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Abstract, Dihydrofolate reductase (E.C.1.5.1.3) (DHFR) was found in the supematant fmcrion of pew callus
extract and a number of its propenties were investigated, FADH and NADFPH were sgcciﬁc requirements for
the enzyme reaciion. Michaelis constants for FADH2 und NADPH were 1.65 x 107 M and 1.98 x 104M,
respectively. The optimum pH for the reaction in citrate phosphate buffer was 5.9, in putassiuin phosphate
buffer 6.2 and in Tris - HCl buffer 7.2; the optimum reaction temperature for all buffers used was 30°C. The
specific activity of DHFR increased with callus age and coincided with an increase in the DNA and RNA
content.
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Introduction

Dihydrofolute reductase (E.C.1.5.1.3) (DHFR) is one of the essential cnzymes for the
methylation cycle of deoxyuridine 5-morphosphate (dUMP) to deoxythymidine 5-
monaphosphate (dTMP). This enzyme catalyzes the conversion of dihydrofolate
(FADH2). The enzyme has been extensively investigated in bacteria [1; 2], mammalian
cells [3-5] and protozoa [6-8). However, in plants, the presence of DHFR has been
demonstrated only in pea, soybean and rice, and its properties only partially characterized
[9-12].

Thete have been no studies involving the isolation and investigation of the properties
of this enzyme derived from callus. This general lack of data, together with the
advantages ol using plant tissue cultures over whole plant parts in such studies {13, p.
66], prompted a detailed investigation of the isolation and characterization of
dihydrofolate reductase (DHFR) in pea callus. Rapidly growing cells, in general, require
a cerlain amount of FADH as co-enzyme for the synthesis of thymine. The latter is
required in the biosynthesis of DNA for cell division and growth.
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Materials and Methods
Plant Source

Pure-bred seeds of field pea (Pisum sativum, 1.. cv Solara) were used, The callus was
initiated from epicotyls on a modified [14] medium containing different concentrations of
2,4-D and kinetin. Three media were used containing 102 M 2,4-D and 106 M kinetin,
10% M 2,4-D and 10°7 M kinetin or 10**M 2,4-D and 108 M kinetin. Callus initiation
and growth on such media were as described previously [15). The callus developed at
particular ages was used for extraction and uysay of DEHFR activity.

Enzyme Extractlon and Assay

Dihydrofolate reductase was extracted according to the method of Crosti [12], with
modification. Pea callus (0.75 g) was homogenized using a pestle and mortar with 0.1
mM phosphate buffer at pH 7.0 containing 0.56% wiv N-acetylcysteine and the
homogenate was disrupted by freezing and thawing. This involved three cycles (10 min
each) of freezing in liquid nitrogen and thawing in water bath at 37°C. Trials showed that
three cycles of freezing and thawing were sufficient to disrupt callus cells completely.
The homogenate was centrifuged at 20,000 X g for 2 h using an MSE-50 superspesd
ultracentrifuge.

DHFR activity was assayed specirophotometrically by the modilied methods of
Osborn [16]); Mirsa, ef al. [17] and Crosti [12]. These methods are basced on the decrease
of absorbance at 340 nm in the presence of NADPH, FADH and the enzyme, Three
buffers were used, namely phosphate, citrate and Tris-HCI at concentraticns between 10
mM and 60 mM. The reaction mixture contained 50 mM phosphate buffer at pH 7.0, 10.0
mM magnesium sulphate (MgSO, — TH0}, 10 mM 2-mercaptoethanol, 0.1 mM EDTA,
0.08 mM FADH, 0.6 mM NADPH? and enzyme in a total volume of 3.0 ml. The
reaction was initiated by adding 0.1 ml of the enzyme protein (100 pg cm). Enzyme
activity was determined at 30°C using a Pye-Unicam SP 8000 Spectrophotometer. The
amount of protein in the enzyme preparation was determined with Folin-phenol reagent
using bovine serum albumin (BSA) as standard. Specific activity was determined as n
moles of FAD reduced per min per mg of protein. The enzyme extract was passed
through Scphadex G-200 (40 em % 2.6 cm) for partial purification and molecular weight
determination. Standard error of the mean was calculated from 3 different determinations
in all estimations.

Nucleic acid extraction and estimation

Nucleic acid content was determined by a method based on the procedure of Cherry
[18] as developed hy Mohammed & Hassan [19], RNA was dctermined from the
absorption difference at 260 nm and 290 nm. DNA content was estimated using
diphenylamine reagent [20].
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Molecular weight determination

The molecular weight of the enzyme was determined by the gel filteration method,
using Sephadex G-200, according to the general procedure of Andrews [21].

Results
Callus initistion and growth

Three media were used for callus initiation and growth, Murashige and Skoog
medium (MS) containing 1) 2,4-D (10 M) and kinetin (1077 M), 2) 2,4-D (10~ M) and
kinetin (10# M) or 3) 2.4-D (102 M) and kinetin (10 M). The resulls indicated that the
optimum medium for support of callus initiation and growth was MS medivm containing
2,4-D and kinetin at 10-3 M and 107 M, respectively. The callus developed on this
medium was soft, compact and green in color. Callus fresh weight increased markedly
with incubation time. No significant increase in callus fresh weight was apparent between
60 and 80 d of incubation (Fig. 1). Therefore, callus of age between 20 and 60 d was used
for extraction of DHFR activity.
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Fig. 1. Changes in fresh weight of pea callus grown at different concentrations
of 2,4-I} and kinetin for 9 d.

Each poinl represents the mean of five veplicates. Vertical bars
represent the standard error of the means.

Calhss was grown on media containing 2,4-D (10 M) and kisetin (107
M)A}, 24-D (104 M) and kinetin (107 M) (B) or 2, 4-D (10-2 M) und
kinetin (106 M} (C).
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Enzyme activity
Initially, the activity of DHFR was measured from 20 d old callus, the highest
activity being found in the supernatant fraction (Table 1) which was used in all

Table 1. DHFR activity in the difTerent fractions of pea callus homogenat

Fraction Activity
. (0D at 340 mm Ywinl)
Homopenate 0.13
Supernatant 0.09
Pellet 004

Assay system contained 50 mM potassium phosphate buffer, pH 6.2, 0.08 mM dihydrofolate, 0.6 mM NADPH,
0.1 M EDTA, 10 mM mercaptocthanol and enzyme in a total volume of 3.0 ¢m?®

subsequent estimations. The optimum temperature for cnzyme activity was found to be
30°C (Fig. 2) and this temperature was used in all subsequent experiments. Optimum
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Fig. 2. Effect of temperature on dihydrofolate reductase activity. Standard
assay conditions were as described in Table 3.

DHEFR activily was measured using 50 mM phosphate, 30 mM Tris-HCl and 30mM
citrate buffers (Table 2). The optimum pH values for these buffers are given in Fig. 3.
Maximum activity autained in buffers used was between pH 5.9 - 7.2, the optimum pH
levels heing citrate-phosphate buffer 5.9, potassium phosphate buffer 6.2 and Tris-HCI
buffer 7.2. These buffers at particutar concentrations and pH were used in all subsequent
assays.
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Table 2. Specific setivity of DHFR, in various concentrativn of bufTers

Concentration Buffers
{(mM) Specific activity (nmal FADH min™ mg* protein)
Potassium phosphat Tris-HC Citrate phosphat

10 323£126 230+1.33 20241.03
0 3831187 1784089 192+0.92
0 9.7 +2.5% 4444098 2221084
40 4234097 329087 17 £0.78
50 48.4£0.99 13.1£0.86 120£089
60 30.2 £ 136 148 £0.29 0.0+0.00

Each value represents the mean of five separate determinations, * standard error.
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Fig. 3. Effect of pH on pea callus dihydrofolate reductase activity (A) citrate phosphate buffer,
(B) potassium phosphate buffer and (C) Tris-HC) buffer,

Properties of DHFR activity

The effect of omission of various components from the assay system are given in
Table 3. Omission of NADPH or dihydrofolate greatly reduced enzyme activity, which
was not detected in the absence of enzyme under standard conditions.

The effect of Mg2* on enzyme activity is shown in Fig. 4. The activity increased
gradually with increased MgZ* concentration up te 10 mM, followed by a decrease
thereafter. The effect of other ions (e.g. Mn?* , Na*) was also investigated. Mg+ at
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Table 3. Effect of assay ts on activity of dihydrofolate reductase

Assay conditions Actlvity % Activity
(OD 340 nm Cmin'y

Complete assay system 0.26 100

Complete assay sysiem withour PADH 0.02 g

Complete assay system without NADPH 0.04 15

Complete assay system without enzyme GO0 0

The compleie assay system contained 50 mM potassium phosphate buffer, pH 6.2, 0.08 mM difydrofolate. 0.6
mM NADPH, 1.0 mM EDTA, 10 mM 2-mercaptoethanol and 0.1 ml of the enzyme {100 pg protein} in total

volume of 3.0 em’®
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Fig. 4. Effect of Mg?* concentration on dihydrofolate reductase activity. The
activily is expressed as the decrease in absorbance st 340 om 1 min°l
under assay conditions.

(Vertical burs represent the standard error of the mean.)

10 mM was cssential for enzyme activity followed by Mn?* and Na* (Table 4). The
presence of Zn?* in the assay solution, however, completely inhibited enzyme activity,

Reciprocal plots of rcaction velocity against substrate or cofactor concentrations
were lincar for the activities for both FADH and NADPH. The apparent Km values
derived from the plots (Figs 5 & 6) were 1.65 x 103 M for FADH and 1.98 x 104 M for
NADPH.
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Table 4. Effect of different ions on DHFR_E_ﬂvity

Tons (10 mM) Activity % Activity
{OD 340 nm %min’!)

Mgt 029 100

Mn2* 0.20 69

Na* 0.18 62

o> 0.00 0

Without ions 0.14 48
All ions were at a concentration of 10 mM. DHFR activity was m d under the dard nssay condilions
given in Table 3.
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Fig. 5. Effect of various concenirations of NADPH (mM) on dibydrofolate
reductase gctlvity of pea callus.

Standurd assay conditions are given in Table 3.

From the results above, it would seem that the optimum assay mixture should
contain 50 mM phosphate buffer at pH 6.2, 0.1 mM FADH, 0.4 mM NADPH, 10 mM
MgS0O,, 10 mM 2-mercaptocthanol, 0.1 mM EDTA and 100 ug enzyme protein at a
ternperature of 30°C. The specific activity of the enzyme under these conditions was 44.5
n mol min“f mg’l of protein as compared with 13.59 n mol min'! mg™ of protein with the
initial determination. However, the activity was 164.11 n mol min'! mg-! of protein after
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Fig. 6. Effect of varlous concentrations of 1/FADH (mM) on dibydrofolate
reductase activity from pea callus,

passing the extract through Sephadex G-200 (Table 5). Therefore, such conditions were
adopted as standard for all subsequent assays,

Table 5. Specific activity of DHFR from pea callus

Conditions used for specific activity Specific activity
determination (n mol FADH min™? mg! protein)
Preliminary experiments 13.6 £ 0.46
Optimum conditions 44.5 £ 0.89
After passage through Sephadex G-200 164.1 + 1.67

The activity was measured under the standard conditions described in Table 3.

The molecular weight of the enzyme was determined using Sephadex G-200. It was
found that the molecular weight of the DHFR of pea callus was 139,000 (Fig. 7) using
¢ytochrome ¢, BSA and amylopterin as standards.

Effect of callus age on enzyme activity

The specific activity of DHFR isolated from callus of different ages is given in
Tabie 6. Activity increased with callus age, reaching a maximum at 15 d. No significant
differences were apparent between 15 and 19 d old callus. The DNA and RNA content of
pea callus followed the same pattern as the enzyme activity (Table 6.
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Fig. 7. Determination of molecular weight of dihydrofolate reductase by Sephadex G-200 gel
filtration. Marker proteins were cytochrome-c (A}, dibydrofolate reductase of pea callus
(B), hovine serum albumin {C), and amylopterin (D).

Tahle 6. Effect of callus age on specific activity of DHFR and the nuclele acid (RNA, DNA) content of pea

callus
Callus age after 20 & Specifle activity Nuclele acid (mg g1 F.W)
of subculture
DNA (ug) RNA {ug)

5 3544006 1231 0.01 693 £0.12
7 38.6 £ 006 14.4£ 0,01 7554014
9 41.8£0.06 18.4+0.10 98.310.23
11 49.8£0.07 2033020 1931065
13 54,6+ 0.06 2131001 1145 £0.78
15 57.6+0.06 06 +0.08 1894 £ 0,89
17 4931007 48.4 £0.06 21341099
19 450+ 006 504 £0.07 2456 £ 0.65
21 418006 453 £0.10 2037 +0.79
23 38.6 £ 0.01 38.420.10 189.6 + 0.96

Each value represents the mean of five separate determinations + Standard error. Conditions were as deseribed
in Table 3, -
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Discussion

Callus induction and growth appears to be influenced by the nutrient media and
culture conditions [22}. The present study showed that growth occurred rapidly in
medium containing 2,4-D and kinetin at concentrations of 103 M and 10-7 M
respectively. The use of callus instead of tissue from explants has two main advantages.
These are that the complex system controlling most of the biochemical activities can be
simplified by producing callus and that callus growth can be easily controlled in vitro.

The demonstrated persistence of the totipotency of tissue culture is another reason
for the increasing use of cell and tissue culture in various biochemical studies [231. In
addition, exogenous factors influencing cultured tissues, such as nutrients, can be readily
controlled. The disadvantage of using callus is that it is frequently very heterogeneous.
Therefore, total estimations of cellular activities may involve more than one type and
developmental stage. Moreover, the use of pea callus is this investigation has certain
advantages as in the case of other enzymatic studies [24-27].

The presence of DHFR in pea callus extract may indicate the methylation of JUMP
to dTMP in the presence of FADH and NADPH, as has been shown to occur in some
animal cells [28). Moreover, the optimum reaction conditions of the enzyme in vitro have
been shown to require 50 mM phosphate buffer at pH 6.2, as was also shown in the case
of the enzyme isolated from pea seedlings [ 10). In addition, the enzyme activity occurred
over a wide pH range depending on the buffers used, but DHER extracted from intact
plants showed one absorption peak at optimum pH [10; 11; 29]. The enzyme extracted
from pea callus also showed a single peak at the optimum pH used. It differed from that
in E. coli, however, which has two peaks at pH 4.5 and 7.0 [30] and in human
erythrocytes, which peaks at pH 4.6 and 7.6 [31].

These results indicated that the optimum reaction temperature is around 30°C. This
was also shown to be true for pea seedlings [10] but differs from the optimum for
bacteria and hamster cells, which is around 37°C [32; 33]. The Km values for FADH and
NADPH in plants arc gencrally higher than in mammals, bacteria and protozoa. In
soybean seedlings, the Km value was reported to be 3.5 x 105 M for FADH and 4.15 x
10715 M for NADPH [11]. In mammalian cells such as pig liver, however, the reported
Km was 7.4 x 107 M for FADH and 3.2 x 106 M for NADPH [34), and in protozoa 5.9
% 108 M for FADH and 5.9 x 10:6 M for NADPH [7]. Moreover, in bacteria the value
reported was less than in protozoa and mamalian cells (30; 35). In contrast, the present
work showed that the Km values for FADH and NADPH were 1.65 X 105 M and 1.98 %
10% M respectively. These values were more or less the same as those found in soybean,
but differ from the values obtained for other plants, such as rice and carrot |29).

It appears likely that DHFR isolated from pea callus is specific for NADPH, FADH
and Mg2* and these results are in agreement with those for DHFR isolated from other
living organisms [36-38].

The specific activity of DHFR isolated from pea callus increased with age,
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suggesting that callus cells divide rapidly, particularly during the early stages of growth,
as indicated by their DNA and RNA content. The increase in DNA content may be
correlated with an increase in enzyme activity associated with the biosynthesis of DNA
nucleotides during the early stages of callus growth. This supports the suggestion that pea
callus depends on de nove synthesis of dTMP, since the enzyme thymidine
phosphorylase was not detected (data not presented). This observation is in agreement
with that of [29] for some trypanosomatids. The results obtained in this study indicate
that DHFR isolated from pea callus exhibits the same properties as the enzyme from
soybean and rice seedlings. In addition, this cnzyme may have an important role in callus
growth and in plant growth in general.
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