Isolated chromatin possesses many characteristics which enable
the examination in vitro of processes occurring in vivo at the time
of isolation (1). Chromatin from GA-treated Hazel axes con-
tained more associated RNA polymerase activity than did
chromatin from axes of untreated seeds (7). Enhanced levels of
chromatin-RNA polymerase activity were found in soybean
hypocotyls treated with 2,4-D (14); furthermore, the products
of chromatin-directed RNA polymerization differed when soy-
bean hypocotyls were treated with auxin or ethylene (5). Chroma-
tin-RNA polymerase activity of dwarf pea seedlings was enhanced
by treatment of the plants with GA (13).
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In view of the enhanced levels of chromatin-RNA polymerase
activity in 2,4-D-treated soybean hypocotyls and the known
increases in DNA content and cell division caused by auxin
treatments of hypocotyls, it seemed appropriate to analyze DNA
polymerase activity during this "dedifferentiation" process. DNA
polymerases have been isolated and characterized from a variety
of tissues. Nonbacterial DNA polymerase activity has been iso-
lated from a number of animal sources, including rat liver nuclei
(15) and mitochondria (8), sea urchin embryos (12), and cultured
human cells (4). Soluble DNA polymerases have been isolated
from two plant sources, mung bean (16) and maize seedlings
(18). This communication deals with the isolation and charac-
terization of a chromatin-bound DNA polymerase from soybean
hypocotyl tissue and the effects of 2 ,4-D on this activity.

MATERIALS AND METHODS

Soybeans (Glycine max L., var. Wayne) were soaked in water
overnight and planted in moist vermiculite. They were then grown
at 28 C in the dark for 3.g days prior to spraying with 2,4-D.
Twenty milliliters of 2, 4-D at the appropriate concentration,
adjusted to neutrality with KOH, were applied with an atomizer.
Hypocotyl sections were harvested at various times after the
treatments and kept on ice for no more than 30 min before
chromatin isolation.
Chromatin was isolated from 150-g lots of both control and

2,4-D-treated hypocotyls by the method of Huang and Bonner
(6). The crude chromatin pellet was suspended in 10 mm tris-HCl,
pH 8.0, containing 0.25 M sucrose and 10 mm 2-mercaptoethanol
and layered over 20 ml of 2 M sucrose, containing 10 mm tris-HCl,
pH 8.0, and 10 mm 2-mercaptoethanol, in a Spinco SW 25.1
centrifuge tube. The upper one-third of the 2 M sucrose was gently
stirred with a spatula; the crude gradient was then centrifuged
for 3 hr at 20,000 rpm. The purified chromatin pellets obtained
after centrifugation were suspended in 3 ml of 10 mm HEPES
buffer, pH 7.5. Aliquots of this suspension were used to assay
for chromatin-directed DNA synthesis.
The incorporation of labeled deoxyribonucleoside triphosphate

into trichloroacetic acid-insoluble material was used to measure
DNA polymerase activity. The standard reaction mixture con-
tained, in Amoles, the following: HEPES, pH 7.5, 20; MgCl2, 1;
dithiothreitol, 1; dATP,4 dCTP, and dGTP, 0.05 each; TTP,
0.002; and 5 Mc of 3H-TTP at a specific activity of 12 mc/,umole;
and chromatin equivalent to 4 to 8 Mig of DNA: in a final volume

4Abbreviations: dATP: 2'-deoxyadenosine 5'-triphosphate; dCTP;
2'-deoxycytidine 5'-triphosphate; dGTP: 2'-deoxyguanosine 5'-tri-
phosphate; TiP: 2'-deoxythymidine 5'-triphosphate; TMP: 2'-deoxy-
thymidine 5'-monophosphate.

43



Plant Physiol. Vol. 48, 1971

0

w

30

O0Z 20
0ZO'Z

00 20o1
0n

so W

2,4 DICHLOROPHENOXYACETIC ACID

/ ~~CONTROL

t __~III
10 20 30 40 50

TIME OF INCUBATION (MIN.)

FIG. 1. Time course of TMP incorporation into acid-insoluble
product by chromatin from 3-day control and 2, 4-D-treated seedlings.
The seedlings were sprayed with 100 j,g/ml of 2,4-D 18 hr prior to
chromatin isolation.

Table I. Effect of Chaniges in the Reactiont Mixture on
Chromatin-DNA Polymerase Activity

Reaction 'Mixture ChromatinDNAPolymerase Activity

Complete 1001
-mg2+ 9

-dATP 29
-dCTP 55
-dGTP 19
-dATP, -dCTP, -dGTP 0
+ Pyrophosphate (1 umole) 4
+ Actinomycin D (1 ,g) 79
+ Actinomycin D (20,g) 49
± Actinomycin D (50 Ag) 30
+ 2,4-D (10-8 M) 99

Data are pooled from several experiments in which the activity
observed in the normal reaction mixture was about 40 pmoles of
TMP incorporated per 100lOg of DNA.

of 0.2 ml. The reaction mixture was incubated for 30 min at 37 C
and stopped by the addition of 3 ml of cold 10'- trichloroacetic
acid containing 1 mM PPi.

Precipitated material was transferred onto glass fiber filter
disks (Whatman GF/A), washed five times with 5-ml portions
of cold 5%0 trichloroacetic acid and dried. The disks were placed
in scintillation vials and counted in a Tri-Carb liquid scintil-
lation spectrometer with a counting efficiency of 40%c- for tritium.
Chromatin DNA content was measured by the diphenylamine
procedure of Burton (2) after initial hydrolysis in 0.5 N perchloric
acid for 45 min at 70 C.

RESULTS

The optimal Mg2+ concentration for chromatin-DNA polymer-
ase activity was found to be 5 mm. Observed chromatin-DNA
polymerase activity was proportional to the amount of chroma-
tin added to the reaction mixture, within the range of 2 to 8 ,ug
DNA. The incorporation of TMP is seen in Figure 1 to be maxi-
mal after 30 min of incubation.

Omission of Mg2+ from the reaction mixture decreased chro-
matin-DNA polymerase activity by 98%o (Table I). The absence
ofdATP or dGTP decreased the activity 70 and 80% respectively,
while the omission of dCTP reduced the activity by about 45% .
No activity was observed in the absence of these three deoxy-

ribonucleoside triphosphates. Addition of 1 Amole of pyrophos-
phate, an end product of the reaction, to the assay mix-
ture blocked TMP incorporation by 96%; maximum inhibition of
chromatin-DNA polymerase activity with actinomycin D was
70%. No effect of 2,4-D was observed in vitro. Chromatin-DNA
polymerase activity was reduced only slightly by preincubation
treatment with RNase at 2 C; however, TMP incorporation was
completely destroyed by DNase (Table II).
Chromatin-DNA polymerase activity was considerably in-

creased by prior treatment of the seedlings with 2,4-D (Table
III). There was a 12 hr lag between auxin application and en-

Table II. Effect of Nuclease Additioni to the Reaction Mixture otn
Chromatini-DNA Polymiierase Activity

Ribonuclease was added to the complete reaction mixture and
incubated at 2 C for the indicated periods of time prior to the
assay incubation period of 30 min at 37 C. Deoxyribonuclease was
added at the initiation of the reaction and allowed to continue for
the indicated periods of time beyond the normal 30 min, 37 C
incubation. Incorporation in the absence of nuclease was 8000
cpm.

Chromatin-DNANuclease Present Polymerase Activity

None~~~~~~~~~~~~~~~NNone 100
Ribonuclease (50 jg. 10 min) 93
Ribonuclease (50,ug, 20 min) 86
Deoxyribonuclease (50,ug, 5 min) 5
Deoxyribonuclease (50,Mg, 15 min) 0
Deoxyribonuclease (50 ,g, 30 min)

Table III. Iniductioni af Clhironicitini-DNA Polyinerase Activity 1)!
2,4-D Treatments

Hours after Treatment' thromatin-DNA Polymerase Activity

0 1002
6 102
12 130
18 211
24 146

'Plants were sprayed with 100 pg/'ml 2,4-D at the indicated
times prior to harvest.

2 Chromatin-DNA polymerase activity by the control system
was 19 pmoles of TMP incorporated per 100 mg of DNA.

Table IV. Effect of the Conicentrationi of 2,4-D in the Treatmenits
on Chr-omnatin-DNA Polymerase Activity

Treatment' Chromatin-DNA Polymerase Activity

ug 2,4-Diml %
0 1002
50 106

250 143
500 246
1000 247

l Plants were sprayed with the indicated concentration of
2,4-D 18 hr prior to harvest.

2 100% represents the incorporation of 72 pmoles of TMP per
100 /g of DNA.
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hancement of chromatin-DNA polymerase activity; maximal
enhancement of the enzyme activity required 18 hr. DNA po-
lymerase activity of chromatin from hypocotyls increased as a
function of 2,4-D concentration from 50 to 500 ,ug/ml (Table
IV). The highest concentrations of 2,4-D (0.5 and 1.0 mg/ml)
gave the same increase.

DISCUSSION

Chromatin isolated from soybean hypocotyls contained an
active DNA polymerase. Maximal activity of this enzyme re-
quired the presence of all four deoxyribonucleoside triphosphates
and Mg2+ in the assay mixture. The optimal Mg2 concentration
for soybean hypocotyl chromatin-DNA polymerase was found
to be 5 mm. This is about half that reported for soluble DNA
polymerases isolated from rat liver mitochondria (8) and sea
urchin embryos (12), but about the same as the Mg2+ concentra-
tions used in the mung bean and maize seedling soluble DNA
polymerase assays (16, 18).
Formation of acid-insoluble product by chromatin-DNA

polymerase was unaffected by RNase, but was completelv de-
stroyed by DNase. This product has also been found to be resist-
ant to alkaline hydrolysis, but susceptible to perchloric acid
digestion (11). These results suggest that the product is a DNA-
like polymer.
Lack of complete dependence of this chromatin-DNA polymer-

ase activity upon the presence of all four deoxyribonucleoside
triphosphates indicated that the activity of the preparation was
not that of a pure DNA polymerase. This observation was not
expected in that the chromatin-RNA polymerase system of
O'Brien et al. (14) did demonstrate complete dependence upon
the presence of added ribonucleoside triphosphates in the assay
mixture. The activity observed in the absence of any single
deoxyribonucleoside triphosphate is not due to the formation of
a homopolymer of thymidine residues (O'Brien and Leffler,
unpublished results).

It has previously been established that treatment of sensitive
tissues, such as soybean seedlings, with 2,4-D results in massive
accumulations of DNA and RNA associated with the induction
of cell division (9, 19). Friedman (3) found that while total DNA
polymerase activity of cultured HeLa cells fluctuated little with
the stage of the cell cycle, the activity associated with nuclei did
increase as the cells approached the S phase and began replication.
One might therefore expect an enhancement of chromatin-
DNA polymerase activity during the initiation of cell division.
Induced mitosis in soybean hypocotyl tissue was first observed
about 12 to 14 hr after treatment with 100 1ug/ml or higher
concentrations of 2,4-D (9). In agreement with this, a 30% in-
crease in chromatin-DNA polymerase activity was observed 12
hr after 2, 4-D treatment (Table IV). This increase in chromatin-
DNA polymerase activity followed a lag period of 6 hr after
2, 4-D treatment during which time the chromatin-DNA polymer-
ase activity remained unaffected. However, O'Brien et al. (14)
have found substantial increases in chromatin-RNA polymerase
activity during this lag period (46%7 over control 4 hr after treat-
ment with 2,4-D). It is therefore apparent that 2,4-D, at concen-
trations which induce cell division in soybean hypocotyl tissue,
enhances RNA polymerase activity prior to activation of DNA
polymerase activity and cell division.
The specific mode of action by which 2,4-D, as well as other

auxins, affect nucleic acid metabolism has escaped elucidation.
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The confusion centers primarily upon the fact that low concen-
trations of 2,4-D (less than 100 Ag/ml) stimulate RNA synthesis,
but enhance neither DNA synthesis nor cell division. As was
noted in Table IV, there was no increase in chromatin-DNA
polymerase activity following treatment of soybean seedlings
with 50 gg/ml of 2,4-D. However, after a similar 2,4-D treat-
ment, chromatin-RNA polymerase activity was increased over
100%l (14). Furthermore, treatments with 2,4-D at concentra-
tions greater than 100 ,ug/ml result in enhancement of both
chromatin-DNA polymerase and chromatin-RNA polymerase
activities. Thus, observations of in vivo responses to auxin (RNA
synthesis, DNA synthesis, and cell division) are reflected in the
respective enzyme activities associated with chromatin isolated
from treated tissues.
The differences in the responses of RNA polymerase and DNA

polymerase to 2,4-D, and the DNA polymerase assay described
in this paper, may be of further use in the elucidation of the
mechanism of the herbicidal action of 2, 4-D.
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