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Photosynthesis is the fundamental biochemical reaction that underpins almost all ecosystems on Earth. By

capturing light energy from the Sun and utilizing it  to convert simple inorganic molecules into energy-rich

complex organic molecules, primary producers establish the first stage of almost all planetary food chains.

Furthermore,  the  oxygen  produced  as  a  waste  product  is  fundamentally  vital  for  driving  aerobic  cellular

respiration across the biosphere.

1. Adenosine Triphosphate (ATP): The Universal Energy Supplier

Energy is a foundational prerequisite for life; a structural failure in a cell's metabolic energy supply results in

immediate  death.  Chemical  bonds  are  constantly  broken  and  formed  within  living  cells.  To  drive  these

processes smoothly without catastrophic delays, energy must be instantly accessible via a universal currency

compound: Adenosine Triphosphate (ATP).

Structure of ATP

ATP is structurally a highly specialized nucleotide consisting of three central components:

A nitrogenous base: Adenine

A pentose sugar: Ribose

A chain of three phosphate groups attached in series

Figure 1: Simplified Structural Architecture of an ATP Molecule

ATP Hydrolysis and Synthesis

When metabolic work is required inside the cell, the terminal high-energy phosphate bond is cleaved via a

hydrolysis reaction. This reaction is catalyzed by the enzyme ATPase and releases approximately 34 kJ of

energy per mole of ATP metabolized.
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Hydrolysis Equation:

ATP + H2O → ADP + Pi + Energy (≈ 34 kJ mol
−1)

Conversely, ATP is resynthesized from Adenosine Diphosphate (ADP) and an inorganic phosphate group

(Pi) via an energy-requiring condensation reaction, also catalyzed by ATPase. This energy is provided either

by catabolic breakdowns (such as in respiration) or through sequential reduction-oxidation (redox) reactions

across an electron transport chain.

EXAM HINT & TERMINOLOGY

Remember that structural synthesis of ATP is a condensation reaction requiring energy, whereas

breakdown is a hydrolysis reaction releasing immediate energy. Always employ the acronym OILRIG

to avoid errors regarding redox dynamics: Oxidation Is Loss, Reduction Is Gain (of electrons). 

2. Chloroplast Structure and Light Absorption

Photosynthesis occurs inside specialized cellular organelles called chloroplasts. A green vegetative plant cell

typically  houses  between  10  to  50  chloroplasts,  structurally  compartmentalized  into  distinct  anatomical

regions optimized to process incoming photons.

Figure 2: Anatomical Structure of a Chloroplast showing Functional Internal Partitions

Chloroplast Envelope: A double membrane layout (inner and outer membranes) tracking protective

containment.

Thylakoids: Flat membrane discs covered inside with light-capturing chlorophyll pigments. Highly

organized particle matrices on these sheets are intimately involved in synthesizing ATP.

Grana: Column-like layered stacks composed of highly packed thylakoid discs.

Lamellae: Tubular skeletal extensions linking distinct grana stacks. They preserve proper anatomical

spacing to maximize cross-sectional illumination efficiency.

Stroma

(Enzymes for Calvin Cycle)

Thylakoid Disc
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Stroma: The fluid-filled background matrix containing all essential enzymes needed to fix atmospheric

carbon dioxide into glucose.

Photosynthetic Pigments and Chromatography

Plant leaves appear green because they contain a mixture of different specialized photosynthetic pigments

that absorb specific bands of visible wavelengths. These variants provide an essential evolutionary advantage

by harvesting wide ranges of incoming light energy:

Chlorophyll a: Blue-green pigment present in highest relative quantity; standard to all green autotrophs.

Chlorophyll b: Yellow-green pigment aiding cross-spectrum light harvesting.

Carotenoids: Auxiliary pigments encompassing orange carotene and yellow xanthophyll.

Phaeophytin: A grey-toned molecular degradation product of standard pigments.

These internal pigments can be chemically separated and analyzed via paper or thin-layer chromatography

using  active  organic  solvents  like  propanone.  Pigments  move  along  the  solid  phase  medium at  varying

absolute speeds based on their specific solubility properties. This permits calculating individual  Retention

Factor (Rf) values:

Rf = ½ (Distance Travelled by Pigment Molecule) / (Total Distance Travelled by Solvent Front)

Photosynthetic Pigment

Type

Standard Rf Value on Silica Gel (Petroleum Ether-Propanone-

Chloroform)

Carotene 0.98

Phaeophytin 0.81

Chlorophyll a 0.59

Chlorophyll b 0.42

Xanthophyll 1 / 2 0.28 / 0.15

Absorption Spectrum vs. Action Spectrum

Understanding light usage dynamics requires separating these two core graphical parameters:

Absorption Spectrum: A graph showing the relative proportion of light absorbed by an individual isolated

pigment against varying wavelengths.

Action Spectrum: A graph measuring the functional biological rate of complete photosynthesis occurring

at varying light wavelengths. T.W. Engelmann first demonstrated this by tracking oxygen-seeking bacteria

migration along filamentous algae illuminated across a split prism.
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Crucially, the cumulative action spectrum tracks perfectly with the total combined absorption spectrum of all

pigments  present  in  the  chloroplast.  This  directly  highlights  the  survival  value  of  possessing  multiple

accessory pigments, maximizing overall operational capacity.

3. The Two-Stage Biochemistry of Photosynthesis

The total metabolic conversion of carbon dioxide and water into carbohydrate fuels is an endothermic series of

redox steps categorized into two interrelated, continuous chemical phases.

Overall Summary Equation:

6CO2 + 6H2O + Light Energy → C6H12O6 + 6O2   (ΔH ≈ +2880 kJ mol
−1)

A. The Light-Dependent Reactions

Occurring explicitly on the internal thylakoid membranes, this initial sequence uses photon energy to execute

two critical operational tasks: generating  ATP and creating  reduced NADP (while breaking water to supply

hydrogen ions and release oxygen waste).

When light hits a pigment complex, its energy transfers to the electrons of a chlorophyll molecule, raising them

to an unstable higher energy tier. This process allows them to escape the shell entirely. These high-energy

electrons are captured by an electron acceptor and passed along a series of sequential redox carriers known

as an electron transport chain. This process drives ATP creation via two pathways:

Cyclic Photophosphorylation: Involves Photosystem I (PSI) exclusively. High-energy electrons

escaping PSI are caught by an acceptor and passed down a brief carrier chain to generate ATP, before

returning safely back to their original shell in PSI.

Non-Cyclic Photophosphorylation: Involves both Photosystem I (PSI - 700 nm) and Photosystem II

(PSII - 680 nm). Photons excite electrons out of both systems concurrently. Electrons leaving PSI are used

to reduce NADP into reduced NADP. Crucially, the vacancy in PSI is filled by the incoming electrons

escaping PSII via an intermediate ATP-generating transport chain. This leaves a net positive vacancy in

PSII.

PHOTOLYSIS OF WATER

To restore the missing electron vacancy in PSII and maintain operational balance, water molecules

undergo a light-driven splitting process called photolysis: 

4OH− − 4e− → O2 + 2H2O

This structural degradation releases waste oxygen gas alongside protons (H+) that combine with

electrons to produce reduced NADP. 

1. 

2. 
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B. The Light-Independent Reactions (The Calvin Cycle)

Operating  continuously  within  the  fluid  stroma matrix,  this  biochemical  path  does  not  require  direct

illumination. Instead, it relies completely on the steady delivery of ATP and reduced NADP produced during

the light-dependent stage to fix inorganic carbon gas into sugars.

Figure 3: Schematic Breakdown of Carbon Fixation and Processing in the Calvin Cycle

Carbon Fixation: Carbon dioxide (1C) from the air is combined with a 5-carbon sugar called ribulose

bisphosphate (RuBP). This foundational chemical step is catalyzed by the abundant enzyme ribulose

bisphosphate carboxylase/oxygenase (RUBISCO).

Formation of GP: The unstable 6-carbon intermediate produced instantly splits into two molecules of a 3-

carbon compound called glycerate 3-phosphate (GP).

Reduction to GALP: Using both energy from ATP and reducing power from reduced NADP, the GP

molecules are reduced to form a 3-carbon sugar called glyceraldehyde 3-phosphate (GALP).

Regeneration of RuBP: Out of every twelve GALP molecules formed, ten follow a sequence of steps

requiring ATP to regenerate the starting RuBP pools. The remaining two GALP molecules are funneled out

of the cycle to synthesize glucose and other essential macro-biomolecules.

Utilization of Photosynthetic Products

GALP is the foundational chemical framework used to synthesize all organic macromolecules needed by the

plant or dependent heterotrophs:

Carbohydrates: Converted via gluconeogenesis into glucose for respiration, sucrose for translocation

through vascular tissue, starch for compact storage, and cellulose for cell wall support.

Lipids: Formed by converting GALP into glycerol and fatty acids to construct membrane bilayers and

energy stores.

Amino Acids & Proteins: Formed by combining carbon frameworks with nitrate ions absorbed from the

soil.

Nucleic Acids: Formed by combining sugar derivatives with soil-derived phosphate ions to synthesize

DNA and RNA bases.

Atmospheric CO₂

Calvin Cycle

RuBP (5C)
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4. Limiting Factors of Photosynthetic Efficiency

The law of limiting factors dictates that the overall rate of a multi-step physiological process is constrained by

the factor present at its minimum value relative to requirements. Three main environmental conditions limit

photosynthesis:

1. Light Intensity and Wavelength

Light  intensity  dictates  photon  delivery  rates  to  the  thylakoids.  Low light  intensity  limits  the  excitation  of

electrons,  stalling the production of  ATP and reduced NADP in the light-dependent  stage.  This  limitation

prevents the Calvin cycle from operating at  maximum capacity.  Wavelength is also critical;  plants cannot

efficiently utilize wavelengths they cannot absorb (e.g., green light).

2. Carbon Dioxide Concentration

Atmospheric carbon dioxide is often the most common limiting factor in nature. If there is insufficient carbon

dioxide available to combine with RuBP, carbon fixation stalls. As a result, the regeneration of RuBP slows

down, and GP production drops. Commercial greenhouse growers frequently inject extra carbon dioxide into

greenhouses to boost crop yields.

3. Temperature

While  light-dependent  electron  splitting  is  a  photochemical  process  largely  immune  to  minor  temperature

fluctuations, the Calvin cycle is controlled by enzymes. High temperatures can cause enzyme denaturation

(especially affecting RUBISCO), while low temperatures reduce kinetic energy, causing a sharp decline in the

rate of photosynthesis.

CORE PRACTICAL 10 INSIGHT

The effects of these factors are experimentally measured using aquatic plants (such as Cabomba) by

counting the rate of oxygen bubble release or tracking absolute volume displacements per unit time

under changing conditions. 
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