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Relationship of Porphobilinogen Deaminase
Activity to Chlorophyll Content and Fruit
Development in ‘Heinz 1350’ Tomato
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Abstract. Chlorophyll a and b contents were determined in developing tomato fruit (Lycopersicon esculentum Mill.
‘Heinz 1350’) at 5-day increments from 10 or 15 days past anthesis to fulIy ripe (55 to 60 days). When presented on
a whole-fruit basis, chlorophyll a and b contents increased from 15 days past anthesis to 35 days and then decreased
to zero at 55 days. Porphobilinogen (EC 4.2.1.24; PBG) deaminase activity was measured in extracts from the fruit,
and changes in PBG deaminase activity correlated with changes in chlorophyll and protein contents with respect to
fruit age. Partial characterization of tomato PBG deaminase enzyme showed similarities to PBG deaminase enzymes
isolated from other sources.
The light-controlled regulation of the early steps of chlorophyll biosynthesis is well-documented (Castelfranco and Beale,
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1983; Harel, 1978). A study by Frydman and Frydman (1979)
suggested that there may be a control point of chlorophyll biosynthesis related to the age of the plant tissue. PBG deaminase
is one of the enzymes of the chlorophyll biosynthetic pathway
that functions, with uroporphyrinogen (UROGEN) III cosynthase, in transforming four molecules of PBG into one molecule
of UROGEN III. PBG deaminase activity was high in extracts
from young leaves of pepper and poinsettia, low in extracts from
mature leaves, and almost nil in extracts from senescent leaves
(Frydman and Frydman, 1979). UROGEN III cosynthase, however, showed no changes in activity in extracts from the three
ages of leaves. Frydman and Frydman (1979) concluded that
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PBG deaminase may control chlorophyll biosynthesis, reaching
maximum activity when the chlorophyll content of the leaf is
high and then rapidly diminishing in activity with the resultant
loss of chlorophyll from the leaf tissue. In addition, Brodie et
al. (1977) suggested that PBG deaminase also may play a role
in regulating heme biosynthesis.
The purposes of this research were to measure changes in
chlorophyll content and PBG deaminase activity during tomato
fruit development and to determine if the changes were similar
in pattern. Some characteristics of the PBG deaminase enzyme
also were determined.
Materials and Methods
Plant materials. ‘Heinz 1350’ tomato plants were grown in
an environmentally controlled greenhouse by using standard cultural practices. Plants were trained to a single stem, and replicates of fruit of the same physiological and chronological age
were obtained by the procedure of Lyons and Pratt (1964). Developmental stages and chronological age of these fruits corresponded to the stages and visual appearance described by Martin
et al. (1979).
Chemicals. PBG and uroporphyrin (URO) I and III standards
were purchased from Porphyrin Products (Logan, Utah). Polyvinylpolypyrrolidone (PVPP), Tris buffer, bovine serum albumin, N-ethylmaleimide, and p-chloromercuribenzoate were
obtained from Sigma. All other chemicals purchased from commercial sources were reagent grade.
Extraction and quantitation of chlorophyll. Procedures for
harvesting the fruit, extracting chlorophyll from the fruit tissue,
and quantitation of chlorophyll by high-performance liquid
chromatography (HPLC) were described by McMahon and Gladon (1984).
Enzyme extraction. Three replicates, each consisting of four
fruits, were harvested at 5-day intervals during fruit development (10 or 15 days past anthesis to full ripeness at 55 to 60
days). Immediately after harvest, replicates of fruits were placed
in ice and chilled for 1 hr. Each replicate was weighed, and a
core of tissue (1 cm in diameter) was removed from the axis of
each fruit with a stainless steel cork borer, weighed, and prepared for extraction.
Cores were diced and thoroughly ground in a cold (4C) mortar
in 40 ml of 10 mM Tris, pH 7.0. Before grinding, 1.25 g of
PVPP/g fresh weight of tissue was added to the grinding medium to prevent phenolic browning of fruit cores that were 15
days or more past anthesis. However, it was necessary to use
5.0 g of PVPP/g fresh weight of 10-day-old fruit tissue because
of its higher phenolic content (Hobson, 1967; Mayer and Harel,
1981). Each homogenate was filtered through four layers of
cheesecloth and centrifuged at 500 × g for 5 min. The pellet
was discarded and the supernatant was centrifuged at 100,000×
g for 1 hr. The pellet was discarded, and the supernatant was
used as the enzyme source. Protein content of the extract was
determined by the Bradford (1976) method.
Enzyme assay. The standard reaction mixture for all assays
consisted of 1 ml of 30 mM Tris, PBG, and 1 ml of extract in
a total volume of 2.15 ml. The final concentration of PBG was
102 µM, and the pH of this mixture was 8.0. The mixture was
incubated in the dark for 1 hr in a 37C water bath with gentle
shaking. Biosynthesized UROGEN was oxidized to URO according to the method of Jordan and Shemin (1973), and URO
was measured spectrophotometrically at 405 nm. Identification
of URO was by comparison of absorption spectra with standard
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URO. To separate URO I and III isomers by HPLC, a Waters
Associates µBondapak-C18 reverse-phase analytical column (3.9
mm id. × 30 cm) with isocratic elution using phosphate buffer
(flow rate of 1 ml.min-1) was used (Englert et al., 1979; Wayne
et al., 1979). URO isomers were detected with a Schoeffel FS
970 fluorometer set as follows: range = 0.1 µA, sensitivity =
530, time constant = 6 see, high-signal suppression, excitation
wavelength = 230 nm, and an emission wavelength = 389
nm. URO isomers were identified by comparing their retention
times and cochromatography with the URO isomer standards.
Results
Effect of fruit age. When presented on a whole-fruit basis,
PBG deaminase activity, chlorophyll content, and protein content increased to a maximum in 35-day fruits (Fig. 1 A-C).
Chlorophyll content then decreased to zero in 55-day fruits,
whereas PBG deaminase activity diminished to a very low level
in 55- and 60-day fruits. The growth rate of the fruits (Fig. 1D)
was high between days 25 and 45, with the maximum at =35
days. Subsequently, the protein content fell to zero in 60-day
fruits, and the growth rate approached zero as the fruit matured.
The PBG deaminase activity of 15-day-old fruit was 4.59
nmol URO/hr, while the activity from ripe fruit (60 days past
anthesis) was 0.15 nmol URO/hr. When extracts from each of
these ages of fruit were mixed in equal volumes, the resultant
PBG deaminase activity was about additive (2.30 nmol URO/
hr). Similar results were obtained when extracts from 15-day
fruits were mixed with those from tomatoes at the breaker and
pink stages of ripening (data not presented). Analysis of the
URO produced by the fruit showed that predominantly the typeI isomer was synthesized in extracts from fruit at all stages of
development. Only 10% to 20% of the total URO was type III,
and no consistent trend in the ratio of the two isomers was found
as a function of fruit development (data not presented).
Properties of tomato fruit PBG deaminase. pH and temperature had a pronounced effect on PBG deaminase activity. The
enzyme had no activity at pH 5.0, maximal activity at 8.0, and
≈ 15% of maximal activity at 9.5. Enzyme activity also was
affected by temperature. Maximum enzymatic activity occurred
at 57C and abruptly diminished at 77C. The Q10 was 4.9 for
the range 27 to 37C, 3.7 for 37 to 47C, and 1.8 for 47 to 57C.
At 77C, the activity was five times greater than at 27C, but
only 25% of the rate at 57C. The rate of production of URO
was constant for at least 3 hr during incubation at 37C and pH
8.0. The enzyme exhibited typical Michaelis–Menten kinetics
with a Km of 17.5 µM, as calculated from a Lineweaver–Burk
plot.
The stability of PBG deaminase was determined by measuring
activity at 24-hr intervals during storage at 4C in the dark in 10
mM Tris buffer, pH 7.0. After 24 hr of storage, the enzyme
still retained 99% of its original activity. However, after 48 hr,
only 66% of the original activity was present, and it fell to only
27% after 8 days.
The effects of various sulfhydryl reagents and δ− aminolevulinic acid (ALA) on PBG deaminase activity were determined
(Table 1). Mercury (II) chloride was the most effective inhibitor
of the enzyme of the compounds tested, especially at the two
lower concentrations (Table 1). p -Chloromercuribenzoate at 70
µM was as effective in inhibiting the enzyme as was HgCl2. Nethylmaleimide had no effect on enzyme activity at concentrations of 17.5 and 35 µM , and only a slight inhibitory effect at
70 µM. ALA increased URO biosynthesis to a small extent,
although the difference between 35 and 70 µM was smaller than
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that between 17.5 and 35 µM . Curiously, 2-mercaptoethanol
completely inhibited the enzyme at 40 and 80 µM (Table 1).

Fig. 1. Effect of fruit age on PBG deaminase activity, chlorophyll
content, fruit protein content, and growth pattern expressed on a
whole-fruit basis. (A) PBG deaminase activity measured as nmol
URO/fruit per hr. (B) Chlorophyll a and b content measured as mg
chlorophyll/fruit. (C) Protein content measured as mg protein/fruit.
(D) Growth pattern in grams fresh weight.

Table 1. Effect of enzyme inhibitors on PBG deaminase activity.

Enzyme
inhibitor
N-ethylmaleimide
p-Chloromercuribenzoate
HgCl2
δ− Aminolevulinic acid
2-MercaptoethanolY
z

Deaminase activity changez (%)
Inhibitor concn (µM)
17.5
70
35
0.0
–30.0
– 96.0
+4.5
---

0.0
– 87.4
– 96.4
+6.9
– 100

–2.0
– 94.0
– 97.0
+7.7
– 100

Assay conditions described in text. Activity measured as nmol URO/
hr and expressed as percent changes from the control.
y
2-Mercaptoethanol concentrations were 40 and 80 µM.
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Discussion
Chlorophyll a and b increased in ‘Heinz 1350’ tomato fruits
up to 35 days past anthesis (Fig. lB). During this same time,
PBG deaminase activity increased in a similar manner (Fig.
1A). Chlorophyll content in 40- to 55-day fruits decreased, which
may have been due to a greater rate of degradation than biosynthesis. Visually, fruits at this stage of development became
much lighter green, indicating chlorophyll degradation.
PBG deaminase was active in extracts of fruit 40 to 50 days
past anthesis (Fig. 1A); this supports a hypothesis that there was
chlorophyll biosynthesis in fruit of this age. The disappearance
of chlorophyll in fruit 55 days past anthesis coincided with an
abrupt drop in PBG deaminase activity (Fig.1 A and B). Thus,
changes in PBG deaminase activity were similar to changes in
chlorophyll content; this implies a relationship between the level
of PBG deaminase activity and the rate of chlorophyll biosynthesis in developing tomato fruits. This finding is consistent
with that of Frydman and Frydman (1979), who found that
pepper and poinsettia leaf PBG deaminase had the greatest activity in young leaves and no activity in senescent leaves. This
high activity corresponded to a maximum leaf chlorophyll content, after which the PBG deaminase activity decreased. Because UROGEN III cosynthase activity was constant with respect
to leaf age, Frydman and Frydman (1979) concluded that PBG
deaminase regulated chlorophyll biosynthesis in leaves. Furthermore, Llambias and Bathe (1971) showed that the rate of
chlorophyll biosynthesis was correlated with URO production
when dark-grown soybean callus was transferred to light.
The low level of enzyme activity in extracts from ripe fruit
(Fig. 1A) was different from Frydman and Frydman’s (1979)
finding of no detectable activity in extracts from senescent pepper and poinsettia leaves. Thus, ripe tomato fruit tissue has PBG
deaminase enzyme capable of limited URO production, although it may not be actively producing URO in ripe tissue.
The decrease in PBG deaminase activity in older fruit could
be due to the presence of an inhibitor(s) or to a decrease in the
amount of enzyme present within the fruit. The results from
mixed extracts from 15-day fruit and ripening or ripe fruit indicate that the measured decline was not due to an inhibitor.
Had there been inhibitors present in extracts from ripe fruit, the
PBG deaminase activity in the mixed extracts would have been
less than additive, and this was not the case. Thus, soluble
inhibitors of PBG deaminase were not present, and, probably,
the decreased chlorophyll content in ripening or ripe fruit was
due to decreased PBG deaminase activity or an accelerated rate
of chlorophyll degradation. These results, however, do not preclude the presence of a bound inhibitor that would have been
removed with the cellular debris. An inhibitor of this type probably would not cause the measured decrease in PBG deaminase
activity observed in this research, but it could limit chlorophyll
production.
Changes in protein content were similar to both the changes
in PBG deaminase activity and chlorophyll content (Fig. 1 A–
C). The marked decrease in protein content in fruits >35 days
past anthesis resulted in low protein contents by 55 and 60 days.
Protein content and PBG deaminase activity decreased coincidentally, and the decrease in PBG deaminase activity may have
been caused by a decrease in the amount of enzyme in the fruit
tissue. Certainly, selective protein breakdown in the fruit tissue
may not affect the PBG deaminase enzyme, and the decrease
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in activity may have been caused by other factors. The concurrent declines in chlorophyll content, PBG deaminase activity,
and protein content, which began 35 days past anthesis, corresponded with the general decline in fruit growth rate that began
between days 35 and 45 (Fig. ID). Thus, the decline of all three
of these characteristics may have occurred as fruit growth was
completed and ripening events were initiated.
Small amounts of URO III (the precursor of chlorophyll) in
the extracts showed that URO III cosynthase also was present
with the PBG deaminase enzyme. Unless the cosynthase is highly
purified. and present in excess with respect to the PBG deaminase, URO I is the major product of the reaction (Frydman et
al., 1979). Furthermore, URO III cosynthase activity can decrease in vitro, even when present in excess, and this leads to
obvious difficulties in attempting accurate assay of the enzyme
(Burnham and Bachmann, 1979).
Our research showed that there was a relationship between
the changes in chlorophyll content, PBG deaminase activity,
and protein content during tomato fruit ontogeny. All three of
these aspects increased to a maximum value at 35 days past
anthesis, then decreased to near zero upon ripening and senescence. These data suggest that PBG deaminase has a regulatory
role in chlorophyll biosynthesis in tomato fruits.
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