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Chapter 2 
 
 
 

 
MACROMOLECULAR COMPOSITION OF CELLS 
 
 Cells differ vastly in most of their characteristics, in fact, no one kind of cell is ever 
exactly like any other.  Moreover, no one cell is ever exactly the same from moment to moment, 
since the substance of the cell is not static.  New materials are continuously entering the cell 
and manufactured materials and wastes are continuously leaving the cell.  As a result, the living 
cell is in persistent internal turmoil. 
 However, despite such differences between cells and changes within cells, all 
nevertheless share certain basic features.  The fundamental unit of all chemical substances, 
organic and inorganic, is the atom.  Atoms have mass and occupy space, two features that 
characterize matter.  Protoplasm, the "living" substance of the cell, is composed of a variety of 
atoms, or chemical elements.  Of the 92 naturally occurring chemical elements, four make up 
approximately 96 % of the weight of the protoplasm.  For humans the fractions of these four 
elements are: oxygen 65 %, carbon 18 %, hydrogen 10 %, and nitrogen 3 %.  The remaining 4 
% is made up by a variety of about 25 essential elements. 
 One of the properties of atoms is a tendency to combine with one another by formation 
of chemical bonds.  Atoms are capable of forming three different types of chemical bonds, 
covalent bonds, ionic bonds, and hydrogen bonds.  Covalent bonds are chemical bonds 
involving shared electrons.  Ionic bonds result from the mutual attraction between oppositely 
charged ions.  Hydrogen bonds are bonds which form between hydrogen atoms and atoms with 
some negative charge.  Covalent bonds are the most common type of bond in organic 
molecules, and carbon with four bonding sites is the atom most frequently involved in the 
covalent bonds of organic molecules. 

An additional feature shared by all living cells is that they are made up of carbon-
containing compounds.  Four categories of carbon based macromolecules are found in all cells 
and form the organic basis of living matter: carbohydrates, lipids, proteins, and nucleic acids. 
 
 
I. MACROMOLECULAR COMPOSITION OF CELLULAR MATERIAL 
 
A. Carbohydrates 
 
 Carbohydrates are organic molecules which consist of carbon (C), hydrogen (H), and 
oxygen (O), with the last two in a 2:1 ratio (therefore the name carbo”hydrate”).  The basic 
atomic composition usually corresponds to the formula Cx(H2O)y, where x and y are 
approximately equal.  Carbohydrates are used by the cell for energy storage, as structural 
components (especially of cell walls), as signal molecules on the cell surface, among other 
functions. 
 Simple sugars are called monosaccharides.  Most monosaccharides in the protoplasm 
are either three-carbon sugars, five-carbon sugars, or six-carbon sugars (Figure 3-1).  
Monosaccharides, especially the five- and six-carbon sugars, function as the building block 
molecules for larger carbohydrate molecules.  When the two six-carbon sugars fructose and 
glucose are linked together, they form the disaccharide sucrose.  In the reaction a molecule of 
water is removed.  This type of reaction is called a condensation reaction, and its effect is one 
of dehydration (Figure 3-2). 
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Figure 3-1.  Three-, Five- and Six-carbon 
Monosaccharides 
 
 

 
 
 
 
 
Figure 3-2.  Condensation Reaction - 
Polysaccharide Synthesis 
 

 
 Some mono- or disaccharides can, through condensation, be linked into long chains 
known as polysaccharides (Figure 3-3).  Subunits are connected by glycosidic linkages.  Many 
different polysaccharides occur in the protoplasm of cells, for example starch, glycogen and 
cellulose.  All three are composed entirely of glucose subunits, yet they differ in their chemical 
and structural properties. 
 

 
 
 
 
 
 
Figure 3-3.  Polysaccharide Molecule 
composed of many repeating 
Monosaccharide Subunits 
 

 
 The breakdown of a polysaccharide into mono- or disaccharides is a hydrolysis reaction. 
 In this reaction a molecule of water has to be added for each glycosidic linkage to be broken.  
This reaction is the reverse of the condensation reaction. 
 
B. Lipids 
 
 The lipids are a diverse group of organic molecules composed of carbon, hydrogen and 
oxygen.  In contrast to carbohydrates, the ratio of oxygen to carbon and hydrogen is much 
lower.  Lipids are the primary building block of membranes, and are also essential for energy 
storage and other cellular functions. 
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 Certain lipids are synthesized by the same type of condensation reaction as the 
carbohydrates.  In the synthesis of a neutral fat or triglyceride, a single molecule of glycerol 
(C3H8O3) is linked to three molecules of fatty acids.  In the reaction one molecule of water is 
given up at each bonding site, and the bond formed is termed an ester linkage (Figure 3-4).  
Phospholipids are formed in a similar manner, with the exception that one fatty acid is replaced 
by an organic base which is connected via a phophoester linkage.   Hydrolysis of a triglyceride 
releases a molecule of glycerol and three fatty acid molecules, and requires the addition of 
three molecules of water. 

 
 
 
 
 
 
Figure 3-4.  Condensation 
Reaction - Triglyceride 
Synthesis 

 
 
C. Proteins 
 
 Proteins are large macromolecules composed mainly of carbon, hydrogen, oxygen, 
nitrogen and sulfur.  They are polymerized from building blocks called amino acids and 
generally fold into a complex three dimensional structure.  Proteins are found in cell 
membranes, chromatin, the cytosol, the cytoskeleton, etc., and play many key functional roles in 
the cell. 
 Amino acids are organic acids that have a common basic structure (Figure 3-5).  They 
possess an amino group (NH2), a carboxyl group (COO-), and any one of several different side 
groups (R).  The difference between the 20 different kinds of amino acids that occur in proteins 

is the composition of 
their R groups (Figure 
3-5). 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3-5.  Structure of Amino Acids  
 
  

In protein synthesis, amino acids are linked together by the carboxyl group of one 
amino acid bonding to the amino group of another.  The reaction is a condensation as in the 
synthesis of lipids and carbohydrates, and the resulting linkage is a peptide bond (Figure 3-6). 
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Figure 3-6.  Condensation Reaction - 
Protein Synthesis 
 

 
 Amino acids can be linked in any sequence.  The linkage of several amino acids 
together results in a larger molecule called a polypeptide.  After the polypeptide chain reaches a 
certain length, 50 or more amino acids, it may take on the more complex structure of a protein.  
A given protein can contain any number of amino acids and any or all of the 20 different amino 
acids.  This means that there is a nearly unlimited variety of proteins possible. 
 Proteins are three-dimensional molecules having four levels of structural organization.  
The primary level involves the number of amino acids, their sequence and the peptide linkages 
between successive amino acids.  Formation of the primary structure requires nucleic acids, 
enzymes and energy as well as the amino acid building blocks.  The following three levels of 
protein structure may occur spontaneously or may be guided by molecular chaperones. 
 The secondary level is the spatial arrangement of the amino acid chain.  Frequently, the 
chain coils in a characteristic α-helix pattern or forms a β-pleated sheet; both structural elements 
may occur in the same polypeptide.  The secondary structure of the protein is maintained by 
hydrogen bonds between atoms of the backbone of amino acids on different parts of the chain.  
Although each individual bond is weak, many bonds reinforce one another to form a stable 
structure. 
 The tertiary structure results from the folding and looping of the helices, sheets and 
unstructured regions of the polypeptide chain into a three-dimensional conformation.  This 
configuration of the molecule is held together by bonds between side groups (R) of some amino 
acids in the polypeptide.  Cysteine is a unique amino acid in that it is capable of disulfide 
bonding to enforce a tertiary arrangement.  Other types of bonding, in particular hydrogen 
bonds, cause associations of compatible R groups.  Many biologically important proteins consist 
of a polypeptide chain arranged into a complex three-dimensional shape. 

 Some functional protein molecules result from the 
association of several of these specifically arranged 
polypeptide chains (Figure 3-7).  This so-called quaternary 
structure of the protein is held together by the same forces 
that stabilize its secondary and tertiary structure, including 
disulfide bridges, hydrogen bonds and ionic interactions.  
Hemoglobin, for example, is composed of four polypeptides 
and a heme pigment, bonded together into a single protein 
macromolecule. 
 
 
 

Figure 3-7. Two Polypeptide Chains  
illustrating Quaternary Structure of a Protein
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 Because of their complex structure there are various levels of breakdown of proteins.  A 
variety of physical and chemical factors can cause the breakage of the hydrogen bonds.  When 
this happens the protein literally unfolds.  The breakdown of the native three-dimensional 
structure of the protein is called denaturation and the result is the aggregation (clumping) or 
precipitation of the protein out of solution.  For example, the protein albumin in eggs aggregates 
in response to heat in the frying of an egg.  Further breakdown of the polypeptide chains into 
individual amino acids requires the addition of water and a hydrolysis type of reaction. 
 
D. Nucleic Acids 
 
 Nucleic acids are extremely large organic molecules composed of consecutive 
nucleotide units.  Nucleic acids may be found in the nucleus or the cytoplasm and play a major 
role in maintaining genetic information for the cell and allowing that information to be used to 
build cellular proteins.They are made up of carbon, hydrogen, oxygen, nitrogen and 
phosphorous.  Each nucleotide consists of a nitrogenous base, a pentose sugar and a molecule 
of phosphoric acid (Figure 3-8).   

 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-8.  Basic Chemical Structure 
of a Nucleotide 

 
 
 The nucleotides are linked together into long chains.  The bond, which is called a 
phosphodiester linkage, links two pentose sugars via the phosphoric acid.  There are two 
different classes of nucleic acid: deoxyribonucleic acid (DNA) and ribonucleic acid (RNA).  More 
will be said about the structure and synthesis of DNA and RNA in a later chapter. 
 We will now proceed to analyze the macromolecular composition of material from 
various organisms.   
 
 
II. EXPERIMENTAL ANALYSIS OF CELLULAR MACROMOLECULES 
 
 Before beginning the following experiments, use the molecular model kits provided in lab 
to build examples of each of the following compounds.  Compare their size, shape, and 
expected chemical characteristics before proceeding. 
 
 Carbohydrates:  Glucose (ring form), Fructose (ring form), Sucrose 
 
 Proteins: Glycine, alanine, a dipeptide of your choice (two amino acids) 
 
 Lipds:   Triglyceride with three 10 carbon saturated fatty acids 
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 This experiment is designed to test for the molecular heterogeneity of the protoplasm of 
the cell.  To determine the presence or absence of specific macromolecules we will use three 
color indicator tests: the Biuret Test for proteins, the Iodine Test for carbohydrates, and the 
Sudan IV Test for lipids.  Colorimetric tests such as these are used because they are 
inexpensive, convenient and safe for general class use.  If care is taken in reading the results, 
they are also quite accurate.  Although they are basically qualitative, some degree of 
quantitativeness can be achieved by observing and recording the degree of color change. 
 Because of the sensitivity of these colorimetric tests, it is imperative that you clean all of 
your glassware very carefully!  Assume the previous users of the glassware were slobs. 
 
A. Control Solutions 
 
 In order to evaluate the outcome of an experiment, it is necessary to establish positive 
and negative controls to which you can compare your experimental results.  For today’s 
experiment, these controls either contain a known sample of the macromolecule in question (the 
positive control) or are deficient in the macromolecule (the negative control).  Thus, in part A 
you will establish color changes in control solutions for the Biuret Test, the Iodine Test, and the 
Sudan IV Test, as a basis of comparison for your experimental solutions in part B. 
 
PROCEDURE 
1. Work in groups of four throughout this experiment.  Each student should record all of 

the results and make all of the observations. 
 

2. Each group will need 15 test tubes.  Clean and dry each tube.  Divide the tubes into 
three groups (A,B,C) of five and label the tubes in each group from one to five. 
 

3. Add the following solutions to the appropriate tubes in each group (one per tube): 
     1.   12 drops of water   4.   12 drops of glycogen solution 
     2.   12 drops of protein solution  5.   12 drops of lipid solution 
     3.   12 drops of starch solution 
 

4. Add the following indicator substances to all tubes in the appropriate group: 
 Biuret Test (group A)  12 drops of NaOH (sodium hydroxide), 
    and 3 drops of CuS04 (copper sulfate) 
 Iodine Test (group B)  5 drops of Gram’s Iodine  
 Sudan IV Test (group C) a few crystals of Sudan IV 

 
5. Record the color of each control tube in table 1. 

 
6. Save your controls for comparison with your experimental tubes. 
 

 Color of Biuret Test Color of Iodine Test Color of Sudan IV Test 

Water   

Protein   

Starch   

Glycogen   

Lipid   
Table 1:  Color Reaction in Control Solutions 
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QUESTIONS 
 

1. Indicate which test(s) identifies each major group of macromolecules. 
 
 
 
 
 
 

2. What solution provides a negative control for all reactions? 
 
 
 
 
 

3. What is the purpose of a positive control? 
 
 
 
 
 
 
 
 
B. Experimental Solutions 
 
PROCEDURE 
 
1. Obtain 24 clean, dry test tubes and separate them into three groups (A,B,C) of eight.  

Label each group of tubes from one to eight and keep the groups separate. 
 
2. Add the following substances to the appropriate tubes in each group: 
      1.   12 drops of milk 
      2.   A few potato flakes, and two drops of water 
      3.   Small cube of liver, finely minced, and two drops of water 
      4.   12 drops of soybean oil 
      5.   12 drops of unknown 1 
      6.   12 drops of unknown 2 
      7.   12 drops of unknown 3 
      8.   12 drops of unknown 4 
 
3. Add the following indicator substances to all of the tubes in the appropriate group: 
 Biuret Test (group A)  12 drops of NaOH, and 3 drops of CuS04 
 Iodine Test (group B)  5 drops of iodine solution 
 Sudan IV Test (group C) a few crystals of Sudan IV 
 
4. Compare the experimental tubes with your controls and record your results in table 2.  

Indicate whether the macromolecules listed are present or absent in the tested material. 
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Table 2: Color Reaction in Experimental Solutions. 
 
QUESTIONS 

1. Did your results identify all of the macromolecules you expected to find in each sample? 
 Explain. 
 
 
 
 

2. List several other examples of living cells that you might wish to test for presence of 
macromolecules.   
 
 
 
 

3. Does a negative result mean that none of that macromolecule is present?  Why or why 
not? 
 
 
 

4. Which function does each of the macromolecules you examined have as a biological 
compound in the living cell? 
 
 
 
 
 

5. What is the function of a control in biological experimentation?   What would be the value 
of an experiment which was run without using a control? 
 
 

 
 
 
 
 

Biuret Test Iodine Test Sudan IV Test  

Color Protein Color Carbohydrate Color Lipid 

Milk      

Potato      

Liver      

Soybean oil      

Unknown 1      

Unknown 2      

Unknown 3      

Unknown 4      
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III. COMPOSITION OF MACROMOLECULES 
 
A. Analysis of Carbohydrates 
 
 The carbohydrates as a group range from the simple sugars (mono- and disaccharides) 
to complex polysaccharides.  In this exercise we will analyze several different prepared 
solutions to determine whether they contain simple sugars or polysaccharides.  Two colorimetric 
tests will be used to indicate the presence or absence of the different types of carbohydrates: 
the Iodine test for polysaccharides and the Benedicts test for monosaccharides.  As before, 
these tests are very sensitive so be sure to clean all glassware before beginning. 
 
 Iodine Test:  Blue-Black indicates the presence of starch (positive) 
    Reddish indicates the presence of glycogen (positive) 
    Amber indicates the absence of starch or glycogen (negative) 
 
 Benedicts Test: Orange indicates the presence of glucose (positive) 
    Blue indicates the absence of glucose (negative) 
 
PROCEDURE 
 

1. Obtain 4 CLEAN test tubes.  Label the tubes A, B, C, and D.  Obtain 4 CLEAN 
eyedroppers. 

 
2. Place a CLEAN microscope slide on a piece of white paper.  Divide it into thirds, 

label one third A, the middle third B and the final third C. 
 

3. Add 25 drops of Carbohydrate Solution A to test tube A.  Using the same 
eyedropper, add 2 drops of Carbohydrate A to portion A of the slide. 

 
4. Using a second eyedropper, add 25 drops of Carbohydrate Solution B to test 

tube B.  Using the same eyedropper, add 2 drops of Carbohydrate B to portion B 
of the slide. 

 
5. Using the third eyedropper, add 25 drops of Carbohydrate Solution C to test tube 

C.  Using the same eyedropper add 2 drops of carbohydrate C to portion C of the 
slide. 

 
6. Add 2 drops of Iodine Solution to each of the three carbohydrate solutions on the 

slide. Note any changes in color. 
 

7. Add 25 drops of Benedicts Solution to Test Tubes A, B, and C. 
 

8. Prepare test tube D by adding 25 drops of water and 25 drops of Benedicts 
Solution.  What type of control is this tube? 

 
9. Place the 4 test tubes in a hot water bath for 10 min.  Observe and note any color 

changes.  Prepare a table of your results on the next page. 
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QUESTIONS 

1. What type of carbohydrates were present in each of the unknown solutions?   
 
 
 
2. Can you determine if glucose, specifically, was present in any of your unknowns?  Why 

or why not? 
 
 
 
 

3. How might you be able to use these tests to follow condensation or hydrolysis reactions 
involving carbohydrates? 
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B. Denaturation of protein 
 
 As described in the introduction, proteins have a complex three dimensional structure.  
In large part this structure is maintained by weak hydrogen bonds.  In this experiment you will 
observe the effects of an agent which breaks hydrogen bonds on the structure of the protein in 
milk.  The agent is TCA (trichloroacetic acid). 
 
PROCEDURE 
 

1. Obtain a clean test tube. 
 
2. Add 25 drops of milk to the test tube. 

 
3. Add 15 drops of trichloroacetic acid to the milk and shake. 
 
4. Observe after 2 min.  Describe the appearance of the milk after TCA was added. 

 
 
 
 
 
 
QUESTIONS 
 

1.      Which effect did the TCA have on the milk? 
 
 
 
 
 
 
 

2.      How might protein denaturation be beneficial for a cell?  Do you think living cells 
are likely to use denaturation as a common method for inactivation of protein? 

 
 
 
 
 
 
3.   Can you think of any ways that the food (or other) industry takes advantage of 

the phenomenon of protein denaturation? 
 

 


