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During the natural day-night cycle, light is the most important environmental factor controlling the 
diurnal changes of photosynthesis in C4 plants. Activities of NADP-MDH and NADP-ME have been 
determined in Sorghum bicolor leaves at various stages of the plant development in relation to 
environmental parameters. A positive correlation has been found between the plant age and NADP-
MDH activity. 
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INTRODUCTION 

 
C4 plants are more productive under hot 

climatic conditions compared with C3 plants.  
Photosynthetic apparatus in leaves of these plants is 
distributed between bundle sheath and mesophyll 
cells with contrasting anatomic and biochemical 
properties. These cells differ in morphological and 
structural properties, as well as in the differentiation 
of thylakoid membranes)  (Igamberdieva and 
Bykovab, 2018; Friso et al., 2010). Sorghum bicolor 
is a NADP-malic enzyme type C4 plant, having high 
photosynthetic activity. This plant is of great 
agricultural importance.  Sorgo is the fifth most 
important cereal plant in the world after rice, wheat, 
maize and barley, it is rich in nutrients, fibers, and 
biocomponents. 

The main aim of the research was the diel 
dynamics of the activities of photosynthetic 
enzymes. To this end, the activities of NADP-malate 
dehydrogenase and NADP-malic enzyme have been 
determined in leaves of the mature Sorghum bicolor 
plant depending on the plant age and environmental 
parameters.   

 
MATERIALS AND METHODS 
 

Plant material and growth conditions: 
Sorghum bicolor was cultivated in the experimental 
field of the Institute of Molecular Biology and 
Biotechnologies. Activities of the photosynthetic 
enzymes were determined at the various stages of the 
plant growth. Diel dynamics of the  NADP-MDH 
and NADP-ME activities was studied during the 
reproductive stage of the plant development.  

Extraction of plant materials: To determine the 
activities of the enzymes leaves were ground using 
pestle and mortar. Homogenization was performed 

by adding 2 ml of 50 mM Tris-HCl (pH 8.0) buffer, 
containing 0.01% BSA, 0.5% Triton, 14 mM β-ME, 
1 мМ ethylenediaminetetraacetic acid (EDTA), and 
0.5% polyvinyl pyrrolidone to 0.5g leaves in the 
presence of quartz sand. Homogenization continued 
for 5 min, at 10,000g. Supernatant was used for the 
enzyme activity assays. 

Enzyme activity assays: Tris-HCl buffer (100 
mM, pH 8.0) containing 10 mg/ml BSA, 0.5 M 
EDTA, 20 mМ МgCl2, 0.2 mМ NADP∙H and 50 µl 
activated enzyme preparation was used to determine 
NADP-malate dehydrogenase activity. The reaction 
was initiated by adding 1 mM oxaloacetate. To 
activate NADP-MDH, the enzyme preparation was 
kept in the reaction medium containing 1 M Tris-
HCl (pH 8.0), 1M DTT and 50 µl enzyme 
preparation for 15 min (Scheibe and Stitt, 1988). 

NADP-ME activity was determined 
spectrophotometrically by following NADPH 
production at 340 nm in the spectrophotometer 
Ultrospec 3300 pro. The standard assay medium 
contained 50 mM Tris-HC1, (pH 8.0), 10 mM 
MgCl2, 0.5 mM NADP, and 4 mM L-malate in a 
final volume of 1 ml (Maurino et al., 1997). 
 
RESULTS AND DISCUSSION 

 
Activities of NADP-MDH and NADP-ME have 

been determined in Sorghum bicolor leaves at 
various stages of the plant development in relation to 
environmental parameters. Photosynthetic enzymes 
in C4 plants are regulated by a number of factors, 
including light. The photosynthetic enzyme activity 
in vivo in plant leaves at any given point during 
photosynthesis reflects the combined effects of light, 
metabolites and other factors at that time (Cousins et 
al., 2003). 

NADP-malate dehydrogenase (NADP-MDH; EC 
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1.1.1.82) is a crucial enzyme of the C4 pathway. Playing 
an important role in the photosynthetic carbon 
assimilation, this enzyme catalyzes the conversion of 
oxaloacetate into malate. In Sorghum leaves, NADP-
MDH is activated in the light and inactivated in the dark 
and this apparently depends on interconversion between 
dithiol and disulfide groups on the enzyme. In vivo, the 
light activation (reduction) process probably occurs via 
thioredoxin reduced in turn by the photosynthetic 
electron transport system through ferredoxin (Rebeille 
and Hatch, 1987). In C4 plants such as sorghum and 
maize, it is located in the chloroplasts of mesophyll cells 
where the produced malate is exported to the bundle-
sheath cell chloroplasts, thus delivering reducing 
equivalents that are needed for the photosynthetic 
fixation of carbon dioxide into organic molecules. 
Among all the malate dehydrogenases, the chloroplastic 
NADP-dependent form exhibits the unique property of 
being strictly regulated by light, while the NAD-
dependent MDHs are permanently active. It is totally 
inactive in the dark and activated by the ferredoxin-
thioredoxin system only when the chloroplasts are 
illuminated (Johansson et al., 1999). 

Malic enzymes catalyze the oxidative 
decarboxylation of L-malate to yield pyruvate, CO2, 
and NAD(P)H in the presence of a bivalent metal 
ion. In plants, different isoforms of the NADP-malic 

enzyme (NADP-ME) are involved in a wide range 
of metabolic pathways. The C4-specific NADP-ME 
has evolved from C3-type malic enzymes to 
represent a unique and specialized form of NADP-
ME as indicated by its particular kinetic and 
regulatory properties. The photosynthetic C4 NADP-
ME, which is involved in the CO2 concentrating 
mechanism that increases the photosynthetic yield of 
NADP-ME type C4 plants, is compartmentalized in 
bundle sheath chloroplasts. In NADP-ME type C4 
plants, these organelles show a gradation of structure 
from chloroplasts with rudimentary grana (in maize 
and crabgrass) to completely agranal (in sugarcane 
and sorghum) (Detarsio et al.,  2000). 

Sorghum development has been separated into 
three major divisions: vegetative (GS-1), reproductive 
(GS-2), and grain fill (GS-3), with about a third of the 
life cycle spent in each (Wood et al., 2006). Stages 
shown and discussed range from emergence until 
physiological maturity. Time required to reach each 
stage depends both on the hybrid and the environment 
in which it is growing. 

Dynamics of the activities of NADP-MDH and 
NADP-ME has been studied in the leaves of  
Sorghum bicolor at various stages of the plant 
development (Figure 1).

  

 

 
Fig. 1. Dynamics of the activities of NADP-MDH (A) and NADP-ME 
(B) in the Sorghum bicolor plants of various ages. ((0-Emergence; I- 3 
three–leaf stage; II- five–leaf stage; III- Growing Point Differentiation)- 
vegetative stage; (IV- Final Leaf Visible in the Whorl; V- Boot Stage; 
VI- Half Bloom)- reproductive stage; (VII- Soft Dough; VIII- Hard 
Dough; IX- Physiological Maturity))- grain filling and physiological 
maturity stage. 
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Fig. 2. Time-dependent dynamics of the NADP-MDH and NADP-ME 
activities in Sorghum bicolor leaves. A- Final Leaf Visible in the Whorl 
(reproductive stage); B- grain filling and physiological maturity stage.  

 
According to the results of the research, a 

positive correlation exists between the NADP-MDH 
activity and the plant age. As seen in Figure 1 (A), 
the highest activity of the enzyme was observed in 
the tube formation, i.e. reproductive stage. Thus, the 
enzyme activity during flag-leaf formation stage was 
3 times higher compared with the five–leaf stage, 
and 1.5 times higher compared with the grain 
formation and physiological maturity stages. The 
positive correlation observed between the enzyme 
activity and the plant age can be related to the plant 
development and the grain formation process. 

As seen in Figure 1(B), the NADP-MDH 
activity during the vegetative stage (Growing Point 
Differentiation Stage) was higher than in the 
reproductive stage. Thus, the enzyme activity was 
0.5 times higher in the last phase of the vegetative 
stage compared with the flag leaf formation phase.  

Time-dependent dynamics of the activities of 
photosynthetic enzymes in the leaves of the mature 
Sorghoum biclor plant is shown in Figure 2.The 
activity of NADP-MDH was found to be higher 
during both flag leaf formation and physiological 
maturity stages, in the morning hours (7.00). The 
enzyme activity was 2 times higher at 7.00 compared 
with 16.00. Moreover, during both stages the 
enzyme activity gradually decreased until 16.00 with 
a subsequent increase. However, there was no 
pronounced difference in the NADP-ME activity 

during both stages. 
The higher activity of NADP-MDH observed in 

the morning hours is suggested to relate to the high 
PEPCase activity. Thus, it is known that 
oxaloacetate, which is the product of PEPC, is 
converted into malate by NADP-MDH. According 
to previous reports, under hot climatic conditions the 
activity of PEPC in C4 plants was higher during the 
morning hours and it decreased in the afternoon 
hours (Du et al., 2000). The decrease in the PEPC 
activity under hot is assumed to cause a decrease in 
the oxaloacetate amount, which is the product of 
PEPC. This is accompanied by the decrease in the 
NADP-MDH activity that catalyzes the conversion 
of oxaloacetate into malate.  
 
REFERENCES 
 
Cousins A.B., Adam N.R., Wall G.W., Kimball 

B.A., Pinter Jr P.J., Ottman M.J., Leavitt S.W., 
Webber A.N. (2003) Development of C4 

photosynthesis in sorghum leaves grown under 
free-air CO2 enrichment. Journal of Experimental 
Botany, 54(389): 1969-1975.  

Detarsio E., Wheeler M., Bermudez V., Andreo 
S., Drincovich M. (2000) Maize C4 NADP-malic 
enzyme: Expression in Escherichia coli and 
characterization of site-directed mutants at the 
putative nucleotide-binding sites. From the Centro 



Determination of the Activities of Some Photosynthetic Enzymes 

61 

de Estudios Fotosintéticos y Bioquı́micos 
(CEFOBI), CONICET, Fund. M.Lillo, Universidad 
Nacional de Rosario, Suipacha 531, Rosario, 
278(16): 13757-13764. 

Du Y.C., Nose A., Kondo A., Wasano K. (2000) 
Diurnal changes in photosynthesis in sugarcane 
leaves: II. Enzyme activities and metabolite levels 
relating to sucrose and starch metabolism. Plant 
Production Science, 3(1): 9-16 

Friso G., Majeran W., Huang M., Sun Q., Van 
Wijk K.J. (2010) Reconstruction of metabolic 
pathways, protein expression, and homeostasis 
machineries across maize bundle sheath and 
mesophyll chloroplasts: large-scale quantitative 
proteomics using the first maize genome assembly. 
Plant Physiol., 152:1219-1125. 

Igamberdieva A.U., Bykovab  N.V. (2018) Role of 
organic acids in the integration of cellular redox 
metabolism and mediation of redox signaling in 
photosynthetic tissues of higher plants Free 
Radical Biology and Medicine, 122: 74-85. 

Johansson K., Ramaswamy S., Saarinen M., 
Lemaire-Chamley M., Issakidis-Bourguet E., 
Miginiac-Maslow M., Eklund H. (1999) 

Structural basis for light activation of a chloroplast 
enzyme: The structure of sorghum NADP-malate 
dehydrogenase in its oxidized form. Biochemistry, 
38(14): 4319-4326. 

Maurino V.G., Drincovich M.F., Casati P. et al. 
(1997) NADP-malic enzyme: immunolocalization 
in different tissues of the C4 plant maize and the C3 
plant wheat. Journal of Experimental Botany, 
48(308): 799-811. 

Rebeille F., Hatch M. (1987) Regulation of NADP-
malate dehydrogenase in C4 Plants: Effect of 
varying NADPH to NADP ratios and thioredoxin 
redox state on enzyme activity in reconstituted 
systems. Archives of Biochemistry and Biophysics, 
249(1): 164-170.  

Scheibe R., Stitt M. (1988) Comparsion of NADP-
malatedehydrogenase activation, QA reduction and 
O2 evolution in spinach leaves. Plant physiology, 
Biochemistry., 26(4): 473-481. 

Wood A.W., Tan D.K.Y., Mamun E.A., Sutton 
B.G. (2006) Sorghum can compensate for chilling-
induced grain loss. Journal of Agronomy and Crop 
Science, 192(6): 445-451.

 
 

Әtraf Mühit Amillәrindәn Asılı Olaraq Sorghum Bicolor Bitkisindә  
Bәzi Fotosintetik Fermentlәrin Aktivliklәrinin Tәyini 

 
Ü.C. Mustafayeva, U.Ә. Qurbanova, N.M. Quliyev 

 
AMEA Molekulyar Biologiya vә Biotexnologiyalar İnstitutunun Karbonun fotosintetik  

assimilyasiyasının enzimologiyası laboratoriyası 
 

Tәbii gecә vә gündüz tsikli әrzindә işıq C4 bitkilәrdә fotosintez prosesini gündәlik tәnzimlәyәn әtraf mühitin 
mühüm faktorlarından biridir. İnkişafın müxtәlif mәrhәlәlәrindә Sorghum bicolor bitkisinin yarpaqlarında 
әtraf mühit parametrlәrindәn asılı olaraq, NADP-MDH vә NADP-ME fermentlәrinin aktivliyi tәyin 
olunmuşdur. Aparılan tәdqiqatlar nәticәsindә müәyyәn olunmuşdur ki, NADP-MDH fermentinin aktivliyi ilә 
bitkinin yaşı arasında müsbәt korrelyasiya mövcuddur. 
 
Açar sözlәr: C4 fotosintez, fotosintetik fermentlәr, temperatur, NADP-MDH, NADP-ME 
 

 
Определение Активности Некоторых Фотосинтетических Ферментов в 

Sorghum Bicolor в Зависимости от Факторов Окружающей Среды 
 

У.Дж. Мустафаева, У.А. Гурбанова, Н.М. Гулиев 
 

Лаборатория энзимологии фотосинтетической ассимиляции углерода Института молекулярной 
биологии и биотехнологий НАН Азербайджана 

 
Свет является одним из самых важных факторов окружающей среды, регулирующих процесс 
фотосинтеза в С4 растениях в период естественного дневного/ночного цикла . Активность ферментов 
NADP-MDH и NADP-ME была определена в растении Sorghum Bicolor. Установлена положительная 
корреляция между возрастом растений и активностью NADP-MDH. 
 
Ключевые слова: C4 фотосинтез, ферменты фотосинтеза, температура, NADP-MDH, NADP-ME 


